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PREFACE ;

The purpose of the Symposium was to review the science and
engineering activities of the Air Force, and to reflect representa-
tive achievements in science, engineering and tecMhical management. 4
A concomitant aim was to provide a balanced program of maximm
interest. Toward this end, the Program Committee selected papers
which ran the full gamut of Air Force scientific effort. I

The papers included here have four specific objectives:

a. To stimuiate the involvement of scientific and engineering
talent within the Air Force.

b.. To demonstrate Air Force competence in research, development,
and evaluation.

c. To provide a forum wherein Air Force personnel can demonstrate
the full scope and depth of their curreat projects.

d. To promote the interchange of ideas among members of the Air ¢
Ferce science and engineering community. !

In addition to these specific objectives, the Symposium was held
.to emphasize particularly the overall in-house capabilities of OAR and
AFSC, and to 1llustrate the effectiveness of the Air Force laboratories.
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FIRE PROTECTION IN OXYGEN-ENRICHED ATMOSPHERES -

PREVENTION AND EXTINGUISHMENT
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Fire Protection in Oxygen Enriched Atmospheres -
Prevention and Extinguishment

CajAain Donald I. Carter, USAF (BSC)
Aerogpace Medical Division

ABSTRACT

Fire prevention and extinguishment in oxygen enriched atmospheres
present problems significantly greater than are encountered in air at one
atmosphere. This is readily apparent when the ignition temperatures
and burning rates of various materials in these atmospheres are compared.
The Aerospace Medical Division has implemented a program to minimize
these potential hazards. This program entails removal cf all unneccssary
potential innition sources and combustible materials, installation of
fire extinguishing systems and emphasis on operational, maintenance
and training procedures. The removal of combustible materials required
research and development to obtain satisfactory substitutes as did the
fire extinguishing system. Thirteen Aerospace Medical Division chambers

- have undergene these modifications and have been returned to commission.
"~ . Pour additional chambers are in varying states of modification. Slides

“and movies of some of the developed items will be shown.
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The ignition point of materials :n 100% oxygen at 1 atmosphere is
much lower than the same material in air at 1 atmosphere. The burning
rate of filter paper in air at 1 atmosphere ic approximately 1 cm/sec as

ocompared to approximately 4.3 cm/sec in 100% oxygen at 1 atmosphere. (1)

A unique characteristic of fire in 100% oxygen is the extremely rapid
surface burning characteristic or "nap" fire which irstantaneously
spreads over the surfac? ?f the combustible material and initiates
multipla point sources. 2 (Figure 1) The Aerospace Medical Division
conducts many experiments in which man is exposed to oxygen enriched
atmospheres either as a human test subject or during the course of
tending experimental animals or equipment. These potential hazards
have caused the Aerospace Medical Division to modify significantly
the fire prevention and extinguishment aspects of its simulators which
_use these atmospheres. This paper will describe some of the modifica-
tions which have been accomplished.

Fire prevention in oxygen enriched atmospheres should follow the
hasic axioms of fire prevention ~- minimum combustible materials,
minimum igrition sources and adherence to good practices in operation,
maintenance and training. The first of these axioms is difficult to
implement, however, as most nonmetallic materials will burn in 100%
oxygen, Gombustibles which should receive close scruitiny include,
among others, uniforms, bedding, helmets and insulation on electrical
wiring. Materials which were evaluated as replacement items included
Nomex, Polybenzamidazole, asbestos, Beta Fiberglas, Teflon, Kapton
and combinations of these. Each of the materials had advantages and
disadvantages when compared to the criteria for selection: noncombusti-
bility in 100% oxygen at 380 mm Hg, ability.to be fabricated into a
ugeful item, compatibility with personnel (present no dermatological
problems), cost and durability. Initial problems with these materials
included incompatibility with personnel, lack of sufficient material
strength, cost and general unavailability. (Figure 2) The material
finally chosen for the development of the uniform is a 9 0z/sq yd
modified crows foot woven white Beta Fiberglas fabricated into a two
pleces outfit with fiberglas braid at the waist of the shirt and trousers
as well as at the neck and hood closures. The sleeves and legs have
a small piece of elastic inside the cuffs to hoid the material tightly
against the body to prevent a fire from propagating up the arm or leg.

P=4
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The shirt has a small piece of leather sewn to the chest to accommodate
an alligator clip for the oxygen hose and communications wire. The
seams are modified fell seams sewn with fiberglas thread with no

loose ends exposed. The uniform is worn with cotton undershirt and
shorts. These uniforms have proven successful for short "flights" to
tend experimental animals as well as for long duration (32 days,
continuous) human feeding studies.

The same basic material (Beta Fiberglas) and sewing techniques
are used in fabricating helmets to replace leather flying helmets and
in fabricating personal effects bags. The personal effects bags can
be used to store necessary combustibles such as kleenex, toilet tissue,
food packaging materials, books, etc., when these materials are not in
use. A slightly different 6 0z/sq yd fiberglas material is used in sheets,
pillowcases, blankets, mattress covers and seat cushions. The
stuffing in the pillows, mattresses and cushions is woven and matted
fiberglas with a small amount of organic binder. This organic binder
will burn, however, it is improbable that a fire could penetrate the
outer layers of such articles to ignite the binder. Kapton or Teflon
insulation has proven effective cn electrical wiring. ‘

Some combustible materials have not been replaced either because
the degree of hazard presented is small or because no satisfactory
substitutes have been found. Some of these items include shoes,
socks, oxygen hoses and masks and wooden shavings for animal cages.

Removal of ignition sources primarily entailed modification of the
chamber electrical systems. Electrical power is used in the chambers
for illumination, environmental control systems, atmospheric sample
pumps, fire extinguishing system detectors and for various experimental
devices such as treadmills and performance measuring devices.
Electrical power is brought into the chambers through a fuse oox and
then cannon plugs to a junction box. From the junction box it is
transmitted in either Teflon or Kapton insulated wiring protected by
conduit or cable tray to its point of use. The wiring is derated by a
factor of two. All switching which cannot be accomplished external
to the chamber is hermetically sealed. Only those electrical devices
which are essential to the experiment in progress are permitted within
the'chamber. In some chambers where devices which potentially over-
heat are not readily visible, an overheat detection and alarm system
has been installed.
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It should be recognized that it is impossible to remove all com-
bustible materials and all ignition sources from oxygen enriched
atmospheres ugsed in human experimentation or operations. (3) Indeed,
the hair on the surface of the human body is combustible. To cope
with this potentiality, a fire extinguishing system using water as the
oxtinguishing agent has been designed, fabricated and tested. This
system will extinguish fires in cotton materials in 100% oxygen at
1 atmcsphere. Such a fire extinguishing system has been installed
in 13 Aerospace Medical Division space environment simulators and
is programmed for installation in four additional simulators.

The fire extinguishing system consists of three basic integrated
subsystems -- fire detection, control circuitry and extinguishing. The
detection subsystem uses an ultraviolet (UV) light detector (Figure 3)
which sends a_signal into the control subsystem when light in the UV
(IQOOX - 2900A) region is emitted by the fire. Smoke detectors (Figure
4) using either the ionization or the light path occulsion technique are
also uved to sound an alarm. The UV detector is less sensitive to
false activation than other rapid response detectors (such as infrared
detectors) and the smoke detector could give an alarm of an overheat
and impending fire condition. Other types of detectors such as preset
temperature or rate of temperature rise do not have the needed response
time.

The signal from the smoke detector is routed through the control
circuitry to energize only visual and audible local alarms due to the
possibility of falze activation of the detector from fog (produced as a
result of rapid decompression of the chamber) or from several other
nonfire conditions. (Figure 5) The signal from the UV detector is
routed through the control circuitry and performs several functions. If
the control circuitry is in the "manual-electric" mode, visible and
audible local alarms ars energized and a light which designates the
*sensing" detector is energized. The chamber operator or the chamber
oocupants can then decide whether or not to flow the water. If the
water flow {s actuated, the functions described in the "automatic"
mode ocour. If the control circuitry is in the "automatic" mode,
slectrical power to the chamber (other than emergency illumination,
communications and fire detectors) is deenergized, normally closed
solencid valves are opened to initiate the water flow, local audible
and visual alarms are energized, the Base Pire Department and

P-6
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Dispensary are summoned and a 20 second timer is energized. After
20 seconds have elapsed the water is automatically tumed off and the
system resets itself within 5 seconds for a second application, if
necessary. The control circuitry has other alarms which aiert the
chamber operater to such conditions as low water pressure, inoperative
fire detectors, low battery power (backup power mode), valves in the
wrong position, etc. "Manual-electric" mode switches for initiating
the water flow are located at the chamber operator's console as well

as within each compartment of the chamber. The control circuitry is
designed so that the detectors and alarms can be tested without flowing
water,

The water extinguishing subsystem is supplied either from the
base water distribution system or, if the demand cannot be satisfied,
from a pressurized tank. (Figure 6) The system is designed to flow
at the rate of 7.5 gallons per minute per square foot of chamber floor
area (4) through a series of nozzles to disperse the water in a spray/
fog so as to cover the horizontal and vertical planes from both directions.
If a pressurized tank serves as the source, it should have sufficient
capacity for at least two and preferably three 20 second applications.
The water extinguishing subsystem is integrated with the detectors and
control circuitry so that initial water flow occurs v..thin 0.2 seconds
subsequent to the initial appearance of flame within the chamber. The
water flow is stabilized at maximum rate within 0.5 seconds. (Figure 7)
To meet this criterion the water is piped from the source into the chamber
and through the distribution system inside the chamber to differential
hydraulic pressure valves which are located adjacent to each nozzle.
(Figure 8) Locating the valve adjacent to the nozzle decreases the
distance the water must flow subsequent to opening the valve and thus
decreases the reaction time. The control pressure on the opposite side
of the valve i{s taken from the same water source so that fluctuations
in the supply pressure will not falsely activate the system. The water
flow is initiated by a signal from the control circuitry subsystem
energizing a normally closed solenoid valve in the control lina. This
decreases the control pressure and the hydraulic valve opsns permitting
the wate: to flow. When the solenoid valve is deenergized the control
line pressure increases and closes the vzive thus stopping the water
flow. The control line pressure can also be released by either of
several strategically located manually activated quick opening ball
valves so that the chamber can be protected even if all electrical power
is lost.
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Several fire extinguishing systems of this basic design have
been tested subsequent to the initial research and development in
1967. The reaction times and water flow rates have proven effective
in extinguishing fires in 100% oxygen at pressures up to 600 torr.
Although the water flow rate is approximately 10 times as much as is
designed for extreme fire hazards in commercial warehouses no diffi-
culty with human compatibility has been experienced.

(Motion picture - 2 minutes in duration)

Good practices in operation, maintenance and training are similar

~ to those established for aircraft by the Air Force. These include
definitive assignment of responsibility, standardizing operating and
maintenance procedures, maintaining updated schematics, flow diagrams
and wiring diagrams for each chamber, periodic exercising emergency
procedures and providing sufficient formal and on-the-job training.

Thirteen Aerospace Medical Division chambers have been modified

as described above and have returned tc commissioned status. The
modifications have proven effective.

-
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Figures

Typical Space Environment Simulator

Beta Fiberglas Uniform

UV Detector

8Smoke Detector

Fire Extinguishing System Monitoring Console
External Water Supply System

Internal Water Distribution Syste.n

Valve ar.d Nozzle
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Figure 2
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IN-HOUSE GONTRIBUTIONS TCO DESIGN AND CONSTRUCTION OF DEVICES
FOR BIOMEDLCAL MONITORING, TRALNING AND EXPERIMENTAL SUEPORT

By

Henry B, Whitmore, Master Sergeant, USAF

Aerospace Medical Division
USAF School of Aerospace Medicine
Air Force Systems Command
Brook: AFB, Texas




ABSTRACT

In the fields of biomedicai monitoring and training, there has
always been and there will continue to be, the need for new and better
devices. In the area of biomedical monitoring, Ihave invented such
devices as the miniature electrode, respiratory transducer, blood
pressure transducer, blood pressure cuff inflation device, and the
autonomous blood pressure recording device.

In the area of training, Ihave invented such devices as the para-
chute drag release, a spatial disorientation demonstrator, a com-
pressed air ejection seat catapult, a chamber level-off regulator and
& hyperbaric chamber ascent valve. Along with these inventions, there
has also been an electrical isolation speaker for hyperbaric chambers,
a cardiovascular conditioning device, a passive pressure suit (Boyle's
Law suit), a soft fabric helmet, and a capability for providing in-flight

feeding for air and space crew members wearing pressure suits.
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. AEROSPACE 3INGINEERING RELATED TO PRESSURE SUIT DESIGN AND
DEVELOPMENT, BIOMEDICAL MONITORING, AND SPECIAL TRAINING DEVICES

Good evening distinguished guests and ladies and gentlemen, I would first
like to thank all concarnsd for this opportunity to be here under these
circusstances, I briefly would like to explain a few of my inventions
and their significant values, In the fields of biomedical monitoring and
train’ng, there has always been the neced for new and better devices., Some
of t* ‘evices I havs invented in this field are as follows:

1. Minjisture Electrode - A low impedence-high sensitivity electrode which
utilized small arcas of skin contact by using goiled electrode providing
greater overall surface area, These electrodes provide a readout comparable
to clinical electrodes while being only 1/8 inch in diameter.

Slide #1: Miniature Electrode

2 Respiratory Tronsducer - A transducer for measuring respiratory acti-

vity, Unlike the uncomfortable thermistor type of transducer which had
previously been in use. The new type transducer is strapped across the
subject's chest and could be adjusted so it was hardly noticeable. It
is also used in telemetry monitoring, This transducer is also used to
messure animal activity as well,

8lide #2: Respiration Transducer

3. « A miniaturized transducer which is used
to monitor blood pressures of subjects wearing pressure suits, The
transducer is readily adaptable to existing recording systems, providing
excellent rasults, and at a greatly reduced cost,

811de #3: Blood Pressure Transducer

4. DBlood Pressure Cuff Inflation Device - In conjunction with high alti-
tude cal monitoring of bl pressures, a method was needed to
sucomatically inflate blood pressure cuffm, either with or witho -* the
subjest in & pressure suit, I built and tested such a dovice which met
the requirements regardless of altitude variation. Later an additional
benefit of lincar blood pressure cuff depressuritation was developed and
incorporated into the device, These units are currently being usad in

rotational flight simulators and high alt{tude chambars,
Slide #4: Blood Pressure Cuff Inflation Device

Q-4




5. Autonomous Blood Pressure Recording Device - Although the preceding
devices were developed for specific and independent purposes, I decided
to incorporate the blood pressure cuff inflation device, linear bleed
and a digitsl print system which I designed, The result was a completely
portable and autonomous blcod pressure recorder with digital writeeout,
This device is in the process of further development and miniaturization
at the present time,

Slide #5: Autonomous Blood Pressure Racorder

6. Parachute Drag Release - In the Aeromedical Indoctrination program,

a parachute landing system is used for parachute landing fall procedures,
Part of the training requires the student to be dragged. simulating a
post-landing situation, The old wind-induced parachute irag procedure
was felt to be unpredictable and unsafe from the viewpoint of immediate
man-risar release, A quick release mechanism for this purpose which
separates the dragged student from a tractor (which provides a controlled
drag rate) in a more positive and safe manner,

Slide #6: Parachute Drag Release

7. Spatial Disorientation Demonstrator - A training device which proved
to be valuable for demonstrating the vestibular effects of spatial dis-
orientation was the spatial disorientation simulator, With the help of
co=workers, I developed a controllable disorientation device which can be
programmed to show the effects of disorientation and the unreliability of
one's postural senses in various aircraft maneuvers, The device was very
well received by the Tactical Air Command, and other models are being pro=-
cured for the Air Forca inventory. This device was constructed at very
minimal expense to the government,

Slide #7: Spatial Disorientation Demonstrator

8. Compressed Air Ejection Seat Catapult - One of the most critical
training aids used by the Aeromedical Indoctrination Branch is the ejec-
tion seat simulator, The old system uses a cartridge catapult to propel
the ejection seat up a tract at speeds and "G" loads similar to actual
sircraft ejection, Howaver, there are obvious hazards using live car-
tridges and resultant maintenance, cleaning, and inspections of the sys-
tem which hold up training operations, My associates and I developed s
low pressure air operated catapult sjstem which is much safer, easier to
operate, relatively maintenance free and provides a drop-in conversion
capability, 1t has beea conservatively estimated that this unit could
save the Air Force 1,5 million dcllars annually while providing con-
siderably more rapid and safer training.

Slide #8: Compressed Air Ejection Seat Catapult
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9., Chember Level-Off Regulator - The Aeromedical Indoctrination Branch
mission entails much low pressurs altitude chamber work, It bacame de-
sirable to have a device which could sutomatically maintain the chamber
at a fixed altitude and simultanecusly vent the chamber, X devised such
& chember vent and level-off control, It provides the amazing reliability
of plus or minus 25 feet, requires no chamber modification, and can be
made for less than $100 in comparison to existing commercial units

costing many times mors,

€lide #9: Chamber Level-Off Regulator

10, Ascent Valve ~ Ons of the factors in hyperbaric chamber work which
provﬂ; a potentially hezardous situation is the chamber ascent rate
of one foot per minute which is desired to provide a safe ascent but is
quite difficult to control manually, I designed and built a pressure
compensating linear ascent valve which will more than satisfy the re-
quirements,

S8lide #10: Ascent Valve

11, Electrical Isolation Spesker - A constant hazard in the operation

of the mric chamber is that of fire, I came up with the idea of
removing the burnable materials in the chamber intercommunication system
with an allematal and asbestos speaker system, The system also has the
advantage that the wiring is on the outside of the chamber, thus removing
the possibility of electrical fire. These speskers are undergoing further
development for future Air Force acceptance.

Slide #11: BRlectrical Isolation Speaker

12, ﬁ%g&ht Gondtti.oni? Device - The problem of cardiovascular
tioning preseated itself in human subjects exposed to prolonged

weightiessness, wvhich is experienced during nrbital missions, I was
consulted by Dr, Paul Stevens of the USAFSAM Pulmonary Science Division
ia & search for a sclution to this problem, I designed and fabricated
a cardiowascular conditioning device which embodies a vest and helmet
providing pooling of bilood in the extreamities which i{ncresees cardio-
vascular sctivity, and stimulates ths physiological effects of gravity,
This device can be incorporated in & space suit, It can also be used as
a fabric respiratory, and excellent rssults have been attained in pre-

Slide #12: Cardicvascular Conditioning Device




13, Passive Pressure Suit - Probably the most significant contribution
in research and development is that of the passive pressure suit, This
system pressur!zes by means of trapped gas, sealed in a network of
longitudinal tubes which provide counter pressure when ambient pressure
decreases, This system has inherent cooling and ventilation features as
well as excellent high altitude protection, I designed and, with co-
workers, fabricated three test modal pressure suits which were tested
by human subjects to altitudes of 80,000 feet, Refinements of thase
test models were accomplished by myself, This required: elimination of
torso breathing bladder by changing horizontal tubes to longitudinal
tubez, reducing tube areas while uninflated by accordion tube design
which increases passive ventilation and reduces suit bulk; modification
of existing pressure suit helmets and regulators to integrate with the
passive pressure suit, Consultations with AMRL and UniRoyal personnel
and myself enhanced the fabrication of the first factory model incor-
porating improvements as per my recommendations, During the testing of
this suit I, acting as human subject attained a simulated altitude in
excess of 112,000 feet.

Slide #13: Passive Pressure Suit

14, Soft Fabric Helmet - Along with my co-workers, I designed and
fabricated a fabric pressure suit helmet to be used with the passive
pressure suit and cardiovascular conditioning device. This halmet was
tested with excellent results and was used as primsry test helmet in
the preliminary evaluation of the above mentioned devices,

Slide #12: PFabric Helmet

15. In-Flight Feeding Capability - The problem of providing a feeding
capability for air crew and space crev members wearing pressure suits
under pressurized configurations fo: long term exposures and high alti-
tude envircoments vere prasented to me in search of a solution, To
correct this probiem I modified a full pressure suit helmat by in-
stalling a feeding port in the visor., I alsc designed a container with
an adapter which could be integrated vith the feeding port without loss
of helmet prassure. This feeding device has besn used on all USAFSAM
long term altitude pressurs suit chamber flights,

Slide #14: In-Plight Peeding Capability

Again, I thank you for the opportunity of presenting to you some of wy
achievements, Sorry that time did pot permit me to entertain each of
these in detail but I will be available following this program to saswer
any Juestions generated by this discussion,
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ABSTRACT

An important part of the work of an analyst at the Central Inertial
Guidance Test Facility at Holloman Air Force Base, New Mexico, involves
a constant search for improved techniques of testing inertial quality
gyroscopes used in aircraft and missile guidance systems. Once the
initial idea for such a test is formalized, the analyst must design the
test; determine the most efficient data reduction techniques for extracting
the desired information; and examine the practicality of the test con-
sidering the time and effort expended in relation to the quality of the
results obtained,

This paper describes the development of such a test from the time
the need for an improved procedure was recognized through the actual
performance of the test and the analysis of the resulting data. The test
in question is a "two-axis tumble test" which raduces by a factor of five
the test time required to estimate the drift cocefficients in the gyro
performance model. The previous method required ten hours of test time
to obtain data for an estimation of the coefficients; the two-axis tumble
test requires only about two hours. Reduced test time provides insta-
bility values which are more nearly 'short-term"” and which more closely
approximate the instabilities to be expected over a few minutes of boost
phase for s missile or over the few hours of an aircraft flight. The new
procedure also allows a more realistic estimation of any time dependent
characteristics of the coefficients.




4
v

LIST OF FIGURES

AXES OF A SINGLE DEGREE-OF-FREEDOM GYRO

ALIGNMENT OF THE TWO FIXTURE AXES FOR THE
TWO-AXIS TUMBLE TEST

GYRO OUTPUT FROM TWO-AXIS TUMBLE TEST

VARIATION IN DF' Dy, Dy DURING 16 1/2 HOURS

R-4

PAGE

12

13




xS

1. INTRODUCTION

At the Central Inertial Guidance Test Facility (CIGTF) a conmstant
search is underway for improved techniques of testing gyroscopes used
in aircraft and missile guidance systems. This paper describes a unique
test method called a "two~axis tumble test" Jdeveloped at the CIGTF. The
primary goal of this effort was to establish a test which provides a
significant increase of efficiency with respact to test time and man-
power and a more realistic estimation of the short-term drift characteris-
tics of gyroscopes than previously available.

After a brief discussion of the gyroscope performance model and of
the gyro test now in most common use, a description of the new two-axis
tumble test is presented. This includes a discuesion of the method used
to obtain a solution for the gyro drift coefficients. Finally, the
results of a two-axis tumble test performed at the CIGI? are pressnted.  1 '.:

2. GYROSCOPE PERFORMANCE MODEL

A gyroscope performance model is an equation vhich is assumed to
describe the drift rate of a gyroscope when it is subjected to various
accelerations and angular input rates. A single degree-of-freedom gyro

would be considered perfect if it conformed to the following performance

model:

Es Sl
vhere St is the torque generator scale factor, { is the torquer imput
current, and wy is the angular rate sensed by the gyro input axis. Un-
fortunatcly, the perfect gyro does not exist and other terms, designsted
as "drift terms,” must be added to the model to describe the periormance
of a real gyro. Thesa additional terms are composed of drift coeffi-

cients and their respective coordinaie functions. The coordinate fumc-

o AT
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tions are known quantities consisting of the unit constant and functions
of acceleration cokponents aleng each of the :hrec orthcgonal gyrs axes
- (se@ Figure 1). The drift coefficients are constants which when multiplied

by sppropriate coordinate functions vield termi exp-essing gyro drift rate.

OUTPUT AXIS (0) ( O
/
rd

INPUT AX1S (1) SPIN AXIS (S)

FIGURE 1
AXES OF A SINGLE DEGREE-OF-FEEDOM CYRO

The stesdy-siate performance model assumed for all single degree-of-freedom
gyros at the CIGIF is:

8.‘1 - D' + D!‘I + DO.O + Dgag + DII.IZ + DSS‘SZ
+ Dyoayag + Dygazag + Dogsoag + wy

' where
1 current flow through the torquer (ma)
Sy  torquer scale factor (°/hr/ms)

ay scceleration, with respect to inertial space, of the gyro
case aloang the input axis (g)

ay sccaleration, with respect to inertial space, of the gyro
csse along the output axis (g)

accelerstion, with respect to inertial space, of the gyro
case along the spin axis (g)

gyro drift (°/hr) which {s insensitive to acceleration

R-6
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this mode a torque {s produced which counterscts and nulle the gyroscopic

Dyar gyro drift (°/hr) attributable to acceleration along the

Drstyds

0s®o%s

{oput axis, where D; (*/hr/g) 1s & drift coefficient

Doq gyro drift (°/hr) attributable to zcceleration along the

output axis, where D, (°/hr/g) is a drift coefficient

DS‘S gyro drift (°/hr) attributable to acceleration along the

spin axis, vhere Dg (°/hr/g) is a drift coefficismt

along the input axis, where Dyy (°/hr/g¢) is a drift
coefficient

ss?s gyro drift (°/hr) attributaeble to the !quare of acceleration

along the spin axis, where Lgg (*/hr/g
coefficient

) 1s a drift

Dygayay 8yro drift (°/hr) attributable to the product of acccleilttonn
)

along the input axis and output axis, where By, (°/hr/g
1s a drift coefficient )

drift ccefficient

a drift coefficient

wy angular velocity, with respect to insrtial space, of the gyro

case sbout the input axis (*/hr)

hr gidereal hour

g local acceleration of gravity, defined positive upward

THE_STANDARD TORQUE-TO-BALANCE TEST

3.1 Torque-to-Bx;ance Mode

“Torque-to-Ba’ance" refers to the mode of gyro operation. In

torque due to the aotion of the gyro in inertial space. This coumter-

torqu: {s measursd and comnstitutes the gyro output.

3.2 Tespt Description

The gyroscope Standard Torque-to-Balance test prasently in use

gyro drift (°/hr) attributable to the sguarc of acceleration

gyro drifet (°/hr) attributable to the product of accelerations
along the input axis and spin axis, vhere D, (°/hr/g2) is a

st 4

gyro drift (°/hr) attritutsble to the product cf accelgrations
along the output axis and spin axis, vhere Dgog (*/hr/g¢) is




at the CIGTF is the product of several years of development aimed at
improving the szcurscy of test results. The test was chosen as the
fu.iamental laboratory test because it provides a solution for all nine
gyrc performance model coefficients in an easy-to-perform, repestable
test vhich can be performed on most present day gyros. Since the test
is repeatadle, instabilities of each drift coefficient can also be
calculated. The "instability" is a measure of the variation in a drift
coefficient over some period of time and is arbitrarily defined as the
standard deviation of five independent determinations of the coefficient.
In order to obtain the data necessary for one detersmination of
all nine coefficients about ten hours of testing time is required. The
gyro is rotated through 360°, both clockwise and counterclockwise, about
an sxis parallsled te the polar axis of the earth ar a rate of 300°/hr.
These twe rotatinng sre performed for three different gyro orientations:
spin axis parallel to axis of rotation, spin axis 90° ¥o axis of rotation,
aud spin axis 180° to sxis of rotation. The counterclockwise rotaticn
is necassary to eliminate the effects of any input anis miasligrment from
the plane perpendicular to the axis cf rotation. This procedure must
be repeated four times to acquire erough dats for one instability Jecer-
aination. A complete discussion of the Standard Torque-to-3alance Test
s ptoajucod iu Reference 1.

4.

Since the Standaid Torque-to-Balance Test requires approximately

two days of teatiog to obtain the data necessary for detsrwination of

isetability valuss for the nine drift coefficients, a need for an improved

i-8
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procedure was spparent. Instability estimates which more nearly cor-
respond to those that would bs expected over the few hours of an air-
craft flight or over the few minutes of a boost phase for a missile must
be obtained. The two~axis tumble test was conceived sand developed with
that goal,

4.2 Test Configuration

Essential to the two-axis tumble est 18 a fixture wvhich is

capable of simultaneously positioning .he gyro about two orthogonal
axes. In the test configuration, the principal fixture axis i{s parallel
to the earth rate vector. The gyro is mounted so that its injut axis

is parallel to the secondary fixture axis snd therefore senses no 2arth
rate. The starting position for the test is arbitrarily chosen as input
axis west and spin axis parallel to negstive earth rate.

4.3 Comparison of Conzinuous and Pause Tumbling

.4.3,1 In the continuous tumble mode, the fixture axss are

¢riven at different constant rates. The rates uscd depend upon the maxi-
mum allowable input rate to che gyro and the chosen ratio of motion between
the axes. The advantage of this mode {s that an inczease in data density
does not increase the total test time. However, orthogonslity snd rate
drive accuracies become critical comsiderations in this mode, and a
rotation in the opposite direction is necessary to elirinate tiie effect
of input misalignment,

4.3.2 Pause tumbling differs from continuous tumblimg in that
the rotation about the fixture axes is halted at predetarmined positions

vhila the data are collected. Tha disadvantage of this method {s that

the gyro drift must be allowsd to stabilize in each position before the

torquer current is sampled. An advantsge, however, is that the risalign-

R-y
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ment of the input exis has negligible effect since no high rotation

rates are s¢nsed by the gyro.

4.4 Advantages over Standard-Torque-to-Balance Test

The acvantages of the two-axis pause tumble test over the
currently used Standard Torgque-~to-Balance Test are:

&. A sclution for the drift coefficients of a gyro with a
settling time of two minutes can be cbtained in less than two hours
as compared to ten hours using the present test method.

b, The need for counterclockwise rotations is eliminated.

¢, There ie no need to stop the rotation once the sequence
required for one solution iz completed. Each additional data point,
‘vhen ccmbined with data from the previous sequence, provides & new
solution for the drift coefficients. Therefore, with certain pre-
cantions, it is possible to obtain an estimate of how the drift co-
efficients vary over short periods of time.

5. SOLUTION FOR DRIFT COEFFICIENTS

5.1 Introduction
A proper solution for the nine performance model drift co-
efficients depends on two factors. First, no solution is possible
unless an appropriate ratin of motion between the two fixture axes is
chosen. Next, an analysis method must be selected which provides an
optimum solution and then checks this soluticn for significance.
Following the initial solution for the drift coefficients, a
"continuous' solution of the coefficients versus time may also be ob-
tained. Properly interpreted, this szoluticn can be an extremely valuable

tool to both gyro and system designers.
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5.2 Ratio of Moticn about the Two Fixture Axes
The first step in obtaining a proper drift coefficient
solution is to choose a proper tumble ratio. Let this ratio of angular

rositions gsbout the two sxes be:

B'I
ol
CR1

where

me is the angle of Totation about an axis parallel and opposite to
the axis of the earth, and perpendicular to the gyro input axia. This
axis is the principal fixture axis (see Figure 2).

nH is the angle of rotation about an axis parallel to the gyro imput
aris. This is the secondary fixture axis. R  :f%

The components of the acceleration of gravity along the gyro imput, f. .‘;3
output, and spin axes in terms of @ are: |

a, = -g cos) sin mo

)§

&, = -8 cos)l cos mf cos n8 -g sin) sin noé
ag = g cosl cosmb sinno-g sin) cos né
where g is the acceleration of gravity and A is the astronomic latitude
angle.
When the values of m and n are properly chosen, correlation among
coordinate functions can be reduced to a minimum to obtain optimum

separability of the coefficients to be evaluated; however, the coordinate
functions for DF’ DII’ and DsS will be correlated independently of the
choice of m and n since their coordinate functionz contain bias components.
Correlation is also dependent upom the number of data points used for
solution of the coefficients. This is true because sin ad6 1s correlated
with sin bo, and cos a6 is correlated with cos b6 when |a £ b| equals

the number of date points.
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PLANE OF MOTION OF THE
/ SECONDARY FIXTURE AXIS

!
]
i
PRINCIPAL FIXTURE AXIS
|
SECONDARY FIXTURE AXIS ;f
(PARALLEL TO THE GYRO ;
INPUT AXIS)
'
FIGURE 2
ALIGNMENT OF THE TWO FIXTURE AXES
* FOR THE TWO-AXIS TUMBLE TEST
9
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To determine which values of m and n yield minimum correlastion
solutions for a given number cf data points computer simulations were
used. The results indicated that for s 36-data-point cycle* eaxamples
of low correlation ratios are: S5/2, 5/3, 5/4, 6/1, 6/S, 7/1, 7/2, 1]3,
7/4. Other ratios such as 4/3 and 7/5 do not permit separation of the
coefficients due to high correlation. Therefore, a continuous tumble
test using rotation rates sbout the two axes of 600°/hr and 450°/hr,
respectively, would be unsuitable, while 750°/hr and 3C0°/hr would
make sepsration possible.

5.3 Least Squares Method

5.3.1 Drift Coefficients

If the error in the data is normally distributed and
uncorrelated with mean zero, the least squares fit of the performance
model to the data yields the maximum likelihood, minimum variance esti-
mate of the drift coefficients. In matrix notation the least squares

solution is as follows:

Y = XD
where:
Y matrix of data (n x 1)
X matrix of coordinate functions (r x 9) - MJ

D matrix of drift coefficients (9 x 1)
When both sides of the equation zre multipiied by the transpose of X

T . T
XY =« [XX]D

* A gomplete cycle is defined to be a rotation through 6 = 27. Therefore,
vhen % = 5/2, the gyro is rotated through 10r about the principal

fixture &xis and through 4r about the secondary fixture axis.
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Solving for D yields

T . T
D = [XxXX)7" [xY)
5.3.2 Stendard Error
The standard errer of a drift coefficient is an
estinate of the standard devistion of the error iu the drift coefficient
if the mean of the error is assumed to be zero. It is a useful statistic

ia that 1t permits & t-test in order to determine the significance of the

e e s e A o e T S SR e

estimated coefficient. For the jth coefficient the standard error is

SE = cr‘/;;;
T

vhere ’jj is the term on the jth xow and jth column of {X x]“l;

and the standard deviation of the residuals is defined

a 2
kzl (}nk - yck)
% " n-9

vhere y, 1s the observed kth data point and y,. is the kP data point
computed by substituting the nine estimated drift coefficients into the

performance model. The msgnitude of a 13 decreases as the number of data

points is increased. Hence, the standard error may be decreased to some
extent as the density of the data points for a cycle is increased, allowing
recovery of smaller drift coefficients.
5.4 Drift Coefficients as s Function of Time
After the gyro 1a rotated through a complete cycle each additional
data point allows a new solution. This type of sliding fit of the perfor-

‘mance model to the data permnits a number of solutions in a short perfod of

- time; howaver, the nev solution is not independent of the previous one.
Although saveral independent soluticne are necessary to measure dvift coef-
ficient instability, & plot of the non-independent solutions indicates time

R-14




dependent characteristics over shorter periods of time. If any time
dependent characteristics can be detected and mcdeled, a true operating
instability of the coefficient can be determined. Present methods of
determining operating instability are based upon the assumption that
the drift coefficients are stationary during the time required to take
enough data for one solution {(about 10 hours). Since the time required
for one two-axis tumble test cycle is under 2 hours, this assumption

is more nesrly valid.

6. TWO-AXIS TUMBLE TEST PERFORMED AT THE CIGTF

6.1 Test Description

To irvestigate the feasibility of the two-axis tumble test, a
test was performed on a Century Detroit two-axis test platform at the
CIGTF. Since this fixture has no provision for automatic positioning,
the positioning was accomplished manually to an accuracy of 0.1 degree,
It was not possible to control closely the time between data samples;

thus the data were not equally spaced in time. The test was performed

using a 5:2 ratio. The torquer current was sampled for ten seconds at
50° intervals about the principal axis and at 20° intervals about the _ :  &
secondary axis., The time required for each cycle (36 data samples) |
was 5 to 5 1/2 hours. - 'Zqﬁf
6.2 Test Results
In Figure 3 a sample of the gyro output is showm for four
consecutive cycles. The first solution for coefficients could not be
obtained until s full cycle was completed. Thereafter, cach new position
made possible a new (though not independent) solution. Three representa-
tive coefficients recovered from these four cycles of data are shown in

Figure 4. A new estimate of each coefficient was made at 8 to 9 minute

R-15
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intervale, thus providing a plot of the coefficient versus an approximate
time. These plots show trending for some coefficients while others appear
to heve & long periodic variation. The fact that no coefficient demon-
strates a variation with a period equal to that of one test cycle indicates
that these variations are not test or position dependent.
6.3 Conclusions

The results indicate that the two-axis tumble test is feasible
and that a pre-programmed, automatically positioned test fixture would yield
drift coefficients as a function of time with data samples at intervals as
smell as two minutes. The reduced test time will provide instability
vaiues which are more nearly "short term."” Long term tests such as 60
hour tests would yield information concerning the time varying characteris-
tics of the drift coefficients which would aid in the prediction of gyro

drifc.
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PROBING THE ELECTRONIC PROPERTIES
OF CRYSTALS BY PRESSURE

Dietrich W. Langer

ABSTRACT

The determination of the electronic energy levels in crystaline sub-

stances is of prime importance for the description and prediction of such

properties as electrical conductivity, mobility of charge carriers, photo-

conductive response and optical absorption and emission spectra. The

location of these energy levels is determined by the chemical elements

which compose the crystal under consideration, as well as by the separa-

tion of these elements; i. e., the distance between atoms in a given lattice,

In order to separate these two effects experiments were carried out in

which the inner atomic distance was changed and the resulting effects un

the energy levels were studied, Changes in the lattice constant were

introduced by uniaxial extension or compression and by hydrostatic com-

pression (up to 20000 atm.) Systems studied were the band edges and

excitons in II-VI compounds (CdS, ZnS, ZnSe, TnTe and Zn0) as well as

the levels of localized ions (HO, Tm, Mn) in II-VI compound- and Cr in

Al,04 (ruby). The experimental results are compared with band struc-

ture and crystal field calculations.
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I. Introduction

In today's technology the properties of single crystals play a very
important role, Think for example of transistors, the ruby laser computer
memories, light from fluorescent lamps or of the cadmium sulfide expo-
sure meter in your modern camera,

These and other applications make use of the motions of electrons,
or their transitions between discrete energy levels in an appropriate cry-
stal. These discrete energy levels are analogous to the allowed energy
levels of electrons in an isolated atom, i.e., to their different possible or-
bitals. Each kind of crystal exhibits an energy level scheme usually called
'"band structure'' that is characteristic for its chemical composition, and
its crystallographic structure, Impurities, when added to the crystal,
usually cause the presence of additional energy levels. The band structure
and the impurity levels determine all and every electronic and optical pro-
perty of a crystal,

Our knowledge - today - of such energy bands is derived from an
enormous amount of data determined by experiments, Theoreticians, at
present, have all the tools (e.g. quantum mechanics, theory of relativity)
to predict electronic bandstructures in principle. In reality however, even A
the biggest computers are not large and fast enough to do these calculations R
completely and exactly., Thus their main effort is centered around finding "
suitable approximations which make the calculations manageable and which
still furnish reasonably exact results, Therefor- :zalcula‘ione are made
oy var 'Hus methods mainly for crystals with relatively well determined ex-
perimental band structure parameters. The degree of agreement with ex-
periments determines the validity of the method which was used for the cal-
culation, In the case of semiconductors such parameters used for com-
parison with theory, or for adjustment of theory, are usually energy differ- . ;
ences between extrema of certain energy levels (i.e, band gaps betwecen : oL
conduction and valence bands at points of high symmetry in the momentum |
space). In order to obtain good agreement with experiment, theoreticians
often feel free to adjust one or a few parameters, However plausible and
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corr=ct those adjustments may be (they are usually justified as lump sum !
refinements of previously made approximaticns) no one can maintain that
che resuiting agreement with experimental bandstructure may not be pure-
ly accidental, i.e. that it is a convincing argument for the validity of theory
and the approximations used. A simple aad real acid test, however, is
poseible at this point by considering the effects of pressure on the systemn.
Pressure causes a lattice dilation and a theoretician can proceed to recal-
culate,e. g. bandgaps,without further adjustments according to his original
scheme by changing the lattice parameters by a small amount. Now the.
degree of agreement between measured and calculated pressure coefficients
is a valid test for the value of the theory.

Besides aiding such, let me call them, emerging theories, pressure
coefficients are useful in other ways too. Let me summarize in short what
we gain by their knowledge:

1) In conjunction Wwith a well established theory we can identify so
called "symmetry assignments'’ of energy levels by observing the way in
wkich they saift ana (perhaps) split.

2) Knowledge of the dilation effect on certain levels (in conjunction
with thermal expansion and compressibility coefficients) enables us to re-
duce experimentally determined temperature effects to their true, intrinsic
value, because the effect of the thermal expansion is otherwise inseparable,

3) The pressure coefficient directly determines the amount of pres-
sure necessary to obtain a given optical frequency variation e. g, in solid
state lasers (say: pressure tunable lasers) or in electro-optical crystals.

4) The pressure coefficient offers an invaluable check on emerging
theories, as pointed out above. It will be the primary purpose of this talk
to show how our work contributes in this respect. In three examples I
will show how our experimental results have interacted with theory and
contributed to the present state of the art,

a) In the area of bandstructure calculations we have measured
the pressure coefficients of bandgaps of several II- VI compounds (ZnO,
ZnS, ZnSe, ZnTe, CdS, CdTe). Theory, though able to compute bandgaps
preotty well, has not yet come up with the correct pressure coefficients
and is thus forced to refine its original approach.

b) In an area where the crystal field theory is applicable e, g.
the energy levels of Cromium in Aluminum Oxide (Ruby), we measured
the pressure dependence of the Cromium Levels and found good quantita-
tive agreement of our values for the change of the crystal field with lattice
dilation and the value expected according to the theory, Thus we showed
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that in this respect the theory in its present state is adequate,

c) The binding theory of excitons is a third area we engaged in,
(An exciton is a hole in the valence band and an electron in the conduction
band forming a hydrogen like entity). Here we found experimentally a qual-
itative disagreement witl theory, &nergy levels split with pressure, This
was not expected according to the conventional treatment. The results
could be accounted for only after considering a spin exchange term which
in turn is relevant also for the zero-pressure binding energy of excitons,
The consequences of the presence of '"exchange', demonstrated by these
experiments, will be highly significant in all large band gap semiconduc-
tors,

The last three items, examples of our work at ARL, will be present-
ed in detail in Section 1II, In Section Il some experimental detailis and diffi-
culties will be discussed,

I Experimental Procedures

Conceptually the experiments are simple: One observes spectra in
luminescence, absorption, or reflection. These spectra can be related to
induced transicions of electrons between two energy levels of the crystal,
One applies pressure, hydrostatic or uniaxial pressure, and records the
shift in cnergy of said structure as a function of the applied pressure. The
difficulties, however, become obvious when one tries to do just this: With
those pressures which one can easily achieve there is no noticable energy
shift to be observed and with very high pressures the optical accessability
of the sample becomes a problem. The minimum shift which is still ob-
servable also depends on the '"linewidth" of the absorption lines or the re-
flection characteristics, Furthermore we set ourselves the goal of obtain-
ing coefficients with less than 10% error (in order to be of value for the
comparison with theory).

Our approaches were along two different lines, each with its owa
particular advantages and drawbacks; 1) application of hydrostatic pres-
sure and 2) application of uniaxial pressure, In both cases it is advan.
tageous to work a2t as low a temperature as possible because the linewidth
becomes narrower and therefore the necessary pressure is lower. Also
theories are generally worked out without the inclusion of lattice vibrations
and thus we would be as close as possible a common basis with theory,

The hydrostatic system designed and built at ARL which finally did
the job consisted of a pressure generator capable of compressing gas up to
20, 000 atmospheres (about 300, 000 PSI), and a testvessel with two windows

which when submersed in a specially designed dewar could be used at the
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temperature of liquid nitrogen (-320°F). 1 Measurements with this test
chamber have been routinely done at this temperature to about 12, 000 at-
mospheres (about 180, 000 PSI). It should be pointed out that optical ac-
cessability in this pressu : and temperature range by itself was a unique
technological achievement. Materials had to be used beyond their conven-
tional design limits and even apart from special problems of window seals
the design area was technologically adventurous, The window plug e.g. in
the test veasel on Fig. 1 had to withstand a force equivalent to the weight
of a B-52 bomber,

As a byproduct, or figure of merit for the system,we could establish
the freezing point of helium at liquid nitrogen temperature (14, 140 bars
= 212,000 PSI). ) The point was about 50% nigher in pressure (and tem-
perature) than the highest one measured otherwise, The apparatus still
marks the design limit, It was copied by workers in the high pressure field
and is working presently in Laboratories at Harvard University, Univerasity
of Cambridge, England, and at the Sarbonne in Paris, Our complete setup,
including spectrograph is shown in Figure 2. The hydrostatic pressure co-
efficients measured were all measured to better than + 5% error, some to

+ 2%,

Uniaxial pressure applications don't have the glamour but also don't
involve the difficulties of the hydrostatic techniques. No huge forces are
required if the crystal area is reduced., Several diff:rent arrangements
have been used; 1) placing a crystal at the extension of a hydraulic ramp,
¢) bending 2 thin crystal, thus observing the effects of compression and
expansion on the reflection spectra and finally 3) pulling a crystal up to
only 1/2 pound maximum, In this last case, for absorption spectra, the
crystal was not thicker than 2 micron 0, 00004 inches). With a width of a-
bout 2mm (0. 08 Inches) this again corresponds to a stress of about 5, 000
stmospheres (or 75, 000 PSI),

The limit here is set by the brittleness of the crystals, which usually
break even before this stress is reached. Though we were able to work at
still lower ternpevatures with mniaxial pressures by imme:.ing the stress
apparatus with the crystal into liquid helium (4°K or -452°F), the pressure
coefficients could not be determined too accurately because of the greater
difficulties in determining the stress to better than 10%. Nevertheleas this
arrangement proved useful because with uniaxial stress, cubic crystals
and especially hexagonal crystals (as the wurtzite II-VI compounds which
we were most interested in) give several non equivalent directions to apply
the stress to, and thus several pressure coefficients to compare with theory.
See Fig. 3.
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III Experimental Results

a) Bandstructure

In the study of semiconductors we studied band-to-band transi-
tions usually by measuring the characteristic structure in the reflection
spectra. Fig. 4 gives an example of such structure and the change, (the
energy-shift) as a function of hydrostatic pressure, The electronic transi-
tion in this example does not correspond to the fundamental bandgap of
CdTe, but to a higher one, the so called E; gap. Fig. 5 demonstrates the
band structure of CdTe as calculated by k:p method. The three heavy .
arrows E,, E} and E| + A indicate the gaps on which we investigated the
pressure coefficients, This figure also may serve to indicate how much
information the calculated bandstructure may offer. The few parameters
whnich are available as experimental checks are a few vertical band sepa-
rations and curvatures at the top of the valence band and bottom of the con-
duction band at the I' point,

Fig. 6 gives you an example of the evaluation of two sets of
measurements in CdTe resulting in pressure coefficients for the transition
and the L3, =» Lj. transitions, also called E; and E; + A ) where the
small splitting A is the spin-orbit splitting of the valence band at the L
point. This assignment had been supported also by the pressure coeffi-
cients, for E} + A} have very aimilar pressure coefficients. This points
to the fact that the transitions do not occur at different symmetry points in
the momentun space but at one aad the same point b_tween a split band
and a single band, because the spin-orbit splitting of the valence band is
not expected to change appreciably with pressure,

In a similar fashion, as demonstrated in the above example,
w» mexsured the hydrostatic pressure coefficients for a variety of lI-VI
compounda, 3) They are summarized in Table I,

The significance of these coefficients lies in the fact that theo-
.etical calculations will have to reproduce thern. Calculations made
according to various methods, which may or may not use a few adjustable
parametaers, are offered in the form of these coefficients a simple method
to check their validity, A recalculation with different lattice constants
would not imply new complications or adjustable parameters and thus
should furnish a true check of the method of calculation, Unfortunately up
until now such agrecment has not been found quantitatively, but that is not
the fault of the experiments.
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that the three unknowns, the three pressure coefficients of Dg, B 2nd C,
were equal to 1,05, -0,03 and -0, 35 cm~!/kbar respectively. The de-
pendence of Dq upon P is also easily estimated theoretically because Dq is

inversely proportional to the interatomic distance raised to the fifth power,

1y A V/V s AD = 1,
Using Bridgeman's value for = Ve arrived at Té_ theor 07

(cm'l/kbar) which we find to be in surprisingly good agreement with our
measured value of AD

AT exp = 1.05 (cm™!/kbar)
Thus we concluded that the change of the crystal field could be adequately,
i.e. qualitative and quantitatively predicted by the classical cryatal field
theory. 4

¢) Exciton Theory

In this third example of our work of probing electronic proper-
ties of crystals by pressure we first found an experimental disagreement
with theory. Consequently we had to implement the theory in order to des-
cribe our findings. Finally we succeeded and in turn our implementation
showed up consequences for the binding forces of excitons in all large band
gap semiconductors.

Applying uniaxial pressure in directions perpendicular or para-
llel to the c-axis of wurtzite lI,VI compound crystals should shift the ener-
gy bands and accordingly the exciton ground states if one follows the con-
ventional deformation potential theory. 3) Figure 8, however, shows, that
if the pressure is perpendicular to the c-axis and the propagation direction
of light is parallel to the c-axis, that the exciton transition energy splits
into two components, one completely polarized with E I P and one with
ELP. These results could be explained only after we added to the usual
Hamiltonian, which determines the exciton energies, a term 1/2 J op. 0,
which represents the apin exchange interaction between electron and hole,

Fig. 9 shows the experimental pressure dependences of excitons in
Zn0O, CdS and CdSe, where the points are fitted to the data according to the
sugmentsd theory. The resulting parameters are listed in Table II,

Especially emphasized should be the following two points: 1) It has
been only with the heip of these uniaxial pressure measurements that the

crystal fisld parameter ( A ), and the anisotropic spin-orbit parameters,

(A2), and (A 3) could be determined. Without pressure one alway. bhad to
rely on 8 quasi-cubic model to approximats the actual anisotropic case,
2) The sise and the sffect of the exchange (J) could be determined. It is

- shown that its effect increaser in large bandgap semiconductors. In the

§-10

e et i Wt < s 1w




case of zincoxide it can be shown that the energy separation between the
three excitons at the point even at atmospheric pressure is as much deter-
mined by the spin rbit interaction as by the exchang® interaction (4;%7J),
which had previvusly been completely ignored in ZnO and in all other sim-
ilar crystals,

Table II

Coefficients used for the ''best' fit in the 1‘5 matrix

Znd Cds CdSe
Crystal Field 4, . 0268 . 0460 L0712
‘. , A, . 0074 . 0157 .1286
spo orbit {{ A, . 0155 .0191 . 1424
Exchange J . 0066 . 0022 -.C00l¢
o -. 0040 ~. 00091 -. 00078
. Cz e 0058 bl 0041 - 6038
DeformationJ ¢, -. 0010 -. 0035 -. 0039
Potentials } ¢, . 0037 . 0021 . 0023
Cq . 0014 . 0015 . 0012

IV Summary
Three examples of my pressure work were gelected. Example-
were presented to demonstrate their significance and contributions to the
state of the art as well in the field o1 pressure technology as to the theo-
retical understanding and description of energy levels in crystals.

In example B) we verified the classical crystal field thecry as far as
its predictions of pressure dependence are concerned. In example A) the
experimentally derived presaure coefficients are provid’ng veluabls checks
for emerging new methods to calculate the bend structures of semiconduct.
orad. In example C) uniaxial pressure ineasurements showed vp serious
deficiencies in the accepted binding theory of excitons, We werc succerz-
ful afterwards in augmenting the theory so that it described the experi-
ments and we were able to deduce important parameters consequently,

Finally I would like to thank here all those who had assisted me in
this work over the years: Dr, Warschauser, who interssted me in pree-
sure work to begin with, Mr. Sheffield who had so diligently manufactured
the apparatus, and finally Dr. Euwema, whom 1 bave been consulting in
many theoretical questions,
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3)

4)
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A
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Fig, 1

%
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.
o 4- -
The test vessel for optical experiments at hydrostatic
pressures up to 12, 000 atmospheres at the temperature
of liquid nitrogen, A) denotes the sample space, B)
two saphire windows and C) window pluge.
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Cd Te at 77°K 352

o 4 8 12
PRESSURE (k bar)

" Fig. 6 Plotted are the points of inflection of the set of curves of
¢ Fig. 4 and similar ones corresponding to the Ej+a,
- transition in CdTe. The small scatter of points from a
straight iine is & measure of the accuracy of the linear co-

efficient.
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Table I

Pressure coefficients of bandgaps of II-VI compounds

Com-  Energy k-point (dE/dP%
pound gap (eV) (107°'eV/bar)
CdTe 1.6 r 8.0+ 0,2
3.4 L 6.4+ 0,3
4.0 L 6.7+ 0.3
ZnTe 2.3 r 11.3 + 0,2
3.7 L 5.9+ 0.6
4.3 L 6.2 + 0.6
ZnSe 2.8 r 10.8 + 0.4
ZnS 3.7 r 6.3 + 0.2
Cds 2.6 r 4.5 + 0.1
Zn0 3.4 r 2.7 + 0.1

b) Crystal field calculations

The conventional crystal field calculations describe the modi-
fications of energy levels of single impurity atoms or ions when surrounded
by a crystal matrix., Such calculations usually involve three parameters,
B, C and the strength of the crystal field "Dq". Figure 7 shows such a
plot for Cr3t, The particular value of Dq which is indicated by the dashed
line corresponds to the crystal field of Aluminum Oxide (Al,03). The in-
tersections of the dashed line with the slanted solid lines represent the en-
e 2y levels in an Al1,03:Cr crystal, i.e. ruby crystal. The lowest one,

E(G), is the familiar upper energy level of the lasing transition. We in-
vestigated the shift of the 4A2 ~p “E transition as a function of hydro-
static pressure and obtained a value of -0,9 + 0.05 cm~ l/xbar which
means that the lasing line would shift by about 4. 3A or 270 GHs for a pres-
sure of 10 kilobars. In conjunctior with the theory and with pressure co-
efficients for the other transitions previously obtained by other investiga-
tors we could derive from four equations for i = 1, 2, 3, 4

AE: Q& ADQr oEi A8 dE 4
Dvlﬁ\m * 3Blneor BF T 3C lthar 'A_%
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Fig. 7 A crystal field plot of Cr>* in an lattice of the A1,0,
symmetry. The vertical dashed line corresponds to
the exact value of the crystal field in Al,0;. The
| heavy dotted lines indicate the direction of shif ~f the Cr
‘ levels wlth pressuve applied., The transition from the
o 2F to the %A ground state corresponds to the lasing transi-
- tion in ruby.
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Fig. 8 Variation of the exciton reflection spectra of ZnO under uniaxial stress.
Both reflection minima split into two components, completsly polarised,
The direction of stress is perpendicular to the c-axis of the crystal
(PL c) and the direction of lightpropagatinn is parallel to the c-axis.
The splitting is observable only in this configuration.
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OUTPUT ENERGY DECAY OBSERVATIONS IN RUBY LASERS
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Ovutput Energy Decay Observations in Ruby Lasers

- ABSTRACT

The use of lasers in rangefinding and other applications requires that
the iaser be capable of being fired many times without its output character-
istics chgngi.ng substantially, We have observed a gradual reduction in
ruby (Cr" in Al303) laser output energy during repeated firing, This re-
duction is found to occur with varying degrees of severity in all ruby rods
tested. We have traced this to the formation of color centers within or on
the surface of the ruby rod: defects, impurities, etc., present before ex-
posure can be converted into color centers by the blue and ultraviolet con-
tent of the pumplight, Color centers in Al,O3 have a characteristic absorp-
tion vs, wavelength dependence (Levy, 1961); 1t is on this basis that they
were identified, We hsve shown that the subsequent pumphght absorption
‘i'ltheﬂe color centers, which serves to deplete the pumping enexgy intern-

in the rod, plus the bulk absorption loss they cause at 6943 A fully ex-
phins the degradation observed to within the limits of experimental error,
A reliable indicator of color center formation is the orange-brown appear-
ance which develops in the ruby; only a part1a1 restoration of output energy
can be achieved by heating the rods at 900°C for 24 hr, the use of Pyrex to
filter the ultraviolet from the pumplight can reduce but not eliminate the
rate of energy decay. The principal contribution of this work is th~* we
have determined one mechanism out of five or six which explains the energy
decay observed. The complete solution will be known when it is understood
how to prevent color center formation in AlyO3.

T-2

o e s - S— ————

o e —

e R s m




- ——

paseserte

BIOGRAPHY

Rudolph A, Bradbury attended Harvard University from 1348 to
1949, receiving an A. B. degree in physics. He joined AFCRL in 1951
after working two years with the James Milan Company aad received a
Masier's degree in Electrical Enginee: ing from Northeastern University
in 1953. His early work at AFCRL was in the design of transistor cir-
cuits. In 1960 he helped construct the first laser at AFCRL and has
studied tl e relationships between material parameters and Jevice speci-
fications since that time,

C. C. Gallagher was born Oct. 2, 1523. His experience previous
to The Laser Physics Branch has been in the fields of Ultra High Tempera-
ture and Nano-second Noa-ncherent light sources. A number of papers
have been co-authored. He transferred to the Laser Physics group in
1966 where he is engaged in the application of Ultra-High speed pulse
techniques to Ruby Lase¢rs.

Edmund E, Hoell was born in Cambridge, Mass. in'1922. Follow-
ing duty with the U *. Navy in W. W, 2, Le attended Massachusetts Radio
School. In 1964 he completed a curriculum in Electronic Engineering
Technology at Lowel! Technological Institute and received his degree of

Associate in Ergincering. He has been with AFCRL since 1852 and has

-

worked on data link, scatter, and digital voice communications. He

transferred to the Laser Physics Brancl. ia 1962 where he is principally

T3




engaged in an engineering aide capacity participating in experimental
resea~ch on lasers and materials.

Harvey Miller joined the Watson Laboratory, the predecessor of
the Air Force Cambridge Research Laboratory after service as a navi-

- gator and communications officer. He has engaged in the research and
Ml@ment of rad;r. communications, air traffic control, and digital
techniques. He became associated with the Laser Physics Branch in
1983 and has been working in the testing and evaluation of ruby, He has
studied at both Mass. State and Northeastern University.

Dr. C. Martin Stickley was born in Washington, D.C. on 30 Oct
1833. He received the E. E. degree from the University of Cincinnati in
19"57,. the M.S.E.E. from Masaacﬁusetts Institute of Technology in 1958,
g.nd the Ph. D, in E. E. from Northeastern University in 1964. He joined

- AFCRL in 1958 at a Lieutenant in the USAF, and was concerned with

semiconductor device studies., In 1960 he and Mr. Bradbury s;arted

the laa:"elr research program at AFCRL. Presently he is Chief of The

:!..uer Physice Branch; he has published numerous afticles on laser

- physics and laser applications.

. T Tl P

et o Mot ¢




1., INTRODUCTION

In the course of carrying out extensive tests on a number of ruby laser
rods of different sizes and origins, we observed that; (a) the energy out-
put of %€ was considerably less than that of three others gimilar in size
and Cr** concentration; and () the original low threshold energy of two
cther rods could not be reproduced after they were fired only several
times, We have continued the study of this effect because of its obvious
importance to all applications of ruby lasers: the maintenance of high en-
ergy output, One does not desire to uge lasers whose output enerygy is low
or gradually degrades from shot to shot, Examination of the literature
showed that Roess (3963) had previously observed this effect in a ruby laser
rod which bad turned from a reddish-violet color to a "strawberry" color,
He commented only that "such a ruby has poorer laser properties than
other rubies with the same crystal structure" ; his tabulated data shows the

study to obtain increased energy output from ruby by prior y-irradiation

but found instead that the energy output decreased owing to, in their opinion,
a reduction in quantum efficiency of the ruby, Also Arkhangelskii et al,
(1967) have reported a study of color centers in ruby rods taken from one
ruby boule, They observed a threshold increase of 14 percent for one rod

along with an increase in absorption in the region of the pumping bands of
the sample,

The aim of this paper is to expand upon Roess' observations (1963) by
showing that the effects which we have referred to here can be quantitatively
accounted for by the gradual development, with firing of the laser, of unde-
sired bulk and surface absorption, We have observed this absorption, and
therefore a color change, to varying degrees in all ruby rods tested, and
hold that it indicates the presence of color centers that have been filled by
the pumplight. This conclusion is based primarily on the fact that the addi-
tional absorption as a function of wavelength which develops in the ruby
(Crp03 in AlgOg) agrees with that found by Levy (1961) who studied
y-irradiation of undoped a-Al303. These color centers serve as useless
absorbers of pumplight (which reduces the actxal pump rate internally in
the laser rod) and the laser radiation at 6943 A, and cause its energy out-
put to drop as color ceaters are formed, The variation in energy output
degradation from sample to sample, the presence 05 impurities in large
quantities, the lack of appreciable conversion of Cr3* to other valence
states, and the close similarity of the absorption we have observed with
that measured by Levy on undoped a-AlgyOg, all suggest that color center
formation in the samples we have studied are primarily controlled not by a
process which would be common to all ruby rods as suggested by Maruyama
and Matsuda (1964), Schultz (1964), and Arkhangelskii, (1967), but
by defects and impurities which develop or are implante uring crystal
growth, The processes suggested by Arkhangelskii, et (1987),
Maruyama and Matsuda (1964), and Schultz (1964) might ultimately be ap-
plicable in causing energy degradation in the limit of no defects or im-
purities (of the type which can lead to color center formation) being pres-
ent in or on the surface of the rod since all ruby rods so far have been
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o found to have useful life of no more than several hundred thousand shots
-~ ,@o;mitzer‘ 1968). However, this limited life may well be due to surface

oetam] c!slon occurring during cleaning of the rods rather than by conver-
on &f Cr3* coaversion to other valence states,

. Sectioa 2 descrites the experimental setup for making most of the en-
‘ahgy degradation measurements. Section 3 lists the possible mechanisms
O lead to an energy output decay, whereas Section 4 contains a
enssion of each, as well as experiments and calculations performed for
#tion of the ones fclt to be responsible for the degradation, Section 5
Sseses whether the bulk absorption found is to be attributed to Cr2+ or

-&¥%-or color centers associated with defects and impurities in the ruby;
- = Section 8 states the conclusions of this work,

‘2, LASER ENERGY MEASUREMENT SETUP

... Figure 1 is representstive of the setup used to irradiate the rods as
Vo, well as measure the delay to osciliation, the duration of oscillation, and
# the output energy. The spectral distribution of tke pumplight incident on
--the-ruby rods was measured in the 2000 to 4000 A wavelength region using ,
chibtx&od EGSG Model 580/585 Spectroradiometer. In going from 4000 A
. o 3000 4 g+ linear (to within 4 percent) decrease by a factor of 8 units of
vt wedtsfem® (unit wavelength) was observed; no Pyrex glass was used be-
S Yween the lamp and the ruby rod, The radiometer was removed to permit
- %l pligament of the system with the 6328 A gas laser and then replaced. A
S 4nl 0 ooRees mirror and resonant reflector formed the resonant cavity; these
: ‘ware chosen to minimize mechanical instabilities and to reduce the number
of dielectric mirror surfaces in the system, For this same reason the
.- rods were not antireflection coated, The mirrors used never had to be re-
.- oohted even though they were exposed to tens of thousands of long-pulse
- Jager bursts of several joules per cm? per firing, The flashlamps were
changed several times during the course of this work; owing to these
ghanges, as well as occasional mechanical redesign changes of the laser
“ " ‘heed, the eventual energy decay figures accepted as factual (see Table 1)
.- were obtained by comparing the energy output before to that obtained after
', ameealing the rods. With thig technique, the effects of any long term
) the laser test system were nullified. Cooling was accomplished
conirol of the power flow into a resistor located in the bottom of
dowar; the cooling rate was set so that the laser was fired (about
99¢3 4. 35 min) when the thermocouple indicated room temperature, An
-#daie sluminum pumplight reflector wrapped around the helical flashtube
- WAS uhed initially; sfier problems with reflectance decay and system con-
A on, & quarts clamshell-like siructure filled with packed MgO pow-
AT was suhstituted for the aluminum reflector. This improved the lo
e stability of the system considerably, Finally, a four-place digita
~Yoltmeter was used across the capacitor bank to monitor accurately the
ed emergy in the power supply,
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3. POSSIBLE MECHANISMS LEADING TO OUTPUT ENERGY DECAY

The dependence of the energy output of a ruby laser can be written as

| WN, (t,,) N,(t,) lenr,r,]
| Eout - Nohvvlas(t ump th) P} = - 3N£l' fnr.r 11225!: ’
pump o (] ' 1 2|
(1)
where

N, = ot density in atoms/ cms,
hy = energy of the 6943 A laser transition, 2E (E) to ‘A,

ground state (the Rl line),
Vias = lasing volume of the ruby rod,
tpum p = duration of pumping pulse,
tth = delay time to threshold measured from the beginning

of the pumping pulse,
T = lifetime of the R1 line,
N2 = population of the Rl‘ Ry, and all higher lying

levels, em™3,
N, = N 0" N2 = ground state population, cm'3

N lenr. r l

= =2|;-B. 12

) 1 a %ol at threshold,
8 = sgcatter loss coefficient, cm'l,
a = R, line absorption coefficient, —
r Ty = refiectivities of the two mirrors,
L = length of the laser rod, cm,
w = gactual pump rate within laser rod

5,3, cp)
= TP
v
(]
2

g = average pump band cross section, cm,
P
A-gp = average pump band width, Hz,
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average energy of the pump band above ground state,
e/n = speed of light in the medium,
v W - = average pump power density incident on the rod,
T

= transmission of pump light through rod exclusive of
normal transmission losses of pumplight due to pump
band absorption

K s efficiency of electron transfer from the pump bands
to the R levels,

!'rom this array of parameters upon which the output energy is depen-

factors could explain the energy decay: (1) a change in the las-
ing d on (Siegman and Allen, 1965) (t tih); (2) a change in the
voluine of the rod V)gg in which laser ac&gn fs occurring; (3) a decrease
fp the lifetime 7 as a result of an increase in the nonradiative transition
rate from the R lines back to the ground state; (4) a decrease in the aver-
age pump power density bT') arriving at the rod; (5) a reduction in the
density of Cr3+ ions N, by lose of electrons into traps or conversion into
ather valence states; (g) a reduction in the transfer efficiency 7 resulting
from the presence of neighboring impurities or defects which serve to
ground state; (7) the development of a competitive absorption mechanism
which can reduce the effective pumping rate internally in the rod -- this
ooald be accounted for numerically by a decrease in T away from unity;

- and (8) an increase in the loss coefficient, B, either by an increase in in-
ternal crystal damage due to the radiation flux (Flowers and Jenney, 1963)
or by the development of a bulk absorption at 6943 A,

§ 

| 4. SUMMARY OF EXPERIMENTAL OBSERVATIONS AND
INTERPRETATION OF DATA

4 prhnltion of Groupings in Table 1

Table 1 summarizes a large number of the experimental observations.
Thi rodlinlmplm ail about 0,635 cm diameter X 2.8 cm long, of ex-
; o#icd quality (one fringe or less in the central region), and of sig-
antly different origins. . The rods in group II are all about 0. 635 cm

i by 3. ucmlmc‘ndcntfromtheume boule, The rods in the
. groupe are all 0, 98 cm diameter and 7.5 cm long. The energy
. ‘ Il rods decayed measurably, whereas for the group IV
', rods only sl (10 to 30 percent) and seemingly nonreproducible decays
nru seen, Qroup V rods are those grown more recently by Linde which
. Are core-fres. - Experiments summarized in groups Vb and VI were
. ourried out by exposing the samples to UV radiation for 2.5 h from an
-’.’: ; A’.. n hmﬂ
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It should be noted that energy decay was observed to varying degrees
in all samples studied independent of their growth method or location,
Discussior of these results will be organized primarily by discussing each
of the possible mechanisms listed in the foregoing which could produce en-.
ergy degradation,

4,2 Mechanisms Found Not Responsible for Energy Decay

Mechanism (1), a change in the lasing duration, has been observed by
Siegman and Allen (1965). It is attributed to the excitation of internally
trapped modes in rods having polished sides and attached mirrors; this ef-
fect goes away if the rod sides are roughened, For the case of these ex-
periments, all rods had rough sides, and no effect such as those obaerved
by Siegman and Allen were seen, (It should be noted that a decrease in las-
ing duration due to an increase in threshold will be observed if a constant
pump energy is used and some of the following effects develop. This will
be a secondary effect which can be taken into account by calculating the av-
erage power produced by the laser rather than discussing simply the ener-
gy output. )

Mechanism (2), a change in the lasing volume, was examined by
streak photographs of the near field of group /I rods 87 and 106. The las-
ing diameter was in each case about 0. 6 of the rod diameter, in agreement
with theory for roughened side walls (Jerrick, to be published).

Mechanism (3), a decrease in the life time 7, wasa studied by crowbar-
ing the power supply at the end of the pump pulse. This was done for the
group I rods before they were annealed. No departure from the value 3
milliseconds was found.

Mechanism (4), a decrease in the lamp output, did occur to some de-
gree in the course of the work, However, most of the energy degradation
values quoted were determined by the following methods: g) by annealing
the rods and then measuring the in:rease in output (group I); (b) by com-
paring the output with a relatively unfired rod originating from the same
boule and cut to the same size and orientation (group II); or (c) by noting
the energy decay after illumination with radiation from a merc lamp
(groups Vb and VI), All of these changes would be independent of flash-
lamp decay over a long period; thus it is reasonable to discount this as the
reason for thie decay seen in the groups III and IV rods.

Mechanism (5), a decrease in the Cl-8+ density, was investigated by
measuring the absorption of the ruby samples at 6843 A with respect to the
background transmission before and after firing with a Bausch and Lomb
Spectronic 505 Spectrophotometer. As indicated in column IX no definite
chanZes were seen for any of the rods investigated using this measurement
technique; the measurement was reproducible to W sl percent corre-
sponding to an uncertainty in N, of about 23 X 1017 cm*3 for the rods la
groups I and II, For rod 87 of group II (and rod 86, a mate to it) no large
changes in R1 line absorption were seen after annealing at 900°C for 8 hr
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“inadr, Since significant longitudinal Cr3+ concentration gradients are
Nioran $0 exist in early Linde Czochralski ruby boules, it is felt that the
pijte differences in Ry line absorption in the group II rods did not arise
‘3ol radistion-induced changes but existed prior to 10d firing, Measure-
T4 Sheke made, however, of Elc absorption changeg at 5600 A on rod 86 and
L . J‘,Mcfh that perhaps a decrease in Cr3* concentration of
v 71X 107 am™9 did occur (see Section 3) during the flashlamp irradiation
his namber is close to the limit of reproducibility of the Ry line absorp-
a measurement and, thus, is felt to be reasonably consistent with it).
ois represents at the most a reduction in density of only 3 percent of the
7 jons and as such, only a small effect, which would not account di-
wm the degradation seen, However, if these lost electrons from
7 jons are converted to absorbing centers having large absorption
cross sections, this could be a mechanism that could account for the en-
ergy degradation, This will be discussed more fully in Section 5.

. Mechanism (8), a decrease in the transfer efficiency, has been sug-
. gested by Johnson and Grow (1967) as a possible way to account for the de-

: ‘crease in ene output, Their mechanism requires that electrons asso-
ciated with which are raised to the pump bands by ab;orption of a

pump photon relax into long lived traps rather than to the <E levels. We
m that this is unlikely since the transition rate between the pump

- bands and the “E levels is fast, being in the neighborhood of 3 X 108/ sec.

A more likely mechaniam is excitation of electronc from the 4E levels to

e condhotion band whereupon they are lost in traps. However, the re-

& e e

Cam .

v Iaxation time out of these traps would have to be less than two min, no
o shsocptics cshange being visible at 384 (two min is the elapsed time in
our proceduie of measurizy the 6943 A absorption relative to the back-

growud transmission a8 soon as possible after firing the laser rod). In
| ' we candot positively rule out the possibility that elec-
frons are being lost to trape for perhaps several minutes or less, it seems
“thet all of the snergy decays we have seen, with exception of the experi-
. al result suxemarisec in group Vb of Table 1, can be explained by the

|

A3 Mechanlems Found Respousibic for Energy Decay

L ‘. 3.1 Bulk Absorpticn Between 3500-6500 A

»»»»»»»»»
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4.3.2 Bulk Absorption at 6943 A

During the course of this work two methods evolved to determine if
mechanism (8), an increase in the loss coefficient g, could be contribut-
ing to the decay observed. Initially, when energy decay and an increase
in threshold was observed the {luorescence energy at the threshold voltage
(measured with one mirror blocked) was found to be constant, that is, in-
dependent of threshold voltage, This procedure was used for the rods in
groups III through Via and would indicate that no increase in p was occur-
ring within the sensitivity of the measurement (see column VIII, Table 1;
for the grQup II rods the numbers in this column have large uncertainties
due to Cr" differences making this technique uselesa for determination
of whether a £ increase occurred for them),

Subsequently, however, background transmission changes at 69843 A
after annealing were detected »nd directly measured using the Bausch and
Lomb Spectrophotometer (see Figure 2), Thus the bulk absorption that
develxps in the rod upon repeated firing can extend as far into the red as
6943 A; a detailed calculation performed in the following section will show
that even such low absorptions can contribute significantly to an snergy
output reduction.

4. 3.3 Sample Calculations of Output Power Decay

To determine if the bulk absorption in the pump band region and at
6943 A could explain the ene:fy degradation, series of experiments were
performed on rod 86, a rod almost identical in size, doping, and state of
energy decay to rod 87, These experiments consisted in a ceries of treat-
ments of the rod interspersed with tranamission and energy output meas-
urements to determine what effects the various cleaning and heating steps
had on its energy output recovery. These are summarized in Table 2,
Note that changes in output energy occurred caly when the rod was im-
mersed for 2 hr in bolling nitric acid, chromic acid, and when annealed
at 900°C for 24 hr. Since the bulk transmission T and 6943 A absorption
p changed only during the annealing treatment, we assume that the output
energy \ncrease subsequently observed is t{o be attributed almost wholly
to changes in these factors.

To verify this, a computer program for determining absorbed pump
power vs, radius, doping concentration, and diameter in ruby rods with
rough sidewalls (Jerrick, to be published) was modified so that the reduc-
tion in the ahsorbed pump power could be computed in the presence of a
competing and nonint:ructing abscrption mechanism having the charac-
teristics shown in Figure 2, Calculations were carried out for R, = 0.3
cm, F = 0,03 percent (rod 86), and Ry, = 0. 476 cm and F = 0, C5 percent
(rod 520) as shown in Figure 3; the ordinate scale is absorption rate of
pump energy and equivalent in our terminology to the product WNy; the ab-
scisss is the radial variable p normalized to the rod radius R, The light
scattering characteristics of the rough sidewalls were assumed to be
compoued of two factors: 50 percent of the pump flux would be transmitted
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according to the laws of reflection and refraction at a polished surface and
50 percant according to those for a Lambertian scattering surface. The
spectral distribution of the lamp was taken to be that uged by Cooke,
McKenna and Skinner (1964); the absorption cross section of the ruby was
taken to be an average of those values reported by Dodd, Wood, and
Barns (1964), and Cronemeyer (18668). From Figure 3 the expected in-
crease .n the product WN1 or rod 86 after annealing is 1,11,

To calculate the change in output energy or power from Eq. (1), it is
necessary to determine values for W and N;. The fractional population
na(* Nzl N,) in the R, level at threshold can be written as

ltar r |
A @

For a small diamet~v, lightly doped ruby rod which is approximately
thin to the pump radiation, the increase with time of n, can be
dc_llcribed (Sooy, Congleton, Dobratz, and Ng, 1964) as

ngtt) = (w%r_l_) (1 - e (WT+ l)t/*r)‘ 3)

Equations (2) and (3) can be equated at t = tth and W can be determined,
W, one observes that the fructional grcund state population

can be determined from Eq, (3) since ny = 1 -ny. The expected outpu'}

power can then be computed from Eq. (i), or the change in output power

can be written as -

ty) [(w T+ 1n. 1J‘ [!znrl o+ 28, L
» (4)
EQ 1‘ Gp wa" * ““1b T‘FT’MM a

where the "'b" and "a" subscripts denote before and after a treatment,
such as annealing or UV exposure, which changes the cnergy output of
the rod,

For rod 86, a = 0,164 cm™ !, L » 3,215 cm, ryry » 0,92 (allowance
was made here for the resonance between the uncosted end of the rod and
the trmmimng flat mirror aligned parallel to it); f. = 0,007 cm”*, de-
termined by the change in rod threshold as a function of temperature
‘(Collins and Naleon, 1883) over the range 208° to 120°K on a similar

ece of Czochralski ruby and p,, = 0, 007 + {0. 006 + 0, 003)cm"~1 where
hcremlnpbmrp is taken from the data of Figure 2, The un-
certainty in B, is due to lack of rerentsbmty of the transmisasion
measurement of $0, 5 percent. Here and "b" denote after and before

annesling, respectively,

Table 3 summarises the laser obse -vations an associated calcula-
tions for rod 86. The uncertainty in the ohbserved ouin: xt powers P, stems
from the lack of a constant pump power over the time ( tm) The
remainder of the uncertainties originate from the uace ain y in In
the calculations, method A refers to the procedure outlined, that u.
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knowing tth, B,, By and the other constants, one can compute W7, ny, and
Py fromn Egs, 71) to (3). Method B uses the computer results shown in
Figure 3 to deduce the new pump absorption rate "after annealing' relative
to the value calculated by method A for the ''before annealing' data.
Method B, then, is the one which really tests the deduction that bulk ab-
sorption is altering pump rate; both methods test the deduction that bulk
absorption at 69;\;? is present before annealing in the amount of

0, 006 + 0,003 cm™* for this rod, Note that the absolute values of the ob-
served and calculated output powers do not agree, This is felt to be at-
tributable to the assumption in Eq, (1) that uniformly intense plane waves
are depleting the population inversion, In fact (Stickley, 1964), the modes
are the multihumped wavefronts characterized by Herriite -- or Laguerre
-- Gaussian functions which could lead to incomplete consumption of the
population inversion (the unaccounteud for power would be lost as fluores-
cence) and a reduced output power. More applicable, then, is a compari~
son between the ratios of the observed and calculated output powers.

Since the uncertainty in the ratio calculated by method B falis within that
of the observed ratio, it is concluded that undesired bulk absorptiun in the
region of the pump bands and 6943 A can account for the energy degrada-
tion in rod 86.

A similar calculation can be made for rod 520 in the experiment sum-
marized in group VL. The pump rate W cannot be calculated exactly since
the time-to-threshold is not known, Xlowever, Eq. (4) is not very sensi-
tive to it if Wr>> 1, Since before UV exposure, E . was about 0,5 joule
(for this case b denotes before UV exposure), it is reasonable to assume
Wy,7 = 8, a number which is cons.stent with other observations and calcu-
lations made as outlined and for rods of this diameter. Next, the ratio
W Ny /Wa‘N,‘a could be taken directly from Figure 3. However, that
computation used the bulk absorption shown in Figure 2 for rod 86 rather
than the lesser amount of absorption which was actually induced in rod
520. To correct this, it is assumed that the above ratio can be linearly
reduced by the ratio of the Aa(4800) of rod 520 to Aa(4800) of rod 86.

Also, we assume that the relative duration of laser oscillation of after ex-
posure to before exposure to be 0, 95, that f, * 0. 005 cm™* (a measured
valus for rod 574 which is similar to rod 520) and that g * (0, 005 + 0. 002)
cm”* based on the absorption increase seen in rod 521 (a mate to rod £20)
after UV exposure, Knowing that ¢ = 0, 20 and ryry = 0, 80 and carrying
through the calculation of method B using Eqa. (i) %o (4) we obtain
EOQ{EYb = 0, 815 compared to the observed value of 0,79 £ 0, 08 from
Table 1.

Similar calculations have not beer made for all the other rods, but it
is believed that bulk absorption in the region of the pump bands and at
6943 plus surface absorption (discussed in Section 4, 3. 4) can explain the
results with the exception of the one experiment on rod 521 (group Vb);
this will be discussed in Section i. 4. :

T-13

o N




4. 3,4 Surface Absorption Between 3500 and 6500 A

It is evident from examination of Table 1 that there are cases where
the color change (column XII) and induced absorption in the center of the
rod (column X) are not well correlated with the energy decay. For rod
99 (group II) it was observed that there was a radial dependence of the
absorption as determined using a 1-mm diameter argon laser beam.

This suggested the possibility that a ron-negligible amount of absorption
was occurring immediately at or near the surface of the rough-sided rods
which would not show up with the standard measurement technique for de-
termination of induced absorption. Another factor which gave credence to
this pessibility was that rod 87 of group II did not expand at a greater rate
when pumped through a quartz filter compared with the thermal expansion
observed using s Pyrex filter; the other rods in groups I and 1I did so to
varying degrees. A possible explanation for this observation follows: If
it is assumed that the surface of rod 87 was absorbing sc strongly in the
UV (and presumably, then, the visible spectrum) the additional UV which
would be passed by the quartz filter could not get into the center of the
rod to heat it during the time duration (1 millisecond) of both the pump
flash and the measurement,

Furthermore, if strong surface absorption existed, the color change
seen in the rods when viewed from the side might be only a surface rather
than a bulk effect; this would explain the poor correlation between columns
X and XII of Table 1. To test this hypothesis, an outer layer 0.5 mm
thick was ground off the surface of rod 99, The subsequent measurement
of its output energy showed a twentyfold increase along with 2 drop in its
threshold energy back to the neighborhood of its oviginal value, This
demonstrated conclusively that surface absorption was playing a major
role in some rods in cav ng energy degradation. Also rod 99 after
grinding had an almost pinkish appearance typical of most new ruby; the
small residual orange appearance is explained by the bulk absorption that
gtill existed in the rod, A third factor that can lead to energy output
degradation must now be stipulated: Much discoloration of various rods
can be explained by changes in surface transmission and reflection rather
than by changes in bulk properties. It is not known what impurities were
introduced onto the surface during the cleaning process normally used
(washing in alconox detergent and hot water with a final cleaning with
ethyl scetate) and which would cause the browning observed,

4. 4 Further Experimental Observations

The renults of testing rod 521 after 2 hr exposure to the light from an
air-cooled AH-6 Hg lamp is summarized in row Vb of Table 1; the rqd
was placed 2,5 cm from the lamp, The energy ourput degradation to 0, 35
of the initial value was not expected based on the following three observa-
tions: (a) the flashlamp irradiation tests of rod 521 summarized in row
Va; (b) the performance of rod 520 (row VI) in a similar test at Linde (it
is not known how close rod 520 was to the lamp, however); and (c) the
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calculated decay based on the amournt of bulk absorption that developed
(see column XI), Prior to the UV exposure it was observed that no more
than forty flashlamp firings of rod 521 could induce the amount of bulk
absorption shown at column X, row Va; rod 86 plus a Verneuil rod not
listed on Table 1 showed little, if any, effect of an identical amount of ex-
posure to the Hg lamp radiation, Furthermore, upon annealing in air at
§25°C for 24 hr no recovery of the energy output occurred, even though
its color became pink and the absorption at 4800 A dropped to 2 normal
value for annealed ruby. This has never been observed with other rods.
A small increase in bulk absorption {0. 003 cm=~1) at 7000 A was observed
after the annealing treatment, although not large enough to account for the
lack of rise in the output energy.

Filtering the pumplight through Pyrex for rod 9 (group III), which
decayed owing to the development of surface rather than bulk ebscrption,
did not siow down the rate of decay, Schultz (1967) reported that Pyrex
filtering of Hg lainp radiation will prevent browning from developing, and
that this will prevent output energy decay., Dormitzer (1968) reported
that Pyrex filtering also helps to slow down energy decay although not pre-
venting it entirely; it simply ~xtends the useful life of the rods. Our own
observations and those of Dormitzer (1268) are that no amount of anneal-
ing (at temperatures of 1000°C or less) will fully restorc a degraded rod
to the same condition as new, Heating for 48 instead of 24 hr at 900°C in
air will stil? bring about an improvement in performance, however,
Arkhangelskii, et al, (1967), Maruyama and Matsuda (1964), and Schultz
(1964) indicate that annealing at 300°C causes recovery of the pink colora=
tion of ruby., Johnson and Grow (1967) reported that glow curve maxima
are reached near 300°K but that the samples must be heated to 800°C to
remove all the traps produced by y-irradiation, Hunt and Schuler (1853)
reported seeing pinkish thermoluminescence at 500°C and that if heated to
1000°C the samples looked identical to those unexposed, Our tests of rod
86 {see Table 2) showed that heating in air at 450°C had no effect. Thus
it is likely that the temperature at which appreciable revitalization occurs,
as well as to what extent Pyrex will prevent browning from deveioping,
will depend upon the nature of the impurities present in the particular ruby
sample,

5. NATURE OF THE BULK ABSORPTION

Figure 2 coniains plots of induced absorption vs, wavelength for rods
86 and 521, and for a 3 mm thick sample of rod 73, the same larger rod
from which rod 87 (a mate to rod 86) was cut. The data for rod 86 and
sample 73 were obtained by comparing the absorption vs. wavelength be-
fore and after the specimens were annealed at 900°C for 24 hr in air,
The data for rod 521 and Levy's (1961) data were obtained by comparing
the absorption vs. wavelength before and after the specimens were ex-
posed tc AH-3 Hg lamp radiation and y-radiation, respectively, Levy's
data were normalized to 0, 225 cm™1 at 4000 A, for purposes of compari-
son with the curves for rod 86 and sample 73.

336-694¢ O-60-7

T-15




’\'{k-

The absorplion induced in the gample Aa(A) upon irradiation is given

by

Aad) = o'QIN'Q) - ¢ AIAN Q) ,

where 0'(A) and 0g and (A are the absorption cross sections for induced
bulk and the Cr3* gronad state absorptions, respectively, N'(A) is the
density of induced absorbing centers, and ANy(A) the change in the Cr3*
ion density upon irradiation and is positive in sign, Since "holes are
eaten out of' the Aa(d) curves for the ruby samples in the wavelength re-
gions of maximum ground state absorpticn of ruby (this is particularly
evident at 5600 A for all samples and at 4160 A for rod 521 and sample 73;
the uncertainty in the values for rod 86 at 4106 A may have smeared this
out), it ig likely that some Cr3+ was converted tc other valence states.

An estimate from Figure 2 at 5600 A of the extent of this gives OoA)AN =
0. 04 cm*1 for bgth sample 73 and rod 86, Using Cg(A) = 1.47 X 10-19 cm?
for Elc at 5600 A (Dodd, Wood, and Barns, 1964) gives AN, = 2,7 X 1017
cm”™ ¥ corresponding to a change in Cr * ion density of about 3 percent;
this is similar to the observations of Arkhangelskii, et gl. (1967) who saw
a density decrease of 2 to 6 percent resulting from optical pumping.
Maruyama and Matsuda (1964) reported observing a 52 percent decrease
upon y~-irradiating a sample until the induced absorption saturated,

Since this is good evidence that some Cr?’+ ions lose electrons, is the
absorption in Figure 2 characteristic of other valence states of chrom-
‘ium? In our opinion, it is not, for the reasons which follow.

A study of the literature has shown the type of absorption in Figure 2
to be somewhat similar to what other investigators have found and very
similar it some cases. The curves which appear to fit the data for rod 86
very well are from the work of Hunt and Schuler (1953) and Levy {1961),
Huni and Schuler were the first to observe this type of absorption in
a-Al,03; they irradiated thin samples of Linde Verneuil sapphire with
x- and y-irradiation, Thz absorption saturated.at a value of 0.37 cm~1
and peaked at about 4050 A, They also observed a much stronger band
at 2300 A, Levy's results for y-irradiation of Linde Verneuil sapphire,
which are very similar (to within 50 A in terms of the peak locations)
to Hunt and Schuler's, are plotted in Figure 2. The saturated peak
value he observed was 3.75 cm=~l; as mentioned in the foregoing, in
plotting his data, it was normalized to an approximate average value
for the peak transmission of rod 86 and the thin sample of rod 73. Note
that its shape and location are in good agreement with our observations
particularly for wavelengths longer than 4000 A, We consider this to be
the strongest evidence that the obgerved absorption is not characteristic
of Crét or Cr4t since practically the same absorgtion spectrum is seen
in y-irrediated sapphire samples containing no Cr3t,

Hoskins and Soffer (1964) arrived at a similar conclusion upon the
growth of AlpOg containing Cr4*, They observed an intense absorption
somewhat like that in Figure 2 except that the peak value occurred at
4600 A, They attributad this absorption to a color center associated with
the anionic charge compensation rather than crét absorption (the charge
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compensat:on had to be used during the growth to ensure that the chro-
mium wounld go into the crystal as Cr4* rather than Cr3+), Hoskins and
Soifer concluded this since (a) they saw it in a~AlpOg crystals prepared
under similar charge compensating conditions but containing no chromium;
(b) the strength of the absorption bands would imply an unusually large
oscillator strength for Cr4* based on its deduced concentration; and (c) the
coloration of the crystal did not change when the cr4* was converted to
Crdt by blue irradiation,

Maruyama and Matsurda (1964) found a strong dependence of the in-
duced absorption (seen in four bands at 4700 A, 3700 A, 2800 A and 2200 A
with the laiter being strongest by a factor of three in absorption) on chro-
mium concentration in Verneuil samples grown by the Shinkesha Company
and y-irradiated, They proposed that this could be explained by the fol-
lowing mechanism, The difference between starting and final values of
CrgOg3 in ruby growth gets larger as the starting amount increases. The
amount that is lost is by vaporization of chromium during the growth,

Thus the crystal may contain cation vacancies and, consequently, anion
vacancies in order to maintain charge neutrality, and the number of these
should be proportional tc the amount of CrqO4 used in starting to grow the
crystal. They suggest that this explanation will hold only when the num-
ber of defects and impurities having no dependence on chrome concentra-
tion is less than the chrome concentration, ESR measurements made by
them showed the Cr3* concentration of their 0, 024 percent Cr3* sample

to decrease to 52 percent of its initial value after y-irradiation of 1 X 105r,
They further suggest that the band they observed which peaks at 4700 Ais
due to Cr2*, From these daia it was possible to calculate that if the band
we observed at 4000 A is due to a loss of Cr3t this should show up as a
change in the Rj line absorption after heating., For rod 86 this would have
amounted to a change in transmission of 2 percent at 6943 A, a factor of at
least 3 larger than the nonreproducibility of our measurements, Since
only changes of the order of the measurement reproducibility were seen,
as discuesed in the first part of this section, and since the bands do not
peak at the same wavelength, it is apparent that this mechanism is not the
correct one for the explanation of induced abgorption, It should be noted
that the saturation absorption value at 4600 A for Maruyama and Matsuda's
lightest doped (0, 001 percent) sample was 0, 076 cm™*, considerably less
than the values obtained by Hunt and Schuler (1953} (0. 37 cm~1) and Levy
(1961) (3.75 cm"1) for sapphire, This could be interpreted as follows: that
Maruyama and Matsuda's samples contained a very low density of defects
and impurities, of the sort that lead to color center formation in ruby.

Schultz (1964) also observed a similar absorption in a 0, 035 percent
Verneuil ruby grown by H. Djevarhirdjian of Switzerland, The absorption
strength was 0,17 cm~1 at peak wavelength of 4465 A after only 10 to 20
flashes of a xenon lamp in a laser setup. His tentative conclusion that this
absorption was due to a valence change of chromium hinged primarily on
the observation that he did not find an EPR signal for the color center at
room temperature, whereas some report having seen such a signal, but
not in Al30O3 (see Orton, 1959). Others (Hoskin and Soffer, 1984; Hayes
and Jones, 1968; Jolley and McLaughlan, 1963), however, were able to
detect such signals only at cryogenic temperatures, _
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Arkhangelskii et al, (1967) interpret the induced absorption they see
in terms of absorption by ng"’ and Cr4*, Their conclusion is based on

- first, the fact that Levy (1961) did not choose to consider small variations

in the induced absorption curves for sapphire as me ul, whereas they

did; and second, in the argument given for the observed "'bands', that is,

sbsorption by Crét or Cr4*, one could just as easily suggest it to be a
_color center of a different nature and the pattern of their logic would not

_ be destroyed.

: any. mass-spectroscopic impurity concentration measurements
rsere made c rods 79, 84 and 87 of group I to determine if sufficient im-

. .parities might be present in order that the color centers could be asso-
‘ciated with them rather than with chromium in other valence states. Since

the total number of impurities appeared to be four to ten times greater
than the Cr3+ concentration for the rods (Hunt and Pitha, 1968) it seems
possible that there would be enough impurities of the right type present to
cause the coloring seen,

In conclusion, we deduce that the absorption which is seen is charac-
“teristic of color centers associat%d predominantly with defects and im-
purities in the rod rather than Cr2* or Cr4* absorption since (a) the in-
duced absorption shown in Figure 2 is matched best in terms of peak
wavelength to the observations made by Hunt and Schuler (1953) and Levy
(1961) on a-Al30g3; (b) the absorption cross section integrated over the
and UV appears on the order of ten times larger than it does for
, and it seems unreasonable that a change in valence state would be
accompanied by such a large change in integrated absorption cross.section;
(c) there are such significant differences in the peak wavelengths, strengths,
and dependence on chromium concentration reported in the literature and
between all the various crystals that we have investigated, that it seems
unlikely that a simple explanation which would apply to every ruby sample
would be valid; and (d) sufficient impurities appear to be present (in the
- group I rods at least) that the color centers could be associated with them
rather than Crdt or Crét,

6. CONCLUSIONS

We have shown that the gradual output energy decay of ruby lasers
upon repeated UV irradiation from typical xenon flashlamps used for pump-

can be quartitatively accounted for by a bulk absorption induced in the

, which both robs the center of the rod of pumplight and acts as a non-

'«i-@utun&:(bloq mechanism at the laser wavelength, Comparison of the

induced absorption vs, wavelength with the absorption curves for y-ray
induced color centers in undoped a-Al;Og shows them to be essentially the
same, ting that the induced nblorp?ion does not depend upon the pre-
sence of Cr¥* for its development, Measurements of ruby sample impurity

- congentration by mass spectrographic analysis shows that sufficient im-

purities are present in the samples analyzed to account for the development
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of the color centers, Specifically which impurities lead to thig are not
known,

Contamination of the side surfaces of ruby rods followed by flashlamp
irradiation can lead to the development of strong undesired absorption at
or near the rod surface and cause energy degradation, Bulk and suriace
absorption is somewhat reliably detected by an orange-brownish appear-
ance upon comparison with unfired ruby. Heating in air at 900°C for
24 hr will anneal out the color centers, thereby bringing about a useful
(but not complete) restoration of the output energy; filtering the UV from
the pumplight will reduce the rate of filling of the color centers an thus
the rate of output energy decay. Finally, bulk absorption at the laser
wavelength can lead to catastrophic damage; the energy densities calcu-
lated for this process are of the order of 105 joules per cmZ, however,
and thus would only be of concern in long, extremely high energy systems
where unintentional focussing might occur.
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Table 3, EFFECTS OF CLEANING ARD ANNEALING ROD 88
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Modern Thermal-Imaging Techniques
for High-Temperature Research

ABSTRACT

Thermal-imaging methods and equipments have improved markedly
during the last few years. It is now possible to attain thermal fluxes and
temperatures in the laboratory that are comparable to those available
when using the sun as a source. This advanced technology has been
especially applied to high~temperature crystal growth, but can also be ap-
plied to many cther problems including: (1) melting, vaporization and
ablation studies, (2) fuel ignition, (3) heat blast and burn effects, (4) char-
acterization of windows at optical and microwave frequencies, (5) energy
conversion, (6) generation of water, (7) radiative parameters, (8) and
many physical and chemical investigations requiring very high tempera-
tures such as phase determination, purification, alloying and X-ray dif-
fraction., Such experiments can be carried out quite easily in the 1500~
3000°C range, and temperatures can be extended well beyond this range,

The basic concept involved in thermal imaging is to produce heating
by focusing an image of an intense light source onto a material, This
process has two major advantages: the heatiag process is clean, and es-
sentially any atmosphere can be used. The use of thermal imaging has
been limited in the past by the necessity of having adequate sources, opti-
cal systems and associated equipments. These restirictions can generally
be eliminated by careful design and good experimental technique.
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. A modern high-performance, dual-compound, thermal-imaging fur-
nace will be described. Its application to materials research, especially
' lﬂ}e crystal growth, will be covered together with application to other
problems of importance to the Air Force.

1. INTRODUCTION

Almost everyone has at one time or another experimented with the
use of a magnifying glass and the sun for starting a fire. The modern
thermal-imaging furnace or heat source is merely an advanced adaptation
of this simple concept. If the sun is utilized as a heat source we have 2
"solar-furnace”, and if some other source of light is utilized we have a
"thermal-imaging furnace’. These methods all have one concept in com-
mon; heat is produced simply by focusing or concentrating an intense
light source onto the material it is desired to heat.

It is interesting to note (Benveniste, 1956 and Gradstein, 1961/62)
that the use of lenses or mirrors for lighting kitchen fires and altar flames
- was known to antiquity and that as early as the year 1540, solar furnaces

using mirrors a foot in diameter were capable of melting gold. A large
solar furnace was also built in 1774 and used by Lavoisier for a number
of chemical experiments. This furnace had an optical system composed
of two lenses, one of which was four feet in diameter., This furnace was
- capable of tracking the sun and could reach temperatures of 1500°C (about
the melting point of steel). The first arc-image furnace (that is, one
using a carbon arc as the source) appears to have been demonstrated by
Tyndall (1866) in his lectures on high temperature chemistry.

Modern well engineered thermal-imaging furnaces (Field and Wagrer,
1967 and 1967a) have several advantages that are important to research
and to certain Air Force applications. These are: ?1) the heating process
is very clean, (2) essentially any atmosphere can be used, (3) there are
- no electric or magnetic fields present, (4) very high temperatures (3000°C)
can be achieved, and (5) using the sun as a source permits the generation
of energy without the use of any other fuel. The later advantage has po-
tential applications for support facilities in remote locations.

While the author's work in this field has been mostly on single crystal
growth the method is, however, applicable to many other problems in
materials research. It is the purpose of this report to describe the state-
of-the-art, and to point out the role of thermal imaging to research and
to other applications of potential importance to the Air Force.

3. THE THERMAL-IMAGING FURNACE

. The basis of all thermal-imaging furnaces is the simple solar furnace
- shown in Figure 1. Nearly parallel rays of light coming from the sun are
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focused by the parabolic mirror to form an imsage of the sun with the size
of the image depending upon the size and design of the mirror., While
the solar furnace has advantages, it is generally not satisfactory for ma-
terials research problems that require a steady application of hest for
long period of time,

The type furnace that is most commonly uged is the two-mirror sys-
tem shown in Figure 2. The source, placed at the focal point of one
parabolic mirror, produces a parallel beam of light - as in the case of a
searchlight. This beam is collected by the second parabolic mirror to
form an image as in the solar furnace. Thir .esign has proved quite
successful for a number of studies but heats only one side of a specimen.
This is a serious disadvantage for many applications, especially single
crystal growth. A design (Ploetz, 1959) that circumvents this difficulty
is shown in Figure 3. In this design two parabolic mirrors are placed
facing each other with very little spacing between the mirrors, In this
manner the focal point of each mirror is actually outside the adjacent mir-
ror. A small hole cut in the center of each mirror allows the light from
the source to completely illuminate one mirror, thereby producing the
required parallel beam of light to illuminate the second mirror. The
light from this second mirror is then focused out through the other hole,
In this manner the point at which the light is focused (the hot-spot) is ac-
tually outside the optical system. If two claimn-shell systems are placed
facing each other as shown in Figure 4, both sides of a specimen can be
heated. Two light sources X illuminate the two mirror systems C,
which in turn heat the specimen R on both sides, The two back-up mir-
rors M collect a portion of the light that does not normally enter the
mirror system, and refocus it back through the lamp to increase the over-
all efficiency. The back-up mirrors increase the thermal flux by about
25 percent,

At this peint it is important to stress one vital point in relation to
heating with light; that is, unless there is an absorber present there is no
heating produced except that due to a small absorption of the air itself.

It is, therefore, incorrect to speak of the temperature that a particular
furnace can reach but rather to specify the thermal flux (energy/unit area)
that can be produced. Temperature specification is sometimes helpful,
however, if one remembers that it applies to an essentially flat absorber
that will retain the major portion of the light that falls upon it.

The choice of the type of source to be utilized also presents another
design factor to be determined, The sun is the best from the standpoint of
power and attainable temperature. As sunlight can be collected over as
large an area as desired, large amounts of energy can thus be collected.
Very large solar furnaces (Laszlo, 1965) are capable of producing about
one million watts of energy into a focal area that will permit attaining
temperatures of nearly 4000°C. Such large furnaces are very expensive,
require provisions for tracking the sun, and are limited by the whims of
the weather, For these reasons thermal-image furnaces today utilize
an artificial source of light. The carbon arc can produce a very high
temperature but is not steady and, due to consumption of the electrodes,
is not suitable for experiments requiring long periods of operating time,
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For the reasons outlined above, the source normally used for re-
search purposes is the high-pressure xenon lamp. A 5000-watt lamp is
shown in Figure 5. These lamps have a spectral distribution of light very
similar to the sun except for a series of peaks in the 0, 8~ to 1, 0-micron
rang:. These lamps are commercially available up to 20, 000 watts, and
40, 000-watt versions are in the developrient stage.

The high-powered laser deserves more investigation as a possible
source. Such lasers can now operate at continuous power levels of ap-
proximately 9000 watts, and together with a lens or mirror system can be
easily focused. Such sources should be excellent for many applications.

A double clam-shell furnace utilizing two 5000-watt lamps and three-
foot parabolic mirrors is shown in Figure 6. This furnace can produce a
maximum thegmal flux of 1900 watts/cm?2 and an average flux density of
850 watts/cm® over an area of 5mm by 5mm. This value of maximum
flux is approximately one-half that attainable in a good solar furnace.

The attainment of such operating characteristics requires careful atten-
tion to the optical components of the system (Wagner and Field, 1967).
The temperature stability in this furnace is very good. The temperature
of a melt can be maintained to #5°C with only current control of the lax.ps.
With intensity control, the temperature variation should not exceed +2°C.

Atmosphere control can be achieved by surrounding the specimen
with a glass or quartz envelope. As quartz is quite transparent to the
wavelengths of light present in the source it absorbs very little heat and
is, therefore, heated mostly by reflection from the specimen, Pressures

of 100 pai are easily attained, and under certain circumstances pressure
up to 1000 psi should be possible,

8. APPLICATIONS

It ia not possible to cover all present and/or possible applications of
thermal imaging in a short report. Several important uses will be de-

scribed and a number of others outlined in sufficient detail to indicate the
potential of this method.

3.1 Single Crystal Growth

Singie crystals serve two important functions: (1) it is from such
crystals that the fundamental properties of a material can be determined,
and (2) they are alsc ihe heart of such devices as the transistor, maser,
laser, etc, The growth of high quality crystals is, therefore, an im-
portant function in relation to obtaining a better knowledge of materials
and to the construction of many actual devices. The advantages of clean
heat, atmosphere coatrol and high temperature capability make thermal
imaging a natural choice for a number of vital materiais.

U~6
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There are a rumber of methods for crystal growth but most are
based upon growing either from a melt, liquid or vapor. Melt growth is
essentially a process involving the melting of a mass of material and then
permitting it to solidify in such a manner that a single crystal of the ma-
terial results, It is this method that is most successful when thermal
imaging is used as the source of heat, Growth from a melt also embraces
a number of different approaches that are given various names. Two of
the best and n:ost general will be described.

The first of these methods is best described by again referring to
Figure 4. Here is seen a rod R of material being melted. For the growth
of a single crystal the sequence of events will be as follows: The lower
portion ot the rod (normally round) would be a piece of a single crystal.
The top portion wouid be a source of supply for additional material called
the feed rod. This can, for example, be a rod prepared from material
of the same composition as the seed crystal. The rods are then positioned
50 that their ends nearly touch, and the lamps are turned on to melt the
ends of the two rods. If they are sufficiently close together the two molten
ends will join, forming a molten zone supported by surface tension. The
rods are rotated in different directions to assure good mixing and uniform
temperature in the melt, If the rods are now slowly lowered together as
a unit, the moiten zone will move up the rod. As the material freezes,
growth of the crystal will continue, At least forty different materials
have been produced by this method, Work at AFCRL has been on the fer-
rites, spinel, stabilized zirconia, sapphire and especially ruby (Field and
Wagner, 1968).

The purpose of the work on ruby has been to develop a better material
for laser applications. Thermal imaging has several advantages that
should permit the production of better crystals with repeatable character-
istics - the cleanliness of the process and the fact that the temperature of
the molten zone can be higher than other ma2thods resulting in an increased
fluidity of the melt. The interface between the crystal and the liquid can
also be easily contoured with an external heater in order to decrease the
dislocation density, and by utilizing the zone leveling principie the
chromium distribution in the cry:tal ¢hould be more uniform. One of the
ruby crystals is shown in Figure 7. This crystal is approximately 1/4 by
2 inches, has a dislocation count of 104 dislocations/cm?, very few low
angle grain boundries, a total impurity concentration of 200 parts per mil-
lion, and the chromiurn: distribution across the crystal varies by only
tl percent. Further work should produce better crystals with improved
characteristics for laser applications in communications, ranging, etc.

Another melt growth technique is the Czochralaki or puliing method
shown in Figure 8. This is the two-mirror, thermal-imaging furnace but
in this case the optic axis of the mirrore is in the vertical position. The
light from the top mirror is directed onto the material contaired in a
crucible, When the charge is molten, a seed crystal {8 lowered until it
touches the top of the melt and is then slowly withdrawn. Ae the tempera-
ture of the seed crystal is below the melting point material will solidify on
the seed, and as it is withdrawn a single crystal is formed.
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Thermal imaging has one important advantage for Czochralski
gowth - the ability in certain cases to eliminate crucible contamination.

onsider the case where the material is dense, fills the crucible, and is
a good thermal insulator. The light beam can then be focused on the
center of the charge in the crucible and as heat is being supplied only in
this region, it is possible to melt in only this central region, In this
manner there is no reaction between the charge and the crucible. Also,
the meliing point of the material can actually be higher than that of the
crucible., For example, material that melts at 2850°C can be handled
in an alumina crucible that melts at about 2000°C. A crystal can still
be pulled from the central molten region as described above.

3.2 Other Applications to Materials Research

The characteristics of a thermal-imaging furnace also make it
readily adaptable to many other physical and chemical investigations re-
quiring very high temperatures with or without atmosphere control as:
(1) melting and alloying, (2) phase determination, (3) thermal expansion,
(4) purificatiop, (5) and X-ray diffraction.

There are two basic properties of the thermal-imaging technique that
are responsible for most of the above applications. First, there is the
ability to direct light onto a small region of a sample, This eliminates the
requirement for a container in many cases, The second point is that very
rapid heating is possible. By placing a specimen directly at the focal
point, materials can be heated to temperatures in the order of 3000°C in
a few seconds and, since the lamps can be rapidly turned off, the sample
can be quickly quenched or cooled. These two facts permit alloying,
phase determinations and othe. experiments to be made at high tempera-
tures in a short period of time,

The float-gone method of crystal growth that was described previously,
is also one of the best for purification of many materials. It has for years
been one of the main techniques for the purification of semiconductor ma-
terials such as silicon and germanium, By this process certain impurities
cu:) be "swept' out of a material. Thermal imaging provides the addi-
tional advantage of utilizing an absolutely cl-an source of heat; light cannot
add any additional impurity.

3.3 Optical and Microwave Windows

Missiles and very high speed aircraft have various requirements for
windows that will transmit optical and/or microwave signals. In addition
to adequate mechanical and electronic properties, these windows must
withstand severe heating. These conditions presunt a difficult problem;
that is, the measurement of properties under actual operating conditions,
egpecially at high temperature. Here again thermal-imaging techniques
could provide a simple solution to this problem. The experimental setup
would be as shown in Figure 9. Here there is the usual clam-shell fur-
nace, but this time the light is injected into a device (Chen, 1863 and
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Glaser et al, 1963) called a "light-pipe'’. The purpose of a light-pipe is
to produce a more uniform distribution of thermal flux and, therefore,
more uniform heating of a specimen. The increased uniformity is the
result of multiple reflections within the light-pipe. The light-pipe usually
has = square or rectangular cross section. The cross section may re-
main constant in size or may be in the shape of a truncated pyramid; that
is, shaped like a horn. The window under investigation may be placed
within the end of the pipe or adjacent to it as shown in Figure 9, As the
thermal flux is very uniform, the temperature in the window will also be
uniform with proper experimental precautions. If it is desired to heat
both sides of the specimen, a similar clam-shell unit can be placed on

the opposite side. However, in most applications a window is heated only
from the outside by friction with the atmosphere and the arrangement
shown in Figure 9 is perhaps the more realistic,

Optical transmission of a window can be determined in a simple
fashion. The spectral distribution of the light emitted by the light-pipe
can be directly measured. A similar measurement of the light passing
through the window permits determination of the absorption of the window,
The high intensity of the light provides the heating of the window,

When one considers that the light-pipe is a metal pipe generally having
a polished silver interior and having a square or rectangular cross-section,
one realizes that this is the ideal configuration for a wave guide., Micro-
wave probes for injection of signals and for measurement can be inserted.
The light then heats the specimen, and the light-pipe at the same time
forms a microwave measuring system to evaluate the parameters of the
material., Again, measurement of the microwave energy incident to the
specimen and that transmitted would give the absorption. Light-pipes
have been successfully operated in a variety of sizesn comparable with
usual microwave wavelengths, so that measurements could be made at
the wavelengths of most operating systemsa, The high heating rates at-
tainable with thermal imaging alao can provide for proper simulation of
high heating rates encountered in reentry applications.

3.4 Energy Conversion

No one needs to be made aware of the importance of solar cells in
the space program, especially for powering unmanned satellites, But
what about terrestrial applications? In remote areas or where supply
functions are difficult, the sun is an often overlooked potential source of
energy. While sunlight is not always available, modern batteries and/or
energy storage devices can provide for periods when sunlight is absent,

It is interesting to note that as far north as Boston, Massachusetts there
are normally 120 days a year when the gky is clear and when solar radia- R
tion is suitable for most solar furnace work. S

While many experiments have been made and various devices devel-
oped for heating and energy conversion using the sun, further work must
be done to develop systems suitable to mili:i~; agplications. However,
the results all indicate that this approach is a sound one,
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When considering the use of solar cells for terrestrial applications,
it has been shown (Berman, 1967 and Herchakowski, 1965) that the most
efficient system is one combining a solar cell with a simple integral con-
centrator. Such a system is capable of providing 100 mw of power with
normal solar radiation. It has been estimated that the cost for suck a
cell-concentrator arrangement would be less than $10, 00 per watt.

Energy conversion can also be achieved by other means. Recent in-
vestigation of a solar-powered Stirling engine power unit (Trayser and
Eibling, 1867) have resulted in the design of a small unit for field use.
This unit can provide 50 watts of power, weighs about 15 pounds, is
estimated to cost around $500. 00, and is 15 x 16 x 24 inches in size when
folded for shipment. These studies also resulted in the results shown in
Table 1 for comparative weight and cost factors of various systems.

- Table 1. Weight ard Cost Factors of Power Source

Power Source Pounds/Watt $ /Watt
Solar-Stirling Cycle 0. 32 10
Solar Cells, Fiat Plate Ccl-

lector 0.2 150
Solar Cells, Coincentrating

Collector 0.1 15
Solar-Thermoelectric 0.75 50
Solar-Rankin Cycle 2.6 12 |

- Simple portable solar concentrators have also been developed for
olher applicatiins, such as cocking food n desert areas where fuel is
" ‘The production of drinking water by desalinization of sea water is

o upmy becoming cne o! world importance. It is not our intent to enter

~ indo a discussion of this problem, but rather to consider just two possible

lications of thermal energy to the problem, The first is the production
small amnounts Y pure water by distillation of sea water, and the sec-
ond is the conce~t of sroducing water from rocks.

. "R ents in the order of 100 gallons or less per day in remote
. areas e sea water is avail.lle, are best handled by using solar heat

n-10




* the separation of this light from that emitted or reflected from the sample

(Daniels, 1967). Small easily constructed and mainwained plastic stills
have been designed. A small plastic still of 30 square feet costing about

$ 15 for materials can produce about 1 gallon per day. These small

stills are easily construcied by unskilled labor and are very easy to main-
tain. An area of 50 by 50 feet is, therefore, capable of producing 100 gal-
lons per day. For any larger amounts, some type of fuel operated system
would be better.

Most rocks on the earth and possibly those on th: moon may contain
as much as 0. 13 cubic meters of water per cubic meter of rock (Anony-
mous, 1968). To reclaim this water requires sufficient temperature to
decompose the rock, Such heat can easily be supplied by a solar con-
centrator., In fact, several experiments (Anonymous, 1960) havc suc-
ceeded in obtaining water from rock. Heating wes performed in a solar
furnace at a vacuum of 10-5 torr. The steam was then cundensed in a
cold trap at -40°C. Both vacuum and condensing temperatures are
readily available on the moon. Solar radiation on the moon is also ap-~
proxin.ately 27 percent more intense than the maximum available on the
surface of the earth. Whilw this concept may not be logical for :errestrial
use, it may be vital to the needs of any moon base. In this case, large
scale operations where sunlight is readily available are not too unreason-
able,

3.6 Radiative Parameters

Researcn on and design of high speed vehicles that arc subject to re-
entry through the atmosphere require a knowledge of the radiative para-~
meters of the materials used in their construction. Such parameters in-
clude the amount of light and heat emitted and/or reflected fror: their
surface. The study of such parameters requires the ability to rapidiy heat
a2 matsrial in a controlled atmosphere to very high temperatures.
Thermal-imaging can easily provile this type of environri.ent. However,
the measurement of the radiative parameters themselves presents a dif-
ficuit problem. This stems from the fact that the heating is produced by
light that contains a large pariion of viaible and infra-red radistion, and

is a difficult problem. There are, nevertheless, some methoa ~f ueasure-
ment {Noguchi and Kazuka, 1966 and Laszlo, 1865aj that are reasonaply
satisfactory and can provide reasonable good results. Adequate insiru-
mentation in this area needs one thing; namely, 8 grod idea. It is an-
ticipated that future research in this area may provide better methods lor
such measurement's. Thermal imaging would then provide ar excellent
technique for the evaluation of such parameters.

3.7 Miscellaneous Applications
Under this heading we will consider a fow additional applications of
therial imaging. Their listing here is not meant to {ndicate a lack of

importance, but rather the extent to which this technique can and has been
applied. -
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The severe heating of missgile reentry can produce vaporization and
ablation of nose cone materials. Many high temperature materials have
been studied by this method (Laszlo, 1965b), Items determined include
the vapor pressure and rates of vaporization together with the nature of
the vaporized products. The ablative characteristics of a number of high-
temperature materials including composites have also been measured.
Thermal-imaging has the advantage of both high temperature and simula-
tion of the actual atmosphere through which a missile travels. However,
it is difficult to include mechanical effects of friction other than thermal.
Ablative rates can be determined as well as the nature of the material
and geses given off during ablation. The increase of temperature with
time can also be controlled and measured. For extremely high tempera-
tures, a plasma generator can be utilized as a source. In this case the
process of thermal imaging can provide the temperature and spectral
characteristics of the plasma without the usual contamination,

Thermal imaging has been applied to many other engineering and
scientific problems, and will undoubtedly be applied to many more in the
future. Such studies include: (1) the evaluation of mechanical properties
of materials at high temperature for engineering applications, (2) the
determination of fuel ignition characteristics, (3) the effects of thermal
blast of clothing and various military items, and (4) the production of
high-temperature burns on both animals and man for study of thermal
blast and other biological effects. This is a partial listing, but indicates
the tremendous scope of thermal-imaging research and application.

4. SUMMARY

It has been the purpose of this report to present the results of in-
dependent research by the authors, and at the same time emphasize the
potential importance of thermal imaging to the possible solution of various
Air Force problems, The results obtained on single crystal growth and
the outline of other important applications, demonstrate the validity of this
approach as a basic and applied technique with a bright future.

U-12




e e et e e o Al b o et s 0 b8

REFERENCES

Anonymous (1950) Water from rocks, Aero-Space Lab., North American
Aviation Inc., Los Angeles, California.

Anonymous (1968) Moon Water, Industrial Research, p. 22,

Benveniste, G. (1956) Burning glasses from Archimedes to Lavoisier,
Sun at Work}l(No. 2):5.

Berman, P.A., (1967) Design of solar cells for terrestrial use, Solar
Energy 11:180.
)

Chen, M. M., Berkowitz-Mattuck, J.B. and Glaser, P.E. (1963) The use
of a2 kaleidoscope to obtain uniform fluk over a large area in a solar or
arc imaging furnace, Applied Optics .2"‘:265.

Daniels, F. (1967) Comparative costs of distilling small amounts of sea
water with fuel and with solar heat, Sun at Work _13:18.

Field, W.G. and Wagner, R.W. (1967) Thermal Imaging for High-Tem-
perature Crystal Growth, Paper No. J7 in Program and Abstracts of

American Crystallographic Agsociation Symposium on Crystal Growth,
University of Minnesota, p. 50. , -

Field, W.G. and Wagner, R.W, (1967a) Method for Crystal Growth of
High-Melting Point Materials in Controlled Atmospheres, Program,
GSA, Meeting in New Orleans, p. 65.

Field, W, G. and Wagner, R.W. (1968) Thermal Imaging for Single
Crystal Growth and Its Application to Ruby, in Abstract Book,
I.C.C.G,, Univ. of Birmingham, England, p. 6. To be published in
J. Crystal Growth,

Glaser, P.E., Chen, M, M, and Berkowitz-Mattuck, J. B, (1963) The
flux redistributor, an optical element for achieving flux uniformity,
Solar Energy N’ZW:IZ.

Gradstein, S. (1961/1962) Radiation furnaces of past centuries, Philips
Tech. Rev. 23:182.

Herchakowski, A. [1965) Solar photovoltaic systems using concentrators,
Proc. 19th Annual Power Sources Conference.

Laszlo, T.S. (1965) Image Furnace Techniques, Interscience Publishers,
New York, p. 26.

Laszlo, T,S. (1965a) Image Furnace Techniques, Interscience Pub -
lishers, New York, pter s Pe .

-

U~13

A




Lasslo, T.8. (1965b) Image Furnace Techniques, Interscience Pub-
lishers, New York, pter , 123 an .

Noguchi, T. and Kozuka, T. (1966) Temperature and emissivity
measuremen: at 0. 65z with a solar furnace, Solar Energy 10:125,

Ploetz, G.P. (1959) The Clam Shell Thermal Image Device (Thermal
Imager), AFCRL-TN-59-759.

Trayser, D.A. and Eibling, J.A. (1967) A 50-watt portable generator
employing a solar-powered Stirling engine, Solar Energy },}’ 153,

"Tyndall, J. (1866) Heat as a Mode of Motion, D. Appleton Publishers,
New York, p. 281.

Jagner, R.W. and Field, W.G, (1967) J. Opt. Soc., Am. gz: 1409.

U=14




FIGURE CAPTIONS

Caption

Simple Solar Furnace

Two-Mirror Paraboloidal System

Single-Compound System or ''Clam-Shell"

Dual-Compcund Thermal-Imaging Furnace., C, compound mirror
assembiies; X, xenon lamps; R, specimen; and M, backup
mirrors

5000 Watt High-Pressure Xenon Arc Lamp

Thermal-Imaging Furnace

Single Crystal of Ruby Grown by the Float-Zone Technique in
Thermal-Imaging Furnace. Size approximately 1/4 x 2 ifches.

The Vertical Two-Mirror Furnace

Experimental Setup for Evaluation of Windows at Optical and
Microwave Wavelengths
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Simultareous Rocket and Radar Backscatter Studies of the
Electrical Structure of iz Lower lonosphere

£ RSTPACT

In October 1967 a field program was carried out in Puerto Rico in
which the clectrical structure of the lower ionosphere was studied by means
of sin.ultan~ous rocket-borne experiments a2nd radar backscatter measure-
mente made at the Arecibo Ionospheric Observatory. Charged particle
densities ang te. ;p.Tatvres were measured as a function of time and spatial
pusition over the altitude range 80 to 180 km, On the day flights electron
and neutral particle temperatures v.ore found to be nearly equal to an alti-
tude of 125 km, Above 130 km the electron temperature was found to in-
crease more rapidly than the neutral gas temperature exceeding it by
500°K at apogee, ‘The electron temperature decreases rapidly with time
after sunset, then a nearly isothermal temperature distribution develops
between 130 and 180 km which persists through the night, Over this alti-
tude region and at times when comperison is possible, good agreement is
found between the results of the rocket-borne experiments and Thomson
backscatter measurements at Arecibo, Puerto Rico,

Analysis of the daytime results shows that the diurnal variation in
charged particle temperature is in fundamental agreement with the theories
of Dalgarno. Howaewv.r, significant variationr from the theory are found in
the electron temperatures in the vicinity of 110 km during the day and at

all altitudes at night. The significance of these results to the understandiy
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of ionospheric processes including heating, collision phenonena, photo- !
ionization, chemical, and transport processes is outlined, :

During October 1967 five rockets were launched frora Vega Baja,
Puerto Rizo with launch elevation and azimuth set to intercept the back-
scatter beam as iliustrated in Figure 1, Four independent experiments
with high precision and high sampling frequency were flown on each rocket,
These included electron density and temperatures and positive ion density
and temperatures. On the daytime flights Lyman ¢ inteunsity was also
measured, The sensors for each experiment were mounted on booms, ex-
tending four feet from the surface of the rocket to minimize disturbances
introduced by the vehicle (Figure 2). These disturbances include rocket
potential effects, space charge sheaths, and vehicle motion.

The Arecibo backscatter radar was operated 2 to 10 hours before and
after each rocket launch. The launchings took place both day and night, the
exact times having been chosen to maximize the study of special phenomena, |}
These included: ﬂ

(1) Measurement and interpretation of E~ and lower F-region electron
and ion temperatures, :

(2) Measurement of small scale charged particle irregularities by two
‘independent techniques,

{3) Determination of the ''near field" correction for the Arecibo radar,

(4) Measurement of the rate of decay of ionization in the ionosphere
after sunset when solar Xrays and ultraviolet radiations are absent.

(5) Determination of the influence of conjugate point electrcns on iono-
spheric temperatures,

Until the investigation under discussion was conducted, there was often
significant disagreement in the results of direct and indirect probing of the
ionosphere. This has been particularly evident in the area of electronic
structure and ion and electron temperature measurements. These experi-
ments, carried out at the same place and time, have shown, ror example,
that at the times and over the altitude range where the Thomson back-~
scatter is sufficiently sensitive the electron and ion temperatures are in
very good agreement (Figure 3), The charged particle distributions are
also in agreement although there are differences in detail (Figure 4), It
has been shown that the fine structug-e differences are partly due to the
large volume (approximately 16 km®) sampled by the backscatter radar.
The analysis also indicates that the fine structure backscaiter measure=
ments can be improved by using different pulse widths and changing in-

tegration times, The electron density and temperatures obtained one hour
 after local sunset on 24 October 1967 are shown in Figure 5. It is seen
that shortly after sunset there is a rapid change in the temperature and
density distributions., The charge density decays primarily due to the
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dissociative recombination of 05 and NOt The electron temperature be-
comes essentially isothermal above 120 km, Analysis shows ti.ot the elec-
tron temperatures are maintained with little change through the night be -
cause of the low frequency of elastic and inelastic collisicns between
electrons and the neutral gas molecules, The backscatter data became
unreliable below 200 km immediately after sunset due to the very low ~n-
vironmental electron concentrations and relatively large receiver noise
signals. This study demonstrates that, until the Thomsom scatter sensi-
tivity is significantly improved, 'in situ" rocket experiments wili be par-
ticularly valuable for interpreting lower ionospheric phenomena at night,

These coordinated experiments have provided a new level of confidence
in both rocket electrostatic probe techniques and in ground-based Thomson
backscatter systems for ionospheric investigations, The many specific ex-
periments carried out have contributed to the solution of several problems
inczluding: daytime ionospheric E-region heating; the source of presunrise
electron temperature enhancenients; and ionization production and decay
measurements in the lower ionosphere.

The altitude region studied, 70 to 200 km, is important for radio wave
and radar absorption and reflection, The knowledge gained will provide a
bacis for the interpretation of all types of ionospheric disturbances and
should be useful in the prediction of many natural perturbations,
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FIGURE LEGENDS

Figure 1, Rocket-borre and Backscatter Studies of Ionospheric Structure
Figure 2, Location of Experiments on Nike Iroquois Nose Cone

Figure 3, Comparison of Rocket and Backscatter Measurements of Elec-
tron Temperature Te for Launch of 24 October 1967 at 1314 Hours

Figure 4, Comparison of Electron Densities From Rocket, Backscatter,
and Plasma Line Measurements for Launch of 27 October 1867 at
1214 Hours

Figure 5. Post Sunset Electron Temperature and Density Profile for
Launch of 24 October 1967 at 1859 Hours Local Time
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Simultaneous Radar, Aircraft, and Meteorological
Investigations of Clear Air Turbulence

ABSTRACT

Simultaneous studies of the lower 15 km of the atmosphere by multi-
wavelength radar, jet aircraft, and speciai radiosondes have been con-
ducted at the JAFNA radar tacmty at Wallops Island, Va. Probably the
most important result is that fox the particular nircrart and velocity used
in these experiments, every clear air radar echo above 3 km has been as-
sociated with ajircraft reports of at least some perceptible degree of turbu-
lence. Between the altitudes of 3 and 6 km, all CAT was detected by the
radars; however, the ability of the radars to detect weak CAT decreased
with increasing sltitude and only the more intense turbulence was detected
above 12 xm. The indications are that more sensitive radars than those at
w 1sland should make it possible to detect most, if not all, of the

cart CAT up to altitudes of at least 15 ki,

The vector wind shear cppears 10 be the most significant meteorologi-
cal factor in apecﬂylng clear air turbulence. The presence or absence of

turbulerc:e was corre pecified m 89 percent of the cases solely on the
dem“mmr&nno.Ox 10-2 gec-1,
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1. INTRODUCTION

Since 1965, the sensitive multiwavelength radar facility at Wallops
Island, Va., has been used to investigate the nature of clear air radar
echoes, and in particular to evaluate the use of radar as a sensor for clear
air turbulence (CAT). The use of radar for CAT detection has been
prompted by the fact that the radar backscattering from clear air regions
is related to the mean gradient of potential refractive index and to the de-
gree of turbulence. The sharper the original mean gradient and the more
violent the turbulent mixing, the stronger the inhomogeneities that will be
created; consequently, the radar scattering will be increased, There is,
however, a large gap between the eddy sizes that affect aircraft and those
that create the inhomogeneities detectable by radar. The radars are sen-
sitive only to refractive index variations over scales of one-half the radar
wavelength., Thus, for the 10, 7-cm and 71, 5-cm wavelength radars at
Wallops Island, eddy sizes of about 5 and 35 cm are detected. On the other
hand, aircraft are responsive mainly to turbulent eddies over scales rang-
ing from about 10 to 1000 m, the high values applicuble tc heavy, high-
speed aircraft, Because the energy at large eddy sizes is broken down into
smaller and smaller eddies, radar measurements should provide some in-
formation on the turbulent kinetic energy at the larger scales,

It is postulated that at least three conditions are necessary beiore tur-
bulence of considerable intensity will develop., First, the wind shear must
progress beyond the point where the shearing stresses produce a fully de-
veloped turbulent flow despite the stabilizing influence of regative buoyancy,
Second, some irregularity in the flow must be present in order to initiate
the transformation of energy from the mean fiow into turbulent kinetic en-
ergy. The third, and most basic, condition is that the initial lapse rate
must be strongly stable in order to allow a strong vertical wind shear to
build up before the turbulent motion is induced. The larger the original
shear, the larger will be the turbulent kinetic energy that is extracted from
the mean flow, and the more violent will be the turbulence and its effect
on aircraft,

The consequence of the above argument for radar measurements is
that at high altitudes, a correlation vetween the degree of turbulence and
the magnitude of the mean vertical gradient of potential temperature should
be apparent in the sense that large temperature gradients are necessary
for the development of strong turbulence. Large temperature gradients
may of course exist even though wind shears arz small, but in such a case
the small-scale inhomogeneities that give rise to radar signals are not in-
tense enough to be detected, Consequently, turbulence of considerable in-
tensity should be associated with large stable mean vertical gradients of
potential tempeérature, For thie radar, this means that the backscattered
signal intensity i he at least a crude quantitative meagure of the degree
of turbulence,

The preceding qualitative discussion may be described with the aid of
the gradient Richardson number

439-894¢ O - 89 - 10 w-7




Ri = & 80/82
] 8 ’

where g is the acceleration due to gravity, 80/8z is the lapse rate of po-
tential temperature, and P is the vertical wind shear. Here we ar: not
- -concerned with negative Ri's because for these cases, buoyancy forces
are actually contributing to the turbulent kinetic energy. We do not con-
sider such situations toc be representative of the conditions we want to dis-
cuss, The Richardscn number may be taken as an indicator of the relative
strength of the stabilizing influence of negative buoyancy and the turbulence-
inducing forces from wind shear, Large Ri's are indicative of stability,
where every turbulent disturbance or irregularity will decay rapidly with
time. Small Ri's indicate that a fully developed turbulent flow will be
maintained: values less than 0.5 are likely to be characteristic of de-
veloped turbulent flow, Low Ri's are a necessary condition for strong
turbulence; however, it is not a sufficient condition, because a low Ri may
arise from a small 86/82 in association with small p values indicative of
weak turbulence. We consider that Ri cannot be used for any quantitative
estimate of the degree of turbulence but has to be regarded as a discrimi-
nator between regions where the turbulent flow is developed and regions of
high stability where every turbulent disturbance is suppressed. The addi~
tional requirement for high turbulence intensities is large p values, which
we think cannot occur except in regions of high 96/9z.

This paper deals with the results of simultaneous probes of the lower
15 kin of the atmosphere for clear air turbulence (CAT) by multiwavelength
radar, jet aircraft, and special rawinsondes. The experiments were con-
ducted from December 1967 through March 1968, during which a total of
58 flights of uninstrumented aircraft of the jet fighter type (¥-100, F-86,
and F-4) were made in the region surrounding the Wallops radars¥

2. MEASUREMENT TECHNIQUE

The measurement technique is illustrated in Figure 1. Eachset of
observations began with withanaircraft ascent at a rate not exceeding 700
m/min, from a height of 8 km to approximately 15 km, along an 18-km-dia-
meter spiral path, Occasionally, spirals from 3 km upward were obtained,
About cvery 10to 15 sec the pilots reported their altitude and qualitatively
estimated the severity of any turbulence encountered; these data were
recorded on tape throughout the flight. Upon completion of the spiral ascent,

¥
During the period of the observations, the essential radar character-
istics were; minimum detectable reflectivity at 15-km range = 2.2 X 10719,
1,3X10°17, and 1,8 X 10°18 em=1; beamwidthe = 0,21°, 0.48°, and 2. 9°;

pulse length = 2,0, 2,5, and 5 usec; and wavelengths = 3,2, 10,7, and 71.5
cm, respectively.
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the aircraft were directed to the highest altitude either reported as or
suspected of being turbulent, and a ground controller then vectored the
aircraft along a horizontal racetrack pattern approximately 60 km from
end tc end, During horizontal flight, the aircraft generally maimtained a
relatively constant indicated airspeed of 260 + 10 m/sec. Upon completing
each racetrack, the aircraft decreased altitude by 300 m and then resumed
the racetrack course until the entire turbulert altitude region was pene-
trated in closely spaced vertical intervals, Each flight consisted of these
horizontal passes through as many such turbulent regions as possible dur-
ing the approximately 1 hr of flying time available, When necessary, air-
craft soundings of the higher altitudes were given first priority. The radar
procedure consisted primarily in taking slow elevation scans (1.0°/sec) at
azimuths corresponding approximately to the azimuth of the aircraft as re-
ported by an ancillary tracking radar. From photographs of the three
radar displays, it was possible to determine both the location and extent of
each clear air layer (Hardy et al., 1966). Aircraft probes were requested
for aa altitude interval extending approximately 300 m above and below
each clear air radar echo., Temperature, humidity, and wind profiles re-
presentative of the conditions during the aircraft and radar observations
were obtained from the ascent of a tandem pair of standard USWB radio-
sondes, with one sonde modified to provide a continuous record of temper-
ature,

3. RESULTS

Thirty-nine aircraft flights on 31 days provided reports of CAT be-
tween the altitudes of 3 and 15 km, In general, radar and meteorological
observations were taken during each flight, There were, however, some
flights for which one or more data sources were inoperative. As a result,
there are some slight but insignificant differences in the flights compiled
in the radar and meteorological results that follow,

3.1 Radar and Aircraft Observations of CAT

Reports of CAT during 36 flights were broken down into a relative
scale based upon the pilot's comments of none, light, moderate, and severe
CAT, or combinations of these terms., Altitude profiles of turbulence in-
tensity were constructed from these reports and compared with similar
composite profiles of radar-echo height obtained from the radar photo-
graphs. The radar data were restricted to observations obtaired when:

(1) the aircraft was within the maximum radar range of 37 km, at which
high-altitude ciear air echoes are generally detected with the Wallops
radars and (2) there were no clouds within 300 m of the aircraft repérting
position, From these data, 176 cases were obtained. Each case consisted
of a 1-km altitude characterized by the maximum CAT intensity in the in-
terval, and the presence or absence of a corresponding clear air radar
echo, For a confirmed radar detection, we required at least two successive
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phetographs ,
the aircraft report of CAT. No further consideration was given to a par-
- ticular altitude interval unlesgs all these criteria were satisfied.

that showed radar echoes occurring at the same altitude as

The 176 cases of simultaneous radar and aircraft observations are
summarized in Figure 2, where the observed incidence of CAT and the
presence or abasence of corresponding radar clear air echoes are arranged

- according to altitude and CAT intensity intervals, The clear regions re-
presert those cases where the aircraft and radars gave identical indica-
tiona of the existence of CAT, whereas the hashed areas represent those
cases in which CAT was not detected by the radars, Probably the most
obvious and the most important result is that for the particular aircraft
and velocity used in these experiments, every clear aii radar echo above
3 ko Las been associated with aircraft reports of at least some percepti-
ble degree of turbulence. At the lower altitudes, where the influence of
water vapor upon the gradient of refractive index is strongest, this some-
what surprising result suggests that turbulence of a strength at least per-
ceptiblz to an aircraft must be present to create detectable refractive index
variations even if the mean gradient of refractive index is fairly strong,

From these data, it is quite evident that the detection capability of the
Wallops radars decreases with increasing altitude, Between 3 and 6 km,
the radars detected turbulent regions with a perfect score; all cases of
CAT, regardless of intensity, were detecied by the radars. With increas-
ing altitude, however, the percentage of cases detected decreased; above

- 12 km, most regions of CAT were not detected by the radars. Such a re-
sult was to be expected rince the influence of water vapor upon the mean
tradient of refractive index also decreases with increasing altitude.

The percentage of cases detected within each of the individual altitude
intervals has also been computed by regrouping the turbulence intensities
according to two categories: (1) less than light and (2) light or greater,

As shown in Table 1, these observations clearly demonstrate that as the
detection capability of the radars decreases with altitude, the stronger CAT
is congistently more likely to be detected than the weaker-intensity turbu-
Jence is. This general result is consistent with the thesis of Atlas et al,
(1966) that at the higher altitudes, where the mean gradient of potential

Table 1. Percentage of Observed CAT Detected by Wallops Island Radars

W

Altitude

CAT
Intensity

Less
Than 100% 38% 21% 0%
Light

3-8 km 6-9 km 8-12 km 12-15 knu

or
QGreater

100%

100%

41%

17%
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refractive index is considerably reduced, turbulence intense enough to
significantly affect aircraft is a necessary condition before a clear air

stratum can be detected with radars comparable to those ~f the Wallops
Island facility,

It is not surprising that the Wallops Island radars fail to detect all
turbulence at the higher altitudes, Using relationships developed by
Ottersten (1968), it is possible to deduce a probable minimum value of the
energy dissipation rate (a measure oi the turbulence intensity) that would
be detectable with these radars at high altitudes. Assuming a %otent
temperature gradient of 1,3 X 104 °C cm~1 and a shear of 10°2 sec” R ths
minimum detectable energy dissipation rate at a range of 15 km is 0.6 cm
sec™3, For the aircraft velocities used in these experiments, this value
would probably be classiiied as-light-to-moderate according tc a ccale
given by MacCready (1964). These radars are therefore not sufficiently
sensitive to regularly detect light-to-moderate CAT in the upper tropo-
sphere or lower stratosphere, As also noted by Ottersten (1968), how-
ever, strong CAT at high altitudes will generally be associated with zones
of increased variability in the atmospheric refractive index. This result,
when added to the experimental results presented above, suggests that
radars more sensitive than those at Wallops Island should make it possible

to detect most, if not all, of the significant CAT up to altitudes of at least
15 km,

Radar echoes from altitudes above approximately 5 km were strati-
fied, relatively thin (0.1 to 1.5 km), and — at 10, 7-cm wavelength -~
somewhat patchy (horizontal dimensions on the order of 5 to 30 km). Mcre-
over, the echoes were not particularly persistent, often lasting for less
than a few tens of minutes. A similar horizontal stratification and patchi-
ness was evident in the aircraft encounters with CAT, The transitory
nature of both the radar and aircraft observations prohibited a detailed
comparison of radar echo and CAT intensities.

3.2 Meteorological Analysis of CAT

CAT reports from a total of 29 flights were correlated with Richardson
number (Ri) and vertical vector wind shear (f) derived from the special
rawinsondes released from Wallops Island USWB station, With few excep~
tions, the rawinsonde observations were made during or within 1 hr of the
flight time. For purposes of the meteorological analysis, the aircraft
CAT reports were grouped into four categories: (1) negligible (smooth or
very, very light), (2) very light, (2) light, and (4) light-to-moderate and

moderate, No CAT of intensity greater than moderate was encountered. i
From the aircraft and rawinsonde data, 127 cases were obtained. Each
case consisted of an altitude interval of about 1 or 2 km, characterized by L «é :

the presence or absence of aircraft-detected CAT. Most of the iturbulence
episodes were contained within single intervals. Each interval consisted
of two or more subordinate layers a few hundred meters in uepth, having
quasihomogeneous lapse rates and wind shears, Values of Ri and § were
computed for each layer on the basis of the original detailed rawingsonde
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records, The iowest Ri value and its corresponding p within the interval
-were used to characterize the entire interval, With minor exceptions, the
Towest Ri also corresponded to the highest p in the interval,

An illustration of the method of analysis is given in Figure 3 for 26
Januery 1988, The diagram shows the regions of CAT, the radar layers,
and the rawinsonde data, The heavy segments of the temperature curve
repruent the layers used in the computation of Ri, and the intervals or
"cases' of CAT or no CAT with their corresponding Ri and p are marked

- with vertical arrows, A profile of CAT intensity is shown at the right of

the sounding. At a particular height, the indicated CAT intensity corre-

to the maximum intensity encountered by the aircraft, regardless
of its horizontal position or the time spent at that altitude, For the case
in Figure 3 the tropopause is irregularly developed, but the main tropo-
pause is just above 14 km, The flight encountered two regions of CAT be-
low this height. No definite radar detection was obtained from the region
of light CAT near 12 km, but the region of moderate CAT between 10. 5
and 11,2 km was cetected. In the region of light CAT, there is no obvious
relationship between the CAT and the meteorological profiles, however,
the lower region of moderate CAT is characterized by a stable lapse rate
and strong shear,

From the meteorological analysis of the 127 cases, it was found that
a Richardson criterion of Ri < 2 could serve as an indicator in specifying
ro ong of CAT, However, the data show further that the prediction of
improves 1{ in addition to the Richardson criterion, a shear criterion
o( p> 0.9X107° sec~l is employed, This general result is consistent
with The thesis outlined in the introduction that the requirements for strong
CAT are low Richardson numbers and, in addition, strong vertical wind

»E

closer louk at the data further revealed that the shear criterion,

X10 '2 sec”:, would alone serve as well as the combined Richard-
shear criterion in specifying regions of CAT, The reason {or this

' for the cases of strong shear the associated Richardson number is

’ _mrsﬂa low. Once a shear criterion is applied, an additional Richardson
criterion will not substantially change the specification of turbulent regions,

0.

Ego
EE

S I3 appears that on the basis of rawinsonde data, a shear criterion alone is
i

smcoessful indicator in specifying regions of ‘turbulence that will affect

s result is demonatrated further in Figure 4, which ie a histogram
the incidence ¥ CAT in 127 cases grouped into four categories
and four citegories of CAT intensity, From Figure 4 it is

A mw bath the incidence and intensity of CAT increase sharply as the

lence; 43 percemt of the casea with gshears
were turbulent although only 18 percent
or gruter. For wind shears between 1, 0 and
84 percent of the cases were turbulent, with 38 pergent
light or greater, For wind shears ucccding 2.0x10°
’ ocmnd in 78 percent of the cases, and 60 percent had

q increases; 85 percent of the cases with p < 0.5 X
. 0
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turbulence of light or greater intensity, The probabilities of CAT indi-
cated by our data may not appiy to normal level flight, however, since the
project aircraft probed the regions in depth, With the particular aircraft
and_velocity used in our experiment, the wind shear criterion g > 0, 9 X
10°2 gec” applied to rawinsonde data specified the occurrence or non-
occurrence of very light or stronger CAT correctly in 69 percent of the
entire group of 127 cases from 29 separate flights, including 74 percent
ﬁf the turbulent cases and 93 percent of cases involving CAT greater than
ight,

In our estimation, these resuits do not contradict earlier results, es-
pecially those of Penn and Pisinski (1967), which have demonstrated good
correlation between low Richardson numbers and the incidence of turbu-
lence and have also certainly revealed the importance of the vertical wind
shear as an energy source for turbulence. Simuitaneously we must em-
phasize that the limited resolution in our temperature and wind data pre-
vents a quantitative comparison with the results obtained by Penn and
Pisingki, Standard radiosonde measurements tend to underestimate tem-
perature gradiente and in particular, vertical wina shear. Clear air tur-
bulence often appears in thin layers extending vertically for about 100 m.
The limited resolution in the radiosonde wind profiles pre-ents an accurate
estimate of the vertical wind shear over such small height intervals. The
deduced shear values can be severely underestimated, and consequently
the estimates of Richardson's numbers will be too high,

Despite the limited resolution in rawinsonde data, it appears feasible
to use wind shear criteria based on rawinsonde winds for the delineation of
regions in the atmosphere, where the probability of aircraft encounters
with significant turbulence is high, Further, it is interesting to note that
all 14 cases of CAT with light-to~moderate or greater intensity occurred
in altitude regions where the rawinsonde indicated a layer of increased sta-
bility, This is consistent with the thesis that strong vertical wind shear,
which is a necessary condition for strong CAT, can develop only in the
vicinity of layers of strongly stable temperature lapse rates, The conse-
quence is that strong CAT will generally be associated with zones of in-
creased variability in the refractive index, Since the radar backscattering
from the clear air will be enhanced at these regions, it appears that radars
of sufficiert sensitivity should be a powerful tool in detecting CAT,
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FIGURE LEGENDS

Figure 1, Artist's concept of the simultaneous probing of the atmosphere
for CAT by multiwavelength radar, jet aircraft, and special radio-
sondes,

Figure 2, Observed incidence of CAT and corresponding radar clear air
echoes according to altitude and CAT intensity. Note that in no case
was there a radar echo associated with a nonturbulent atmosphere.

Figure 3. Heights of radar echoes, reports of CAT and meteorological
soundings, Clear air radar echoes are indicated by the shaded layers,
and the profile of aircraft encounters with CAT is given by the heavy
line to the right of the sounding,

Figure 4. Observed incidence of CAT according to vertical wind shear and
CAT intensity, The magnitude of the shear is given in terms of
B X 10°% sec-1,
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Abstract

The down range flash from the perforation of thin aluminum plates by
steel and aluminue fragment simulators; one half inch diameter cylinders
with hemispherical heads; was investigated to determine time, size, and
temperature. By comparing the relative intensities of vibrational band
structure in the Al0 green system an effective vibrational temperature
for the flash was detemained to be betreen 3400°K and 4100°K. The overall
dimensions of the flash were found to ‘e approximately 14 inches long and

fiw inches in diemeter. The time duration wags fourid to be between three
and five milliseconds.

X-2

et e = bt e b s N et o -

e et ot et i et o nh e



Biogranhies

John Billy Abernathy was borm on 4 February 1936 in Cleveland,
Mississippi. He attended the United States Military Academy and
graduated in 1958 with a Bachelor of Science degree. After deing
commissioned in the Regular Air Force, he completed pilot training
in 1959, He has served as a Tactical Fighter Pilot in England,
Korea, Japan, Okinawa, as well as the United States. In September
1966 he returned fror duty in Southeast Asia and entered the Air
Force Institute of Technology. He was awarded the degree of Master
of Science in Aerospace Engineerigg in June 1968 and is currently
attending the Aerospace Research Pilot's School, Air Force Flight

Test Center, Edwards AFB, California.

Willism Goldberg was born 26 November 1935 in Toledo, Chio. He
was swarded the Bachelor of Science degree in Engineering Physics o
(cum laude) by the University of Toledo in June, 1957, and commissioned ‘
in the United States Army. He served as a guided missile officer st

Fort Bliss, Texas, and subsequently entered the Engineering Sciences

graduate prngram st Purdue University. He received the Master of

Science degreo in Jwe 1961 and was assigned as a research and develop-

wsnt officer at the U.S. Army Ballistic Research Laboratories, Aberdeen

Proving Ground, Marylsnd. In September 1964 he was commissioned in tne

X-3




U.S. Air Force and retumed to graduste study at Purdue University,
mejoring in Engineering Mechanics. He was awarded the degree of
Doctor of Philosophy by Purdue University in June, 1967, and is
presently assigned as an Assistant Professor of Mechanics, Air Force

Institute of Technology, School of Engineering.

s e s L in

o o SR e A e o = 323




BALLISTIC IMPACT FLASH®

I. Iantreduction

Experience has shown that modern jet aircraft are vulnerable to frag-
ments and projectiles fired by conventional air defense weapons. In order
to design survivability into an aircraft, the engineer must know the effect
of fragment penetration of thin plates. Unfortunately, research in r:ae=
tration mechanics historically has only been active during periods of need,
(wartime). Thus, there is still no theory available which adequately de~-
scribes the process of ballistic perforation of a thin elastic plate by a
fragment. One interesting and important part of this impact and penstra~
tion process is the resulting flash. This flash or spark has been found to
be capable of causing fires in aircraft fuel systems,

The object of this investigation is, therefore, to describe one as-
pect of the impact mechanism; specifically, the flash of light resulting
from the impact of high~speed fragment simulator projectileg on thin alu~-
minum plates, The temperature and duration of the flash are the primary
areas of interest.

Background

One of the first extensive investigations of impact flash phenomena
was made by Norman Brown (Ref 7) in 1048. His method involved estimates
from s8till pictures and use of a high~speed framing camera to determine
time sequence and duration. In 1952 R, L. Kahler (Ref 19:1-7) observed
that an inert atmosphere reduced the impact flash, and that pure oxygen
enhanced the flashk, His results confirmed Brown's finding that reduced
pressure reduced the flash. In 1952 Roland G. Bernier (Ref 4) conducted a
series of tests with various target and projectile combinations, His find~-
ings related projectile mass, density, and velocity to the flash sisze and
duration. In 1955 W, T. Thompson (Ref 33:80) published a report on armor
penetration in which he suggested that the target=projectile interface was
molten., The existence of the molten interface forsed the basis for R, ¥,
Recht's theory of impact failure, which he called "Catastrophic Thermoplas-
tic Shear." (Ref 20:189) Ie proposed that failure occurred when the local o
raote of change of the temperature had a negative offect on strength which T
vas equal to or greater than the positive effact of strain hardening. MR
Joseph M, Krafft (Ref 23:1249) conducted a series of experiments to eoti-
nate the percentage of projectile striking energy that was absorbed by
sliding friction, He found that for "mechanically” clean surfaces the

*Based on a theois sudmitted by John B. Abernathy in partial fullill~-
ment 0f the requirements for the degree of Master of Science in Engineering
at the Air Force Institute of Technology, Iright-Patterson Air Force Base,

Ohio.
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friction accounted for 3% of the energy loss, but ordinary handling intro-
duced enough lubricant to reduce the lcss to less than 1%, In 1960 D. D.
Eeough (Ref 20) used a photo-multiplier system to detect flashes from micro-
particles at highker velocities, His work was an indication of the shift in
suphasis to space application and micrometeorite particle detection. He
reported that reduced atmospheric pressure resulted in longer rise times
for the flash luminosity although otner descriptors remained unchanged. The
Bore recent investigations havs beon primarily concerned with space appli-
cations and hence, have usually been in the hypervelocity range. In 1964
F. W. MacCormack (Ref 24) made a thorough investigation of the impact flash
at hypervelocities and low ambient pressure. He concluded that microscopic
particles of ejecta emerge, and due to high-speed aerodynamic effects heat,
ablate, and radiate in the manner of meteors, A. P, Caron (Ref 10) sug-
geoated that the pyrophoric oxidation reactions of the impacted projectile
and target material with gaseous oxygen were the cause of the luminosity.
He used the ideas o? Bull (Ref 9) and Bjork (Ref 5) to show that the impact
compressed the target and projectile to high pressures and temperatures.
The "excited" ejecta particles were thrown into the gasecus oxygen where
oxidation could take place with the finely dispersed metal,

Backman and Stronge (Ref 2) have recently (1967) correlated luminosity
with the vapor-phase=combustion process. Their conclusions are similar to
those of MacCormack; the high speed flow causes the material ejects to heat
and adlate, and then burn in the oxygen acmosphe.e.

II. Fhxalcal.lodsl.

The overall physical model of the flash can be divided into three
phases., The aaterial must be removed from the plate by the rupture phase,
Then, decause of high speeds the particles are heated, and the surfaces
melt and flow during the ablation phase. Finally, the expossd surface ares
and the oxygen availadle in the atmosphere combine chemically giving the

burning phase.
- Eanture__Phass
" Thompaon's discussion of a dynamical approach 0 arsor penetration

(Ref 33), Krafft's experiments on friction (Ref 23), and Recht's thermoplas-
tic shear (Ref 20) have prassnted careful documentation for increased tea-
" peratures in the particles being sjected by s dallistic impact., Although
the velocities of this investigation do not qualify as hypervelocity, the
. qualitative arguments of Bjork and Olshaker (Ref 3) certainly are appli
cable in that the material has been shocked to a higher energr state and
during the recovery retains a percentage of that energy. There can be lit~
tle doudt that the particles torn f:rom the target plates during the impact
are at an increased temperaturs, The discussion by Rinehart (Ref 31) of
spalling snd scabbing indicates a wecaanism for thrusting excited particles
4nto a strean of down range ejecta,
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Ablation Phase

The ignition of the particles is most likely a surface buming phenom-
ena (Ref 14:20). If the particles are subjected to high spesd flow, the
surrounding gas envelope would melt the material and hence asblate, comtinu-
cusly exposing new surface area and slsc providing smaller particles or
droplets for the burming phase.

Burned Ejects Phase

T. H. Rautenberg and P. D. Johnson (Ref 28) investigated the charac-
teristics of the Aluminum-Oxygen reaction in flashbulbs. By comparing the
spectral lines of sluminum and sodium; known to be in thermal equilidrium
with the other degrees of freedom in flames (Ref 13:169), they concluded
that since all the temperatures observed were essintially the same, the Al0
system was excited thermally rather than directly by the arc. The enhanced
energy production by sluminum powders in explosives and rocket fusls led to
extensive investigation of the mechanism of reaction. Irvin Glassman (Ref
14), R. W, Bartlett, et al (Ref 3), Andrej Macdk (Ref 25), and Thomas
Brzustowski (Ref 8) were primary workers in the field. The ultimate wodel
for combustion appears to be a diffusion controlled flame front surroumding
the solid or liquid metsl core. (See Figure 1). Brewer and Searcy (Ref 6)
investigated the Al-Al203 system in an effusion cell, snd from the vapor
pressure measuremonts they obtained a boiling point of 3800° « 200°K for
Al1,0,. Glassmsn asserted (Ref 14:5) that the boiling point of the oxide
-ighg be taken as the combustion temperature. Aluminum is in the category
of metals wvhich have a vaporizatior temperature for the oxide (3800°K)
greater than the vaporization temperature for the pure metal (2720°K), and
hence it follows the model of Figure 1.

111. Spectroscopic Tempersture Measurement

Theory

The intensity of spectra! line structure in emission, l.':. is defined
as the enecgy emitted by the source per second. If there are X, atoms in
the initial state, and if Apg is the fraction of atoms in the initial state
carrying out the transition to » per second then:

™

Ton * MyMVnaing Q)
vhere hev _ is the energy of each light quantum of wave nusber enitted
in the tréhsition. is the Einstein trensition probability :rsputm-
ous enission and is given as:

Aa « S4v°uD I Rom l’ (Ref 1; 7-176) (2)
where R, (transition mowents) are the matrix elements of the electric

dipole moment R of the system.
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The texm "dand spectnm'' is used to designate a spectrum which origi-
nates from either emiseion or sbsorption in the molecules of a compourd.
The intemsity of band system structure depends on three things: (1) the
frequency v, (2) tiis number of moleculss in the initial state, and (3) the
transition probability.

*

Prequency

The ene-gy sssociated with a molecule may be separated into three ele-
ments vhich are: (1) electronic, due to changes in outer electronic struc-
ture; (2) ~ibracional, due to vibrastion of the component atoms relative to
each other; mnd (3) rotatianal, due to rotation of the molecule as a whole
about the center of gravity. To indicate the division of energy in molecu-
lar spectra, the wave number or termm value expression is usually given:

TaTe ¢G ¢ F vhore:
T 'l'(n electronic terz value
"G = vibrational temm value

. B = yotational term value

When discussing s particular transition, v'+v'"', the wave number correspond-
ing to the tramsition is given by:

v Tl_rv ,'.. (T‘-T:’(G"G")O(F'-F") (3)
or ‘ B ""'e’“v"“v (4)

For a givem electronic tramsition v, is a constant representing the differ-
once botween the two minima of the energy :tates; and since, in general, F
is smal! compared to 6, v, = (F'-F'") may be neglected. These simplifi-
catiors result ia a coarsé structure of the electronic transition which may
be called the vibrational ctructure siuce v, is the only variable. Hence
the foru of the vave number expression is:

v 8y el (c191/2) xS (V'L )20 L (W (V' 1/2) XS (V'L /)20, L] (€)
ot ~woXe _ Yo

where: o, o vibrstional frequency (cm)
nXy * 'Wpiitude of first overtons or second harwonic

00d u X <%y 83 810 a1l cosfficients on suciessive terms in the two expan-
siens. "Sinc2 theis are no strict selection rules for vibrationsl quantum
swsbers, oquation {5) represents all possible transitions between the

di forent ﬂbﬂtim levels of the two participating electronic stetes.
Population

‘llodltrﬂntm of ﬁ_‘.kwx'n say be determined from the Maxwell-
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Boltzmsnn law vhen theraal equilibrium exists, Since only discreet values
of vibrationa! energy are possible, the number of molecules in each of the
vibrational states is prcportional to the Boltzmann factor

exp{-E/KT)
where: E=G (v') he
G (v') = vibrational temm value (a'l)
h = Planck's constant (6.623 x 10-27erg-sec)
¢ = speed of light in vacuum (2.998 x 1010cn/sec)

K = Boltzmann's coustant (1.38033 x lO"mergldegm)

T = absolute temperature {degrees Kelvin)
The quantity exp[-G,(v')hc/KT] gives the relative number of molecules in
each vibrational levei referred to the number of molecules in the lowest
vibrational level. The total number of molecules N is proportional to the
swm of the Boltzmann factcrs over all states, (the partition functiom).

Q,' = l+exp[-G(o)hc/XT]sexp(-G(1)he/KT]+... (6)

Therefore, the number of molecules in the state v' is

Nv' = N exp{-G(v')he/KT &)
m'l

Transition Probability

The Franck-Condon principle for emission relates the transition prob-
ability to band intensity. According to the principle, (Ref 37:315) elec-
tronic trmsitions to lower energy states take place at constant internu-
clear distance (i.¢. wvertical lines in Figure 2)., In order to avoid s dis-
continuity in velocity the lower state selected must also be one with the
same turning point location.

In Figure 2 the transitions from A and B are more probsble because
the molecule spends more time nesr the tuming points. If there i3 to be
no changs in position and velocity, ismediately after the jump the molecular
positions would be F and C respectively (i.e. verticslly below the turning
points) this would produce two vibrational intensity saxima /Ref 16:197).
The wave mechanical formulation of the Franck-Condon principle rests on the
assumption that the variation of the slectronic transitiors moment) with
intemuclear distance vy is slow an may bs replacgd by a mean value
K. The transition probability is proportional to [R,]? or W 2[1w,'»,"dr]?
wvhere: ¢,' and ¥, are the eigenfunctions of the vave equation for the two
states irvolved (Ref 16:200).

X=-9
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l\"v" 64x" _u ) (8}
e = 23T ovlyn NoRg? [1vyrvyedr]

By properly normalizing the orthognal eigenfunctions, the sum of the
squares of the integrals for all transitions can be shown to be_equal to
one (Ref 16:203). By summing over all transitions and rearranging, equation
(8) becomes:
\’iv'pv
L Nys )

v wiyht

Then, equating this sum to the population (Boltzmann distribution) and tak-
ing the logarithm gives:

va'
Ltog IF o O w®
fl e v ] - O M C; = Constent (10)
vl KT
where the quantity IV'Y' is called the band strength. Ry plotting the log

IO

of the suzs of band :tgengths, as measured in the ' progressions (v!' =

constant); against the vibrational term values G (v+') times the cunstants
a straight line with slope ( - ;) is obtained.

IV. Experimental Methed

Since several iavestigators (Ref 2, 10, 35) have indicated thst a
einimw veloci'y is necessary o cause an impact flash, it was decided to
use the aaximim velocity consistently attainable with a powder load of 240
grains of [upont 3031. The smount of powder did not completely fill the
cartridge, so one and a half cleaning patches were ussd to fill the woid and
keep the powd:r density uniform. The neck on the cartridge was resized be-
twsen shots, and crimp ring was pressed into the neck so that the projec-
tile would rest «. & common position for each loading. See Figure 3 for
range layout and equipment. The velocities attained fall essentially into
twd groups, one for the steel projectiles and the other for the aluminum.
The difference in velocity is due to the difference in mass of the two pro-
joctile types. The mean steel projectile was 115.4 grains with a standard
deviation of 2.78 grains, and the mesn aluminum projectile was 82.2 grains
with ¢ standard deviation of 2.12 grains. See Figure 4 for projectile di-
monsicas. The prejectiles were designed with a hemispherical nose so that

:ii'::ts of small variations from normal impact on impact flash were mini-

A :gctmnph, streak camers, and inage converter camera were used to
:eb:d overall view, spectral responss, and time history of the impact
ssh,

The image convertur camera could be used to develop a sequence of
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Figure 3 - Range Layout
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, Pigure 4 - Projectiles
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three exposures for each event, The delay between exposures and the ex-
posure time was adjusted so that various intensity levels were observable,
The usual method employed was to limit the exposure time and aperture to

the minimum in an elfort to penetrate as far as possible into the luminous
¢loud core,

a b ¢ : A
Figure 5 - Image Converter Sequences
Figure 5a, b, ¢ show the results from experiments Al0, Al5, and A23, :

respectively, The projectile was traveling from left to right with an f11 . i
lens setting; the exposure sequences (top to bottom) are listed in Table I. e

Delay Exposure
(microseconds) (microseconds) ”'E
1 15 2
2 10 2 |
3 20 1 ‘;

Image Converter Sequences

Table I

A distance vs, time picture of the event was produced by locating a
streak camera 8o that the film and projectile were moving on mutually per-
pendicular axes, One millisecond interval timing marks were used to calcu- _ :
late the film speed, and a reflective tape grid was positioned to give down c S
range distance information, Fallure to move down range was indicated by a - _a}
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streak parallel to the long axis of the film. In addition, variations in
intensity also were recorded by the streak camera (See Figure 6).

: 40 120 200 280 360 440 !
TIME (micrececends) .

Figure 6 - Streak Camera Print, Experiment S6

The photographed grid system was used to cslculate distances traveled
down range, and the time marks were used to calibrate the long axis of the
film so that accurste readings of distance and time could be taken.

The spectrograph was focused on the intended impact point. The field
of view extended a distance of 1.6 inches along the projectile line of
flight axis when the spectrograph slit was 16 inches from the impact aim
point. (See Figure 7). The time integrsted spectrai response was recorded
for each shot. The film was carefully developed, and useful film records
were measured on a Jarrell-Ash 21-050 microphotometer with a Bristol
Dynamaster Recorder. The film was calibrated using a General Electric NBS
source lamp so that relative intensity could be determined from the
spectrographic plates (Ref 15:145). The microphotometer record was then
translated into intensity using the method developed by Johnson and Tawde
(Ref 17:580). The readings were then tabulated and processed through a
computer program to form Deslandres tables of the Al0 bands. Figure 8 is
a print from experiment AlS showing the Al0 green systes.

?

i

T
Figure 8 - Al0 Green System Spectnm
X-15




Table IV contains the set of relative intensities which resulted from
experiment Al18. The experimental conditions are presented in Tables II
and III. The results of the spectrogrephic analyses were ccmbined and

are found in Figure 9. The mean value and standard deviation are indicated
for each term value.

4.5}

3.0k

L 1 1 ] ] 1 1

I 2 3 4 § 6
G( V').De. (.K )-"lo-'
Figure 9 - Vibrational Tempersture
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Area

Shot Weight Velocity Material Thickness Hole Dia. H
No. (grains) (ft/sec) (inches) (inches) IEE.P
Al 85.2 4680 2024 T-3 0.063 0.65 1.6
A 2 79.8 4710 2024 T-3 0.063 0.60 1.44
A3 80.0 4710 2024 T-3 0.063 0.60 1.44
A4 81.1 4670 2024 T-3 0.063 0.60 1.44
A S 81.1 4690 2024 T-3 0.063 0.65 1.6
A 6 79.8 4710 2024 T-3 0.063 a b
A7 79.5 4720 2024 T-3 0.063 a b

A 8 80.4 4690 1100 0.063 0.65 1.69
A9 81.0 4740 1100 0.063 0.60 1.44
A 10 83.7 4700 7075 T-6 0.063 0.60 1.44
All 84.7 4710 7075 T-6 0.063 0.65 1.69
A 12 86.0 4780 7075 T-6 0.063 0.60 1.44
A1l3 84.6 4760 7075 T-6 0.063 0.65 1.69
A l4 80.7 4730 1100 0.125 0.80 2.56
A1lS 80.8 4690 1100 0.125 0.85 2.89
A 16 80.6 4780 1100 0.125 0.70 1.96
Al?7 80.0 4630 1100 0.125 0.80 2.56
A1l8 80.3 4900 1100 0.125 0.80 2.56
Al9 83.2 5050 2024 T-3 0.125 0.80 2.56
A 20 84.8 4800 2024 T-3 0.128 a b
A 21 80.0 S010 7075 T-6 0.125 0.70 2.89
A 22 80.6 4760 7075 T-6 0.125 0.70 2.89
A 23 85.0 4850 2024 T-3 0.190 0.75 2.28
A 24 84.5 4780 2024 T-3 0.190 0.80 2.56
A 25 79.8 4916 2024 T-3 0.i90 0.75 2.25
A 26 83.8 4910 2024 T-3 0.190 0.75 2.25
A 27 84.6 5040 2024 T-3 0.190 a b
A28 80.7 4960 7078 T-6 0.190 0.80 2.56
A 29 83.2 4880 7075 T-6 0.190 0.75 2.25
A 30 80.4 4940 7075 T-6 0.190 0.75 2.25
A3l 84.3 4570 7078 T-6 0.190 0.75 2.2%
A3 80.8 4760 7075 T-6 0.190 0.7% 2.28
a - Not measured
b - Not calculated

Alminum Projectile Data

Table 11
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Area

Shot  Weight Velocity Material Thickness  Hole Dia, H !

~ No. (grains) (ft/sec) (inches) Area

' P
121.7 4360 1100 0.063 .5 . i
120.6 4330 1100 0.063 .8 . ,
118. 4580 1100 0.063 5 . o
115.2 4560 1100 0.063 .5 . ]
i18.5 4470 2024 T-3 0.063 .5 . {
i15.6 4430 2024 T-3 ¢.063 .5 . !
120.3 4330 7075 T-6 0.063 . . '
116.1 4540 7075 T-6  0.063 . .
114.3 4590 1100 0.125 . . ;
114.1 4460 1100 0.125 . . ;
116.5 4450 1100 0.123 R ‘
118.5 4360 1100 0.125 . :
s 4450 2024 T-3 0.125

s 450 2024 T-3  0.125
116.7 4330 2024 T-3  0.125
1120 4440 7075 T-6  0.125
112.8 4460 7075 T-6  0.125
112.6 4450 2024 T-3  0.190
112.0 4510 2024 T-3  0.190
113.1 4400 2024 T-3  0.190
113.0 4450 2024 T-3  0.190
113.8 4440 7075 T-6  0.190
. 4500 7075 T-6  0.190
s 4580 7075 T-6  0.190
14.5 4370 7075 T-6  0.190
113.7 4400 7075 T-6  0.1%

2 - Not measured !
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INTENSITY
L 0 1 2 3 4 6

vi

0 100.00 45,95 10.81 0.00 0.00 0.00 0.00
1 16.22 21.62 35.14 16.22 0.00 0.00 0.00
2 32.43 51.35 18.92 2.7 10.81 0.00 0.00
3 0.00 16.22 32.43 0.00 21.62 10.81 0.00
4 0.00 0.90 18.92 27.03 0.00 21.62 13.51
S 9.00 0.00 0.00 21.62 10.81 0.00 16.22
6 0.00 0.00 0.00 0.00 16.22 0.00 0.00

Relative Intensity Table for Experiment Al8
Table IV

V. Discussion of Results

Due to the difference in projectile mass, the velocitiss attained were
separated into two groups. The mesn velocity for the steel projectiles was
4452 fps with a standard deviation of 78 fps, and for the aluminum projec-
tiles was 4788 fps with a standsrd deviation of 12! fps. The aluminum pro-
jectiles consistently caused a larger hole in the target plats. The most
probable resson vas the gross deformation of the alumimum projectile during
the perforation process. See Figure 4 for a recovered >rojectile shape.

The Rockwell hardness of the steel projectiles was approximetely G4
prior to the impact and Bl1O aftervard. An attempt was mrde to examine the
sicrostructure of the steel, but no changes were detsctable except for some

cracks in the rear half of the projectile generally parallel to the longi-
tudinsl axis.

The overall dimensions of the flash varied considersbly. The length
is estimated to be 14 inches and the maximum transverss dimsnsion spproxi-
sately five inches. (See Pigure 10, D).
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Figure 10
e. Steel Projectile b. Almimm Projectile
Down Range Flash

The stresk camera results (See Figure 6 for typical print) indicate
that thors are two flash intensity maxima. The first occurs when th® pro-
jectile breaks through the target and the second is approximately 40-75
nicrosaconds later. The still photographs and streak casera prints locate
this second maxima spproximately 3-S5 inches down range. Since the spectro-
:zl‘m itioned to view the ares immediately benind the plate, it

d not recoxrd the later increase in lumirosity. This error in
viewing poiat selection may have accounted for the small number of useful
spect ¢ plates. Omly four of 32 sluminum projectiles and one of 26
lw' projectiles successfully exposed the spectrographic record. When

the atnosphere behind the target plate was a gas mixture with 96% oxvgen,
the three almminux projectiles resulted in successful exposures even though
the impact point vas not a3 asccurste as for the steel projeci‘les. The
success rate can be attridbuted to the additional svailability of
oxygem to teact with the freshiy exposed aluminums surfaces.

A wasucoessful atiept was made teo sessure the effect of nitroger on
the flash. A gqualitative exsalmation of the still pictures indicsted that
thy systen did not swppress the flash. This asy de attributed to a latyre
chsoous oxygen content of spproximstely ¢\ at the time of the impact.

‘™ase results indicate that slthough increased oxygen availadility enhanced
the flash, the ramovcl of oxygen to suppress the flash would require

sure purging.

The results of the spectrographic snalysis given in Fim 9 indicate

shc‘tho effective vidrstionsl tenpersture (from the Al0 green system) is
31U0°K. As can be seen by tho increasing separation of the data, the higher
tome valuss are more difricult to locste and interpret. Mersberg (Ref 16:204)
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points out that the success of the 'sum rule" wethod of temperature deter-
mination depends on two things; first, measuring all of the bands in the
progressions used, and second, the source has to be in thersal equilibrium.
Tawde (Ref 32:734) reported that there were 34 bands of the Al0 sysiex:.

His data included the sequence Av = +3. Apparently the equipment used in
this investigation was not sensitive enough to distinquish this sequence.
Failure to include this term would lower the sum for progressions after
the third tem value. Figure 9 shows the least squares fit for the first
three temm value points, and also, the fit for the entire collection of
data. The temperature (as detersmined {rom a least squares fit of the

data) for the entire collection of data was 3400°K, and the value for the
first three tems is 4100°K. The 4100°K temperature is identical to that
reported by Backman (Ref 2:38) and the 3400°K corresponds to the findings
of Tawde (Ref 32:734) for an Al0 system excited by a carbon arc. These
values also bracket the 3800022000k (Ref 6:5308) for the vaporization tem-
perature of A]1203 at atmospheric pressure. The vaporization temperature
was suggested in the model (See Section II), and the reported bounds in-
dicate that these values siiould be considered as reasonable estimates for
the spark teaperature.

Since there was no spectroscopic evidence of anything but AlG and
sodium, (s contsmination) it was decided to lump all the data points in-
cluding the steel proiectile before computing the least squares fit.

V'. Conclusions

In conclusion, the results of this investigation indicate that the
impact flash produced by cylindrical projectiles with hemispherical heads
on thin aluminum targets lasts approximately 3-5 milliseconds. The di-
mensions of the flash were found to be approximately 14 inches by $
anches. The effective vibrational temperature, determined from the AlQ
green system, was found to be between 3400° and 4100°K. These temperatures
agree with previously reported information (Ref 2:32) and are compatible
with the physical model.
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ABSTRACT

This paper covers a system that is designed
to measurc the spectral shift and encrgy
output change caused by the rapid temperature
rise within the laser rod during cach pulse
of a high energy pulsed ruby laser systes.
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‘The Range Measurements Laboratory at Patrick Air Force

~ 'Base, Florida, has been assigned a special project that requires
" the use of a high energy pulsed ruby laser. The system to be
- gveloped requirved the use of very narrow spectral bandpass

‘fiitars centered around the ruby wavelength of 6943 Angstroms.

Ths qusstion arose as to what was the minimum bandpass filter
that could bs utilized? The next question was, due to variations
in coolant terperature, how can one control the output wavelength?
It was calculated that due to the relative long periods between

 €fpu1ses, low duty cycle, the system would stabilize after three to
“five pulses at the rate of one pulse per second and 2 nominal

i M
‘ﬂﬂ

6943 Angstrom output wavelength could be maintained. However,
because of the short pulse duration and the extremely low
efficiencies of ruby laser systems, a rather sharp rise in
temperature, within the internal structure of the ruby rod,
would result every time the laser is pulsed. Exactly how much
this sharp temperature rise in the ruby would detune the system
from the 6943 Angstrom cperating point was unknown and what the
magnitude of this temperature rise as well as changes in output
energy were and are still unknown.

This paper describes a system that is designed to measure
the spéctral and emergy shifts in the output that occur in all
high energy pulse lasexs to date. This particular system is
designed to measure the spectral and energy output shift as a
function of ruby coolant temperature and pulse duration of a high
energy pulsed ruby laser that is operated in the conventional

'wode with an output pulss width of approximately one millisecond (ms).

The term high energy pulse laser system in this paper shall

-vefer to a laser system that has an output energy capability in

uoxcess of one hundred joules in approximately one millisecond

palse durstion. Also, spectral and energy shift shall be defined.

as the variations in the laser output wavelength and energy for a rod
qnolanz temperature (7T) at any time (r) within that pulse.

AX(t, T) ;8 (r, T)

5pc¢trll and energy shift in most high energy laser systems
11d be predictable, within limits, after thermal equilibrium

3 besm achieved. Howsver, this has never been measured and

only ba sssumed at this time. Measurements have been made

he oucxput energy and it does stabilize safter three to five shots.

i?
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The system described in this paper is being built to
measure the actual spectral and energy shift of high energy
pulsed ruby lasers for a single pulse configuration to a maximum
of one thousand pulses. The only limitations on the upper limit
are the associated data recording equipment.

The requirement on the measurement in the spectral shift
was to measure the shift in spectra to an accuracy of 0.5
Angstroms or greater with a time resolution within a single
pulse of at least ten microseconds.

The approach that has been taken in the design of the
Pulse Spectrometer is to use standard commercially available
products wherever possible and reconfigure them to meet any of the
special requirements that are unique to this system.

The instrument chosen as the dispersing instrument was the
Jarrell-Ash, Model 78-466, 1.0 Meter Czerny-Turner Scanning
Spectrometer/Spectrograph shown in Figures Number 1 and 2. The
grating for the experiment was an 1180 groove per millimeter
grating that provides a dispersion of 2.73 Angstroms per millimeter
when operating in the third order and using a 10 micron slit
width.

The sensor chosen to measure the variation in wavelength
was a 28 element lead sulfide (Pbs) linear array. This element
was chosen primarily because it was available. The individual
sensors measured 0.21 millimeter by 0.21 millimeter and were
arranged in a linear array of 7.0 millimeters in length. With
this configuration each sensor element has a resolution of 0.68
Angstroms when placed at the focal plane of the spectrographic
output of Jarrell-Ash instrument. The sensor array is shown in
Figures Number 3 and 4.

Two types of temperature monitoring sensors are required.
The first, which measures average coolant temperature of the ruby
rods, flash lamps and cavity, were selected to have a long tine
constant so they would not measure the sharp rise in the rod
temperature but would be used only tc measure the time required
for the system to reach thermal equilibrium. A photograph of
these quartz thermometers is shown in Figure Number S. The
second type which measures the rapid temperature variations at
the rod coolant output were selected for their short time constants
and availability. These indium antimonide (InSb) sensors with
narrow bandpass filters provide the detectors for an optical
radiometer and are shown in Figure Number 6.
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In order to insure that all required information is
recorded, the calculations covered in Appendix A were performed
to determine the electrical bandpass requirements to record
all necessary data. The bandpass calculations show a required
electrical bandpass of 1000 Hertz. The recording system was
chosen as an FM multiplexed configuration with 8000 Hertz constant
bandpass voltage controlled oscillators as the input device. The
ing system, for post test data processing, was chosen
to have the half power point at 4000 Hertz with a linear phase
cutoff filter. This keeps the overall electronics system well
within the calculated limits.

The system operation can be described very simply. Figures
Number 7 and 8 show optical and electrical signal flows of the
Pulse Spectrometer System. The scanning drive system of the
Spectrometer remains stationary during the complete operation.

The 6943 Angstrom line is on one of the sensing elements, then
during the pulse period any change in the laser output spectra will
be shifted across the linear array. As the output spectra is
shifted across the sensor array each sensor element will produce

& voltage output that is proportional to the energy incident upon
its surface. This output is then amplified and applied to the
input of the constant bandwidth voltage control oscillator (VCO).
The outputs of the VCO's that operate at different frequencies

sre multiplexed together and recorded on magnetic tape. In addition
to all sensor outputs being recorded a sync pulse is also recorded
for later use in the data processing.

The playback signal flow shown in Figure Number 9 describes
how the signal is reproduced to an analog form for insertion into
s ial sampler, digitizing and formating system. This system

s by certain external ccamands generated by the previously
sentioned sync pulse.

The Digital Formstor will, upon command, sample the simultaneous
outputs of all sensors within a time gate of 90 x 10-9 seconds.
These outputs are then digitized, placed in s predstermined format
and recorded on a digital recorder. The analog tape system will
return to the start point and remain there until a new start
command is provided. Once the Digital Formator cycle is completed,

- - & command to add s new delay from the sync pulse to the sample is

ven, foliowed by 3 new start command to the analog playback system.
‘This cycle is repested until all sensors have been sampled for
the full ‘glu width. The system then goes to the next pulse and
. TepeAts previous cycle. This system is shown in the photograph
in Figure Numbax 10.
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The signal flows for the dispiay of ‘the data are shown
in Figure Number 11. At this time either system could be
used. The type of display can either be a two dimensional or
thrze dimensional plot or a computer listing. A typical two
dimensional display may appear as shown in Figure Number 12.

The system described will provide information on the miniwum
bandpass optical filter useable if only the shift in laser output
spectra need be considered. The system will also provide information
on the coolant requirements of future laser systems if tightly
controlled spectral output is a requirement as weil as information
on the time required for the system under test to reach thermal
equilibrium.

The system described is now in its final stages of fabrication
and only subcomponent testing has been completed. The first
complete system test is.now scheduled for the first of October 1968.
Any results, as well as a discussion on the output energy shift
will be presented at the presentation of this paper.
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PULSE SPECTPOMETER SYSTEM BANDWIDTH CALCULATION

 £(t)
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1. Determine the Fourier Series of f(t). For a positive interger T

e st e

snd we = 2w, ths terms of the sequence /-27?cos nwgt, (n = 0,1,2,+++) are

orthonormal on the interval [-; . ]2'_ ] . Thus, we may write

f(t) = ¢t C S 3/T cos nwet on [ - L, L1, where
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t(t) = 3%5 [1 ’nul Sa (nwet/2) cus nu,t]

2. Determine the nrumber N to which is required o sum to waintain a mean

2
square error, € , of equal to or less than 0.1 per cent of A'r.

T/2 2 N
= [ i £(t) - S, (v} dt ; where Sy (t) = kuwet
€ 2 R - Sy | N (1) L C, (/2T cos kuet)

By Eq. {i9), Pg. 465 of MATHEMATICAL ANALYSIS by T. M. Apostol

2 N2
€=/ £5(t)de - L C
-T/2 k=0
22 N
22 p2g 0 2 T 5?7 (keet/2)
T k=C &
-1/2
N
= Azr - T 52 (kwev/2)
T T kel 2
2 2 X 2
€ =1 -2U - 2tL  S% (ke,<1/2)
35" T T k=1l 8 ¢

For 1 = 10-3, T=1, weg = 21, € :_Az 1x10‘3 we have

. ) 3N -3
10> 1 -2210%-2x10° T s ? gax10) , or
kep 2
) -3
-.997 > - 2x10 3 L S 2 (kwxl0 ) , or
k=l 8
Y s x107) > a9s.s
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FOKTRAN PROGRAM T SOLVE FOR N

N

10

ANSWER:

-
[ ]

.0031415926

(=
®

0.0

G =0.0

G = G+1.0

D

IF(D-498.5)4,7,7
N=gG

PRINT 9,N
FORMAT(////12H ANSWER:
END

N= 1537

D+((SIN(G*P) )/ (G*P)j**2

N=.15)
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Worldwide Solar Radio Patrol and
Proton Warning System

ABSTRACT

In 1967, the Air Force Cambridge Research Laboratories established
in Manila, Philippine Islands a second solar microwave monitoring pro-
gram to complement chat at the Sagamore Hill Radio Observatory,
Hamilton, Massachusetts. Siressing burst spectral investigations gener-
ated from high-accuracy fixed-frequency measurements of flare associ~
ated radio bursts, a worldwide program of virtually continucus observa-
tions was assured. The combincd effort of the two patrols provides
warning of the incidence of principal proton events, A warning system
quickly establishes, from the radio signature of the event, the fact that
an important solar event has taken place. It then empioys the finite but
variable delay time between solar event and actual arrival of particles in
near-earth space for warning automated equipment and/or personnel to
take appropriate precautionary measures.

Based on the general philosophy thal iadio spectra reveal underlying
mechanisms, the peak fl:x spectra of all bursts, and in detail the spectra
of principal proton events, have been studied, It has been found that when
the traditional meter-wavelength Type IV evidence alone is used the "false
alarm' rate is very high. Even the better criterion of centimeter burst
flux, with increases > 1000 flux units, is not satisfactory unless the
hitherto ignored signature of flux increasing in the ghost centimeter-
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wavelength direction coupled with high burst intensity (U-shaped) is con-
sidered., Ihis approach has been tested earlier against 19686 principal
proton evemte and against the principal PCAs of the last sunspot cycle, It
holds up equally wed against more recent investigations of 1967 principal
PCAs. There is evidence, therefore, that different spectral curves
emerge for proton and nonproton bursts and perhaps for proton and non-
proton regions,

Data collected both at Sagamore Hill and Manila Observatory are
available to the Air Weather Service and to the general scientific commu-
nity; daily in the case of the Air Weather Service, and monthly through
ESSA and other bulletins to other users. The more important radio bursts
are reported in real time to AWS Solar Forecast Center for processing
and retransmission to routine users for warning purposes. The value of
the research is enhanced by the reliability of the data, resulting from em-
phasis placed on absolute accuracy.

INTRODUCTION

The forecasting of solar proton events has recently assumed practical
significance in the prediction of hazards that may be encountered by man
and equipment in space, in alerting scientific investigators to potential
physical dangers in their projected space and related ground experiments,

In space travel for whatever purpose, whether to travel to the moon
‘to study its composition or simply to orbit our planet high above the earth
to study emission from cosmic space, man must know what conditions he
is likely to encounter, If the elements seem to be lethal, for example, he
must delay his exploration until more definite information is available,

Once having pierced the thin friendly protective mantle of our atmos-
phere and ionosphere, man may not be abie to endure the dangers of the
. very things he came there to study, The bio-medical scientists are fa-
miliar with the dosages of cosmic radiation man can tolerate, Others
have determined that particle radiation associated with solar proton flares
may ultimately be deadly, In the judgment of 3ome solar scientists, there
will be no safe period for space exploration through 1970, Whether they
are right or merely cautious, plans for manned space flight continue while
others endeavor to predict safe or dangerous periods. The contributions
of all researchers of solar geophysical phenomena sre being weighed
carefully,

Future probabilities (there is 1.0 certaiuty) are sugge:sted from sta-
tistics of the past. To seek out one single piece of infc: )ation which af-
fords an infallible clue that a proton flare is likely to occur at a designated
time or even that one has just occurred, before actually counting particles
or observing some effect indicating that particles have arrived is absurd
because it is an oversimplification of a very complex phenomennn, Yet
this is precisely what radio astronomy presumes to do, Its contribution
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at present is one of warning rather than prediction, Although not infallible
the statistical record looks very good.

THE PCA AS AN INDICATOR OF PROTON EVENTS

One of the reliable indicators of an important prot.a event as it af-
fects the environment of the earth and the one used by AFCRL to study
correlations for warning purposes is the ground-based 30-MHz Polar Cap
Absorption (PCA) measurement made with riometers, This type of indi-
cation, with an average delay time from flare-burst maximum of four or
five hours to first onset of particles and a much longer delay to maximum
absorption, affords a measure of the severity of the event (see Figure 1).
Proton flux from the 20- to 100-MeV particles can be estimated from the
magnitude of the absorption,

A more direct measure of cosmic particles has in recent years be-
come available from satellite-borne monitors. In time these will become
the basic means for measurements of particle emission. Before that time
arrives, valid correlations with PCAs must be established. Currently,
with sensitive sensors, many so-called proton events (and electron events)
are being cataloged which are not detected with riometers, The energy
level of some of these is quite low, Some have direct flare association,
others have nebulous association; still others represent recurring activity
from active regions that earlier were responsible for important emission
(Fan et al,, 1968 and Anderson, 1968). Not all of these satellite-observed
proton events are dangerous, Probably some of the weaker PCAs do not
pose great dangers to personnel in manned orbiting laboratories, There
may, however, be dangerous particle emissions associated with solar
events for which there is neither PCA nor satellite indication, Deep space
probes could encounter these.

THE PCA FLARE-BURST SIGNATURE

The radio astronomy approach to warning is based on the centimeter-
wavelength radio signature of Iarge flares associate? with solar disturh-
ance~ ~n the visibie aisk of the suu, lnvisibie protou J.u.es can apparently
occur on the back side of the sun, just beyond the west limb, for example,
and cause particles to spiral out in the direction of the earth, Obviously,
it is impossible to give real-time warning of such an event. Even before
current Air Force efforts, researchers (Webber, 1964) recognized the
superior correlation between cosmic-ray events and centimeter bursts to
other associations, Others recognized that centimeter-burst flux was
more closely related to PCAs than "other' radioactivity (Pick-Gutman,
1961),

An example of "other' radio data often misinterpreted is the Type IV
designation, The Type IV solar radio emission, as first defined by

2=5




Boischot, was a meter-wavelength phenomenon, It is a featureless type of |
burst in wliish the si level rises to equivalent black body tempe:atures f
of up to 1020 or 1012 degrees K. Bandwidth is broad, and the intensity
variation is smooth, Circular polarization 18 generally present, The
event may last between 10 minutes and several hours, and iz detected with
sweep-frequency equipment. Information is usually displayed ona C.R. T.
and recorded by photographic techniques. In time the Type 1V definition
was extended to include the centimeter-wavelength region,

A Type IV meter-wavelength indication alone without ::entimeter-burst
association is not useful to people in need of warning information. There
would be too many false alarms. If meter-A Type IV data .s coupled with
centimeter bursts, the flase-alarm rate drops grea.l . Even so, if one
fails to take into account the centimeter-burst spe: trum, ¢ itl ough the in-
tensity may be high in certain parts of the spectruw.n, false a arms will re-
sult, This fact seems to have been overlooked, I v 2 take spectra into
account, the false-alarm rate drops still further., " he paiticular spec-
trum to which we refer is the so-called "U" spectrum (Castelli et al.,
1967). The peak flux increase of these bursts shows a minimum in the
500~ to 1500-MHz range with flux increasing in the higzh frequency direc-
tion to intensities > 1000 units in the 3-cm range. There is an increase
also in the low frequency direction below the minimum, Typical curves
for PCEs (polar cap events) in 1966 are shown in Figure 2.

SPECTRA

The validity of this type of presentation lies in the fact that in the
centimeter-wavelength region burst maxima at different frequencies occur
at the same time or within a very few minutes of each other and the opti-
cal flare maximum, See Figure 3 for a typical centimeter burst,

Prior to using burst spectral information in a warning system, a
scheme for classification of bursts had to be worked out., AFCRL has done
this using empirical plots of over 700 bursts observed at Sagamore Hill in
1966 and 1967 (see Figure 4). Although the scheme accounts for all
bursts, in our warning approach we are concerned only with events in the
Al category. Actually, the percentage of all events in this group is quite
small (see Figure 5). Not all of these have PCA association as we shall
see,

Although events in other groupings are not associated with principal
PCAg, their association with other geophysical events is becoming clearer,
SCNAs (Sudden Commencement Noise Absorption), for' example, are well
correlated with all A groups (Castelli and Strauss, 1967), whereas SFDs
(Sudden Frequency Deviations) seem to favor group C events, Negative
associations are also useful in our warning system, Magnetic storm sig-
natures are beginning to emerge,

Other spectra may be derived from single frequency observations,
For example, energy spectra of bursts derived from burst mean-flux




density and duration may be plotted, The merits of this approach are
being studied and compared with peak flux spectra., Errors in energy
spectra might result from the inability to measure burst duration with the
necessary precision, Radio astronomy leans heavily on spectral informa-
tion when determining emission mechanisms,

EQUIPMENT REQUIREMENTS
Sagamore Hili

Before a valid spectrum can be drawn, one must have a sufficient
number of accurate points to plot a meaningful spectrum, Today the Air
Force has this capability and is identified with precise solar radio meas-
urements, Since early ?966, the solar section of the Radio Astronomy
Branch of AFCRL has maintained a sunrise to sunset solar radic patrol at
Sagamore Hill, Hamilton, Massachusetts, Fixed frequency coverage with
a number of multiple frequency instrumented parabolic antennas is main-
tained at 606, 1415, 2695, 4995, 8800, and 15, 400 MHz, All systems em-
ploy essentially a Dicke radiometric configuration, In some instances
single-sideband operation is employed, in other cases dual-sideband op~
eration is used. The i,f. bandwidth is generally 8 to 10 MHz except where
radio interference (TV, radar, and so forth) is a problem; then the band-
width is narrowed to 1 or 2 MHz,

Most of the frequencies selected operate in the vicinity of radio as-
tronomy guard channels, There are other cogent reasons for the selected
frequency ranges,

Antenna half-power beamwidth (resolution) is generally greater than
2 or 3 degrees to permit a valid total flux measurement, and especially a
valid burst calibration,

Because of the importance of burst spectra and in order to be self-
sufficient, AFCRL is extending its frequency coverage to the 100- to 600~
MHz region, specifically to 246 MHz for a start, in the Fall of 1968, Cov-
erage will also be extended upward to the 30, 000 MHz vicinity for spectral
studies,

The AFCRL solar radio patrol is also conducted in the 20- to 40-MHz
range with a sweep-frequency system for the detection of classical meter-
wavelength Type I to V bursts,

The data output of all systems is made available in real time to the
Air Weather Service Solar Forecast group which cooperates with AFCRL
in providing personnel to conduct the patrol, High absolute accuracy is
emphasized in all measurements. Lack of absolute accuracy was a recog-
nized major weakiess of earlier data in many instances despite the fact
that the measurements afforded quantitive flare associated data in all kinds
of weather and environments,




Figure 6 is an exterior view of a portion of the Sagamore Hill Solar

Radio Observatory, The project was and is supported in large measure by
the Laboratory Directors Fund of AFCRL,

Manila

Stressing the warning concept from data derived from fixed f
centimeter-wavelength observations, a second site was establish
1967 at the Manila Observatory, The station is located about eleven hours
west of Sagamore Hill, It ig the site (one of eight) of optical solar observa-
tions conducted jointly by AWS personnel and local scientists, Although
virtually full-time solar radie monitoring can be provided by the two sta-

tions, at some periods of the year there is no overlap hetween Manila and
Sagamore Hill. At other times very 1

requency
ed in mid-

have additional stations, In some instances needed radio data are available

from non-Air Force affiliated groups, Figure 7 shows the coverage ef-
fected by the two stations

ther Service. It is, however, also under AFCRL control; accuracies and
calibrations are maintained by Sagamore Hill standards, All operation
methods were determined by the Sagamore Hill group. Key Filipino per-

sonnel at Manila an all AWS personnel were trained by the Sagamore Hill
group,

, All AWS solar observing stations including Manila have facilities for
real time reporting of burst data to the AWS Solar Forecast Center at
Colorado Springs, Presently the Manila patrol is a four-frequency system
operating at 1415, 2695, 4995, and 8800 MHz on a single radio telescope
(see Figure 8), By late 1968, 606 MHz and a 25- to 50-MHz sweep-
frequency unit supplied by AFCRL will be added to the system.

The project at Manila supports both AWS requirements and AFCRL's
sclentific data needs, The principal reason for operating the station is to
"capture" all principal proton events, One proton event with PCA associ-
ation has been observed by the group, Figure 9 is a copy of 9 June 1968
radio data taken at Manila associated with this important proton event, It
is fairly representative of centimeter bursts of large proton events (PCA),
though there is some apparent decrease of flux at 8800 MHz, Actually none
of these relatively rare events traceable to a flare has occurred in the

ore Hill daylight observing hours so far in 1968, Several others re-
corded at Sagamore Hill in 1968 and 1967 are shown in Figures 10 and 11,
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Athens

A third station midway between Manila and Sagamore Hill is in opera-
tion near Athens, Greece. At present only a single 10-cm wavelength
radio patrol is in operation there., Plans are being made to increase radio
coverage in that area for much needed spectral data. The usefulness of
the Athens site is enhanced by the optical solar patrol there, manned by
the AWS,

The centimeter-wavelength solar monitoring equipment is relatively
inexpensive compared to optical systems and high resolution radio mapping
systems,

DEFINING THE LIMITATIONS OF THE A¥CRL
PROTON WARNING SYSTEM

A significant number of all PCAs must be classified as anomalies with
which we cannot cope, Earlier we quoted an example of such an event
where the particle emission might be caused by a solar disturbance on the
back side of the sun, Again we can not presently furnish warning of the
weaker events that sometimes recur and are associated with active regions
or nebulously flare-correlated weak disturbances, What we actually do is
observe all centimeter bursts and, on the bzsis of how well they conform
to the empirically derived spectral intensity criteria, give an estimate
(warning) whether or not a PCA is likely to follow, Things othcr than the
radio signature are involved in PCEs, I is recognized that the position of
the disturbance on the solar disk and other directivity problems influence
whether or not the earth's atmosphere sees a de facto proton event as a
PCE, A flare-burst, which has all the signatures of being a proton event,
may sometimes occur without any particles being actually detected. These
would be classified as ''false alarms'' though it is suspected that there wus
particle emission which was either trapped in the solar atmosphere or
gpiralling out, simply missed the earth's direction, We are quite content
to be guilty of false alarms in these few instances, Our problem is just
the reverse of that of the riometer monitors, Whereas we observe cer-
tain reliable signatures and look for a PCA, riometer observere routinel;,
record all absorptions lurge and small, and then try to relate them to some
solar disturbances, sometimes unsuccessfully in the case of weaker
events,

APPLYING CRITERIA TO EARILIER PCA

In an earlier paper (Castelli et al., 1968), we discussed various cri-
teria for proton events and applied our criteria to principal PCAs of 1966
and to those of the last sunspot cycle., One of the criteria often misapplied
is that of meter-A Type IV radio data, As in the case of large flares,
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there are many more meter-A Type 1IVs than PCAs, From Sagamore Hill
observations in 1966 we were able to show that using centimeter spectral
data for that year, we could providc warning of principal PCAs with only
one false alarm as compared with 23 false alarms using the meter-A Type
IV criteria alone; 14 with meter-A Type IVs and any centimeter burst; and
3 with ™eter-A Type IVs and a centimeter burst greater than 1000 units, at
any frequency regardless of spectrum (see Figure 12), In fact, all prin-
cipal PCAs for that year, whether the associated flare burst was observed
at Sagamore Hill or elsewhere, fitted well into our preferred pattern
(Figure 2),

Considering also Bailey's (1964) list of principal PCAs of the last sun-
spot cycle both the U-shaped spectrum and centimeter-burst signatures
applied very well (Castelli et al,, 1968) (see Figure 13), Where excep-
tions occurred, we could not be sure if the PCA was in reality associated
with a non-U-shaped spectrum, whether the radio data was complete and
accurate, or whether the PCA-flare-burst association (always a problem)
was correct, Bailey defined a principal PCA as one whose equivalent 30-
MHz absorpiion exceeded 2.5 dB. With regard to the U-shaped spectrum,
we caution against toc rigid an application of this criterion in the sense
that it is not presently known how far in the high-frequency direction the
peak-power flux spectra increase before starting to beand back. We do
know that there is a general rising trend. We are presently applying 15
GHz spectral data for 1968 to the study and will later this year include
8. 8-mm burst data, When Castelli et al, (1967) first called attention to
the U-shaped spectrum, we cautioned that there might be a levelling off or
start to change of the spectral index direction in tre 3-cm wavelength vi-
cinity, Note also that the U-shaped spectrum reduced in intensity by an
order of magnitude in the 10- to 3-cm range is possible and often found
even with very large flux in the 25- to 50-cm range. These types do not
conform to our definition of the U~-shaped burst for proton-flare associa-
tion,

1967 BURST DATA, SAGAMORE HILL

In reviewing 1967 spectra of bursts, recorded at Sagamore Hill in the
same manner as the 1966 data (Figure 12), a similar pattern emerges.
There were 37 meter-\ Type IVs, Only 23 or 62 percent had any centi-
meter association, This is the identical percentage found for 1966,
Among these 23 there wvere five events whose single-frequency centimeter
flux reaci..2 " "0 wudl. ai any frequency, Two of these did not have the
preferred spectrum by our criteria, One had an inverted-U spectrum Cl,
exceeding 1000 units at 4995 MHz but dropping rapidly to only 40 percent
of this at 8800 MHz, Flare importance was 1B, The other did not have
mco&irmed flare u.ssociation though the emission at 606 MHz {80, 000

8) made it one of the most intense events of the present sunspot cycle,
This left only three possibles whose spectra were of the Al type (> 500
units at 8800 MHz) and which also exceeded 1000 flux units at 8800 MHz,
This data is shown in Figure 14, One of these was related to a principal
PCA on 23 May 1967 and was one of the largest radio bursts ever recorded,
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" The PCA was 11 dB, We have earlier seen the burst shape (Figure 11).
Figure 15 shows its spectrum,

The other two possibles on 21 May and 27 February with 2B and 2N
Flare association, respectively, had nc apparent PCA association though
we wonder why not, Hence, we would have had two false alarms for the
year,

Applying Bailey's criterion of a principal PCA (> 2,5-dB absorption) to
Masley's (1968) list of PCAs for 1967 we find that there were four such
events, The largest, with an 11-dB absorption, was observed during
Sagamore Hill daylight and met our criteria., The next largest on 28 Janu-
ary 1967, with a 7-dB absorption, was truly an anomaly for its effects
were clearly seen with neutron monitors but with neither optical nor radio
correlation. It has been suggested that this was associated with a flare
beyond the west limb, The next largest, with 3-dB absorption on 28 May,
was related to a flare starting about 0528 UT (Sagamore Hill nighttime),
Based on available data from Nagoya {Tanaka, 1968) the centimeter event
had the preferred spectrum,

A final principal PCA with 2, 6-dB absorption on 2 February reportedly
related to a 2B flare at 0152 UT had a very weak emission whose spectrum
was almost flat in the 1000~ to 10, 000-MHz range. This event is truly up-
setting for we would certainly not have forecast it. It is suggested that it
falls in a second category of PCA bursts characterized by weak microwave
emiesion and a gradual rise and fall burst shape (Sakurai, 1967). This
same burst configuration possibly identities weaker flare associated PCAs.

CONCLUSIONS

A careful study of centimeter flare burst data associated with princi-
pal PCAs of 1966 and 1967 leads us to believe that our centimeter peak
flux intensity spectral classification is reliable for giving warning of most
principal cosmic-ray events., Very few false alarms will result from this
approach, We do not urge its use to the exclusion of any other type of data
({the best of all disciplines mv~* »e rifted and weighed) but in view of the
record, we fail tu see how the Air Force can afford to ignore it.

With 1968 data, the usefulness of the Manila operation will provide
much needed self-sufficiency. We visualize having, under central calibra-
tion control, enough complete solar radio patrol stations to enable us to
attempt to find unambiguous flare-burst association for all proton events,
aven the weak ones. For the present with the addition of Manila to Saga-
more Hill operation, we have virtually continuous observation, Pgrsonnel
have all been trained and alerted to the same ideas and ideals, With real-
time reporting of burst spectral data we can contribute vitally to warning
of proton events.
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FIGURE LEGENDS

Figure 1, Di :tribution of Principal PCAs (> 2 dB) From 1852 to 1963
(Bailey, . 464). Mean delay flare {rom start {5 flare max (24 miautes)
shown by broken line, Mean delay flare from start tu PCA onset 4
hours, Mear delay PCA onset to max 18 hours

Figure 2, Radio Spectra of Proton Eventi: Observed During 1966 at Saga-
more Hill, the Netherlands, Nagcy«, Tokyo, and Dominion Observa-
tory, Canada, (The points for each event represent the maximum
flux increase at the observed frequency; the events generally occur
within a few minutes of each other and the associated c;tical flare,)

Figure 3. Complex Radio Burst Observed on 1 April 1967 ut Sagamore
Hill Radio Observatory, Hamilton, Macs,

Figure 4, AFCRL Classification of Microwave Solar Bursts According to
Peak Flux Spectra. Curves are shown for typical events. Subclasses
are also indicated: (A) type A grouping; (R) type G grouping; (C) type
c grouping. D) mdetermmate spectra grouping, All flux shown in
units of 10°22W M-2 Hz"-

Figure 5. Percentage Distribution of All 1966 and 1967 Burst Peak Flux
Spectral Graphs According to Designated Spectral Type — Sagamore
Hill Observatory

Figure 6, An Extcrior View of a Portion of the Sagamore Hill Solar Radio
Observatory

Figure 7. Solar Patrol Hours (UT) Throughout the Year, Overlap is
shown by lines on dots; dark areas are periods when neither Manila
nor Sagamore Hill can observe the sun

Figure 8, Manila Solar Radio Observatory

Figure 9, Complex Radio Burst Observed on 9 June 1968 at Manila Ob-
servatory

Figure 10. Complex Radio Bursat of the Solar Proton Event, 28 August
1966, Sagamore Hill Radio Observatory (AFCRL) Hamilton, Maass,

Figure 11, Great Radio Burst of the Soiar Proton Flare 23 May 1967 at
Sagamore Hill Radio Observatory, Hamilton, Mass. (Chart
reconstructed-flux values plotted at inte{vala of one rainute or less;
flux density in units of 10~22W M-2

Figure 12, Meter-Wavelength Type IV Events and Distribution of Those
Associated with Centimeter Bursts

Figure 13. Principal PCAs for 1952 to 1963 (Bailey, 1964) Associated
With Microwavz Burst Activity at Different Flux Density Levels
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Figure 14, Sagamore Hill Meter-Wavelength Type IV Events for 1967 in
Relation to Centimeter Bursts

Figure 15. Radio Spectrum, Proton Event for 23 May 1967. Points repre-
sent max flux increases, Observations at Sagamore Hill and Ottawa
(2800 MHz)
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Figure 6

F16. 7 ODRAWING SHOWS SOLAR PATROL HOURS (U.T) THROUGH THE V* AR.
OVERLAP IS SHOWN BY LINES ON DOTS; DARK AREAS ARE PERIOD3
WHEN NEITHER MANILA OR SAGAMORE MILL CAN JBSERVE THE SUN.

- * SAGAMORE HILL % " MANILA
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DEVELOPMENT OF PASSIVELY PRESSURIZED
PARTIAL PRESSURE SUIT

ABSTRACT

Efforts to improve comfort and reliability of the partial pres-
sure suits led to the development of the passively pressurized partial
pressure suit. The functional component of this suit is a family of
sealed tubes affixed to the inner surface of the outer layer of the
suit, running longitudinal along the extremitles and torso. These
tubes will expand according to Boyle's Law and apply mechanical or
partial pressure to the skin at any altitude up to and including a
vacuum. Two variables affect the amount of pressure applied to the
skin at altitude: inicial volume of air sealed in each tube; tight-
ness of fit of the outer layer. Flights to altitudes between 65,000
feet and 115,000 feet have been made with no adverse reactionms.
Passive partial pressure suits should find application in any long
duration flight to altitudes above 50,000 feet where normally "shirt-
sleeve" cabin conditions prevail, but emergency protection must be
provided.
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Biographical Sketch
Lt Colonel Jefferson C. Davis, USAF, MC

Lt Colonel Jefferson C. Davis is a native of Neosho, Missouri,
where he graduated from high school in 1950. He attended the Uni-
versity of Missouri and the University of Missouri School of Medi-
cine, where he received his M.D. degree in 1957. Lt Colonel Davis
completed his internship at Bellevue Hospital, New York, New York
in 1958,

He entered the U.S. Air Force in 1958 and attenued the Primary
Course in Aviation Medicine 2t Randolph AFB, Texas. He was assigned
to duty as a flight surgeon, Ellsworth AFB, South Dakota, from 1958-
1960, where he served as Director of Aerospace Medicine. He was
awarded the Air Force Commendation Medal for work during this per-
iod. From 1961-1962 he was an instructor in flight medicine at the
USAF School of Aerospace Medicine, Brooks AFB, Texas,

He completed Phase I of the aerospace medicine residency train-
ing program at the University of California, Berkeley, Californis,
receiving an MPH in June 1963. Lt Colonel Davis completed Phase II
of the residency training program at the USAF School of Aerospace
Medicine in 1964, and the third and final year of residency at
Headquarters, Strategic Air Command, was completed in Junc 96S.
From July 1965-March 1968 he was assigned to the Aeromedical In-
doctrinaticn Branch, Education and Training Divieiou, USAF School
of Aercspace Medicine. He was medical officer for the USAF Com-
pression Training Program during that period. At present Lt
Colonel Davis is the Commander, 37th USAF Dispensary, Phu Cat AB,
RVN. _

Lt Colonel Davis {s certified in Aerospace Medicine by the
Anerican Board of Preventive Medicine. Re is a meabder of the Aero-
space Medical Association, the American Medical Association, and
the Society of USAF Flight Surgeons and is a fellow of the American
College of Preventive Medicine.
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The pressurized and climate-controlled aircraft cabin and the sealed

spacecraft enviromment provide adequw.a physiological parameters for man's

operations in the hostile low barometric pressures of extreme altitude,
With the exception of extravehicular activity in space flight and planned
aircraft depressurization at high altitude, the pressure suit is worn as
& back-up for these systems, Crewmember objections to existing pressure
suits are most often baszed on encumbrance, impaired vision and loss of
mobility even in tha unpressurized mode during the prolonged periods when

they are worn as emergency equipment, needed only in the event of loss
of cabin pressurization,

A vast spectrum of protective capability is required of pressure
suits for various aerospace cystems, On one end of this spectrum ure
the extensive demands on a suit for extravehicular activity in space,
where protection must include pressurization adequate to prevent both hy-
poxia and decompression sickness, elaborate thermal regulation and pro-
tection against radiation and micrometeorites, Ou the other end is the
requirement for a protective gament which is unrestrictive and comfort-
able in the normal operation of the pressurized cabin bui with the
cspability to automatically raspond in the event of sudden failure of
cabin pressurization, Cur efforte have been directed toward this end of
the spectrum of recuirements, -

There are two basic methods of proviiing pressure to the body at
high altitude - pneumatic and mechanical, The. pneumatic or full pressure
suit is in reality a pressurized cabin which conforms to budy contours
and supplies gas pressure to the entirs body equally. Recent techno-
logical advances have brought the full prossure suit to the present
level of outstanding reliability and sophistication, For prolonged wear
as a back-up system, however, they do pose difficulties, Because the
full pressure suit {s, of nacessity, heavy and cumbersome even in the

unpressurized mode, they add greatly tc fatigue when worn for seversl
hours,

The quest .or answers to thess objections wvas begun iu the 1940¢ by
the Royal Air Force and the United States Air Force. The basic idea vas
‘to provide a cowpromise garment which would provide adequate physiolog-
fcal procection to allow descent or corrective action in the event of an
aergency, or, if possible, to allow completion of the prescribed mission

at high alzitude yet cause & minimm of interference during normsl op-
_arations, '

. ‘The soarch for comfortable yet adequate combinstions led to a variety
' of garments ranging from the pressure breathing mask, pressure helmet with
torse counterpressurization only to suits providing mechanical counter-
pressurisation to the torso and extremities., Pressure breathing vith
torso counterpressarization only is unsatisfactory for, while the lungs
are protected from damsge by the high inspired oxygen pressures, faiating
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due to venous pooling occurs in most subjects after as little as 30
seconds at 55,000 feet, However, when helmet pressure is balanced with
both torso and extremity counterpressure, duratioms of up to 4 hours at
65,000 feot (ambient pressure 42 mm Hg) with the suit and helmet pressur-
ized to 100 mm Hg above ambient, have beer attained with no 111 effects,
Peak altitudes of over 198,000 feet (ambient pressure 0,3 mm Hg) have
been attained in the altitude chamber wearing mechanical presgure suits
so configured,

Mechanical pressure has been applied to the skin in two ways., In
the capstan or pneumatic lever principle, developed by Dr, James Henry
of the University of Southern California and Wright-Pattersor AFB, fa-
bric is drawn tightly over the skin to apply mechanical pressure,

In the so-called bladder suits, pressure is applied by inflation of
confluent bladders covering the entire body except the hands, feet, neck,
and head, Pressures applied to the helmeat are contained by a rubber dam
neck seal and balanced with the counterpressure over the rest of the body
by a regulator pre-set to provide a total pressure of 140-150 mm Hg (am-
bient + suit) regardless of altitude attained.

The partial pressure suit is thus an atteept to provide emergency
pressure protection with as near "shirtsleeve comfort" as possible in
the normal unpressurized state, With current state-of-the-art partisl
pressure suits, disadvantages are the lack of envirnnmental control
despite large body areas covered by solid bladders, vulnerability of the
large interdependent bladders to damage and loss of pressure and the
need for relatively tight-fitting of the capstan suit,

Efforts to improve comfort and reliability of mechanical or partial
pressure suits led to exploration of the use of the expansion of trapped
gases at altitude according to Boyle's law, This was first attempted in
the form of closed cell sponge material with which it was proposed to
make a suit which would inflate automatically at decreased barometric
pressurs, applying mechanical pressure to the skin, Inherent difficul-
ties with this material were thickness required even uninflated, rigid-
ity at altitude and difficulty finding a material which would produce
reproducible expansion rates upon repsated exposures to altitude, Using
this basic principle, we turned to the investigation of other forms of
flexible sealed gas containers and have successfully completed feasibil-
{ty studies on the concept of the passively pressurized partisl pressure
suit. The principles to be describad may have application as an emer-
gency pressure suit for high-altitude aircraft flight, a constant wear
{ntravehicular garment for extended space flight and for crewmembers of
the proposed supersonic transport, During development of this new con-
cept, the guiding theme has been the quest for comfort in the unpres-
surized state yet with reliable protaction ac any altitude up to and
fncluding & vacuum,




The suit construction is quite simple (Figure 1). The outer layer
is an imelsastic, lightweight, porous fabric, The inner layer is incon-
sequantial for its only function is to serve as a wicking material for
passive cooling and to protect the tubes before donning of the suit. In
our test suits, the inner layer was cotton underwear, The functionsal
component is a femily of sealed tubes, affixed to the inmner surface of
the outsr layer of the suit, rurming longitudinally along the extremi-
ties and torso, Each tube is pleated in accordion fashion s¢ that un-
inflated it agsumes & small cross-sectional digmeter yet has the po-
tential for expansion as its contained volume of air increases at the
low baromatric pressure at high altitude (Figure 2). The potential
volume of each tube is designed to be eo great that its limit cf expan-
sion is never reached and werk is not expended in stretching the tube
wall a3 would be true with small tubes cf alastic material, The in-
alastic outer layar of the suit thus acts as a restraining layer to
direct pressure to the skirn, One set of tubes extends from the wrists,
across the shoulders, alcug the torso and to the mid-thigh, Another
set extends from the ankles to the shoulders (Figure 3), Each tube is
independent of all the others und is sesled with a filler valve at
either the wrist or ankle to allow adjustment of gas volumes. Only two
variables affect the amount of pressure applied to the skin as the sub-
ject goes to altitude: 1, the initial volume of air zealed in each

" tube at ground level and 2, the tightness of fit of the outer layer

(FPigure 4), Our studies have shown that the optimal fitting techniques
for subjects of varying sizes is to vary only the initial tube volumes
and leave the tightness of fit comstant,

A standard partial pressure suit helmet (BGU-8/P) was modified for

© integration with the suit, The helmet has a standard ru*ber neck seal

and balanced oxygen pressure to the helmet i{s programmed by a regulator
pre-saet to follow the kmown pressure curve of the suit (Figure 5),

- Tests bave also shown the feasibility of a soft pressure helmet which

can be worn folded back around the neck, to b2 doamed at the time of an
emergency, for use in situations where the buffating protection afforded
by the hard helmst is not requirad, In our etudies, hunds were pro-

tocud by tight leather gloves only and the feet by tight boots,

During the put: 3 yeare of development and testing manned altitude

" chamber flights to altitudes between 65,000 feet and 115,000 feet have

been mada in five test suits by nine test subjects with no adverse re-
actions, To test mission completion capabi'? , of the suit, durations
of 1 hour at 70,000 feét, 2 hour., at 65,000 feet have been achieved
without 111 effects, Tc study the possible deleterious effects of

. Charles Law ou suit performance at che low temperatures of high altitude,

a series of cold chamber tests were run, In manned flights at 55,000
feat, minus 30 degrees centigrade for 10 minutes, the pressure curves
showed no significant change (Figure 6). Skin temperature droppe.
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sbarply upon entering the cold chamber at ground level, tubes deflated,
but rose toward normal at altitude with tube inSlatiom,

Pressure measurements vere made by two methods, In the first
saries of experimenta, a liquid-filled mencmeter commected to a liquid-
filled bladder was used to measure the pressure exerted on the skin by
inflation of the tubes at altitude., Later studies showed that the

easier method of monitoring air pressure in the tubes yields equivalent
results,

Even the smsll volume of air in the tubes at ground level providea
erough flotation to support the subject in water, With the largest
total tube volume in the torsoc and upper extremities, flotatiom is up=
right,

The advantages of the passive partial pressure suit are summarized
as follows:

1. It is a lightweight, loosely fitting garment offering a ninf-
mum of encumbrance and bulk at normal cabin altitudes below 20,000
feet. The first factory test model weighed only 5 pounds,

2. There are no connections to the suit as no outside pressuriza-
tion source is required. This is an impoitant factor in reducing encum-
bering hoses and improving reliability inasmuch as the suit oparates
entirely according to a law of physics,

3. Passive ventilation through the porous outer fabric and
between the tubes in the uninflated state precludes the need for acces-
sory ventilating systems, Accessory ventilating vests Liave been suce
cessfully tested under the suit and could be used if required, How-
ever, it is our opinion that where possible, air conditioning should
be made a raquirement of the aircraft cabin and not a part of the
pilet's apparal in order to free him from encumbering hardware as much
as possible,

4, 1In the inflated state at altitude, the tubes are fully confluent,
covering the entire body surface with a dead air space, This provides
excellent protection ageainst the cold of extreme altitudes. Extension
of this principle to the possible applications in cold water survival
gear by use of aspecial insuiating tubes which could be manifclded and
partially inflated by a carbon dioxide charge bears further investigation,

5. In situations where buffating protection is not critical, the

soft helmet can be worn foided back around the neck, to be closed manu-
aliy or automatically with further development.
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.6, Independence of each tube so that damage to one does not affect
- counterpressure afforded by the rest of the suit is a definite safety

factor, The collapsed, pleated tubes are large enough at full expansion
to alliow considerable overlap should an adjacent tube be damaged,

7, Our water tests at ground level have demonstrated that there is
sdequate gas volums in the tubes to provide flotation for & man,

Out studies have demonstrated the fea.itility and many desirable
features of the concept of passive pressurization in altitude protective
garments. The test suits meet the criteris for comfort in the unpres-
surized, normsl opareting mode, yet provide predictable, dependable phy-
siological protection in the event of emargency loss of cabin pressure,
Nith further development, passive partial pressure suits should find
application in any long duration flight to altitudes above 50,000 feet
where normally “shirtsleeve" cabin conditions prevail but emergency pro-
taction must be provided. An especially interesting possibility is for
vse by pilots of the proposed supersonic transpnrt, Here the possibility
of unexpected loss of cabin pressure will be so small with cabin environ~
mental conditions so ideal that pilots will justifiably reject any
protective garment that does not provide "shirtsleeve" comfort, How=
ever, the unlikely event of rapid decompression at altitudes above
50,000 feet would cause unconsciousness within seconds unless pressure
suigp are worn, If the pilots maintain the capability for emergency
descent the unconscious passengers could survive,

The final chapter im altitude protective equipment will not be com-
plete until every possible avenue has been explored., The concept of
ths passive partisl pressure guit appears to be a fruitful direction for
furthar studies, As man venturss into new and hostile environments, the
field of aerospace medicine must provide physiological protection without
80 encumbering him that his ability to do useful work is impaired,
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INELASTIC GUTER

ALTITUDE
(TUBES INFLATED)

Figure 1. Diagram of cross section of the tubes,
inner and outer layer at ground level.
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Figure 2.
(inflated), inner and outer layer at altitude,

Diagram of cross section of the tubes
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H;aro 3. Inside of torso with underwea: zipped out to show tubes.
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Figure 5. 80,000-foot pressure curve,
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Figure 6. Teaperature-pressure curve at 65,000 feet.
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+ NEW CONCEPTS IN WAREHCUSING AND AUTOMATION

W

A new mechanized warehouse system, engineered and designed at
Hill Air Force Base, brings about new concepts in warehousing auto-

mation never before known to the Logistics Command. These concepts

include automatic dispensing from live storage bins; automatic routing
and consolidation of customer orders; and a unique transportation

system from storage to packaging, which basically eliminates on-base

trlﬁlpomtion. The data which proved these concepts was developed
through the use of math models and operation simulation programs.

The simulation program revealed that approximately two-thirds of the
v mu items stored were lass than three cubic feet and constituted 83%
* ol-tho items shipped. These small items, weighing less than 70 pounda,
| . can be stored in a relatively small area and are of the kind and type

that should be consclidated by consignee for economical transportation,
"Having this much of our business in a concentrated area made it economi-
- cally lcuib}o to provide . sophisticated material handling system, upgrade
: llu facility, control personnel, and maiutain surveillauce over the supply
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NEW CONCEPTS IN WAREHOUSING AND AUTOMATION

This paper describes a mechanized warehouse system that was

ered and designed at Hill AFB as part of the Air Force Logistics
Command's (AFLC) Mechanized Materials Handling Program. This project
brings about new roncepts in warehousing automation never before known
-in the Logistics Command. These concepts include automatic dispensing
from live storage bins, automatic routing and consolidation of customer
orders, and a unique transportation system from storage to packaging.
The data which proved these concepts were developed through the use
of math models and operstion simulation programs. Hill AFB has been
chosen as the test site for these new warehousing concepts prior to
implementation AFLC-wide.

BACKGROUND--During the past few years it has become evident within
r Force Logistics Command that our methodsof handling and storing
material have not kept pace with other developments in the logistics
process. Sophisticated methods have been developed to requisition,
account for, and distribute property by automatic data processing equipment.
Transportation to destinations has been improved immensely through use
of high speed aircraft and other transportation means. On the other hand,
storage practices and material handling techniques have remained largely
static, e.g., we store material according to cataloging classification and
maintain this class integrity, disregarding physical characteristics and
activity to a large exteat. Most classifications of property contain both
very large and very small items and items having both a high and a low
activity rate, While this storage method was practical at a time preceding
_ automated data processing equipment, it has now become cutmoded. Some
of the avents which have contributed to this outmoding are: A change from
multi to eingle line item documentation; from decentralized to centralized
receiving, snd from a separate locator file for each warehouse to a
consolidated and computerized file for the entire atorage complex. Auto-
matic data processing equipment has been applied to the tasks of posting
issues and receipts, preparing shipping documents, maintaining storage
locations, and aggregating data for preparation of a variety of manage-
~ ment data and reports. These changes have had a profound effect upon
our workload, Workers have been relieved of routine posting and card
- flle msintenance jobs and have become more truly Materiel Managers,
All of this, plus an increased state of the art in specialized material
handling equipment, has brought about reasons to challenge cur basic
- storage philosphies. We have found that the former reasons for segrega-
tion of material in storage along catalog classification lines have dis-
‘appeared to a large extent. A notable example of one that remains is the
practice of taking inventory by commodity classification, While it is
important to bave the capability of taking a full scale inventory on all
stocked iterrs, to allow this consideration to preclude the storage of
?Mnt ‘l‘cccrding to their physical characteristice and activity is inde-

+ A NEW LOOK AT STORAGE CRITERIA--in serving our customers under
pse new logistic oe es wherein premium transportation is
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utilized, it is important that we package and chip in the most economical
way that will satisfy customer requirements. So that these economies
can be incorporated into our overall gervice, we must consider material
characteristics. The actual physical dimensions, the degree ot fragility
and flammability, and the security requirements are the principal
factors that must be considered in pre-positioning these items into a
storage location, These characteristics determine whether or not an
item can be consolidated for economical transportation. In gathering
this item characteristic data, together with item activity, we used
electronic data processing equipment. This information, partly historical
and partly operational prediction, was processed through our computer
center, simulating as near to actual conditions as our computer system
would allow. Data were reflected for each stock item, e.g., cost category,
recoverability classification, unit of issue and weapon system applicability
(»hen appropriate).

An analysis of these listings reveals that issue activity patternsvary
among support categories for which we stock materials. As shown in
Figure 1, materials which are provisioned and stocked for an Inventory
Manager have a greater percentage of items in the slow moving or dormant
category. This is to be expected since Inventory Managers are the ultimate
supply source for Air Force items and they must, therefore, maintain
stocks of seldom used items. Materials stocked for direct support of a
Special Weapon System show a greater average item activity, while Base
Support Items, stocksd as they are for imminent local requirements, are
the most generally active. The curves shown on Figure 1, while varying
quantitatively, generally conform at common points along the '"Percent
of Line Items'' axis where a significant change in attitude is evident.
Validity of the "!'ventory Manager' curve, as representative, was assured
by comparison with data from a different time period. Out of eleven
computed points of reference, data for the two periods coincided at five
points and varied three activity parcentage points at the extreme divergence.
Actual activity of individual line items was compared between the two time
periods, A sample of 250 items, selected to represent the whole activity
range, tailed to show a high degree of stability in activity rate between
periods. As can be scen on the comparison chart {Figure 2), there is only
a general tendency of items to remain within a category of activity. It
can be concluded that while percent of activity by percent of stock items
has an excellent conformity to a pattern, individual stock items may shift
in considerable numbers among activity categories.

Having identified the activity distribution of items in our stocks, the
next ctep was to discover something about their physical characteristica
Wa looked 2t items in storage which had high issue rates and at items
going into the shipment packing area. The most important finding here
was that the great majority of items being issued had small unit dimen-
sions and were of a genera! cargo classification. In other words, an
aggregation of small, common type items would account for more than
70% of our issue activity and, incidentally, would include virtually all cf
the items which could be consolidated for shipment. Additional information
was gathered by extraction from existing records and by dservation,
These additional data are not detailed here for tha reason that they are
comm..n measurements, consisting of range and distribution
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characteristics for: number of items picked for off-base shipment per
day; items picked for local issue; cff-bise single line item shipments;
ofi-base consolidated shipments; number of items involved in consoli-
dated shipmenta; number of receipts, and the number of urgent priovrity
shipments as compared {o routines, Also, a study was made of the
rates at which each of these individual workloads generate during the
24 hours of the day.

DERIV ATION OF REQUIREMENTS THROUGH SIMULATION--

on of the proposed operation was prepared by adapting a general
purpo-e simulation program (IBM CI'SS II) to our specific requirement.
Suitable data trom the array previously gathered, together with standard
time elements for warehouseman actions, were passed tkrough the pro-
gram, By varying the number of picking stations, the number of segrega-
tion lines, and the level of manning during a series of simulation runs, it
was possible to evaluate the adequacy of the different combinations. I was
also possible to identify points in the operation which would be over
loaded by & given activity increase. Capacities of equipment for moving
maierial from the ship mant segregation lines to the packing area were
not considered in the simulation, The segreation lines were treated as
open ended for output. The is appropriate since the movement is accom-
plished by a direct conveyor unit which can be regulated to provide the
travel rate required. The size and shape of the required operational equip-
meni were now well defined. Consideration of how to control its function
was next on the agenda.

ECCNOMIC AND DIMENSIONAL SPECIFICATIONS FOR A SEMI-AUTO-

-=- The resuits of the simulation study
“eve some stimulating facts as shown on Figure 3 (Item Activity
Cheart). In general, it showed that approximately 5% of the items stored
at Hill AFB constitute 61% of the activity and that 45% of the material
makes up 3% of the activity. Ir addition, 83% of the items shipped are
smaller than three cubic feet and weigh less than 70 pounds. In selecting
maiterial handling systems, it was determined that:

a. The first 5% of our items could be economically handled through
- automatic dispensing equipmenc.

b. The next 40% could be most economically handled by a rapid mecha-
nizsed stock selection system with sorting capability,

¢, The balance of the stocks should remain under conventional ware-
housing practices.

. In view of the gathered data, it was decided to divide our stocks into
tvo general categories, one of whic™ includes all non-sensitive items
with a unit pu:ka&e size less than three cubic feet. The second category
is comprised of the remainder of the items. By compressing the stock
of small items within a comparatively small storage area, it is possible
to concexntrate approximately 70% of our storage issue and receipt
activity. This concentration, in turn, makes it economically feasible to
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equip the area with some fast-reacting installed material handling aids
(Figure 4). A subdivision of the small items within the concentration
area was made by selecting ultra-active items for storage in automated
dispensing units (Figure 4). Such equipment had not been used hefore in
an operation comparable to ours, 8o we procured small blocks of two
differeat kinds of equipment. One of these is a vertical, revolving type
dispenser. Various sized units of this kind can accommidate packages
from envelope size up to cartons measuring 4" x 7" x 8". This block of
equipment will store and dispense 150 line items. Provision for another
150 items was made in the second block of equipment. This second block
has mechanisms of the conveyor type equipped with counting escapement
gates, and items ranging in size from five inch cube tc 24 inch cube are
acceptable. Both kinds of equ ipment are operated by a common control
console, The actuating medium is an ADPE prepared puach card. When
cards are input, either singly or in decks, to the control console, they*
cause the dispensing of the desired quantity of particular stock items.

An ability to segregate material by consignee is provided by automatic
switching among three conveyor staging lines. Switching is triggered by

a special ca.d which is placed as a divider between consignee groups of
cards in the input deck of cards. The capability of this semi-automated
equipment to make issues rapidly is unquestionable. In the equipment
acceptance test the following periormance rates were attained: Envelope
or similar very small items were dispensed at a rate of 100 units per
minute, while larger items in the complex were dispensed at the rate of
60 units per minute. If it were possible to apply this kind of equipment
over a broad range of material, it would permit two equipment operators
to issue and route to packing the same amount of material that now requires
100 men.

A warehouse adjacent to the building which houses the centralized
receiving and shipping functions was selected as the ideal place to locate
the small items. A continuously running towveyor system, with automatic
cart set-off capability, moves material from receiving bays to stations
near material storage locations. For distribution of shipping documents
and for transporting material to a consolidation area, equipment was
selected which would traverse overhead (Figure 5). It has provision
for set-off and pick-up of material tote trays. The trays are tripped off
on a spur of gravity conveyor and are re-engaged for further transport
by simply moving them to the far end of the spur. This selection was
made because the overhead traversing rails leave the floor area unen-
cumbered, and such equipment is adaptable to a varying number of set-
off stations, It has the capability to permit routing of material from
any picking station to any pre-selected segregation line, The number
of segregation lines is also flexible within limits.

Operational procedure is as follows: ADPE batches shipping data
by consignee and sequences the data within each batch by picking station
number. This sorting and sequencing of data will occur prior to actual
document preparation and thus preclude manipulation of paper work,
Batched and sequenced documents will be blown to the storage complex
control area by pneumatic tube., The document dispatcher will select a
free segregation line for the first batch of documents and stamnp this line
number of each document within the batch. He will then separate the
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batch by picking station number and route the documents, via tote trays,
to the picking stations involved. The tote tray will set-off at the picking
station, the station personnel will pick the material, place it and the
documents in the tote tray, dial the tray set-off mechanism for the

line number marked on the documents, and engage the tray for trans-
port. The tote tray will set-off on the proper segregation conveyor
line. After all tote trays for the shipment consolidation have arrived
on the line, the shipment will be checked for completeness and released
onto a conveyor for movement to the packing area. Each segregation
line will have power capability so that engaging a switch will clear the
line.

FILTERING THE INPUT AND CONTROLLING OPERATIONS WITHIN
THE PROCESSOR-- It was evident that performance within the storage
complex could be gauged in terms of response to input. There was need
then to retain information about picking documents as tc the number
routed tc individual picking stations, and to decrease these numbers as
material arrived on consolidation lines., It would also be well to have
knowledge about the promptness with which completed consolidations
were moving from the lines., The control pancl, illustrated in the
attached schematic (Figure 6), was designed to fill these nceds. In
practice, the panel will display document routing to individual picking
stations and will decrease workloads, shown as outstanding at these
stations, as material arrives on a consolidation line. The panel will
also indicate lines which hold completed shipment consolidations and
will, further, call attention to lines which have remained occupied beyond
an acceptable period of time. Voice communication between each
picking station and the control panel will be available. These facilities
will be used for follow-up of delinquencies from the panel operator and
for requesting assistance or reporting trouble documents, etc, to the
control area. The supervisor of the entire area will be stationed ad-
jacent to the control area and will have a group of trouble shooters

at his disposal. This group will consist of unusually capable and highly
skilled individuals, and their job will be as temporary fill-in wherever
and whenever needed and to solve problems. The overall relationship
of these storage concepts and the flow of material through our material
processing area are shown on Figure 7.

OBSERVABLE BENEFITS--We f eel that this new storage concept,
together with well engineered mechanization, will provide a responsive
supply system commensurate with our overall logistics system. It

will convert a loosely knit series of actions into an integrated function.
We will have a plant which is custom tailored to our current requirements,
but which is basically modular and, thereforec, adjustable to future
contingenciea. The operation will be sensitive to control so that most

of our problems will be small ones; we will know about them before

they grow to serious proportions. Specific benefits we will experience
are: A reduced opportunity of misrouting picking documents; an ability
to provide better personnel facilities through having more of the work
force in a small area; less requirement for inventory counting of stocks;
reduced "load, haul, unload" activity; greater ease¢ of accumulating
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shipment consolidations; a general reduction of credit processing time
from computer to transportation; a reduction of on-base transportation

facilities requirements; and a reduction of requirement for non-installed
material handling equipment,
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Recent advances in turbine engine technology and rising costs of turbine
engines have incressed the requirements for better methods of turbine engine
cycle analyses. Thege cycle programs are used to monitor present engines,
determine sensitive or critical areas in near future engines, explore the
sdvantages and disadvantages of esdvanced engine cycles, and provide an
economical method for obtaining engine data for saircraft mission analysis.

A cycle piogram must meet the requirement for a fast, accurate, and in-
expensive method of simulating turbine engine performcnce. This paper
discusses the two general types of cycle analysis programs (parametric and
balancing) and the differences between them. The techniques used in
balancing cycle programs are also discussed, with particular attention
being given to a mathematical technique recently develored within the Air
Force Aero Propulsion Laboratory. The balancing technique is baced upon
finding a solution for a set of partial differential equations containing
engine variables and errors. The variables are changed by small increments
and the resulting changes in the errors are calculated. The equations are
then solved, using a matrix, for the zero-error or balanced condition.
This method is faster and more flexible than previous techniques used,
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INTRODUCTION

Undoubtedly you are all avare of the rather significant recent advances
“§u turdine engine technology. The turbofan engines in the F-111 fighter and
. our new C-5 cargo transport, and the turbojet engine now under development
for the supersonic transport are good examples. Although these engines, and

-- others either proposed or under development, will be used for widely varying

missions, they all have a few things in common. Besides representing signif-
icent technological improvements over present turbine engines, they all
operate using complex thermodynamic and aerodynamic phenomena. Another
important poiant they have in common is that they are all highly expensive,

“both in development and production.

‘ Mhat this means is that any trial-and-error method of developing new
turbine engine cycles would almost certainly result in excessive expense,
W¥hile past experiences, results, and data should still be used as guides,
they should not be solely relied upon in the development of advanced engine

" cycles. VWhat is needed is a simple and relatively inexpensive method for

predicting, calculating, and analyzing turbine engine cycles. The basic
sethod is available in the form of mathematical equations which describe

. the asrodynamic and thermodynamic processes which occur in a turbine engine.
. The calculations may be done by hand, but the length and complexity of the

* oguations and the iterations involved lend themselves to a digital computer
application.

There are four principal uses for turbine engine cycle analysis pro-

_grems. The first is to monitor present "in-use” engines and proposed changes

to these engines. For example, a cycle analysis program to simulate the TF-30
(P=111 turbofan engine) was recently developed and is being used in con-
Junction with actual wind tunnel tests of the engine. Ancther ugse is to
thtomine sensitive or critical areas in near future engines now under

deve t. A third and very important use is to explore the advantages

and dfsadvantages of proposed advanced engine cycles for future aircraft.

- ‘The fourth principal use is to provide an economical method for obtaining

- ebgine dsta for aircraft mission analysis. Mission analysis generally

' fequires such a large quantity of engine data that it would be impractical
to dbtain it from actual engine runs.

This paper will briefly discuss the two general types of cycle analysis

m (parametric and balancing) and will then cover in more detail the

juss used in balancing cycle programs. Particular attention will be
to a mathematical technique recently developed within the Air Force

M Propuhiou Laboratory.
W‘uc CYCLE ANALYSIS PROGRAMS

_The thermodynamic equations used are the same as those found in any
e textbook on thermodynamics. The heating value of the fuel is
fitted as a function of temperature. The properties of air and the

s combustion products (for erample, the gas constant, molecular

b and speed of sound) are curve-ritted as a function of temperature,
,fk. and fusl-air ratio. Each engine component is treated as a "black
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box"; for example, a compressor is treated as an overall pressure ratio
and affisiency.

With these basic tools, it is possible to calculate the cycle performance.
For a parametrie cycle program, it is also necessary to have the inlet or
flight conditions, and all pressure ratlios, efficiencies, pressure drops,
and any other cycle losses. The turbin: caliculations are based on the com~
pressor requirements; that is, the work available must equal the work
required. The nozzle calculations are baszed on the available flew. No
throat area is input and complete expansion is assumed. This amounts to an
infinitely variable area.

The important point to be made is that one complete pass through the
engine cycle cslculations is all that is required. There is no looping or
balancing. The engine is not sized and is essentially comp’etely flexible,
Each point or run is equivalent to a design pcint, and there can be no
simulation of the engine at off-design points. The parametric cycle analysis
program is primarily used for optimizing & cycle for a specific single Aesign
point.

llowever, with multimission aircraft being emphasized increasingly and
with the need for determining off-design performance, the requirement for a
balancing cycle analysis prograr (that is, one which simulates a turbine
engine at both design anl off-design points) becumss definite and essential.

BALANCING CYCLE ANALYS.S PROGRAMS

The thermodynamic equations, the fuel heating value, and the gas
properties required are the same as for a parametric cycle procgram. The
calculations involvec are also essentially the same. However, instead of
inputing the component characteristics (pressure ratio, efficiency, etc.)
for each run point, component performance maps must be made available to the
program., These maps represent the performance of each component throughout
its entire operating region. The basic maps required are compressor (Fig. 1),
combustor (Fig. 2), and turbine (Fig. 3), but actually, maps for all components

can be generated. Generally speaking, the more components that are represented

by meps, the more accurate the simulation of the engine will be. The maps are
usually obtained from analytical methods or component rig-testing data and
are then converted into tabular or curve-fit form for use by the engine
progranm,

The calculationes begin, as in the parametric program, with the inlet or
flight conditions., Also, a power setting representative of the real engine
being simulated must be chosen. This power setting can be in the form of
percent speed, combustor or turbine inlet temperature, or a fuel flow,
depending upon the particular mode of the engine program. In addition, a
set of independunt -~ dependent variable combinations must be considered.

Enough independent variables to provide sufficient entries for all the

component maps must be selected. Two good examples of independent variables
are compressor speed and pressure ratio, which provide the tvo entries required

CC=5




K r aap. The cycle calculations can now be accomplished, using
cmont characteristics obtained from each map, rather than from input

¢s was dotie for the parametric program. Now, however, the work available
m can bte calrulated and may not necessarily equai the work
by the compressor. Similerly, a nozzle throat area is used, and
e required to drive the gas flov through the nozzle can be calculated.
e also may not necessarily equal the actual pressure of the gas

ﬁg differences between the turbine and compressor work, and between
4nd nctual nozzle pressures are used to generate errors, or
it varisbles. There must be a dependent variable (error) calculated
onch {nenendent variable selected. By varying the independent variables,
is mme t0 change the dependent variables until they are zero. Of
the process, the position on each component map changes, and
ml,c celculations must be computed for each change.
o m ?‘l.ul result, vhen the eriors have been reduced to zero, is a balanced
st!—‘nip point vhere each of the components are matched and their character-
iatics sre compatible, There is, of course, only one unique match point
* for eseh flight condition and power setting. The balancing cycle program

,,m am excellent simulation ol the sieady-state performance of an actual
Biae engine throughout its operating envelope. Calculated performance
s % oze percent of actual porformance can be expected, depending upon

-;-m m.ey of the component parforuance maps avallable.

To smmmarisze, the three main dj.ferences between a parametric cycle
)srem and & Balancing cycle program are:

- ], ‘The balancing program requires compor:nt maps instead of single-
y L 2. The balancing program is an iterative one, looping through
- ﬂll eycle calculstions until a match-point is reached.
R 3. The parametric program can calculate only design-point performance,
' M&l the balsncing program calculutes both design and off-design performance
n\t ihuhtel a turdbine engine throughout its operating envelope.

mmmmmmm

de previously, the balancing cycle program. can be considered
1ly as & set of independent - dependent variable combinations,
pic equations which indirectly relate the dependent variables
dent varisbles. Socme orderly technique must be used to
Mt variables to arrive at the zero-error conditon.

technique was to handle each independent - dependent variable
_ suparately one at a time. The result vas a set of nested balancing
‘For a térbojet, two basic loops were required (Fig. 4). The cycle

lons ware done in sections corresponding to the loops. The inner
G balanced using compressor speed as the independent variable and
aifference between compressor and turbine as the dependent variable.
) was balancod using compressor pressure ratio and the pressure




required by the fixed-srea nozzle. After the inner loop was balanced, the
outer loop was changed in an attempt to balance it. Naturally, changes

in the outer loup necessitated rebalancing the inner loop. This method,
althoush rather crude, worked well for a simple turbojet cycle.

However, for more complex cycles, more balancing loops were required.
A simple mixed-flow turbofan cycle invclved four basic loops (Fig. 5).
Although the method still worked, many rebalancing passez were needed for
the inner loop, and computer time became excessive.

A nev mathematical technique, which is faster and more flexible than
the old, was developed within the Air Force Aero Propulsion Laboratory.
The new technique handles all the independent and dependent variables as
a set and is based upon finding a sclution for a set of partial differential
equations. In order to use the differential equations, the assumption
was made that there was a direct and exact relationship between the independent
and dependent variables, The fact that this assumption is not true does
not affect the final result, but does mean that the set of equations must
usually be solved more than once before the errors are reduced to zero.

The basic set of differential equations is based on the total derivative
of E = £(V), vhere V refers to a variable {independent varirble) and E refers
to an error (dependent variable) (Fig. 6). The single subscripts correspond
to three variables and three errors, and the double subscripts indicate the
change in a particular error (first subscript) due to & change in a particular
variable (second subscript). There must be one equation for each variable-
error combination. The three equations shown represent a turbojet cycle
where the three errors are generated by the work difference, nozzle pressure
difference, and turbine map limits exceeded. This last error had to be added
to the previously discussed first two errors when it was discovered that
at certain points the turbine map could not be entered as the calculated
entry points were outside the turbine map limits, It is relatively easy
to expand the set of three equations to one of six, as required for a turbofan
cycle, or even further for more complex cycles.

If small changes in variatles and errors are assumed, certain approx-
imations can be made (Fig. 7), where B refers to a base or initial value.
With these approximations and the fact that E should be zero when the cycle
ég balanced, the set of partial differential equstions can be simplified (Fig.

A pass through the entire engine cycle calculations (not just a section)
will generate the required base values. Three more passes are then
made through the cycle calculations, and one variable is changed by a small
amount (V) for euch pass. The change in each error due to the small

change in the variables (AF/AV) can then be calculated. The set of differential

equations can now be solved for dvl. dv,, and 4V_., and the nev value of
each independent variable can be deterufned. Théoroticnlly. these nev values
should result in a balanced point with all errors equal to tero. However,

because of the initial assumption of a direct relationship between independent
variables and errors, this will probably not be the case, The errors will




:

2loser to sero, however, and several more passes through the entire
(vhere the new values become the base values for th2 next set of
) will probably be necessary before the errors are reduced to

k',g

A subroutile to determine the solution of a matrix is used to solve the

- oot of Airferential equations (Pig. 9). After each pass through the engine

calculations, a matrix array 15 loaded with the appropriate values;
after the required number of pass:s (base pass plus one pass for each variable)
metrix sudbroutine is called to solve the matrix.

E

As mentioned previously, this new mathematical technique for handling
dent variables of a balancing cycle program is consider-
ubly more flexidle than the old method. The complexity of an engine cycle
can be increased simply by increasing the size of the matrix; that is, by
mm the number of partial differential equations. For example, a
basic triple-spool turbofan cycle could be represented using a matrix of
uations. Or, a T-compressor turbofan engine such as the TF-30 (F-111
would be represented using a matrix of eight equations. In addition,
this nev technique requires less computer memcry storage and is faster (by
& factor of sbout four) than the old method.

331

T

In Mt, the nevw technique meets the requirement for a fast, accurate,
i inexpensive method of simulating the steady-state performance of s
turbine engine.

Arm.-n-ﬁ 125, Parts 1 & II, "Simulation of Turbofan Engine,"
» W Copt. John 8. MoKinney,)
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- : ABETRACT

“o . % An infrared checkout technique for the diaznosis of fauwlts in

- electronic circults is descrived. A radiometric syztem for implerentstion
. of the technique is illustrated. The tachnique was applied to nore than

900 printed circuit panels and is shown to be effective. A aiscussion

- follovws on verious beneficial epplications and implerentation requirerents.

-
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~ INFRARED DFTECTION, ISOLATION, AND PREDICTION
oF ELECTRONIC RQUIPHENT MALFUNCTIONS

.. By Ruth A, Herman, AFAPL

Pictupre Aderica’'s newest air vehicle, the C-5A (Fig. 1). It is far

Aor than a football field, longer than twelve Cadillacs bumper to bumper,
' the tail projects as hieh es a six story building. The C-5A will be the
stest available means of transporting large numbers of troops and their

equipment to & battle area. ''he questions ey be asked, "Just how relisble

will the C-5A Le?" and "What can be done to assure maximum operatit.al

Qf?!ctivanesa!"

s, Fbreseeing a need for improved fault diagnosis techniques, I initiated
.An 1n-honse research effort in 1961 which has continued to the present time

' (?ig. 2). "The effort is directed toward the concept of detection, isolation,

and. possible prediction of malfunctions in electronic systems. The technique

fnvolves the sensing and analyzing of infrared radiation emitted by enerpized
,,Qetronic circuits. The results of this work have far exceeded the expected

advan 1n the state-of-the-art of checkout and maintenance test procedures.

""E IWED CHECKOUT THCHNIOUR.

. The infrared checkout technique is based on the fact that each resistive
conponent of any encrgized electronic circuit emits infrured radietion, or
heat., This radiation characterizes the electrical condition anid topolosmy
the component in the circuit. As component characteristics change, so
8 the infrared pattern of the circuit. Observation ond eveluation of
- pattern change can be used to locate the electronic componeuts

uding integrated circults) that have chunped value or failed. The
d patterns of energized eicctronic circuits can be illustrated
by three-dlmensional models (Tig. 3). 7he penks illustrute the intensitics
.of infrared eing emitted Ly the circuit components. Fach circuit
£on has its ova infrared sipnature which may be used for fault location.

rtridution to the infrared checkout technology was the concepts of

ng the infrured pattern of complete electronic assemblies, while

 dn their prescribed function, end of comparing the total pattern to,
that of u known, acceptable canembly. but to failure petterns of
functions as well. I have been granted a patent for e device
ishes this monitoring and diapgrostic capability. Previous

| had used infrared probing ouly on a plece-part basis to
lncnalicu of a resistor, a diode, or cther single component.




Infrared has the following advantages over conventional checkout “ﬁ
techniques (Fig, 4): P 1

1, Infrared is the only perameter measured

2. ‘io physical contact is made with the circuit, therefore, the
circuit cannot be damaged from probing o

3. Circuit operation is not altered due to the loading effect of
contact measurements

4. Checkout is accomplished ¢f the ertire printed-circuit board
inecluding components, vonnectors, wiring paths. and coatings

Y. Checkout is accomplished of both analog and digital, linear
and nonlinear, integrated and discrete-element circuits, all with the same
test setup.

THE RADIOMETRIC SYSTEM

The flow chart (Fig. 5) illustrates the setup required at depot level
for infrared testing of electronic circuits. The circuit under test is
energized using its conventional AC and DC power supplies. The radiometer
detects and measures the infrared emitted by each component in the circuit
under test. iote that the system is passive; that is, an active infrared
source is not directed at the circuit. Tape equipment may be used to control
the radiometer by providing positioning information. The tape equipment also
may be used to select stored reference profiles which then are compared
automatically with the output of the radiometer.  The measurements and
comparisons may be displayed in analog or digital form together with the
diagnostic information.

Infrared testing may be implemented in three ways (Fig. 6):

1. Simply look for hot spots, or

2, Compare a circuit in known good condition with ore of unknown
condition and look for infrared pattern deviations, or

3. Compare a circuit of unknown condition vith a library of infrared
reference scans vhich are annotated as to failure node. This method will
identify the failed component in the shortest time,

In 1964, the Air Force initiated a contract with the Raytheon Company
to conduct a detailed investigation into the feasibility of this infrared
checkout technique. BRased on the success of these carly feasibility studies,
Raytheon designed and built a radiometric system for implementing the
technique. The system is called COMPARE for Concole for Optical Measure-
ment and Precise Analysis of Radiation from Electronics.

The COMPARE System is shown in the figure (Fig. 7). Printed circuit
boards are loaded onto the rotary feed table and are carried under the
scanning rediometer. AC and LC signals are applied to any of 16 different
boards on the feed table for warm-up prior to scanning. Since 10 minutes
are gererally required for varmm-up, the feed tahle greatly increases the
number of circuits that can be scanned per unit time. Punched paper tape
controls the Radiometric System by providing positioning information.




The tape also contains infrared refercnce i:essurenents.
scans a circuit board, the output gignal ls
and is stored in s rmagnetic core merory. A

45

A5 the cdetector
converted to a dirital #ormat

nuterical »rintout contains
sampled points of the radiometric scan thst

djffer fron: tre referer.ce
measurenents, The printout is then matched

. against a dlarmostic chart
which will identify the faulty componcent. ‘e techniclan then rep:irs
the circuit.

g

A layout of a nrinted circuit board und crid overlay is showm (¥,

w T 8). 'The grid overlay is used to select the points to te sarpled during
£ the infrared scan. The dark squares in the grid definc the I =n? Y

coordinates of the points sampled for each comronent. #n opticul systar

sweeps the focal point of an infrered cetector ncross tiie cireuit and

~ steps the scan line sequentially down the lensia of the eircuit as erch

o scan is completed. 'iie total scan tirme is 100 seconds: W5 =ecouds of
! active scan and 55 seconds for retrace. 'he spacinr betweon seun lines

is 0.0%4 inm., the srot zize of the detector., “Me lerreratvre resolution
is 0,05%, .

; "ne detector used in the CV''PAR Fwster ic made of ' 2reury-tosnd

cermaniwm. ‘The detection remion neaks at atout nine ricrens, ow oushly

309C (850%), “herefore, its characteristics match the range of terperature
expected frem clesticonlc nodules and components.

INFRARED 'TLCEIIQUF VALIDATION

In prepering to rake in fr&rcr; .,c.,x s of printud eircult puiels, o
stand rd infrured pro“ile of tha rzpel im jood orerationn] ceualiiiow in
required, ‘ile standard infrarced 31 o“llc ic obtainec Wroaver=ting i
Infrared Leaswrements fra. several scrviceable junels, lniuir.-,ll;- nll
scans aye compared ageinst Lhis stenoard profile. 1° rayr ¢f L' rmoasures
ments differ siguificantly fron the average, the pancl cento i inn

abnormel rieasurenents oy be: uqected as feulty.

- iy
wLeno

Usingy the Hediametric COFART Oyetua, the infraret iechnfaur uas

applied to over 900 printed circuit parels, . lerse nuwber of the penels
- came from the ‘inuteran T Inertial Guidance uyater ard were supplic! Ly
.o lewark APS. lore then 705 of nll anomelies vere spotted eaail\' with
7 infrered vitnont the use of statistical duts procesring techninues., Applyving
LT T Ttk statisticel correlation coefficient, 357 of the anoralics vere Hrrnoses
s 0 corvestly. Almost 55 of the anonalics also vere diegnoued corructly usirg
R mt.ionﬂ. et ‘methods. liowever, rany of the anoralies found us'ng;
o infrered detection were not found using conventional net*\oc'q, nnd vice versa.

Assignificant point is that 3 of all thc "serviceadle” paucls tested
sotusily contained anomslies vhich were found usinp infrarcd testine, tut
these ancnalies were not found using the electrical tests required b:,
totyentional test procedures. Although 3" ig srall, it ig sirnificant,
-’.-._,'u seen in the figure (Pig. 7). Of one group of 7&’: panels thet had pasged
- all electricel inspections and vere reedy for use, 23 anoralies were found,
e mmtnly 3%. If these 23 anomalies were located in navirational

and installed in airplanea, 23 airplanes would have faulty

um:m equiprent!

. i
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Ixamples of the anomolies are shown (Fig. 10). A 5NC ohm resistor was
used crroneocusly in a trensistor enitter clrcuit instead of tae correct
7,0C0 ohn resistor, without beins Jletected in electricnl tescts. As a result,
instcad of operating with the intended 75, derating, the transistor was
operating st several times its normal rating, which would lisve cmuccu
early failure.

Another cxample of & defect not detected using conventional tests is s
reversed electrolytic capacitor. <“his defect is ofter overlooked since it
takes from 2 to 20 minutes for an electrolytir capacitor with polarity
reversed to affect the electrical operation of the circuit. However, the
capacitor Graws enourh excess current when connected backward to shorten
the nmean-time-between-failure calculated for the associated components and
to look different to an infrared detectlor.

In & third example, a transistor, which was supposcd to be nonconducting
under one operational mode, was actually pascing consideretle leakasre current
and overheatinzg. It is not known whetler the faulty transistor slipped past
the -lectrical tests or degraded while in storasre. licwever, it should be
noted that of 23 panels containing asnonaiies, approxirately 655 passed
electrical reinspection by the co1ventional test procedures even when tested
for the second time. N

APPLICATIONS

The infrared work accompliished hy the Air Force Aero Prupulsion ;
Laboratory is directed primarily toward the location of faulty clectronic
components on printed-circuit boards. Other valuable apvliecations for
infrared in electronic equipment diagnosis are seen on the chart (Fig. 11).
Two particularly eppealing applications are those listed second and third.
The reliability of the equipment can be improved if the topoloprical
locations of circuit cormponents are chosen according to the hest heat
distribution patterns., For example, if two hot-components are nlaced too
near onc another, neither recelves adequate cooling and thefir lifetimes
nay ue shortened. Some components have heen found to be operatins at 120
to 150°C abov: ambient. Thiz hirh operatine temperature wes a surprise to
the design engineers. '

Furthermore, the third item on the chart: the use of infrared in
acceptance testing, both of circuits coming into the Alr Foree inventory
and of circuits being maintained, will enable the locaticn and rejection
of many clectronic-equipments that ~ontain anomalies not now detected by
conventional tests, As part ol i'i¢ acceptance tests for quality contreol,
the Air Force could routinely wake an infrared scan of tie circuit toards of
each nanufacturer's electronic equipmwent considered for the Air Force
inventory. At present, suppliers “"qualify” bty sutmittine a sample electronic
equipment. The equipment is tcsted and efther accepted for future purchase
or rejected. After the itens are accepted ané rlaced in our inventory,
they often are found to have a low mcan‘!1ne‘“et'eah~failnre he causes
of the incipfent troubles very often are: (1) underrated components (for
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example, a l-watt rather than a 2-watt resistor) or (2) a poor heat dissipation

ebility (for example, several. high dissipation components grouped together).
These anomalies cannot be spotted with conventional testing, but they can

be spotted using infrsred detection. The infrared scans can be made quickly
and easily. 1o special skill is required to interpret the scans for equip-
ment acceptance or rejection. One need only look for hot spots in this case.
This method is proven effective. !Many equipments which contain anomalies not
now detected would be rejected during acceptance testing. ‘thus, only the
more reliable equipments would reach the Air Force inventory, and the
subsequent requirement for many meintenance manhours, spare parts, and
redesigns would be reduced.

Infrared testing proﬁﬁdes an irportant byproduct advantsge beyond those
already cited. ‘hen a circuit voard contains a faulty corpcnent, cone or rore
other ~omponents may be overstressed for extended pericds of tire without
actually failing. When the faulty component is located, it is usually the
only one replaced, even though the future life of the overstressed components
may have teen seriously compromised. This secondary overstress often cannot
be determined using conventional test procedures. Vith infrared testing,
these overstressed components may be spotted and reploced along with tue
failecd components. The consequences of not renlacing these overstressed

7 ._components could later prove to be cstastrophic to en Air Force mission

such ‘88 that of the C-5A. Using infrared testing, a manufacturer or depot
_ican compile & list to show an unskilled operator which components will te
. subjected to secondary overstress for every catastrophicelly failed

- . component in the circuit.

A set of specifications have been defined for use as a sturting point

RQ;;; for the implementation of the infrared inspection technique by the govern-
" ment services. These specifications are included in detail in the technical

. report APAPI~TR-68-84, "Infrared for Ilectronic Equiprent Diagnosis.” The
. specifications were kept as general as possible, but they contain all the
- elements necessary in order to make an infrared checkout system effective.

DIPLEMENTATION

The U. 8. Air Force is now on the threshold of upplying the infrared
.. checkout technology to circuits in its inventory. Personnel cf the AFLC
{4Naintenanee‘Technology Office have stated that they are interested in applying
“the technique to perform incoming inspections on electronic circuits received
- ‘at-the depot. All that remains prior to implementation is the gevelopment
- of a practical radiometric system (hardware, software, and perivheral
’;‘equipment) which possesses an acceptable degree of accuracy, stability,
maintainability, and versatility (Fig. 12). This system should be capable
. 8 spplicetion to all current and projected Air Force electronic hardwsre
*['throuch CY 1973.

Prvsent commercially available radiometers generally are satisfactory

57.ber mupping the thermal profile of an energized discrete element circuit.

" 'However, with the continued introduction into the Air Force inventory of
;nieraolactronic eircuitry, which characteristically operates at lower power
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levels, the noige-equivalent-power (NEP) characteristies of the rediometer
need to be znhanced. Also, techniques for displaying the infrared schn data
need to be improved. Digital data handling capehility generally Is not
included in present radiometric systems, and considerably rmore work must
be donc to provide efficient, accurate data processing techninques. I am
performiig a comprehensive in-house investigation to provide the required
data processing techniques. Current technology limitations also include
the means of stinulating and loading the circuits under test and pretest
conditions, with the achievement of maximur flexibility and speed. The
correction of these limitations is certainly feasible and within the
state-of-the-art,

PAYOFF

It is well known thet the maintenance of military electronic systems
is complex and expensive (Fig. 13). In 196Gk the Deputy Director for
Electronics, Department of Defense stated that 150,000 military personnel
are engaged in maintaining communications electronic equipment and electronic
portions of weapon systems. 7This smounts to 850 million in labor costs
alone per year. In the electronic defense industry, production test efforts
account for 20% of the overall cost and 507 of the manufacturing spread
time, Approximately 007 of the total test time is spent in fault isolation.
ivew and improved fault-diaznosis techniques are required in order to save
manpower and nioney ancé to shorten downtime.

The application of infrared checkout techniques to electronic circuits
is feesible (Fig. 1b). Tt will lead to improved performance and reliedbility,
the reduction of testing time, maintenance manhours, svere parts redesien,
and associated costs. The advantazes of better first article testing and
quality control prorise improved electronic eguivment reliability as well
15 hetter naintenance of equipment in the inventory. Yhen infrared testinz
is fully implemented in industry and in Alr Forece naintencree facilities,
operations and maintenance savin~s will be substantinl. "he use of this
technique may mako the difference boetween success wné failur2 of many
costly future nissions.
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Fig. 2 - Background
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Fig. 8 - Panel Showing Points Sampled During Infrared Scan
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