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:: SUMMARY
::

o
REN The feasibility of using the wavelength shift of the ruby luminescence R-lines to meas-
E'_E ure stresses under dynamic loading was examined in the present work. Our objective was to
B4 design and devclop an experimental method that would permit us to moniter the wavelength
,;.:; of the R-lines in well-defined plate impact experiments.

W
W
:":: The first stage of our work involved a detailed examination of the existing results on the
;’:‘.l
L
AN ruby spectrum under static high-pressure conditions, as well as the effects of temperature.
4 We concluded that unambiguous interpretation of ruby spectra under shock loading would
29 . .
§‘; require the R1 (694.3 nm) and R2 (692.9 nm) spectral lines to be resolved. Also, because the
&

N . . . . .
o temperature induced wavelength shift effectively ceases below 100 K, it may be possible to

o2, separate temperature and stress effects by performing low temperature experiments.

o,
<)

-,.j The experimental design, including excitation and detection of the ruby spectrum, was a

b consequence of the different characteristic times involved in the problem. The lifetime of the
' ruby Iuminescence is approximately 3 ms, while the times of interest in our shock cxperi-
.} .4 ments are typically less than 1 us. Because of this, we have chosen an "evolutionary"

v
PIAL! - - . .

o\ approach to recording the spectrum whercin the ruby is excited by a cw Argon laser, and the
A" spectrum is recorded continuously as it evolves in time. Calculations of the luminescence
¥ »

)

:‘ excitation and collection were performed and experimentally verified at different stages of

?

1
W the experimental assembly to develop the experimental configuration used in the impact
‘i experiments.

L] *

' Several experiments were performed to verify that the wavelength shift is observable on

') . . . . .

) a relevant time frame. Very thin ruby disks (approximately 62 pm thick) were shocked, and
:" the luminescence spectrum was recorded in two different ways. In the first set of experi-

"

4
2es ments, luminescence from cach ruby R-line was transmitted from the focal planc of a spcc-

P
o
{ a . - .

; tromcter to a photomultiplier tube by an optical fiber. The photomultiplicr signals showed
¥ changes indicative of a wavelength shift, coinciding with the arrival of the shock wave at the
"
ﬁ,gl
e
W iii
~
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B
thin ruby disks, and occuring within the risctime of the clectronics. Further experiments
i
i; were done in which the spectrum was recorded at 144 ns intervals by a streak camera and an
l.‘
optical multichannel analyzer with a Vidicon detector. These records also indicated a
"
: wavelength shift under shock loading. Based on these results, we believe that it is feasible to
measure the stress induced wavelength shift on a 10-50 ns timescale.
;
The signal levels obtained in our preliminary experiments were insufficiently strong to
3 allow resolution of the R-lincs. A number of modifications in the optical system are dis-
k)
¥
:’: cussed which would remedy this. Among these is the placement of an optical fiber in dircct
ot
contact with the shocked ruby sample. Before implementing this, we performed experiments
!
)
By to determine if changes would occur in the fiber transmission spectrum under shock loading.
;' We found that under conditions identical to those in the luminescence experiments, hard-clad
oy
. silica fibers, bonded into silica or PMMA supports, showed no change in transmission in the
-; spectral range 345-649 nm over a 1 us period after shocking the fiber face. This
>
-; corresponded to the time for the shock to propagate to the back of the supporting medium.
'\
An experiment with sapphire fiber gave similar results.
: With the complction of the modifications mentioned above, it should be possible to
s
{ obtain ruby spectra with sufficient temporal and spectral resolution to make quantitative
A
‘ measurcments of the wavelength shift. Making these measurcments on z-cut ruby samples at
'j ambient and low temperatures should provide an opportunity to understand the stress-
\'-; induced wavelength shift on an atomic scale, to compare static and dynamic high-pressure
data, and to separate temperaturc and pressure effects. An understanding of these
s phenomena is important for using the ruby luminescence shift as an accurate stress trans-
= ducer under dynamic loading. “
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CONVERSION TABLE

Conversion factors for U.S. customary
to metric (SI) units of measurement.

At
§.$§ To Convert From To Multiply By
-": angstrom meters (m) 1.000 000 X E -10
z;$: atmosphere (normal) kilo pascal (kPa) 1.013 25 X E «2
Ty bar kilo pascal (kPa) 1.000 000 X E +2
barn meter2 (mz) 1.000 000 X E -28
WY British thermal unit (thermochemical) joule (J) 1.054 350 X E +3
{ ) cal (thermochemical)/cm2§ mega Joule/m2 (MJ/mz) 4.184 000 X € -2
ﬁb‘ calorie (thermochemical)$§ joule (J) 4.184 000
Py calorie (thermochemical)/g$§ joule per kilogram (J/kg)* 4,184 000 X E +3
¢ curie§ giga becquerel (GBq)* 3.700 000 X E «i
degree Celsiusg depree kelvin (K) t. = t°c + 273.15
degree (angle radian (rad) 1.745 329 X E -2
:;3 degree Fahrenheit degree kelvin (X) £ (t°, + 459.67)/1.8
{5 electron volt§ joulr (J) 1.602 19 X E -19
i\ erg$ joule (J) 1.000 000 X E -?
.-: erg/second watt (W) 1.000 000 X E -7
v foot meter (m) 3.048 000 X E -1
b foot-pound-force joule (1) 1.355 818
‘. gallon (U.S. liquid) meter> (m’) 3.785 412 X E -3
jé inch meter (m) 2.540 000 X E -2
< jerk joule (J) 1.000 000 X E +9
;1 joule/kilogram (J/kg) (radiation
dose absorbed)$ gray (Gy)* 1.000 000
ki1lotons$ terajoules 4.183
. kip (1000 1bf) newton (N} 4.448 222 X E +3
\k‘: kxp/lnch2 (kst}) kilo pascal (kPa) 6.894 757 X E 3
‘:ﬁt ktap newton-second/m2 (N-s/mz) 1.000 000 X F 2
Y micron meter (m) 1.000 000 X E -6
33 mil meter (m) 2.540 000 X E -5
mile (1nternational} meter (m) 1.609 344 X F +3
¥ R ounce kilogram (kg) 2.8¥ 952 X F -2
“: pound-force (1bf avoirdupois) newton (N) 4.448 222
“3) pound-force inch newton-meter (Nem) 1.129 848 X E -1
; 7; pound-force/inch newton/meter (N/m) 1.751 268 X F 2
{ i pound-force/footz kilo pascal (kPa) 4.788 026 X E -2
ﬂ»‘ pound-force/lnch2 (ps1) kilo pascal (kPa) 6.894 757
o pound-mass (lbm avoirdupois) kilogram (kg) 4.535 924 X £ -1
?1;: pound-mass-footi (moment of inertia} kl]ogram4meleri (kg-mi) 4.214 011 X E -2
j\ pound-mass/fnot’ kiJogram-meter”™ (kg/m ) 1.601 846 X 1 o]
‘2 rad radiation dose absorbed)$ gray (Gy)* 1.000 000 X F -2
_jk, roentgen§ coutomb/kilogram (C/kg} 2.579 760 X F -4
Wk shake second (s) 1.000 000 X F -8
K slug kilogram (kg) 1.459 390 X & 1
torr (mm Hg, 0° C) ki1lo pascal (kPa) 1.333 22 X E -1
*The gray (Gy) 1s the accepted SI unit equivalent to the energy 1mparted by ionizing radiation to a mass of
S ercrgy corresponding to one joule/kilogram.
4 *The hecquerel (Rq) 1s the SI unit of radioactivity; 1 Bq = 1 event/s
O {Temperature mav be reported i1n degree Celsius as well as degree belvin
L §These units should not be converted i1n DNA technical reports; however, a parenthetical conversion 1s

permitted at the author’'s discretion.
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SECTION 1

D
Nigcr

INTRODUCTION

1.1 OBJECTIVES.

P AN
o A T

-

An important nced for DNA programs is the ability to measure stresses under dynamic loading

and to transmit this information over long distances. At present, stress measurements are obtained

Pl st

using cither piezoresistance or piczoelectric transducers. The development of an optical stress

transducer, along with the usc of optical fibers to transmit this information, would be particularly

;]
2

R
"' attractive for experimental situations involving large electromagnetic noise. In addition, the
1'“

e . .

i development of such a transducer would permit an independent check on stress measurements from
R

‘ other transducers.

:C_- This report describes a research effort to examine the feasibility of developing an optical stress
"* transduccr and transmission system for use under dynamic loading. Specifically, the objective of the
o present work was to develop an experimental configuration for use with well-defined plate impact
~I

::- cxperiments. Because these experiments were the first of their kind, a considerable amount of
wf

¢ . . .

] exploratory development was involved in the present effort. We chose to examine the use of the ruby
P lumincscence wavelength shift for stress measurements because of its use in static pressure
¢

14 mcasurements [1].  Note that the terms luminescence and fluorescence have been used
K)

::: intcrchangeably in the literature. The high mechanical strength and thermal conductivity of ruby,
; and the well characterized shock properties of the sapphire matrix arc additional advantages for
B

/Y . .

E’ dynamic measurcments. Over the stress range of interest to our present expcriments, wce arc
)

L% assuming that thc mechanical properties of the ruby are identical to those of sapphire crystals.
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N
; "' 1.2 BACKGROUND ON RUBY LUMINESCENCE.
P
e
::"!:1 The luminescence spectrum of ruby (A1203:Cr3 +) has been extensively studied, particularly
A
: A with regard to the effects of static pressure and temperature [1,2,3,4]. As a result, the ruby spectrum
Sl
Ak is frequently used at static pressures ranging from a few kilobars to more than one megabar.

St
"‘t' There are two ruby spectral lines of interest (the R-lines). At a pressure of one atmosphere,
:‘ ]

()
% and room temperature, these lines have wavelengths of 694.3 nm (R1) and 692.9 nm (R2), and both
%

o8t

have approximately 0.5 nm linewidth. Figure 1 [5] is an energy level diagram for Cr3+ in the

R
| 7 sapphire lattice, showing the excitation and decay processes that lead to the R line luminescence.
A
4 ~”.
' ";’ The chromium excited states are efficiently "pumped" by Argon laser light at 514.5 nm through an
W
"“',‘ intermediate state which exhibits a very fast non-radiative decay. The luminescence then proceeds
Ny
'_:‘-'4‘-‘ with high quantum efficiency, and has a lifetime of 3 ms at 300 K[5].

N
N
05*
,M 1.2.1 Stress Related Spectral Changes.

The major spectral change associated with stress is a shift in the wavelengths of the R-lines. In

¥

L O ko
NP .?ry:l',- i
2l niP PRl SRV

the case of hydrostatic przssure, the linewidth remains constant and both R lines shift toward longer

wavclength at a rate of approximately 0.0365 nm/kbar [1,2,6]. Under the influence of uniaxial stress,

I i Schawlow [7] has shown that not only do the shift rates of the R1 and R2 lines differ, but that they
-r,._g also depend on whether the stress is applied parallel to or perpendicular to the crystal c-axis.
'::: Considerable broadening of both lines has been observed under the influence of non-hydrostatic
,..;' pressure [2,6]. Adams, et al, [2] ascribe this to the presence of multiple grains of ruby oriented in
:{? different directions, so that the wavelength shift of each grain is different. In the case where a singlc
: crystal is used, this variation with the direction of stress should lead to a change in spectral
‘.:’:. separation between R1 and R2. Even when broadening is not a problem, it is apparent that proper
\'::. interpretation of the spectral data for non-hydrostatic stress requires the ability to measure the
E:":. independent shifts of the R1 and R2 lines, and that the ruby crystal orientation be known. Adams,
o
S
3
N 2
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Figure 1. Energy lcvel diagram for ruby, showing the excitation of the "pump" bands (the Argon

514,5 nm linc addresses the *F, band), the decay to the 2E levels which are the starting
point for the R-linc lumincscence (note that the R-line separation has been greatly exag-
gerated), and the decay by luminescence which gencrated the R-lines.
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%‘ et al, [2] also state, without any explanation, that broadening may be caused by rapid pressure
)

kN

‘ changes.

‘_:}\

N

By 1.2.2 Temperature Related Spectral Changes.

k!

B, The spectral variations associated with temperature include wavelength shift, broadening,
*','\‘. varying luminescence lifetime, and a change in the ratio of the peak luminescence intensities of R1
1V,

‘0

;:'1', and R2 [6]. Above 200 K, both R1 and R2 shift nearly linearly toward longer wavelength at a rate

S

N, of 0.0068 nm/K [6]. This implies that the shift corresponding to a 5.4 K change is equal to that
‘!’:‘ gencrated by a 1 kbar change in pressure. Below 100 K, there is very little wavelength shift. This
"":;.: feature suggests that low temperature shock wave experiments can be very useful in separating

pressure and temperature effects. Above 60 K, both lines broaden roughly as the third power of the

.
Y temperature [2]. The luminescence lifetime decreases with increasing temperature, but remains
~
] §: greater than 1 ms to above 450 K [6]. The ratio of peak intensities (R1/R2) has been shown by
f'it‘.' Hirschfeld [6] to vary with temperature. Since the R lines are energetically separated by only (1/270)
e eV (1/6 of kT at 300 K), this is qualitatively consistent with a thermal redistribution of electrons
)
1:.' between the two chromium excited states.
-
".'.
‘ 1.3 APPLICABILITY TO SHOCK WAVE EXPERIMENTS.
4:{
‘:’O::u In examining the applicability of the ruby luminescence techmique, one must consider the
| ‘..
e . . . . . .
j::? characteristic stresses and temperatures gencrated in a typical shock experiment, as well as the time
l"‘t
frame over which these parameters change. Since all work to date has been done under static
'.' “
\ . . . .
a"‘::E conditions, the spectral response to time-varying stress and temperature is unknown. In our work,
x\
:‘ 3 times of interest will typically be in the 1 ns - | us range. Time resolved measurements in this range
.5¢
e may be attempted by the following two methods. If the luminescence lifetime is much shorter than
-§\1 the time over which significant spectral changes occur (implying that the characteristic times for
._1
i::- pressure and temperature changes are greater than the luminescence lifetime), a sampling technique
S¢S
- may be applied. In this casc, the ruby is excited at regular intervals, with cach excitation yiclding a
P>y
. _,-:
»
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spectrum associated with the average conditions over the luminescence lifetime. The spectral
variation from one sampling to another then traces out the temporal dependence. If, on the other
hand, the luminescence lifetime is much longer than the timescale over which spectral changes occur,
an "evolutionary" approach may be used. In this situation, a population of excited Cr3 tis created,
and the "evolution" of the spectrum is observed over time as the population decays at a ncarly
constant rate; we plan to use this approach because the luminescence lifetime is several orders of
magnitude larger than our experimental times. The use of the evolutionary approach for time-
resolved stress mecasurements is analogous to piczoresistance gauge measurements using a constant
current supply [8]. The two parameters remaining to be examined are the expected magnitudes of
stress and temperature. As a start, it would be desirable to make longitudinal stress measurements in
the 20-150 kbar range with approximately 1 kbar resolution. Figure 2 shows a set of spectra at

various pressures as given by Adams, et al. [2]

Using the static compression shift rate of 0.0365 nm/kbar, a 1 kbar resolution requires the
ability to detect a spectral shift of 0.0365 nm, which is less than 10 percent of the linewidth. At 100
kbar it would be 3.65 nm, which is greater than twice the R1-R2 separation. The temperature risc of
the ruby sensor should be in the 5-50 K range (not neccessarily the same temperature increase as the
shocked sample in the case where the ruby acts as a sensor in contact with another material). This
would lcad to a 0.034-0.34 nm shift (equivalent to 0.9-9.0 kbar) and a 5 percent to 60 pcrcent

broadening (from 300 K).

A practical problem with luminescence measurements in shock wave experiments involves
collecting enough signal on the time scale of the experiments. A large fraction of the present effort

was spent on addressing this problem.
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Figure 2. Ruby R-linc spectra at various static high pressures [2]
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SECTION 2

EXPERIMENTAL METHOD AND RESULTS

2.1 EXPERIMENTAL CONFIGURATION.

The necessary design parameters have now been defined to proceed with an examination of the
possible apparatus configurations. This is most easily done by considering the system in two parts,
the sensor section and the detector section, which may be scparated by one or more optical fibers.
The incorporation of optical fibers allows for remote placement of the detection system, which is
highly desirable in shock experiments. Furthermore, very good luminescence collection efficiency
can be achieved by placing the optical fiber in close proximity to the ruby sample. To aid and check
the experimental design, calculations to determine the luminescence excitation and collection

efficiency were performed and are presented in the Appendix.

2.1.1 Sensor Configuration.

The two choices available to us are to use a ruby sample which is separate from the optical
fiber, or to dope the tip of a sapphire fiber itself with chromium. We have chosen not to use doped
sapphire fibers for several reasons. First, because the rate of shift of wavelength varics with the ruby
crystal orientation for the two R-lines, we would expect the ruby spectrum to be smeared in
wavelength under uniaxial strain if polycrystalline fibers were used. Only recently have single crystal
sapphire fibers suitable for use as optical fibers becen made [9], and these are not readily available.
Second, it is exceedingly difficult to obtain consistent, high chromium concentrations in a narrow

region at the fiber tip, as would be required for good time resolution.

We have chosen to employ very thin, single crystal ruby disks (0.0025 inches thick, 0.5 inch

diameter, 0.5% chromium by weight). In this way we obtain complcte control over both the

. $#f~ L.
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chromiurn content and time resolution, as well as avoiding concerns over the effects of polycrystalline

samples.

2.1.2 Target Preparation and Configuration.

The targets were constructed by pressing the thin ruby disk between two sapphire disks as
shown in Figure 3. This assembly was held in the 6 inch diameter target ring by epoxy. Small brass
bolts were tinned with solder and countersunk into the epoxy of the target face to provide electrical
connection to a set of contacts to be vapor deposited in a later step. The entire target was then
turned on a lathe so that its face was parallel to the front sapphire disk, and electrical cables were
attached to the brass screws. The copper strips mentioned above were vapor deposited next as
shown in Figure 4. They provided for the measurement of projectile-target tilt on impact and for the
triggering of an optical timing fiducial which will be described later. A plexiglass fiber mount was
then glued to the back sapphire disk with epoxy, and the polished 1 mm core fiber (Math Associates
QSF-1000) was pushed into contact with the sapphire and held in place by a stecl spring-clamp.
Next, Argon laser light was passed through a 600 um core fiber (QSF-600), which was then
positioned to illuminate the arca of ruby immediately in front of the I mm fiber. This was verified
by observing the luminescent spot, and by measuring the luminescence power in the 1 mm fiber
(using a Fotec C100A power mcter). The 600 um fiber was then attached to the plexiglass mount
with epoxy. A third optical fiber (200 um core, QSF-200) was also bonded to the plexiglass mount
to carry luminescence to a photomultiplicr tube (PMT) for monitoring the net luminescence without

wavelength dispersion.

2.1.3 Experimental Layout for Detection.

The apparatus used in these preliminary tests is shown in Figure 5. The Argon laser light was
transmitted to thc gun chamber by a 0.2 mm fiber, then was coupled to a 0.6 mm fiber which

illuminated the ruby sample. After each target was mounted in the gun chamber, its lcvel of




0.6 mm

o 0.2 mm
" Ruby Disk

o Glass Fibers
by }
: —_— 1 mm

0.56 1M

L oo

Figure 3. Shock target cross sectional view. Note that the thickness of the ruby sample is cxag-
gerated. The Argon laser light arrives at the target via the 0.6 mm optical fiber. and
luminescence is collected by the 0.2-and-1.0 mm fibers.
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Shock target front view. The copper strips provide for the measurement of impactor tilt
and for triggering of the optical fiducial.
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:4 ';'\ luminescence was tested at the 1 mm fiber. This fiber was then connected to an additional Iength of
N
i ) 1 mm fiber which delivered the luminescence directly to the entrance slit of the spectrometer. This
Ny
::".:: spectrometer (0.5 m Jarrel-Ash) contained a 1180 groove/mm grating, and gencrated a linear
'
K ':s:j,' dispersion of 16 A/mm. The entrance slit was opened to its maximum width of 0.4 mm, so that the
l.‘ ‘
. 1:1 imaging in the spectrometer resuited in a spectrum consisting of the two R-lines, each 0.4 mm
KA«
LA,
:f: wide and separated by 0.88 mm at the exit "plane." Because we worked in a narrow spectral range,
e . . . . .
it the ficld of the spectrometer was relatively flat. A third optical fiber transmitted luminescence
)
directly to a PMT without wavelength dispersion. This served as a monitor for the luminescence
CH
;:-g: power.
Ay
e . . . .
Ay We considered a number of methods for recording the ruby spectrum as a function of timc,
N
s including a photomultiplier array and streak camera. Both of these techniques were employed in the
g2
.,&-, shock experiments and described next.
o
%99
2.2 SHOCK EXPERIMENTS.
o 2.2.1 Photomultiplier Detection.
1
J o In our prcliminary experiments, three photomultiplicrs (PMT) were used, cach of which
o,
! provided signal to a high gain current amplificr (Analog Modulcs, 90 MHz bandwidth, 105 V/A) as
SO0
’ y "' - . . . . . .
xi-.: shown in Figurc 6. Two PMTs rcceived light input through optical fibers (QSF-600) which collected
. luminescence at the spectrometer ¢xit plane. Since these fibers had a diameter of 0.6 mm, they cach
- \.
f A cffectively integrated over a spectral range of 0.96 nm (duc to the 1.6 nm/mm dispersion of the
.‘l
Q : spectrometer). They were positioned at the locations of the R and R2 luminescence lines prior to
-t thc shock. Alignment of these fibers was accomplished with a five axis positioner, and tested by
:::?l.‘ measuring the collected luminescence power. The third PMT received luminescence via an optical
4
g‘i: fiber (QSF-200) directly from the target (net luminescence monitor) as shown in Figure 5. All three
) PMTs were filtered by Corning 2-56 cutofT filters (red-pass) to climinate stray Argon laser light.
o
e
N
-\
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: Figurc 6. Details of photomultiplicr rccording apparatus (scc Figure 5). The two 0.6 mm optical
fibers are placed at the location of the R1 and R2 lines prior to shocking the ruby.
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E;;\: In order to corrclate in time the arrival of the shock at the ruby sample and the obscrved
ik spectral changes, we usced a fiberoptic data transmitter (Augat model M25-T1) to gencrate an optical
-‘-f fiducial at the time of impact. This transmitter was triggered on impact by vapor deposited contacts
:,&:E on the target face (sece Figure 4), and gencrated a "negative-going light pulse” (on- to off-statc) of
: 3. approximately 1 ms duration. This light signal was carried by an optical fiber directly to the PMT
.: sensing the R1 luminescence line. This allowed any changes in the R1 luminescence to be corrclated
, _' with impact without any knowlcdge of delay times in the PMT or current amplificr. All PMT signals
i were recorded in pairs on dual beam oscilloscopes so that any record cculd be traced to a corrclation
-:‘:‘: with the optical fiducial. Accounting for a 10 ns trigger cable delay, an 80 ns trigger circuit delay, a
:;Zf 200 ns fiber transit time (41.2 m of fused SiO2 fiber), and the maximum specified data transmitter
< delay of 22 ns, the interval between impact and arrival of the fiducial at the PMT was 312 ns. Since
EJ our data recording took place over about 1 us, and the PMT had a negative output, the fiducial took
:_ the form of a positive going voltage step, the magnitude of which was adjustable. In our experiments,
. we chose the magnitude of the fiducial to be approximately equal to the voltage step generated by
DS . .

::f:.t: chopping the ruby luminescence.

'j:'_:‘.j As stated previously, the PMTs were set up to record the R1 and R2 lines prior to arrival of
the shock. Any shift in wavelength thus would appear on the data record as a positive voltage step
_; (decrease in collected luminescence). The current amplifiers used were AC coupled, with a low
frequency response to 120 HZ. The large bandwidth (fast response) of these amplifiers allowed for

light intensity changes to be obscrved on a 10-50 ns scale, but also faithfully reproduced the

v
. ‘l. ,-. :'.
P

.

statistical naturc of thc lumincscence, resulting in a somewhat noisy signal. The low frequency

s
"
vogle

)
IA'.I .l

response was sufficient to accurately follow step-function changes over the 1 us time window of thc

" J" r“ -

it

- experiment (no significant signal droop).
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“
. 2.2.2 Photomultiplier Results,
5 All shock loading experiments were performed using a fused silica (SiOz) impactor at a
-.\, projectile speed of 0.56 mm/us, corresponding to a peak longitudinal stress of 50 kbar in the Alzo3
(and ruby) [10]. Under static conditions, 50 kbar pressure would cause a wavelength shift 1.8 nm
\ {1,2,6]

:'\ In order to test for extraneous effects unrelated to the ruby luminescence, one target was made
‘ exactly as previously described but without a ruby sample. The target was shocked under conditions
" identical to those used for the luminescing targets, and Figure 7 shows the oscilloscope record of the
:’:_ net luminescence monitor and the R1/fiducial. The net luminescence monitor detected two increases
'g.a in light level (decrease in voltage), one being a short pulse (100 ns - probably due to heating of
.:‘ trapped gases between the target and impactor), and the other a gradual increase. Note that the
; R 1/fiducial signal shows only the fiducial step. Thus, while the exact cause of the changes in the net
; luminescence monitor is not precisely known, they seem to have little or no effect on the R1 line
x record for a period of hundreds of nanoscconds after the arrival of the optical fiducial.

We next shocked a target with the ruby sample in place. By examining the wave propagation
\‘ times, and accounting for the known optical path lengths, we determined that the voltage step caused
j’ by a wavelength shift should follow the fiducial step by 300 ns. The actual shot record is shown in
_"-{ Figure 8. The fiducial step is followed by a second step after approximately 400 ns. While we do not
i; currently understand this 100 ns discrepancy, the behavior is qualitatively correct. Note that the net
luminescence monitor record is similar to that of the test shot, and that only after about 800 ns
. following the fiducial does a corresponding variation in the R1/fiducial signal occur.
i_!' Overall, the PMT experiments have yiclded results which arc consistent with the expected
spectral shift. At the same time, the difficulty in making unambiguous conclusions bascd on these
1 data emphasizes the fact that more detailed spectral records are needed.
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Figurc 7. Oscilloscope record of photomultiplier signal. This record was taken during a “trial"
cxperiment with no ruby sample in the target to test for cxtrancous cffects. The upper
trace is the nct luminescence monitor, the lower trace is the R 1/optical fiducial signal.
The arrow marks the location of the optical fiducial signal.
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a Figure 8. Oscilloscope record of photomultiplier signal during shocking of ruby sample. The
. upper trace is the net luminescence monitor, the lower trace is the R1/optical {iducial

2 signal. The two arrows indicate the locations of the optical fiducial and the wavclength
j shift (respectively, from left to right).
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i :{, 2.2.3 Streak Camera Recording.

el After gaining some experience using the PMT setup, and obtaining an indication that the ruby
:: luminescence technique is plausible, we considered the use of a streak camera. The apparatus was
N

. ‘: identical to that used in the PMT tests, except that the PMTs were removed and an electronic streak

g camera (Cordin model 160) was focused on the image plane of the spectrometer. The image formed
Z by the streak camera was then coupled into an image intensifier (Varo model 6301 microchannel

2N tube), which was placed in direct contact with Polaroid type 57 film. At a streak rate of Smm /usec,

we were able to obtain a film record which was barely visible to the unaided eye. Two approaches

Uil
" .,,j to the resolution of this problem were examined: to raise the level of luminescence reaching the
Vg
2 streak camera and/or to increase the recording sensitivity. As a first step, we considered the use of
)
f.e . an intensified, two dimensional array target and optical multichannel analyzer to replace film as the
'_{5: recording medium. We obtained the use of such an analyzer (EG&G OMAII and model 1254
* . 1]
W :‘ Vidicon detector) for a perivd of two weeks in order to test its effectiveness as a film substitute.
A Since the Cordin camera has a 50 mm strcak length, and the Vidicon detector has only a 12.5 mm
g
4% .
:& active area, we coupled the Vidicon to the Varo image intensifier via a 50 mm to 17 mm tapered
Y
::: ! fibcroptic bundle (Galileo Electro-Optics) with refractive index matching oil. A good coupling was
e very difficult to achieve in the time available, so that we were unable to resolve the R1 and R2 lines.
%
D . . .
A _-S Before discussing the actual shot records, it is helpful to consider the data format of the EG&G
B2
: OMA Vidicon system. The Vidicon is a 512 x 512 array of picturc clements. During exposure, the
s Vidicon screen accumulates a "charge image" (where the charge at a site is proportional to the
an
o integrated light intensity) which is read by a scanning clectron beam at a later time. The user defines
L
] . e e . .
: " the scan pattern of the electron beam, and the resultant signal is digitized at 14 bits and stored for
_ later retrieval in the OMA console memory. Because of digitization speed limitations, there is
A
L"
1 }: insufficient time after exposurc to read all (512)2 elements before leakage from the charge storage
i
P " sites degrades the image beyond uscfulness. The rcadout scan pattern is made up of units called
*’ tracks, each of which is specificd by giving a starting point on the screen, a number of clements in
‘ -{3
‘d \
b
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e the horizontal direction, and a number of elements in the vertical direction. At each horizontal
s location, the charge from the specified number of vertical elements is integroted. Each track is thus
]
) .. . . . -
y ::' cquivalent to a lincar array of specified width and height. In order to avoid leakage from one track
.’f
s to another, a number of cleanup scans are made above and below cach track before its readout. This
! has the effect of severely limiting the number of tracks which can be practically recorded. We were
"o
L
\ j: able to record at most 26 tracks. The signal to noise ratio was adjusted by the choice of vertical
N
:','q. track height and camera streak rate. We chose a streak rate of 10 mm/us and a vertical track height
W of 7 elements, which corresponded to integration over 50 ns (accounting for the tapered fiber bundle
3
\13 and streak rate). The vertical track separation was 20 elements, corresponding to 144 ns from the
AAY ]
>
5 X beginning of one track to the beginning of the next. This means that ruby spectra were recorded at
)._ intervals of 144 ns and integrated over 50 ns.
e
0
o
G
‘T 2.2.4 Streak Camera Results.
i.'
I. Two shock experiments were performed under the above conditions, and both gave similar
**{ results. Figure 9 is a compressed plot of the 26 tracks (spectra) during a shock experiment, with
Y
streak time proceeding from right to left, the streak camera was triggered such that the ruby sample
‘.“l
I was shocked near the center of the recording time window. A reference streak was recorded
N '
S";:. immediately before the shot for wavelength calibration. Several features are apparent. First, there
" hd . .
) was a significant increase in intensity in the vicinity of the shock arrival time. The exact location of
'y
:::l. that time is unknown because insufficicnt time was available for the installation of an optical fiducial.
14
1,94
1 . . . .
:l Sccondly, the intensity dropped over a period of about 500 ns to very near the noise level. Figure 10
\/
[}
' . - . . . -
- is an expanded plot showing five ruby spectra recorded in the vicinity of the shock arrival time,
W . . : :
;A: along with the corresponding reference spectra. Note that while the signal-to-noise ratio was very
r. 'I.
';0'=‘ low at the later times, therc is definite evidence of a wavelength shifted peak in the last track
U
l!‘:,‘
- (leftmost).
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_',; A As a result of the two shots done with the OMA system, we are confident that a wavclength
b
(4
shift of ruby lumincscence has been observed under shock loading. The inability of the OMA 11
N .v“/ ! - . - .
') N system to provide a continuous temporal record, however, renders it an unsatisfactory replacement

for film. While other brands of optical multichannel analyzer may record the entire Vidicon screen,

they do so at the cxpense of intensity rcsolution (i.e., the number of bits digitized). With these
N . L
,::' considerations in mind, we fecl that the best course at this time is to retain film as the recording

T $ medium and to optimize the level of light it receives.
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Y SECTION 3
A
s DISCUSSION
::-l‘
»:-" The objective of this preliminary effort has been accomplished. An experimental configuration
e for the impact experiments has been designed and implemented. The results presented in the last
h\
-
,g section demonstrate .hat the R-lines undergo a wavelength shift that is nearly coincident with the
g
'{0;;- shock arrival and propagation through the thin ruby disks. These results are encouraging and
L)
" demonstrate the feasibility of the overall concept. However, the data are at best qualitative and
1? several changes are required to make quantitative measurements. These changes and improvements
[\
_ ; in the experiments are indicated next.
%
&
A 3.1 APPARATUS IMPROVEMENTS.
D‘.
2: In the early stages of designing the optical system, we calculated and measured the
e
: luminescence power and collection efficiency. Details of those calculations are given in Appendix A.
N . ] . . . .
5 We found that we could predict the available luminescence power at the recording device with
4
; 3 reasonable accuracy. We have used the calculations as the basis for making a number of apparatus
N
4
N changes designed to optimize the gencration, collection, and transmission of luminescence. We will
describe these beginning at the film plane and working back along the optical path.
)
::\ The image intensifier currently used is not gatcable and suffers from significant spatial
§ b
distortion. It should be replaced with a gated, proximity focused, microchanuel plate intensificr,
::: which would greatly incrcase the signal to noise ratio at the film plane while simultancously removing
‘ »
U . . . . . . . .
_‘- the spatial distortion inhcrent in electrostatically focused intensifiers.
K
g The streak camera has F/2 collection optics, but the 0.5 m Jarrcl-Ash spectrometer has an
-
:'.‘: cffective F-number of greater than F/8. It is thus possible to increase collection efficiency
::", significantly by employing an F/4 spcctromcter. We arc currently obtaining such a spectrometer
;_ (Spex Industrics - 1680 Spectramate double spectrometer, 1.8 nm/mm dispersion). Finally, by adding
“1.0.
o
]
.g:
;'n'
LN 23
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an clectro-optic modulator to the Argon laser system, we can generate a pulsed excitation (about 10
ms) rather than the CW excitation employed to date. This will allow us to use higher cxcitation

powers without sample heating.

There are two changes in target construction that should increase the luminescence collected.
The first is to vapor deposit a mirror surface on the impact side of the ruby sample. This would
approximately double the laser intensity and the luminescence collection efficiency. The second is to
place the optical fiber in direct contact with the ruby sample. Before implementing this change,

consideration must be given to the transmission characteristics of optical fiber under shock loading.

3.2 SHOCK LOADING OF OPTICAL FIBER.

We performed three experiments to test the response of hard clad fused silica (Diaguide SMY-
UV serics) and sapphire (Saphikon) optical fibers to shock loading. These fibers were bonded with
epoxy into snug-fitting holes drilled through disks of several materials which acted as supports, then
were polished flush with the support disk surface. These were then illuminated by a Xenon
flashlamp during impact, while the spectrum of light transmitted though the fiber was recorded by a
spectrometer and streak camera. The conclusion was that fused silica fiber can survive a peak
pressure of at Ieast 33 kbar with little change in transmission between 350 nm and 700 nm for a time
in excess of 1 usec. The sapphire fiber was subjected to a peak pressurc of 90 kbar, and continued
transmission for about 280 ns. Our tests indicate that the choice of material in which the fiber is
embedded has little effect (the silica fiber performed equally well when surrounded by fused silica
and PMMA). The difference in survival time for the two cases may instcad be due to the difference

in thickness of the supporting layers (i.e. transit time of the shock through the support).

24
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3.3 CONCLUSION.

In summary, we have produced reasonable evidence that the ruby luminescence spectrum can
be observed to change under shock conditions. We belicve that the apparatus changes listed above
will result in a working system for unambiguous measurements of this type. The next goal is to r
obtain well-defined spectral data using z-cut ruby at ambient and low temperatures, such that the

spectral response to shock loading can be quantitatively examined, and the theoretical interpretation

of the stress induced wavelength shift can be pursued.
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APPENDIX

+

-“ RUBY LUMINESCENCE EXCITATION AND COLLECTION EFFICIENCY
»
Pl
A.1 LUMINESCENCE POWER CALCULATION.
-r-d We considered several excitation sources available to us: flash lamps, a frequency doubled, CW
b, N
o
*' mode locked and Q-switched Nd:YAG laser, and a CW Argon ion iaser. We concluded that the
Argon laser would be the most efficicnt source due to the relatively large absorption cross scction of
8
' ; ruby at 5145 nm (o = 5.8 x 10'20 cm2 {5]) . and the CW naturc of the cxcitation. We note that even
R
M though the absorption cross section at the doubled Nd:YAG wavelength (532 nm) is higher than that
.
i at the Argon wavelength, the low energy content of the mode-locked and Q-switched pulsc train
\.
}i would lead to a much lower excited state population than that gencrated by the CW Argon laser
ey
'_;. because the luminescence lifetime is much greater than the Nd:Y AG pulse width.
\ ‘
Assuming a samplc configuration as shown in Figure 1], we can calculate the luminescence |
3 . o\ . . .
" power as follows. A simplified rate equation describing the number density of excited Cr3+ ions ("c)
n‘j .
.“b 15
Py
a
:J dn, F n, )
. — = n,oF - .
w7 dt d
]
- where ng is the density of (.‘1'3+ in the unexcited state, o is the absorption cross scction, F is the
L ., .
- laser NMux (photons ‘ecm” sccond), and r is the excited state lifetime. We have ignored the fact that
- the cxcitation oceurs to an intermedinte state rather than the lumincscing state. This is justificd
Pecause the decay time from the intermediate to the luminescing state is very short { =< 1 ns)[2]. The
"¢
~ . .
'; cvarted and unexcited (‘r?‘+ densitics are related to cach other through the total (‘r3+ density (N) via
S
4
Y
‘J
v-.:
27
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B
L ng = N-n,. (2)

4 .
h$Y We can thus rewrite Eq. (1) as

b dn,
iﬁ = NoF -n,

~ dt

oF +l]. 3)
T

e At this point, we will make the assumption that the laser flux is constant throughout the sample
Rl thickness (d), and is spatially uniform in the direction perpendicular to the beam propagation axis.

M This implies that the fractional loss in laser power must be small, i.c.

)
'%‘: —APP = [l—e‘""d] << 1. (4)
¥

;‘\-" In our case, N = 1.58 x 1020cm'3, 0=58x1020%m2 and d <76x 1073 cm, so that

AP 67 x 107 (5)

X Since our laser operates in a CW mode, the flux is constant in time. We can therefore simplify Eq. (3)

gy by a change of variables

29 NoF . (6)

u =n, - 1
oF + —
T

L Because N and F arc constant,
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gat
.d du -[aF + -}-] u. (8)
The solution of Eq. (8) is

\_.' —(of'+l—|t
™ u(t) = u(t =0)e LA 9)

[ Inserting the initial condition n,.(0) = 0, we find the expression for n,(f) to be

W —(0F+1—)t
t n(t) = M—[l—e T

0F+~T—
¥
/

(10)

or

\ n(t) I [ HoF + 4y
= -

N 1 +(Fn (an

) The asymptotic value of n,/N fort >> 1 is

n(t >> 1) 1

:&" = . (12)
2
A

N 1 +(cFn)™?
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8 The longest time required to reach 95% of the asymptotic value is t = 37, ie. t = 9 ms ( let F = 0).

The photon energy for Argon laser light is

A’

X

¢

!

N hv = 241 eV = 3.86 x 10™° Joudes . (13)

,,5 The laser flux is related to laser intensity (I) by

F = - (14)

~ Y v i 2

AP,

so that

"

et
LR

n(t >> 1), _ 1

gn )

EA

(15)

.t
oy S

Inserting the stated values for o, r and Av, we arrive at

;v nit >> 1), N 1 16
A N o, 2200 (16)

.,-5 where [ is given in Watts/cmz.

) The total number of excited Cr3+ (N,.) is then simply

: N, = [-;rr"’d]nc = ———-————] (17)
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' By taking account of the ruby luminescence photon energy (hv = 1.79 ¢V = 2.86 x 107° Joules),
ad
. quantum efficiency (0.7, [5]), and lifetime (3 ms), we can calculate the net luminescence power (Py
N
X as
N
LY
#
# P, (18)
1 or
.
44
5v
'yl
_ Nnarid
[) 17
P, = [6.7 10 ] _—,
5 ! x |, 2200 (19)
al + —
I
b3
K
o where 1 is given in Watts/cmz, N is in units of cm'3, and r, d arc in ¢cm units. In our work to
)
’;.'_ date, all ruby samples have contained 0.5 percent Cr3* by weight, so that N = 1.58 x 10%° ¢m 2, then
I,
[}
k)
; d
P A | S
?'. , L1 x 10 |ar?—C (20)
) 1
I
2
2,

Except for variations due to internal reflection at the ruby-air interfaces, this luminescence power
d should be radiated uniformly into 4n steradians. Equation (20) can be reduced to a more convenient

form in the case that /7 << 2200 W/cm?, then

-
o)
P, = [5cm"]P,d, (21)

h\’

: where P, is the laser power incident on the sample, given by
I'
&
L]
1
)
R
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(22)

It is thus apparent that for low laser intensity, the luminescence power (Equation 20) is nearly

independent of the luminescence spot size. We typically use a laser power of 1.5-2 W at the ruby

sample.
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Ry
“$ A.2 FLUORESCENCE COLLECTION.
sttt In order to calculate the luminescence power available for recording after wavelength
iy
' . dispersion, we must now specify the target geometry and the efficiency of the spectrometer. Figure 5
.’. »
:_ hg depicts the layout of the target and accompanying optical system. Argon laser light is coupled into a
e 200 pm core, fused silica fiber (Math Associates QSF-200) via an 80 mm focal length lens. This fiber
#
N
:\' is approximately 20 m long, and delivers the laser light to a fiberoptic feedthrough on the target
\
:3' ' chamber. Inside the chamber, this light is transferred to a 600 um core fiber (QSF-600), which
+ ¥
S carries it directly to the back of the target. To date, we have succeeded in transmitting
3
K- J,?, approximately 40 percent of the available laser power to the target in this manner. The luminescent
B ..'l
R . . . . . .
s ;."- spot is 1-2 mm in diameter, and is centered in front of the 1 mm optical fiber (QSF-1000). Because
N .7‘ ’ the 1 mm and 600 zm fibers have the same numerical aperature, and are located at about the same
Pe 3
AL .
::.fi-: distance from the luminescent spot, most of the luminescence striking the 1 mm fiber should be
A
N ;
2 contained.
,_; ] In order to determine the overall efficiency of the optical system, we examine the individual
Y
'. L
:';C. efficiencics of the 1 mm optical fiber (v, ), the spectrometer entrance slit (v, ), the collimating mirror
LSl
v} L]
rr 0. (v¢), the diffraction grating (v,), the focusing mirror (v,,,), and the turning mirror (v,). Each of
- these terms is evaluated next and the results are compared with experimental measurements.
oV ]
LYy
oo
"o,.._ A.2.1 Fiber Collection Efficiency.
¥ iy . The fiber efficiency is approximately determined by the solid angle which it subtends. Dcfining
0
:',-: the fiber diameter by R, and the fiber to ruby distance as r, we have
e,
b,
F“ ] r
b v = —|le———| = 0.015. (23)
:::l," ! 2 r’+R*?
)
, '.:
fBat'¥y
o,
-
1 "
l::‘:!:r
,c;,‘.o"
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a4
1
)
: This was tested by applying a known laser power, and measuring the luminescence power in
A the 1 mm fiber with a Fotec CI00A power meter. The laser power delivered to the sample was 1.0
B
o W, and the sample thickness was approximately 6.6 x 10-3 cm (0.0026 inches), so that by expression
LA
>\
-§ (1)
"'
y |
A .
e p, = 21X 107 0wy66 x 100 em) = 33 x 10°W 24
Q‘a / 2200 (1.0W)(6.6 x m) 3x . (24)
i) Accounting for the calculated collection efficiency, the luminescence power in the 1 mm fiber (P,)
o should be
N
a
[ P, = (0.015)P, = 50x 10 W . (25)
b

The experimental value was P, = 44 x 10* W. In light of the complex geometry and the
approximations made, these values are in good agrcement. There is a further loss of 25 percent at
the target chamber feedthrough, so that the nect fiber collection efficiency as viewed at the

spectrometer (v,,) is

N Y50 = (0.75yy, = 0011. (26)

e A.2.2 Spectrometer Collection Efficiency.

A The optical fiber was placed in direct contact with the spectrometer entrance slit, which had a
":; maximum width of 0.4 mm. The slit height is simply the 1 mm diamecter of the optical fiber. The

! fraction of collected luminescence that passes through the slit is then
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- . (0.4 mm)(1.0 mm)
b ¢ 7(0.5 mm )?

= 0.5. (27)

f“}* The efficiency of this mirror is given approximately by the ratio of the mirror cross sectional
o area and the arca illuminated by the fiber at the mirror location. The mirror is 5.2 ¢m square (i.e.,

ity has an area of 27 cmz). The optical fiber has a numerical aperature of 0.4, so that the luminescence
4

4

'

emerges in a light cone of half-angle (6)

9% # = sin™(04) = 24°. (28)

oy The area defined by angle 4 and the 50 cm focal length of the spectrometer (0.5 m Jarrel-Ash) is

K A = =[(50 cm) tand? = 1500 cm?. 29)

;’: > Taking into account the 90 percent reflectivity of the aluminum coating, the mirror has an efficiency

'.: v of

-' (09)[ 1500] = 0.016. (30)
A8

{‘;} The 1180 groove/mm, ruled grating was blazed for 500 nm. Extrapolation of the grating
¥
o specifications yields an efficiency of about 66 percent at 700 nm. We estimate a further loss of 32

.}; percent due to vignetting of the grating at the 694.3 nm setting. The grating efficiency is then

7o = (0.66)(0.68) = 0.45. @a3n

4y 1"" 36
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e
The focusing and turning mirrors each have about 90 percent efficiency (aluminum), so the

spectrometer efficiency is

A s ‘7e'7c'7q’7]m‘7t

(0.5)(0.016)(0.45)(0.9)(0.9) = 2.9 x 1072 (32)

*
k4
[

A.2.3 System Collection Efficiency.

9]
‘V',:' The combined fiber/spectrometer efficiency is

.
“Q" T = TN = 32x . (33)

The spectrally dispersed luminescence power P, is then given in terms of the net luminescence

% power at the sample as

‘!p“. Pd = ’7Pl . (34)

oY and is divided between the R1 and R2 lines in the ratio P;(R1)/P;(R2) = 1.5 at room
’ tempsrature.

This was tested by collecting a portion of the R1 line with a 600 um fiber, which was placed

A

at the exit plane of the spectrometer, and determining the luminescence power by using the Fotec

power meter. Since the spectrometer has a magnification of 1, the area covered by the R1 linc at

Sl
'..
Pt

2

the exit plane was equal to that of the entrance slit, 0.4 mm2 (this is because the product of slit width

g

and dispersion is greater than the spectral line width). We thus collected (portion of the Imm x 0.4

._A_f
P

mm area falling on the 0.6 mm diameter fiber)
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. ATTN: R WHALIN WESZT

ATTN: FCTEI
ATTN: FCTT

FIELD COMMAND TEST DIRECTORATE
ATTN: FCTC

":':' FIELD COMMAND DNA DET 2 ATTN: WESSE
"'r:-' LAWRENCE LIVERMORE NATIONAL LAB
<", .
ey ATTN: FC-1 U S ARMY STRATEGIC DEFENSE CMD
5.";- ATTN: DASD-PP
4N FIELD COMMAND DEFENSE NUCLEAR AGENCY
ATTN: FCT U S ARMY STRATEGIC DEFENSE CMD

ATTN: BMDSC-HW R DEKALB
ATTN: DASD-H-SAV R C WEBB

U S ARMY STRATEGIC DEFENSE COMMAND
ATTN: ATC

LA ATTN: ATC-O F HOKE
NATIONAL SECURITY AGENCY

ATTN: DIRECTOR USA ELECT WARFARE/SEC,SURV & TARGET ACQ CTR

ATTN: AMSEL-EW-SS S KRONENBERG
UNDER SECY OF DEF FOR RSCH & ENGRG

ATTN: STRAT & SPACE SYS (0S) DEPARTMENT OF THE NAVY

DAVID TAYLOR NAVAL SHIPR & D CTR
ATTN: CODE 1
ATTN. CODE 174

[ DEPARTMENT OF THE ARMY
HARRY DIAMOND LABORATORIES

!

V- ATTN: C KENYON

] "{ ATTN: HD-NW-P J MESZAROS 20240 NAVAL SURFACE WEAPONS CENTER !
5 ATTN: M BUSHELL ATTN: J FORBESR-13

N ATTN: R GRAY ATTN: RTUSSINGR-15 '
R v ATTN: SLCHD-NW-R J BLACKBURN 22000

N ATTN: SLCHD-NW-R J VANDERWALL 22800 NAVAL WEAPONS CENTER

o ATTN: SLCHD-NW-RH G MERKEL ATTN: G GREENE

wx ATTN: SLCHD-NW-RH R GILBERT 22800
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DEPARTMENT OF THE NAVY (CONTINUED)

NAVAL WEAPONS EVALUATION FACILITY
ATTN: CLASSIFIED LIBRARY

OFFICE OF NAVAL TECHNOLOGY
ATTN: CODE 217

DEPARTMENT OF THE AIR FORCE

AIR FORCE ARMAMENT LABORATORY
ATTN: M ZIMMER

AIR FORCE OFFICE OF SCIENTIFIC RSCH
ATTN: AFOSR/NA

AIR FORCE WEAPONS LABORATORY, AFSC
ATTN: NTCO C AEBY
ATTN: NTED D COLE
ATTN: NTED E SEUSY
ATTN: NTED J RENICK
ATTN: NTEO

BALLISTIC MISSILE OFFICE/DAA
ATTN: ENSN

DEPARTMENT OF ENERGY

DEPARTMENT OF ENERGY
ATTN: DIRECTOR, OSPA

EG&G ENERGY MEASUREMENTS
ATTN: WRKITCHEN

EG&G IDAHO INC
ATTN: JEPSTEIN

UNIVERSITY OF CALIFORNIA
LAWRENCE LIVERMORE NATIONAL LAB
ATTN: B BOWMAN
ATTN: ELEE
ATTN: G E VOGTLIN
ATTN: L-10 W E FARLEY
ATTN: W A BOOKLESS

LOS ALAMOS NATIONAL LABORATORY
ATTN: CS YOUNG P-14
ATTN: D EILERS
ATTN: DIRECTOR
ATTN: G BARRASCH
ATTN: G M SMITH
ATTN: JOGLE P-14
ATTN: JTOEVS P-14
ATTN: M PONGRATZ
ATTN: M WILKE
ATTN: SSTONE P-14
ATTN: T MCKOWN

OAK RIDGE NATIONAL LABORATORY
ATTN: D BARTINE
ATTN: DIRECTOR
ATTN' R L ANDERSON

¥ ‘ .'. .
)
"‘~"‘.c".a.“;

SANDIA NATIONAL LABORATORIES
ATTN: DIV 7111 B VORTMAN
ATTN: ORG 7116 C W COOK
ATTN: ORG 7116 S R DOLCE
ATTN: 7112 C W SMITH

OTHER GOVERNMENT

DEPARTMENT OF COMMERCE
ATTN: SEC OFC FOR INSTR DIV
ATTN: SEC OFC FOR O PETERSONS
ATTN: SEC OFC FOR OFFICE OF DIRECTOR
ATTN: SEC OFC FOR R H MCKNIGHT

FEDERAL EMERGENCY MANAGEMENT AGENCY
ATTN: OFC OF RSCH/NP H TOVEY

NATIONAL BUREAU Of STANDARDS
ATTN: ABURR
ATTN: M BROADHURST
ATTN: R E LAWTON

DEPARTMENT OFf DEFENSE CONTRACTORS

ACUREX CORP
ATTN: PRESIDENT W DEAN

ADVANCED RESEARCH & APPLICATIONS CORP
ATTN: J STANLEY
ATTN: M BOYLE
ATTN: R ARMISTEAD

APPLIED RESEARCH ASSOCIATES, INC
ATTN: N HIGGINS

APTEK, INC
ATTN: T MEAGHER

ASTRON RESEARCH & ENGINEERING
ATTN: J HUNTINGTON

BOM CORP
ATTN: B BENDOW

CALIFORNIA RESEARCH & TECHNOLOGY, INC
ATTN: K KREYENHAGEN
ATTN: M ROSENBLATT
ATTN: S SCHUSTER

CALIFORNIA RESEARCH & TECHNOLOGY, INC
ATTN: F SAUER

CALSPAN CORP
ATTN: PRESIDENT

CARPENTER RESEARCH CORP
ATTN: H J CARPENTER

CHARLES STARK DRAPER LAB, INC
ATTN: PKELLY
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DEPT OF DEFENSE CONTRACTORS (CONTINUED)

CUSHING ASSOCIATES, INC
ATTN: V CUSHING

DEVELCO, INC
ATTN: PRESIDENT

ECTRON CORP
ATTN: E CUNNINGHAM

EG&G WASH ANALYTICAL SVCS CTR, INC
ATTN: A BONHAM
ATTN: G SOWER
ATTN: M GRUCHALLA

EG&G/KIRTLAND
ATTN: SORRELL

EG&G, INC

KAMAN SCIENCES CORP

ATTN: B TAYLOR
ATTN: C HUDSON
ATTN: D ELDER

ATTN
ATTN

ATTN:

ATTN
ATTN

. D OSBORN
. ECOLE

F RICH

. G ROARK

. N KOOZER

ATTN

ATTN:
ATTN:
ATTN:
ATTN:

: ECSHIVERS

L F SANDOVAL
N F COCHRANE
P A ZAGARINO
R D SENO

FORD AEROSPACE & COMMUNICATIONS CORP
ATTN: PRESIDENT

G B LABORATORY, INC
ATTN: G BURGHART

GENERAL RESEARCH CORP
ATTN: ESTEELE
ATTN: R GLOBUS

GEO CENTERS, INC
ATTN: E MARRAM
ATTN: H LINNERUD

GEOSCIENCE LTD
ATTN: DR H POPPENDIEK

H-TECH LABS, INC
ATTN: B HARTENBAUM

HTL K WEST
ATTN: A D GOEDEKE

IIT RESEARCH INSTITUTE
ATTN: DIRECTOR

JAYCOR
ATTN: R STAHL

JAYCOR
ATTN: R BONN

JAYCOR
ATTN: PRESIDENT
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KAMAN SCIENCES CORP
ATTN: E CONRAD

KAMAN TEMPO
ATTN: DASIAC

KAMAN TEMPO
ATTN: DASIAC

LOS ALAMOS TECHNICAL ASSOCIATES, INC
ATTN: PRESIDENT

MITLINCOLN LAB
ATTN: DR. R SLATTERY

MITRE CORP
ATTN: J EDRIVER

NEW MEXICO ENGINEERING RESEARCH INSTITUTE
ATTN: DIRECTOR

PACIFIC-SIERRA RESEARCH CORP
ATTN: H BRODE, CHAIRMAN SAGE
ATTN: R SMALL

PACIFIC-SIERRA RESEARCH CORP
ATTN: G MCLELLAN

PACIFICA TECHNOLOGY
ATTN: RALLEN

PHYSICAL DYNAMICS, {NC
ATTN: B KREISS

PHYSICS APPLICATIONS, INC
ATTN: DOCUMENT CONTROL

PHYSICS INTERNATIONAL CO
ATTN: G MANKINEN
ATTN: P CAYERE
ATTN: RZ CONROW

R & D ASSOCIATES

ATTN

ATTN:

ATTN

ATTN:
ATTN:

I s
BAOM NGO

: CKBLEE

D HOLLIDAY
: D SIMONS
F AFIELD
JLEWIS
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DEPT OF DEFENSE CONTRACTORS (CONTINUED)

RAND CORP
ATTN: P DAVIS

RAND CORP
ATTN: B BENNETT

RAYTHEON CO
ATTN: J WECKBACK

RIVERSIDE RESEARCH INSTITUTE
ATTN: PRESIDENT

S-CUBED
ATTN: C PETERSEN
ATTN: D GRINE
ATTN: P COLEMAN

SCIENCE & ENGRG ASSOCIATES, INC
ATTN: J CRAMER

SCIENCE & ENGRG ASSOCIATES, INC
ATTN: J STOCKTON
ATTN: R BEATY

SCIENCE APPLICATIONS INTL CORP
ATTN: KSITES
ATTN: L A MILLONZI

SCIENCE APPLICATIONS INTL CORP
ATTN: LSCOTT
ATTN: R SCHLAUG

SCIENCE APPLICATIONS INTL CORP
ATTN: B GORDON
ATTN: ETOTON
ATTN: S METH

SCIENCE APPLICATIONS INTL CORP
ATTN: V J ORPHAN

SRI INTERNATIONAL
ATTN: D KEOUGH
ATTN: E VANCE
ATTN: P DE CARLI

TELEDYNE BROWN ENGINEERING
ATTN: PRESIDENT
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WASHINGTON STATE UNIVERSITY
2 CYS ATTN: PHORN
2 CYS ATTN: PROF G DUVALL
2 CYS ATTN: PROF Y GUPTA

FOREIGN

ATOMIC WEAPONS RESEARCH ESTABLISHMENT
ATTN: J BALDERSTON

AUSTRALIA EMBASSY
ATTN: OFC OF THE DEF SCI ATTACHE

BRITISH DEFENCE STAFF
ATTN: ACOW S MITCHELL

DEFENSE RESEARCH ESTABLISHMENT
ATTN: DR J ANDERSON
ATTN: | MOEN

DEFENSE TECH & PROCUREMENT GROUP
ATTN: B ANET

ERNST-MACH-INSTITUT
ATTN: H REICHENBACH

FEDERAL INSTITUTE OF TECHNOLOGY
ATTN: DR J STUDER

ISRAEL EMBASSY
ATTN: OFC OF THE MIL ATTACHE

NATIONAL DEFENCE RESEARCH INSTITUTE
ATTN: H AXELSSON
ATTN: H GORAN

NORWEGIAN EMBASSY
ATTN: MILITARY ATTACHE

ROYAL NETHERLANDS EMBASSY
ATTN: MILITARY ATTACHE

SWEDISH EMBASSY
ATTN: ASSISTANT ARMY ATTACHE

TECHNOLOGISCH LABORATORIUM (TNO)
ATTN: DIRECTOR
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