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Foreword

This is the fifth in a series of Reports
on Research at the Air Force Cam-
bridge Research Laboratories issued
over the past ten years. With this re-
port, AFCRL concludes the first 25
years of its history, a history that be-
gan on September 20, 1945, when a new
Army Air Force research laboratory
was established in Cambridge, Mass.,
with the unpromising name, the Cam-
bridge Field Station. Over the next 25
years, the laboratory was to make con-
tributions 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 pro-
grams. This report covers a three-year
segment of the AFCRL hisfory through
June 1970. A most cursory survey of
the report will reveal that the AFCRL
program spans a broad domain. But in
this breadth and diversity, one is re-
turned again and again to a unifying
tonic chord—to the Air Force missions
of surveillance, detection, communica-
tions and navigation. Explicitly or
tacitly, the chord is always present in
the text. In examining the report, one
sees that a sizable portion of the re-
search. involves the aerospace environ-
ment. Environmental forecasting, a goal
of this research, may well come to be
recogrized as AFCRL’s most enduring
legacy. Presently a tentative and im-
perfect Air Force capability, environ-
mental forecasting, i{ it is to be real-
ized for the Air Force in the full
measure that AFCRL’s ambitions set
for it, will be realized through the kinds
of research—electromagnetic-atmo-
spheric interactions, optical and radio
astronomy, solar particle emissions.
studies of atmospheric composition,
chemistry and density—that for the
period of this report engaged much of
AFCRL’s atlention.

At ). ot

DALE J. FLINDERS
Colonel, USAF
Commander
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I AirForce Cambridge
Research Laboratories

This report covers the research pro-
grams of the Air Force Cambridge Re-
search Laboratories (AFCRL) for the
three-year period, July 1, 1967 through
June 30, 1970. AFCRL is an element
of the United States Air Force and is
the Air Force center for research in
the environmental and physical sci-
ences. The main laboratory buildings
of AFCRL are located at L. G. Hanscom
Field at Bedford, Mass., 20 miles west
of Boston.

The research programs of AFCRL
are conducted within the context of the
following statement: Conducts research
in those areas of the environmental,
physical and engineering sciences offer-
ing the greutest potential to the contin-
ued superiority of the Air Force's oper-
ational capability; conducts specifically
assigned exploratory development ef-
forts involving the environmental,
physical and engineering sciences; par-
ticipates in establishing advanced tech-
nologies whose exploitation will lead to
new Air Force capabilities,

AFCRL, A GENERAL VIEW: Research
in the environmental and physical sci-
ences referred to in the mission state-
ment can be translated to mean geo-
physics and electronics. Geophysics in-
cludes geology, geodesy, meteorology,
upper atmosphere chemistry and dy-
namics, solar pkenomena, radio and op-
tical astronomy and the properties of
near space. Electronics research at
AFCRL includes data processing, com-
munications, electronic materials and
devices, antenna systems, plasma studies
and much else.

DISTRIRUTION STATEMENT A

Apgproved for public releasey ;
Dizibution Unlimited

-—— -
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To carry out this research, AFCRL,
as of June 80, 1970, had a complement
of 1235 military and civilian personnel
—1058 civilians and 177 officers and
airmen. This represents an increase
of 133 over the total complement of
1102 three years earlier at the begin-
ning of the reporting period. The gen-
eral ratio of military to civilian per-
sonnel—about 15 percent—has re-
mained unchanged for the past ten
years. The period saw a substantial in-
crease in the PhD ratio. On July 1,
1967, the number of doctorates at
AFCRL was 135. On June 39, 1970,
the number had increased to 162.

AFCRL is an in-house laboratory.
This means that most of the research
at AFCRL is conceived and conducted
by AFCRL scientists. The in-house re-
search is supplemented by contract re-
search. Purely contractor research will
not be reviewed in this report, except
where it is so closely interwoven with

AFCRL’s main laboratory complex is
located at L. G. Hanscom Field, Bed-
ford, Mass., 20 miles west of Boston.

in-house programs that separate discus-
sion would be artificial.

Each of the several hundred research
tasks making up the total AFCRL pro-
gram is related to an Air Force re-
quirement. Among the Air Force re-
quirements to which AFCRL is partic-
ularly sensitive are reconnaissance, sur-
veillance, detection, communications, in-
formation processing and use, environ-
mental prediction, and aireraft and mis-
sile operations.

“Requirements” has close kinship to
“relevance.” Relevance in the context
of DOD research came into high prom-
inence during 1969 with the passage of
Section 203—the Mansfield amendment,
This amendment brought with it in late
1969 a re-examination of all AFCRL
research endeavors—a re-examination
that is continuing. As a vresult, sev-
eral long-term research programs were
marked for termination.

But the Mansfield amendment was in




itself only a manifestation of a deep
change in attitudes in many quarters
toward the role of science and the DOD
support of it. Faced with revised cri-
teria against which to judge his re-
search programs, the R&D manager was
forced to reappraise past assumptions.
Should the research of an especially
qualified and nationally recognized sci-
entist, for example, be supported at a
high level even though his research may
be of less direct Air Force relevance
than the research of others? AFCRL,
historically, has given an affirmative
answer, the rationale being that benefits
accrue to the Air Force by bringing to
military planning a special expertise in
the evziuation of technical endeavors.

In this eonnection, AFCRL has en-
couraged the participation of its scien-
tists in the affairs of professional so-
cieties. Such participation, it is believed,
lends vitality and substance to a re-
search laboratory and reflects prestige
on Air Force research. One form of
participation is the editorship of pro-
fessional journals. As of June 30, 1970,
for example, two major professional
journals, Applied Optics and the IEEE
Transactions on Antennas and Prop-
agation, were edited by AFCRL scien-
tists, and AFCRL scientists served as
associate editors on two other journals,
the Journal of Applied Meteorology and
the Journal of Crystal Growth.

TRANSFER TO AFSC: On July 1, 1970,
AFCRL was transferred to the Air
Force Systems Command where it re-
ports to AFSC’s Director of Labora-
tories. At that time, AFCRL’s previous
headquarters, the Office of Aerospace
Research, was discontinued, and all Air
Force research and development activi-
ties were unified under a single com-
mand.

During the current reporting period,
however, AFCRL reported to the Office

AFCRL is an in-house laboratory, its
own scientists initiating and conduct-
ing a research program that spans a
large part of the physical and environ-
mental sciences.

of Aerospace Research, an independent
Air Force element with headquarters
in Arlington, Virginia. OAR was a
small element, numbering about 2000
persons, 1200 of whom were at AFCRL.
OAR came into being in April 1961,
when the oid Air Research and Develop-
ment Command was abolished and
separate commands for research and
development were established. The
transfer of Air Force research under
AT'SC therefore constitutes a remerger
of Air Force reseach and development
under a single command.

The purpose of the merger was to
effect a closer coupling between re-
search and development to assure that
the products of research will more
quickly be translated into Air Force
technology. It is expected that savings
in manpower will also be effected
through the operation of a single head-
quarters staff, an important considera-
tion during a period of declining mili-
tary budgets.
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ORGANIZATIONAL STRUCTURE: At the
conclusion of the vreporting period,
AFCRL consisted of ten Jaboratories
plus the Sacrament.o Peak Solar Observ-
atory in New Mexico. These laborator-
ies are the Data Sciences, Microwave
Physics, Aerospace Instrumentation,
Syace Physics, Ionospheric Physics, Me-
teorology, Terrestrial Sciences, Optical
Physics, Aeronomy, and Solid State Sci-
ences Laboratories. In addition, AFCRI
operates a small West Coast Office con-
sisting of five persons whose primary
responsibility is that of liaison with
SAMSO and with AFCRL West Coast
contractors. Another small detachment,
Detachment 5, at Patrick AFB, Florida,
was transferred from the jurisdiction
of Hq. OAR to AFCRL in November
1969.

The laboratory structure noted above
represents a change from that of the
previous reporting period. Two new ele-
ments were carved from the nine lab-
oratories of three years ago. From the

AFCRL is a frequent host to visitors in
many categories. Upper Left: Three
officers of the Royal Thailand Air
Force visited one of AFCRL's C-130
flying laboratories which conducted ex-
periments in Thailand. Upper Right:
Under Secretary of the Air Force Dr.
John L. McLucas (1) was at the Sac-
ramento Peak Observatory for the dedi-
cation of the AFCRL Solar Tower
Vacuum Telescope. Center Left: Walter
Cronkite and a CBS-T'V camera crew
spent a day at AFCRL gathering mate-
rial which later appeared in two CBS
documentaries. Center Right: AFCRL
Commander Colonel Flinders (1) escorts
visitors from higher headquarters to
the Sagamore Hill Radio Observatory.
In the background is the 150-ft radio
telescope. Bottom Left: With AFCRL's
Van de Graaff generator in the fore-
ground, visitors from the U.S. Navy
listen to a discussion of AFCRL’s radia-
tion hardening research. Lower Right:
At an Open House for families of
AFCRL employees, a meteorological
radiosonde was sent aloft by balloon.

Upper Atmosphere Physies Laboratory
and the Space Physics Laboratory, those
programs relating to ionospheric re-
search were taken to iorm a new lab-
oratory, the Ionospheric Physics Lab-
oratory. The Sacramento Feak Ob-
servatory was removed from the Space
Physies Laboratory and became a sep-
arate organizational entity. Concur-,
rently, the reduced Upper Atmosphere
Physics Laboratory was redesignated
the Aeronomy Laboratory. These or-
ganizational changes became effective
on March 4, 1968. :

In July 1968, Colonel Dale J. Flinders
became the Commander of AFCRL,
succeeding Colonel Robert F. Long.
Colonel Flinders came to AFCRL from
his position as Commander of the USAF
Environmental Technical Applications:
Center in the Air Weather Service. The
AFCRL Vice Commander was Colonel
Orville J. Kvamme, who reported to
AFCRL in August 1967 and whose as-
signment terminated on July 1, 1970,

AFCRL Commander Colonel Dale J.
Flinders (1) assumed command in July
1968, succreding Colonel Robert F.
Long. At right is AFCRL Vice Com-
mander Colonel Charles A. Smith who
assumed the post in July 1970.




with his transfer to AFSC’s Electronic
Systems Division. Named as his suc-
cessor as Vice Commander, effestive
July 1970, was Colonel Charles A. Smith.

THE YEARLY BUDGET: The yearly bud-
gets of the three years of this raport are
shown in the accompanying tables. The
figures are the fotal operating budget
(except for certain services and sup-
plies by other Air Force agencies) of
AFCRL. The yearly totals cover sal-
aries, equipment, travel, supplies, and
those funds going into contract re-
search. The largest single annual ex-
penditure is for salaries which ac-
counted for approximately $15 million
of the I'Y-1970 budget of $55.1 million.
The FY-1968 budget of $561 million was
a ten-year low but the budget rebounded
the following year in FY-1969 to $62.4
million largely because of a substantial
increase in funds received from ARPA
and DASA. The FY-1971 budget is ex-
pected to drop to the $50 million level.

The funds received from AFCRL’s
headquarters, OAR, and to & lesser ex-
tent those received from AFSC, are
used to conduct programs of a centinu-
ing long-range nature. More di.cretion
is provided AFCRL administrators and
scientists in the expenditure of funds
from these two sources than is alluwed
in the expenditure of funds from other
sources. Funds from other agencies are
earmarked for specific reszarch proj-
ects.

AFCRL receives much support from
other elements of the Air Force. The
services furnished by AFSC elements at
Banscom Field with respect to pro-
curement, personnel administration, air-
craft maintenance, by Air Ferce test
ranges with respect to rocket launch
assistance and ground station opera-
tions, and by Holloman AFE, New Mex-
ico, in its support of AFCRIL's Sacra-

TABLE 1
SOURCES OF FY-1968 FUNDS
OAR $42,406,500
AFSC 4,116,321
ARPA 1,571,700
NASA 611,000
DASA 1,786,356
Army 344,295
National Security Agency 129,397
Navy 38,000
Dept. of Commerce 500
TOTAL $51,004,069
TABLE 2
SOURCES OF 'Y-1969 FUNDS
OAR $47,298,146
AFSC 2,027,118
ARPA 7,155,188
DASA 3,954,884
NASA ‘1,664,692
National Security Agency 170,000
Navy 114,350
Army 59,600
Air Weather Service 24,456
TOTAL $62,468,434
TABLE 3
SOQURCES OF FY-1970 FUNDS
OAR $43,495,000
AFSC 2,509,493
ARPA 5,665,072
DASA 2,302,707
NASA 815,992
National Security Agency 135,845
Navy 40,000
Army 69,742
Air Weather Service 19,952
FAA 30,000
AFLC 42,434
AFTAC 21,500
ESSA 231
TOTAL $55,147,068




mento Peak Observatory and the Bal-
loon detachment represent approxi-
mately 500 manyears of service, or the
equivalent of a 40 percent augmenta-
tion of AFCRL’s manpower complement
of 1235.

More than half of the AFCRL bud-
get during the reporting period was
spent for contract research—mostly
for the fabrication of special instru-
ments or for the reduction and analysis
of data. The average value of each con-
tract is s:.nall relative to that of con-
tracts managed by Air Force develop-
ment laboratories. Of the $55.1 million
FY-1970 budget, $28.7 million was ex-
pended for contract research. As of
June 30, 1970, AFCRL had 601 con-
tracts in effect. Of these, 201 were with
industrial concerns, 208 were with U.S.
universities, and 133 were with foreign
universities and companies. The re-
maining 59 contract documents were
with research foundations, other gov-
ernment agencies and for special pro-
curement actions.

The character of AFCRL’s contract
program differs substantially from the
contract programs of most other gov-
ernment R&D laboratories. AFCRL
contracts almost always call for work
that is in direct support of research car-
ried out within AFCRL. They are mon-
itored by scientists who are themselves
active, participating researchers, and
who plan the research, initiate a line of
inquiry, organize the program, inter-
pret the results and share the workload
of the actual research.

CAPITAL ASSETS: The replacement cost
of AFCRL’s facilities, research equip-
ment, computers and library collection
would be about $68.3 million. This fig-
ure does not include the five AFCRL
research aircraft. The two KC-185 and
three C-130 aireraft—airframes and
interior instruments—have an esti-
mated value of $38 million. Nor does

the figure include AFCRL’s new com-
putational facility which is scheduled
for occupancy in November 1970. Cost
of this new building, located within the

At the Smithsonian museum in Wash-
ington, D.C., a display on AFCRL’s bal-
loon program was exhibited for 18
months. Part of the display is shown
here.

Of 1235 AFCRL employees (as of June
30, 1970), more than 600 are scientists

and engineers. Of this number, 162
hold doctorate degreecs.
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main AFCRL laboratory complex, is $2
million,

The new building is one of two major
facilities constructed during the
period. The other is the solar vacuum
telescope, towering 135 feet on the
mountaintop occupied by the Sacra-
mento Peak Observatory. This unique
telescope, described in Chapter II, was
dedicated and placed in operation on
October 15, 1969, Cost of the facility
and associated equipment was $1.5 mil-
lion. Another new building is a small
seismic facility located near the main

complex at Hanscom Field and placed
in operation in 1968.

The largest local site is the Sagamore
Hill Radio Observatory in Hamilton,
Mass., where AFCRL operates two large
radio telescopes, one with an 84-foot
dish, the other with a 150-foot dish.
Also at the radio observatory are sev-
eral smaller dishes, plus riometers and
other equipments for monitoring iono-
spheric effects. Other local off-base
sites are a weather raday research fa-
cility at Sudbury, Mass., and a 350-acre
antenna range in Ipswich, Mass. Last,

A e il
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At the Sagamore Hill Radio Observa-
tory in Hamilton, Mass., are a number
of large dishes and antenna arrays,
many of which are shown here. In the
foreground, at right, is the 84-ft radio
telescope.
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in Waltham, Mass,, the Laboratory
operates a high-precision millimeter
wave radio telescope (15 to 100 GHz).
Outside Massachusetts, AFCRL has
large permanent sites in New Mexico,
Arizona, and California. One of AF-
CRL’s two balloon launch facilities is
located in New Mexico, at Holloman
AFB; the other is at Chico, California.
At Sunspot, New Mexico, is the Sacra-
mento Peak Solar Observatory, perhaps
the most completely instrumented fa-
cility in the world for solar optical as-
tronomy. A new facility, the Lunar Laser
Observatory, was established during the
period 40 miles north of Tucson, Ari-
zona. This observatory, funded in part
by NASA, is operated by five AFCRL
employees and was constructed for the
sole purpose of conducting lunar rang-
ing experiments. in connection with re-
flector arrays placed on the moon by
Apollo astronauts. The facility has a
60-inch telescope through which laser

- light is passed. The reflected light is

then detected by the same telescope.
The most remote permanent facility
is the Geopole Observatory near Thule,
Greenland, a site that has been operated
by AFCRL since 1958. From this site,
AFCRL has obtained a 12-year continu-

" ous record of nretic magnetic activity,

auroral phenomena and ionospheric
variations. Originally contractor-oper-
ated, the site has been manned by
AFCRL employees (usually about
three) since 1968.

Four additional observatories, none
of which are AFCRL facilities in the
sense of those described above, should
be noted. One of these is a new lunar-
planetary observatory with a 24-inch
telescope located at an elevation of
13,000 feet on Mauna XKea, Hawaii.
AFCRL funded the construction of this
observatory which initially was oper-
ated jointly by AFCRL and the Uni-
versity of Hawaii, It was placed in op-

eration in 1968, but because AFCRL in
1970 terminated its lunar-planetary
studies, the use of the facility will re-
vert largely to the University of Hawaii.

Because of AFCRL’s early funding
of the Cerro Tololo Observatory in
Chile, AFCRL stellar astronomers have
enjoyed special observing rights at the
facility since it was placed in operation
in 1967. A programming realignment
in the early part of 1970 resulted in the
discontinuance of AFCRL’s use of this
observatory.

During the period, AFCRL, on be-
half of the Air Weather Service, estab-
lished a new radio observatory in the
Philippines, Although AFCRL radio
astronomers periodically use the site
and regularly obtain data from it, this
facility is not on the roster of AFCRL
field sites. Nor is NASA’s Wallops Is-
land, Virginia, radar site where AFCRL
radar meteorology personnel make ex-
tensive use of the powerful radars.

In addition to the permanent instal-
lations which AFCRL operates or uses,
a number of temporary sites are estab-
lished annually for special observations
or operations. In the case of a meteorol-
ogy site at Liberal, Kansas, trailers are
transported each summer from Han-
scom Field to leased acreage covering
five square miles of wheatfields for
studies of small-scale meteorological
phenomena. More typical of temporary
field sites were the eight sites set up
to observe the March 7, 1970 solar
cclipse.

RESEARCH VEHICLES: AFCRL is cne
of the largest users of research vzhi-
cles in the country. From its balloon
launch sites in New Mexico and Cali-
fornia, AFCRL during the three-year
period launched 884 large research bal-
loons, 125 of these being in FY-1970.
These balloons carried payload packages
and experiments for SAMSO, DASA,
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On July 11, 1968, two AFCRL satel-
lites; the OV1-15 and OV1-16, were
placed in orbit by this booster.

NASA, the Army and university scien-
tists with military contracts. AFCRL
scientists, however, are the Ilargest
users. The AFCRL balloon group holds
all the balloon records with respect to
maximum balloon size (84 million cubic
foot volume), maximum altitude reached
(161,000 feet), and maximum payload
carried aloft (seven tons)-—records as
of June 80, 1970.

During the past three years, AFCRL
launched a total of 166 research rockets
with most of these being launched from
Eglin AFB, Florida (57), Ft. Churchill,
Canada (54), White Sands Missile
Range (14), and Wallops Island (13).
In addition ten were launched from Bra-
zil, nine from Puerto Rico and seven
from Kauai, Hawaii. Since the launch
of its first rocket in August 1946—a
German V-2—AFCRL as of June 30,
1970, had launched a total of 807 large
research rockets. An equal number of

smaller meteorological rockets have
been launched.

Rockets are used to examine almost
every aspect of the earth’s upper .*-
mosphere and near-space environment
—atmospheric winds, temperatures and
densities ; the electrical structure of the
ionosphere; solar ultraviolet radiation;
atmospheriec composition; the earth’s
radiation belts; cosmic ray activity; and
airgiow and the aurora. The kinds of
rockets most frequently used by AFCRL
are the Nike Iroquois (NIRO), the Nike
Cajun, the Black Brant, and Aerobee.

Satellite instrumentation ir recent
years was somewhat diminished from
that of the middle 1960’s. The previ-
ous reporting period, covering two
years, had seen AFCRL-designed pay-
load packages installed in 25 NASA and
Air Force satellites. During the three-
year period of this report, AFCRL-de-
signed packages were carried aboard
13 satellites. Only five of these satel-
lites were exclusively instrumented by
AFCRL.

During the three-year period of this re-
port, AFCRL launched 166 large re-
search rockets, one of these being the
Javelin shown here as it was uncrated
at the Churchill Research Range in
Canada.




AFCRL uses a fleet of five instru-
mented aircraft—two KC-135s and
three C-130s. The KC-135s have been
a part of the AFCRL inventory for
more than a decade, and the C-180s for
almost as long. In 1969, one of AFCRL’s
older C-130's, a plane with a long
AFCRL history going back to arctic
research in the 1950’s, was replaced by
a later model. Two of the aircraft, a
KC-135 and a C-130, are instrumented
for measuring the transmission, scat-
tering and reflectance of optical radia-
tion in the atmosphere. The other KC-
135 is used for making ionospheric and
associated observations, observations
that take the aircraft all over the world,
but with recent focus being on the arctic
auroral zone. Another C-130 is instru-
mented for meteorological observations,
while the third (the recently acquired
replacement) is used for airborne re-
mote sensing and gravity measure-
ments.

(s em——
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SERVICES AND SUPPORT: Services and
support consist of engineers and ma-
chine shops to design and fabricate
special instruments and hardware,
computational capability, library acqui-
sitions, logistical planning for field ex-
peditions, travel arrangements and
diplomatic clearances, supplies, editing,
technical photography, artwork and
publications.

Research productivity is geared—
closer than is generally acknowledged
—to the quality and responsiveness of
the service and support functions. OAR
broadly delegated to its Laboratories
the administrative flexibilities to as-
sure that the services and support func-
tions react sensitively and promptly to
the needs of laboratory scientists.

Thus, decisions to sponsor national
and international scientific conferences
(22 of which AFCRL sponsored during
the three years of this report) has re-
sided at AFCRL. AFCRL has had local

-
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AFCRL's new Computation Center was
occupied in late 1970, The Center houses
a CDC 6600.
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authority for a range of equipment and
supply purchases and for logistics ac-
tions. The responsibility for clearing
all scientific papers was similarly del-
egated by OAR. In this connection,
AI'CRL scientists published 183 in-
house reports, presented 1035 papers at
scientific meetings, and published 709
articles in scientific journals during the
three years ending June 30, 1970. These
publications and presentations are listed
at the conclusion of each laboratory
chapter of this report.

A service of basic importance is that
of preparing and analyzing data ac-
quired from observations. The basic
computer in AFCRL’s general compu-
tation center during the three-year pe-
riod was a dual IBM 7094-II and IBM
7044 system. In November 1970, with
the completion of the new computer
building, this system will be replaced
by a CDC 6600, a system with more
memory, faster speed, larger capacity,
and more auxiliary storage than the ex-
isting system. The CDC 6600 time-shar-
ing computer allows for the placement
of remote terminals in various labora-
tory work areas within the main AFCRL
complex.

The very presence of an outstanding
library collection, such as that of the
AFCRL Research Library, quite apart
from the convenience of ready access
to all needed references, lends a special
quality of scholarship and an added di-
mension to AFCRL’s research environ-
ment.

The library’s geophysies collection is
exceeded by few research libraries in
the world. Each year, the library ac-
quires some 4500 new monographs and
it regularly receives move than 2200
periodicals. Among these periodicals
are the scientific journals of Red China,
making the library a national collection
center for Chinese scientific literature.
In connection with the foreign journals

received by the library, the library
maintains a translation service through
which foreign journal articles, on the
request of scientists, are translated into
English and made available to the scien-
tific community.

A 1963 search for airglow data, known
to have been gathered by the Fourth
Lord Rayleigh early in this century,
led to the fortuitous acquisition at al-
most a token cost of the original scien-
tific notebooks of both the Third and
Fourth Lords Rayleigh. These became
the basis for the library’s Rayleigh
archival collection. The library’s ex-
tensive historical collection (again for-
tuitously acquired soon after World
War II) contains the complete set of
the Philosophical Translations of the
Royal Society of London dating back
to 1665, the Histoire of the Paris Acad-
emy dating back to 1699, and the Com-
mentarii of the Russian Academy of
Science dating back to 1726.

The AFCRL Library takes special pride
in its historical collection, parts of
which are periodically placed on dis-
play. A number of science volumes of
the late 18th and early 19th Centuries
are on display here.
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THE CLASSIFIED PROGRAM: This report
does not cover the total AFCRL pro-
gram, but only that portion that can be
discussed outside the constraints of se-
curity. About 10 to 15 percent of the
AFCRL program is classified, at best
a rough estimate. An attempt to shred
out the relative amounts of AFCRL
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resources expended on classifiea work
would result in many arbitrary judg-
ments since instruments and equip-
ments used for classified research also
serve for unclassified research pro-
grams, and seldom does any one scien-
tist work exclusively on one particular
classified project.
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The Sacramento Peak Observatory is
located atop a peak at 9200 feet altitude
in the Sacramento Mountains in New
Mexico. In the valley below are the
White Sands Missile Range and Hollo-
man Air Force Base.
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' l The Sacramento Peak
Observatory

The Sacramento Peak Observatory is
a facility of the United States Air
Force. Established in 1952, it is among
the world’s leading solar research cen-
ters. The Observatory is located at an
altitude of 9200 feet at Sunspot, New
Mexico, about 17 miles south of Cloud-
croft. It sits atop a peak of the Sacra-
mento Mountains where clear skies pre-
vail most of the year and the atmosphere
is turbulence-free and transparent.

The Peak is relatively isolated and
most Observatory employees and their
families—150 people—live on the
grounds. From the Observatory, they
can see the flat New Mexico desert floor
stretching far below. Clearly viewed
are the White Sands Missile Range and
Holloman AFB, both closely associated
with other AFCRL research activities
—rocket launches from White Sands,
and balloon launches from Holloman
AFB.

The Sacramento Peak Observatory is
concerned with the sun’s visible spec-
trum, the region to which the eye is
most sensitive. Other AFCRL labora-
tories observe other regions of the
electromagnetic spectrum. AFCRL’s
Ionospheric Physics Laboratory (Chap-
ter VI) with its radio telescopes
observes solar radio emissions in the
meter, centimeter and decimeter re-
gions. The Microwave Physics Labora-
tory (Chapter IX) observes millimeter
wave emissions. The Optical Physics
Laboratory (Chapter 1V) observes the
infrared. And the Aeronomy Labora-
tory (Chapter VIII) observes x-ray and
ultraviolet radiation. It is unlikely that
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cal reconnaissance, and atmospheric
densities and temperatures and effects
on missile targeting are all controlled
by precursor states of the sun. The
basic reason that the Air Force main-
tains and supports solar research is the
tactical and strategic advantuge that
can be gained from the ability to pre-
dict the level of performance of EM
systems days, weeks and perhaps months
into the future.

TELESCOPES AND INSTRUMENTATION

During the previous reporting period,
the Sacramento Peak Observatory was
administratively a part of AFCRL’s
Space Physics Laboratory. In March
1968, it was given separate laboratory
status under AFCRL. In previous

Dr. John W. Evans has been Director
of the Sacramento Peak Observatory
since it was first placed in operation in
1952.

any other laboratory in the world can
mateh the scope and depth of AFCRL’s
solar observation program or has ap-
proached the problem of solar-terres-
trial effects on such a comprehensive
front.

The sensitivity, range and resolution
of Air Force electromagnetic systems
for radar surveillance, optical/infrared
reconnaissance, communications and
navigation at any given time are pre-
determined by some prior state of the
gun, Throughout this report are ref-
erences to these systems and to their
performance under shifting and chang-
ing environmental conditions. The sun
is the dominant modulating influence
on the environment in which these sys-
tems operate.

The ionosphere and its effects on  Ihe two principal Observatory build-

. . . e . ings at Sac Peak are the Big Dome in
radio propagation, light emissions from  the foreground and the more recently
airglow and aurora and effects on opti-  completed Tower Vacuum Telescope.
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AFCRL Reports on Research, the out-
standing facilities of the Observatory
were only sketchlly touched upon. These
past omissions ‘will be corrected in this
isection which will be devoted to a rather
complete survey of the facilities avail-
able to astronomers at the Observatory.
During the three years of this report,
ithe single most important zuJdition to
the fadilities was the Tower Vacuum
Telescope. This iz the moést important
new solar observmg facility constructed
anywhere in the' world within the past
decade. Principal spéaker szt the dedi-
cation ceremonies on October 15, 1969,
, Was the Under Secretary of the Air
Force Dr. John'L. McLucas. Attending
were,a hundred or so officials.
With the completion of the tower
vacuum telescope, the Sacramento Peak

* Observatory now has’ four basic ob-

servmg facilities. These faclhtles and
associated 1nstruments are' described!
below

TOWER VACUUM TELESCOPE The Ob-
servatory’s tower vacuum telescope was
placed in qperatlon in October 1969,
Itis a umque instrument, the first m
a new. generation of specialized solar
observing mstruments With an instru-
mental resolving power of less than 0.2
sec of are, the telescope’s acuity matches
that of the most powerful telescopes—
stellar or solar—in the world. '

The. telescope is 365 ft long. ,Of this
vertical length, 227 ft are set in a deep
shaft beneath the ground. The above-
ground portion of the telescope is:en-
closed in a ,massive conical' tower 138.

- ft hlgh The central core of the tele-

scope consists of, a 321-ft long evacu-
ated tube having a maximum diameter
of 10,£t. The entire optxcal system—
from the objective port at the top of
the tower to the 64-inch reflecting mir-
ror at the bottom of the shaft—is con-

tained in this evacuated chamber. The ,

t . '
l-

The tower. vaguum telescope is the most
important new solar "bservmg facllity
constructed anywhbre in the world in
the past decade. The new facility was
dedxcated October 15, 1969.

Instrumentation associated with the
tower vacuum telescope is placed on a
platform - that revolves in carrousel
fashion as the optical system rotates to *
follow the sun.
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telesecne was conceived and designed
by a Sac Peak astronomer, Dr. Richard
B. Dunn. Construction of the tewer
telescope began in April 1966.

The combination of the tower and
vacuum features in a telescone of the
size and complexity of the new Sacra-
mento Peak telescope gives astrono-
mers at the Observatory an instrument
of unequaled image stability. The ob-
jective port is located well above most
of the air turbulence and heat currents
that swirl up when the sun heats the
ground. This eliminates a major source
of image dancing and jitter which ob-
sceure detail. Further image stability is
achieved by enclosing the optical sys-
tem in a vacuum, thereby eliminating
internal air currents. This central tube
weighs 250 tons and is evacuated to
.25 torr, a pressure which corresponds
to that found at an altitude of about
180,000 £t.

Additional protection against image-
distorting heat currents across the in-
coming light beam is provided by embed-
ding water-cooled pipes in the concrete
walls of the tower. By controlling the
teraperature of the water flowing in
these pipes, the temperature of the
tower walls can be maintained at equi-
librium with the air temperature out-
side the tower.

The vacuum tube is suspended from
above like a pendulum and floats on an
11-ton pool of mercury located near the
top of the tower. The mercury provides
a friction-free bearing for smoothly
rotating the entire core assembly for
tracking the sun.

The telescope itself has an aperture
of 30 inches, Light from the sun enters
tiirough a quartz window 4 inches thick
and 34 inches in diameter. Two flat
mirrors, each 43 inches in diameter, re-

t the light (first along a brief hori-
¢ ~tal path, then downward) through
the 321-ft length of the cylinder to a

Vertically aligned within a central evac-
uated optical chamber of the tower tele-
scope are two large spectrographs for
photographic and photoelestric obser-
vations.

focusing mirror 183 ft beneath ground
level. This 64-inch focusing mirror has
a focal length of 180 ft. It can be tilted
to direct light upward and to form an
image of the sun on one of several
selected instruments at ground level.

All of the instruments are clustered
about the central shaft and rotate with
the shaft. The largest of these instru-
ments are two evacuated spectrographs
for photographic and photoelectric ob-
servations. These spectrographs are
mounted vertically pointing directly to
the main mirror. Smaller instruments
are located on the 40-ft diameter rotat-
ing plaiform at ground level.

BIG DOME: Since 1952, most of
the Observatory’s work has centered
around the instruments in the Big Dome
--a name informally assigned pending
a more meaningful one. None was




found, and in time, “Big Dome,” came
to be affectionately accepted in its own
right. The structure is not a dome, but
a cone designed to shed snow.

It houses five telescopes, four of which
are located on a 27-ft equatorial spar.
Of the four, three are 16-inch telescopes.
The first, a 16-inch coronagraph de-
signed primarily for observations of
solar limb features, is of the standard
Lyot type but with secondary optics
that correct the chromatic aberration of
the single lens objective. The corona-
graph feeds light down through the
hollow polar axis to form a fixed solar
image in an observing laboratory.

A second 16-inch telescope is used for
mapping magnetic fields in active centers
on the sun. It has a compact speciro-
graph 6 ft long with a 10-inch grating,
equipped with an analyzer for measur-
ing sightline magnetic fields and veloc-
ities. A moving mirror system scans
the solar image while a digital mag-
netic tape records the electrical signals
from which a computer can map the
field strength and velocity over the
scanned area in the form of a contour
diagram.

A third 16-inch single lens telescope
photographs the sun through a birefrin-
gent filter that transmits either the H
alpha line of hydrogen or the D; line of
helium.

The fourth instrument is a 9-inch
coronagraph with a scanning system
and spectrometer for photoelectric meas-
urements of the intensities of the coro-
nal emission lines. The signal-to-noise
ratio of the photoelectric cells is much
larger than that of a photographic emul-
sion, and yields a correspondingly lower
threshold of coronal measurement
through the overwhelming light of the
blue sky. Hence the coronal emission
can be mapped to greater heights than
is possible with photographic instru-
ments.
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The Big Dome, completed in 1952, was
the first major facility ~onstructed at
Sac Peak. Within this facility are the
Observatory’s most sophisticated and
varied instrumentation for research on
the corona, prominences, and the mag-
netie fields in sunspot groups.

An additional 12-inch horizontal fixed
telescope, fed by a coelostat mirror sys-
tem south of the building, forms a
second fixed image of the sun in the
observing laboratory. It is a refractor
of 87 ft focal length with an achromatic
objective.

Associated with these telescopes are
fixed instruments for analyzing the light.
A 43-ft Littrow spectrograph is used
either photographically or as a photo-
electric double pass scanning spectrom-
eter of high resolution. Several grat-
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ings are wused interchangeably, to
achieve dispersions from 2 to 18 mm
per angstrom.

A fast universal spectrograph of
medium dispersion photographs the
spectrum from 3400 to 9000 angstroms,
Its purpose is to study the faint lines
of the corona and prominences, and to
explore the spectrum of objects whose
characteristic spectra are not fully
known.

The spectroheliograph is unique. It is
basically a scanning scatter-free double
spectrometer which normally photo-
graphs the sun simultaneously in the
light of the H alpha, D; and K (ionized
calcium) lines. The level of scattered
light in the double system is very low,
a most important feature in an instru-
ment which takes its light from the
centers of dark absorption lines.

Finally, the observing laboratory has
a dual camera system for photograph-
ing solar details simultaneously in the
H alpha and X lines. A dichroic beam
splitter sends blue light to one camera
through a X line birefringent filter, and
red light to the second camera through
an H alpha filter. Its purpose is to
match the small structures seen in the
two lines, free of the ambiguities due
to small image distortions introduced
by rapid fluctuations in atmospheric
refraction.

HILLTOP DOME: At the Hilltop Dome,
the Observatory’s solar patrol cbserva-
tions are conducted. By solar patrol is
meant the photographic recording of the
face of the sun routinely every minute or
so throughout the day. Video cameras
and magnetie recordings have large roles
in the activities at the Hilltop Dome.
The Hilltop Dome contains a 12-ft spar
that carries patrol instruments and oc-
casionally serves as a platform for ex-
perimental equipment. Recorded are all
major solar activities, particularly the

Four telescopes are located on a 27-ft
equatorial spar in the Big Dome. Two
views of the telescopes arrayed on this
spar are shown.




flares and associated phenomena re-
sponsible for the radiations that affect
the ionosphere and nearby space. The
two most important instruments are in
the H alpha telescope and the white
light sunspot telescope. Both run con-
tinuously, photographing the sun on fine
grain 35 mm film at intervals varying
from 10 seconds to 2 minutes (depend-
ing on the solar activity) whenever the
sun is visible.

The H alpha telescope is a 4-inch
single lens refractor with a half ang-
strom H alpha birefringent filter and a
35 mm cine camera actuated by a timer.
A beam gplitter between filter and
camera reflects 80 percent of the light
to a video camera. A programmer
cycles the filter controls to take in series
pictures at the center of the H alpha
line, at plus and minus 0.5 angstrom
in the wings of the line, and in the con-
tinuum 2 angstroms from line center.

The video camera and closed circuit
TV are the sources for a real-time dis-
play of the H alpha image of the sun on
monitor screens placed throughout the
Observatory complex. No matter where

At the Hilltop Dome, the Observatory’s
solar patrol act vities are conducted.
By solar patrol is meant the photo-
graphic recording of the face of the sun
each minute or so throughout the day.
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an astronomer may be there is usunally a
TV screen handy showing the disk of
the sun.

On a 12-ft spar in the Hilltop Dome are
mounted four telescopes for solar patrol
observations. Associated instrumenta-
tion includes a video camera whose pic-
tures are transmitted by means of a
closed circuit TV system (lower photo)
to TV screens throughout the Observ-
atory complex.
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An important adjunct to the H alpha
video system is the videometer. This
device dissects the video signal and dis-
plays in real-time the area, peak bright-
ness and integrated H alpha brightness
of a flare on a three-channel chart rec-
ord. Previously these data could be ob-
tained from a long series of photographs
only by an exceedingly laborious pro-
cedure, long after the event.

The white light patrol telescope is a
simple 6-inch refractor that forms a 22
mm solar image in a second 35 mm cine
camera controlled by a timer., An ex-
tremely fine grain film easily shows the
small-scale granulation of the solar sur-
face in spite of the small image size.
The purpose of the white light telescope
is to follow the development of the
sunspots.

A third instrument on the 12-ft spar,
known as the “quad telescope,” consists
of four 8-inch reflectors each of which
forms an image of a small area from a
large solar image through an H alpha
filter on one quadrant of a video camera.
The four mirrors can be pointed inde-
pendently to show four different active
centers on the sun with a larger scale
and better resolution than is possible
with the smaller H alpha telescope. A
standard video tape records the four
images at intervals of 10 seconds. They
can be played back at 830 frames per
second providing a cine display of the
activity for the past couple of hours
speeded up by a factor of 300.

GRAIN BIN DOME: This “dome,” a
modification of a Sears-Roebuck grain
bin, is the oldest instrument shelter on
Sacramento Peak. Erected in 1951, it
contains a 10-ft spar on which are
mounted two patrol instruments, a 4-
inch spectrocoronagraph and a 6-inch
cine coronagraph. Both are used pri-
marily for coronal observation.

The spectrocoronagraph has a 6-ft

Littrow spectrograph for photograph-
ing the coronal emission lines at all po-
sition angles around the limb in 8 ex-
posures. Normally, one set of exposures
per day is sufficient to keep track of the
relatively slow changes in the coronal
spectrum.

The first telescopes at Sac Peak were
installed in the Grain Bin Dome (it's
actually a grain bin purchased from
Scars-Roebuck) erected in 1951. It con-
tains a 10-ft spar on which are mounted
a 4-in spectrocoronagraph and a 6-in
cine coronagraph.

The cine coronagraph records a 60-
degree sector of the solar limb on 835 mm
film at timed intervals. It has a bire-
fringent filter that can be adjusted to
either the green coronal line (5308 ang-
stroms) or the H alpha line. It produces
time-lapse movies of coronal changes,
which had been little observed until this




coronagraph showed surprising bursts
of vigorous activity, often associated
with parallel prominence activity. The
Sacramento Peak Observatory is the
only institution to make movies of the
corona regularly.

THE SUN: GENERAL PROPERTIES

The sun is the one sample star near
enough to earth to be studied in detail.
It is an astrophysical laboratory where
magnetic and plasma phenomena on a
gigantie scale can be observed directly.

The sun is a 1.4 million km diameter
globe of hydrogen and helium gas, with
traces of all the remaining elements,
many of which show up prominently on
the solar spectrum in spite of their ex-
ceedingly low abundances. The thermo-
nuclear conversion of hydrogen to
helium at the center provides the prodi-
gious flux of energy which escapes from
the surface mainly as radiation in the
visible and infrared regions of the spec-
trum, but with small amounts of energy
which have been detected over the whole
spectrum from x-rays to the longest
radio waves. Another minor fraction
of the energy escapes as a steady flux
of low energy particles that constitute
the solar wind, and sporadic bursts of
faster particles varying in energy from
a few keV to a few GeV.

Observation of the sun is limited to
the transparent solar atmosphere down
to the white surface, which is the sharp
upper boundary of an opaque fog of
negative hydrogen ions at a tempera-
ture of 6000 degrees K. The tempera-
ture decreases through the 800 km
photosphere to a minimum of about
4300 degrees in the lower chromosphere.
It then rises through the 1000 to 2000
km layer of the chromosphere to about
100,000 degrees at the abrupt interface
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with the overlying corona. Here the
temperature suddenly increases to the
coronal level of about 1,500,000 degrees,
with a corresponding drop in density.
Beyond the interface, the temperature

Hydrogen-alpha photo of the quiet sun
(above) and the active sun (below)
are shown. These phutos were taken in
opposite phases of the 11-year solar
eycle.
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and density in the corona gradually de-
crease with no further known discon-
tinuities until they merge with the in-
terstellar background somewhere be-
yond the earth’s orbit.

The normal solar atmosphere is the
scene of constant and vigorous action.
The white surface consists of bright
granules, the tops of rising hot convec-
tive cells analogous to cumulus clouds,
separated by a canal-like network of
darker downward moving material. The
photosphere and lower chromosphere
are traversed by vertically oscillating
waves that probably carry the energy
that sustains the high temperatures of

the chromosphere and corona. Through
the chromosphere, a fur of hair-like
spicules shoot up several thousand km
into the corona with velocities of 20 or
30 km/sec. All of this action occurs in
the presence of magnetic fields, the in-
fluence of which is not as yet undersiood.

ACTIVE FEATURES: The steady state
sun is oceasionally disrupted by the
onset of an active center, a region of
strong magnetic field which excites and
powers a number of spectacular features
known collectively as solar activity. Sun-
spots are the most conspicuous of these.
They are visible in the simplest tele-

The quiet chromosphere contains this
forest of spicules which reach typical
heights of 5000 km and last 10 to 20
minutes. They feed material upward
to maintain the steady flow of the solar
wind and replace coronal losses by con-
densation into prominences.
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scopes and were discovered by Galileo
and Scheiner in 1610. Sophisticated in-
struments that transmit only the light
of a single line in the spectrum like H
alpha of hydrogen, reveal a great deal
more in an active center (as well as in
the undisturbed regions). The slowly
varying features in addition to the sun-
spots are the plages and stable dark
filaments, which generally endure
through the lifetime of the active cen-
ter, anywhere from a few hours to
several months.

The most exciting activities, however,
are the explosive flares and the many
fast phenomena associated with them.
The flare itself appears as an irregular
bright patch in an active center, which
reaches its greatest size and intensity
in a matter of minutes, and then fades
somewhat more slowly back to invisi-
bility. Associated with the flare may be
surge prominences and sprays, lancing
100,000 km or more up into the corona,
and loop prominences surrounded by
abnormally hot (4,000,000 degrees)
coronal condensations.

A flare’s invisible features are more
significant than its visible ones. Vigor-
ous bursts of radio synchrotron radia-
tion, which vary in form and intensity
over the whole frequency range from
10 MHz to 300 GHz, signal the emission
of corresponding bursts of fast particles
with sufficient intensity to alter dras-
tically the content of interplanetary
space and the siructure of the earth’s
ionosphere. The x-ray brightness of a
flare often exceeds that of a blackbody
at 100,000,000 degrees. The magnetic
field of the active center is the only
known source of energy adequate for
these phenomena, but the physical
mechanism of the energy conversion is
not understood, and will not be until
more sophisticated observational data
from the ground and from space are
available,
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RESEARCH PROGRAM

The research at the Observatory is
concerned with the physical characteris-
tics (temperature, density and size
scale) and dynamies of the inhomoge-
neous solar atmosphere and active fea-
tures. The program emphasizes the role
of the structure of magnetic fields,
particularly in the active centers where
magnetic fields dominate all other in-
fluences.

The goal of this research is that of
forecasting the onset and magnitude of
those flares which are the source of the
explosive emissions that so profoundly
affect the aerospace environment. At
the present time, families of prediction
indices are elusive, But relatively coarse
indicators, leading to short-term prob-
abilities that events of magnitude will
occur, are available and are useful.

With the knowledge presently avail-
able, Sacramento Peak astronomers
have assisted the Air Weather Service
in formulating prediction criteria for
its Space Forecasting System. (See

A 6-in telescope projects an image of
the white sun on an observing screen
for quick assessment of sunspot activ-
ity. The positions and sizes of the
spots are ecasily recorded by tracing
them on a piece of white paper.
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Chapter VII.) In 1969, the Air Weather
Service sent observers to Sacramento
Peak to assume responsibility for the
Solar Patrol Program. Under this pro-
gram, the sun is continuously monitored
and reports are routinely channeled to
the AWS Space Forecasting Center
where, combined with radio and other
observations, the optical data are used
in operational forecasting of environ-
mental conditions in the ionosphere and
near space for the Air Force.

Using optical data alone, success of
the predictions is only moderate. They
fail to anticipate about 12 percent of
the large solar flares, for example,
while more than 30 percent of the alerts
called are false alarms, This is better
than nothing, but falls far short of the
operational needs. Improvement can
come only through a better understand-
ing of the physics of the sun. This is
the objective of the research program
of the Sacramento Peak Observatory,
selected aspects of which are reviewed
in the following sections.

SUNSPOTS AND POINT MAGNETIC
FIELDS: Sunspots are the visible mani-
festations of magnetic fields. The ob-
jective of sunspot research during the
report period was to determine the rela-
tion between magnetic fields, mass mo-
tions and brightness in the small struc-
tures of the dark central umbra of the
sunspot and the outer periphery of the
sunspot, the less dark radially filamen-
tary penumbra. Nothing quantitative
was known about these relations, al-
though it was recognized that no real
understanding of the sunspots or their
role in flare production could even begin
without this information.

The necessary observations consisted
of photographs and magnetospectro-
grams with sufficient spatial resolution
to show in detail the intensity, velocity,
magnetic and spectroscopic difference

between such small structures as the
bright and dark filaments which are typ-
ically less than 1000 km apart (or 1.3
arc seconds). They are most difficult
observations, formerly beyond the state
of the art, calling for the utmost instru-
mental refinement, observer skill, and
superb “seeing.” Work on this problem
at Sac Peak is only a beginning, but in
an area where the earlier information
was near zero, it constitutes an impor-
tant step ahead.

Photographs in the light of different
lines of the solar spectrum show fea-
tures at the temperatures characteristic
of the lines. Here the sun is photo-
graphed simultanecously in the hydrogen
alpha (upper) and calcium K lines.
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The most extensive sunspot program
was based on 13 sets of spectrograms,
each of which yielded profiles of inten-
sity and circular polarization across a
magnetically sensitive line and a mag-
netically neutral line at each of 900
separate points in a medium sized sun-
spot about 80,000 km in diameter. The
observations extended over one com-
plete transit of the spot across the solar
disk (due to solar rotation) to show its
characteristics in light varying from
grazing to vertical incidence. This pro-
gram led to the following results.

The destination of the magnetic lines
of force coming out of a sunspot has
long been a mystery. It is now solved.
Surrounding the spot are several
thousand highly concentrated magnetic
fields about 1000 km in diameter, pre-
dominantly of sign opposite to that of
the sunspot. The total magnetic flux of
these point fields balances that of the
sunspot. They are necessarily the places
where the lines of force re-enter the
body of the sun. The magnetic loop is
then closed under the surface.

The point fields were also found sub-
sequently with the Sac Peak magneto-
graph and studied in some detail. A
given point endures for at least several
hours and is the origin of repeated out-
bursts of Ellerman “bombs,” tiny flare-
like, five-minute brightenings with pecu-
liar spectra which often eject surge
prominences. Occasionally a point also
produces a small flare, a fact which
strengthens the long-standing suspicion
that bombs and flares are identical ex-
cept for the chromospheric level at
which they occur (the flares being
higher than the bombs).

MAGNETIC FIELD STRUCTURE: Magnetic
fields. and velocity fields within the sun-
spot proper have a decided structure
clearly related with the structure seen
in direct photographs. All structures
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that are brighter than their surround-
ings, the bright filaments in penumbrae,
the bright umbral dots, and light bridges
across umbrae, have upward velocities
and weakened magnetic fields more
nearly horizontal than in the darker
surroundings. Furthermore, the well-
known horizontal outward motion of
penumbral material (Evershed effect)
is confined almost entirely to the darker
filaments. The spectrographic measure-
ment of this effect was resoundingly
confirmed by the much more definite
results from the first photographs
through the Observatory’s new tunable
birefringent filter.

The center of solar activity surround-
ing a sunspot group is a region of in-
tense magnetic activity. Small “fibriles”
lie along the lines of force, and define
the magnetic field configuration.

TWO UNEXPECTED DISCOVERIES: in the
course of sunspot studies observers
noted some rapid changes in the H and
K lines of ionized caleium over sunspot
umbrae. They made motion pictures in
the K line through a birefringent filter
and immediately discovered startling
“umbral flashes” which had been en-
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tirely unsuspected. The flashes are small
transient bright areas about 2000 km in
diameter. They brighten in less than
a minute and fade away in another two
minutes. As they fade, they move
rapidly across the sunspot umbra to-
ward the nearest boundary, and usually
a new flash begins the cycle all over
again at the same site. At any one time
several flashes will be in progress in a
large spot. The physical nature of these
flashes will remain a mystery until more
observational data can be had. One thing
they cannot be is moving clouds of mate-
rial, since the motion is directly across
the strongest magnetic fields on the
sun.

Another surprise came from the first
monochromatic photographs of sunspots
in the light of the oxygen line at 7772
angstroms. The penumbra is practi-
cally invisible, having almost the same
brightness as the surrounding white
surface. A theoretical examination of
the character of the 7772 line showed
that the abnormal brightness is due to
the presence of the penumbral magnetic
field, the strength of which can be de-
termined by measuring the relative
brightness of the penumbra. The agree-
ment with the fields measured by the
Doppier-Zeeman Analyzer is satisfac-
tory. The oxygen line now provides a
means for actually photographing mag-
netic fields directly, although the dy-
namic range of this method is decidedly
limited.

SOLAR FLARES: Flare research has con-
centrated on observational and theoreti-
cal evidence for the Sac Peak impact
theory for flare production. An active
region is normally centered on a sun-
spot group dominated by two large
spots of opposite magnetic polarity.
Scattered around them are a dozen or
more minor spots, usually with the same
polarity as the nearest large spot but

with an occasional non-conformist of
opposite polarity.

Generally a “neutral lire” can be
drawn between the large spots, along
which the measured sightline compo-
nent of the magnetic field vanishes, and
it is inferred that the field vector is
horizontal. Characteristically, photo-
graphs in the H alpha line of hydrogen
show a long dark filament (i.e., promi-
nence) resting on the horizontal field,
winding its way between the spots like
a black rope. Occasionally such a fila-
ment appears to vanish from the normal
H alpha picture, but reappears when
the filter passband is shifted to shorter
wavelengths. The horizontal magnetic
plateau has suddenly become a high
mountain, lifting the filament upward
with sufficient velocity to Doppler shift
its H alpha absorption out of the nor-
mal filter passband. The filament mate-
rial flows like water down both sides of
the mountain into the chromosphere
and two bright ribbons develop in the
regions of impact.

These are the observed facts. The im-
pact theory proposes that the impact of
this falling material on the chromo-
sphere provides the energy for a char-
acteristic two ribbon flare, one ribbon
on each side of the original filament lo-
cation, and parallel to it. This concept
is supported by spectroscopic measure-
ment of the Doppler shifts in the up-
ward moving filament and the down-
ward flow. Ascending prominences at
the limb, with downward moving frag-
ments are a familiar sight. Thus ob-
servations suggest a coherent qualita-
tive picture of the primary flare phe-
nomenon. The questions are whether or
not the kinetic energy of the falling
material is sufficient for a flare, and
whether the process of dissipation by
atomic collisions occurs at the correct
level in the chromosphere.

An extended theoretical investigation




A fundamental aspect of solar research
is that of understanding and éxplain-
ing the huge energy mechanisms of the
sun, one aspect of which are the prom-
ir ences, small and large, shown in these.
two photos. In the upper photo, note the
extension of the small prominence onto ,
the solar disk as dark absorbing material.
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shows that the observed velocities com— !
bined with reasonable assumption about

_the ‘prominence and coronal ' densities

‘could indeed produce the H alpha ap-
pearance of a flare, with the correct
time scale and chromospheric location.
Some of the energy is converted directly
into heat and some into sho:k waves
whose dissipation is still obscure.

Some aspects of this theory are still-

Junsatisfactory. It does not provide any

obv1ous mechanism for the production
of' the non-thermal 1x-rays and high
energy particles that are associated with
large flares. The gross energy of ithe
‘shock waves is probably sufficient for
these, but the details of its conversion
in the magnetic environment are com-
plicated and remain to be worked out
An additiongl problem is that '1any
flares occur without any visiine evi-

. dence of an ascendmg filament, Thus it

is assumed that the falling material was
originally raised in some invisible form
(a' familiar ph“enomenon in limb promi-
nences), or that there is more.than one
flare mechanism, or that falling mate-
rial has nothing to do with flares. The

choice will be possible only when more: *

detailed, spectroscopic ‘observations of
preﬂare actzvxty in active centers be-
come available.

GRANULATION: The granulation seen
in white light photographs of the sun
¢onsists of small bright areas surrounded
by a network of dark intergranular
lanes. It was assumed that the granules
are the tops of upwatd moving con-
vective columns, but until recently there
has been very little quantitative infor-
n}atlon about them.

To determine sizes and numbers of

granules, Sac Peak astronomers en-

larged several good photographs and
traced the dark lane network in ‘ink.
Since a single photograph includes about
10, 000 granules, thls was an exceedmg]y
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laborious job. The cells thus defined
were usually polygons with an average
diameter of 1100 km, There are ap-
proximately 6,300,000 of them on the
sun at any given time. A study of micro-
densitometer traces was translated to a
temperature difference of about 125 de-
grees K between the granules and the
dark lines. During its 10-minute life-
time, a granule will move only a tenth
of its diameter.

To determine the horizontal and ver-
tica: flow of materials within a granule,
the Observatory used what is becoming
its most versatile and productive instru-
ment, the tunable birefringent filter.
The filter has a pass band of 0.25 ang-
strom.
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The quiet solar surface has a distinct
granular structure. Individual granules
— really, convective cells — of upwell-
ing material have an average diameter
of about 1100 km.

The system can record two images at
otightly different wavelengths on either
side of an absorption line. When re-
gions are viewed toward the solar limb,
sightline velocities produce a brighten-
ing in one picture as one wavelength is
Doppler shifted away from the absorp-
tion line, and a darkening in the other
as it is shifted into the line. The differ-
ence of the brightness in ths two pie-
fures is a measure of the flow velocity
of material in the granule cell.

Maximum upward convection at the
granule center has been determined to
be about 400 meters a second. As in
any convective system, this upwelling
material (predominantly hydrogen)
flows outward horizontally when it
reaches the upper boundary of the cell.
From a zero horizontal velocity at the
center of the granule, the flow increases
radially outward to a maximum veloc-
ity of about 250 meters a second at a
distance of 500 km. At 1000 km from
the granule center the velocity has de-
creased to about 50 meters a second.
The Sac Peak astronomers making the
study found no evidence of a vortex
movement in :he outward flow. At the
periphery of the granule there is a mod-
erate downwelling of material.

SUPERGRANULATION: (Granules are
the visible manifestations of convection
from the solar interior. Granules are
only surface phenomena, however, ex-
tending as they do only about a thou-
sand km or so beneath the visible sur-
face of the sun. They rest on another
layer of unseen cor -ection cells, cells
much larger and having preferred diam-
eters of about 30,000 km. These super-
granules were first observed instru-
mentally in 1959.

Supergranules may extend down to
10,000 to 15,000 km. Their large con-
vections suggest a possible mechanism
whereby magnetic fields in active cen-




ters are carried away and distributed
over the sun by random walks. If so,
supergranulation is a vital entity in the
energy economy of the solar atmo-
sphere. The early observations at Sac
Peak and elsewhere showed that the
bright network in the light of the
chromozpheric X line of ionized calcium
approximately ouflined the supergran-
ule cells. Because the k. line tends to be
bright in regions of enhanced magnetic
field, a supergranule is pictured as a
cell where material from the solar in-
terior wells up and flows horizontally
to the boundary sweeping magnetic
fields to the edges of the cell where
they are concentrated.

Confirmation of this picture required
observations of the vertical motions
(very much smaller than the horizon-
tal motions), the magnetic fields, the
horizontal drift of granulation toward
the boundaries, and a determination of
temperature differences along the radii
of the supergranules. All of these meas-
ureme;.ts are exceedingly difficult be-
cause the effects are very small and tend
to be swamped by much larger effects
unrelated to supergranulation. Fortu-
natcly, a supergranule lasts much longer
{about 20 hours) than any of the dis-
turbing phenomena, and it has been pos-
sible to average the disturbances out
well enough to obtain a rough measure
of the supergranule characteristics.

Using a variety of instruments and
approaches, Sac Peak astronomers have
measured most of the characteristics of
supergianules—their vertical and hori-
zontal velocities, their magnetic fields
and their temperature cross sections.

CHROMOSPHERE AND CORONAL HEAT-
ING: The chromosphere and corona are
regions of very high temperature, rest-
ing on a relatively cold temperature
minimum below and exposed to the cold
of outer space above. They lose heat
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Each day at noon a photograph of the
sun is taken and mounted beside that of
the previous day. In this way a daily
chronological record extending over the
Jast five 27-day solar rotations is posted
for easy reference to daily changes in
solar features.

and radiant energy in both directions at
a prodigious rate,

By what process is the temperature
of the chromosphere and corona main-
tained in the face of this large energy
drain? The most promising theory, now
blessed with considerable observational
support from Sac Peak and other ob-
servatories, is that the kinetic energy
of the convecting granules at the sur-
face excites waves in the convectively
stable photosphere and lower chromo-
sphere. These waves carry the energy
niechanically into the upper chromo-
sphere and corona, where they are dissi-
pated in the form of heat. The work at
the Observatory has been concerned
mainly with various aspeets of the
mechanical upward transport of this
energy, with primary focus being on
vertical oscillations in the solar atmo-
sphere.

Vertical oscillations in the solar at-
mosphere were discovered (by Leighton
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and his associates) in 1959 on evidence
that some astronomers regarded as non-
definitive. Sac Peak in 1960 and 1961
confirmed this discovery decisively and
defined the quantitative character of the
oscillations.

Initial spectrographic measurements
showed that the oscillations have a
sharply defined period of 300 seconds,
and usually last three or four eycles
before dying ouft, only to begin again in
the same place. They appeared to be
coherent over areas varying from 3000
km to about 10,000 km in diameter.
They occurred everywhere over the sur-
face of the sun except at active centers.
Superficially, these waves fit the theo-
retical idea of mechanical transport of
energy very nicely. But it is not yet
clear that they carry sufficient energy to
heat the chromosphere and corona.

During the period of this report, Sac
Peak astronomers greatly improved
their observations by applying the tun-
able birefringent filter mentioned in sev-
eral previous contexts to the problem of
solar atmosphere oscillations. Velocity
filtergrams taken sequentially with this
instrument could be projected as movies.
They show the oscillating areas on the
sun very clearly. Measurements taken
from the film show the average diameter
of these areas to be around 10,000 km,
somewhat larger than that derived from
earlier spectrograms.

The Doppler-Zeeman Analyzer was
also used. The output is a digital rec-
ord on magnetic tape ready for com-
puter processing. The computer pro-
gram presented the final results in the
form of a motion picture. The 300 sec-
ond waves dominate the motions shown,
and the typical scale of the oscillating
regions turns out to be 23,000 km with
some very large regions 75,000 km in
diameter.

/is matters stand, therefore, Sac Peak
has several conflicting results with re-

spect to areas which must be recon-
ciled. The size scale of the oscillating
regions is the index to the size of the
energy source, presumed to be the
granules which are not generally mov-
ing in synchronism. The theory of
energy transport into the chromosphere
and corona will hinge on the correct
determination of the size scale of these
oscillating regions.
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Diffraction X-ray pattern of silicon
along one of the crystallographic axes
of the crystal is simulated by computer.
The symmetry of the pattern is a re-
flection of the atomic arrangement with-
in the crystal.




I solid state
Sciences Laboratory

The Solid State Sciences Laboratory
conducts research on electromagnetic
materials—optical, semiconductor, and
magnetic—and the phenomena they ex-
hibit. The goal of this research is to
uncover novel properties that may be
exploited in Air Force technology.

The general goals of the research of
this Laboratory are those which moti-
vate all electronics solid state research.
These are new componentry of enhanced
reliability and performance and reduced
size, weight, and power reguirements.
But the focus of the Laboratory pro-
gram is on the requirements peculiar to
the Air Force. Among these special re-
quirements are materials and devices
that can take high radiation dosages
without performance degradation and
that can operate in high temperature
environments. Laser crystals that can
withstand without damage the stress of
high power operation, and improved in-
frared sensors also fall into the category
of research of special Air Force interest.

The Laboratory’s facilities for con-
ducting electromagnetic materials re-
search are outstanding and in some
cases unique. Few optical, semiconduc-
tor, or magnetic crystals of any type
cannot be produced by the Laboratory.
The capability includes both the syn-
thesis of isolated crystals and the
preparation of single crystal thin films
on substrate material.

Coupled closely with crystal growth
facilities are a host of analytical tech-
niques and instrumentation for deter-
mining structure, purity and properties
of the crystals. Fabrication facilities
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and analytical instrumentation are also
available for experimental device devel-
opment. For the study of the effects of
ionizing radiation on materials and de-
vices, AFCRL operates an irradiation
facility with a diversity of radiation
sources.

)
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This building houses several radiation
sources used in support of research by
member laboratories of AFCRL, other
government laboratories, and univer-
sities. Within this facility are a 14
kilocurie Cobalt-60 source, a 3 MeV
Van de Graaff generator, a 1.5 MeV
Dynamitron, and a 2 MeV Flash X-ray
machine.

The Laboratory routinely uses com-
puters for automated, on-line control
and data analysis. In addition to its
IBM 1800 process control computer, the
Laboratory is linked by a remote station
to AFCRL’s general computer facility.
Great savings in time and scientific
manpower have resulted as the com-
puter has taken over the laborious task
of scanning, plotting and analyzing
data.

Because of its extensive in-house
facilities, the Laboratory relies only in
a minimum way on contract assistance.

Almost all of the work reported in t}
chapter is purely in-house research,

CRYSTAL GROWTH

The Solid State Sciences Laboratory
conducts the largest in-house research
program on electromagnetic materials
of any DOD laboratory, the program
encompassing more than 95 percent of
the Air Iforce effort. Materials of in-
terest are those with properties that
potentially meet some specific or an-
ticipated Air Force requirement. These
requirements usually exceed those of
products developed for the commercial
market. Ultra-reliability and operation
in high temperature and radiation en-
vironments are examples of specifica-
tions exceeding need in commercial
products.

During the reporting period, hun-
dreds of unique, potentially useful, crys-
talline maferials were prepared, most
of which were analyzed and tested in the
Laboratory. But the Laboratory also
suppiies custom synthesized crystals for
other AFCRL laboratories—to the
Microwave Physics Laboratory (Chap-
ter IX) for microwave acoustics re-
search; to the Optical Physics Labora-
tory (Chapter IV) for laser research;
and to the Space Physics Laboratory
(Chapter VII) for energy conversion
research.

Because of its unique skills and facil-
ities for materials synthesis, the Labor-
atory often receives requests from in-
dustry and universities to grow crystals
to particular specifications, usually for
programs these organizations are con-
ducting for the DOD. When AFCRL
furnishes crystals to outsiders, it is al-
ways with the understanding that a full
report on the analysis of the crystal (a
task demanding special skills and much




time) be furnished to the Laboratory in
exchange, In this way, AFCRL obtains
valuable data without cost. Arrange-
ments with Lincoln Laboratory, IBM,
and the Bell Telephone Laboratories
have proven particularly fruitful in this
respect. Such arrangements are usually
made on a scientist-to-scientist basis,
rather than through organizational
negotiations.

GEL GROWTH OF ELECTRO-OPTIC
MATERIALS: Gel growth is a method of
crystal growth in which the initial con-
ditions consist of a gel in an appropri-
ately designed glass container. To this
gel is added the solution from which
the crystal will grow. Growth takes
place in most cases at room tempera-
tures, with the growth period being
weeks or months. The growing crystals
are clearly visible during their growth
period. The method depends on the
slow transport of the solution through
the gel to the site of the growing crys-
tal on which it precipitates. The role of
the gel is to reduce turbulence during
the slow process of diffusion and growth.
The gel growth technique itself is not
new but the Laboratory has introduced
many extensions and refinenments, and is
now recognized as the leading center
in the country for the development of
gel growth techniques. During the re-
porting period, gel growth, a promising
technique for many years, came of age.

With this technique, AFCRL has for
the first time grown a particular crystal
that is the best laser modulating erystal
of any kind produced to date. Since
the first laser was fired, researchers
have sought methods for modulating
laser light for communications. In re-
cent years a number of modulating
schemes have been announced and voice
and picture information has in fact
been transmitted by laser light. Like
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most first steps, the achievement is note-
worthy but tentative.

The facets of these crystals grown by
the gel growth method appear as if they
have been cut and polished.
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These nearly perfect cuprous chloride
crystals are shown growing, suspended
in the gel medium.

In 1969, AFCRL by the gel growth
method succeeded in growing large crys-
tals of cuprous chloride, a highly prom-
ising modulator material. Although
cuprous chloride crystals have been
grown by several others, the erystals
have been too imperfect for effective
laser light modulation

Most laser light modulation schemes
use a transparent crystal as a modula-
tor. The light output from the laser is
passed through this crystal. If the trans-
mission properties of the crystal can
be readily altered by some external
means, then one can modulate the light
passing through it. The simplest way to
change the transmission properties of
the crystal is to change its refractive
index. There are a number of electro-
optical effects available to do this. By
using the Kerr or Pockels effect, for ex-
ample, the refractive index of the crys-
tal can be changed by simply applying

an appropriate voltage to it. By chang-
ing the refractive index, phase changes
in the light passing through the crystal
are induced. In this way, the laser light
is modulated.

Cuprous chloride meets all the re-
quirements of a good modulator crystal.
It is transpareént to light over a broad
band of frequencies from 0.4 to above
20 microns and its refractive index is
easily altered when voltage is applied.
It has a low dielectric constant and low
losses which modulation crystal must
have to reduce dielectric heating during
operation.

Most researchers who have tried to
grow cuprous chloride crystals have
used the Czochralski process in which
the crystal is slowly drawn from a mol-
ten cuprous chloride solution. Large
cuprous chloride crystals have in fact
been grown by this method. But as the
crystal cools from its 420 degree C melt-
ing point it undergoes severe strain due
to a phase *-ansfrrmation at about 408
degrees C, and tais strain produces in-
ternal fractures. The crystal cannot
then be used as an effective modulator.

The gel growth technique has the ad-
vantage of growing the crystal at tem-
peratures below the 408 degree C tran-
sition temperature. The largest cuprous
chloride crystals grown to date are clear,
transparent fetrahedrons with facets
measuring 8 mm on a side.

FLAME FUSION GROWTH: The Labora-
tory is also the leader in the application
o” ~ flame fusion (Verneuil) method
o. . tal growth. In this method, fine

ler drops through an intensely
neued region and falls in a molten state
on a seed crystal. The seed is slowly
withdrawn so that the position of the
liquid-crystal interface is maintained at
a constant level as the seed is passed
into a lower temperature region. Crys-
tallization occurs at the interface.




During the period of this report,
AFCRL scientists have introduced im-
provemeiiin in*o both equipment and
technique, Yoremost among these is a
three-tube post-mix oxy-hydrogen
burner. The design minimizes gas tur-
bulence and produces a flame of larger
diameter with lower radial temperature
gradient. The importance of the re-
duction of the radial component of the
gradient is apparent in the unique
growth of 0 degree ruby boules with
regular hexagonal cross section. Laue
X-ray patterns at both ends of the boule
indicate that these boules have an exact
0 degree orientation with the flat sur-
faces parallel to the prism planes of the
crystal.

Experiments have been conducted to
study the growth interface by alternat-
ing sapphire and ruby in the same
boule, This is accomplished by an
AFCRL development, dubbed the “trom-
bone,” which permits interchanging the
ruby feed powder container with a con-
tainer of pure aluminum oxide while
the burner remains ignited. Powder
drop and retraction are momentarily
stopped during the interchange, but the
gas feed and temperature gradients are
not altered. In this way, a stable crystal
growing environment is maintained.

Boundaries between the ruby and
sapphire part of the boule are less than
20 wmicrometers thick. Laue patterns
verify single crystallinity. Longer than
normal crystals of a single composition
have also been grown using the replen-
ishing technique. These experiments
have significance to those investigating
semiconductor substrates. Laser physi-
cists have also shown interest. A three-
inch ruby crystal with sapphire tips has
been provided for laser investigations.
The sapphire tips have no purpose other
than to serve as areas to which mounts
are attached. But if the mounts are not
fitted directly over the ruby material
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as is (_:ustoméry, greatex laser efficiency
is possible and self-damage of the ruby
may be avoided.

The red fluorescence excited by an :
argon laser beam demonstrates the
sharp gradation betwéen sapphire and
ruby sections of a sapphire-ruby erystal.
White 'spots in the sapphire setction
(left) are caused by crystal imperfec-
tions. ! \

Another technique being employed is
that of seeding from a thin slab cut to a
desired orientation. It'is easier to' cut
a given plane with precision than it is
to grind a cylinder with a given axis.
The process permits the growth of
boules having unusual orientations. Pre- -
viously only three orientations were
grown, with axes of 60 degrees, and 90
degrees, and sometimes 0 degree from
the C-axis. Any orienfation can now
be grown from a properly cut slab.
Boules of several uncommon orienta-
tions have been grown for testing as
laser materials aud as substrates.

The conventional Verneuil process ir-
troduces longitudinal gradients of over
125 degrees C per inch and this intro-
duces considerable internal strains in
the resulting crystal: To minimize the

]
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strain it is necessary before the crystal
is used to subject it to 2n annealing
cycle. While the annealing reduces the
internal strains, it also often introduces
undesirable chemical and structural
changes. To cope with this problem,
AFCRL has designed, constructed and
operated an after-heating device which
decreases the longitudinal gradients to
levels as low as 25 degrees C per inch.
Using tnis eleetrical-resistance heater
as pavt of the growth process, it has
been possible to grow 0 degree sapphire
boules with -~ ‘emely low strains re-
quiring no post grewth annealing treat-
ments,

GROWTH OF SINGLE CRYSTAL FILMS:
This program was established to pro-
vide the Laboratory with a thin film
capability, both homoepitaxial and het-
erotaxial, in Ge, Si, GaAs, GaAs..P.
and other III.V compounds and III-V
ternaries. The primary objective of this
effort is to provide thin films for the
Laboratory’s infrared sensor program,
specifically for use in the fabrication of
Schottky barrier devices. These devices
have advantages over other infrared de-
tectors in the one to two micron region,
advantages which include 1) fagi re-
sponse time, 2) high sensitivity, and 3)
minimum cooling.

For its thin film investigations,
AFCRL chose chemical rather than
physical Zeposition t-chniques for film
preparation. After examination of the
several chemiczl vapor deposition sys-
tems which could be used for the prepa-
ration of the materials of interest, the
Laboratory chose tl.~rmal decomposi-
tion of hydrides as the chemical tech-
nique to be employed wherever possible,

FFor the preparation f GaAs and
GaAs,. P, the system has the desirable
feature of flexibility in the precise con-
trol of reactants and dopants. It is

This compiex maze of glass tubing and
valves is «n experimental vapor growth
process furnace for the growth of gal-
lium arsenide and galliun: arsenide-
phosphide.

adaptable to the preparation of other
III-V binary and ternary compounds.

To date, the Laboratory has concen-
trated on the preparation of epitaxial
films of germanium. Over 200 experi-
ments have been carried out to deter-
mine the effect of reaction temy,2rature,
reactant and dopant concentiration, and
surface preparation on film quality,
growth rate, and dopant concentration.
Laue X-ray patterns and electron dif-
fraction results show that films pre-
pared at temperatures above 680 de-
grees C were single crystals with a
high degree of crystal perfection. In
addition, these films are mirror smooth
and devoid of spurious growths, qual-
ities necessary for photoetching and
masking terhniques for device fabrica-
tion.

WIDE BAND GAP SEMICONDUCTORS:
Silicon is a natural choice for most
solid state electronic devices. However,
there are certain Air Force needs that
can be fulfilled better by othe: <emi-




conductors. Requirements for higher
power, high current densities, higher
temperature operation, and lumines-
cence in the visible region of the spec-
trum, has led the Laboratory to a search
for wider band gaps. Chemical and
thermal stability is also needed so that
the gap can be utilized. A fairly high
degree of covalent bonding is also re-
quired so that crystals can be doped
both “p” and “n” for the preparation of
junctions and fairly simple unit cells so
that mobility and resistivity can be in
a useful range.

Gallium arsenide, gallium phosphide
and mixed crystals of gallium arsenide-
phosphide (GaAsP,.,) allow a range of
band gaps from about 1.4 eV t0 2.2 eV,
permitting luminescent devices in the
red and orange regions of ... spectrum.
Inadequate thermal and chemical stabil-
ity at elcvated temperatures is likely to
limit devices made from these materials
to environments below 300 degiees C. A
goal is to develop devices capable of
operating above 500 degrees C. Another
goal is to develop light emitting diodes
~ver the full visible spectral range. For
this, band gaps in the range of 2 to 3
eV are needed.

Scientists at AFCRL have investi-
gated the band struclure, defect struc-
ture and crystal growth of many of these
semiconductors over the past ten years.
Gradually, silicon carbide has become a
clear choice for intensive investigation
because of its unique combination of
electrical, thermal, chemical, mechani-
cal and optical prope *ies. AFCRL has
conducted or contracted for more than
50 percent of the research condu~ted in
the U.S. on silicon carbide semicon-
ductors.

AFCRL has sponsored the only two
international conferences on silicon
carbide, the latest being in 1968. The
proceedings of this conference wili e
an important reference for many years.
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The crystal of cobalt monosilicide be-
ing examined was grown in the special
high power, high pressure, inductively
heated furnace, center.

A product of the Second International
Conference on Silicon Carbide was the
formation of the International Commit-
tee on Silicon Carbide (ICSiC) com-
posed of experts from several countries
{United States, England, Netherlands,
Switzerland and Austria). The first
two meetings held iz New York City
and Vienna in 1969 were highly success-
ful in clarifying a number of common
problems associated with the growth of
single crystals of silicon sarbide.

In its Laboratory, AFCRL is inves-
tigating new methods of growing sili-
con carbide crystals, the preparation of
epitaxial and heterotaxial layers of
silicon carbide, and is investigating
such basic phenomena as polytypism
and the beta to alpha transformation.

AFCRL is the only laboratory to date
that has attempted to grow bulk silicon
carbide into a conical crucible from the
vapor. High temperatures are needed
--in the vicinity of 2500 degrees C.
With this method. AFCRL, on June 17-
19, 1968, had its first successful result.
In a slow sublimation run, a cylindrical




boule of silicon carbide 1.9 em in diam-
eter, 2.5 cm long, weighing 18.1 grams
was obtained. The boule was imperfect,
but it was the largest ever grown. More
important, the analysis of the crystal
pointed up methods whereby the fur-
nace can be modified to obtain large
crystals of desired perfection.

This sample atomic model of a polytype
of silicon carbide is being studied in an
attempt to discern physical and chem-
ical imperfections that arise in crystals
during the growth process.

In 1970, AFCRL hopes to demonstraie
two prototype silicon carbide devices.
If this is successful, then a true mile-
stone in semiconductor research will
have been reached and AFCRL and ul-
timately the Air Force will have been
rewarded for its long patience and per-
sistence in advancing silicon carbide
technology.

LITHIUM AND SODIUM GERMANATES:
Of the new materials that have been
announced during the period of this re-
port, the most novel are the germanate
compounds. Germanate compounds
doped with ra’e earth ions show some

promise as a new laser host material
operating in the 1 to 8 micron region.
These new infrared laser frequencies
promise to have military application in
reconnaissance and detection.

When neodymium is introduced into
a sodium or lithium germanate glass, it
has stronger excitation absorption bands
and a fluorescence efficiency comparable
to commercial laser materials. Under
certain excitation conditions, neody-
mium-doped lithium germanate has been
found to produce a strong 1.06 micron
laser line with a highe: efficiency than
the best commercially available laser
material. Also, both erbium and hol-
mium have been introduced into sodium
germanate glasses to produce, respec-
tively, strong fluorescence lines in the
1.5 and 2.0 micron infrared regions.
Ontimum erbium concentrations have
been determined and other ions such as
ytterbium have been introduced for
energy transfer studies. The strong ex-
citation bands of these ions coupled
with the energy transfer capabilities of-
fer geod possibilities for high efficiency
laser materials.

ANALYSIS OF MATERIALS

Somewhat arbitrarily, tnis discussion
of the analysis of materials is consid-
ered separately from the previous dis-
cussion on material synthesis. Quite ob-
viously, there’s a very close interaction
among those who prepare and synthe-
size a material and those who test its
performance and look at its structure.
Sueh analysis provides the crystal
grower with the essential feedback for
improving quality and performance.
The Laboratory employs a range of
spectroscopic, magnetic, chemical and
microscopic techniques in its analytical
work. Once data are acquired, they must
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be interpreted. Noted in the introduc-
tion to this chapier was the increasing
use of computers by Laboratory mem-
bers for processing and plotting these
data. This is an important trend—and
an essential one, because experienced
technicians and physicists for analysis
are seldom available in the numbers de-
sired, Some crystals ean be grown in a
day; with manual procedures, their
characterization may require a month
of someone’s time.

The automated X-ray diffractometric
system with the X-ray goniometer is
shown in the right foreground. The proc-
essor-controller is on the left.

AUTOMATION OF X-RAY DIFFRACTION
ANALYSIS: During the reporting period,
the Laboratory placed in operation a
completely automated system for mak-
ing X-ray diffraction measurements of
crystals. The system is controlled by
an IBM 1800 computer which ean be
programmed to perform all analytical
operations. The computer operates
auxiliary equipment for orienting crys-
tals in any arbitrarily preprogrammed
position with respect to the X-ray
beam. It records data, makes a ,.~opri-
ate calculations, and plots the 1¢-«.ts.
The system is an on-line system, and
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can accept information in either digital
or analog form,

The AFCRL automated system is
among the pacesetters in a trend to-
ward the increasing use of automated
systems for crystal analysis and char-
acterization. X-ray diffraction is one
of several kinds of measurements made
by crystallographers to determine the
scructure and properties of a crystal.
Although the automated system is pres-
ently being used only for X-ray diffrac-
tion analysis, it is capable of handling
a variety of conventional analytieal
processes on a time-slicing basis.
Planned as future inputs are such an-
alytical methods as neutron activation,
mass speetra, and Mossbauer analysis.
Hall effect measurements, electron spin
resonance, and many other techniques
that can be incorporated into the basic
system. The AFCRL automatic X-ray
diffractometer can do a more complete,
accurate, and versatile job in one un-
attended 24-hour period than could be
done manually in a month.

X-ray diffraction measurements tell
the crystallographer how atoms have
arranged themselves in the erystal at-
tice network. For a particular cry: al,
the crystallographer may also wan: to
know the variations in atomic ordering,
or the degree of preference an atom has
for unlike neighboring atoms. Often,
very subtle alterations in the erystal
growing process—temperature, rate of
growth, minute inereases in dopant ma-
terials—can result in gross changes in
the crystal structure and properties.

SIMULATION OF LAUE PATTERNS: When
a single erystal is used in devices, its
lattice structure must be oriented in a
preferred direction. The silicon sub-
strate of the integrated circuit, the
quartz oscillator of the frequency stan-
dard, and the ruby laser rod are all
oriented to the particular direction that
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This computer simulation of the dif-
fracted X-ray pattern for silicon illus-
trates the three-fold symmetry of the
atomic arrangement when viewed along
the (I1) axis of the erystal. An actual
Lauc pattern of the same view is shown
below.

provides the desirable physical prop-
erty.

Laue patterns, a symmetrical arrange-
ment of points showing the placement
of atoms, have been used to orient
single crystals since the early days of
solid state electronics. These patterns
are obtained by recording on film
X-rays diffracted from the various

atomic planes of the single crystal. The
arrangement of such spots on the film
reflect the orientation of the crystal.
Unfortunately, the orientations of non-
cubic crystals, or for that matter cubic
crystals of non-simple directions, are
not easily identified.

As part of the Laboratory’s automated
laboratory procedures, a computer pro-
gram has been developed that helps in
the orientation of single crystals by
simulating Laue patterns for any crys-
tal system in any orientation. The sim-
ulated pattern is presented on a digital
plotter. The program produces both
Laue back-reflection and transmission
indexed patiterns as well as stereo-
graphic projections. Tue scientist can
vary any experimental parameter and
the computer almost instantaneously
plots a simulated result. One can thus
generate an atlas of patterns for a
given crystal.

A typical simulated transmission pat-
tern for the (III) orientation of silicon
and the corresponding Laue film are
shown in the accompanying figure. Such
simulated patterns have also been uti-
lized to distinguish polytypes in SiC
and orientations of ruby, quartz, lithium
germanate, lithium niobate, cadmium
and tin crystals.

ELECTRON MICROSCOPY OF SiC: Ear-
lier in this chapter, the growth of sizable
boules of silicon carbide by the vapor
method was discussed. Concurrent with
this work is the study of methods for
the epitaxial growth of SiC on sub-
strates. This is of course necessary if
SiC is to be fabricated into devices. The
problem is that SiC does not readily
bond with other materials.

Silicon rzrbide comes in two basic
lattice configurations, alpha and beta.
Beta-SiC is the structure of interest for
transistor applications. Its resistance
to high temperature a..d high radiation
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make it an ideal material for use in
Air Force electronics hardware. One
approach to the epitaxial growth of
beta-SiC on substrates is to use alpha-
SiC as the substrate,

Vmssi1 IF

The JEM-6A electron microscope is cur-
rently being used to study radiation
damage in quartz and silicon.

For epitaxial growth to occur on a
foreign substrate, it is important that
the lattice dimensions of that material
mateh closely those of the deposit. A
further consideration is the ease of
preparation of the substrate surface—
whether it can be cleaned readily or
etched to accommodate the deposited
atoms in a way to promote single crystal
growth free of impurities and fauits.

Standard electron microscope and dif-
fraction techniques were applied to the
study of epitaxial beta-SiC films de-
posited by vapor deposition on alph-SiC
substrates to determine the effective-
ness of molten intermediate films in
promoting single crystal growth. The
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electron microscope provides informa-
tion on the texture of the surfaces, sub-
strate and deposit, as well as crystallo-
graphic data which are used to identify
the deposit and to determine whether it
is polycrystalline or single crystal, and
if it is twinned. This information, when
related to deposition parameters, serves
as a guide in choosing proper growth
conditions.

Studies indicate that growth of beta-
SiC by vapor-phase deposition on alpha-
SiC can be accomplished more readily
and at lower temperatures when a mol-
ten metal intermediate is used. Thre
metals used, nickel or cobalt, were de-
posited as thin films on the substrates
by vacuum deposition. The electron mi-
croscope showed that the metal films
react with the substrate at temperatures
of about 1250 degrees C to “clean” the
surface. The deposit of beta-SiC is
made in the same reaction tube imme-
diately after this initial reaction.

THERMOLUMINESCENCE MEASURE-
MENTS: Thermoluminescence techniques
are used to study the properties of de-
fects which function as traps and re-
combination centers in luminescent wide
band gap materials.

During the reporting period several
features of thermoluminescence emis-
sion from chromium-doped lithium ger-
manate were explored. These included
thermoluminescence excitation and emis-
sion spectra, thermal activation energies
for release of trapped electrons, recom-
bination kinetics, and the behavior
of thermoluminescence glow curves as
functions of sample temperature during
excitation and thermal bleaching.

In recent experiments studies of
the thermoluminescence excitation and
emission spectra i.elped to iocate energy
levels associated with defect centers.
Thermal activation energies provided
information as to the energies required
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This electron micrograph shows the tex-
ture of an epitaxial film of beta-SiC
deposited on the etched surface of alpha-
silicon carbide.
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The otherwise smooth surface of alpha-
silicon carbide is etched to accommo-
date a layer of beta-silicon carbide. The
etching is accomplished by first deposit-
ing a layer of nickel and heating it to
1250 degrees C in hydrogen. The large
textured globules are reaction products
which provide nucleation sites for the
deposited beta-silicon carbide.

to release electrons from traps. These
ranged from slightly under 0.2 to over
2.0 electron volts. From recombination
kinetics and the behavior of thermo-
luminescence glow curves as a funection
of various bleaching programs it was
found that retrapping was not occur-
ring between traps at different energy
levels and that defects accounting for
several of the traps appear to be physi-
cally isolated from each other.

MOSSBAUER SPECTROSCOPY STUDIES
OF YiG: The Mossbauer Effect was
announced in 1957. In the short time
since, Mossbauer Effect spectroscopy
has become a standard technique for
measuring the properties of magnetic
materials such as yttrium-iron-garnet
—YiG. The long-pending promise of
YiG for application in oscillators and
filters has yet to be filled. But its prop-
erties and potential are too great to
warrant the abandonment of this ma-
terial for lack of success to date in find-
ing applications. (Research on YiG
devices at AFCRL is discussed in Chap-
ter IX.)

The Mossbauer spectroscopy apparatus
is used for the investigation ¢ magnetic
materials.




Many years ago, AFCRL designed
and placed into use one of the first
spectroscopic instruments based on the
Mossbauer Effect. This involves the
emisgion and absorption of gamma rays
from a radio-isotope, with the isotope
most commonly used being Fe®?, With
Fed" in the YiG bound to its crystalline
environment, the effect of internal elec-
tric and magnetic fields resulting from
interactions with the adjacent positive
and negative ions produce characteris-
tic sets of absorption iines. The energies
associated with the position of the ab-
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The AFCRL 3.0 MeV Van de Graaif gen-
eraior, a versatile radiation source, is
used in many experimental efforts such
as ion beam spectroscopy, ivn implan-
tation, and neutron damage in semi-
conductor materials. The analyzing
magnet has a deflection capability in the
one to two million gauss-centimeter
range.
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sorption lines can be used to reconstruct
the crystalline environment of the Fe®.
Preferred positions and distributions
of the atoms in the lattice framework
can be derived.

The object of the research on YiG
materials using Mossbauer Effect
spectroscopy is to establish a basis for
predicting the stochiometry (relative
amounts of elements in a ecompound)
ef a crystal required for a given per-
formance. During the reporting period,
this objective approached realization.
The AFCRL experimental technique in-
volved varying the composition of the
YiG crystal, and of introducing certain
amounts of non-magnetic ions into the
crystalline structure. During the pe-
riod, the gamma-ray spectra of 30 dif-
ferent specimen were obtained.

The 1uust productive efforts involved
the study of gallium (Ga) and alumi-
num (Al) ions by substituting these
materials in varying quantities (8 to
80 percent of the total amount of Fe
ions admissable in pure YiG). As a
result of these studies, the distributions
of these ions and the magnetic prop-
erties of a compound of varying com-
positions can be calculated in advance.

RADIATION DAMAGE AND EFFECTS

Neutrons, gamma rays and X-rays re-
leased in nuclear detonation can neu-
tralize missile, satellite, airborne and
ground electronic systems at ranges
much greater than those at which ac-
tual structural damage can occur. Al-
though vulnerability to this radiation
damage can be reduced for certain cir-
cuits such as computer memories by
using redundant components or with
protective circuits that cut off or isolate
critical components during the initial
transient radiation pulse, a more direct
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approach is to build radiation tolerance,
or hardness, into the components them-
selves.

This is the approach taken by AFCRL.
To conduct this research, the Labora-
tory operates an irradiation facility
which contains a Cobalt 60 cell, a 3
MeV Van de Graaff generator, a 20
MeV linear accelerator, and a 1.5 MeV
Dynamitron. In 1970, the Laboratory
added a high intensity flash X-ray ma-
chine. This machine has an output of
2 MeV with a 40 billion watt rating.
This high intensity is delivered over
a 25 nanosecond pulse length. An X-
radiation dose of 200 billion rads per
second is generated. (An exposure of
400 to 500 rads of X-rays would be
lethal to 2 human being.) In addition,
the Laboratory during the period tested
a number of devices in an actual nu-
clear environment during undergrow...u
nuclear test programs.

The entire Air Force research and
exploratory development program on
the radiation hardening of devices is the
responsibility of AFCRL. The changes
in the electrical behavior of semicon-
ductor devices exposed to nuclear ra-
diation are due to displacement and
ionization effects. Tonization causes
transient damage effects such as an ex-
cess electrical current surge through
the circuit that decays after the radia-
tion pulse. However, the ionizing ra-
diation pulse may also cause permanent
effects due to charge build-up in insulat-
ing layers. These ionization effects are
produced by neutrons, X-rays and gam-
ma rays. Massive, coraplex and perma-
nent damage effects due to displacement
of crystal atoms from their lattice sites
are caused by neutrons. The extent of
device degradation in both damage cate-
gories depends strongly on the device
type and fabrication methodology.

AFCRL RADIATION SOURCES

RADIATION SOURCE TYPE OF RADIATION ENERGY OQUTPUT
Van de Graaff Electrons, Protons 1.5-3.0 0-500 pa
& Heavy Ions MeV
Neutrons via nuclear 1-14 MeV
reactions
Dynamitron Electrons 0.3-1.5 10 ma
MeV
LINAC Electrons/X-Rays 3-23 MeV 2 amps
pulsed or
0.4 ma (avg)
Flash X-Ray Sources:
Febatron X-Rays 300 keV 5000 amps
Pulserad Electrons/X-Rays 2 MeV 20,000 amps
Cobalt-60 Source Gamma Rays 1.25 MeV 20,000 curies
Positive [on Electrons, Posi- 300 keV

Accelerator tive Ions




AFCRL is investigating the full
range of possible radiation hardening
approaches—material selection, device
type, doping, geometry, fabrication,
bonding, encapsulation, and so on. In
this section, only those studies of the
basic mechanisms of radiation damage
will be reviewed. Development of radi-
ation hardened devices will then be cov-
ered in the next section.

A remotely controlled attenuator wheel.
on the ieft, a P-I-N diode detector sys-
tem, center, and a Faraday cup on the
right are used to control and measure
the output of the AFCRL linear accel-
erator. Intense bursts of radiation from
this machine are used to simulate nu-
clear weapons effects in electronic mate-
rials and devices.

SECONDARY ELECTRON EMISSIONS:
Radiation can alter the performance of
an electronic device even when no de-
feets occur. One effort is secondary elec-
tron emission, sending a high flux of
electrons surging through electronies
circuitry and creating a transient noise
signal This electron flux can be trig-
gered by a high energy gamma radia-
tion pulse trom a nuclear explosion,

Almost no gamma ray bombardment
studies other than those at AFCRL
have been done, although there is a
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fairly large collection of data on low
energy electron bombardment. One
AFCRL study was to find out if the
wealth of low energy electron bom-
bardment data could be used to predict
the effects of gamma ray bombard-
ment. If so, much experimental effort
could be saved.

In the tests, a Cobalt 60 source was
used as a source of gamma rays to
bombard a number of metals such as
silver, gold, aluminum, and platinun.
Measurements were then made of the
secondary electron vield per unit of de-
posited energy. AFCRL found that sec-
ondary electron emission production
from a surface depended only on the
rate of energy deposited near the sur-
face and not on the type of energy of
the radiation. This means that the
vields of secondary electrons produced
by gamma radiation can be predicted

The three and one half foot thick win-
dow permits safe observation and con-
trol of experiments conducted in the
Cobalt-60 cell. This cell houses a 14
kilocurie source which provides intense
gamma rays for irradiating various
materials and devices.

by using the lower energy bombard-
ment data available in the literature
for a vast range of materials. This re-
search result has eliminated the neces-
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sity for an extensive experimental pro-
gram on gamma ray effects. The val-
ues predicted from low energy bom-
bardment data were within 30 percent
of those obtained in the gamma ray ex-
perimental program.

DISPLACEMENT DAMAGE: Permanent
damage to semiconductors can result
from many kinds of radiation—high
energy electrons and protons in space,
neutrons, X-rays, and gamma radia-
tion. Electron and gamma irradiations
cause relatively simple defect struc-
tures. Neutron irradiations cause com-
plex cluster-like defect structures. The
nature and the extent of the damage is
a function of many factors—the kind
of material, its dopant, the growth
method, and its electrical resistance.

One AFCRL study involves the ir-
radiation with 1 MeV electrons of
n-type silicon samples doped with phos-
phorus. The dominant resultant defect
structures are phosphorus-vacancy and
oxygen-vacancy complexes. It wasshown
that the damage introduction rate for
both complexes decreased under continu-
ous electron bombardment. This may
be due to recombination of mobile in-
terstitials with wvacancies at defect
points thereby reducing the net intro-
duction of the vacancy-impurity com-
plexes. This effect suggests that pre-
irradiation might result in a device
that would function effectively for a
longer time than one having no prior
damage history.

ANNEALING OF DISPLACEMENT DAM-
AGE IN SEMICONDUCTORS: An atom,
dislodged from its normal position in a
crystal lattice by high energy radiation,
is not necessarily displaced perma-
nently. Normal thermal vibrations in
the crystal tend to juggle the dislodged
atom back in place—or to find a new
home for it somewhere else in the lat-
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A schematic of a damage zone produced
by neutron bombardment at 4 degrees
K is shown on the left. This diagram is
representative of the damage structure
at any temperature immedistzly after
the collision has taken niace. The ad-
ditional thermal energy available at 300
degrees K causes this configuration to
collapse and relax into simpler, indi-
vidual defects as shown on the right.
A and B represent impurity atoms.

tice structure. This self-repairing proc-
ess is known as annealing.

Not too much is known about how a
crystal lattice goes about repairing it-
self after the atoms in the lattice frame-
work have been displaced by radiation
bombardment. One apyroach that gives
insight to the process is to bombard
a crystal cooled to liquid helium tem-
peratures. At these temperatures, the
defects are relatively immobile until the
crystal temperature is raised. By mak-
ing conductivity measurements subse-
quent to heat treatments at various
temperatures, the temperatures at which
radiation-induced defects become mo-
bile and annealing takes place can be
determined.

In this study, germanium doped with
1018 arsenic atoms per cubic centimeter
was irrac’ated with 0.7 to 1.2 MeV
electrons at 5 to 10 degrees K. Others
had noted that two temperatures are of
special importance in the annealing
process. Annealing seems to take place
predominantly at two discrete tempera-
tures—35 and 65 degrees K. This
suggests that two different types of de-
fects are involved. It also suggests that




the type of defect produced depends on
the bombarding electron energy. The
AFCRL study was undertaken to relate
the defect type to electron energy.
AFCRL found that the production of
defects that recover at 65 degrees K
increases almost linearly with electron
energy. Another finding is that defects
that recover at 85 degrees K are pro-
duced in greatest quantities by 0.9 to
1.0 MeV bombardment.

NEW GAMMA RADIATION ABSORPTION
EFFECT: A novel effect involving gam-
ma radiation passing through materials
—an effect unaccounted for in theory
—has been observed by AFCRL scien-
tists. The effect has implications for
all those conducting research on radia-
tion hardened electronic devices. It
brings into question the validity of
present techniques for measuring the
amounts of energy absorbed from gam-
ma radiation in the active region of a
semiconductor device. At the same time,
it may be possible to take advantage of
the effect to obtain additional radiatior:
hardness by the simple procedure of
orienting the devices and their associ-
ated housing in a preferred direction
with respect to the anticipated radia-
tion source, or by careful selection of
the material surrounding the device.

The effect involves the energy depo-
sition by electrons produced by ab-
sorption of gamma radiation passing
through one material to a dissimilar
one, When a material of low atomic
number, such as aluminum, is placed in
fi11% of a material of a higher atomic
number, such a gold, the amount of
energy deposited in the lower atomic
number material is increased by as
much as 80 percent, When gamma ra-
diation passes in the opposite direction
—th rugh gold to aluminum—the en-
ergy deposited in the aluminum is
slightly increased immediately at the
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This figure shows a novel absorption
effect in aluminum of gamma radiation.
The absorption of radiation in the alu-
minum is different depending on the
direction of the radiation source, assum-
ing that the facing material (in this
case gold) has a higher atomic number.

interface but then drops to a value
Iower than it would be if the gold were
replaced by aluminum. Thus it was
shown that the energy deposited near
an interface by gamma radiation is
strongly dependent on the direction of
the gamma rays with respect to the in-
terface.

Materials such as copper, molybde-
num, silver and cadmium~—all with
atomic numbers higher than aluminum
—were investigated in conjunction with
aluminum. Ail gave similar results,
although the magnitude of the effect de-
creased with atomic number. Beryllium
and carbon, both with atomic numbers
lower than aluminum, were also tested.
These caused an increase in the energy
absorbed by the aluminum (which is
now the higher atomic number mate-
rial) near the interface when the radia-
tion passed from the lower to the higher
atomic number material, and a decrease




in the energy absorbed by the alumi-
num near the interface when the radi-
ation passed first through the alumi-
num.

Most semiconductor devices are fab-
ricated and housed in such a way as to
experience the spatially dependent ef-
feetsreported by theseexperiments. Gold
plating, high atomic number metal con-
tacts, a support for the basic silicon
chip, and the enclosure all provide inter-
faces which can cause large variations
in dose through the active region of the
device,

It should be noted that these results
for gamma rays are in marked con-
trast to those reported at X-ray ener-
gies, At X-ray energies, the dose in a
low atomie number material is always
enhanced by an adjoining high atomic
number material independent of the di-
rection of the incident X-rays.

DEVICES AND TECHNIQUES

The “devices” covered under this
heading are for the most part radiation
hardened transistors. There’s little in-
centive for the nation’s eleclronics in-
dustry to concern itself with such prob-
lems as radiation hardened devices
since there’s obviously little demand by
the commercial market. “Techniques”
refers to methods for fabricating de-
vices. One such technique is ion im-
piantation. Although industrial con-
cerns have taken an increased interest
in ion implantation as a means for dop-
ing semiconductors, AFCRL is spon-
soring ion implantation research under
contract concurrent with its in-house
research because the technique may
prove a key to the development of radi-
ation resistant integrated ecirecuits.
Another device study falling into the
unique-to-the-military requirement cat-

egory is that of infrared sensors. Dur-
ing this reporting period the Labora-
tory, at the request of the Air Staff,
initiated a new program to develop im-
proved infrared sensors.

RADIATION RESISTANT POWER TRAN-
SISTOR: During the report period, the
Laboratory developed a bipolar power
transistor which can withstand radia-
tion levels ten times higher than the
level at which the best commercially
available devices fail.

The high radiation tolerance of this
bipolar power transistor was achieved
by applying the knowledge gained
through the Laboratory’s more general
studies of radiation damage rather than
through radical design concepts or the
use of special semiccnductor materials
or dopants. The power device essen-
tially comsists of an array of special
high frequency silicon power transis-
tors connected in parallel. The most
significant design feature is in the thick-
ness of the silicon base, which is only
about one-half micron thick. Fabrica-

This radiation hardened power transis-
tor still functions correctly even after
being damaged by the intense radiation
shown here. This is the result of a de-
sign with a high degree of built-in
redundancy.
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tion of extremely thin layered devices,
however, poses the problem of an ex-
cessively high rejection rate—or low
vield—unless processing is under very
good control.

Many manufacturers are also mov-
ing in the direction of thinner semi-
conductor layers but for reasons other
than radiation hardening. Faster
switching speeds of data processing cir-
cuits are achieved with thinner semi-
conductor layers and thus the require-
ments for speed and radiation resis-
tance become the same. These high speed
devices, however, do not have the re-
quirement that the thin layers be
uniform over a large area—which
the power transistor must have. The
AFCRL device requires special care and
precision in its fabrication.

JUNCTION FIELD EFFECT TRANSISTORS:
AFCRL has shown that the junction
field effect transistor is the transistor
type presently most resistant to per-
manent radiation damage, either of the
ionizing or displacement type. This re-
search has resulted in JFET designs
that show virtually no degradation in
electrical characteristics after an inte-
grated neutron dose of 10! neutron/
cm? The JFET is 10 to 100 more
radiation resistant than the best bi-
polar transistor.

In addition to the research on the
permanent effects of radiation on
JFET’s which have led to such dra-
matic improvements, extensive tran-
sient effects experiments have been con-
ducted using the AFCRI. linear ac-
celerator. Data covering a wide range
of JFET designs and eles‘rical oper-
ating conditions currently indicate that
the transient ionizing effects compare
to those of a bipolar {ransistor.

ION IMPLANTATIONS: Ion implanta-
tion consists of the bombardment of a
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semiconductor materjal—usually silicon
in AFCRL studies—with ions. By
shielding or masking parts of the semi-
conductor from the ion.stream, the ions
are implanted only in carefully pre-
scribed areas of the semiconductor
material. Ion implantation is an alter-
native technique to conventional diffu-
sion doping techniques.

In fabricating an integrated circuit
by diffusion methods, doping is distrib-
uted uniformally over the individual el-
ements of the circuit. Ion implantation
offers the possibility of varying the
amount of doping from element to ele-
ment by simple variations of masking.
This is particularly important in the
fabrication of radiation resistant cir-
cuits since it permits the designer to
take advantage of radiation hardening
techniques that have been worked out
for individual elements. With diffusion

The delicate operation of attaching I-mil
aluminum wire to tiny aluminum con-
tact pads evaporated onto ion implanted
silicon devices without heating is being
performed by an ultrasonie bonder.
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methods, undesirable compromises must
necessarily be made.

At AFCRL the emphasis has been
on high energy (1-3 MeV) implanta-
tion. The results extend the findings of
other investigators working at energies
below 1 MeV. The high energy ions
have considerably greater penetration
depth. The work has yielded experi-
mertal data on the extent of large angle
backscattering of light ions, such as
B+ in Si, which results in considerable
deviation from the gaussian distribu-
tion of implanted ions that has been
generally assumed. Implantation pro-
files have been established for B+, N+,
Al+ and P+ ions in silicon.

The annealing requirements of these
implants have also been studied. An-
nealing of implanted samples is nec-
essary to correct the damage to the
crystal lattice caused by the ion im-
plantation, and to permit the implanted
ions to move to preferred positions in
the lattice framework. Annealing can
be done at relatively low temperatures
so that no appreciable diffusion can oc-
cur to adjacent areas that have not
been implanted. Ion implanted diodes
as well as bipolar and field effect tran-
sistors have been fabricated at AFCRL.

INFRARED SENSORS: AFCRL’s re-
search in infrared sensors dates from
a 1966 request by the Air Staff. The
program centers around silicon Schottky
barrier detectors. These detectors are
capable of extremely fast operation and
extend the useful range of silicon de-
tectors from 0.5 to 1 micron out to
0.5 to 4 microns.

The diode is made by the evaporation
of metals in high vacuum onto ultra-
clean silicon substrates. An internal
potential barrier will form at the in-
terface due ‘v the Fermi-energy differ-
ence of the carriers. These diodes op-
erate in a mode in which incident light

These two figures show the phototopo-
graphical response of two Schottky
barrier photodiodes as presented by a
unique flying spot scanner system. The
upper figure shows the local photore-
sponse of a uniform diode, while the
lower diode shows an enhanced edge re-
sponse. Both diodes are 250 microns in
diameter.

passes through the silicon substrate and
is absorbed in the metal where elec-
trons are excited to higher energies.
Those electrons that have sufficient mo-
menium in the direction of the sub-
strate pass over an internal barrier into
the silicon where they are measured as
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a short circiit photocurrant. 1he de-
tectivity of AFCRL exw>imental di-
odes already comnares with well-known
detectors and much higher quantum ef-
ficiencies—from the present limit of 1
percent to 10 percent—may be achiev-
able.

In addition, silicon avalanche photo-
diodes operating beyond the cut-off
wavelength have been experimentally
demonstrated. At 1.3 microns the diode
operates with 1 percent quantum effi-
ciency and has an avalanche gain of 200
with a narosecond rise time. These
Schottky barrier detectors make pos-
sible the use of silicon as a photode-
tector beyond its normal band gap.
These diodes can be fabricated in large-
scale integrated circuits.

THEORY OF SOLID STATE

Complementing some of the larger
programs deseribed in the preceding
pages of this chapter are theoretical
efforts of a general nature in which a
more complete understanding of the be-
havior of materials in the solid state is
sought. The studies cited in this brief
section were carried out by three differ-
ent individual scientists.

One of these scientists is Dr. Johan-
nes N. Plendl who for the past ten
years has investigated the properties
of solids. Dr. Plendl will retire from
AFCRL in 1970. During the past dec-
ade he has punlished a score of papers
on his research and has gained wide
recognition for the new insight he has
brought into the behavior of matter in
the solid state.

LATTICE DYNAMICS: The problem that
Dr. Plendl has investigated for ten years
is the classic one of characteristic en-
ergy absorption spectra of solids and
the meaning of these spectral proper-
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ties in terms of thermal expansion, bond
strengths, specific heat, compressibil-
ity, hardness and phase transformation
processes. In past years, his studies
have involved simple dielectric com-
pounds. More recently, his attention has
turned to metals.

The properties investigated by Dr.
Plend] were the properties that were of
concern to the chemists and physicists
of the late 19th and early 20th Cen-
turies. But with the exciting new world
of quantum mechanics of the 1920’s,
physicists were led to a new way of in-
vestigating the nature of matter, with
the focus on energy states and rules
of quantization.

Dr. Plendl’s work is based on the
hypothesis that the absorption and
emission spectra of a solid can reveal
much more about the properties of the
materiali than has been assumed. He
asks, for example, if the characteristic
speetra of a matevial can yield infor-
mation on the hardness 9f the material,
on compressibiiity, on the bonding be-
tween atoms, and so on? Can unify-
ing, general formulas be found for
dealing with these properties? The very
asking of these questions was to go
back to re-explore a domain that had
largely dropped from fashion.

The approach was essentially empiri-
cal. It required that reflection and
transmission spectra be obtained on
scores of single crystal and thin film
specimens. These spectra are combined
to derive the fundamental absorption
spectra. Once the fundamental absorp-
tion spectra are obtained, it is possible
to calculate, using new formulas de-
rived by Dr. Plendl, vibrational modes
of solids, temperature effects, damping
characteristics, nonlinear effects of
atomic binding and much else. To check
the validity of derived values, emission,
laser-Raman and cold neutron scatter-
ing techniques were used.
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With his retirement in 1970, AFCRL
will terminate these investigations and
leave their exploitation and extension
to the scientific community at large.

INTERNAL FIELDS IN MATTER: This
study concerns the behavior of matter
in applied electric or magnetic fields.
The properties of matter depend on
the details of the fields in its interior.
These fields, which are due in part to
the microscopic dipoles that make up
the matter, are irregular and rapidly
fluctuating over small distances. Con-
ventionally, they are taken account of
by introduction of the well-known vec-
tors D and H of classical electromagnetic
theory. Because these vectors are not
precisely defined, considerable ambi-
guity and even controversy surrounds
them.

A new approach has been undertaken
to clarify this subject. The theory of
internal fields has been reformulated
on a postulatory basis in which all the
definitions and assumptions have been
clearly spelled out. It has then been
shown that this well-defined postulatory
system is equivalent to and clarifies
the usual theory. In this way, ambigui-
ties and even errors in the classical
theory have been noted. With the pres-
ent approach, this important branch of
solid state theory has been put on a
firm basis. ,

THE THREE-PARYICLE SCATTERING
PROBLEM: The previous Report on Re-
search discussed a new method for view-
ing the bound-state, three-body problem.
The method consisted of writing the total
wave function for the problem as a sum
of three parts. Appropriate expansions
were developed for each part, expan-
sions which converge rapidly for sev-
eral important three-body atomic prob-
lems. Good results, for example, were
obtained for several energy levels of

the helium-like atom, the H.4+ mole-
cule ion, and the p/p mesic molecule.

In addition to making these bound-
state calculations, the method was ex-
tonded to treat the three-particle sexi-
tering problem. In treating three-par-
ticle scattering for the zero-range pair
potential, the method produced the
standard result. Studies of electron-hy-
drogen scattering in the limit of zero
incident energy resulted in a cross sec-
tion which agrees quite wel! with ex-
periments and the best calculated value
using variational techniques.
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Sapphire

(Book Chap.) Crys. Growth, Pergamon Press
1967)

RoosiLp, S., DoLAN, R., and BUCHANAN, B.
Semiconductor Doping by High Energy 1-2.
5 MeV Ion Implantation

J. of Electrochem. Soc., Vol. 115, No. 8
(March 1968)

Ryan, C. E.

Perspectives on Silicon Carbide
Matls. Res. Bull. (Snee. Vol.) Vol. 4 (1969)

RyAN, C. E., BERMAN, 1,, MARSHALL, R. C.,
CONSIDINE, P. D, and HAWLEY, J. J.
Vapor—Liquid—Solid and Melt Growth of
Silicon Carbide

J. of Crys. Growth, Vol. 1, No. 5
(December 1967)

SAHAGIAN, C. S.

The History and Importance of Crystal Growth
Lapidary J., Vol. 21, No. 8 (November 1967)
The History and Importance of C rystal Growth
(Part II)

Lapidary J., Vol. 21, No, 11 (February 1968)

SAHAGIAN, C. S. and SCHIEVER, M. (MIT)
Crystal Perfection of Alpha—A1203 as a
Function of Growth Method

Rost Kristallov (1967)

SAMSON, E. W. and Cavasr, L.

(Parke-Math. Labs)

On the Theory of Boolean Formulas:
Substitution, Replacements and Prime
Formulas

J. of Soc. of Indus. and Appl. Math. (SIAM)
(September 1967)

SMILTENS, J.

The Growth of SiC Crystals from the Vapor
by the Bridgman-Stockbarger Method

(Rock Chap.) Crys. Growth, Pergamon 1967)
The Growth of SiC Crystals from Vapor by
the Bridgman Stockbarger Method

Matls. Res. Bull. (Spee. Vol.) Vol. 4 (1969)

VICKERS, V. E.

Comment on “Solution of Nonlinear Equations”
IEEE Trans. on Comp. (Ltr. to the Ed.),
Vol. C-18, No. 3 (March 1969)
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JOURNAL ARTICLES
JULY 1969-JUNE 1970

ADAMSKI, J. A,

Carrier Gas Diverting Apparatus for
Flame-Fusion Crystal Growth

Rev. of Sci. Instr., Vol. 40, No. 12
(December 1969)

ARMINGTON, A, F.,, and O’CONNOR, J. J.
Recrystallization by Skifting and Equilibrium
of Chemical Complexes—The Growth of
Cinnabar

J. of Crys. Growth, Vol. 6, No. 3
(March-April 1970)

CZERLINSKY, E. R.

Cation Distribution in Gallium-Substituted
Yttrium Iron Garnets by Mossbauer-Effect
Spectroscopy

Physica Status Solidi, Vol. 34 (1969)

D1 PieTrO, M., A.
An Introduction to Crystal Growth
Lapidary J., Vol. 23, No. 8 (November 1969)

EvuLER, F., and VAN Hook, H. J.

(Raytheon Res. Div., Waltham, Mass.)
Anisotropy Linebroadening in Polyerystalline
-V-In Substituted YIG

J. of Appl. Phys., Vol. 40, No. 10

(September 1969)

KAHAN, A., BOUTHILLETTE, L., and

SeirzeR, W. G. (Univ. of Southern Calif.,
Los Angeles)

Localized Vibrational Modes in Electron
Irradiated GaAs: St

J. of Appl. Phys., Vol. 40, No. 8 (July 1969)

KAHAN, A., and CAPONE, B. R.

EPR Spectra of Chromium Doped Spinel
Electron. Struc. of Solids, E. D.
Haidemenakis, Ed. (1969)

Q’CONNOR, J. J., )1 PiETRO, M, A,, and
ARMINGTON, A. F.

Preparation and Properties of Cesium Cupric
Chloride

J. of Crys. Growth, Vol, 6, No. 4 (May 1970)

PiTHA, C. A., and CHICKLIS, E., SCHWARTZ, J.
(Mithras Div. of Sanders Assoc., Cambridge,
Mass.)

Non-Destructive Damage Studies of Ruby
Lager Rods

Pub. in Book, Damage in Laser Glass, Pub. by
Amer. Soc. for Testing and Matls, (1969)

PLENDL, J. N., and GIELISSE, P. J. (Univ. of
R. I, Kingston, R. 1.)
Compressibility and Polymorphism of Solids

Physica Status Solidi, Vol. 85, No. 2
(October 1969)
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Structural Stability of Inorganic Polymorphs
(Comm. to the Ed.) I. of Phys. and Chem. of
t.olids, Vol. 31, No. 4 (April 1970)

PoseN, H., and KarLow, R. (Mass. Inst, of
Tech., Cambridge, Mass.)

On-Line Computer Analysis and Control of
Experiments

J. of Appl. Phys., Vol. 40, No. 12
(November 1969)

PAPERS PRESENTED AT MEETINGS
JULY 1967 - JUNE 1969

Apamski, J. A., PoweLr, R. C., CarT,, and
SampsoN, J. L.

Growth of Uncommon Verneuil Crystals and
Their Characterization by Light Scattering
1968 Intl. Conf. on Crys. Growth (ICCG)
Univ. of Birmingham, Eng. (15-19 July 1968)

ARMINGTON, A. F.

Man-Made Crystals

Mineralog. Soc. Mtg., Cambridge, Mass.

(4 March 1969)

Crystal Growth in Gels

Symp. on Crys. Growth Tech., New York
Univ., New York, N. Y. (27-28 March 1969)

ARMINGTON, A. F., ET AL

The Determination of Carbon in Iodide Boron
Intl. Symp. on Boron, Polish Acad. of Sci.
Inst. of Elec. Tech,, Warsaw, Pol.

(25~29 June 1968)

ARMINGTON, A. F. and O'CONNOR, J. J.

2'he Gel Growth of Cuprous Halide Crystals
1968 Intl. Conf. on Crys. Growth (ICCG),
Univ. of Birmingham, Eng. (15-19 July 1968)
Nucleation, Size and Solubility Relationships
in the Complex Dilution Method of Gel Growth
Pennylvania State Uni. Conf. on Gel Growth,
Uriv. Park, Pa. (10 October 1968)

BERMAN, I. and COMER, J. J.

Heteroepitaxy of Beta Silicon Carbide
Employing Liquid Metals

Intl. Conf. on Silicon Carbide, Pennsylvania
State Univ., Univ. Park, Pa.

(21~23 Qctober 1968)

BUCHANAN, B., DoLAaN R. AND SHEDD, W,

Radiation Tolerance of Bipolar and Field
Effect Transistors as ¢ Function of
Lifetime and Doping

Conf. on Prep. and Prop. of Elec.

Matl. (AIME), Chicago. IIl.

(i1~14 August 1968)
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COMER, J. J.

Electron dMicroscopy in the Characterization
of Electronic Materials

Intl. Conf. in Growth and Charac. of Elec.
Matl., Chania, Crete, Greece (1-15 June 1969)

CZERLINSKY, E. K.

The Cation Distribution in Gallium-Substituted
Yttrium Iron Garnets by Mossbauer-Effect
Spectroscopy

14th Ann. Conf. on Magnetism and Magnetic
Matl.,, New York, N. Y.

(18-21 November 1968)

DeANGELIS, H. M., and SCHWUTTKE, G. H,,
BRrACXK, K., GARDNER, E. (IBM)

High Energy Nitrogen Doping of Single
Crystal Silicor.

Intl. Santa Fe Conf. on Rad. Effects in
Semiconductors, Santa Fe., N. 1.

(8-5 October 1967)

DEANGELIS, H. M. and PENCZER, R. E.
Observation of Radiation Modification of
Defects in Ge at 4°K

Amer. Phys. Soc. Mtg., Berkeley, Calif.
(18-21 March 1968)

DeANGELIS, H. M., CARNES, C. P., CApT,,
DRreEVINSKY, P. J. and PENCZER, R. E.
Isothermal Annealing of Electron Irradiated
n-Type Si

Spring Mtg. of the Amer. Phys. Soc.,
Washington, D. C. (22~25 April 1968)

DeANGELIS, H. M. ET AL

Crystallization of Surface and Subsurface
Amorphous Silicon Films

Fall Mtg. of the Amer. Phys. Soc., Miami
Beach, Fla. (25 November 1968)

DICKINSON, S. K.

Synthesis of Diamond from Metal-Carbon
Systems

Diamond Conf., Bristol Univ., Eng.

(7-9 July 1968)

Diamond Synthesis from Cobalt-Carbon and
Manganese-Carbon Systems

1968 Intl. Conf. on Crys. Growth (ICCG),
Univ. of Birmingham, Eng. (15-19 July 1968)

DiPieTroO, M. A., O’CONNOR, J. J. and
ARMINGTON, A. F.

The Gel Growth of Neodymiwm Doped
Calcium Tartrate Crystals

Amer. Chem, Soc. Mtg., San Francisco, Calif.
(2 April 1968)

DoraN, R., BucHANAN, B. and RoosiLp, S.
Semiconductor Processing by Ion Implantation
Conf. on Prep. and Prop. of Elec. Matl.
(AIME), Chicago, Ill. (11-14 August 1968)

DuGGER, C. O.

Synthesis and Propertics of Lithium
Septagermanate

1968 Intl. Conf. on Crys. Growth (ICCG)
Univ. of Birmingham, Eng. (15-19 July 1968)

DuGGEeR, C., GoobrUM, J. 1sT LT.,

and LipsoN, H. G.

A New Laser and Luminescent Material
Amer. Ceramic Mtg., Washington, D. C.
(6 May 1969)

A New Laser and Luminescent Material
Electrochem. Soc., New York, N. Y.
(4-9 May 1969)

EuLER, F. K. and CZERLINSKY, E. ET AL
Linewidth Reduction through Indium
Substitution in Calcium-Vanadium Garnets
1967 Intl. Cong. on Magnetism, Boston, Mass.
(10-16 September 1967)

EuLEr, F. K., and VAN Hoox, H. J.
(Raytheon Co., Waltham, Mass.)

Anisotropy and Magnetosiriction Measure-

ments on (CA -V - In)—Substituted YIG
14th Ann. Conf. on Magnetism and Magnetic
Matl., New York, N. Y.

(18-21 November 1968)

Evces, L. J.

Quantum Mechanical Three-Body Problem
Phys. Dept., Indiana Univ., Bloomington, Ind.
(16 November 1967)

Physics Dept., Univ. of Cincinnati,

Cireinnati, Ohio (17 November 1967)

Few-Body Approximation to Many-Body
Problem with Repulsive Potentials

Lecture, Yeshiva Univ., New York, N. Y.

(10 April 1968)

Electric Fiield in Diclectrics

Amer. Assoc. of Phys. Teachers N. E. Section,
Spring Mtg., West Hartford, Conn.

(20 April 1968)

Fierp, W. G.

Lure and Science of Diamonds
Gordon Res. Conf., New Hampton, N. H.
(20 July 1967)

Structural Dependence of Refractive Indexes
and Polarization Constants

1967 Ann. Mtg. of the Geolog. Soc. of Amer..
New Orleans, La. (21 November 1967)
Crystal Growth: Thermal Imaging Methods
Symp. on Crys. Growth Tech., New York
Univ., New York, N. Y. (27-28 March 1969)

FieLp, W. G., and WAGNER, R. W.

Thermal Imaging for High Temperavure
Crystal Growth

ACA Mtg., Univ. of Minnesota, Minn.
(20-25 April 1967)




Method for Cry.  ~ Growth of High Melting
Point Materials (# Controlled Atmospheres
1967 Ann, Mtg. of the Geolog. Soc. of Amer.,,
New Orleans, La. {21 November 1967)
Thermal Imaging for Single Crystal Growth
and Its Application to Ruby

1968 Itnl. Conf. on Crystal Growth (ICCG)
Univ. of Birmingham, England

(15-19 July 1968)

JASPERSE, J. R.

The Quantum Mechanical Three-Body
Problem

Three-Body Sem., Boston Coll., Newton, Mass.
(25 October 1967)

Approach to the Three-Body Scattering
Problem

Fall Mtg. of the Amer. Phys. Soc. in the East,
New York, New York (16-18 November 1967}
General Method for the Bound-State Three-
Body Problem, I; and Three-Body Calculations
for He-Like Atoms and Ho+-Like

Molecules, II Lecture

Smithsonian Astrophys. Obsv., Cambridge,
Mass. (12 November 1968)

General Method for the Bound-State
Three-Body Problem (in Two Parts)

Winter Inst. in Quantum Chem., Solid-State
Phys., and Quantum Biology, Sanibel Island,
Fla. (6-18 January 1969)

JOHNSON, A. D.

Competition between Trapping and Recom-
bination of Excited Electrons in Lithium
Germanate

Amer. Phy. Soc. Spring Mtg., Washington,
D. C. (28 April-1 May 1969)

JOHNSON, A. D., LITTLER, J. R. and

DuGaer, C. 0.

Thermoluminescence from Chromium Doped
Lithium Septagermanate

Amer. Phys. Soc. Mtg., New England Sec,,
Lewiston, Maine (20-21 October 1967)

Trap Distribution as Related to the Bleaching
of Thermoluminescence

19R9 Mtg., Amer. Phys. Soc., Philadelphia, Pa.
(24-27 March 1969)

Jonnsow, A. D. and LITTLER. J. R,

Dependence of Thermoluminescence of Lithium
Germanate on Sample Temperature During
Excitation

Spring Mtg. of the Amer. Phys. Soc.,
Washington, D. C. (22-25 April 1968)

JOHNSON, A. D. and LITTLER, J. R.
Thermoluminescence Emission from
Chromium-Doped Lithium Germanate

1968 Fall Mtg. of the Amer. Phys. Soc.,
Miami Beach, Fla. (25-27 November 1968)

63

KAHAN, A., BOUTHILLETTE, L., and

SpITZER, W. G. (Univ. of Southern Calif.)
Opticel Properties of Electron Irradiated GaAs
Anier. Phys. Soc. Mtg., Philadelphia, Pa.
(24-27 March 1969)

Infrared Absorption of Irradiated Gallium
Arsenide

1969 IEEE Ann. Conf. on Nue. and Space Rad.
Effects, Pennsylvania State, Univ. Park, Pa.
(8-11 July 1969)

Lipson, H. G. and KAHAN, A.

N-Line Fluorescence at Low Temperature in
MgA$a04:Cr3+ Spinel

Amer. Phys. Soc. Mtg.,, Washington, D. C.
(28 April 1969)

LirsoN, H. G., KAHAN, A. and

ADAMSKI, J. A. ET AL

The Growth and Characterization of Variable
Stoichiometry Spinels

1968 Intl. Conf. on Crys. Growth (ICCG)
Univ. of Birmingham, Eng.

(15-19 July 1968)

MARrsHALL, R. C.

Growth and ~Jharacterization of a Transition
Metal Silicide

1968 Intl. Conf. on Crys. Growth (TCCG)
Univ. of Birmingham, Eng. (15-19 July 1968)
Growth of Silicon Carbide from Solution

Intl. Conf. on Silicon Carbide, Pennsylvania
State, Univ. Park, Pa. (21-23 October 1968)

O’CONNOR, J. J., DIPIETRO, M. A. and
ARMINGTON, A. F.

The Gel Growth of Cuprous Chloride Crystals
Amer. Chem. Sec. Mtg., Atlantic City, N. J.
{September 1968)

PENCZER, R. E., DEANGELIS, H. M. and
CARNES, C. P., CarT.

Electron Irradiation Damage in N-Type Si as
a Function of Dose

Amer. Phys. Soc. Mtg., Berkeley, Calif.

(18-21 March 1968)

PENCZER, R. E., I'REVINSKY, P. J.,

CARNES, C. P., CaPT., and DEANGELIS, H. M.
Annealing Behavior of Electron-Irradiated
Silicon Heavily Doped with Phosphorous
Fall Mtg. of the Amer. Phys. Soc., Miami
Beach, Fla. (25-27 November 1968)

PitHa, C. A., ADAMSKI, J. A. and
NAIMAN, C. S. (Mithras Corp.)

Site Preference for Manganese in Flame-
Fusion Spinel

20th Mid-Amer. Symp. on Spectroscopy,
Chicago, Il (12-16 May 1969)
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Pitua, C. A., NAIMAN, C. & (Mithras Corp.)
Absorption Spectrum of Manganese-Doped
Flame-Fusion Spinel

Mtg. of the Amer. Phys. Soc., Philadelphia, Pa.
(24-27 March 1969)

PLenpL, J. N.

Absorption Line Spectra from Infrared and
Elastic Data for a Variety of Solids

9th Eur. Cong. on Molecular Spectros.,
Madrid, Spain (10-15 September 1967)
Absorption Line Spectra from Infrared and
Elastic Data for a Variety of Solids

NATO Adv. Study Inst. on Far Infrarved Prop.
of Solids, Delft Tech. Univ., The Netherlands
(18-23 August 1968)

PLENDL, J. N., MANSUR, L. C. and MiTRA, S. S.
(Univ. of R. L)

Temperature and Pressure Dependence of
Infrared-Active Lattice Vibrations

9th Eur. Con. cn Molecular Spectros, Madrid,
Spain (10-15 September 1967)

Powery, R. C., CapT.

Thermal Dependence of the Fluorescence
Spectrum of Chromium Doped Lithium
Germanate

Amer. Pkys. Soc. Mtg., Chicago. Ill.

(29 January-1 February 1968)

Fluorescence Intensities and Excitation Spectra
of the B Lines of LiaGe;015:Cr3+

Amer. Phys. Soc. Mtg., Berkeley, Calif.

(18-21 March 1968)

PoweLy, R. C., CAPT., ET AL

Temperature Effects on the Fluorescence
Characteristics of RbMnFg:Nd3+

1968 Intl. Quantum Elec. Conf., Miami, Fla.
(14-17 May 1968)

RoosiLp, S. A.

Semiconductor Doping by Ion Implantation
23rd AIME New England Region Conf.,
Boston, Mass. (17-18 April 1969)

RoosiLp, S., DoLAN, R. and BUCHANAN, R.
High Energy Ion Implantution

1969 IEEE Ann. Conf. on Nuec. and Space
Rad. Effects, Pennsylvania State,

Univ. Park, Pa. (8-11 July 1969)

RyaNn, C. E.

Perspectives on Sil*con Carbide

Intl. Conf. on Silicon Carbide. Pennsylvania
State Univ. Park, Pa. (21-23 October 1968)

&uiAGIAN, C. S.

Crystal Growth: Flame Fusion

Symp. on Crys. Growth Tech., New York
Univ., New York, N. Y.

(27-28 March 1969)

Suebp, W., BUCHANAN, B. and DoLAN, R.

Radiation Effects on Junction Field Effect
Transistors

1969 IEEE Ann. Conf. on Nuec. and Space Rad.

Effects, Pennsylvania State Univ., Univ.
Park, Pa. (8-11 July 1969)

SMILTENS, J.

Growth of SiC Crystals by the Bridgman-
Stockbarger Method from the Vapor
(Progress Report)

Intl. Conf. on Silicon Carbide, Pennsylvania
State Univ., Univ, Park, Pa.

(20-23 October 1968)

WAGNER, R. W. and FiELD, W. G.

The Evaluation of Short-Focal-Length Large
Parabolic Mirrors

Ann. Mtg. of the Opt. Soc. of Amer., Detroit,
Mich., (10-13 October 1967)

PAPERS PRESENTED AT MEETINGS
JULY 1969-JUNE 1970

ADAMSKI, J. A., and WEINER, J. R.

Growth of Strain-Free Crystals by
Flame-Fusion

ACCG Conf. on Crys. Growth, Natl. Bur. of
Stds., Wash., D. C. (11-13 August 1969)

ARMINGTON, A. F.

Transverse Mode-Electro-Optic Materials
AGARD Mtg., Oslo, Norway

(29 September-2 October 1969)

ARMINGTON, A. F,, and O’CONNOR, J. J.
Recrystallization by Shifting the Equilibrium
of Chemical Complexes—The Growth of
Cinnabar

ACCG Conf. on Crys. Growth, Natl. Bur. of
Stds., Wash,, D. C. (11-13 August 1969)

BERMAN, I, and COMER, J. J.

A Resistance Furnace for the Heteroepitaxial
Growth of Single Crystal gSiC Through a
Molten Metal Intermediate

2nd Intl. Conf. on Chem. Vapor Deposition,
Los Angeles, Calif. (10-35 May 1970)

BUCKMELTER, J. R., 1sT LT.
Resonance Technique for Curie Temperatures

Electron. Div., Amer. Ceram. Soc., Boston,
Mass. (14-17 September 1969)

CAPONE, B. R., KAHAN, 4., and SHANE, J. R.
(Univ. of Mass., Amherst, Mass.)
Paramagnetiz Lesonance Spectrum of Crit in
Lithium Germanate

Amer. Phys. Soc. Mtg., Dallas, Tex.

(23-26 March 1970)

—————— s s




CARNES, C. P., CAPT., DREVINSKY, P. J., and
De ANGeLIs, H. M,

Annealing of Electron-Irradiated 1 to 15Q-cm
Phosphorus Doped Silicon

Amer. Phys. Soc. Mtg., Div. of Plasma Phys.,
Honolulu, Hawv. (2-4 September 1969)

COMER, J. J., and BERMAN, 1.

A Study of the Growth of Vapor-Deposited
B-SiC Pilms on a-Si-C Employing Molten-Metr”
Films as Intermediutes

Detroit Symp. of the Electrochem. Soc.,
Detroit, Mich. (10-15 October 1969)

DE ANGEL1s, H. M., CARNES, C. P., CAPT.,
and KIMERLING, L. C,, 1sT L.

Isochronal Annealing of Electron-Irradiute
P-Doped Silicon

Amer. Phys. Soc. Mtg., Dallas, Tex.

(23-26 March 1970)

DicKInNSoN, S. K.

Synthesis of High Purity Ruby

ACCG Conf. on Crys. Growth, Natl. Bur. of
Stds., Washington, D. C. (11-13 August 1969)

Duceegr, C. 0.

Hydrolysis-Solution Growth of Refractory
Ozide Single Crystals

ACCG Conf. on Crys. Growth, Natl. Bur. of
Stds., Wash., D. C. (11-13 August 1969)

DUGGER, C. 0., GOODRUM, J., 1sT L7., and
LipsonN, H.

Laser Characteristics of Necdymium-Doped
Lithium Germanate Glass

Mtg. of the Opt. Soc. of Amer., Chicago, Ill.
(21-24 October 1969)

Fiewo, W. G.

Evaluation of the Carbon Dioxide Laser as a
Heat Source for Crystal Growth

ACCG Conf. on Crys. Growth, Natl. Bur. of
Stds., Wash., D. C. (11-13 August 1969)

GARTH, J. C.

Boltzmann Transport Models of Photoemission
Summer Mtg. of the Amer. Phys. Soc.,
Winnipeg, Manitoba, Can. (22-24 June 1970)

GIANINO, P. D.

Space-Charge Limitation of Secondary
Electron Emission Currents in Single and
Double Diodes

Amer. Phys. Soc. Mtg., Dallas, Tex.
(23-26 March 1970)

GOODRUM, J. W., 1sT L., and DUGGER, C. O.
Flux Growth of Tetragonal GeO,

ACCG Conf. on Crys. Growth, Natl, Bur. of
Stds.. Wash,, D. C. (11-13 August 1969)
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Hunt, M. H.

The Analysis of Non-Conducting Solids
18th Ann. Conf. nn Mass Spectrom. and
Allied Topics, San Francisco, Calif.
(14~19 June 1970)

JASPERSE, J.

Recent Work on a New Method for Analyzing
Diatomic Molecules (Invited)

Theoret. Chem. Sem., Harvard Univ.,
Cambridge, Mass. (15 April 1970)

JOHNSON, A.

Thermoluminescence (Invited)

Grad. Phys. Collog., Oklahoma State Univ.,
Stillwater, Okla. (26 February 1970)

JOHNSON, A. D., and LITTLER, J. R.
Thermoluminescence Applied to Electron
Transition Studies in Silicon Carbide

First Ann. Mig. of the Div. of Electron and
Atom. Phys. of the Amer. Phys. Soe., N. Y.,
N. Y. (17-19 November 1969)

Application of Thermoluminescence to the
Study of Defects in Wide Band Gap Solids
7th Ann. Solid State Phys. Conf., Univ. of
Manchester, Eng. (6-8 January 1970)

KAHAN, A,

Gallium Arsenide Reflectivity Minima
Summer Mtg. of the Amer. Phys. Soc.,
Winnipeg, Manitoba, Can. (22-24 June 1970)

KAHAN, A., BOUTHILETTE, L., and

SpiTZER, W. G. (Univ. of Southern Calif.,

Los Angeles)

Infrared Absorption of Irradiated Gallium
Arsenide

1969 IEEE Ann. Conf. on Nuc. and Space Rad.
Effects, Pennsylvaniz State Univ., University
Pk., Pa. (8-11 July 1969)

KAHAN, A., and SCHWUTTKE, G. H., BrRAcK, K.,
GOREY, E. F. (IBM Corp., Hopewell

Junetion, N. Y.)

High Energy Proton Implantation into Single
Crystal Silicon

Intl. Conf. on Ion Implantation in
Semiconductors, Thousand Oaks, Calif.

(4-7 May 1970)

KIMERLING, L. C. 1stT L7., CARNES, C. P., CaPT.,
and De ANGELIS, H. M.

Defect Introduction in Electron-Irradiated
P-Doped Silicon

Amer. Phys. Soc. Mtg., Dallas, Tex.

(23-26 March 1976)

LipsoN, H. G., BUCKMELTER, J. R., CAPr., and

F11z6ERALD, J. J.

Comparison of Optical Fluorescence, Electron
Microprobe, and Neutron Activation Methods
for Chromium Analysig in Ruby

21st Mid-Amer. Symp. on Spectros., Chicago,

IN. (2-5 June 1970)
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Lipson, H. G., DUGGER, C. O., and

Goobrud, J. W., 1sT LT.

Absorption and Fluorescence of Erbium and
Holmium Ions in Sodwmn Germanate Glass
Amer. Phys. Soc. Mtg., Dallas, Tex.

(23-26 March 1970)

Lowg, L. F., ET AL

Effects of High Energy Proton Bombardment
on Single Crystal Silicon

Amer. Phys. Soc. Mtg., Dallas, Tex.

(23-26 March 1970)

O’CONNOR, J. J., Dt PIETRO, M. A., and
ARMINGTON, A. F.

Preparation and Properties of Cesium Cupric
Chloride

ACCG Conf. on Crys. Growth, Natl. Bur. of
Stds., Wash., D. C. (11-13 August 1969)

PITHA, C. A., and CHICKLIS, E. P. (Mithras
Div., Sanders Assoc., Cambridge, Mass.)
Non-Destructive Testing of Ruby Laser Rods
Amer. Phys. Soc. Mtg., Chicago, Ill.

(26-29 January 1970)

PrLEnDpL, J. N., and GIELISSE, P. J.

(Univ. of R. I, Kingston, R. I.)
Polymorphism of Solids as a Function of
Pressure and Temperature

Intl. Collog. on the Phys. of Solids Under
Pressure, Ctr. Nationale De 1a Recherche
Scientifique, Grenoble, France

(8-10 September 1969)

Posen, H.

Simulation of Laue Patterns

8th Intl. Cong. of Crystallog., Univ. of N. Y.,
Stonybrook, N. Y. (12-26 August 1969)

The Automated Laboratory—A Case Study
21st Mid-Amer. Symp. on Spectros.,

Chicago, Ill. (2-5 June 1970)

RoosiLp, S., DOLAN, R., and BUCHANAN, B.
High Energy Ion Implantation

1969 IEEE Ann. Conf. on Nuc. and Space Rad.
Effects, Pennsylvania State Univ., University
Pk., Pa. (8-11 July 1969)

Sueop, W., BUCHANAN, B., and DoraN, R.
Radiation Effects on Junction Field Effect
Transistors .

1969 IEEE Ann. Conf. on Nuec. and Space Rad.
Effects, Pennsylvania State Univ., University
Pk., Pa. (8-11 July 1969)

SHEPHERD, F. D., Jr.

Dectectors for Laser Systems (Invited)
IEEE Intl. Conv., N. Y., N. Y.

(25 March 1970)

WAGNER, R, W,, and SAMPSON, J. L.
Techniques for the Growth of Improved Ruby
Crystals in ¢ Thermal Image Furnace

ACCG Conf. on Crys. Growth, Natl. Bur. of
Stds., Wash,, D. C. (11-13 August 1969)

TECHNICAL REPORTS
JULY 1967 - JUNE 1970

ApAMSKI, J. A. and YAsinskI, W. A.

An Automatic Electric Annealing Furnace
AFCRL-68-0528 (October 1968)

ARMINGTON, A, F., DiP:ETRO, M. A. and
O’CONNOR, J. J.

A Study of Some Factors Which Influence the
Growth of Cuprous Chloride in Silica Gel
AFCRL-67-0445 (July 1967)

COMER, J. J., and BERMAN, 1.

Electron Optical Studies of Heteroepitaxial
Growth of Beta Silicon Carbide Layers
Through Molten Metal Intermediates
AFCRL-70-0130 (March 1970)

CZERLINSKY, L. R., and MACMILLAN, R. A.
Cation Distribution in Aluminum-Substituted
Yttrium Iron Garnets by Mossbauer E ffect
Spectroscopy

AFCRL-70-0215 (April 1970)

FREDERICKSON, A. R.

Backdirected Electron Yields from Metuls
Bombarded by 0.4 MeV Electrons
AFCRL-69-0144 (April 1969)

FriTTS, M. J., LOowE, L. F., RoMBALSKI, W. F.
and WaLL, J. A.

An Internally Calibratetd Electron
Spectrometer for Acelerator Energy
Monitoring

AFCRL-68-0408 (August 1968)

JASPERSE, J. R.

Approach to the Three-Body Scattering
Problem

AFCRL-67-0673 (December 1967)

JIMINEZ, C. M., Lowk, L. F. and BURKE, E. A.
Low Temperature Electron Irradiation
Studies in Metals

AFCRL-G8-0377 (July 1968)

Low Temperature Techniques for fucctre..
Irradiations

AFCRL-68-0502 (October 1968)

JoHNsoN, A. D. and LiTTLER, J. R.

Applications of Thermoluminescence to
Chromium-Doped Lithium Germanate
AFCRL-69-0171 (April 1969)




KaprLow, R. and PoseN, H.
The Computer-Controlled Ezperiment and

On-Line Analysis
AFCRL-69-0187 (May 1969)

MARsHALL, R. C.
High Pressure, High Temperature Crystal

Growth System
AFCRL-67-0656 (December 1967)

O’CONNOR, J. J., THOMASIAN, A. and
ARMINGTON, A. F

Cuprous Chloride in Hydrochloric Acid-
Analysis and Solubility

AFCRL-68-0089 (February 1968)
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PowelLL, R. C., CAPT.

Investigation of Crystal Imperfections by
Means of Laser Light Scattering
AFCRL-67-0648 (December 1967)
Spectroscopic Considerations of Chromium
Doped Lithium Germanate as « Possible

Laser Material
AFCRL-68-0370 (July 1968)

Ryan, C. E., MARSHALL, R. C., HAwLEY, J. J.,
BERMAN, I. and CONSIDINE, D. P.

The Conversion of Cubic to Hexagonal Silicon
Carbide as a Function of Temperature

and Pressure
AFCRL-67-0436 (August 1967)
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v Optical Physics
Laboratory

The Optical Physics Laboratory is con-
cerned with ultraviolet, visible and in-
frared radiation—with that portion of
the electromagnetic spectrum that ex-
tends from about 2000 angstroms in
the ultraviolet to about 1 millimeter
where the far infrared blends into the
microwave radio spectrum.

'The atmosphere interacts powerfully
with this radiation. A major class of
problems under investigation by the
Laboratory ceniers on the atmospheric
attenuation of the radiation-—the trans-
mission properties of the atmosphere,
its transparency. Atmospheric molec-
ular species absorb this optical/infra-
red energy selectively at discrete wave-
lengths. So one of the objectives of the
research of the Laboratory is to locate
transmission “windows,” including those
exceedingly narrow wavelength regions
through which radiation such as from
lasers passes with a minimum of at-
tenuation.

Through thermal and chemical proce-
esses, the atmosphere emits radiation
as well, with the intensity of emissions
varying along the spectrum. Such emis-
sions represent interfering background
noise superimposed on weak optical/IR
signals that a surveillance system may
be trying to detect. Another atmo-
spheric obstacle is light scattering.
The result in the case of photorecon-
naissance, for example, is loss of con-
trast in the targets one is trying to
observe. Scattering is why the sky is
blue, and why no stars are seen in the
daytime sky. The atmospheric mole-
cules responsible for this kind of scat-
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tering—Rayleigh scattering—are small
in zize. Larger molecules, dust parti-
cles and water droplets in clouds pro-
duce yet another scattering effect—Mie
scattering—that tends to block or shield
the radiation and which must be ana-
lyzed by different sets of calculations.

The interaction of optical/infrared
radiation with the atmosphere has a
direct bearing on the development of
Air Force optical/infrared sensors for
reconnaissance, surveillance, homing
and tracking systems and on the opera-
tion of these systems. All optical/in-

frared systems that operate in or above
the atmosphere must either look through
the atmosphere or must look into the
optical/infrared background noise of
the sky and space.

For this reason, the Laboratory con-
ducts considerable research on the
chemistry and physics of the atmo-
sphere. Studiesof atmospheric chemistry
provide essential insights into the ab-
sorption or emission mechanisms. Re-
lated atmospheric research, but research
having other objectives, is conducted by
the Aeronomy Laboratory (Chapter

ATMOSPHERIC TRANSMISSION
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Atmospheric transmission at various
altitudes measured by the Laboratory’s
KC-125 optical infrared research air-
craft is plotted. The sun was used as
the radiation source.
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III) and by the Space Physics Labora-
tory (Chapter VII). In addition, the
Terrestrial Sciences Laboratory (Chap-
fer V) is a developer and user of opti-
cal/infrared sensors in its work on
remote sensing techniques.

Historically, the Laboratory’s focus
of attention has been on the infrared
spectrum, It is here that the greatest
potential for Air Force applicaticns
lies. Specifically, the kind of problem
for which the Laboratory seeks solu-
tions is this: What is the effect of the
infrared properties of the atmosphere
and environment on the detection of a
missile at long ranges?

An inseparable part of the Labora-
tory’s atmospheric studies is the devel-
opment of more sensitive infrared sen-
sors and spectral instrumentation. Sig-
nals of interest are often so weak and
so buried in background noise that spe-
cial processing is often required to ex-
tract them, One such processing method
is that of Fourier spectroscopy, a field
to which AFCRL has contributed much.
In March 1970, the Optical Physics
Laboratory sponsored the first interna-
tional conference devoted exclusively to
this new field. This conference, for the
first time, brought together the world’s
leading scientists in this field.

During the three years of this report,
the Laboratory launched four rockets
and instrumented one satellite (the
OV1-86) in connection with its re-
search. Fifty-five instrumented balloons
were also used. But the vehicles on
which the Laboratory basically relies
on are two instrumented aireraft. Two
of AFCRL/’s five flying laboratories are
instrumented exclusively for research
by the Optical Physics Laboratory. Dur-
ing the reporting period, these aircraft
made observations all over the world.
The C-130 aireraft made two lengthy
expeditions to Thailand to examine the
tropic atmosphere. The KC-135 air-
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craft made extensive studies of atmo-
spheric transmission and emissions at
widely spaced geographical locations.
AFCRL’s laser research program is
centered in this Laboratory. Laser re-
search is concentrated on high-powered,
pulsed, solid state lasers, although some
work is done also on ultrashort pulse
generation and on tunable lasers.
Among the new important facilities
placed in operation by the Lalbioratory
during the period were computerized in-
strumentation for real-time Fourier
spectroscopy, two new molecular beam

IRRADIOMETERS SKY RADIANCE UPPER
WINGTIP CAMERA SCANNERS IRRADIOMETER

PROJECT

HORZONTAL PATH PER;SCOPE

FUNCTION NETER

INTEGRATING
NEPHELOMETER
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AN

AEROSOL SAMPLING TELEPHOTOMETERS LOWER IRRADIOMETER
PROBE

The Laboratory's C-130 flying labora-
tory was photographed soon after its
arrival in Thailand to investigate at-
mospheric transmissions in the tropics.
Placement of instruments for measur-
ing sky radiance, atmospheric transmis-
sion, aerosol distribution, terrain re-
flectance, and other parameters are
diagrammed in the drawing.
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generators for studying chemical inter-
actions, and a«n updated culibration fa-
cility for calibrating spectroscopic in-
struments prior to instzation in bal-
loons and rockets.

FIELD OBSERVATIONS

With the mobility provided by the
Laboratory’s KGC-185 and C-130 instru-
mented aircraft, the Laboratory has the
capability for making observations all
over the world. Ready zccess to the
AFCRL balloon launch facility (Chap-
ter XII) provides another observational
platform for measuring scattering, ab-
sorption, transmission and emission at
various altitudes in the atmosphere.
Laboratory personnel and contractors
conducted experiments on 55 different
balloons during the period.

Four instrumented rockets were
launched from widely spaced geographi-
cal locations—Brazil, Ft. Churchill,
Canada, and the White Sands Missile
Range in New Mexico. Three of these
rockets were instrumented to look at
and define the infrared horizon, in con-
nection with satellite navigation and
stabilization systems. Launched in July
1967 was an infrared satellite package
for measuring the infrared background
of the earth and clouds.

In addition to observations made by
zaboratory personnel, an informal co-
operative program ior photographing
the twilight sky (using procedures spe-
cified by the Laboratory) at Incations
extending from Northern Canada to
South America was established. The
purpose of this program is to measure
aerosols in the stratosphere, the concen-
trations of which are directly correlated
with twilight intensity.

The field observation program has
many purposes, obvious ones that hardly

need restatement. They are checks on
theoretical calculations, they provide
empirical data from which a better
theoretical undcrstanding evolves, they
test the performaice of new instru-
ments and the effectiveness of new ob-
servational techniques, and all of these,
in a feed-back arrangement, provide the
basis for new detection schemes and
new instrument design.

THE C-130 THAILAND EXPEDITIONS:
Just how well infrared and other opti-
cal instruments for guidance, surveil-
lance, reconnaissance and target acqui-
sition perform often depends on the
atmospheric conditions at a specific time
and place. In Vietnam, for example,
atmospheric transmission properties are
not the same during the dry season as
they are during the monsoon season.
The visibility properties of terrain fea-
tures also differ during the wet and
dry seasons.

These are the reasons behind the
Laboratory’s C-130 expeditions to Thai-
land. The first was made during the
monsoon season in September and Oc-
tober 1968, and the second during the
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The Thailand experiments required as
an adjunct to the airborne mezsure-
ments considerable ground equipment
and instrumentation which were trans-
ported to the various regions.




dry season for a ten-week period be-
ginning February 14, 1969.

Participating in the program were 16
scientists and engineers from AFCRL
and the Scripps Institution of Oceanog-
raphy. The C-1380 operated out of the
U-Tapao Air Field. Instruments aboard
the aircraft observed the same geo-
graphical areas during both expedi-
tions, areas selected for distinct terrain
features. These are the Khorat Plateau,
a region of forest and relatively high
elevation; Lop Buri, with its rice pad-
dies and delta region features; the Ra-
yong area, with its typically heterogene-
ous vegetation on the southeast coast
of Thailand.

Instruments aboard the aircraft in-
cluded 12 optical and several meteoro-
logical subsystems all mated to a high-
speed data recording system. In addi-
tion to the airborne system, a comple-
mentary mobile ground station was
used, operated with support from the
Thais. The ground station served as a
control for the data collected by the
aircraft and had a duplicate set of in-
struments to observe targets at close
range without the background interfer-
ence of the atmosphere. Differences in
target resolution between the airborne
instruments and ground-based instru-
ments can be attributed to atmospheric
masking. The airborne and ground in-
strumentations were fabricated and in-
stalled at a cost of about one million
dollars, instrumentation tha® in itself
greatly expanded the state of the art in
photometry.

Low light level measurements were
made over a range of altitudes during
both expeditions. From the computer
analysis of these data, prediction cri-
teria for the performance of optical
sensors in the SEA environment will be
established, giving answers to-the fol-
lowing kind of question: “What will
be the level of contrast between a par-
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ticular target and its background ss a
function of sensor wavelength, altitude
and atmospheric condition?”

KC-135 OBSERVATIONS: The Air Force
requirement can be stated simply. It
is to detect infrared emitting targets or
sources at the greatest possible dis-
tance. However, the atmospheric en-
vironment seems deliberately designed
to obstruct this goal. The approach is

The KC-1385 flying laboratory has many
observing ports. One port, diagrammed
below, provides an opening for the air-
craft’s far infrared spectrometer and

heliostat.

Aircraft
Skin

Solor

Environmental Radiation

Heliostat

Detector Dewar~

Vocuum
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to locate those wavelengths—“win-
dows”—in which the infrared radiation
is not absorbed by some molecular spe-
cies and in which another molecular
species does not emit radiation that
would make the infrared target of in-
terest undetectable.

The flights made by the KC-135 flving
laboratory during the three years of
this report were in one way or another
concerned with the problem of atmo-
spheric transmission or emission, At-
mospheric transmission data can be
obtained by simply observing the sun
at various flight altitudes and angles.
Most observations were made with two
interferometers aboard the aircraft to
obtain data in the 1 to 8 micron spectrai
regions. These instruments have a res-
olution of approximately 15 em-, Us-
ing the sun as a source, data were ac-
quired at various altitudes between
18,000 and 40,000 feet as a function of

(WAVELENGTH
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- Many flights by the Laboratory’s air-
craft are concerned with atmospheric
transparency as a function of wave-
length. In this diagram, an optical
path looking down from an aireraft to
the ground at an angle of 30 degrees
with the incident illumination also at
30 degrees is depicted. The clear at-
mospheric model has a ground visibility
of 25 km; the hazy atmosphere has a
3 km visibility.

solar elevation angle and latitude be-
tween 90°N and 55°S.

The airborne program to measure at-
mospheric transmittance is being ex-
tended to the far infrared—=50 to 300
microns. The instrumentation, when
completed, will consist of a heliostat
in an environmental chamber open to
outside air, a Michelson Fourier spec-
trometer, mounted in a vacuum cham-
ber; and a gallium doped germanium
detector operated at 2°K. The prin-
cipal absorber of far infrared radiation
in the atmosphere is water vapor.
Water vapor distribution in the lower
stratosphere is being studied in par-
ticular detail.

The KC-135 is also used to observe
atmospheric emissions. The aurora and
airglow can provide an intense infrared
masking background. Both are subject
to diurnal, seasonal and geographic
variations., Using instruments aboard
the KC-135, the Laboratory is compil-
ing the best data available on the spec-
tral, spatial and temporal features of
these backgrounds, data which are es-
sential to the systems designer.

With respect to airglow, the emis-
sion from the hydroxyl radical (OH)
dominates the night sky in the short
wavelength infrared (1 to 4 microns).
A major effort has been devoted to ob-
servations of the OH emission during
sunrise and sunset when changes in the
emission are expected due to the solar
influence on the ozone. Although the
sunrise/sunset variation in OH emis-
sion has been observed it has been suf-
ficlently irregular to preclude formu-
lation of OH chemistry. The hydroxyl
radical has been observed ts have large
diurnal intensity variations and has
also shown major seasonal changes.

Measurements of the type touched
upon here were made during scores of
flights that took the KC-135 from its
home base at L. G. Hanscom Field to
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One method used to measure sensor effi-
ciency is to place white strips on the
ground and to observe the contrast be-
tween the strips and the dark back-
ground as a function of solar incidence,
look angle, and altitude.

observing points over much of North
America. The most publicized single
flight of the aircraft during the period,
however, was one made during the
March 7, 1970 solar eclipse. During the
eclipse, observations were made over
the Pacific, southwest of Acapulco, Mex-
ico. By following the sun, five minutes
of total eclipse were observed. The flight
was made primarily to observe atmo-
spheric chemical processes resulting
from the sudden cessation of solar en-
ergy.

ROCKET OBSERVATIONS: Three of the
four rockets launched by the Optical
Physics Laboratory during the report-
ing period were instrumented to meas-
ure the infrared radiance of the
earth’s atmosphere near the horizon.
The fourth rocket launched from Ft.
Churchill, Canada, was instrumented to
measure infrared auvoral emissions.
The three rockets—all Aerobees—de-
signed to obtain an accurate observa-

5

tional description of the earth’s limb
radiance (as a reference for space vehi-
cle attitude determination) also carried
spectrometers for obtaining data on
atmospheric emissions.

The first, launched from Ft. Churchill,
Canada, in August 1968, observed emis-
sions from the rotational water vapor
band (19 to 35 microns), the carbon
dioxide band (14 to 16 microns), the
ozone band (9.6 microns), the atmo-
spheric and earth continuum in the “win-
dow” region (10 to 12 microns), the near
infrared electronic, transitions of hy-
droxyl (1.4 to 2.4 microns) and transi-
tions of oxygen at 1.28 microns. The
second rocket was launched from Natal,
Brazil, in March 1968. This probe ob-
served the emission from the rotational
water vapor, carbon dioxide, the near

The primary instrument flowa aboard
rockets for measuring the infcared hori-
zon is {his assembly enntaining a radi-
ometer (lewer section) and star map-
pers above. The Cussegrain mirror of
the radiometer can he seen reflected in
the scanning mirror.




h
+
&
>
>
%
3

e

[nes et PR P S VRIS

paCaioeaty

T e

prabai

pcan \Srpic iy e e vyt

76

infrared hydroxyl bands, and the 1.28
micron oxygen band. The third rocket
was launched from White Sands Mis-
sile Range, N.M,, in February 1970.
A new liquid helium cooled detector
was used on this flight and this pre-
cision radiometer provided excellent
records of the 15 micron carbon diox-
ide, the 9.6 micron ozone, and the 6.3
micron water vapor horizon profiles.

In addition to direct measurements
of the infrared horizon, the rocket ex-
periments produced other information
—mixing ratios for H.Q and C; in and
above the stratosphere, the limits of
validity of atmospheric models, and the
altitude regime where the concept of
thermodynamic equilibrium is no longer
valid.

OBSERVATICNS FROM BALLOONS: From
July 1, 1967 through June 30, 1970, the
Laboratory launched 55 balloon-borne
experiments, all from the AFCRL bal-
loon launch facility at Holloman AFB,

To determine light scattering properties
of the atmosphere as a function of alti-
tude, this balloon-borne nephelometer
measures scattered intensity and polar-
ization at five angles for visible and
near infrared wavelengths. Measure-
ments up o0 100,000 feet have been made.

New Mexico, and reaching an average
altitude of 100,000 feet. Most of these
flights carried multiple instruments for
several types of observations.

One series of flights carried as its pri-
mary observing instrument a nephel-
ometer for observing the polarization
and angular light scattering properties
of the atmosphere for altitudes up to
30 km. The instrument consists of a
pulsed xenon light source which pro-
jeets a beam providing a uniform in-
tensity distribution throughout the vol-
ume being measured. Five observation
telescopes view the projected beam at
scattering angles of 25°, 45°, 90°, 130°
and 155°, The volume defined by the
intersection of the source and observa-
tion beams contains the air and aerosol
sample whose scattering properties are
measured. The series of balloon flights
with this instrumentation yielded data
which are unique because of the variety
of controlied parameters, spatial reso-
lution and altitude range.

More typical of the balloon observa-
tional program was the launch and
successful recovery of a 650-pound pay-
load which reached a floating altitude
of 94,500 feet. This flight involved
four different experimental units. The
keystone for this flight was the per-
formance of a biaxial sun pointer. This
instrument, in spite of swinging and ro-
tating motions of the flight platform,
continuously points to the center of the
sun. Performance of the experiments
depended upon the accurate orientation
with respect to the sun.

One of these experiments was de-
signed to measure the amount of water
vapor distributed in the atmosphere by
measuring the direct sun radiation at
1.87 microns at wiiich wavelength there
is also an absorption bana due to water
vapor. Another instrument measured
the sky radiation very close to the sun
for determination of the vertical dis-




tribution of aerosols. The final experi-
ment consisted of two instruments
{spectropolarimeters) for measuring
the intensity and polarization of light
.coming from the earth and its atmo-
sphere,

ATMOSPHERIC AEROSOLS: Aerosol par-
ticles are found throughout the lower
atmospheric strata and possibly in the
mesosphere above 50 km as well. Haze
layers in the stratosphere (above about
18 km) have been reported by pilots
and evidence of stratospheric dust has
been reported by astronauts from space.
These dust particles set limits upo
hov. well airborne and satellite instru-
ments can observe tk2 ground.

The Laboratory has. gathered a con-
siderable amount of data on vertical
aerosol profiles up to 35 km altitude
by means of searchlight backscattering
experiments conducted in New Mexico.
An analysis of these measured aerosol
profiles has yielded good correlations
with general atmospheric circulation
and structure patterns. For example,
the 18-20 km dust layer, found in al-
most all measurements, is directly re-
lated to the altitude of the tropopause.

Concentration variations in strato-
spheric aerosols vy month or year can
be studied by observing sky radiance

M

during twilight. Twilight is primarily
the product of aerosol scattering, and
twilight brilliance, intensity and dura-
tion are governed by concentrations of
stratospheric aerosols. Measurements
of the spectral radiance and polariza-
tion of the twilight sky can therefore
provide information on the light scat-
tering properties and thus on the dust
particle content of the upper tropo-
sphere and stratosphere.

Twilight measurements are made
routinely by photometers. To obtain
a continuing record of the distribution
of aerosols at widely spaced geographic
latitudes, arrangements have been made
with photographers at locations extend-
ing from Northern Canada to South
America to photograph the twilight sky
under a set of procedures specified by
AFCRL.

A Dby-product of the Laboratory’s
aerosol research is that of measuring
levels of pollution in the atmosphere.
In recent years investigators at AFCRL
and elsewhere have started to use laser
probes routinely for measuring aero-
sol concentrations at various altitudes.
As in the case of AFCRL’s earlier
searchlight experiments, a laser beam
is projected upward and concentration
of aerosols can be derived from the
amount of ligr* that is scattered. When

4}

OPTICAL 2FM T AGUNG ’,
“gmf ERUPTION /

Ol—

0.
0.
0.0

_1;//

Ul_

P S S

i 1 1 1 I

963 = 1964

" 1965

1966 ' 1967 ' 1968 1969

Long-term variations in concentrations
of stratospheric aerosols are shown in
this plot. These variations are directly
correlated with voleanie activity.
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many independent investigators enter
a new field, an initial consequence is
lack of uniformity in measurement pro-
cedures, making it difficult to correlate
results obtained by the different ob-
servers.

This led to an AFCRL proposal for
the cstahlishment of uniform standards
to be adopted by all observers based on
considerations arising from AFCRL
experience. If these uniform procedures
are adopted, investigators can begin to
collect a consistent body of data. In
time, those using laser probes to mon-
itor upper atmospheric pollutants will
be able to plot long-term trends in aero-
sol (pollutant) levels.

The intensity of twilight illumination
is a measure of stratospheric dust. By
photographing the twilight sky at a
given solar depression, aerosol concen-
trations in the stratosphere can be de-
rived.

A study undertaken by the Labora-
tory in the spring of 1970 concerned
the amounts of pollutants injected into
the stratosphere by SST operation. Con-
siderable press commentary at that time
indicated a high injection rate. In one
of the most complete studies under-
taken up to that time, AFCRL deter-
mined that the increases in stratospheric
aerosols resulting from a large world-
wide fleet of SSTs would be minimum.

To obtain data on maritime aerosols
in the lower atmosphere, Laboratory
personnel in the summer of 1969 made
field expeditions to St. Croix in the
Virgin Islands and to Puerto Rico. Ob-
servations of the maritime air pointed
up the long distance transport of aero-
sols in the lower atmosphere. Dust
arising from a storm in the Sahara
Desert was measured in ocean air off
the Caribbean vegion. Analysis of aero-
sol data from all over the world pointed
up the marked day-to-day variation in
aerosol distributions at any given loca-
tion. However, the study also showed
that, except for major metropolitan
areas, aerosol distributions all over the
world, on the average, are much the
same,

LABORATORY INSTRUMENTS
AND TECHNIQUES

Most of the programs of the Optical
Physiecs Laboratory involve spectro-
scopie instruments in one or another of
their many forms. Much of the total
Laboratory effort is spent in the design
and development of these instruments
and related analytical techniques. The
instruments designed and developed
initially for the acquisition of more re-
fined scientific data can often be adopted
with little desigh modification for Air
Force operational use.
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Data collected by the Laboratory’s
two research aircraft, from its other
research vehicles and from field ex-
peditions are usually returned to the
Laboratory for analysis and this often
requires special analytical techniques.
Or sometimes phenomena of interest
cannot be observed in the natural en-
vironment and it’s necessary to set
up controlled environments in the Lab-
oratory. In developing new instruments,
their performance must be precisely
calibrated. This need has led the Lab-
oratory to maintain a special calibra-
tion facility.

The several new instruments and
analytical facilities that were placed
in operation during the reporting pe-
riod are reviewed in this section.
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The results of three techniques for
transforming the interferogram (top)
is shown. The second plot was made by
a digital computer; the third plot was
made by an analog computer, and the
bottom plot by the AFCRL real-time
spectral synthesis computer.
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REAL-TIME FOURIER SPECTROSCOPY:
Of the many contributions made by
AFCRL to science and technology over
its 25-year history, its contributions
to Fourier spectroscopy must rank
among its more significant. Fourier
spectroscopy is a powerful technique
for obtaining spectral data. Its capabil-
ities are unique and so attractive that
it becomes quite worthwhile to devote
many hours of computer time to obtain
a Fourier spectrum,

For AFCRL’s real-time system, the
Fourier spectrum is obtained by syn-
thesis rather than by analysis of an
interferogram. The interferogram is
produced by a simple interferometer,
which splits an incoming wavefront into
two beams and introduces a delay into
the path of one of them. The beams
are then recombined to produce the
interferogram, A Fourier transform
is done on the interferogram.

Fourier spectroscopy has two advan-
tages, First, the interferometer, com-
pared with the conventional spectrom-
eter, views a source with a much larger
aperture and this allows more energy
to reach the detector. Next, the inter-
ferometer has what is called the “mul-
tiplex” advantage, which gives an im-
proved signal-to-noise ratio. These
advantages, particularly in the far in-
frared where sources are weak and
detectors are insensitive, lend great
attraction to Fourier spectroscopy.

The disadvantage of Fourier spec-
troscopy was the time that it takes to
obtain a spectrum—as much as a day
on a digital computer. During the pe-
riod, the Laboratory developed the
means for displaying a Fourier syn-
thesized spectrum on an oscilloscope
immediately after the interferogram is
obtained. This AFCRL real-time sys-
tem is one that substitutes a highly
specialized spectrum synthesizer for the
computer. The entire system is small
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On the right is a variable groove depth
lamellar grating which serves as the
beam splitter in an interferometer-
spectrometer. The electronic package
immediately to the left of the grating
is the detector system used to deter-
mine the position of zero path differ-
ence between the two interferometer
beams.

enough for easy transport to remote
field sites or for use aboard aircraft.
The system can also be designed in a
package small enough to be carried
aboard balloons or satellites.

With this technique, only selected
points on the interferogram are sam.
pled and these sampled points are lo-
cated at equal increments of path dif-
ference. The spectrum is synthesized
by the successive summation of a series
of harmonic functions (cosines) whose
amplitudes are controlled by the value
of the interferogram at the sample
points and whose frequencies are re-
lated to the path difference at the same
sample points, Since an additional co-
sine function is added to the spectrum
synthesis each time a sample is taken,
the final spectrum is ready for study
as soon as the interferogram has been
taken.

AFCRL has also applied Fourier spec-
troscopy to the measurement of optical
constants. Channel spectrum {ringes
(also known as fringes of equal chro-
matic order) arise when collimated .. *-
erochromaticradiation is passed through
any plane parallel homogeneous sam-
ple. The fringes are revealed when the
radiation is dispersed, appearing as a
wavelength dependent modulation of
the intensity in the spectrum. These
fringes, closely related to those ob-
served in a Fabry Perot interferometer,
arise from interference between beams
produced by reflections internal to the
sample. The spacing of the fringes de-
pends on the refractive index alone
while the amplitude depends on both
index and absorption coefficient. This
makes it possible, in principle, to de-
rive both optical constants from a sin-
gle spectrum. This method is applic-
able not only to solid samples but also
to gases which may be studied by using
a sample cell with plane parallel ends.
The Laboratory has measured the opti-
cal constants of numerous plascic, crys-
talline and sintered materials.

LIGHT SCATTERING BY ICE CRYSTALS:
Clouds are the most obvious obstacle to
the transmission of optical/IR energy
in the atmosphere. Calculations of
transmissivity of clouds must include
parameters on light scattering of the
cloud particles. The scattering proper-
ties for spherical water droplets can
be reliably computed from existing
theories. Considerable ditficulties, how-
ever, arise in the case of nonspherical
ice crystals of the type found in cirrus
clouds.

Ice crystals were formed in a lab-
oratory cold chamber and a nephelom-
eter was used to measure the light
they scatter. The nephelometer meas-
ures the amount of light scattered at
different angles by the small volume
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Above is a photomicrograph of ice crys-
tals grown in a laboratory cold cham-
ber at a temperature of minus 17 de-
grees C. The plot below shows the rela-
tive angular scattering functions for
ice crystals (solid curve) compared with
that of water droplets (dashed curve).

containing many ice crystals. Ice crystal
size and shape can be controiled by
changing the temperature of the cold
chamber.

The results show that the way in
which light is scattered by ice crystals
is significantly different from the way
in which it is scattered by water drop-
lets. Instrumentation is now being de-
veloped that will enable these measure-
ments to be extended into the near in-
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frared spectrum. The objective of this
study is to find a way to calculate opti-
cal properties of cirrus clouds in the
same manner that is now possible to
calculate the optical properties of water
clouds.

MOLECULAR BEAM GENERATORS: For
a chemical reaction to take place be-
tween two atmospheric molecules, the
molecules must collide. Not only must
they collide, but the collision must take
place at specified velocities. If relative
velocities are either too small or too
great, no chemical reaction will take
place. Velocities are expressed in terms
of electron volts, and in these terms the
electron volt range within which most
chemical reactions take place is rela-
tively low—1 to 10 eV.

While charged particles can be ac-
celerated to billions of electron volts,
the problem of accelerating a concen-
trated beam of neutral particles to a
few electron volts is extremely diffienit.
Only in recent years—during the 1960’s
—have techniques evolved for creating
a concentrated beam of molecules in
this energy range. During the report-
ing period, two molecular beam gen-
erators -were placed in operation at
AFCRL. They are based on different
principles. The smaller of the two first
accelerates ions and these ions are
passed through a charge exchange cell
where they pick up electrons and are
neutralized. The other generator is
much lJarger and more versatile because
beams of almost any species can be
generated. In this generator high pres-
sure gas is released through a super-
sonic nozzle into a vacuum. An aper-
ture in front of the nozzle blocks all
particles -except” those traveling in an
axial direction.

This second facility is sizable, cen-
tering around a large evacuated cham-
ber (10-? torr) having the general vol-
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ume and shape of a railroad tank car.
Intersecting this evacuated tank to.form
a T configuration is another cylindrical
chamber where one of the beams is gen-
erated. This beam collides with a sec-
ond gas in a large spherical chamber
and the interactions and products of the
collisions are then measured.

:

=1 H
:0030:| .
,

Two of the Laboratory’s molecular
beam generators ar.. shown. Above is
the charge exchange molecular beam
apparatus; below is a portion of the
supersonic molecular beam generator.

Most of the effort during the period
was concentrated on checking out the
two generators—understanding the
mechanism of the beam production and
beam diagnostics. Of the actual experi-
ments conducted using the larger of the
two generators, one involved the col-
lision of CO:+ A — CO.* + A, a colli-
sion leading to infrared radiation. The
second molecular beam apparatus, when
fully in operation, will be used in high
energy collision experiments that pro-
duce optical radiation. The objective is
to obtain optical excitation functions
for these collisions.,

CALIBRATION FACILITY: In the Lab-
oratory’s calibration facility, optical
systems can be calibrated in the spec-
tral region from 2000 angstroms to 15
microns on absolute radiance and ir-
radiance bases, including spectral, an-
gular and temporal responses. In mid-
1970, the facility was being modified to
extend the coverage to 830 microns. The
expanded facility will include the addi-
tion of a liquid nitrogen cooled colli-
mator and a three by seven foot vac-
uum chamber. The chamber will be
used to calibrate radiometers, spec-
trometers and interferometers to be
flown on balloons, aircraft and rockets.
An important capability of the calibra-
tion facility is a system for measuring
the transmittance of filters in the 4 to
25 microns region at temperatures of
5 to 300 degrees K.

LABORATORY EXPERIMENTS,
THECORY AND MODELS

The goal of research—any research
—is to understand and explain observed
phenomena. Field measurements can
produce some data on the operational
limits of Air Force optical and infra-

v g
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This oscilloscope trace shows the time
of flight distributions for an argon
beam obtained from the supersonic
molzcular beam generator. Each verti-
cal line represents a time interval of
200 microseconds.

red systems, but such measurements
alone cannot provide data for all situa-
tions and do not provide the insights
into fundamental mechanisms for pre-
dicting these effects. Nor do they, except
by inefficient step-by-stcy elimination
processes, indicate optimum approaches
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toward the development of ncw sys-
tems,

The Laboratory’s theoretical pro-
gram provides the foundation on which
the field measurement and instrument
development programs rest. Il has
many parts, but basically, it is con-
cerned with the energy exchange and
radiative mechanisms of atmospheric
gases. Atmospheric transmission, emis-
sion, absorption and all the factors that
affect the operation of Air Force opti-
cal/infrared systems have their origins
in the radiative properties of atmo-
spheric atoms and molecules.

ATMOSPHERIC  TRANSMISSION-EMIS-
SION MODEL: A model of the transmis-
sion and emission properties of the
atmosphere is being developed. Using
this model, the transmission of the
atmosphere along any conceivable path
can be calculated with a high degree of
accuracy. The spectral region covered
in the model is from the ultraviolet
(about 0.3 microns) to the far infra-
red.

To attempt a caleulation program of
this sort it is necessary to compile
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Shown here is a comparison between the-
oretically predicted atmospheric trans-
mission in the 15 micron CO, region
and that observed with a balloon-borne
spectrometer using the sun as a radia-
tion source.
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the fundamental spectroscopic data (in-
cluding line intensities, frequencies and
half-widths) of all molecules responsi-
ble for atmospheric absorption in the
spectral region of interest. The best
set of absorption band constants for the
atmospheric absorbing molecules are
sought and from these the required
spectroscopic data are calculated.

The atmospheric gases included in
this work are: CC., H-0, O;, N.O, CO,
CH,, 0., N,, HNO;. Generally these
molecules exist in that portion of the
atmosphere where the assumption of
local thermodynamic equilibrium is
valid. With this assumption and a
knowledge of the transmission param-
eters and a physical model of the at-
mosphere, the atmospheric emission can
be computed for any spectral region of
interest.

The difficulty in the application of
the fundamental spectral data to the cal-
culation of transmission over nonho-
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The 4.8 micron region of CO, at a pres-
sure of one atmosphere is shown here.
Note that the rotational structure of
the band is clearly defined.

mogeneous paths such as those traversed
by radiation in the real atmosphere is
a knowledge of molecular abundances
and the distribution of abundance with
height. All of the molecules listed above
except H.0, O3, and HNO; are assumed
uniformly distributed for this purpose.

A significant source of uncertainty
in these calculations results from un-
certainties in line shapes which are a
function of pressure, temperature and
a number of other parameters. In ad-
dition to these there are uncertainties
related to departures from the usually
accepted Lorentz shape in the far wings
of lines which result in uncertainties in
continunm absorption in some of the
“window” regions. This latter problem
will be solved for the present by direct
use of experimentally determined ab-
sorption coefficients.

The model will also include the effect
of both molecular and aerosol scattering
on atmospheric transmission at all wave-
lengths of interest.

VIBRATION-ROTATION INTERAC-
TION: The complete development of at-
mospheric models, as described above,
requires a great amount of fundamental
data concerning the molecules of inter-
est. Spectral line positions and inten-
sities must be measured, as well as
line shape and vibration-rotation inter-
action parameters. A quantity of par-
ticular importance is the integrated
band intensity, A, defined as the integral
of the spectral absorption coefficient
taken over the entire vibration-rotation
band.

A concentrated effort was directed
toward measuring the intensgities of
weak infrared bands in the CO. spec-
trum. Because these bands do not com-
pletely absorb over long paths, values
for their intensities are important for
transmission calculations through these
path lengths in the earth’s atmosphere.




The measurements have been carried
out in absorption using the high-pres-
sure, self-broadening techniques which
had been previously developed for the
Laboratory’s studies of CO and NO.
Measurements at 1.4, 1.6, 2.0, 4.8, 5.2,
9.4 and 10.4 microns were completed at
pressures ranging from 1-50 atmo-
spheres, path lengths from 0.5 to 100 em
and spectral bandwidths from 0.5 to
2.0 cm-,

The pressure broadening technique
is not applicable to studies of water
vapor or ozone, and for these molecules
an asymmetric Michelson interferometer
was constructed. With this instrument,
refractive indexes were nieasured in the
4000 angstroms to 2.5 micron region.

Another source of absorption data is
derived from the study of the energy
levels and transition probabilities of
small molecules. Included amoeng these
are the asymmetric rotors O; and H.0,
the linear molecules CO., CO and NO,
and the spherical rotor CH,.

Calculations of the absorption coeffi-
cient as a function of frequency for a
wide range of thermodynamic condi-
tions may be obtained directly from the
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A near perfect matching of the caleu-
lated curve and experimental data for
the refractive index of ozone from
0.38 to 2,6 microns is plotted.
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results of this research. Such calcula-
tions are required for horizon definition
investigations, atmospheric transmis-
sion studies, and radiative transport
problems,

AIRGLOW AND CHEMILUMINESCENCE:
Airglow, the faint luminescence of the
sky seen on a dark, clear night, is the
conversion of chemical energy into ra-
diation. The process is called chemilu-
minescence. Strong sky luminescence
produced by similar mechanisms is also
induced by nuclear detonation in the
atmosphere. This natural, or nuclear-
detonation induced, luminescence repre-
sents background noise to optical in-
struments which may be used to detect
and track targets. The spectral domain
of airglow radiation extends from the
visible well into the infrared.

Airglow illumination—chemilnmines-
cence—is produced by the emission of
molecules during rotation and vibraiion.
Vibrations that produce radiation occur
only in those molecules having a dipole
moment—or an arrangement of atoms
that can be pictured as electrically
charged weights at either end of a highly
flexible balance. These weights oscillate
with periods characteristic of the mol-
ecule. The oscillations or vibrations are
described in terms of dipole moment.

The interpretation of chemilumines-
cence requires knowledge of the dipole
moment function of all radiating molee-
ular species. Following certain reactions,
large amounts of energy are released
into vibrational and rotational states of
the product molecules. Some of the more
important reactions leading to chemi-
luminescence studied by the Laboratory
are:

H+0;~0H+ 0,

NO+ 0+ (M) - NO., + (M)
NO:_» + O —-> NO <+ 02

N+ NO;—» N0+ 0

N+ NO,- NO + NO
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All of these reactions leave the prod-
ucts vibrationally excited, and from
analysis of their infrared emission
spectra the dipole moments of OH, NO.,
NO and N.O can be determined. The
Laboratory’s extensive study of the OH
dipole moment function is of special in-
terest. The fundamental and first over-
tone vibration-rotation bands of this
hydroxyl radical were obtained from
the first reaction listed above. The
AFCRL analysis showed that the ac-
cepted valu= of the ratio of the radiative
transition probabilities of these two
bands ave seriously in error. The cor-
rect value must be six times higher.
This experiment is the first observation
of the fundamental band of OH in the
ground electronic state.

VIBRALUMINESCENCE: In addition to
chemical reactions, another process
whereby molecules are vibrationally ex-
cited is called “vibraluminescence.” By
this process, vibrational energy from a

50 keV electrons interacting with nitro-
gen at 80 millitorr produce an intense
luminescent beam. The center of the
beam is 1i*, emission produced by pri-
mary electrons. The diffuse emission
outside the primary beam is due to N,
excited by low energy secondary elec-
trons.
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molecule which cannot radiate (due to
lack of a dipole moment) is transferred
to a2 molecule which can radiate. Since
the last reporting period there has de-
veloped an increased awareness that in
the ionospheric E region N*, is an im-
portant atmospheric constituent in its
own right.

In addition to providing excitation to
radiators like CO, N.O, and CO,, the
vibraluminescence experiments make
available valuable information on the
quenching of N*, molecules. There has
often been speculation that atoms and
molecules in an excited electronic state
may react with other species with a
rate constant greatly different from that
of their ground state. Because of the
great difficulty of experiments testing
this notion, there are few data available
to support it. Laboratory investigations
have shown that oxygen molecules in
the a 1A and b !X states both react with
nitrogen atoms with rates about 100
times faster than the reaction involving
oxygen in the 33 ground state. These
results provide support for the postulate
that the reaction, N 4+ 0, (1A) - NO +
0, is a principal production mechanism
for NO in the 70-110 km regicn.

The importance of O, (a 'a) and O.
(b %) to defense systems concerns their
roles in the determination of optical
and radar backgrounds in both the
normal and nuclear disturbed atmo-
sphere. For instance, in this case the
molecule NO is an important atmo-
spheric species which participates in
the prominent airglow reaction NO +
O+ (M) > NO24+ (M) + hv,and is a
precursor of the species NO* whose spec-
trum was first observed by this Labo-
ratory in the airglow accompanying
high altitude nuclear detonations.

ELECTRON INDUCED EMISSION: As an
energetic electron is slowed and stopped




in the atmosphere some fraction of the
initial kinetic energy is dissipated by
populating excited electronic states of
atmospheric molecules. The excited elec-
tronic states, in turn, may decay spon-
taneously with the emission of charac-
teristic radiation. The fraction of the
incident electrow’d kinetic energy radi-
ated in a given transitior as the pri-

mary and. higher order electrons are °

stopped in a gas is defined as the elec-
tron-induced luminous efficiency. This
latter process is a pr1nc1pa1 mechamsm
in auroral excitation and in the produe-
tion of atmospheric luminescence by
detonation: of nuclear weapons. To in-
terpret both auroral and nuclear-in-
duced atmospheric emission, electron-
induced luminous efﬁclencles must be
known.

1

-

During the reporting perjod, the elec-*

tron-induced luminous efficiency of fonr
important band systems of nitrogen has
been determined as a function of col-
lision frequency in nitrogen and air.

When the mean time between the col- ;

lisions approaches the radiative lifetime
of an excifed state, the state may' be
depopulated by colhsmn in which neither
colliding partner emerges m the precol-
lision states. The effectiveness of this
collisional depopulation process, called
collisional deactivation or quenching,
may be expressed in.terms of a cross
section in some cases. 1

Electron-induced lyminous efficiencies
and the collisional deactivation eross
sections of ground states of mifrogen
and oxygen have beenidetermined for
the first negative and Meinel systems of;
N*. and the first and second pgsitive
systems of nitrogen. These four band
systems radiate strongly in the wave-'
length range of 3000 to 11,000 ang-
stroms and constitute a significant;frac-
tion of the atmospheric emission within
this wavelength interval for excitation
by energetic particles.
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LASER PHYSICS . . .

Laser research at AFCRL, except for

. diode laser studies and laser crystal syn-

thesis in the Solid State Sciences: Labo-
ratory, is concentrated in the Optical
Physics Laboratoly. (Excluded from.
this discussion are lasers used in a- mul-

titude of mstl,umentatlon applications

throughout AFCRL.) The Laboratory’s
laser research program is confined to a
limited number of studies particularly
germane to potential Air Force use.
Avoided are areas where significant re-
search is already bemg done by indus-
trial laberatories and umyersxtlgs.

A scientist m the Laboratorys Laser
Physics Branch prepates an e:\pen-
ment tor test damage mechanisms in
laser rods. t
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The program focuses on high-powered,
pulsed, solid state lasers. One large
study involves laser rod damage as a re-
sult of repeated firings and high laser
beam power operation. The phenom-
enon of ultrashort laser pulses is being
investigated from the standpoint of an
optical radar with extremely high reso-
lution—as low as 0.06 cm. Ultrashort
laser pulses also have the potential for
application in high data rate PCM op-
tical communications systems. More
recently attention has turned to the
prospect of tuning lasers by means of
parametric conversion processes. ‘I’hese
programs are reviewed in the following
sections.

DEGRADATION OF RUBY LASER OUT-
PUT ENERGY: After a ruby laser rod
has been fired several hundred thou-
sand times (z relatively short opera-
tional lifetime), it changes color—usu-
ally from pink or red to orange or
brown. With this color change comes a
loss in laser efficiency. The output energy
decreases, and a stronger light pulse
must be used to energize the laser rod.
The efficiency loss is gradual rather than
sudden or catastrophic. In operational
ranging systems, long-term sustained
efficiency is obviously desirable.

The Laboratory study indicates that
color changes result largely from trace
impurities in the ruby rod—and, most
important, from residual impurities on
the surface of the rod itself. These im-
purities remain on the surface even after
the rod has been cleaned with great care.
The contributions of surface impurities
to color cenier formation were demon-
strated most dramatically in tests made
with one rod that had been seriously
degraded by repeated firings. When a
thin outer layer 0.5 mm thick was
ground off the surface of the rod, the
energy output of the rod increasad
t ntyfold. In addition, the rod’s thresh-

AFCRL’s mode-locked ruby laser is ca-
pable of producing a pulse train of 25
millijoules of energy in a single sub-
nanosecond pulse. The dye cell and the
apparatus for switching out a single
pulse are in the foreground; the Brew-
ster-angle ruby rod and flashlamps are
at the rear.

old energv—a measure of light inten-
sity nezded to energize it-—also dropped
back to initial vaines. After grinding,
the rod regained most of the pinkish
color typical of a new ruby, although a
small residual orange coloration re-
mained throughout the bulk of the rod.
Electrons associated with trace im-
purities in the ruby lattice structure,
when subjected to the energy from the
pumping lamp, are probably dislodged
from their original positions to fall into
minute defects (traps) in the lattice
framework. This combination of an
electron captured in a trap is called a
color center. That this might be the case
was shown by annealing experiments.
If a degraded ruby rod is heated for 24
hours at 900 degrees C, the color centers




can be annealed out and the rod largely
(but not completely) restored to its
original efficiency. This would indicate
that the electrons, during the high tem-
perature annealing process, are given
sufficient mobility to reassume their
original sites in the lattice framework.

The most important result of the
study from ai: applications standpoint
was the confirmation that color center
formation is induced primarily by the
UV and visible blue radiation from the
xenon light pumps used to energize the
rods. By filtering the lamp’s UV radia-
tion, the efficiency of ruby lasers can be
maintained for prolonged periods of
operation,

MODE-LOCKING AND ULTRASHORT
PULSES: Mode-locking in lasers result-
ing in ultrashort (10-12 second) pulses
were first observed (not at AFCRL) in
1967 and since then several laboratories
have been seeking to exploit the proper-
ties of these pulses., The pulses are con-
tained within the overall envelope of the
main laser pulse. The ultrashort pulse
is a stream of light only about a tenth
of a millimeter long. Pulses occur in
evenly spaced sequences at a rate of
more than 100 million a second.

Such pulses have potential applica-
tion to efficient frequency conversion, to
high temperature plasma production, to
high resolution optical radars and to
PCM optical communications system.
In addition they may prove extremely
valuable in scientific instrumentation.

Mode-locking is the situation that ex-
ists when a preponderance of the several
hundred modes or frequencies compris-
ing the output of a laser become locked
with well-defined phase relationships.
When the energy traveling back and
forth in the laser cavity becomes mode-
locked the laser pulse is, in effect, re-
duced in time width to a very short pulse
which propagates back and forth be-
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tween the mirrors forming the cavity.
The time separation between succes-
sive puises leaving the laser cavity is
given by the cavity round-trip time.

Internal modulation of a laser will
tend to produce short pulses when the
modulation frequency is near the differ-
ence frequencies between adjacent cav-
ity modes. The modulation required to
produce the pulses can be provided by
a driven modulator which periodically
changes the index of refraction or cavity
length. A saturable-absorber dye in the
cavity can also serve as a passive
modulator.

Predicting theoretically whether one
expects short-pulse formation under
given conditions and what the charac-
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This fizure demonstrates the convenient
two-photon-fluorescence method of dis-
playing picosecond pulses. In method a,
a pulse train from the laser is reflected
back on itself through a cell containing
a dye which absorbs two photons and
then fluoresces. Method b, employing a
beam splitter, is similar, but allows one
to look more easily at the correlation of
a pulse with itself rather than with
other pulses.
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teristics of the pulses will be is a com-
plex question. The question is being at-
tacked by computer simulation, which
follows the pulse as it builds up from
the spontaneous-emission noise in the
cavity and approaches a steady state.
An experimental program is underway
to study the temporal behavior of the
power emitted by a ruby laser with an
internal passive modulator, as well as
the time-resolved spectra of emission.

One of the main problems in study-
ing picosecond pulse formation is the
lack of techniques for making direct
measurements of pulse widths and
shapes since no standard electronic de-
tectors of terahertz bandwidth exist.
The Laboratory is considering several
measurement approaches.

PARAMETRIC OSCILLATORS: An optical
parametric oscillator is a device for con-
verting laser radiation efficiently into
continuously tunable radiation at longer
wavelengths. The heart of the device is
a nonlinear crystal in which polariza-
tion currents are quadratic in applied
optical electric field strengths. This
polarization radiates at harmonics and
sum and difference frequencies. In gen-
eral, due to dispersion, radiation from
different parts of the crystal interferes
destructively and little total radiation is
produced. By making use of the crystal
birefringence, applied and generated
radiation can be made to propagate in
phase and efficient conversion obtained.
This procedure is called phase match-
ing. The signal frequency is tuned by
heating, rotating or applying voltages
to the crystal, all of which change the
dispersion or birefringence.

Proustite (AgzAsS;), a material with
a large nonlinearity is used in the<e
experiments. This material, pumpecu
with ruby or YAG lasers, should per-
mit tunable lasers to be constructed
operating over a range from 0.8 to 11

microns, Other techniques for provid-
ing visible and IR tunable coherent
emission are also under investigation.
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Stratospheric Dust

Appl. Optics, Vol. 8, No. 5 (May 1969)

FENN, R. W.

Atmospheric Nuclet and Dust

Encyc. of Atm. Sci. and Astrogeol.,, R. W.
Fairbridge, Ed., Rsinhold Publishing Corp.
(1967)

FiscHER, H., and FRANKE, G., PEVERAR0, R.
(Tech. Hochschule, Darmstadt, Ger.)
Measuring Nanogecond Time Difference by
Dynamic Storage of Flip-Flcp Pulses

Proc. of the IEEE, Vol. 56, No. 2
(February 1968)

HOFFMAN, J. E.

Real Time Fourier Spectroscopy
Appl. Optics, Vol. 8 (February 1968)

Horr, F. A,, and ScuLLy, M. O.
(Univ. of Ariz., Tucson)

Theory of an Inhomogencously
Broadened Laser Amplifier
The Phys. Rev., Vol. 179, No. 2
(10 March 1969)

1zatT, J. R., SAKAIL H., and BENEDICT, W. S.
(Univ. of Md., Coll. Pk.)

Posgition, Intensitics and Widths of Water
Vapor Lines between 475-692 cm-1

J. of the Opt. Soc. of Amer., Vol. 59
(January 1969)
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LOEWENSTEIN, E. V., and NEWELL, D. C.
{Univ. of Calif,, Irvine, Calif.)

Ray Traces through Hollow Metallic Light
Pipe Elements

J. of the Opt. Soc. of Amer., Vol. 59 (1969)

O’NEILL, R. R., and DAVIDSON, G.

(Amer. Sci. & Eng'g., Inc.,, Cambridge, Mass.)
Luminous Efficiency of Electron Induced
Emassion in Nitrogen

Proc. of the NATO Adv. Study Inst,,

Oslo, Norway, 20 July-9 August 1968 (1969)

PicArD, R. H., and SCHWEITZER, P.

Influence of Number of Modes on Two-Phoion
Fluorescence Displays for Partially
Mode-Locked Lasers

Phys. Ltrs., Vol. 294, No. 7 (16 June 1969)

SAKAl, H., and STAUFFER, F. R.
(Southwestern, Memphis, Tenn.)
On Derivative Spectroscopy

Appl. Optics, Vol. 7 (January 1968)

Sakarl, H., VANASSE, G. A,, and FORMAN M. L.

(NASA)

The General Problem of Spectral Recovery
in Fourier Spectroscopy

J. of the Opt. Soc. of Amer., Vol. 58,
(January 1968)

SmitH, D. R.; MoRGAN, R. L., and
LOEWENSTEIN, E. V.,

Comparison of the Radiance of Far
Infrared Sources

J. of the Opt. Soc. of Amer., Vol. 58
(March 1968)

StaAm, A, T., Jr., and Hupp, E. R.

(Utah St. Univ., Logan)

Sunset to Sunrise Variations of the OH
Emission of the Night Sky

Proc. of the Aurora and Airglow Conf. of the
Adv. Study Inst., Osle, Norway,

29 July-9 August 1968 (1969)

STICKLEY, C. M., MILLER, H., HoELL, E. E.,
GALLAGHER, C. C., and BRADBURY, R. A.
Color Centers and Ruby-Laser Qutput-
Energy Degradation

J. of Appl. Phys., Vol. 40, No. 4

(15 March 1969)

VANASSE, G.

Fourier Spectroscopy

Phys. Bull,, Vol. 19 (1968)

VANASSE, G., and SAxkal, H.

Fourier Spegtroscopy

Prog. in Optics, Vol. 6 (October 1967)
Vouz, F. E.

Stratospheric Dust Striations
Bull. of the Amer. Meteorol. Soc., Vol. 50,
No. 1 (January 1969)
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WALKER, R. G.
Near Infrared Photometry of Late-Type Stars

Philosoph. Trans. of the Royal Soc. of London,
Vol. 264, No. 1150 (April 1969)

JOURNAL ARTICLES
JULY 1969-JUNE 1970

GARING, J. S., STAIR, A, T., JR., and
WALKER, R. G.

Long Wavelength Infrared Backgrounds
J. of Def. Res., Vol. 1A, No. 2 (1969)

Horr, F. A, and ScuLLy, M. O.

(Mass. Inst. of Tech., Cambridge, Mass.)
Transient Pulse Behavior and Self-Induced
Transparency

Phys. Rev. B. Vol. 1, No. 1 (January 1970)

Horr, F. A., RHODES, C. K., and SZOKE, A.
(Mass. Inst, of Tech., Cambridge, Mass.)
Influence of Degeneracy on Coherent Pulse
Propagation in an Inhomogeneously
Broadened Attenuator

Phys. Rev. B., Vol. 1, No. 7 (April 1970)

HoRDVIK, A,

Pulse Stretching Utilizing Two Photon
Induced Light Absorption

IEEE J. of Quan. Electron. (April 1970)

HoRrbVviK, A., and COLLINS, R. J. (Univ. of
Minn., Minneapolis, Minn.)

Time Behavior of Stimulated Raman
Scattering

IEEE J. of Quan. Electron., Vol. 6, No. 5
(May 1970)

HUfFFMAN, P. J.

Light Scattering by Ice Crystals
J. of the Atmos. Sci. (September 1969)

King, J. I F.

Towarde an Optimal Inversion Method for
Remote Atmospheric Sensing

Atmos. Expl. by Rem. Probes, Vol. 2

(Publ. by NAS Comm. on Space Atmos. Seci.)
—1969

McCLATCHEY, R. A,

A Spectrometric Measurement of the
Atmospheric Temperature Above 30 Km Ncar
Sunrise

J. of the Atmos. Sci. (November 1969)

PicArp, R. H., and SCHWEITZER, P.

Theory of Intensity—Correlation
Measurements on Imperfectly Mode-Locked
Lasers

Phys. Rev. A, Vol. 1, No. 6 (June 1970)
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Sakar, H,, and MUurPHY, R. E.

Realization of the High Multiplex Advantage
in Fourier Spectroscopy Uging the Continuous
Mirror Drive Method

J. of the Opt. Soc. of Amer., Vol. 60, No. 3
(March 1970)

SCHURIN, B, D.

Integrated Intensity Measurements of Carbon
Dioxide Bands in the 4.82 and 5.17 Micron
Regions

Appl. Opt. (November 1969)

VANASSE, G. A,

The Michelson Interferometer Spectrometer
and Measuring the Spectral Distribution of
Radiation

Opt. Spectra (April 1970)

Vorz, F. E.

Twilight and Stratospheric Dust Before and
After the Agung Eruption

Appl. Opt., Vol. 8, No. 12 (December 1969)
Depth and Shape of the 0.94 Micron Water
Vapor Absorption Band for Clear and Cloudy
Skies

Appl. Opt. (December 1969)

On Dust in the Tropical and Mid Latitude
Stratosphere from Recent Twilight
Mcasurements

J. of Geophys. Res., Vol. 6, No. 9 (March 1970)

PAPERS PRESENTED AT MEETINGS
JULY 1967 - JUNE 1969

BLiss, E. S., 1st LT,

Laser Damage Mechanisms in
Transparent Dielectrics

ASTM Symp. on Damage in Laser Glass,
Boulder, Colo. (20 June 1969)

CAHILL, J.

Infrared Spectral Measurements of In-Flight
Target Aircraft

Infrared Information Symp.,

Monterey, Calif., (18-23 May 1969)

DELGRECO, F. P., and KENNEALY, J. P.
(Stewart Rad. Lab., Bedford, Mass.)

The Reactions of N Atoms with Oz (ala)

and Q2 (b1Z)

Symp. on Phys. and Chem. of the Upper Atm.,
Waltham, Mass. (12-13 June 1968)

The Reaction of Atomic Hydrogen with

0: (a'a)

Symp. on Phys. and Chem. of the Upper Atm,,
Stanford Res. Inst., Palo Alto, Calif.

(24-25 June 1969)

ELTERMAN, L.

Comparison of Aerosol Measurements Over
New Mexico with Atmospheric Features
Spring Mtg. of the Opt. Soc. of Anier.,
Wash., D. C. (12-16 March 1968)

Ac¢rosol Features of the Stratosphere
IUGG-WMO Symp. on Radiation, Bergen,
Norway (22-28 August 1968)

Dust Layer Observations and Their
Interpretation

MIT Sem., Cambridge, Mass.

(16 December 1968)

Possible Standards for Laser Atmospheric
Probing

Sec. Conf. on Laser Atm. Probing, Brookhaven
Natl. Lab., Upton, L. I., N. Y.

(15-16 April 1969)

FENN, R. W, and CoLLINS, D. G., WELLS, M. B.
(Rad. Res. Assoc., Ft. Worth, Tex.)
Atmospheric Contrast Transmission Effects
on Low Light Level TV Performance

CIRADS III Symp., Battelle Mem. Inst.,
Columbus, Ohio (15-17 October 1968)

Horpvik, A.

Pulse Stretching Utilizing T1wo-Photon
Induced Light Absorption

1969 IEEE Conf. on Laser Eng’g. and
Applications, Wash., D. C. (26-28 May 1969)

LOEWENSTEIN, E. V., and NEWELL, D. C.
(Tufts Univ., Medford, Mass.)

Ray Trace for 90° Toroidal and Corner
Light Pipes

Ann. Mtg. of the Opt. Soc. of Amer.,,
Detroit, Mich. (10-13 October 1967)

LOEWENSTEIN, E. V., and SMITH, D. R.
Optical Constants from Channel Spectra in
the Far Infrared

Spring Mtg. of the Opt. Soc. of Amer.,
Wash,, D. C. (12-16 March 1968)

Moore, W. M.

A Model of D Region Neutral Chemistry
Which Includes Excited States

Symp. on Phys. and Chem. of the Upper Atm.,
Stanford Res. Inst., Palo Alto, Calif.

(24-25 June 1969)

Sakar, H,

Analysis of Line Parameters from Absorption
Spectrum Consisting of Overlapping Lines
Ann. Mtg. of the Opt. Soc. of Amer.,
Pittsburgh, Pa. (9-11 October 1968)

Sakal, H., and MUrpPHY, R.

Digital Computation Scheme of Taking a
Running Average of Interferogram Signal
Spring Mtg. of the Opt. Soc. of Amer.,
San Diego, Calif. (11-14 March 1969)

JRSERPE——




SANDFORD, B. P.

Optical Emission over the Polar Cap X
NATO Adv. Study Inst., Tretten, Norway
(9-18 April 1969)

‘SCHWEITZER, P.

On Critical Phenomena in Lasers
Conf. on Critical Phenom., Banff,
Alberta, Can. (20 August 1968)

STAIR, A. T., JR., and Hurrl, E. R,

(Stewart Rad. Lab., Bedford, Mass.)

Sunget to Sunrise Variations in the OH
Intensity from the Night Sky .
Symp. on Phys. and Chem. of the Upper Atm.,,
Waltham, Mass. (12-13 June 1968)

STAIR, A. T\, JR,, and HupPl, E, R,

(Stewart Rad. Lab., Bedford, Mass.), and
STEED, A. R. (Utah St. Univ., Logan)

Infrared Spectral Emission of the Atmosphere
and Aurora Measured from 28,000 to

40,000 Feet

Spring Mtg. of the Opt. Soc. of Amer.,,

San Diego, Calif, (11-14 March 1969)

STICKLEY, C. M.

Military Applications of Lasers
Elec. Ind. Assoc. Symp. on Laser Applications,
Chicago, Ill. (20 June 1969)

STICKLEY, C. M., MILLER, H., HoELL, E. E,,
GALLAGHER, C. C., and BRADBURY, R. A.
Energy Output Degradation of Czochralski
Ruby Lasgers

1967 Intl. Electron Devices Mtg., Wash., D. C.
(18-20 October 1967)

TooLIN, R. B., and GReeB, M. E.

(Ball Bros. Res. Corp., Boulder, Colo.)

Sun Oriented Atr-ospheric Optics Measure-
ments Using the High Altitude Balloon

23rd Ann, Instr. Soc. of Amer. (ISA) Amn,
Conf,, New York, N. V. (28-31 October 1968)

Vorz, F. E.

Twilights before and after the Agung
Eruption; Depth and Shape of the 0.98 Micron
Water Vapor Absorption Band for Clear and
Cloudy Skies; and Turbidity over

Western Europe

IUGG-WMO Symp. on Rad., Bergen, Norway
(22-28 August 1968)

On the Global Distribution of Stratospheric
Dust before and after the Agung Eruption
AMS Conf. on Composition and Dynamics of
the Upper Atm., El Paso, Tex.

(6-8 November 1968)
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PAPERS PRESENTED AT MEETINGS
JULY 1969-JUNE 1970

DoAN, L. R., CAPT.
The OPTIR Code

Conf, on Appl. of Chem. to Nuc. Effects,
AFCRL (15-16 April 1970)

ELTERMAN, L.

Vertical and Slant Path Attenuation With
Reduced Surface Visibility

Opt. Soc. of Amer., Wash,, D. C,

('7-10 April 1970)

HOFFMAN, J. E,, JR.

A Computer Aided Design for an
Interferometer Mirror Drive System

Intl. Conf. on Fourier Spectros., Aspen, Colo.
(16-20 Maxrch 1970)

HoRrDVIK, A., SCHLOSSBERG, H., and

STICKLEY, C. M.

Tunable, Coherent Oscillators and Amplifiers
in the Visible and Near Infrared

AGARD Mtg., Oslo, Norway (29 September-2
October 1963)

LEg, E. T. P.

Vibrational Excitation of the Hydrogen
Molecule by Electron Impact

First Ann, Mtg. of the Div. of Electron. and
Atom. Phys, of the Amer. Phys. Soc., N. Y.,
N. Y. (17-19 November 1969)

LEE, E. T. P., and ANDERSON, R. J.

(Univ. of Ark., Fayetteville, Ark.)

Optical Ionization-Ezcitation Functions of
Zine, Cadmium and Mercury by Electron
Impact

22nd Gas. Electron. Conf. of the Amer. Phys.
Soc., Gatlinberg, Tenn. (29-31 Qctober 1969)

LOEWENSTEIN, E. V.
Fourier Spectroscopy: An Introduction

Intl, Conf. on Fourier Spectros., Aspen, Colo.
(16-20 March 1970)

MCcCLATCHEY, R. A.

The Effect of Clouds on the Stability of the
Lower Atmosphere

Sec. Natl, Conf, on Wea. Mod., Santa Barbara,
Calif. (6-9 April 1970)

MirLaM, D., and PicArp, R. H.

Laser Picosecond Pulse Generation and
Measurement

Quan. Electron. Sem., Univ. of Md., College
Pk., Md. (17 April 1970)
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MurpHY, R. E., and Sakay, H.

Application of Fourier Spectroscopy
Technique to the Study of Relaxation
Phenomena

Intl. Conf. on Fourier Spectros., Aspen, Colo.
(16-20 March 1970)

PicArp, R. H.

Interpretation of Laser Two-Phcton
Fluorescence Experiments

Quan, Electron. Sem., Polytech, Inst. of
Brooklyn, Farmingdale, N. Y.

(18 November 1969)

Sakar H.
Consideration of the Signal-to-Noise Ratio in
Fourier Spectroscopy

Intl. Conf. on Fourier Spectros., Aspen, Colo.
(16-20 March 1970)

SANDFORD, B. P,

Ionization Processes in the Polar Cap
TAGA Symp., Madrid, Spain

(1-12 September 1969)

AFCRL Airborne Optical Measurements
PCA 69

Conf. on Polar Cap Absorp. Event Results,
Boston Coll., Chestnut Hill, Mass.

(31 March-1 April 1970)

S, D. R.

Optical Constants of Low Index Materials from
Far Infrared Channeled Spectra

Intl. Conf. on Fourier Spectros., Aspen, Colo.
(16-20 March 1970)

SMitH, D. R., and LOWENSTEIN, E. V.
Optical Constants of Far Infrared Materials
Mtg. on Matls. for Opt. Sys., Mass. Inst. of
Tech., Cambridge, Mass. (20-21 May 1970)

STICKLEY, C. M.

Color Centers and Ruby-Laser Qutput-Energy
Degradation (Invited)

Solid State Phys. Sem., Natl. Bur. of Stds.,
Gaithersburg, Md. (2 October 1969)

Phys. Dept. Colo. State Univ., Ft. Collins,
Colo. (19 November 1969)

A Review of Ruby and Neodymium: YAG
Lasers (Invited)

SPIE Sem. on Dev. in Laser Tech., Univ. of
Rochester, Rochester, N. Y.

(17 November 1969)

The State-of-the-Art in Ruby and Nd: YAG
Laser Materials

1970 AF Matls, Symp., Miami Beach, Fla.
(19-20 May 1970)

T s T

TooLIN, R. B., and POIRIER, N. C.
(Northeastern Univ., Boston, Mass.)

Sun Oriented Atmospheric Optics
Measurements Using the High Altitude
Balloon

6th AFCRL Sci. Bal. Symp.,
Wentworth-By-The-Sea, Portsmouth, N. H.
(8-10 June 1970)

VANASSE, G. A.

Multiplex Spectroscopy

Phys. Sem., Univ. of Calif., Irvine, Calif.
(13 May 1970)

Vovrz, F. E.

Aerosol Optics in Tropical Regions and
Stratospheric Dust and Twilight Colors
Opt. Soc. of Amer. Mtg., Wash,, D. C.
(7-10 April 1970)

Acrosol Opties in Tropical Regions

Amer. Geophys. Union Mtg., Wash,, D. C.
(20-24 April 1970)

WALKER, R. G., and PrICE, S. D.
Rocret-Borne Celestial Background
Measurements at 12n

Amer. Astronom. Soc. Mtg., Boulder, Colo.
(12 June 1970)

TECHNICAL REPORTS
JULY 1967 - JUNE 1969

CoNDRON, T. P., LoverT, J. J., BARNES, W. H.,
MARCOTTE, L., and NADILE, R.

Gemini 7 Lunar Measurements
AFCRL-68-0438 (September 1968)

ELTERMAN, L.

UV, Visible, and IR Attenuation for
Altitudes to 5% Km, 1968
AFCRL-68-0153 (April 1968)

FiscHER, H., and FRANKE, G., PEVERARO, R.
(Tech. Univ. of Darmstadt, Ger.)
Nanosecond Time Differences by Dynamic
Storage of Flip-Flop Pulses
AFCRL-67-0545 (September 1967)

FISCHER, H., and GALLAGHER, C. C.
Electrode Phenomena in a High Current
20 Nanosccond Spark

AFCRL-67-0446 (July 1967)

FisCHER, H., and SCHONBACK, K.

(Tech. Univ. of Darmstadt, Ger.)
Turbulent Eddies in High-Density-Spark
Channels in Helium

AFCRL-67-0644 (September 1967)
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HorFMAN, J. E., JR.

A System to Perform Real-Time Fourier
Spectroscopy
AFCRL-68-0401 (August 1968)

LoOVETT, J., MARCOTTE, L., and NADILE, R.
Gemini V D4/D7 Spectral Measurements of
Space Objects and Earth-Cloud Backgrounds
AFCRL-67-0663 (October 1967)

Picarp, R. H.

Mean-Field Kinetic Equations for a Laser
AFCRL-68-0400 (August 1968)

RiLey, G. F.

Empirical Determination of Scattered Light
Transport through the Lower Atmosphere
AFCRL-68-0256 (May 1968)

WALKER, R. G.

Near Infrared Photometry of Late Type Stars

AFCRL-68-0042 (February 1968)

TECHNICAL REPORTS
JULY 1969-JUNE 1970

DoaN, L. R., CArT., and SANDFORD, B. P.
Solar Elevation, Depression and Azimuth
Graphs

AFCRL-70-0086 (February 1970)

ELTERMAN, L.

Vertical-Attenuation Model with Eight
Surface Meteorological Ranges 2 to 18
Kilometers

AFCRL-70-0200 (March 1970)

SANDFORD, B. P., and DoAN, L. R., CApT.
Graphs of the Solar Depression Angle from
0° to 82° vg Local Hour Angle for Latitudes
0° to 90°

AFCRL-69-0543 (December 1969)
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A basic AFCRL mission is the prepara-
tion of state-of-the-art surveys. Such a
survey, prepared by the Terrestrial Sci-
ences Laberatory and published in 1970,
is “Earth Sciences Applied to Military
Use of Terrain,” which reviews present
and potential methods for the remote
sensing of terrain features and for
monitoring varying conditions of ter-
rain where military operations may take
place. The author is shown here with
a copy of the study.
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V Terrestrial Sciences
Laboratory

The Terrestrial Sciences Laboratory
conducts research in seismology, geol-
ogy, geodesy and gravity. An intrinsic
part of the research in each of these five
areas is the design, development and
testing of new sensors and instruments.
Much of the Laboratory’s total effort
goes into the collection, correlation and
interpretation of data. This data collec-
tion aspect takes Laboratory scientists
on field expeditions that are sometimes
worldwide in extent. The research pro-
gram also includes the formulation of
mathematical models and a search for a
theoretical understanding of particular
phenomena.

The reporting period saw the comple-
tion of two new Laboratery facilities.
One of these is a lunar-laser observatory
in Arizona, a facility constructed to con-
duct experiments involving reflector
arrays placed on the moon by the Apollo
astronaufs. The second new faecility
is the Haskell Gravity-Seismic Observa-
tory built at the main AFCRL Labora-
tory complex at L. G. Hanscom Field.
From the heavy concrete piers of this
facility, the Laboratory will test new
seismic and gravity instruments and will
continuously monitor seismic events.

Among the new instruments placed in
operation during the period is a laser-
interferometer apparatus for measuring
the acceleration of gravity. This is per-
haps the most important new gravity
measuring apparatus to be developed
during the past decade. New and more
sophisticated gravimeters for airborne
surveys were also tested.
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The Laboratory acquired during the re-
porting period an RC-130A (as a re-
placement for an older JC-130) for air-
borne remote sensing of surface condi-
tions,

The aircraft used for these gravity
surveys was the Laboratory’s JC-130.
This same aircraft was instrumented
for the Laboratory’s airborne geological
surveys. During the period several
major geological surveys were made—to
Iceland, to Yellowstone National Park,
and to Puerto Rico. This particular air-
craft has seen service with AFCRL since
1959 and was first used as a transport to
ferry men and equipment to remote arec-
tic regions. Later it was converted to a
flying laboratory. During the summer
of 1969, it was replaced by an RC-130,
an aircraft better suited for AFCRL as
a flying laboratory.

The period saw several shifts of em-
phasis in the Laboratory program. The
Laboratory’s research program on
playas—dry lake beds that can serve as
natural landing areas—was completed.
Under this program, most of the US
playas were surveyed and their charac-
teristics catalogued. From playa re-
search, Laboratory geologists turned
their attention increasingly toward geo-
logic remote sensing employing air-
borne and satellite techniques.

Roth seismologists and geologists in
the Laboratory expanded their studies
of the earth’s crustal features. These
studies were motivated by problems of
missile siting and guidance and inertial
component testing. One question to be
answered is the extent of damage that
a particular silo, set in terrain of certain
characteristics, will suffer as the result
of a nuclear explosion of a given yield
at a given distance. In addition to nu-
clear alterations of terrain, subtle shifts
in the earth’s crust can occur which, if
undetected and corrected for in the
missile directional control system, can
impaii targeting accuracy.

SEISMOLOGY

The Nuclear Test Ban Treaty of 1963
moved nuclear testing underground. To
detect underground nuclear detonations,
new techniques were required. The
technique given most attention was that
of identifying characteristic seismic
waveforms, the assumption being that
the waveform of a nuclear detonation
would differ from that of an earthquake.

Seismic research at AFCRL, histori-
cally, has been directed almost exclu-
sively at problems of detection, location,
and identification of underground nu-
tJear explosions as part of the Defense
Department’s Project VELA TUNI-
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FORM. But with the decline of the
VELA UNIFORM program, there has
been a corresponding increase in more
general seismological research. The Lab-
oratory's seismic research programs
can be grouped under the headings of:
source characterizations, source identi-
fication, rock mechanries and environ-
mental seismic noise.

All underground nuclear tests at the
Nevada Test Site nevertheless remain
events of major interest to AFCRL seis-
mologists. These periodic tests serve as
a check on the more general theoretical
and analytical studies and the tests
themselves point the way to possible
new investigative approaches.

During the reporting period, a new
seismological station was placed in op-
eration at the AFCRL main laboratory
complex at L. G. Hanscom Field. In
addition, the Laboratory continued to
maintain, under contract, the Weston
Seismological Observatory in Weston,
Massachusetts, one of the most complete
seismological observatories in the coun-
try.

Earthquake prediction and control
have come more and more to occupy the
attention of the nation’s seismologists.
This has presented a need for a more
general theoretical understanding of
earthquake mechanisms. In line with
this need, a growing proportion of the
total AFCRL effort in seismology is con-
cerned with the development of more
detailed quantitative theories of the
earthquake focal mechanism and with
direct measurement of the deforma-
tional behavior and strength of minerals
of various kinds under extreme pres-
sure and temperature.

SOURCE CHARACTERIZATION: If the
seismic source (explosion or earth-
quake) is more thoroughly understood,
success in isolating and identifying
unique signal characteristics radiating

Data from an array of acoustic senso:.
to detect extremely minute disturbances
near the earth’s surface are recorded
on these instruments.

! '

from each source should be enhaneced.

The Laboratory is pursuing this hypoth-
esis through theoretical work with :the
goal of developing a theory applicable
to seismic energy radiating from both

faults and underground nuclear explo-

sions. .
Although little is known about the
actual spatial and temporal distribu-
tions of displacements along a moving
fault, rather plausible assumptions by
AFCRL scientists about certain average

properties of the fault motjon have been *

applied in their theoretical work on
source characterization. This has led to’
the development of a quantitative focal
mechanism theory for the computation-
ally difficult region very close to the
source. The accelerations to be expected
near an earthquake for longitudinal
shear faulting have been calculated:and
compare favorably with the limited ob-
servational data available from accele-
rometers. Direct waveform calculations
for other types of faulting continue.
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ASSUMED SOURCE DISPLACEMENT

One of the many contributions by Dr.
Norman Haskell, an internationally
honored AFCRL scientist whose death
occurred during the report period, was
a mear field longitudinal shear fault
theory permitting the seismic wave-
form of a source displacement to be de-
rived theoretically. 'The upper trace
shows an actual recorded seismic wave-
form compared to the waveform pro-
duced by theory, assuming a source dis-
placement of the type shown in the
lower trace.

Experimental observations of ground
motion measured in a region near under-
ground nuclear explosions in several
different media (hard rock, soft soil,
etc.) have been fitted quite closely to a
family of analytic functions. By using
these functions it has been possible to
calculate the total energy of the elastic
wave radiation and its frequency spec-
trum. The calculations provide a useful
basis for comparison between the source
energy spectra of underground nuclear
explosions and earth;uakes.

Horizontally polarized shear waves
(SH) that show up in data recorded
from distant underground nuclear ex-
plosions greatly complicate the problem
of explosion discrimination. To help
explain the generation of these waves,

an AFCRL seismic modeling program
was initiated to examine the radiation
from explosions detonated in biaxially
prestressed and unstressed static fields
under laboratory conditions. The prop-
agating wave, initiated by the explosion
of a length of mild detonating fuze, has
been recorded in the near-source region
by means of the photoelastic effect and
an ultrahigh speed camera, and in the
far field by means of strain gages.
Results to date suggest that the expla-
nation may lie in the tectonic stress
release caused by the explosion.

SOURCE IDENTIFICATION: Under
AFCRL contract, an investigation was
made of the unique characteristics of
short-period (SP) and long-period
(LP) seismic waves in an attempt to
use the characteristics to distinguish
between earthquakes and underground
nuclear explosions. The original devel-
opment of a set of SP diagnostics led to
the preparation of a computer softwear
package capable of near-real-time, rouv-
tine, automated seismie event classifica-
tion. The original SP identification pa-
rameters represent three raeasurements
of the P-ccida complexity by different
methods and one measurernent of the
spectral content of the P wavelet. To
these SP parameters have been added
LP measurements of the relative exci-
tation of surface waves. Four pattern
recognition ftechniques are applied:
class-clustering, class-separativn, linear
discriminant and adaptive algorithm.
On-line computer evaluation of this
automated approach to seismic event
classification was in progress at the con-
clusion of the reporting period.

ROCK MECHANICS: The cxtreme pres-
sures and strains (the release of which
induces earthquakes) which minerals
deep within the earth undergo are simu-
lated at AFCRL using a large shear




press. Deformation equipment employed
in the AFCRL high-pressure facility
now includes: an opposed anvil shear
apparatus, two Birch-type shear squeez-
ers, and a Griggs-type 20 kilobar solid
pressure medium apparatus. Maximum
pressures of 150 kilobars, temperatures
to 2000°C, and strain rates as low as
10—-8 gec —! can be achieved providing
AFCRL scientists with the capability to
simulate earth depths to 450 km. Within
the region between the earth’s surface
and this 450 km depth, most important
tectonophysical phenomena such as vol-
canism, ocean floor spreading, mountain

To evaluate the effects of stress on vari-
ous types of materials, the Laboratory
uses the apparatus shown in the upper
photo. The resultant pattern of one type
of stress is shown in the lower photo.
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building and earthquakes, have their
origins.

Shear measurements on Nevada Nu-
clear Test site tuffs revealed weakening
induced by dehydration of associated hy-
drous minerals. The water weakening
effect occurred at temperatures as low as
300°C and has immediate application to
strength studies in underground nuclear
explosions at the Nevada site.

In another series of deformation tests,
the shear strength of grossly deformed
metals including tungsten, germanium,
nickel, beryllium, uranium, copper, gold,
aluminum, magnesium, bismuth, and tin
was measured in the opposed anvil appa-
ratus up to 150 kilobars at 27°C, and for
the noble metals to a maximum tempera-
ture of 920°C. The shear data agree
with independent measurements at low
pressure, but differ significantly from
high pressure measurements made by
other investigators. The data for the

»
s

The extreme pressures and shears to
which earth crustal materials are sub-
jected during {ectonic movement are
simulated in the Laboratory. The above
pattern was produced in enstatite and
shows two phases of the minerals under
strain.
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noble metals fit a simple empirical for-
mula relating the temperature and pres-
sure dependence of shear strength.

A third major study was one in which
the deep earth materials, amphibolite
and hornblende, were deformed on the
shear and the Griggs-type apparatus.
Over 300 tests were run to maximum
test conditions of 80 kb and 1200°C.
These hydrous materials exhibit anoma-
lous weakening above 800°C.

The theoretical and experimental
shear deformation work on both metals
and rocks has led to the derivation of a
simple empirical formula by which de-
formation of a wide variety of solids
may be predicted. The formula helps
the geophysicist understand the me-
chanical properties of materials «t con-
ditions not obtainable in the laboratory.

ENVIRONMENTAL SEISMIC NOISE: The
earth’s environmental seismic noise field
consists of all vibrations, however small,
detected at the earth’s surface. Sources
of these vibrations are many—weather,
heavy surfs, vehicular traffic, and of
course seismic. Environmental seismic
noise can degrade the operation, test,
and calibration of many motion-sensi-
tive equipments svhich require a rela-
tively vibration-free environment. Iner-
tial components for guidance systems,
optical benches, and laser beam analyti-
cal wori: are among these. Seismic
background noise also governs the place-
ment of seismic detection equipment and
arrays.

To test the environmental seismic
noise levels at particular locations, the
laboratory developed a highly sensitive
portable seismic array. Associated with
the array is a high-speed data reduction
capability. The data collecting portion
consists of a 21-element portable seismic
array system developed to measure both
swatial and temporal characteristics of
seismic waves. It is characterized by
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Minor artificial seismic noise is char-
acteristic of an urban environment.
Subways, trucks and pedestrian traffic
all contribute to this noise. One Labora-
tory study of urban seismic noise was
conducted in Cambridge, Mass., near
MIT and entailed the placement of seis-
mometers at varying depths beneath
the surface of the ground.

ruggedness, flexibility of aperture and
channel response, transportability, op-
erational simplicity, unattended opera-
tion, and ability to withstand climatic
extremes.

Because noise from jet aircraft is
coupled fc the earth and registered as a
seismic noise, the array can be used to
monitor noise patterns generated by op-
erations at Air Force bases and com-
mercial airports. This has led to an
AFCRL program for documenting the
environmental noise pollution resulting
from the operation of Air Force aircraft
at various bases. This program will con-
tinue for the next few years.

GEOLOGY
During the 1950’s the AFCRL geology

program was concentrated in arctic
areas, particularly in Greenland and
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Northern Canada where extensive field
and photographic surveys were made of
natural aircraft landing sites. The best
publicized aretic program however was
that conducted on the floating ice island,
T-3, where AFCRL established a semi-
permanent field installation. Arctic re-
search was superseded during most of
the 1960’s by a comprehensive study of
playas (dry lake beds) in the south-
western U.S., the Middle East, and else-
where that could serve the Air Force as
natural landing areas. The weight-
bearing properties of broad, flat terrain,
the geomorphology, and the seasonal
variations, have been catalogued for
potential emergency use by the Air
Force.

The present reporting period saw only
a small residual of the once-extensive
dry lake bed program still in progress.
Emerging in its place is research in
geologic rem:ote sensing instrumenta-
tion, remote sensing techniques, and the
evaluation of remote sensor data ob-
tained from airborne and sarellite sur-
veys. Also coming into prominence are
studies that relate to missile siting. This
latter work falls under the general
heading of crustal studies research. The
crustal studies program is focused pri-
marily on the deformation and plasiicity
of the earth’s crust. Only recently have
small-scale movements of the earth’s
crust (which vary widely in magnitude
with location, but which usually go un-
noticed) been fully appreciated. Such
microscale movements can affect the
azimuth contro! systems (and thus tar-
geting accuracy) of missiles.

REMOTE SENSING: The Laboratory’s
geologic remote sensing research in-
volves photographic and thermal infra-
red imaging techniques for use in mak-
ing airborne or satellite surveys. By
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surveying an area simultaneously in a
number of narrow spectral regions in
the infrared, visible and UV, one can
derive information on rocks and min-
erals, morphology and thermal proper-
ties of the earth below.

AFCRL’s C-130 flying laboratory fig-
ures prominently in the remote sensing
program. One of the many remote sens-
ing instruments aboard the aircraft is a
multispectral camera system for taking
nine simultaneous aerial photographs at
different narrow-band regions from the
near-ultraviolet across the visible and
into the near infrared. Other instru-
ments aboard this well-equipped plat-
form are conventional cartographic
cameras, an infrared scanner, and a
radiometer.

The effectiveness of any remote sens-
ing technique depends ultimately upon
the effectiveness of analysis and inter-
pretation. Ideally, a geologic analyst
should have extensive field experience.
The analyst must know {he reflection,
absorption, polarization and emission
characteristics of minerals and mate-
rials in all their many forms. This latter
knowledge is acquired by field observa-
tions and by bringing soil and rock sam-
ples into the laboratory for measure-
ment under controlled conditions.

C-130 FIELD EXPEDITIONS: Proper
assessment is also required of the effects
of composition and particle geometry
on spectral signatures received by re-
mote sensing systems. A theory of re-
flectance, which accounts for particle
size effects, has been developed. A com-
pute~ program, based on this theory,
allows simulation experiments to be
conducted. During the reperting period,
the C-130 flew a number of geologic field
expeditions to Puerto Rico, Yellowstone
National Park, and Iceland.
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Shown here are nine aerial spectro-
photographs acquired of the Middle
Sambo Reef Area, Florida, by AFCRL’s
nine-lens multiband camera. The same
scene i3 recorded simultaneously in
nine discrete narrow bands between
3850 A (upper left) and 8800 A (lower
right). Note the varying water pene-
tration characteristics of Bands 1-6
(Plus-X film) and lack of penetration
in Bands 7-9 (IR film).




The exceptional transparency of the
water around Puerto Rico makes the
location an outstanding one in studies
of water penetration. The AFCRL study
was undertaken to define optimum spec-
tral regions for achieving maximum
water penetration. Numerous aerial
photographs using color, color IR and
specially filtered black-and-white films
were taken for analysis.

Bottom terrain 30 meters below the
surface is clearly visible in the 4500 to
5500 angstrom wavelength region.
These studies point to the feasibility of
using airborne remote sensing for geo-
morphic mapping of ocean bottoms near
coastal areas.

The C-180 expeditions to Iceland and
to the Yellowstone National Park both
involved geothermal surveys with the
observing instrument being a thermal
IR scanner. The Iceland program was
conducted cooperatively with the US
Geological Survey, the Iceland National
Energy Authority and the University of
Michigan. Iceland surveys were made
in 1967 (field) and 1968 (field and aiy-
borne) and were a continuation of a
field and airborne program begun in
1966. Iceland is the most active voleanic
and geothermal area in the world, and
is particularly suited for thermal infra-
red research. Thermal IR surveys of the
Yellowstone National Park were made
in 1969 primarily for the purpose of
testing the IR scanner in this active
geothermal region.

Closer to the C-130’s home base at
L. G. Hanscom Field, surveys were
made of the New England coast. The
thermal IR scanner aboard the C-130
and cameras were used to observe
coastal estuarine and harbor areas. IR
imagery clearly presents the thermal
gradients. The AFCRL geological sen-
sors not only vividly displayed the dis-
persion of thermal effluents, but chemi-
cal and waste pollution as well.

A thermal IR image of the volcano
Surtsey off the Iceland coast (above)
is compared to a regular photo of the
volcano (below). The dark areas in
the IR image are the cold waters of the
Atlantic Ocean; the large white area
denotes the intense heat radiated by
the voleano, while the other white areas
are underground lava channels visible
only to IR instruments.
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CRUSTAL STUDIES: Instability of the
earth’s crust has important implications
for Air Force ballistic missile systems.
Minute crustal movements can influence
the azimuth control networks of missile
installations. The nature and rate of
deformation of the earth’s crust at a
particular point is not easily specified

-antitatively. Yet measurements of
crustal de’ormation are needed for opti-
mum misstle siting and for gauging
possible targeting errors.

The interests of the Laboratory’s
seismologists and geologists merge in
these studies. Much research emphasis
is placed on the crustal and mantle
rocks. The rate and nature of the defor-
mation of these materials are being
studied, using the high pressure-high
temperature apparatus discussed earlier
in connection with the Laboratory’s
seismology program.

Reflectivity of soils of various types
and at different angles of the light
source are measured in the Laboratory
using the above experimental appara-
tus.

One study revealed a possible origin
of some earthquales, one having to do
with a polymorphic change that takes
place in the crystal lattice structure
when a material is subjected to high
pressures. Of the many materials sub-
jected to the 150 kilobar pressure of the
ATCRL high pressure apparatus, the
pyroxene mineral, enstatite, was shown
to be highly sensitive to shear stress,
inverting almost instantaneously to a
smaller volume polymorphic form. The
inversion is accompanied by a large
energy release. Calculations show that
an inversion of 0.01 percent of a cubic
kilometer of enstatite could release
energy equivalent to an earthquake of
intermediate magni*1de.

AFCRL geologists, however, are less
concerned with phenomena of earth-
quake proportions than with subtle
crustal movements—movements only
detected by the most sensitive instru-
ments. Among these movements are the
less violent tectonic forces, and the peri-
odic vertical movements and deforma-
tional strains that result from tidal
forces of the moon and the sun. Local
deformation also results from atmo-
spherie pressure systems, seasonal snow
load, and the filling of reservoirs.

The magnitude of some of these minor
displacements may range up to a few
centimeters per day for solid earth tides.
Geodetic triangulation is being exam-
ined as a possible way to measure the
amount of horizontal displacement in
several areas of the western United
States. Realistic earth models for evalu-
ating the effects of various loads—mov-
ing atmospheric pressure systems, for
example—are being developed. To mea-
sure local instability, a prototype tilt-
meter is being built, which will be
installed in a 30-meter borehole.

DRY LAKE BEDS: Under its highly
productive playa research program,
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most of the dry lake beds in the US that
might be suitable for contingency opera-
tion by Air Force aircraft had been
catalogued with respect to weight bear-
ing properties of soils, the amount of
preparation needed before operation,
and the seasons during which the playa
could be used.

Two studies made during the latter
stages of AFCRL’s playa research pro-
gram are noteworthy. One relates to
the monitoring of the playas using
Nimbus satellite TV and infrared pho-
tographs. Playas, when viewed by a
satellite, have good contrast separation
from adjacent terrain. The effects of
rainfall are clearly apparent in satellite
photographis—and this is very impor-
tant because even small amounts of
rainfall can produce profound changes
in the weight bearing properties of a
dry lake bed. A dry lake bed catalogued
as potentially capable of supporting air-
craft could be quickly rendered unsuit-
able.

The other study concerns the rapid
changes that can take place from year
to year in a particular playa. Vegeta-
tion can intrude upon the barren lake-
bed in a few years time or can rapidly
recede. Giant fissures can develop on
the surface, some being three feet wide
and 15 feet deep, and a vast array of
mounds up to 10 feet high can form over
hundreds of acres. Such mounds are
often the results of the root structure
of plants holding the soil while adjacent
soil erodes away. The surprisingly
rapid changes in playas suggest the
need for periodie surveys to obtain cur-
rent information on their condition.

GEODESY

A limiting factor to targeting accu-
racy is the uncertainty of launch site
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position and the distance and direction
to target area. A part of AFCRL’s geo-
detic program is directed toward elimi-
nating such uncertainties.

For many years, the Laboratory has
evaluated for the Air Force use of dry
lake beds as emergency runways for
aircraft. Early studies involved B-52
aireraft. In 1970, the Laboratory as-
sisted in similar studies involving the
much heavier C5A. These studies were
made at Harper Dry Lake in Cali-
fornia.
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The Laboratory’s 600-mm geodetic stel-
lar camera with moving plate back for
photographing faint sunlit satellites
(above) is housed within the smaller of
the two domes at AFCRL's main lab-
oratory complex (below).

To an increasing extent, satellites arr
used for long distance measuremen
These satellites serve as aerial beacons
for three-dimensional triangulation and
trilateration. Much of AFCRL’s current
geodetic research program involves re-
finements in satellite geodesy tech-
niques, a field in which AFCRL pio-
neered.

ATCRL has continued its participa-
tion in the National Geodetic Satellite
Program, together with NASA, ARMY,
NAVY, other USAF agencies and ci-
vilian observatories. This program is
directed toward the positional relation-
ship of a world wide geocentric network
of stations to 10 meter accuracy. Cam-
era observing techniques developed by |,
AFCRL are now being used by geode-
sists all over the world.

COMPUTER SOFTWARE: Two computer
software programs were developed dur-
ing the period:

1) The Geodetic Analysis Computer
Program involves geometric error anal-
ysis. It is presently being used by
AFCRL and other Air Force agencies
for the reduction and analysis of geo-
detic satellite observations from simul-
taneous estimation of positions on the
surface of the earth and the trajectory
of an observed satellite using measure-
ments of topocentric right ascension,
declination and range from the posi-
tions to be estimated.

2) The Short Arc Geodetic Adjust-
ment Computer Program is one of the
most advanced reduction programs yet
developed for precise geodetic position-
ing by means of satellite observations.
The program can handle any combina-
tion of electronic and optical directional
and/or ranging observations. The pro-
gram exploits multishort are orbital
constraints, dynamie scaling and error
model recovery in the adjustment of a
large-scale geodetic network.




INSTRUMENT DEVELOPMENT: An
electro-optical theodolite has been devel-
oped for use in geodetic astronomy and
spatial geometric triangulation. For
many years, geodetic astronomy has
used the tracking micrometer for detect-
ing star transits. The tracking is done
manually by the observer and requires
personal judgment. The electro-optical
theodolite detects star transits electri-
cally and has the capability of recording
the data for direct input to a computer.
The basic theodolite is a WILD T-4
astronomic theodolite. A large telescope
has been added and the eyepiece mi-
crometer has been replaced by vertical
and horizontal slits and photo sensors.
The theodolite has increased accuracy
and automatic data reduction plus a
capability to observe satellite and air-
craft borne light sources.

Although there are several hundred
satellites and pieces of satellite debris
in space, only a few are bright enough
and have the proper configuration for

Located on the laboratory rooftop is
this pulsed laser for measuring satel-
lite ranges. The first successful long-
range test was a daylight range meas-
?53?‘3“ of a satellite in December

109

detection by the USAF PC-1000 stellar
camera. An image motion compensa-
tion system has been developed which,
in effect, permits longer photographic
exposure. With this system, many of
the smaller satellites can be used for
satellite geodesy. The image motion
compensation (IMC) device drives the
film in the direction and at the angu-
lar speed predicted for the satellite and
the light intensity integrates over a
longer period to form the satellite im-
age. The IMC has been designed for use
with both the normal USAF PC-1000
and PTH 600 cameras, The plate drive
is operated by a precise phase lock
speed control and runs on air bearings.

The Laboratory is sponsoring re-
search at the Environmental Science
Services Administration (ESSA) on
multiwavelength baseline measuring
systems. The principal limitation, at
present, to the accuracy of distance
measurements is the uncertainty i»: the
average propagation velocity of the
radiation due to influence of the atmo-
sphere. Accuracies to within a few
parts per hundred million are the pres-
ent objectives. Through the use of the
dispersion method, simultaneous mea-
surements of optical path length at two
widely separated wavelengths are used
tc determine the average refractive
index over the path length thus giving
a bette measure of the true geometrical
distance. The use of lasers as light
sources has greatly extended the range,
and recently a micrcwave frequency has
been added to provide data on the water
vapor density of the air. The develop-
ment of a passive receiver for one end
of the baseline eliminates the two way
transmission and extends the range to
approximately 60 km.

LASER RANGING SYSTEM: Several
years ago, AFCRL first reflected a laser
beam from satellite-borne corner cubes.
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A unique dual laser system is employed
by AFCRL scientists in geodetic satel-
lite studies. A ranging short pulse
laser is housed in the lower left side
of the mount while a long pulse pho-
tographic laser is seen in the upper
right. High voltage and receiver com-
ponents are also viewed.

To obtain a detectable reflection, the
experiments were conducted at night.

AFCRL has developed a technique
that permits daytime observation of
reflective satellites. The first daytime
observations were made in December
1967. The technigue involves the pro-
duction of several very short laser
pulses, each precisely controlled as to
length and separating interval. This
precise control of duration and spaec-
ing of pulses greatly enhances the rang-
ing accuracy of lasers.

With this technique, AFCRL has re-
corded photomultiplier detections of the
reflected image many times, even on
bright days. The return is photographed
as a series of spikes on an oscilloscope
presentation, each spike representing
the reflection of one precisely timed
pulse.

When uv0 such laser systems are used
to reflect light from the corner reflectors

simultanecusly, the distance between
the observing sites can be derived by
triangulation.

TIME SYNCHRONIZATION SYSTEM:
AFCRL is working with the National
Bureau of Standards, U.S. Naval Ob-
servatory and Lincoln Laboratory in a
country-wide experiment using synchro-
nous satellites to disseminate and syn-
chronize precise time and time interval
to widespread geodetic observing sites.
(A requirement for this capability is set
forth in AFLC ROC 4-67.) This tech-
nique will give world-wide geodetic field
teams the precise synchronization of
time and frequency thut now require the
complicated, time consuming and expen-
sive transporting of clocks for the cali-
bration of time at widespread vbserving
sites.

This time dissemination experiment
uses one-way radio propagation at VHF
or UHF relayed from the master refer-
ence station to user stations by a trans-
ponder on a geostationary communica-
tions satellite. Tests are being conducted
using the ATS-1, LES-6 and TACSAT-
COM satellites as transponding units.
The reference frequency signal is trans-
mitted from either Lincoln Laboratory
at Bedford, Mass. or Bureau of Stand-
ards at Boulder, Colo. to the satellites
and down to the receiving stations.

Throughout the Winter of 1969-70, a
considerable amount of data has been
collected by the AFCRL receiving site in
this program. By using this technique
to establish a reference frequency,
AFCRL is maintaining the frequency
and real time of its reference oscillator
to within one microsecond of the stand-
ard at Boulder, Colo.

If the results from the tests continue
as well as they have been to date, this
technique will be a valuable contribution
to the National Geodetic Satellite Pro-
gram in that it will offer a very inexpen-
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sive and very simple way for all observ-
ing sites to synchronize their time and
reference frequency. Another experi-
ment is also testing the use of commer-
cial television as a transfer medium of
precise frequency to widespread sites.
If successful, this method has the ad-
vantage of simple, low cost field equip-
ment.

GRAVITY

The Laboratory’s gravity program is
directed toward obtaining more precise
gravity values at all locations on the
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earth’s surface and in its external field.
In addition to its gravity measurement
progiram, the Laboratory develops theo-
ries and mathematical methods for the
description of the earth’s gravitational
field, for the determination of gravity
dependent earth constants and for the
prediction and interpolation of gravity
values at locations where no measure-
ments have been made. aAn intrinsic

part of gravity research is the develop-
ment of gravity instrumentation of
greater sensitivity and efficiency. To
test and calibrate new instruments,
AFCRL scientists transport them to
widely spaced geographical areas. For
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The Laboratory has been a principal
participant in the development of the
First Order World Gravity Net since
1962 when the international project
was initiated. Lines on the map are
paths along which gravity values have
been carefully measured. Status of the
Net in 1970 is shown, with the final
adjustment of all values due to be
completed in early 1971,
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airborne gravity surveys, the Labors-
tory used its C-130 aircraft.

Three airborne gravimeters were in-
stalled in this aireraft during the period
and tested over several different areas
of the U.S. Also placed in operation was
a new gravity measuring system em-
ploying modern technological methods.
This is the "aser interferometer absolute
apparatus, which is discussed in the fol-
lowing section.

THE LASER-INTERFEROMETER APPA-
RATUS: A new gravity measuring
apparatus was tested and placed in op-
eration during the reporting period. The
measuring technique, in principle, is
simple. An object is dropped and the
experimenter clocks its rate of fall. In
doing so, he is using the method used by
Galileo whe made the first gravity mea-
surements more than 300 years ago.

Instruments for measuring gravity
(actually the acceleration of gravity is
measured) haven’t changed much in
principle since then. The rate of fall of
a free-falling body is timed, or a free-
falling body whose motion is constrained
is timed. In the latter category is the
pendulum which was first used to mea-
sure gravity in the 17th Century. The
pendulum has been greatly refined over
the years, and accuracy is approaching
theoretical limits.

The new gravity apparatus is a free-
fall instrument and was developed for
AFCRL and the National Bureau of
Standards by James E. Faller of Wes-
leyan University. The apparatus, which
has a vertical length of nine feet, con-
sists basiealiy of a Michelson-type inter-
ferometer, with a helium-neon laser light
source. It is called the laser-interferom-
eter apparatus. The heart of the sys-
tem is the four foot drop chamber,
evacnated to 5 x 107 tor: .0 reduce drag
on the falling body. Associated with the
apparatus is an array of electronic tim-

A new absolute gravity measuring ap-
paratus tested in 1969 at AFCRL was
this laser inte.{erometer device in
which a laser beam produces an inter-
ferogram to obtain a precise meas-
urement of the rate of fall of an ob-
ject within an evacuated chamber.

ing gear plus a seismometer which senses
and corrects vibrations.

To measure gravity by the interfero-
metric method, one mirror of a Michel-
son :nterferometer is dropped in free-
fall. This produces a rapidly varying
fringe patts=rn. To obviate the problem
of misalignment of the mirror during
free-fall, a mirrored corner cube is used.
Light from such a falling cube is always
reflected in the same direction, even if
the cube tilts slightly during its one-
meter fall.




The output from the interferometer
is a sinusoidally varying intensity which
increases in frequency during the free-
fall of the corner cube. The light and
dark oscillations produced by the rapidly
changing fringe pattern are detected by
a photomultiplier and counted by an
electronie timer with 2 timing accuracy
of about one nanosecond. The instru-
ment is capable of precisions of a few
parts in a hundred million. By compari-
son, the accuracies of pendulums are a
few parts in a million.

To establish gravity values for a par-
ticular location, many measurements
must be made and an average obtained.
The site then becomes a standard to
which relative gravity measurements
are referred. There are only about ten
gites in the world where gra ity values
are known with sufficient accuracy to
serve as standards or absolute base
stations.

AIRBORNE GRAVITY INSTRUMENTS:
New, extremely sensitive airborne
gravity measuring instruments were
.nstalled in the Laboratory’s C-130 air-
craft. During the reporting period, a
series of flight tests were made to evalu-
ate these instruments against the known
gravity fields of two different gravity
test ranges in the United States.

From Ellsworth AFB, South Dakota,
the C-130 made measurements over the
North Range covering the states of
Washington, Oregon, Montana and
South Dakota. Later, the South Rarge
covering Colorado, Txxas, Kansas and
Oklahoma was covered with Forbes
AFB, Topeka, Kansas, serving as the
staging base.

AFCRL has greatly improved air-
boine gravity instrumentation survey
techniques and data reduciion programs
since beginning the program in 1958.
The three airborne gravimeters are a
La Coste-Romberg, an Askania-Graf,
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and a Pendulus Integrating Gyro Accel-
erometer (PIGA). Associated with the
PIGA meter is an AJN-10 Inertial Retf-
erence Unit. All of these instruments
are mounted on highly stabilized plat-
forms.

The instrumentation complex also
includes an airborne profile recording
urit for monitering vertical aircraft
grourd clearances and relative devia-
tion from planned flight level; a Dop-
pler radar; a navigational computer; an
Astrotracker for navigational purposes;
and a T-11 camera system for identif.-
ing landmarks along the flight paths
which are used for obtaining position
data.

OTHER GRAVIMETER DEVELOPMENTS:
A cryogenic gravimeter with a sensi-
tivity of 0.0256 microgals is under devel-
opment. The gravimeter will be used to
measure the free modes of the earth but
also has potential for measuring wan-
dering of the earth’s polar axis and pos-
sible secular variations in gravity.

A LaCoste and Romberg earth-tide
gravimeter is in continuous operation at
AFCRL’s new gravit/-seismic observa-
tory. Variations of the vertical com-
ponent of gravity are measured to an
accuracy of one microgal.

A rotating gravitaticnal gradiometer
for measuring gravity gradients has
been developed and tested under labora-
tory conditions. A gradiometer for mea-
surement under moving conditions is
now under development.

THE EXTERNAL GRAVITY FIELD: The
external gravitational field of the earth
refers to the gravitational attraction of
the earth at various distances from its
surface. This attraction varies with the
mass dis‘ribution of the earth. If the
earth were a smooth sphere of homoge-
neous composition, gravity calculations
would be relatively easy. Given a few
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data points, it would be simple to calcu-
late gravity fields with great precision.
Because the mass distribution is irregu-
lar, the gravitational field varies in a
manner not easily predictable. The
mascons of the moon (publicized dur-
ing the Apollo flights) are an example
of inhomogeneous mass distribution.
AFCRL hopes to develop techniques
for deriving information on gravity
values all over the earth and at all alti-
tuces based on limited measurements.
Several methods are being investigated
for doing this. I'ne problems concerning
the “upward” continuation of gravity
values to high altitudes from the anoma-
lous field observed at the surface have
been solved and various methods, includ-
ing computer programs for handling a
large number of points, have been tested
and results published. Theoretical and
practicai solutions for the “downward”
continuation problem are alse available.
This means that measurements made

A basic instrument in the Laboratory’s
new Haskell Gravity Seismic Obser-
vatory in this LaCoste ani Romberg
earth tide gravimeter which measures
variations in gravity fproduced pri-
marily by the «ttractior of the moon
and sun.

with AFFCRL’s airborne gravimeters can
lead to the computation of surface mean
values from gravity profiles observed at
various altitudes. Correlation studies
and development of statistical methods
for estimation of gravity anomalies in
unobserved or inaccessible areas are
continuing.

The harmonic coeflicients (describing
the external potential) derived from
satellite solutions have been evaluated
and combined with terrestrial gravity
data resulting in a global gravity model
in terms of new coefficients, mean anom-
alies and geoid undulations.

WORLDWIDE GRAVITY SYSTEM:
AFCRL is a major participant in the In-
ternational Gravity Commission, whose
principal objective is a worldwide grav-
ity standardization program. Until 1962,
when work on the worldwide gravity
system got underway, the critical prob-
lems were the lack of uniform standards
for calibrating gravity measurement
instrumentation, and the lack of a
worldwide network of base stations
needed to integrate various local gravity
measurements into a single uniform net.

The starting points of the worldwide
gravity system are three north-south
calibration lines, along each of which
are eight or nine primary standardiza-
tion stations. These are the American
calibration line, extending from Point
Barrow, Alaska, to the southern tip of
Argentina; the Euro-African calibra-
tion line, extending from Norway to
South Africa; and the West Pacific cali-
bration line, extending from Fairbanks,
Alaska, to New Zealand.

The relative pendulum measurements
along the calibration lines and gravim-
eter fieldwork were completed in the
fall of 1967. The reduction and analysis
of the new measurements, the analysis
of pre-1963 measurements for possible
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use, and the data preparation for final
adjustment has been completed.
Absolute measurements necessary for
the establishment of the scale for the
new network and for the new absolute
reference were completed in 1969.

THE LUNAR LASER OBSERVATORY:
On July 20, 1969, when the retroreflec-
tor array was placed on the moon by the
Apollo 11 crew, there were four observ-
atories in the U.S. equipped with a
laser telescope and associated timing
equipment for reflecting a light signal
from the array. AFCRL’s Lunar Laser
Observatory, located 60 km north of
Tucson, Arizona in the Catalina Moun-
tains, was one of these. The others were
the Lick Observatory in California, the
McDonald Observatory in Texas, and
the ART’A-University of Michigan Ob-
servatory in Hawail.

-On September 2, 1969, AFCRL re-
ceived return signrals from the reflector,
and on the following day the first actual
measurements were made.

Following is a description of the opti-
cal system at the AFCRL Observatory:
Transmitting-receiving opties of the
telescope consist of 1.5m primary and
28 cm secondary mirrors to form an
equatorially mounted special purpose
telescope of Cassegrain design with an
f/14 focal ratio. Both mirrors are con-
structed of Tenzaloy aluminum, nickel
coated by the Kanigen process, and
aluminized. The primary is an /2
spherical mirror, and the aspherical sec-
ondary mirror is corrected to give the
optical system an on-axis narrow field
resolution of less than one are second.
The ruby laser transmitter is placed at
the Cassegrain focus of the optical
system.

The ruby laser is of dual-mode design.
For ranging experiments it -merates in
its Q-switched mode. Here 3. joule
pulses of 19 nanoseconds can be trans-
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mittec at a repetition rateof 12 pulses per
minute. In the normal mode the output
energy of the ruby laser is designed for

-&&3/

Partially funded by NASA, this 60-
inch Cassegrain telescope is used for
lunar ranging experiments involving
retroreflectors placed on the lunar sur-
face by Apollo astronauts.
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Signals of interest (arrows) shown on
this oscilloscope trace cannot normally
be discerned by visual examination.
Range data are therefore derived
through computer processing.
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40-120 joules per millisecond pulse du-
ration, which is more suitable for pho-
tographic experiments. The transmit-
ting optics also serve to receive energy.
Earth-moon distance resolution is about
1.5 meters.

The net divergence at the moon of a
transmitted ruby laser pulse from the
earth depends on collimated laser diver-
gence, telescope optics, and atmospheric
conditions during the event. At the
moon a transmitted Q-switch pulse from
this system may be visualized as a thin
disc of ruby light, a few meters thick
due to pulse length, and a few kilometers
in radius due to divergence.

Because transmitted ruby laser sig-
nals from this system have a narrow
beamwidth, it is difficult to aim such
signals at pre-selected lunar targets. To
solve the aiming problem, an offset guid-
ing technique was developed, where ob-
servers can track an identifiable lunar
feature by electro-mechanically offset-

One method of determining distances
between points on the .moon is by a
double exposure process. Firsi the stel-
lar background is photographed and
later the moon is exposed on the same
plate.

ting the required pre-computed offset
angle and rate required to acquire and
hold a retroreflector target. A guiding
error of less than 1 arc second is pos-
sible with this technique.

The retroreflector target is comprised
of one hundred 3.8 cm aperture, solid,
uncoated cube corners. Ten rows of 10
retroreflectors each form a square panel
(one-half meter on a side) that is affixed
to a metal platform, which rests on the
lunar surface.

When used for optical ranging with
the AFCRL ground station this target
provides a scattering cross section of
several hundred km?2 within 1 arc second
of the center of its far field diffraction
pattern. With the target array properly
oriented towards the earth and the
ground station ranging signal properly
aimed, each transmitted Q-switched,
ruby pulse will cause a detectable re-
turn of several photoelectrons.
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Apams, J. B. (Jet Propulsion Lab.,

Pasadena, Calif.)

Geologic Sensor Studies in the West Indies
Fifth Caribbean Geol. Conf,, St. Thomas,

Vir. Is. (1-5 July 1968)

Eckuarort, D. H.

The Nonlinear Theory for the Transient
State of the Forced Physical Librations

in Longitude of the Moon and

The Use of a Digital Computer to Develop
Solutions of the Forced Physical Librations
of the Moon

Intl. Astronom. Union (IAU), XIII Gen.
Assembly, Prague, Czech.

(22-31 August 1967)

AFCRL Computer Programs for the
Physical Ephemeris of the Moon

Symp. on Observation, Analysis and

Space Res. Appl. of the Lunar Motion,
Boeing Sci. Res. Labs., Seattle,

Wash. (19 August 1968)

EckHArDT, D. H., HUNT, M. S,, and ILIFF, R. L.
AFCRL Lunar Laser Range and

Photography Instrumentation

SPIE Sem. on Laser Range Instrumentation,
El Paso, Tex. (16-17 October 1967)

HADGIGEORGE, G.

Results of a Study of Parameter Estimation
for General Short Are Geodetic Reduction
Amer. Geophys. Union West. Natl. Mtg.,
San Francisco, Calif. (24 December 1968)

HADGIGEORGE, G., and TROTTER, J. E.

(DBA Systems, Inc., Melbourne, Fla.)
Numerical Results from Short Arc

Geodetic Adjustments Using Combinations
of Directional and/or Ranging Observations
from GEOS-1 Satellite

1969 Joint AGU-URSI Mtg., Wash., D. C.
(21-25 April 1969)

Hicks, F. L., MaJ.

Data Reduction of Airborne Gravity Data
Geodetic Objectives Symp., Alexandria, Va,
(18-27 October 1967)
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Airborne Gravity Reduction and Related
Data Reduction Problems

1969 Joint AGU-URSI Mtg., Wash,, D. C.
(21-25 April 1969)

Hicks, F. L., MAJ., and ANTHONY, D.

Scope and Problems of Computer

Reduction of Airborne Gravity Data

XI Pan Amer. Consultation on Cartography,
Pan Amer. Inst. of Geography and History,
Wash,, D. C. (4-6 June 1969)

Hunr, M. S.

Selenodesy and Lunar Laser Experiments
14th Gen. Assembly of the Intl. Union of
Geod. and Geophys., Zurich, Switz.

(25 September~7 October 1967)

Lunar Lager Experiments

125th Mtg. of the Amer. Astronom. Soc.,
Univ. of Pa., Philadelphia, Pa.

(4-7 December 1967)

AFCRL Lunar Laser Ground Station Status
Amer. Astronom. Soc. Mtg., Univ of Haw.,
Honolulu, Haw. (30 March-2 April 1969)

Hunrt, M. S., and MEYERS, W. M.

(Gen. BElec. Co., Philadelphia, Pa.)
Prototype Lunar Optical Cube Corners
126th Mtg. of the Amer. Astronom. Soc.,
Univ. of Va., Charlottesville, Va.

(1-¢ April 1968)

ILIFr, R. L.

Lasers for Satellite Ranging and Photography
SPIE 13th Ann. Tech. Symp., Wash., D. C.
(19-23 August 1968)

MoLINEUX, C. E.

Remote Determination of Soil and Weather
Variables

Symp. on Land Evaluation, Commonwealth
Seci. and Industrial Res. Orgn. (CSIRO),
Canberra, Aust. (26-31 : ugust 1968)

PerrY, R. M.

A Review of AFCRL’s Aeriai Gravity
Measuring Pregram, 1765-1968

XI Pan Amer. Consultation on Cartography,
Pan Amer. Inst. of Geography and History,
Wash.,, D. C. {4-6 June 1969)

RIECKER, R. E.

Rock Mechanies in the Air Force

NSTF Advanced Seci. Sem. in Rock Mech.

for Coll. Teachers of Structural Geol.,
Bedford, Mass. (10 July 1967)

Geophysical Implications of Shear Deformation
in Rocks

1967 Conf. on Instrumental Sci. of Instr. Soc.
of Amer., Geneva, N. Y. (1 August 1967)
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High Pressure Data and Earthquake
Mechanisms

Advanced Res. Projects Agency Mtg. on
Seismic Coupling, Stanford Res. Inst.,
Menlo Pk., Calif. (15 January 1968)
Earthquakes and Volcanism

High School Advanced Studies Pro., Mass. Inst.
of Tech., Cambridge (16 November 1968)
High Pressure Rock Mechanics

Ceramics Div., Mass. Inst of Tech.,
Cambridge (21 May 1969)

RooNEY, T. P. and ArRoNSON, J. R,,
EMsLIE, A. G. (A. D. Little, Inc.,
Cambridge, Mass.)

Infrared Reflectance and Emittance of
Natural Surfaces

1969 Joint AGU-URSI Mtg., Wash,, D. C.
(21-25 April 1969)

ROONEY, T. P., and RIECKER, R. E.
Experimental Deformation of Hornblende
and Amphibolite

1969 Joint AGU-URSI Mtg.,, Wash., D. C.
(21-25 April 1969)

Szago, B.

Airborne Gravimetry

Mtg. of the SAB Wkg. Group on Geodesy and
Gravity, Wash., D. C. (1 August 1967)
Methods of Upward Continuation of Gravity
Anomalies and

Recent Developments in Aerial Gravity
Measuring Experiments

XIV Gen. Assembly of the IUGG/IAG,
Lucerne, Switz. (25 September~7 October 1967)
Status of the First Order World Gravity Net
and Absolute Gravity Experiments

1968 DOD Geod./Cartographic/Target
Materials Conf., Alexandria, Va.

(10~18 October 1968)

A Review of the First Order World

Gruvity Net

XI Pan Amer. Consultation on Cartography,
Pan Amer. Inst. of Geography and History,
Wash., D. C. (4-6 June 1969)

THoMSON, K. C.

Seismology Today

Instr. Soc. of Amer. Res. Conf. on Instru-
mentation Sci., Geneva, N. Y.

(30 July—4 August 1967)

THoMSON, K. C., and AHRENS, T. J.

(Stanford Res. Inst., Menlo Pk., Calif.),

and Toksoz, M. N. (Mass. Inst. of Tech.,
Cambridge)

A Near Field Study by Optical Techniques of
the Generation and Propagation of Seisniic
Waves from Ezxplosions in Prestressed Models
VESIAC Seisnic Coupling Con{., Menlo Pk.,
Calif. (16 January 1968)

THoMsoN, K. C., and Toxsoz, M. N. (Mass.
Inst. of Tech., Cambridge), and AHRENS, T. J.
(Stanford Res. Inst., Menlo Pk., Calif.)

Radiation of Seismic Waves from Explosive
Sources in Pre-Stressed Media

14th Gen. Assembly of the Intl. Union of
Geod. and Geophys., Zurich, Switz.

(25 September-7 October 1967)

WiLLiams, 0. W.

The Use of Lasers in Geodesy and

The Development and Management of
Research Programs

Technische Hogeschool, Delft, Netherlands
(1-2 May 1968)

Research and Development Instrumentation

in Geodesy and Geophysics

USAF Seci. Advisory Board Ad Hoe Comm. on
Gravity Instrumentation and Methodology,
Vandenberg AFB, Calif. (18 August 1968)

Post-National Geodetic Satellite Programs
for Geodesy and Gzophysics

DOD-NASA Geodetic Satel. Panel, AACB,
Wash., D. C. (13 September 1968)

Instrumentation in Earth Sciences
Pittsburgh Section, Instr. Soc. of Amer.,
Pittsburgh, Pa. (25 November 1968)

WiLLiams, R. S, Jr., 1sT L.

Management Problems at the Grass Roots—

A Scientist’'s Viewpoint

Armed Forces Mgt. Assoe. Mtg., Bedford,
Mass. (21 September 1967)

Geology and Geomorphology of Iceland: Land
of Fire and Ice and

Expedition to Surtsey Volcano, Iceland
Dickinson Coll,, Carlisle, Pa. (26 February
1968)

Remote Sensing: Supplement to Conventional
Aerial Photography and

Surtsey Volcano, Iceland: Geological and
Geophysical Measurements from the Ground,
Aireraft, and Satellite

Dept. of Geol. and Geophys., Penn. State Univ.,
Univ. Pk., Pa. (27-28 February 1968)

* Expedition to Surtsey Volcano, Iceland

Earth Sci. Technologies Assoe., Mitre Corp.,
Bedford, Mass. (28 March 1968)

Geologic Applications of Aerial Spectrophotog-
raphy: Preliminary Findinge from Cuyo
Icacos, Puerto Rico and

Effect of the Pleistocene on the Landforms

of Rio de la Plata Area, Puerto Rico

Fifth Caribbean Geol. Conf., St. Thomas,

Vir. Is. (28 June-6 July 1968)

WiLLiaMs, R. S, Jr,, 1sT L1., and FRIEDMAN,
J. D. (U. 8. Geolog. Survey, Wash., D. C.)

Remote Sensing of Activity Geologic Processes
Fifth Symp. on Remote Sensing of Environ.,
Univ. of Mich., Ann Arbor, Mich.

(16-18 April 1968)




Satellite Observation of Effusive Volcanism
Intl. Summer School on Earth Resources
Survey Satellites, Cambridge, Great Britain
(14-25 July 1969)

WiLLiaMS, R. S., JR., and FRIEDMAN, J. D.
(U. S. Geolog. Survey, Wash., D. C.) and
PARKER, D. C. (Univ. of Mich., Ann Arbor,
Mich.)

Infrared Emission from Hekla Volcano
1969 Joint AGU-URSI Mtg., Wash,, D. C.
(21-25 April 1969)

WILLIAMS, R. S., JR., 1ST LT., and FRIEDMAN,
J. D. (U. S. Geolog. Survey, Wash., D. C.),
THORARINSSON (Museum of Nat. Hist.,
Iceland), SIGURGEIRSSON, T. (Univ. of Iceland)
and PALMASON, G. (Natl. Energy Authority,
Iceland)

Analysis of 1966 Infrared Imagery of
Surtsey, Iceland

14th Gen. Assembly of the Intl. Union of
Geod. and Geophys., Zurich, Switz.

(25 September~7 October 1967)

PAPERS PRESENTED AT MEETINGS
JULY 1969-JUNE 1970

ANTHONY, D.

Smoothing of Aeriul Gravity Measurements
1969 DOD Geod., Cartographic and Target
Matls. Conf., Alexandria, Va.

(29 October-5 November 1969)

Navigation Requirements for Dynamic
Gravimetry by Means of Gradient
Measurements

Invitatienal Symp. on Dynam. Gravim,,

Ft. Worth, Tex. (16-17 March 1970)

CARTER, W. E.

AFCRL Lunar Laser Ranging System

Ariz. Chap. of the Amer. Soc. of Photogram.,
Tucson, Ariz. (5 December 1969)

Cryn, J. F.

Ciwiracter and Intensity of Terrestrial
Radiation

Natl. Fall Mtg. of the Amer. Geophys. Union,
San Francisco, Calif. (15-18 December 1969)

CROWLEY, F. A.

AFCRL Comparison of Seismic and
Gyrcompass Data

USAY Sci. Adv. Board Ad Hoc Comm. on
Gyrocompass Stability, Newark AFS, Ohio
(14-15 July 1969)
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HADGIGEORGE, G.

Improvement of the GEOS-I North American
Tracking Network From Multiple Short Arc
Geodetic Adjustments

GEOS-II Rev. Conf., NASA Goddard Space
Flight Ctr., Greenbelt, Md. (23-24 June 1970)

ILIFF, R. L.

AFCRL Laser-Satellite Geodesy and Future
Plans

GEOS-II Rev. Conf,, NASA Goddard Space
Flight Ctr., Greenbelt, Md. (23-24 June 1970)

RIECKER, R. E.

Rock Mechanics and Earthquake Source
Mechanisms

Air Force Acad., Colo. (16 February 1970) ;
and Geol. Dept., Colo. School of Mines,
Golden, Colo. (19 February 1970)
Earthquakes, Cause and Cure

Sigma Xi Initiation Banquet, Boston Coll.,
Mass. (5 May 1870)

RIECKER, R. E., and RoONEY, T. P.
Amphibole Deformation

South-Central Sect. of the Geolog. Soc. of
Amer. Mtg., Texas A&M Univ., College
Station, Tex. (2-4 April 1970)

RoBinNsoN, W. G.

Q-Switched Ruby Laser for Lunar Laser
Ranging Experiments

Laser Industry Assoc. Ann. Conf.,

Los Angeles, Calif. (20-22 October 1969)
Twin Ruby, Q-Switched Laser for Plasma
Production; and Q-Switched Ruby Laser for
Lunar Ranging Applications

Southeast Sect. of the Amer. Phys. Soc., Univ.
of Fla., Gainsville, Fla. (6-8 November 1969)

Rooney, T. P., and HEINEMANN, K.
Acronaut. Chart and Info. Ctr., St. Louis,
Mo.), ARONSON, J. R. (A. D. Little, Inc.,
Cambridge, Mass.)

Contouring Scanning Electron
Stereophotomicrographs

1970 Ann. Conv. of the Amer. Soc. of
Photogram., Wash., D. C. (1-6 March 1970)

Rooney, T. P., and RIECKER, R. E.
Strength and Deformation Behavior of
Hornblende

Amphibole-Pyroxene Symp., Virginia
Polytcch. Inst., Blacksburg, Va.

(7-11 September 1969)

Szaso, B.

AFCRL’s Absolute Gravity Measurements and
Their Contributions to System Accuracy

1369 DOD Geod., Cartographic and Target
Matls. Conf., Alexandria, Va.

(29 October-5 November 1969)
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THOMSON, K. C.

Model Seismology

ESSA, Rockville, Md. (8 August 1969)
Elastodynamic Near Field of Finite
Propagating Fault

Univ. of British Columbia, Vancouver, B. C.,
Can. (23 March 1970)

THOMSON, K. C., and HASKELL, N, A.
Elastodynamic Near Ficld of a Finite
Propagating Tensile Fault

Natl. Fall Mtg. of the Amer. Geophys. Union,
San Franeisco, Calif. (15-18 December 1969)
Elastodynamic Near Field of a Finite
Propagating Transverse Shecr Fault

Natl. Ctr. for Earthquake Res. Sem.

(USGS, Menlo Pk., Calif. (19 March 1970)

TURNER, B. B., CAPT.

Metaroleanic Rocks and Their Origin,
Southern Adirondack Mountains, New York
>3 mp. on Volecanoes and Their Roots, Oxford
Univ., Eng. (8-13 September 1969)

Rcemote Sensing in Geology (Invited)

Dept. of Geolog. Sci. of Lehigh Univ.,
Bethlehem, Pa. (16 February 1970)

WiLLiaMs, 9. W.

A Review of Geophysical Effects and
Suggested Testing Conditions Related to
Advanced Inertial Components

USAF Sci. Adv. Board Ad Hoe Comm. on
Gyrocompass Stability, Newark AFS, Ohio
(14-15 July 1969)

WicLians, R. S., Jr.

Geologic Remote Sensing (Invited)
Boston Univ., Boston, Mass.

(19 November 1969)

Geological Applications of Aerial
Thermography (Invited) ; and Geologic
Mapping Applications of Coastal Aerial
Photography (Invited)

Dept. of Geol., Univ. of Mass., Amherst,
Mass. (5 May 1970)

WiLLIAMS, R. S., JR., and FRIEDMAN, J. D.
(USGS, Wash., D. C.)

Satellite Observation of Effusive Volcanism
Intl. Summer School on Earth Resources
Survey Satellites, Cambridge, Eng.

(14-25 July 1969)

Geologic Mapping Applications of Coastal
Aerial Photography, Cape Cod, Massachusctts
1970 Ann. Conv. of the Amer. Soc. of
Photogram., Wash., D. C. (1~6 March 1970)

WiLitanms, R. S., Jr., and STRINGHAM, J. A.
(RADC, Griffiss AFB, N. Y.)

Applications of Reconnaissance Concepts to
Mapping Problems

DOD Fall Mapping, Charting and Geodesy
Conf., Wash., D. C. (29 October 1969)
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TECHNICAL REPORTS
JULY 1967 - JUNE 1969

CroNIN, J. F., RoonEY, T. P., WILLIAMS, R. S,,
JR., 1sT LT., MOLINEUX, C. E., and

BriaMprIs, E. G.

Ultraviolet Radiation and the Terrestrial
Surface

AFCRL-68-0572 (November 1968)

CroNIN, J. F,, DowLING, R. W., and BROWN,
G. D., IJr., SKemnAN, J. W., O'LeAry, D. W.
(Boston Coll., Mass.)

Multispectral Photographic Studies of « Red-
Bel Facies, Minas Basin, Nova Scotia
AFCRL-67-0603 (November 1967)

CROWLEY, F. A., and OssiNG, H. A.
Portable Seismic Array System
AFCRL-68-0398 (August 1968)
Nearv, J. T., Carr., Ep., et al

Playa Surface Morphology: Miscellaneous
Investigations
AFCRL-68-0133 (March 1968)

RIECKER, R. E., TowLE, L. C., (Nav. Res. Labs.,
Wash., D. C.), and RooNEY, T. P.

Shear Strength of 12 Grossly Deformed Metals
at High Pressures and Temperatures
AFCRL-67-475 (1967)

RoonEY, T. P., and RIECKER, R. E.
Experimental Deformation of Hornblende and
Amphibolite

AFCRL-69-0068 (February 1969)

Tnomson, K. C.

Wave Propagation in Materials Having
Frequency Dependent Rheological Propertics
AFCRL-68-0141 (March 1968)

TECHNICAL REPORTS
JULY 1969-JUNE 1970

CrowLEY, F. A., and OSSING, H. A.

On the Application of Air-Coupled Seismic
Waves

AFCRL-69-0312 (July 1969)

HADGIGEORGE, G.

Improvement of the GEOS-I North American
Tracking Network From Multiple Short Arc
Geodetic Adjustments

AFCRL-70-0090 (February 1970)

HERRING, J. C., MAJ., ABBY, D. G,, CAPT., and
Coox, J. A., LT. CorL.

Time Synchronization of Primary Geodetic
Sites Through Use of Artificial Satcllites
AFCRL-70-0333 (June 1970)

NEEDLEMAN, S. M., Ep.

Earth Science Applied to Military Use of
Natural Terrain

AFCRL-69-0364 (August 1969)
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V| lonospheric Physics
Laboratory

The state of the ionosphere at any
given time defines the limits of Air
Force capabilities in communications,
radar surveillance, and navigation.

The ionosphere extends from a lower
boundary of about 50 km outward to
several thousand km. The charged par-
ticles—the ions and electrons—that
form the ionosphere are a small minor-
ity among the dominant population of
neutral atoms and molecules of the up-
per atmosphere. Only one particle or
less in a thousand is a charged species,
and typically it will be short-lived.
Within a short time period, it will be-
come neutralized through collision with
another particle. But in its stead, and
just as quickly, another charged par-
ticle will be created by an ionizing x-ray
or ultraviolet photon or by other col-
lisional processes.

Since 1945, the ionosphere has been
a major AFCRL research field. Over-
the-horizon detection is a product of
AFCRL ionospheric research. Other
products have been the definitive models
of the effecls of nuclear detonations of
various yields on the ionosphere, and
propagation data basic to the design of
military and commercial satellite com-
munication systems.

Solar radio astronomy and the sun’s
effect on the ionosphere form a large
part of the total Laboratory program.
The Laboratory’s Sagamore Hill Radio
Observatory in Hamilton, Mass., is the
most completely equipped observatory
in the counfry for monitoring the
changing state of the ionosphere and for
interpreting the underlying causes of
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these changes. The sun modulates the
ionosphere, and ultimately, the quality
of radio propagation.

Several of the radio telescopes at
Sagamore Hill are used exclusively to
monitor the radio sun over a range of
frequencies. The pattern of the inten-
sity of solar radio emissions at various
frequencies, when properly understood,
serves as an index to resulting changes
in the ionosphk-re. The Air Wesnther
Service has established a large cora-
puter-based system for correlating aad
analyzing such patterns of emissions ror
the purpose of prediction. The Iono-
spheric Physics Laboratory provides
basic radio data for tue system. Ref-
erences to this new AWS forecasting
system are made in several contexts
throughout this report, with the most
complete description given in Chapter
VII.

Radio astronomy is one of many
AFCRL techniques for probing the
ionosphere. The Laboratory maintains
other radio facilities all over the world

The interior of the solar patrol facility
at the Sagamore Hill Observatory has
an array of equipment for monitoring
radio emissions from the sun. AFCRL
operates this facility with the support
of the Anr Weather Service.

AL b EEP T ANt L AAngT

for observing gross changes, motions
and turbulences. For many years it has
monitored atmospheric transmis-
sion properties by means of a worldwide
riometer network.

For in situ measurements of the fine
structure of the ionosphere—tempera-
tures, flux and distributions of charged
particles—the Laboratory uses rockets
and satellites. During the three years
covered in this report, the Ionospheric
Physics Laboratory piaced experiments
aboard 26 rockets and seven different
satellites. The Laboratory’s ionospheric
flying laboratory—a KC-135—is the
most complete