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While this documcnt was bing prepared for pul)Iication, the )epart.
inent of Defense announced I I1 organizational changes on November
22, 1974. Consequently, the Air Force announced plans to reorganize
and rcalign the mission and programs of the Air Force Cambridge
Research Laboratories (AFCIL). -Intended was a redesignation of the
AFCRL as the Air Force Geophysics Laboratory (AFGL), with the
consolidation of its geophysics research, which formed the major part of
AFCRL, to form the new Lfaboratory. AFCRIL clectronics research was
to be transferred to a new clement to be established to perform Command, Control, and Communications (C3) research. In conjunction with
ongoing programs at the Rome Air Development Center (RADC), this
new organization was subsequently named the Office of the )eputy for
Electronic Technology, and located at Hianscom AFB. Thi| organization,
established on January 1, 1976, was assigned to the Rome Air Developnicnt Center, to bie responsive to the C3 needs of thz Electronic Systems
Division at lianscom AFB. The Air Force Cambridge Research Laboratories were redesignated as the Air Force Geophysics Laboratory on
January 15, 1976.

This document has been approved for public release and sale;
its distribution isunlimited.

Qualified requestors may obtain additional copies from the
Defense Documentation Center. All others should apply to the
Clearinghouse for Federal Scientific and Technical Information.
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Tile first Report on Research at the Air
Force Cambridge Research Laboratories
covered research ,during the period
January 1961 through June 1962. This, the
seventh report in this series, covers the
period July 1972 through June 1974. The
research !aboratory begun as the Cambridge Field Station on September 20,
1945, has grown through almost 30 years,
and has made contributions to Air Force
operations, to technology, and to scientific
knowledge out of all proportion to its size
and to the Air Force investment in its programs. The broad span of research covered
by this book has a single unifying theme the Air Force missions of surveillance, detection, communication, and navigation.
During the past few years, the Laboratories
have responded to the combination of increasing demands and declining resources
faced by the entire Air Force by focusing
their research programs maore and more
closely on the operational needs of user
commands. Although only a few of the
programs involve operational hardware,
they are all closely related to present or
foreseen problems of the operational Air
Force.

BERNARD S. MORGAN, JR.
Colonel, USAF
Commander
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I Air Force Cambridge

Research Laboratories

The Air Force Cambridge Research
Laboratories (AFCRL) has served the
United States Air Force for more than 25
years by conducting basic and applied research to meet 'known and anticipated
military needs and requirements. This report describes the programs, activities, and
accomplishments of AFCRL for the period
July 1, 1972 to June 30, 1974.
The largest research. laboratory in the
Air Force, AFCRL conducts technical
programs covering a broad spectrum of
disciplines in the environmental sciences
and selected areas of electronics. AFCRL is
an in-house laboratory with a professional
staff of almost 600 scientists and engineers.
Its in-house programs are supported by
contractual research in universities and-industry.
The research programs of AFCRL are
summarized in the mission statement:
Conducts research in those areas of the environmental, physical and engineeringsciences offering the greatest potential to the continued
superiorityof theAirForce'soperationalcapability; conducts specifically assigned exploratorydevelopment efforts involving the environmental,
physical andengineeringsciences;participatesin
establishingadvanced technologieswhose exploitation will lead to new Air Force capabilities.
ORGANIZATION AN.) PEOPLE: AFCRL's

former headquarters organization, the Office of Aerospace 'Research (OAR), was
deactivated on July 1, 1970, when AFCRL
became a part of the Air Force Systems
Command (AFSC). AFCRL became one of
12 laboratories under the Director of Science and Technology, Headquarters Air

Force Systems Command, at Andrews
AFB, Maryland.
ThemergerofAFCRLin totheAir Force
Systems Command was intended to focus
the research and development activities of
the Laboratories more directly on evolving
Air Force systems, technology, and research requirements. AFCRL's previous efforts were coupled with both immediate
and long range Air Force needs, and a firm
and extensive data and technology base was
developed. The continuing pressure on the
Air Force budget resulted in a need to
utilize AFCRL's expertise in solving usercommand problems, concentrating on
those areas where technology can have the
largest and most rapid impact on the operational Air Force.
To achieve and maintain this tight coupling, the AFCRL annual Laboratory
Technical Program Reviews were reinstated to give management an overview of
Laboratory programs, and two new annual
reviews were begun to review the programs
on finer scales. Each unitof work which can
be described as a separate entity and which
justifies an annual report on progress is
reported-separately as an In-House Work
Unit. This system is designed to give management the best and most timely information possible on work unit, project, and
program objectives, progress and plans.
Reductions in number of employees
were directed by Systems Command Hteadquarters. The number of officers and airmen authorized was cut from 175 onJtily 1,

'--small

AFCRL's main laboratory complex is located
at L. G. Hanscom AFB, Bedford, Mass., approximately 20 miles west of Boston.

1972, to l56onJune3O, 1973 and to 155 on
June 30, 1974. Civilian employment was.
reduced moresharply, from 981 onJuly 1,
1972 to 904 on June 30, 1974. Including
the loss of 80 positions effective June 30,
1972, this amounts to acutof more than 14
percent in the last four years.
These reductions in manpower authorizations led to the termination of the Energy
Conversion, Plasma Physics, Solar Plasma
Dynamics, and Space Forecasting Branches
of the Space Physics Laboratory and of the
Vertical Sounding Techniques Branch of
the Meteorology Laboratory.
In other organizational changes, the Applications Branch of the Technical Plans
and Operations Directorate was abolished,
and its functions, including the AFCRL
Environmental Consultation Service, were
consolidated with the Technical Programs
Branch. Responsibility for the Space Forecasting Program was also transferred to the
Technical Programs Branch to increase
management emphasis on this program.
Other branches in other Laboratories were
assigned revised missions, or had their
names changed to emphasize their mission
of greatest importance to the Air Force.
The ten
Laboratories comprising
AFCRL are the Aeronomy Laboratory,
Aerospace Instrumentation Laboratory,
Ionospheric Physics Laboratory, Meteorology Laboratory, Microwave
Physics
Laboratory, Optical Physics Laboratory,
Sacramento Peak Observatory, Space
Physics Laboratory, Solid State Sciences
Laboratory, and the Terrestrial Sciences
Laboratory. In addition, AFCRL operates a
West Coast Office to focus AFCRL
support to the technology requirements
and system development efforts of the
AFSC Space and Missile Systems Organization (SAMSO) near Los Angeles.
The main AFCRL laboratory complex is
located at L. G. Hanscom AFB, Bedford,
Massachusetts, 20 miles west of Boston. At
Hanscom AFB, AFCRL is a tenant of the
Electronic Systems Division of the Air
Force Systems Command.

t

Colonel Bernard S. Morgan, Jr., assumed command of AFCRL in January*
1974, succeeding Colonel William K.
Moran, Jr. Colonel Morgan came to
AFCRL from the position of Chief, Conmand Control and Reconnaissance Divi-

of theJournal of Dynamic Systems, MeasurementandControl,,and Computers in Mathematical Sciences with Applications.
During the two years of this Report,
AFCRL sponsored or cosponsored eight
scientific conferences. AFCRL scientists

sion, Assistant Chief of Staff, Studies and
Analysis, Hq USAF. Colonel Donald R.
Wippermann, Vice Commander, reported
to AFCRL on July 31, 1973.
In June 1974, 183 AFCRL employees
held the doctor's degree, 202 held master's
degrees, and 211 bachelor's degrees.
AFCRL scientists are active in their respecive professional- societies. One scientist
served as Lditor ofApplied Optics during the
reporting period, and two other AFCRL
scientists served as Associate Editor of the

and engineers authored 581 articles in scientific and professional journals. Reflecting the squeeze on travel funds, the
number of papers presented at technical
meetings declined by about 50 to 598, while
the number of in-house reports increased
by nearly 100 to 323. These publications
and presentations are listed at the conc'usion of each laboratory chapter.

IEEE

Transactions

on

Antennas

and

Propagation and the Journal of Crystal
Growth. AFCRL scientists also served as
editorial advisors and referees for various
professional journals, served on professional committees, and chaired professional meetings and symposia. Examples of
this type of activity include Chairman of the
Wave Propagation Standards Committee
on the IEEE, Executive Secretary of the
U.S. Committee on Extension of the Standard Atmosphere, and President of the
Professional Group on Antennas and
Propagation of the IEEE, and the Cornmander, who served on the editorial boards

ANNUAL BUDGETS: The annual budgets
for the two years covered in this report are
shown in the accompanying tables. The in-

dicated totals cover salaries, equipment,
travel, supplies, computer rental, service
contracts, and those funds going into contract research. The largest expenditure is
for salaries which accounted for approximately $21 million of the FY-1974 budget
of $56.02 million. The annual budget decreased from $59 million in FY- 1972 to $55
million in FY-1973, then increased to $56
million in FY-1974.
Funds received from AFCRL's higher
headquarters, the AFSC Director of Science and Technology (DL), and, to a lesser
extent, those received from AFSC organizations other than DL, are used to conduct
continuing long-range programs.
AFCRL receives much support from
other elements of the Air Force. The Elec-

tronic Systems Division, the host organization at Hanscom AFB, provides support
.such as accounting, personnel, procurement, and housekeeping to the laboratory
complex. Holloman AFB, New Mexico,

nearly 600
Of the 1059 employees at AFCRL,
are scientists or engineers, and- 18 hold the
Ph.D. degree.

provides services to the Sacramento Peak
Observatory and the AFCRL BdlloonDetachment No. 1.Funds from other agencies
are earmarked for specific research 'projects.
Nearly half of the AFCRL budget during
the reporting perod was spent for contract

-7:
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TABLE I
SOURCES OF FY-1973 FUNDS
Air Force Systems Command - DL
Advanced Research Projects Agency
Defense Nuclear Agency
Air Force Systems Command Other than DL
SNational Aeronautics and Space Administration
Air Weather Service

$42,700,000
3,864,720
3,793,000
1,988,989
1,009,500
588,109

Defense Mapping Agency

350,580

Atomic Energy Commission
Navy
Department of Transportation
Defense Communications Agency
Army
Air Force Technical Applications Center

232,210
176,640
135,000
50,000
43,000
14,920

TOTAL

$54,916,668

TABLE 2

SOURCES OF FY-1974 FUNDS
Air Force Systems Command -DL
Defense Nuclear Agency
Advanced Research Projects Agency
Air Force Systems Command Other than DL
Air Weather Service
National Aeronautics and Space Administration
Atomic Energy Commission
Army
Defense Mapping Agency
Department of Transportation
Air ForceTechnical Applications Center
Defense Communications Agency
Navy
TOTAL

-$42,268,000
4,890,000
3,850,000
2,698,000
927,000
806,000
259,000
92,000
85,000
48,000
40,000
32,000
24,000
$56,019,000

research. Of the $56.02 million FY-1974
budget, $23.98 million was devoted to contractresearch. As ofJune 30,1974, AFCRL
had 370 contracts in effect. Of these, 149
were with U. S. industrial concerns, 130
were with U.S. universities, and 28 were

AFCRL COMPUTATION CENTER: A 43,000
square foot, two-story structure was occupied in November 1970 by the AFCRL
Computation Center. The AFCRL Cornmand Section, the Director of Technical
Plans and Operations, and the Director of

with foreign universities and companies.

Research Services were also ritoved to this

The remainder were with research founda-

building at that time. One CDC 6600 com-

dons and other government agencies.

puter system was installed in December

AFCRL contracts almost always call for
work in direct support of research carried

1970- and a second 6600 was installed in
July 1972.

out within AFCRL. They are monitored by

The CDC 6600 systems consist of a mod-

scientists who are themselves active, par-

ular designed multiprocessor operation

ticipating researchers, and who plan the
research, organize the program, interpret
the results and share the workload of the
actual research.

with extensive input-output devices,
peripheral equipment and communicadons equipment. The systems provide remote batch, interactive graphics and con-

,
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The AFCRL comuter center was completed

in November 1970. In July 1972, a second
CDC.6600 conputer was installed, making it
one of the most powerful computer facilities
in the Air Force.

versational capabilities through a network
of approximately 50 remote stations located within the laboratory complex and at
off-base locations. The decommutation
facility processes data from satellites, rockets, aircraft, balloons and from -laboratory
data collection systems, using two special
purpose Honeywell computer systems.
The Computation Center also provides
mathematical analysis and scientific programmer services and operates a largescale analog/hybrid computation facility in
support of simulation studies.
FIELD SITES:. In addition to the 90 acres
which it occupies at Hanscom AFB, AFCRL
operates several off-base sites, locally and at
distant locations. The largest local site is the
Sagamore Hill Radio Observatory in
Hamilton, Massachusetts, which includes
two large radio telescopes, one with an
84-foot dish, the other with a 150-foot dish.
Other local sites are the Weather Radar
Research Facility at Sudbury, Massachusetts, and a 350-acre Antenna Range

in Ipswich, Massachusetts. A high precision
millimeter wave radio telescope (15 to 100

GHz) is located on Prospect Hill in
Waltham, Massachusetts.
AFCRL has large permanent sites in New
Mexico and California. Balloon launch
facilities are located at Holloman AFB, New
Mexico, and at Chico, California. At Sunspot, New Mexico, overlooking Holloman
AFB from its 9200-foot elevation, stands
the Sacramento Peak Solar Observatory,
perhaps the most completely instrumented
facility in the world -for solar optical astronomy. Its vacuum tower te!escope began
operating in October 1969.
The most remote permanent facility is
.the Geopole Observatory at Thule Air
Base, Greenland, which began observations
in 1958 and has yielded a 14-year continuotis- record of Arctic magnetic activity, auroral phenomena and ionospheric varia-

tions. Another remote station is the-Goose

Bay Ionospheric Observatory at Goose Bay
Air S.ation, Labrador where studies of'a
variety of sub-arctic events are made, includiug polar cap absorption of high frequency waves.
AFCRL field programs utilize a number
of militai v installations including the Fort
Churchill, Canada, rocket range; Fort
Wainwright ,,tnd Eielson AFB, Alaska; Albrooke AFB, Canal Zone; Eglin AFB,
Florida; Travis AFB, California; Vandenberg AFB, California, and the White Sands
Missile Range, New Mexico. In addition to
these military sites, AFCRL has used other
locations on a temporary basis. Trailers
were transported from Hanscom AFB to a
15-acre field site near Donaldson, Minnesota, for studies of small-scale
Existing
phenomena.
meteorological
facilities at Roswell, New Mexico, and Sioux
Falls, South Dakota, commercial airports,
and the Poker Flat, Alaska, range are also
used.
RESEARCH VEHICLES: From its permanent
balloon launch sites in New Mexico and

California, and from temporary sites in
several other locations, AFCRL launched

6

AFCRL scientists utilize facilities all over the
world. An experiment to determine the infrared emission from high-altitude atmospheric layers required a rocket-launch from
the Barriero do Inferno Rocket Range in
northern Brazil.

*,

118 large research balloons during the
two-year period. Of these, 73 were
launched in FY-1973. In addition, 107
tethered flights were conducted. These balloons carried test and experimental
payloads for the Space-and Missile Systems
Organization (SAMSO), the Defense Nuclear Agency (DNA), National Aeronautics
and Space Administration (NASA), the
Army, and university scientists with military contracts. AFCRL scientists themselves
are, however, the largest users.
Rockets are used to examine almost every
aspect of the earth's upper atmosphere and
near-space environment-winds, temperatures and densitic!; the electrical structure
of the ionosphere; solar ultraviolet radiation; atmospheric composition; the earth's
radiation belts; cosmic ray activity; and
airglow and aurora. The rockets most frequently used have been the Nike Iroquois
(NIRO), the Nike Tomahawk, the Black
Brant, and the Aerobee.

During the past two years, AFCRL
launched a total of 93 large research rockets, which were fired from Wallops Island
(20), Eglin AFB, Florida (19), Fort Churchill, Canada (16), White Sands Missile
Range, New Mexico (15), and Poker Flat,
Alaska (18).

During this reporting period, AFCRLdesigned packages were carried aboard the
Air Force S72-1 satellite and the NASA
Atmosphere Explorer-C satellites.
Five research instrumented aircrft-.
two N KC- 135's and three C- 130's-gather
data for various projects. The NKC-135's
have been part of the AFCRL inventory for
more than a decade, and two of the C-130's

for almost as'long. One NKC-' )5 and one
C-130 are in, rumented for measuring the
transmission, scattering and reflectnce of
optical/IR radiation in the atmosphere.
The other N KC- 135 is used for performing
ionospheric and associated observations all
over the world, with recentemphasis on the
Arctic auroral zone. Two other C-130's are
instrumented for meteorological observations.
THE AFCRL RESEARCH LIBRARY: The
breadth and quality of the techuical collection maintained by the AFCRL Research
Library are surpassed by few libraries in the
country.
Available to AFCRL scientists are the scientific journals of Bulgaria, Czechoslovakia, Holland, France, Germany, Hungary, Italy, Japan, Poland, Russia and Swe-

-

U,
The extensive collection of the AFCRL Research Library isan important ingredient of
the research environment.

7,

den. The collection of Chinese science

CLASSIFIED PROGRAM: A portion of the

journals and monographs k; one of the most
comprehensive in the U.S. Associated with
the foreign periodical collection are translation services.

research program is classified because of its
relation to operational systems. Publications or presentations resulting from this
classified research have not been included
in the listings at the end of each chapter.
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II Aeronomy Laboratory

Aeronomy is the study of the physical and
chemical properties of the earth's upper

atmosphere. It deals principally with the
atoms, molecules, ions and photons present
in the atmosphere and how they interact
with one another. The lowest region of the
atmosphere, the troposphere, which extends from the-ground to about 10 to '6
km, is investigated primarily by -,e
Meteorology Laboratory. The Aeron(,my
Laboratory's principal investigations are in
the regions above this-namely, the
stratosphere, mesosphere and thermosphere.
A major area of activity of the Laboratory
is the study of the stratospheric environment. The National Environmental Policy
Act of 1969 requires the Air Forceto provide environmental impact statements for
its operations such as-flying the B-I and
F-15 aircraft. Questions which must be
answered include: -What will aircraft emissions do to the ozone content of the stratosphere? how will this affect the amount of
ultraviolet radiation reaching the earth?
what will this do to the incidence of skin
cancer? how will -agriculture and marine
life be affected? will the temperature of the
earth change? and if so, how much? (A
temperature change of even one degree
can have tremendous effects on the earth's
climate.)
Recently,.the-Arms Control and-Disarmament Agency hag'raised the possibility that
a nuclear war, involving many explosions,.
could destroy the ozone layer in the
stratospherethereby permitting-the lethal
solar -ultraviolet radiation to reach the
ground. The Laboratory is investigating
.this problemso that the Department of De-

4
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...
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fense will have quantitative answers as to
the magnitude of this problem.
Another major area of activity is the
study of ultraviolet radiations. The
Laboratory is engaged in a joint program
with the Space and Missile Systems Organization (SAMSO) on investigating these
radiations for missile surveillance purposes. The atmospheric background radiations in the ultraviolet region of the spectrum are being investigated, as they pose a
limit on surveillance capabilities. The ultraviolet radiations from the sun are being
studied because they are a major source of
energy for the earth's upper atmosphere.
Another major area is the development
of models of the properties of the earth's
atmosphere for use in systems design and
in systems operations. For example, the
Laboratory has had a major role in the development of the U.S. Standard Atmosphere, 1975, a cooperative effort involving
the Air Force, the National Aeronautics
and Space Administration and the National
Oceanic and Atmospheric Administration.
In systems operations, the Laboratory is
working on atmospheric density models for
the Aerospace Defense Command to be
used in its -tracking operations of all space
objects, both friendly and unfriendly,
Another major area is the study of disturbed atmospieres. Systems operating in
S3km
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or through the earth's upper atmosphere
may be affected by both natural disturbances such as polar cap absorption events,
aurora. t.ents, sudden ionospheric disturbances, etc., and by atmospheric nuclear
detonations. The Laboratory is measuring
atmospheric properties and developing
models which are used as inputs to computer codes such as OPTIR, RANG IV and
ROSCOE which are used in the determination of nuclear weapons effects.
The Laboratory is also involved in
climatology studies for systems design. For
example, the Laboratory recently cornpleted Military Standard 210B which describes climatic extremes for military
equipment-and is used by all three services.
ATMOSPHERIC COMPOSiTION
The Atmospheric Composition Branch has
conducted a number of programs aimed at
measuring and predicting the positive ion,
negative ion and neutral composition of the
upper atmosphere for various Air Force
and Department of Defense systems.
ROCKET MEASUREMENTS: Several rocket
programs were conducted in-a continuing
intensive effort to elucidate disturbed
ionospheric processes for Air Force communications and detection systems. A
coordinated auroral studies program designated ICECAP '73 was carried out from
Poker Flat, Alaska, in March 1973 by
AFCRL and the Defense Nuclear Agency.
A dual-mode quadrupole mass spectrome-,

ter that was programmed to measure the
positive ion and neutral composition on almass scans was launched into a
strong auroral arc on the night of March

\1761,9_
15O

ASCENT-

AZA
An example of a negative ion mass spectrum
taken in a rocket flight showing the presence

of very heavy negative ions in the Dfcio,

Thcmass numbers are in atomic mas . ts.

26, and measurements were' obtained -*between 82 and 182 km. The ion concentrations between 101 and 123 km exceeded
106 per cubic ceitimeter and the NO+/O 2
,ratio was about 2.3. Using the ion composition measurements, it was possible to deu
duce a maximum neutral nitric oxide concentration of 3 x 109 per cubic centimeter in

f

the vicinity of 100 ki. Concentration profiles of N 2, q, 0 and Ar were obtained

14

between 110 and 182 km and these exhibited a superimposed wave-like structure

13o
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120
12...

above 130 km for which no direct experi-

TOTAL
2.

0.

mental cause is apparent. If real, these oscil-'
lations may reflect the effects of auroral

V-.

heating but this requires further study.
A program was conducted at Fort Chur-

60

chill, Canada, to study lower ionospheric .
processes during daytime auroral zone absorption (AZA) events. A recurrent magnetic storm caused several AZA's during

.

the week-of June 11, 1973. This storm was

predicted to re-occur from measurements
by Pioneer 9, traveling eight days ahead of
the earth, which showed moderate in-

creases in the solar wind. Two Ute To-
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The E-region composition during the daytime 2.5 dB-auroral absorption event. The

cessive days. The first rocket, containipg a

ionization between 80 and 105 km isconsiderably enhanced above normal by the influx
of energetic electrons.

cryopumped positive ion mass spectrometer, plasma frequency probe and-electron
energy deposition scintillator was launbched

The second rocket, instrumented with a
cryopumped negative ion mass spectrome-

on June 12, 1973 during a 2.5 dB absorption event. The-Churchill ionosonde indi-

ter, plasma frequency probe and electron
energy
deposition
scintillator,
was

cated complete absorption during the
flight. Composition measurements were
obtained between 73 and 132 km. Water
cluster ions were predominant below 83
km. Ion concentrations were similar to con-

launched on June 13, 1973 during a 2 dB
absorption event. The ionosonde indicated
nearly complete absorption during the.
flight. The electron concentration was enhanced between about 80 and 105 km,

centrations measured during a polar cap
absorption (PCA) event. Ionized molecular
oxygen was the major ion between about 83

showing a maximum of 2.2 x 10- per cubic
cm from 94 to 98 km. Composition measurements were obtained between 68 and

and 93 km,giving way to NO' at higher
altitudes. The NO+/O+ ratio attained an unusually high value of about 8 near 106 km
and diminished to a relatively steady value
of 2.7 ±'0.3 above 120 km. This indicates an
enhanced neutral nitric oxide concentration near 106 kin. Meteoric ions were
measured in the typical broad layer near 92
km and in submerged thin layers at higher
altitudes. The scintillator showed an electron energy deposition of 3 ergs per square
cm per second for electrons with greater
than 7 keV energy. They enhanced the
ionization considerably between about 80
and 100 km which, in turn, was responsible

132 km. Atomic oxygen and molecular oxygen, each with one excess electron, were
the predominant E-region ions, and these,
along with the heavy cluster ions, diminished sharply above 92 km. The negative ion cluster layer centered near 88 km
was again measured and contained ions as
heavy as 197 ±'3 amu. Ionized molecular
oxygen may have been produced in the
sampling process by the reaction O + e--*
0- + 0. Negatively charged molecular oxygen is believed to be an ambient ion, but its
relatively large abundance is inexplicable if
the rate constant for the associative detachment reaction with atomic oxygen is

for the complete HF absorption.

correct. Above 100 km the major ions were

mahawk rockets were launched on two suc-

*o-'11

12

NO; and Ci'; both of these species may
have resulted from contaminants,
Another rocket program was conducted
at Fort Churchill, Canada, in March and
April 1974 to obtain quiescent polar lower
ionosphere data for ionospheric modeling
purposes and to study auroral processes. A
rocket carrying a cryopumped positive ion
mass spectrometer and LIngmuir probes
obtained nighttime undisturbed measurements between 75 and 130 kin. The ionization of polar nighttime lower ionosphere
was enhanced compared to the midlatitude nighttime ionosphere indicating
that a drizzle of energetic ionizing particles
is present at polar latitudes during seemingly quiescent periods. A second rocket,
containing a-negative ion mass spectrometer, was launched during daytime quiescent
conditions. Surprisingly large amounts of
0- and O2- ions were measured between
72 and 100 km. This finding is contrary to
present theories and points ont that negative ion processes are still not well understood. This- is presently hamplering the development of communications computer
codes.
Two Ute Tomahawk rockets were
launched intoClasslandClasslllauroral
events, respectively. The payloads conm ined a d ual-m ode positive ion/neu tral
mass spectrometer, plasma frequency
probe and electron energy deposition scan-

auroral disturbance and quiet atmospheric
conditions, respectively. Several general
conclusions can be drawn from these and
earlier results. First, the character of the
turbopause region between 90 and 120 km
changes considerably with time. Up to the
turbopause, all of the major constituents,
N2 , 02 Ar, and CO 2 are measured in their
ground level mixing ratio. Above the turbopause these constituents generally follow
the expected diffusion profiles. However,
the species profiles are changed because
the turbopause changes in altitude and fre(luently consists of a region of alternating
laminar and turbulent layers. It is certainly
more accurate to characterize the turbopause as a region rather than as a level or
a boundary. Second, the atomic oxygen
profile varies substantially from one time to
another. This profile is even more strongly
dependenton the distribution and intensity
of turbulent layers in the region between 90
and 120 kin. A third important point which
has been demonstrated by the ALADDIN
experiments is that when the relevant structural and dynamical parameters are meas120
110
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tillator. Measurements were obtained between 95 and 170 km. These data are presently being analyzed; their excellentquality
promises an elucidation of the ionospheric
E- and lower F-region processes during
moderate and strong auroral- events.
Rocket experiments were also conducted
to study the neutral composition of the
mesosphere and lower thermosphere. The
Composition
Atmospheric
Neutral

Spectrometer (NACS) was designed to
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ured, a suitable mathematical model calculation based on chemical and transport
urocesses can be developed which is in good
agreement with mid-latitude measureIneIOts.

SATELLITE MEASUREMENTS: The small research satellite program was begun in 1972
to provide a relatively inexpensive way of
studying atmospheric, ionospheric and
magnetospheric phenomena. The intent
was to further the investigations begun with
the OV3-6 (ATCOS II), OVI-15
(SPADES), and OVI-16 (Cannon Ball)
satellites. The program expense was reduced by making use of excess payload
capability of various launches. AFGRL scientists are supplying most of the experiments that instrument the satellites.
The satellites will be launched during the
later part of 1974. The orbit will be highly

elliptical to have sufficient orbital energy

The Atmosphere Explorer-C satellite.

for a low perigee, near 150 km. The satellites will study the properties of the atmosphere and ionosphere between 150 and
500 km. The experiment complement includes two types of mass spectrometers to
measure atmospheric and ionospheric
composition and species densities. One
satellite will be launched during 1975 to
further study these parameters with additional ionospheric and magnetospheric
measurements. The satellites include
magnetic torquing systems to properly
orient them for data collection.
The unique Velocity Mass Spectrometer
(VMS) which was first developed several
years ago at AFGRL has -been further improved and included on two satellites. The
new version combines the concept of the
velocity mass spectrometer with the RF
quadrupole instrument. The advantage of
the VMS is that it can distinguish between
the atmospheric species and those that
come from spacecraft outgassing and surface effects in the measuring instrument.
The first flight of this combined VMS/RF
quadrupole mass spectrometer will- be in
late 1974.

IONOSPHERIC MODELS: Two unique
models were developed for disturbed
ionospheric conditions. A nighttime PCA
D-region model was formulated which
agrees well with the ion composition,
charged particle densities and proton flux
measured during a PCA event. The PCA
model can be easily adapted to calculate
the D-region ionization following atmospheric nuclear explosions, but only for
nighttime periods. It was further possible
to derivemesosphericdistributionsofH 20,
0, NO 2 and NO. Except for the latter,
no -reliable measurements of these critical
species exist.
Another model was developed for a
steady Class II aurora and shown to be in
good agreement with the ion composition
measurements. It was possible to deduce
the nitric oxide concentration in the E region, the maximum being 4 x 108 molecules
per cubic centimeter near 110 km. Considerable controversy prevails over the
amount of the enhancement of nitric oxide

14

(a strong IR emitter) and the processes
Which produce the increased concentrations. These models serve as critical inputs
for both communictions and optical computer codes for Department of Defense systems.

S)

CLUSTER STUDIES: AFCRL rocket-borne

mass spectrometer measurements indicate
that the ionospheric D region is predominantly composed of positive and negative

cluster ions, especially water cluster ions.
The propagation of electromagnetic
energy, particularly in the VLF and HF
spectrums important to Air Force cornmunications, depends critically on the mass
of these ions and their photochemistry.
Additionally, clustering reactions may
serve as sinks for jet engine and missile
exhaust pollutants in the stratosphere by
agglomeration of the pollutants into particulates which then fall to the troposphere
where they are washed out by rain. Studies
of pollutant clustering processes were conducted to determine the stratospheric effects caused by the Air Force B-I and F-15
aircraft and also by a fleet of SST aircraft in
an effort sponsored under the Department
of Transportation's Climatic Impact Assessment Program (CLAP),
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During the past two years, the molecular
beam/free-jet apparatus used to generate
and study clustering processes has been
made fully operational. This equipment includes a phase-sensitive pulse counting
method that allows near-simultaneous
monitoring of mass peaks of interest by fast
mass scanning while retaining the advantages of phase-sensitive detection. An experimental and theoretical study of dimer
formation in supersonic water vapor

beams

was

completed.

Heteromolecular or mixed clusters of engine exhaust pollutants of H 2 0, S0 2 , C0 2,

developed
for the calculation of equilibrium concentrations
of polar-polar,

and ion dimers.
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Planning and documentation have been
completed for a new Stratospheric Environment Project with an official start date
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of July 1, 1974. The goal of this effort is to
provide the necessary stratospheric data
and models from which environmental impact statements may be written for aircraft
such as the B- I and F-15. This effort will
also make it possible for the Air Force to
present its inputs when standards for
stratospheric pollution are being established.
The composition of stratospheric gases,
especially the minor species, will be measured using cryogenic whole air samplers
installed on balloons and aircraft. Quantitative analysis of the retrieved samples will be
performed in the Laboratory. Measurements will be made of the ambient composition in the region behind a stratospheric
aircraft. Stratospheric sampling programs
will be conducted on balloon and aircraft
platforms and a mass spectrometer will be
developed for the measurement of positive
and- negative ions in the stratosphere. In
addition, an infrared interferometer will be
adapted for coordinated flight measurements.
The chemical composition of stratospheric aerosols and the dependence of
composition on particle size, altitude, spatial location and season will be investigated,
Of particular importance are the processes
by which aerosols are formed, and a particular area of interest will be the aerosol
composition in the region behind a stratospheric aircraft. Balloon flights will be
made for the accurate determination of
aerosol composition in the stratosphere.
Stratospheric winds, temperature and
turbulence will be measured and models
will be developed to predict the dispersion,
spreading and lifetime of aircraft and missile exhaust products in the stratosphere.
The principal techniques are: adding appropriate chemicals to an aircraft exhaust
to make it visible and then photographing it
from the ground, the emission from a small
sounding rocket of a smoke trail which also
is photographed from the ground, and balloon measurements of temperature and
microscale dynamics.

The intensity of solar ultraviolet radiation between 1"800 and 3500 angstroms as a
function of altitude in the stratosphere will
be measured by means of a spectrometer
mounted on a biaxial solar pointing control
and carried aloft by a balloon. From these
measurements, photon absorption rates
and the vertical distribution of ozone will be
determined.
Laboratory chemistry experiments wiUl
be performed to measure the reactions and
properties of species important in the
stratosphere, both as normal constituents
and as pollutants from aircraft operations.
Measurements include photoabsorption
cross sections, neutral and ion chemical
-reaction rates, and clustering and nucleation rates.
Theoretical determinations will be made
of the species and thermal distributions of
the normal stratosphere and of the effect
on these distributions caused by aircraft
traversing this region. One-dimensional,
time-dependent dynamical model atmosphere calculations will begin using the coupled set of equations of motion and continuity. A one-dimensional calculation vill
be made to determine the effects on the
stratosphere of the nitrogen oxide emission
from stratospheric aircraft. The energy
equation with heat sources, sinks and transfer coefficients will be added to the models.
By means of global modeling, the longterm and short-term climatic effects of
stratospheric perturbations will be determined. A limited test model will be developed which will incorporate sufficient
physics to test a range of photochemical
rate parameters and turbulent diffusion
coefficients. The test model will be multilevel and time dependent but it will be zonally averaged. Work will begin on constructing a three-dimensional, time-dependent
dynamical model of the global atmospheric
circulation which will include all of the important stratospheric constituents and
processes.

- .'---
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ALADDIN '74 ROCKET PROGRAM

The ALADDIN'7,t ( tmosphericLayering
and Density Distributions of Ions and
Neutrals) program was launched during a
24-hour period on june 29 and 30, 1974.
The objective of the program was to study
in detail the structure and dynamics in the
upper atmosphere between 70 and 160 km.
Selected parameters necessary forstudying
the physical and chemical-processes in this
region of the atmosphere and ionosphere
were measured through the 24-hour
period. The measurements included density, emperature and composition of the
neutral and ionized atmosphere together
with wind, shear, and turbulence Ineasurements to allow improvements of atmospheric models. A second objective was to
measure and compare atomic oxygen profiles from several different experimental
techniques. The program consisted of 54
rocket payloads launched-from Wallops 'Island, Virginia, together with measurements from several ground-based instruments and the measurements of the Atmosphere Explorer-C satellite. The program was a-cooperative effort of many sci-
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entists from the United States, Germany,
England, and Canada. The program was
sponsored by AFCRL and the National
Aeronautics and Space Administration
(NASA), and was coordinated by AFCRL.
The rocket measurements made during
the program included: chemical release
measurements of wind,_shear, turbulence,
diffusion coefficients, density and temperature (AFCRL; Georgia Technological Institute; NASA Ames Research Center,
Moffett Field, C!lifornia; Geophysics Corporation of America; University College
London); accelerometer instrumented and
non-instrumented falling sphere measurements of atmospheric density and
temperature (AFCRL; White Sands Missile
Range, New Mexico); pitot probe measurement of atmospheric density and temperature (University of Michigan/NASA);
mass spectrometer measurements of atinospheric composition (University of
Bonn, West Germany; University of
Pittsburgh, Pennsylvania; NASA); ultraviolet spectrometer measurements of
solar radiations and atmospheric profiles of
N 2, O. and 0 by absorption technique
(AFCRL); nitric oxide chemiluminescent
release to determine atomic oxygen profile
(AFCRL); photometer measurements of
species profiles from airglow emissions and
attenuation (AFCRL; White Sands
Missile Range, New Mexico; University of
Colorado; Universitv of Saskatchewan,

\\

Pennsylvania State University); electric
field measurements (University College
London; NASA Goddard Space Flight

Comparison of the ALADDIN I theoretical
time-dependent model atmospheres incorporating measured turbulent diffusion coefficients with the simultaneously determined
neutral species distributions. The continuous
and dashed curves are the theoretical results
at a solar zenith angle of 98 degrees utilizing

the measured turbulent diffusion coefficients
(K) and- an arbitrary diffusion profile three
times as large (3K).

Center, Greenbelt, Maryland); groundbased ionospheric sounders (National

Oceanic and Atmospheric Administration
(NOAA), Lowell Technological Institute
Research Foundation, Mass.; AFCRL);
Millstone Radar ionospheric measurements (Massachusetts Institute of Technol-

ogy); and ground-based optical measure-
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u
tpper
atmosphere, and enabled usto assist
in preparing environ'mental impact statements for the B-I bomber, which will spend
part of the time flying in the stratosphere.
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ROCKET DENSITY MEASUREMENTS: New
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Mrocket-borne

falling sphere measurements
of neutral atmospheric density and temperature have been obtained during several coordinated field programs conducted
AFCRL, the Defense Nuclear Agency
(DNA), and the National Aeronautics andAdministration (NASA). Four sets of
data were obtained at Churchill Research
Range, Canada, in December 1971 and De-
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Molecular oxygen densities deduced from
1450 angstrom absorption mueasuremeifts
and mean model values,

ments (AFCRL; PhotoMetrics, Inc.,
W-ltham, Mass.; University College London; NASA Goddard Space Flight Center,
Greenbelt, Maryland).
The wealth of new data collected during
the ALADDIN '74 experiment will be
studied and analyzed during the coming
months. The results of this experiment
should provide a baseline comparison of
atmospheric measurements with which
both past and future measurements can be
compared.

cember 1972. Results acquired in December 1971 from two daytime measurements made four hours apart under quiescent conditions revealed no significant
short-term structure variations in the altitude range 30 to 105 km. In fact, the data
suggested that there may be some correlation between low geomagnetic activity (e.g.,
K,,=2-) and the cold model from the
U.S. StandardAtmosphereSupplements, 1966.
Analysis of results obtained from two
measurements made in December 1973 led
to the conclusion that structure variations
in the atmosphere may be induced by relatively intense geomagnetic disturbances,
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ATMOSPHERIC DENSITY AND STRUCTURE
FARADAY

Neutral atmospheric density and temperature have been obtained from falling
spheres launched by rocket, accelerometers
aboard satellites, and ionization gauges on
satellites. A parallel Laboratory effort in
theoretical density studies, atmospheric
modeling, and measurements of ionneutral reaction rates has improved understanding of the chemical processes in the
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End view of payload used for density Brems.
strahung measurements.
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particle precipitation or lower atmosphere
dynamics.
Failing sphere data obtained during the
Winter Anomaly field program at Wallops
Island, Virginia, in January 1972, ALADDIN II at Eglin AFB, Florida, in April
1972, and ALADDIN '74 at Wallops Island
in June 1974 provided valuable compari-

same payload. The absolute accuracy below
about 95 km is questionable due to the uncertainties in the temperature dependence
of the molecular oxygen cross sections at
Lyman-alpha. The lowerdensities in spring
near 90 km are opposite to the Groves seasonal model and may be an interdiurnal
fluctuation.

sons and correlations between different
rocket-borne techniques and ground-based
measurements. For example, a temperature profile obtained at Wallops Island on
January 31, 1972 exhibited considerable
enhancement at approximately 70 km. The
measurement corresponded to a time
(1745 GMT)when low frequency radio absorption had shown a rapid increase from
about 3 dB to 25 dB and then a decrease to
the original value. The falling sphere
temperature data are supported by one
other near-simultaneous measurement
(WSMR instrument). The temperature enhancement may be related to a winter ano-

Molecular oxygen density profiles were
obtained from 1450 angstrom ion chambers with an absolute error estimated to be
less than 12 percent over the entire altitude
range. The density scale heights, and hence
the temperatures are less than the CIRA 72
and proposed U. S. Standard Atmosphere,
1974 above about 160 km,but the densities
agree well with these two models from 140
to 160 km. The exospheric temperature of
9600 K calculated from the Jacchia 1971
model for the time of measurement is close
to the 10000 K value assumed by these
models.
A rocket payload for the measurement of

maly.
Two falling sphere rockets were
launched at Natal, Brazil, on September 26
and 27, 1973 to determine the diurnal vaiation of neutral density and temperature at
equatorial latitudes (5 degrees, 52 minutes
south latitude). Below 60 kin, the
temperature-height profiles are characterized by wave structures which show
phase differences that vary up to 180 degrees. Preliminary analysis of the data in
this region indicate that mean nighttime
temperatures are about 40 K warmer than
corresponding daytime values. Above 60
km the differences become significantly
larger and at 100 km the nighttime value is
cooler by more than 500 K.
Several rocket payloads have been flown
which have provided data on mesospheric
ozone, and mesospheric and lower thermospheric molecular oxygen.

atmospheric density utilizing an electron
beam has been successfully designed, built,
calibrated, and flown. Atmospheric density
was determined from measurements of the
X-ray continuum Bremsstrahlung, created
by the interaction of the electron beam with
the gas surrounding the payload. The atmospheric content of molecular nitrogen
was also- determined from measurements
of the luminescence at '914 angstroms
produced by the electron beam. Measurements were made from 120 km to 168 km
during the rocket ascent, and from 168 km
to 80 km during the rocket descent. By
using two electron beams the density and
nitrogen content were measured at two different distances from the rocket payload. A
comparison was made of the effect on electron beam density measurements of using
collimated and uncollimated electron
beams.

Densities obtained from Lyman-alpha

Of particular importance to the success

ion chambers during spring and fall show

of the measurements was the testing- and

wave motion. The relative accuracy of the
data is typically 4 to 8 percent, as deter-

improvement of the techniques of magnetically shielding X-ray detectors from

mined from independent sensors in the

energetic beam electrons, and the utiliza-
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currents. These results indicate
that joule heating of the thermosphere occurs in agreement with Cole's theory.
Data from the MESA triaxial accelerometer system on the Cannon Ball II satellite
been reduced. Eighty orbits of data
were obtained to as low as 132 km during
August 6-14, 1971 before the spacecraft
tape recorder failed. The measured density

values were acquired mainly under moderately quiet geomagnetic conditions and at
low and middle Northern Hemisphere
Results were f..ind to be gener6, .latitudes.
3
10 percent of ihe Jacchia 1971
within
ally
)
EONSITY(gm/cm
models. The observed scale heights were
about 10 percent larger than the models
Density measurements from the MESA acpredicted. The average density at perigee
celerometer on Atmosphere Explorer-C,
-

-_

orbit 1437, April 24. 1974.

was 7 percent less than the model value.

SATELLITE DENSITY MEASUREMENTS:
Analysis of results from the Miniature Electrostatic Accelerometer (MESA) experiment on the low-orbiting SPADES
(OVI-15) satellite has been completed.

A major effort has been the development
of three improved MESA triaxial accelerometer systems for flight on the-three
NASA Atmosphere Explorer satellites.
These satellites, with nominal one-year
lifetimes, have the capability to fly despun
or with a selected spin rate. They will have
low perigee e'iiptical orbits. Perigee and
apogee can be adjusted by an on-board
propulsion system. A different inclination
for each satellite is planned, ranging-from
near equatorial to polar. These three satellik
es comprise an integrated effort with the
objective of significantly improving our
understanding of lower thermospheric variations. The first launch (AE-C) was on December 16, 1973. Inclination of the satellite
is 68.1 degrees. Perigee heights as low as
130 km have been reached. The triaxial

These results comprise the first set of in situ
density measurements to be obtained below
200 km at all latitudes. A compendium of
the density profiles and their ratio to model
values was prepared in a format suitable for
use by other investigators. In addition, a
study of accelerometer results obtained at
high northern latitudes during August 6-8,
1968, a period of moderate geomagnetic
activity, was made. Density enhancements
of 15-30 percent were found in the auroral
zone in conjunction with increased auroral

accelerometer system is working perfectly.
Data are being acquired typically on six to
-ten orbits per day. High accuracy density
profiles are being derived ten days after
acquisition on a routine basis using a-local
terminal tied to the NASA central computer. An extensive data base, required for
development of accurate models, is being
collected. Analysis of these results is in the
-early stages. Instrumentation for the two
following launches is fabricated and tested.
AE-D will be launched into a near-polar

tion of low Z number material in the detector collimator. The rocket payload was
calibrated in a laboratory vacuum chamber
where gas densities and nuclei composition
similar to those expected in flight were
maintained. This calibration was made possible by the use of carbon-coated target
materials in the chamber which reduced
both the number of scattered high energy
electrons and the background continuous
and line X-ray photon flux.

20

orbit in March 1975 and AE-E will be
launched into a near-equatorial orbit in

June 1975.

M

Two types of accelerometers will be

flown on an Air Force satellite scheduled
for launch in late 1974 into a low perigee,
high inclination orbit. In addition to a
single axis MESA instrument, a triaxial
piezoelectric accelerometer will be flight
tested. This instrument, while inherently
less accurate than the MESA, has the advantage of low cost, weight and power requirement. By flight calibration with the
MESA its usefulness for future flights can
be evaluated. A triaxial piezoelectric accelerometer will also be flown on a satellite
scheduled for launch in late 1975.
Data obtained from ionization gauge
measurements on board the OV3-6 satellite
have been further analyzed and results are
being compiled for publication. The reportwill examine, in more detail, the latitudinal
structure of atmospheric density at middle
latitudes. In general, the results are in
agreement with model predicrions (jacchia
71) and measurements obtained by means
of orbital analysis, particularly during
periods of high solar activity. Where differences do occur, they are most pronounced
during the equinoctial period and in the
early morning hours, suggesting that the
diurnal bulge may not simply migrate in
unison with the sub-solar point. Some indication of geomagnetic coupling of the
neutral atmosphere is indicated by a data
correlation with the Dst index.
LABORATORY MEASUREMENTS OF ION.
NEUTRAL REACTION RATES: Reactions of
ions with neutral species are important
processes in gases.exposed to ionizing radiation, In the ionosphere, such reactions affect the rates of decay of electron density
following sunset or following a nuclear detonation. These atmospheric -perturbat~on
influence the propagation of radio and
radar signals, leading in some cases to the
occurrence of blackout and to errors fr -m
refraction and scintillation. In order to

I)ouble mass spectrometer sstem for ionneutral reaction measurements.
predict the magnitude and persistence of
these effects upon communications and
radar systems, large computer codes have
been developed. These codes require as
input parameters such data as the rate constants for -the reactions- of important ions
with the atmospheric neutral species. Double mass- spectrometer systems have been
developed in the Aeronomy Laboratory to
study these reactions.
Clustered ions, such as H' (H 20) 2, and
H+ (H2 0) 3 , are important species in the
lower ionosphere, and their reactions are of
interest. Under normal conditions, these
species are stable. Under the perturbed
conditions resulting from a nuclear detonation, the temperature is greatly increased,
and collision-induced dissocir,-ion reactions
may occur. Using a double mass spectrometer system, cross sections and translational
energy thresholds were measured for the
dissociation of H' (H 20)2 , H' (H 2O)3 , and
C0 3 in collisions with N, and 02. The existence of long lived excited states of each of
these ions was also observed. Ion kinetic
energies ranged from about 0.5 eV to 30 eV
in these experiments.
Sulfur is a minor atmospheric species but
is of potential interest because of its relatively large electron affinity in comparison
with major atmospheric components.Cross
sections were measured for several

1
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reactions of S with N 2, O2, N 20, and C02.
Information on bond dissociation enegies

ible and infrared absorption, and upon
local and global changes in climate. This

and electron affinities was obtained from
the -- anslational energy thresholds of the
cross sections. In all of the reactions of Sobserved in this work, the cross sections
were small at low energies, and it was concluded that the principal sink for S"ions in
the atmosphere is the associative detachment reaction with oxygen, i.e. S- +
02 - SO 2 + e.
The double mass spectrometer system
can also be operated as a device for determining the kinetic energies of ionic species
from measurements of their times-of-flight
over a known distance. Such studies on the
important charge transfer reaction, N 2+ +
02 -) O2' showed that, over the range of N 2
kinetic energies from 2.5 to 30 eV, the kinetic energy of the-O2 produced in the reaction is thermal. This result indicates that no
transfer of energy occurred between internal and translational- modes and therefore
that the reaction is virtually resonant. The
energy levels of the N 2 + + 02 system are
such that, for resonant charge transfer to
occur between reactants in their ground
states, the products can only-be formed in
their ground electronic states. In fact, the
reaction is exactly resonant for the v = 13
vibrational level of the ground electron
state of N2, and much of the N2 produced
in this reaction is probably in that level. -

study involved a coordinated effort by the
Aeronomy, Optical Physics, and Meteorology Laboratories.
Although -water and carbon dioxide are
the major components of jet engine exhaust, the principal effects upon atmospheric ozone and transmitted ultraviolet
radiation are caused, not by these major
products, but by nitric oxide produced
when air is heated in the combustion process. The nitric oxide is a catalyst in a series
of reactions which destroy ozone. It is
planned that the proposed B-I fleet of 241
aircraft will spend a total of 650 hours per
year in the stratosphere, injecting about
500 tons of nitric oxide during that time.
From knowledge of the rates of the ozone
destruction reactions and by comparison
with the effects of normal ambient atmospheric nitric oxide upon ozone, it is possible
to calculate the effects of this injected nitric
oxide. On the assumption of uniform mixing, these calculations show that the ozone
column density would be reduced by less
than 0.002 percent. This -would lead to an
increase of about 0.01 percent in the
ground level intensity of that component of
14

sources of reactive species and of optical

] -,120
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radiation in the perturbed atmosphere.

t

Such studies as this indicate possible
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ENVIRONMENTAL IMPACT STATEMENT FOR
THE B-1 BOMBER: The Air Force is required
by law to prepare an Environmental Impact

'DO-

Statement for those of its systems and oper-
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NITRIC OXIDE CONCENTRATION

paring the Environmental Impact Statement for the B-1 bomber. ASD came to

Mid-latitude optical observations of nitric
oxide by Barth, Mcira and Tisone and a

AFCRL for assistance in assessing the effects of engine exhaust products upon

model (Ker.eshea etal) are compared to auroral estimates from ion-composition analysis
by Swider and Na.cisi (1970-Class I aurora,
1974a-Class II aurora).

ozone and transmitted ultraviolet, upon vis-
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ultraviolet radiation which is responsible

effect cf B-I operations upon the climate,

for sunburn and ultimately for skin- cancers.

although there might be some small andtransient local effects.

The amounts of water, carbon dioxide,
carbon monoxide, and particulates emitted
by the planned B-i fleet are three to five
orders of magnitude less than the amounts
of these substances naturally occurring in
the stratosphere. Absorption of solar infrared and visible radiation by these injected species is therefore a similarly small
fraction of that from the naturally occurring abundances. Comparison of the absorption effects of other exhaust products,
such as sulfur dioxide, nitric oxide, and
hydrocarbons, -with the natural absorption
of the 6.3 micrometer band of water shows
that the emitted species have absorptions at
least seven orders of magnitude smaller.
The contribution of the projected B-I fleet
to absorption and scattering of visible and
infrared radiation is therefore expected to
add less than one half of -1 percent to the
natural levels,
There is presently no completely reliable
means of determining the impact ofjet engine exhaust products upon local and
global weather. However, some mathematical models have been developed which incorporate the kinds of chages in heat balance and temperature distribution that the
operation of a- B-i fleet might produce.
However, the net sources and sinks of
energy used in computer experiments with
these models have been substantially greater than those likely to result from the B-I
,fleet. These experiments- showed that the
differences between control and perturbed
conditions
at first local
that
appreciable are
differences
are but
observed

CHEMISTRY OF THE UPPER ATMOSPHERE:
Analysis of auroral ion composition results
have yielded estimates of nitric oxide concentrations for the E-layer which are higher
than mid-latitude values. Computational
studies indicate that these higher levels of
nitric oxide are apparently present before
the start of an aurora because only the
larger auroras, Class III or better, can apparently perturb this initial nitric oxide distribution. A previous theoretical study of
the normal mid-latitude E region is in harmony with mid-latitude nitric oxide observations. Nitric oxide is an important ionizable gas at twilight and at night for the E
region. Furthermore this gas is involved in
the reaction O2+ + NO -- NO + + 02 which
may leave 02 in the singlet delta state and
be an important'l.27 micrometer radiation
source in the-auroral region.
Studies of the solar proton event of
November 2-5, 1969 have led to a more
-precise definition of the daytime electron
loss factor as a function of altitude. Ozone
observations during this event have been
interpreted as indicating that excess OH
plus H generated in ion-chemical processes
during the enhanced levels of the SPE resuit in a lowering of 03 and 0 densities in
the lower mesosphere.
Laboratory work concerning ionmolecule reactions of interest with regard
toatmosphericnuclearburstshasbeencontinued. The cross section for the process
0O +dissociation
CO --+ CO+energy
O has
been±'O.
measured.
The
(8.78
13 eV)

world-wide after about one month. These
effects are differences in detail only, e.g.
the timing or phase of a major cyclone development, and the means, variances, and
spectral distributions of the principal
meteorological elements (pressure, temperature, wind) remain virtually unchanged.
The conclusion of these studies is that there
is little likelihood of any long-term global

and ionization potential (> 6 eV) of
thorium monoxide as well as the ionization
potential of thorium dioxide, 8 ±1 eV have
been determined.
THEORETICAL DENSITY STUDIES: Derivation of density values 'from radar observations of the orbital motions of satellites has
continued. Cannon Ball II, Musket Ball
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major and minor atmosphericspecies.
These same theoretical calculations inthe measured turbulent diffusion coefficients of ALADDIN I were
utilized in developing the portion of the
proposed U.S. Standard Atmosphere, 1974
for altitudes between 80 and 250 km.
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Orbitaldragdensitydepartures frointheJacchia 1971 models for Musket Ball, for the
period August 7-24, 1971. K. and- F0.7 are
shown for the same period,

and low altitude Air Force satellites have
been used to derive density data. As a rcsult
of the-extensive data from these satellites
the models have been revised,
The model and the supporting data for
the new U.S. Standard Atmosphere have
been- completed and the text material is in
an advanced state of preparation for publication. The Standard is prepared by the
Committee on-the Extension of the Standard Atmosphere (COESA) and is sponsored by the Air Force, NASA and NOAA.
ATMOSPHERIC MODELS: The accomplishments to date include the measurement of turbulent diffusion coefficients
and turbulent rates of dissipation from the
chemical releases of the ALADDIN programs, and the incorporation of these diffusion coefficients into the one-dimentimephotochemical-transport
sional
dependent theoretical model atmosphere
calculations. Comparison of the resultant
theoretical species distributions with the
experimental measurements from the

CHEMICAL RELEASE STUDIES

From June 1972 to June 1974 three major
field experiments- were carried out to determine the dynamics of natural and
man-made disturbances in the upper atmosphere and their effects on atmospheric
characteristics and Air Force systems.
Dynamic natural disturbances (solar flares,
magnetic storms, etc.) or mclear events degrade or black out Air Force missile detection, tracking and- communications systems.
The first was HAVE GENIE II
(Geophysical Experiments for Neutral
Species in the Ionospheric E-Region) conducted- at -Eglin AFB, Florida, in October
1972. The program objectives were the development of tracers and techniques to define atmospheric motions and turbulence
and to study the oxidation-reduction
mechanisms and radiation characteristics
of metallic vapors for defense applications.
The second was HAVE MERLIN II
for
(Multiple Exploratory Releases
Layering of Ions and Neutrals) in October
1973 at Eglin AFB, Florida. This exploratory program continued the objectives of
the October 1972 program and combined
measurements by chemical releases with instrumented probe measurements for composition and density.
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The third program was HAVE ALADDIN '74 (Atmospheric Layering and
DensityDistributions oflions and Neutrals).
The ALADDIN '74 program was planned
to measure the transport properties, structure, composition and optical emission of
the upper atmosphere. This program was
conducted on June 29 and 30, 1974 at Wallops Island, Virginia, where 54 sounding
rockets were launched during a 24-hour
period in the largest coordinated scientific
rocket program to date. ALADDIN '74
combined Air Force, NASA, and Army
rockets into a single program with measurements timed to coincide with nearby
passes of the Atmosphere Explorer-C
aeronomy satellite. The results, when used
as inputs for theoretical calculations, will
provide the most complete understanding
ever achieved of the upper atmosphere.
ATOMIC OXYGEN PROFILES: Nitric oxide
(NO) releases were conducted as part of the
GENIE, MERLIN and ALADDIN programs. The released NO reacts with ambient atomic oxygen and produces a headglow. The brightness of the headglow, as
measured with on-board photometers, is
directly related to the atomic oxygen density. This technique for measurement of
atomic oxygen profiles has been qualified
for both night and daytime measurements.
MERLIN data show a peak in atomic oxygen density at 97 km,a trough at 105 km,
and another peak at 110km. Similardouble
peaks have been observed on other occasions and indicate a discontinuity in the
turbulent structure of the upper atmosphere. Thus, the atomic oxygen and the
related ionic species densities cannot be
represented by a simple, smooth profile.
Such unusual profiles will affect the RF
propagation characteristics of the lower
ionosphere, the optical emission intensity
of the natural airglow, and artificial glows
associated with missile exhaust gases.

OPTICAL WEAPONS EFFECTS: Chemical releases have direct bearing on existing and
planned defense systems and on understanding of high altitude missile and nuclear effects. In this category belong the
metal oxide vapor releases, such as lithium,
sodium, cesium, barium, aluminum, iron,
nickel, lead and their oxides. Sodium and
aluminum vapors are ubiquitous ingredients of missile exhaust and contribute to
their photoluminescent and chemiluminescent radiation characteristics. Certain
oxides of metals form in nuclear explosions
and radiate in a portion of the optical spectrum where advanced tracking and homing

CLOUDS:,

systems may operate. These metal oxide

Development of instrumentation to pro-

clouds can also be reproduced by chemical

DAYTIME

t

vide a real-time day-and-night capability to
track vapor clouds in the upper atmosphere was completed and validated during
the ALADDIN series by measuring winds
during the day. This exercise provided the
first measurement of tipper atmospheric
winds during a 24-hour period. This series
and further measurements can provide a
better understanding of the diurnal effects
involved in the dynamic interactions of
upper atmosphere processes and motions.
This technique provides the capability for
determining E-region winds in real time for
the placement of ion clouds at an optimum
altitude in the weapons reentry region for
use as radar targets and as radio wave reflectors for emergency communications
links. Another application is the capability
to provide optical calibration (position and
structure) of artificial ion clouds released
during daytime to determine radar system
susceptibility in perturbed environments.
MESOSPHERE WINDS: A chemical smoke
tracer was developed and flight tested during GENIE. This tracer provides the only
current valid technique for defining
D-region winds and turbulence. These
parameters are important to an understanding of-the water vapor profile and its
impact on weapons effects and radio prop-.
agation characteristics.

WINDS

AND

RF
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sile plume sodium emission. Releases of
and nickel compounds demonstrated
that the vapor and oxides of these metals
are not significant sources of radiation in
nuclear Afterglows. Data were obtained to
permit definition of the Al - 0 - AIO -
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releases in the upper atmosphere, permitting the study of their lifetime and radiation characteristics.
Metallic vapor releases of sodium,
lithium, barium, aluminum, iron, nickelt
and lead were performed during the
GENIE andMERLIN programs. It was determined that the minimum altitude where
free metal vapors of their oxides can be
maintained for appreciable periods is about
90 km. Below this altitude, the metallic
vapors condense. Aluminum, barium and
lead form the oxides, AlO, BaO, and PbO,
respectively, which are not readily reduced
by atomic oxygen. Other metal oxides
quickly disappear and then the freemetal
resonance lines become evident when illuminAted by sunlight. An interesting
phenomenon was observed when sodium
was released at night without solar fluorescence; the released vapor emitted the
sodium D lines. Clearly, a chemiluminescent reaction must have occurred between
the released sodium gas and some ambient
species-probably atomic oxygen. This
phenomenon may -have some bearing on
the natural scdium nightglow and on mis-

2

-hv

system for E- and F-regions

an evaluation of IR emitters.

CHEMICAL RELEASES AS AIRCRAFT DE.
COYS: There is a need for improved infrared flares to protect advanced aircraft
against heat-seeking missiles. Exploratory
flight tests have previously shown the
promise of pyrophorics as infrared countermeasures when relatively high radiant
intensities were obtained per unit mass of
released-material. Intensity levels and spectral characteristics have been confirmed'in
controlled laboratory experiments. These
tests confirmed that the materials burn at
altitudes to 60,000 feet and that radiation is
independent of altitude. The effects of
aerodynamic drag on the mass and volume
of material released have been studied with
a co-flowing air stream at simulated altitudes. The significance of these laboratory tests have led to the adoption of this
concept for further development work by
the Avionics Laboratory.
CHEMICAL RELEASES FOR STRATOSPHERIC
PERTURBATIONS: In February and June
1973, the first extensive measurements of
stratospheric dynamics, were completed at
White Sands Missile Range, New Mexico.
The experiments consisted of producing
and photographing sets of vertical and
horizontal smoke trails in the stratosphere.
Each of the vertical trails, -14 to 23 km,was
produced by dispensing TiC 4 from Nikerocket paylnads. The horizontal trails were
made by fuel dumps and TiC 4 from a
WB-57F flown~by the 258th Weather Reconnaissance Squadron. These trails served
as dye markers for both the motion of the
winds and the turbulent mixing. By continually photographing the trails for some
ten minutes, a time history is obtained from
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which wind shears are measured. Telescopic photographs of the trails clearly
show the increase of trail diameter and the
action of turbulence in dispersing the
smoke. This information along with tile
measurement of ozone densities obtained
simultaneously provide a necessary bench
mark for evaluating dynamic models of the
stratosphere. The models will be used to
predict the behavior of emission products,
supersonic bombers and missiles in the
stratosphere. These and other weaponsproduced perturbations can also have an
effect in the stratosphere, such as the possible reduction of the ozone layer. These possible effects can result in a higher incidence
of cancer, and loss of food crop production
in farms and oceans. A computer model of
stratospheric transport has been developed
which,-in conjunction with published wind
profiles, -predicts a half residence time of
three years for emissions deposited 10 km
above the tropopause. The corresponding
vertical effective diffusivity of 0.3 meter
per second was obtained. Thus, clear air
turbulence is a major contributor to the
removal of pollutants.
CHEMILUMINESCENT STUDIES: Large missiles produce characteristic missile plume
signatures as they pass through the earth's
upper atmosphere. AFCRL developed a
program to simulate in a laboratory the exhaust gas interaction with the upper atmosphere. The laboratory simulation was
needed to vary parameters under controlled conditions in order to determine the
chemical reactions and mechanisms producingthe observed chemiluminescence.
A small-scale, one-pound thrust engine
was fired in the AEDC IOV aerospace
chamber against a supersonic airsteam containing atomic oxygen. The rocket exhaust
gas and the flowstream interacted simulating the upper atmosphere interaction. The
chemiluminescence of this region was
studied over a-broad spectral region, and
was observed to increase in the presence of
atomic oxygen. The results of these meas-

urements are being used-to define new systens for the determination of the thrust
and payload capabilities of ICBM's.
THEORETICAL STUDIES: The KenesheaMacLeod dynamic model of the ionosphere
was significantly improved by including the
effects of neutral wind-induced transport
on the long-lived metallic ions deposited in
the lower E region by meteors. Using
neutral wind data obtained in the ALADDIN II (April 1972) rocket program, it was
shown that the sporadic E layer found experimentally was due to the compression of
metallic ions by the neutral winds. Furthermore, the strength of this mechanism is
so great that the layer can be generated
from a constant background profile in a
half hour.
An analysis cf the errors induced by neglecting vertical winds in deriving upper
atmospheric winds from chemical trail releases was carried out. This study showed
that serious errors in deriving such
"pseudohorizontal" winds could be made if
the observation period were as long as a few
hundred seconds. This led to the recommendation that the errors could be
minimized by assuming a constant wind
over short observation times (less than 100
seconds) or a wind varying linearly with
time for longer observation times
(100-1000 seconds).
A scale autocorrelation- coefficient was
developed that compares a function of time
with itself when the scale of times is
"stretched." It was shownthat this scale autocorrelation can be used to determine
ratios of frequencies which occur in
phenomena with periodicities. The properties of the scale autocorrelation coefficient
were developed and applied to the finding
of some of the ratios of the frequencies in
atmospheric pressures measured daily for
8,766 days. It-was also applied to measurements of the International Magnetic
Character Figure, Ci, which was measured
daily for 27,258 days. These applications
are regarded as the first testof the utility of
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the scale autocorrelation coefficient. The
results indicate that the scale autocorrelation coefficientmay prove to be a valuable
supplement to the use of the usual autocorrelation coefficient and the Fourier transformation of time-dependent functions.
Cross sections were calculated for the
resonance scattering of Lyman-alpha radiation by spinless, non-relativistic hydrogen
atoms in the ground state using a two-level
model. A slight generalization of Dirac's
resonance scattering theory was used to
take into account the degeneracy of the
upper state, together with the exact matrix
elements for the electromagnetic interaction. In contrast to the usual treatments in

which only the dipole approximation for
the matrix element is taken, the shi ftin
position of resonance isfinite. No renormalization is needed to obtain the finite
result. Moreover, if the qhift is interpreted
as an -electromagnetic shift in the energy of
the ground state relative to the to
first
Lamb
theexcited
state, this shift is close in value
shift. The differential cross section was
given as a function of the scattering angle
for both polarized and unpolarized radiation. The total cross section was shown to be
equal to that obtained by detailed balancing
using the Einstein A and B coefficients. In
addition, the radiation pattern of the scattered radiation was found.
Detailed measurements of the vertical
wind profile at SST altitudes were made to
evaluate atmospheric transport processes
of importance in establishing dispersal
rates of SST emissions. To obtain the necessary high spatial resolution, dense tracer
trails of TiCI 4 were deposited from rockets
in the altitude range, 13 to 21 km. The trails

data were digitized and recorded on
magnetic tape that was subsequently
analyzed and processed by the CRL 6600
computer.
SOLAR ULTRAVIOLET RADIATION
Models of the earth's upper atmosphere
and ionosphere, constructed to aid our understanding of such features as the observed temperatur'e-altitude profile and
the neutral and charged particle density
distribution, depend upon detailed considerations of the many photoabsorption and
photochemical processes occurring as a resuit of solar irradiation. Quantitative models require accurate experimental determinations of the absolute intensity and spectral distribution, as well as the temporal
variability, of the solar radiation reaching
the earth and the rate at which this energy is

were photographed at regular intervals

absorbed and subsequently

from three different locations to provide
position and time information from which
the wind parameters are computed. The
trail positions on the photographs were
measured on a digital scanning densitometer which read x and y coordinates of points
along the trails with errors of the order of

within the atmosphere. Research in the Ultraviolet Radiation Branch provides such
for the
solar
flux measurements
wavelength range between 30 and 3500
angstroms, spanning the soft X-ray, extreme ultraviolet, vacuum ultraviolet and
ultraviolet spectral regions, as radiation of

one to two microns per centimeter. These

I

Adjusting a double grazing-incidence spectrometer prior to an Acrobee launch at Wallops Island, Virginia.

dissipated

these wavelengths interacts strongly with

i
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the atmospheric constituents. The basic
radiometric measurements, made with
calibrated spectrometers mated with solar
pointing controls, are carried by rockets
and satellites to altitudes well above 100 km.
ROCKET MEASUREMENTS
OF SOLAR
UV: This phase of the solar ultraviolet
program uses high performance sounding
rockets to carry spectrometric instruments
to altitudes essentially outside the earth's
atmosphere. Measurements made at the
top of the rocket trajectory reflect, with lit,
tIe correction, the incident solar flux, and
measurements made at lower altitudes
allow a determination of the rate of absorption of the radiation as it progresses
through the atmosphere. During this reporting period, the development of new
instrumentation has increased the spectral
range of measurement from-the previous
limits, 30 to 1250 angstroms, to include
wavelengths as long as 1950 angstroms andwith the further instrumental capability to
extend the range to 3500 angstroms.
Of the five rocket experiments described
in this report, only one, on July 15, 1972,
failed completely. A grazing-incidence
spectrometer to measure the solar flux
throughout the 230 to 1260 angstrom region could not take any data because the
rocket exploded shortly after launch.
On August 23, 1972, an Aerobee 170
rocket was launched from White Sands
Missile Range, New Mexico, carrying a
double, grazing-incidence spectrometer to
measure fluxes in two bands, 55 to 300 angstroms and 230 to 1220 angstroms. The
measurement phase of the experiment was
highly successful, but failure of -the recovery system resulted in loss of the spectrometer which, at the time, was making a second
flight. Calibration throughout the spectral
range allowed precise determination of the
absolute flux levels for this date. These
measured fluxes taken together with

electron density as a function of altitude.
The densities so determined, when cornpared with simultaneous ionosonde measurements of the electron density, show
agreement to within 30 percent.
A new spectroradiometric instrument
has been designed and fabricated to extend
the measurement capability into the vacuum ultraviolet, covering the range from
1250 to 1950 angstroms. The instrument,
machined mainly from beryllium, is of the
Ebert-Fastie type. The design is modular
and allows either two long wavelength or
one long and one short wavelength spectrometers to be combined into a single
payload. An experiment of tie latter configuration was launched on an Aerobee 170
from White Sands Missile Range on
November 2, 1973 allowing for the first
time simultaneous coverage of the spectral
regions 220 to 1250 angstroms and 1250 to
1950 angstroms. The flight was largely successful, suffering only from occasional data
dropouts on the short wavelength channel.
The recovered instrumentation was refurbished with a slight modification - and
launched a second time on April 23, 1974.
On this date, the two spectrometers operated flawlessly but were lost because of a
recovery failure. Data from these two
flights are currently being analyzed. Initial
indications are that the new spectrometer
operated with the design resolution (0.1
angstrom) and efficiency (about 3 percent)
and is a generally satisfactory instrument.
Eventual determination of the continuum
radiation. levels in the 1300 to 1600 angstrom region is of particular interest since
previously reported values by other investigators are discrepant by as much as a factor of 3. Preliminary results from the
AFCRL measurements indicate flux values
near the larger limit of the range of existing
measurements.
As a part of the ALADDIN III program,
an Aerobee 170 rocket was launched on

known photoabsorption cross sections andphotochemical reaction rates have been
used to determine computationally the

June 29, 1974 from Wallops Island, Virginia. This double, grazing-incidence spectrometer was designed primarily to acquire
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data relevant to the determination of atmospheric composition. Throughout the
flight, eight pre-selected wavelengths in the
range between 284 and 1206 angstroms
were scanned
repeatedly.
Underperformance of the rocket limited the data
coverage to about 50 percent that of a norneal flight. The available data are currently
being analyzed to give the composition in
terms of number densities of atomic oxygen and of molecular oxygen and nitrogen which can be compared with mass
spectrometric measurements made with
another rocket of the ALADDIN program
at approximately the same time.
SATELLITE MEASUREMENT OF SOLAR UV:
Satellite-borne instrumentation affords the

opportunity for nearly continuous solar
flux measurements over extended periods
of time. Such extensive data allow a study of
long-term temporal variations in the flux
levels which are associated with the relatively slow changes in solar activity occurring over one or more solar rotations. The
nearly continuous time coverage increases
the probability of observing those unpredictable impulsive events of a few -minutes
duration which are associated with eruptive
phenomena:such as solar flares. In a manner similar to a rocket experiment, measurements of atmospheric attenuation can
also be made from a satellite spectrometer
over those portions of an earth orbit during
which the satellite -penetrates deeply into
the atmosphere as well as during periods of
solar occultation occurring at satellite sunrise and sunset. The Ultraviolet Radiation
Branch has designed and supplied
spectrophotometric experiments as part of
three payloads of the present NASA Atmosphere Explorer series. The first
spacecraft of the series was launched on
December 16, 1973 and will be followed by
two additional launches in 1975.
The satellite spectrophotometer-is composed of 24 grazing-incidence monochromators and provides flux measurements throughout the 140 to 1850 ang-

I'

The AFCRL solar ultraviolet spectrometer
and solar pointing subsystem for the NASA
Atmosphere Explorer series satellites.

strom region. Of the 24 monochromators,
12 are stationary at fixed wavelengths,
while the-remaining 12 scan, in-segments,
the total wavelength-range. The spacecraft
orbits the earth 11 times each day, with a
perigee altitude of 135 km and an inclination of 65 degrees. This orbit, which is
maintained by occasional firings of an onboard engine, allows a sequence of operations which is significant for the aeronomical purposes of the mission. At altitudes
between 400 and 1000 kin, below the high
energy radiation belts, measurements are
of the unattenuated or incident
fluxes. During the perigee-near portions of
the orbit, down to- 135 kin, the observed
flux levels show attenuation resulting from
atmospheric absorption. Additional observations made near satellite sunrise and sunset extend the attenuation measurements
to altitudes as low as 100 kin. In one respect
the perigee pass of the satellite differs from
the vertical probing of a sounding rocket in
that the satellite in passing through perigee
sweeps through a much larger range in
latitude and tends to blend atmospheric attenuation features which show a latitudinal
dependence. This shortcoming can be tol-

-made
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erated since the satellite instrument provides the equivalent in data of 11 rocket
experiments each day. Because of the modon of perigee and the precession of the
orbit, eventually attenuation measurements will be made over a wide range of
latitudes and local times during the
planned one-year lifetime of the mission.
During the first six months of operation,
have been
approximately 2,000 orbits
there have been
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show notably different behavior between
wavelengths longer than 1200 angstroms
and shorter wavelengths, both in amplitude
and phasing, with regard to the variations
associated with changing solar activity.
Spectrally, those emissions originating in
solar
the
of
regions
different
atmosphere-that is, coronal, chromospheric or near-photospheric-exhibit variations of widely differing magnitude ranging from a few percent for photosphericlike radiation to several hundred percent
for coronal excitations. One impulsive
event chronologically associated with a
solar sub-flare has been found to exhibit
remarkable similarity to the simultaneous
sudden increase in radio emission at 10.7
centimeter wavelength. A great many attenuation profiles have been recorded by
the spectrophotometer. The stability and
low background achieved by the instrument are making the determination of optical depths computationally straightforward.
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MISSILE PLUME OPTICAL RADIATION
MEASUREMENTS: The final rocket probe
flight of Project Chaser occurred during
October 1972. This program measured
missile plume signatures of ICBM
launches
Vandenberg

on the Western Test Range,

fort with the Optical Physics Laboratory
and Aerospace Instrumentation Laboratory of AFCRL. Missiles using three representative propellant combinations were
observed during the project. Data analysisand systems studies using the Chaser data
are continuing both at AFCRL and elsewhere. Interest in further, similar measurements led to program direcon'for an
Advanced Development Plan in mid-1973.
The proposed "Multiband Technology"
program was approved and received initial
funding in July 1974. However, to meet the
requested program milestones, considerable prior effort was expended to plan and
establish the technical requirements of the
measurements. In contrast to the previous
Chaser measurements, which were only at
night, it isduring
planneddaytime.
to have several
measTwo general
urements

AFB, California. Measurements were ob.
tainedof the radiant intensities of the missile during the upper stage burns for use in
systems development. This program was
supported by-the Space and Missile Systems
Organization (SAMSO)and was a joint ef-

types of measurements will be made: target
engine measurements of test rocket engines carried with the sensors on one large
rocket probe, and high probe measurements observing missile test flights on the
Western Test Range. The Project Chaser
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measurements have shown that chemical
reactions both within the exhaustgases and
following mixture of the exhaust with the
ambientatomic oxygen produce chemilum.
inescent emission. Further field observations with improved spatial and spectral
resolution and associated directed research
in this laboratory will provide the necessary
information for application of this ultraviolet emission to -. wide range of systems missions.
ATMOSPHERIC ULTRAVIOLET MEASURE.
MENTS: Surveillance satellites for detection,
tracking, attack assessment and other missions must continually be upgraded to respond to changing military situations. This
work will provide detailed information on
the earth atmospheric emission whi&
forms the background radiation environment within which missile targets must be
observed. Work on a satellite experiment
entitled "Vacuum Ultraviolet Backgrounds" has been initiated, and the experiment is partly fabricated. The experiment
will measure global UV levels with spectral
resolution up to 1 angstrom using an
Ebert-Fastie spectrometer and sp-tial resolution to I km using a broad-band photometer. The experiment is _planned for
launch in 1977. This work is closely related
to our missile plume radiation measurements, and the results of the two efforts will
allow a complete and reasonably definitive
statement on surveillance uses of the ultraviolet. The primary unknown is the
strength and global distribution of the
Lyman-Birge-Hopfield bands of N2, which
occur in a region which otherwise has an
extremely low atmospheric radiance, due
to photoabsorptionby molecular oxygen in
the Scliumann-Runge continuum. In addition, the intensities and distribution of the
oxygen emission lines at 1304 and 1356
angstroms will be correlated with atmospheric, ionospheric, and auroral parameters in an effort to develop passive sensors of
quantities such as the electron density pro-

file. Where feasible, missile target measurements will be conducted.
ULTRAVIOLET PHOTON CROSS SECTIONS:
Knowledge of the interaction of ultraviolet
photons with atmospheric gas molecules is
esserid .to a wide class of Air Force interests, such as atmospheric characteristics,
both ionosphericand stratospheric, and the
extent and severity of blackouts from atmospheric nuclear detonations. Progress
has continued in an effort to obtain values
on all the earth atmospheric gases for the
total absorption cross section, the total
photoionization cross section, and partial
photoionization cross sections. During this
period, the-first two types of cross sections
were reported for water vapor in the VUV
region. The oscillator strengths of atomic
oxygen-were also measured and reported.
These observations provide a measure of
the total absorption at strong lines. Partial
cross sections will be measured with a
photoelectron spectrometer, which was
built and partly tested during this period.
Finally, special reports of cross-section values at solar e-.nission lines and at emission
lines produced by nuclear detonations have
been prepared for the Defense Nuclear
Agency and other user groups. The photon
cross sections obtained by this research-are
especially important in predicting the effects of high altitude nuclear bursts, and
they are primary inputs to computer codes
such as ROSCOE, RANG IV, and OPTIR
which model the perturbation and return
to ambient conditions. The results define
the environment within which Air Force
equipment must operate. In addition, all
other atmospheric model atmospheres or
ionospheres 'must use cross-section data to
account for the initial energy input.
ANALYSIS OF MOLECULAR NITROGEN
SPECTRA: Knowledge of the high energy
(14.3-15.5 eV) Rydberg States of N2 has
long been incomplete and unsatisfactory,
primarily because of the lack of detailed
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high resolution spectroscopic studies. The
present work remedies this situation by
proviling high quality, rotationally resolved and analyzed absorption spectra in
the difficult wavelength region 900-870
angstroms, where wavelength resolution of
0.005 angstrom was achieved. The excited
states reached by photon absorption from
the ground state are Rydberg states converging on the lo%est state of the molecular
ion N2+. From ti e two Rydberg series
photographed, acc irate molecular constants, coupling constants, and band origins
were derived. A marked change in the coupling condition occurs as the principal
quantum number of the excited Rydberg
orbital increases. Numerous spectral perturbations were observed and analyzed.

ion energies and of potential well depths
and shapes. For example, tile ground electronic states of Nc2 and Kr2 respectively
contain 2 and 16 bound vibrational levels
and have dissociation energies of 0.0021
and 0.0157 eV. Information is also obtained on the long-range parts of many excited electronic states by observing the effects on the spectra of increased gas pressure; almost every atomic transition then
gives rise to molecular bands of the dimer.
Heteronuclear molecules such as HeNe,
ArKr, and ArXe have also been detected, as
have the corresponding heteronuclear
ions, and the analyses of these band systems
are in progress.

ABSORPTION SPECTRA OF MOLECUtAR
CLUSTERS: Molecules held together by weak
forces not involving chemical bonding are
called clusters. Cluster ions occur in the
upper atmosphere, and neutral clusters are
an intermediate step in the nucleation process of gas-to-particle conversion in a free
jet expansion. Little is presently known
about the energetics of formation of clusters or their radiative properties. The simples. neutral clusters are the rare gas dimers
such as Ne2 or Kr2 . These are important not
only as cluster prototypes but also in their
own right as the working medium in high
intensity vacuum ultraviolet (VUV)
sources, including the recently discovered
rare gas VUV lasers which are among the
shortest wavelength coherent sources currently available. Detailed-characterization
of the ground and excited electronic states
involved is required to effect improved efficiency and greater intensity of VUV emission. A possible application for intense
VUV sources is in the area of satellite-tosatellite communications.
The present high resolution VUV absorption studies on Ne2 and Kr 2 reveal the
ground-state vibrational structures of these
van der Waals dimers in sufficient detail to
permitdefinitive determination of dissocia-

Military materiel must have year-round

DESIGN CUMATOLOGY
world-wide endurance capability and operational utility. Equipment that is overdesigned could be costly, yet ineffective.
But underdesign could cause failure and
loss of life. Climatological studies, therefore, have been .m-ntinued to improve our
knowledge of the risks of weather extremes
as they relate to the Air Force's design of
equipment and operational planning.
CLIMATIC EXTREMES: Department of Defense Military Standard 210, Climatic Extremes for Military Equipment, is the
document used by the three Services to
specify climatic design criteria for equipment destined for world-wide usage. When
AFCRL was given technical responsibility
for this Standard in 1967, it was realized
that the criteria in the then current version
were obsolescent. A major DOD effort was
spearheaded to revise MIL-STD-210A an
effort which culminated in December 1973
with DOD acceptance of MIL-STD-210B.
Since 1967, numerous scientific studies
were accomplished to revise criteria in
MIL-STD-2 10A; and- during the last two
years, studies dealing with thermodynamic
properties of the atmosphere between 3
and 80 km, diurnal cycles of high absolute
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humidity, extremes of low density for surface elevations to 15,000 feet, extreme rainfall rates for one minute, and 1, 12 and 24
hours, and extremes of surface and upper
air wind speed were completed. The study
on rainfall rates was particularly useful in
an investigation to determine whether
F.,I 1I engine flameouts over Southeast
Asia could be due to water ingestion. Also
prepared under one cover was a synthesis
of all studies, including Army and Navy
inputs, which establish and support the
criteria in MIL-STD-210B. In the standards field, this is unique since most standards lack verifying supporting doctumentation.
Several presentations at national meetings and at the Office of the Assistant Secretary of Defense and the publication of
AFCRL technical reports resulted in
numerous requests for consultation with
Air Force designers in the area of climatic
extremes.

to all exposed Air Force systems. Research
in the area of strong surface winds had
been conducted in the past at AFCRL, but
the relationship between short period
winds (gusts) and winds averaged for a
minute or more had not been explored. It is
this spectrum of gusts associated with a
strong wind that is needed for-planning,
design and operation.
A recently published comprehensive report on extreme wind speeds; gustiness,
and variations with height was the culminadon of, a three-year study using original
wind records. Nomograms of gust factor
versus gust duration and steady wind speed
were used to assign the most dynamically
effective gust according to equipment dimensions. Also, a power-law relationship
was developed for adjusting. wind-speed to
a common height.
A follow-on study is currently being conducted to determine a statistical description
of the wind speed range (difference between maximum and- minimum) as a-func-

WINDS AND GUSTS: Wind studi, related

to design and operational problems have
long

occupied

the

attention

of

ALTITUDEMI)

climatologists. Studies currently underway
include winds- for Air Force paradrop-op-
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erations, gustiness and range of wind speed

-

during periods of strong winds, and upper
air mean winds for reentry vehicles.

Air Weather Service expressed a need
for knowledge of winds-at altitudes up to
1,500 feet for support of Tactical Air
Command low level paradrop missions.
Often the.most important factor in TAC's
frequent inability to -paradrop men or
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materiel on a particular target is insuffi-

cient specification of the mean wind between drop altitude and the surface. An
AWS spedal-studyin- 1971 pointed-tothe
strong need for studies of such winds. Ac-

cordingly, a study was initiated specifically
aimed at examnidng the nature and variability of paradrop winds. The study was just
recently-completed.

Knowledge of surface wind gustiness

during periods of strong winds is important
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tion of time interval and mean wind speed.
Such relationships are important in the design and operation of aircraft, especially
VSTOL aircraft, during takeoff and landing. Some of the results of this study are
currently being used in the design of an
undergraduate pilot trainer.
A third investigation, also related to Air
Force design or operational problems, is
concerned with upper air mean winds for
reentry vehicles. In this study, observed
mean monthly winds at altitudes 5,000 to
80,000 feet are being compared to the currently used gradient winds to-determine
their accuracies.
SKEASIUTY: The increased use of optical,
infrared and laser sensors in detection,
lock-on and tracking systems, many of
which cannot see through heavy haze or
clouds, has resulted in the need for more
information on the probability of haze- or
cloud-free lines of sight. Also, there are
many military operations which are inhibited and often terminated by hydrometeor
interference, such as erosion effects on
hypersonic vehicles and millimeterwavelength communication outages due to
precipitation.
In order to determine how often haze or
clouds would limit operations, two efforts
were conducted: an in-flight observation
program and the development of a cloudfree line-of-sight (CFLOS) model based on
observed cloud-cover statistics. A third effort was initiated to determine the probability and amount of precipitation that would
occur along ray paths through the atmosphere.
A six-year collection of more than
250,000 in-flight line-of-sight observations
over much of the Northern Hemisphere
was concluded in July 1974. Analysis of
these observations will provide probabilities of clear, cloud-free or haze-free
lines of sight from an aircraft at various
altitudes to the sky, horizon, and surface of
the earth.
A model for estimating CFLOS prob-

abilities was developed by correlating
cloud-cover observations with whole-sky
photographs. The model will give CFLOS
probabilities through the atmosphere for
any desired elevation angle based on the,
cloud-cover statistics for a given location.
Because signals transmitted through the
atmosphere in the visible and infrared portions of the electromagnetic spectrum can
be seriously degraded by clouds, the utility
of such systems can be greatly enhanced by
placing -ground receivers at several locations. Therefore, the CFLOS model was
extended to estimate joint probabilities of
cloud-freelines of sight from n ofm observing sites by using a climatic record of skycover observations taken simultaneously
from each of the m sites.
The objective of the third effort is to develop a climatology of prc;ipitation occurrence along atmospheric ray paths. Virtually no quantitative information exists on
how often attenuation, due to precipitation, will affect microwave transmission at
various elevation angles. Since July 1973,
special photographic observations have
been taken at 17 National Weather Service
radar sites. The radar scope is photographed every three hours with the antenna in each of four elevation angles-0,
15, 30 and 45 degrees. These photographs
will be used to determine the slant range
thickness of precipitation echoes. These
data will provide probabilities of precipita.
tion interference not only from the surface
outward, but also between levels and from
any level out through the atmosphere or to
the ground. Data collection for this program will cohtinue through December
1975.
V'ANDARD AND REFERENCE ATMOS.
PHERL:4: A proposed revision to the U.S.
Standaird Atmosphere for levels between
50 and 85 kri was adopted by the U.S.
Committee on Exteinsion to the Standard
Atmosphere (COESA). It is being incorporated into the U.S. Standard Atmosphere
developed by COESA for levels up to 1,000
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kn. The same revision has also been
adopted by the International Standards
Organization for the ISO Standard Atmosphere which extends to 80 km.
As part of a continuing investigation of
the distribution and variability of atmospheric properties between 30 and 120 km,
the U.S. Standard Atmosphere Supplements,
1966 are being revised and expanded in
scope. Monthly models for each 15 degrees
latitude from- equator to pole are being
completed for altitudes up to 90 ki.
Specialized winter models are also-being
developed to describe warm and cold
stratospheric and mesospheric conditions
typical of arctic and subarctic regions. As a
result, these reference atmospheres will
depict the horizontal and vertical distributions of the thermodynamic properties of
the atmosphere that would be encountered
by aerospace vehicles,

ground approach control radars, satellite
communication systems, search radars, etc.
A generalized relationship was developed
to specify the rates that would be exceeded
with any desired probability of occurrence
from 2 percent to 1/10 percent at an),place
in the world. The calculations can be made
from standard climatological data. Research on the relationship between instantaneous rates at a point and along a horizontal path has begun. Preliminary results
indicate that the average intensity along the
path increases with path length for light
rainfalls, and diminishes with increasing
path length for high rates of fall.
CONDITIONAL PROBABILITY: The work to,
produce an analytical model of the conditional probability of an event following a
previous event of the same-kind was begun
several years ago as a basic form of shortrange prediction. While many elements in

INSTANTANEOUS PRECIPITATION: Re-

the physical process must enter into the

search on instantaneous precipitation rates
was continued and expanded because of
its importance in the development of

development of a cloudy condition, it is
nevertheless apparent that the initial conditiolt of the cloud cover, simply by itself,
implies a determinable probability of that
cloud cover persisting, rising, lowering or
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dissipating.
The approach has been to transform the

weather element into a normalized variable. Two normalized values, the initial and
the subsequent, separated by an interval 3f
0time,
have joint probability of occurrence
. which is greater, the greater the correlation
between them. An equation yielding the
probability that a later event
will not exceed any desired threshold value
was derived in terms of the cumulative
distribution of the subsequent
initial value.
4The
next phase will introduce an additional predictor. In the case of cloud cover,
the additional element will -be wind direc30 35 40
tion or moisture content as revealed by dew

LINE LENGTH(miles)
Variation with horizontal path length of the

probability of rainfall rates being exceeded.

point.
STOCHASTIC MODEUNG:

This investiga-

don is aimed at relating the probability of a
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single-point event, like rainfall at the Boston, Massachusetts, rain gauge, to the corresponding probability of the event extending over a larger area. The work was undertaken as a parallel effort to the previously
successful modeling of the time f,'equency
and duration of weather events. Modeling
for simultaneous occurrences in a horizontal field, however, proved to be much more
difficult since there were very few
guidelines from previous authors.
With the use of electronic computer, this
present effort has produced a stochastic
model by Monte Carlo simulation. In its

.001
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.002

2
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application, estimates are made of the
probability of threshold conditions of the
weather. In July, in a New England area
centered near Worcester, Massachusetts,
the probability of no rain, on any day, is 62
percent, of less than 1 inch is 97.5 percent,
and of less than 3 inches is 99.9 percent. For
an area of (90 nm) 2, the frequency of no
rainfall averaged only two days of the
month, but the frequency of a heavy rainfall of 3 inches or more, somewhere in the
area, was as high as 3 percent, making it
expected at least once during July.
Application of the model made possible
such estimates of rainfall as the following:
the probability is 9 percent that one tenth of
the 8,100 square nautical mile area will receive 1.0 inches or more of rainfall in 24
hours, the probability is /2 percent that as

much as one half of the area will receive 1.0

.01

inches of rain. When it rains at the rain-

2

.02

recording station, the probability is 58 percent that it will be raining simultaneously
over an entire large city (11 square nautical

542-

.05

.a
182

xmiles).

Since the stochastic model has proved effective for the -probability estimates of
rainfall in New England, it is expected to apply to other elements of the
weather, such as cloud cover, the horizontal
extent of fog, warm temperatures, or cold
Future work will be devoted to adaptation of the model, as required-by the applications.
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Dordrecht, Holl. (1973)
Ion and Neutral Composition Measurements in the Lower

V. Lincoln, Eds. (December 1972)

Ionosphere
Space Res. XIV, Akademie-Verlag, Berlin, Ger. (June

Mosts, H. E.
Exact ElectromagneticMatrix Elements and Exact Selection
Rules for Hydrogenic Atoms
Lettere al Nuovo Cimento, Vol. 4, No. 2 (1972)
Exact Vorticity Solutions ofthelncompressibleNavier.Stokes
Equations
f.de Mecanique (Paris, Fr.), No. 3 (September 1972)
An Exact Solution of Euler's Equationsfor the Motion of a
Gas on aRotating Sphere
Phys. of Fluids, Vol. 16, No. 8 (August 1973)
An Exact Solutionfor the Rotation ofthe AtmosphereAbout
the Spheroidal Earth
J. of Geophys. Res., Vol. 78, No,27 (2OSeptember
1973)
The Expansion of ElectromagneticFields and Potentialsin
the Wave Functions of the Photon. The Exact
ElectromagneticMatrix Elements and Selection Rules of
Hydrogenic Atoms
Phys. Rev. A, Vol. 8, No.-4 tOctober 1973)
The Use of Vector Spherical Harmonics in Global
Meteorology and Aeronomy
J. of Atm. Sci., Vol. 31-(1974)

1974)

MosEs, H. E., and QUESADA, A. F.
The Expansion of Physical Quantities in Terms of the
IrreducibleRepresentations of the Scale Euclidean Group
and Application to the Construction of Scale4nvariant
CorrelationFunctions. PartII - Three Dimensional
Problems
Archive for Rational Mech., Vol. 50, No. 3 (1973)
The PowerSpectrum of the Mellin Transformation with
Application to Scaling of Physical Quantities
J. of Math. Phys., Vol. 15, No. 6 (June 1974)

1~

The Reaction of 0 + with CO
of Chem. Phys., Vol. 58, No. 10 (15 May 1973)

NARCtSI, R. S., P-LBRCK, C.R., MAC LEOD, M. A., and
RoSENBERG, N. W.
CompositionMeasurements of Sporadic E and lonsfrom a
Chemical Release
Space Res. XIII, Akademie-Verlag, Berlin, Ger.
(1973)
PAULSON, J.F.
Negative IonNeutral Reactions
Chatin Ionolera Reactions
l
(
Chap. in Book, Ion-Molecule Reactions (1972)
PjnBiRHcK, C.. R.
Satellite Measure,nents of Atmospheric Composition in the
Altitude Range l0 to 450 Km
Space Res. XIV, Akademie-Verlag, Berlin, Ger. (June
1974)
PHtLBRICK, C. R., GOLOMB, D., ZIMMERMAN, S. P.,
KENESHEA, T.J., MAC LEOD, M. A., GOOD, R. E.,
DANDEKAR, B. S., and,REINscH, B. W. (Lowell
Technol. Inst. -Res. Fdn., Mass.)
The ALADDIN Experiment -Part II, Composition
(PreliminaryResults)
Space Res. XIV, Akademie-Verlag, Berlin, Ger. (June
1974)
ROSENBERG, N. W., GOLOMB, D., ZIMMERMAN, S. P.,
VICKERY, W. K., and THE N, j, S. (NASA Goddard
Space Fit. Ctr., Greenbelt, Md.)
The ALADDIN Experiment, Part I - Dynamics
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Space Res. XIII, Akademie-Verlag, Berlin, Ger.
(1973)

YOSHINO, K., and CARROLL, P. K.(Univ. Coll., Dublin,
Ire.)
The Cn'7rit and Cn" I Iz+ Rydberg States ofN, High

SILVERMAN, S. M., KRASSA, R. F. K., and TURTLE,J. P.

Resolution Studies

Measurements at the AFCRL Geopole Observatory During
August 1972
World Data Ctr. A Rpt. UAG-28, H. E. Coffey, Ed.
(July 1973)

J.of Phys. B, Atomic and Mol. Phys., Vol. 5, No. 8
(August 1972)

SILVERMAN, S. M., and MULLEN,;E. G.

J.of Geophys. Res.,

Eclipses: A Literature of Misadventures
Natural Hist., Vol. 81, No. 6 (june -July 1972)
SILVERMAN, S. M., and TUAN, T. F. (Univ. of
Cincinnati, Ohio)

ZIMMERMAN, S. P.
Meteor Trails and Atmospheric Turbulence

Vol 78, No. 19 (1 July 1973)

The Effective Vertical Turbulent Viscosity as Measur-dfr~m
Radio Meteor Trails
J.of Geophys. Res., Vol. 79, No. 7 (1 March 1974)
ZIMMERMAN, S; P., and LOVING, N. V. (AF FIt. Dyn.

Auroral Audibility
Adv. in Geophys., Vol. 16 (August 1973)

Lab., Wright-Patterson AFB, Oh.)
Turbulent Dissipation and Diffusivities in the Stratosphere
CIAP Monograph 1,"The Natural Strato." (1974)

SWIDER, W.
E-Region Model Parameters

ZIMMERMAN, S. P., and PAo, M. Y. H. (Flow Res., Inc.,

J.of Atm. and Terrestrial Phys., Vol. 34, No. 10
(October 1972)

Seattle, Wash.)
Lagrangian Description of Turbulent Diffusion
CIAP Monograph I, "The Natural Strato." (1974)

SWIDER, W., and KENESHEA, T. J.

Decrease of Ozone and Atomic Oxygen in the Lower

ZIMMERMAN, S. P., PEREIRA, G. P., MURPHY, E. A., and

Mesosphere During a PCA Event

THEoN,J. (NASA Goddard Space Fit. Ctr., Greenbelt,

Planetary and Space Sci., Vol. 21, No. 11 (1973)
TANAKA, Y., and YOSHnNo, K.
Absorption Spectra of Ne, and HeNe Molecules in the
Vacuum-UV Region
J. of Chem. Phys., Vol. 57, No. 7 (1 October 1972)
TANAKA, Y., YOSHINO, K., and FREEMAN, D. E.

OntheDeterminationof 'he Ground State PotentialEnergy
of Nefrom Its Vacuum Ultraviolet Spectrum
J. of Chem. Phys., Vol. 59, No. 1 (1 July 1973)
Vacuum Ultraviolet Absorption Spectra of the Van Der
Waals Molecules Kr and ArKr
J. of Chem. Phys., Vol. 59, No. 9 (1November 1973)
Low-Lying Excited Electronic States of Diatomic Krypton
Bull. of the Am. Phys. So., Vol. 19, No. 2 (1974)
TURTLE, J. P.
Effects of the January1971 Solar ParticleEvent on Polar
VLF Propagation
World Data Ctr. A Rpt. UAG.24, H. E. Coffey and J.
V. Lincoln, Eds. (December 1972)
Effects of the September 1971 Solar Particle Event on Polar
VLF Propagation
World Data Ctr. A Rpt. UAG-24, H. E. Coffey and J.
V. Lincoln, Eds. (December 1972)

Md.)
Internal Gravity Waves and Turbulence in Simultaneous
Upper Atmosphere Temperature and Wind Measurements
Space Res. XIII, Akademie-Verlag, Berlin, Ger.
(1973)
ZIMMERMAN, S. P., ROSENBERO, N. W., FAIRE, A. C.,

GOLOMR,D.,andTROWBRIDGE,C. A. (PhotoMet.,Inc.,
Lexington, Mass.), MURPHY, E. A., VICKERY, W. K.,

and REEs, D.(Univ. Coll., London, Eng.), SMITH, L. B.
(Sandia Corp., Albuquerque, N. M.)
The ALADDIN 11 Experiment - Part I. Dynamics
Space Res. XIV, Akademie-Verlag, Berlin, Ger;(June
1974)
ZIMMERMAN, S. P., and TROWBRIDGE, C. A.

(PhotoMet., Inc., Lexington, Mass.)
The Measurement of Turbutent Spectra and Diffusion
Coefficients in the Altitude Region 90 to 105 Km
Space Res. XIII, Akademie-Verlag, Berlin, Ger.
(1973)

PAPERS PRESENTED AT MEETINGS
JULY 1972 - JUNE 1974

VAN TASSEL, R. A., HUFFMAN, R.E., and ROEBBER,J. C.
(Northeastern Univ., Boston, Mass.)

CALO,

Atomic Oxygen Oscillator Strengths in the Autoionizatio i
Region. 1.The Absolute Strength of the Ss Lines
J. of Chem. Phys., Vol. 59, No.11 (1973)

Cluster Formation from SST Pollutants
(Inv.Paper) Mtg. on Strato. Aerosols, Dept. of-Trnsp.,
Wash., D. C. (5 October 1972)

iF

J. M.,

CAPT.
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CtAMPloN, K. S. W.
COSPAR International Reference Atmospheres 1972

Climatic Extremes for the World-Wide Environment to 80
Kn

2nd Conf. of Appl. of Chem. to Nue. Wp,, Eff., Inst.
for Def. Analys., Arlington, Va. (12.14 September
1972)
Achievements of ALADDIN II

I Ith Nati. Conf. on Envmt. Eff. on Act. and Prpln.
Sys., Trenton, N.J. (21.23 May 1974)

1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)
Dynamics and Structure of the Quiet Thermosphere

Determination of theAtomic Oxygen Concentration from the
Rocket Measurement ofthe(01)5577A LineEmission ofthe
Airglow

1974 Inl. Synup. on Solar Terrestrial Phys./I7th
Plenary Mtg. of COSPAR, Sao Paulo, Brazil
(17June - I July 1974)

DANDEKAR,

1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)
DEWAN,

CHAMPION, K. S. W., GILLETrE, D. F., and HUssEv,
1. M. (Off. of Res. Svc.)
Drag Density from the Cannon Ball !! and Musket Ball
Satellites

16th Plenary Mtg. ofCOSPAR, Konstanz, Fed. Rep. of
Ger. (23 May- 6 June 1973)

CIHERNOSKY, E.J.
Relation of SKp to the Direction of the Interplanetary
Magnetic Field as Inferredfrom Polar Cap Observations
1973 Ann. Am. Geophys. Union Mg., Wash., D. C.

(16-20 April 1973)
COHEN, H. A., and WILSON€, P.S.
LaboratoyMeasurements of the Effectiveness ofa Magnetic
Shield
12th Symp. on Elect., Ion and Laser Beam Technol.,

B. S.

E. M

Thermally Stratified Compressible Fluid Motion on a
Rotating Sphere with Gravitation
Am. Phys. Soc. Mtg., Wash., D. C. (23-26April 1973)
The Stratosphere as Protector ofthe Global Biological System

Govt. Microcircuit Appl. Conf., Boulder, Colo. (25-27
June 1974)
DRAPER, J. S., BiE,

F. (Aerodyne Res., Inc.,

Burlington, Mass.), HUFFMAN, R. E., and

PAULSEN,

D. E.
Effect of the State of the Thermosphere on Man.Made

Floufields
1973 Ann. Fall Mtg. of the Am. Geophys. Union, San
Francisco, Calif. (10-14 -December 1973)
FAIRE,

A. C., and CHAMPION, K. S. W.

RockaboraeMeasurements ofAtmospheric Perturbationsin

Mass. Inst. of Technol., Cambridge, Mass. (21.23 May
1973)

a Nuclear Environment
Jt. Strat. Sci. Mtg., San Diego, Calif. (7-9January 1974)

A Measurement of the Gas Density Near a Rocket Using
Electron Beam Induced Bremsstrahlung and Luminescence
55th Ann. Spring Mtg. of the Am. Geophys. Union,
Wash., D. C. (8-12 April 1974)

FAIRE, A. C., and MURPHY,-E. A.
Neutral Density and Temperature Results Obtained at
Wallops Island on 31 January 1972

COLE A. E.

Fall Ann. Mtg. of the Am. Geophys. Union, San
Francisco, Calif. (4-7 December 1972)

International Standards Organization (ISO) Reference

Structure Variations in the Winter Polar Atmosphere

Atmospheres
ISO Com. on Std. and Ref. Atm. Mtg., Paris, Fr. (5-8
October 1973)

16th Plenary Mtg. of COSPAR, Konstanz, Fed. Rep. of
Ger. (23 May - 6 June 1973)

Perio c Oscillations in the Stratosphere and Mesosphere
1974 Intl. Symp. on Solar Terrestrial Phys./17th

PlenaryMtg.ofCOSPAR,Sao Paulo, Brazil(17JuneI July 1974)
CORMIER,

R. V.

FAIRE, A, C., MURPHY, E. A., and OLSEN, R. 0. (Atm.

Sci. Lab., White Sands, N. M.)

Neutral Atmospheric Density, Temperature and Winds

1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)

Realism in Environmental Design Criteria MIL.STD.210B

Atmospheric Density Temperature and Winds Measured
During ALADDIN 11

Ann. Mtg. of the Inst. of Envmt. Sci., Anaheim, Calif.
(2-5 April 1973)

16th Plenary Mtg. of COSPAR, Konstanz, Fed. Rep. of
Ger. (23 May - 6 June 1973)

The Temporal and Spatial Variability of Integrated
Boundary Layer Winds
5th AMS Conf. on Wea. Forecasting and Analys., St.

GOLOMB, D., and HODGESON,J. A. (Envmt. Protection

FONTIJN,

A. (Aerochem., Inc., Princeton, N. J.),

Louis, Mo. (4-8 March 1974)

Agcy., Res. Triangle Pk., N. C.)

Climatic Extremes for the Design of World-Wide Military
Equipment - MIL-STD.210B

A Review of Experimental Measurement Methods Based on
Gas-Phase Chemiluminescence

20th Ann. Mtg. of the Inst. of Envmt. Sd., Wash., D.C.
,(28 April - 1 May 1974)

Intl. ChemiluminescenceSymp., Univ. of Ga., Athens,
Ga.-(13-14 October 1972)

I
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FORBES.,J. M., CAPT.

Thermospheric Response toJoule Heating in the Auroral
Electrojet
ARPA lono. Modeling Mtg., NOAA, Boulder, Colo.
(31 October - 2 November 1972)
D. E., YosrnNo, K., and TANAKA, Y.
Vacuum Ultraviolet Absorption Spectrum of theVan der
Waals Molecule Xe 2 Part11. Ground State Vibrational
Structure and Potential Well Depth
29th Ann. Symp. on Mol. Structure and Spectroscopy,
Ohio State Univ., Columbus, Ohio (10.14 June 1974)
FREEMAN,

GOLOMB,-D.
Metallic Vapor Releases - A Status Report
DNA Atm. Eff. Symp., San Diego, Calif. (9-13 April
1973)
GOLOM , D., and BEST, G. T.
Photoluminescence of PbO in the Upper Atmosphere
55th Ann. Spring Mtg. of the Am. Geophys. Union,
Wash., D. C. (8-12 April 1974)
GoLoMs,D., and GooD, R. E.
Atomic Oxygen Densitiesfrom Nitric Oxide Headglow
1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)
GOOD,R.E., BEST, G.T., and HARPELL, G. F.(Off.of
Res. Svc.)
Rocket Measurement of Ozone at Twilight
1975 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16.20 April 1973)
GOOD,R. E., and GOLOMB, D.
Dimerization in FreeJets, First Step Toward Condensation
8th Intl. Symp. on Rarefied Gas Dyn.,Stanford Univ.,
Menlo Pk., Calif. (10-14 July 1972)
NOReleaseinSunlightandMeasurementofAtomicOxygen

from Chemiluminescence
55th Ann. Spring Mtg. of the Am. Geophys. Union,
Wash., D. C. (8-12 April 1974)
I. I.
A Stochastic Model of Areal Persistence
3rd Conf. on Prob. and Stat. in Atm. Sci., Boulder,
Colo. (19-22 June 1973)
A Study of the Horizontal Extent of Rainfall by Stochastic
Modeling
1973 Ann. Fall Mtg. of the Am. Geophys. Union, San
GRINGORTEN,

Francisco, Calif. (10-14 December 1973)

55th Ann. Spring Mtg. of the Am. Geophys. Union,

Wash., D. C. (8-12 April 1974)
HUFFMAN, R. E.
Vacuum UltravioletSpectroscopyandthe Earth'sAtmosphere
(Inv.Sem.) Atomicand Mol. Phys. Gp., Dept. of Phys.,
Univ. of Tex., Austin, Tex. (20 October 1972)
Vacuum Ultraviolet Problems Related to Weapons Effects
Codes
DNA Atm. Eff. Symp., San Diego, Calif. (9-13 April
1973)
Vacuum Ultraviolet Instrumentation
Sem., Univ. of Calif., Santa Barbara, Calif. (11 April
1973)
INNEs, F. R.
The ClassicalAdjoint for Spherical Tensors and Products
Am. Phys. Soc. Mtg., Wash., D. C. (23-26 April 1973)
The Operators of Angular Momentum Theory and their
Adjoints
Am. Phys. Soc. Mtg., New England Sec., Providence,
R. I. (5-6 April 1974)
KATAYAMA, D. H., HUF'MAN, R. E., and TANAKA, Y.
The Absorption Spectrum of 0, in the Vacuurs Ultraviolet
Region
Symp. on Mol. Structureand Spectroscopy, OhioState
Univ., Columbus, Ohio (11-15 June 1973)
02 (a- Ag) Absorption Bands in the Vacuum Ultraviolet
29th Ann. Symp. on Mol. Structure and Spectroscopy,
Ohio State Univ., Columbus, Ohio (10-14 June 1974)

KENESHEA,

T. J.

Numerical Model of the ALADDIN I Experiment
to Nuc. Wpn. Eff., Inst.
2nd Conf. of Appl. of Ch ,.,
for Def. Analys., Arlington, Va. (12-14 September
1972)
KENESHEA, T. J., and ZIMMERMAN, S. P.
Modeling the ALADDIN ! Experiment
1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)

KITROSSER, D. F., GoLoMs, D., and REES, D. (Univ.
Coll., London, Eng.)
Temperatures, Diffusion Coefficients and Densitiesfrom
Photoluminescent A 10 Clouds
1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)
KLEIN,

F. S.,

LEMPERT,;G.

D. (Weizmann Inst., Israel),

MURAD, E., and PERSKY, A. (Weizmann Inst., Israel)
HALL, W. N.
Low Latitude PulsatingAuroras
1973 Ann. Am. Geophys. -Union Mtg., Wash., D. C.
(16.20 April 1973)

H. S., GOLOMB, D., and BEsT, G. T.
Chenatuminescenceof Sodium Vapor Released at Night
HOFFMAN.

Product Distribution in Jon-Neutial Collisions
6th Intl. Conf. on Mass Spectrometry, Edinburgh,
Scot. U. K. (10-14 September 1973)
R. W.
PrecipitationIntensity and Extent
IUCRM Colloq. on the Fine Scale Structure of

LENHARD,
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Precipitation and EM Propagation, Nice, Fr. (23.31
October 1973)
LUND,

I. A.

of Potential
An Objective ProcedureforAlertingForecasters
Low Visibilitiesat Travis AFB, California

5th AMS Conf. on Wea. Forecasting and Analys., St.

The Lower Ionosphere - Its Composition, Structure and
Phenomenology

Colloq., Worcester'Polytech., Worcester, Mass. (8May
1974)
R. S., BAILEY, A. D.,
D. M., and WLODVKA, L. E.
NARCISI,

THOMAS,

Louis, Mo. (4-8 March 1974)

D and E Region Positive Ion Composition Duringan
AuroralAbsorption Event

M. A., KENESHEA, T.J., and REINISCH, B.
W. (Lowell Technol. Inst. Res. Fdn., Lowell, Mass.)

55th Ann. Spring Mtg. of the Am. Geophys. Union,
Wash., D. C. (8-12 April 1974)

The ALADDIN 11 Ionosphere:A Comparison of Theoretical
Calculationswith Digisonde Observations
1973 Ann. Am. Geophys. Union Meg., Wash., D. C.
(16-20 April 1973)-

Mesospheric Neutral Constituents Deducedfrom PC Ion
Composition Measurements

MAC LEOD,

R. S., and

NARCISI,

SwIDR, W.

DNA Atm. Eff. Symp., San Diego, Calif. (9-13 April

MANsoN,J. E.
Calibyation Techniques Between 30 and 200 Angstroms

1973); 1973 Ann. Am. Geophys. Union Mtg., Wash.,
D: C. (16-20 April 1973)

NBS-Sponsored Sec. Wkshp. on VUV Radiometric
Calibrations of Space Exper., Univ. of Colo., Boulder,
Colo. (28.29 November 1972)

PAULSEN, D. E. LARRABEE, J. C., LE BLANC, F.J., and

MARCOS,

F. A.,

MC INErNEY,

R. (Off. of Res. Svc.), and

DELOREY, D., RICHARDS, E. (Boston Coll., Mass.)
Satellite Density Measurements of the Lower Thermosphere
Summer Northern Hemisphere
55th-Ann. Spring Mtg. of the Am. Geophys. Union,

R. E.

HUFFMAN,

Measurement of the Night Ultraviolet Airglow Layer Near
100 Kilometers

1973 Ann. Fall Mtg. of the Am. Geophys. Union, San

Francisco, Calif. (10.14 December 1973)

Wash., D. C. (8.12 April 1974)

PAULSON, J. F.
LaboratoryStudies on Ion-Neutral Reactions

MosES, H. E.

2nd Conf. of Appl. of Chem. to Nuc. Wpn. Eff., Inst.
for Def. Analys., Arlington, Va. (12-14 September

A Simple Exact Solutionfor the Motion of the Atmosphere
About the Rotating Earth

1972)
Charge Transfer and CollisionalDissociationReactions in

Fall Ann. Mtg. of the Am, Geophys. Union, San
Francisco, Calif. (4-7 December 1972)
MURPHY,

Ion Beam Studies
DNA Atm. Eff. Symp., San Diego, Calif. (9-13 April
1973)

E. A., FAIRE, A. C., and CHAMPION, K. S. W.

DensityandTemperatureMeasurementsinthePolarWinter
Atmosphere DuringQuiet and Disturbed Conditions
55th Ann. Spring Mtg. of the Am. Geophys. Union,

Wash., D. C. (8.12 April 1974)
MURPHY, E. A., FAIRE, A. C., ZIMMERMAN,

S, P., and RosENBERAG, N. W.
Atmospheric InstabilitiesMeasured DuringALADDIN
1973-Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)

NARCISI, R. S.
Mass Spectrometer Measurements in the Ionosphere
Summer Adv. Inst. on Phys. and Chem. of Upper
Atm., Univ. of Orleans, Orleans, Fr. (31 July - 11
August 1972)

A Potpourri on the Lower Ionosphere, D and E Region

PAULSON, J. F., and GALE, J., HENCHMAN, M.J.,
MASSON,

A. J. (Brandeis Univ., Waltham, Mass.)

Accidentally Resonant Charge Transfer Reactions

22nd Ann. Conf. on Mass Spectrometry and Allied
Topics, Philadelphia, Pa. (13-17 May 1974)
P

C

Satellite Measurements of Atmospheric Composition in the
Altitude Range 150 to 450 Km

16th Plenary Mtg. ofCOSPAR, Konstanz, Fed. Rep. of
Ger. (23 May- 6 June 1973)
PILtBRICK, C. R., FAUCHER, G. A., and TRzCINSKI, E.
Composition MeasurementsDuring the ALADDIN !!

Program
Geophys. Union Mtg., Wash., D. C.
1973 Ann.
(16-20
AprilAm.
1973)

Composition DuringPCA and Auroral Disturbances

2nd Conf. of Appl. of Chem. to Nuc. Wpn. Eff., Inst.
for Def. Analys., Arlington, Va. (12-14 September
1972)

Ion and Neutral Composition Measurements in the Lower
Ionosphere
16th Plenary Mtg. of COSPAR, Konstanz, Fed. Rep. of
Ger. (23 May - 6June 1973)

.~

PHILBRICK, C. R., GOLOMB, Q., ZIMMERMAN, S. P.,
KENESHEA, T. J., MAc LEOD, M. A., GOOD, R. E.,
DANDEKAR, B. S., and REINISCH, B. W. (Lowell

Technol. Inst. Res. Fdn,, Lowell, Mass.)
The ALADDIN Experiment - PartII. Composition
(PreliminaryResults)
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16th Plenary Mtg.ofCOSPAR, Konstanz, Fed. Rep. of
Ger. (23 May- 6 June 1973)

1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)

PORTER, H. S. (Univ. of Cincinnati, Ohio), SILVERMAN,

SwIDER, W.

S. M., and TUAN, T. F. (Univ. of Cincinnati, Ohio)
TheEffectof Gravity Waveson 6300A and.5200AAirglow
1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16.20 April 1973)

Chemistry of the E- and F-Regions
2nd Conf. of Appl. of Chem. to Nuc. Wpn. Eff., Inst.
for Def. Analys., Arlington, Va. (12-14 September
1972)
E and F Region Chemistry
lono. Modeling Mtg., NOAA, Boulder, Colo. (31
October - 2 November 1972)

REEs, D.(Univ. Coll., London, Eng.), KIrRossER, D.F.,
and GoLoMs, D.
Combined Temperature, Diffusion Coefficient and Density
Measurements of Photoluminescent A1O Releases
16th Plenary Mtg. of COSPAR, Konstanz, Fed. Rep. of
Ger. (23 May. 6 June 1973)
RrsNISCH, B. W. (Lowell Technol. Inst. Res. Fdn.,
Lowell, Mass.), and MAC LEOD, M. A.
Chemical Releases at Sunset Trigger Sporadic E
1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16.20 April 1973)

SwiDER, W., and KEsHEsnA, T. J.
Diurnal Variation of the D.Region During a PCA Event
lono. Modeling Mtg., NOAA, Boulder, Colo. (31
October - 2 November 1972)
DecreaseofOzone withlncreasinglonizationDuringaPCA
Event
1973 Ann. Am. Geophys. Union Mtg., Wash., D. C.
(16-20 April 1973)

Ros.L'atO, N. W., and DEWAN, E. M., Jt.

SwwER, W., KEN.sHEA,T.J., and FOLLY, C. I. (Boston
Coil., Mass.)

Stratospheric Turbulence and Vertical Effective Diffusion
Coeffcients
CIAP Mtg., Dept. of Trnsp., Cambridge, Mass. (26

Nitric Oxide and Atomic Nitrogen in-the Auroral E.Region
55th Ann. Spring Mtg. of the Am. Geophys. Union,
Wash., D.C. (8-12 April 1974)

February 1974)
SWI DER, W., KENESHEA, T.J., and ULWICK,J. C.(Iono.

RosNsBERG, N. W., GooD, R.-E., and DEWAN, E. M.
Wind Determined Atmospheric Turbulence: Smoke Trails,
Jimspheres, Radiosonde
55th Ann. Spring Mtg. of the Am. Geophys. Union,
Wash., D.C. (8-12 April 1974)

Phys. Lab.)
Photodetachment During a PCA Event
DNA Atm. Eff. Symp., San Diego, Calif. (9-13-April
1973)

RosENBERG, N. W. GooD, R. E., VICKERY, W. K., and
DEWAN, E. M.,JK.

SwmnER, W., KENESHEA, T. J., and WEEKS, L. H.
Decline of Ozone and Atomic Oxygen During aPCA Event
DNA Atm. Eff. Symp., San Diego, Calif. (9.13 April
1973)

Experimental Determination of Small Scale Transport
Mechanisms in the Stratosphere
Mig.ofAlAA andAMS,Denver,Colo. (12June 1973)

The Absorption Spectrum of NO in the VUV Region:

TAKEZAWA, S.
Rydbcrg Bands, 3s a *-1x

RosENBERG, N. W., GooD, R.E., and ZIMMERMAN, S.P.

Transport Measurements in the Stratosphere

•
Dept. of Trnsp.-CIAP Sys. Ctr., Cambridge, Mass. (14
November 1972)

29th Ann. Symp. on Mol. Structureand Spectroscopy,
Ohio State Univ., Columbus, Ohio (10-14 June 1974)
TANAKA, Y.

The Absorption and Emission SpectraofRare Gas Molecules
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Microwave Physics Laboratory

The Microwave Physics Laboratory is
committed to research and development in
the fields of electromagnetic radiation, control and propagation, to enhance the ability
of the tactical and strategiL forces of the
USAF to meet present and future requirements. Laboratory scientists are presently
at work in such critical problem areas as
all-weather battlefield surveillance, the detection of stationary and slow-moving
targets in heavy ground clutter, electronic
countermeasures, and penetration aid
technology for both aircraft and missiles.
Research goals are achieved by specializing
in such technical areas as antennas, microwave acoustics and magnetics, tropospheric propagation, radar systems, laser
physics and target scattering phenomena.
Most problems are approached from the
basic physics appropriate to the particular
electromagnetic system or device. Laboratory personnel have an in-depth competence in electromagnetic diffraction, radar,
antennas, propagation in turbulent media,
surface and bulk wave -propagation of
acoustic waves in the gigahertz frequency
range, the physics of ionized media produced by hypersonic reentry vehicles, and
laser beam interactions.
Laboratory accomplishments also merit
discussion. During a recent two-year interval, the Microwave Physics Laboratory was
the recipient of five AFSC Technical
Achievement Awards, given for: Tropospheric Range Error Correction for the
Global Positioning System; An Interference Rejection Antenna with Variable
Polarization; UHF Frequency Synthesizer
Using Acoustic Surface Waves; Fast Response Frequency Analyzer -

Using
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Dielectric Resonators; and Low Profile Antenna for Aircraft S-ation-Keeping Applications.
Research by this laboratory has also led to
the design and development ofthe Synthetic Aperture Dual Frequency Radar (SADFRAD), an Air Force sensor system capable
of detecting stationary targets -:oncealed in
heavy foliage, presently being implenented by the Air Force Avionics
Laboratory (AFAL).
In 1973 a -new radar concept called
NFMRAD (Null Filter Mobile Radar) was
invented that combines antenna nulling
with doppler filtering to achieve an
economical, improved AWACS-type radar.
The Laboratory has also studied air-to-air
radar problems and, for the Air Force
Weapons Laboratory, demonstrated by
computer that the number of missiles fired
from one aircraft toward another can be

-

~

."

-

,

determined by simple processing of signals
from existing radars. Methods for the modification of the radar cross section of reentry vehicles and for the rapid recovery of
ECM capabilities during the reentry phase
of flight have been developed to satisfy the
requirements of the Space and Missile Systens Organization (SAMSO) ABRES Prograin.
Research
in
laser
propagation
phenomena, performed at the request of
the Air Force Weapons Laboratory, has restilted in technological advances that may
provide the basis for the future development of reliable and highly effective antimissile defensive systems for aircraft. New
techniques using ionizable coatings to protect against lasers have been successfully
tested.
Methods for suppressing and controlling
reentry plasma sheath effects on ballistic
missile antennas have been invented. New
techniques using minute quantities of
chemical injectants or special laminated ablative heat shields have been demonstrated
on rocket flights. These advances are now
being applied to high power laser problems
for the Air Force Weapons Laboratory and
the Aeronautical Systems Division.
There havebeen many requests for support in tropospheric propagation systems.
Range error corrections have been provided to SAMSO for the NAVSTAR Global
Positioning System and to Aeronautical
Systems Division (ASD) for the Pave Nickel
" Demonstration System. Our scientists were
,
able to show that the loss of target during
, Airborne Warning and Control System
(AWACS) flight tests was caused by sharp
negative gradients in tropospheric refracPerhaps
the
Microwave
Physics
Laboratory's strongest contribution to Air
Force technology needs has been in an-

This two element horn array was used for the
Null Filter Mobile Radar (NFMRAD) tests. A
null was formed in the antenna pattern in the
direction of the maximum clutter response
and it substantially improved the target-to-

clutter ratio.

j--

tenna design. A new method of phased
array design which eliminates grating lobes
and allows the use of much larger aperture
horns in antenna arrays has been demonstrated. This invention substantially re-

-
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duces the cost of phased arrays by eliminating 90 percent of the ferrite phase shifters
formerly needed for such limited angle
scanning. During this period, our scientists
completed the first rigorous handling of
the log periodic array and showed how to
improve the gaias of these giant antennas
used for OHD applications. Inportant advances were also made on conformal arrays, and rigorous analysis of a finite sized
array on a curved surface was carried out.
These studies find use in aircraft-tosatellite communications.
Microwave acoustics research supports
AFAL (Countermeasures), RADC (Cornmunications), ESD (SEEKBUS), and
SAMSO (ABRES). Of primary importance
has been the in-house discovery of the
minimum diffraction (practically zero) loss
orientation-of acoustic materials. This and
other recent advances in the theory of low
ioss acoustic devices have resulted in inhouse fabrication and demonstration of the
best filters.and delay lines extant. New advances have been made in the theory of
acoustic filters and how to excite them efficiently. The research reusults of this group
-have been widely disseminated in response
to requests for this information by
thousands of workers in the field, in the
form of a special handbook series developed and published by members of the

veloped novel radar systems that used the
lower radar frequencies and the resonant
region as new means for airborne detection
of stationary or slowly moving military
targets near the earth's surface. Continued
pressing interest in such practical problems
has motivated a number of in-house investigations leading directly to improved Air
Force systems. The Laboratory has continued to exploit the long wavelength radar
technique because 6uch wavelengths provide a natural filtering action that has several distinct advantages over more conventional microwave radar detection techniques. These advantages include lower
data rates, radar returns that are almost
independent of the aspect angle, and lower
reradiated energy from ground clutter.
This latter effect gives long wavelength
radars a higher signal-to-clutter ratio than
their microwave counterparts and this is an
important asset in target detection. Lower
data rates reduce the size and memory requirements of the digital signal processors
-',._l.

Technical consultation services have
been performed for the TPN-19 Precision
Approach Radar, the Airborne Multiwire
VLF Antenna, AN/FPS-85 Air Defense
radar, AN/GRN-27 ILS system now in field
use, acoustic wave technology application
for the Advanced Power Management
Program of AFAL, passive microwave
radiometry-for meteorological application
and SAMSO's Reentry Antenna Test Program (RANT).
RADAR SYSTEMS

The lastReport on Research pointed out that

die Microwave Physics Laboratory had de-
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The measured antenna pattern is for an eight
element optimum signal-to.clutter ratio antenna array developed for the NFMRAD
radar. ''e deep broad null on the right of the

main beam cancels out ground clutter that
woull normally-appear in a doppler velocity
filter. Control of radiation levels in a narrow
angular sector such as this allows the maximization of main beam antenna gain as well as
the optimization of clutter and jammer rejec-

tion.

t
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used with modern radar systems. Aspect
angle invariance is an advantage in that
target classification schemes have one less
ambiguous parameter to contend with. In
Airborne Moving Target Indicator
(AMTI) Radars, a high signal-to-clutter
ratio reduces the amount of processing that
must be done and thereby simplifies the
entire detection process.
AIRBORNE MOVING TARGET INDICATOR

(AMTI) RADARS: The Laboratory has
capitalized on the experience in the Resonant Region Radar and the Synthetic Aperture Dual Frequency Radar (both of which
were long wavelength radars, developed,
built and flight tested in-house) to develop
three new AMTI radar systems: the Null
Filter Mobile Radar (NFMRAD), the Arrested Synthetic Aperture Radar (ASAR),
and the Tuned Synthetic Aperture Radar
(TUSAR). The NFMRAD concept uses an
airborne flush mounted, fixed, phased
array antenna as th, basic building block of
an AMTI radar. The system uses several
techniques to enhance its performance;
non-adaptive nulls placed in the antenna
radiation pattern and complementary
doppler velocity filters are two. This combination not only reduces clutter but also
decreases the system sensitivity to the large
stationary targets that must be rejected by
an AMTI radar. The system concept also
includes moving range gates to increase the
dwell time on the target, and a two-stage
detection process to further reduce false
alarms. The an:enna null placement (based
on a Laboratory-developed technique) allows pattern control over a restricted
sidelobe region and, at the same time,
achieves the maximum antenna gain in the
main beam. This provides a much more
efficient use of the antenna aperture than
an antenna in which-all sidelobes are controlled. The antenna feeding coefficients
are calculated by a computer technique to
get the maximum target-to-clutter ratio for
the overall radar system.
An X-band model of this AMTI radar

system has been constructed in-house and
mounted on a-truck to test system concepts.
The truck provides a moving platform that
simulates aircraft motion while a riding
lawninower, equipped with a small radar
reflector, is used-to simulate a slowly moving target. The Hanscom Field runways
and flight line serve as the test area. The
first antenna system used was a twoelement horn array ..hich allowed placement of only one null. Test results showed
that proper null placement enhanced the
detection of targets that were buried in clutter when no null placement was used. The
model now has an eight-horn antenna
array -and the testing program is continuing. This technique has promise for many
future radar designs.
The Arrested Synthetic Aperture
(ASAR) and Tuned Synthetic Aperture
(TUSAR) Techniques have been developed to provide detection of slowly moving concealed ground targets by a long
wavelength radar. Both techniques are
compatible with the Laboratory's SADFRAD system (described in the previous
Report on Research) in that all three can use
the same transmitter-receiver system, the
same antenna and the same type of digital
processing. The basis for both new systems
is the fact that at the low SADFRAD frequenciesi one needs AMTI signal improvements of about only 20 dB to achieve
reliable target detection.
In the ASAR system, two synthetic aperture beams, each formed from a separate
antenna on board the same aircraft, are
coherently subtracted to cancel ground
clutter. The antennas are displaced along
the flight path of the aircraft and'-the beam
from the forward antenna is delayed by the
time it takes- the aircraft to fly the distance
between the two antennas. Because synthetic aperture processing isused, the physical antenna patterns need not be closely
matched. It-is this feature that allows airborne operation at the long radar
wavelengths. Any antenna pattern control
at frequencies where the antennas must be
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placed a portion of a wavelength from the

aircraft is quite difficult. Computer simulations have shown that up to 40 dB of AMTI
improvement is posgible with this system.
Future plans call for the field testing of an
ASAR system model.
The Tuned Synthetic Aperture Radar
(TUSAR) provides an alternate method for
detecting and tracking slowly moving
ground vehicles from an airborne reconnaissance platform. Slowly moving targets
have doppler-doppler rate parameters
which differ from those of stationary objects and ground clutter. TUSAR exploits
this dissimilarity to improve moving target
detectability against ground clutter and,
with additional processing, to locate and
track moving targets.
Studies conducted to date have begun to
define the possible improvements in target
detectability as a function of target'speed,
radar processing parameters and antenna
design. Since the TUSAR concept requires
extensive on-b,,ard, real-time signal processing, studies of the performance of various simple sub-optimum proeessors are
underway.
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The program resulted in a technology

transfer to-AFAL which -is now building a
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longer range version with increased capa-

and a much lower false alarm rate.
system will use three frequencies and
will be tested in a C141 aircraft. The MicPhysics Laboratory is providing-sys-tems engineering support and is designing,
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INTEGRATED

RADAR (IMFRAD): The Integrated Multiple
Frequency Radar (IMFRAD) is an advanced development version of the
Laboratory's highly successful Synthetic
Aperture Dual Frequency Radar (SADFRAD) system and is currently being developed by the Air Force Avionics Laboratory with the participation of Microwave
Physics personnel. SADFRAD (described
in detail in the last Report on Research) is an
airborne,.resonant region, dual-frequency,
synthetic aperture surveillance radar built
in-house by the Microwave Physics
Laboratory. The system featured the first
on-board, real-time digital processor ever
flown and a three-channel color display. It
was installed in an Air Force C-121 aircraft
and tested jointly with AFAL. Test results
showed -that the system could detect
tactical-sized targets in dense foliage. In
fact, it is the only radar system ever built
with a proven capability to detect concealed
targets at operationally compatible distances. In addition to this extremely important military application, useful scientific
data were gathered including well calibrated backscatter measurements from all
types of terrain and the ocean at HF and
UHF frequencies as well as backscatter
measurements from a number of different
target shapes.

\rowave

"2

building, and testing the three-frequency

2D

antenna system for IMFRAD. The antenna
design is complicated by the fact that the

Subclutter visibility versus the target to radar
platformvelocityratiofortheTunedSynthetic Aperture Radar (TUSAR). An outstanding

aircraft becomes part of the radiating structure at these frequencies. By careful engineering, substantially better antenna patterns have been achieved than those used
for SADFRAD. Because of this, the IM-
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featureof this newAMTI system isitssensitivity to targets traveling parallel to the radar
platform as well as those traveling radially to
the platform.
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FRAD system is expected to have much
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trip range
to
ference
is observed,
the target
is less thanthe
theround
coherence
length
of the noise signal. If no interference is

the opposite is true. Since the
coherence length of the noise signal is a
known and controllable parameter, one has
a unique way of deciding when the target is
.
, ..
within range.
.
S
,,
Such a fuzing system is simple in concept,
,
requires a minimum of components, and is
-.
/ easily implemented. Target range is indicated by the existence of an interference
signal. The fuze can be used against stationary or moving targets and, for the latter, results in a less complicated design with
greater sensitivity.
In conjunction with the Meteorology
Microwave Physics Laboratory
Laboratory,
Reduced scale modeling is one way of designpersonnel have been studying a satelliteing antennas for eventual aircraft mounting.
borne radar system that will measure
Here, a one-eighteenth scale model of the
meteorological parameters not measurable
C-141 aircraft is shown mounted at the
Laboratory's Ipswich test site. A scaled anby present optical, infrared or passive nitennasystem for-IMFRAD is being developed
crowave systems. These parameters inand the model is used in taking antenna patclude cloud heights and rainfall rates. The
terns. In the background is the antenna sys,

,observed,

tem for the Laboratory's original HF-UHF

developmental radar.

greater protection against false alarms than
was possible with the SADFRAD.
SPECIAL

APPLICATION

RADAR

TECH-

NIQUES: In some radar sensing applications, the only important information is
that a target is within a certain prespecified
range limit, and detailed information on its
location and velocity is not required. Proximity fuzes are an example of such an application. A new short range radar fuze,
based-on the temporal coherence properiies of a quasimonochromatic noise-like
signal is being studied by Laboratory scientists. Other applications of this type of
signal were outlined in an earlier Report-on
Research.
In the fuzing application, a quasimonochromatic noise generator serves as a
transmitting source. The signal reflected
from the -target is tested against a small
sample of the noise source signal. If inter-

J

study indicates that radar wavelengths on

the order of 1cm would be the most practical for this purpose. A high resolution antenna system would be needed- to look at
angles other than straight down. It appears
at present that a practical radar system
could be developed and flown in a satellite
specifically designed for the system.
The rapid detection of air-to-air missile
launches is an essential link in the defense
of strategic and tactical aircraft. Early detection increases the available time for evasive maneuvers and deployment of countermeasures. Identification of the number
of missiles launched and the type of missile
air frame is necessary to insure the proper
selection of effective countermeasures and
defensive tactics. The Laboratory is currently studying improved airborne pulse
doppler radar techniques for rapid single
or salvo launch detection and air-frame
identification. High resolution doppler
spectra associated with the launch aircraft
provide the necessary launch detection information. Effective methods for achieving
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these high resolution spectra while simultaneously suppressing radar ground clutter
are now under intensive investigation.
IIASE DERIVED NAVIGATION: If a CW
transmitter moves in a straight line at constant speed relative to a triangular array of
three receiving antennas, the signals received at these antennas can be used to determine the position and velocity of the
transmitter with respect to the receivers,
The method requires the measurement of
total accumulated phase differences during
two or more time intervals. This is one of
several schemes considered under a project
called Phase Derived Navigation. One application of this technique, currently being
studied, is an aircraft instrument landing
monitor (ILM) which would display CW
beacon transmitters along the runway in
perspective on a CRT in the aircraft, along
with aircraft height, velocity, and distance
from the runway.
RESONANT-REGION TARGET CLASSIFICATION: The resonant region in radar scattering is loosely defined as the frequency band
for which the radar wavelength is approximately the same size as the radar target.
Within this frequency band, the radar
targethas unique scattering properties that
can lead both to new methods for characterizing it and to real-time methods for obtaining information about its gross physical
size and shape.
The special characteristics of resonant
region scattering arise because usually only
one or two modes of surface-current are
excited by the incident radar beam, and the
reradiated or scattered fields have a simple
opatial structure. At higher frequencies,
many modes of surface current combine
algebraically to produce the fields. Thus,
minor discontinuities and subsections of
the scattering surface may produce sharp
resonances and specular flare spots in
higher frequency scattering, but are sufficiently small compared to the wavelength at
resonant region frequencies to be unim-

portant. The scattering pattern at lower
resonant-region frequencies is thus primarily determined by the overall size and shape
of the scatterer.
Several of the special properties of resonant region scattering from targets that
are thin compared to their length were discussed in the last Report on Research. It was
pointed out that the phase of the backscattered fields from these targets does not vary
with target aspect angle as long as the target
is no more than about a half wavelength
long. Similarly, to a first approximation,
the shapes of the usual monostatic radar
cross section curves (when viewed as a function of frequency) are also invariant to
target rotation through the first resonant
maximum.
New results for thick cylinders show that
the aspect invariance of the phase exists
only at frequencies in the very low resonant
and Rayleigh regions. There are, however,
specific higher frequencies at which the
phase is aspect invariant or has minimum
dispersion. Similar results but with much
sharper resonances occur with hollow
metallic tubes and hollow tubes having one
end closed to form an internal cavity.
These aspect-invariant properties are
important because they provide measurable information characteristic of the target
without the seriously complicating influence of angular dependence. In particular,
the frequency location of the first maximum of the monostatic radar cross section
provides a measure of the length of thin
scatterers; the width of the first resonant
maximum will be related to the Q or thickness of the scatterer, and the aspect ratio of
the target can be determined from the
polarization characteristics. Similar possibilities exist for-the phase.
To more fully exploit these characteristics, target classification techniques were
used with multiple-frequency resonant region data. Radar cross section versus aspect
angle data were obtained for several bodies
of revolution at frequencies in the 'high
Rayleigh and low resonance region. The
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objects all had approximately the same volitme and the shapes were two right circular
cylinders, a cone, a step cylinder and a double step cylinder. The analysis showed that
there was sufficient information to differentiate between the objects when five or
more radar frequencies distributed over
about an octavein frequency were used. In
addition, the data were sufficiently aspect
invariant in that they remained resonably
constant over at least 20 degrees of aspect
angle and in some cases, over 90 degrees.
Results also showed that even if the objects
were quite similar in shape as, for example,
the double-step cylinder and the cone,
higher resonance region frequencies could
still be used to distinguish them at the expense, however, of less aspect angle invariance.
As part of this research, a new technique
was developed ior removing the uncertainties in the radar -cross-section data caused
by the interrelation between the radar
polarization vector and the unknown target
aspect angle. In addition, the dualfrequency phase signature technique (a
Laboratory-developed
technique
explained in the previous Report on Research)
was extended and used to measure phase
shift of the target scattering. This technique is independent of the target range
and its motion- and provides an absolute
rather than a differential phase shift. Each
of these measurement techniques adds its
share to reducing the enormous complexity
of the target identification problem.
ANTENNAS
In the past two years the emphasis in the
Laboratory's antenna research has shifted
into a closer alignment with a number of
ongoing Air Force programs, to shorten
the time frame for application. A major
-reason for this foreshortening of the time
frame is the increasing consultation services provided by the Laboratory. Scientists
have participated in design reviews, evaluadons, and technical studies throughout the
Air Force.

As examples of the interaction with sys.
tem project offices and user commands, the
Laboratory has conducted studies in trailing wire LF antennas for aircraft, designed
a variable polarization array for a gunship
sensor, evaluated the ground effects on ILS
antennas, developed new techniques for
limited scan antennas and evaluated radar
performance for GCA landing control systems.
The Laboratory research program in antennas has been oriented around a few
major themes. The first is hemispherical
coverage antennas. To maintain an-effective communication link between an aircraft-and a satellite, the antenna coverage
must be essentially hemispherical, with particularly good performance near the horizon. Additionally, high performance aircraft require flush mounted antennas. This
problem- has been addressed in depth;
mutual coupling and element-matching
techniques have been studied, a novel corrugated surface for the low elevation
coverage has been devised, and dual-band
techniques are under investigation. A second category is limited scan antennas.
These are used principally as geostationary
satellite antennas and landing control radar
antennas. System cost and complexity can
be reduced by tailoring the antenna to-the
required coverage sector. New techniques
for such limited scan -antennas have been
invented in the Laboratory. These fall-into
two areas: phased arrays with odd-mode
control, and hybrid array-reflector antennas.
Moderate gain antennas for HF or UHF
band usage also continue to receive attention for special applications. The
Laboratory-developed short backfire array
has been incorporated into a special design
forgunship use, and new ideas for HFband
antennas are under study. A detailed
analysis of the log -periodic array is being
completed; the currents on the elements
have been rigorously determined, permitting accurate calculation of the radiation
pattern. In the following sections these efforts are described in detail.
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duced a new design that overcomes these
limitations. The improvement is achieved
by using the open end of a waveguide as the
primary radiator in the antenna cavity. The
waveguide intrudes into the cavity from
behind the larger reflector plate of the
backfire. Different types of waveguides
may be used, and the polarization response
of the antenna will be determined by the
polarization characteristics and the energizing system of the waveguide. Use of such a
feed structure with the-short backfire an-

-

-""

tenna provides a high-frequency, high-

gain, high-power antenna for ground, aircraft, and space applications. Flushmounted antenna designs can also be provided for high-performance aircraft and
space vehicles. There is also the possibility
A four-elemcnt short backfire antenna array

is currently being used by scientists at AFCRL
for the reception of low level electrical discharges in atmospheric clouds. This antenna
is characterized by low sidelobe levels and a
directive gain of 19 dB.

SHORT BACKFIRE ANTENNAS: Shortbackfire antennas are efficient radiators of electromagnetic energy and are attractive to
antenna systems designers because they are
also simple and compact. A typical short
backfire antenna is comprised of: 1) a planar reflector approximately two wavelengths in diameter with a rim along the
edge approximately one-half wavelength
deep; 2) a reflector disk approximately
one-half wavelength in diameter, arranged
parallel to the large reflector, and 3) a feed
located between the two reflectors. The
feed may be any radiator of small axial extension; for example, a dipole, pair of
crossed dipoles, a loop, or a short helix or
spiral. Such simple feeds are, however, impractical for frequencies above I GHz, because their small physical dimensions demand an extremely accurate feed design
with close tolerances. In addition, such designs provide only limited power handling.
During this reporting period, continuing
research on this type of antenna has pro-

of using these structures in arrays for

monopulse tracking and telemetry.

Most of the short backfire arrays already

developed have reflector shapes that are
symmetric with respect to the array center
and are of equal dimensions in both major
axes. Their E and H-plane radiation patterns therefore have about the same halfpower beamwidth. Laboratory scientists
have now gone a step further and shown
that the technique of arraying short backfire elements may also be applied to reflectors with major-to-minor axis ratios significantly different from unity. Such designs include all types of fan beam arrays.
An in-line eight-element array was constru,.ted in the experimental phase of the
laboratory program. By varying element
parameters, the array was optimized and
was capable of receiving or transmitting
linear, elliptic, or circular polarization with
a 7-degree half-power beamwidth in its
azimuthal plane and a directive gain of 22.1
dB. With an area illumination efficiency of
0.84, this structure is very attractive for applications such as Instrument Landing Systerns-(ILS), where reduced antenna reflector dimensions are important design considerations.
A four-element short backfire array has
also been designed, fabricated, and ex---
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perimentally tested for use by scientists of
tie Ionospheric Physics Laboratory in the
reception of low-level atmospheric noise at
920 MHz. This array, which uses an octagonal reflector, has low-sidelobe radiation patterns and a directive gain of approximately 19dB. It serves as the tracking
antenna for electrically active atmospheric
clouds in a system being developed here at
AFCRL for lightning warning applications.
FLUSH-MOUNTED PHASED ARRAY TECH.

NIQUES: A substantial laboratory effort
eand is
devoted to the study and development of
techniques for improved-performance,
flush-mounted and low-profile phased arrays. Arrays of this type are required on
aircraft for communicating with satellites
or other aircraft. Ideally, they should have
a wide bandwidth and near-hemispherical
scan with special emphasis on the coverage
near the horizon. These requirements are
stringent and therefore provide a strong
stimulus for accelerated research in phased
array technology. This, in turn, has resulted in a broad range of in-house and
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flush mounted station keeping antenna.
The design uses atwo dimensional metal clad
lens that actually conforms to the aircraft
shape while only the inner section need be
rotated for azimuthal coverage. This approach produces an antenna that is lighter
more easily streamlined than present de.
signs.
A

contractual developments in these areas.
Recent contractual accomplishments have
included development of novel stripline
and waveguide radiators that operate over
octave-bandwidth frequency ranges, and
studies of dielectric clad arrays that provide
scan coverage from horizon to zenith.
In-house studies include the analysis of
planar arrays of waveguide elements on
curved surfaces such as cylinders and

cones. These analyses include inter-

element mutual coupling and have resulted
in a convenient analytical conformal array
model based on the Geometrical Theory of
//1-

4','--

Diffr.action.
Other in-house studies include the development of a low-profile scanning lens
for aircraft station-keeping, and also an
array technique for zenith-to-horizon
coverage. This latter array uses waveguide
shorting
switches tostructure
transform
array
into a corrugated
forthe
end-fire
(horizon) radiation, even though the antenna functions as a conventional array for
moderate angles from zenith. Preliminary
results indicate that this technique can pro-

S
WITHSHORTIN

SWITCHES

vide efficient radiation from zenith to hori-

zon while scanning in one plane. HemiEfficient scanning from broadside to end fire

spherical coverage is then provided by

for the end fire direction. At other scan angles, the array functions in a normal fashion.

communication links projected for future

can be achieved with this novel phased array
for aircraft and satellite use. The elements are
short circuited forming a corrugated surface

II

mechanically rotating the structure.
The multiplicity of satellite-to-aircraft

Air Force systems has provided impetus for

59

an in-house study of a dual-band array
technique for flush-mounted application.
The development is based on a dielectric
slab-loaded waveguide geometry that
serves as a transmission medium for two
signals, one at roughly double the frequency of the other. The technique is intended to maximize the aperture efficiency
of the array while allowing completely independent beam-forming systems at the
two frequencies Experimental testing is
presently underway.
ANTENNAS FOR UMITED SECTOR SCAN-

NING: The previous Report on Research outlined several Laboratory efforts pertaining

to antennas with restricted scanning
ranges. These limited scan antennas find
application in precision approach radars
for airport Ground Control Approach sys-

tems, and also as scanned or multiple-beam
antennas for satellite communication links.
Due to the importance of the subject and
the likelihood that substantial improvements over conventional technology would
result from research in this area, the
Laboratory has undertaken two in-house
and two contractual studies in limited-scan
antennas. The contractual studies have
centered about techniques using a phased
array or Butler matrix in combination with
a dual-reflector or dual-lens system. The

-

A Laboratory-developed hybrid reflectorarray limited scan antenna. Sixteen
monopoles, arranged in a circular arc, feed
the specially shaped stepped reflector.
Theoretical studies show that this pillbox antenna can provide an amount of off-axis scan
(measured inbearnwidths) that isnearly equal
to the number of feed elements.

_

intermediate reflector or lens is oversized
to allow use of a minimum-size-final aperture ;ind an extremely small feed array.
Theoretical results indicate that this ap-

proach will reduce the number of phase
controls required by as much as 40 percent
in comparison with present state-of-the-art
techniques. Another limited-scan antenna
technique developed in-house consists of
an array illuminating a single reflector or
lens. This antenna provides parameter con-

Another limited scan antenna design that uses
eight, large aperture elements with multiple

higher order modes to achieve cancellation of

trol of the scan performance, and effi-

the dominant grating lobes. The array needs
less activecomponents (such as phaseshifters)
to achieve its scan than conventional arrays.

ciently uses the available number of termi-nals for scanning. A circular arc array genrates a phase distribution that is linear in
gle by producing an equal progressive

phase increment on the elements: The
shape of the reflector or lens surface is cho-
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sen to translate this angular phase distribution into a linear phase front. A twodimensional pillbox antenna, employing 16
monopole elements and a corporate feed,
has been constructed to demonstrate this
principle of limited scanning. Theoretical
studies show that the amount of off-axis
scan, measured in beamwidths, is nearly
equal to the number of feed elements.
The second limited-scan antenna technique being developed in-house isa phased
array that uses large array elements with
relatively few phase controls. This approach depends on multiple higher order
nmodes in the horn elements to achieve cancellation of the dominant grating lobes,
Studies to date have included the design of
an eight-element array with collimating
lenses for one plane of scan, a study of
stratified dielectric layer filters for grating
lobe suppression, the design of a fourmode element for scanning in two planes,
and theoretical scanning studies for one
and two planes of scan. Results indicate that
use of this large-element technique can reduce the number of active components required 6y nearly an order of magnituqe as
compared to conventional arrays.
LOG-PERIODIC ANTENNAS: Log-periodic
dipole (LPD) antennas are widely used as
broadband radiating and receiving devices.
Arrays of such elements have been used for
over-the-horizon backscatter detection
radars. For any particular design, there are
several parameters (more than in most
other antenna arrays) that must be
specified. In order to maximize some useful antenna property such as antenna gain
over many combinations of the basic
parametric design values, the designer
must have a mathematical model of proven
reliability, and it must be sufficiently simple
so that large arrays of these dipoles-can be
handled. To date, several attempts atdeveloping such a model have been made.
None have really succeeded. Intrinsic to
each is some restriction of the ranges over

which the defining parameters can be varied. And even over common regions of validity, the theories often disagree with each
other and with experiment by significant
amounts. The purpose of the present inhouse effort is to develop a mathematical
model that eases these parametric limits,
that agrees closely with experiment, and
that can be reliably used in optimization
studies of these antennas and arrays in
which each element is itself an LPD antenna. This Laboratory model was used for
numerous calculations over a wide range of
most of the parameters defining the antenna, including the number of dipoles, the
dipole -length taper, the inter-dipole spacing factor, the transmission feed-line
characteristic impedance, the terminating
impedance, and dipole length to diameter
ratio. Quantities calculated included the
dipole current distributions, antenna gain,
pattern front-to-back ratio, input impedance, E-plane and H-plane radiation patterns, the distribution of power among the
dipoles and the -load, self and mutual admittances, and the relative driving-point
voltages and currents.
Special attention was given to the determination of the combinations of dipole
length taper and inter-dipole spacing factors -that lead to maximum gain. The new
results differ from those obtained by other
investigators, most of whom used a much
simpler mathematical model. For example,
higher values of gain were predicted by the
new results. The ultimate test of any theory
is a comparison with experiment. The new
Laboratory theory has been compared with
numerous experimental results and the
agreement is usually quite satisfactory.
In a separate but related in.house effort,
Laboratory scientists are looking at HF
log-periodic ar'ays to satisfy a Tactical Air
Command requirement for a short range
(50-500 nautical miles) HF communication
system that will provide reliable communi..
cations for simultaneous voice and dat.alink channels between a central comm:and
post and several scattered outposts. The
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research is exploring several alternatives to

and to find techniques for removing these

provide an omni-directional azimuthal antenna pattern and a highly directional vertical antenna pattern. This latter will alleviate the problem of signal distortion
caused by multi-path signal interference.
Theoretical studies have been completed
on vertical arrays of loops and crossed dipoles with log-periodic spacing. Experimental work based on the theoretical
studies is presently being conducted.

limitations. The second is to use the propagaied wave as a diagnostic tool for obtaining information on buth lower atmospheric
structure and solar activity and then, to investigate the effects on Air Force electronic
systems. Radar and radiometric systems are
used for these studies with the primary instrument being the Laboratory's 29-foot
miilimeter wave antenna at Prospect Hill,
Waltham, Mass.
Millimeter waves interact strongly with
the lower atmosphere. Atmospheric ox.
ygen, water vapor and precipitation all attenuate millimeter waves limiting the use of
these wavelengths for communications and
radar. Also, tropospheric refraction de-

INTERFERENCE REJECTION ANTENNA SYSTEM: The need to suppress interference
signals in electromagnetic detection systems has led to the development of signal
processing and pattern synthesis techniques that are usually complex and generally do not have a real-time response capa-

bility. A new Laboratory-developed
method of variable polarization control discriminates between several incident signals
of differing polarizations and selects the
desired signal. The equipment required to
convert a particular antenna so that it has a
real-time interference rejection capability is
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tists have developed a dual-plane
monopulse sensor system utilizing short
backfire elements with high-gain characnitude stronger than the desired signal.
rejecof this interference
application
Tf
ione scheme
to military
sensor systems
is

"

9

quite simple and consists of a few phage
shifters and delay lines. Laboratory scien-

teristics and the capability of rejecting interference signals several orders of mag-
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obvious but commercial uses for GCA
radars and microwave communication systems are also foreseen.
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The Laboratory's tropospheric propaga-

tion research program has two principal
objectives. The first is to investigate the
limitations imposed by the atmosphere on
the propagation of electromagnetic energy
at microwave and millimeter wavelengths

Tropospheric refractive benGi~g measurements show that b,,ndirig is reasonably well
correlated with surltce refractivity for elevation angles above 5. kt lower elevation angles
accurate corrections cannot be obtained from

surface refractivity alone.
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grades the perfornance of systems operated at low elevation angles. On the positive
side, however, this millimeter waveatmosl)herc interaction has been partially
responsible for the emergence of a new
branch of science called microwave
meteorology. Microwave measurements of
atmospheric emission lead to estimates of
temperature, pressure, and water vapor
profiles.
Through
high-resolution
doppler-shift and doppler-spread measuremrents, cross-path wind speeds can be
measured and turbulent regions detected.
The Laboratory also monitors the millimeter wave emission from active regions
on the sun. Large solar flares produce density changes in the upper atmosphere that,
in turn, perturb satellite orbits. These solar
flares also change the characteristics of the
ionosphere and produce HF communications blackouts. Observations of the sun
have been conducted for many years to derive criteria for predicting these solar
events,
TROPOSPHERIC REFRACTION: The lower

atmosphere has an index of refraction
slightly larger than unity. It decreases approximately exponentially with height. As a
result, radio waves travel more slowly than
in free space and as they traverse layers of
decreasing index of refraction, they are
bent downward. Two types of errors arise
from this atmospheric refraction: 1) space
targets observed from the ground appear
to be at a higher elevation angle than the
true angle, and 2) if the distance to the
target is based on a time delay measurement, the target will appear further away
than it actually is. For a target on the ho.zon (the most extreme case), the pointing
error will be about 0.7 degree and the range
error, over 300 feet. As the elevation angle
of the target increases, the pointing and
range errors decrease approximately
proportional to the cosecant of the angle.
To obtain accurate angle and rangeerror corrections, it isnecessary to know the
value of index of refraction along the ray

-'i-~~*

path. Although this is possible in principle,
it is not usually done in-practice because of
the large expense involved. More often, a
vertical refractivity profile is obtained by
either launching a radiosonde and calculating the index of refraction from temperature, pressure and humidity measurements, or by launching a microwave refractometer and obtaining the refractivity directly. A horizontally stratified atmosphere
is assumed and the angle or range-error
corrections are calculated using either raytracing ur numerical integration techniques. If an actual profile is not available,
then a representative refractivity model can
be employed.
Angle and 'trige-error corrections based
on vertical refrh:ctivity profiles and, in some
cases, even surface refractivity alone, have
proved satisfactory for many applications,
particulari;' those for which target eleva-

tion angles .re above 5 degrees above the
horizon and the region is horizontally
stratified. For example, range-error corrections based on global average surface
refractivities have been provided for the
NAVSTAR Global Positioning System
which is designed to-operate at elevation
angles above 5 degrees. A standard error of
less than 4 percent of the total range error
can be obtained from a polynomial regression on surface refractivity. Our analysis of
refractivity profiles in Central Europe has
shown that the atmosphere is so horizontally stratified and so stable that rangeerior corrections based on a single annual
mean surface refractivity should be adequate for an airborne radar system. However, this correction method has not produced acceptable results when applied to
an atmosphere with a horizontally varying
index of refraction or for targets at very low
elevation ar gles.
Targets f opportunity can be used to
overcome this limitation. If the position of a
satellite is accurately- known and the satellite either rises or sets in the general direction of the target, then- refraction corrections can be obtained using the satellite for
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calibration. This has been done frequently
for angle-error corrections but not for
range error since the true range of the satellite is usually not accurately known. Natural
radio sources can also be used as targets for
angle corrections. The true positions of the
sun, moon and many of the other strong
radio sources are listed in the ephemerides
and these sources can be detected with a
microwave radiometer, i.e., a wide-band
-eceiver designed to measure noise-type
signals. Thus, for some locations, angle
corrections can be accurately obtained
using both at tificial and natural targets.
However, these techniques are not always adequate. A technique based -on atmospheric emission measurements with a
thicrowave radiometer seems to have the
potential of providing real-time angle and
range-error corrections. Refractive bending, range error and atmospheric emission
(sometimes referred to as apparent sky
temperature) are functions of the same

7is

Scientists review tropospheric range error
corrections for NAVSTAR Global Positioning System. Based on world wide statistics, it
was shown that range error could be estimated from site latitr

4

e, height above sea

level, season and ele' ation angle. This work

received one of the Laboratory's five AFSC
Technical Achievement Awards.

meteorological parameters: temperature,
pressure and humidity. Ideally, one would
like to relate angle and range error directly
to atmospheric emission. However, the
mathematical functions are so complex, it
has not yet been possible to obtain either an
analytical or numerical solution to this
problem. I t has, however, been investigated
using a statistical approach and the initial
results are very promising. Atmospheric
emissions at several frequencies and elevation angles were calculated for a large sample of both stratified and non-stratified atmospheres. Refractive bending and range
error were also calculated for the same atmospheres; results were correlated and regression lines were obtained. It was then
shown, usingstatistical estimation methods,
that more accurate corrections could be obtained by utilizing atmospheric emission
measurements along with surface refractivity than by using surface refractivity alone.
If this technique proves feasible it could
easily be irzplemented into many Air Force
systems at low cost. It would provide correcton data continually and might ultimately
enable the user to forecast the onset of poor
propagation conditions.
EARTH-TO-SATELLITE COMMUNICATIONSEarth-to-satellite wide-band communications requirements require utilization of
the millimeter wavelength region of the
electromagnetic spectrum. It is now known
that total atmospheric attenuation in the
window regions is relatively low except for
conditions of heavy cloud cover and precipitation. Long-term attenuation statistics
for the region in which the ground terminal
to be located are needed for design data
for communications links. Ideally these
data could be obtained by placing a millimeter wave beacon on a satellite and conducting long-term measurements. This ap-

proach would be very expensive and to date
there has been only one satellite which-has
transmitted signals above 10 GHz, the
ATS-5. However, this laboratory has suc-

cessfully obtained- long-term rain attenua-
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tion data using two types of radiometric
techniques. In the first, attenuation
through rain was obtained directly from an
extinction measurement using the sun as a
source. In the second, the attenuation was
inferred from a measurement of atmosph&ic emission. The advantage of an extinction measurement is that losses as high
as 30 dB can be obtained directly, whereas
attenuations on the order of only 10 or 12
dB can be inferred from an emission measurement. The advantage of the second
method is that data can be obtained continually at any angle, day or night, while the
extinction measurement can obviously only
be made during the day in the direction of
the sun. Thus, the first method provides a
limited amount of accurate attenuation
datta over a large dynamic range while the
second method produces a larger sample of
somewhat less accurate attenuations over a
smaller dynamic range.
Rain attenuation statistics have been obtained for Hawaii at 15 and 35 GHz and for
Boston at 35 GHz. It appears that attenuation and rain rate are reasonably well correlated for Hawaiian rain but are essentially
uncorrelated for Boston rain,

Since heavy rain is generally quite
localized, the possibility of using site diversity to improve the reliability of a communications link was investigated. Results based
on a year of data showed that a site diversity
system in the Boston area, with a 7-mile
separation between sites, would improve
system reliability significantly. Under the
conditions of this experiment, it was found
that for the proposed two-site diversity system, an 18-dB increase in the effective
radiated power of the satellite (above that
needed to overcome free-space loss) would
be required for an outage time of one hour
per year as opposed to over 33 dB for a
single-site system.
Atmospheric scattering limits the data
rate of millimeter communication channels. Several approaches to this important
problem are currently being pursued inhouse. One such study of this limitation has
been carried out through investigation of
the propagation in a random medium
using a perturbation theory that assumes
small -fluctuations in the index of refraction. In order to cover the other extreme,
the ca! e of strong fluctuations, an approach
that involves functional methods is being
tried. The crucial factor in this approach is
the characteristic functional from which
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The goal of all these related approaches is
to develop an accurate statistical model-for
atmospheric scattering which will enable
the Air Force user organizations to predict
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SECSITE

Simultaneous records of received mm signal
level as a function of time for two ground

stations having a separation of 9 miles. Upper
trace is for light intermittent rain and shows
that space diversity is not too effective. The
lower trace however is for heavy-rain and isa
perfect illustration of the value of space diversity. The secondary site is badly affected while
the primary site is operational.

REMOTE SEI-ING OF LOWER ATMOSPHERIC STRUCTURE: Temperature and

huimidity data can be obtained from either
ground-based or satellite-based radiometric measurements of atmospheric emission
by inverting the radiative transfer integral.
The accuracy to which the meteorological
data can be inferred depends on the accuracies of the radiometric measurement,
the absorption coefficients of water vapor
and oxygen, the line breadth constants of

.
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the absorption lines and the technique used
to invert the radiative transfer integral
equation. This laboratory has reviewed different inversion methods along with stabilization techniques. By introducing Bayesian
estimation theory, a more intuitive and unifled approach to the inversion problem resuits. One result of this approach was to
show that several statistical inversion techniques are particular cases of the general
Bayesian estimation and are identical
under specified conditions.
A computer program to determine inversion accuracy has been written. The
stabilization techniques and information
processing of passive sensor data that have
been developed are now being used in the
Defense Meteorological Satellite Program.

TROPOSPHERIC FORWARD SCATTER PROPAGATION: Microwave signals in the near
millimeter wave region have been used in a
long-range forward scatter experiment
conducted jointly by the laboratory and the
Research
Canadian
Communications
Center. The purpose of the experiment s
to study both signal propagation and
tropospheric parameters.
The increasing number of communication links above 10 GHz makes the allocation offeasibility
shared frequency
bandssharing
inevitable
The
of frequency
between earth-space and terrestrial line-ofsight communications
sigt
ncatonssysemsdepnds
cmmu- systems depends
upon ability to predict the statistics of interference between these two systems over any
given path. The experiment mentioned
above has accumulated signal statistics at
15.7 GHz and a path length of 500 km for a
one-year period and will be used to obtain
better long-range propagation interference prediction in this frequency range.
The narrow beam antennas (0.15 degrees
beamwidth) used for transmission and reception limit the scattering to a well defined
region in space. Computer control of antenna pointing was used to quickly probe
received signal levels at a series of scatter
locations. Some of these yielded additional

information on propagation mechanisms
previously not available, such as the distinction between hydrometeor and turbulent
air scatter.
The precise definition of the scatter region in space is even more important when
the forward scatter link is used as a remote
meteorological sensing tool. A wealth of information on tropospheric scattering structure and motion has been obtained during
the propagation experiments. This additional information was collected during
routine spatial-scans incorporated into the
measurement programs. The signal used in
such scatter experiments is highly coherent
in transmission. When scatterers contributing to the received signal are in motion,
-they impose a doppler shift on the scattered
signal. A long-range bistatic system-has the
property that- the observed average doppier shift in the scatter volume is essentially
due to the wind component across the
propagation path. The observed frequency
shift is proportional to the horizontal distance of the scatter volume fromthe line
connecting the transmitter and receiver.
Twenty doppler scans are recorded in the
plane transverse to the propagation path
and including the mid-path point. These
are, in effect, a map of the vertical -crosspath wind structure between 5 and 15 km
height
and covering a range of 30 km either
sieothcnerUdrraoabyuside of the center. Under reasonably uniwinds over the 60-km horiform
zontalcrosspath
range, the
linear dependence of
doppler shift in the off-path position is
quite obvious, with a reversal in sign between the upwind and the downwind regions. Strong wind- shears have been observed in this fashion and could be verified
from routine radiosonde stations operating
-in the vicinity of the forward scatter path.
SOLAR ACTIVITY: Solar radia';on is the
prime energy source for the terr,:strial environment. Variations in either the intensity or the spectral character of this energy
produce corresponding changes in our
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local environment referred to as aurora,
HF communications blackouts, magnetic
storms and polar cap absorptions. Because
these effects disrupt communications systems, a world-wide program of solar observations has been in progress with tie goal of
developing a capability to forecast the occurrences of the major solar disturbance,
the proton flare.
Laboratory scientists have recently completed an analysis of high-resolution radio
observations at 9.1 cm (Stanford), 8.6 mm
(AFCRL) and 3.4 mm (Aerospace) taken
over the years 1968 to 1970. The purpose
was to determine the spectral character of
individual active regions during their passage across the solar disk. Positional comparison of enhanced regions demonstrated
that the majority of active regions individually observed, at resolutions between 3 and
4 arc-minutes, have no corresponding feature at the other two wave!engths. For those
centers which- could be co-located, however, a catalogue was prepared and employed as a data base for determining mean
characteristics of such regions. The
catalogue provides rean values of region
fluxes, sizes and spectral indices in the 9.I
cm to 3.4 mm wavelength range. A significant deviation from the mean characteristic
of those active regions generating proton
flares is suggested as a potential means of
forecasting high energy events,
ROTATION RATE SENSORS
There is-a continuing Air Force need for
more sensitive and more reliable rotation
sensors to be used in navigation andguidance systems for missiles and satellites. Devices sensitive to very low rotation rate are
required to prevent significant navigation
errors on a long flight. Rotation rate sonsors based on interferometry of countercirculating waves in a circular configuration
are being studied in the Laboratory. Optical waves in such a geometry lead to a phase

-L

shift proportional to the angular velocity of
the ring and the area of the enclosed circuit.
Elastic surface waves-both acoustic and
magnetic-may also be used in similar ring
interferometers, although there is not a one
to one correspondence with the optical case
owing to the non-constancy of elastic surface wave velocity in different frames of'
reference. This latter approach has been
adopted and the theoretical principles of
such rotation rate sensors, based on ring
interferometry of acoustic and magnetic
elastic surface waves, have been established. Such devices require relative motion
between the transducer generating the
waves and the medium on which the waves
propagate. An advantage of these devices is
that the calculated sensitivity is higher by
several orders of magnitude than that for
optical (Sagnac) ring interferometers.
Acoustic and magnetic devices -could be
used both as- tachometers and "pick-offs"
for gyro readouts.
In establishing the theoretical foundations of the acoustic and magnetic rate sensors (ARS and'MARS), much attention has
been given to the differences between elastic surface waves and optical waves. These
differences-originate in the fact that the
velocity of light in vacuo is a constant for all
frames of reference. The ARS and MARS
approaches are feasible because coupling
between the transducer and the medium is
possible without direct physical contact.
The first ARS device uses a quartz cylinder
as the sensing element- and has been designed to operate at 100 MHz. A disk of 1
cm 2 area rotating at 1 rpm would give a
phase shift of about 10 minutes at this frequency. The first experiment designed to
demonstrate the MARS princip!e is being
done wiih a film of yttrium iron garnet
(YIG) grown epitaxially. This YIG film is
the carrier for the magnetostatic waves that
are generated at frequencies of I to-4 GHz.
A 4-GHz wave traveling about a cylinder of
1-cm radius rotating at- 1.5 rps would lead
to a phase shift of about 1 degree.

Z,
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flights is now being planned and will inves-

tigate these low-altitude effects.
Shock-ionized flow fields produced by an

One task has been directed toward an

aerospace vehicle during atmospheric
reentry severely disrupt the operation of
electromagnetic radiating and penetration
aids on board the reentry vehicle. Research
and development efforts range all the way
from rocket flight tests to laboratory studies
of plasma simulation techniques. The
fourth and fifth rocket launches of the
Laboratory's Trailblazer payloads occurred
in July 1972 and December 1973. The
rocket program isnow in a period of transition. The Trailblazer series of flight tests,
all five of which were successful, was conpleted and provided excellent data on the
high-aldtude (100 to 300 kilofeet) radio

analysis of the breakdown effects that are
encountered when a high-power microwavesignal is incident upon an ionized
region of space. This problem isprominent
during high-power transmissions from
reentry spacecraft. A related study that
grew out of the microwave analyses is that
of laser-induced breakdown in the atmosphere. This phenomenon can be a limiting
factor in high-energy laser propagation.
One other experiment undertaken since
the last reporting period is the analysis of
the effects of high-power laser irradiation
on dielectric materials.

blackout effects on microwave systems.

TRAILBLAZER ROCKET FLIGHTS: The goals
of the Laboratory's high-altitude experiments, using the Trailb!azer II test vehicle,
were to acquire data on the ionization occurring in the shock layer formed around a
vehicle during reentry, and to develop
techniques to suppress the electrons in the
flow which cause the distortion and attenuation of microwave signal transmission. An
associated objective was to develop-diagnostic devices to measure- the flow properties.
All these goals have now been achieved.
The first three flights were used to determine the effects of the ionization on antenna performance. At low-power levels,
the ionization causes- antenna impedance
mismatch, signal attenuation and antenna
pattern distortion. The antennas placed at
various positions on the vehicle experienced a variety of conditions and the levels
of signal degradation changed as afunction
of altitude. At high-power transmission
levels, additional effects are found. For example, the- ionization reduces the antenna
breakdown threshold and this places considerable constraint on the useful power
levels of on-board ECM systems.
In the second phase 'of the program
(Flights 4 and 5), -the emphasis was on
eliminating or greatly reducing the effects
of the shock-induced ionization. The prob-

This altitude regime is primarily of importance for electronic countermeasures
(ECM) systems on ballistic missiles. However, similar problems also occur at lower
altitudes with the radar fuzing systems on
reentry vehicles. A new series of rocket

A plume of incandescent gas is produced by
theintenseheatingofaceramicspecimenexposed to a beam of focused infrared laser
radiation. Changes in the microwavc propagation characteristics of the ceramic material
are monitored during the irradiation period,
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lens are caused by the presence of' unattached electrons in the medium through
wliclh the signal propagates. The electrons
are free to oscillate with the signal and produce distorting effects when their number
becomes sufficiently large. The method
selected to Overcome this problem was to
reduce the free electron concentration by
introducing chemical additives into the
a
flow, particularly substances that have
strong affinity for attaching electrons. Such
electrophilic agents reduce the free electron concentrations by binding up the electrons as negative ions, and these heavier
ions do not have a significant effect on the
signal transmission. This alleviation technique is much more efficient than simply
cooling the flow which would require the
addition of much larger amounts of material.
In conjunction with the flight tests,
Laboratory scientists developed computer
models to provide -numerical solutions to
the combined Maxwell-flow field equations. I n the absence of any additives, these

models have
r Ios given good agreement with

previotusly obtained testdata. Models that
include the effects of-additive materials are
now being computed and the results will be
compared to the flight test data.
Two quite different additive techniques
were tested in the rocket flights. One technique was the localized injection of a liquid,
Freon 114B2 (Flight4); the other was use of
an electrophilic material in the vehicle heat
shield (Flight 5). On this fifth flight, a TefIon coating was effective in its dual role of
providing heat protection to the vehicle
and of reducing the electron density levels
around the surface of the nose cone. Heat
transfer from the external flow causes heat
shield ablation releasing the alleviant material from the heat shield into the boundary
layer. Both methods have, therefore, been
shown to be effective and viable approaches
for reducing electron concentrations in the
shock layer. On these last two test flights,
signal attenuation levels for the test anten-

S-BAND ANTENNA
UHF LINEAR SLOT
ELECTROSTATIC
PROBE

UHF

ANNULAR

SLOTS
S-BAND
DIAGNOSTIC
ANTEN

A typical nosecone des;gned to conduct flight
experiments on the performance of base-

mounted antennas. These antennas are exposed to electron density gradients in the near
wake of the test vehicle during low altitude
reentry and their performance can be severely degraded. In addition to the basic antenna measurement experiment, the payload
contains diagnostic instrumentation to de-

termine the ionization levels at the rear of the

vehicle and in the near wake region. This

information will be-important in evaluating
the actual transmission dataduringthe flight.

nas were improved by about 30 dB-through
the use of the alleviants.
The diagnostic measurements included
in the flights are an additional information-gathering aspect of the program. Several extremely interesting devices were
tested on these flights and some unique
scientific results were obtained. The reentry vehicles for both alleviation flighttests
were outfittedwith a number of electrostatic probes that measured directly the
charged particle densities over the vehicle
surface. It was necessary to measure both
the positive ion and the electron densities to
determine the effectiveness of the alleviation material in reducing the concentration
of free electrons. This was the first successful simultaneous measurement of both
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positive- and negative-charged particle
densities during flight tests. The probes
were judiciously placed on the vehicles and
measured the whole time history of the
additive-plasma interaction as a function of
the position on the vehicle, the spreading of
the additive stream when local liquid injection was used, and any non-uniform ablation of the Teflon heat shield.
A number of effects were observed. Liquid injection reduced the measured free
electron density by three orders of magnitude following each injection pulse. Secondly, from the measured changes in
charged particle density, the liquid additive
stream was seen to spread out as it flowed
back over the vehicle. The Teflon heat

(

tained through the close agreement of its
response with that of a special stripline
probe on the third Trailblazer rocket flight.
Both plasma diagnostic devices measure
the electron density close to the vehicle surface, but employ entirely different principies. Thus, one can be checked against the
other.
The evaluation of the flight data indicates that both types of alleviation techniques (liquid injection and elbctrophilic
heat shields) can be applied successfully
and that differences in weight, penetration,
and distribution will decide which approach would be most applicable for a
given mission requirement.

shield reduced the electron density by a

ARMING AND FUZING ANTENNA MEAS-

factor of 200 throughout the time-interval
that the probes were sensitive to the plasma.
The probe results during that flight also
showed no effects of uneven ablation.
Additional measurements served to confirm these significant diagnostic results.
The electrostatic probes measure the electron density only within several millimeters
of the vehicular surface, whereas the midrowave signal attenuation depends upon
the total integrated electron density
throughout the entire thickness of the
plasma sheath. This integrated effect was
observed directly, using the on-board
S-band test transmitter and antenna as a
diagnostic device, as well as a signal-,.urce.
The variations in the signal strength received at ground stations, the coupling to
another on-board antenna, and other observed radiation characteristics could all be
related to corresponding fluctuations in the
properties of the reentry plasma sheath as a
function of altitude and vehicular motion.
These microwave transmission data were
then used to compute electron density profiles for the reentry trajectory which agreed
quite well with the electrostatic probe data
and also with theoretical flow field predictions.
An additional validation of the electrostatic probe as a diagnostic tool was ob-

UREMENTS: Air Force interest in the performance of high-velocity missiles at low
altitudes has opened up a new area of research centered about antennas and shockinduced ionization. Asa resultof thehigher
atmospheric densities involved, an entirely
new spectrum of problems has emerged.
A new class of base-mounted antennas
(windowless) is being considered for use on
advanced reentry vehicle systems. The antennas are placed in the relatively protected
base region of the nose cone. This antenna
location leaves the nose-cone skin mechanically intact, and so it can operate at much
higher aerodynamic stress levels.
Some preliminary research into the problems of antenna operation under these
low-altitude, high-stress conditions has
begun. The situation is complex because at
these altitudes the boundary layer has become turbulent, and very little information
is available on the properties of the flow in
the near wake base region where the antennas are located. Thus, to evaluate the
system performance, one must first obtain
experimental data against which theoretical analyses can be tested.
Laboratory scientists are simulating the
nose-cone environment using cloth made
of a conducting fabric to represent the lossy
medium associated with the near wake
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flow. In addition, a contractual effort is
being conducted for AFCRL in the MIT
wind tunnel using a slightly more sophisticated approach to the problem of analyzing
the wake properties for conical- bodies. Finally, actual flight tests with a series of vehiles at velocities and altitudes approaching
actual operational conditions are being
planned. The combination of these various
efforts should provide a range of information which will be useful iii establishing the
performance of such antennas for Air
Force missions.
MICROWAVE ENERGY/PLASMA INTERACTIONSt The study of the ionized environmert that exists in the vicinity of an aerospace vehicle requires a knowledge of the
complex interactions between microwave
energy and plasmas. Two such Laboratory
studies centered about 1) the effect of
preionization on microwave breakdown,

and 2) the generation of harmonic emission
from a plasma.
When a high-power nficrowave signal
propagates along a path containing residual -ionitation, the breakdown level of
the medium is markedly decreased. Such
paths can occur naturally in transmission
from hypersonic vehicles within the sensible atmosphere, or such paths can be artificially produced by nuclear detonations. A
computer program has been written to calculate the electric field strength required to
initiate microwave-breakdown ll i partially
ionized-gas. The breakdown field is found
by calculating ionization rates and balancing them against the losses due to diffusion
in the free and ambipolar modes. These
analytical results Were compared to experimental data obtained in -neon and
neon-argon mixtures. In certain pressure
ranges, lowering of breakdown- voltage by
as much as a factor of 5 was confirmed
when residual electron densities of 108 per
cubic centimeter and greater were encountered. Simultaneous measurements of the
electron density, metastable density, and

the microwave breakdown field in a neon
afterglow have also been made. Results
show that electron collisional ionization of
the neon metastable states tends to be the
dominant electron production mechanism.
The interaction of a high-power microwave signal and a plasma can also produce non-linear effects. One such effect is
the generation of second harmonic emission when a plasma is subjected to microwave absorption at plasma resonance.
Laboratory scientists have confirmed this in
experiments with neon and xenon plasmas.
Measurements of the amplitude of the second
as a function
of
inputharmonic
power andemission
the neutral
gas density
were also made.Experiments such as these
wre a made Expere nsh
the
provide a better understanding of the
signal loss and distortion that occur in a
plasma environment.
LASER DIELECTRIC INTERACTIONS: Many

classes of dielectric materials are relatively
transparent to microwave energy. Under
laser irradiation, however, cdrtfltn tf these
materials can become less transmissiVe, The
change may be permanent or transient. A
study to characterize the altered dielectric
properties and their effect on-microwave
signal transmission has recently been initiated.
A CW carbon dioxide laser is used to
irradiate a variety of dielectric materials.
Depending upon the sample absorption
coefficient, thermal conductivity and
specific heat, an increase in temperature
will occur. This temperature change mlay
be accompanied by changes in the sample's
dielectric constant and loss tangent. Small
samples of material under test have also
been placed within a microwave cavity
structure. The resonant frequency and
quality-factor are determined for the cavity
and sample combination. By repetitively
sweeping the cavity with a probing signal of
sufficient bandwidth during the laser irradiation period, changes in resonant frequency and quality factor can be dynami-
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ceramic dielectrics, on the other hand, suffer changes only under actual high temperalure conditions and rapidly recover to
pre-test characteristics upon cessation of
laser irradiation and subsequent cooling.
Having established that normally transmissive material may undergo changes during or after laser irradiation, the question
arises as to the effect, if any, that such
changes can produce in the radiation pattern of transmitted microwave signals. A
two-fold effort is underway to answer this
query. A computercode has been written to

predict the effect on the far field antenna
patterns of microwave systems whose
radiating apertires are blocked by obstacles of arbitrary size, shape, position, and

degree of transmissivity. Laboratory experThe output of a 300.watt carbon dioxide

laser, operating at 10.6 miciometers, is used
to locally heat a dielectric sample held in a
ground plane (bright spot). Effects of this iy-e
radiation on the sample properties can be determined bhy
-tonitoring-the microwave reflections in the waveguide section or by

transmitting to a receiving horn.

iments have also been conducted to measure the changes in antenna pattern when
laser damage is simulated by using patches
of fully or partially reflecting materials

placed near the radiating structure. The
tests have shown thatthe degree of pattern

distortion

varies with the nature and

placement of the

patches, as well as the type

of radiating structure under observation.
cally monitored. This information yields a
temporal history of the changes in dielectric constant and loss tangent of the illuminated samples. In other, more recent experiments, the dielectric sample was placed
in the open end of a waveguide section terminated in a ground plane. In this configuration, using standard microwave diagnostic techniques, the complex impedance
coefficient may be determined. The transmission, reflection, and absorption of microwave energy by a laser-irradiated sampiowe
yethu bmeaured.h
te
r
pie may
thus be measured. laser
The laser power
level is varied in successive tests and the
dependence of the dielectric properties on
incident laser power is thereby determined.
It has been found that dielectric materials containing organic components, such as
-epoxy impregnating resins, undergo thermal decomposition, leaving permanent
conducting areas that, in turn, alter the
microwave transmissive properties. Certain

LASER PLASMA PRODUCTION: Power densities produced by readily available laser
systems can alter the medium through
which they pass. Heating of naturally occurring suspended- particulate matter can
produce diffraction effects due to density
variations. At higher power densities, these
aerosol particles can become ionized, and
produce plasmas through cascade breakdown. Finally, in the gigawatt density region, the very molecules that compose the
atmosphere can break down and produce
dense plasmas.
Certain of these laser-plasma-producing
regimes are under study using a CW CO2
laser, as well as a pulsed, 15-joule, transversely excited atmospheric pressure CO2
laser. In particular, the laser-supported
combustion wave is of interest since it may
be ignited at relatively low laser power
levels. Once established, such a plasma extracts energy from the incoming laser wave
to maintain itself. This mechanism suggests

--
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a technique for reducing the energy delivered to a surface by an intense laser beam.
The production of energy-absorbing plasmas adjacent to a surface is therefore under
investigation. The influence of coatings
containing readily ionized components, as
well as the injection of solid particle
aerosols, is under study. This effort attempts to produce a lowering of the characteristic power densities required to initiate a
laser-supported absorption wave, and
thereby protect the surface from further
laser damage.
WAVE PROPAGATION IN AND SCATTERING FROM TURBULENT MEDIA: The index of
refraction of the atmosphere -varies from
point to point in a random manner and this
fact classifies'it as a-turbulent medium. Although the average value of the variations
is zero, electromagnetic waves passing
through the atmosphere can be strongly
affected. This is an important consideration for communications and tracking systens working at millimeter and optical frequencies. The turbulence can lead to loss of
coherence and spreading or scattering of
the radiation, coupled with a fluctuation in
the intensity of thesignals. Such behavior is
generally observed in the propagation of
laser beams through the atmosphere.
The classical approach to this problem
involves the Born- or Rytov approximations. These approaches fail, however,
when the turbulence is strong, which is true
of long propagation paths in the lower atmosphere. In order to include strong turbulence effects, Laboratory scientists developed a new approach based on transport
methods, and derived relations for the intensity distribution, mutual coherence
function and frequency spectrum of a collimated or focussed beam. The effects of
turbulence strength ant' the inner and
outer scales of the turbulence are included,
In addition, the intensity and phase fluctuations of the signal were derived. Scientists
were able, for the first time, to theoretically
predict the saturation of the amplitude
fluctuations, a phenomenon observed by
Soviet researchers.

A second aspect of this research is related
to the scattering of electromagnetic waves
fron turbulent media (as opposed to the
line-of-sight propagation discussed in the
previous paragraph). This is of importance
since reentry vehicles usually produce a
turbulent plasnma wake which often has a
radar cross section larger than the vehicle
itself. Since the properties of the wake can
be used to discriminate decoys from reentry vehicles, it is important to be able to
predict its cross section. The radar cross
section is traditionally calculated using the
Born approximation, but -flight-test data
show that this is often inadequate, since it
neglects the multiple scattering of the inci(lent radar signal and also does not properly include refraction effects. Laboratory
scientists studied the effects of including
both multiple scatter and refraction in the
cross section predictions. First studied was
the effect of including multiple scatter. Its
inclusion leads to, at most, a 3 dB correction. However, other studies showed that
the inclusion of refraction can lead to a
correction of tens of dB's when the aspect
angle at which the wake is viewed is small.
The results of these studies are being used
to develop improved wake cross-section
models and as a corollary, more accurate
predictions of the wake's electromagnetic
scattering behavior.

MICROWAVE ACOUSTICS
Surface acoustic wave devices-can now be
used not only as delay lines but can also
perform sophisticated signal processing
functions, such as correlation and convolution, that previously required a computer.
In addition, microwave acoustic components can perform many of the functions of
purely electronic devices and they do this in
-,naller packages, since the acoustic velocity
and wavelength are 100,000 times smaller
than the electromagnetic velocity and
wavelength.
In recent years, Laboratory scientists
have performed basic measurements and
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sion line model of the transducer was used
to calculate the impedance mismatch between the deposited metal film and the substrate from the measured reflection. With
technique, metal-substrate combinawith minimum impedance discon-

tinuities can be chosen.
50

HALF-I/4'w1 TAPS

4

50

-

The second novel solution to this limita-

tion is to space the transducer lines by onequarter wavelength so that the impedance
discontinuities produce no net reflections.
This scheme has proved very successful in
building SAW filters with precise band-pass
characteristics.

Reflections from tap lines are a source of
signal distortion in surface acoustic wave

transducers. A change in line spacing from
halfto quarter wavelength ensures that there
are no net reflections at tile input.

MINIMIZATION OF SURFACE ACOUSTIC
WAVE DIFFRACTION: A major source of loss-

calculations of acoustic properties for device designs and made them available in the
Microwave Acoustics Handbook and the

es in microwave frequency surface wave
devices is diffraction loss. Prediction of
such diffraction effects is greatly complicated by the material anisotropy. Laboratory scientists have solved this difficult

Acoustic Surface Wave Design Data Chart.

problem so that it is no longer a fundamen-

Both publications are much in demand.
Moderate time-bandwidth surface acoustic
wave pulse compressors are currently being'
used in Air Force radar systems and the
Laboratory's present research is directed
toward the development of compact, inexpensive, contiguous, surface acoustic wave
filters. These will find use in command,
control, and communications systems and
also in electronic warfare applications.
IMPROVED SURFACE ACOUSTIC WAVE
(SAW) TRANSDUCERS: SAW transducers are

fabricated by depositing thin metal film
lines on a-piezoelectric substrate. Although
the individual loading of each metal line is
very small, the coherent addition of reflections from many lines spaced by one-half
wavelength produces significant reflections
and losses that cause signal distortion. Two
approaches were taken to solve this problem. The first was experimental and required the development of a real-time laser
eto measure the magnitude of the ree
evelopmnent
probe t
flections and losses. A theoretical transmis-

Coi',puter

simulated stop action view of sur-

fare acoustic wave diffraction from an interdigital transducer. Here the aperttre is40
wavelengthswidceandthesimulatedradiation
isinto an anisotropic medium. Such displays

were used by AFCRL scientists in their deof materials and crystal cuts that

minimize diffraction

spreading,

II

7-1

tal limitation. Tests have experimentally
confirmed-this ncw general theory and delineated the limits under which a simpler
scaled isotropic theory can be used. These
techniques have recently been used in the
comprehensive, optimum design of uniform surface wave transducers. Both
anisotropic diffraction and beam-steering
effects are included in these designs.
In non-uniform or apodized transducers, the aperture width varies along the
length of the transducer. Ideal transducer
design procedures assume that the acoustic
beam remains the sanie width as the finger
pair from which it is sent. Anisotropic diffraction effects, however, cause each beam
to spread at a different rate. Laboratory
scientists have developed a general diffraction compensation synthesis procedure
that corrects the original ideal design for
diffraction variations for any anisotropic
material. In addition, a new class of crystal
has been discovered in which the inherent
anisotropy of the material is used to continually refocus or reform the beam. This
virtually eliminates diffractor, spreading.
One of these minimal diffraction cuts has
been experimentally shown to have 100
times less beam spreading than isotropic
materials. Such crystals are being used to
makc ,mpact delay lines having hundreds
of microseconds of delay without prohibitive diffraction losses. Another feature is
that ideal transducer designs cpn be applied
to these crystals without the need for
further diffraction compensation. This advance is being applied to the highly
apodized filter having rectangular bandpass etlaracteristics required for fast spectral analysis.

development is in response to an ESD requirement.
A single clock-controlled pulse generator
produces a pulse train containing the required frequencies as harmonics. A surface
acoustic wave filter band selects and filters
the required signals. This approach inherently yields high reliability and low costs.
The latter advantage stems from a fabrication technique of contact printing the entire filter bank from a single photolithographic master in much the same way as in
integrated circuit production. Prototype
filter banks with 21 channels have been fabricated on single 0.9 x 2 cm piezoelectric
substrates. Each of the 21 filters consists of

CLOCK

,

_
_

PULSE
GENERATOR

A

I
*

21 CW OUTPUTS

-2cm
The 2 cm scale refers to the dimensions of the

FREQUENCY

SYNTHESIS

WITH

ELASTIC

SURFACE WAVES: Many electronic devices
use a number of stable, equally spaced fre.he apparatus
in their o

roperation. Tagates
quencies n
that provides such signals is called a fieluency synthesizer. Surface acoustic wave
technology has
applied to develop a
novel, compact frejquency synthesizer. The

!zI

acoustic surface wave filter bank in this
AFCRL-dcveloped microwave frequency
synthesizer., Each vertical column isaseparate

surface acoustic wave filter. T"e signal prop-

as a Rayleigh (su "tace acoustic) wave
from the small transduo-r at the top to the

larger one at the bottom. Each visible line in
the insert iscomposed of 4 1.5 it wide lines.
Thn spacing between the center of the lines
The
determines the frequency of the filler.
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an input and an output transducer, and the
pairs of transducers are designed to constitute 21 filters, each tuned to a different
frequency. In addition to the response peak
that each filter has at its design frequency,
each filter has a response null, or rejection
notch, at all the other frequencies. Thus,
the pass frequency of each channel corresponds to the nulls of all other channels. A
spectrum of regularly spaced frequencies
across the band is generated by repetitive
sub-nanosecond pulses recurring at a rate
interval. When
null-spacing
equal
the
i
2g Wnt
thisqsinalto theisdistributedto
this signal is distributedt tothe 21 input
transducers, the output transducers simultaneously yield the required 21 CW signals.
Test devices were contact printed on
lithium tantalate, with an acoustic surface
wave propagation velocity of 3230 m/sec,
and aluminum-nitride-on-sapphire, which
has a propagation velocity of about 6000
m/sec. The same 21-channel master was
used in both cases. The tantalate yielded
contiguous filters spaced by 5.3 MHz, with
frequencies from 520 through 650 MHz,
and relative center frequencies accurate to
about 0.02 percent. The rp;-.ction ratio for
the periodic frequency input was in excess
of 40 dB, with an insertion loss of about 17
dB at the center frequency of single channels. The aluminum nitride thin film device
had channels spaced by 10 MHz in the
970-1210 MHz band. Because of nonuniformities in the film, however, the performance was not- as good as the lithium
tantalate. However, no degradation of performance was found for the aluminum nitride filters with a CW input of 1 watt per
channel.
Second-order effects have -been minimized by the use of a-"thinned" transducer
configuration, i.e., periodically omitting
groups of transducer lines. This allows one
to retain the same overall transducer length
and this determines the null spacing. At the
same-time, however, reducing the number
of lines minimizes the effects of acoustic
reflections. Without thinning, these reflections would badly distort the frequency re-

sponse. Electromagnetic leakage has been
decre;,.-d by a package design that
minimizes feedthrough with minimum
lead lengths and maximum shielding.
Computer calculations have been carried
out to develop an optimized matching
scheme for connecting all of the input
transducers to the pulse source. By using a
series-parallel connection of the input
transducers to match the real part, and a
single inductor to tune out the combined
imaginary part, a satisfactory alternative to
complicated and bulky matching networks
has been developed. This approach preserves the simplicity, compactness, and reliability inherent in this SAW design of a
multichannel filter bank. This work isbeing
extended to fast spectral analysis application for electronic reconnaissance, warfare,
and intelligence applications.
MICROWAVE
-

DIELECTRIC

RESONATORS

AND FILTERS: Dielectric resonators have an
advantage in microwave circuit applications at frequences above 3 GHz because of
their small size, simple coupling circuitry
and high reliability. They are especially
useful where multichannel filtering and
high density packaging are-required. One
such application is a Laboratory-developed
96-channel, C-band Frequency Analyzer,
which incorporates 96 individual contiguousfilters, eachhavinga3dBbandwidthof
10 MHz. The core of the filter module is of
circular cross section, with eight radial
separators and 12 disks formed into 96 individual cells. Each cell contains dielectric
*esonator-disk and detector circuitry which
couples to a single common coaxial feed
line in the center of the core. The signal
processing circuitry -is-mounted on etched
circuit boards mounted radially on the
metallized core. The first such frequency
analyzer was, of course, a hand-wired prototype. The operational version will have
large-scale integrated (LSI) circuits, reducing the protruding radial boards to mere
-inch wide strips. This frequency
analyzer was developed in response to a
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varied by several orders of magnitude.
Most of these waves are reciprocal in the
sense that energy can propagate between
any two points in either direction. One
type, however, is non-reciprocal.
Laboratory scientists have made significant advances in the generation, control
and understanding of these magnetic sur-

This 96-Channel C-Band frequency analyzer
has 96 individual strontium titanate disk resonators arranged in a corn cob type core,
'coupling to asingle coaxial feed line. The 10
MHz wide filters give contiguous coverage
from 4000-4960 MHz. A parallel processing
signal sortersupplies output voltages proportional to the detected frequencies in less thanI microsecond. Such devices find use in electronic wat fare applications.

SAMSO requirement.Another application
of dielectric resonators, curre:xtly under
study in the Laboratory, is a wldeband electronically tunable filter for the AWACS
and AABNCP Systems.

.

face waves. They-find use in signal processing devices at frequencies above a few
gigahertz, where acoustic surface wave
losses are prohibitively high. Among other
possibilities, tunable filters, variable delay
lines, pulse compressors, and isolators can
be constructed using these magnetic surface waves. In addition, they possess the
tniue features of non-reciprocity and
electronic tunabilit' and these are not possessed by their acoustic counterparts.
The practical use of magnetic surface
waves at 15 GHz was demonstrated at
AFCRL. Propagationlosses were measured
and figured to be-a thousand times smaller
than the best previously obtained. This was
accomplished .by reducing the surface
loises with optical polishing followed by
suitable chemicalpolishing. Measurements
were also made of insertion, coupling, and
propagation loss of tunable microwave

magnetic delay lines. It was shown that electronically tunable delay lines, in the frequency range 4-12 GHz with zero to one
microsecond delays, are indeed practical.
As a result of these in-house efforts, Laboratory scientists-feel that magnetic surface
wave technology is ready for exploitation
and utilization in microwave signal processing systems.

MAGNETIC SURFACE WAVES: A magneti-

cally saturated ferrimagnet, such as yttrium
iron garnet, will support many modes of
propagation in the microwave frequency
range. The modes include both surface and
volume waves in which the energy carried
by the waves is purely magnetic in character
-with the electric field component entirely
negligible. The velocity of propagation is
tunable and propagation velocities may be
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Tnrmnlent AItinucphere
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IiP73 Intl. IEEE/.A P Symp. and USNGIURSI INtg.,

Univ. of Colo., Boulder, Colo. (2 1.24 August 1973)
GINSB~URG. A. P., CAPT.
Psychological.Aspectrof a Modelfor the Classification of

Visual Images
Intl. Cong. of Cybernetics and Sys., Oxford-, Eng.
(28 Atugust.- I September 1972)
Patterni Recognition Techniques Suggested from
Psychological Correlates of a Model of the Humnan Visual
System

1973 Natil. Aerosp. and Elect. Conf., Dayton, Ohio
(14-16 Mfay 1973)
Perceptual Correlates o a Two-Dimensional Spatial

Frequency Model of the Human Visual System
1973 Ann. M\tg. of the- Opt. Soc. of Am., Rochester,
N. Y.(9.12 October 1973)
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AIAA 6th Fluid and Plasmna Dyn. Confi, Palm Springs,
(16.18 July 1973)
Enhancement of Miirow-ave Antenna Performance in a
Reentry Plasma. Flight TestResults of ChemnicalAlleviation

1973 Intl. !EEEIG-AP Symp. and USNC/URSI \ftg.,
Univ. of Colo., Boulder, Colo. (21-24 August- 1973)
AAHN,~
KLGAP

Solar Limb Brightening at X = 8.6 Mmn

1973-Intl. IEEEIG-AP Symp. andUSNC/URSI Mltg.,
Univ. of Colo., Boulder, Colo. (21-24 Augtust 1973)
LAKER, K. R., 1ST LT.
Computer-Aided Analytis and Design
Feedback Active, RC Networks

of Muliple-Loop

8th Ann. Princeton Conf. on Info. Sci. and Sys.,
Princeton Univ., Princeton, N.J. (28-29 riarch 1974)
LAKER, K. R., ISTLU., BUREAU, k.j., and CARR, P. H..
Comnpact Acoustic Surface Wave Frequency Multiplexer

A Poariztio
Itereromter1974
Sagac

1972 Fall Nftg. of the Opt. Soc. of Am., San Francisco,
Calif. (17-20 October 1972)
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GOGGINS,

W. B.,JR., MlAj., and CENTOVAN~1,J.J., LT-.
Cot.. (AFSC Andrews AFBPNd.)

K. R., IST Lr., anti GIIAtiSI, MN.
S. (Natil, Sci.
Fdti., Wash., D.C.), KELLY,J.J. (Univ. of Bridgeport,
Conun.)

Synthetic Aperture Dual Frequency Radar (SADFRAD)

Minimum Sensitivity Leapfrog Active RC Filters

19th Ann.T'ri-Svc. Radar Symp., AF Acad., Colo.
(10-12jtily 1973)

1974 IEEE Intl. Symip. on Circuits and Sys. Theory,
San Francisco, Calif. (22.25 April 1974)
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LAMMaERS, U. H-.W., and OLSEN, R. L. (Comm. Res.
Ctr., Ottawa, Can.)
Measuremnents of Wind.Induced Doppler Shifts at 16 Gli
Over a Long Range Bistatic Scatter Link

IEEE Conf. on Propagation of Rad. Waves at Freq.
Above 10 GH z, London, Eng. (10-.13 April -1973)
InterferenceMeasuremnents Over a 15.7 GHz Transhorizon

NEWBURGH, R. G.
Fresnel Drag and the Foundations of the Special Theoly of
Relativity
Boston Colloq. for the Philosophy of Science, Boston

Path

Univ. (27 February 1973); (Inv.) Colloq., Phys. Dept.,
Worcester Polytech, Inst., Mass. (9 Octcber 1973);
Colloq., Phys. Dept., Boston Coll.. Mass. (31 October
1973)

AGARD Electing. Wave Propagation Panel Spc-dalists
Mtg., Rome, Italy (7.11 May 1973)

Acoustic and Magnetic Surface Wave Ring Interferometers
f,,r Rotation Rate Sensing

Bistatic Mea~suremnent of Meteorological and Propagation
Paramneters with a High-Resolution Ku-Band ScatterSystem

Colloq., Naval Ordance Laboratory (26 Apri 1974)

1973 Intl. IEEEIG-AP Symp. and USNCIURSI Mtg.,

Univ. of Colo., Boulder, Colo. (21.24 August 1973)
LAMMERS, U. H. W., and STICLttZ, M. R.
A One Microsecond Pulse Frequency AnalyzerforElectronmc

Countermeasures
1972 AFSC Sci. and Engrg. Symp., San Antonio, Tex.
(17.19 October 1972)
MACK, R. B.
Resonant Region Scattering

Boston Chap. Mtfg. of the-IEEE Gp. on Ant. and
Propagation, Raytheon Co., Bedford, Mass.
(19 September 1973)
MAIL~~otJX(

OLSEN, R. L. (Comm. Res. Ctr., Ottawa, Can.), and
LAMMERS, U. H. IV.
Measurements of Wind-Induced Doppler Shifts at 16 GHz
Over a Long Range Bistatic Scatter Link

IEEE Conf. on Propagation of Radiowaves Above 10
GHz, London, Eng. (10.13 April 1973)
Transhorizon Interference Measurements at 15.7 GHz
1974 IEEE G-MTT Intl. Symp. and USNCIURSI
Mtg., Ga. Inst. of Technol., Atlanta, Ga. ( 1-13 June
1974)
PAPA, R.J.
Nonlinear Transmission of EM Waves Through a Difftusing
Chemically Seeded Reenty Plasma

Fall USNC/URSI Mtg., Williamsburg, Va,%
(1- 15 December 1972)

RJ.-

Array Techniques for Limited Scan Application

(Inv. Paper) Boston Chap. Mtg. of IEEE Cp. on Ant.
and Propagation, Boston, Mass. (26 September 1972)
The 'Blind Spot" Phenomenon in Phased Arrays

USAF Ant. Symp., Univ. of IIl, Urbana, Ill.
(1 1-13 October 1972)

MAILLOtIX, R. J., and BLACKSMITH, P.
Array and Reflector Techniques for Airport Precision
Approach Radars
26th Mtg. of the Avionics-Panel, Munich, Ger.
(26-28 November 1973)
MAILLOUX, R. J,, and FORBES, G. R.(1.6Nvme192
An Array Technique with Grating Lobe Suppression for
Limnited Scan Applications
1972 Intl. IEEEIG-AP Symp., Williamsburg, Va.
(I11-15 December 1972)
An Experimental Array Program for Limited Scanning
Studies

1973 Intl. IEEE/G-AP Symp. and USNC/URSI Mtg.,
Univ. of Colo., Boulder, Colo. (21-24 August 1973)
MAILLOUX,

R.. J., and

MAVROIDES,

W. G.

Design, Fabrication and Testing of a Lowv Profile Antenna
foicatSainKeepingApplication
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MERRY, J. B., and SETHARES, J. C.
Low Loss Magnetostatic Surface Waves at Frequencies uip to

15 GHz
1973 INTERMAG (Intl. Mag.) Conf.., Wash., D. C.
(24.27 April 1973)

PAPA, R. J., and TAYLOR, R. L.
Effect of Losses and Nonlinearities on Transients in

Disperive Media -A System Study
1973 Intl. IEEE/G-AP Symp. and USNC/URSI Mtg.,
Univ. of Colo., Boulder,.Colo. (21.24 August 1973)
RAO, K. V. N.
Nonlinear Elect roacoustic Resonances inAflerglozoPlasmas
Am. Phys. Soc. Plasma Phys. Mtg., Monterey, Calif.

ROTMAN, W., JACAVANCO, D., and HALOERMAN, C.
(Mass. Inst. of Technol.)
Electrophilic Ablatorsfor ReentyAntenna Systems
1972 Intl. IEEEIC-AP Symp., Williamsburg, Va.
( 1-15 December 1972)
SCHELL, A. C.
A Limited Sector Scanning A4ntenna

URSI/IEEE/C-AP Fall Symp., Williamsburg, Va.
(12-15 December 1972)

Perfrmance of a Reflector-Array Limited Scan Technique

1973 intl. IEEE/C.AP Symp. and UJSNC/URSI Mtg.,
Univ. of Colo., Boulder, Colo. (21.24 August 1973)

SCHINDLER, J. K.
Resonant Region Radar Obseniables and Signatures-

(Inv.) Tech. Coop. Prog. rI-rCP) Action Cp. on
Target Signature Characteristics, Naval Res, Lab.,
Was, D. C. (3 June 1974)
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SCHINDLER,J, K., and GoGGINs, W. B., JR., LT. COL.

SLOBODNix,A.J.,JR.,SZAo,T. L.,CAPT.,KEARNS, W.

A Novel Airborne RadarTechniquefor Moving Target
Detection, Location and Tracking
1974 IEEE G.MTT Intl. Symp. and USNC/URSI
Mtg., Ga. Inst of Technol., Atlanta, Ca. (11-13 June
1974)

J., and TIGHE, J. F., SsGT.
Minimal Diffraction Acoustic Surface Wave Orientations
1973 Ultrasonics Symp., U. S. Naval Postgrad. Sch.,
Monterey, Calif. (5 November 1973)

C.
LowLoss MagnetostaticSurfaceWaves at Frequenciesupto
SETHARES, J.

Ultrasonics, Boston, Mass. (4 October 1972)

1973 INTERMAG (Intl. Mag.) Conf., Wash., D. C.
(24-27 April 1973)
Microwave Magnetic Surface Waves in Saturated
Ferrimagnets
IEEE Mtg. on Mag., Sonics and Ultrasonics Microwave
Theory and Techniques and Aerosp. and Elect. Sys.,
RCA, Burlington, Mass. (11 Septenber 1973)

TransducerDesign Including Beam Steering and
Diffraction
85th Mtg. of Acoust. Soc. of Am., Boston, Mass.
(10-13 April 1973)
K. N., and ALTSHULER, E. E.
Statistics on Apparent Sky Temperature at 35 GHz for the
Boston Area
1973 Intl. IEEE!G-AP Symp. and USNCIURSI Mtg.,
Univ. of Colo., Boulder, Colo. (21-24 August 1973)
WULFSBERG,

TECHNICAL REPORTS
1972 --JUNE 1974

E. E., and KALAGHAN, P. M.
TroposphericRange Error Correctionsfor the NAVSTAR
System
AFCRLTR-74.0198 (16 April 1974)
ALTSHULER,

SLE£TEN, C. J.

*

MethodsforDeterminingAcousicSurfaceWaveDiffraction
Ultrasonics Symp., IEEE Gp. on Sonics and

15 GHz

SE 'HARES, J. C., and STIGLIrZ, M. R.
PropagationLoss and MSSW Delay Lines
Intl. Mag. Conf., Toronto, Can. (14-17 May 1974)
MagnetostaticSurface Wave Delay Lines
1974 IEEE G-MTT Intl. Symp. and USNCIURSI
ill
174)JULY
Mtg., Ga. Inst. of Technol., Atlanta, Ga. (12-14June
1974)

*

SZABO. T. L., CAPT., and SLOsODNIK, A. J.. JR.

Applications of Electromagnetic Technology in
ttelecommunications
NSF Wkshp. on Electmg. Theory of Continuous
Media, Williamsburg, Va. (12-15 December 1972);
Univ. ot Miss., University, Miss. (15 Febcuary 1973)
AD COM Initiatives - 1973
I b73 Intl. IEEE/G-AP Symp. and USNC/URSI Mtg.,
Univ. of Coo., Boulder, Colo (21-24 August 1973)

DE VITO, P. A., MAJ.
Some Properties of an Injection-Locked Pulsed Magnetron
AFCRL-TR-73-0073 (16 January 1973)
DE VITO,

P. A., MAJ., CARR, P. H., and SZABO, T. L.,

SLOBODNIK, A. J., JR.

CAPT.

MaterialDependenceofAcousticSurface WavePropagation
Losses
Ultrasonics Symp., IEEE Gp. on Sonics and
Ultrasonics, Boston, Mass. (4 Octobe " !972)
The Effect of Surface Quality on Acoustic Surface Wdv¢
Attenuation on YZ LiNbO
1973 Ultrasonics Symp., U. S. Naval Postgrad. Sch.,
Monterey, Calif. (5 November 1973)
A Review of the Propertiesof Surface Acoustic Wave
Materials
(Inv. Paper) MRI Intl. Symp. XXIII on Opt. and
Polytech. Inst. of Brooklyn,
Acoust.-Micro-Elect.,
1974)
April
N.
N Y. (16-18
(6
Ai9AFCRL-TR-74.0080

The Performanceof 31 and 127 Bit Elastc Surface Wave
Encoders and Decoders
AFCRL-72.0736 (19 December 1972)

SLOBODNIK,

A. J., JR., and SZABO, T. L.,

CAPT.

Synthesis ofPeriodicApodizedSA WFiltersin the Presenceof
Diffraction
1974 IEEE G-MTT-IntI. Symp. and USNC/URSI
Mtg., Ga. Inst. of Technol., Atlanta, Ga. (11-13 June
1974)

DRANE, C. J., JR.

On the Three-Term TheoryforAnalyzing Thin Cylindrical
Dipole Antennas
AFCRL-72-0744 (29 December 1972)
On Improving Approximationsfor Current and Charge
Distributions of Cylindrical Dipole Antennas
AFCRL-TR.73-0752 (18 December 1973)
On the Long CylindricalAntenna
(8 February 1974)
H. W., and STuom, J. A.
S Elmn
H.
Aray
A SixteenElementSBF Array
AFCRL-72-0500 (23 August 1972)
An Eight-Element SBF Fan.Beam Array
AFCRL-TR-74-0115 (4 March 1974)
EHRENSPECK,
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FANTE,

R. L.

KARAS,

Effect of Diffusion on Laser Induced Breakdown of Gases
AFCRL-72-0479 (15 August 1972)
Receiver Noise Due to RIV Plasma Sheath Turbulence
AFCRL-72-0735 (18 December 1972)
Propagation of Electromagnetic Waves Through Turbulent
Media Using Transport Theory
AFCRL-72-0733
Wav(18
Amlifcaton
ndDecember
he rinipl1972)
ofConervtio of
Wave Amplification and the Principle of Conservation of
W~ave ActionoatcuraeDvcsbChncaEchg
AFCRL-TR-73-0156 (8 March 1973)
Change in Reflection Coefficient Induced by a Spot on the
Surface of a Dielectric Inside a Rectangular Waveguidi
AFCRL-TR.73.0365 (18 June 1973)
Mutual Coherence Function of a Beam Propagating in a
Turbulent Medium
AFCRL-TR.73.0566 (7 September 1973)
Radar Cross Section of Underdense Turbulent Wakes
AFCRL-TR-73-0634 (11 October 1973)
Mutual Coherence Function and Frequency Spectrum of a
Laser Beam Propagating Through Atmospheric Turbulence

N. V.

Microstrip Plasma Probe
AFCRL-72-0417 (i7 July 1972)
Electroacoustic Probe Results Obtained in an Argon
Afterglow Plasma for a Planar Geometry
AFCRL-TR.73.0665 (2 November 1973)
KEARNS, W. J., and SILVA, J. H., '.GT.
Fabrication of Elatic Surface Devices by Chemical Etching
AFCRL-72-0731 (19 December 1972)
LENNON, J. F.
Trailblazer II Rocket Tests on the Reentry Plasma Sheath:
Vehicle Performance and-Plasma Predictions
(Flights-No. 1.3)
AFCRL-TR-73-0317 (16 May 1973)
LENNON, J. F., and HERSKOVITz, S. B.
Design and Testing of a Chemical Injection System for

AFCRL-TR-74-0079 (6 February 1974)
Frequency Spectrum of Optical Waves Propagating in a
Moving Turbulent Atmosphere
AFCRL-TR.74-0135 (8 March 1974)

Reentry Plasma Alleviation
AFCRL-TR-74.0113 (28 February 1974)

FANTE, R. L., and TAYLOR, R. L.

Transient Signal Propagation in Lossy Plasmas
AFCRL-TR-73-0277 (25 April 1973)

Representation oftheElectricFieldofLongitudinal Waves in
a Plasma
AFCRL-TR-73-0193 (29 March 1973)

FOSTER, M. R., IST LT.
Microwave Breakdown Calculations that Include the Effects
of Prcionization in Neon and Neon-Argon Mixtures
AFCRL-TR-73-0562 (6 September 1973)

MACK, R. B., WoJCICKi, A. W., and ANDRIOTAKIS,.J.J.
An Implementation of Conventional Methods of Measuring
the Amplitude and Phase of Backscatter Fields
AFCRL-TR-73-0418 (16 July 1973)

GOGGINS,

W. B., JR.

MAJ.

MAILLOUX,

Identification of Radar Targets by Pattern Recognition
AFCRL-TR-73-0126 (26 February 1973)
HAYES, D. T.
The Calculation of LowerBounds on the Breakdown Power
Levels of Electromagnetic Structures
AFCRL-TR-73-0095 (7 February 1973)

HAES, D. T.,
POIRIER, J. L.

HRsKovrrz,

LINDSTROM,

S. B.,

LENON, J.

F., and

Preliminary Report on the Trailblazer 11 Chemical
Alleviation Flight of 28July 1972
AFCRL-72-0640 (25 October 1972)
HOL, F. S., PIERCE, J. N., and SCINDLER, J; K.
Improved Spectrum Analysis Noise Radar Systems
AFCRL-TR-73.0279 (30 April 1973)

PAPA,

R. J.

R. J.

Array Techniques for Limited Scan Application
AFCRL-72-0421 (19July 1972)
An Overlapped Sub-Array for Limited Scan Application
AFCRL-TR-73-0598 (27 September 1973)

MAILLOUX, R.J., and FORBES, G, R.
Experimental Studies ofa Multiple Mode Array Technique
for Limited Scan Applications
AFCRL-TR-73-0685 (6 November 1973)
MAVROIDES, W. G., SCHOFIELD, R. A., and MAILLOUX,
R.J.
A Lightweight, Low-Profile Antenna for Airborne
Station-K0eping Application

AFCRL-TR-73-0047 (12 January 1973)
NEWBURGH,

M., and ALTSHULER, E. E.
Tropospheric Refraction Corrections for Airborne Systems
AFCRL-TR-73:6376 (26 June 1973)
KALAGHAN, P.

P., and

R. G.,

BLACKSMITH, P.,-BUDREAU,

A.j.,

and SL-THARES, J. C.
Novel Acoustic and Magnetic Rotation Rate Sensors
AFCRL-TR-74-0023 (10 January 1974)
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PAPA,

R. J.

RAO, K. V.N.

Chemical Injection into a Reentry Plasma to Improve High
Power EM Wave Transmission

Linear and Nonlinear Tonks-Dainer Resonances in
Laboratoiy Afterglow Plasmas

AFCRL-72-0556 (18 September 1972)

AFCRL-TR-73.0094 (7 February 1973)

Numerical Solution of the Dispersion Relations for a Hot

Magnetoplasma with Collisions
AFCRL-72.07 12 (6 December 1972)

ROTMAN, W., and MALONEY, L. R., MAj.
High Power Microwave Antenna Performance in the
Stagnation Region of a Blunt Reentry Nose Cone

nd~AFCRL-TR-73-0072 (16 January 1973)
Attenuation of Longitudinal Elect roacoustic Waves in a
SCHINDLER, .J. K., and GOGGINS, W. B., LTr. COL.
PasCma
-7.13(2 erar 93
An Airborne RadarTechniqueforMovingTarget Detection,
PAPA
INOTRO,
R..,

AFCR-TR73-023
28 Fbrury 173)Location,

PAPA, R. J., and TAYLOR, R. L.
Comparison ofthe Effectsof D~fferent

and Tracking

AFCRL-TR-73-0719 (26 November 1973)
Transport Coefficients

on theNonlinear Reflection and Transmission Coefficients of
a Reentry PlasmaAFR-R7012(8ebur194

SETHARES,

J. C., and

MERRY,

J. B.

Magnetostatic Surface Waves in Ferrimagnets Above 4 GHz

AFCRL-TR-73-0362 (8June 1973)ACRTR4012(8Fruy-94
Effects ofDifferent Flow Field Conditions on theHigh Power
Transmission Properties of a Reentry Plasma
AFCRLTR-730754 (14 December 1973)

SOONKA . R
UHF and Microwave Frequency Acoustic Surface Wave
Delay Lines: Design
(6Ags193

AFCRL-TR-73.0538 (6Ags

POIRIER. J. L., ANTONUCCI, J. D., and TROPEA,

of a Microwave Antenna System in the

*Performance

Shoulder Region of a Blunt Reentry Nose Cone
AFCRL-TR-73-0656 (24 October 1973)
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A.J.,JR., and CONWAY, E. D., DELMONICO,
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Microwave Acoustics Handbook
Velocities

-
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POIRIER, J.

AFCRL-TR-73-0597 (I October 1973)

Variations in the Attenuation of Signals Transmitted from
Reentry Vehicles

. ATan ~noiA . R
Acoustic Surface Wave Diffraction and Beam Steering

AFCRL-TR-73-0650 (17 October 1973)

AFCRL-TR-73-0302 (3 May 1973)

L., and TROPEA, D. H.
Simple Met hod ofSimulatingMotion andPlasmalInduced
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Aerospace Instrumentation

Laboratory

AFCRL is concerned with investigations
of the environment in which Air Force systems must operate, and its scientists use a
variety of equipment and methods for obtaining their research data. It follows that
atmospheric and sp?.ce probes play an important role in this mission. The Aerospace
Instrumentation Laboratory provides balloon, satellite-and rocket support to other
AFCRL laboratories and also conducts research and development programs to ensure that the scientist- has the best vehicle
and ancillary equipment within his budget
to meet his objectives. To carry out this
work, the Laboratory's professional manning is mainly composed of engineers, both
military and civilian.
Permanent balloon launch facilities are
located at Holloman AFB, New Mexico,
(Detachment 1, AFCRL), and at Chico,
California (Detachment 3, AFCRL). Both
detachments have a remote operations
capability for performing flights wherever
a need may exist. The Holloman facility has
access to the use of precision radar, optical
instrumentation, telemetry and restricted
airspace on the White Sands Missile Range,
New Mexico, which provides the opportunity to conduct balloon operations involving free fall, explosives and high altitude
tethering.
While the Laboratory's rocket branches
provide support solely to AFCRL experimenters, the balloon branches are frequently called upon to support other Air
Force organizations, the Army, Navy, and
NASA. Additionally, the Atomic Energy
Commission's air sampling program (Project Ash Can) receives its -balloon support
from the Laboratory with flight operations

-

-
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conducted in Alaska and Panama as well as
at Holloman and Chico. The operational
aspects of this work are very similar to those
proposed for AFCRL's newly instituted
Stratospheric Environmental Quality program.
During this reporting period, the
Laboratory launched 230 free and tethered
balloons. Highlights of its tethered balloon
operations were programs conducted for
the Space and Missile Systems Organization
(SAMSO) System 621B, a satellite system
for precise navigation; a series that provided for the Department of Defense, on a
quick-response basis, information on missile targeting and firing (Project Graduation Level); and a long series of flights conducted at Donaldson, Minnesota, in support of the Meteorology Laboratory's
(AFCRL) research on boundary layer effects.
Alaska was visited by Laboratory launch
crews twice in support ofthe Ash Can-Program and twice in support of AFCRL scientists engaged in infrared emission studies
being funded by the Defense Nuclear
Agency. ICECAP'73B, conducted at Fairbanks and Poker Flat, Alaska, included
both balloon and rocket vehicles. Signifi.
:'

..-

'

cant data were obtained and are reported in
the Optical Physics Laboratory chapter of
this report.
During July and August 1972, the
Laboratory launched four flights in sup.
port of the NASA Viking program which
has as its objective the unmanned soft landing on the planet Mars in 1976. The
Laboratory's participation in this national
effort was to support balloon-launched decelerator tests which qualified the Mars descent parachute. This included not only
launching the balloons but also designing
the balloon system, and developing the
necessary electronic equipment for command and control functions. The balloons
used in-this program had 34 million cubic
foot volumes which enabled them to carry
6,000 pounds of payload to 120,000 feet.
The four balloon flights for the Viking
program were unqualified successes and
provided crucial parachute data on simulated entry of the Martian atmosphere.
For years, the Laboratory has been flying
extremely delicate optical equipment on its
balloons. During November 1973 the
largest balloon-borne telescope was successfully flown and recovered. Its 50-inch
lens acquired significant measurements of
infrared emissions from the planets Venus
and Jupiter.
Four flights carrying a laser were made
NASA Goddard Space Flight Center,

-for

Greenbelt, Maryland. These were atmospheric propagation experiment designed
to acquire data on the effects of the atmosphere-on laser transmissions. Test results
were provided to Rome Air Development
Center, Rome, New York, and the Air
Force Avionics Laboratory, Wrightwork.

7
S..communications

2
A recover) crew prepares to load the
700-pound ICECAP payload aboar? the
helicopter after lifting it from the fore.A
area in-the background,

On May 5, 1974, Project LACATE
(Lower Atmospheric Composition and
Temperature Experiment) was successfully
launched and ascended to a float altitude of
41.4 km. The experiment, designed and
fabricated by the NASA Langley Research
Center, Virginia, was intended toremotely
A
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infer temperature and the concentration of
selected trace constituents in the 8 to 50 km
altitude range. The experiment used limb
radiance measurements taken in several
bands of the infrared spectral region to
infer vertical profiles of temperature,
ozone, water vapor, atmospheric oxides,
nitric acid, methane and aerosols. Carried
by a large thin film (0.6 mil) polyethylene
balloon, having a volume of 45 million
cubic feet (500-foot diameter), the experiment successfully gathered data for a
period of 5.5 hours at the float altitude.
The Laboratory is participating in Project GEST (Gaseous Explosive Simulation
Tests) as balloon technical advisors to the
Air Force Weapons Laboratory (AFWL),
Kirtland AFB, New Mexico. The effort
consists of developing a system to be used
for simulating the gas entrainment and
mixing processes present in a nuclear detonation. Thirty-two-foot diameter aluminized spherical balloons were designed and
their fabrication and testing monitored.
The balloons were ground-inflated with-a
detonable gas mixture of' oxygen and
methane (1.5 to I mixture ratio), raised to a
height of approximately 150 feet and detonated, giving an -equivalent TNT yield of
1,000 pounds. The Laboratory designedand supervised the fabrication and testing
of the spherical balloons, in addition to assisting in formulating operational procedures and techniques. Three single detonations were successfully performed in
November and December 1973, and a partially successful double detonation was executed in June 1974. A second double detonation is scheduled to take place in February 1975.
The strategic posture of the Uiited
States is extremely dependent upon the
proper functioning of early warning sensors and the communications systems
which link these sensors to commanders
and, ultimately, the commanders to the
nuclear strike force elements. The Aerospace Instrumentation Laboratory is par-

ticipating in this AFWL program as balloon
technical advisor. The program is designed
to determine hardened alternative means
of communications to existing groundbased C-cubed systems. Among the alternate systems being considered by a contractor team, two would employ balloons as a
means of deploying selected communications hardware at prescribed operational
altitudes. These balloon systems would-be
carried to altitude by rockets and airceaft
and air-launched. The technical advisor
role consists of reviewing contractor team
development plans, observing development tests and sitting as a member on a
Technical Advisory Group Panel, consisting of personnel of the various laboratories
and divisions of the Air Force having expertise in the various disciplines involved.
FREE BALLOONS
Free balloGn system technology has made
progress on many fronts during the- past
two years: record altitudes, improved thin
polyethylene film, better understanding of
film properties under use conditions, improved -launching methods, and advanced
instrumentation, discussed under the section on Balloon Instrumentation.
A balloon, 47 million cubic feet in volume, fabricated from 0.35 mil polyethylene, was launched from AFCRL's Detachment 3, Chico, California. Its record
size and record altitude reached (170,000
feet) although in themselves significant,
were not as important as the demonstration
that very thin polyethylene film could be
made to survive the rigors of dynamic
launch- and ascent. The potentially ,-atastrophic tendency of large balloons to Jevelop massive sails which dynamically load
the film during passage through the -extremely.cold tropopause was counteracted
by a self-opening reefing sleeve. New reefing sleeve design information was gained
and subsequently used on the NASA LACATE program.
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method (relatively quite static). The tandem method does not fully utilize inherent
material and design strengths while the
dynamic method introduces large, unpredictable (insofar as both orientation and
magnitude are concerned) dynamic forces
on the balloon structure. A method of inflation and static launch utilizing an unrestrained, cloth-sleeved balloon has been
successfully
demonstrated
with
a
'-000-pound payload. This method should
significantly, extend the potential payloadaltitude capability of single-cell free balloons.
TETHERED BALLOONS

Sleeved balloon in -reelen-up position just
prior to launch.

Today the altitude capability of tethered
balloons which carry useful payload
weights is on the order of 15,000 feet. This
capability allows many scientific and mili-

Very significant with respect to future
high altitude balloon flights was the development of more uniformly balanced
tensile properties in 0.35 mil polyethylene
film. Continuous encouragement of the
vendor toward this end resulted in a 0.35
mil film at least an order of magnitude
superior to previous attempts.
Contracted research was successful in
demonstrating the truth of an- in-house
postulation that polyethylene film cold brittleness is not a film property as such, butis a
directionally sensitive film property. Examination of films from batches that were
used-in good balloons on the one hand and
poorly performing balloons on the other
hand showed the'ductile brittle transition
point of the latter film to be about 15 degrees warmer than the other, a significant
distinction.
The principal problem associated with
large gross load balloon systems is launching. The two usual techniques are the platform launcher (dynamic) and the tandem

tary applications of these balloons. If the
capability could be increased to much
higher altitudes, say above 50,000 feet, and
the balloon could survive the environment
in getting there, the Air Force would have a
station-keeping platform with many-more
scientific and- military applications. With
this as a goal, the research- and development work in 'ethered ballooning is basically that of searching for and ,esting new
materials, both for the balloon and-for the
tether cable,-that- have high strength, light
weight and ability to withstand the environment. At the~same time the Laboratory
conducts many-tethered balloon operations
for Air Force and DOD purposes.
Fibers of Kevlar, a new synthetic material, are being woven in two different patterns for evaluation as the strength members for large balloons. A new concept in
weaving, called triaxial or Doweave, has
been laboratory tested and will be flight
tested as the basic material for the hull of a
45,000 cubic foot aerodynamically shaped
balloon. Also as part of this development

89

program, Kevlar fibers are being mixed
with Dacron fibers to form a ripstop-type
weave pattern. This material wil! be coated
with polyurethane for use in the fins of the
balloon. These materials offer high
strength for minimum weight, the ideal
combination for high altitude balloons.
*The physical characteristics of various
kinds of tether cables are continuously
being investigated to optimize this important part of tethered balloon systems. Ca-

bles made of steel or synthetic fibers, such
as Dacron, are currently in operational use.
Short lengths of cable using -Kevlar fibers
have been laboratory tested, with excellent
results, and will be flight evaluated in the
near future. Studies have shown that if
tether cables can be developed using the
theoretical properties of Kevlar, it will
overcome one of the limitations which prohibits flying tethered balloons to 50,000
feet and above.
Numerous instrumented flights have
been made to-determine the stability of
tethered balloons and payloads under vari-*
ous wind conditions and suspension configurations. Reports are being written
summarizing these test results.
A wide variety of projects using tethered
balloons have been supported during this
reporting period. Components of a satellite
destined for use in a Global Navigation System (SAMSO System 621B) were flight
tested from a tethered balloon. The
tethered balloon proved to be an inexpensive test-bed which simulated satellite conditions, yet permitted recovery and repair
of components as necessary. During the
summei of 1973, the second phase of a
project sponsored by the AFCRL
Meteorology Laboratory was conducted at
Donaldson, Minnesota. The purpose of
these tests was to measure various parameters of the earth's boundary layer by suspending sensors at various levels along the
cable of a balloon. The scientific results of
this project are-given in the chapter on the
Meteorology Laboratory.
,
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The Hugo II tethered balloon system in its
moored configuration.

The HUGO II Wind Data System is one
of the more interesting items developed in
the tethered balloon area. It ,sa mobile,
self-contained system which measures atmospheric temperature, pressure, wind
speed and wind direction at selected altitude levels. Development was undertaken
in support of the Air Force Weapons
Laboratory's TORUS Electromagnetic
Pulse Simulator Program.
HUGO II employs a 30,000 cubic foot
helium-inflated, ballonet balloon of British
manufacture. It is a rugged (Neoprenecoated Nylon) and aerodynamically stable
balloon, sized to maintain a normal flight
altitude of 2,000 feet above ground level
while supporting over 400 pounds of
payload. (Since ground level can be as high
as 6,000 feet, the balloon may be flying as
high as 8,000 feet above mean sea level.)
The gross weight of the-flying system (balloon, payload, tether) is 1,250 pounds.
The payload consists of a balloon control
unit (BCU), three sensor stations, four
high-intensity warning lights and numerous cloth pennants-all attached to the balloon or the tether line. The radio-equipped
BCU relieves balloon overpressure automatically or on command, and, in case of
emergency, will dump the helium and sever
the tether line.
The HUGO II makes atmospheric
measurements with three aerodynamically
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shaped sensor units called Aerosondes.
Battery-powered and hung from q,,ickdisconnect mounting brackets, they can be
moved to any desired-tether line location.
Sensor data are transmitted (upon interrogation) at 2280.5 MHz to the ground station for display and recording. (Ground
level winds and temperature are measured
by a separate pole-mounted sensing station.) The wind speed and direction sensor
of the Aerosonde (developed at the University of Wisconsin) has a unique wind direction unit which senses changes in the earth's
magnetic field as the anemometer cups rotate.
The HUGO II system is packed on a
flatbed trailer for over-the-road transport.
An all-weather shelter on the trailer contains the command transmitter, the recording instrumentation and a working area for
the crew. The balloon and flight gear are
stored in external compartments. Power to
the ground station is supplied by a gasoline
engine generator. The hydraulically controlled winch for the 3/16-inch-diameter,
6,000-foot steel tether cable is also powered
by a gasoline engine,
A folding mooring mast is used, in cornbination with a dolly, to secure the system
between flights. When-moored in this way
the HUGO II balloon successfully withstood gusts of over 45 knots, in December
1972 at-Holloman AFB.
In the course ofdevelopment the HUGO
II System underwent three series of tests
covering all of its intended functions.
These testsi which saw the incorporation of
several field-proven design improvements,
were successfully concluded in December
1973.
POWERED BALLOONS
For several years, the-Laboratory has been
investigatihg the concept of adding a propulsion source to a free balloon so that high
altitude station-keeping could be accomp!ished. Basic feasibility and parametric

,
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Launch of the powered balloon on its test

flight.

studies were completed which indicated
that such a system was feasible, and a plan
for a demonstration flight was submitted
and approved under the AFCRL Laboratory Director's Fund. The powered balloon
system (POBAL) was flown over White
Sands Missile Range on September 16,
1972. The flight was partially successful
with the system obtaining airspeeds in the
range of 7 to 15 knots. It used batteries to
power a 12-horsepower electric motor, a
30-foot diameter propeller, and a 711,000
cubic foot volume round balloon which
flew at 60,000 feet. A structural failure in
the 9-foot-high rudder, however, limited
the flight duration to three hours. The system did demonstrate that it is feasible to
power a balloon against the wind at high
altitude.
Two follow-on contractual efforts are
underway for an advanced powered balloon system known as POBAL-S. It uses a
streamlined, stern propelled balloon which
reduces drag to a value much less than that
of POBAL. The system has a design speed
of 16 knots at 60,000 feet for a seven-day
duration with a 200-pound useful payload.
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A fuel cell power source that can supply 30
volts and 96 amperes on a 100 percent duty
cycle for seven days is required and the
allowable weight for the entire system including tankage and fuel is 500 pounds.
Such a system is available commercially,
and will be adapted for use in the system.
The POBAL-S design effort is being
completed under contract. Hull configuradons, power sources, altitude change devices, navigation devices and launch techniques have been studied. Based on the resuits, drawings are being completed for the
POBAL-S system.

AIRCRAFT-LAUNCHED HIGH-ALTITUDE
BALLOON SYSTEM
In-house studi s and investigations leading
to the preliminary design of a- prototype
aircraft-launched high-altitude balloon system (ALBS) were carried out. The ultimate
goal of this research is an operational capability to deploy and inflate in mid-air balloon platforms capable of supporting
payloads of up to 1,000 pounds for 24
hours at altitudes of 80,000 feet or higher.
This capability will enhance the effectiveness of Air Force missions whose mode of
operation requires the rapid availability of
-low cost substitute satellite systems, such as
the TRI-TAC Multi-Mode Transmission
System (478T). In the course of the investigations, certain technical problems were
identified, whose-solution is essential, such
as designing the cryogenic storage system
for maximum efficiency and safety, choosing the most effective and desirable method
of vaporizing the cryogen andwarming the
gas quickly to ambient temperatures, determining optimum balloon materials and
balloon deployment procedures, and sizing
system decelerators. Work towards resolving these problems was initiated through
additional in-house studies and laboratory
experiments.
Meetings were held with representatives
of the TRI-TAC SPO at ESD and with rep-

resentatives of Headquarters Tactical Air
Command (TAC) relative to the applicability of the ALBS and various other
Lighter-Than-Air (LTA) systems to the
Multi-Mode Transmission System airborne
relay requirement. These meetings led to a
jointly funded (ESD and AFCRL) project
order io the Cryogenics Division of the National Bureau of Standards to conduct
laboratory tests of cryogenic storage and
heat transfer techniques advocated in an
AFCRL in-house report (AFCRL-TR-730633). The National Bureau of Standards
began work on the project order in May
1974 and will require one year for completion. In the meantime an analytical study
was undertaken in-house at AFCRL to examine more critically the ability of airlaunched balloon systems and other highaltitude LTA vehicles to meet the projected
tri-service needs of the Multi-Mode
Transmission System for an operationally
useful backup relay platform.

BALLOON INSTRUMENTATION
Many improved specialty products were
designed, developed and flight tested specifically for flight control and data systems
associated with free, tethered and powered
balloon operations. The scope of the design
effort ranged from sub-miniature plug-in
modules to circuit board sub-assemblies, to
complete instrumentation systems and
some independent piggy-back hardware.
Balloon-borne instrumentation for control of particulate-debris atmospheric sampiers and for telemetry of in-flight performance has been developed. The major
system modular components are a controller, frequency-sensitive data encoder and a
backup controller. The controller is designed to handle the normal flight safety
and-balloon control functions as well as the
operation -ofatmospheric sampling equipment.
Work has continued in updating and upgrading the performance capabilities of
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routine flight equipment modules in an effort to expand functional utility and reliability. An example of this is the new
18-channel balloon command tone
generator which provides time-sequenced
command tone intelligence encoding foi
high frequency (HF) command transmissions from ground stations to remotely located free floating balloon instrument systens. The implementation of the new tone
generator will expand and improve balloon
command capability. Its 18 primary, sequenced commands and six backup, nonsequenced commands double the existing
HF command capability,
A new in-house developed COS-MOS adjustable timer module for flight safety and
ballast drop hold-off is another improved
basic flight system component available for
inclusion in special design applications. It
can be set to any duration between 0 and 99
hours irt
one-hour increments for flight
termination and 0 to 9 hours for safety and
ballast hold-off by convenient miniature
rotary switches on the timer case. The new
timer Uses a crystal-controlled oscillator for
the basic clock with an accuracy of 50 ppm.
Advantages of the digital timer are very low
power drain, and it resets every time power
is interrupted. Therefore, no test time has
to be included in the programmed timer
setting. The new timer weighs one pound,
compared to the 4 V2 pounds of the previous
timer design. High reliability, high noise
immunity, low power integrated COS-MOS
Medium Scale Integration (MSI) circuits
are used throughout.
A pulse Morse Code modulation dataacquisition encoder was designed and developed. This eight-channel digital data
system resolves a five-volt input signal into
512 equal parts. These 512 parts are transformed into a Morse Code. This makes a
nine-bit binary word where a logical 1 represents a dash and a 0 represents a dot. The
encoder output is transmitted back to the
ground control station. Information such
,'s
altitude, pressure, temperature or any
parameter that can be represented by a vol-

tage or a resistance can be telemetered over
sky wave distance:,.
Considerable effort has been expended
in improving free-balloon tracking
methods. Several types of beacon transponders for balloon flights have been investigated. In addition to meeting FAA flight
safety requirements, the transponders, together with the FAA Air Traffic Control
(ATC) radar network, have provided a valuable and accurate means of locating the
position of balloons to within approximately one mile.
The primary problem encountered in
the use of transponders is operation at high
altitudes (to 160,000 feet). Small lightweight commercial aviation units require
that a special pressurization case be built to
house the entire receiver-transmitter unit.
Heavier military units such as the RT-859
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An interesting aspect of the sampling operations conducted at Panama and Alaska isthat
the
is"airrecovery
snatched' would
by C-130air
craftequipment
- otherwise
be extremely difficult because of the surface features of the two locations. Here, a sampling
payload is being winched into the aircraft.

This particular payload consisted of a direct
flow sampler, located at ten o'clock and a carbon 14 sampler located at nine o'clock.
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/APX-72 which contain pressurized transmitter compartments have been successfully used. For comparison purposes, the
weight of a commercial light aircraft ATC
transponder system for balloon use including batteries for 24-hour continuous operation is approximately 15 pounds, while the
weight of the military equipment is approximately 34 pounds. The military equipment
has the obvious advantage of available
maintenance and replacement support
from the AirForce logistics system. Further
investigations planned include the addition
of mode C altitude reporting sensors to the
balloon-borne transponder system.
A third generation balloon locating instrument using VHF Omnidirectional
Range (VOR) navigation has been designed, developed, fabricated and tested-by
the Laboratory. The results have been outstanding and this design is destined to become a routine component of scientific free
balloon systems that require positive inflight-position or track data over long durations for precis'on profile control. This instrument takes advantage of the latest
technological advances, especially in the integrated circuits field. COS-MOS circuits
are used wherever possible. This technology provides high noise immunity, micropower dissipation and MSI in a single
package. The result is a low power drain
instrument. The accuracy is 0.5 degree
over a temperature range of -40' C to
+550 C.
Plotting VOR fixes on aeronautical
charts and triangulating a position is slow
and tedious. It requires one person for the
entire duration of a balloon flight. In its
operational form, the new system will
utilize an automatic plotter operating in
conjunction with a mini-computer to automatically fix the position of the balloon.
This capability is currenly being de-

pute the corresponding latitude-longitude
position of the balloon. This position will be
fed directly to the plotter and automatically
marked on a map. Any type of map will be
usable with this plotter as long as the scale is
accounted for in the computer program.
In order to provide a world-wide balloon
trackig capability at minimal cost, the
VOR balloon- locating system will be complemented by-an Omega tracking system in
areas where no VOR coverage exists. An
Omega balloon tracking system has been
developed and is ready for flight test as
soon as the Omega network becomes usable
over our major area of geographical interest.
The Omega System is a hyperbolic
navigational aid which presently uses four
stations located in the Northern Hemisphere. This system lays down a hyperbolic
grid of lines of position that can be used for
navigation, position fixing, and the establishment of time and frequency references.
Four additional stations to complete the
complement of eir".t Omega stations are
planned, and with these installations, cornplete global coverage of the Omega System
will be achieved. The present stations are
located in Norway, North Dakota, and
Trinidad and Hawaii. The expansion plans
for the Omega System call for establishing
stations in the West Pacific, South America,
the Indian Ocean and in Australia.
Navigation is accomplished through the
reception and phase comparison of signals
from three or more stations with respect to
each other, or three stations with respect to
a stable oscillator. After obtaining phase
differences between three stations, geographical position may be determined by
plotting on an Omega chart, or through
calculations.

veloped. When put into operation, it will

HIGH-ALTITUDE BALLOON SAMPLING

allow
the codeinformation
copier to feed
theinto
Morse
Code bearing
directly
the
computer. The computer will convert the

PROGRAM
The U.S. Atomic Energy Commission's

Morse Code into bearing angles and com-

program for measuring upper atmospheric
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nuclear debris collected by balloon-borne
filtering devices has been in continuous operation since 1956. Beginning in July 1972,
these sam)ling operations were conducted
by the Aerospace Instrumentation Laboratory.
In the spring of each year, an annual
sampling cross section is made beginning at
Albrook AFB, Canal Zone, in March, then
proceeding to Holloinan AFB, New Mexico, in April and concluding at Eielson
AFB, Alaska, in May. Sampling is normally
conducted at altitudes of 70,000, 80,000
and 90,000 feet above mean sea level
(MSL.) However, in 1973 additional sampling was conducted at altitudes of 105, 000
and 120,000 feet MSL. At Holloman AFB,
sampling is conducted on a quarterly basis
at altitudes of 70,000, 80,000 and 90,000
feet MSL. Research and development
flights to update the sampling hardware
and to qualify a nitric oxide sensing system
for flight were also accomplished during
this reporting period.

RESEARCH ROCKETS
The Aerospace Instrumentation Laboratory participates in environmental research
using rockets in two ways. First, the
Laboratory has overall management of the
research rocket probes and is directly involved in the vehicle selection, the design of
payload packages, the launch and the data
acquisition for each probe. Second, the
Laboratory conducts engineering research
in several disciplines to permit new or upgraded experiments to be conducted.
During the reporting period, the
Laboratory was responsible for the launch
of 93 rocket vehicles from various parts of
the globe. Twenty vehicles were launched
from the NASA Wallops Flight Center,
Virginia; 19 from Eglin AFB, Florida; 18

from Poker Flat (esearch Range, Alaska;
16 from Churchill Research Range, Man-

itoba, Canada; 15 from White Sands Missile

The Hi Star payload in its flight configuration. The noseip is ejected to expose thestar

trackerwhiletheIRsensorisdeployed forthe

mapping mission.
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Range, New Mexico; four from Barriera do
Inferno, Natal, Brazil, and one from Vandenberg AFB, California.
Sixty-nine of these rounds werecomplete
successes and ten additional returned partial data, giving an overall 85 percent success rate in returning data. The 14 failures
were equally divided between payload and
vehicle problems. Thus, the overall vehicle
system success was 92 percent.
Of the 93 rockets flown, 68 were of the
small vehicle workhorse class--tat is,
payloads up to 250 pounds with apogees

from 100 to 200 km. Nineteen were in the
large vehicle class carrying 400 to 800

TheChaserpayloadaboardthereooverycraft

pounds from 150 to 250 ki. Six missions

after retrieval from the sea

at night.

used high-performance rockets. Two were
reentry vehicles and four reached apogees
greater than 500 km.
Many of the payloads were designed to a
sophistication seldom encountered in years
past. In the area of cleanliness alone, zero
outgassing and zero pieces ejected became
a reality for some payloads. Eleven
payloads carried full inertial attitude control systems and achieved a 100 percent
success record. Twenty payloads were -recovered in 21 attempts, including two from
water and eight under arctic conditions.
The versatility of the Laboratory's family
of vehicles is indicated by the range of
payloads carried-6-inch diameter, 26
pounds,-to 22-inch diameter, 780 pounds
-and the range of apogee achieved, 90 km
to 625 km. Most of the payloads flown were
in support of AFCRL scientists' in-house
research-projects. Highlights of these and
other agency-funded programs show the
scope of these efforts.

HI STAR: Another program reported on
in our last period continued.with launchesof Aerobee 170's from White Sands Missile
Range, New Mexico, in August and r)ecember 1972, bringing the total launched
to seven. Both of these IR mappings of the
celestial sphere were successful and the
payloads were recovered for re-flight.
These flights completed the mapping in the
Northern Hemisphere. Both payloads
were refurbished and shipped along with
three Aerobee 200 vehicles to Woomera
Rocket Range, Australia. Launches are
scheduled for September 1974. One of the
first two payloads recovered will be field
refurbished to fly the final mission. This
field refurbishment will be a first for the
Laboratory.

CHASER: The fourth and last vehicle of
the Chaser program, reported on in our
last period, was flown successfully from
Vandenberg AFB, California, in October
1972. The ierobee 170 vehicle flewa nominal trajectory, sensors were exposed and
succeeded in tracking the target missile,
after which the payload was retrieved from
the Pacific. Because of the success of this

HI HI STAR: This program is an attempt to
map theIR'sources with greater sensitivity
and accuracy than the earlier Hi Star. The
large size of the liquid helium-cooled dewar
necessitated packaging the instrument
looking aft in a 22-inch diameter nose cone.
After powered flight, the 780-pound
payload is separated from the vehicle and
oriented by the attitude control system for

program, a more sophisticated follow-on
effort i now in the planning stage.
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its mapping mission. Followir.g reentry into
the atmosphere the recovery parachute is
deployed from the nose cone. If the
payload were allowed to impact in this configuration the aft pointing instrument
would impact first, possibly suffering damage. Therefore, a payload inverter system
was designed that iivertsthe payload end
for end while it is descending on the
parachute, insuring greater protection for
the instrument. The first launch was conducted from White Sands Missile Range in
February 1974. A propulsion problem in
the Aerobee 350 caused this engine to shut
down prematurely, resulting in a reduced
apogee. However, some scientific data were
recorded and all support systems functioned properly, resulting in an instrument
recovered in cx.-ellent condition for reuse.
Four additional flights are planned in this
program.
HAVE MERLIN: HAVE MERLIN was a
concentrated program to launch a series of
chemical payloads in a short time span from
Eglin AFB, Florida. The Armament DevelopmentTest Center at Eglin had phased
out vertical probe activity and reassigned all
launch support personnel. Although this
Laboratory has on occasion launched its
own rockets from expeditionary type sites,
this was the first time the Laboratory was
totally responsible for all preparation and
launch activity at an established site. The
Laboratory put together a crew that successfully launched nine vehicles in 48
hours, seven of these in a 24-hour period,
ICECAP: Eighteen payloads have been
launched in this program conducted for
the Defense Nuclear Agency at Poker Flat
Rocket Range, Alaska. The majority of
these have been concentrated in two series
in February and March of-both 1973 and
1974. Six vehicles were launched in
ICECAP '73 including two 600-pound
complex payloads. One contained an ultra
clean LWIR spectrometer that featured an

alligator-like recloseable nose cone enabling the sensor to be exposed without
ejecting any hot pieces from the payload
and providing protection from impact
damage for the instrument during recovcry. Bo.h of these payloads employed an
inertial ACS and were recovered.
ICECAP '74 saw these refurbished instruments flown again in a six-rocket program. A new instrument, HIRIS, a la-ge
helium-cooled IR sensor, was flown for the
first time. Each of these three payloads had
grown to over 700 pounds. In the time between these programs, the Laboratory developed a new soft-landing recovery system
to insure undamaged return of the instruments. This system benefited greatly from
the recovery system developed for Hi Hi
Star, using the same final stage decelerator,
a 46-foot diameter "Paraform" parachute.
A payload inverter system was also developed for the HIRIS mission. The
Laboratory coordinated and took an active
part in the launch and successful recovery
of all five payloads under the hostile arctic
conditions. At present the Laboratory is involved in the-planning of the-ICECAP '75
program.
ALADDIN'74: In cooperation with the National Aeronautics and Space -Administration (NASA), a program was conducted at
Wallops Island, Virginia, on June 29-30,
1974 to permit correlative measurements
of a number of environmental parameters
by various techniques. Some 50 research
probes were launched, of which 17 were the
responsibility of AFCRL. This was the
largest concentrated sounding rocket
program ever conducted and AFCRL's
participation was also its largest. The
Laboratory was responsible-for total integration of five payloads and provided flight
telemetry systems for ten others. The-only
recovery system flown was provided by the
Laboratory, employing a Sandia-developed
ram air-filled, decelerator-flotation system.
An AFCRL scientist was Project- Scientist
for the entire-program while this Labora-
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tory was assigned engineering coordination
responsibilities in areas of launch schedule,
data acquisition and build-up facilities requirements. Laboratory personnel worked
closely with the NASA Wallops Flight
Center over a period of two years culninating in the launch of 54 rockets in 24 hours.
CASTOR-LANCE: In support of an IR
layering experiment, the Laboratory was
required to provide a vehicle for a high
altitude launch near the equator. Castor
and Lance motors were selected from available hardware, modified for sounding
rocket flight, and launched from Brazil on
May 25, 1973, resulting in a successful experimnent.
In-house aerodynamic analyses including performance, drag and loads were confirmed in the operational test.
•

NIE-MLEMTE
ND TRRIR-MLEMTE:
TERRI ER-MALEMUTE:
NIKE-MALEMUTE AND
NASA, Sandia Laboratories and AFCRL
jointly funded the development of two new
vehicles for studies requiring high altitude

or a maximum of time out of the sensible
atmosphere.
The requirements established jointly
were to carry 68 kg to 500 km and 68 kg to
700
km. A new motor
using
a flight-proven
motor was
casedeveloped
fr'om a military
weapon
and proven propellant from a diffWeapond
frmoto
ferent weaponprognroellam.Thenew
program . T he new
m otor,
tagged Malemute, was static fired successfully. Vehiles
t
fu lly. V eh icles uu sin si
g th e N ikeied
o r th e Tessi-r
errier
asbostrsan-te
alinteasanuper
as boosters and the Malemute as an upper

distance from the aiming point. This distance, defined as dispersion by the sounding rocket fraternity, is primarily due to
rotation of the velocity vector in response to
perturbations friom the forecast values.
This pointing error, generated early in
flight, operates for the remainder of the
vehicle flight time. With vehicles of high
performance, the dispersion becomes too
large to permit safe operation at some
launch sites. A control system has been designed for the Paiute Tomahawk to
minimize dispersion. In concept, an onboard gyroscope measures.the difference
between the actual flight path and the desired flight path. This error is electronically
processed to give command signals to small
fins projecting friom the payload skin. The
fins are driven to redirect the vehicle thus
minimizing the dispersion. Studies and designs are complete, hardware is in proand a flight test planned for
curement,
February 1975.

RESEARCH SATELLITES
In recent years the Laboratory has been
responsible for technical management of
research satellites and has designed and
fabricated the spacecraft. One of these, the
OV5-6, a small satellite designed to measure
a Tisolar
n Iradiation,
I i M ywas
1 flown
6 a dpiggyback
ac ev d onn
a'rti11inMy16adacevdn

DISPERSION CONTROL SYSTEM: The usual
sounding rocket is a free-flight vehicle sub-

orbit of 10,000 by 60,000 nautical miles. At
t etime
t m offthis
t i report,
e o t alll systems
s e i e es l
the
wokn
eladtesatliehde wereeestill
working well and the satellite had exceeded
its 18-month design life by a factor of more
than 3. This is the only research satellite
collecting scientific data outside of the
earth's magnetosphere. These data are
being analyzed by scientists of the Space
Physics Laboratory.

ject to variation from its predicted flight
path as a result of atmospheric density and
winds, thrust misalignments, and of air
frame manufacturing errors. With due
care, these variables can be held to reasonable limits, but the rocket impacts at some

Present involvement in the satellite area
is the provision of technical and engineering assistance to AFCRL scientists who
conduct experiments on a piggyback basis.
The Laboratory serves as technical focal
point for these programs andr interfaces

stage meet the design requirements. Flight
tests will be accomplished after thib report
period,

-
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with the military program Office and the
spacecraft

contractor.

Laboratory

en-

ginersconuctenvronentl ad cectronic tests to certify the experimecnts and
coordinate integration and test of the instrutnents at the satellite -manufacturer's
plant. Assistance is provided from experinient

conception through data collection.
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Assembly and checkout of'a sounding racket
payload to measure the electric fields in an
auirora.

V

Space Physics Laboratory

Air Force systems which operate in the
near-earth space environment are subject
to a variety of effects as a result of their
interaction with the environment. Nearearth space is a varying environment, and
the fields and particles of which it is composed vary diurnally, seasonally, and, in
particular, in response to activity on the
sen. Such variations or disturbances disrupt and degrade communication systems,
surveillance systems, detection and tracking systems, and interfere with the operation of electronic-devices and detectors on
satellites.
The Space Physics Laboratory conducts
research on the- near-earth space environment to understand the behavior of that
environment and to define its parameters
for the purpose of providing satellite design criteria, and of developing a capability
to predict disruptive disturbances. Thus,
this Laboratory's-research program studies
the varying magnetic and electric fields in
the magnetosphere, and the particle fluxes
and distributions occurring in that region
of space in which Air Force satellites operate. The research involves experimental
and -theoretical efforts. Data are obtained
through ground-based observations and
from instrumentation on rockets and satellites. Considerable theoretical effortis applied to the developmett of a useful model'
of the magnetosphere which can be used to
cope with the real problems-experienced by
Air Force systems operating in or using the
near-earth space. environment.
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ENERGETIC PARTICLE RESEARCH
Energetic particle fluxes limit space operations. By depositing energy in the earth's
atmosphere, ionizing and heating the ambient gases, particularly at high latitudes,
they degrade, and sometimes inhibit, the
operation of systems which rely on longdistance propagation, of electromairnetic
radiation. The increased Air Force ut, zation of space-borne sensor and communication systems has demonstrated requirements for better knowledge of particle data
at all altitudes. Systems operate from orbits
low enough to be affected by high atntosphere density changes (partially resulting
from heating due to the energy deposited
as particles are stopped) up to synchronous
altitude where the mean free path of particles is so long that electric charging due to
impact of particles permits sizable charge
build-up which produces electrical interference.
The variety of effects which are of interest channels our investigations into the
studies of a variety of particles of different
types and energies. Studies during the reporting period have included proton and
electron populations from 50 eV to hundreds of MeV, and to a lesser degree, alpha

particles and heavy particles in the 1-100
MeV per nucleon range.
The motion of charged particles is arfected by both electric and magnetic fields.
Magnetic fields can only affect the direction
of motion and thus deflect particles from
some volumnes and concentrate them in
others, while electric fields can, in addition,
modify their energy. The relatively stable
terrestrial magnetic field consequently
tends to exclude low energy in-flowing particles from equatorial regions and to contain those particles already in orbit near the
earth in a restricted region, i.e., the socalled Van Allen belts.
High solar activity not only brings solarproduced particles to the earth but also
changes the electromagnetic field configuration, which modifies the resident particle populations. Systems designed to operate properly in the average particle environment experience malfunctions or
anomalous behavior during and after extreme solar activity. The malfunctions of
DSCS sateliites occurred predominately
during magnetic substorms and were apparently caused by the influx of plasma
from the earth's magnetotail to synchronous altitude.
AFCRL's program of solar energetic particle study includes both direct acquisition
of solar particle data on USAF satelliteborne sensors and its subsequent analysis
and theoretical model studies of solar particle propagation in the interplanetary space
and in the magnetosphere. Models of solar
proton events, particularly the intensity
expected at the earth, are developed. These
models are used by Global Weather
Central-Air Weather Service (GWC-AWS)
to predict the intensity of particles as a
function of time from observables available
to- GWC either from satellite-borne or
ground-based sensors.

AFCRL com ponents aboard the SCATHA
(Spacecraft hargingat High Altitudes) satel.
lite.

j

Studies were continued of the energetic
particle propagation through the magnetosphere and studies of particle access to
the earth's surface, particularly the polar

caps where they lead to Polar Cap Absorp-

j

°
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tion (PCA) events, which disrupt communi-

neutron monitor at the Geopole Station,

cations. The geomagnetic field allows
energetic charged particles to reach the
earth only over limited regions, the extent

Thule, Greenland, are uicd in real time by
the Air Weather Service to provide a warning of the presence of extremely high

of these regions being determined by the
rigidity of the particle (i.e., momentum per
unit charge). Early work in calculating the

energy solar particles. These data, in conjunction with the real-time VELA satellite
data, are used operationally by AWS. Space

limit of particle rigidity accessibility (cutoff
rigidity) used geomagnetic field models of
the internal field alone; more recent-workhas used a magnetospheric model that includes external currents on the boundary
of the magnetosphere and the magneto.
spheric tail. The newer model predicts the
significant daily variation in cutoff rigidity
which occurs in the polar regions. Since

Physics Laboratory personnel have provided computer programs to process these
data, to identify solar particles at energies
initiating PCA events, and affecting spaceborne operational systems.
The VELA satellite system is being
phased out. To fill the gap in the data base
required by the military, AFCRL is incorporating the appropriate particle instru-

knowledge of cutoff rigidities in the polar
regions is essential for the prediction of the
distribution and extent of solar-particle induced communication perturbations, a detailed study of cutoff rigidities in the polar
regions was conducted. The studies led to
the conclusion that even the newer magnetospheric nodels are not adequate for
precise theoretical predictions of the cutoff
rigidities in the polar caps, and this har
since been verified by extensive satellite
measurements which used the results of
these calculations as a baseline for the
analysis of the observational data.
Although a complete analysis of particle
motion in the magnetosphere for different
energies and different locations is still formidable, the available magnetospheric
models are adequate for describing the particle motion at relativistic energies. From a
study of ground-level solar cosmic-ray
events, it was possible to determine the
solar-particle spectrum at relativistic energies, the solar particle intensity as a function of time, and the angular distribution
(anisotropy)-o, these particles in the interplanetary medium. This knowledge is important because relativistic solar particles
arrive at the earth prior to the slower nonrelativistic particles. The abundance and
depth of atmospheric penetration -of the
non-relativistic particles affect radio wave
propagation. For this reason, data from the

ments into the SOLRAD-HI satellite system. SOLRAD-HI will become operational
in the last quarter of 1975, and will consist
of two satellites located outside the magnetosphere at 19 earth radii, together with
a dedicated read-out station operated by
the U. S. Navy. These data will be sent to
AWS/GWC in real time for operational use.
Software now, being prepared will allow
various mil.itary users to get maximum utility from the data.
Research on prediction of solar particle
events continues with the objective of improving the accuracy of the proton prediction system originally developed by the
Space Physics Laboratory and currently
used by the Air Weather Service. One of the
problems addressed was the updating of
initial prediction parameters from realtime satellite data to get a better answer to
the question: "Once a solar proton event
has been identified and the maximum in
flux realized, when will the event end?"
(i.e., when ,will the enhanced intensity recede to a background- level?). This study
showed thatthe maximum flux, which occurs- early in a-solar particle event, determines the equilibrium condition from
which the future decay rate and the end of
the event can be predicted. In practice,
these predictions are continually updated
as additional real-time data become available. These predictions are sufficiently accu-
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rate to forecast the onset, duration, and end
of PCA events.
Space Physics Laboratory scientists have
been assembling data on all previous solar
particle events with the objectives of ordering the data in a systematic, coherent manner, and classifying the events in accordance with the proton event classification
system previously developed by this
laboratory and accepted as an international
standard by COSPAR. To date, over 500
particle increases for the period 1955
through 1969 have been identified. For
each of these events, satellite, space probe,
and ground-based data have been examin&l.
The onset time, time of maximum intensity, maximum flux, and duration of the
event have been identified, along with the
energy range of the detector making the
observation. This cata!og contains primarily proton data; however, for completeness,
the associated solar electron data for the
current solar cycle are also included.
Preliminary analysis of the data compiled
has shown- that the classical solar particle
event is extremely rare. Much more probable is a-multiple injection sequence where
the background intensity may increase due
to the presence of an active region on the
sun, additional increases of various magnitudes may result from several discrete
solar flare injections, and the particle inten.sity may also be modulated by transient

The SOLRAD-HI satellites. After orbital in.
jection, the satellites will drift into widely
separated positions even though they have
almos, the same-orbit.

phenomena also generated by solar activity
- often originating from the same active
region responsible for the particle enhancements. The separation and- identification of each of these enhancements requires the examination of data at a number
of energy levels from different positions in
space.
The solar flare phenomenon is, of
course, of interest to the scientific community in general. Consequently, the International Astronomical Union and the InterUnion Commission on Solar-Terrestrial
Physics have sponsored a Campaign for Integrated Observations of Solar Flares
(CINOF). Two scientists from the Energetic Particles Branch of the Space Physics
Laboratory were named as coordinators for
the energetic particle portion of this study
in recognition of the activity of the Space
Physics Laboratory in this field. The
CINOF study was designed to conduct intensive observations of the un duringJune
5-29, 1972 with the objective of studying
small flares and related phenomena in the
hope that the analyses of these flares might
be somewhat simpler than the large, outstanding events. A summary of the
available solar particle and interplanetary
observations for June 1972 was edited and
published as an AFCRL Special Report.
The most significant conclusion of this special campaign-was that even small subflares
are extremely complex, and that there is no
such phenomenon as a "simple flare."
The extremely strong solar proton
storms during early weeks of August 1972
were characterized as one of the-most in-tense ever recorded on earth. The AFCRL
sate, lte 0V5-6 observed the time history of
the near-earth proton and alpha particle
fluxes throughout the duration of these
events. This satellite spends all but perigee
outside the magnetosphere and is instrumented with a variety of detectors in.cluding a proton alpha telescope measuring protons from- I to 100 MeV and alpha
particles from 10 to 100 MeV. The data
from this event increased our understand-
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ing of such events and resulted in several
significant publications.
A somewhat less intense solar event occurred October 30, 1972. Fortunately, during this period appropriate instruments
were operating in Iwo satellites. One of
these, OV5-6. was observing outside the
mnagnetosphere, while the other, S72-1, was
taking cain at lower altitudeabove the polar
caps and within the magnetosphere. These
data permitted us to study the transmission
characteristics of particles from outside to
inside of' the magnetosphere. Analysis of
the polar data resulted as well in the establishment of improved upper limits to the
production of deuterons and tritons by the
Still.
The S72-1 satellite, when traversing
lower latitudes, was tsed -'- continue
studies of high energy trapped proton
fluxes in the South Atlantic anomaly. The
omnidirectional fluxes averaged over the
period October 1972 to February 1973
were found tobe in agreement with nuclear
emtilsion -data-taken in 1961-1962 before
the "Starfish" high altitude test. Since this
time interval of I I years iscoincident with a
solar cycle, this further supports earlier
conclusions that the atmosphere controls
particle lifetimes.
The narrow angular resolution of the instrumeton the satellite permitted a more
accurate mapping of particle flux as a function of energy. This is especially true in the
area of the South Atlanic anomaly where
trapped particle fluxes reach their maxinitimn due to the geometry of the earth's
field. These data made it-possible to quantitatively relate peculiar blips observed by
the DMSP satellite optical sensors with the
energetic proton fltxes present in tile
earth's vicinity,
The proper interl)retation of our data,
both in the sensors flown as well as when the
particles penetrate the earth's atmosphere,
requires precise knowledge of energy-loss
and range parameters of the incideitparticles. Significant improvement in our knowledge of these parameters for heavy parti-
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The OVS.6 satellite, launched in May 1969 to
1masure e||eigctic pa ticles C111ittCl' by the
su,,wa,still
in oi bit and returning data at the
end of the repotting period in 1974.

des was accomplished coincident with our
instrument design. This knowledge was
also applied to the high atmosphere to relate our measurem ents to the ionospheric
parameters of interest to radar and radio
propagation.
AFCRL also participated in a study carried out to establish the cause of anomalous
behavior of the DSCS satellite system 't
times of geophysical activity. Our ability t"•
analyze the data from our satellite sensors
in a timely nanner permitted ts to make a
significant-contribution tothis study. As aresult of this-study, spacecraft charging at
synchronous orbit has been linked to the
transport of high energy plasma particles
fi'om the magnetospheric -tAil to the synchronous-regime. The charging 1)1acess is a
result of the complex interaction between a
satellite and its environment. Secondary
emission, photoelectron emission, and the
anlbient thermal plasma all'act to mediate
the satellite charge. Anisotropies in the
plasmla sheath created by spin, velocity, and
shadowing -complicate the interaction and
infltence the charge balance. During a
magnetospheric substorm, a satellite,
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wrapped in its thermal blanket, acts much
like a capacitor immersed in a high temperature plasma.
Because of the '-malous behavior of
military spacecraft at synchronous orbit, a
research satellite has been initiated to investigate the phenomenon of Spacecraft
Charging at High Altitude (SCATHA).
Environmental monitors aboard the
SCATHA satellite will provide data during
magnetospheric quiet and storm times. Engineering experiments will detect, and
analyze in .Ctail the electrical charging
phenomena. Scientific data and engineering information will be correlated to relate
cause and effect in satellite charging.
The Energetic Particles Branch will provide a complementary set of detectors to
measure the fluxes and spectra of high,
energy particles. The instruments will obtain energy resolution from 50 eV to several MeV. A rapid time analysis of the
fluxes is essential to an understanding of
the transient charging effects, when the
most damaging currents would flow. An
ultimate time resolution of 2x10 " sec is
anticipated from our instruments. Design
and construction of the SCATHA instruments is in process and launch of the
SCATHA satellite is expected in early
1977.
ELECTRICAL PROCESSES RESEARCH
In the earth's upper atmosphere, from a
few hundred kilometers out to interplanetary space, the dominant constituents are
charged particles consisting of equal numbers of electrons and positive ions. All
energy flow into, or out of, the lower ionosphere is a function of the motion-of this
plasma. Atmospheric electrical processes
begin-to play a dominant role in the ionospheric E-region, from 90-150 kin. The
work-of the Electrical Structure Branch is
directed toward studies of the dynamics of
low energy plasmas in the range 0-200 eV,
and electric fields in this ionosphereplasmasphere-magnetosphere system. The

effort is carried out by experimental rocket
and satellite investigations and theoretical
studies which include the modeling of
outer atmosphere dynamics and the analytical foundation of new instrumental techniques.
Instrumentation development is continuing for flights aboard the SCATHA
satellite, meteorological satellites, and two
other Air Force satellites. These measurements will include the first three-axis
measurements of the ambient electric field
where wire booms of 60 feet in length are
deployed by the spinning vehicle, direct
measurement of the plasma bulk flow by
utilizing greatly improved sensors of the
type originally flown aboard the Gemini X
and XII spacecraft, and measurement of
satellite electrical charge build-up at synchronous altitudes.
IONOSPHERIC IRREGULARITIES: Data from,
the first year of operation of the thermal
ion probe flown on the polar orbiting
ISIS-I spacecraft have been used to study
small scale irregularities. Statistical studies
of the boundaries and morphology, utilizing data from more than 3,000 orbits, have
yielded variations with season, local time
and magnetic activity. Significant differences are found in the distributions derived
from northern and southern hemispheres.
On most transpolar passes irregularities
were found to extend, across the pole,
rather than exhibiting a poleward boundary,
The irregtlarities have also been examined using the-technique of power spectrum analysis. Power spectra from data
both inside and outside the dayside cleft
region (a region where the terrestrial
magnetic field configuration permitsof significant energetic
penetration
charged particle flux) have been obtained
and compared. In the altitude range from
575 to 3525 kin, it is found that the irregularit, scale size varies from 0.2 to 100 km in
latitudinal extent. An order of magnitude
enhancement in the amplitude exists within
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flight, I V2 hours before local midnight, was
made under quiet conditions in the presence of a weak, stable auroral arc. The sec-

9

ond flight was flown about 2V2 hours before
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ture, 1100' K in the altitude range 120 to
165 km. These relatively high electric fields
contribute to the energy input to the upper

Equatorial boundaries of the high-latitude irregularity iones in the Northern and Southern Hemispheres.

the cleft as compared to lower latitude
measurements outside this region. The
spectral power variation is found to obey alaw of the form, p = pP where P increases from 1.8 to 2.1 with increasing
magnetic activity utilizing Kp as a measure.
These data have been ,compared with
simultaneous scintillation data, obtained at
AFCRL,.to determine scale size responsible
for scintillations which degrade UHF
communications systems.
Although the ion probe results were obtained in the topside ionosphere, extensive
comparisons with simultaneous -on-board
topside sounder measurements show that,
down to the minimum scale size which can
be observed with the sounder (approximately 18 kin), the irregularities map down
magnetic field lines to the peak of the
F-region. These results thus represent a
statistical mapping of ionospheric characteristics of the F-region.
ROCKET ELECTRIC FIELD MEASUREMENTS:

Dipole electric field and plasma measurements have been made on two rockets
flown in the E-region at Fort Churchilli
Canada, at altitudes up to 165 km. The first

)!

local midnight. in the break-up phase of a
storm after a 700 gamma negative bay.
The first set of measurements shows that
the vector electric field was directed southward with a component perpendicular to
the magnetic field between 35 and 40
mv/meter. The component along the
magnetic field was originally -17 nv/meter
at 130 kin, changing sign in mid-flight and
became +6 mv/meter between 155 and 135
km on the descent. The plasma data show

atmosphere through Joule heating.
The measurements on the second flight
are remarkably different. The rocket
passed through a rapidly moving, irregular
auroral patchwith intensity peaks of over
80 kilorayleighs. In the altitude range of
105 to 130 km the plasma density was
6 x 109 /M 3 with a peak of 1.3 x 1010 W 3 .
Above 130 km,perhaps the upper-boundary of the auroral form, the ionization decreased gradually with increasing altitude
to 3 x 109 /m 3 at apogee (150 km) and remained constant back down to 120 km. The
electron temperature peaked at 1,000 K
coincidentwith the lower edge of the enhanced ionization. The ascent temperatures are approximately 2000 K above the
descent values which compare favorably
with expected- neutral gas temperatures
(CIRA 1965). The vector electric fields
were small and irregular having an average
valuenear zero. The'direction.of-the-total
field'changed sign at the upper boundary
of the enhanced ionization and showed
values above this boundary of 38 mv/meter
directed west of north.

The results of both flights confirm the
great variability of electric fields and the
plasma,-over short intervals of time, over
short distances, and under different
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density irregularities are found on 30 perpr
cent of the orbits. Comparison of density

!lower

profiles obtained on the same day at different longitudes shows the irregularities to be
limited longitudinal extent. It is suggested that the deplction: result from inward shifts of sectors of the plasmapause to
L shells through the combined ac-
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tions of electric and magnetic fields.
A study of the effect of five magnetic
was made in the vicinity of the plasmapause utilizing data from ion and electron sensors flown on the Injun V and
OGO-IlI satellites. It was found that as the
plasmapause moves equatorwards during
theeearly stages ofa storm, the thermal density gradients at the plasmapause increase.
Ion and electron temperatures poleward of
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Elect tic field components measu red by aI
Nike-ltioqoois rocket fired into adiffuse aurora from the Fort Churchill Rocket Range,

Canada.

geophysical conditions which may be encountered in the auroral zone E-region.
They also illustrate that parallel electric
fields of magnitudes great enough to energize low energy plasma particles are an important particle acceleration mechanism
under quiescent auroral conditions. This
constitutes a significant contribution to the
understanding of high latitude current systems.
SATELUTE PLASMA STUDIES: Data from
thermal ion and electron sensors aboard
the OV3-1 satellite have been studied in the
altitude range 3000 to- 5700 km. During
magnetically quiet periods the ionization
density is characteristically found to decrease monotonically with increasing L. Between L = 2 and L = 3, a dependence of
average density on longitude is found with
a maximum between April and August occurring at 150 degrees E andthe minimum
at 300 degrees E. At L < 4, major charge

the boundary increase above pre-storm
values by 2000 to 60000 K. At the same time,
temperatures within the plasmasphere increase some1 1000 ° K over a latitude of 10
cras soe10*Koe

alttd

f1

degrees equatorward of the boundary. The

decrease in density of low energy-particles
at the boundary coincides with an increase
in hyperthermal particle flux. These observations and the magnitude of energy transfer across the boundary is in substantial
agreement with recent theoretical developments of Cornwall and Cole which in;
dicate that the interaction of ring current
particles with the relatively low energy cold
magnetosphere plasma can produce an ion
cyclotron damping mechanism for heating
environmental electrons and ions in the vicinity of the plasmapause.
The data obtained from the ISIS-I satellite mentioned under "Ionospheric Irregularities" was also used to study the midlatitude trough. 'Frequency of occurrence
distributions of the-latitude of the trough
have been obtained, as afunction of local'
time and season in the Northern and
Southern Hemispheres. The maximum
frequency of occurrence of 60 percent is
observed shortly after midnight and the
minimum of 2 percent near local noon. The
average trough width at half-depth is 4 ±'2
degrees of latitude. The trough is-found to
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be basically a nighttime phenomenon in the
total electron content. Knowledge of the
density gradients, width and dependence
of trough characteristics on altitude, seasoil, and local time is of fundamental importance to OTH and UHF systems operation.
GEOMAGNETISM
Magnetic activity levels control the maximum and minimum usable frequencies of
a high frequency communications network,
and advance assignment of a given channel
requires a knowiedge of the expected activity-levels. Aeromagnetic detection systems,
perimeter safeguards and other magnetic
devices must be operated at reduced sensitivity when their detection bandwidth
corresponds to the natural frequency components of magnetic disturbances. Another
example of the effects of geomagnetic activity is the variation in atmospheric drag experienced by artificial satellites which is related to enhanced levels of activity. As a
consequence, the orbital parameters of the
satellites can be changed significantly, thus
changing the predicted position of the
satellite as a function of time.
Geomagnetism research is-divided into
two parts: measurements, both groundbased and space; and theory and-analysis.
Particles and field measurements are made
using suitably instrumented rockets
launched from Fort Churchill, Canada,
during magnetic storms. Ground measurements will be obtained from a magnetometer network now being established
within the United States. Theoretical models of geomagnetic phenomena are constructed to aid in the interpretation of the
data. Advanced methods of data assimilation, especially high resolution spectral
-techniques, are developed and applied to
analyze the observations.
MAGNETIC

ACTIVITY

ANALYSIS

AND

THEORY: Several indicators of geomagnetic
activity are being studied: auroral activity,

standard magnetic indices, and geomagnetic pulsations.
Auroral activity is an obvious manifestation of magnetospheric disturbances. The
Defense Meteorological Satellite Program
(DMSP) provides photographs covering a
portion of the auroral oval. These are being
utilized to verify and extend an empirical
formula currently used by the Air Weather
Service to specify the location of the entire
oval. As input data, the formula can use
either an index related to the general level
of geomagnetic activity or the specific location of the aurora in a portion of the oval.
Extension of the formula will include the
possibility of using photographic data on
Southern Hemisphere auroras as input for
specifying the Northern Hemisphere oval.
This would be necessary during the northern summer when auroral data are not
available from this hemisphere. The
photographs of the aurora are also being
used to determine the effect of variations in
interplanetary parameters such as solar
wind velocity and interplanetary magnetic
field direction on the size of the auroral
oval.
Among the many indicators of
geomagnetic activity are the indices scaled
from the magnetograms of selected
geomagnetic stations. Several standard indices which are being intensively studied
are Kp, Ap, and C. Kp is a quasi-logarithmic
index designed to measure world-wide variations in geomagnetic activity. It is well
correlated with solar-wind speed and with
the variability and magnitude of-the interplanetary magnetic field. The Ap index, derived from Kp, provides a linear measure of
daily magnetic activity. The Ci index, called
the international daily character figure, is
also a-daily index but is available for all days
since 1884, whereas Kp and A, are available
only since 1932.
Ap and K1, have been analyzed statistically
to yield a geomagnetic climatology which is
used by the Air Weather Service in forecasting magnetic activity. Studies have shown
that the Ap and KI distributions shift to-
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Geomnagnetic pulsations arc low frequency magnetic signals with periods ranging from Seconds to minutes. 11) tlI tagSrO.A91netosphere
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evel whn snspo contsare
wardhiger
wardhiger
lvel whn stnspt contsare
high. Accounting for this change in fre(jtency distribution from the quiet to the
active portion of the solar cycle imp1 roves
the climatology.
InI recent years a new indlex of the polar
magnetic daily variation has come into usc.
This index, called AC, has been used to
infer the sector structure of the interplanectary magnetic field originating at or
quite near the sunl. Cross correlation and
stuperposed ep~och analysis have shown
that, prior to 1960, sectors inferred to be
away from the stun were associated with low
geomagnetic activity as measured by CGand
*low
solar activity as measured by the sunspot number, whereas sectors inferred to
be toward the sun exhibited significantly
enhanced geomagnetic and] solar activity.
Thle correlation after 1960 dropped to low
values and has remained essentially zeroIl
since. These recent resumlts indicate the inaccuracy of the earlier iniferred sector
structure.
Geomagnetic pulsations have special itn-portance in characterizing magnetic activity. Current research involves the de'
velopmnent of techniques for analyzing lpul
satin sinatuesWere
saton
igntursparticularly power spectral estim-ates, and theoretical- modeling of
the complex phenomena displayed by

magnetic pulsations.

these pulsations must propa-

gIte asa or of clectroniagnctic radiation
called hydromiagnctic waves. The propaganion of hydromiagnctic waves within the
lplasina of the inagnetosphecre depends
strongly or, the characteristics of the earth's
magnetic Field and the plasmia in which it is
embedded. Thie typical time required for a,
hydromagnetic wave to traverse the inagnetosphere is of the order of a inutte. The
resonant mocdes of the magnetosphecre
must have the samel time scale. For this
resn magnetic pulsations are considered
to be, manifestations of the natural vibrations of the miagnetosphere and its several
structural components, such as -thle plasma1"sphiere, the inner miagnetosphere and
the geomiagnetic tail.
Geomagnetic pulsations are observed
throughout the magnetosphere. However,

'o

'rite variation inl timec of ageomnagnetic pullsa.

tion powrer spectrumn provides aii examsple or
ihie complex chan~cs exhibited by geomnag.
tilic pulsations. rhese spczral estimates
calcula-ed hb'a new high resolution
technique -alletl 'thle maximum entropy
inleillod. The btirst of activity begin~ning at
iagln evpet idcaub
i t40hocurrec
is inca
i940 hieocurr c aomrofeubao
evet inlcat-b
som

their properties can be measured more.,
conveniently
and
economically
by
ground-based magnetometers than by
satellite pustion.
a analysis of experimental pulsation data and the conclusions
based on theoretical models of hydromagnetic wave propagation suggest
that geomagnetic pulsations are a sensitive
indicator of the changing state of the mag-

netosphere.
Since magnetic pulsations often appear
to be periodic, an important aspect of the
analysis is the precise determination of the
component frequencies. The principal
method of determining these frequencies is
called power spectrum analysis, which gives
the power associated with the component
frequencies. Conventional methods of
spectral analysis have been found to-be inadequate in providing sufficient detail. Researchis
define the
properties
of
a new underway
method oftospectral
analysis
called
the maximum entropy method (MEM).
Current results haveshown that MEM proCurrntaveshon
esuts tat EM roduces much higher resolution than is attainable with conventional spectral estimates. The spectra obtained thus far reveal
structure
thatstructure
has never
been resolved. Such
givesbefore
more information about the pulsations and is important
in evaluating, in-house theoretical models
which have predicted complex multiplet
spectra. The results of these models are
consistent with current observations and
offer a quantitative explanation to the
latitudinal variation of polarization
parameters and the latitude-frequency distribution~of magnetic energy.
GROUND MAGNETIC MEASUREMENTS:
The specification of magnetic activity levels
in real time and the prediction of magnetic
activity several hours into the future require the construction of a system for the
collection of terrestrial data from a number
of observing sites and the transmission of
this data to a central collection and analysis
facility. Site selection, testing, and site-use
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Geoniagnetic nticiopulsation data collection

and transmission netwot kuct oss the norihern

United States and the proposed N-S and
southern EA. nets. Allstation locations areon
governnent-owned land and each tier lies on
a1parallel orintagnetic latitude oron amagneticmeridian.

agreements have been completed for a
five-station East-to-West network extending from Sudbury, Mass., to Newport,
Wash., along a line of nearly
constant
Wash., la
lie onal
const
magnetic latitude. The initial East-to-West
network is scheduled for completion during FY-1975 and an additional five-station
array N-S and E-W is planned for ithplementation during Fiscal-Years 1976 and
1977. Fluxgate and induction coil magnetometer systems and an encoding, conversion, and multiplexing system will produce digital data at each site which will then
be sent via phone lines to the data acquisition center at AFCRL where it will be processed, recorded and displayed in near real
time.
Design of the fluxgate and induction coil
magnetometer systems, the digital interfaces, the-instrument shelters, the pier covers and the data acquisition station has been
completed. Six fluxgate magnetometer systems have been built, tested, and calibrated.
Six induction coil systems have been
finished and tested and the digital data collection and acquisition prototypes have
been operated successfully. Construction
of the sensor piers, instrument shelter

,.
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foundations, and installation of power and
signal conduits have been completed at the
Selfridge ANG Base site at Mt. Clemens,
Mich., and construction is in progress at the
Newport, Wash., site. The computer and
the discs, disc controller, tape recorder and
tape controller, printer-plotter and teletype for the data acquisition center have
been received and acceptance and qualification tests completed. The master time
clock, WWV receiver and receiver antenna
have also-been received. Data transmitters
and receivers (modems) have been installed
at AFCRL and at the Newport, Wash., site
and have been connected via full duplex
data phone links. Line equalization has
been completed and bit and block error
rates measured.
Each magnetic observatory has been designed to operate as an unnmanned station
through a sophisticated control and commtinications system. This system is quasisynchronous with the sampling and transmission times of each data collection platform (DCP) controlled by signals transmitted from the data acquisition stations
(DAS). Each DCP has its own microprocessor which samples the various sensors, converts them to the required digital form and
then stores the data briefly in a standard
format. Every ten seconds a data frame is
sent to the DAS. A redundant er;'orcorrecting code is incorporated together
with a row entry,-column read-out sclieme
that spreads burst errors over a numIber of
individual words- increasing reliability by
orders of magnitude. About 20 percent of
the data-return capability has been reserved as spares to serve future instrumentation.
Transmissions from up to ten stations
pass through hubs where they are selected
to arrive in sequence on a single line at the
DAS. This line is fed into a computer which
decodes, reformats, makes corrections
(e.g., for temperature, etc.J, converts to en-

computer output is fed to archive tapes,
real-time display, and plot storage.

gineering units, computes averages and

Electron fluxes will be measured in 32 dis-

performs other related functions. The

crete energy channels in the range 0.5 keV

ROCKET AND SATELUTE MEASUREMENTS:
Magnetic substorms at high latitudes, long
associated with communications -disruptions, are generally accompanied by a
marked increase in auroral activity as well
as an intensification of ionospheric currents. The latter, known as the auroral electrojet, typically form an East-West oriented
current band whose magnitude may be on
the order of a million amperes. Convection
patterns limited to the ionosphere alone,
such as those which give rise to the dynamo
currents in the mid-latitude region and account for the solar quiet day variation in the
geomagnetic field, are not energetic
enough to produce the current intensity of
theauroral electrojet. Thus, with no source
directly available in the polar ionosphere,
the real current system associated with
polar substorms is now believed to be a
three-dimensional one, where the driving
potential is generated deep in the magnetosphere and is transferred to the ionosphere via the highly conducting path
along the lines of force of the geomagnetic
field. Implicit in this circulation system
would be a pattern of line currents, or current sheets, both upward and downward,
aligned with the earth's magnetic field.
Line currents to the east and westof the
electrojet would argue for its being a-Pedersen current; sheet currents to the north and
south of the auroral band would be consistent with the more likely model of-theelectrojet as a Hall current.
A composite experiment designed to
measure the particle fluxes and magnetic
and electric fields associated with magnetic
substorms has been constructed and integrated into an Aif Force satellite which will
be placed in a polar orbit. (The electric
field experimentwas described previously.)

113

to 20 keV with all electrostatic analyzer
(ESA). This range includes the electrons

ranging current source which will incrementally bias out the major portion of the

responsible for theproduction of aurora as
well as the leading candidates for the current carriers feeding the electrojet. The
axis of the instrument is mounted perpendicular to the spacecraft spin axis, which is
itself' to be oriented normal to the orbital
plane. Thus the ESA will sample electrons
through all possible pitch angles in the altitude range 2,10 to 1200 ki. The fieldaligned currents will be detected indirectly
by measuring the magnetic field they
create. This will be normal to the much
larger ambient geomagnetic field in the
subpolar region, and an accurate vector
measurement of the magnetic field will be
required for its definition. To accomplish
this a triaxial fluxgate magnetometer will
be used in-conjunction with an automatic

background magnetic field in 128 discrete
steps. This will allow measurements of high
resolution without limiting dynamic range.
The sensor of the magnetometer is
mounted on a boom which will extend it 20
feetoutfrom thespacecraftafteritachieves
orbit. Spurious magnetic fields from the
satellite will thus be attenuated to a tolerable level, less than 10 gammas, while maintaining a fixed relationship between sensor
and spacecraft coordinates.
The satellite which will carry this experiment is essentially complete now, and is
scheduled for launch in 1975. Its highinclination orbit will eventually carry the
particle and field experiments over the auroral electrojet at all local-time periods.
The simultaneous measurements they will
provide of electron flux, field-aligned currents and electric fields will aid greatly in
resolving the physical model of geomagnetic substorms.
The interaction of electrons with the
earth's atmosphere was studied, formulated, and applied to the calculation of auroral absorption (30 MHz) from electron
energy spectra (10-200 keV). The spectra
were determined from electron data acquired in rocket experiments flown into
substorm events at Fort Churchill, Canada.
These results have been compared with
ground observed riometer data. The relationship developed by Jelly, et al, who
showed that the absorption is related to the
square root of the electron flux above 40
keV, at night, with little sensitivity to spectrum shape, was confirmed. It was also
shown that for energies of 150 keVand up,
the relation of absorption to electron flux is
not sensitive to spectrum shape during the
daytime.

Satellite photograph of aurora over central
USSR. T e expansive phase of an auroral
substorm in the pre-nidnight portion of the
auroral oval is shown. The right lights south
of the aurora are individual towns along the
network of railways. The large bright spots
surrounded by halos are oil well burn-offs
from several large oil fielis.

An analytic function was developed to

calculate the ionization due to direct impact

of electrons and to Bremsstrahlung. This
allowed a calculation of riometer absorption. Since absorption, optical and-particle
measurements and electrojet location must
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satisfy a given ionospheric model, the resolution of the Bremsstrahlung contribution
provides useful information with regard to
the proper ionospheric model,

phase data being referenced to a rubidiun
frequency standard at the station. The V LF
paths from the various transmitters are
such that azimuthal dependence of disturbance effects can be detected. The low frequency (LF) receivers were installed in October 1973 in response to a request from
the Electronic Systems Division (ESD),
Hanscom AFB, Mass., to determine quiet
level signal strengths for the Air Force
transmitters at Silver Creek, Neb., and
Hawes, California.
The riometer program has been ongoing for matny years as the riometers are
good detectors of PCA events. The 30 and
40 M Hz riometer data along with the X and
Z nagnetometer data and cosmic ray neutron nonitor data are sent out real time on
a 10-channel commtinicator to Anchorage,
Alaska, where they are computer reduced
and forwarded to Global Weather Central
(GWC).
The magnetometer is an Air Weather
Service unit which was moved up to the
Geopole Station from Thule Air Base about
two years ago in anticipation of the Air
Weather Service pullout from Thule. The
X coil is aligned approximately with the
horizontal field so the X value is - H.
The photometers and other optical instruments are run only during-the.optical
observing season
that is, when the sun is

POLAR UPPER ATMOSPHERIC RESEARCH

The objective of the polar atmospheric research program is to provide the basic environmental data and physical understanding needed to support Air Force systems
operating within or traversing the polar cap
region. To accomplish these tasks,
ground-based meastrements are conducted with a variety of sensor systems at
the AFCRL Geopole Observatory in Thule,
Greenland. The multi-sensor approach was
developed because each sensor provides a
specific piece of information relating to the
state of the polar upper atmosphere, so that
certain combinations of data couid be used
to gain insight into specific problem areas.
The gathering methods at the station have
been updated to include digital data recording systems which makeall but the very
fast sampled data available on computer
compatible digital magnetic tapes.
The table below lists the major sensor
systems presently being operated at the Observatory. Very low frequency (VLF) phase
and amplitude are both recorded with the

-

GEOPOLE SENSORS
VLF

Rugby, England
Jim Creek. Washington
Yosaini, Japan
Norway
Cutler, Maine
Fort Collins, Colorado
Silver Creek, Nebraska
Hawes, California
26.3 MHz, 30 MHz, 40 MHz, 50 MHz
X, Y, & Z Components (X H)
3914 A, 5577 A, 6300 A (2.second Data)
Equivalent Vertical Total Electron Content
Near Earth Electric Field
Visible Spectrum (3900 A to 6600 A)
Dual Channel (3880 A to 3950 A and
776 A to 7
A tA)3

GBR
NLK
NDT
NOVIK
NAA
WWBV

LF

Riometer
Magnetometer
Photometer
Polarimeter
Field Mill
Scanning Spectrometer
Scanning Spectrometer
AniSeCmer
Al

_ __

_

__

_

__

__Sk_

__

_ __

_

__

_

__

__a_

_ __

16.0
18.6
17.4
16.4
1.8
60.0
34.5
37.2

__era_

_

__

_ _

kHz
kHz
kHz
kHz
kHz
kHz
kHz
kHz

"
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more than 6 degrees below the horizon,
The photometer data are recorded at second intervals and are a good indicator of
auroral activity, both visual and subvisual.
The polarimeter, operated for another
branch at AFCRL, basically gives an equivalent vertical total electron content (TEC)
at the sub-ionospheric point ( 400 km
point) along the path from the receiver to
the transmitter aboard a synchronous satellite. The subionospheric point- for the
Thule receiver is in the southern part of
Greenland approximately halfway between
Godhavn and Narssarssuaq. The electric
field mill is run for the University of Minnesota at Duluth and is an indicator of
world-wide thunderstorm activity.
A new system, a visible scanning spectrometer, will become operational in the
Fall of 1974. It scans the wavelength region
from about 3900 to 6600 angstroms once
every ten minutes. The dual channel scanning spectrometer will also become operational in the fall of 1974. It was developed
to support an Air Force Tactical Air Coinmand research effort with the expectation
that the data obtained will experimentally
verify in a real atmosphere some of their
theoretical models of atmospheric emissions in the near infrared. The all sky camera is used mainly to determine whether
auroral changes as recorded by the photometers are spatial or intensity changes
and to determine the alignment of auroral
forms in the polar cap.
When several optical instruments are
used, one of the usual practical difficulties
is an apparent disagreement in -the measurements. Such disagreement can be due to
two sources: 1) natural changes, occurring
in the phenomena under observation, and
2) changes in the measuring instruments. It
is essential to eliminate the second source.
A controlled in-house laboratory experiment was conducted to determine various
factors which lead to apparent disagreements. The -results of this investigation
have been published ("Calibration of Air-
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glow Photometers and Spectrometers,"
Applied Optics).
ENERGETIC PARTICLE -PRECIPITATION EFFECIS ON VLF. Since 1971 a number of
energetic particle events have been recorded on the VLF receivers at Thule,
Greenland. We have chosen to use the term
"energetic particle event' rather than the
more commonly used "polar cap absorption event" since the VLF often shows the
effects of precipitation not intense enough
to produce ionosonde blackout over the eltire polar cap. Both the phase and air
tide ofthe VLF signal are affected, and the
paths over the Greenland ice cap are affected to a greater extent than other paths.
During 1972 particle precipitation effects on the VLF signals-were recorded on
17 different occasions.
The first eight months of 1972 were active compared to the rest of the year. During-the major solar particle events in August 1972, the effects on.the NLK signal
were greater than an), that had been recorded at Thule since the VLF program
was initiated in 1966. The October 29,1972
disturbance occurred after new receivers
and a digital tape system had been installed.
In addition to providing an overall picture
of the event, a detailed closeup of the precipitation onset was obtained. The particle
effects showed up on four of the VLF paths
at times differing by up to 50 minutes, indicating the possibility of inhomogeneous
precipitation over the polar cap at the onset
of the event.
During 1973 energetic solar particle precipitation events were recorded on only five
occasions, reflecting the minimum of solar
activity during the year.
AURORAL SUBSTORM ACTIVITY
In addition to the solar particle events the
effects of lower energy particle events were
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. .. . .... . . . .... .. ---... .
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reflected inl VLF data, particularly around
October 29 and December 22, 1973. These

o
So

events produced a less drastic and shorterlived effect on the VLF/LF propagation
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However, at times thetre appears to be a
poleward expansion of these disturbances,
and at such times the riometer, magnietoneter, photometer, aid the VLF data
show a burst of particle precipitation in the
vicinity of Thule. These- substorin effects
are currently under more intensive study.

QUIET TIME STUDIES: The major polar at-
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by particle precipitation inl thle aurloral Oval
regions through which all propagation

mospheric research effort is.the study of
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occurred during active magnetic Periods.
it general, these disturbances are caused
p)aths to Thule must pass. The lack of'
rionieter absorption at Thttle during inlost
of these type events indicated little, ifany,
particle l)recipitation in the deep polarcap.
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manifestations in the polar cap of
phenomena such as quiet time energy input

2,0
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and output, auroras, magnetic storms, and
seasonal variations, which are studied in the
auroral oval, miid-latitudes, and low
latitudes as well as in the polar cap. The

40-channel digital recordingsystem atThule,

emphasis has been on the understanding of
behavior during quiet times and during
pericds of minor and moderate disturb-

ev(.3

UT

Computer plots of selected data fiom a
Greenland, for hree successive days in a rela.
tlvely qiiet period in Mazich of' 197. The data
are 10-minute averages of samples taken

0 seconds.

ancos since these conditions prevail most of
the time. Nevertheless, large and.;pectacular disturbances are important and are-fre-

that the auroral oval had expanded to a
geomagnetic latitude of 55 degrees from its

quently investigated as targets of opportunity. In this context, pulsating auroras
measured at Bedford, Mass., during the
world-wide geomagnetic storm of March
23-24, 1969 were analyzed for comparison
with pulsating auroras customarily observed in the auroral oval. Several geophysical quantities, such as electrojet behavior,
relative position of the proton and electron
aurora, riometer absorption, and ionosphericquantities measured by ionosondes
were similar to typical behavior in the auroral oval. This was interpreted as showing

more usual location at, 65-70 degrees and
not anomalous behavior at -mid-latitudes
occurring simultaneously with the auroral
oval remaining at 65-70 degrees. These
measurements of the characteristic period
of the pulsating auroras at Bedford are the
only known measurements at such a low
latitude. The characteristic period of 7.2
seconds is unchanged from the 6-10 second
period usually found by pulsating auroras
in the unexpanded oval. The fact that the
characteristic period of the pulsating aurora is unchanged despite the considerable
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An expanded-scale plot of the first six hours
of March 8, 1974. Hee,all the data points are
plotted. This and the previous figure ilustrate the capabilities of the system, and show
the behavior to be expected from the basic
geophysical parameters under quiet condi-

ttons,

expansion of the oval to 55 degrees
geomagnetic latitude can be used as a test
for theories concerning the excitation of
pulsating and other types of -auroras.
In mid-latitudes energy dissipation from
the magnetosphere also produces an auroral arc. These latter are called Stable Red
Auroral Arcs (SAR) and are not normally
visible to the naked eye. One of the important factors needed in the study of either
arc is the location: latitude, longitude and
altitude of the arc. This information can be
obtained by conducting simultaneous observations from two stations separated by

l.b

stations. A lengthy graphical method has
been known for determining the position
of an arc from observations from a single
station. With the aid of a computer these
equations can be solved for a faster deteriruination of the location of the arc.
In the construction of atmospheric models -for the altitude region from 80 to 110
kin, information on one of the most abundant and reactive species - atomic oxygen
is badly needed. In particular, no data at
all exist in the polar cap region. Satellites
obtain data at higher altitudes, so that rockets must be used for this region. Finally, at
beginning of this work, no experimental method had yet been proved to be reliable for such measurements.
oxygen profiles in the altitude
region from 80 to 110 km can be determined from rocket measurements of the
(01) 5577 angstroms emission, provided
assumes that this emission, in the-al-

titude region of study, is of chemical origin,

due to the
Chapman
and
is predominantly
mechanism.
three-body
collision excitation
The rate coefficients for excitation and
quenching for this mechanism are known
from the laboratory measurements. Simultaneous rocket observations were -conducted to allow a comparison with - other
independent methods, the neutral mass
spectrometer and chemical release of nitric
oxide, in the ALADDIN I! series from
Eglin AFB, Florida, in Aprii 1972. Preliminary results from these-different methods
indicate that all measurements are reasonably compatible with each other. Thus, this
method of determining atomic oxygen
from optical measurements is shown to be
reliable.
An effort is now-being made to measure
in the real atmosphere spectroscopic
parameters that have proved difficult to
measure adequately in the laboratory
Measurements in the laboratory of the
lifetime and collisional deactivation rates of
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the N. A state, the tipper level state for
N.," Meinel band emissions, have shown
unacceptably large differences. The collisional deactivation of N2' is important becauseas muchas61 percentofN,,can be in
the Meinel tipper level A state. Collisional
deactivation of this metastable state of N.+
is-a possible important energy source for
other atmospheric molecules which could
emit infrared radiation. Uncertainties in
the N., Meinel band collisional deexcitation processes therefore could lead to
large uncertainties in evaluating excitation
mechanisms for the possible IR emitters.
A special purpose dual channel scanning
spectrometer has been assembled and field
tested which will simultaneously measure
+
7852 angstrom Meinel band and
the N.2
the N'2 3914 angstrom first negative band,
whose spectroscopic parameters have been
more firmly established. The unique location of the AFCRL Geopole Observatory
deep in the polar cap at Thule AB, Greenland, clearly separated from the auroral
oval, will be used to measure these optical
emissions when they are produced by
energetic solar protons during solar particle events, and by auroral electrons during
the occasional auroras which occur at
Thule. The auroral electrons excite the
Meinel and first negative bands at altitudes
where the collisional de-excitation is minor.
However, the energetic solar protons with
energies greater than I MeV, present during a solar particle event, will excite the
band emissions at altitudes where colli-

don vessel for determining spectroscopic
quantities more commonly measured in the
laboratory.
One of the basic problems of the polar
cap region is the question of the
homogeneity of effects over the entire region. Aircraft provide a suitable platform
for studying this question. A series of aircraftflights duringJanuary 1974 provided
the means for investigating the atmospheric z nith airglow and auroral intensities over paths which traversed the auroral oval and the polar cap. Among the
measurements were zenith -intensities of
-two emission lines of atomic oxygen (5577
angstroms and 6300 angstroms) which are
commonly found in the night airglow and
the aurora.
, Enhanced levels of emission were found
equatorwards of the afternoon sector of the
oval, large intensities were encountered in
the oval, and generally quiet airglow levels
within the polar cap (contained within the
oval). On January 26, at approximately
0642 UT, the aircraft passed under a sunaligned arc whose red to green intensity
ratio was about 0.1. On the 29th ofJanuary,
the aircraft passed under another sunaligned arc at 0800 UT with a red, to green
intensity ratio of about 0.5. The -more intense arc had the smaller red to green ratio
an-indication of more-energetic particle
precipitation.
The generally quiet airglow levels detected in the polar cap by the aircraft are
reflected in the zenith intensities of these

sional de-excitation of the Meinel bands is
significant. The energy of the solar pro-

same emissions by instrumentation at the
Geopole Observatory, Thule Air Base,

tons, measured by satellite particle detecItors, determines the altitude and pressure
where the N._,4is produced. The ratio of the
intensity of the Meinel bands relative to the
intensity of the first negative bands when

Greenland, which is situated just 4 degrees
from the geomagnetic pole. Even though
Georhagnetic Activity Index (Kp) measurements for the two flights indicated
magnetically disturbed days, the mag-

compared to the ratio during auroras,
wherecollisionalde-excitation is minor, can
be converted to values of lifetime and collisional de-excitation rates. Here, the polar
cap atmosphere provides.a wall-less reac-

netometer at Geopole was very quiet.
On the 29th of January at 0750 UT,
photometers at Geopole detected the sunaligned arc which appeared over the aircraft at 0800 UT (some 600 km distant). All
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interplanetary magneti -field, either away
from or toward the sun. Characteristic features of the daily variations of the
geomagnetic field in high latitudes were
observed by Svalgaard and Mansurov to be
with each sector type. An examination of 38 years of the planetary K, index
indicated a greater occurrence of higher K1
values or geomagnetic disturbance within
the-toward-the-sun sectors. Relative-to expectation on a random basis, there were
175 percent of the disturbed days (average
Kp of 5 or more) in the toward sector but
only 40 percent of expectancy in the away
sector. As the earth crossed from one sector
type to another the changes in Kp level corresponded to-the character of the respective sectors, a change previously thought to

2
0-4

Path of the aircraft incorrectedgeomagnetic
coordinates for thejoint experiment between

the Flying Laboratory and the Thule, Greenland, station on January 29, 1974.

sky camera pictures from the aircraft show
a poleward motion of the arc which is cornpatible with the elapsed time between the
ground and -the aircraft observations,
From a comparison-of the zenith intensities of the red and green lines of atomic
oxygen observed at a deep polar cap station
and an aircraft which traversed the polar
cap, it has been shown-that K1, is not a reliable indicator of polar cap magnetic or auroral activity and that transient discrete auroras are observed in the polar cap under
quiet magnetic conditions as measured by a
polar cap magnetometer even though Kp
measurements indicate disturbed magnetic
conditions.
SECTOR STUDIES: Associated with-the rotation of the sun are sectors, so called because of a predominant direction of the

The higher values of K1, had the optimum association with the toward-the-sun
sectors during years of sunspot maximum,
years of the ascending part of the solar
cycle, months of high sunspot latitude and
during the equinoctial months. For these
Kp or subauroral zone indices the maximum association of high Kp toward the sun
and low Kp, with away from the sun
occurred during the times when the earth's
heliocentric latitude was most southerly. A
nearly similar association- appeared in the
southern solstitial season.
The three-hour-K, and Ap indices, a type
of range indicator, have some limitations in
their characterization of geomagnetic activity. Accordingly, examination was made of
several years of the hourly variability of the
geomagnetic component intensities for application to phenomena and problems at
higher latitudes. To examine the, pussibilities of such extrapolation, 25 annual
means of the variability of theD, H, and Z
components for Sitka and College, Alaska,
were compared. At College, H and D were
approximately twice as variable as at Sitka
while Z was only one and -a half times as
variable. A higher linear correlation existed
between these annual means also, best for
D,decreasing very little to Zand then less to
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Satellites make meteorological observations, relay communications, and maintain
surveillance. All these activities require
electrical power to operate on-board instruments and to telemeter data.
The energy conversion program studied
both the production of this electrical power
and efficient use of the primary energy
sources available to a-space vehicle. Space
power must come primarily from the sun,
either as light or heat energy, or from batteries and fuel cells, which rely on chemical
energy carried on board the spacecraft,
Solar energy can generate electricity directly in solar-cells, or the sun's heat can be
concentrated and used in a thermal energy
conversion scheme such as a thermionic
converter. Also, solar cells are used to recharge secondary batteries which then
serve as primary power supplies.
The solar cell program was directed at
improving the quality of state-of-the-art
silicon solar cells and developing new, lowcost solar cells based on organic chargetransfer complexes.
Silicon solar cells are used for on-board
primary electrical power generation in almost all satellites launched to date. These
solar cells are exposed to X-rays, gamma

generation capability on the spacecraft to
meet mission power requirements at tile
end of the spacecraft life.
To overcome the degradation process,
new techniques of controlled doping of
solar cells have been investigated. It has
long been realized that radiation damage
can be alleviated by introducing lithium
metal into the cell. The lithium reduces the
ability of a radiation-induced defect to trap
charge carriers. The removal of charge carriers by such traps is a major source of solar
cell power loss. To act effectively as a trap
inhibitor, the lithium must be concentrated
near the solar cell junction. However, the
ability of lithium to migrate to defect sites to
reduce their trapping effects also allows the
lithium to migrate far from the junction
site. To prevent this, -ion implantation was
used to deposit a phosphorus barrier layer
to block the migration of the lithium from
the junction region. Results indicated that
this phosphorus counter-doping technique
can be successfully used for lithium location
control.
Organic materials might be used in solar
cells if their high resistivity could be overcome. Charge transfer complexes offer one
technique for reducing this resistivity sirice
in a one-to-one molecular complex, the
number of high resistance electrical paths
through the bulk material is reduced by a
factor of 2. A number of such complexes
have been assembled and tested and improvements ifi
conductivity of two orders of
magnitude have been achieved relative to a
single-molecular species type of substrate.
However, further work is neededbefore
organic materials become competitive with
silicon-for solar energy conversion because
although they are much less expensive than
silicon, they have efficiencies two to three
orders of magnitude less than the best silicon cells.

rays, electrons, and protons both in- the
radiation- belts surrounding the earth and
in-the solar wind. These radiations gradually degrade cell performance and thus
force deiigners to deploy excess power

A valuable offshoot of the organic solar
cell effort was the development of a variety
of transition metal-organic salts which-have
demonstrated potential for use in 'metalvapor lasers.

H. The Sitka variability annual means cor.
related very well with A,also, best for Z and
least for H. On the other hand, the Sitka
geomagnetic variability correlation with the
Zurich sunspot number was very poor
compared with that at an equatorial station
at Huancayo, Peru. Thus, the indication of
solar activity, represented by sunspot
number, is applied more effectively to
equatorial than to subauroral zone
geomagnetic manifestations.
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converter. Also, solar cells are used to recharge secondary batteries which then
serve as primary power supplies.
The solar cell program was directed at
improving the quality of state-of-the-art
silicon solar cells and developing new, lowcost solar cells based on organic chargetransfer complexes.
Silicon solar cells are used for on-board
primaryelectrical power generation in almost all satellites launched to date. These
solar cells are exposed to X-rays, gamma
rays, electrons, and protons both in the
radiation belts surrounding the earth and
in-the solar wind., These radiations gradually degrade cell- performance and thus
force designers to deploy excess power

factor of 2. A number of such complexes
have been assembled and tested and improvements in conductivity of two orders of
magnitude have been achieved relative to a
single-molecular species type of substrate.
However, further work is needed-before
organic materials-become competitive with
silicon for solar energy conversion because
although they are much less expensive than
silicon, they have efficiencies two to three
orders of magnitude less than the best silicon cells.
A valuable offshoot of the organic solar
cell effort was the development of a variety
of transition metal-organic salts which have
demonstrated potential for use in 'metalvapor lasers.

H. The Sitka variability annual means correlated very well with Ap also, best for Z and
least-for H. On the other hand, the Sitka
geomagnetic variability correlation with the
Zurich sunspot number was very poor
compared with that at an equatorial station
at Huancayo, Peru. Thus, the indication of
solar activity, represented by sunspot
number, is applied more effectively to
equatorial than to subauroral zone
geomagnetic manifestations.
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Satellites must maintain their temperature within the range in which their decctronics will operate. As a satellite passes
from sunlight into the earth's shadow, the
vehicle experiences wide temperature
swings which can exceed the allowable
operating limits for temperature-sensitive
Satellite components.
A program was developed to specify a
combination of a high melting-point solid
and a canister to contain it, to assist in a
satellite temperature -control.
During the sunlit portion of a satellite's
orbit, an optical concentrator focuses sunlight on the canister, melting the solid inside it. During shaded portions of the orbit,
the molten material freezes, giving its heat
to the temperature-sensitive components to
maintain a proper temperature balance.
Aluminum and alkali fluorides were
studied as possible heat absorbing solids,
and Inconel canisters as containers for the
solid. Also, a variety of heat pipe designs
were evaluated for transfer of the heat
from the freezing molten material to the
subsystems requiring- thermal control.
Electrochemical batteries and fuel cells
are widely used for energy storage on aircraft and balloons. Rechargeable batteries
provide energy storage for longer duration
missions -where the pririary power source
may be the vehicle's engine or a solar cell
panel. Conventional cells using aqueous
electrolytes are close to the limits of development. Consequently, research toward
higher performance batteries is directed to
nonaqueous electrolytes which permit the
use of highly active electrode materials such
as the alkali metals.
The Laboratory program was primarily
concerned with some fundamental problems of ambient temperature nonaqueous
electrolytes and the problem of containing
chemical reactions with standard free
energies in the 100 Kcal/mole range. The
problem of direct chemical reaction of the
constituents of the cell is related to the
thermodynamics of the system and the
rates of the various reactions involved. The

presence of trace impurities, especially
water, is an important determinant of corrosion rates. Consequently, much effort
has been devoted to -nurification and
analysis techniques and the manipulation
of solvents and solutions in a dry atmosphere. A major difficulty raised by almost
all nonaqueous electrolytes is low conductance which limits the discharge rate of a
battery. Conductance mechanisms are immensely complex, involving such related
properties as viscosity, dielectric constant,
molecular association and ion-solvent interactions. The dielectric properties of a
large number of electrolytes in various organic solvents including propylene carbonate, butyrolactone, and dimethyl sulfoxide have been measured. The effects of
electrolyte type and concentration and the
frequency dispersion of the dielectric constant provide insight into the structure of
the solution. Other problems addressed included the mechanism of the lithium electrode reaction under various conditions
and finding viable positive electrodes. The
lithium electrode is generally satisfactory in
a clean system. Transition-metal halides are
generally unsatisfactory because of their
solubility and high sensitivity. However,
this problem has been largely circumvented
by the recent development of inorganic
electrolyte cells where the positive electrode reactant is the solvent itself.

SPACE FORECASTING
The Space Forecasting Program was initiated at AFCRL in the mid-1960's to develop techniques to observe, specify and
predict solar-related changes in the earth's
upper atmosphere and near-space environment that impact on Air Force operations. This interdisciplinary program
draws on- most of the environmental
sciences-radio and optical solar astronomy, astrophysics, radio propagation
physics, and the physics and chemistry of
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the upper atmosphere. Its very nature requires participation by specialists in a variety of technical fields such as energetic particles, ionospheric physics, solar physics,
geomagnetism and atmospheric density.
From its inception, the Space Forecasting
Program has focused strongly on the operational problemns related to changing space
environmental conditions. To provide a
convenient mechanism for coordinating
the efforts of some 12 to -15 scientists, the
Space Forecasting Coordination Group,
now directed from staff level, was established in 1966. This group, which meets
three to four times a year, provides an ideal
forum for exchanging technical information, for coupling research products with
operational requirements, and for directing and coordinating the efforts, of inhouse scientists and contractors workingin
a broad spectrum of related scientific disciplines. In addition to the AFCRL task scientists, representatives from Air Weather
Service, NOAA, NRL, ESD, SAMSO, and
NELC are periodically invited to participate at these meetings to coordinate related
activities within their organizations.
Space forecasters are faced with the task
of predicting the occurrence of bursts of
electromagnetic radiation and -energetic
particles from the sun, and specifying the
effects of these bursts on the earth's atmosphere. These effects include absorption of
radio waves in the ionosphere, geomagnetic disturbances, auroral activity, enhanced
airglow levels, and atmospheric density variations.
Through the efforts of the Space Forecasting Coordination Group, specific-problem areas related to existing and planned
operational space environmental support
requirements are identified and programs
initiated to solve them. The results of some
of these efforts are outlined elsewhere in
this report within the various participating
laboratories' program descriptions.

PLASMA PHYSICS
The work of the Plasma -Physics Branch
centered on the production, heating and
confinement of plasmas by high intensity
magnetic fields and the flow properties of
partially ionized gases using a shock tube.
As both projects require input from high
energy storage capacitors, effort was applied to improving dielectrics for capacitor
use.
Tormac (TORoidal MAgnetic Cusp) is
the acronym for a series of AFCRL experiments leading to the heating and confinement of plasmas of thermonuclear interest.
In the last version investigated in detail,
Tormac III, a toroidally symmetric six-pole
cusp magnetic field was crossed with a toroidal magnetic field. The plasma achieved
values of density and temperature of 1016
particles/cm 3 and 15 eV, respectively, and
exhibited a-decay time constant of greater
than 200 microseconds.
Plasma loss due to toroidal effects can be
prevented by using only two ring cusps,
both -having the same major radius as the
toroid. This concept led to the bi-cusp,-the
newest version of Tormac in which a combination of toroidal and poloidal magnetic
fields form a cusp. The cusp conditions of
requiring the magnetic field on the plasma
surface to be isogaussic and-convex are met
with the plasma exhibiting a shield-shaped
cross section. Magnetic field design was
aided with the use of an electrolytic plotting
tank. Theoretical studies have shown toroidal drift to be minimal and that the bicusp is not vulnerable to the many types of
instabilities investigated.
The first version of the bi-cusp, known as
Shaker-(because plasma heating is achieved
with multiple shock waves), was constructed and operated in the collisionless regime.
The heating or Shaker field is an 0.6 MHz
signal superimposed on the principal
poloidal field component. Preliminary
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measurements using various optical spectroscopic methods have shown that even
with a modest energy input, both electron
and ion temperatures of 30 to 50 eV (over
300,000 to over 500,000*) are achieved. In
addition to fusion-related studies, the
boundary layer in supersonic ionized flow
over a flat plate was measured using a twocolor laser interferometer. This study constitutes the first quantitative measurement
of a boundary layer in an ionized gas flow.
A theoretical study of the high-frequency
Stark effect in pydrogenic plasmas due to
plasma turbulence was performed, taking
into account both static and dynamic fields,
with consideration of resonant effects.
A high-power laser concept utilizing dissociating states of diatomic molecules was
investigated both theoretically and experimentally. The initial gas -studied was
molecular hydrogen in H 2-Ar mixtures.
The stimulated emission cross section of
the hydrogen continuum, and the photoionization of excited H2 molecules was one
major study area. Another was the various
types of gas discharges in H2-Ar mixtures
with the object of obtaining sufficientlyuniform and dense plasmas for use in lasers. A
pulsed electron beam configuration was
found to provide the densest uniform
plasmas, and gain studies were carried out
using this method. Utilizing a multipass
chamber, gain was measured in H2-Ar mixtures excited by an electron beam. A strong
absorption in Ar was found, which leads to
net absorption for the H2-Ar mixture. The
H2 laser buffered by Ar was shown to be
unsuitable for lasing; however, the principle of electron beam excitation and the development of a gain measuring system
make it attractive to explore the laser possibilities of other diatomic molecules with
dissociating states.
A group of polar organic liquids were
investigated for applications in liquid
dielectric high energy density capacitors.
These liquids showed a substantial improvement both in energy density and storage time compared to dielectric liquids

presently being used. Liquid dielectric
capacitors offer a promising approach to
the Air Force requirement for lightweight
pulse power sources in airborne applications.

RESEARCH ON SOLAR DYNAMICS
Research continued during this period
on three main areas: The Solar General
Circulation, Theoretical Studies of Solar
Terrestrial Relations, and Physical Processes in Solar Phenomena. These areas of
research result from the need to understand the development and decay of solar
active regions, the need to determine the
mechanisms causing the emissions and
radiation from these regions, and the need
to develop the calibration constants for
solar measurements.
The variable solar emissions typically associated with solar active regions produce
many -effects in the upper terrestrial atmosphere, on the terrestrial magnetic field,
and in the surrounding space. Operation of
Air Force systems in-each of these regiois
gives rise to a need to predict the effects of
solar emissions on their environment, and
ultimately, on the systems themselves.
SOAR ACTIVE REGIONS: The most extensive history of the birth, growth, and decay
of solar active regions that exist in the world
has been compiled on tape. Sunspots have
been grouped according to size, shape, and
resident latitude and their motions
analyzed. An investigation of the contribution of meridional cells to the solar energy
balance has shown that these cells are not of
primary importance.
The experiment to obtain standardized
flare observations has been completed successfully. A computer program is now
being written to produce an objective
method for determining the area and integrated light deficits of sunspots. The suc-
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cess achieved in standardizing flare observations has led to the decision to design and
build five matched solar telescopes and deploy them around the world in a Solar Optical Observing Network (SOON) System
for the Air Weather Service.
RADIO BURSTS: Investigation of plasma
radiation processes occurring in solarflares
and radio bursts developed from a major
theoretical effort into one involving experiment as well.
A solar flare will produce supra-thermal
electrons and protons, which will interact
with the coronal plasma to produce Cerenkov plasma waves. The phase velocity of
the plasma waves emitted by this process
always falls between the stream velocity and
the electron thermal velocity. However, as
the phase velocity approaches the electron
thermal velocity, the damping decreases.
As a result, weakly damped large amplitude
long plasma waves can propagate in the
corona when the frequency of the plasma
wave is slightly larger than the electron
plasma waves.
A fiomogeneous and fully ionized hot
plasma will always contain ion and electron
density fluctuations which will be indepen-.
dent of each other. These fluctuations
separately scatter incident longitudinal
plasma waves, at least partially, into electromagnetic radiation of different intensity. The scattered intensity depends on the
amplitude oftheincident wave fieldand on
the amplitude of each type of fluctuation.
Non-thermal fluctuations may be much
larger than thermal density fluctuations.
When an electron plasma wave is scattered by an ion density fluctuation (oscillating at the ion plasma frequency which is
much smaller than the frequency of the
incident wave), the frequency of the scattered wave remains nearly the same as that
of the incident wave. This is the Rayleigh
scattering process in the plasma. The scattered wave consists of a longitudinal -wave
that cannot leave the plasma volume, and a
transverse electromagnetic wave that

radiates out of it, yielding the Rayleigh scat-'
tered power at approximately the plasma
freqpuency of the medium. Theoretical calculations have shown that the ratio of the
intensity of Rayleigh scattered longitudinal
wave to that of the transverse electromagnetic wave is very large, normally at
least 1000.
However, when the propagating plasma
wave is scattered by an electron density
fluctuation (oscillating at the electron
plasnma frequency, which is comparable to
the frequency of the incident plasma-wave)
the frequency of the scattered wave is
strongly modulated by the frequency ofethe
electron densityfluctuation. Consequently,
the scattered wave -contains the sum and
difference frequencies, and their hybrid
overtones. Usually, however, the scattered
wave has-only one-dominant component
which is transverse electromagnetic and
this is the sum frequency. This is the Raman
scattering process.
As mentioned earlier, the majorcomponent of the Rayleigh.scattered wave is Iongitudinal, coherent, and incapable of leaving the plasma volume; it will interact, resonantly with the charge density fluctuations in the plasma, raising their-level far
above that of purely thermal charge density
fluctuations. Consequently, Raman scattering of an incident, coherent plasma wave is
coherently enhanced. It has been shown
that this mechanism can cause the Type III
radio noise bursts-from the sun. In-addition, by tailoring the plasma parameters in
a DC discharge tube, radiated powcr from
Raman scattering can be augmented by
many orders of magnitude. It was-also calculated theoretically, that the energy in the
incident wave must exceed a certain
threshold if enhanced coherent Raman
emission is to occur.
The strength of the emission, the
threshold required, its frequency, and its
angular distribution was found to agree
with the theory when tested in a DC discharge tube at AFCRL. In addition, far infrared radiation from a helium plasma and
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microwave emission from a DC discharge
in an argon plasma voted by other investigators were explained. The possible use of
this phenomenon as a laser mechanism will
be investigated, in addition to its possibilities in clarifying the relationships of
solar noise bursts and solar flares.
ABSOLUTE F-VALUES: Absolute transition
probabilities (f-values) are needed for the
determination of species concentrations
and temperatures in plasma diagnostics,
and solar and stellar abundances in astrophysics. The pressure-driven shock tube is
a preferred thermal light source for f-value
measurements since the shock-heated gas is
in a well defined equilibrium state over a
wide range of controllable operating conditions and uniform in the line of sight.
The AFCRL shock tube uses argon or
neon crr gshoin te dve scon or
neon carrier gas in the
driven section to
which a trace of the gas to be investigated is
added. High pressure helium gas drives the
tube. Temperatures behind the reflected
shock can be varied from 3,000 to 10,000
degrees K. Spectral radiation from atoms,
ions, and molecules is recorded photographically and photoelectrically from
steady states of known population in.local
thermodynamic
equilibrium. Correlation
ofthemobsevedyna
spcecrliitri
of the observed spectral intensitiesewithi tthe
measured temperature, press, re, and concentration of the gas allows the absolute
f-values of the transitions to be determined.
Previously measured spectra of Cr and

the last Report on Research. Twenty more Ti
II f-values brought the total to 30. Absolute
f-values were also measured for 11 Alpha
bands of TiO. Manganese carbonyl in
argon was used to measure 40 lines of Mn I
in the range from 3800 to 5500 A. Exploratory work was also done on f-values
for Mn II, Si I and Si II.
The Energy Conversion, Space Forecasting, Solar Plasma Dynamics, and Plasma
Physics Branches were terminated at the
end of this reporting period.
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FoUGERE, P. F.
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Page,-Ed.,D. Reidel Pub. Co., Dordrecht, Holl. (1974)

K.%iz, L., ROT11WELL. P. L., and YATrES, G. K.
Observations a/Proton andAlpha Fluxes
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Maximum Entropy Power Spectrumn of Solar Activity
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Quenching of Biacetyl Phosphorescence by Indole and
Methionine. Solvent Effects
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M*c: CLAY J. F.
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Semiconducting Polymers Mixed Valence
Ferrocene-FeriiciniumPolymers
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Micropulsations: The Asymptotic Fields
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Self-Excitation Limit During a Magnetic Storm
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Energy Loss and Stopping Power Measurements Between 2
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The CoherentAmplification of Radio Emission in Type III
Bursts
Bull. of Am. Astronomri Soc., Vol. 5, No. 2 (1973)
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Prediction of the End of Solar Proton Events

Space Res. XIII. Akacfcinie-Verlag, Berlin, Ger.
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Trhe Response o the Deep River Neutron Monitor to ant
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T'ransmnittanceFunctions for Defining the Response of a
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Tfhe Promise of Self-Consistent Flare Data
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Solar Flare Obsenvations from' a Pair of Matched
Instniments
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SILVERNIANj., KRUKo.Vis, A,-P., and YANNONt, N. F.
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The Crystal Structures of 9-Dicyanomethylenefluorene
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An Empirical Method
Satellite Altitudes

of Estimating

Cutoff Rigidities at

13th Intl. Cosmic Ray Conf., Conf. Papers, Vol.2
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Proton andAlpha Particle Fluxes-Measured Aboard OV5-6
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YOUNG, P. S. (Miss. State Univ.), and Fuxw, K.
Prediction of ObservingLight Flashes on SSTPlanesDue to
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Nature, Vol. 241 (12 January 1973)
Probability of Observing Light Flashes by the Passengers on
SST Planes
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Measured on Board of Apollo 16
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Detector

Fall Ann. \ftg. of the Am. Ceophys. Uniot, San
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13th Intl. Cosmic Ray Conf. (IUPAP), Denver, Colo.
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Observation of Omnidirectional Trapced Proton Energy
Spectra Measured in Late 1972 Be!'ow 750 Km Altitude
1973 Ann. Atn. Ceophys. Uiiion Mitg., Wash., D. C.
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(27 August - I September 1972)
HALL, W. N.
EnergeticSolarlartidle Contribution to the Energt tics of the
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Cosmic Gamma Raj, Bursts
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PEACOCK, D. S. (Univ. of Denver, Colo.), GOLD, R,
SHEA, M. A., and SMART, D. F.

E.

An Extended Set of Variational Coefficients
55th Anni. Spring Mtg. of the-Am. Geophys. Union,
Wash., D. C. (8.12 April 1974)
PRASAD, B.
Enhancem~ent o Rainan Scattering in the Presence-of
Rayleigh Scattered Plasma W1aves

Phys. Soc. Plasmna Phys. \ftg., Mon terey,-Calif.
(13.16 November 1972)

7*he Coherent Ampliflcation of Radio Emission in Type III
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Solar Pi."s. Div. \fg. of Am. Astronom. Soc., Las
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AF Wpn. L.ab., Kirtland AFB, Albuquerque, N. 1K,
and Los Alamos Sci. Lab., Los Alamos, N. M.
(16 21 July 1972)
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Ann. Mtg. of the Am. Phys. Soc., Div. of Plasma Phys.,
Philadelphia, Pa. (31 October -3 November 1973)

A Classical "MXASER" A1ction in a Hot Unfform Plasma
Ann. Mtg. of the Am. Phys. Soc., Div. of Plasmna Phys..

LEvixE, M. A.
Cusp, Containment andl Thermonuclear Reacto.

LINsCOLv,

High Powerr M~icrowave Absorption and Plasma Heating

(Univ. of-N. H.),
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A Comparison of Power Spectral Estimates: 1. Theory and
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ROTHWELL,

P. L.

Comparison of Electron Fluxes with the Whistler
Self-Excitation Limit During a Magnetic Storm
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The Sun and Solar Flares
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Flare-Produced d and 3He
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55th Ann. Spring Mtg. of the Am. Geophys. Union,
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Interpretation of Flare-Produced Proton Spectra
1974 Intl. Syrup. on Solar Terrestrial Phys./17th
Plenary Mg. of COSPAR, Sao Paulo, Brazil (17JuncI July 1974)
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Meteorology Laboratory

Among the many factors which affect the
efficiency and safety of man's daily activities, weather is a very important one. In
carrying out its responsibilities, the Air
Force, like other organizations, must contend with the impact of weather
phenomena on the design, development,
and operation of its systems.
It is important that some Air Force systems be operable in virtually all types of
weather. To accomplish this objective, the
Air Force must act on two fronts. Its first
responsibility is to design systems that-are
operable over a broad -range of weather
conditions. The second is to supplement
these designs by modifications of the
weather affecting the success of the operations. Of course, there are many other Air
Force activities which can be delayed on the
basis of a weather observation or a weather
prediction. But whether the deficiencies
are in data needed in design, methods for
significantly modifying critical weather
elements, or techniques for improving observations or predictions, the need for an
Air Force program in meteorological research and development has been clearly
established. The major responsibility for
this program rests with AFCRL's
Meteorology Laboratory.

During theperiod covered by this report
the program of the Meteorology Laboratory included the following efforts: research to improve short-range forecasting
of terminal weather conditions; the modeling of large-scale atmospheric circulations;
the definition of turbulent transport processes in the atmospheric boundary layer;
the application of data from meteorological
satellites to analysis and forecasting; and
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the development of techniques for the
processing and display of weather radar
data to facilitate the study of thunderstorm
development and motion. The program
also included the development of techniques of fog dissipation and techniques for
the remote recognition of potentially
hazardous areas of electrical activity in convective storms.
While much of the instrumentation developed by the Meteorology Laboratory has
been in support of its in-house research
investigations, other instrumentation -has
been and is being developed for eventual
use at stations of the Air Weather Service
and at the Air Force's test ranges. Instrumentation in the latter category includes radiosondes with improved humidity sensors, dropsondes for determining
winds below an aircraft, and new devices
for the measurement of ceiling and visibility.
A significant effort has been devoted to
the definition of the physical nature of the

SHORT-RANGE FORECASTING

cloud and precipitation particles through

observing system has advanced very rapidly

which test nosecones have been flown. In

in recent years and can be exploited exten-

another effort techniques are being developed to modify the aerospace environ-

sively if the benefits justify the cost of the
system components.

ment through the use of artificial aerosols.

It is inevitable that operational demands
for improved weather warnings and forecasts will continue to be concerned primarily with rare weather events having small
space-time scales. The reason, of course, is
that most Air Force systems are designed,
to the extent considered practicable, to opcrate without serious degradation over the
usual range of weather conditions. The
unusual or rare events that do have serious
impact on operational effectiveness and
safety are difficult to resolve because they
typically occur on a scale that is much smaller than the existing spacing of weather observing stations. Thus, a prerequisite for
progressive improvement in the detection
and short-range prediction of significant
local weather events is an observational
capability that is commensurate in space
and time with a scale of the significant
weather activity. The technology necessary
for a substantial upgrading of the present

A systematic assessment of the practical

Although all of the permanent quarters

operational benefits to be derived from au-

of the Meteorology Laboratory are located
within 15 miles of Hanscom AFB in Bedford, Massachusetts, climatic factors and
the existence of unique support facilities
elsewhere have led Laboratory scientists
and engineers to conduct field programs at
distant locations, ranging from New
Hampshire to Hawaii and Minnesota to
Florida. These programs have been successful because of the fine support and collaboration received from many Department of Defense, National Oceanic and
Atmospheric Administration, National

tomated mesoscale observing and forecasting techniques is the central objective of an
experimental program undertaken by the
Meteorology Laboratory. A fully automated field test facility has been established
for this purpose in the vicinity of Hanscom
AFB, Massachusetts. The Hanscom mesoscale observing network consists of a dense
network of remote surface weather stations, an instrumented tower and a digital
weather radar capability. The overall program includes: the development and
evaluation of weather sensors suitable for

Aeronautics and Space Administration
units and- a team from the United King-

use in completely automated surface
weather observing systems; the development of methods of automated data proc-

doin.

I
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essing and display for real-time operational
needs; development of improved methods
of short-range (0- to 3-hour) terminal
weather forecasting based upon automated
Mesonet observations, and operational
field tests to explore the practical value of
advanced observing and forecasting systerns.
THE MESONET: The network of automated observing stations extends over a
radius of 50 km from Hanscom. The 25
remote stations have a variable spatial density ranging from about 1 km near Hanscom to roughly 15 km at the outer edge.
The individual sensors automatically report visibility, wind direction and speed,
temperature, dew point, and precipitation
rate. In addition, vertical profiles of these
measurements, except precipitation, are
reported from an instrumented tower located 600 meters from the central runway
* r
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for maintenance.
The device used to measure visibility is
"
the most radical departure from standard
,instrumentation.
Instead of the convenTId'

tional airport visibility instrument which
senses transmittance in paths in excess of

MASS.

"RH

,ter

200 feet, a short-path- length forward scat-meter was developed for use in the

-have

Mesonet. Several years of experimentation
shown it to be a rugged and extremely

NT

accurate instrument with exceptional- calibration stability and capable of high resoIuadcpersu
tion over a very broad range of visibility.

The Hanscom Mesonet: Small solid circles
denote loca:ions of surface weather statiois.
The triangle in the exploded view shows the
location of the instrument tower at Hanscom
AFB. Large circles give locations of conventional observing stations.

THE RADAR: An important part of the
Mesonet forecast experiments is the introducuon of digital radar information. During
of precipitation an FPS-77
periods
weather radar transmits radar data by-microwave to a radar pulse integrator and

...
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AFCRL
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NET WORK

THE STATIONS: Sensors used in the
Mesonet are usually commercially available
-devices which were-selected after careful
testing and intercomparison rather thanI
those used by the weather services for
standard observations. They are packaged
in a rugged and weatherproof station
mounted on a telept.one pole 25 feet above
the ground. This design makes the station
and readily accessible from a cherry-picker

*

-*.--....,

at Hanscom. The other important features
of the observing network are the two
radars. The FPS-77 surveys the entire
Mesonet and well beyond. The vertically
pointing TPQ-11 provides a continuous
record of cloud structure directly overhead.
The
basic
functions
of
the
Mesonet--collecting, processing and displaying the data-are controlled by a computer. All sensors in the network are scanned once every 10 seconds, with decisions
as-to the mode of processing the responsibility of the human operator. For example,
station data can be displayed as maps of
either 1-minute or 5-minute running averages.
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then into the Mesoaet computer. Periodically, digital maps representing rangenormalized radat: reflectivity are printed
out and made available to forecasters and
researchers. These maps are proving useful in forecasting onset and ending of
periods of low visibility during heavy precipitation. Studies are under way to relate
the reflectivity to rainfall rate, visibility, and
wind gusts for particular application to
forecasting severe thunderstorm conditions. Techniques are being developed to
obtain the motion of precipitation patterns
automatically from successive digital maps
and produce guidance forecasts as additional computer output.

-.
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speed, temperature and dew-point, and precipitation rate.

FORECASTING TECHNIQUE DEVELOPMENT:
The rationale for the development of objective short-range forecasting techniques
using Mesonet observations is twofold. On
the one hand, techniques which will make
the best, use of both the forecaster's skill and
the computer's speed and memory are
being sought. Alternatively, consideration
is being given to the development of fully
automated objective procedures which
would eliminate the role of the human
forecaster in short-range terminal forecasting. An evaluation of the accuracy of techniques developed herein compared to the
skill of the subjective forecaster not provided with objective guidance will make
available to Air Weather Service planners
substantive information to weigh the alternatives of manned versus unmanned base
weather stations as manpower authorizations continue to be reduced.
The Hanscom Mesonet is primarily a
surface network. All observations are made
close to the ground with the exception of
the radar and instrumented tower observations. Because of this limitation, the focus in
technique development has been towards
models rather than numerical
mesoscale models which would require detailed information throughout the lower
few thousand feet of the atmosphere. Also,
deterministic numerical models have not
advanced to the point where sensible
weather parameters such as cloud ceiling
and visibility can be accounted for with sufficient accuracy or in a manner which yields
timely short-range (0-to 3-hour) predictions which would be operationally useful
to forecasters and/or users.
Shortly after the Mesonet forecasting
experiments started in September 1972, a
climatology
conditional
single-station
model was formulated and parameterized
from a historical set of prevailing visibility
observations at Hanscom. The objective
stochastic model was refined after the first
year's operation of the network using the

"

continuous data collected during forecast

episodes. Since its inception the output of

I
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the model has been provided to the subjective forecaster for guidance in preparation
of his short-range visibility forecasts. It also
has been evaluated as a control technique in
the forecast experiments.

1972-73
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been formulated to deduce the motion vec-

tor due to translation from an analysis of

time-lag correlation data for selected pairs
of stations in the Mesonet. The motion vector, so determined, would then identify the
t
uprobability
from which future
locations l"upstream"

(up to three hours later) airport visibility
will be translated. Procedures of optimum
interpolation determine the forecast value
at the locations from surrounding-mesonet
observation points,- and an analysis of the
spectrum of the current and recent visibilityfield in the network will define inputs
,to tb e visibility probability forecast procedure. Other procedures which determine
forecast values from regression equations
relating observations from individual stations in the network to the runway observations based on space- and time-lag correlations are also being evaluated. A critical
operational problem, the initial onset of
severely reduced visibility, is not handled
well by either of these-procedures and will
be given special consideration during the
next year.
Radiation (ground) fog, very common to
Hanscom and many other inland airfields
located in valleys, presents a special detection and prediction problem because of its
highly variable and patchy nature. Since
such fogs form on clear and calm nights,
there is generally little organized motion or
translation to the fog. As a result, technique
development is concentrating on the formulation of stepwise regression equations
which relate space-smoothed predictors
combining the effects of two or more ob-
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Short period fluctuations in airport visibility result primarily from the translation
of mesoscale disturbances, and from
Technique development thus far has con-
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Experimental Forecasting Results - The
of below limit visibility predicted

by the stochastic model versus the corres-

ponding frequency of occurrence.

servation points to runway visibility. Consideration is also being given-to temperature -measurements just inches -off the
ground near the runway to measure radiation flux during the fog formation and dissipation periods.
The goal in -forecast technique development is to assess the practical limitations of
fully automated forecast systems as compared to a man-machine mix or a totally
manual forecast system. While it would be
unrealistic to expect that the Hanscom
Mesonet results would apply precisely to
other locations with markedly different
climatic or local influences, they would establish guidelines of general validity.
ATMOSPHERIC MODEUNG
The atmosphere is a complex fluid system
capable of sustaining motions on a whole
spectrum of time and space scales from
very short, rapidly moving sound waves to
ultra-long, quasi-stationary planetary scale
waves. There are important nonlinear interactions or feedbacks among many of
these differing scale sizes such that changes

=17
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on one scale affect both longer and shorter
scales and, in turn, are affected by both
these and other scales.
Progress in understanding such a large
and complex nonlinear system, and therefore improved predictability, largely depend on our ability to formulate valid, but
much simpler, analogues (models) of tile
complete system. Ideally, such models
should take into account the important
parameters and should be amenable to controlled experimentation. Mathematical
models of the atmosphere, based upon the
laws of fluid dynamics, meet these requirenients and are widely used in atmospheric prediction. There are, however,
some problems with mathematical models
which cause the time development of the
model to diverge from the time developmnent of the real atmosphere and therefore
degrade the quality of the prediction. The
goal of AFCRL's efforts in mathematical
modeling is to minimize the sources of
model error,, which include inadequate
representation of relevant physical
processes, incomplete description of the
initial-state of the prognostic parameters,
and imperfect representation of differential equations by finite-difference approximations.
RESEARCH ON NUMERICAL PROCEDURES:

The current practice of all operational
numerical weather predicumon groups
makes use of the space network approach
in the solution of the system of equations
which constitute the mathematical model.
In this approach, observations of the dependent variables are interpolated onto a
regular array of gridpoints in space, and
differential quantities are represented by
finite difference approximations. Since the
entire system of equations must be solved at
each gridpoint before, the variables can be
extrapolated in time, the limits of the capacity of the computer and the time available
for the forecast restrict the number of
gridpoints in the network. Naturally, the
fewer the number of gridpoints, the great-

er the growth of' error due to truncation
and lack of resolution.
If there-are no restrictions in computer
capacity and time, a straightforward
method of improving the quality of the
model forecast would be to reduce the distance between gridpoints. In principle, the
only limitation is that the grid distance must
not be smaller than some critical value
below which the underlying model assumptions are no longer valid. Another approach, and in theory a more efficient one,
is to increase the order of accuracy of the
finite difference approximation. For example, experience in simple advection-type
model studies has shown that forsatisfactory overall results, second-order accuracy
schemes require about 20 gridpoints per
wavelength, while fourth-order accuracy
schemes require about ten.
Current operatonal largc-scale models
such as the Macro-scale- Model of the Air
Force Global Weather Central at Offutt
AFB, Nebraska, have a grid distance of
about 400 kin. With a second-order
scheme, these models can confidently
handle only atmospheric waves with
wavelengths longer than-about 8,000 km.
In the real atmosphere, waves associated
with day-to-day weather phenomena have
wavelengths between -3,000 and 6,000 km.
From the point of view of accuracy, it is

therefore desirable either to halve the currently adopted grid distance or to increase
the order of accuracy of the numerical
schemes.
At AFCRL, we have conducted comparison case studies using both approaches. Results show that the latter is more desirable
because, for example, an overall 8 percent
reduction in the error field of a three-day
forecast can be achieved -with substantial
changes in neither time nor storage requirements in the computer. For the
former to achieve this, not only does the
computer time requirement have~to be increased-by a factor of 10,but also a fourfold increase in computer storage requirement is needed.
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NOISE AND THE TREATMENT OF DIFFUSION: A fundamental problem in atnospheric modeling arises from a two-headed
dileinma: noise and subgrid-scale processes. Noise in solutions of numerical models
arises from -errors in the initial data, from
model inadequacies, from improper treat,
ment of both real andcontrived boundaries, and from inadequate resolution of
important components of the system. If
noise is not controlled in the numerical
solution, it will not only produce inaccurate
forecasts and limit the time range for which
forecasts can be made, but may also cause
the solution to become unstable and conpletely meaningless.
Noise in the real- atmosphere is kept
under control by small-scale diffusion and
viscous dissipation, which is the final stage
in the transferof kinetic energy from larger
to smaller scales. In numerical modeling,
this diffusion process which occurs in the
atmosphere on a microscopic scale must be
represented in the model or parameterized
in terms of scale sizes which are many orders of magnitude larger. While it may help
somewhat to reduce the grid size of the
model, thus increasing the resolution of
smaller scales of motion, we can never expect to treat atmospheric diffusion cxplicitly no matter-how much we reduce the
grid size. Furthermore, as has already been
indicated, we are limited by time,
economics and machine capacity in the cxtent to which grid size can be reduced. Even
where the capacity of the computer permits
a halving of the grid distance, the increase
in computer cost is at least a factor of 16 for
a model with three space dimensions. Thus,
the parameterization of diffusion in numerical models of the atmosphere is -requi- ed to accomplish the representation of
physical diffusion which takes place in the
atmosphere as well as the control of numerical noise in the model. The principal shortcoming of conventional methods of representing diffusion in large-scale NWP
(Numerical Weather Prediction) models,
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those that are operationai as well as general
circulation models, is that the meteorologically important cyclone-scale waves in the
model are dlamped along with the computationally produced two-grid-interval noise.
As a consequence, the predictions are too
smooth and fail to forecast adequately
newly developing disturbances. What is
needed is a means of representing viscous
dissipation that is very strong for the short
wavelength noise and very weak for the
larger, meteorologically important waves.
We have devoted considerable attention
to this problem and have devised a digital
filter which appears to have just the right
properties -to control noise, represent atmosphericliffusion, yet notsuppress physically meaningful information in the
model. The filter is actually a flexible sequence of filters varying from three-point
operators in one dimension when applied
near boundaries to high-ordered operators
in the interior of the grid intervals. The
filter has now been applied in a variety of
numerical models varying from fine-mesh
limited area models and 'channel models
with solid walls to large-scale general circulation models. In all cases the filter behaves
as anticipated: it controls the growth of
noise and maintains computational stability
and -at the same time preserves the proper
distribution of energy among the various
scale sizes in the model as compared with
observed atmospheric spectra.

FINE-MESH MODELING: The shortest wave
that can be resolved in a numericalmodel
has a length of two grid intervals. However,
-stch-waves and even those that are four to
five times longer are poorly represented in
numerical models, partly as a result of
truncation and numerical procedures and
partly as a consequence of the fact that the
basic observational network is itself rather
coarse. Fronts and other phenomena directly-associated with clouds and precipitation occur on scale sizes which are poorly
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handled by large-scale numerical models.

procedure of carrying out a large-scale so-

This difficulty can be alleviated, if not circumavented, by reducing the grid size.
However, as we have already indicated, this
approach is very costly in computer time
and is impractical for a global or henispheric model. Nevertheless, over limited
areas, this approach is both feasible and
appropriate, especially for regions with
greater than average observational density.
A new and serious difficulty is introduced in trying to limit the area of solution
-namely, the treatment of the artificial,
internal, lateral boundaries. For certain
relatively simple models the appropriate
physical boundary conditions are-well understood and their numerical treatment
presents no serious problem. Unfortunately, this is not generally the situation in
practice. Therefore, means i, ast be devised to prevent the solution from becoming contaninated by noise. We have dcvised a new kind of high-ordered interpolation procedure for handling the boundary
problem. We have adopted the customary

lution of the model with a coarse network
covering a global or hemispheric domain
and using the coarse nesh solution to supply boundary information for the finemesh donmain. It is in the process ofinterpolation from the coarse to fine mesh that we
make use of our high-ordered interpolation which is based upon the concept of
restoring information which is lost in the
process of two-point linear interpolation.
The effectiveness of the high-ordered in.
terpolation is illustrated in the accompanying figures which show comparative solutions for the zonal wind at a typical lower
level tlevel 14 is at a pressure of 812.5 mb)
in a multi-level, primitive equation finemesh model. The solutions are obtained
from identical models with identical initial
conditions. The only difference between
them c mcerns the method of interpolation
from the coarse-mesh solution to the
fine-mesh boundaries, which produces a
dramatic difference in the smoothness of
the results.
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ATMOSPHERIC BOUNDARY LAYER

Many Air Force systems are operated
within the boundary layer and are fre-

The atmospheric boundary laye, is that
portion of the atmosphere where the frictional effects of the earth's drag on the air's
motions, and turbulent mixing between the
surface layers and the upper atmosphere
are as important as the pressure gradient

quently dependent during the design stage
and eventual operational stage-on the degree to which meteorological parameters in
the boundarylayer can'be specified or predicted. In addition, those systems which
operate in the free atmosphere above the

forces, and the earth's rotation forces are in
the "friction-free" atmosphere. -It is a layer
that drastically changes character -from a
deep (1-3 km) well-mixed, turbulent layer
during the daytime to a shallow (0.2-0.5
km) decoupled layer during nighttime.
Until recently, research studies of the
boundary layer have been restricted t( he
so-called surface layer, the first 40 1
)
meters of the atmosphere. Much has been
learned about the characteristics of this
layer with a concomitant increase in our
ability to improve performance of Air
Force systems and operations largely confined to, or strongly ar'^"cted by, surface
layer turbulence. Within the last-five years,
however, research efforts have been directed towards an understanding of the
physics of the entire boundary layer.

boundary layer frequently require weather
forecasts for periods greater than 24 hours.
For such forecasts to be effective, the numerical weather forecasting models used in
operational forecasting must incorporate
the effects of processes occurring within
the planetary boundary layer.

-
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RESEARCH RESULTS: In 1973 a series of
experiments was conducted in Minnesota
to obtain detailed data on turbulent transport of momentum and heat throughout
the boundary layer. This was a joint program involving research teams from the
Meteorology Laboratory and the Aerospace Instrumentation Laboratory of
AFCRL and the Meteorological Research
Unit, RAF, Cardington, England. The
British scientists had developed a technique
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for mounting turbulent wind and temperature sensors on the tethering cable of large
captive balloons. Earlier joint experiments
had established that balloon movements
did not significantly affect the measurements by the cable-monunted sensors. For
the Minnesota experiments, five of the
British probes were flown at heights ranging from 200 to 4,000 feet. The Meteorology Laboratory team provided detailed
measurements of the turbulent transport
processes in the surface layer with towermounted sensors. The Aerospace IIIstrumentation Laboratory team provided
and topcrated the captive balloon, a 45,000
cubic foot balloon identical to the barrage
balloons flown over London (huring World
War II, one which displays exceptional
aerodynamic stability and free lift. Detailed
analyses of the resulting data will be directed towards a search for similarity features of the turbulent exchange processes
and for relationships between boundarylayer processes and the forcing conditions
imposed by the underlying surface and the
fiee atmosphere above the boundary layer.
At present, data reduction efforts have
been devoted to establishing proper
mathematical filters to obtain statistically
stable desci iptions of the transport processes. This effort has been just recently sticcessfully completed and the similarity
analyses are under way.
An effort parallel to this experimental
study hms been the development of a numerical nodel of the planetary boundary
layer. This is a model designed to predict
actual turbulent parameters, gi\ LI the
large-scale imposed boundary conditions.
The opportunity for interplay between the
experimental program and the modeling
effort is self-evident. Hovever, the model
has far-reaching practical value in itself
since it provides a means to specify turbulent processes under a wide range of condilions without the need for fiequent and
expensive field experiments.
Finally, a new experimental technique
for probing the boundary layer with acous-

Captive balloon used in Minnesota being pre-

pared for launching. Inflation of the balloon

is done tnder near-calm conditions. After inflation, balloon can be tethered safely in winds

up to 40 mph.

tic radars is being pursued. Two types of
radar are being used One detects regions
of fluctuating temperature activity to
heights of about 2,000 feet. The other, with
Iheight range of 600 feet, measures Doppier fiequency shift of the scattered acoustic energy which is directly proportional to
the wind speed of the scattering volume.
These renote probe devices show outstanding potential for either research or
practical application purposes and are
being thoroughly studied at the present
time.
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layer experiments w~as directly applicable to

,

such problems as determination of number
of stations to observe significant variations
along the runway, data handling techS"niques, design of accurate, dependable sensors, etc.
At the present time, in-house scientists
are deepl) committed to the ARPA/RADC
Compensated Imaging Program, a prograin to develop techniques to compensate
for atmospheric distortion of images of objects in outer space. The AFCRL input to
this program is to provide expertise in observation of temperature fluctuations
within the boundary layer since the nearfield turbulence in the vicinity of observatory telescopes is responsible for-roughly 80

/

-

percent of the atmospheric distortion on

I

the average. The program will use towermounted temperature sensors as well as the
bak-scatter acoustic radar mentioned earlier. Observations are scheduled for the
ARPA Maui Optical Site (AMOS) in
Hawaii, as well as the RADC observatory at
Griffiss AFB, New York.
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SATELLITE METEOROLOGY

Mounting of a British turbulence probe and
itsassociated electronics on the tethering
cable. Minnesota experiments. 1973. Signals
from the five probes were radioed to the
ground where they were recorded and processed by AFCRL's coinputer.controlled data
acquisition system,

During the last two years, Air Force interest
-in satellite research and development has

steadily expanded. This reflects both the
rapid increase in routine data collected
from military meteorological satellites and
the application of these data to an expand-

AIR FORCE APP IATIONS: In April of

ing set of Air Force problems. There is, in

1973, the Air Force Flight Test Center,
Edwards AFB, California, formally accepted a computer-controlled data acquisition system to measure wind-and temperature variations along the 15,000-foot runway at Edwards. The system is used by
AFFTC to obtain environmental data in
support of various aircraft performance
tests conducted there. Design, construction, and installation of the system was accomplished by AFCRL's boundary-layer
scientists. Their experience in boundary-

addition, the long-term expectation that
satellite measurements can replace not only
many conventional meteorological measurements, but also yield data not available
by other means. The confluence of technological expectations and military requirements has resulted in considerable
pressure to expand the scope of satellite
meteorology research and applications.
This has led to a steady proliferation of
activities, some of which are discussed in
this report.
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rectly at remote sites continues to receive
high interest in the Air Weather Service.

ing recorders, which tried to phase both
portions of the signal under certain conditions. In addition, it was difficult for the
operator to positively select between the

Direct readouts from both NOAA and the
recLntly declassified Defense Meteorological Satellite Program (DMSP) vehicles are
used at various Air Force and Navy sites.
Developments in both hardware and software have contributed to the improved
utilization of the data from these satellites,
Hardware changes were needed to ac-

visual or infrared image. A stripped-down.
model of the device that adjusts for the
signal range also -nrrects the scanning difficulties. Th:. model has been purchased by
the Air Weather Service. These units contain conversion modules which can be predefined for various satellites, sensors
and/or enhancement schemes.

DIRECT READOUT DATA OPTIMIZATIONS:
The capability to receive satellite data di-

commodate the new NOAA operational

-In response to complaints from field sites

satellites introduced late in 1972. The
switch from vidicon to scanning radiometer
sensing and the provision for the transmission ofboth video and infrared data during
daytime made modification of ground

about shortcomings in the DMSP overlay
grids, an investigation uncovered significant errors, and a new set of grids for both
standard and expanded displays was generated. These grids are now used at all

equipment desirable. Electronics were developed which give the best image possible
within the limitations of the recorder marking capabilities.
The transmission of alternating scans of
visual-and infrared data "confused" exist-

DMSP local read-out sites. For the NOAA
satellite data, more accurate grids were also
generated. In addition, a program was developed to prepare grids-with geographic
features superimposed. Approximately
100 grids are needed for each station for
each satellite. A set was Prepared for Patrick AFB to support the missile and space
programs, and Air Weather Service has resets for eight other key stations
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WATER AND-ICE CONTENT OF CLOUDS: In

support of weather erosion programs, existing satellite measurements are being
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analyzed to determine the ice and water
content of clouds. Substantial progress has
been

10000
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CLOUD EMISSIVITY
Model clouds corresponding to radiances hserved by a Vertical Temperature Profile
08

Radiometer on board the NOAA 2 satellite on
September 17, 1973. Channels 4 and 8 inea-

sure atmospheric and terrestrial infrared
radiation at two different wavelengths. Only a
small subset ofthe array ofmodel clouds satisfies both channels. Further discrimination is

achieved by the use of-more than two chan-

nels. On this particular day,independent observations had cirrus clouds at 30,000 feet.

made

in

one

aspect

of

the

program-namely, the estimation of the
total ice content of cirriform clouds. The
method- requires measurements from a
Vertical Temperature Profile -Radiometer
(VTPR) on board a satellite. The method

has been tested directly by aircraft observa-

tions underneath satellite passes. All VTPR
instruments measure various wavelengths
of infrared radiant energy from the earth's
surface and atmosphere. The ordinary application of the VTPR isan inversion of the
radiances for clear or partly cloudy areas to
estimate the vertical temperature profile.
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The new application combines observed
radiances for a cloudy area with a known
temperature profile in order to estimate
cloud characteristics.
The first step in the method is to select
the best cloud from an array of model
clouds. Each cloud is characterized by two
parameters, a cloud-top alitude and a
cloud emissivity. The emissivity is the fraction of infrared radiation which is absorbed
and reemitted by the cloud particles. It is
cloud
also the fractional extent to which the
behaves as a black body. When more than
one VTPR channel is considered, a joint
estimate of cloud altitude and emissivity is
possible.
During the winter and spring of 1974,
ten successful aircraft flights were obtained
in clouds underneath satellite passes. The
primary aircraft were C-130 models operated by the Air Force Special Weapons
Center for AFCRL. These aircraft are
equipped with optical array spectrometers
to measure the size distribution as well as
the ice and water contentof cloud particles,
The aircraft flights confirmed the ability of
the VTPR method to estimate cloud -ltitudes and the total ice content of cirriform
clouds.
THE MC IDAS SYSTEM: A Man-computer
Interactive Data Access System (McIDAS)
wasdeliveredtoAFCRLinJune 1974.-With
this system an analyst at a TV console exercisesjudgmentin selecting imageryandhas
the capability to rapidly process this imagery with a digital computer. The analyst
selects the processing operations to execute, and the computer does the analysis.
This analysis can be done on full resolution
digital data and returned to the analyst for
his evaluation and use in the form of TV
display, print-out, or magnetic tape.
Data from a live or taped source are fed
through a-computer to a digital disk which
stores all information to 8-bit accuracy. The
key to the system is the TV processor, which
controls many functions in the interaction
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Simplified schematic of McIDAS system. It is

a systcn which allows an analyst at a TV

sole to coInbine experienced judgmentconin
selecting and processing meteorological satellite imagery.

between the digital and analog (TV) domains. The system establishes a unique relationship between the location of a piece of
information on the digital disk and the TV
disk which feeds a picture into the TV
monitor. The operator selects a point or
area on the TV screen for processing, and
selects a processor function from a teletype
keyboard. The results are recorded, as appropriate, on the TV, line printer or digital

tape.
The system has several uses: McIDAS assigns geographic coordinates to the data
very efficiently and accurately by adjusting
the nominal satellite orbital and attitude
parameters with the known position of
landmarks. Because the system permits
magnification of the image to the point
where each image scan line and picture
element occupy many TV scan lines and
elements, the location of a landmark can be
specified perfectly within the image system.
This provides the basis for the accurate
measurement of cloud motions, from
which winds can be inferred. Once the
geography is established and a series of pictures loaded on the digital disk, winds can
be computed very rapidly.
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Once the navigation for a particular day

wavelengths) are utilized to determine

has been completed, the navigation information resides permanently within the
computer memory and can be recalled any
time data from thatday are to be examined,
A one-stroke command can be used to display thelatitude and longitude of any point
on the picture, or another command can be
used to position a cursor over a selected
geographic location,
Animated sequences of up to 250 frames
can be made and displayed at any rate from
I to 30 frames per second.
Various black-and-white or color enhancements can be generated in response
to the input signal level. These enhancements can be saved for future reference
and an animated sequence can be enhanced
in a selected format by simply directing the
comment to one frame.
Data can be degraded in the system if, for
example, one is interested in experimenting with relationships between image resolution and information, or is interested in
g )ss cloud features over a large area.
Brightness or temperature distributions
can be generated for an area of a size and
shape defined by the operator.
Although it has been designed for the
GEOS satellite, McIDAS can also process
data from other satellites, such as DMSP,
NOAA or ERTS. The system is not limited
to meteorological satellite data but can be
used in any field- in which quantitative
analysis of imagery data, requiring frequent human decisions in the analysis
process, is necessary.

temperature, pressure and humidity profiles, cloud water contentand hydrometeor
size. Clouds and water are semitransparent to radiation in this region of
the spectrum, allowing atmospheric soundings in both clear and cloudy areas. The
microwave temperature sounder, advanced by AFCRL, is-to be flown on board
the Defense Meteorological Satellite System (DMSS) satellite.

THE USE OF MICROWAVES: Studies at
AFCRL have shown that it is possible to
infer atmospheric structure from measurements of microwave energy emitted, absorbed and scattered by the atmosphere,
and that such measurements would have
considerable advantages over those presently in use. The strong microwave absorption spectra of water vapor and oxygen in
the 15-200 GHz region (2 cm-0. 15 cm

*

WEATHER RADAR TECHNIQUES
The weather radar program of the
Meteorology Laboratory is directed toward
development of instrumentation and techniques which can-contribute to the solution
of operational Air Force problems, such as
hazardous weather warning and specification of meteorological environments which
adversely affect communications. This research effort is based at a field site in Sudbury, Massachusetts, where state-of-the-art
processing and display equipment converts
data from four weather radars to formats
adapted for study of convective processes
and widespread precipitation systems.
Three of the radars originated in standard
Air Force inventory, but have been extensively modified to meet the needs of the
research program. These include the
FPS-6, a 10-cm height finder; the CPS-9, a
3-cm storm detector, and the TPQ- 11, a
1-cm cloud base and top indicator. The
most advanced radar, the 5-cm Porcupine
Doppler, is a non-standard, continuously
evolving assembly of experimental equipment for measuring the radial velocity
structure as well as the reflectivity of
storms. A fifth radar, the 5-cm FPS-77 located at Hanscom AFB, has been modified
to produce digital reflectivity information
for the Hanscom Mesonet described previously.
Weather radar data for specialized programs are also-acquired at several sites op-

I

149

crated by other agencies. Most of this
cooperative work is carried out at the
NASA radar station at Wallops Island, Virginia. The radars at Wallops feature
enormous antenna sizes, up to 60 feet in
diameter, and have ultrasensitive probing
capability at various wavelengths covering
the range from 3 to 71 cm. Excellent observations of refractivity structures of the atmosphere associated with clear-air turbulence have been accomplished with the Wallops Island radars, and they are now employed in quantitative studies of precipitation erosion. A powerful, high-resolution
5-cm radar at the Kwajalein Missile Range
also provides meteorological data for the

whether or not a vortex is present, because
the Doppler radar cannot sense motions
across the antenna beam. In this case, persistence of the pattern and its extension
over a considerable height range helped to
validate its interpretation as a vortex: it was
verified by three independent observers
who reported a cyclonically rotating cloud
base-around the tornado.

IV
0

erosion -program.
TORNADO

OBSERVATION BY DOPPLER

RADAR: During the past two years, two tornadoes haveoccurred while their attendant
thunderstorms were under surveillance by
Doppler radar. The Brookline, Massachusetts, tornado of August 9, 1972 was
observed by the -Porcupine Doppler radar
at the Sudbury field site. A large tornado
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which devastated the town of Union City,

Oklahoma, on May 24, 1973 was recorded
on a Plan Shear Indicator during a
cooperative programwith NSSL.
The Brookline tornado observations
demonstrated in dramatic fashion the enhanced value of Doppler radar for identifying a dangerous storm and pin-pointing the
area of dangerous winds within the storm.
The indices of severe weather obtainable by
conventional radar were lacking. The
storm echo was neither especially tall nor
unusually intense for a thunderstorm, and
displayed no hook during the 30-minute
period prior to the descent of the tornado

Radial velocity pattern of thunderstorms observed by the Porcupine Doppler radar while
a tornado was on the ground at Brookline,
Mass. Contours ofvelocity are given in meters
per second and refer to flow relative to the
storm along the radar beam. Negative numbers and shaded areas indicate motion toward
the radar; positive ntmbers and clear areas
show motion outbound from die radar. The
hatched portions in the southern storm represent areas where the spread of velocity was
so great that a mean velocity was unmeasurable. Straddling the hatched region, where

velocity field revealed two striking singtularities. One of these was a couplet of extrema in mean velocities, arrangedmin a
manner strongly suggestive of a vortex,
This pattern was first noted 20 minutes before the tornado. It is not possible, using a
single Doppler radar, to state with certainty

extrema. The maximum flow toward the
radar (westwamd) islocated north of the peak
flow away from die radar, consistent with the
counter-clockwise rotation or a cyclonic vorex. Since the antenna beam istilted at an
elevation of 5degrees, the active end (velocity
couplet and hatched region) of the southern
storm from whicl die tornado descended is
represented here at heights of2 to 3 kmabove
de ground.

funnel. However, analysis of the Doppler

the tornado occurred, is a couplet of velocity
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The other singularity in the velocity pattern of the storm which spawned the
Brookline tornado was a small region of an
extremely wide spectrum of velocities, located about midway between the peaks of
the velocity couplet. The spread of velocities was so great in this small region that
a mean velocity could not be read. Such a
region could be caused by a small highspeed vortex located entirely within the angular resolution capacity of the radar, by
extreme wind shear of non-rotating form
occurring within similar small confines, by
extreme turbulence, or by a combination of
these phenomena. In any case, the region
of abnormally wide velocity spectra indicates, withl precision, a dangerous hazard.
When wide spectra are used in combination
with the velocity couplet, good evidence is
provided to show that Doppler radar can be
used to advantage over conventional radar
as a tool for severe storm identification and
warning.
Observations of the Union City tornado
demonstrated once again how Doppler
radar can provide reliable warnings of
major destructive storms with unprecedented accuracy. The participation of
Laboratory scientists in acquiring Oklahoma tornado data was made possible by
the courtesy of the Director, National Severe Storms Laboratory. During a cooperative program in the spring of 1973, the Plan
Shear Indicator (PSI) developed earlier at
AFCRL was successfully mated to the Doppler radar operated by NSSL.
The PSI is a primitive but very effective

real-time analog device for analysis and
display of Doppler velocities. Until very recently, the PSI was the only means available
for diagnosis of the velocity fields within
convective storms at a rate commensurate

with their development. The PSI depicts
storm echoes in plan view as a series of
yconcentric arcs, with the spacing bemany ction

tween arcs reserved for velocity indication,
A uniform or gradually changing velocity
field is indicated by smooth, evenly spaced
arcs. However, pronounced shear or veloc-

Plan Shear Indicator (PSI) displays of a small
portion ofthe Union City tornadicstorm.The
bright arcs, representing range gates spaced
855 meters apart, outline thestorm echo. The

space between arcs is used to indicate variatitons in Doppler velocity of up to 50 meters
per second. In the upper picture, taken four
minutes before initial tornado damage at an
elevation angle of 2 degrees, the distuibed
area of arcs near the center of the picture
represents the lower part of the descending
tornado voitex, at a height of 2 km. In the
lower picture, taken at near-horizontal elevawhile the tornado was inflicting damage
on Union City, thesplit arca little to the right

and above the center of the picture shows an
extreme spread of velocities (at least 50 meters per second) in a small region, coincident
with a small but intense cyclonic vortex.
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ity gradients show up strikingly as irregularities in the arc pattern. A vortex is
revealed by a unique PSI signature.
A weak but well defined vortex, rotating
cyclonically, was first detected by PSI at
heights of 5 to 8 km in the Union City
Storm, some 40 minutes before the initial
wind damage and 47 minutes before tornado touchdown. -At heights below 5 km
there was no hint of a severe storm; the
velocity field was unruffled. Subsequent to
this observation the vortex intensified and
gradually descended toward the ground.
As the giant tornado churned its devastating path, through the town, it picked- up
debris and swirled it about, providing
radar-detectable tracers of its violent rotation. The Union City tornado continued to
be identifiable by Doppler PSI until it
ceased its damage and receded into the
cloud base.
PULSE-PAIR PROCESSOR: The coarse but
definitive warnings of tornadoes and other
severe wind disturbances in convective
storms provided by PSI have encouraged
the development of real-time digital
methods for the quantitative determination
of the velocity structure within these storm
systems. The digital analysis techniques
previously available were simply not fast
enough-to follow the rapid developments
throughout a convective storm. Although a
limited sampling of velocity spectra was
possible in real time, the extraction of the
mean and variance information from these
spectra has been out of the question. Recently, however, Laboratory and contractor
scientists, working-in association, have developed-a revolutionary Doppler processing scheme, called the pulse-pair technique, which enables calculation of Doppier spectral moments at approximately
10,000 times the speed of the fastest
Fourier transform technique. Moreover,
the simplicity of the logic allows these calculations to be made in real time at a small
fraction of the cost of devices relying on fast
Fourier transform- or an analog spectral

analysis. The contractor has delivered an
instrument which is in the final stages of
installation in the Porcupine Doppler
radar.
The pulse-pair processor computes the
mean and spectral width, or variance, of
velocity spectrum directly, performing relatively simple operations on the complex
Doppler time series. The processor has a
speed comparable with the PSI, but it has
the great advantage of a digital output of
velocity mean as well as variance, and so has
the versatility to feed a variety of display
systems as well as yield an output amenable
to computer -processing. The pulse-pair
technique offers, for the first time, the possibility of digital parameterization of the
velocity fields for efficient and reliable objective identification and short-term forecasting of severely destructive storms.
COLOR DISPLAY: The conventional
white-on-black display of weather echoes,
used for many years on radar plan-position
indicators (PPI) and Range-Height Indicators (RHI), has very limited capability to
reveal the internal structure of storms. At
various times attempts have been made to
portray a third dimension of intensity 6n
the two-dimensional scope by producing
several shades of gray to represent quantized levels. Even with the most sophisticated integration techniques, these attempts have had only marginal success, for
two basic reasons. First, the brightness on
the display is a function not only of signal
amplitude, but also depends on the length
of time that the sweep dwells on. a given
area. This will cause white areas near the
center of a radar scope to become gray at its
perimeter, and vice versa. Compensation
for this effect is extremely troublesome and
unreliab -. The other difficulty is the limited ability of an observer to distinguish
among three or four shades of gray,.especially in real time, during the fade of an
echo until the sweep covers it anew.
The problem has been solved sutcessfully by development of a color display
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which converts the polar-coordinate outputs-of a weather radar and integrator to
cartesian coordinates, contours the video
signal according to a desired, predetermined scheme, and stores the resulting
data as one of 16 color-coded levels in four
independent

image-oriented

memories,

'GPI
eW
C DH

".

each of which refreshes one raster-scan
color television monitor. The most significant advantage of this system over conventional monochrome scopes lies in the ability
of the operator to unambiguously recog-

ClearingGeometry -Theclearingzonepro-

nize 16 color-coded levels of signal inten-

duced by a typical system will extend to a

shy. Stored images can be retained indefi-

nitely, updated, or erased independently of
each other. In addition to having both an

RH I and PPI capability, the system can also
be used, with an appropriate antenna scan-

Rj
AR

Clearing Height (CH) of 236 feet from a point

5 seconds upstream ofthe approaching pilot's
Decision Height (DH) location toa point 1500
feet beyond the Ground Plane Indicator
(GPI) orTouchdown Point, and toa depth of

50 feet over the remaining length of the runway. The deeper clearing, Region A, is in-

ning sequence, to generate a constant al-

tended to allow the landing aircraft to acquire
the field on final approach and to accomplish

titude PPI (CAPPI) display for each of four

touchdown. The shallower clearing, Region

selectable altitudes. There is also versatility

in distance scaling, off-centering, and
range and (for RHI) altitude marker spacing. Along the right edge of each indicator
there is a display of the selected colors and
their corresponding threshold levels, as
well as housekeeping parameters such as
antenna angle, time, and marker spacing,
WARM FOG DISSIPATION
Throughout the history of the Air Force,
fog has had a very significant impact on
airport operations. The numerous aircraft
delays, diversions, and cancellations that
result from the presence of fog reduce the
effectiveness with which the major operating commands of the Air Force can accomplish their assigned missions. Cold fog dispersal operations have been highly successful, producing significant benefits wherever they have been employed. Cold fog,
however, accounts for only 5 percentof the
total fog encountered on a world-wide
basis. Warm fog accounts for the other 95
percent. The direct application of heat
from a well engineered ground-based system is the most practical and most ieliable

R, is intended to aid the pilot during rollout.

technique for dissipating-warm fog at airports where the volume of traffic or
urgency of mission accomplishment justify
its installation.
The use of heat to dissipate warm fog
from runways is not a new concept. It is, in
fact, the only operationally proven technique of warm fog dissipation. Thermal fog
dispersal systems were employed during
World War II under the name of FIDO, an
acronym for Fog Intensive Dispersal Of.
These, however, were crude, inefficient
and too expensive to warrant implementation at airports following the war. In 1970
AFCRL conducted a state-of-the-art review
of the situation and found that the increasing traffic density of larger and costlier jet
aircraft had made thermal fog dispersal
systems economically more attractive. A
program was therefore initiated in the
spring of 1971 to develop a safe, efficient,
and pollution-freesystem through the application of modern meteorological and
heat-engineering technology.
In 1972 AFCRL conducted a series of
heat tests atVandenberg AFB using a pilot
scale experimental heat system to deter-
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mine the configuration and heat output of
passive burners required to clear fog under
various fog and wind conditions. Operationally useful clearings were consistently
and reliably produced in every fog for
which the experimental system was designed. Data from this program provided
systems design criteria and proved that
turbulence generated by the heat would not
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be a-problem to aircraft operations. It was
shown that, over the range of fog densities
likely to be encountered, a minimumof2°C

Schematic Representation of a typical Therreal
Fog Dispersal System (TFDS).

temperature rise is necessary to evaporate
the fog droplets sufficiently to raise the visibility to tile 1/2-mile level normally required for airport operations. The

diffusers merge and act as a line source at a
down plume distance that is three times the
separation distance between combustors. It

minimum temperature

rise is directly

was shown that augmenting the heat

proportional to the fog liquid water content
and inversely proportional to the travel
time of the fog droplets in the heated air.
The latter factor is directly related to the
wind speed and the distance from the heaters to the runway. It was also shown that
whenever the wind was less than three
knots, momentum would have to be introduced into the heated plume in order to
insure that the clearing remains in contact
with the ground over the runway. As a resuit of this last conclusion, it was recoinmended that the use of momentum-driven
heat sources be explored as a means of possibly improving the cost effectiveness of the
system by making maximum use of the
generated heat, especially under light wind
conditions. This was followed by a design
engineering evaluation in 1973 which identified- those components of the system in
which improvements would result in additional increases in cost effectiveness and
fuel consumption efficiency. In 1974, design optimization experiments were conducted at Irvine, California, with a subscale
heat/momentum system to determine the
optimum configuration, spacing, and heat
and momentum output of combustors required to clear fog over airports under various cross-runway wind conditions. It-was
found that the plumes from individual
combustors without horizontal or vertical

sources with only modest amounts of
momentum improves the controllability of
the system and, thereby, improves its fuel
consumption efficiency.
A conceptual design of a modern therral fog dispersal system has evolved from
these studies. It will consist of three major
subsystems: the burners alongside the
runway and in the approach zone, the fuel
storage and distribution system, and the
control system which consists of a control
center and the meteorological measurement system on which it is keyed. Each subsystem will be designed with due consideration given to energy, safety, and pollution
guidelines. The system design will be compatible with existing electronic navigational
guidance systems and will be capable of aiding both take-offs and landings.
Instead of a combustor that has been designed to heat homes or fly airplanes, a
burner will be specifically-designed to meet
the-requirements of fog dispersal. It is envisioned to be a combustor with low exhaust
velocity and temperature but high mass
flow. Where necessary, the combustor will
be installed in protected underground
chambers to avoid accidents should an a;craft stray off the runway. The relatively
low exhaust temperature will minimize the
risk of external fuel ignition in case of fuel
spillage from a ruptured aircraft. Flame
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and fuel flow detectors will automatically
shut off a burner in case of' malfunction.

ware configuration concepts and to develop automaticcontrol procedures. A fully

Flames from the burners will not be visible
from approaching aircraft. The combustors will be designed to operate on aviation
fuel and satisfy the air and noise quality
standards established by EPA for the

automatic prototype system will be installed
and tested during the final three years of
the program. It will then be possible to design an operational system for any of the
more than 22 candidate air bases that have

1980's.

been identified by the major operating

Operation of the system will beautomatically controlled to produce and maintain
the required clearing to assist aircraft land-

commands. The resultant cost savings to
the Air Force will be from $0.8 to $3.0 million per Air Force base each year.

ings and takeoffs. The wind profile in the
approach zone will be remotely and automatically monitored and serve as the basis
for determining the spatial distribution of
heat required to produce the clearing. Slant
visual range and runway visual range will
also be remotely and automatically monitored to ensure that the operational
weather minima have been met.
The clearing zone produced by a typical
system should provide sufficient clearing to
allow Category I landing operations.
(Category I landing minima require a visibility or runway visual range of /2 mile and
a ceiling of 200 feet). Take-offs will be possible in either direction with an adequate
margin of safety for the landing aircraft.
The clearing is produced within one minute after the thermal fog dispersal system is
activated and persists for at least one minute after the system is deactivated.
These advances in the technology of fog
dissipation by ground-based heating under
AFCRL's basic and exploratory research
programs have provided the basis for a
proposed program for the engineering development of a Thermal Fog Dispersal System that will significantly improve the allweather capability of the Air Force and, at
the same time, result in substantial cost savings. Development-of the thermal fog dispersal system is planned as a six-year program. It will consist of three phases. The
first year of the p.,ogram will be devoted to
the development of a combustor for the
system. During the next two years a pilot
scale system along 2,000 feet of a simulated
runway layout will be tested to verify hard-
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THUNDERSTORM ELECTRICITY
Advanced aircraft and avionics systems become increasingly vulnerable to the effects
of lightning and static electricity hazards as
the use of non-conducting structures and
digital systems increases. New techniques
utilizing fiber-optics data and control
transmission links may eventually alleviate
some of the hazards. However, a need continues to exist for improved data on lightning characteristic source waveforms, risetimes, current magnitudes, charge magnitudes, aircraft attachment points and durations of swept-strokes. Existing aircraft
and systems will benefit from in-flight
avoidance of lightning zones, if possible.
Isolated strikes to aircraft, which occur
when the aircraft enters an apparently inactive cloud are known as "triggered" strikes,
and are the most frequent type experienced in commercial and military flight activity. A very spectacular example of the
phenomenon was provided by the two
strikes to the Apollo 12 spacecraft during
launch. AFCRL's effort has been directed
toward improved measurement techniques
for monitoring and obtaining quantitative
data on lightning waveforms originating
within about 100 km of an observation site,
and in the development of equipment and
techniques for airborne recognition and
avoidance of specific cloud regions that
present a potential triggered lightning
hazard. Waveform sensors and waveform
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analysis equipment and techniques are
being developed to receive and rapidly
process waveform data in the ELF-VLFand
UHF frequency range. If successful, the
final equipment should provide coordinates and charge magnitudes for individual
cloud-ground lightning events and also indicate if each lightning bolt has some
cloud-ground channels or if only cloudcloud components are involved,
For more immediate airborne use, a system of electric field sensors was developed
and installed on a C-130A aircraft. This
syst.m will determine the three components of field due to cloud charges, stabilize
the components with respect to aircraft
pitch and roll, and provide indications of
maximum charge areas, thus indicating locations of possible triggered lightning activity. The same system can be used in a-research mode to locate lightning areas for
further airborne studies of lightning strike
characteristics,

METEOROLOGICAL INSTRUMENTATION
The Meteorology Laboratory has responsibility for the development of meteorological instrumentation to support the operational needs of the Air Force. These developments are intended to improve the
state of the art in-the area of sensors andobserving techniques for both surface and
vertical sounding applications. Some of the
major efforts of the meteorological instrumentation program are discussed in
the paragraphs which follow.

ciently defined spatial reference for use in
the measurement of the dropsonde velocity. A technique of utilizing Navigational
Aid signals, both Loran and Omega, which
are received- by the dropsonde and retransmitted to the aircraft has been under
investigation. The results of a series of
flight tests in which the wind measurement
accuracy of this technique was evaluated in
comparison with data obtained from a high
precision AN/FPS-16 tracking radar have
recently been published. The results indicate that a system using Loran signals is
capable of providing winds with a- t-tor
error of less than 1 m/sec, when speeds are
determined from two-minute displacements of the sonde. Unfortunately, Loran
signals cannot be received worldwide and
are available at the present time-only along
the East Coast of the United States and in
tactical situations. However, they should be
available in the Gulf states in the near future and on the-West Coast in the next few
years.
The results with Omega retransmission
signals indicate an accuracy of about 1.7
m/sec when a three-minute interval is used
for measuring the wind. The Omega re-
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WINDSONDE: The dropsonde currently
WINSODE
Te ronone urenly
in operational use by the Air Weather Service in its reconnaissance program transmits
data (temperature, pressure and humidity) but does not have the
capability of providing highly desirable
wind information. This is due to the fact
that the aircraft does-not represent a suffi-
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suits are preliminary in nature since seasonal and geographic effects have not yet
been considered and the Omega ground
station, used in the test were not at operational power levels. The advantage of the
Omega system is that it is essentially
worldwide in operation. In addition,
Omega stations are currently being upgraded to provide significantly increased
signal strength.
HUMIDITY SENSING: A critical study by
this Laboratory of the balloon-borne
radiosonde system had revealed that gross
errors existed in the measurement of
humidity. Various modifications to the
radiosonde which were suggested by
AFCRL to minimize these errors were incorporated into a redesign of the National
Weather Service radiosonde which is used
operationally by the Air Force and virtually
all other U.S. agencies as well. Major features of the modified sonde included a reconfigured air duct and an improved technique for mounting the humidity sensing
element. Recognizing the- desirability of
evaluating this redesigned instrument, the
Laboratory initiated an extensive series of
field tests to pinpoint any additional error
sources. These sources were identified and
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quantified for a number of parameters, including solar angle, pressure altitude,
cloud cover and ventilation rate. Methods
for rectifying routine radiosonde flight
data were formulated and recommended
to the using agencies.
Current efforts in* humidity measurement are being focused upon the feasibility
of upgrading the inherent accuracy of the
humidity sensor itself (i.e., the carbon hygristor) for special non-routine applications, such as support of the Air Force missile development program and observations in extremely dry areas.
MEASUREMENT OF CEIUNG AND VISIBIUTY
In 1970 a study was initiated to establish a
theoretical and practical basis for measuring slant visual range in the approach zone
of airfields with the backscatter signal of a
pulsed lidar. Preliminary field tests established the feasibility of determining visibility from a consideration of the "slope" of
the amplitude of the lidar atmospheric return with distance. In January 1973 a
unique field experiment was conducted at
'Travis AFB, California, to establish the validity and accuracy of the lidar technique.
Simultaneous lidar and transmissometer
atmospheric measurements were obtained
along elevated, adjacent paths which approximated a pilot's line of sight during his
approach. In the visual range interval from
70 to 350 meters, the lidar data correlated
very well with the transmissometer data,
but were consistently higher. It was concluded that the over-prediction was caused
primarily by large multiple scatter of the
laser beam. However, it was shown that the
multiple scatter effect in the lidar measurement could be accounted for empirically. The results of these experiments
demonstrated that the lidar technique has

good potential fcr use as a practical system
for the measurement of slant visual range
for aircraft landing operations. The development of an experimental lidar slant
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visual range measuring system has been initiated.
Lidars can also be used to determine
cloud height by measuring the transit line
of the laser pulse to the cloud layer and its
return. Previous experimentation with a
ruby laser system demonstrated that a lidar
ceilometer is superior to the standard rotating beam ceilometer (RBC) as a cloudheight measuring device. However, the
ruby laser constitutes an eye hazard, which
would preclude its routine use at airfields,
An experimental eye-safe erbium lidar was
field tested to determine its applicability as
a lidar ceilometer. The erbium system opcrated satisfactorily and compared very
well with the ruby lidar ceilometer and the
RBC. A prototype erbium lidar ceilometer
is now being fabricated. Methods of automatically determining and displaying the
cloud-height information are being developed.
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desired cloud niicrophysical parameters:
particle water content, particle size spec.*.
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The extent of the erosion of the nosecone
of a missile is a complicated function of
vehicle speed, severity of cloud or weather
encountered, and -nosecone material. For
competent design of advanced reentry vehides it is essential that this function be well
defined, since erosion alters the drag coefficient of the vehicle, and thereby affects its
point of impact. During the past two years
the Meteorology Laboratory has continued
to support the Air Force's Space and Missile
Systems Organization (SAMSO) in its field
test of nosecone erosion. Most of these tests
were conducted at NASA's Wallops Island
range in Virginia, but starting in the summer of 1973 additional tests have been conducted at the Kwajalein Missile Range in
the western Pacific Ocean.
In all such tests the ro'e of AFCRL's scientists and technicians has been to document the clouds and precipitation through
which the test nosecone passes. This is accomplished through coordinated measurements made with an ultra-sensitive
ground-based radar and from aircraft specially instrumented with cloud microphysical sensors. This experimental procedure
was developed-specifically for the erosion
tests. The radar scans the trajcctory of the
nosecon, at the time-of its passage. Simultaneous neasurements are made with both

radar ar.d aircraft as close in time and space
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the development of t'chniques to dispense

An ICBM behaves like afiery meteor on reentering the eart
hs atmosphere,

mans the instruments aboard a C-130Aand
a C- 130E. Both of these are used at Wall6ps
while the C-130E, which was added to the
program in early 1974, is also used at Kwajalein. The instrumentation aboard these
vircraft is continually updated as the state
of the art progresses. The sensors and recording systems are designed for digital
data processing.

AEROSOL TECHNIQUEc
AFCRL is deeply involved in the modification of the aerospace environment through
the use of artificial aerosols. Accurate measurements of the changes induced by the
aerosols require development of methods
to reproducibly inject controlled amounts
of relatively monodisperse aerosols into the
atmosphere. Because most applications involve airborne dispensing, system weights
must be kept-to a minimum. However, in
spite of significant advances in aerosol dispensing technology, the maximum amount
of powder suspended in freon mixtures is
no more than about 20 percent by weight.
To reduce t- weight of aerosol dispensers, and also to minimize any possible effects of the propellant on the system being
modified, great stress has been placed cn

a powder directly. This is accomplished by
fluidization of the powder bed so that the
powder will flow like a liquid. Fluidization
has been used previously For large, regularly shaped particles. The particles of interest in our aerosol studies range in diameter from 0.1 to 1.2 micrometers and have
extremely irregular surfaces. Both the size
and the irregularity have contributed to the
high surface area per unit mass -of these
particles. As the ratio of surface to volume
of a particle increases, the surface becomes
more active and the particle increases its
tendency both .o absorb foreign materials
a
on its surface and to agglomerate.
In order to overcome the surface forces
between particles and achieve good fluidization, work was conducted on the development of deagglomerating agents. The
material which gives the best results is a
fumed silica with a uniform negative
charge. Because of the extremely small size
of the silica, it is able to penetrate the interstices of irregular particles and effectively
simulate smooth, spherical particles. The
uniform negative charge imparted to the
particles acts as a repulsive force between
them and firther prevents agglomeration.
Nitrogen, under-pressure, is then used to
fluidize the powder bed.
Once a powder bed is fluidized, conditions must be chosen to allow the powder to
flow freely from its container through an
injection system. Tubing parameters must
be matched to nitrogen pressure. Without
careful system matching, spurting occurs.
This spurting is due to saltation, which occurs when the fluid velocity in the tubing
decreases momentarily from steady state
conditions. When this occurs, the particle
velocity also decreases and the particle density in the tubing-increases. As the velocity
decreases, the particles tend to settle to the
bottom of the tube. At the saltation velocity,
tie number of particles per unit volume of
fluid becomes too great to sustain flow. As
more particles settle out in the tube, the
pressure drop increases rapidly and the

y
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velocity then increases because the fluidiz-

nozzle systems. Systems containing up to

ing gas is now flowing through a restricted
opening. When this velocity exceeds the initial equilibrium velocity, there is a rapid,
discharge of particles and the tube is emptied. Then the process is repeated. The
rapid change of velocity from above to
below equilibrium causes the spurting

four nozzles per dispenser have been successfully tested. To achieve flow rates greater than the limits of a single aerosol dispenser, two or more dispensers connected
in parallel are used. Using these techniques, it is possible to dispense measured
amounts of sized powders into the atmos-

phenomenon.
After a material is fluidized and the
proper flow system parameters have been
chosen to allow smooth flow, a means must

phere using lightweight, efficient: equipment designed for airborne use.

be found to control the rate of aerosol dispensing. This is accomplished by the selection of the proper nozzle 'size. In general,

for any powder type and size a system can
be designed to give linear flow over a wide
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Operations
J. of App). Met., Vol. 12 (August 1973)
LEvrON, R.
The Internationd Meteorological Rocket Comparison
Program
World Met. Orgn. Bull., Vol. 22, No. I (January 1973)
Final Report on Sensors and Telemetry for Meteorological
Rockets
Proc. of6th Quadrennial Session of the WMOComsn.
for Instm. and Methods of Obsn., Helsinki, Finland,

6-17 Aug. 1973, CIMO-VI/Document 10
(19 November 1973)

METCALF, J. 1.
22* Solar Halo amd Tangent Arc
Bull. of Am. Met. Soc., Vol. 54, No. 12 (December
1973)
On the Origin and Structure of Radar Echo Layers in the
Clear Atmosphere
Ph.D. Dissertation, The Univ. of Chicago, 11. (March
1974)

METCALF, J. 1., and ATLAS, D.
Microscale Ordered Motions and Atmospheri. Structure
Associated with Thin Echo Layers in Stably Stratfied Zones
Boundary-Layer Met., Vol. 4 (1973)
MORRISSEY,

J. F.

Atmospheric Temperature Measurements Using Balloons
and Rockets
Temp. - Its Meas. and Control in Sci. and Ind.
(Bk./!972)
MUDRICK, S.E.
A Numerical Study ofFrontogenesis
J. of Atm. Sci., Vol. 3 1, No. 4 (May 1974)
OTTERSTEN, H. (Res. Inst. of Natl. Def., Stockholm,
Swed.), HARDY, K. R., and LrrrLE, C. G. (NOAA,
Boulder, Colo.)
Radar and Sodar Probing of Waves and Turbulence in
Statically Stable Clear-Air-Layers
Boundary-Layer Met., Vol. 4-(1973)

RAo, K. S.,

WYNGAARD, J.

C., and

COTE,

0. R.

0. R.
Spectral Characteristics of Surface Layer Turbulence
Qtr.J. of the Royal Met. Soc., Vol. 98, No. 417 (July
1972)

The Structure of Two-Dimensionalinternal Bounday Layer
Over a Sudden Change ofSurface Roughness
J. of Atm. Sci., Vol. 31, No. 3 (April 1973)

KLEIN, M. M

A Comparison Between the Effects of Fourier Truncation
and a Class of Linear Digital Filters
J. of Atm. Sci., Vol. 29, No. 5 (July 1972)
Information Loss and Compensation in LinearInterpolation
J. of Comp. Phys., Vol. 10, No. 1 (August 1972)
A Test ofan Apparent Response of the LowerAtmosphere to
Solar Corpnscular Radiation
J. of Atm. Sci., Vol. 29, No. 6 (September 1972)
ReplytoCommentson "A Test ofan ApparentResponse ofthe

SHAPtRO,

Scattering of Microwaves by a Stratified Overdense Plasma
at High Collision Frequencies
J. of Appl. Phys., Vol. 44, No. 1 (January 1973)
KRAUS, M. J.
Doppler Radar Observations-of the Brookline,
Massachusetts, Tornado of 9 August 1972
Bull. of Am. Met. Soc., Vol. 54, No. 6 (June 1973)

R.
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Lour Atmosphere to Solar Corpuscular Radiation"
J. of Atm. Sci.,
Vol. 30, No. 4 (May 1973)
Geomagnetic Activity in the Vicnity of Sector Boundaries
J. of Geophys. Res., Vol. 79, No. 1 (January 1974)
On the Response ofthe LowerAtmosphere to Solar Variability
Proc. of the Symp. on Solar Corpuscular Effects on the
Tropo. and Strata. (IUCSTP) (April 1974)

YANG C-H. and SHAPIRO, R.
rhe Effects of the Observational System and the Method of
Interpolation on the Computation of Spectra
J. of Attr. Sci.,
Vol. 30, No. 4 (May 1973)

SILVERMAN, B. A., and GLASS, M.
-A Numerical Simulation of Warm Cumulus Clouds: Part 1.
Parameterized Vs. Non.Parameterized Microphysics
J. of Atm. Sci., Vol. 30, No. 8 (November 1973)

SHAPIRO, R.

PAPERS PRESENTED AT MEETINGS
JULY 1972 - JUNE 1974

Investigation of the Responses of the General Circulation at
700 MB to Solar-Geomagnetic Disturbance
J. of Geophys. Res., Vol. 79, No. 15 (April 1974)

BARNES, A. A.,JR.
Using VHF Radars to Probe the Atmosphere

S'rOLov, H. L. (The City Coll., N. Y., N. Y.), and

VALOVCIN, F. R.
Quantitative Temperature Data from Direct-Readout
Infrared (DRIR) Pictures
J. of Appl. Met., Vol. 11, No. 8 (December 1972)
WEINSTEIN, A. I.
Comments on: "Computer Model Determination of
Convective Cloud Seeded Growth Using Project Whitetop
Data"
J. of Appl. Met., Vol. 12, No. 2 (February 1973)
Commentson: "On the Freezing ofLiquid WaterinaCloud"
J; of Appl. Met., Vol. 12, No. 8 (December 1973)
WEINSTEIN, A. I.,
and SILVERMAN, B. A.
A NumericalAnalysis ofSomePracticalAspects ofAirborne
Urea Seeding for Warm Fog Dispersal at Airports
J.- of AppI. Met., Vol. 12, No. 5 (August 1973)
WYNGAARD, J. C.
On Surface Layer Turbulence
Chap. 3 in Wkshp. in Micromet. (Am. Met. Soc.) (June
1973)

WYNGAARD, J. C., and ARYA, S.P.S. (Univ. of Wash.),

COTE, 0. R.
Some Aspects of the Structure of Convective Planetary
Boundary Layers
J.of Atm. Sci., Vol. 31, No. 3 (April 1974)
WYNGAARn, J. C., and CoTE, 0. R.
CospectralSimilarity in the Atmospheric Surface Layer
Qtr.J. of the Royal Met. Soc., Vol. 98, No. 417 (July
1972)
WYNGAARD, J. C., and IZUMi, Y.
Comments on "Statistical Characteristics of Reynolds Stress
in a Turbulent Bounda Layer"
1Observations
arc 1973)
Phys. of Fluids, Vol.7l No,3 (March

WVNGAARD, J. C., and TENNEKES, H. (Penn. State
Univ.)
The Intermittent Small-Scale Structure of Turbulence:
Data-Processing Hazards
J. of Fluid Mech., Vol. 55, No. 1 (12 September 1972)

15th Radar Met. Conf., Champaign-Urbana, Ill.
(10-12 October 1972)
A Review of the AFCRL Radar Meteor Trail Program
Aeronomy Lab. Sem., Univ. of Ill., Urbana, Ill.
(13 Octoba, 1972)
KREMa and the Aggravated Erosion Project
Sem., Lincoln Lab., Lexington, Mass. (22 January
1974)
BERKOFSKY, L.
Parameterization of Cumulus Convectionfor Inclusion in a
Tropical Operational Forecast Model
Sec. Conf.on Numerical Simulation, Monterey, Calif.
(1-4 October 1973)
BIRSTEIN, S.
s

The Successful Testing ofan Infrared Suppression Systemfor
Jet Aircraft
AIAA/SAE/jt. Army-Navy-NASA-Air Force Prpln.
Mtg., Las Vegas, Nev. (8 November 1973)
BOLLRMNN,B. (Space Data Corp., Phoenix, Ariz.),
and WROIHT,J.B.
SuperLOK Meteoroloical Rocket Systems
AIAA 3rd Sounding Rocket Technol. Conf.,
Albuquerque. N. M. (7-9 March 1973)
BoucHER,

R.J.

Lfe Cycle of Brief CAT EpisodesDeterminedbyMesoscale
Analyses
15th-Radar Met. Conf., Champaign-Urbana, Ill.
(10-12 October 1972)
Weathercasting in Eastern Massachusetts
5th Conf.on Weathercasting(Rad. &TV), Wychmere
Harbor Club, Cape Cod, Mass. (9 June 1973)
BROWN, H. A.

A Comparison of Metoscale Precipitation and Visibility
with Radar Echoes
5th AMS Conf. onWea. Forecasting and Analys., St.
Louis, Mo. (4-8 March 1974)
CHIS HOLM, D. A., and KRUSE, H. (Mil. Geophys. Off.,
Fed. Rep. of Ger.)
The Mesoscale Variabilit of Visibility in Time and Space
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5th AMS Conf. on Wea. Forecasting and Analys., St.
Louis, Mo. (4-8 March 1974)
COLLIS, R. T. H., VIEZEE, W., OBLANAS, J. (Stanford
Res. Inst., Menlo Pk., Calif.), and SILVERMAN, B. A.
Lidar Evaluation of Fog Dissipation Techniques
Fall Ann. Mtg. of Am. Geophys. Union, San Francisco,
Calif. (4-7 December 1972)
CONOVER,

J. H.

Specification of Current and Future Cloud Ceilingsfrom
Satellite Data
5th AMS Conf. on Wea. Forecasting and Analys., St.

Louis, Mo. (4.8 March 1974)

DONALDSON, R. J., JR.
Doppler Radar Evidencefor Anticyclonic Circulationin a
Severe Convective Storm
8th Conf. on Severe Local Storms, Denver, Colo.
(15-17 October 1973)
G. M., BANiS, K.J.,
and DYER, R. M.
Measurement of Wind Gradients in Convective Storms by
Doppler Radar
15th Radar Met. Conf., Champaign-Urbana, Ill.
(10-12 October 1972)
DONALDSON, R.J.,JR., ARMSTRONG,

DYER, R. M.
RadarStudies ofPredpitationand TheirApplicationtoAir
Force Problem
AFSC Sci. and Engrg. Symp., Kirtland AFB, N. M.
(2-4 October 1973)
DYER, R. M., and0FALCONE, V. J. (Microwave Phys.
Lab.)
Variabilityin Rainfall Rate-Attenuation Relations
15th Radar Met. Conf., Champaign-Urbana, I1.
(10-12 October 1972)
Effect ofDrop-Size Distributions on Rainfall
Rate-Attenuation Relations
1973 Intl. IEEE/G-AP Symp. and USNC/URSI Mtg.,
Univ. of Colo., Boulder, Colo. (21-24 August 1973)
FITZGERALD, D. R.
Observed Relations of Thunderstorm Dynamics to the
Polarity of Upper Storm Regions
Fall Ann. Mtg. ofAm. Geophys. Union, San Francisco,
Calif. (4-7 December 1972)
GLOVER, K. M.
A PrecisionDigitalRadar Video Integrator
15th Radar Met. Conf., Champaign-Urbana, Ill.
(10-12 October 1972)
K. R.
Remote Scnsing 1I: Earth PlanetaryAtmospheres
17th Gen. Asbly. ofURSI, Warsaw, Pol. (21-29 August
1972)(6-17
HARDY,

Radarand Aircraft Investigations of ClearAirTurbulence
Natil. Severe Storms Lab., Norman, Okla.
(20.21 November 1972);
Sem., NASA Goddard Space Fit. Ctr., Greenbelt, Md.
(5 January 1973)
HARDY,

K. R., and

REED, R.

J.

(Univ. of Wash.)

Wave Patterns and Clear Air Turbulence
15th Radar Met. Conf., Champaign-Urbana, Ill.

(10-12 October 1972)
HAUGEN, D. A., KAIMAL, J. C.,

and READINGS, C. J.,

RAYMENT, R. (Brit. Met. Off., Bedford, Eng.)
An
of Balloon.Borne Vs. Tower-Mounted Wind
andEvaluation
Temperature
Sensors
53rd Ann. Am. Met. Soc. Mtg., St. Petersburg, Fla.
(29 January 1973)
HAUGEN, D. A., PELLEGRINI, J., IST. LT., and
READINGS, C.J., BUTLER, H. E. (Brit. Met. Off.,
Bedford, Eng.)
Comparison of Balloon-Borne and Tower-Mounted
Turbulent Wind and TemperatureSensors

7th AFCRL Sci. Balloon Symp.,
Wentworth-By-The-Sea, Portsmouth, N. H.
(25-27 September 1972)
HERING, W. S.
OperationalImplications of a Mesoscale Aviation Weather
ForecastingExperiment
Mil. Ops. Res. Symp. (MORS), U. S. Naval Postgrad.
Sch., Monterey, Calif. (14-16 November 1973)
Hanscom Mesoscale Field Test Facility
5th AMS Conf. on Wea. Forecasting and Analys., St.
Louis, Mo. (4-8 March 1974)
HERING, W. S., and QucK, D. L., MAJ.
Hanscom Visibility ForecastingExperiments
5th AMS Conf. on Wea. Forecasting and Analys., St.
Louis, Mo. (4-8 March 1974)
KRAUS, M. J.
CalculatingAirflow from Single Doppler Radar Velocity
Components
8th Conf. on Severe Local Storms, Denver, Colo.
(15-17 October 1973);
Sem., McGill Univ., Montreal, Quebec, Can.
(14 January 1974)
KUNKEL, B. A., SILVERMAN, B. A., and WEINSTEIN, A. 1.
Results of Some Thermal Fog DispersalExperiments
1973
Ann. Fall Mtg. of Am. Geophys. Union, San
Francisco,
Calif. (10-14 December 1973)

LEVITON, R.
FinalReport on Sensors and Telemetry for Meteorological
Rockets

WMO Comsn.
of theHelsinki,
Session
Quadrennial
6th
Instm.
and Methods
of Obsn.,
Finlandfor
(6-17 august1973)
August 1973)
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MoRoz, E. Y., and SEcGRE,J. P., TRuscorr, N. R. (Am.
Opt. Corp., Res. Lab., Framingham, Mass.)
An Eye Safe 1.54 / m Erbium Q.Switched Laser Ceilometer
1973 IFEEIOSA Conf. on Laser Engrg. and Appl.,
Wash., D. C. (30 May - 1June 1973)
DesignandTestingofanErbium LaserRangefinderforUse
as a Ceilometer
5th
Coonaser RadrtLayer
5th Conf. on Laser Radar Studies of the Atm,,
Williamsburg, Va. (4-6june 1973)
MUDRICK, S.

NumericalSimulation aj Upper Level Frontogenesis
Sec. Conf. on Numerical Simulation, Monterey, Calif.

(1.4 October 1973)
MUExc", H. S.
Accuracy of the ForurdScatter Visibility Meter
5th AMS Conf. on Wea. Forecasting and Analys., St.
Louis, Mo. (4-8 March 1974)
RAo, K. S., WYNGAARD, J. C., and CorE, 0. R.
Modeling Local Advection and Atmospheric Tulul!nce
Structure Over Changes in Terrain Conditions
26th Mtg. of Am. Phys. Soc. Fluid Dyn. Div., Yale
Univ., New Haven, Conn. (19-21 November 1973)

Sem., NOAA Wave Propagation Lab., Boulder, Colo.
(14 November 1973)
Numerical Simulatidn of the Evolution fa Convective
PlanetaryBoundary Layer
Sere., Drexel Univ., Philadelphia, Pa. (21 February
1974)
Simulation of a Groung Convective Planetary Boundary
with a Higher.Order.ClosureTurbulence Model
Ser., Natl. Ctr. for Atm. Res., Boulder, Colo.
(19 March 1974)
Numerical Simulation of a Growing Convective Planetary
Boundary Layer
Sem., Dept. of Met., Mass. Inst. of Technol.,
Cambridge, Mass. (9 April 1974)
WYNGAAR, J. C., COTE, O.R., and RAo, K. S.
Modeling the Atmospheric Boundary Layer
Am. Phys. Soc. Fluid Dyn. Div. Ann. Mtg., Boulder,
Colo, (20-22 November 1972);
(Inv.) 2nd IUTAM-IUGG Symp. on Turbulent
Diffusion in Envmt. Pollution, Charlottesville, Va.
(8-14 April 1973)
Numerical Studies of the Convective PlanetaryBoundary
Layer
26th Mtg. of Am. Phys. Soc. Fluid Dyn. Div., Yale
Univ., New Haven, Conn. (19-21 November 1973)

SHAPIRO, R.

A High.OrderedInterpolation Procedurefor Use in
Fine.Mesh Limited.Area Models
Symp. on Mesoscale Repn. and Fine-Mesh Modeling,
Reading, Eng. (14-118 May 1973)

TECHNICAL REPORTS
JULY 1972 - JUNE 1974
BERKOFSKY, L.

SILVERMAN, B. A.
Design of a Modern Thermal Fog DissipationSystem for
Airports
WMO/IAMAP Intl. Conf. on Wea. Mod., Tashkent,
USSR (1-7 October 1973)
B. A., and GLASS, M.
A Numerical Simulation of Warm Cumulus Clouds
Intl. Cloud Phys. Conf., London, Eng. (21-26 August
1972)
SILVERMAN,

STOLOv, H. L. (The City Coll., N. Y., N. Y.), and
SHAPIRO, R.
Investigation of the Responses of the GeneralCirculationat
700 MB to Solar-GeomagneticDisturbance
1973 Ann. Am.-Geophys. Union Mtg., Wash., D. C.
(16-20 April- 1973)

Parameterizationof Cumulus ConvectionforInclusion in a
Tropical OperationalForecastingModel
AFCRL-TR-74.0089 (13 February 1974)
BROUSAIDES., F.J.
An Assessment of the CarbonHumidity Element in
RadiosondeSystems
AFCRL-TR-73-0423 (18 July 1973)
BROUSAIDES, F. J., and MORR..SEY, J. F.
Residual Temperature-InducedHumidity Errors in the
National Weather Service Radiosonde. PartI.
AFCRL-TR-73.0214 (5 April 1973)
Residual Temperature-InducedHumidity Errors in the
National Weather Service Radiosonde, FinalReport
AFCRL-TR-74-0111 (28 February 1974)
BUNTING, J.T.

WEINSTEIN, A. 1.
Weather ModificationActivities at the AirForce Cambridge
Research Laboratories
7th Ann. Wea. Mod. Symp., Naval Weap. Ctr., China
Lake, Calif. (I 1-13 April 1973)
WYNGAARD, J. C.
Model Studies of the Convective PlanetaryBoundary Layer
Jt. Sem., Depts. of Aerosp. Engrg.and Met., Penn.
State Univ., Univ. Pk., Pa. (18 October 1973)
An Emerging Needfor Planetary Boundary Layer
Measurement

Time Series Analysis of Southwest Monsoon Datafrom
Southeast Asia
AFCRL-TR-73.0085 (29 January 1973)
CHISHOLM, D. A.,and KRUSE, H. (Mil. Geophys. Off.,
Fed. Rep. of Ger.)
The Variability of Airfield Visibility: A Preliminary
Assessment
AFCRL-TR-74-0027 (15 January 1974)
The Variabilityof Visibility in the Hanscom Mesonetwork:A
PreliminaryAssessment
AFCRL-TR.74-0265 (13 June 1974)
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CHIURCH,J. F., LT. COL., and PEIRtCE, R. M.
Flight Testing of a Cryogenically Cooled Hygrometer

PEIRCE, R. M., and CIIURCII.J. F., LT. CoL.
An Expendable, Remnote-Operating W~eather Station

AFCRL-1-R-73-0292 (I May 1973)

(EROIV1S)
AFCRL-72-0501 (21 August 1972)

GEORGIAN,

E. J.

A Solid-State Commutator Design for the Radiosonde Set

pETRocciII, 1'J., -,n11 I'AULSEN, W. 11.

AN/MMQ-9

Li'htninalarnine e etRpr
SeTstRpr

AFCRLTR-7.0224 (12 April 1973)
AFCR.-TR73

D. A.,

HAUGEN,
C.J., BUTLER,

A

and READINGS,
H. E. (Met. Res. Unit, RAD Cardington,

RCT-73*037() (18 jule 1973)

PELLF.GRINI, J., CAPT.,

Bedford, Eng.)
Comparison of Balloon-Borne and Tower-Mfountied
Tuibulent W1ind and Temperature Sensors
I'roc., 7th AFCRL Sci. Balloon Symp.,
Jnuay 173)Local
AFCR-TR73-071(3

AFCL-T-73007
( Jauar 193)Envi.

KRAUS, M. J.
Doppler Radar Investigation of Flowv Patterns Within Severe
Thunderstorms

AFCRL-TR-73-0 153 (8 March 1973)

SHIAPIRO, R.
AtIigh-OrderhIterpolation Procedlurefor Use in Fine-Mesh
Limnited-A rea Models

AFCRL-TIR-73-0543 (21 August 1973)

Assessment of the Impact of the B-1 Exhaust Emissions on
and Global Changes in Weather

Impact of B-I Emissions in the Steaito., C. G.
Sterg is, Ed.

AFCRL:rR.73.0608 (10 October 1973)
SIL.VERMAN,

B. A., and

WEINSTIN,

A. 1.

Fog Modification -A Technology Assessment

KUNKEL, B. A., SILVERMIAN, B. A., and WEINSTEIN, A.l
Thermal and Chemnical Fog Dissipation - Results of Field
Experiments at Vandenberg AFB, Califo rnia, -DuringJuly
1972

AFCRL-TR-73-0502 (8 August 1973)

MoRoz, E. Y., LAWRANCE, C. L., and TRAVERS, G. A.
Laser Ceilometers - Results of Comparison Testing of all
Erbiumn and a Ruby Laser Ceilometer with a Standard

Rotating Beam Ceilomneter

AJ-CRL-rR-73-0159 (12 March 1973)
TInomPSON, G. J., CAPT.
Atmospheric Mesostructure and Clear Air Turbulcnce

AFCRL.TR-73-0082 (26 Januat y 1973)

The Nature of the Alesoseale Wind and Temperature

Stnicture During a Case of CAT1
AFCRL-TR-73-0222 (17 April 1973)
OATC.N

AFCR-TR73-051
13 Dcemer 173)On

the Operational Value of Terminal Weather Forecasts

AFCRIA72-0719 (12 December 1972)

MUENCH, H. S., MORoz, E. Y., and JACOBS, L. P.
Development and Calibration of the Forward Scatter
Visibility Meter

ytei eiiainMtie
March 1973
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AFCRL-TR-74-0145 (18 March 1974)

WISEN

MYERS, R. F.
Test and Calibration of the AFCRL Raindrop Spectrometer

AFCRL-TIR-74.0006 (7 January 1974)

W. H., and

J.

.1

Trhermal Warm Fog Dissipation - Heat Requiremnents and
Projected Utilization ofa SystemnforTravisAFB, Cal jfornia

AFCLR:rR.0367 (18 June 1973)

K, Band Ra dar Weather Detection

Y. K. YEE, S.
Photochemical Models of Stratospheric Ozone -A Review

AFRCL-TR.73-0407 (11 July 1973)

AFCRL-TR-74-0098 (12 February 1974)

PAULSEN,

PETROCCIII, P.
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VII

Sacramento Peak Observatory

The geophysical effects of solar activity
were first detected about a century ago
when variations in geomagnetic storms
were observed to parallel variations in solar
activity. The telescopes and magnetometers required for this discovery were relatively simple tools by modern standards. As
the technology of observation advanced,
more and more features of the solarterrestrial relation became apparent. The
invention of the optical spectroheliograph
and the development, in the 1920's, of
radio communications revealed the tendency of large flares, "chromospheric
eruptions," to cause radio blackouts. More
recently, space science confirmed the existence of the solar wind, the magnetosphere
and the geomagnetic effects of their interaction. A particularly important discovery was that fast streams of solar wind particles originated from vast voids in the
corona which were promptly named "coronal holes." Technological progress has
advanced our knowledge, but has also exposed us to more and more practical problems due to the geophysical responses to
solar influences. Radio blackouts, and more
'recently, variations in- the density of the
,upper atmosphere have become important,
and as the technology continues to advance,
other Air Force activities will encounter
other environmental factors controlled and
perturbed by the sun.
Within AFCRL, the Aeronomy Laboratory, the Sacramento Peak Observatory, the
Optical Physics Laboratory, the Microwave
Physics Laboratory, and the Ionospheric
Physics Laboratory study the sun's electromagnetic radiations all the way from

""Ro

-

-
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high-energy ,-rays to the longest radio
waves that can penetrate the earth's atnOSphere. The Sacramento Peak Observatory
is responsible for solar research in the opti-

cal band of the solar spectrum.
near
located
The
Observatory,
Alamogordo, New Mexico, at an altitude of'
9200 feet in the Sacramento Mountains,
began operations as an in-house AFCRL
solar observatory in 1952. It was, and remains, the Air Force response to the need
for knowledge about the stin which will
allow prediction of solar geophysical disturbances that impede Air Force operations. While there is no prospect of suppressing the disturbances, foreknowledge
prepares mission planners for problems,
and often permits them to avoid or mitigate
tile effects.
The link between solar disturbances and
the earth are the X-rays and energetic particles emitted by solar flares and flarerelated phenomena, and tile relatively
low-energy particles of the solar wind and
the embedded interplanetary magnetic
field. Sporadic variations in these radiations produce changes in the ionosphere
and magnetosphere. From these come the
operational problems.
Degradation or complete blackout of
long distance radio propagation is accompanied in extreme instances by surges on
hard wire comntunications systems that
completely garble messages. Severe clutter
on OTH radar systems either drowns the
signals or produces signatures difficult to
distinguish from those of ballistic missiles.
Perturbations of ballistic and satellite orbits
produce targeting and surveillance position errors, and grossly affect predicted
and planned reentry times and coordinates. Temporary blackouts of satellite surveillance equipment due to showers of
energetic particles last for several hours in
the most extreme cases. Space monitors of
surreptitious nuclear activity can be confused by bursts of X-rays and particles. Finally, tile evidence for the influence of solar

variations oil global weather patterns is now
fairly definlite, although the natuirC of' the
interaction is still a conlllete IMystery.
The objective of the Observatory is to

identify the solar origins of, and devise
methods for predicting, solar geophysical
disturbances that lead to these operational
probleins. The approach is to study every
aspect of the physics of the sun, combining
optical observations frol the Observatory
with solar radio data fromh the Ionospheric
Physics Laboratory and other sources, and
also XUV observations fron space. Each of
these techniques provides infornation obtainable in no other way, and all are necessary for understanding the physics of' the
sun.
Current research is directed-toward the
solution of two fundamental problems.
The first is tile nature animnechanisms of
the solar input to the interplanetary
medium, both the solar wind and sporadic
bursts of energetic particles and X-rays.
The solar features involved are the magnetic and dynamic characters of spicules,
sunspots, flares, prominences, plages and
the corona. The second is the nechanisl
for the steady, upward non-thermal transport of energy through the solar atmosphere. This involves theoretical models of
tile inhonlogeneous solar atmnosplhere, and
the magnetic and dynamic characters of
granulation, supergranuiation, and the oscillating elements at all heights.

THE SUN
The still is a typical star, near the mean for
all classes of stars in mass, size and luninosity. Itisagaseous globe7 x 105 kiln in radius,
powered by the nuclear conversion of hydrogen to helium in the central core. The
surface temperature is about 6,000' K, and
its total radiation is about 3.9 x 1023 kW, or
about 6.4 kW/cm2 .
Although the sun has no liquid or solid
surface, there is an optical bouneary below
Ji
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which the solar interior is completely inaccessible to direct observation. It is the'outer
limit of a shell of negative hydrogen ions,
which are opaque. This boundary is termed
the floor of the observable atmosphere. It is
the top of a convective layer about a
hundred thousand kilometers dleep.
Everything above the granular floor is
the solar atmosphere, the origin of all the
radiations that cause geophysical effects.
More than 99 percent of this atmosphere is
in a steady state of considerable dynamic
activity, statistically uniform from one area
of the "quiet sun" to another. The vertical
structure of the average solar atmosphere is
divided (for historical reasons) into three
layers. The first 300 km above the granulation floor is the photosphere. The temperature in this layer decreases with height from
6000 to perhaps 55000 K. Most of the dark
lines of the solar spectrum are absorbed by
atoms in this layer. Next is the chromosphere, in which the temperature first declines to a minimum of 4200 K at a height
of 500 to 600 km above the floor, and then
rises gradually through the next 1000 km to
the very irregular transition layer. Here the
temperature rises abruptly through a few
hundred kilometers to about a million degrees with a corresponding decrease in
density. Above the chromosphere is the
tenuous hot corona with a temperature of
about 1.5 x 1060 K, that extends outward
from the sun as the solar wind to merge
with the interstellar medium somewhere
past the orbit of the earth. Thus, we can
think of the earth as immersed in the solar
corona at a place where its -temper'.ture is
on the order of 400,000' K. This high
temperature has a negligible effect on the
temperature of the earth because of the
exceediagly low coronal density, approximately 10 atoms per cm3.
The increase in temperature with height
in the upper chromosphere and corona
presents one of the fundamental problems
of solar physics. Any thermal process feeds
energy down along the thermal gradient.

Atypicalsimplesunspot, withthedarkcentral
umbra, the radially filamentary penumbra,
and the necklace of bright points marking
concentr'at ions of magnetic field. According
to recent theoty, the spot radiates the same
energy as the undisturbed solar surface, but
most of this energy isconverted by the strong
magnetic field into invisible hydromagnetic
waves. Hence, there isless light, and tie spot
appears dark.

The only source of energy external to the
sun, accretion of interplanetary matter, is
totally inadequate to heat the corona. Thus,
the energy must come from inside the sun,
and it appears that the only processes available are mechanical. The qualitative concept is thatthe kinetic energy of mechanical
motion is carried up and converted to random thermal motions by impact on the
stationary material of the chromosphere
and corona. This dissipation process is not
simple, and probably involves magnetic
fields in ways which are presently conjectural. It is evident, however, that mass motions are important in the solar atmosphere.
The dynamics of the quiet solar atmosphere are still far-from thoroughly under-
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stood. The most prominent feature is a vertical oscillation with a 5-minute period extending upward friom the floor to at least
the middle chrnomosphere. In 1972, Sacnimento Peak astronomers found that the
oscillations are progressive pressure waves
which at low levels carry enough mechanical energy to heat the chromosphere and
corona. Before they reach the high ternperature levels, however, their energy is
largely dissipated by damping. If the oscillations do provide the energy for the upper
chroulosphere, there must be some presently unrecognized intermediate mechanical or magnetic process. One of the most
pressing problems is to define the magnetic
field in the quiet sun, because it could have
a profound effect on the dynamics. Initial
measurements 20 years ago, with poor spatial resolution, suggested a randomly variable field with rms field strength of the
order of 1 gauss. Since then, steady irprove ents in resolttion have shown

produces a variety of visible features.
The most conspicuous are the sunspots,
areas on the sun that are dark because they
are hundreds of degrees cooler than the
surrounding area. The accepted theory
that the cooling results when magnetic
fields shut off the upwelling convective
energy has serious problems. It has recently
been challenged by a more promising
hypothetical refrigeration by the radiation
of hydronmagnetic waves. This process must
still be investigated observationally. The
sunspots occur in all sizes from the smallest
detectable (called pores) to giants 100,000
kml in diameter. They tend to occur in pairs
of opposite magnetic polarity or less frequently in more complex groups with
highly irregular magnetic fields. Large
ones often endure for months, though the
pores may last only a few hours.
All other active center features are invisible to the unassisted telescope. They are
well seen, however, through filters that

smaller and smaller knots of flux with
higher and higher field strengths, and not
very much in between. The vital question
now is the strength and structure of the
weak fields between the magnetic knots,
and the actual field strength in the knotsSacramento Peak astronomers are now

transmit only the light of a strong spectral
line, usually hydrogen alpha. The most
spectacular features are the solar flares. An
irregular bright patch, comparable in size
to a sunspot, suddenly appears in the active
center. In a few minutes it grows and
brightens to an intensity of perhaps twice
the backgroundl brightness. A large flare
normally takes the form of two irregular
ribbons symmetrically placed on either side
of a magnetic inversion line dividing positive from negative fields. It may take an
hour or two to fade away, often leaving a

At any time, the steadily stormy
monotony of the quiet sun is interrupted by
a few regions of more vigorous
activity-the active centers. Their distinguishing feature is a strong but invisible
magnetic field overall area typically 30,000
to 100,000 km in diameter. Field strengths
range from 1000 to 4000 gauss. These
fields are the ultimate source -of both
energy and geometrical constraints that
shape the spectacular phenomena of solar
activity. The highly conductive solar material can move freely only along the field
lines, and any forced transverse motions
induce strong electric currents like those in
an electric generator, creating a counter
force opposing the motion. The combination of gas pressure and magnetic guidance

system of bright loops straddling the inversion line. Such flares are of particular interest to solar physicists because-they are
the sources of the most disruptive geophysical effects. A long-standing problem has
been that of reliably predicting their occurrence, an empirical art thatis gradually
evolving at Sac Peak toward a scientific procedure based on physical cause and effect.
Greater understanding of flares and
other active center phenomena- requires a
study of their basic magnetic causes. Magnetic fields cannot be seen directly, but they
can be mapped by analyses of the polariza-
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Six conputer generated pictures derived
from a single scan of the solar surface by the
Sacramento Peak Observatory Diode Array
processed in different ways. Bright and (lark
markings in the magnetic' field and velocities
frames ial) the locations of upwaid and
downwaid diiected magnetic field and mass
tnotions.

tion profiles of certain sensitive lines in the
solar spectrum. The Observatory has developed increasingly sophisticated and efficient optical accessories for this work during the past 15 years. The tower telescope
with its echelle spectrograph feeding the
new diode array will be a very powerful tool
for defining the magnetic activity that powers the catastrophic flares and ejects the
geophysically active radiations.
NEW INSTRUMENTS AT SACRAMENTO PEAK
Two new accessories for the AFCRL Vacuum Tower Telescope at the Sacramento
Peak Observatory have substantially in-

creased its observational capability. They
are the Diode Array (formerly called the
Multi Channel Magnetograph) and the
Universal Birefringent Filter.
The diode array is a versatile set of light
detectors that can be arranged in a great
variety of configurations to measure simultaneously a iumber of different luminous
signals from many elements of area on the
sun. Its virtues are its quantitative digital
output and its speed in mapping the measured parameters on large areas of the sun
with spatial resolution down to 1/2arc second (360 km on the sun). The hardware
was complete by July 1972. The software
required to make it a useful operating instrument. reached a stage of limited useful-
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ncss in the rall ofr 1972, and hias steadily
imlprovedl in reliability and versatility since
then. The instrument, has been in full operation for more than a year.
The Diode Array consists of 512 photo
diode (detectors arranged in 16 linear

blocks of 32. The blocks can be arrangedi in
any desired configuration in the focal plane
of the Echelle Spectrographi of the Tower
Telescope. Signals from all of the diodes
are stored separately in a high-speed- tapc
recorder or disk 20 times per second, a data

PAtH): 128
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Coil K-O.15A

A-B

tYelo;iy)
20-Ww

Call~ K .S

A+B

(Intaniy)

Mapp~ing sightline velocities ill a prmnuc

by photographic subtraction. Framnes A and B
taken in light front cithcrsidc of the strong K
line of ionized calcium are the original data.
Subtraction is performed by printing through
a negative of' B superposed on A. A promi110nce point with a velocity of ap~proach will
appear brighter in A and in the negative of B
because of the Doppler shift in the line. This
Similarly, a velocity of recession appearsd(ark.
The intensity fraine is produtced1 by superposing positions of both A and B, thus averaging
the two.
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rate of about 2.3 x 105 bits/second. In a
typical setup, the blocks are placed to record simultaneously-at 64 points along
the spectrograph slit-the magnetic field
intensity, tie sightline velocity, the brightness at the centers of three spectrum lines
of special interest, and in the continuum
between lines. A quantitative twodimensional mapping of all these parameters is stored by scanning the solar image
across the slit. Data can then be presented
in any of several forms. The most useful is a
video diolay that can be photographed
either as half-tone pictures or contour
maps of the various parameters. This instrument has added enormously to the observational capability at Sacramento'Peak.
The world's first Universal Birefringent
Filter (UBF) was delivered to Sacramento
Peak in December 1972. It transmits
monochromatic images of the sun for
photography in the light of chosen spectral
lines excluding all other wavelengths. To
this end the width of the spectroscopic
passband is less than the line widths. The
unique feature of the UBF is tuning of the
passband to any wavelength in the visible
spectrum, a capability that is lacking in the
fixed band filters of the past. The theoretical possibility of tuning birefringent filters
was recognized over 20 years ago at Sacramento Peak, but its realization was delayed until the necessary achromatic retardation plates were made.
The UBF is a complicated mechanism
which requires a computer interface foir
expeditious tuning, and a carefully tailored
optical interface to utilize the solar image of
the tower telescope. These are complete,
and the system has been in research operation since August 1973. The output consists
of photographs which -how solar details
with the highest resolution and which can
be processed to show the distributions of
magnetic fields and sightline velocities over
the surface of the sun. For guidance of the
observer, all three aspects are displayed in
real time by a video system, but with somewhat less resolution than that of the photographs.

The UBFpicturesofmagneticandvelocity fields are, in fact, pictures of tile differences in light intensity between two photographs taken in different polarizations or
in slightly different wavelengths. This
image subtraction is accomplished photographically by superposing the positive of
one picture on the negative of anotherand
printing through the two, a process that is
very difficult to reduce to practice. The Observatory
has
assembled
standard
cinematographic components to accomplish this image subtraction for time-lapse
footage of the magnetic and velocity fields.
Motion picture records can now be produced in several hours instead of several
months.
Superficially it may appear that the
Diode Array and UBF serve the same purposes. Qualitatively, this is true, but -their
capabilities are complementary. The Diode
Array provides quantitative digital data on
light intensities, magnetic fields, and veloc.ity distributions, with spatial resolution limited by the instrument itself. Under ordinary conditions, it retrieves all the information present in an average tower telescope
solar image. Under-the best seeing conditions, however, the image is much sharper,
and may contain four to six times as much
information as the Diode Array can accept.
In these circumstances the UBF is more
powerful. It records-all the information in
the sharper image in-the form of excellent
photographs with resolution at the theoretical limit of the telescope when the seeing is
at its best.
SOLAR OPTICAL OBSERVING NETWORK
(SOON) PROJECT: The-Air Weather Service
(AWS) is responsible for operational forecasting of the several types of solar
geophysical disturbances of importance to
'the Air Force They utilize solar and
geophysical data, from many sources, including optical solar data derived from
their network of five stations distributed
around the world to provide 24-hour-a-day
monitoring of solar activity. The network
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has operated since 1967. Each station has a
small telescope equipped with a birefringent filter and- 35-mm camera foi photographing the whole sun at 1-minute intervals during clear daylight hours.
The more sophisticated solar forecasting
methods developed at Sacramento Peak
require much more information than these
simple instruments provide. To meet this
requirement, AFCRL and the AWSjointly
developed specifications fora suitable optical observing system, to be produced in five
identical instruments for operation at the
A VS observing sites. About $5 million have
been programmed for this Solar Optical
Observing Network (SOON) project. The

Electronic Systems Division (ESD) assumed
responsibility for its implementation. At
their request, AFCRL undertook the design and construction of a preproduction
model at Sacramento Peak. This was nearly
complete by July 1, 1974 and isdue for tests
by ESD in October.
The system consists of a fixed vacuum
telescope of 25-cm aperture with accessories which photograph the whole solar
disk on 70-mm film in the light of the hydrogen alpha line, record and display in
real time the distribution of brightness of
all flares, map magnetic~fi-lds in active centers, make time lapse video tapes of - tivity
(flares particularly) that can be played back
rapidly to show the evolution over the preceding several hours, and show real-time
high-resolution video pictures of-the active
centers.

The Observatory -will assemble the four
remaining SOON instruments from contracted parts, test, and install them at their
AWS observing sites. The project should be
finished by June 1978, in time for the next
sunspot cycle maximum.

Solar Optical- Observing Network (SOON)
telescope consisting of a fixed tube, supported by an A-frame. This is an equatorial
mount in which the rotating telescope tube is
parallel to the earth's a:is. Sunlight enters
through the trackig turret at the upper end.

Observer in the Solar Optical Observin Network (SOON) laboratory operating the systen. rhe optical analyzing system is on the
bench in the left rear of the picture. Light
from the telescope enters through the box at
the left end of the bench.

.
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RESEARCH RESULTS
The most important research results at the
Sacramento Peak Observatory during -the
reporting period are essentially progress
milstons, since all the conclusions suggest

fiuther steps toward the solutions of
•-broader solar l)roblems.
GRANULATION: The heat generated by
nuclear reactions in the sun's interior is
transmitted to the visible surface by radiation, conduction and convection. The latter
lphenomenon is the most important in the
convection zone" of the sun, which extends outward to the photosphere from

Selements

a depth-of perhaps, 150,000-200,000-km
of the solar radius). The granules seen
(
in white light photographs of the quiet sun
are thus presumed to be the tops of convection cells, plumes or bubbles. An understanding of granules is most important in
resolution of the puzzling question: How
are the outer layers (chromosphere and
corona) of the sun heated? During the past
two years, a study of granular velocities was
completed which concluded that vertical
motions in granules decrease with height in
the solar atmosphere in the manner cxpected from a convective flow pattern, confirming the hypothesis that granules- represent convective motions. In addition,
when the brightness (temperature) of an
element was correlated with its velocity, it
was found that low in iieatmosphere, hot
are rising, while higher upl, these
rising elements cool and become darker,
again giving a picture consistent with that
of convective elements rising from the unstable convection zone (with its
superadiabatic temperature gradient) into
the stable photosphere (subadiabatic gradient).
Granules are not all alike. While the majority have polygonal or rounded shapes,
bright at the center with dark boundaries,
and remain essentially stationary during
their lifetimes of 5 to 30 minutes, less than
10 percent grow much brighter and larger,

then fracture into smaller granules which
form into the shape of a ring. Such an "exploding granule" goes through this
metamorphosis in 2-to 3 minutes,-then returns to the appearance of a normal static
granule. However, it is likely to explode
again in 10 to 15 minutes, and may repeat
this behavior three or four times. To simulate-this behavior in the Laboratory, a convection experiment was performed at Sacramento Peak in which a few drops of cold
milk were dropped into a tank of water.
When the milk fluid hit the bottom of the
tank, it formed into a ring which expanded
along the base of the tank, much like a
moving smoke ring which collides with a
solid surface. Numerical calculations were
then made to analyze the behavior of a convective element running to a barrier.
Laboratory experiments and theoretical
computations lead to the conclusion that as
an exploding granule rises from the convection zone and penetrates-into the stable
photosphere, it is stretched out horizontally
and its internal motions, through conservation of angular momientum, changc its
form into a vortex ring which expands until
small-scale turbulencebreaks the ting into
small fragments.
The central upward velocity in-the ring
of an exploding granule is greater than in a
normal grantle. This suggested that
spicules (upward-moving jets of gas seen
higher in, the atmosphere in the hydrogen
alpha line) mightthave their origin- in exploding gianuiles. Since it is known that
spicules appear preferentially along the
chromospheric network where magnetic
fields are concentrated, a search was made
to determine if exploding granules also
occur mainly at the network boundaries.
This was founl to be not true. The exploding granules appear to form at random sites
on the solai surface, mnd do not appear to
be the key to the origin of the energy being
transferred by the spitules into the
chromosphere and corona.
An investigation of the form and structure of granules during their lifetimes has

'1

Lw1

174

shed new light on the nature of granula-

though most granules remain essentially

tion. Researchers in the past have estimated
granule lifetines- at 8-10 minutes, but by

fixed in location, a few migrate up to 2,500
kn (two or three times their diameter) at

usingas perbsequence of framesobtained
at the V.acuum Tower Telescope, Sac-

speeds of 2-3 km/sec during their lifetime.
In addition, granules interact strongly with

ramento Peak scientists have -observed

small pores (dark regions with large

some gra-itles lasting for over 30 minutes.
They have learned that most granules disappear, not by fading away or by being
replaced by newly formed granules, but
through fragmentation into smaller
granules (similar to the exploding granule
described earlier but not into the ringstructure). Some -f the observed fragments are
at the limit of resolution (- 0.2 arc sec) and
are thus as small as filigree elements. Al-

magnetic fields), changing the shape, size,
and even completely destroying the pores.
This phenomenon is being investigated,
since it gives clues as to the relative pressures exerted by the moving gas and the
magnetic field, and thus to the hydromagnetic forces interacting in the solar
atmosphere.
Observations of the velocities in granules
depend upon the Doppler effect which
shifts the wavelength of a spectral line toward the blue or the red if the absorbing gas
is moving toward or away from. the observer, respectively. The analysis of these
wavelength shifts is, however, not simple or
unambiguous. A theoretical study has
pointed out the effects ot"limited spectral
and spatial resolution on a proper interpretation -ofthe measured Doppler shifts, and
has determined physical conditions under
which meaningful results can be obtained.
FILIGREE, FACULAE, AND SMALL MAGNETIC FEATURES: Since the discovery of the

"solar filigree" at Sacramento Peak in 1971,
considerable work has been (lone to define
the characteristics of this phenomenon.
The fligree consists of tiny bright dots
which are observed on filtergrams in light
originating in the low photosphere, and
have typical observed dimensions of
150-250 kin. Since such small sizes are right
at the limit of the tower telescope resolution
under the best seeing (atmospheric turbulence) conditions, the actual sizes of filigree
elements (called "crinkles") are still smaller.
showing the granular structure. Each bright
granule is the top of a convcctive column,
typically about !,000 km in diameter. The
convective energy of the granules is transferred by poorly understood processes
through the lower solar htmosphere to heat
the overlying chromosphere and corona.

i'

Sacramento Peak scientists have learned

that the filigree t,:nds to lie in the dark
intergranular lanes, notsuperposed on the
bright granules theiibelves, and that the

crinkles are probably cospatial with tiny
bright facular elements. Such faculae had
previously been observed as brighter than

/,
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average features in continuum photographs near the solar limb. Researchers
using a broad-band (16-60 angstroms wide)
filter, centered in the ionized calcium "K"
line at 3934 angstroms in the ultraviolet,
have seen facular dots with the same ¢limensions as crinkles at disk center. Both
tile filigree anc-the faculae are much more
numerous in active regions and at the
boundaries of the chronospheric and
photospheric networks, than on quieter
parts of the solar surface. Since it is known
that magnetic fields are associated with the
network and with solar activity, attempts
are being -made to determine whether the
filigree is tile locus of ve,'y strong magnetic

flux tubes of extremely small spatial extent.
The inhibition of convection and the trans-

fer and dissipation of energy by Alfven
waves or shocks along such strong magnetic
field lines may turn out to be a significant
factor in the heating of the chromosphere

Bright photosplheric faculac surrounding a
small sunspot are markets For concenltrated
magnetic knots, Note the relatively field fiee

and corona.

strong Mg lHe through the Universal Birefriigent Filter and tower telescope at Sacrantento Peak Observatory.

Ii one study, a number of highresolution spectra were analyzed for correlations between intensity, velocity, and
magnetic field observed at a number of
points (quiet and active) on the solar surface. Although the spatial resolution was
not quite sufficient to resolve the filigree,
the magnetic field patches appeared to be
larger than the corresponding intensity or
velocity features. This implies that while
the bright crinkles (less than 0.5 arc sec)
may be at the centers of magnetic flux
tubes, the-magnetic field probably extends
over a larger area (1 to 2 arc sec). On the
other hand, the facular observations and
the best filter photographs made with the
Universal Birefringent Filter give some indication that the magnetic flux tubes may
be as small as the crinkles. Resolution of this
issue must wait until magnetic field observations (thus far limited by seeing to about
0.75 arc sec) become available with sufficient resolution (0.2 to 0.3 arc sec) to permit
comparisons between simultaneously recorded crinkles, faculae, magnetic fields

mnoat" aroind the spot. Photograplhed in a

and velocities. If such strong magneuc field
points do existin the filigree, it, is estimatedthat their field strengths would be in the
2000 to 3000 gauss range, perhaps even
higher. Such strong fields have never been
observed on the sun outside of sunspot
umbrae.
ENERGY TRANSPORT BY OSCILLATIONS
AND NON.PERIODIC DISTURBANCES: The
most commonly assumed source of heating
of the solar chromosphere and corona is
the dissipation- of mechanical energy. A
number of sources of mechanical energy
are availablein the photosphere such as tle
convection-like motions associated with the
photospheric
granulation
or
tile
300-second-period gravity (and perhaps
sound) waves which have been observed to
exist over the entire solar surface. Both
have been suggested as sources for
chroniospheric lieating but observational
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-evidence does not support these hypotheses or distinguish between them.

the magnetic knots were discovered at the
Sacramento Peak Observatory. These re-

A critical examination was made at the
Observatory of the amount of' mechanical
energy deposited in the chromosphere by
tile 300-second-period naves. The result

gions, barely resolvable with the telescopes
available at the time, have magnctic fields as
high as 1,500 gauss concentrated in areas
with diameters as small, or smallcr, than

amost conpletely excludes a direct heating
of the chromosphere by these waves since
the measured amount of energy deposited
at chronlospheric levels fails to match that
required for the heating by -more than
three orders of magnitude. At lower levels
in the solar atmosphere, the anount of

500 ki. The existence of those regions has
since been confirmed elsewhere, although
there is some disagreement as to the size
and Magnitude of these magnetic field
bundles.
The Universal Birefringent Filter (UBF)
l)rovides a new way of looking at the sun.

energy dissipated is, however, substantially

Since it is tunable to anmy wavelength, the

l'ger, enough to match the chromospheric
requirement. Tlierefore. one cannot clefinitely exclude the 300-second oscillations
isthe ultimate source of chromospheric
energy if an intermediate mode of energy
transport can be found to carry the
mechanical flux from these lower levels up
to tile chromosphere.
The discovery of upward-propagating
disturbances in tile wings of the very strong
H and K lilnes of ionized calcium may provide us With new clues to the heating of the
chromosphere. Observations show that
these disttrbances, called "whiskers" after
their appearance in these lines, propagate
upwards through the solar photosphere
with velocities of about 12 km per second.
Some 100 seconds later they turn npl)
as
-patches of strong emission in the solar
chromosphere, visible in the centers of the
H and K lines. The emission patches have a
spectral profile very much like what one
might expect if the mechanical motions
cause shock waves, which can readily dissipate into thermal motions, heating the
chromosphere. At present the nature of
these rising disturbances is unclear.
MAGNETIC FACULAE: During the last decade it has become increasingly evident that
the magnetic field on the solar surface is
made very inhomogeneous by fragmentation resulting from photospheric and snb-

filter transmission can be selected to coincide in wavelength with solar absorption
lines which are exceedingly sensitive to the
presenrt of magnetic fields on the solar
surface. The Zeeman effect causes most
solar absorption lines to widen and split
when a magnetic field is present on the sun.
The light in the components of these split
-lines is highly circularly polarized. This
causes polarization in those parts of the
solar image where a magnetic field exists if
this image is observed through tile UBF,
tuned to the wing of one of these lines. One
of these very Zeenan-sensitive lines is the
strong K,line of magnesium at 5172 angstroms. This line originates moderately
high in the solar atmosphere and shows
phenomena which we nornally associate
with tile chromosphere or upper Photosphere, like solar flares and faculaC. Observations with the UBF made at times when
the atlosphericseeing permits tile highest
image resolttion show these faculae resolved in elements with diameters as small
as 400 km. Each of these elements coincides
precisely with a region of strong circular
polarization in the b., line from which one
concludes that these faculae represent regions of strongly bundled magnetic fields.
Observations with the UBF have now also
firmly established that these faculae overlie
the much smaller elements (- 200-km
diameter) of' the photospheric filigree

photospheric convection currents. In 1967,

about 50-100 kl lower in the solar atmo-
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sphere. From this a picture is suggested in
which the strong magnetic field associated
with the faculae converges even more to
form very tight bundles in the elements of

range offers tile advantage of high spatial
resolution; the most reliable immediate
flare precursor, motions of solar atmospheric matter, can readily be monitored in

the photospheric filigree where the field

-real time from Sacramento Peak. Onl'k in

may-reach a strength of thousands of gauss.
Attempts to confirm this hypothesis b), di•rect observations are now underway.

the optical range can the magnetic field
strength be measured down to several
gauss at many levels in the solar atmosphere. The magnetic field of an active region is acknowledged as the most probable

FLARES AND MAGNETIC FIELDS: Solar
flares radiate strongly throughout the electromagnetic spectrutm, from the longest dctectable radio waves to cosmic rays. Sacramento Peak Observatory's rresearch to
gain an understanding of the physical conditions and processes leading to the solar
flare itself and of the propagation of the
disturbance to the vicinity of the earth has
always begun with optical, observations of
the sun before, during, and after the flare.
Other laboratories within AFCRL observe
in other wavelength ranges. The optical

The great flare of August 7, 1972 photographed in the light of the hydrogen alpha
that
line. This flare was one of the very fe%%
was also 'isible in white light, and geophysically was the most active of the sunspot cycle
now ending.

source of flare energy. Sacramento Peak
research has steadily improved the ability to
relate the probability of flare occurrence to
the magnetic field patterns acquired by the
Observatory or with the telescopes of the
SOON system.
The great solar flares of August 2, 7, and
11, 1972 produced many noticeable effects
on the earth. All three flares were anticipated at Sacramento Peak, and all of the
Observatory instruments were ready and
waiting.
The Observatory measured magnetic
-field, mass motions, temperature, density
and position before, during, and after the
August 7 flare. Several different solar telescopes, each designed for a special purpose,
were used.
Two telescopes at the Hilltop Dome are
operated on a patrol basis. These patrol
telescopes photograph the full solar disk,
with less resolution than the Tower Telescope, but at regular closely spaced intervals throughout the day. The 4-inch telescope provides the real-time television images that alert observers throughout the
facility to the coming of a major flare. In
addition to the continuous real-time television coverage, this system obtains the standard full'disk hydrogen-alpha photographs that form the basis of Lomparison
with data from observatories throughout
the world. These photographs are taken
through a highly selective, narrow passband filter. The passband of the filter can
be tuned to different wavelengths in and
near the hydrogen-alpha line at 6563 angstroms to reveal the three-dimensional

I
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structure of the flare wherever the temperature of the flare is within a factor of 2 of
10,000' K. Flares are easily detected and
spectacular when observed through this
system. In an observation of the August 7
flare at 15:34 Universal Time (UT), the
flare was seen to cover more than /2percent
of the area of the solar disk-an exceptionally large event by solar standards. The
maximum total brightness of the flare
(brightness times area in hydrogen-alpha is
the conventional measure of the size of the
flare) was reached at 15:29 UT. The rise to
maximum at 15:29 and the subsequent
decay are well documented on the patrol
films; the time resolution in the high-speed
mode, which was operative during the August 7 flare, was 5 seconds. The value of
these photographs to the research scientist
is due in part to this time resolution, which
permits accurate comparison of the occurrence of brightenings in the 10,000 ° K
temperature regime to-those of much different temperatures, such as the multimillion-degree X-ray range at higher levels
in the solar atmosphere.
The 6-inch Hilltop Dome telescope also
provided uniquely useful information. The
passband of its filter is 175 angstroms wide,
centered on 5900 angstroms in the orange
light of the bright continuum between the
dark absorption lines in the solar spectrum.
Usually this "white-light" system documents only the passage and development of
sunspot groups across the disk, but-the August 7 flare was visible in the contintum.
Such a "white-light" flare has been photographed fewer than a dozen times since the
first such flare was observed visually in
1859. Any flare seen by the white-light patrol is immediately known to be in the extremely energetic great-flare category for
which major terrestrial repercussions must
be expected. Photographs were obtained
with this system every 2 minutes. These
data, combined with data from other instruments, gave the first high-quality light
curves ever obtained for a white-lightflare.

The large (30-inch aperture) Vacuum
Tower Telescope was also in full operation.
At 15:20 UT, almost 10 minutes before
flare maximum in hydrogen-alpha light,
the first exposure in a series of what may be
the first white-light flare photographs in
existence was ol",med. The passband of
the filter for these photographs was also
broad-band, but was centered in the bluegreen, rather than the orange, where the
patrol passband was centered. The films
were carefully calibrated, and the difference in brightness between the background
and the flare was determined from the difference in brightness in the two colors. This
could not have been done with only a single
color, because the light shining through the
flare from below was unknown.
The results revealed an unexpected
characteristic of the-flare. The motion picture made from the series of pictures
showed hot, bluish "knots" coinciding with
bright points in the hydrogen-alpha pictures and, in addition, a yellowish "wave"
which appears to move out from the original flare knots at approximately 40
kin/second. The knots were about
12,0000 K and the waves, about 8,0000 K.
When the time history of the brightness of
the knots was compared with thatof X-rays
observed from the European -Space Research Organization TD-1A satellite in the
60-87 keV range, a very good correlation
was found between the X-rays and the
white-light knots. This suggests that the
X-rays and the white-light emission may
come from the same location, which the
white-light observations place in the middle
atmosphere, somewhat below the height of
origin of most of the hydrogen-alpha
radiatioii.This supports the hypothesis that
both radiations may result from- beams of
high-energy electrons speeding down into
the sun from a point higher in the atmosphere, suggesting that the acceleration region is higher in the atmosphere and may
be discernible in -the ultraviolet.
At the Big Dome, magnetic field meas-
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OBSERVED LOOPS

COMPUTED LOOPS
1632 UT

Details of tie August 7, 1972 flare showing
typical dark loops between the two blight
flare ribbons (and obscuring a part of the
fight-hand ibbon). To the right is a perspective view of the three-dimensional field calculated friom a Inagneticnap oi tile assumption
that there were no electric curtents in the
matetial. The observed loops are obviously
sheared, indicating that there are in fact very
strong currents,

urements were made during the flare itself.
From these measurements, maps of the distribution of the sight-line component of the
magnetic field are constructed. Maps, or
magnetograms, can be generated by the
SOON equipment, and working rules for
interpreting magnetograms have been developed. These rules permit estimation of
the flare-production potential of an active
region. They relate two characteristics of
the active region, the principal inversion
line and satellite sunspots, to the likelihood
of a flare. The principal inversion line was a
very convoluted, closed circle. Most of the
sunspots were located in a region of positive
polarity which was of limited size and was
tightly surrounded by a negative field. The

rules for flare production state that large
flares are likely if the inversion line is convoluted, and when it runs in an east-west
direction, major proton flares are likely.
This led to prediction of a flare in the active
region that produced the August 7 flare.
Magnetograms made after a flare can be
checked to determine if the magnetic field
changes during a flare. During the August
7 flare, magnetogriams obtained each 6
minutes showed no sudden changes in field
strength, at least in the observable atmos1pheric level. This is true for flares in general; only relatively slow changes, taking
place on the scale of hours and tens of
hours, occur. These do not relate directly to
the change in magnetic energy during the
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proxination. However, comparison of observed post-flare loops with field lines calciulated by the current-free approximation
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shows little or no agreement. Since the
*loops
E1

.....

*

...
i
"n

.... "S

-

do not outline the magnetic field,
which they would do if ionized material
moved only along the field lines, the conclusion that electrical currents are flowing
in the flare region follows. The appearance
of the observed loops supports this idea,
since they show a structure ,liat is shifted,
or sheared, relative to the lower energy
field lines computed in the current-free
approximation.
The failure of the current-free theory to

Magnetic contour ifla) ofthe area around the
flare of August 7, 1972. Positive and negative
fields atv indicated by solid and dashed con-

tourv. This is a spectacular configutation, an
island of positive field around the flare coinpletely surroutinded by negative field, the
presence of which gave certain warning ofthe
coming flare several days in advance.

flare itself, since their time scale is much
longer than that of the flare. However,
analysis of Sacramento Peak magnetograms has shown that these slower changes
apparently are necessary if a flare is to
occur. The flare seems to start at the spot
where the change is taking place, usually
near the magnetic inversion line. This implies that the change in the field configuration due to the new magnetic flux tends to
produce an unstable situation when that
change occurs near the inversion line, and
on the scale of a few hours.
The Diode Array and the Universal
Birefringent Filter have improved the understanding of the role of magnetic fields.
Although no sudden changes occur in the
strength of the magnetic field in observable
levels of the atmosphere, the magnetograms can be used as a basis for computing
theoretical field lines in regions where tle
field cannot be directly observed, but where
the changes are thought to take place. Presently, three-dimensional field lines can be
computed from magnetograms at Sac-

match the observations helps to explain the
fact that no sudden change occurs in the
observed fields in the lower atmosphere. It
now seems quite likely that the strong heating and particle acceleration of the flare

-*

Thesnial flareofSepteinber 10, 197, photo.
gtaphed thiotigh the Universal Birefr'ingent
Filter in the light of the hydrogen beta line.
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occurs at the expense of fields in the upper

The large coronagraph of the Sac-

solar atmosphere, and probably comes
from the relaxation of current systems and
fields to current-free configuration from
other, higher energy systems.

ramento Peak Observatory was used, with a
specially constructed filter which suppressed the nearby bright hydrogen alpha
line, to measure the Balmer alpha line of
deuterium in solar prominences. The intensity was below the observational
threshold, less than one millionth of the
brightness of the adjacent equivalent hydrogen lines. No actual value could be calculated, but the previous upper limit was
decreased by a factor of 20 to 1 part in 4
million, which indicates that deuterium destruction was very efficient during the contraction of the sun into a star and that violent explosive events such as-flares have not
replenished the solar deuterium to any significant degree.

DEUTERIUM IN THE SUN: Most ofr the
deuterium atoms in Ole matter that formed
the sun were destreyed as it contracted into
a star. Many astrophysicists believe that the
deuterium abundance in interstellar matter, about I part in 60,000, is an important
clue in cosmology. Others believe that it is
created in violent events such its solar flares.
Gamma radiation from the creation of
deuterium was observed during the giant
August -1972 flares. Also, cosmic rays emitted after flares showed deuterium to be as
abundant as I part in 10,000 in flares. For
this reason, deuterium abundance in the
sun is important not only in understanding
flares, but also in astrophysics.

The same flare in the light of the sodium D

line, which originates at a lower level than the
hydrogen lines,

I-p

EUV HEIGHTS: Various EUV lines originate in plasmas at different temperatures,
and the temperature of the solar atmosphere increases with height from a
minimum in the lower chromosphere.
Therefore, it has been universally assumed
that the different lines show the solar features at different heights. Sacramento Peak
observers have confirmed this theoretical
assumption by a purely geometrical
method in -two separate studies. The first,
described in the Report on Research of 1972,
was based on relatively crude OSO-IV data.
It showed that a series of five EUV lines
originated at heights between- zero and
17,000 km in the expected order. The-second study utilized a very much larger body
Naval Research
of data -from th
Laboratory's ultraviolet spectroheliograph,
which achieved better spatial resolution by
at least a factor of 20.
The study uses the fact that a solar image
made with light from a line emitted high in
the solar atmosphere is slightly larger than
an image made with light from a line emitted lower in the atmosphere. The difference in apparent solar radius is equal to the
difference in height. The difference in
levels can be determined by measuring this

I
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factor of expansion. ihe spectroheiograns showed hundreds of bright points
on the sun. Their positions were measured
in lines spanning the temperature range
from that of the middle chromosphere at
about 10,000* K to thatof the corona, about
1,500,0000 K. A statistical analysis gave a
much more accurate determination of relative heights than had been possible with the
OSO-IV data. The most interesting result
was the positive identification of the sharp
chromosphere-corona transition region.
The theoretical evidence for an increase in
the temperature from about 20,000 to
1,000,000 ° K within 1500 km is very strong,
but this geometrical confirmation is an inportant assurance of the validity of the
theory.
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THE TEMPERATURE OF THE SOLAR
CORONA: Most of the energy which originates in the core of the sun escapes in the
form of visible radiation when it reaches the
solar surface. But a small fraction is converted to other forms. Some is stored in
twisted magnetic fields which may eventually lead to solar flares and some travels
outward as violent mass motions, eventually causing shock waves which then dissipate to heat the corona. The physical conditions in thecoronaare extremely important
to an understanding of the mechanisms involved in this dissipation of mechanical
energy. Knowledge of these conditions is
also required to understand the transition
of the solar corona to the solar wind and to
predict- the effects on the earth environment caused-by changes in the energy input
at the base -of the solar corona resulting
from coronal holes and solar flares.
The most important unknown physical
parameter in the corona has been the
temperature. The only unambiguous
method to measure the temperature was
recently developed at Sacramento Peak
Observatory. It is based on a discovery during the 1970 solar eclipse which showed
that the corona emits the hydrogen
Lyman-alpha resonance radiation at 1216
angstroms very strongly. Even at temperatures of I to 2 million degrees, enough hydrogen remains in the atomic un-ionizedstate to cause the corona to be very bright
because of this resonance scattering. Be-

cause the .neutral hydrogen atoms scatter-

ing the radiation have small mass, their
thermal motion at the high temperattre of
the corona averages about 21,0 km/sec, well
above the magnitude of any oti.-. motions.

Thus, measurement of the broadening of

Post flare loops, September 10, 1974 taken in
the hydrogen alpha line two hours after the
preccding photographs. The loops trace the
structure of the nmagnectic field over the flare

region,

the Lyman-alpha line due to the Doppler
shift caused by thermal motion is a very
precise measure of coronal temperature,
undiluted by the random mass motions.
Unfortunately, this line can be observedonly from space.

Jointly, with the University of Colorado
and the Los Alamos Scientific Laboratories,

,
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Sacramento Peak astronomers developed a
rocket-borne telescope-spectrograph systen to measure coronal temperatures in
this way. Rocket failures prevented the acquisition of data during the June 1974
eclipse. Another rocket flight is planned
during the solar eclipse of October 1976.
Other ways of measuring the coronal
Lyman-alpha line width are being developed, including an externally occulted
oltraviolet coronagraph which could obve the solar corona continuously from a
satellite, instead of on a rocket "snapshot"
basis during a solar eclipse.
SOLAR ORIGINS OF SUDDEN COMMENCEMENT MAGNETIC STORMS: Space observations of the solar particles that rain on the
terrestrial magnetosphere have greatly
clarified the physical relations between

An extraordinary circular filament showing
either a strong lengthwise shear or a helical
structure, eitherofwhich indicates a magnetic
field with strong electric currents.

solar wind perturbations and certain forms
of geomagnetic disturbances. This new
knowledge has given renewed impetus to
the Sacramento Peak Observatory effort to
define the solar causes of geomagnetic disturbances. More than any other solar terrestrial phenomenon, geomagnetic disturbances produce secondary effects in the
ionosphere which can hamper Air Force
activities. Two lines of investigation have
begun to produce results.
Both space observation and theory unambiguously attribute the sudden commencement (SC) magnetic storms to the
impact of interplanetary shock waves
(IPSW's) on the magnetosphere. Solar
flares have always seemed the source of
IPSW's. However, the sun to earth travel
time of the shock waves appears to vary
between 1V and 4 days, and during times
of high flare activity, clear associations of
shocks arriving at the earth with particular
solar flares become quite uncertain. Any
flare within the three-day period could be
responsible, and many large flares do not
excite IPSW's. Sacramento Peak investigators showed that most IPSW's have
origins other than flares. The most direct
evidence is the great disparity between the
variation in numbers of flares and SC's
through the solar cycle. The flares vary in
numbers in step with the sunspot cycle,
while the number of SC storms is practically
constant, with a very slight minimum during the years of flare minimum. In fact,
during years of flare minimum, there were
more SC's than large flares. The contrast
between the counts of flares and SC's was
even greater when the small flares were
included. The flares decreased by a factor
of 10 from maximum to minimum, while
the SC's decreased by the barely significant
factor of 1.2. Unless flares are very much
more effective in producing IPSW's and
SC's during solar minimum, there must be
other and more important causes. One of
these is the coronal holes, but even coronal
holes and flares together cannot account
for all the SC storms.
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NASA Skylab observations of the optical
corona at the solar disk limb disclosed a
hitherto unsuspected form of coronal activity which appears to generate IWSW's. Once
every few days a large bubble of coronal
material expands radially outward at 600 to
1200 km/sec, passing out of the coronagraph field with undiminished velocity at a
height of 9 million km. During the Skylab
flight the astronauts photographed over 60
such events. From the ground, simultaneous monitoring by Sacramento Peak and
other solar observatories provided an excellent record of surface activity on the sun.
About 15 percent of the coronal bubbles
started wtih large flares. Another 80 percent originated with some large prominence eruptions, some of which were of the
energetic surge type. No -visible activity
could be associated with the remaining 5
percent.
Although it is not yet definite that all
IPSW's start as coronal bubbles, it is clear
that some originate in eruptive prominences. Since eruptive prominences are
readily qbserved near the center of the
solar disk, where their coronal bubbles
would expand toward the earth, a useful
predictor of SC geomagnetic storms is
available.
CORONAL HOLES: The recurrence of
magnetic storms with a period of 27 days
was noted many years ago. Because this is
the rotation period of the sun, the storms
were attributed to the successive rotational
passages of some long-lived but unidenm
tified solar feature, named an "M Region."
Comparisons of the M-region storms with
every conceivable form of solar activity
failed to uncover the M regions, and their
nature remained a mystery until they were
identified independently by several investigators, including the Sacramento Peak
Observatory, in 1974. Observations of the
sun from spacecraft, particularly Skylab, in
the light of all X-ray and EUV high temperature lines that originate in the corona,
showed vast voids-"coronal holes"-

where the coronal brightness was a factor of
5 or more less than average. These holes
normally persist for several solar rotations,
and (in all cases examined at Sacramento
Peak) whenever a hole rotated through or
near the sub-terrestrial point, it was followed in three to five days by an incrcase in
the planetary geomagnetic index, Ap. The
coronal holes are the M regions.
The general nature of the physical connection is fairly clear. A coronal hole is obviously a region of low coronal density, and
probably low magnetic field strength with a
simple configuration of open flux tubes
leading out into interplanetary space.
These are the conditions for unimpeded
flow of the solar wind, and-space observations confirm that the holes are the sources
of abnormally fast solar wind streams that
distort the earth's magnetosphere. In some
instances, interplanetary shock waves
(IPSW's) develop along the interface between the fast stream and surrounding
normal solar wind, and the impact on the
magnetosphere then results in sudden
commencement (SC) magnetic storms.
However, the gradual commencement
storms are more common.
The identification of the M regions as
coronal holes is important for the prediction of disruptive geomagnetic activity, but
since continuous monitoring of the sun
from space cannot be expected, it will be
useful only when means for observing the
coronal holes from the ground are devised.
The Sacramento Peak Observatory has now
accomplished this. The 40-cm coronagraph
at Sacramento Peak shows the lower corona
in the 5303'angstrom green line of Fe XIV,
which should carry the same information as
the X-ray and EUV lines that show the
holes projected on the solar disk. However,
the green corona is detectable only at the
solar limb, -where the line of sight through
the corona is very long. The observed intensity is the sum of the bright and dark
features along this line of sight, and since
coronal holes are typically-bordered by abnormally bright regions, they are usually
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Comparison of a computer-generated image
(left) of a coronal hole (at 110* longitude)
derivecd from coronal observations at Sacrawnento Peak Observatory with an extreme
ultraviolet image from a spacecraft (right).
The horizontal scale of the Sacramento Peak
Observatory image is distorted by the projection coordinatc used, but the correspondence
of the outline with that of the extreme ultraviolet image is apparent.

not detectable as a definite decrease in the
observed brightness of the limb corona.
This isovercome by taking advantage of the
fact that the sun, with the corona, rotates 13
degrees per day. Thus, each day, the
corona is seen- from a different direction.
When four or five days of-coronal brightness measurements are combined in a deconvolution procedure, details along the
line of sight can be resolved in a -manner
similar to perception of depth by stereoscopic vision, and the coronal holes can be
mapped as they rotate past the limb. For the
prediction of geomagnetic disturbances,
this method has the advantage of lead time

/f_.-

of about ten days. Seven days after limb
passage the hole reaches the neighborhood
of the sub-terrestrial point where its solar
wind stream is directed toward the earth.
The particles then trave! the 150 million km
to the earth in about three days.
Five instances were found for which both
space observations of holes and adequate
Sacramento Peak green line data existed.
In each case, analysis of the ground data
correctly showed the position, size and
shape of the hole, and all five produced
geomagnetic disturbances.
The Kitt Peak National Observatory has
announced a second method for observing

-
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the coronal holes from the ground. They
are visible on the solar disk as areas of abnormal surface structure in pictures made
with light from the strong infrared helium
line at 10830 angstroms. Sacramento Peak
observers have confirmed this finding with
the tower telescope and diode array, and
explained why chromospheric structures
are affected by variations in the corona
which is about 1,000 times less dense and
situated about 30,000 km higher. In the
1960's, Sacramento Peak observers found
that helium emission was confined to a narrow layer high in the chromosphere, unlike
that of any other atom. This suggested that
the helium emission was excited by ionizing
radiation from the corona (the Lyman continua of both hydrogen and helium) which
was completely absorbed -in the narrow
helium emitting layer high-in thL chromosphere. The reflection of coronal holes in
the chromospheric helium emission confirms this theory.
The coronal green line and the helium
line observations provide two methods for

grees of solar longitude per rotation at 50
degrees latitude. Studies of the effects of
coronal hole migration continue, especially
with respect to the inevitable sweeping-up
of the slower rotating active regions. Coronal holes, because of their rotational
characteristics, would-appear to be related
to the interplanetary magnetic field, which
also rotates as a rigid body.
The great size and lifetime of coronal
holes indicate that they are related to a basic
internal magnetohydrodynamic phenomenon of the sun. From May 1972 to
Nov, mber 1973, coronal holes appeared
predominantly at four equatorial solar ]ongitudes almost at 90-degree angles to each
other. Data obtained in late 1974 from the
Sacramento Peak Observatory coronagraph revealed only two coronal holes
separated by 180 degrees in longitude. This
alternation between quadrupole and dipole
structures recalls a similar behavior in the
sector structure of the interplanetary
magnetic field. Both may be intimately
linked with the l1-year cycle of solar

defining the coronal holes from the
ground. The Sacramento Peak Observatory is presently preparing the special-

activity.

equipment required to monitor the-sun in
both lines, and will shortly begin reporting
coronal holes and expected geomagnetic

JOURNAL ARTICLES
JULY 1972 - JUNE 1974

disturbances to the Air Force Global

ALrROCK, R.C.

Weather Central.
SacramentoSacrment
Peak
Pek scientists
scentits have
ave also
lso

The Formationof Mg 1 4571 A in the SolarAtmosphere.
IV.
Empirical Vs. Synthetic Analyses
Solar Phys,, Vol. 34 (1974)

been working toward attaining a better un-

derstanding of the behavior of coronal
holes. Using EUV data supplied by NASA's
Goddard Space Flight Center from the
aboard OSO-VII, cospectroheliograph aSolar
ronal hole areas have been determined for
18 months prior to and during the Skylab

mission. The most unexpected discovery

has been that coronal holes do not-participate in the differential rotation shown by
virtually all other solar surface phenomena.

Thus, at latitudes away from the equator,
coronal hole regions move westward with
the general solar atmosphere.

respect to
This relative motion is as great as 50 de-

R. C., and CANNON, C.J. (Univ. of Sydney,
Austl.)
TheFormationofMg 1 4571AintheSolarAtmosphere.l.
A Model Analysis of the One-DimensionalStaticAtmosphere
Phys., Vol. 26 (1972)
TheFormationofMg I 4571AintheSolarAtmosphere.1I
The Effect of One-DimensionalMacroscopic Velocity Fields
ALTROCK,

Solar Phys., Vol. 29 (1973)
The Formationof Mg 1 4571 . in the Solar Atmosphere.
11. The HolwegerSolar Model
Solar Phys., Vol. 30 (1973)
BECKERS,

J. M.

The Response of the Helium Triplet Radiation in
Prominences to an Increase In UltravioletFlux Resulting
from Solar Flares
Bull. of the Am. Astronom. Soc., Vol. 4 (1972)

187

The Sacramento Peak Observatory Universal Birefringent

CANFIELD, R. C., and ATIIAY, R. G. (High Alt. Obsv.,

Filter

NCAR, Boulder, Colo.)

Bull. of Am. Astronom. Soc., Vol. 5 (1973)
The Next Decade in ObservationalSolar Research
IAU Highlights of Astron. (1973)
A Fully Tunable Lyot.Ohman Filter

7heoreticalChromosphericFlare Spectra. 1. Hydrogen
Xquilibriumfor the Kinematic Flare-Shock Models of
Nakagawa, Wu and Han (1973)
Solar Phys., Vol. 34 (1974)

J. of the Opt. Soc. of'Am., Vol. 63 (1973)
BECKERS, J. M.,

and

CHIPMAN,

E. (Univ. of Colo.)

The Profile of the Coronal Lyman-Alpha Line

CANFIELD, R. C., and MEHLTrRETTER, J. P.
Fluctuations ofBrightness and Vertical Velocity at Various
Heights in the Photosphere

Bull. of the Am. Astronom. Soc., Vol. 5 (1973)

Solar Phys., Vol. 33 (1973)

The Profile and Polarization of the Coronal Lyman-Alpha
Line
Solar Phys., Vol. 34 (1974)

CANFIELD, R.C.,

and

MUSMAN,S.A.

BECKLRS,J.

Vertical Phase Variation and Mechanical Flux in the Solar
5-Minute Oscillation
Astrophys. J. Ltrs., Vol. 184 (1973)
Observation and Interpretation of Phase Lags in the
Five-Minute Oscillation

Solar Phys., Vol. 30 (1973)

Bull. of the Am. Astronom. Soc., Vol. 5 (1973)

M., DUNN, R. B., and LYNCH, D. K. (Univ.
of Tex.)
A Morphological Study of Spicule Filtergrams

BEcKERs,J.M., MAUTER,

H.A.,

MANN,

G. R., and

BROW N, D. R. (Univ. of Colo.)
High Resolution Spectroscopy of the Disk Chromosphere. L
Observing Procedure

Solar Phys., Vol. 25 (1972)
BECKERS, J. M. and ScHULTz, R. S. (High Alt. Obsv.,
Boulder, Colo.)

DE

MAsTUs,

H. L.,

WAGNER,

W. J., and

ROBINSON,

R.D. (Univ. of Colo.)
Coronal Disturbances I. Fast Transient Events Observed in
the Green CoronalEmission Line During theLastSolar Cycle

Solar Phys., Vol. 31 (1973)

Oscillatory Motions in Sunspots

R.F., BERGER, E. L. (NOAA Space Envmt.
Lab., Boulder, Colo.), BUSMAN,J.D. (NOAA Comsnd.
Corps., Boulder, Colo.), HENSON, B. (NASA, George
C. Marshall Space Fit. Ctr., Huntsville, Ala.), JONES,
T. B. (Univ. of Leicester, Eng.), LERFALD, G. M.

BECKERS,J.

M., and ScuuLrz, R. S. (High Alt. Obsv.,
Boulder, Colo.), WHITE, .R.

(NOAA Wave Prop. Lab., Boulder, Colo.), NAjiTA, K.
(Univ. of Haw.), RETALLACK, W. M. (NOAA Space

High Spatial and Temporal Resolutio, Observations of the
Mfagnetic Field in a Sunspot
Bull. of the Am. Astronom. Soc., Vol. 5 (1973)-

AnAtlasofExtremeUVFlashes ofSolarFlaresObservedVia

Solar Phys., Vol. 27 (1972)

M., and WILSON, F. R., REES, D. E.(Univ.
of Sydney, Austl.), BRowN, D. at. Inst. for Lab.

DONNELLY,

Envmt. Lab., Boulder, Colo.), and

WAGNER,

W. J.

SFD During the ATM-Skylab Missions.

Rpt. UAG-36, World Data Ctr. A., NOAA (1974)

BECKERSJ.

Astrophys., Univ. of Colo.)
High Resolution Spectroscopy of the Disk Chromosphere I
Time Sequence Observations of Calcium II H and K
Emissions
Solar Phys., Vol. 25 (1972)
BECKERS, J. M., WORDEN, S. P., and HIRAYAMA, T.

(Tokyo Astronom. Obsv., Mitaka, Jap.)

DUNN,

MANN,

G. R., and

SIMON,

G. W.

Bull of the Am. Astronom. Soc., Vol. 5 (1973)
DUNN, R. B., RUST, D. M., and SPENCE, G. E.
A-512-Channel Photodiode Arrayfor Solar Observations

Proc. of the Soc. of Photo-Opt. Instmr,. Engrs.,
Instmn. in Astron. 11,Vol. 44, Tucson, Ariz. (4-6
March 1974)

The He + "X4686 Line in the Low Chromosphere

Solar Phys., Vol. 28 (1973)

R. B.,

Cinematography of Solar Granulation

DUNN,

R. B., and

ZIRKER,J.

B. (The Univ. of Haw.)

The Solar Filigree
CANFIELD,

R. C.

Observations of the Variation of Temperature with Latitude
in the Upper Solar Photosphere I. Magnetic Field
Comparison, Implications for Solar Oblateness
Measurements and Harmonic Analysis
TheAsropents.
Jnd
Vao 179
179 (1973)
(1973)Sec.
i
The Astrophys. J.,
Vol.
Theoretical Chromospheric Flare Spectra. 11:Hydrogen
Equilibrium for Brown's (1973) Modelsfor Heating by
Non-Thermal Electrons

Solar Phys., Vol. 34 (1974)

Solar Phys., Vol. 33 (';73)

J. W.
Glass, Polarizing and Interference Filters
EVANS,

in Am. Inst. of Phys. Hdbk. (1972)
EVANS, J. W., and CATALANO, C. P.,
L'.
Observed Oddities in the Lines H, K, B and H

Solar Phys., Vol. 27 (1972)

188

FISHER, R. R.
The Loop Prominence of 11 A ugust 1972: A Coronal
Continuum Event
Solar Phys., Vol. 35 (1974)
The Fe XJV Brightness Measurements: 30June 1973
Solar lhys., Vol. 36 (1974)

RUST, D. M., and BAR, V. (Tel Aviv Univ., Isr.)
Magnetic Fieldsofthe Loop Prominences ofA ugnst2, 7, and
11
Bull of the Am. Astronom. Soc., Vol. 5 (1973)
MagneticFields, Loop Prominences and the Great Flares of
August 1972
Solar Phys., Vol. 33 (1973)

LIEBENBERG, D. H., HOFFMAN, M.. SANDERS, W. MI.
(Los Alamos Sci. Lab., Univ. of Calif., Los Alamos,
N. M.), and BECKERS, J. M.
Airborne Video Recorded Coronal Emission Line Profiles of
X 5303 at the 10July 1972 Total Solar Eclipse

RusT, D. M., DUN. R. B., and LINSKY,J. L. Jt.Inst. for
Lab. Astrophys., Univ. of Colo.)
Preliminary Interpretation of Plode Array Observations

Bull. of the Ant. Astronon. Soc., Vol. 5 (1973)

Bull of the Am. Astronom. Soc., Vol. 6 (1974)

MIEILTRE'TTER, J.1'.

RUST,

Studies of Granular Velocities. II. The Influence of Finite
Spectral and Spatial Resolution Upon the Measurement of
Granular Doppler Shifts
Solar Phys., Vol. 30 (1973)

Gyro.Resonance Emission Transverse to the Magnetic Field
of a Large Spot Group
Bull. of the Am. Astronom. Soc., Vol. 6 (1974)

MUSMAN,

S. A.

D. M., and

GRAF, W.

(Stanford Univ., Calif.)

RUST, D. M., and MACHADO, M. E. (San Miguel Obsv.,

A Mfechanism for the Exploding Granule Phenomena
Solar Phys., Vol. 26 (1972)
The Dynamics of Solar Granulations
Bull. of the Am. Astronom. Soc., Vol. 5 (1973)
Measurements of Solar Convective Turbulence
Am. Phys. Soc. Bull., Ser. 11, Vol. 18 (1973)
The Origin of the Solar Five-Minute Oscillation

Arg.)
Analysis of the August 7, 1972 White Light Flare: Its
Spectrum and Vertical Structure
Solar Phys., Vol. 33 (1973)
The Spectrum and Vertical Structure ofthe August 7, 1972
White Light Flare
Bull. of the Am. Astronom. Soc., Vol. 6 (1974)

Solar Phys., Vol. 36 (1974)
The Location of Exploding Granules
Solar Phys., Vol. 32 (1973)

SmNto,, G. W., and NovEs, R. W. (Smithsonian
Astrophys. Obsv., Harvard Coll. Obsv., Caml idge,
Mass.)
Observed Heights of EUV Lines Formed in the Transition

Roy,J. R.
TheMagneticCoifiguration ofthe 18 November1968Loop
Prominence Systemt

Zone and Corona
Solar Phys., Vol. 22 (1972)
Solar Rotation as Measured in EUV Chromospheric and
Coronal Lines

Solar Phys., Vol. 26 (1972)

Solar Phys., Vol. 26 (1972)

Rov,J. R. (Univ. of West. Ont.,Can.),and RUST, D. M.

SIMON,

MUSMAN,

S. A., and

ALLEN, M. S.

(Univ. if Mich.)

Solar Surges 1. Their Magnetic Properties
Solar Phys., Vol. 28 (1973)
RUST, D. M.
Flares and Changing Magnetic Fields

G. W., SEAGRAVES, P- H., and TouSEY, R.
(Naval Res. Lab., Wash., D. C.), NoYES, R. W. (Ctr. for

Astrophys., Cambridge, Mass.)
Rocket Spectroheliogram Observations of the Hcights of
FormationandSizeofBrightFeaturesin the Transition Zone
Bull. of the Am. Astronom. Soc., Vol. 6 (1974)

Solar Phys., Vol. 25 (1972)
Real-Time Analysis of Flare-Associated Photospheric
Magnetic Field
Bull. of the Am. Astronom. Soc., Vol. 4 (1972)
The Great Flares of August 1972
Sky and Telescope, Vol. 44 (1972)
Magnetic Fields in McMath Region 11128

Data on Solar Geophys. Activity Assoc. with the Major
Ground-Level Cosmic Ray Events of 24Jan. and 1Sep.
1971(UAG Rpt., NOAA, Boulder, Colo.), UAG-24
(December 1972)

SiMON, G. W., and ZIRKER, J. B. (Inst. for Astron.,
Honolulu, Haw.)
A Search for the Roots of Photospheric Magnetic Fields
Bull. of the Am. Astronom. Soc., Vol. 5 (1973)
A Search for the Footpoints of Solar Magnetic Fields
Solar Phys., Vol. 35 (1974)

W. J., and HANSEN, R. T., HANSEN, S. F.
(High Alt. Obsv., NCAR, Mauna Loa, Haw.)
WAGNER,

in the Magnetic and Velocity Fields

Coronal Magnetic Fields

Solar Phys., Vol. 33 (1973)

Solar Phys., Vol. 34 (1974)
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JULY 1972

-

JUNE 1974

AIuritoc:K, R.C.

CANI'IELD, R.C.
A ScalingLasto Approach to the Calculation of Radiative
Losses insOptically Thick Atmospheres

14 Ist Mtg. of the Amn. Astrononi. Soc., Tucson, Ariz.
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(3-6 December 1973)
Theoretical Hydrogen Spectra of Chomospheric Flares

At.TROCiK, R. C.. and CANFIELD. R. C.
A Alon-L.T.E. Anlssof the Solar A~gI Spectrum
t So.Mg nonNb
14n
lg ftAin .str

C., and MUSMAN, S. A.
Observation and Interpretation of Phase Lags in the
Fivle-M inte Oscillation
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(27.9
174)Cruces,
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Solar Phys. Div. Mtig. of Am. Astronom. Soc., Las
N. M. (8-10 January 1973)

Ai.TROCK, R.C., and

DEATH.L
R.D. (Univ,.

I 97 Mc.
Su ine
ofthe
Sci strnom.Soc of h
Pacific. Univ. of So,. Calif., Los Angeles, Calif. (11-13
June 1973)

Austl.,

CANNON, C.J. (Univ. ol'Sydncy,

Mg. of the Amn. Astronon. Soc., Solar Phys. Div.,
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CA%'nEt.D, R.
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The Minimum Temperature in the Solar Atmnosphere

Fas Tra(nin vent
inent
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A Onte.Dimenisionial,4pprovimnationt to the Mfacroturbulent
Velocity Field in the Solar Atmosphere
Solar Phy~s. Div. \fig. of Amn. Astronomn. Soc., Las
Citices, N. M. (8-1l January 1973)
Mlodel Studies ofintesiy Fluctuations on the Solar Disk inl
Mg 1471 ASolar

DUNN, R. B., MANN,

138th Mtg. of the Amn. Astronoin. Soc.. Mich. Statc
Univ,ich Lnsig,
(1618 ugut 172)Solar

Intl. Astrononi. Union Symp., Southport,
Queensland, Austi. (7-11 September 1973)
A Tu'o. DimenrtsionialAnial~sisoflIntenisieyFluictuationtsina Alg
1 4571 A on the Solar Disk

Mtg. of the Amn. Astronom. Soc., Solar Phys. Div.,
Honolulu, Haw. (9-Il January 1974)

NEWJanRONON
NEW.Jbn.)sNS

intholeeoCroa

bef

bevdi h re o
Phys. Div. Mtg. of Ain. Astronom. Soc., Las
Cruces, N. M. (8-10 January 1973)

Cinematography

G. R., and

Si~1oN,

G. W.

of Solar Granulation

Phys. Div. \fig. of Am. Astronom. Sac., Las
rcs .M 81 aur 93
DUNN, R. B., RUST, D. M., and SPENC, G. E.
A 512-Channel Photodiode Array for Solar Observations

Sent., Instinn. in Astron.-I1, Soc. of Photo-Opt.
Inistnin. Engr., with Ai.Astronon. Soc. and Opt. Soc.
of Ain., Tucson, Ariz, (4-6 March 1974)

BECKERS,J. MI

The Sacramento Peak Observatory Universal Birefriingent
Filter

Solar Phys. Div. Mtg. of Am. Astronom. Soc., Las
Cruces, N. M. (8-10 January 1973)

DUNN, R. B., and SPENCE, G. E.
A Multichan net Diode Array for Solar Observations
Solar PIhys. Div. NMtg.of Ain. Astronom. Soc., Las
Cruces, N. M. (8-10 January 1973)

A Fully Tunable Lyot.Ohmian Filter

Opt. Soc. of Am. Mtg., Denver, Colo. (13-16 \larch

1973)

DUNN, R.B., and ZIRKER,

Honolulu, Haw.),

J. B. (Inst. for Astron.,

BECKERS,

J. Mi.

The Nlext Decade in Observational Solar Research

Properties of the Solar Filigree Structure

Intl. Astronom. Union Geii. Asbly. (Symp. Cmsn. 10
and1 36), Sydney, Austi. (20.30 August 1973)

Intl. Astronom. Union Symp. No. 56, Southport,
Queensland, Austl. (7.11 September 1973)

Status Report of theIA U Commission 10 Working Group on
Mlagnetograph Calibration

Intl. ATSTRONONI. Union Symp., Southport,
Queensland, Austl. (7-1l September 1973)
BECKERS,

J. M., and CHIPMAN, E. (Univ. of Colo.)

FISHER, R.
The 11 August Loops, A Coronal Continuum Event

Solar Phys. Div. NfItg. of Am. Astronom. Soc., LasCruces, N. M.(8-10 January 1973)

141st Mtg. of the Ain. Astronom. Soc., Tucson, Ariz.
(3.6 December 1973)

R. R., and FOUCAL,P., HUBER, M., NoyEs, R.,
REEVES. E., SCHMAHL, E., TI~MOTHY, G., VERNAZZA,J.,
WITHBRoE, G. (Harvard Coll. Obsv., Cambridge,
Mass.)

J. Mi., and SCHiULTz, R. B., WHITE, 0. R.
(High Alt. Obsv., Natil. Ctr. for Atm. Res., Bole,
Cob.
Bouder,
High Spatial and Temporal Resolution Observations of the

55th Ann. Spring Mtg. of the Am. Geophys. Uin
Wash., D. C. (8-12 April 1974)

140th NMtg. of the Am. Astronom. Soc., Ohio State

Gyro-Resonan ce Emission Transverse to the Alagnetic Field

Univ., Columbus, Ohio (21-23 June 1973)

of a Large Spot Group

The Profile of the Coronal Lyman-Alpha Line

BECKERS,

Magnetic Field in a Sunspot

FISHER,

ug

GRAF,

bevtovronA~IklbUin

W. (Stanford Univ., Cal if, and

RUST,

D. Ni.
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\fig. of the Amn. Astronomn. Soc., Solar l'hys. Div.,
Honolulu, l1aw. (9-11 January 19741)
D. H., HOFFMAN, M., SANDERS, IV, M.
(Los Alamuos Sci. Lab., univ. ofCalif., Los Alamnos, N.
M.). and BECKERs, J. M.
1.IEHENBLRG,

'tirborne 1'ideo Recorded Coronal Emiss ion Line Profiles of
5303 at the 10 july 1972 Total Solar Eclipse

Solar Phys. IDiv. Mtg. of Amn. Astronoin. Soc., Las
Cruces, N. M. (8-.10 January I1973)

7he Late June, 1972 CIN'OF Flares
1974 Intl. Syip. on Solar Terrestrial Phys.lI 7th

Plenary Mtg. of COS PA R, Sao Paulo, Brazil (I 7J unite
I July 1974)
SisfoN, G. WV.,
DUNN, R. B., and LA BONTE, B.j. (Calif.
Inst. of Technol., Pasadena, Calif.)
A Phenomenological Study offfigh.Resolution Granulation
Photographs

Measurements of Solar Convective Turbulence

\fig. of the Amn. Astrononm. Soc., Solar Ph)'s. Div.,
Honolulu, Haw. (9-Il January 1974)

26th Mtg. of the Amn. Plsys. Soc. Fluid Dyn. Div., Yale
Univ., New Haven, Conn. (19.21 November 1973)

SimoN, G. %V., SEAGRAVES. P. H., and Tousi.r R.

NIUSMAN,

S. A.

RUST, D. M., and Rov,J. R. (Big Bear Solar 0ksv., Hale
Obsvs., Pasadena, Calif.)

Generation of the Solar Five.Minute Oscillation

\fig. of the Amn. Astronomn. Soc., Solar Phys. Div.,
Honolulu, Haw. (9-11 January 1974)
RUST, D. M.
lofei ence of the Haord X-Ray Source Dimnensions in the
August 7, 1972 W~hite LightI Flare

Jt. 1AU.CQSPAR Symp., Buenos Aires, Arg. (11-14
June 1974)

(Ctr. for
(Naval Res, Lab.. Wash., D. C.), NOYES, R.WV.
Astrophys., Cambridge, Mass.)
Rocket Spectroheliogram Observations of the Heights of
Formation and Size ofBright Features in the Transition Zone

Mtg. of the Am. Astr- nomn. Soc., Solar Phys. Div.,
Honolulu, Haw. (9.11 January 1974)
SimoN, G. W., and ZIRKER,
A Search for the Roots

RUST, D. M., andl BAR, V. (Tel-Aviv Univ., lsr.)
Magneticields ofthe Loop Prominences qfA ugust 2, 7 and
11, 1972

Solar Phys. Div. \fitg. of Amn. Astroinm. Soc.., Las
Cruces, N. M.(8.10 January 1973)
RUST, D.MN., DUNN, R.B., and Li.NSKY,J. L. (It. Inst. for
Lab. Astrophys., Univ. of Colo.)
Preliminacy Interpretation

of Diode Array

Observations

So.Mt.,Solar Phys. Div., Honolulu,
Ain Asronin
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aw,(.
A 1 Jtrnuary
Haw.(9-I
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RUST, D. M., and GRAF, IV. (Stanford Univ., Calif.)
Gyro-Resonance Emission Transverse to the Magnetic Field
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RUST, D. M., anti HEGWER, F. (High Alt. Obsv.,

Bouler, ob.)September
Optical Emissions from the Flare of 7 August 1972
Fall Ann. fitg. of the Am. Geophys. Union, San
Francisco, Calif. (4.7 December 1972)TEHIA
RUST, D. Ni., and MACHIADO, M. E. (San Miguel Obsv.,

J. B. (Inst. for Astron.,

Honolulu, Haw.)

of Photospheric Magnetic

Fields

Solar Phys. Div. Mtg. of Am. Astronom. Soc., Las
Cruces, N. Mi.(8-10 January 1973)
WAGNER, W.J., DEMNASTUS, H. L., and-RonNsoN, R.
D. (Colo. Univ.)
An Analysis of Transient Events Observed in the Fe XIV
Coronal Emission Line

Conf. on Flare-Produced Shock Waves in the Corona
and Interplanet. Space, High Alt. Obsv., NCAR,
Boulder, Colo. (11I.-14 September 1972)

Fast Transient Events Obstrved in the Green Corona!

Line
Intl. Astronom. Union Symp., Southport,
Queensland, Austl. (7-Il September 1973)

WAGNER, IV. J., and HANSEN, R. T., HANSEN, S. F.

(High Alt. Obsv.. NCAR, Mauna Loa, Haw.)
Fast Rearrangement

of Coronal

Magnetic Fields

Intl. Astronom. Union Symp. on Coronal
DitracsSohptQenldut.(71
1973); Mtg. of the Am. Astronom. Soc.,
Solar Phys. Div., Honolulu, Haw, (9.11 January 1974)
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Arg.)
TheSpectrum and VerticalStruclure oftheAugust 7, 1972
White Light Flare
Mitg. of the Am. Astronom. Soc., Solar Phys. Div.,

CANFIELD, R. C.
A Simplyfied Mlethodfor Computing Radiative Energy Loss
Due to Spectral Lines. 11. Programs for Solar Flare Models

Honolulu, Haw. (9-11 January 1974)

AFCRL-TR-74-0158 (26 March 1974)
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FISimiR, R. R.
A Photoelectric Photometer for the Fe XIV Solar Corona
AFCRL-TR-73-0696 (9 November 1973)

RUsr, D. M.
Estimatingthe Flare-Production Potential of Solar Active

Regions from Analysis of Real-Time Magnetic Field Data
AFCRL-TR-73.0221 (17 April 1973)
RUST, D. M., and Roy, J. R.
The Late Jne 1972 CINOF Flares
AFCRL-TR-7,t.0201 (22 April 1974)
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I nstruimen tation used to deter-mine the cfrects or earth motions onl guidancec system
align mentt procedures and to measure longterm stability or a silo. Principal items and
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(dark objects in right center of pictumre), to
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Terrestrial Sciences Laboratory

The activities of the Terrestrial Sciences
Laboratory cover a wide range of efforts
supporting the deployment, operation,and
delivery of Air Force weapons on the
earth's surface, subsurface and in the near
atmosphere. They comprise research, development, and testing of concepts,
methods, and instrumentation to measure,
model, and evaluate geophysical factors
which influence the location and performance of such aerospace facilities.
Theoretical and experimental studies are
conducted in the Laboratory and in the
field, and aboard aircraft or satellite vehicles. Technical areas include geodesy and
gravity, geokinetics, seismology, geology,
and spectroscopic studies.
During the 1972-1974 period, the increasing sophistication and sensitivity of
Air Force systems have necessitated advanced research on terrestrial effects constraining their use. Conversely, similar research has become necessary to forestall the
effects of similar hostile 'systems. The
Laboratory's work in geokinetics was specifically directed toward earth motion effects
on inertial guidance instrumentation.
Geodetic and gravimetric studies provided
more accurate descriptions of the shape
and surface positions of the earth and its
gravity potential. Seismology and geology
efforts became strongly oriented-to understanding shock-wave and deformation
propagation through the earth's structure.
spectroscopic studies devoted to
targeting applications were transferred to
another AFCRL laboratory in mid- 1974, at
the end of the reporting period.
Ahe
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GEODESY AND GRAVITY
Geodesy is concerned with the size, shape
and mass distribution of the earth. The
geodetic and gravimetric parameters for'
the earth and geodetic information for positioning are direct data inputs for missile
inertial guidance systems and form the
structural framework for mapping, chartingand navigational aids. Knowing the size,
shape, and mass distribution of the earth
accurately is a necessary foundation for determining the accurate position, distance
and direction between launch sites, tracking sensors and targets. Current information of this nature is often inadequate to
meet the requirements of future USAF
weapon systems.
The Laboratory maintains continuing
research and development programs in
geometric geodesy and in physical geodesy
or gravity. These programs are directed
towards improvement in our fundamental
knowledge of earth size, shape and mass
parameters, and improvements of techniques for the determination of position,
distance and direction on the earth and in
terrestrial and inertial three dimensional
coordinate systems.
These programs require continuing
cooperation and participation by A FCRL in
the National Geodetic Satellite Program,
together with Army, Navy, NASA,-the National Oceanic and Atmospheric Administration, the U.S. Geological Survey, other
civilian agencies and academic observatories. The Terrestrial Sciences Laboratory also participates with the International
Gravity Commission in the development of
a world-wide gravity reference network. A
world-wide system of earth-tide profiles is
being established in cooperation with the
International Center for Earth Tides,
Brussels, Belgium.
SATELUTE ALTIMETRY: The satellite altimetry technique consists of making altitude measurements with on-board altimeters in specially instrumented satellites,

Li-

These altitude measurements are made
over ocean areas to measure the shape of'
the ocean's surfaces and have applications
in geodesy, geophysics and oceanography.
The first on-board altimeter developed for
this purpose will be on satellite GEOS-C to
be launched late in 1974.
If the earth were all water, right to its
center, a mean sea level would be an
equipotential spheroid of revolution. However, the earth is largely solid and it can
and does support density variations in
continental areas and under oceans. These
density variations cause mean sea level to
vary scores of meters from its reference
spheroid. The equipotential surface, which
is the extension of mean sea level throughout the earth, is known as the geoid. The
undulations of this geoid from the reference spheroid are related to the earth's
gravity field, and their relationship has
been the prime topic of physical geodesists
who have devised means for determining
the spheroid-geoid separations from
gravimetric measurements. Now, by the
use of satellite altimetry to measure the
shape of the geoid, or an oceanic portion of
it, we have a means for going in the other
direction and determining or refining the
earth's gravity field from spheroid-geoid
separations.
The GEOS-C altimeter is designed to
measure the satellite's distance above sea
level to a fraction of a meter. If we assume
that the satellite's orbit can be independently established from ground- or
satellite-to-satellite tracking to about one
meter accuracy, the determination of the
shape of the sea level is a straightforward procedure. Standard global tracking
nets are incapable of achieving one-meter
accuracy by an order of magnitude, so the
burden for high precision tracking requires
denser tracking nets, satellite-to-satellite
tracking or other advanced tracking
schemes.
AFCRL's approach to satellite altimetry
has been o assume that ground tracking is
only good enough to achieve orbital ac-
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Itiately
200 passes ofGEOS.3 will be educedi
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determination of the oceanic geoid from
satellite altimeter measurements is performed in one simultaneous least squares
reduction. The reduction entails the estimation of geoidal parameters simultaneously with the estimation of weakly constrained orbital state vectors defining
thousands of independent, interlocking
short arcs. Patterned characteristics of the
normal equations make such a massive solution possible. The AFCRL program for
Short Arc Reduction of Radar A timetry is
dubbed SARRA. GEOS-C simulators using
SARRA demonstrate that the short arc reduction of satellite altimetry iswell suited to
the determination of the oceanic geoid.
Once the oceanic geoid is established by
satellite altimetry, AFCRL will combine this
information with other existing physical
geodesy material for the determination of
the gravity field of the earth. The most

tracks generate approximate 5.degree by

obvious and effective supplementary ob-

Gi outid tl'acks ofevery fifli palss of approxi,
hirutureof'North Atlat
cndticat
ic geoit.

5.(legrce cells.

curacies of about 100 meters; this is easy
and routine. If we knew the state vector
(position and momentum) of the satellite at
any epoch, and integrated the satellite motion over a short arc (less than one quarter
of a revolution), we could recover the position of the satellite to within about one
meter over the entire arc. Although we do
not know in advance the state vector of a
short arc with adequate precision, by comparing altitudes from a number of independent, interlocking short arcs we have
available data to refine all state vectors and
improve our ability-to determine the short
arcs. Where two short-arcs cross, the difference in measured altitudes to sea level isthe
vertical distance between the two arcs. The
vertical inter-orbit ties provide a rather
tight interlocking net of arcs, particularly in
the most important vertical direction. Subtracing the altimeter measurements from
this netgives, finally, the shape of theocean
surface.
In practice, the short arc approach to the
*

I
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servations are gravity measurements. Such
observations are of greatest availability and
accuracy over land-precisely where satellite altimetry is least effective. Another
source of observations consists of predetermined geocentric coordinates of any
satellite stations that happen to be located
on a leveling net tied to mean sea level.
The utilization of altimetry by itself and
in combination with existing gravity material is also being examined by developing
equations that relate surface density values
to geoid undulations and gravity
anomalies.
Satellite altimetry is much more sensitive
to the shape of the earth than gravimetry,
given present levels of observational accuracy; a 1 meter rms anomaly height over an
area of I square degree tells us more about
the shape of the earth than the same square
with a 3 mgal (milligal; I mgal = 1 cm/sec2
or about 10"3 g) rms gravity anomaly. This
relative information content carries over
into the description of the earth's gravity
field as well, and so, satellite altimetry will
make significant contributions to gravity
mapping.

-
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AUTOMATED ASTRONOMIC POSITIONING
SYSTEM: In -the development programs of
new USAF weapons systems, there is a
rapid trend toward more sophisticated
guidance systems, longer ranges, greater
accuracies, and a concern for reduction of
collateral damage.
These stringent requirements on the
geodetic and geophysical error budgets of
missile systems have resulted in the AFCRL
geodetic instrumentation development
program being directed towards more accurate automatic observing methods to acquire geodetic positioning data. An exampie is the Automated Astronomic PositioningSystem (AAPS). The AAPS consists of a
vertically oriented optical system which observes the stars in zenith transit and casts
these star images onto a reticle. As the earth
rotates, the stars trail across slits in the reticle, producing pulse outputs from photomultipliers located behind the reticle. The
output pulse and time of event are sent to
an on-board computer where the stars are
identified and included in an on-site de-

Field deployment of the Automated Astronomic Positioning System. The AAPS determines astronomic positions more accurately and more rapidly than conventional astronomic positioning, yet requires less
operator skill,

termination of astronomic position. The
sensor head, containing the optics, is rotat, r automatically about the instrument's
vet tical axis to cancel alignment errors. A
second solution of astronomic latitude and
longitude is performed with the head reversed. These two solutions are combined
to form one AAPS position determination.
Standard classical astronomic positioning methods require an average of 14 days
to make the necessary observations at a site.
It is expected that the AAPS will have a
usable data rate such that it will enable the
development of accurate astronomic positions from a few nights' observations per
site.
Two prototypes of this system have been
developed. The Defense Mapping Agency
is currently testing them in extensive operations. They are proving to be automatic in
operation and performing as designed.
Once manual rough leveling of the instrument is completed, an automatic leveling
system takes over and levels the system to
the required accuracy. The fine leveling,
reversing operation, recording of stellar
transits, identification of stars, and the position solution are all parts of the automatic
operation of-the system.
The automated positioning program is
also testing the concept of meridian determination by electro-optical observation of
stellar transits, using an AFCRL-modified
T-4 theodolite and special reticle. This is an
experiment to determine the feasibility of
using stellar transits of the local meridian to
determine angular velocity as a function of
time. These observations may also be used
to determine angular resolution for determination of latitude. An important byproduct of this experiment, astronomic
azimuth, is the required local base reference for authenticating missile azimuth laying sets.'
GEODETIC LASER RANGING: Significant

advances in geodesy and geodynamics may

soon result from highly accurate distance

measurements between earth-based laser

ranging telescopes and both the moon and

/ ,,
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high earth artificial satellites. Centimeterlevel measurements, projected for the next
three years, offer the possibility of using
this technique to detect solid-earth tides
and continental drift, as well as to improve
our knowledge of variations in the earth's
rotation rate-and polar motion.
•AFCRL has actively participated in the
NASA Lunar Laser Ranging Experiment,
which has obtained sir, " 1970 over 1500
ranges between the McDonald Observatory
in Texas and four of the retroreflectors
placed on the moon by the Apollo and
Soviet space missions. The data from these
observations have been analyzed at AFCRL

using the Planetary Ephemeris Program, a
large software packagedeveloped at MIT

a combination of data types. The Planetary
Ephemeris Program is capable of performing simultaneous least squares solutions for
a large number of parameters using a combination of lunar and satellite laser ranging
data. The results can be improved even
further by including radio observations
using the technique of very long baseline
interferometry (VLBI), which provides angular measurements with an accuracy
equivalent to centimeters on the earth's
surface.
MODELS OF EARTH'S GRAVITY FIELD AND
APPLICATION OF ADVANCED ADJUSTMENT
TECHNIQUES: Research into the description

of the gravity field of the earth encoixipas-

with support from AFCRL and other DoD

ses the uniform combination of various

agencies. The data analysis has produced
significant improvement in the lunar orbit
and physical libration, the coordinates of
the McDonald Observatory, and the prin-

heterogeneous data from physical geodesy
into a parametric representation of the
earth's gravity field. The parameters conventionally used for geopotential models

cipal term in the earth's gravity field. The
AFCRL lunar laser telescope, operated in
Arizona between 1968 and 1972, is now
being refurbished by Australian geodesists
for operations near Canberra. The addition of laser ranges from a southern hemisphere observatory will allow analyses of the
lunar data to determine separately variations in the earth's rotation and movement
of the pole.
Complementing the lunar rangin,, experiment is an extensive NASA-DoD prograin for laser ranging- to earth satellites,
The AFCRLsatellite laser at Bedford, Massachusetts, is being used to observe the
GEOS-3 satellite. Launch of the high altitude, high mass density laser Geodetic
Satellite (LAGEOS) in 1976 will provide a
target whose orbit is relatively free from the
effects of atmospheric drag and small scale
variations in the earth's gravity field, thus
allowing range measurements useful for
geodesy at the level of 5-10 cm.
Many geodetic parameters, such as the
coordinates of observing stations and the
earth's instantaneous pole of rotation, can
be determined most efficiently by analyzing

are the coefficients of a spherical harmonic
expansion of the geopotential field.
In addition to the classical least squares
adjustment, least squares methods of interpolation and least squares prediction of
gravity are extensively used in physical
geodesy. The mathematical relation between least squares prediction and adjustment was theoretically clarified by Krarup,
the Danish geodesist, by exhibiting least
squares prediction as a least squares adjustment in a Hilbert space with kernel
functions. Further, he generalized least
squares prediction of gravity to obtain a
general least squares theory for estimating
any element of the terrestrial gravity field.
This is the least squares collocation.
AFCRL simplified and applied Krarup's
theory for geodetic applications. Because
this development is formally very similar to
the well known general case of least square
adjustment, it is possible to use ordinary
linear algebra, bypassing Hilbert space
techniques. In a practical sense this method
presents an optimal-simultaneous determination of geodetic positions and of the terrestrial gravity field by combining different
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data of any kin ds.-terrestrial angles, clis-INE
tances and various types of' gravity incas-IRO
urements as well as clata from advanct-d
satellite techniques.7

AFGRL is studying the application of

SRN

generalized inverse theory- to gcopotentiai
modeling because of its p)ower and flexibility in solving overdetertuined and unaerconstrained linear or (Itasi-linear probmatrices of generalized inverse theory
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promiise to beof signiificancvtaltiniiestimai~ting parameters and selecting measurement
dlata.

WINDOW
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ABSOLUTE GRAVIMETRY: AFCRL is lresently developing a new seodgeneration
absolute gtravity measuring system. The
mnethod employed is to drop one reflector
Mihelsn iterfromter
of atwobean
of to-bam
ichesonintrfermetr

cornier Ieflector in the second-generation absolute gravityas' aii ntuet h

Inher-n(-otterclambt'design reduces the

vactittno require(l to one easily attained. Te

springs ai e released at the samne time as thie

ontt' chamber. pt.uding the inner chamrber
down froiii the reti orellector. This restults in
very slow rate of fall with respect to the inner
chamrber. allowing great accuracy.

and to determine the distance fallen in

known time intervals by direct tneasttremerits of interference fringes.
The first generation instrument was designed to be -transported and-was successfuil
in that it was taken to eight different sites
and, after spending between one and two
weeks total set-up, operate and take clown

time, absolute valu,s with a precision of
better than ±*0.05 mngal were obtained at
most sites. The ap~paratus was bulky and
when packed for shipment had a total
weight of about 2500 lbs. packed into about
20 shipping-containers.
The aim of the new instrument is-to dlecrease the time required to obtain an absolute value of gravity with a precision of at
least as good as ±'0.05 mgal to about two or
three dav.s and to reduce-the total weight to
at most 800 pounds. This is accomplis -hed
by making some radical changes in the
mechanical design and emp)loyin~g present
day state-of-the-art electronics andl coinputing equtipment to give rapid computation of results.
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The mechanical design has evolved with

express purpose of removing the-necessity of having an ultra -high vacuum. This
removes -the app)roximnately 100 !b.
weight
of the high vacuum pump and cuts the timue
by at least one full clay besides greatly simplif'ying the problem of using trouble free
maeilintevcuReaiity, will be increased because the tendency
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for clean surfaces to stick together will-not
exist in the moderate vacuum required with
the new design.

ELECTRONICS
RAC.

The main feature of the new design is

-SOLENOID

that the freely falling reflector is enclosed
in a small evacuated chamber which falls

along with the reflector. These both fall in a
larger vacuum chamber but since the air

TTUNOID

measurement. The vacuum required in the

outer chamber need be no- better than 1
Pascal to prevent gaseous turbulence and to
avoid air drag slowing its fall. The interior
of the small chamber requires a vacuum of

only 10' Pascal to place all possible air resis-

tance effects beyond the level of consideration. While the mechanism required for
separating the reflector from the small

chamber during the fall is somewhat elaborate, it should be very reliable and able to
withstand many repetitions of operation.
The electronics system makes digital time
measurements between a large number (50
to 500) of interference fringes and will thus
make independent measurements of g and
the gravity gradient as well as detect seismic
motions. occurring during the fall of the
object. The digital data are processed immediately by an on-line process and control
mini-computer,
The future of absolute gravity instruments lies in two directions: portable instruments with precisions of between 0.01
and 0.10 mgal and fixed stations with precisions in the 0.001 rngmal range. The technology for producing such portable instruments is well in hand, and the technology
for 0.001 mgal precision is availabit.
A new low-drift gravimeter is also presently under development by AFCRL which
promises to provide long-term measurements of changes in the earth's gravity
field. The instrument uses a special
mechanical design which is less sensitive to
temperature changes and is less susceptible
to drift caused by material stress than were
earlier designs.
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which comes into contact with the falling
object is falling with the acceleration of
gravity, air resistance cannot affect the
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The second-generation laser interferometer
absolute gravity instrument has only one electronics rack, as opposed to two in the firstgeneration instrument. The weight has been

reduced to 800 pounds, allowing it to be
moved from one location to another.

GRAVITY GRADIOMETRY: The first
laboratory version of a gravity gradiometer, built b Eotvos in 1888, was a torsion
balance which measured horizontal gravity
gradients. Field torsion balances have since
been used extensively by exploration
geophysicists who found the instruments
valuable for detecting density variations
within the earth.
What is new about gravity gradiometry is
the prospect of measuring the complete
gravity gradient tensor from a moving base.
The concept of an airborne gravity
gradiometer is especially attractive for
geodesists and geophysicists-who seek to
acquire high resolution gravity data over
-extensive areas. Airborne gravinieters have
been limited in their success because aircraft accelerations cannot be discriminated
from gravity accelerations, and complex
data filtering -techniques are required.
A properly designed moving base gravity
gradiometer would not detect linear aircraft accelerations and so would be free
from this important limitation of airborne
gravimetry. On the other hand, gradiometers are very sensitive to rotation; but aircraft rotations can be detected by inertial
instrumentation and compensated for, in
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real time, to keep the orientation of a ge'avity gradiometer steady.
The torsion balance is a very sensitive
gravity gradiometer, but is fragile, requires
long measurement times to attain its high
sensitivity, and is unsuitable for operations
from a moving base. A number of other
gravity gradiometer concepts have recently
been proposed which show promise for use
on a moving base with about the same sensitivity as the torsion balance-approxiinately 1 EU (I Eotvos unit = 10.1 seC2 =
1 regal/10 kin). AFCRL has sponsored research on a rotating gravity gradiometer
(RGG), and a prototype of this instrument
for moving base application is now being
built under contract.
The basic sensor structure consists of two
mass-loaded arms, pivoted freely at right
angles about a common axis and connected
by a stiff torsion spring. In operation, the
sensor is rotated about its torsional axis at
exactly half its torsional resonance fiequency. Most alternating torques caused by
external accelerations coupling through an
imperfect mechanical system are at the spin
frequency and therefore can only weakly
excite the torsional resonant mode. The
gravity gradient field, however, induces alternating torques at twice the spin frequency that are preferentially "amplified"
by the mechanical-resonance. The alternating torques are converted into measured
AC voltages by piezoelectric transducers.
The phase and amplitude of the RGG
sensor provides measurements of two elements of the gravity gradient tensor. Three
RGG sensors, operating about mutually
perpendicular axes, are required to measure the complete gravity gradient tensor.
The design of the RGG requires a'consideration of all possible-error sources, and
methods for their elimination or minimization. The RGG system requires a state-ofthe-art Vibration Isolation Alignment and
Leveling System (VIALS) for support on a
moving base. The RGG system's design
goal is I EU in ten seconds.

rests of the suitability of the ROG for
operating on a moving base will be performed on laboratory simulators to define
VIALS requirements and real-time coinpensation techniques to be used with the
RGG and VIALS. Subsequently, the
VIALS and compensation package will be
built and integrated with the RGG. Tests of
the entire system would then be performed
on laboratory simulators and, finally, in actual aircraft operations.
If the RGG fulfills its promised sensitivity, it willbe of enormous value in the detailed mapping of the earth's gravity field
and will contribute significantly to inertial
navigation and guidance.
GEOKINETICS
The observation of unexplained perturbations in early gyrocompass data raised the
question of whether or not geophysical
phenomena could be the underlying cause
and if so, were there other degrading effects which would manifest themselves as
inertial instrument sensitivity was improved?-Since the resolution of these questions is highly pertinent to the accuracies
obtainable with advanced inertial guidance
systems, AFCRL has initiated-a program to
provide the needed answers. The program
is concerned-with the geokinetic effects on
inertial instrument performance, and the
motions of interest extend all the way from
short-period- seismic motions to longperiod polar motions which may have a
period of a year or more. The major emphasis is on seismic motions and tilts.
The approach which is used in the program is to first characterize the motion environmentin terms of its physical and statistical properties; then estimation principles
are used to predict the contribution of the
motion environment to performance degradation. The research follows two courses:
determining the effects of earth motions on
component testing in a laboratory envi-

,
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ronmcnt, and examining the motional effects on systems performance in an operational environment,
COMPONENT TESTING: In collaboration
with contractors, AFCRL conducted a longterm test of a gyro while monitoring the
motion environment. The test, conducted
at Norwood, Massachusetts, utilized the
type of gyro which is used for azimuth
alignment of the Minuteman guidance system and the gyro was operated in a fourposition gyrocompass mode during the
test. The earth motion environment was
monitored by seismometers and tiltmeters.
When operated as a gyrocompass, a
single-degree-of-freedom rate integrating
gyro is basically an earth rotation rate sensor. The gyro responds to components of
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a Sort-Period
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tation isplaced on thesilo closure door, on an
optical bench in the litunch equipment roomi,

and the base of the silo, on the missile suspen.
sion system, and in a wafer located just above

the Missile Guidance Set.

earth rate along its sensitive axis and translates these angular rates into a feedback
current. This current is integrated over a
period of time to obtain an average rate.
Tilting of the gyro platform during
gyrocompassing is of particular concern
since the tilt rates tend to mask the earthrate component and produce erroneous
gyrocompass results. The gyro is sensitive
to small angular velocities and as a result,
any tilt rate about the east-west axis will be
interpreted as an azimuth offset. At the
latitude of Norwood, Massachusetts, a tilt
rate of 5 x 10' degrees per hour will result
in a 1 arcsecond azimuth offset. The tilt
rates observed during the test were equivalent to those expected at a quiet, relatively
stable test facility.
In a test of the long-term accuracy of
gyrocompassing, the difference between
azimuth as determined by astronomical observations and that measured by gyrocompassing was ascertained and plotted. The.
results show significant periods of time
where the residuals were quite small, i.e.,
less than 1 arcsecond. However, there were
occasions where the residuals were in the 2
crepancies could be attributed to the tilting
of the test pier.
An analysis was made of the statistical
properties of the gyro when operated-in a
torque-to-balance mode. The output
.proved to be a gaussian process and as such,
its random properties can be completely
described in terms of second-order statistics, specifically as correlations or spectral
estimates. A plot of the density distribu-

tions suggests-that the output of the gyro is
a non-stationary process.
Based on the properties of the gyro output and the test-pad motions in the seismic
regime, statistical operators we-re formed to

predict the influence of these motions on
gyro performance. The res'zlts disclosed
that large distant earthquakes (earthquakes
of magnitude 6 or greater) will have a significantly degrading effect on gyro output.
For a magnitude 6 event, approximately 50
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percent of the low frequency output of the

from the regional stations are telemetered

gyro can be attributed to the earthquakeexcited motions of the test pad.

by radio link to the data acquisition system
at the silo.
Local motion measurements are accomplished with a seismic array and a tilt array.
The seismic array is composed of 21 elements (seven stations with
threecomponent short-period seismometers)
and is located approximately 200 meters
from the silo. The tilt array has three stations, consisting of dual-axis borehole tiltmeters, and each station is approximately
20 meters from the silo. The tiltmeters are
buried to a depth of 3 meters to eliminate
surface temperature effects. By using the
seismic and tilt arrays, both propagating
and non-propagating motions can be
measured, the response of the locality to
both seismic inputs and local loading can be
determined, and local motion sources can
be identified and classified as typical or
atypical of an operational site.
To measure the intra-silo motions, both
seismometers and tiltmeters have been
positioned at several points within the silo
and on the missile proper. The purpose of
these measurements is to characterize the
motions in terms of level, mode, spatial organization, statistical class, and origin.
In addition to the instrumentation normally found in a Minuteman silo, several
items of equipment have been added for
the alignment experiment. The most notable additions are two portable gyrocompass
devices (called Azimuth Laying Sets) and an
electro-optical measuring system. The two
Azimuth Laying Sets (ALS) are used to establish an azimuth standard in-the silo, and
the electro-optical system, consisting of an
autocollimator mounted on an inductosyn
table, is used to measure angular variations
between the reference mirrors on the two
ALS's, the mirror on the stable platform of
the missile guidance system, an attached
mirror on the missile's frame and the
azimuth reference mirror mounted on the
wall of the silo. Comparison of the positions
of the various mirrors will give an indication of the precision of the azimuthal de-

SYSTEM PERFORMANCE: An integral part
of targeting a ballistic missile is to align the
guidance platform with respect to some
preselected reference coordinate frame.
The accuracy achievable with a given guidance system will depend on the precision of
the alignment of the guidance platform
and on the ability to maintain this precise
alignment between calibration sequences.
For the Minuteman guidance system, the
reference coordinate frame is based on
measurements of local vertical and
azimuth. Local vertical is acquired through
the use of a bubble level, and azimuth (or
north) is determined by using gyrocompassing techniques. AFCRL is investigating the effects of earth motions on the
precision of these measurements in a silo
environment. An operationally configured
Minuteman silo at Hill AFB, Utah, has been
selected for the first phase of the study.
The objectives of the study being conducted at Hill AFB are threefold: 1) to
characterize the total motion environment
of a Minuteman silo; 2) to quantify the effects of disturbing motions on the ability to
establish and maintain a stable azimuth reference, and 3) to develop techniques for
predicting the motion environment within
a silo from a limited set of external measurements. To achieve the objectives, the
study has been segmented into four experiments: the measurement of regional, local,
and intra-silo motions, and the measurement of the effects of observed motions on
alignment procedures.
To establish the base level of regional
motions and to ascertain their modes of
propagation, a regional seismic array has
been installed at Hill AFB. The array is
composed of three stations, located some
3-5 km from the silo, and each station has
three-component long-period seismometers installed in a buried shelter. The data
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terminations in the motion environment
presented by the silo, and will be a measure
of the long-term stability of the silo.
Also as part of the alignment experiment, raw data are being collected from the
instrumentation on the inertial guidance
platforn-the accelerometers, the bubble
level, and the gyrocompass assembly. Correlation of the data from these instruments
with data from the motion sensors on the
missile will give an indication of the degrading influence of the motion environment
on the ability of the stable platform to maintain alignment.

SEISMOLOGY

CRUSTAL STABILITY: As part of the overall

Recent discoveries and theoretical developments in the concept of plate tectonics
have improved the potential application of
seismology to military objectives. It now
appears that portions of the earth's crust
are plates supported by a more fluid
medium. This has brought an equal realization that local tectonic stress and geologic
structure within a plate modify the propagation of seismic waves originating from
large natural or man-made sources. The
Laboratory efforts in seismology are, therefore, oriented toward refinement and test
of physical and mathematical models of

program in geokinetics, AFCRL is conducting experimental and theoretical studies to

seismic sources and mechanisms, particularly those of earthquakes and explosions.

determine and explain the nature of long-

These are combined with realistic wave

period and-aperiodic crustal deformations.

propagation theory to study anomalous ef-

The experimental investigations
use
borehole
tiltmeter arrays and tidal
gravimeters to measure and characterize
these crustal motions. The theoretical in-

fects of tectonic stress, attenuation, orientation, and channeling through the earth's
crust. Verification of the quantitative relationships developed is made by seismic

vestigations are directed toward predicting
the response of realistic earth models to
dynamic and static loading of the crust.

modeling tests using real or simulated earth
materials, and by analysis of seismic records
from known earthquakes or explosions.

In the study of the temporal and spatial

This research will enable more precise de-

properties

of crustal deformations,

a

three-element borehole tiltmeter array has
been established at Bedford, Massachusetts. The instruments are buried to a

depth of 20 meters and the horizontal distance between instruments is 100 meters. A
similar array is planned for installation in
Maynard, Massachusetts, some 25 km
away, in the very near future.
Data from the Bedford tilt array have

i.

revealed that coherency between instru-

/

ments is high at diurnal and semi-diurnal
tidal periods but low at longer periods. At
the tidal periods, the agreement is within 1
percent, a remarkable improvement over
the results obtained from numerous con-

-
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ventional installations- in tunnels. A comparison between the tilt array data and the

theoretical predictions for ocean-loading
tidal tilts ismuch better than reported from
other observatories throughout the world,

Gas high pressure apparatus which can gen'rate a pressure of 10 kbar and simultaneous
temperature of 700 degrees C.
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tection and identification of unexplained
se;smic events for discrimination of possible clandestine underground nuclear explosio.s from natural earthquakes. The
improve-t knowledge of major geologic effects on shock-wave propagation also will
advance the evaluation or prediction of
weapons effects on surface or subsurface
military installations. The work isgenerally
oriented toward the objectives of other
DOD organizations including the Defense
Advanced Research Projects Agency and
the Defense Nuclear Agency.

comprehensive study of other
cludes
seismic array observations to measure
propagation delays and relate them to local
geologic conditions. Theoretical seismic
signal synthesis and comparison with actual
related data, and studies to determine the
most effective implementation of large
aperture seismic arrays in the detection and
identification of clandestine nuclear tests
are conducted.

NUCLEAR TEST DETECTION: One of the
major problems in seismic discrimination
between underground nuclear explosions
and small earthquakes is the anomalous
event-a signal presumed to have been generated by an earthquake, but one for which
the ratio of body wave magnitudes to surface wave magnitudes (m /MJ is similar to
the ratio for explosions, or conversely a
known explosion which produces an
earthquake-like signature. A considerable
research effort is directed toward determining'the causes of such events to reduce
the possibility of false identification of an
earthquake as an explosion, as well as to
increase the capability for identifying explosions deliberately initiated in such a way
as to appear as an earthquake. It has been
found that many anomalous events identiffed to date have a particular tectonic setting, e.g., in Tibet, along the Indus suture
zone, one of active underthrusting and
subduction until recent (geologic) time.
Earthquakes in central Eurasia tend to give
smaller M, values for a given mb value than
earthquakes at continental margins. It has
been found that when mJis calculated from
teleseismic P wave (compression wave) am-

SEISMIC MODELING: Common to under,
ground nuclear explosion detection, to assessment of shock-wave effects on subsurface installations, and to determining effects of environmental noise on missile
guidance systems is the motion of the earth
as it is disturbed. Since both seismic source
and propagation processes occur under
uncontrolled real earth conditions and nature seldom provides replication or access
to the subsurface regions being disturbed,
laboratory scale model studies offer
another means of investigating specific aspects of seismicwaves under closely controlled conditions. The Laboratory effort
includes theoretical studies, field investigations, numerical simulation, and modeling.
The integrated results yield a better understanding of seismic problems in source
phenomena, propagation, and diffraction
applicable to these military needs. A physical model of a missile silo has been fabricated. It is driven by mechanically or explosively initiated seismic waves. Strain gauge
instrumentation is used to record the
dynamic response of the model to various
types of seismic waves generated by -the
source. The resulting measured motions
are compared with concurrently developed
elastodynamic diffraction theory. These
comparisons are leading to the validation of

plitudes and M, is calculated from
20-second-period surface wave amplitudes
using Love waves rather than Rayleigh
waves, the mb /M, points for anomalous
Eurasian events separate into two populations in the same way as events from other
parts of the world. Concurrent research in-

theory and the development of analysis
procedures for reducing real earth data. In
another nodel study three dimensional
model methods are being developed and
applied to the problem of separating
cavity-shape phenomena from tectonic
prestress in the explosion source region.

;
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This study also bears on the question of
evasion and counter-evasion in detecting
underground nuclear explosions.
INFRASONICS: Studies of infrasonic signals generated by large explosive events required continuous recording at a local infrasonic instrumentation array to obtain
signals from all possible sources for identification and analysis. Digital computer
programs were developed and used to re-

duce background noise, separate signal
modes, and analyze frequency spectra. Environmental and climatic conditions obviously affect the propagation and receptio,i
of pertinent signals. Infrasonic generation
and propagation theories were, therefore,
derived and validated using realistic source
mechanisms and propagation path
parameters to assist in empirical analysis. A
previously developed normal mode reduction program for infrasonic data was improved to include the effects of the earth's
curvature on signal reception. This allowed
use of data from all ranges, including observation points through and beyond the
earth's antipodal point, to the source.
DEFORMATION

i'hotonicrograph of rock deformed at pres.
sure and temperature simulating a depth of
20 kinl
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MECHANISMS: As missile guidance systems
become more sophisticated and complex,
they also become more susceptible to strong
earth motions and shock waves propagating through deep rocks into their silos. The
"hardening" of such missile installations to
resist heavy attack requires knowledge of
the mechanical properties and distortion or
flow of rocks under extremely high pressure and temperature conditions which
might result from a nuclear explosion. Information on the strength properties and
failure mechanisms of the rock materials
most abundant in the earth's crust can also
provide more accurate criteria for the interpretation of 5eismic signals for determination of nuclear weapons tests and effects,
their discrimination from earthquakes, and
for the efficient design and operation of
seismic surveillance networks.
For many years, the-Laboratory has conducted tests using apparatus capable of
providing static and dynamic loading conditions up to 1,000 C temperature, 100
kbar pressure, and strain rates from 10
to 108 per second on various rock and
mineral material specimens, These tests
duplicate deformation conditions within
the depth of the earth's crust at which more
than 80 percent of all known earthquakes
and all man-made explosive events occur.
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During the past year, a new precise triaxial
loading device using argon gas pressure
was used for "wet" and "dry" tests, measuring low-strength materials such as uncon
solidated sediments, and attempting to recrystallize clay mineral constituents representative of the most abundant natural
rocks. The device also allows introduction
of pore fluids at variable pressures corresponding to natural stress states in dle earth.
A large number of low pressuretemperature compression tests were run on
shales and limestones typical of western
U.S.A. missile installation geology. The
purpose was to study deformatioon of clayrich rocks exhibiting great weakness in nature. Initial test results showed that such
shales have varying sensitivity depending
on selective production of-porewater. Initial degree of compaction, porosity, water
content, and permeability also strongly
controls the decrease of effective stress and
strength. Initial compression experiments
on a variety of natural garnet crystals have,
for the first time, produced evidence of
ductile behavior in this important group of
rock-forming minerals abundant in the
deep crust and-upper mantle of the earth.

Natural and experimentally deformed
mzterials are examined with a variety of
analytical techniques such as powder and
single crystal X-ray diffraction, and optical
and electron microscopy. Recent analysis of
chain and friamework silicates has established their ductile deformation modes in
compression to 20 kbar pressure and simultaneous 1,0000 C temperature. Transmission and polarizing electron X-ray diffraction patterns of rock materials that have
undergone large displacements at high
pressure may be useful indicators of peak
stress levels attained in shocked materials
from meteorite craters and contained nuclear explosions.
GEOLOGY
CRATERING STUDIES: The ability to coipare computer simulations or models of
nuclear explosions with their actual effect
on earth media is constrained by international testing restrictions. An alternative
means of investigating the effects of shocks
at levels of stress exceeding those attainable
by conventional explosions is to study materials affected by meteor impact. The collision of enormous masses with both the
earth and the moon in the geologic past has
produced craters several hundred kilometers in diameter. Current research conducted in the Laboratory relates the ballistic histories of material excavated by crater-

4,,,,.

ing events to the abrupt change in pressure
and temperature experienced by material
engulfed by the shock wave generated by

1111111111such
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Transmission electron photomicrograph of
dislocations in the mineral olivine.

an event. A model has been con-

structed which estimates peak shock pressure, decompression temperature, and
original position of material ejected from
the crater, when given the size of the crater
and the range at which the ejecta were deposited. Scaled experiments are conducted
using surface and partially buried detonations of TNT to provide energy sources for
measuring-size, depth, and contour of the
resulting craters and ejecta distribution
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The question of interpreting the
electrical observations in terms of other desired quantities remains and is being actively pursued. Field investigations are performed to identify the in situ factors controlling the electrical properties of rocks
and to determine their correlations with
mechanical properties determined in a variety of ways, Stochastic models of crack
in rocks are being developed.
Independently, a theoretical study of the
relationship between strength and electrical resistivity in rock containing anisotropic
distributions is underway. The tensor
nature of electric permeability and conductivity is being determined with suitable rock
models subjected to various mechanical or

thermal stress distributions. Relationships
between porosity,-fluid content, grain size,
and mineralogy on the one hand and the
electrical parameters on the other are being
sought as a function of frequency. The re-

patterns. A reliable means of estimating
shock stresses on the basis of-such measurable physical quantities, when used in conjunction with knowledge of the ejection.
paths of excavated material, will permit reconstruction of the actual distribution of
stresses within the ground produced by a
cratering event whether it be related to
meteor impact or ruclear detonation.•,KIN-SITU MATERI %LPROPERTY MEASURE-

MENT: Geophysicil methods enable sampiing a large volume of earth material without the usual bias introduced by point sampiing techniques. This is extremely important in determining shock or blast effects on
installations by analyzing the dynamic distortion or shock transmission of surrounding rock. It is generally established that the
electrical conductivity of rock varies with its
porosity and, hence, its strength. An effective conductivity measurement technique
was developed, using a nine-electrode
array in which the volume of material being
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The geophysical measurement array used to
determine the electrical conductivity of large
volume samples in situ and de changes in
conductivity caused by shock waves passing
through the material.
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suits are tested by subsurface observations
in mines and quarries as well as on the surface. The fundamental- basis for all of the
properties of interest is also being considered from an atomic viewpoint, since the
physical mechanism that lies at the basis of a
connection between the electromag etic
and elastic properties of a solid is the motion of its electrons as correlated witE that
of its nuclei,
SOIL STABILUZATION: Chemical treatment
of soft surface soil areas to stabilize and
harden them for use as runways, roads, and
foundations is typically approached as a
civil engineering problem. Adequate research and knowledge are usually lacking
on how additives, such as lime, interact with
natural soil materials, principally clay,
under varying moisture and temperature
regimes. An in-house program was* conducted to study these processes and
mechanisms.
Reference clay minerals were characterized by use of a scanning electron microscope and energy-dispersive X-ray diffraction analysis. Surface arqa and surface
roughness were found to increase with apparent decrease in crystallinity of the clay
minerals. Indications are that the rough
surfaces, and not the edges, of platelets of
clay are thc sites of reaction. This offers a
partial explanation of their relative reactivity with a lime stabilizing agent. In the next
stages of the study, representatives from
each clay mineral group were mixed with
lime in fixed percentages, aged under controlled moisture conditions, and the reaction products examined by X-ray diffraction pattern analysis. Some products observed were definitely not of the starting
materials and were found to be calcite. The
intermediate product, calcium aluminum
carbonate hydrate, is unstable and decomposes rapidly, depending on material exposure to carbon dioxide. It was concluded
that the clay-lime system creating a
stabilized soil is generally produced by a
chemical reaction resulting in the forma-

tion of a binder material such as a calcium
silicate compound.

SPECTROSCOPIC STUDIES
REENTRY VEHICLE DECOYS: The infrared
emissive behavior of materials in a space
environment can be important to the missile delivery problem. One aspect of this
problem worked on by AFCRL is the design
of workable reentry vehicle decoys. Such
decoys utilize pyrotechnic materials to
simulate the infrared signature of much
larger reentry vehicles. For such a technique to work properly, pyrotechnic materials that emit. infrared in the appropriate
region of the spectrum must be selected.
AFCRL undertook this task for the Air
Force Rocket Propulsion Laboratory, utilizing space simulation chambers and longterm experience in study of the infrared
spectral emission of materials (including
lunar soil) in a space environment. As this
reporting period -closed, preliminary recommendations were made to AFRPL
which, if confirmed, will mean substantial
changes in the current approach to decoy
design.
INFRARED CALIBRATION SOURCES: Any
space-based or airborne Air Force system
utilizing infrared sensors requires periodic
calibration, either of the system or of
changing atmospheric absorption. A convenient calibration method uses planets
and stars of known brightness temperature
in the system field of view. One drawback in
the use of planets is the inaccuracy with
which their infrared spectral irradiance is
known. AFCRL's
50-inch
aperture
balloon-borne telescope system is used to
make highly accurate measurements of the
infrared radiation emitted by these objects,
seeking those that are best qualified to be
calibration sources by the invariable (or
predictably variable) nature of their emission.
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prised the major data bank for attempts to
find new earth resources.
MULTISPECTRAL SENSING: The Labora-

tory successfully concluded its role as technical monitor for DDR&E-sponsored research in remote sensing of earth surface
conditions under Project THEMIS. The
overall project was initiated by DDR&E to
-.

llFifi -ic telesop bicout be launthled b

ties relevant to DOD interests. The work,
conducted under AFCRL contract, involved advanced techniques of data collection, processing, interpretation, and enhancement. Multispectral photography
and thermal infrared imagery were obtained from aircraft and surface vehicles
covering representative terrains pertinent
to military planning, tactical operations,
and natural resource determination. The

research developed significant capabilities
for determining and mapping of soil type,
moisture, density and thickness conditions;
outlining boundaries and distribution of
forest, vegetation, and water areas; and
evaluating geologic landforn susceptibility
to landslides, cave-ins, erosion, and flooding.

Measurements to date have been made of
Venus, Mars, andJupiter to provide a wide
range of intensity levels. Venus so far appears to be a constant calibration source.
Mars seems predictably variable in its irradiance, so long as large dust storms are
not taking place. Jupiter, unfortunately,
may be an unpredictably variable source,
but-additional measurements are required
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IX

Optical Physics Laboratory

The Optical Physics Laboratory conducts
research on the sources, transmission, and
detection of optical and infrared radiation
and their' interaction with the aerospace
environment. Field measurements, laboratory studies, theoretical studies, and
analyses are conducted to determine and
understand the optical and infrared properties of the environment including the atmosphere and celestial sky. These determine how well the atmosphere transmits
radiant energy and also how much energy
the atmosphere radiates, both under
natural and perturbed conditions.
Any optical or infrared detection, surveillance, reconnaissance, or weapon system that operates in or above the atmosphere must look through the atmosphere
or look against a background of either atmosphere or sky. Therefore, the optical
-properties of the atmosphere and other environments and how they will enhance or
limit the operation of these systems must be
known.
The Laboratory's effort on the sources of
optical/infrared radiation ranges from
measurements and studies of atmospheric
and stellar emission as well as missile plume
radiation to research into the behavior and
operation of lasers, including gas and
chemical lasers.
The portion of the electromagnetic spectrum studied extends in wavelength from
about 2000 angstroms in the ultraviolet to 1
millimeter where the far infrared blends
into the microwave radio spectrum.
The research in the Laboratory is divided
into studies of: the visible or near visible
properties of the atmosphere, where
aerosol and molecular scattering is the pre-
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dominant mechanism of attenuation; tile
infrared properties of the lower atmosphere where thermal equilibrium usually
prevails; the optical and infrared properties of the upper atmosphere (including auroras and airglow) where individual
molecular interactions must be considered;
the infrared properties of exoatmospheric
sources-stars, nebulae, cosmic dust; the
physics of lasers; measurements of the
radiation from man-made sources such as
missile plumes; and development of improved techniques for spectroscopic measurements.
A major area of investigation by the
Laboratory concerns atmospheric attenuation or transmission of radiation by the atmosphere, including laser beams. Atmospheric molecules absorb optical and infrared radiation selectively at discrete
wavelengths. Extensive computer programs have been developed which make
use of the vast collection of spectroscopic
data for molecules and which permit the
calculation of this transmission, particularly for laser beams. Graphs and a computer program (LOWTRAN) have also been
published and distributed widely -for determining the low resolution (approximately 20 wave numbers) transmission of
the atmosphere for any path through the
atmosphere for a wide range of
meteorological conditions. Detailed atmospheric absorption curves and tables for
laser transmission -have been published.
The development or improvement of codes
for the transmission of plume radiation
through the atmosphere is underway.
Scattering by aerosols and molecules in
the atmosphere also contributes both to attenuation and to reduction in the contrast
of a target seen through the atmosphere.
Extensive measurements from the Laboratory's C-130 flying laboratory and balloons have been made to determine the
geographic, seasonal and altitude variations, as well- as the optical properties of
these aerosols and the effect of the underly-

ing terrain, water surface or snow cover.
The results of these measurements have
been applied to several target acquisition
and detection problems. As one extension
of these measurements, an extensive international program of measurements is being
set up in Europe.
Similarly, the emission of the atmosphere, insofar as it creates a disturbing or
masking background against which a target
must be located, is also a major concern of
the Laboratory efforts. Such emissions represent interfering background noise
superimposed on the optical/IR target
signals that a surveillance system may be
trying to detect. The emission of the lower
atmosphere can be calculated from computer programs similar to those discussed
previously. However, the emission from
the upper atmosphere (above about 70 km)
requires a much more detailed knowledge
of the interactions and collisions among the
individual molecules, many of which will be
in excited states with excess energy. The
amount and wavelength of the radiation
resulting from this nonequilibrium chemistry, and the effects of disturbances by protons and electrons as would occur during
an aurora or a nuclear burst, are also being
studied. Therefore, a sizable laboratory
and theoretical research program is conducted to study the physics and chemistry
of the atmosphere, particularly those
molecular interactions which lead to infrared- emission, as well as an extensive
measurement program. This includes the
use of the Laboratory's NKC- 135
optical/infrared flying laboratory, balloons
and rockets, particularly in Alaska, where
the infrared emission of the aurora is
studied in the Infrared Chemistry Experiments for the Coordinated Auroral Program (ICECAP). A computer program
(called OPTIR) has been developed to predict and compute the optical and IR emis.
sion of the upper atmosphere, primarily
for disturbed conditions. Such background
emission, particularly during disturbed
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conditions such as auroras, could seriously
impair the operation of a surveillance,
tracking, or terminal guidance system.
Also, the radiation profile of the horizon
determines the ultimate accuracy of
horizon-sensing attitude control systems on
satellites,
The measurement and study of atmospheric transmission or emission also provides a method for remotely sensing atmospheric composition (including the effect of addition of contaminants, for exampie, from high altitude missile orjet engine
exhausts) and meteorological conditions
such as temperature, humidity and ozone
content. The transmission codes have been
extensively applied to the design and improvement of remote atmospheric sensing
sensors on the Air Force meteorological
satellites.
A satellite or rocket-borne infrared system looking away from the atmosphere will
still see the celestial sky as a background.
Consequently, the Laboratory -has carried
cut an extensive rocket program to survey
the entire celestial sky-stars, galaxies,
nebulae, etc.-in the infiared. Also, measurements of missile plumes are being ob-

tained from rockets and aircraft. The aircraft measurements have included some of
the most detailed spectroscopic data on
missile plumes ever obtained.
An inseparable part of these measurements and studies is the development of
more sensitive infrared sensors and spectral measuring instruments. Such a technique to which the Laboratory has contributed much is multiplex spectroscopy-all
wavelengths entering the spectrometer are
analyzed simultaneously. One form of multiplex spectroscopy-Fourier spectroscopy-has been studied and utilized by the
Laboratory with great success for several
years.
SinceJune 1972, in addition to the use of
the two flying laboratories discussed above
(an NKC-135 and a C-130A), instrumented
exclusively for research by the Optical
Physics Laboratory, the Laboratory has
launched 32 rockets and used 24 instrumented balloon flights in its programs.
In the last 12 years, laser systems have
made possible great advances in military
technology. Far greater advances, both
foreseen and unforeseen, can be piredicted
for the future. Laser physics is studied at
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scattering of light by air molecules. Molecular absorption effects are investigated
under the infrared physics program. The
goal of the Atmospheric Optics program is
an understanding of the effects of atmospheric optical properties on the performance of various Air Force systems and the
capability of predicting these atmospheric

optical properties for conditions under
which these Air Force systems must operate.
A primary research objective is to measure the distribution of light-scattering and
absorbing aerosol particles in the atmosphere from the ground; from aircraft,
--- -'........... .......from balloons and from rockets. These
aerosol particles, ranging in size from clusThe AFCRL cold Type V Interferometer
ters of molecules of less than one millionth
Spectrometer. Having successfully passed the
of a millimeter in diameter to giant dust
airborne trial tests, the concept of operating
particles a fraction of a millimeter in size,
an airborne interferotneter in an environ,
ment cooled to liquid nitrogen temperature
scatter incident light in various directions as
will now be expanded to include the liquid
well as absorb some of the incident radianitrogen cooled indow fitted in front of the
tion. These optical properties of small parentrance aperture.

AFCRI, to advance knowledge and basic
technology in this vital area. Research in
laser-related phenomena is initiated together with new laser applications which
show potential for leading to new concept
devices. Early exploratory development efforts are carried out when a research -project has identified a promising new device
concept. Substantial resources are also devoted to problems which have been identified in connection with existing laser systems. Exhaustive study efforts are directed
toward understanding and correcting or
redesigning these lase systems so that they
will reliably fulfill their Air Force mission
requirement.
ATMOSPHERIC OPTICS

eperiods
The Atmospheric Optics program encom-

-passesexperimental and theoretical studies
on theccattering and absorption properties
of atmospheric aerosol -particles and the

ticles depend on their number, size, chemical and physical composition, including refractive index, shape, and homogeneity.
The origin of these particles is as varied
as the properties of the particles themselves. Many of these particles originate
from solid dust particles picked up from
the ground, seaspray over the oceans, or
particles ejected into the atmosphere from
man-made pollution sources. Others are
formed in the atmosphere from gaseous
contaminants -by photochemical or other
processes. The aerosol particles are transported over large distances by air mass
movements and are carried up into the
troposphere and stratosphere by convective weather systems. In addition, violent
volcanic eruptions can eject large quantities
of dust into the stratosphere. Their small
size and weight cause these particles to remain suspended in the atmosphere for long
of time before they fall out, are
washed out, or are otherwise removed.
Because changes in the aerosols cause
changes in the optical properties of the atmosphere, two kinds of questions are fre-
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quently asked: What is the frequency of
occurrence and the temporal and spatial
distribution of various atmospheric optical
conditions? And how well can one predict
the atmospheric optical conditions -for a
given time and location? The prerequisite
for answers to both questions are measurements of the various atmospheric
parameters involved,

cuitry and-recorded on magnetic tape in
digital format. The system output is a histogram of particle sizes with a sizing accuracy of 10 percent over a r-.ige of diameters from one micrometer to 0.1-0.2 micrometer. The particle concentration for
the flight on May 24, 1973 exhibits the well
known Junge layer which, during this
flight, extended over the altitude range, 12
to 20 ki. It appears that this layer is mainly
VERTICAL PROBING OF ATMOSPHERIC OP.
due to particles larger than 0.5 micron.
TICAL PROPERTIES: A series of three balloon
Separate particle size distributions were
flights was conducted at Holloman AFB,
obtained for the three highest segments of
New Mexico, in-May of 1973, using a newly
the downleg portion of the May 24 flight,
developed aerosol counter. The device
and showed very distinct evidence of an
draws in ambient air continuously and
effect not discernible when integral countfeeds it through a one-millimeter sampling
ing techniques are used. The size distributube under laminar flow conditions. This
tion of the aerosol particles can be charactube is interrupted and the sensing gap
terized by a single exponential parameter.
thus formed is illuminated orthogonally by
However, the value of the parameter difa helium-neon laser beam. As the aerosol
fers considerably between 21 and 26 km.
pass
through
the
This
behavior was also noted on the upleg
particles in the flowing gas
sensing gap, the scattered light is collected
portion of the flight several hours earlier,
as well as on the third flight, although on
through two separate conical optical channels (at 10- and 30-degree angles) and dethe third flight intermittent interrnptibns
tected by two photomultiplier tubes. A pair
of equipment function prevented -the colof electrical pulses is generated for each
lection of data on the upleg. The particles
detected aerosol particle. They are procabove the 23-kn level are unmistakably different from those at lower altitudes, at least
essed by special on-board electronic cirunder the stratospheric conditions that
prevailed over Holloman AFB during the
latter part of May 1973.
The optical properties of aerosol particles depend not only on their size and
WPM
....
number density, but also on properties
,MR
such as shape and refractive index, which
MW!
I,..
are much more difficult to measure directly
, inthe free atmosphere. To measure the
optical scattering directly, a large polar
PAt
Amon,
.... nephelometer, constructed at AFCRL,
measures the angular variation of light scat"tered
out of a light beam. The scattered
-light intensity is measured at various
wavelengths. A successful flight with this
balloon instrument, which was previously
flown in 1970, was conducted inJune 1974,
at Holloman AFB.
Schematic of balloon-borne optical aerosol
During the past two years, the developcounter.
ment of a new instrument to measure atMIRROR
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directly at various altitudes, it

\parameters
-26.5-24.7km
\24.7-22.5km

" 22.5-20.7km

requires many balloon flights before one
call derive a reliable picture of the temporal
and geographical variations. To monitor

-6.5
D 1tant
7.0

the long-term variability of the optical
properties of the atmosphere, it is importo have a means of remotely measuring
some atmospheric optical quantities from

\\

o

the ground. This is especially of signifi-

cance for- stratospheric altitudes since the
time variations of aerosols in the stratois of the order of months and years,
rather than days as in the lower tropo-
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For more than ten years, AFCRL has
operating a searchlight probing experinient in New Mexico to monitor
stratospheric and tropospheric aerosol attenuation-coefficients. Al intense searchbeam is projected up into the nightsky
from White Sands and a receiver system,
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located 30 miles away on Sacramento Peak.

_
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scans the searchlight beam up to altitudes
of40 km and higher. The received intensity

of backscattered light out of the searchlight

beam is then converted to vertical profiles

Aerosol size distributions at three different
altitude intervals during the May 24, 1973
balloon flight.

mospheric light extinction was completed.

This extinction coefficient sonde weighs
only about 20 pounds and-is therefore suit-

able for routine measurements on tethered
balloons. It has a very high light collection
efficiency because of its unique optical system. Recent test and calibration measurements in the laboratory have shown that the

instrument is sensitive enough to detect the
scattered light from a pure molecular atmosphere, despite the fact that the light
source is only a 5-watt automobile light

bulb. Tethered balloon flights with this ex-

I

tinction coefficient sonde will be conducted
in the near future.
Although balloon-borne experiments
can measure .various optical or aerosol

CENTIE0ER

Extinction coefficient sonde.
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of the aerosol attenuation coefficient or the
ratio of aerosol to molecular extinction.

Europe or the United States the atmospheric scattering coefficient has a distinct
low level maximum with a rather sharp top

AIRCRAFT MEASUREMENT PROGRAM: For
many tactical Air Force problems the altitude range of concern is from the surface
up to 5 to 10 km altitude. An aircraft measurement program has been conducted for
several years to collect data on various atmospheric optical parameters which cause
the reduction in contrast between various
objects and their surrounding background.
The instrumented C-130A Hercules flying
atmospheric optics laboratory has, over the
past several years, been collecting data-on
atmosphericscatteringcoeffidents, sky and
terrain radiance, path radiance and various
other parameters. These measurements
have been taken in a variety of geographical
areas and during different seasons and environmental conditions.
Comparisons of the data collected in different areas reveal some rather consistent
characteristic features. For instance, in the
more densely populated areas of Central

between I and 2 km altitude, and the values
in the lower troposphere even under fairly
clear conditions are approximately three to
four times higher than in the desert regions
of the southwest United States. The results
also show the strong dependence of contrast reduction on the illumination conditions and observer viewing angle.
ATMOSPHERIC OPTICAL MODELS: One of
the major objectives of atmospheric optics
research is to develop models which can be
used to evaluate the performance of
electro-optical military systems under average, optimum and worst conditions. Such
models, therefore, must describe the values
and their variance of such quantities as
aerosol particle concentration, size, refractive index, and so forth.
The results from all the me,-surement
programs form the basis for these atmospheric optical models. Models for the dif-

ferent aerosol distributions in continental,
maritime and -urban environments have
been developed for the whole atmosphere
from the surface to 100 km altitude. These
aerosol models then can be used to calculate
the scattering, absorption, and extinction

E
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properties and also such quantities as

transmittance, sky background radiance, or
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contrast reduction.
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The results of these efforts, in addition to
the data measured directly, are models and
computer codes which allow the prediction
of this infrared emission and transmission
for any situation. Also, improved spectroscopic measurement techniques are developed.
ATMOSPHERIC TRANSMISSION-EMISSION
MODELS: Models of the transmittance and
emission properties of the atmosphere
have been developed. Two basically different transmittance models exist: One is a low
resolution (20 wave numbers spectral resolution) model and covers the range from
0.25 micrometer to 28 micrometers. This
model is described in OpticalPropertiesof the
Atmosphere, Third Edition (AFCRL-720497),andacomputerversionofthemodel
inAtmospheric Transmittancefrom0.25 to 28.5
Micrometers: Computer Code LOWTRAN 2
(AFCRL-72-0745). This model includes effects of both molecular and aerosol scattering on atmospheric transmittance over the
entire spectral range.
Thesecond transmittance model uses the
absorption profiles of individual molecular
absorption lines and averages over these
(the so-called line-by-line calculations).
This approach results in synthetic spectra
at either high or low resolution depending
on the desired averaging spectral interval.
This is the only approach capable of computing very high resolution spectra for the

the summary report provides synthetic
spectra for-the entire spectral region from
0.76 micrometer to 31.25 micrometers,
thereby allowing a quick estimate of atmospheric attenuation for laser propagation
throughout this entire portion of the infrared. The compilation of atmospheric absorption lines used as a basis of much of our
work is described in theAFCRL Atmospheric
Absorption Line Parameters Compilation
(AFCRL-73-0096). Since the publication of
this report in early 1973, we have made
available over 100 copies of these data on
magnetic tape. Detailed information on
over 110,000 spectral lines in the spectral
region from 0.76 micrometer to the microwave region are contained on this tape.
Atmospheric species included in the compilation are: H 20, COl, O3, N20, CO,CH 4
and 02.
Current efforts involve improving the
data base, both by correcting existing data
and adding new material. New material to
be added includes weak absorption features of the major atmospheric absorbing
gases as well as absorption parameters for
trace atmospheric and pollutant gases. Additional gases on which some work is cur1

transmittance

(AFCRL-TR-74-0003).

In

addition to addressing the problem of laser
propagation of these specific laser systems,

I

i
i

060

transmittance of laser beams through the
atmosphere. It should also yield more accurate low resolution calculations when appropriately averaged over wavelength.
During this past year, there has been a great
increase in the development of lasers in the
infrared. A frequently asked question is:
"What laser frequencies are attenuated the
least by the atmosphere?" This question has
been answered for carbon monoxide, hydrogen fluoride, and deuterium fluoride
laser systems in a summary report on laser
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rently in progress indude NO, N02, HNO 3
and S02.
During the past two years, a great deal of
the modeling effort has been directly in
response to specific application requirements. The development of the LOWTRAN 2 code was spurred by such a requiremnent, and an improved version of this
low spectral resolution transmittance code
with substantially increased flexibility is
being developed. This model will be called

LONT17RAN 3. Substantial effort has gone
into checking the model by comparing its
rsults directly with laboratory absorption
measurements. Some modifications in the
basic spectral data contained in the model
have been made as a result.
Another application of the transmission
modeling activity is the problem of the
satellite remote sensing of meteorological
variables. The Line Parameters Compilation has been used as a data base for such
calculations to determine the spectral
channels most suitable for use in satellite
sensor design. In addition, transmittance
calculations performed with these models
are being used in the development of software packages for the reduction of
satellite-measured radiances in terms of the
three-dimensional structure of temperature and moisture.
The Line Parameters Compilation has
also been applied to the understanding of
the signature of a hot gas (e.g., the exhaust
plume of an -aircraft) as viewed through a
colder intervening atmosphere. Our objecW1.00

tive is to evaluate the accuracy of applying a
low spectral resolution transmittance code
to remove the atmospheric effects from
such measurements. We can evaluate the
error by synthetic generation of the signatures with our molecular absorption compilation and comparison with the results obtained through application of the LOWTRAN code.
MULTIPLEX/HIGH-THROUGHPUT

SPEC-

TROSCOPY: Some systems require specific
detailed spectral measurements of atmospheric transmission or absorption and
background radiance for optimum performance. High resolution-data on atmospheric constituents must be obtained to
allow generating high confidence models
of these atmospheric parameters, especially
when laser propagation or narrowband detection is involved; for such applications,
line strengths, positions and shapes must be
known to high resolution. Many of the required measurements must be made with
multiplex or high-throughput systems because conventional techniques are inade-.
quate.
The throughput of a spectrometer is a
measure of its light-gathering capability. A
multiplex system measures all the radiation
of interest throughout the measuring time.
This multiplex advantage, coupled with the
throughput advantage (when using an interferometer for Fourier spectroscopy),
can yield increased efficiency, or gain, in
measurement time, over conventional
techniques of as much as 108. This increase
in efficiency can be applied to increase the
signal-to-noise ratio of a measurement, increase the speed of measurement, or to ob-

ou0.eo

90.60
200

tain more detailed structural information
(better resolution).

4.72

spectrometric
Research is on
beingimproved
done in-house
as well as
by contractual efforts. A two-meter path
difference interferometer is being developed which will be capable of a resolu-

Atmospheric infrared transmission 10-kn
horizontal path at 12-km altitude.

tion of 0.005 wave numbers (after smoothing out the diffraction pattern, which de-
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spctra where detector noise-limited systems must be employed.
Work on a singly encoded coolable
-1-adamardtransform spectrometer for the
9-14-micrometer region is in progress. It is
hoped that -this instrument will meet the
need for a flyable instrument capable of
faster scan rates and improved resolution

_
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INTERFEAOMETRIC
WITH StLECTIVE
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compared with the present airborne in-

R.IV

strunentation. This instrument will be
capable of achieving a resolution of 0.15
wave number and scan rates up to one scan
per second.

SPECTROMETER
MODULATION

Optical schematic of high.throughput SIMS
instrument.

creases the resolution). The instrument is
nearly complete, and has yielded spectra to
0.0075 wave number resolution. The plane
mirrors of the Michelson interferometerspectrometer have been replaced by cat's
eye mirrors for ease of alignment, and the
interferometer operates in a step-integrate
mode. The instrument will be used- to obtain high resolution absorption and emission spectra of atomic molecules at various
temperatures and should be capable of
yielding accurate line shapes as well as line
positions and strengths. In this country,
this combination of high resolving power
and large spectral coverage is found only in
this Laboratory.
A preliminary study of a new highthroughput spectroscopic technique has
been completed. Although it does not have
the multiplex gain,-it has the advantage of
yielding the spectrum directly without any
transformation. The technique is called
Selective Interference Modulation Spectroscopy (SIMS). The extremely large
throughput of the SIMS technique coupled
with a real-time output and a simple, rugged instrument design make it a serious
candidate for aircraft, balloon and rocket
measurement programs. The technique
seems best suited for medium resolution
measurements of -weak or rapidly varying

INFRARED HORIZON STUDIES

The infrared radiance of the earth's upper
atmosphere is one of the natural background phenomena that enters into the design of infrared optical systems. The atmosphere causes two effects. First, the average value of the atmospheric radiance
generates random noise at the system detector output, and this effectively determines the range at which a target can be
detected. Second, fluctuations in the atmospheric radiance generate false target
signals. The radiance from this region,
however, is largely unmeasured. As a result, a reliable physical model from which
we could calculate these effects is not available.
The Laboratory has undertaken-a horizon measurements program involving the
use of rocket probes to measure the vertical
distribution of high altitude infrared
radiance. Radiance from several atmospheric emission bands were observed up to
tangent heights of 60 km. We are presently
developing a program to extend these
measurements up to the 200-km region
using more sensitive instrumentation and
covering the 3 to 25 micron spectral range.
The development of a high altitude infrared radiance model to estimate infrared
radiation arising -from active molecular
gases and particulate material is being carried out as a parallel effort to the rocket

I/
-

/
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probe measurements. The work is currently directed toward determining the effects.of vertical transport by molecular diffusion and eddy mixing on the abundance
of minor species. In addition, modeling of
vibrational bands is being carried out to
refine the radiative transfer calculations.
INFRARED

CELESTIAL

MEASUREMENTS:

The Air Force needs to detect infrared
emitting targets at the greatest possible
range. If these targets are viewed against
the background of celestial sources, knowledge of the infrared characteristics of the
background is necessary to permit discrimination of the target from the background.
A payload was developed to survey the
sky at several wavelengths in the infrared

scanned in several infrared bands. The
sources detected are not uniformly distributed throughout the scanned area but show
a concentration toward the galactic plane.
This concentration of sources near the
plane becomes more marked at longer infrared wavelengths. Thus, one can conclude that the majority of the infrared
sources observed are members of the Milky

Way with very few extragalactic objects
being detected
The infrared sky survey is now being extended to the Southern Hemisphere. The
ultimate goal is a complete set of sky maps
at wavelengths in the near, intermediate,
and far infrared -regions. These data will
form the basis for statistical models of the
galactic stellar distribution.

from vertical sounding rockets. To obtain

THE REMOTE INFERENCE PROBLEM: The

precise coordinates of the celestial objects

first meteorological satellites were designed

observed, the scan axis of the payload is

to transmit cloud pictures. It was soon

locked to a pre-selected star transiting near
the zenith at the time of the launch. The
infrared telescope is positioned at various
angles w:,'h respect to the scan axis and held
at this position while the rocket performs
the scan maneuver. The position of the
telescope along the scan plane is measured
by observing star transits with a visual star
aspect sensor.
Portions of the-sky observable from the
Northern Hemisphere have now been

realized that the atmospheric emission in
the far infrared region of the spectrum was
related to the temperature of the atmosphere, so that remote passive temperature
sensing was possible.
However, using this information to determine the temperature at each level in the
atmosphere proved to be very difficult. All
levels of the atmosphere contribute to each
particular frequency, so that the radiance
sensed by the satellite is a mixture of thermal information from all levels. Probing
different frequencies merely weights radiation according to height, depending on the
transmittance of the atmosphere.
Mathematically, the radiation is expres-

.7.1

>.

Infrared stellar sources observed at a
wavelength of 4 micrometers using a rocketborne telescope. The dotted line delineates
the galactic plane.

sible as an integral transform of the
Planck intensity
temperature-related
summed over the atmosphere. Typically,
the radiances are observed over six to eight
different frequency channels. The vertical
temperature distribution is th.n recoverable as an inverse transform of the radiance
profile, hence, the name inversion given to
this particular inference problem. The
heart of the problem is that the vertical
temperature distribution is deduced from
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intensity differences between neighboring
frequency channels, a second order effect.
The incomplete character of the data
causes two types of problems. First, a continuous function over all frequencies is required to generate a unique inversion,
Given only the finite number of observations, an infinite manifold of temperature
profiles can be found which are tormal
soludons to the problem. Most of these
solutions are nonsensical physically, with
negative temperatures and oscillating lapse
rates. Thus, the fragmentary data force us
to introduce external and subjective constrainis to specify a unique solution from
the many solutions possible.
Second, the data are beset w;ith inherent,
irreducible noise error. Most inversion
methods use some a piori algorithm in an
attempt to smooth out the noise. This runs
1o
355.ooo
.....
........... 397.500

44oooo

_

408.500
374 000
353.500
535.090

.

200
2tient

"Given
-

E

\

a
400
00

'o-

"

S.
600

.

..
\

.

.veloped

"-,, ,.

.the
"

.......
%"
.. ......
..
..

"

0, o.8
0I°°° .0)..

2
1 . 6.""'0 .o0
WEIGHTING FUNCTION, dr/d(Inp)

the risk of discarding information on the
thermal structure as noise.
To overcome these problems, subjective
information is added to the fragmentary
data to assure uniquerss, and information
is subtracted by discarding intensity irregularities presumably due to noise. Although these procedures lead to an impressivelysmooth profile. itis almost impossible
to separite the atmospheric features
genuinely inferred by inversion from
climatological features unwittingly inserted
in the processing.
The algorithm used to process the data
should extractall the temperature information, but nothing more. Furthermore, it
should use raw data, noise and all, without
smoothing. Finally, it should not require
any climatological information. The optimeal interpolation formula must be flexible
but smooth, for the inversion grossly distorts structure. The Pad6 approximant is
attractive because of its extreme smoothness. These approximants are used in
physics as efficient approximations to complicated functions for digital computers
and to fit resonances, phase changes, and
other curves exhibiting mild-singularities.
The Pad6 approximant, which is a quopolynomial, is completely specified by
the positions of its poles and their residues.
2N arbitrarily sensed intensities, the
nonlinear exponential algorithm dein the Laboratory
the
unique Pad6 approximant determines
of N poles and
residues which fits the observations. For
noise-free data, the poles are clustered in
negative half-plane of the complex frequency plane. The corresponding temperature profile is represented by a sum of
nonlinear exponential functions. Noise will
generate a pole displaced to the real frequency axis to fit the aberrant radiance
value, precisely indicating the errant channel as well as the percentage error in the
channel readirg.

The profile inferred by the nonlinear
Weighting functions for sensing vertical dis-

tribution of water vapor from satellite,

exponential algorithm is the smoothest

consistent -with the observed radiances.
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Physically, it is known that the natural state
of the attmosphere has properties which are
constant or change in a uniform manner
with altitude over an altitude range, and
then change to a different type of uniform
change over the next altitude range. Ramp
fmnctions are used to approxinmate inversions, isothermal layers, and moist adiabatic
lapse rates. The nonlinear exponential algorithm is being modified to infer the
unique setof N ramps associated with 2N

radiance values. It is expected that the non-
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The primary research of this segment of
the Laboratory is the optical/infrared

Hot plumesignatureasviewedthrough

properties of the tipper atmosphere,-both

atmosphere inthe 4-micrometer region.

under normal conditions and when itis disturbecd by atiroras or nuclear weapons. At
the altitudes considered, thermal equilibrium usually does not exist, and it is necessary to consider the collisions or interactions of individual pairs or triads of
molecules, one or more of which may be in
an excited state (i.e., with excess internal
energy). Extensive Laboratory and theoretical studies, as well as rocket, balloon and
aircraft measurements of tipper atmospheric optical/infrared phenomena are
carried out. The results of these Laboratory
studies and aircraft measurements also
apply to missile or jet engine plume infrared radiation, which have also been
measured. As in the infrared physics program, the goal of the research is to generate
both directly measured data and also moodels and computer codes which permit the
prediction of the optical/infrared emission
of the upper atmosphere, particularly
under disturbed conditions. Such data and
codes are particularly applicable to surveillance and detection systems operating in
space or near space.

29 6

Ho0O35gm cm per
Pressure- '22b
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linear ramp algorithm will infer, objec-

RADIATION EFFECTS

ATMOSPHERE Tim

the

OPTICALIANFRARED (OPTIR) CODE DE--

VELOPMENT: OPTIR is a computer code
which develops mathematical and physical
models to calculate the optical/infrared
radiation resulting "oin natural or artificial stimulation of the atmosphere. The
code is designed to model nuclear detonations in the atmosphere and predict their
effects -on optical and infrared systems.
Routines describing strong and moderate .shock propagation and attendant flow
fields required to describe shock-induced
optical/IR radiation modification have
been integrated into the OPTIR code during the reporting period. A working
routine of atmospheric heave or uplift resuiting from energy deposition in high altitude nuclear bursts has also been developed. Other progress on the OPTIR
code during the period includes: developmerit of an auroral version of the OPTIR
code OPTAUR, obtained by deleting the
artificial stimulation routines from OPTIR;
improvement of the debris air-piston
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model to allow for expansion in an arbitrary atmosphere: incorporation of a
prompt fluorescence model; modification
of the debris package using essentially
RANC III and WEPH IV code
phenomenology: addition of an auxiliary
program to compute atmospheric refraction; inclusion ofan improved ozone model
below 50 km describing latitudinal and seasonal variations: development of a routine
which permits calculations of chnmiluminescent radiation for an arbitrary set of
chemical reactions, and development of an
overlayed version of OPTIR which substantially reduces core memory requiremeuts.
Mathematical improvements have been
made in the solution of differential equations having rapidly varying parameters
which require time steps much smaller than
would be required by the reaction rates in
the actual equation. Numerical solutions of
equations for hydrodynamic motion were
also improved. Superior models for solving
fourth order accuracy difference equations
have been identified to remedy a serious
defect in the coding methods used by large
magnetohydrodynamic codes.
Advanced versions of the OPTIR code,
including OPTIR III A (1973) and OPTIR
III B (1974), have been ceveloped and
documented. These versions incorporate
the most recent modeling and coding improvements as well as the accumulated experience and development of previous versions of OPTIR.
Applications df the code, in addition to
direct systems calculations, include: OPTAUR calculations of profiles of eutral
and ionic species and visible/SWIR radiation as seen by an ICECAP-rocket payload
penetrating an auroral-arc; energy deposition profiles and concentrations of various
chemical -species following the turning-on
of various- exoatmospheric electron spectra; a study of shock wave contributions
to chemiluminescence, and the effects of
delayed beta deposition in conjunction with
high altitude debris patches.

AIRCRAFT PROGRAM: The AFCRL
Infrared/Optical Flying Laboratory is an
NKC-135 aircraft, recently modified to
provide a more efficientarray of53 viewing
ports behind which a matrix of spatial
mappers, radiometers, and interferometer-spectrometers are operated. The
aircraft. measurement program has provided the day and night infrared sky background signal levels against which specific
targets of systems interest have been
analyzed.
Airborne measurements of atmospheric
transmission from I to 6 micrometers and
emission from I to 13 micrometers have
been used to revise specific constituent
parameters in the AFCRL LOWTRAN-2
transmission/emission prediction code, and
excellent agreement exists between predicted and observed data looking upward
from aircraft altitudes. The more complicated viewing geometries are being
analyzed.
Additional hydroxyl (OH) emission
measurements from mid-latitude survey
flights confirmed transition anomalies suspected earlier. These will be monitored on
future flights, both in the auroral zone and
lower latitudes, for geographic and time
dependence.
Measurements made both with airborne
instrumentation and instrumentation on
the ground, close to the source, served as
the basis for substantial instrumentation
improvements. These data, with re-analysis
of previous data handled by new techniques, have provided an infrared data
base heretofore unavailable. Increases in
radiometric sensitivities, the introduction
of multiple mapper coverage of the infrarcd scene, and the first test flights of the
prototype airborne interferometer in
which -the detector is cooled with liquid
helium and the instrument is cooled to liquid -nitrogen temperatures were accomplished. The latter opens the way to the
next generation of fully cold interferometers viewing through frost-free windows
cooled to liquid nitrogen temperatures.
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Software development has enhanced
both radiometer and interferogram data
reduction and handling so much that
laboratory calibration and optimization of
interferometers is handled by near realtime monitoring of output spectra. The
ability to search past daza rapidly and de-

coefficient information and bench marks
for computer codes that predict the background radiances. Of significant inportance in the program is the development of
new instruments and experimental techniques for upper atmosphere researchcryogenic (helium and nitrogen cooled)

cide if it is useful allows efficient analysis of
selected past data.

spectrometers for measurements in the infrared region from I to 20 micrometers.
To date, five ICECAP programs have
been conducted at Poker Flat, Alaska, with
a toal of 22 launches (11 major rocket
payloads and 11 supporting on small rocket
payloads). Every flightof the major rockets
obtained new, useful and significant data,
and only one rocket vehicle failed in the
entire program. Of particular importance,
recovery of expensive payloads and instrumentation was successful on the nine
major rocket launches when it was attempted, so that all recovered instruments could
be and have-been reflown in the program.
Much of the ICECAP data is still in an
early state of reduction and analysis, but
some of the results are of immediate use.
For example, the first. enhancement at 4.3
micrometers due to auroral deposition has
been observed. There are two possible
competing molecular species, CO, and
NO', which can emit at 4.3 micrometers,
and our spectral resolution to date is not
sufficiently high to distinguish between the
two. Under the assumption that CO2 is the
only radiator and is excited by vibrational
transfer from electron excited N2 -(the
double dagger indicates an excited state),
the calculation using the ICECAP 72A data
yielded between 3 and 7 vibrational states
of N 2 excited per ion pair produced. In
ICECAP 73A, good data-were obtained at
4.3 micrometers under three separate au-

ICECAP: (Infiared Chemistry Experiments for the Coordinated Auroral Program) is an integrated rocket and ground
measurements program on the quiet and
aurora-excited ionosphere to investigate
infrared and optical sky backgrounds. The
program uses the natural charged-particle
bombardment that produces visi;ole aurora
to study the spectral, spatial and temporal
behavior of atmospheric infrared emissions, identify the critical radiation-related
species and reactions, and to provide rate
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roral conditions: a stable arc was penetrated on ascent; the arc was overflown and

descent occurred in a quiet atmosphere;
and anSWIR spectrometer (Paiute Tomahawk) was -flown into a fantastic auroral

breakup with more than 200 kiloRayleighs

of 3914 angstrom radiation. These data
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+
rocket flights into class III and class II auroras.

vibrational state distribution of the N( 2D) +
02 - NO + 0 reaction is not known, and a
good dipole noment. function for these
vibrational states is not yet available
but is being calculated. In addition, a practical limitation has been that the measurements have only covered a small portion (5
to 5.4 micrometers) of the sequence which
could extend to about 7 micrometers if
v= 16is populated. Despite this, theoretical
approximations have been made against
available
and at least there is confithe data
dence
that
N( 2D) chemistry
can explain the
arc observations and that indeed NO
chemiluminescence (infrared) from the excited state chemistry has been observed for
the first time.
data of 2.8 micrometer emission observed during the Paiute Tomflight show 9 megaRayleighs (MR)
per micrometer (vertical) peaking at 85 km

which, coupled with a similar altitude pro-

file for 5.3 micrometer emission, leads to
the conclusion that NO is the responsible
emitting species. Previous 2.7 micrometer
data obtained under less intense auroral
90

-need correction for aspect, and analysis requires details of the time and altitude of

energy deposition. However, the large

U 8

magnitude of the auroral enhancement observed at 4.3 micrometers is of interest. It
was-observed simultaneously with approximately 200 kiloRayleighs of 3914 angstrom emission, a class III" auroral event.
The peak altitude of both emissions oc-
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curred near 90 km. Preliminary results
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from the Stanford Research Institute inradar show electron densities of
coherent
almost 2 x 106 peP tibic centimeter, also

7

peaking at 90 km during the ascent portion
of this flight.
The theory for NOI is not as good even
though enhanced 5.3 and 2.8 micrometer
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excitation were on the order of I
megaRayleigh per micrometer or less
which could be attributed primarily to hydroxyl airglow emissions.
Altitude and volume emission profiles of
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in the polar and mid-latitude regions. The
hydroxyl molecule is the principal infrared
observable in the short wavelength region
of the atmosphere and is known to have
large natural perturbations. The energy
balance and dynamics of other molecules
like ozone, atomic oxygen and water may be
determined through monitoring the hydroxyl molecule. From the results shown in
the figure, the altitude profile of atomic
oxygen has been derived for the polar regions which extends to lower altitudes than
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LWIR spectrum obtained at 107.1 km from a
rocket-borne circu!ar variable filter spectrometer (helium cooled) launched into a

in midlatitudes.

post-auroral breakup.

The first fully successful flight of the
ILWIR circular variable filter (CVF) spectrometer (helium cooled) which was
launched into a post-auroral breakup condition occurred on March 22, 1973. As
viewed from the ground stations, an extended Class IBC II auroral breakup condi-

kiloRayleighs and the 5577 angstrom 0 I
brightness was about 13 kiloRayleighs. At
the time of the launch, the measurements
from backscatter radar at Chatanika,
Alaska, indicated a relatively low altitude
electron density profile. The peak concen-

tion was penetrated by the rocket. The

tration was about 3.5 x 105 electrons per

3914 angstrom N ' brightness was about 8

cubic centimeter at 92 km. The nagnetometer network of the College Observatory at-the University of Alaska indicated
the passage of a 1600 gamma negative
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magnetic bay at the time of the launch of
the Black Brant.

The infrared data from this flight are in
an early and preliminary state of reduction
as far as absolute units are concerned.
However, as an example of this new LWIR
data, a spectrum obtained at
96.9 km during the March 1973 flight
shows the dominant features to be due to
03 at 9.6 micrometers and CO, at 15 micrometers. This is typical of all the lower
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LWIR spectrum obtained at 98.2 km from a
rocket-borne circular variable filter spectrometer (helium cooled) launched into a

post-auroral breakup.

altitude spectra obtained down to approx-

kin. At higher altitudes (around
imately
110 kin)50an unresolved -feature at 9.2 micrometers can clearly be differentiated

from the 9.6 micrometer '3 band of 03
which may have disappeared completely.
This is more apparent in the spectra at even
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higher altitudes where the principal emitter is centered around 9.2 micrometers.
By 150 kin, the CO. band at 15 micrometers is no longer observable.
Comparison- at 60 kin, where collisional

excitation is the dominant process (LTE), is
in reasonable agreement with the prediction. However, at increasingly higher altitudes, as earthshine fluorescence becomes
more and more important (at 140 km it is

85 percent of the excitation mechanism),
there is a two-order of magnitude discrep-

ancy. The experimental error is considered

to be less than a factor of 2. There is some
uncertainty in the concentration of CO 2
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versus altitude, but CO.,has been measured

The 9.6-inicromcter-Oa

by helium cooled mass spectrometer and
shown to be in diffusive equilibrium relative to argon. The GO concentration

auroral breakup compared with the predictiu of the earth limb radiance model. The
dashed line isone Inodel calculation and the
solid curve

needed for the theoretical model to pro-

duce enough intensity to fit the measured
signal seems to be unreasonably large. It is
difficult to find an effective mechanism to
transfer energy in an aurora to radiation in
the 15-micrometer band, and contributions
from chemicai reactions are not expected to
be significant. The conclusion is that the
model needs revision in the calculations of
i4510

115

z

oo.

the earthshine resonance scattering to
agree with the data.
A similar comparison of the altitude profile of the 9.6-micrometer 0 3 emission data
with the same model shows that the 03 data
deviate from the theory by two orders of
magnitude-this time at 95 km. -However,
03 in contrast to CO2, is strongly dependent upon photochemistry. Although im-

LABORATORY COLD INFRARED CHEMILUMINESCENCE EXPERIMENTS: To predict

1.

- 85"
80 ...

_j

is the rocket descent dlata.

to be sufficient, the data above 80 kin
seem to require contributions from
increased 03 concentrations.

\

w
i25
Fm 120
Z

radiance versus altitude profile from a rocket flown into a post-

provements in earthshine calculations may

140 "prove

t35

-5

-background

radiance perturbations which
may result from natural or artilIcial atmospheric disturbances and help assess their
resulting impact on defense systems, it be-

"

comes necessary to specify those chemical
interactions which are important sources of
atmospheric radiation, and to determine
the efficiency with which it is produced,
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The 15-micrometer COt radiance versus altitude profile From a rocket flown into a postauroral breakup compared with the prediction of the-earth limb radiance model. The

dashed line is one model calculation and the
solid curves the ascent and descent data.

redistributed spectrally and degraded. The

Laboratory has nearly completed construcof a new and unique facility designed
tion of

q ut
i
to address just stch questions in a con-

!
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trolled laboratory environment for the first

frared Simulation Experiments), is in the

time.
A new half-kilowatt closed-cycle helium
gas refrigeration system supplies cryogenic
power to provide both an environment of
200 K which completely eliminates thermal
background effects on infrared instrumentation and a substantial cryopumping capability within a closely temperaturecontrolled chamber. The cryopumped
chamber serves as a wall-less reaction voltime within which chemical interactions are
initiated and observed under the low density conditions they would encounter high
in the atmosphere without introduction of
spurious laboratory effects like wall collisions. Actual observation of the resulting
infrared radiation is possible only because
of the many orders of magnitude infiared
detectivity improvement resulting from the
20' K environment,
The initial application for this facility,

direct study of infrared radiation-emitting
processes themselves. It is, in addition, an
ideal tool for investigating relevant atmospheric environmental problems.
Its present unique combination of controlled chemistry and enhanced infrared
diagnostic capability, augmented by universal detection and fluorescence nonitoring now being developed for ionic and
non-radiating species, will allow the
Laboratory to make a unified approach to
problems requiring detailed study. In its
first assignment, this facility will be used to
provide a complete account of the infrared
radiation emitted by vibrationally excited
ozone molecules fomed in oxygen atom recombination, and to assess the contribution
that metastable nitrogen atoms make to the
generation of atmospheric nitric oxide
radiation.

called COCHISE (COld CHemi-excited In-

INFRARED RADIATION FROM AIR EXCITED
BY ELECTRON DEPOSITION: The excitation

source used in the experiment has been a
50 kilovolt, 5 milliampere electron beam
-.

"interacting

with target gas at pressures

from a few torr to a few hundred torr and a
hollow cathode discharge in the 1-10 torr
region at a few hundred volts and currents
tip to 2 amperes. The source was pulsed in
both experiments to simulate the electrical
effect of the deposition of prompt X-rays in
the atmosphere.
Previous spectral observations of the NO
produced in stch sources had not been
time resolved so that the displayed spectra
showed all the features which appeared
during the experiment. Overlapping of
features appearing in the same spectral region but at different times made analysis
very uncertain. This has now been overcome by passing the signal through an electronic gate which can be opened and closed
c..as

General view of the COCH ISE facility show-

ing main vacuum chamber in foreground and
closed cycle helium refrigerator at rear.

desired. The timed portion of the re-

ceived signal is averaged in an integrator
and generates-an interferogram as the observing interferometer-spectrometer is
scanned.

scnnd
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The vibrational distribution of NO depends on whether it was formed as a result

of the interaction of die ground state,
where levels up to v=6 are possible or from
the metastable levels at2.4 eVand at 3.6 eV
which have sufficient energy to excite levels
up to v= 18 and 21 respectively.
Resolving power limitations with the
Spectrometer make it necessary to observe
the overtone region to investigate the vibrational levels formed. So far, levels up to
v= 12 can be reasonably identified. Further
work will be required to enhance the
signal-to-noise ratio so that the presence or
absence of higher levels can be established.
Work is proceeding on calculation of the
that
transition probabilities of the bands so
the concentrations can be found from the
measured intensities.
The rates of disappearance of the

-

.

i

Low pressure, cooled background tank for air
stdies.

By studying the steady state intensity and
decayoftheNOemissionofthefundamen-

metastable N atoms formed in the discharge have been measured by an absorp-

tal, the vibrational quenching rate of NO
has been found with 0,, N,, and-air. These

tion measurement in the vacuum UV. At
high pressure (>3 torr) the rates in air become too fast for the present signal averager and further work will be performed
with a faster instrument. In conjunction
with the time-resolved IR spectroscopy,
these measurements should allow more
complete understanding of the photochemistry.

are important results needed in the prediction of the NO signature expected in atmospheric disturbances.
The major feature of the late events occurring in the experiments is the appearance of N 20. It appears to rise as the NO
falls, but the mechanism is not understood.
Since it is the dominant feature of the spectrum at both times, it will receive further
study.
To study these reactions at low pressure
(<1 torr), a 4 Y2-foot-diameter tank 15 feet
has been installed. It is equipped with
a low energy (300 eV up to 2 kV and 2
milliampere) electron gun. To reduce the
infrared background to levels comparable
with expected signal strengths, the entire

,
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A liquid N2 cooled Czerney-Turner monochromator is being installed and special
high sensitivity low noise cooled amplifiers

have been developed.
THEORETICAL PROGRAM: During the past

Time history from 3 ms pulse from 50 KV
gun, 5 ma, into 150,torr N2 plus 15 torr 02.
t
Shows buildup and decay of NO at 1800 cin
and N20 at 2200- 1 cm.

two years, substantially higher quality field
and laboratory-simulated spectral data of

both ambient and disturbed atmospheres
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have been obtained. For example. the
ICECAP auroral program has provided the
first high altitude infrared- measurements
in excited atmospheric conditions,
Laboratory simulation of excited conditions in the LABCEDE program has produced high resolution infrared spectra of
-air excited by energetic electrons. Information obtained in these experiments has led
to continuing refinements in computer
codes such as OPTIR, which model the
physics and chemistry of atmospheric
radiative processes. This rapid sophistication has presented workers in both the data
acquisition and modeling efforts with a new
requirement for quantitative information
regarding microscopic properties of many
atmospheric molecular species.
In response to this need, a theoretical
program has been initiated at AFCRL
which makes use of the most sophisticated
ab initio quantum mechanical techniques
currently available for the calculation of
molecular wave functions, energies and

A more pressing need in this area has
been affected by the ICECAP and LABCEDE programs which obtain spectra
under conditions where reactions involving
metastables, radicals, and other species
occur to form molecules in high vibrational
and rotational states. The cascade from
these states produces much of the infrared
radiation observed in the aurora and following nuclear detonations. Proper treatment of these chemiluminescent reactions
requires Einstein coefficients for specific
vibration-rotation transitions up to high
vibrational states which are simply unavail-

-129,23

-129.27

properties. The quantum mechanical

capability resides chiefly in the application
of Multiconfiguration Self-ConsistentField (MCSCF) techniques to generate accurate electronic wave functions and properties followed by numerical solution of the

R.tcolc)2 101
H-F

2.

29
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c
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vibration-rotation Schr6dinger equation

yielding observables for specific vibrationrotation states of a molecule.
The current emphasis of this theoretical
effort is focused on obtaining accurate absolute intensities for the vibration-rotation
transitions in important infrared-emitting
atmospheric diatomics. These intensities,
or Einstein coefficients as they are commonly called, determine the observed intensity of radiation emitted by molecules,
and especially for highly reactive or excited

species, they are exceedingly difficult to

measure in the laboratory. The modeling
codes which predict radiation intensity and
also the analysis of atmospheric spectra critically depend on accurate values for these
quantities.
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INTERNUCLEAR SEPARATION (bohs)

Potential curves for the ground state NO cal-

culated at various levels ofaccuracy, proceeding froturthe least accurate single configura.
tion Hartrec-Fock
(H-F) curve, to a
2
0-configuration MCSCF (OVC-20) function,
and finally to

the most accurate curve

(OVC+CI.40)

obtained

from

a

40.

configin ation MCSCF and configutation in-

teraction calculation.

The

equilibrium inter.

nuclear sparations (Re) calculated from each
curve ar indicated and compared to the ex-

perimental quantity. These curves allow di.
rect determination

of rotation-vibration

energies and wavefunctions for NO.
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able or poorly estimated for many of the
important atmospheric species.
The theoretical approach to the calculation of these quantities requires an accurate
representation of the molecular electronic
dipole moment as a function of internuclear separation and accurate vibrationrotation wave functions. The MCSCF techniques discussed above may be employed to
satisfy both these requirements.
To date, specific vibration-rotation Einstein coefficients and infrared line positions to high vibrational levels have been
calculated within this framework for CO,
NO ' , OH, and NO. The results have led to
a significant increase in -understanding of
the radiative processes associated with
these molecules and provide a quantitative
route to concentrations, rate constants and
other properties of excited species in the
atmosphere.
Future plans center around an a priori
treatment of the primary processes governing the radiation observed following impact
of energy on the atmosphere. Heavy and
light particle scattering cross sections are
needed for many molecules as well as intermediate excited and final state potential
curves.
PARTIAL RATE CONSTANTS FOR THE
NITROGEN-OXYGEN REACTION: The study
of the chemiluminescent reaction N+0 2
which leads to the formation of NO
molecules in the vibrationally excited
ground electronic state was continued to
obtain partial rate constants for each level.
The overtone band of NO, which was fo,merly obtained through a circular variable
filter, was measured at higher resolution by
use of an interferometer-spectrometer. Detailed study of this band as a function of 02
pressure exhibited features due to
molecules other than NO. Further investigation showed that spurious signals due to
N 2 0 molecules occurred in the overtone
region of NO. Experiments indicated
formation of N 20 in its ground state
through three-body reaction of N, + 0 +

M - N20 + M. It was established that the
source of vibrational energy for N 20 was
exchanged with vibrationally excited N2
formed in the microwave discharge. Consequently, to obtain pure NO overtone
spectra, vibrationally excited N2 molecules
were eliminated by insertion of sufficient
glass wool in the discharge tube. Experimental spectra were then matched to
theoretically constructed ones and steadystate densities for each level of NO were
derived for levels 2 through 7. Final results
of this experiment is a set of partial rate
constants for formation of NO for these
levels.
As an extension of this experiment, an
NO overtone signal was obtained as a function of 02 pressure beyond the point
where quenching of vibrationally excited
NO-by 02 comes into play. It was found
that the results can be interpreted with a
quenching rate constant k, for 1-0 transition of approximately 10" cubic centimeters per second.

LASER PHYSICS
MOLECULAR ENERGY TRANSFER STUDIES:
An understanding of energy transfer processes among excited molecular states is
fundamental to understanding the operation of gas lasers of high or low energy.
Such processes directly affect laser power,
efficienry and size, and determine uptimum design parameters such as pressures, mixture ratios, temperature and flow
speeds. Energy transfer also governs
phenomena in the upper atmosphere and
is of basic significance in combustion
phenomena, such as in jet engine exhausts.
Lasers have provided revolutionary new
means for understanding molecular
energy transfer. The narrow spectral
widths achievable with lasers allow individual excited states to be populated.
Owing to the high power densities achievable, large excited state populations can be
achieved, making the evolution and redis-
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tribution of the excitation energy easy to

follow by various means.
The Laser Physics Branch has made
numerous contrihutions to the development of laser techniques for molecular
energy transfer measurements. The
Branch has pioneered in the application of
tunable lasers, which makes it possible to
excite arbitrary molecular states at will. A
novel application of integrating spheres has
been introduced to serve the dual purpose
of efficiently exciting a weakly absorbing
molecular transition, and efficiently collecting fluorescence subsequently emitted.
Another novel technique introduced by the
Branch involves the use of carefully controlled multiple laser wavelengths to popu-

4#1

late excited states which otherwise are inac-

Experiment to measure

cessible.
Molecules which have been studied inelude CO,HF and DF. Each of these is an
active material in a highly important laser
being developed at the Air Force Weapons
Laboratory, Kirtland AFB, New Mexico.
The encrgy transfer rates we have measured, using techniques described above,
are a crucial component of computer models being used to understand the perforiance and optimize the design of these
lasers.

transfer rates in gases. Gas residing in dim-

INFRARED MOLECULAR GAS LASERS: A

number of molecular gas lasers are being
developed because of their potential for
high output energy. However, there exist
needs in many areas for infrared lasers of
lower energy but with special characteristics, such as compactness, efficiency and
specific wavelength. There are also regions
of the infrared spectrum, notably at very
long wavelengths, where fruitful applications have been speculated, but where even
preliminary technology to test concepts was
unavailable. Our infrared molecular gas
laser activity has addressed these needs and
opportunities.
The submillimeter region of the spectrum is one which until recently had been

:

vibrational energy

ped gold integrating sphere is excited by op.
tical parametric oscillator-in foregound. Detector above sphere meastnes fluoreScelce.

detector behind oscillator iegisters input
power and electronics normalizes all measU'011ets to input power.

little explored. Important applications,
such as weapons effects diagnostics, exist,
and others, such as secure communications
and all-weather-landing radar, have been
conjectured.
Scientific
applications
abound. An important advance in the technology of submillimeter waves was the
demonstration of an optically pumped
submillimeter laser at Bell Telephone

Laboratories, where a CO.,laser was used to
pump a molecular gas, stimulating it to emit
in thesubmillimeter. Following that initial
demonstration, we have made several important advancements in the technology.
In prior work it was necessary for the pump
la-er frequency to overlap a molecular absorption line of the gas being pumped. This
restricted the systems to which the technique could be applied. We have demonstrated two ways in which this restriction
can be overcome. One, the "off resonant
optical pumping" technique suitable for
pulsed systems, relies on the fact. that
molecular absorption lines are broadened
by a high intensity infrared pump. The

LM
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other, suitable for CW or pulsed systems,
uses adc electric ield to tune an absorption
line into coincidence with the punip laser
fiequency. An important aspect of the latter work was the use ofwaveguide modes of
the two plates through which the dc field
was applied, to propagate the generated
submillinteter radiation. This dernonstration of a two-plate waveguide laser
will be much more generally useful: for
example, it could lead to compact, high
repetition rate hybrid chemical lasers.
The optically pumped submillimeter lasers work by creating a population inversion
and lasing between pure rotational transitions. These transitions can produce laser
wavelengths as short as about 50 micronteters. We have demonstrated a closely
analogous optical pumping technique
wherein the lasing takes place between vibrational states. This technique is generally
applicable at shorter infrared wavelengths,
Our technique is a general means of converting the wavelength of a good existing
laser into a more favorable wavelength because of propagation or applicationmotivated factors. We are currently investigating the use of optic-A pumping techniques to generate useful lasers in the 3-5
micrometer spectral region.

'eloped in-house. It is uniquely capable of
telling what mechanism is causing damage
to a given specimen under given conditions. The survival time technique cannot
only tell damage mechanism, but can also
measure with great sensitivity the paranietcrs associated with each mechanism. This
provides an invaltable feedback to the
component producer so that he may intprove his processing to alleviate damage
problems. In addition to studying basic
causes and cures for laser-induced damage,
we have provided, as a service to various
other DOD agencies, an assessment of the
damage characteristics of materials in
which they had special interest.
Thin film dielectric coatings used for
mirrors, or anti-reflective coatings, are
often the weakest link in a pulsed laser systen. For this reason, understanding and
improving the damage properties of films
has been a focus of our efforts. We have
investigated mirrors made by many commercial suppliers and have shown that in
most of these, bulk absorption is not a significant factor. The damagealinost always
occurs due to the presence of absorbing
defects in the dielectric film. Currently, we

LASER INDUCED DAMAGE: Pulsed laser
systems are the basis for recent radical advances in Air Force weapns delivery
capabilities. In extensions of twis capability,
numerous requirements exist for higher
laser power and more compact devices than
currently exist. The most serious problem
limiting the power or size of many pulsed
laser devices is damage-to optical compo-

nents caused by the laser radiation itself.
This problem has been-under investigat" an
here for several years. AFCRL scieri.ists
have made major advances in diagnosing
and understanding the physical causes of
laser-induced damage under many different conditions. Over the years, an experi-

mental diagnostic procedure, known as thle

"survival time curve" method, has been de-

I

A-laser triggered switch built for in-house
laser-induced danage experiments. Rise and
fall times of 0.7 n have be'n-achieved.
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are working with several coating experts to
eliminate or minimize the problems caused
by those defects. By focusing the laser beam
to spot sizes small enough so that the spot
irradiated almost never includes an absorbing defect, we have shown that the next
most damaging mechanism is due to eleciron avalanche, and that laser intensities
about ten times greater are allowed before
this kind of damage occurs.
Although the work in laser-induced
damage to films was motivated by laser
problems, the sensitivity with which the
technique measures various coating
parameters offers promise that it can be
used to learn about films meant for other
purposes-for example, electronic components. This progress represents a considerable understanding of laser-induced danage, and some understanding of how to
combat it.

within the Branch. This geometry allows
for uniform, efficient pumping of the active medium. It allows for efficient heat
removal from a large, usefil volume of active material.
A technique was invented for stabilizing
the frequency of a wideband tunable laser
(such as a capillary laser) at an arbitrary
value. The technique uses the molecular
Stark effect to shift the frequency of an
absorbing gas to the desired value. The
laser frequency is then locked to the center
of the absorption line. There are many important uses for capillary lasers which require such careful frequency control.
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Ionospheric Physics Laboratory

For communication, detection, and navigation, it is vital for certain Air Force operations to transfer information quickly from
one location to another, or detect reflections. Radio transfers information by coupling electromagnetic energy into the surrounding medium, such as the atmosphere,
ionosphere or magnetosphere by means of
antennas. In these media, electromagnetic
signals propagate, but the quality of the
information conveyed can vary depending
on the temporal and spatial structure of the
propagation medium. This structure varies
in a poorly understood manner although it
is known that solar, earth-induced and
atmosphere-induced driving forces are at
work. The ionosphere, which helps guide a
frequency band of radio signals over large
distances, is particularly sensitive to
changes in solar radiation. Such changes
alter the propagation conditions for electromagnetic waves. The capability for predicting these changes and their effects on
radio waves is presently limited. The causes
underlying the behavior of the ionosphere,
the response of the interactive magnetosphere-ionosphere-atmosphere system to
solar radiation and its changes, as well as
the coupling between these subregime,
must be better understood to aid Air Force
missions more effectively.
There are two classes of solar radiation:
waves and particles. The waves that produce and modify the ionosphere have
wavelengths below 200 nanometers and
thus contain extreme ultraviolet, X-ray and
gamma-ray radiation. This radiation directly affects the daylight portion of the
earth's atmosphere and is particularly effective in changing the ionosphere at low
and middle latitudes. Corpuscular radia-
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tion consisting of energetic charged particies changes the ionospheric characteristics
at high latitudes as earth-bound solar patticles are deflected toward the polar regions
through the influence of' the earth's magnetic field. A second set of less energetic
particles is contained in the solar wind.
These particles enter the earth's magnetosphcre through the magnetosheath. By still
unknown processes they are accelerated
from a few 100eV to keV and even MeV
energies and precipitate into the high
latitude ionosphere causing extreme and
rapidly changing ehcctron density distributions in association with aturoral displays.
The most severe ionospheric modifications
occur during large-scale dynamic events
known as substorms. I n the ionospheric response to all these modifying influences,
propagation conditions for electromagnetic waves change.
To minimize or eliminate the potential
degradation of communication, surveillance, detection and navigation systems resuting from- solar disturbances, the Air
Force has established a Research Objective
directing a study of' the ionospheric environnient to assess and predict the radio
frequency effects that can be expected in
the course of varying solar activity on a
short-term and
shot-trm
nd long-ter'm
ongtcrn basis.
bsis These
Thse di-irectives resulted in the conception and jirplementation of a variety of research prograis within the Ionospheric Physics
Laboratory whose ultimate purpose serves
to overcome the deficiencies likely to be
encountered. Some of these deficiencies
are in the fields of ionospheric absorption
blackout conditions: signal deand
lays under
imposed
by the ionosphere causing
range errors: field-aligned irregularities in
the ionosphere causing undesirable -radar
clutter and scintillations of transionospheric radio signals; wave-like
disturbances causing global ionospheric
changes, iuiltipath, and refraction errors:
regional depletion of ionization associated
with the ionospheric trough; inadequacy of
ionospheric models and ray-tracing coinpurer programs; existing shortcomings in
efficient automation of ionospheric data

reduction and processing for ionospheric
mapping and prediction
schemes. Efforts are also directed to define,
in order to exploit, the most effective and
reliable transmission mode for low frequencies propagating in the earthionosphere waveguide. Solar radio emissions are monitored on a \ orld-wide basis
and analyzed to impro\ e the earl) detection
of solar events likely to cause disruption in
the performance of' vital Air Force ftunctions.
specification,

TRANS-IONOSPH ERIC PROPAGATION
STUDIES
VH F radio beacon signals from low altitude
and synchIonouis satellites, as well as from
radio stars, are used to stud) the effects of
the ionosphere in both producing signal
amplitude fluctuations and rotating the
plane of polarization of linearly polarized
signals. The amplitude fluctuations of the
signals are produced by ionospheric it'regularities at F-layer heights, particularly
at high latitudes and tile equator. Th
Faraday rotation of' the plane of polarization is used to study the total electron content of the ionosphere,a parameter of importance in correcting radar range and
a in
corra
TOTAL ELECTRON CONTENT: The total
electron content (TC) of the earth's ionosphere is defined as the total number of
electrons contained in a column of unit
cross-sectional area extending from the
ground to a height of approximately 2,000
km. Typical TEC valtes vary from 1O0 to
I0' electrons in a column one sinaie
meter in area, the exactvalue delendingon
geographic location, local time, season,
solar extreme ultraviolet ftlux, and
geomagnetic activity. This variation affects
any system which uses radio waves that
propagate through the ionosphere. The
electrons distributed along the radio ray
path produce a retardation in the velocit%at
which the information is carried by ihe
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Th'.1'ie first p~reli minary miulti-station
analysis of TEC obtained from the AFCRL
network showed thie doinanit solar conitrol

of the ionosphere dturing the daytime, and

M

the influence of geomagnetic processes
which cause aItrough (or minimitim) in the
nighttime TEC near 60 degrees latitude.
TEC measturemen ts have several dlirect
uses: they, can be converted to ionospheric

Acontour map of total electron content of the
northern mid-latitude ionosphere. construicte(Ifromiobscrvatiois oftdie ATS.3 satellite, during December 1971. The subionospheric points shown for cacti station are
relative to the ATS.3 satellite. The contours
are multiples of 1016 electrons in a column I
sq~uare mecter in area.

group-delay corrections at variotus r'adio

signal. The phenomenon is called the
"ionospheric group path delay." If the
signal's timie of arrival is important, as in a

*1radar

75*N

system or a navigational satellite's

position-fixing
systemn,
the
transionospheric group delay can cause timing
errors (and therefore position errors) of'
significant proportions, especially if the
overall acctiracy desired is of the same
order as the ionospheric delay. A typical
time delay for a radar operating at 430

MHz
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1,000 nanoseconds (10 to 10") for a tar-get
at the zenith, corresponding to a posi-

tional error of 3 to 300 meters.
The practical value of TEC data lies in its
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ability to provide continuous information90
about the ionospheric plasmna alongspecific
earth station-to-satellite paths. During solar
and geomnagnetic disturbances, TEC ineas-CAS-ATO*W
ureent povd a idlavlable de-

TCOSRIGSAIN
TEC 420 KM SUB -ION. PTS.
IONOSONDE STATIONS

A

scription of the often drastic effects which
occur.

Observing statiotns for determining total elec-

AFCRL has constructed a network of
TEC (137 MHz)-observing sites spanning
polar to equatorial latitudes. AFCRL sta-

the points where the line of sighit to the ATS-3
satellite, in synchronous orbit at 700 west Iongitude. crosses 420 kmn altitude.

troll content.The sub-ionosphericpoints are

2,18

frequencies: they are used to generate and
test global ionospheric models which
specif), propagttion conditions, and detailed observations of the latitudinal and
local time structure apply) directly to theoretical studies of' ionospheric processes.
The AFCRl. network of' TEC observatories is also being used to examine the
large ionospheric perturbations which accompany geomagnetic storms. A technique
f'or iso-TEC contouring has recently been
used to examine the ionospheric response
to both global magnetic storms and the
more temporally and spatially isolated
magnetosl)heric substorms. hvestigations
of magnetic storim effects on ionospheric
electron content measured from Sagamore
Hill have revealed the storm-time variations at mid-latitutdes. Thus, the extension
of this work towards polar regions will help
unify current understanding of the global
characteristics of' ionospheric storms.
PHASE STUDIES USING INTERFEROMETER
AND DIFFERENTIAL PHASE SYSTEMS: A 137
MHz interferometer has been in operation
at various locations since 1970. The interferometers have a-300-meter baseline on
Sagamore Hill, Hamilton, Massachusetts; a
10-kin baseline between North Ipswich and
Sagamore Hill: a 50-ki baseline between
Durham, New Hampshire. and Sagamore
Hill; and a 3-kin baseline at Goose Bay,
Labrador. At each site the 137-MHz signal
from a geostationary satellite was the
source of the probe frequency.
The interferometer is tsed to make precise meastirements of the apparent angular
position of' the satellite. Refiaction effects,
which vary with time, cause small deviations
which appear as phaise changes of the probing fiequency at the baseline terminals.
The measurements have revealed )r.onounced diurnal and seasonal variations in
the amount of refraction. The diurnal variation in refraction has a maximum near
local noon and appears to be partly controlled by t normal
ve
diurnal variation ofi
integrated ionoslpheric electron content.
Quasi-periodic variations, usually between

5 and 100 minutes, are attributed to travelingionospheric disturl)ances which appear
to be caused by the propagation of internal
gravity waves in the neutral thermospheric
gas. The power spectrum shows that the
periods of most fluctuations range from 20
to 40 minutes and that very few are less
than 14 minutes. Goose Bay, Labrador, appears to be on the fringe of' the region
where the gravity waves are generated,
since the data from this site show the effect
to be minimtm.
Fast phase fluctuations of' the 137 MHz
signal along each baseline were generally,
btt not always, correlated with amplitude
scintillations.
The interferometer measurements are
presently being terminated and emphasis is
placed on a differential phase system. The
launching of* ATS-6, a geostationary satellitc with several coherent probing frequencies available, provides the means for making nearly absoltte phase measurements.
(The interferometer is limited to phase
measurements along its baseline.) The systemn is extremely sensitive and the ionospheric phase data, unlike the interf'eriometer, are not contaminated by relative position changes of' the satellite.
Useful inflormation provided by a differential phase system includes: the diurnal
Variation of, the electron content in the
medium all the way to the satellite: micasurement of essentiallyabsoltte ionospheric
phase on the 40 MHz satellite freqtency
when compared against the coherent 360
MHz frequency, which in turn allows
measurement of' the variable reftraction
pattern: extreme sensitivity in detecting
traveling ionospheric disturbances: and
with three sites, the opportunity to determine the direction, speed and height of the
T.I.D.s, as well as the direction of the variable refraction angle; and extremesensitivity in detecting fast phase scintillations with
the opportunity to correlate them with amplitude scintillations, and to determine
their effect on communications.
SCINTILLATIONS AND MORPHOLOGY:
Amplitutde fading of*signals from HF11to

2.t9

inicrowaves traversing tile ionosphere has

recentlv been studied by many radio propagation research teams. Both deep fluctuations oil microwave signals received
through the equatorial ionosphere and
deep fading at f'requent ies in the 130-400
MFlz region at auroral and polar latitudes
have been noted. Both are caused by small
irregularities at 200.600 km altitude.
Skin tracking radar signatures of missiles
or satellites lose clarity when they pass
irionospheric
small-scale
through
Ai,"-to-satellite-to-grotii n:
regularities.
communications systems experience deep
fading during magnetic storms when the
signals traverse the high latitude disturbed
ionosphere.
Recent concentrated scintillation studies
at- AFCRL took observations at a chain of
stations between the 45th and 75th meridians fr'oi Thule, Greenland, to Huancayo, Peru. During severe magnetic StolrmS
(the worst problem for user organizations),

distributions of fading have been measured

as well as the morphology of the irregularity regions. During the magnetic storms of
August 4-10, 1972, intense scintillations
were noted even (luring the daylight hours
at latitudes as far south as Washington,
D.C. The magnetic storms of' 1972 and
1973 have been studied to determine the
rate at which the high latitude intensity itregularity region expands and the depths
of fading reached during various times.
The intensity of the small-scale irregularities is being correlated with DMSP
auroral photographs. At auroral latitudes,
signals begin fading four to five degrees
south of the latitudes at which the aurora is
seen. The aurora, predominantly at 100 km
altitude, is narrower in height than the
F-layer irregularity zone. However, many
of the characteristics of the two are the
same. During magnetic storms the intensity
of the aurora increases and the luminosity
expands both equatorward and poleward.
The intensity of tile small-scale it-regularities (typically 500 meters to several
kilometers in length and aligned along the
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Stations observing satellite signals and the

satellites they obset ved to analyze the global
effects of sintillations during the magnetic
sots of August 1972. Invatiant latitudes at
300 km altittide, as well as geographic Cool di-

narcs. ae indicated.
earth's magnetic field) also increases, and
the F-layer irregularity region expands
even more toward the pole and the equator
than the aurora.
A statistical model of F-layer irregularities at high latitudes has been published. It integrated observations for both
magnetically quiet and disturbed periods,
allowing the systems designer to understand the latitudinal effect and magnetospheric physicist to explain the interaction
between magnetic fields and the irregtularity generation mechanisms.
Future work in this area will include correlations with clutter in HF barkscatter as
well as a -program with high altitude satellites (DNA and AFSATCOM) transmitting
over high latitude stations.
SIGNAL STATISTICS: Various scintillation
indices have been used to describe the
depth of amplitude fluctuations caused by
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were shown to closely follow the Nakagami
. ...... i distribution. Simultaneous distribut,9tns
-.
........ for two frequencies were measured and the
f'requency dependence of scintillations was
evaluated. The spectral index was related
0to
the in parameter, allowing tle prediction
......V,... 4
of scintillation effects in other frequency
lands of interest.
In conjunction with the amplitude clistribution, the fading rates of scintillations
determine
the tihe
message
The
amount of tinme
signal isreliability.
above tihe mar-..
0

Signal statistics for messages ta-ansntitted at
254 MlHz bylthe LlS.6 satellite, to the station
at Hotanca)o. Peru. The 2-minute gral)h of

gin specifies statistics of good signal level
and is useful in choosing data frame formats. The statistics of fades are useful in
selecting coding and time-diversity techniques. The study is continuing with em-

phasis on particular Air Force satellite
communications systems.

fading shows that for a tiiessage requring .4
seconds to transmit, onl'Y 13 percent of the
m|essages would be I eceived, eve|| though the

signal was above the fade margin almost 80
percent ofthe lime (shows effects ofperiod of
scintillations). I fthe fa(les had bee|t ofshorter

petiod, all of the miessages would have been
lost. The graph atthe lower light shows the
relative nsumber of fades ofatly duration. The
sevetitv of the 1)oblet isindicatecd b)the fact
that themajoiityofthefadesaegreaterthan
the fade margin.

ionospheric irregularities. Scintillation
index does not describe precisely the fading
characteristics of the signal in sufficient detail for either the engineer interested in
propagation effects, or for the physicist interested
in determining scattering
mechanisms for the signal. Information on
the fade margin, which specifies -the
amount of increased power necessary to
overcome ionospheric scintillations as a
function of local time, latitude, season, and
magnetic index, is usually required for a
complete evaluation of the expected performance of trans-ionospheric communication systems.
Amplitude distributinns were related-to
scintillation indices and a technique for
converting archive data to a cumulative
amplitude distribution was developed,
Ionospheric scintillations in the VHF band

SOLAR RADIO ASTRONOMY RESEARCH

Research has shown that one of the best
tools for studying solar activity is the radio
emission. Apart fron tie spectrally narrow
optical region, radio offers the enly other
spectral window for solar observations
from tile ground. Its quantitative data provide reliable predictors for geophysical
phenomena. Continuing research provides
an increasing number of associations,
which help in understanding the
mechanisms of the sun.
A balanced program of research satisfies
operational needs by providing significant
observational data and by investigating how
the data are correlated with ionospheric
and geophysical parameters. Patrol-type
(low angular resolution) measurements of
the quiet sun and bursts, and high resolution measurements of active regions are
made in the solar radio astronomy research
program.
Absolute accuracy in the measurement of
quiet-sun radio emission has become an
operational necessity. The slowly varying
component of solar-radio emission relates
well to atmospheric neutral density, which
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cauises drag on spa~ce vehicles; therefore,
radio data providle an input to satellite post-
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tion calculations. Recent results indicate

mlay, at certain periods of' the solar cycle,
leadi to better neutral-density predlictions
thain the use of the traditional 10-cm
wavelength data. Qtiiet-sun radio clala are
widlely uised for calibration of DOD
telemetry-range antenna systems on a
rouitine basis. For this application, day-today consistency of patrol data is requtiredl~

andl maintained.
~[SGOEHL
T[he Ai -Weather Service, through its
Space Environmental Suipport System
(SESS), is the agency through which data
are disseminated. We work closely with
AWS in both operational and research apI 0~~
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GREATBURST OF7 AUGUST 1972 ANDITS EFFECT
ON IONOSPHERIC TOTAL ELECTRON
CONTENT
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wavelength radio emlission data.

lplicatioiis. Sagarnore Hill is the principal
station of th e Ai r Force solar radio net work,

continuously developing techniques and

~providing calibration foteotherstio .
A second generation solar radio network
(RSTN) is -in the procurement stage, with
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AFGRL responsible for engineering direc-

tion. Partly completed stations of' the netFREQENCYM~zwork at Mfanil:;, Athens, and Hawaii (all
lopoo insrumnte byAFCRL) now complement
0001000
FREQUNCY
M~zthe

Sagamiore Hill station.
The radiation fr-om the sun (both quiiet

Comparison of btiist integrated fltux density
spectra for events of August 1972 aInd Jul),
1974. The shot centimeter wavelength flux
densities correlate well with PICA'S and>1i MeV protons, where _1017 joules is tileap.
proximate thveshold of p~article dietectioni.
Note that the July 4, 1974 event had a high
integrated flux dleisity (and energy) overthe
meler-dedineter band. Large qtuantities of low
energy protons wvere-observed for this event,

and disturbed) comes lfrom different solar0
altitudes for diffe'emu. wavelengths, thus
req1uiring multifr-eqtzency measurements.
The radio patrol provides spectral informnation with an overall acctracy of roughly
0 Percent. Recently, absolute calibration
measurements were madec at 15.4 GHz
using a precisely constructed optimumin-

)jU
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gain Iorn. The results confirmed the absolute accuracy of' the Saganmore Hill patrol at
15.4 GHz whose original calibration was
based on lunar observations.
The U-Shape spectral signature is working well as a yes-no predictor of catzastrophic proton events. NORAD has requested immediate reporting of solar outbursts occurring at deci meter wavelengths,
Burst integrated flux density provides a reliable predictor of ti magnitude of a PCA
event that begins soon after the burst. Future research will concentrate on predicting from radio data the probable time of'
onset and the probable duration of proton
events. The integrated flux density of' a
radio burst at centimeter wavelengths may
offer a more reliable indication of the proton flux at energies greater than 10 MeV
than the flux density at longer wavelengths
which seems better correlated with the flux
of lower energy solar protons.
The burst spectrum above the frequency
of maximutm emission relates to the energy
distribution of the radiating electrons. Extreniely hard (flat) spectra-have been found
to be well correlated with white-light flares
and ground-level events. A remarkable
similarity of structure has been noted between temporal behavior of hard X-rays
(greater than 20 keV) and short, cmwavelength microwave bursts. The similarit), of the spectral index variations in these
two wavelength regions during the burst
suggests that the same electrons produce
both types of emission. Also, remarkable

allow ,nore accurate and more nearly realtime reportit. of' burst activity. Automation can make various types of burst spectral information availalble quickly and in a
form well q':ited for statistical studies.
Radio studies of individual solar active
regions were conducte, on the NEROC
120-foot Haystack radio telescope to find
precursor activity which would give advance warning of flares on the sun. Teiperature (T) and polarization (p) characteristics of the 3.8 cm radio emission were
monitored with a narrow 4.4 arc-minute
antenna beani. A number of regions displayed not only temperature variations
minutes to hours before the flare, but also
had strong polarization Variations which
suggest significant magnetic field changes
occur prior to the flare. The (Tr) and (p)
variations for several events were timeseries analyzed for possible periodicities in
the power-spectruni. Large power comjponents were found with periods from 250 to
380 seconds. Similar periodicity (fiveminute periods) has been noted by several
optical and radio observers at photospheric
and chriomospheric levels. Since the 3.8-cm
emission comes from the transition zone
(between the chromosphere and corona)
where flares are thought to originate, it
provides whalappears to be a very sensitive
indicator of impending soi,i' eruptions.
Active regions have also been studied at
8-m wavelength in an attemlpt to identify
proton-flare regions long before catastrophic activity begins. Although the tech-

agreement between short impulsive mi-

niqtic does not prodnce any "false alarms,"

crowave bursts and XUV bursts has been
noted for the first time. The-range of frequencies enclosed within the "U" for
U-shaped bursts has been studied to determine its exact correlation with proton
energy distribution. A broad "U" is indicative of a hard- proton energy distribution
(high particle energies), while a narrow "U"
suggests a soft (low particle energies) particle energy distribution,
A data automation system has been developed and tested at Sagamore Hill to

there may be "misses" for very hot localized
regions of small angular extent that cannot
be resolved with tie 2-4 arc-minute beamwidths used in the studies.
The influence of the magnetic field on
the polarization of bursts is also being
studied. The identification of spectral signatures in the temperature profiles of radio
bursts is also being attempted through
polarization stidies. The AFCRL 5 GHz
polarinieter, wihich measures all four
Stokes parameters, has been conpleted,
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Si nce 1967, AFGRL has monitored the very
stable high frequency signals transmitted
Observatory of' Canada-at, Ottawa. These

N AUes

150 Isll5

1 0UT,
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513

Burst profiles of Auigust 7. 1972. event at
selected radio and haid X-ray regions of' the
spectrum. Note the remarkable agreenment il
tile f ine-scale vat hations. *Iio Components of
emission wte apparent: 1) gradual (clashed
line), and 2)impuilsive (solid). The similat bty
iaof' microwave and hard X-ray spectal %'at
tions doting tile burst suggests that the sante
elections produce both types of' radiation.

signals reach tile receiver by reflection
froml the ionosp~here, and any disturbance
of the ionosphere in a vertical direction
changes the p'lasc of tile received signal.
fchneo hsphs safe
Tert
Tertofcagofhipasisar-

qutency, whicl, is recorded with great preci-

sion and sensitivity. This Doppler fie-

~iny sal

ayn

ntmcnb

t

to determine tile changes in thle pr-opaga-

tion pirth, and these, in turn, can be related
and ntimerous bursts have been irecordedl
in circulatr polarization. -Polar-ization data

to vairiations of ionospheric reflection
height.L

for comparison of radio bursts at 7.0 GHz
and 9.4 GHz at-c being obandthrough-

Analysis of ionosphi-ic Doppler-data obtamned from these transmlissioins led to the

AFGRL-ftinded grants withi Mackenzie

conclusion that height variations of'global

University and Instituto Geofisicordel Peru.

extent wer-e associate-d with oscillations in

That meter-decimecter sonar Type 11 and
Type Ill bursts, consisting of ftindamental
and hairmonic bands, may be caused by

the magnetic field with a period of eight
mints ces. Similar oscillato-y disturbances
with muichi shorter periods have pireviously

Raman scattering has beeni confirmed by
labot-atory-controlled experiments at
AFGRL using cliiect-cui-rent gas dircharge

been relatedl to ionosphzric r-adio absot-ption and optical emissions. However, this is
probably the first observation of this
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Hz Omiega emnission fronti Trinidlad, W\est
Inches. as received at Table M~ountain, Coloraclo, was not possible, but could not be
ruled out. Analysis of Extremely Low Fre-
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Peak'to-peak excursion in gammnas of the
hoii/jontal componentI of the magnetic field
cdisiti t Iance vector for the October 10. 1969
mnagnetic distuirbance froin 0006 until 00222mi
Universal 'rinic. i'he mnap is aI polar plot in

geographic coordinates.

sity of Rhode Island, showed variations of'
cavity
the funda miental eart -ionosphere
reso(Schumiann
frequency
resonance
ace)
l2i fro aibout 8.'to about 8.2 Hz. ThIis
decrease coincided with a lowering of the F
region by approximiately 3 kmi.The shirt in
resonance fr-equency (huring the lowering
of the F region seenis to imiply that the
effect of' the hydromlagnetic wave on thle
Was not conifinedl to the F
by mneans of' the high
frequency tratlstnission -but mnay have ex-

tended to thle E
or. 1
region.
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eighit-miinute periodicity ;n F-region height
variations and its global extent.
The global variations of the size of ther
horizontal comnponent of the mnagnetic clisturbance, determ-ined for mnore than 25 observatories, were strongest at about 65 degrees geomagnetic latitude and in- tile
noon-evrening sector. Near' synchronismi

was noted for ionospheric variations for at
least two probing locations separated by
miore than 2,000 km. At m-id-latitudes, aI
change of' 10 gammnas in the magnetic disttn'bance cotuld be associated with a change
of -1 km in ionospheric height. No changes
inl amiplitude and phase of the 100 kHz
Loran C signals transmitted from the statiol at apeFear
Noth Crolna, ere
tionatearapeNorh Crolia, eIT
detectable in Golor.cau, (luring a disturb-

auice nionitoi'ed on October 10, 1969. COI'relation with thle distturbance of fluctuations in amiplittide anid phase of the 13.6
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'I'he top trace shows the variation in fre(1110Kv of the 13.0 MHz signal tiansmnittecl
Fr-om Havana, IlIlinois, as received at Botulder,
Colorado. Thei change in frequency implies a
velocity of the ionosphei ic reflecting layer. as
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Further analysis of' this and similar events
provide more detailed information on
one of several sources of ionospheric perturbations that change the conditions for
radio wave propagation.
AMRORAL INVESTIGATIONS
The Ionospheric Physics Laboratory

e

utilizes a uniqJuely instrumented NKG-i135
Airborne Ionospheric Observatory in an
extensive program of auroral and ionospheric research. Numerous expeditions in
this program have provided ionospheric
and optical surveys over large portions of
the arctic region. Also, the Ionospheric
Physics Laboratory and the Air Weather
Service are coop)erating in the Auroral Data
Program which has established a newv
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function of' universal time (UTI) compared to
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technology-the ability to specify the auroral ionosphere on a global scale by means
of auroral photographs obtained from the
Defense Meteorological Satellite Program
(DMSP).
These research efforts seek a better understanding of ionospheric structure and
dynamics, so that this knowledge can be
incorporated into studies and verification
testing which support Air Force communication, surveillance, and detection systems.
These research programs also enhance the
operational effectiveness of the Space Environmental Support System of the Air
Weather Service which, in turn, supports a
variety of Air Force users.
The intimate connection between magnetosphere, solar wind and ionosphere has
required the scope of investigations to be
extended to space measurements as well.
This has been rewarded in the area of observing auroral ionospheric variations in
terms of the interplanetary magnetic field
(IMF), and conversely, monitoring satellite
space environment via auroral observation,
the latter having direct systems application.
The Airborne Ionospheric Observatory,

gressive poleward decrease in the energy of
auroral electrons. The southernmost regime is associated with enhanced D-region
ionization; next is a regime of auroral
E-layer ionization, and the northernmost
regime shows the presence of F-layer irregularities. Patch-type auroras are associated with the D-region ionization, and
the continuous aurora is associated with the
auroral E layer. A region of enhanced 6300
angstrom emission ("red band") is collocated with the F-layer irregularity zone
(FLIZ). The "red band" and the FLIZ extend continuously across the geomagnetic
day sector from 0800 to 1730 corrected
geomagnetic time. The "red band" has a
width of 2 to 5 degrees in latitude and occurs between 75 and 80 degrees corrected
geomagnetic latitude. Dayside discrete auroras occur within the "red band," which
bridges time sectors in which discrete auroras are temporarily absent. The "red
band" and the FLIZ result from precipitation of low energy electrons of magnetosheath origin down through the polar
cusp into the upper atmosphere.

a versatile system with unique capabilities,

INTERPLANETARY MAGNETIC FIELD (IMF):

is instrumented with a digital ionospheric
sounder, photometers, spectrometers, allsky cameras, and HF and VHF receivers,
With the Airborne Observatory, the midnight sector or any other sector of the auroral oval can be observed continuously for
extended periods of time by flying westward, opposite to the direction of the
earth's rotation. On the other hand, by flying eastward, in the direction of the earth's
rotation, local time is accelerated, and the
entire auroral oval can be circumnavigated
in a single aircraft flight.

The airborne all-sky camera and the ionospheric sounder have been used to follow
the time history of the equatorward boundary of the auroral oval and the FLIZ. A
dependence of the equatorward boundary
of the FLIZ on corrected geomagnetic local
time and on magnetic activity was demonstrated. Meridional motions of the
equatorward boundary of the auroral oval
and theFLIZ were found to correspond to
variations in the interplanetary magnetic
field.

DAY SECTOR: Research flights of the Airborne Ionospheric Observatory in the daytime sector of the auroral oval revealed for
the first time the existence in this sector of
three ionospheric regimes which are produced by precipitation of auroral electrons.
These ionospheric regimes reveal a pro-

QUIET PERIODS: Airborne Ionospheric
Observatory data taken during magnetically quiet periods were correlated with
data from ground stations in Alaska to derive a basis for understanding more disturbed conditions. It has been found that
during quiet magnetic periods there are
two circumpolar zones of E-region ioniza-
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tion with different characteristics. The first

substorm. An F-layer irregularity zone

zone is a particle-produced auroral E-layer
band that has previously been found to be
identical with the continuous aurora. The
second is a zone of sporadic E which iscollocated with the discrete aurora and is observed- poleward of the first band.
During quiet magnetic periods, the main
trough, constituting a regime of depleted
ionization, is a prominent feature of the
night-sector F region. This trough is most
pronounced in depth in the early morning.
It is bounded on the poleward side by a well
defined "wall" of F-region ionization. The
night-sector poleward-trough wall is located approximately three degrees of
latitude equatorward of the discrete auroral oval. A plateau of F-region ionization
extends from the poleward trough wall to
the auroral oval. These results suggest that
during exceptionally quiet periods the
polar ionosphere is dominated by quasistationary circumpolar patterns that un-

(FLIZ) associated with the "red band" is
observed to be a regular feature of the
nightside ionosphere, and may be caused
by precipitation of low energy electrons
from the plasma sheet. The poleward wall
of the main F-layer trough coincides with
the equatorward edge of the "red band"
and FLIZ.

,

dergo relatively minor temporal variations.

,

,,

MIDNIGHT SECTOR: Ionospheric and au-

roral phenomena in the midnight sector of
the auroral oval have been observed simultaneously by coordinated aircraft, satellite,
and ground-based measurements. By combining these measurements,.the principal
auroral and ionospheric features-were continuously mapped before, during, and
after magnetospheric substorms. Measurements indicate the presence-of a wide
band of continuous aurora, such as auroral
E layer, which persists at all times and is
observed even at very quiet times, during
which discrete auroral forms are absent. At

other times, the discrete auroral forms appear embedded in the continuous aurora
or located just poleward of the band of continuous aurora. On the nightside, the "red
band" contains both-discrete auroras and
the continuous aurora.During auroral sub.
storms, the "red band" varies in latitudinal
width from three degrees near substorm
onset, to greater than ten degrees during

the maximum of the expansive phase of a

A montage of DMSI' auroral photos, recorded near midnight on four consecutive
satellite orbits. The bright band seen on the
top of each photo isthe instantaneous posi.
ground projection of die auroral oval. hIle
tions of the ISIS satellite tracks are noted on

each

photo. The

!SIS satellite measured pre-

cipitating )articles, which produced the anrora seen in the photo, and measured the

topside ionosphere. The flight route of the

Airborne Observatory is noted across the an.
roral photos by a diagonally dashed line. The
Airborne Observatory nmeastired the struc-

ture of the bottomside ionosphere in the region of the auroral features seen in the
photos.

Al
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AURORAL DATA PROGRAM: An achievement of the Auroral Data Program was the
initial demonstration of the feasibility of
providing near real-time ionospheric data
on a seni-global scale to Air Weather Service customers by using the Defense
MNIeteorological Satellite Program (DMSP)
satellites' auroral images to infer the structure of the auroral ionosphere. Fhe Aurora! Data Program has subsequently enhanced the operational use of the DMSP
satellite auroral data, and present work is
focused on technique development to allow
optimizing future DMSP satellite sensors.
The initial data base for the Auroral Data
lProgram resulted fiom a series of simul-

geosynchronous orbit. The geomagnetic
field lines and the particle flux regions
which intersect I)SCS ultimately extend
lo( n10
to ie ionosphere in the region of the

taneous measurements between the Inter-

national Satellite for Ionospheric Studies
(ISIS), the AFCRL Airborne Ionospheric
Observatory, and the Defense Meteorological Satellite Program satellite. The DMSP
satellite photographed the atirora while
passing over it and the ISIS satellite ineasured the precipitating particles, which produced the aurora, and the topside ionosphere. The Airborne Ionospheric Observatory measured the structure of the
bottomside ionosphere in the region of the
auroral features.
A "DMSP Auroral-Ionospheric Interpretation Guide" is being assembled to
enable users to infer ionospheric structure
from auroral patterns. Auroral patterns,
representative of impending substorm activity and of the stages of auroral substorms, can be visualized in time sequence.
The ionospheric structure most likely to be
associated with a a particular auroral feature is identified by a label on each photograph in the guide. Observers can be
trained in pattern recognition to relate
ionospheric features to auroral patterns.
ENVIRONMENTAL DATA PROGRAM: An
in-depth analysis of the environment for
periods during which the Defense Satellite
Communications System (DSCS) satellites
experienced anomalies was made by
AFCRL. The DSCS satellites are located in

A DMSPI photo typifying )atterns seen il the
attrora. The ionospheric structure expecte(
to be associated with a particular auroral fealure is identified by alabel which isaffixed to

the photo.

/1

259

aurora. Environmental conditions prevailing at satellite altitude were inferred by interpreting DMSP auroral photos, data
from the AFCRL Airborne Ionospheric
Observatory, and data from ionospheric
ground stations. The analysis suggested
that environmental disturbances were a
factor in producing the satellite anomalies,
Results of the study effort along with recommendations concerning follow-on DSCS
satellites were forwarded to the DSCS
Program Office, and engineering corrections to preclude effects of the environment on the satellite systems were recommended. These corrections included
grounding of spacecraft surfaces and adding mechanical relays. The spacecraftcharging-at-high-altitude (SCATHA) satellite is now proposed to directly measure the
environmental parameters affecting the
operation of geosynchronous satellites,

PROPAGATION STUDIES
The unique capability of the Airborne
Ionospheric Observatory to map the ionosphere over large areas has also made it a
very important tool in support- of various
over-the-horizon (OTH) radar efforts in
Europe and the United States, especially in
determining the effects of the high latitude
ionosphere on OTH propagation.
The extremely strong horizontal electron density gradients found above approximately 50 degrees corrected geomagnetic
latitude make it mandatory to specify the
ionosphere as accurately as possible to interpret correctly the observations made by
OTH systems.
Even the high speed and maneuverability of the aircraft is not sufficient to produce an instantaneous picture of those portions of the ionosphere necessary to the
detailed interpretation of complicated
propagation phenomena observed by the
OTH systems. Thus, the results-of years of
airborne research were combined into a

morphological model of the high-latitude
ionosphere giving the location and variability of the boundaries of the mc- ihological
structure of the ionosphere. This model,
together with airborne ionosoundings,
satellite measurements and DMSP satellite
photos, was used to produce large-scale,
three-dimensional quasi-instantaneous descriptions of segments of the arctic ionosphere through which OTH signals propagate.
OTH RADAR STUDY: In a joint effort by
AFCRL and the MIT Lincoln Laboratory,
Lexington, Massachusetts, during the Polar
Fox II OTH experiments it was determined that inconsistencies in path loss derived from transponder and groundbackscatter data were mainly due to lack of
proper three-dimensional models of the
propagation environment.
To test the effects of the large-scale horizontal electron density gradients, a sample
ionosphere was constructed, using a large
data base accumulated by the aircraft, the
DMSP satellite and the ISIS 2 topside
sounder on December 9, 1971 around 0400
UT. Samples of the resulting ionospheric
cross sections clearly depict the extremely
different ionospheres seen in different directions from the selected origin (Polar Fox
II site, Caribou, Maine).
Three-dimensional ray tracing was done
using this sample ionosp' -re, and the effects on HF communications systems, OTH
detection and direction finding were
evaluated. The results showed large deviations for a 6 MHz signal encountering the
strong electron density gradients across the
initial plane of propagation.
Efforts are underway to improve means
of providing these large-scale, typical
ionospheric descriptions for use in further
evaluation of propagation problems.
Furthermore, theoretical efforts will determine the sensitivity of the initial resultsto changes in the gradients to define the
accuracy requirements of the description of
the environment.
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size of the oval long before it appears in the
zenith at Goose Bay. The large-scale struc-
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ture of the high latitude ionosphere, intimately tied to the oval, can then be inusing an ionospheric model. Additional -investigations are necessary, however, before a definitive oval monitoring
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Example of Three-Dimensional RayTradng.
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projection into the horizontal plane.

GOOSE BAY IONOSPHERIC OBSERVATORY:"

local midnight. With increased magnetic
activity the auroral oval enlarges and the
oblique echoes are seen earlier and arrive

over Goose Bay earlier. At present, joint
experiments between aircraft and ground
backscatter systems are underway to
uniquely identify the nature of the scatter-

ers and to relate them to the oval, thus
providing
the the model.
parameter needed for
the control of input

Bay
SinceJanuary 1974, the AFCRL Goose
Ionospheric Observatory has become a part

DIGITAL IONOGRAM COMPRESSION: To

of the AWS Space Environmental Support
System (SESS). Routinely throughout each
night it reports to Air Force Global
Weather Central vital parameters derived
from ionosonde, riometer, total electron
content, and scintillation measurements of
the high latitude ionosphere on an hourly
basis and during auroral events. Airborne
measurements, supported by many other
inputs, have put a certain degree of order
into the previou-, -ather chaotic appearance of the high latitude ionosphere. The
morphological model which evolved from
these investigations led to the concept that
with proper understanding of specific signatures in vertical and -backscatter soundings, one could monitor the high latitude
and the auroral ionosphere with very few
stations.
The AFCRL Goose Bay Ionospheric Observatory, located at 65 degrees corrected
magnetic latitude, provides an ideal site to
sense, in range, ionospheric irregularities
associated with the auroral oval. This allows
one to determine the general state and the

speed up the data reduction of Goose Bay
ionograms and other ionograms, to provide for the -possibility of surveying longterm ionospheric trends, and to aid in realtime assessment of ionospheric conditions,
computer programs have been developed
which allow the transformation of digital
ionograms into so-called "characteristics."
The characteristics include the backscatter
echo ranges, the dynamics and structure of
the layers of the overhead ionosphere, and
the behavior of the overhead E layer. An
electronic test system has been built to provide these characteristics in real time. It
works so well that an improved version of
this "Automatic Ionogram- Compression"
System is planned at Goose Bay for data
transmission via teletype line to AFCRL.
Success for the real-time assessment of the
high latitude ionosphere as a vital input to
the planned OTH system is anticipated.
OBLIQUE PROPAGATION STUDY: The
digital sounders operating at Goose Bay,
Labrador, and Maynard, Massachusetts,
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and in the Airborne Ionospheric Observatory are ideally suited for oblique propagadon experiments. Vertical soundings at two
sites, combined with the inforumation about
the midpoint ionosphere derived from the
oblique ionograms, are an extremely valuable tool to describe the ionosphere over a

large area. With one terminal of this sensing system on board a moving aircraft,
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changing path and is extremely useful in
determining effects of auroral activity on
propagation conditions. Frequency windows have been determined and communication maintained between the ground station and the aircraft over distances tip to

Frequency windows in which communication
was maintained between Goose Bay and the
aircraft over distances up to 2,000 ki.
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2,000 km. On one flight, except for a short
interruption on the inbound leg at about
900 km distance, communication was maintained continuously within the available
4-14 MHz frequency band. Results of seven
initial flights indicate that using the sweep
frequency mode, HF contact between aircraft and ground stations was nearly
routinely maintained over distances of
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These flight tests provide the backgrodnd for a planned joint AFCRL-ESDMitre study to determine the feasibility of
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using HF swept-frequency techniques for
radio communication through a disturbed
ionosphere on an operational basis.

Three characteristics: backscatter echo range
(r'(t), virtual height h'(t), top frequency for E
layer ftE(t), recorded over a period of three
days. Theyare the result ofcomptiterprocess.
ing reformatting of 600 ionograms, or 107

data points, into this unique presentation
pi oduced by a Digicoder/electrostatic printer
system.

LIGHTNING WARNING AND SUPPRESSION
AFCRL's involvement with missile and
rocketlaunch problems originated when an
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early prediction thata rapidly rising rocket
might initiate a lightning stroke was
dramatically confirmed during the launch
of Apollo 12. The prediction had been
based on a previous demonstration that
thin steel wires, rapidly paid out from
grounded reels and carried to altitudes of
less than 2,000 feet by miniature rockets,
could trigger lightning strokes, if the atmosphere were properly electrified.
Laboratory scientists initiated a project to
evaluate the lightning threat, and, if possible, find ways to reduce it. One technique
could be to deploy long wires along the
planned trajectory to drain off electric
charge, making a "window" through which
the rocket can be launched.
To evaluate the effectiveness of any
countermeasure, a statistical determination
is needed of the percentage of rocket
launches which might trigger lightning
strokes. Launching large rockets for this
purpose would be too expensive, so long
conducting wires are used to simulate the
rocket plumes. The previous technique,
however, cannot be extended to higher altitudes, because the higher velocities required generate aerodynamic drag forces
which exceed the strength of available materials.
Three new approaches were tried. First,
a fine wire cable was stored on a bobbin in
the nose of a LittleJohn rocket. A flight test
showed that several thousand feet of wire
could be paid out from the bobbin during
flight. A second approach was to drop a
canister containing several thousand feetof
wire from a high altitude airplane, using a
standard flare dispenser. A small
parachute slowed the canister, and gravity
caused -the wire to deploy. Field tests
showed the system was mechanically feasible, and provided C- and S-band radar reflections in clear air, but rain masked any
returns when they were dropped into precipitation clouds.
A third scheme used 1,000-foot lengths
of metallized Mylar tape wound into compact shapes and stored in the nose ofa small

sounding rocket. The tapes were ejected at
the desired altitude, and aerodynamic
forces rapidly slowed and unwound the
tapes. In November 1972, standard
2.75-inch diameter air-to-air rockets were
fired from the ground to test this less expensive method of deployment. Difficulties
were encountered in detecting the tape deployment, whether by C-band radar,
S-band radar, or visually. Weak but definite
echoes were seen by the S-band radar.
The radar cross section of the conductor
could be enhanced, and at the same time,
the cloud returns could be reduced, if a
much longer wavelength radar were used.
In preliminary tests at Ipswich, Massachusetts, a VHF (30 MHz, 60 MHz) radar
tracked balloon-borne half-wave dipoles in
clear air out to distances approaching 100
miles. Since a VHF radar is also capable of
detecting the ionized paths produced by
lightning strokes, the sudden appearance
of such a signal, simultaneously with the
disappearance of the dipole return would
provide evidence of a triggered lightning
stroke. A VHF radar has recently been acquired, and will be used in further tests of
this tracking technique.
A corollary problem is the detection and
measurement of the degree of electrification in thunderstorm clouds. Traditionally,
the ambient electrostatic field strength is
measured on the ground in a number of
locations by so-called "field mills" and the
data are analyzed to try to determine an
effective charge center. However, resolving
the position and magnitude of individual
charge centers within clouds requires a detailed knowledge of the field on the ground
and very large number of field mills.
A new method isbased on the theory that
low level electrical discharge activity occurring in cloud charge centers produces VHF
radio noise. In a joint project with NASA,
AFCRL scientists utilized directional antennas at Kennedy Space Center during
August 1971 to passively detect radio er issions from storm clouds in the frequency
range between 100 and 1,000 MHz. The
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tests showed that clouds emit very short
pulses of* VHF and UHF radio noise for a
considerable time period. The noise was
detected at ranges of 50 miles or more and
could be mapped in two dimensions with a
scanning antenna. In August 1972, in experiment at Kennedy Space Center used
two NASA antennas with coincidence circuits in an attempt to map charge centers in
three dimensions. This experiment confirmed the basic principle, but signals detected by the side lobes of tile antenna patterns interfered with the signals from the
main beams for certain antenna orienta.
tions. The search for all antenna with narrow beanwidth and low side-lobe sensitivanten1ity resulted in
itythe fabrication of newOne
of

nas following an AFCRL design.
these antennas, mounted with its axis vertical, monitors a volume directly above it.
The antenna, in a sandbag pit for shielding
against signals arriving fiom the side, has
been in operation since April 1974 on Reservoir Hill, Bedford, Massachusetts. Tests
in frontal storms, which passed over the
antenna, showed that this- antenna- system
can register storms without responding to
automobile ignition and other side-lobe interference.
This work shows that a combination of
the techniques investigated may provide a
true iightning warning system for fixed
ground installations,
IONOSPHERIC WAVEGUIDE
The ionosphere is a transmission medium
for high frequency and medium frequency
waves. But at the very-low-frequency (VLF)
end of the radio frequency spectrum, the
ionosphere is primarily a reflector. In coinbination with the earth's surface, it forms,
essentially, a giant waveguide through
which VLF waves propagate in various
modes with little loss. Each mode can be
thought of as a combination of ascending
and descending plane waves whose phases
and amplitudes are primarily determined
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by the properties of the earth-io iosphere
boundaries.
VLF waves propagate to great distances,
can be received beneath the surface of the
sea, are highly stable, and are relatively littie affected by either natural or man-made
ionospheric disturbances. However, prediction of VLF propagation and efficient
-design of' VLF systems have been hampered by the lack of information on tile
reflective properties of the lower ionosphere. The usual probing techniques involving transmission and reception of
pulses cannot readily be extended to these
low fiequencies. The relatively long pulses
generated by conventional VLF transmitters allow tile reflected (skywave) pulse to
arrive at the transmitter before the direct
(groundwave)- pulse has ended. This
superposition of signals contaminates the
skywave and makes it impossible to deduce
ionospheric properties.
SHORTPULSE IONOSOUNDER: AFCRI, has
developed a unique high resolution 5 to
100 kHz ionosounder which radiates VLF
pulses so short that, even at ranges of 400
kin, the ground-wave pulse has ended before the sky-wave pulse arrives. Reflection
coefficients and heights can now be derived

,.
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call be obtainled with a1smllI Comlpter or.
b Fourier analyzinig tile t V jpulses and
even a dIesk Calculaitor.
Comparing tile amp~litudles andl 1 hases. The
11WiVLF ionosoundinig program has
transmitter Cani utilize any Con)ventionllaI
now been extendedl to the arctic to observe
base-insuilated VI.F antenna tover-,-or Call
high latitude ionospheric ef'fccts. Lven
also be equipped with a1 1,000-meiter
under normal ionospheric Condhitions, tile
balloonl-suppor-tedl vertical wire antenna.
reflectivity of the D region is strongly influiThis feature is particularly uiseful flor
enCedi by) thle strength, and( orientation of
short-termi measuirements ill remote locatile geomlagnetic fI eld relative to thle proptiorls, as it is transportable and requIl ~cs
agation p~ath. The arctic measurements
very little land area.
.1.Il azimuthally tiuniforml radliation p~atprovide tile first high resolution VLF-LF
dlata onl ionospheric reflectivity as iftitern From either typeC of' antenna allows
enced by) a near-vertical magnetic field.
meastrements to be made simultaneously
The arctic also provides a unlique oppoi'over prlopa~gatilon paths with different
tunity to study tratnsient events of solar
orientations relative to tile earth's magnetic
origin such as p)olar cap absorption,
fHeld.
magnetic distturbances, and aur-oral activInl 1970, the ionosoutlder was operated
ity, which significantly affect VLF and LF
ill sothern California to study midsystems. High altitude nuclear explosions
latitude ionospheric reflectivity. Inl M'ay
canl also produce ionospheric disturbances
tile
with
program
1971I, inl a cooperative
which critically affect VLF and-LIF systems.
thle
upl
onl
set
was
it
Force,
Air
Brazilian
The natural 1 )helloiflenotl which mlost
geomagnetic equtator ill Brazil and used to
closely simuitlates a nulclear evenltis thle Polar
study ionosp)heric. reflectivity associated
Cap Absorption event (P)CA). The arctic
With a horizon1tal geomagnetic field.
observations of tihese transient p~henomlenal
From January 1972 toJanuarx' 1973, tile
will provide diata with stzfficient accuracy to
ionospttnder was uised il it long-terin study
permit a qtuntitativ'e undlerstanding of
of, diturnal Variations inl ionospheric refiectheir effects Onl ionosp~heric r-eflectivity.
tionl Coefficients at low and very low freltencies. Thec signals were transmitted
fromn anIRADIC 600-foot vertical antenna at,
Canlclen, New York, and were received inl
Bethel, Vermlonit, over a 260-kmn magn~etically west-to-east p~rop~agation path.
I
rhec data obtained inl these measurement
programs Covered atwide range of frequenlif
~
~
cies, magnetic azimuths, angles of' incidience, and geomlagnletic field Conditions.
-,T'he reflection Coefficients Calculated from
thle tucasulicenlents are useditas ilt t
4.
/;(
1
Paldllctet-S fom l I CLCntly dCelopeCi VLU
-~)ojaato c~lltt~'progranm. Called
POWERFLUX, this program uses atrelatively simple integral formulation based oni__
inlcoherent po%%el- addition to calculate tile
average VLF radio-wave power prop~agating withinl thle Ctrved earthl-ionlosIlhere
ih-precision VLF/L.F ioiioscitinder reccivwvegtlidlc. Using this formulation, aver'ing antennas at Quaaq. Gicenhuid.
estis distance curves
trnt
agil
-
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The data will be analyzed to provide the
propagation in formation required to

earth, tile two surfaces acting as walls of a
waveguide. Thus, if one wall of the

evaluate VLF and LF systems in a disturbed
environment,
For the current ionosounding expertment, the t'ansmitter is located at Thule
AB. Greenland. Arrangements have been
inade with the Danish Meteorological I nstitute to receive and record the pulses at their
lonospheric Observatory at Qanaq, 100 km
north ofThule. The data are recorded automatically on digital magnetic tape for
computer processing at AFCRL.
Since September 1973, the transmitter
has been operated with an existing
1,200-foot Air Force antenna on a very liraited, time-shared basis. Although most
measuremen ts were made during normal
ionospheric conditions, the January 1974
measurements included a reflection anomaly, the start of which correlated with a
magnetic perturbation observed by the
Danish Meteorological Institute in Qanaq.
To increase the operating time, a
400-foot antenna tower is being erected at
Thule, and should be available for full-time
use in-the fall of 1974.

waveguide, the D layer, were lowered as a
result of X-ray induced ionization, then the
character of the VLF signal would be significantly changed. It was this change, a
phase advance and an amplitude increase
or decrease that was used to specify the
X-ray flux. A two-year sample of VLF data,
coveihng 130 VLF paths, was used. In all,
the data sample included 141,180 events.
Tie first part of this study demonstrated
that VLF can be used to reliably detect the
occurrence of an X-ray event. This study
also related the magnitude of the VLF
phase changes to the instantaneous X-ray
flux in the 1-8 angstrom region. To account
for the varyingconditions that prevailed on
different paths, it was necessary to normealize the data. The important factors in
the normalizations were found to be VLF
fiequency, path length, percent of path illuinated by sunlight, and average solar
zenith angle along the path.
An extremely acctirate and reliable
method was developed and tested. At frequencies above 16 kHz, the event signatures are particularly dramatic, resembling

LONG-PATH STUDIES: In addition to the

ionosounding technique, which produces
short-path, one-hop measurements of local
ionospheric conditions, the Laboratory is
also studying long-path propagation. An
X-ray detection and warning study was recently completed for the Air Weather Setvice tA WS),
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accurately, AWS has identified the need for

continued availability of timely X-ray data
as a high priority item within the Space

Environmental Support System. AFCRL
responded by searching for an alternative
method which would provide information
on X-ray flux at lower costs than those resuiting-from the use of X-ray satellites.
X-rays are absorbed in the ionosphere at
D-layer height. Furthermoi e, long-path
VLF signals propagate by "bouncing" back

and forth between the D layer and the
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arro'(wheadls wheni the amlitud~e trace is reformIlat ion onl signal Strength versus alcorded above (lhe phase trace. Such a Signa.
lttide f'1 both mlodes. Preliminary tests ait
lure indicates, with jpracticallk no0 interSwVan Island (n1Ca1'
1-1011(l11r1S) ShoweVd that
taiilv, that anl X-ray event is in p~rogress.
TE atmosplheric noise is 15-20 c111 less than
Thcll stud%, hals also (lemonstrated that VLLI'MTN noise.
pa~thls can; be calib~rated So that real-ti me
InI August 1972, the existence of' manevaluiations ofr thle severitv of' the event canl
made VLF TFE signals was first demionI)C obtainedl almost dir'ectly fr~ont thie oh)sti'ated. Basic antenina theory indicates that
ser'ved \'LF phlase anomaly.
a horizontal tr'ailing Ia'ire antenna. stuch as
For' f'llv) illtuminated, lowI latitude V I.
the one tused 1by the Air Force for the
lpatlls. Stuch evaluations canl be very acenARC-96 transmitter, radiates aIwave which
rate. Recently the AWS hals adopted this
is priiiimiyiTE.,iThe slightver-ticalI dr'oop of
tech nique and is establishing a Suitable
thle antenna is exp~ectedl to provide a smllI
wor'ld-wide VLF nietwor'k to detect and
TN'M Component, btzt thle TE component of'
evaltuate X-i'a\ events onl a.round-the-clock
thle signal Shotuld be mtuch Stronger than
b~asis.
thie TN!M component.
InI this exper'iment, a, dart package
PROPAGATION MODE STUDIES: VLF
dropped over' For't Chur'chill, Cantda, retransmnitters use thle Transverse iMagnetic
ceived a VF signal f'rom) an aircraft using a
(TN!
X) mode. A vertical antenna will excite
trailing wire antenna. Data from the falling
this mlode inl thle earIith-ioniosphercle
dart.1shoWed that r'adiation from this trailwavegtiide. For some timie, the Labor'atory
ing wvire antenna was essentially ITE, and
hias been studying VLF transmissions Foi'
Was Much stronger at high altitudes than
the 'ransvci'se Electric (IT) mode, which
near' the ground. As expected, the 'I'NI
wotuld-be excited by a horizontal antenna.
signal, radiated from the slightly drooping
TN! waves are easil- xcited and received at
l)oi'tion of the antennai, wavs extr-emely weak
the earth's stirface, but rE waves are essenand became even weaker' at high altitudes.
tially shorted ot by the ground, making
Further experiments at Canton Island in
them-diffictilt to excite and weak 10r retep!Ithe Pacific conifimed the results of the Fort
tion. Above the sum'facc of' the earth, as inl
Chttrchill test.
air-to-ai' Coll)Intillication, the Situation
The fir'st of several additional pr'ojects
changes. and theoretical considerations intises the high altittude capabilities of' the Air
dicate that the 1TE mode may propagate
Force's U-2 aircraft to make TE measurewith less loss thanl thle TIM mlode, especially
mlents as a f'unction of' altittice and range.
undl higlyl distur'bed ionloslheric-cofldiPreliminary tests with this type of aircraft in)
tions.
association with tr'ailing wire transmissions
As a,pai't of the Air Force stuppor't, to th,_
have begun, and although the program is
Minimum Essential.Eim.igency Gommntinistill in its infancy, thecse tests have yielded
cations Network (L\IEECN), AFCRL hals
very encotu'aging r'esults.
b~eenl explor'ing the use of this mode. InA second p~roject is anl attemp t to genet'strtimentation developed here provides aI
ate T'E signals using a long horizontal anlmeans foi' condtucting high altitude mneastenna onl the gr'oundl. This experiment
irets.Telcc~.sse
ossso
utilizes an abandoned power in at Thule
paickage which is dropped fi'om altitudes of'
AB, Greenland, and takes advantage of' theI
70,000 f'eet or mor'e by a weathern balloon,
very poor' ground conductivity in the Arctic
The pay load is dart1-shiaped and stabilized
which isespecially favorable for-the generaaer'odyvnamically so that signals f'rom "IT
tion of TE waves using a grotinc-based
and T! polarizations canl be received inchtransmitter. A preliminary experiment
v'idutall) as the dla't falls. Th'lis pr'ovides inusing this powver line has been encouraging.
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This attempt, if successful, will enable

long-term TE data to be gathered under
both normal and disturbed ionospheric
conditions.
LORAN ACCURACY: In response to a request by the Electronic Systems Division,
AFCRL reviewed current techniques for
predicting and measuring LORAN navigation coordinates. Positional inform ation is
derived from the time difference between
the reception of ground-wave pulses from

600

.

6400
IhE

2o0

o!

,

,

,

-NORTH

...... .

. . . .
f F2

.

two synchronized transmitters. Ultimate
location accuracy depends on such factors
as system geometry, pulse-processing techniques, ground-wave propagation velocity,
proximity of local scattering sources, and
receiver altitude. "Thecontributions of such
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the time difference error were

Idealized varialtiol with dipolar colatitude of

estimated, and methods were suggested for
experimental verification. A technique for
reducing errors due to terrain iregularities, by measuring-both the electric
and magnetic fields, was proposed.

tile heights and ciitiall fi'equeltdes of tile E

factors to

IONOSPHERIC MAPPING AND POLAR
MODELING
System design and efficient operation require extensive simulation of ionospheric
propagation, which in turn requires accurate mathematical models of the polar
ionosphere which reproduce its essential
features-spatial and temporal variability
and the influence of solar and geomagnetic
activity.
Although much is now known of the
physics of the ionosphere, it is still not possible to construct a predictive model, based
on physical principles, v "ch is sufficiently
accurate for most modern system simulation studies This is especially true in the
polar regions, where the ionosphere is influenced by many complex interacting
processes. Empirical models have been
constructed at AFCRL which reproduce, in
a statistical manner, many of the observed
features of the polar ionosphere. These

30

DIPOLAR COLATITUDE 8 (deg)

and F! layers. and tile top frequency of

sporadic E near the 70-degi cc West meridian

and local midnight. 8 Deember 197I.

models are tailored to meet specific system
needs and are, in most cases, adequate for
that purpose. They have been formulated
as computer programs which are readily
coupled to propagation simulation (raytracing) programs for estimation of such
effects as refraction, radar range error,
Doppler shift, and so on. In particular, emaphasis recently has been placed on the
modeling of small-scale auroral irregularities, the simulation of auroral clutter in backscatter radars, and oblique scatter propagatio. at high frequencies.
The ionospheric mapping effort has
yielded a scheme whereby observations of
ionospheric parameters can be used to
produce a realistic three-dimensional
global ionospheric model. A first-guess
ionospheric structure is updated using actual observatiom ,', provide a series of correction factors. These correction factors
are used to modify the initial ionospheric
structure to produce a statistically optimum
representation of the ionosphere for a
-given instant of time. The parameters em-
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(h,,, F2). 'Ihle paaeters call be either 01)servations at specific locations, or prCelictioi)s validI for different regions of' the
globec.
From the resuilts of the mapping and
modeling scheme, ionospher'ic strutumre
maps of height versuis latitude have been
p~rep~ared with the critical Frequency as a
p~aramteter. Using Similar results fromn adjoinling longitudes inl conjunction with a
three-dlimensional ray-tracing program, an
assessmnent canl be made of the changes in
-IF radio-wave prop)agation that resuilt
fr-oml changes inl thle structure of' thle ionlos~phere.
Anl application (f ionosphecrir modling
and ray tracing is ito ihe problem of determining the source of auroral cluttei 01)served by an 0111 back-catter radar.
Range-azimutth p~lots showing contours of
the angle bet-ween the geotnagnictic field at
io~nosp~heric altitude and the recfracted
radar beami have been prepared. Because
of thle aspect sensitivity of' ionospheric ii,regu lari ties, the backscatter is a maximutm
when this angle is 90 degrees. A certain
kind of auroral irregularity occuirs most
-*
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ound~ary crosses thle 90-dcgtee contour
are the locations inl Space of' thle major
clu iter-jprodticinjg irregu lari ties.
Another application of the AFCRL pl)Oar
ionosphere prediction and ray-tracing
comptiter programs is a Special adaptation
to the p~eculiar re( 1uiremenis of a fastmoving aircraft for analysis of' Doppler
dat a
d ce structtire as wVell as for flight
plan ning.
POLAR
IONOSPHERIC
SCATTERING:
Off-grcat-circle p)ropagation of communication and radar signals is the resuilt of scattering from electron density irregularities
alignmed along the magnetic field lines.
Thlese field-aligned irregularities canl be of
natural origin as in auroras or mian-made as
cauised by a nuclear device. When thedirection of propagation is approximately perlpeint!cilaI' to the lines of' force of the
earth's magnetic field, thle radio waves are
scattered back in the direction of the racliating sotirce. The
ieffect is referred to as backscatter. When the direction of propagation
is not perpendicular to the field-aligned
ionization, the radiation undergoes forward scattering. It is assumed that thle
forward-scattered signal is oriented- in the
direction which satisfies thle condition f'or

sp clar reflection for a particular path,
i.e., tlaneoficdceto
the ionlizationl
is eqjual to the angle of reflection.

Utilizing comnptiter-programs developed
at AFCRL to generate a model for the polar
ionosphere
and
p~erforml
three(dimensional ray-tracing calculations forradio waves, the possible forward-scatter
areas have been determined. These canl be
suiperimposed onl a miap to dc'termine if
field-aligned irregtila ri ties exist in this area
and to assess the probability of receiving a
reflected signal.

Ray-tracing studies have beeni made of
HF propagation effects tinder the conditions of realistic electron-density distribu-

tions in the p~olar ionosphere, and work has
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are instruments used to investigate

absorption

ground-based absorption

by continuous
measurements

utilizing cosmic noise signals emitted friom
Radio waves can propagate along paths other
than tie great circle if they' ae reflected or
scatter ed off in egularities which occur in the
aturoral oval.

begun on the important problem of converting backscatter radar ionograms into
electron distributions in the sector of radar
surveillance. From these electron distributions, the ionospheric effects on tile performance of OTH radars can be computed
or predicted. An accurate geomagnetic
field model-has been incorporated into the
AFCRI. ray-tracing program for computing the aspect angle between the ray direction and the direction of field-aligned ionizq tion at all points along a ray trajectory.
The regions of cltter can now be specified
more realistically, thus providing better
predictions.
A method has been developed for conveniently representing arbitrary threedimensional electron distributions for ray
computations. Studies are being made to
determine the effects on swept-frequency
backscatter-radar ionograms by syste atically altering tie heights and critical frequencies of ionospheric layers in all three
dimensions. The effects computed so far
are generally sensitive to alterations of the

our

Galaxy.

Since 1972, the emphasis of the riometer
investigations has shifted to the polar region to study Polar Cap Absorption (PCA)
and auroral zone absorption events. The
rioineter located at Thule, Greenland, has
been instrumenta! in obtaining information of importance to systcm designers and
operational personnel, sucl. as the behavior
of PCAs, and in relating this information to
solar flare effects, geomagnetic disturbances, and other ionospheric phenomena.
A study utilizing ten years of riometer
data from Thule (1962-1972) and the detailed investigations of 53 events have
helped to answer such questions as occurrence frequency, duration and severity of
PCAs. The study revealed that th. mean
duration of PCAs is 63.6 hours, the mean
magnitude is 4 dB, and that large events
(greater than 10 dB) were observed only
during 1966, 1969, and 1972.
A Digisonde has been in operation at
May'iard, Mass., since mid-1971, as part of
the global ionospheric sounder network.
The Digisond, developed and built under
AFCRL sposorshi , derives its name fiom
the use of digital integration, storage and
processing of coded pulses and pulse coherent detection. These techniques yield

. ....

....
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better ionosonde records including a
significant improvement of the signal-tonoise ratio. This provides better reception
of echoes in the presence of interfering
noise, thereby making-it possible to extend
the operation to lower fiequencies.
Modifications and improvements since
1972 include the addition of a crossed-loop
receiving antenna system providing a better signal-to-noise ratio as well as the ability
to separate right- and left-hand polarizations. This gives a means of distinguishing
the ordinary fiom the extraordinary
echoes for later use in automating ionogram reduction.
Automatic, objective processing of vertical HF ionograms has been needed for several years. The recent developments in digital ionospheric sounders have made it possible to automate ionogram reduction systemns.
The method of automatic processing of
digital ionogramscdeveloped at AFCRL has
application in: elimination of the need- to
train data technicians-in the interpretation
of ionograms: storage of data on magnetic
tape so that specific information can be easily recalled to meet the needs of various
users: remote operation of the sounder
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Computer piocessing or inograms greatly
simplifies the interpretation.

permitting data to be fed over telephone
lines to a c
-nter
(command or forecast) for
near real-time information concerning the
state of the ionosphere; and in high compression of raw data by storing only the
actual echoes. Since the original ionogram
has more than 20,000 points, of, which
there are generall) no more than 200 echo
points, the compression ratio is about two
orders of magnitude, yielding a considerable saving in storage.
Conventional over-the-horizon raidio
propagation at high and medium frequencies is often inhibited for extensive periods
during ionospheric disturbances by
magnetic storms (particularly in the polar
regions). At these times, electron densities
in the absorbing D region are greatly incre ased, resulting in high attenuation of the
signals normally reflected back to the earth
from the E and F regions. A study was conducted to investigate a predicted reduction
in losses at very steel) angles to the ionospheric D region.
A low-loss (long-range) propagation
phenomenon called "Whispering Gallery
Mode" is the result of focusing by the lower
boundary of the curved ionospheric D region at medium frequencies, together with
a large reduction in reflection loss at neargrazing incidence angles, which are achiev-

able only at high altitudes. It can be considered as an "earth-detached" mode in the
earth-ionosphere waveguide, occurring at

(200 to 2,000 kHz), where the
VLF mode is normally unusable
due to prohibitive ground reflection losses.
Theory and calculations indicated an ex-

pected enhancement of this ambient
earth-detached mode during ionospheric
disturbanc:es
and suggested a feasibility
test.
low power transmission experiment
over 30 hours was successfully conducted between balloons separated by
1,000 miles at an altitude of 35 kin, on 220
and 440 kHz. Signals were received over
the balloon path during most of the day and
night. Total path attenuations varied from

.
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system, referred to by the acronym
DAASM (Doppler-Arrival Angle Spectral
Measurements), utilizes a highly versatile
pulsed transmission system and a large
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Focusing along the lower edge of the iiosphere causes a zone of signal enhancement

(caustic). The upper diagram shows the receiving balloon passing through the caustic.
The graph belowshows the variatio ofsignal
strength with altitude above the teceiving site
with the transmittingballoon fixed ata height
of 37 knii, and beyonl the lile of sight, at a
distance of 1,000kil.

multi-element receiving array. The recorded radio signals are either forward
propagation from the AFCRL KC-135 aircraft or direct backscatter from aurora
using the DAASM transmitting systent.
analysis of these signals involves
Thetime
both
and space transforms, resulting
in a two-dimensional map of the radio-signals as perturbed by the auroral ionosphere. These maps, where the coordinates

are Doppler frequency and azinuthal arrival angle, provide a high resolution de-

scription of the structure of auroral ii-

as little as 3 to 30 dB more than that ofa free
space path. Maximum signal height-gains
ranging friom 40 to 60 dB (normalized relative to an equivalent ground-to-ground
path) were measured. An enhanced zone or
caustic of about 13 dB was observed as predicted from geometric optics at about 19km altitude of the receiving balloon. This

regularities as seen by radio waves inthe
HF band. It is through the analysis of these
maps that the degrading effect of auroral
c
clutter on an OTH radar system ca be
minimized, provided that the intensity of
the clutter exhibits spatial variations that
could be exploited by placing nulls of antenna patterns in specific directions.
The DAASM system also provides data
on the temporal and spatial coherence of
the radar signals and will provide the necessary data for optimum design and operation of an OTH radar system in the auroral

measurement appears to agree with the

environment.

vertical profile of signal strength expected
for the earth-detached whispering gallery
mode.
The potential for long distance reliable
communication using modest power and
manageable antennas is indicated. Advantages are seen for this form of propagation
because of inherently low transmission

parameters such as antenna size and integration times result fiom this research.
The DAASM system has" been in operation for approximately six months and
some six aircraft flights have been carried
ott. The results indicate a variety of unusual effects of the polar ionosphere on the
aircraft signal. These effects range from
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AARos, J., WHITNEY, H. E., ALLEN, R. S., and
SEEMA.NN, D. R.

Compilation of Solar Pat tile and Interplanetary
Meas. Acquired During the Campaign for Integrated
Obsns. of Solar Flares (CINOF), AFCRL-TR-74-0271

High -Latitude Models, Observations, and Analysis of
lonospherie Scintillations

AFCRL-TR-73-0048 (12 January 1973)

(June 1974)

ELKINS, T. J.
A Model of Auroral Substorm Absorption

BAKER,

D. J., WYATr, C. L., PENDLETON, W. R., JR.
(Utah State Univ.), and ULWICK, J. C.

AFCRL-72-0413 (18 july 1972)
Editor, An Empirical Model of the Polar Ionosphere

High Altitude Effects Simulation (HAES) Program, Report
No. 1: Rocket Launch of a SIVIR Spectrometer into an
Aurora (ICECAP 72)

AFCRL-TR-73-0331 (23 May 1973)

AFCRL-TR-74-0077 (5 February 1974)

FORBES,J. M., CAPT. (Aeron. Lab.), and STRAKA,

BUCIIAU,

Indicators of Solar Acivity
AFCRL-TR-73-0378 (21 June 1973)

AFCRL-TR-74-0182 (8 April 1974)

Analog Model 1972 of the Arctic Ionosphere

J.
Environmental Specification in Support of Defense Satellite
Communications System - lonosonde Measurements

P., and WONG, M.
Detailed Specification of the Arctic Ionosphere and an

R. M.

Correlations Between Exospheric Temperature and Various

GASSIANN,

G. J.

AFCRL-TR-73-0151 (2 March 1973)

BUCALU, J., PIKE, C.

Application to Three-Dimensional Ratraing
AFCRL-TR-73-0726 (27 November 1973)
CARRIGAN, A.

L. (Space Phys. Lab.), and CASTELLI,J. P.

SolarActivity in McMath Region 10789 During Disk
Passage, 12 to 15June 1970

AFCRL-72-0669 (16 November 1972)

GASSMANN,

G. J., and

BUCHAU, J.

Analysis of Simultaneous Polar Fox !! Backscatter and
Ionospheric Sounding Data

AFCRL-72-0432 (July 1972)
G. J., GoWELL, R. W., PIKE, C. P., and
WAGNER, R. A.
Airborne DeterminationofArctic Ionosphere Cross Sections
GASSMANN,

AFCRL-72-0525 (5 September 1972)
CASTELLi, J. P., BARRON, W. R., and AARONS, J.

Solar Radio Activity in August 1972
AFCRL-TR-73-0086 (24 January 1973)

HARvey, R. B., HARRISON, R.-P., FIELDS, V. C., CA'r.,
HiRST, G.C., CAPT., KossEy, P. A., and LEwis, E. A.
Rocket Investigations of the VLF Ionospheric Transmission

J. P., and GUIDICE, D. A.
The Radio Event Associated with the Polar Cap Absorption
CASTELLI,

Window

AFCRL-TR-73-0293 (7 May 1973)
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HAWKINS, G. S.
Ionospheric Electron Content and Radio Scintillations
During Magnetospherically Quiet Periods in 1970.7)
AFCRur-TR74.0 I60 (28 March 1974)
HAWKI.Ns, G. S., and KLOBUCHARj. A.
Seasonal and Diurnal Variations in the Total Electron
Content of the Ionosphere at Invariant Latitude 54 Degrees

AFCRL-T'R.74.0294 (28 June 1974)

PIKE, C. P., Compiler
Environmnental Specification in Support of the Defense
Satellite Communications System
AFCRL-TR.74.0 I82 (8 April 1974)
Results of the Environmental Data ProgramEnvmnt. Spec. in Support of' the Def. Satellite Comm.
Sys., AFCRL.TR-74.0:82 (8 April 1974)
PIKE, C.

P., and

SNYDER,

A. L. (AF Global Wea. Cent.,

Offutt AFB, Neb.)

H ICKSCIIER, J. L., and

PAGLIARULO,

R. P.

Measurement of Ionic Conductivity and Temperature in tihe
Atpollo 15 Plume
AFCRL.TR-73.0l24 (26 February 1973)

Satellite Observations of Auroras
Fnvmt. Spec. in Support of the Def'. Satellite Comm.
Sys., AFCRL.TR-74.O 182 (8 April 1974)

KAIAKOWSKY, C. B., HIST, G. C., CAPT., and LEWIS,
E. A.
Tests of Long Wire Deploytnent from Supersonic Rockets

REINIscii, B. W. (Lowell Technol. Inst. Res. Fdn.,
Lowell, Mass.), and SALES, G. S.
Multafrequency, Long Wave, Vertical Sounding of the Lower
Ionosphere

AFCRL-TR-73-0553 (28 August 1973)

AFCRL-TR.74.0002 (20 December 1973)

KALAKOWSKY, C. B., WIIIDDEN, R. W., and LEWIS, E. A.
Experiments in Small Rocket Deployment ofIOOO.-Foot.Long
Electrically Conducting Filaments

RICHARDS, D. W., CAPT.
Twenty.Element ReceiveArrayfor the DAASM Experiment

AFCRL.72-0475 (15 August 1972)

AFCRL-TR.R73.0408 (10 July 1973)
RicHmOND, A. D.
Numerical Model of the Equatorial Electrojet

J. A., ET-AL

KLOBUCHIAR

Total Electron Content Studies of the Ionosphere

AFCRL.72-0668 (16 November 1972)

AFCRL-TR-73.0098 (I February 1973)
RUSHi, C.M., and GiB~s,j. (Arcon Corp., Wakefield,

NIENDILLO, M.

\lass.)

Magnet ospheric Convection at Ionospheric Heights

AFCRL-TR.73.0358 (12 June 1973)

Predicting the Dczy-to-Day Variability of the Mid-Latiude
Ionosphere for Application to HF Propagation Predictions

AFCRL-TR.73-0335 (23 May 1973)

MENDILLO.

M.. and

EVANS,

J. V. (MIT Lincoln Lab.,

Lexington, Mass.)
Mlillstone Hill Incoherent Scatter Observations of the
Ionospheric Response to the Solar Flare of 7-August 1972

AFCRL-TR-73-0686 (6 November 1973)

MENDILLO, M., and KLOBUCHIAR, J. A.
An Atlas of the Alidlatitude F-Region Response to
Geomagnetic Storms
AFCR.TR'~4.065(6
Fbrury 174)Chap,
NEWELL,

RUSH, C. M., and MILLER, D. (Arcon Corp., Wakefield,

Mass.)
A4Three-Dimensional Ionospheric Model Using Observed9

Ionospheric Paramnete:
AFCRL-TR-73-0567 (10 September 1973)

SAGALYN, R.C., BREDESEN, S. C., and WILDMAN, P.J. L.

Mapping of High Latitude Ionospheric Characteristics

2 of' An Empirical Model ff the Polar Jono.,
AFCRL-TR-73-0331 (23 May 1973)

D. 'I., CAPT.

Forecasting Peak Proton Flux and PCA Event Magnitudes
Using "Flash-Phase" Integrated Radio-Burst Flux Density
AFCRL-72-0543 (23 August 1972)
PFISTER, W.

Pulse Sounding with Closely Spaced Receivers as a Toolfor
Mcasuring Atmospheric Motions and Fine Structure in the
Ionosphere. V. Period of Chemical Release,%as Example of
Spectral Analysis

AFCRL-TR-74-0105 (22 February 1974)
Pulse Sounding uith Closely Spaced Receivers as a Toolfor
Measuringdtmospheric Motions and Fine Structure in the
Ionosphere. VI. Spectral Analysis of Interlaced Sets of Data

AFCRL-TR-74.0125 (7 March 1974)

SANDOCK, J. A.
InMesrmts ad
ColpigheScehre
Sheath on a Spherical Rocket Probe
Proc. of' COSPAR Symp. on Solar Particle Event of

Nov. 1969, AFCRL-72-0474 (11 August 1972)

SH

KLNDG.L'.Co

Fast Spectral Analysis of Linearly Swept Signals

AFCRL-TR-73-0121 (27 February 1973)
1K.,aid MARTINE, J. E. (Boston Coll., Mass.)
Study of Source Location Error by Computer Simulation

-ToMAN,

AFCRL-TR-73-0684 (6 November 1973)
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ULWICK, J. C., EditorProcelingsofCOSPARSyrnposilsmon SolarPartideEvent
of November 1969
AFCRL.72-0474 (11August-1972)
Comparison of Blach Brant Rocket Measurements of
Charged ParicleDesities During Solar Particle Events
and Effective Recombin.ation Coe/fients and Lumped
Parameters in the D Region During Solar Particle Events
Proc. of COSPAR Synup. on Solar Particle Event of
Nov. 1969, AFCRI..72.0,174 (1I August 1972)
A. (Def. Nuc. Agy.,
ULwICK,J. C., and BLAK,C.
Wash., D.C.)
Operation PCA4 69
Summay oJ"
Sumocr o SpRpon
olar Pl
EOn
P oc. of COSPAR Syrup. on Solar
Particle Event of
Nov. 1969, AFCRL.72.0474 (11 August 1972)
an .SA.Ls,
S~t
c,. ,G
1.
S.
G. S,(Arcon
and
I.,VtD
Long Range Survivable MF Radio Communication Study
Using Htigh Altitude Whispering Gallery Modes
AFCRL-TR.73.0552 (28 August 1973)
VIOEBERGJ.

WIIALEN,.J. A., WAGNER, R.A., and HoNES, E. W.,JR..
(Univ. of Calif. at Los Alamos, N.M.)
A Case Study Using Aircraft, Satellite and Ground
Observations
Envint. Spec. in Suppoi t of the Def. Satellite Comm.
Sys., AFCRL-TR.74-0182 (8 April 1974)

Win rnEy, H. E.
bilitv
Not eson theRelationshipofScintiillationinldextoPtoba
Distributions and Their Uses for System Design
AFCRL.TrR-74-0004 (3 january 1974)
Wo.,

MS

'OGNIS

Signal Decrease in HF Circuits During PCA Events
A C L ,R7
.2 9(
a 9 3
AFCRL.rR.73-0289 (2 May 1973)
K. -S., FRIEDMAN, M. P.
VANGURI,
M.-S., and
WONG, Corp.,
Wakefield,
Mass.)
(Arcon C
ield
, Mas.)
Geomagnetic Field Modes for Ray Tracing
AFCRL-TR.73.0294 (8 May 1973)
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XI Solid State Sciences Laboratory

Reconnaissance

satellites

and

"smart"

bombs are already in the Air Force inventory. High power lasers and high power
microwave devices are being developed, as
well as materials and devices that can withstand high radiation doses with little or no
performance degradation, and infrared
sensors of controlled uniformity that can
operate in extreme environments and at
longer wavelengths. But the optical components for the high power lasers, the
radiation-resistant devices, the high power
microwave- devices, and the improved infrared sensors depend on electromagnetic
materials and the sophisticated exploitation
of their properties through new device
concepts and technologies.
The mission of the Solid State Sciences
Laboratory to engage in research on electromagnetic materials and the phenomena
they exhibit, and to exploit these
phenomena for Air Force use, has been
directed in recent years to three major
areas: electromagnetic materials research,
infrared detector research, and radiation
effects and device hardening. Additionally,
programs to improve device processing
technology, and to apply this technology to
primary laboratory goals, have been pursued at a lower level-of effort. To conduct
these programs, the Laboratory is organized into the Preparation and Growth,
Materials Characterization, Opto-Electronic Physics, Device Physics, and Radiation Effects Branches. Each of the major
efforts, however, cuts across organizational
lines to involve several Branches.
During the reporting period, increased
emphasis
been placed
on making
the
Laboratoryhasexpertie
available
to the Air
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Force product divisions, particularly the
Space and Missile Systems Organization
(SAMSO). New emphasis has been placed
on consulting within the Air Force and
much greater attention given to insuring
that the results will meet important needs
f today's and tomorrow's Air Force.
The Laboratory is now the principal
laboratory within the Air Force and Departient of Defense in the fields of electromagnetic materials and radiation hardening, and it has a significant role in advanced detector research. These programs
require extensive and unique facilities. The
Laboratory can produce almost any optical,
semiconductor, or magnetic crystal, either
in bulk or single crystal thin film form.
Coupled closely with the materials preparation facilities are analytical techniques for
determining structure, purity, and properties of these materials. Facilities are also
available for fabricating, and then evaluating, prototype devices,
Recent significant advances in-semiconductor devices have, unfortunately, been
somewhat offset by a greater sensitivity to
radiation. To study the effects of ionizing
radiation on materials and devices, AFCRL
operates an irradiation facility with a wide
variety of radiation sources and related'
analytical-facilities.

When polished, this single crystal of rutile was
almost clear, with only a slight reddish coloration. Rutile is normally dark brown or black

when grown, but this crystal isclear because it
was grown in a pure oxygen atmosphere in
AFCRL's Thermal Imaging Furnace.

of the
the bulk
Traditionally,
Laboratory's work has been in-house. Because it must maintain extensive in-house
facilities and is oriented toward basic research, the Laboratory has used relatively
little contract assistance. The need to exploit this research rapidly for military use
has caused a large increase in contractual
support, particularly for the high power IR
laser window and radiatioa hardening
programs. This expansion has been financed by the Laboratory's customers: the
Space and Missile Systems Organization
(SAMSO), the Air Force Weapons
Laboratory (AFWL), the Defense Nuclear
Agency (DNA), and the Defense Advanced
Research- Projects Agency (ARPA).

ELECTROMAGNETIC-MATERIALS
An electromagnetic material is one which
can usefully manipulate electromagnetic
energy. Matter can exist as a gas, liquid, or
solid, but our attention is almost totally directed -toward the solid state. Enormous
payoff continues to result from solid state
research, but manipulation of sound and
light or phonons and photons in solids is
growing in importance to challenge manipulation of electrons. The AFCRL program will continue to capitalize on the
numerous characteristics and capabilities
of EM materials, and to produce and measure materials which display electronic,
acoustic and optical phenomena, and their
combinations.
HIGH TEMPERATURE GROWTH METHODS:
High quality single crystals have made possible countless solid state devices ranging
from transistors to solid state lasers. Many
of these devices are household and commercial items. Although the material used
in commercial equipment is satisfactory,
military equipment requires material that
can withstand far more extreme conditions
than found in the average household. For
this reason, new materials must be de-

Ij
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\,eloped for these applications, materials
which freqtcntly cannot be produced in
single crystal form by conventional
methods. Major limitations in single crystal
growth are the lack ofsatisfactory temperature sources and materials in which the
nolten material can be contained. Three
new growth techniques are being investigated at AFCRL in an attempt to overcome
this problem.
Thermal imaging has been under investigation for several years. This technique
uses mlirrors to collect the energy from a
high power lightsource (axenon lamp)and
refocus this energy on the top of a sintered
compact of the material to be grown. This
creates a molten area on the top of the

'rhe

AFCRL Thermal

lImaging Furnace,.

Light fion a high-ps essure xenon arc lamp in
the lowe|r portion of the fill nace is focused by
parabolic miriors onto the material to be
inelted, in the tpper portion. 'fhe molten

material is shown on the 'V monitor to the
left of the fuirnace. The rod in the upper half
of the TV j)ictlure is pulled upward to remove
itfo||theeaedzneandheebyakehe
itmaterial
fromt thle heated
crysiallize.701e. anld thereby mnake the

The electronics rack on

comlpact. A seed (small single crystal) of the
same material is then dipped into the melt
and slowly withdrawn, with the result that
the molten material fieezes out in single
crysL.l form on the seed as iLiswithdrawn.
This is the Czochralski (pulling) growth
method. Under proper condition, temperatures as high as 3,000 C can be reached in
this apparatus. Present work is on rutile
(TiO2), a potential polarizer material for
high power laser applications. Crystals of
this material grown by the usual methods
are deeply colored and unusable. The
rutile produced by the thermal imaging
technique is transparent.
A second high temperature growth
method is an adaptation of a technique
known as skull melting. It uses induction
heating to melt the charge in a manner
similar to that in which silicon is prepared.
However, cooling coils are added to the
systenm. They cool the outer surface of the
melt enough to prevent the outer skin of
the charge from melting, while the charge
inside this skin (or skull) does melt. Thus,
the melt is contained within a skin of the
same material with the result that there is
no hot container, a major source of impurities, in contact with the melt. The apSparatus is presently being constructed with
the aim of fitting it inside a standard crystal
grower so that the atmosphere can also be
controlled.
The third technique under investigation
is the use-of a new material as the heating
element in a standard resistance heating
mode. Most resistance heating elements are
unstable
air abovei 18000
C. The new
aeili in tbei
o200Cadps
material isstable inair to 2200' C and possibly to 2400 C. This should facilitate the
growth of several oxides which have meltgot
of severaxes wh e
mlting points in this range. The apparatus is

presently being designed.

While not a novel device, a high pressure
furnace installed at AFCRL is capable of

f

the light controls the arc lamp current, the
rate of rotation of the crystal as it is pulled,
and the rate of pulling of the crystal. The

crystal growth at 100 atmospheres. This
can be used for liquid encapsulation growth

gauges iin
front of the rack meter the flow of

wherein a

gas through the ftirnace.

melt prevents vaporization of the melt.

molten liquid (B 2O3 ) over the

I
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Since this encapsulant Cal be backed-by
pressures up to 100 atmflosl)heres, highly
volatile materials can be grown from the
melt. Crystals grown thus far includegal..
lium phosphide, indium phosphide and
zinc selenide.
UNIDIRECTIONAL SOLIDIFICATION
OF
EIUTECTICS (USE): Most electromagnetic ap.
Plications require single crystal material,
However, in some recent, applications, specially tailored materials involving two separate phases have exhibited properties unobtainable in single crystals. These materials can be formed by the careutl solidification ofa etitectic, which is th, concentration
at which a minimum ineing temperature
is f'ound in a phase diagram. The result on
cooling a melt of this concentration is tie
formation of two well defined phases. If the
eutettic occurs in a certain concentration
region, well formed thin rods of one phase
will occur in a matrix of the second material.
This technique is being employed at
AFCRL to produce conducting fibers. In
this technique, chromium or molybdenum
filaments (thin rods) are produced in a
matrix containing aluminum and nickel.
The aluminum-nickel matrix is then etched
away, producing well formed filaments of

I
Sencapsulated

'

'

Galliun-phosphide ci ystal grown by iid-

high pressure Ciochralski tech.

naplt~e

hmay

chromium or molybdenum.
The scanning electron microscope has
proved invaluable in delineating surface
topography at the micron level, using its
enhanced depth of field, and with the attached non-disperive X-ray system, has
permitted in situ qualitative chemical
analysis of'selected areas three micrometers
in diameter. While the microscope is used
in other programs, its most striking use was
the characterization of the morphology and
chemistry of thu climium fibers produced by the USE method.
It is believed that there are many other
applications for the USE technique: for example, production of an optical filter by
this technique is being considered. Specific
examples and applications of this technique
and others are illustrated by AIN, ZnSe,
and alkali halide growth.
ALUMINUM NITRIDE GROWTH: Aluminum
nitride is believed to be an outstanding
material for microwave acoustic devices
such as surface wave acoustic delay lines,
signal correlators and filters. While poor
quality films of aluminum nitride have
been produced- large single crystals of the
material have never been obtained. These
crystals are necessary for a true evaluation
of the figure of merit calculations which
indicate AIN is a potentially efficient SAW
material. Two types of crystal growth are
being attempted. The first method-is solution growth. Calcium nitride has been
found to dissolve the material and temperature versus solubility curves have been determined. Well formed crystals larger than
a millimeter have been produced and the
investigation is continuing. Recentiy. sublimation has also been employed to grow
crystals of aluminum nitride. Early experiments have produced platelets up to 5 mm
in length and 2 mm across. These are presendy being characterized prior to evaluation of their acoustical properties.

J

-

GROWTH
OF ZINC
SENIDE: Zinc
selenide
icslnd
ICLNIE
GRWHO
be useful both as-a transparent high
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A high-c uality single crystal or zinc selenile
grown by chemical vapor transpot can be

seen at the bottom ofthe other cqystals. This
crystal was large enough so that measureients of intrinsic properties couldI be made,

unaffected by the boundaries between crys.
tals of polycrystalline materials.

power laser window and as a semiconductor. While crystals of this material are available, the quality is poor with a tendency for
twinning in the crystal. Scientists at AFCRL
have attempted a low temperature growth
scheme to overcome this problem. This is
the chemical vapor transport technique in
which a carrier gas reacts with the starting
material at one temperature to form a volatile intermediate which is decomposed to
form a crystal when it passes from the first
temperature zone to a second temperature
zone where the intermediate is unstable.
Iodine is-usually used for this system and
was employed for the transport of zinc
selenide. Well formed crystals approaching
a cubic centimeter have been produced by
the technique. Both their optical and
semiconductor properties are being
evaluated.

L

HALIDE IR WINDOWS: The increasingly
higher power of conventional lasers continues to produce increased demands both

on the laser itself and on the supporting
equipment. One-such supporting element,
the window between the laser system and
the environment, continues to receive
major emphasis at AFCRL. The major objectives are to produce a material that is
exceedingly transparent in the IR and yet is
high in mechanical strength. Prime materials for this application still appear to bethe
alkali halides since these are among the
only materials with sufficiently low absorption to act as a satisfactory window. The
attempts to improve the mechanical
strength of the material continue in two
directions: alloying and grain boundary introduction. Several materials have been alloyed with potassium chloride (KCI)-which
continues to be-the most promising candidate.
The addition
of small
amounts (in the
rneo
ecn)o
uiimclrd
range of I percent) of rubidium chloride
has been most successful. This material will
harden KC I without adversely affecting its
optical properties.

Alloying with rubidium chloride by itself
will not produce the mechanical strength
necessary for a window. In addition, crystals of sufficient size for this application are
not available. Thus, a second process, hot
forging, is being investigated, both- to iunprove the strength and to increase the size
of the window blank. For the research
phase of the work a new hot forging unit
has been installed at AFCRL. Work with
this-unit has produced strengthened-alkali
halides, principally alloyed KCI, without
any loss of optical quality. Alkaline-earth
fluorides are also being investigated by this
technique.
POLYCRYSTALLINE MATERlALS: Practical
applications of electro-optic materials such
as laser windows, mirrors, and IR domes
require- sizes and- strength available only
from polycrystalline materials. As a-consequence, our interests have-expanded to include -polycrystal material. This reorientation has required consideration for the first
time of effects of grain boundaries and
sub-boundaries other than their resistance

rI
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Hot-Ioiging appal atus used for preparation

of strengtiened alkali halide materials.

to dislocation travel, which is used to
strengthen the material. The good and bad
effects of grain boundaries acting as diffuSion pipes, electrical traps, or as collectors
of impurities must be considered when
making polycrystalline electromagnetic
nmaterials.
The method used to produce polycrystalline material is important because it can
produce variations in strength with direction. For example, the CVD process of pro.
ducing ZnSe results in a material in which
the grain boundaries are preferentially
oriented along the (111) plane of each
crystal. This gives a plate of ZnSe a higher
yield strength normal to the plane of the
plate than in the plane of the plate. Thus
the plate would fail by having layers flake
off it, rather than by having a crack go
through the thickness of the plate.
SURFACES AND COATINGS: Surface
phenolena and thin film coatings are increasingly important as parts of laser sys-

optical systems, a

e

large-scale integrated circuits, so necessary
to the complex Command, Control and
Communications requirements of modern

Air Force technology.

Methods of surface preparation and stirface states arc -studied by a variety of advanced technologies such as Auger spectroscopy and scanning microscopy coupled
with non-dispersive X-ray facilities and
phase contrast microscopy.
During the past year, a broad spectrun
capability for the deposition of thin fills
for a variety of devices has been established
in the Laboratory. A typical example of this
part of the program is the study and development of ion beam polishing techniques which illustrated for the first time
that the polishing rates will be affected by
the individual grain orientations, even
when ion polishing is used. However, an
appropriate combination of ion rate and
incident angle call provide an overall optical figure commensurate with low scattering and low surface absorptance needed for
optical elements to be used at high power
densities.
+
"

*Te

Auger spectrometer, part of the ex-

panded and continuing inter est of the Solid

State Sciences Laboratory in surfaces and interfaces, which are important both optically
and ifo evaluating surface, optical, and

ctemnsabitegrate a hd determining the local

chiemistlyof interfaces, in relation to processing steps. The ability of the system to look at

the first five orsix atomic layers. coupled with
argon sputtering, can give profiles- of the
chemistry every five atoms in depth, on a continuing basis.

- -
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Auger depth profiling has proven a particularly useful tool in evaluating dielectric
coatings used in reflective optics for high
power laser systems. We can delineate the
individual coating species and their thicknesses and then correlate these with
anomalously low reflectivities or low damage thresholds,
Much of our surface and thin film work
has studied the damage process when
"real" conditions were simulated, and
thereby improved either the processing or
material selection. A typical example of
such an integrated study was our comparative evaluation of the damage-thresholds at
10.6 micrometers of germanium coated
potassium chloride, which clearly showed
that the damage threshold of thesputtered
coating was significantly higher than thatof
the typical evaporated coating.
OPTICAL
EVALUATION
OF
LASER
WINDOWS: An increasing number of Air
Force systems use lasers, particularly infrared lasers. To ensure aerodynamic stability and to help maintain a suitable physical environment for laser operation, windows are needed. Optimum characteristics
for a laser window, in addition to physical
strength and resistance to severe climatic
conditions, include optical performance
whiciu minimizes alteration of the laser
beam. Defocusing and beam wander are
particularly troublesome. However, the
minute absorption of the beam by even tile
best window materials causes heating of tile
window. This heating-is non-uniform over
the window area because the intensity profile of-the beam is usually Gaussian, aind is

never uniform. Heating of the window
leads to variable changes of the refractive
index and non-uniform thermal expansion

of the window itself. Beam spreading and
degradation of the intensity profile attenuate the beam.
A major element of the Solid State Sciences Laboratory program uses both
and experiment to specify tie most
theory aimprovement
suitable window materials and evaluate

their optical performance when used as
windows for a variety of lasers.
THEORETICAL ANALYSIS: Almost all the
failure modes of laser windows are initiated
by the weak residual infrared absorption in
these materials. The principal mechanism
for this absorption in perfect crystals is multiphonon -lattice processes, where -many
vibrational quanta of the solid are excited
by the incident laser beam. Before high
power I R lasers became feasible, there was
little interest in IR absorption by very
transparent materials, and so new theoretical approaches had to be developed at
AFCRL to treat the problem. Using manybody physics techniques, a theory was developed to account for the observed frequency and temperature dependence of
absorption in typical window materials.
The theory successfully accounted for the
observations of nearly exponential frequency dependences and-temperature dependences weaker than those previously
predicted for absorption in a variety of
materials.
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The rate at which the refractive index
changes with temperature is a measure of
the potential for thermal (istortion oflaser
beams traversing material windows. Observations revealed a wide range of magnitudes and both positive and negative
signs for this rate of change inl different
materials, but no quantitative explanation
of-the data was available. A theory was deVeloped which was the first to provide a
detailed understanding of the principal
mechanisms causing the refractive index to
change with temperature. It predicted values of refrictive index versus temperature
which agreed very well with experiments
for a wide variety of materials. TFhe theory
was based on calculating changes both in
energy levels and oscillator strengths ofthe
optical transitions (both lattice and electronic) of the material.
Photoelasticity is the change in refractive
index induced by pressure or stress, and is
important in predicting the behavior of
laser windows due to thermal stresses, or
externally applied stresses. Virtually no calculations or experimental data were available in the infrared for laser window materials. For this reason, refinement of a recent
theory was pursued which enabled detailed
predictions of the IR frequency dependence of the elasto-optic constants for typical window materials,

INFRARED SPECTROSCOPY AND LASER
CALORIMETRY
Because of its very low absorption at 10.6
micrometers, potassium chloride (KCI) is
an attractive laser window material. It is
known that trace impurities contribute significantly to increases in absorption. A
study of the wavelength dependence of-IR
absorption of KCI selectively doped with a
variety of impurities known to occur frequently in KCI crystals has determined the
effect of hydroxyl and carbonate ions on
KCI absorption at 10.6 micrometers. The
strongest bands in the spectrum are caused

by chlorate ions, indicating that oxygen,
probably in the form of the CI-O structure,
is an important contributor to the 10.6 micrometer absorption.
Laser calorimetry is an experimental
technique in which a window sample is irradiated by a laser, and the increase in
temperature is measured by thernlocoupies placed on the perimeter of the sanple.
From such measurements, the absorption
of the sample at the wavelength of the laser
light can be determined. This technique
has shown that adding rubidium chloride
to potassium chloride, which improves the
mechanical strength of KCI, does not cause
a significant increase in absorption. Laser
calorimetric experiments, as well as emittance spectroscopy, have been used to establish the effects on optical absorption
caused by a variety of surface conditions.
Samples used in the experiments were well
polished, poorly polished and cleaved
crystals. Results indicate that absorptiondetermined by emittance techniques is less
sensitive to surface conditions than
calorimetry and thatsurface roughness can
enhance scattering and increase absorption.
PHYSICAL OPTICS OF LASER WINDOWS:
The first detailed experimental evidence of
thermal lensing phenomena in a variety of
candidate laser window materials has been
demonstrated by using a unique far infiared vidicon system to provide real-time
evaluation of transmitted laser beam spatial
distribution. Materials studied included
zinc selenide (ZnSe), barium fluoride, silicon (Si), cesium bromide and KCI. While
some of these materials exhibited the expected thermal lensing behavior, others did
not. For example, ZnSe showed predominantly a self-induced interference effect,
while silicon exhibited a combination of
lensing, interference, and beam oscillation.
KCI, a prime candidate for a high power
10.6 micron-laser window, showed-an off-

axis beam wander effect which could restilt in a time dependent boresight error

aim
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unaffected by laser beam scattering effects.
The LDI has also been used for measuring
tile temperature change of the refractive
ill(ICX and to provide thethermai profiles in

window materials. Further, the Dop-

DISPLEYlaser
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pier shift interferometer has provided optical path length homogeneity data on large
size chemical vapor deposited (CVD) ZnSe
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the degradation of the laser beam as it happens. The television amera isan IR vidicon
with attentiators to I)nevent TV catner. bu-

oUt. A videotale cali be Ilade so that
parameters such as the length of time it takes
:ie Wildow to degrade c-an be meastited for
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in systems employing this type of window,
Thermal di tributions developing in CO:
laser-irradiated windows have also been
measured on a real-time basis by using a
mid-infrared vidicon system sensitive in the
2-5 micrometer range to record tihermral
re-radiation emitted from the window. It
has been shown that scattering of incident
laser radiation call result in significant deviations from the expected radial heat distributions in centrally irradiated windows.
This problem may have implications in design of edge cooling schemes for high
power applications. In addition, the mid-IR
vidicon has been used to measure absorp.
tion in germanium coatings on KCI windows.
A new laser Doppler interferometric
(LDI) calorimeter has been developed for
measuring small absorption coefficients in
low loss optical materials. This instrument
allows the determination-of the absorption
coefficient in far less time than that required by conventional thermocouple
calorimetry and in addition, the data are

I

i state of the art and in high -resistivity
Arsenide (GaAs) by using laser
calorinetry. GaAs showed intrinsic-like
behavior in the low temperature region but
the absorption increased rapidly above
5000 K, perhaps indicating the presence of
a deep trap near 0.37 eV. CVD ZnSe did

not exhibit intrinsic behavior and hence
this material still appears to be surface loss
or impurity dominated.
REFRACTIVE PROPERTIES OF LASER WINDOW MATERIALS: The heating of laser window materials caused by optical absorption
causes physical swelling of the window, a
"lensing" effect, as well as temperaturedependent changes in refractive-index. A
detailed knowledge of photoelastic and refractive window properties is required fora
logical selection of an optimum window
material. An experimental program has
been established to measure refractive
index, its temperature dependence, and
stress-optic
coefficients
at
various
wavelengths and temperatures of interest.
The program has provided data on ZnSe,
potassium bromide and lithium fluoride in
several
crystallographic
orientations.
Measurements-are presently underway on
a series of alkali halides and their alloys.
LASER HARDENED MATERIALS RESEARCH:
High power lasers can physically damage

292

component reliability and decreased component size, both by orders of magnitude.

These advances have made space and missile borne computer systems possible. Unfortunately, these solid state devices are
also extremely sensitive to radiation of all
kinds. Semiconductor devices are sensitive
to radiation because their operation depends on a delicate charge balance or high
crystalline perfection, both of which are altered at relatively low radiation levels.
Temporary or permanent failures will
occur at much lower radiation levels than
those which would immediately incapacitate a man. Fortunately, almost all of the
low level radiation problems are easily
solved, as lon gas their possible existence is
ixpen imewtal ariangemcnt for measurc-en
of tihe
wavenIgtihl ald intensity of IhIe laser- known. The AFCRL radiation effects and
indiucedItiotestenct ofimltitities inoptical
device hardening program provides information for predicting the effects of

t(ilponens.

any aircraft or missile skin, structural
member, control or guidance system. A
new element of the Laboratory program
studies the protection of a variety of sensitive systems and components from undesirahle laser interaction. Airborne IR sensors are of particular interest because a
laser beam that is not powerful enough to
destroy the sensor can still cause spurious
signals so strong that the sensor cannot opcrate.
This program studies techniques to reflect, attenuate, or absorb selected radiation from a varicty of lasers, for particular
critical opto-electronic systems and components. Laboratory experiments have
shown that tough, highly reflective coatings
can be applied to radome materials, and a
theoretical effort has been undertaken -to
specify film thickness and refractive properties of multilayer optical coatings.
RADIATION EFFECTS AND DEVICE
HARDENING
During the past two decades, the use of
solid state device technology has increased

A+

radiation on nmaterials-and devices and developing radiation hardened devices.
RADIATION-INDUCED TRANSPORT PHE.
NOMENA: When electron beams, X-rays, or
gamma rays penetrate materials, they impart stifficient energy to atomic electrons to
eject them from their bound states and
drive (hem far from the site of the initial
interaction. In this process the electrons
lose energy along their entire path and
carry charge some distance from the parent
atom. This transport of energy and charge
produces dose enhancement effects in solid
state devices, noise in optical sensors,
charge buildup in dielectric components,
severe voltage pulses in cables, and destructive electromagnetic signals known as system generated electromagnetic pulses
(SGEMP). The prediction uncertainties associated with these phenomena have been
typically greater than a factor of 10. An
AFCRL study of several transport phenomena was undertaken to reduce uncertainties to acceptable levels.
X-ray photoemission is an example of
one of the charge transport phenomena
studied at AFCRL. The problem arose in
connection with estimating the electron
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currents emitted from the walls of irradiated aerospace systems. Prior to
AFCRL's involvement, theoretical models
had been tested at gamma ray energies, but
there were reasons-to doubt their validity
when extrapolated to the X-ray regime,
and no reliable data were available to test
them. Information was needed on the absolute yield of secondary electrons as a funcdon of emission energy and angle for a
range of incident X-ray energies and target
materials. AFCRL undertook an experimental program designed to furnish this

information and modified an existing
Monte Carlo electron transport code-so that
it could be extended to X-ray energies.
Agreement between experimental data
and calculated yields as-a function of emis-

sion energy and angle is satisfactwry and,
therefore, the experimental effort has been
discontinued. There isstill a need.for more

4

in this direction is continuing.

Dose enhancement at interfaces is an example of an energy transport phenomenon
studied under this program. Ordinary experiniental and theoretical methods of deenergy absorbed by irradiated
materials (the dose) are not applicable to

oo--PlEnt
006

efficient computational methods, and work

iriany of these electrons and thereby experience a large dose enhancement. Solid
state devices frequently incorporate high
atomic number materials and are, there-

fore, susceptible to this effect. Factors of 10
errors are possible if the effect is ignored
and conventional dosimetry techniques
applied.
Experimental techniques were devised at

AFCRL which enabled the precise observalion of dose profiles at material boundaries
and were applied to a wide range of material combinations and X-ray energies. Good

agreement has been found with Monte
Carlo calculations.
Both of the phenomena described are
examples
of
electron
transport
phenomena, and the same basic electron
transport model can be applied. Other
phenomena that are being studied include:
Compton photocurrents in materials,
charge accumulation- in dielectrics, dose
fhtctuations, correlation of effects, secondary emission, and microdosimetry. The
ability to describe all of these effects depends upon knowledge of the electron
transport process. The information and
general approach which have evolved from

these studies promise to bring this problem
area under satisfactory control.
DISPLACEMENT EFFECTS: The effects of
high energy radiation on the electrical and

optical properties of solid state device materials are not only due to ionization effects,
but also to -displacement damage. loniza-

'
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changes were investigated. Knowledge of
the factors influencing production and stability of radiation-induced defects is necessary for hardening existing materials and in
specifying alternate materials intrinsically
hard to radiation.
TIe introduction -ratcs of defects, their
associated energy levels and charge capture
parameters were determined in n-type silicon irradiated with-electrons, gamma rays,
and neutrons using capacitance measure-
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been measured at AFCRL. I n addition, tile
characteristics of the displacement-

0o

ment techniques on semiconductor diodes.

rradiated slabs. In the tpller figure, a
1.25.MeV ganma beam enters an aluminum
slab from a vacuum, passes through it into a

gold slab, and exits into a vacuun The
plateau regions in the' ,dulninttn and gold

lepresent the "normal" doe. At the interface

the dose is enhanced on both sides. When the
Lean is reversedasslhown in thelower figure,
the (lose on both sides of the interface is retuced. For gamma rays of this energy, tire
effects are governed by differences in electron scattering in the two materials. At lower

energies, differences- in tile generation of
electrons control the-resuht and the dose 11hancenient exceeds a factor of 10.

tion causes transient changes in material
propertes while displacement effects are
essentially permanent, -requiring thermal
treatment for recovery,
Displacement damage is the physical disorder in the crystal lattice produced by

This revealed defect information not observable by conventional electrical and optical-techniques. The role of impurities in
defect production in electron- and
gamma-irradiated samples was quite
clearly seen. Neutron irradiation produces
complex, cluster-like defect structures as
comith
the simpler defects prompared it
duced by elcctron and-gamma irradiations.
Several energy levels were observd in
nettron-irradiated samples, and differences between materials involving different
crystal growth techniques were apparent.
The capacitance technique was used to follow uniquely the thermal anneal of a
specific defect in phosphorous-doped,
float-zone silicon. Furthermore, it permitted-the determination of the role of charge
state of the defect on its annealing behavior. It was found that the defect (a
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phosphorous-vacancy associate) anneals
more readily when neutral, and more
slowly when negatively charged.
The study of interactions between
radiation-produced defects and impurities
in semiconductors can lead to methods for
prediction and control ofdamaging, undesirable effects. Such an investigation of
lithium-doped-silicon has been completed.
The role of lithium, an unconventional, but
potentially beneficial dopant in silicon solar
cells, has been clarified in neutronirradiated, float-zone and crucible-grown
silicon. This material has been studied by
means of Hall effect, resistivity, and infrared absorption measurements. A model

developed indicates a precipitation-like interaction between lithium impurities and
neutron-produced clusters. It was deter-

mined that at least 200 lithium atoms per
cubic centimetti are needed for every
neutron per square centimeter to neutralize the damaging effects in neutronirradiated silicon. This information has had
a considerable impact on the development
of radiation-harduied solar cells.

The AFGRL-125 MeV

Dynamitron.

examples includea study of the hardness of
magnetic bubble materials and the detetinination of surface temperatures for heavy

RADIATION SERVICES AND DOSIMETRY:

ion bombarded silicon and gallium arse-

Irradiation support for radiation effects research is provided by the AFCRL radiation
facility. This facility consists of a multikilocurie Cobalt 60 source, 23-MeV electron linear accelerator, 3-MeV Van de
Graaff generator, 2-MeV flash X-ray
machine, and a 1.5-MeV Dynamitron electron accelerator. These sources supply a
wide variety of radiation types including
electrons, protons, gamma rays, neutrons,
X-rays, and heavy ions with energies from
the kilovolt range to 23 MeV and with output currents from microamperes to
kiloamperes. With these radiations, it is
possible to simulate many radiation effects
phenomena of interest to the electronic system designer.
Irradiation support is provided, and research is-conducted that is related directly
to a variety of radiation effects studies by
experimenters using the facility. Recent

nide.
Magnetic -bubbles have shown promise
for mass memory applications. Before
these devices could be used in a space or
nuclear environment their radiation hardness had to be determined. Consequently,
several magnetic bubble material samples
were exposed to 108 to 109 rad (Si) cobalt
60, and 4 x 1011 fission neutrons per square
centimeter. Magnetic properties such as
c, ercivity, wall mobility, and magnetization
were measured before and after irradiation
and were found to be stable at these levels.
Sophisticated X-ray topographic techniques delineated the stress response to the
irradiation of these bubble materials.
Another radiation effect is the stability of
stored information to intense pulses of
ionizing radiation. It has been demonstrafed that information stored iin a
magneticbubbleshiftregisterisstableupto
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at least 10' rad (Si) per Second for a
20-nanosecond pulse.
Experimenters conducting ion imi)hlfltation studies must know the surface tcml)Crature during the implant'to allow for annealing effects. These-temperatures were
measured using an infrared detector-prism
system for various radiation conditions.
The results showed that the surface temperature was not dependent on either the
energy, current, or bombarding ion
species. The temperature depended only
on beam power, target material, and
method of mounting the target to the cooling head. The beam power for most ion
implantation applications is generally less
than I watt per square centimeter-and this
would result in surface temperature in-

are affected by radiation. The short-tern
approaches are to design semiconductor
devices so that they are less affected by material property changes, and to find and use
in circuits those semiconductor devices
which are electrically useful and resistant to
radiation.
To meet present and future Air Force
needs, all semiconductor devices should be
-hardened to the maximum practical extent,
or at least the theory and techniques to harden them should be developed, because the
requirements may increase in the future.
Transistors can suffer all three principal
types of radiation damage: displacement,
ionization, and thermomechanical. The
principal cause of displacement damage is
fast neutrons, which remove carriers and

creases of less than 200 C for an 0.02-cm

reduce minority carrier lifetime. They also

thick silicon sample and less than 650 C for
an 0.035-cm thick gallium arsenide sample.
The comprehensive nature of the
AFCRL radiation facility has attracted
other DOD laboratories to satisfy their irradiation requirements. Programs which
have extensively utilized these facilities inlude the Advanced Ballistic Reentry System (ABRES), Poseidon, Advanced
Minuteman (MX) and TTC-39 (radiationhardened switch). The 23-MeV linear accelerator has been used to study transient
effects on these systems and the cobalt60 to
provide the total dose- requirements.

redmce mobility, a second-order effect.
X-rays and gamma rays cause permanent
ionization damage by causing charge to
build up in insulators, and transient effects
by generating photocurrents. Electronic
system designers usually try to circumvent
transient effects 'from very high dose rates.
The extent of transistor degradation due to
displacement and ionization depends
strongly on the transistor type, while the
extent of thermomechanical damage depends mainly on packaging and metallization, and not on the transistor type.
When properties of the bulk material are
changed to decrease their sensitivity to
radiation, changes in the-geometry-of the
device are usually required to maintain the
electrical characteristics, or at Icast ensure
that the electrical characteristics are still
useful. Fortunately, most hardening techniques harden against more than one type
of radiation, and some techniques actually
improve the operation of the device.
AFCRL scientists have studied the
numerous radiation environments, the
feasibility of shielding against some types of
radiation, circumventing high dose rate induced transients, the radiation sensitivity of
existing devices, and their hardening po-

PHYSICS OF DEVICE HARDENING: The science of device hardening seeks to design
devices so that they depend as little as possible on materials properties that are sensitive to radiation. The changes in operating
characteristics induced by radiation vary
considerably with the type of device and the
nature of the radiation. AFCRL is taking
both long- and short-term approaches to
-hardening semiconductor devices. The
long-term approach seeks to modify materials and material interfaces so they are less
affected by radiation. This requires a basic
understanding of why material parameters
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density and better threshold control, Research must also be performed on "rapid
ailneal" effects in all three interfaces. The
radiation susceptibility of CMOS devices
will become more critical when large-scale
integrated (LSI) circuits are used. The effects involved must be understood and
adequate semiconductor process control
maintained if LSI radiation hardness and
manufacturability are to be achieved.
CHARGE

The AFCRL 3 MeV Van de Graaiff Gener-

alor.

tential. The mostserious deficiencies found
were in hardening against neutrons and
gamnma rays in high power and micropower devices, and in linear integrated circuits. These are still the most serious-problems, but the AFCRL program has significantly lessened the deficiencies in research
and exploratory development.
HARDENED CMOS/SOS: Almost all of the
radiation effects and hardening efforts
for
complementary
metal
oxidesemiconductor (CMOS) structures have
been devoted to problems associated with
the interface between the silicon and the
gate insulator. Several- sohitions -to this
problem have been demonstrated in the
laboratory. The dielectric substrate/silicon
interface and the gate electrode/gate insulator interface have been shown by
AFCRL to be important in determining the
overall radiation sensitivity of metal/
insulator/semiconductor structures. The
first of these interfaces is important when a
device must be-hardened against transient
photocurrents, and the second results from
the new technology utilizing polysilicon
gate electrodes for increased packing

I---

COUPLED

DEVICES

(CCD):

Two-phase, polysilicon/aluminum CCD
shift registers, 64 and 128 stages long, with
both surface p- and n-channels-and buried
n-channels have been irradiated by high
energy electrons. The oxide charge and
-fast interface state levels increase as the
-dose levels approach 105 rads (Si). The
most serious effect for surface-channel devices is the increased fast interface state
level, since this increases the minimum

"
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The AFCRL Multicurie cobaht-60 cell.
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transfer inefficiency which can be achieved
to 10" , even with a zero signal wliich is
30 percent of the one signal. Narrower

dielectric, while silicon nitride (SON process) is used to harden the dielectric against
total ionizing radiation. In the silicon on

channels aggravate this effect,
The transfer inefficiency of buriedchannel devices is relatively insensitive to
radiation. While some increase in inefficiency was measured, the buried-channel
devices continued with inefficiency less
than l0 -4 at radiation doses as high as 5 x
l05 rads (Si).
No significant changes in average dark

sapphire (SOS) process, a thin film of silicon is heteroepitaxially grown on a sapphire substrate. The quality of the thin film
silicon in the first two processes is essentially the same as bulk silicon, while the
quality of the SOS silicon is degraded because of lattice mismatch. However, the
SOS process is simpler and easier to control.

current levels or dark current profiles were
observed, especially in buried-channel devices. This indicated that no appreciable
bulk damage was incurred during irradiation with 1-MeV electrons.
The maximum well size in multi-level
oxide structures decreased as dose levels
increased. This is pedictable on the basis of
surface potential calculation and- the well
size can be re-established by adjustment of
the dc levels applied to the various gates.
Incorporation of an on-chip threshold
tracking circuit can automatically correct
for the radiation-induced-threshold shifts.
This combination of a buried-channel CCD
with threshold tracking should be as
radiation-hard as peripheral MOS on-chip
circuits commonly used to interface the

Total ionizing radiation effects on the
isolation dielectric and the interface between the isolation dielectric and semiconductor are not a significant problem for
bipolar structures. For this reason, dielectric isolation has been used to harden them
against transient radiation. However, exposure of n-channel MIS devices to radiation results in trapped -positive charge in
the isolation dielectric which may induce
leakage currents. For these devices, the
radiation-hardened SON process, or the
SOS process, modified to minimize charge
trapping in the apphire, is needed. Radiation hardening the isolation dielectric gains
the advantages of both dielectric isolation
and MOS technology.

CCD.

DIELECTRIC
ISOLATION
PROCESSES:
Dielectric isolation-techniques are used to
reduce photocurrents in semiconductor
devices and integrated circuits exposed to
pulses of ionizing radiation. Three materials -for dielectric isolation have given rise to
isolation schemes. These are: the more
conventional silicon on silicon dioxide: silicon on silicon nitride (SON) process, and
silicon on sapphire (SOS). In the first two
processes, the-isolation dielectric is-deposited or grown on the bulk silicon, polysilicon substrate material is deposited, and
then most of the original silicon is removed,
leaving only a thin layer of single crystal
silicon. Silicon dioxide is the usual isolation

HARDENED

DIFFUSED

RESISTORS:

Radiation normally causes large transient
effects ip diffused resistors, limiting their
use in hardened integrated circuits. Oxide
isolation will be investigated as a way to
harden diffused resistors against radiation.
The effects of isolation area and isolation
region bias will be studied. Properties of the
resistor strip such as sheet resistivities and
resistor widths will also be examined.
The physics of the behavior of diffused
resistors under irradiation has been reviewed and design criteria established for
hardened resistors. Detailed layout of test
structures which will permit a comparison
of the predictions to actual device performance was made. Masks have been fabricated, and device fabrication has begun.
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INFRARED DETECTOR RESEARCH
Burning fuel emits recombination radiation as well as black body thermal radiation,
and both are infrared targets of military
interest. Available detectors for this radia-

requirement exceeds thelimits set by variations of semiconductor composition, impurity density and minority carrier lifetime
in conventional photoconductive or photovohaic retinas. However, larger variations
of )lhotoresponse will introduce "fixed pat-

tion often operate within a factor of 2 or 3of their theoretical ideal. But future requirements for long-range, high-reliability
missile detection, large forward-looking infrared (FLIR) systems, nighttime "smart"

tern" noise into tie imagery.
A new type of retina is being developed at
AFCRL which is based on internal photoemission from the metal photocathodes of
large two-dimensional arrays of silicon

bombs, and passive detection modes for

Schottky diodes. The Schottky retina

RPV's will require continued detector research. AFCRL has initiated a program to
develop new detector concepts, new detector-materials, and integrated optics, and to
study radiation effects in detectors, and
sensor hardening, to generate the technology base that will be needed.

photoresponse is independent, to first
order, of both minority carrier lifetime and
impurity density. This independence, together with the exclusive use of silicon
monolithic processing technology in the
fabrication of Schottky retinas, is expected
to lead to photoresponse uniformities that
are good enough to provide a basis for a
viable infrared television camera technology. It is expected that Schottky retina
cameras, operating in the 3-5 micrometer
spectral band, will be capable of performance comparable with state-of-the-art line

INFRARED CAMERA: Infrared cameras are
much moredifficulttodesign than cameras
for visible light. Signals from infrared
scenes have low contrasi and a large, uniform background component, whereas
signals from visible scenes have good contrast and negligible background. An infrared -camera must have a large dynamic
range in order to accumulate the background signal without saturation, and at
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the same time, it must have sufficient sen-

sitivity-to resolve low contrast detail. In addition, -there must be provision for the removal of the background signal-component
to obtain acceptable

display

$.G-.L

ilnescaner
I

contrast.

Ideally, background removal should occur
during the frame integration process to
minimize the dynamic range requirements
imposed on both the sensor surface, or
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retina, and its associated readout
scanner systems typically use a rotating
of strong
combination
Theand.
mechanism. mech
w
coinratinal
c
i Linerror
to scan across the scenes. Although a

background and low contrast signal conditions leads to the further requirement that

the point-to-point photoresponse of the
retina must be extremely uniform. De-

pending upon the thermal resolution required and upon the spectral range of operation, photoresponse spatial variance

limits range from -0.1 to 1 percent. This

camera system using Schottky Barrier devices
would have a quantum efficiency of only one
one-hundredth
of the devices used in ihe
line scanner, theythat
would
stare at the scene for
the full frane time, while the scanner would
look at each element in the scene for the
frame time divided by the number of lines in
the scene, about 300. The overall efficiency of

the two systems would thus be within a factor

of two.
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scanners. Further, Schottky retina cameras
are expected to be significantly less cornplex and costly than thermal imaging systens.
The basic photoresponse, contrast and
noise relationships for a family of thermal
imaging cameras based upon the infrared
internal emission photoresponse of silicon
Schottky diodes have been derived. The
camera retinas consist of large-scale twodimensional arrays of Schottky diodes
operating in a charge storage mode. The
measured values of quantum efficiency and
uniformity lead to a prediction of performance approaching that of line scanning systeins. Use of the Schottky response has led
to an order of magnitude improvement in
available photoresponse uniformity, an advance which will make possible the development of a viable infrared camera
technology.

ions of the ohmic contacts can change the
dc conductivities by several orders of inagnitude. Computer models and programs
were designed to quantify the low temperature electrical and optical characteristics,
taking into consideration the effects of"
ideal ohmic contacts. The ideal ohmic contact is defined as a high-low junction in the
semiconductor in series with a tunnelemission junction on the-high dopant level
side. Significant departures from bulk values were found as the distance between
ohmic contacts is decreased. Many design
and material parameter changes can be
identified. Experimental low temperature
measurements on extrinsic silicon photoconductors simulating actual operating
conditions are underway to seek out the
best design for integrating the detectors
into large arrays and for minimizing radiation effects.

LWIR DETECTORS, EXTRINSIC SIUCON: In
the 8-30 micrometer spectral region, extrinsic silicon photoconductors are the
prime candidates for high-performance
detectors in a single-element or small arrays. Background limited detectivities had
been achieved under a wide range of background conditions by these extrinsic silicon
photoconductors. Basic detector parameters essential to high detectivity such as
photocarrier lifetime and mobility were
strongly dependent on compensation level
which is kept as low as possible. For detectors of sizable dimensions as found in
single-element or small arrays, the bulk
properties can be optimized to obtain best
performance (the physics and material
parameters are reasonably under control).
As the detector size decreases, both for integration into-large dimensional arrays and
for minimization of nuclear and space radi-

RADIATION EFFECTS IN IR DETECTOR AND
SENSOR HARDENING: These studies seek to
determine the mechanisms by which ionizing radiation affects detectors that operate
in the 10-micrometer spectral region and
the modifications in signal response caused
by permanent radiation damage.
The effects of gamma-photon-induced
ionizing noise in infrared sensors were
modeled in such a way-that methods could
be recommended for improving the radiation hardness-of infrared sensors, by varying geometry, electronic parameters, etc.
The goal is to maintain-optical performance while minimizing the gamma ray response in a given focal plane, in spite of the
fact that any infrared detector is also a
gamma ray detector. The model takes into
account the incident gamma spectrum,
both Compton events in the detector and
secondary hot electrons from the metal

ation effects, the bulk properties of the extrinsic silicon material no longer dominate
and the effects of contacts cannot be ne-

surroundings, partial or total deposition of
the initial hot electron -energy, detector
geometry, and preamplifier impulse re-

glected. Under operating conditions,
where most carriers are frozen out, the carrier spillover from the accumulative reg-

sponse. The model as coded gives predicted pulse height distributions and, for
threshold-gating type circumvention, pre-
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defects will exhibit a large dark current
which shunts the photoconductive current
and decreases the overall signal-response.
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for the theoretical understanding of propagation of light in
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fected by

dielectric structures of all kinds. The
theoretical treatment of such problems is

ahminut( which then deposit energy in the
silicon
as they pass through it (a)or come to
rest
in the silicon (b).

difficult. since the electromagnetic field is
both time varying and vectorial. Thus,
problems in dielectric combine all the dif-

dieted duty cycles, itindicates that detector
volume should be minimized. Good
agreement with experimental results is
achieved. In particular, signal-to-noise
parameters are calculated for an extrinsic
silicon infrared detector mounted on an
aluminum focal-plane assembly operating
at 10° K inthe presence of a weapons debris
garma-ray ionizing environment. Preamplifier clamping, to truncate large ionizing
radiation pulses, leads to significant increases insystem sensitivity,
Upon analysis, itwas found that the modifications of photoconductive response
caused by permanent radiation damage-in
HgCdTe can be adequately described by
the theory of degenerate semicond, ors.
The effects of irradiation in- HgCdTe coilsist mainly of the introduction of donor
defects. The filling of the conduction band
states by electrons from donor defects-inhibits phototransition to the conduction
band edge: rather, transitions take place
fiom tie valence band to empty states near
the Fermi level in the conduction band
(Burstein-Moss effect). This explains the
shift toward shorter wavelength ir the
photoconductive
response
peak.

,

ficulties of scalar wave propagation in variably refi'acting media-with the fact-that an
electromagnetic field has six components
(three electric and three magnetic) and
hence generates six simultaneous wave
equations. In an attempt to overcome these
difficulties, efforts have been made to isolate these two stumbling blocks of the electr"
' etic case by first solving model
p.
n- 'which
one or the other of them
is aosent. fwo such model problems are:
the penetration of long wavelength- (static)
fields into dielectrics, and the scattering of
scalar waves irom arbitrarily shaped
bodies. There is an additional interest in
this strategy of attack in that the model
problems -themselves have intrinsic practical interest. Thus, the long wavelength
problem, the electrostatics of fields in the
presence of dielectrics,-is important in the
theory of electric or magnetic ihielding.
Similarly, scalar problems of scattering are
widely important in acoustics, in impurity
scattering in solid state theory, and in
electron-atom interaction theory. Both
these model problems~have been successfully attacked and solved. A new technique
has been devised thai-permits the calculation of the response of almost any dielectric

'.
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compatible injection laser source is the

key to success.

DEVICE DESIGN: The operation and ad-
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vantages of Schottky barrier diodes as infrared detectors have been discussed previously. The proven reliability of solid state
components makes an integrated all solid

state infr-ared imaging system desirable. A
-
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By developing integrated optics components,
the Laboratory can assemble sysiens MhIch,
because the), transmit light, usually thnough
fiber optics connectors, are not affected by
radio frequency interference.janmming, cross
talk between chantels, or the electromagnetic

design which- couples- the Schottky barrier
diode detectors to a CCD (Charge Coupled
Devices) readout uses an MOS transistor
transfer gate to convert a majority carrier

signal, obtained from the Schottky barrier
diode when infrared photons impinge
upon it, to a minority carrier signal, which

can be transferred along a CCD shift registelr.

pulses from nuclear detonations.

(or permeable body) to-an external field.
Similarly, new formulas have been derived
that permit the calculation of the scattering-

vs
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of scalar waves from a large class of refract-

ing bodies. Tile insight gained from these
model problems is now being applied to the
electromagnetic
dielectric waveguide
propagation problem with good portents
for success.
Full potential of the optical circuits can
only be realized with the development of
the necessary integrated optics (10) components. These 10 components perform
analogous functions as IC's in electronic
circuits by the manipulation of lightwave
with electro-optical or acousto-optical interactions. The state of the art of solid state
device processing technology must be extended to meet the novel and stringent requirements -for these 10 devices. New and
innovative approaches-must be considered
to exploit various electro-optical phenomena exhibited by EM materials and to
solve novel problems arising in optical circult designs. For the hybrid circuit approach, the development of efficient coupling between optical fibers and/or thin
film waveguides isparamount. In an all

GaAs monolithic approach, an integrable
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The charge-coupled imaging device for use
with the Schottky Barrier infrared sensing
array. A pulse from the chatge clock charges
the Schottky Barrier throttgh MOS No. I to a
reverse bias potential and at the same time
reduces the potential at Ato ground. For a
frame timte, the reversed biased Schottky Bareier isdischat ged by IRphotons. The transfer
clock then turns on MOS No. 2and transfers
electrode B. This allows a-charge proportional to the voltage on A to flow from the
grounled source. The CCD shift register is
locked so that the next pulse will transfer the
charge beneath A to the closest CGD electrode, flotn which it travels down the CCD
shift t egister for readout. This is the first conversion of a majority carrier to a minority
carriersignal on amonolithic integrated chip.
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This scheme solves, for the first time, the
problem of transforming a majority carrier
signal to a minority carrier signal on a
monolithic integrated circuit chip. AFCRL
has applied for a patent on this voltage
transfer scheme and effort is underwway to
reduce this scheme to practice in the
laboratory. Under this same program, on
contract, a slightly modified version using
charge transfer rather than voltage transfer is being built. Initial results have
demonstrated imagin6 in the infrared, reported in AFCRL-TR-74-0375. The prinary difference between the voltage transferand the charge transfer is thatin voltage
-transfer the capacitance of the sensing ele..
niment must be large in comparison to the
CCD electrode capacitance, while in the
case of charge transfer these capacitances
should be equal. This consideration implies
-that for a given CCD design using voltage
transfer, a larger fraction of the chip must
be used for sensing, giving greater sensitivity, but lower resolution-than charge transfer.

Research in solid state device technology is
primarily directed either toward achieving
better control over existing processes or
toward developing new processes which
can yield-the desired improvement in control. Thus, the laboratory miaintains a capability for conventional processing using a
standard -photographic step and repeat
camera for mask making, contact exposure
of photoresist, thermal oxidation, and
boron or phosphorus diffusion. The fast

latter category are ion implantation, direct
projection on photoresist, and use of dectron beam technology.
In previous reports, the fundamental
studies undertaken on ion implantation
into silicon were discussed. Once it was established that the ion-implantationinduced lattice damage could be removed
by annealing to a degree where it no longer
seriously degtraded basic semiconductor
properties such as carrier concentration,
mobility, or minority carrier lifetime, attention was focused on the use of ion implantation. Implantation ions deposit their charge
on the target so that by integrating the
charge deposited during an implantation
run, one is able to get an electronic measure
of the total dose of impurity ions deposited
into the target material. This fact permits at
least an order of magnitude improvement
in the control of the introduction of desired
dopants. Invariably, ion implanted diodes
show better uniformity of breakdown voltages across a slice than diffused diodes
which are fabricated under otherwise similar conditions, e.g., improvement in the
quality of passivating oxide and photolithographic processing. The degree of
control available through ion implantatiotn
has also been applied to the fabrication of
high ohms/square resistors. Diffused resistors have typical values of 250 ohms/square
with 1000 ohms/square constituting a
difficult-to-control upper boundary. Implanted resistors having values of 3000
ohms/square have been easily obtained.
However, all high valued resistors suffer
from a self-pinching effect and thus have
poor voltage linearity. This problem may
be overcome for implanted resistors by in-

progress of semiconductor technology re-

tentionally

DEVICE PROCESSING TECHNOLOGY

qttires considerable time and effort to keep
abreast of the latest techniques; during this
reporting period, HCI treatment of thermal oxides and plasma etching and stripping capabilities have been incorporated.
At the same time, continuous research is
carried out on new experimental techniques for theirinherentadvantages. In the

retaining

some

of

the

implantation-introduced damage. This
possibility is the subject of our ongoing investigation. High valued resistors in integrated circuits would greatly reduce chip
size, thereby increasing yield, and would
permit circuit hardening through elimination of thin film resistors.
In addition to the control of the exact
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face inversion problems. Through the use
of a special structure, the problems arising

IVOLT/01V.

1o VOLTStDIV.

from surface inversion have been charac-

Utions
PINckEDoRE01o,

LINEAR REGION

5Ka/3
An illustration of the pinch effect inl an iplanted resistor, of 5,000 ohtms per square.
From 0 to 5 vohs, the resistance is approxiinately constant at 625,000 ohms. However,
the plot of current for voltages from 0 to 50
vohs shows the current approaching a constant value, regardless ofvohage- the pinch.
ingeffect.

concentration of dopant impurities, the
control of physical dimensions is of great
interest to solid state devices. Both absolute
linewidth and line edge uniformity are of
importance. Experiments with direct projectionof lOX master images on photoresist
have resulted in substantially improved
resolution of 1 micron lines with I micron
spaces. In the quest-for even greater resolution a contract has been let to build an Electron Beam Equipment with a Laser Controlled Stage which will have-the capability
of ±0.2 micron resolution and ±'0.2 micron registration accuracy over a 10-cm x
10-cm working area. This equipment will
be used in the study of high valued resistors. The width of the resistors will be reduced in an effort to experimentally verify
the expected reduction in photocurrents
when a given valued resistor made by this
technique is exposed to pulsed gamma
radiation.
Another area-of processing research has
been necessitated by the Laboratory's program in Schottky barrier infrared detectors. Since these Schottky barriers must be
fabricated on p-type silicon to obtain sufficiently low barriers, they suffer from sur-

terized at 77' K. No information exists in
the literature for low barrier Schottkyjuncwith surrounding oxide. Through the
use of field plates it has been shown that
leakage currents at 77* K for 40 mil
Schottky barrier diodes can be reduced
below I nanoampere. This experiment
demonstrated that the leakage currents in
low barrier Schottky junctions can be reduced so that no significant discharge-occurs during integration.
GAAi IMPLANTATION: One of the limiting
factors in GaAs device technology is the

difficulty of forming thin heavily (loped
n-type regions. The high frequency performance of FET's, for example, is restricted by the series resistance of the
source and drain. The solubility limit of
n-type dopants in GaAs is in the mid 10t 8
atoms per cubic centimeter range and this
sets the highest doping that can be anticipated. Implantation would seem particularly suitable for such layer formation and,
bearing in mind the solubility limit, the
highest implanted doses should be in the
vicinity of 10t4 ions per square centimeter.
Such a dose averaged over 4 micrometer is
equivalent to 4x10 t8 per cubic centimeter.
This-contrasts with doses up to 10t5 per
square centimeter for p-type dopants and
more than 1015 per square centimeter for
silicon.
Despite the success achieved with p-type
implants, results for n-type implantation
have generally been disappointing. Accordingly, an investigation was undertaken in
an attempt to determine the limiting factors. Possible limitations to achieving the
necessary doping include: the requirement
that the ion locate substitutionally and on
the correct sublattice site; incomplete removal of compensating defects that result
from the ion irradiation; surface degrada-
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per square centimeter im-

plants, better results can be accomplished
by implanting sulfur and selenium.
Considerable effort has centered on re-
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moval of defects resulting from implanta-
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tion, with emphasis on determining how
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Number of sulfur atoms substituting on arsenic sites in GaAs at various implant temperatures, when implantation is followed by anlhealing. The electrical activity due to doping
increases sharply as the implant temperature
is increased from room temperature to 150

C.

tion during the thermal annealing required
to satisfy the first two requirements; and
loss of implanted species by out-diffusion
through the GaAs surface.
In addition, the effects on GaAs of implanting at elevated temperatures are still

unknown.
Because it assumes the correct lattice posidon with less damage to the lattice, silicon
might be preferred over the group VI dopants. If the better utilization of p-type ions
as dopants is due in some way to the ease
with which they can assume positions on Ga
sites, then n-type doping should be easier
with Si, since it also should locate on Ga
rather than As sites. The ability of Si to act
amphoteric when used as a dopant is usually detrimental. However, GaAs requires
surface encapsulation during postimplantation annealing to prevent As loss,
and the technologically simpler but generally inadequate Si0 2 films might be beneficial in this instance. By allowing Ga to diffuse out, they allow creation of Ga vacancies. This is a limitation when group VI
dopants are used, but it should aid Si in
taking lattice positions normally occupied
by Ga atoms. While doping levels up to 2.2 x

defects are caused per ion implanted

and learning how these defects anneal.
Lighter non-dopant ions such as B and N
were found to remove about 200 carriers
per ion when implanted at I MeV. Such
damage, if from adopant ion, would have

to be entirely removed before a net doping
gain could result. The carrier (and mobility) annealing of a nitrogen damaged layer
shows, typically, a recovery stage at 2250 C
from electron irradiation damage, and a
stage above 600' C for damage from the
ions. Such compensation studies are also
useful in integrated optics where removal
of the carriers causes a refractive index
change which can be used to form a
waveguide.
The highest doping achieved so far has
been obtained using Se and S, where up to
2.9 x l013 per cubic centimeter and 4 x l013
-per square centimeter of the 1014 ions per
square centimeter implanted have been
rendered active. Peak concentrations are
approximately 1-2 x 101" per cubic centimeter. Layers doped to 7 x 1013 per square
centimeter have been obtained at higher
sulfur doses hnd such active concentrations
are significantly better than what has been
previously reported. The single most important factor influencing the electrical activity of the layers is the implantation temperature. Typically, an improvement of 2V
occurs if the implantation is, performed
above 150' C rather than at room temperature. However, elevated temperatures do
not significantly reduce compensating defect formation. It is concluded that ifS or Se
is implanted below 1500 C, an appreciable
fraction of the ions are trapped in defect
complexes from which they are never released during annealing to become substitutional on the desired As sites.
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D.P.(1974),
R.
MARSALL
., i7TLRJ

A Unique High Temperature-High Pressure Clystal Growth
Systei for Silicon Carbide

Proc. of Fourth All-Union Conf. on Cryst. Growth
(1974)A.
MARSHALL,
BERMAN, 1.

R. C.,

RYAN,

C. E.,

LiTrLER,J.

R., and

New Growth Experiments in Alpha Silicon Carbide

Proc. "Silicon Carbide - 1973," Univ. of S. C. Press
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Device Implications of Ion Implantation Damage in Silicon
1972 Govt. Microcircuit Appl. Conf., San Diego, Calif.
(01

(01

coe

coe

92

92
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(II973)4
Deember
FIELD, W. G., and SANIPSON, J. L.

Growth of Rare Earth-C'obalt Compounds by Therinal
Imaging

Ain. Assoc. for Cryst. Growth

If Mtig., Princiton

GoLUnovic, A., EWING, W. S, BRUCE,J. A., COMERJj., and Mii~m, D. (Opt. Phy's. Lab.)
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The Automation of ajunction Capacitance Measurement
Within the LAAF System
COMMN t
DtoF M
NIKULA, J.

MMON Mtg., Detroit, Mich. (24-27 April 1973)
O'CONNOR, J. J., LARKIN, J. J., ARMINGTON, A. F.,
POSEN, H., and PICKERING, N. E.
Solid Solution Halide Crystals

Am. Assoc. for Cryst. Growth - II Mtg., Princeton
Univ., Princeton, N.J. (30 July - 3 August 1972)
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R. C., and

O'CONNOR, J.J., LARKIN.J.J., P|CKLRING, N. E., and
ARMINGTOx, A. F.
Prepayation and Propeities of Rubidium Chloride Dopl

RYAN, C. E., BER.%tM, I., MARSHALL,

Solid Solutions
Corif. on High Power IR Laser Window Mats.,
Hyannis, Mass. (12-14 November 1973)

IVth All-Union Conf. on Cryst. Growth,
Tsakhkadzor,ArmenianSSR (16.23September 1972)

PELLEGRINI, P. W.,

and

FELDMAN,J.

M;(Noi theastern

Univ., Boston, Mass.)

LPEGiowth ofSiC UsingTransition Metal-Silicon Solvents
Intl. Conf. on Silicon Carbide - 1973, Miami Beach,
Fla. (17-20 September 1973)
ICK, M. A., SCtWUT'rKE, G. H. (IBM, East Fishkill
Labs., HopewelIJunction, N. Y.), LowE. L. F., and
PosL.V, H.

LtrLER, J. R.
The Influence ofAnnealing on Thin Films of Beta SiC

SAHAGIAN, C. S.
Crystal Growth Technology (hiv. Lecture)
Armenian Acad. of Sci., Erivan, ASSR

(23-26 September 1972)
SAsIso.,,J.

L., and

FIELD,

W. G.

Crucibleless Czochralski Crystal Growth

Assoc. for Cryst. Growth -1 Mtg., Princeton Univ.,
Princeton, N.J. (30 July - 3 August 1972)

Precirion Measurement of Lattice Changes in Magnetic
Bubble Garnets After High Energy H * Implantation
Electrochem. Soc. Mtg., San Francisco, Calif.

SiDD, W. M., NEAMEN,

(12-17 May 1974)

Wkshp. on Radn. Eff. in MOS Technol., The Dept.

D. A., and BUCHANAN, B. L.

Rapid Anneal in MIS Transistors
Auditoritm, Wash.,-D. C. (6-7 December 1973)

PosL'c, H.

F. D.,

V. E., anid BURKE, E. A.

Windows
The MechanicalStrengtheningoflfraredHalhde

SHEPHERD,

Conf. on High Power IR Laser Window Mats.,

Prediction of Ionizing Radiation Noise in hofraredSensors

Hyannis, Mass. (30 October - I November 1972)
PosE.v. H., BRUCE,J. A., CoMER,J.J., and ARMINGToN,

Specialty Gp. on IR Detectors, Naval Res. Lab.,
IRIS
Wash., D. C. (13-15-March 1973)
W h
C(

A. F.

SHEPHERD,

A Study of 10.6 A m Laser Induced Damage in Halide

Silicon Schottky Retinasfor Infrared Inaging

Crostals
Symp. on Damage in Laser Mats., Nail. Bur. of Stds.,
Boulder, Colo. (15-16 May 1973)

1973 IEEE Intl. Elect. Dev. Mtg., Wash., D. C.
(3-5 December 1973)

POSEN,

H., Bruce,J. A., and MiLAi, D. (Opt. Phys.

F.

VicKERS,

D.,JR.,

anti YANc, A. C.

L. H., BENDOW, B., GIANINo, P. D., and

SKOLNIK,

CRoss, E. F. (Aerosp. Corp., El Segundo, Calif.)

Lab.)
10.6 g in Laser Damage in ZnSe

Mid and Far Infrared Vidicon Investigations of Thermal
Lensing, Interference, and Thermal Radiation frou Laser

ASTM Mtg., Natl. Bur. of Stds., Boulder. Colo.
(22-23 May 1974)

Windows
1973 Conf. on High Power IR Laser Window Mats.,
Hyannis, Mass. (12-14 November 1973)

POSEN, H., and KULIX, S. A., KREDER, K. (ManLabs,
Inc., Cambridge, Mass.), BOWEN, H. K. (Ctr. for Mats.
Sci. and Engrg., Mass. Inst. of Technol., Cambridge,
Mass.)
Properties of Large Polycrystalline KCI Windows
Conf. on High Power IR Laser Window Mats.,
Hyannis, Mass. (30 October - 1 November 1972)

SKoL.lx, L. H., BENDOW, B., GIAN NO, P. D., and
HORDVIK, A. (Opt. Phys. Lab.), CRoss, E. F. (Aerosp.
Corp., El Segundo, Calif.)
lnteferenceandLensingEffects in the Transmission ofHigh
PowerLaser Beams Through lfrared- Windows
Conf. on High Power IR Laser Window Mats - 1972,
Hyannis, Mass. (30 October - 1 November 1972)

ROOstLO, S. A., SHEDD, W. M., and BUCHANAN, B. L.

High Dose-Gamma Radiation Effects on Solid State
Electronic Devices

SKOLNIK, L. H., KAHAN, A., and HORoVIK, A. (Opt.
Phys. Lab.), CLARK, 0. M.

1972 Govt. Microcircuit Appi. Conf., San Diego, Calif.
(10-12 October 1972)

A Doppler Shifl Interferometric Technique for Measuring
Small Absorption Coefficients
1973 Conf. on High Power IR Laser Window Mats.,
Hyannis, Mass. (12-14 November 1973)

RYAN, C, E., BERMAN, ., and MARSHALL, R. C.
Thin Films ofa and Silicon Carbide Prepared by Liquid
Epitaxy and by Sputtering
Intl. Conf. on Silicon Carbide - 1973, Miami Beach.
Fla. (17-20 September 1973)

C. S., BiRMA.,J; L. (N. Y. Univ.), and BENDOW,
B.
Theory of Multiphonon Absorption Including the Impurio
TiNG,

~~-~
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Vibrational Modefor an Ionic Crystat
Conf. on High Power IR Laser Window Mfats.,
Hyannis, Mass. (12.141 November 1973)

BL'Nnow, B., SKOLNIK, L. H-.. and GIANINO, 1P.D.
A Review of Research on 'ThermalLensing from Laser
111indou-Materials

Theory of Multiphonion lnfrared Absorption Including
Impurity Vibrational Modesfor Ionic Crystals

Conf. on High Power IR Laser Window Mats., Oct. 30,
31 and Nov. 1, 1973, Vol. 1, AFCRL.TR-73.0372(l)
(19 June 1973)

Ain. Phys. Soc. Mtg., Philadelphia, Pa. (25.28 March
1974)
B.

Bw-xvow, B., and YiNc, S. C.(Brown Univ.,
Providence, R. 1.), YUKON, S. P. (Parke Mfath. Labs.,
Carlisle, Mass.)

Pressure and Stress Dependence of the Refractive Indlex in
Transparent Crystals
Am. Phys. Soc. Mig., Philadelphia. Pa. (25.28 March

Theory of Frequency and Temperature Dependence of
Intrinsic Multiphonon Absorption in Laser W~indow'
Materials

SAY,

Y.

F., MITRA, S. S.

(Univ. of R. 1.), and BE.inow,

1974)
WILKENING,

IV.,

FRIEDMAN,J.

D., and

PITIIA,

C. A.

Third Conf. on Highs Power IR Laser Window Mats.,
Nov. 12.14, 1973, Vol. 1: Opt. Properties,
AFCRL-TR4.0085(1) (14 February 1974)

Alkali
Measurement of Stress-Induced Birefringence ims

Halides
1973 Conf. on-High Power JR Laser Window Mats.,
Hyannis, Mass. (12.14 November 1973)

BERMaAN, L, RYAN,
LirrLER, J. R.

C. E.,

MARSHALL,

R. C., and

The In~fluence of Annealing on Thin Films of Beta SiC

AFCRL-72-0737 (19 December 1972)
BRADFORD. J. N.
Absolute Yields of X-Ray Iduced Photoemnission

TECHNICAL, REPORTS
JULY-1972 - JUNE 1974

~from Metals

AFCRL-72-0542 (23 August 1972)
BROwN, R. N.

ADAMSKI, J. A.,
LARKIN,

WEINER, J.

R.,

KLAUSUTIs,

N., and

J. J.

Third Con f. on High Power JR Laser Window Mats.,
Nov. 12-14, 1973, Vol. II: Mats., AFCRL-TR-74-0085
(11) (14 February 1974)
A. F., KLAUSUTIs, N., and SAVAGE, J. A.
(Royal Radar Establishment, Great Malvern, Eng.)
Single Crystal Zinc Selenide by Vapor Transport
Third Conf. on High Power JR Laser Window M*ats.,
Nov. 12-14, 1973, Vol. II: Mats.,
AFCRL-TR-74.0085(11) (14 February 1974)
ARM.INGTON,

BENDOWB.

B.Effects

Correlation Function Theory of Multiphonon-Absorption in
Laser Window Materials

Conf. on High Power JR Laser Window Mats., Oct. 30,
31 and Nov. 1, 1973, Vol. I, AFCRL.TR-73.0372(l)
(19 une 973)COMER,
BUNxow, B., and

GIANrI'O,

Filmns
AFCRL-TR-73-0728 (28 November 1973)
BROWx, R. N., and KEN'NEDY, J. K.
Preparation and Optical Energy Gap of Epitaxial Films of
InAs .A Alloys
AFCRL-TR-74-0280 (20 June 1974)
BRUCE, J. A., COMER, J. J., COLLINS, C. V.,

NlAj., and

LipsoN, H. G.
of Ion Beam Polishing on Alkali Halide Laser
lWindow Materials
Third Conf. on High Power JR Laser Window Mats.,
Nov. 12.14, 1973, Vol. III: Surfaces, Coatings,

AFCRL.TR-74-0085(1 11) (14 February 1974)

J. J., PosEN, H., and KUUIN, S.A.(ManLabs,
Inc., Cambridge, Mass.)
Deformation Structures in Pressure Induced Recrystallized

P. D.

Optical Performance Evaluation of Infrared Transmitting
Materials

AFCRL-72-0565 (19 September 1972)

BE,%oow, B., GIANINo, P.D., and
Y.F. (Univ. of R. 1.)

AFCRL-TR-73-0479 (31 July 1973)

The Analysis of Optical Surface Scattering from Epitaxial

Czochralslti Growth of CdTe.CdSe

BEND~,

'The Conductivity of Quartz After Electrolysis

MITRA, S.

S., TSAY,

Stress and Pressure Dependence of the Refractive Index of

Laser Window Materials
Third Conf. on High Power JR Laser Window Mats.,
Nov. 12-14, 1973, Vol. 1: Opt. Properties,
AFCRL-TR-74.0085(1) (14 February 1974)

(PIR) KG!
Third Conf. on High Power JR Laser Window Mat.,

Nov. 12.14, 1973, Vol. 11: Mats.,
AFCRL.TR.74-0085(11) (14 February 1974)
DE ANGELIS, H. M., DIEBOLD, J. IV., LT., COL., and
KoNum, D. S., 1ST. Lr.,(Mass. Inst. of Technol.),
NIKULA, J. V.
Charge State E~ffects on Annealing of Electron Irradiated

Silicon
AFCRL-TR-74-0239 (22 May 1974)
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DIEBsOLD,

J. WV.,LT'. CoL.,

KimERLUNG,

DE ANGELIS, H. M.. and
L. C. (Bell Labs., Murray' Hill, N.J.),

Fri~ERALD, J. J.
junction CapaditanceTeehniquesto CharacterizeRadiation
Damage in SiliconL.

Crowili System for Silicon arbuide
AFCRL-TR.73.0074 f January 1973)
LoWvE. L. F.,

KEINNEDY,J.

K., DAVILS,

D.

E,,

adFrsL.J
L.? and emperatur
L. j
srinnso
SufaceTmeaue~laueet
o o
and GaAs at 1.0 to 2.0 Mel'

AFCRI,.-TR.73.0157 (12 March 1973)

DEANE, M.

obaddS
odaddS

AFCRI-TR-73.0660 (29 October 1973)

EWVING, IV, S.

Polls/dug Methods for KG)

AFCRL-TR.74-01341 (8 Maich 1974)

LowE, L. F., TuRN.%ER,
C. D., and HYATr,J. R. (Tufts

FIELo, WV.G., and SAN.4sON, j. L.
A Vertical Thlermal-I magmigtrntacefor Single Crystal

Summary Report on Magnetic Bubb/c Material Radiation
Hardness Study

Growth
AFCRL-TIR-73-0386 (2 july 1973)

AFCRL.TIR.74.03 16 (16 Jul), 1974)

Univ., Medford, Mass.)

A.LUDMANj.

KAUA,

E.

A.Defect
Free-Carrier Optical Effects in Gallium Arsenide

Levels in Neution-Iriadiated GaAs Schottky Diodes
and Laser Diode Degradation

AFCRL-TR-73-0122 (27 February 1973)

AFCRL-TR-73-0344 (31 May 1973)

KAIIA-, A., LipsoN, H. G., and SKOLNIK, L. H.
The Computation of the Absorption Coefficient fromt
Calorimetric Data
Third Conf. on High Power IR Laser Window \fats.,
Nov. 12-14, 1973. Vol. 1: Opt. Properties,
AFCRL.T'R-74.0085(I) (14 February 1974)

MITRA,

KAIIA,

KULIN, S. A. (ManLabs. Inc., Cantbridge, Mass.), and-

S.S. NANJOSMn, K. V.,

PAUL,

D. K., TSAY. Y. F.

(Univ. of R. 1.), and BENs~tow, B.
Optical Propeties of Amorphous Materials for Laser
Wlindowins
Third ConC. on High Power IR Laser Window Mats.,
Nov. 12.14, 1973, Vol. III: Surfaces, Coatings.
AFCRL-TR-74.0085(1il) (14 February 1974)

POSE,, H.
Textuore Studies in ZnSe

O'CONOR, J. J., LARKIN, JJ., PICKERING, N.

Third Conf. on High Power IR Laser Window Mats..
Nov. 12-14, 1973, Vol. If: Mats.,
AFCRL.TR-7-1.0085(I1) (14 February 1974)

Preparation and Properties of RnbiUm Chloride Doped

L., and

A. F.

AxRMINGTON%,

Solid Solutions
Third Coni'. on High Power IR Laser Window Mats.,
Nov. 12-14, 1973, Vol. 11: Mats.,
A FCRL.TR-74-0085(i1) (14 February 1974)

Lipso.N,H. G., Larkii,j.j., BE.NDOWV,B., anid MiITA.S.
S. (Univ. of' R. 1.)
Impurity Absorption in KCI W~indow's
PT
,C
.(dtr
Third Conf. on High Power IR Laser Window Mats
PTI,
.A (dtr
Coueremice on High Power Imirared Laser l11indou'
Nov. 12.14, 1973, Vol. I: Opt. Properties,
October 30, 3) and November 1, 1972
(1 Feruay 174)Materials,
A!'CUM-4-085()
AFCR.TR74-085()
(4 Fbruay 174)AFCRL-TR-730372(l) & (11) (I9June 1973)

LipsoN, H. G., and

LIGOR,

P.A.

IHC

Ipuityo, Surace anid Imperfectimn Effects on 10.6 Alicron
Absorption in Alkali Halides(dios
Conf. on High Power JR Laser Window Mats., Oct. 30,
31 and Nov. 1, 1973, Vol. I, AFCRL.TrR.73.0372(l)
(I9June 1973)

LipsoNv, H.

G., SKOLNIK,

L. H., and

STIERWALT,

D. L.

(Naval Elect. Lab. Ctr., San Diego, Calif.)
Small Absorption Coefficient Measurement by Calorimetric
and Spectral Emittance 'Techni.ques
Third Con C.on High Power IR Laser Windlow Mats.,

.

PEitors.A.)

imGOA

RICTN

. n

orH

.~FadPOEH

Third Conierence on High Power Infrared Laser W1indow,
Materials No~vember 12-14, 1973, Vol. MIIMaterials
AFCRL-TIR-74.0085(1I) (14 February 1974)
PITHA,

C. A., and BL%'N;ow, B. (Editors)

'Third Conerence on High-Power Infrared Laser Window
Materials November 12-14, 1973, VoII: optical Properties
AFCRL-TR-74.0085(l) (14 February 1974)

Nov. 12-14, 1973, Vol. 1: Opt. Properties,

PITttA,

AFCRL-TR-74.0085(I) (14 Febrtuary 1974)

(EdIitors)
Third Conference on High Power Infrared Laser Window

Li'rrlER,J. R.,,MARSHALL,
BERMAX,1.

J. J., and

R. C., RYAN, C. E., HAWLEY,

A Unique High.Temnperat nre, High-Pressure Crystal

C. A.,

POSEN,

H., and

ARMINGTON,

A. F.

Materials November 12.14, 1973, Vol. III: Surfaces,
Coatings
A FCR LTR-740085 (111) (14 February 1974)
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Posv.', H., ARNUNGTON, A. F., and BRUCE, J. A.
Appropriate Hardening Mechanisms in Alkali Halide
Mfaterials for High Power 10.6 IA m BWindouts
AFCRL-72-0434 (28 July 1972)
SHEPHERD,

F. D., JR., and VicKERs, V. E.

Debris Gamma.! nduced Limitations on the System
Performance of an Extrinsic Infrared Sensor

AFCR.TR.73-0537 (2 August 1973)

SKoLNIK, L. H., KA11A,, A., and HoROviK, A. (Opt.
Phy's. Lab.), CLARK, hl.
A Doppler Shft Interferometric Technique for Measuring
Small Absorption Coefficienis
AFCRL-TR.74.0001 (20 December 1973),
Third Conf. on High Power JR Laser Window Mats.,

Nov. 12-14, 1973, Vol. 1: Opt. Properties,
AFCRL.TR-74.0085(l) (14 February 1974)
TiNG, C. S., BIRIMAN,J. L. (N. Y. Univ.), and BFSVDOW,

B.
SKOLNIK, L. H., BL.%'now, B., GIANINo, P. D., and
CROSS, E. F. (Aerosp. Corp., Los Angeles, Calif.)

Theoiy of Mfuliphonon-Absorption Including the Impurity
Vibrational- Mode for an Ionic Ciystal

M idand Far Infrared VdcnIvsiaosofTeml

Proc. of 3rd Conf. on High Power JR la ser Window
Mats., Nov. 12.14, 1973, Vol. 1: Opt. Properties, Ed.:
C. A. Pitha and B. Bendow, AFCRL-TR-74-0085 (1)
(14 February 1974)
VCES .EHPEDF
.J.adBRE .A

Inhermltaigation fo Th sera
Lensing, Interference, aidn
an hra aito rmLsr
Window's

Third Conf. on High Power JR Laser Window Mats.,
Nov. 12.14, 1973, Vol. III: Surfaces, Coatings,

AFCRL-TR.74-0085(111) (14 February 1974)

SKOL'1K, L. H., BE.NDOw, B., GIANINo, P. D., and
HOROVIK, A. (Opt. Phys. Lab.), CROSS, E. F. (Aerosp.

Corp., Los Angeles, Calif.)
InterferenceandLensing Effects in the Trans mission offfigh
Power Laser Beams Through Infrared W~indows
Conf. on High Power JR Laser Window Mats., Oct. 30,
31 and Nov. 1, 1973, Vol. 1, AFCRL-T'R.73.0372(l)
(19 June 1973)

VCES

.ESEHRF

~radBRE .A

Ionizing Noise in Infrared Sensors
AFCRL-TR-73-0750 (13 December 1973)
WILKtENING, W. W., FRiEDMAN,J. D., and PITHA, C. A.
Measurement of Stress.Induced Birefringence in Alkali
Halides
Third Conf. on High Power JR Laser Window Mats.,
Nov. 12-14, 1973, Vol. 1: Opt. -Properties,
AFCRL-TR-74.0085(I) (14 February 1974)
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Appendix A
AFCRL PROJECTS BY PROGRAM ELEMENT

Program

Project Number, Title and Agency

Element

61101F

IN-HOUSE LI)ORATORYINDEPENDENT
RESEARCH
ILIR Laboratory Director's Fund

61102F

AFCRL
DEFENSE RESEARCH SCIENCES
2153 Electromagnetics of Hypersonic FliIght
5620 Advanced Electromagnetic Materia s
5621 Physics of the Interaction of Energy with
Solid Materials
5631 Ionospheric Radio Physics
5634 Research in Quantum Electronics
5635 Electromagnetic and Electroacoustic Sensors
and Devices
5638 Research on Solid State Electronics
8600 Energetic Particle Environment
8601 Geomagnetism
8603 Infrared and Optical Techniques
8604 Meteorological Research
8605 Upper Atmosphere Composition
8607 Earth Sciences and Technologies
8608 Solar Plasma Dynamics*
8617 Electrical Structure of Aerospace
8620 Cloud Physics
8627 Spectroscopic Studies of Upper Atmospheric
Processes
8658 Infrared Non-Equilibrium Radiative Mechanisms
8659 Space Power Research*

62101 F

AFCRL
ENVIRONMENT
4603 Generation and Propagation of Low Frequency
Radio Waves
4642 Plasma Interactions and Microwave
and-Laser Systems*
4643 Aerospace Radio Propagation
6665 Balloon Technology
6670 Atmospheric Sensing Techniques
6672 Weather Radar Techniques
6687 Stratospheric Environment
6688 Ultraviolet Radiation
6690 Atmospheric Density and Structure
6698 Satellite Meteorology
7600 Geodesy for Naviguidance
7601 Electric and Magnetic Fields
7605 Weather Modification
7621 Atmospheric Optics
7628 Geophysical and Geokinetic Effects
7635 Upper Atmosphere Dynamics
7639 Wave Propagation Studies
7649 Solar Environmental Effects
7655 Micrometeorology
7659 Aerospace Research Instrumentation
7661 Polar Atmospheric Processes
7663 Ionospheric Dynamics and Propagation
7670 IR Properties of the Environment
8624 Variability of Meteorological Elements
8628 Mesoscale Weather Forecasting
8666 Space Environment Observing andForecasting Techniques*
8682 Tropospheric Wave Propagation
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Appendix A
AFCRL PROJECTS 1Y PROGRAM ELEMENT

62102F

jIIdTERIAI.S
7371 Magnetic Bubble Memory Investigation

62204F

AEROSPACE AVIONICS

6260 1F

ADVANCED WEAPONS AND
APPLICA4TIONS
3326 Laser Application

AFWL

62702F

GROUND ELECTRONICS

RADC

6096
6100

4600

,;;:ML
AFAL

Electroaiic Device and Circuitry Techniques
Electra-Optical Technology

Electromagnetic -Radiation Techniques

5573 iMicrc-vave Tubes/Devices

Inaddition to the above continuing Air Force funded projects, AFCRL participates in
joint programs supported by the following agencies:
1) U.S. Air-Force:
Air Force Weapons Laboratory
Electronic Systems Division
Air Force Materials Laboratory
Space and Missile Systems Organization
Air Weather Service
Air Force Technical Applications Center
Air Force Flight Test C enter
2) Advanced Research -Projects Agency
3) National Aeronautics and Space Administration
4) Atomic Energy Commission
5) Defense Nuclear Agency
6) Defense Mapping Agency
7) Army Materiel Command
8) Department of Transportation
9) U.S. Navy
* Terminated

30 June 1974
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