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SUMMARY

The feasibility of using the wavelength shift of the ruby luminescence R-lines to mcas-

ure stresses under dynamic loading was examined in the present work. Our objective was to

design and develop an experimental method that would permit us to monitor the wavelength

of the R-lines in well-defined plate impact experiments.

The first stage of our work involved a detailed examination of the existing results on the

ruby spectrum under static high-pressure conditions, as well as the effects of temperature.

We concluded that unambiguous interpretation of ruby spectra under shock loading would

require the RI (694.3 nm) and R2 (692.9 nm) spectral lines to be resolved. Also, because the

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

separate temperature and stress effects by performing low temperature experiments.

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

consequence of the different characteristic times involved in the problem. The lifetime of the

ruby luminescence is approximately 3 ms, while the times of interest in our shock experi-

ments are typically less than I ps. Because of this, we have chosen an "evolutionary"

approach to recording the spectrum wherein the ruby is excited by a cw Argon laser, and the

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

the experimental assembly to develop the experimental configuration used in the impact

experiments.

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-

ments, luminescence from each ruby R-line was transmitted from the focal plane of a spec-

trometer to a photomultiplier tube by an optical fiber. The photomultiplier signals showed

changes indicative of a wavelength shift, coinciding with the arrival of the shock wave at the
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thin ruby disks, and occuring within the risetime of the electronics. Further experiments

were done in which the spectrum was recorded at 144 ns intervals by a streak camera and an

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

allow resolution of the R-lines. A number of modifications in the optical system are dis-

cussed which would remedy this. Among these is the placement of an optical fiber in direct

contact with the shocked ruby sample. Before implementing this, we performed experiments

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

silica fibers, bonded into silica or PMMA supports, showed no change in transmission in the

spectral range 345-649 nm over a 1 14s 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 completion of the modifications mentioned above, it should be possible to

obtain ruby spectra with sufficient temporal and spectral resolution to make quantitative

measurements of the wavelength shift. Making these measurements on z-cut ruby samples at

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 temperature and pressure effects. An understanding of these

phenomena is important for using the ruby luminescence shift as an accurate stress trans-

ducer under dynamic loading.

'd
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CONVERSION TABLE

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

To Convert From To Multiply By

angstrom meters (in) 1.000 000 x F -10

atmosphere (normal) kilo pascal (kPa) 1.013 2S X E F

bar kilo pascal (kPa) 1.000 000 X E .2

barn meter 2(m 2 1.000 000 X F -28

British thermal unit (thermochemical) joule (J) 1.0S4 350 X F -3

cal (thermochemical)/cm 2§mega joule/n2 (KJ/m 2 4.184 000 X E -2

calorie (thermocheinical)S joule (J) 4.184 000

calorie (thermochemical)/g§ joule per kilogram (J/kgP* 4.184 000 X E *3

curie§ giga becquerel (GBq) 3.700 000 X F ol

degree Celsius? degree kelvin (K) c = t* C 273.1S

degree (angle) radian (rad) 1.74S 329 X E -2

degree Fahrenheit degree kelvin (K) ccK (t* F * 4S9.67)/1.8

electron volt) joule (J) 1.602 19 X E -19

erg) joule (J) !.000 000 X E -7

erg/second watt (IV) 1.000 000 X E -7

foot meter (m) 3.048 000 X E -1

foot-pound-force joule (J) l.3SS 818

gallon (U.S. liquid) meter 3(m 3 3.78S 412 X E -3

inch meter (in) 2.540 000 X E -2

jerk joule MJ 1.000 000 Xt F *9

joule/kilogram (J/kg) (radiation
dose absorbed)i gray (Gy)* 1.000 000

klotonsi terajoules 4.183

kip (1000 lbf) newton (N) 4.448 222 X F .3

kip/inch 2(ksi) kilo pascal (kPa) 6.894 757 X F .3

ktap newton-second/n2 (N-s/rn 2 1.000 000 X F -2

6micron meter (m) 1.000 000 X F -6

milI meter (in) 2.S40 000 X F -S

mile (international) meter (in) 1.609 344 X F .3

ounce kilograin (kg) L.Nl 9S2 X F -2

pound-force (lhf avoirdupois) newton (N 4.448 222

a)pound-itorce inch newton-meter (N-m) 1.1219 848 X F -1

pound-force/inch newton/meter (N/rn) 1.751 268 X F .2

pound-force/foot 
2  

kilo pascal (kPa) 4.788 026 X E -2

pound-force/inch 2(psi) kilo pascal (kPa) 6.894 7S7

pound-mass (Ibm avoirdupois) kilogram (kg) 4.53S 924 X F -1

pound-mass-foot 2(moment of inertia) kilogram-meter 2 (kg-m 2 4 214 Oll t F -2

pound-mass/foot 3kilograr-meter 3(kg/rn 111,6186X1 1

rad rradiation dose absorbed)) gray (Gy)* 1.000 000 3 1 -2

roentgen) coulomb/kilogram (C/kg) 25S79 760 X F -4

shake second (s) 1.000 000 3 F -8

slug kilogram (kg) 1.4S9 390 X F *1

torr (mm HRg, 0* C) kilo pascal (k~a) 1.13 22 X F -1

'The gray ((y) ithe accepted SI unit equivalent to the energy imparted by ionizing radiation to a mass of
encrgy co0rresponding to one jouletkilogram.

4 'The hecquerel (Rq( is the SI unit of radio3ctivity. I IBq =I event/s
ITemoierature may he reported in degree Celsios as well as degree lelvin
5These units should not be converted in lINA technical reports; ho.eer. a parenthetical conversion is;
permitted at the author's discretion.
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SECTION I

INTRODUCTION

1.1 OBJECTIVES.

An important need 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 obtaincd

using either piezoresistance or piezoelectric transducers. The development of an optical stress

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

attractive for experimental situations involving large electromagnetic noise. In addition, the

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

other transducers.

This report describes a research effort to examine the feasibility of developing an optical stress

transducer and transmission system for use under dynamic loading. Specifically, the objective of the

present work was to develop an experimental configuration for use with well-defined plate impact

experiments. Because these experiments were the first of their kind, a considerable amount of

*exploratory development was involved in the present effort. We chose to examine the use of the ruby

luminescence wavelength shift for stress measurements because of its use in static pressure

measurements [I]. Note that the terms luminescence and fluorescence have been used

interchangeably in the literature. The high mechanical strength and thermal conductivity of ruby,

and the well characterized shock properties of the sapphire matrix are additional advantages for

dynamic measurements. Over the stress range of interest to our present experiments, we arc

assuming that the mechanical properties of the ruby are identical to those of sapphire crystals.

%t%Lm u 9 I



1.2 BACKGROUND ON RUBY LUMINESCENCE.

The luminescence spectrum of ruby (A 2 03:Cr3 + ) has been extensively studied, particularly

with regard to the effects of static pressure and temperature [1,2,3,4]. As a result, the ruby spectrum

is frequently used at static pressures ranging from a few kilobars to more than one megabar.

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 (RI) and 692.9 nm (R2), and both

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

sapphire lattice, showing the excitation and decay processes that lead to the R line luminescence.

The chromium excited states are efficiently "pumped" by Argon laser light at 514.5 nm through an

intermediate state which exhibits a very fast non-radiative decay. The luminescence then proceeds

with high quantum efficiency, and has a lifetime of 3 ms at 300 K[51.

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

the case of hydrostatic pr:ssure, the linewidth remains constant and both R lines shift toward longer

wavelength at a rate of approximately 0.0365 nm/kbar [1,2,61. Under the influence of uniaxial stress,

Schawlow [71 has shown that not only do the shift rates of the R I and R2 lines differ, but that they

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 [2,61. Adams, et al., [2] ascribe this to the presence of multiple grains of ruby oriented in

*.N different directions, so that the wavelength shift of each grain is different. In the case where a singic

crystal is used, this variation with the direction of stress should lead to a change in spectral

separation between RI 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

independent shifts of the RI and R2 lines, and that the ruby crystal orientation be known. Adams,

2
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3



et al., [2] also state, without any explanation, that broadening may be caused by rapid pressure

changes.

1.2.2 Temperature Related Spectral Changes.

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 RI

and R2 [6]. Above 200 K, both RI and R2 shift nearly linearly toward longer wavelength at a rate

of 0.0068 nm/K [6]. This implies that the shift corresponding to a 5.4 K change is equal to that

generated by a I 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

temperature [2]. The luminescence lifetime decreases with increasing temperature, but remains

greater than I ms to above 450 K [6]. The ratio of peak intensities (R I/R2) has been shown by

Hirschfeld [6] to vary with temperature. Since the R lines are energetically separated by only (1/270)

eV (1/6 of kT at 300 K), this is qualitatively consistent with a thermal redistribution of electrons

between the two chromium excited states.

1.3 APPLICABILITY TO SHOCK WAVE EXPERIMENTS.

In examining the applicability of the ruby luminescence technique, one must consider the

characteristic stresses and temperatures generated in a typical shock experiment, as well as the time

frame over which these parameters change. Since all work to date has been done under static

conditions, the spectral response to time-varying stress and temperature is unknown. In our work,

times of interest will typically be in the 1 ns - I us range. Time resolved measurements in this range

may be attempted by the following two methods. If the luminescence lifetime is much shorter than

the time over which significant spectral changes occur (implying that the characteristic times for

pressure and temperature changes are greater than the luminescence lifetime), a sampling technique

may be applied. In this case, the ruby is excited at regular intervals, with each excitation yielding a

4



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 Cr 3+ is created,

and the "evolution" of the spectrum is observed over time as the population decays at a nearly

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 measurements is analogous to piezoresistance 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. [21

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 RI-R2 separation. The temperature rise 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 lead to a 0.034-0.34 nm shift (equivalent to 0.9-9.0 kbar) and a 5 percent to 60 percent

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-Iinc spectra at various static high prcssurcs [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 separated 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 varies 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 been 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 complete control over both the

NOLA 7



chromium content and time resolution, as well as avoiding concerns over the effects of polycrystallinc

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 steel spring-clamp.

Next, Argon laser light was passed through a 600 um core fiber (QSF-600), which was then

positioned to illuminate the area 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 Fotce CIOOA power meter). The 600 pm fiber was then attached to the plexiglass mount

with epoxy. A third optical fiber (200 pm core, QSF-200) was also bonded to the plexiglass mount

to carry luminescence to a photomultiplier 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 the 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 level of

8
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0.6 mm

Ruby Disk 0.

*- Glass Fibers
~M 1 1 lmm

0.56mm

Figure 3. Shock target cross sectional view. Note that the thickness of the ruby sample is exag-
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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luminescence was tested at the I mm fiber. This fiber was then connected to an additional length of

1 mm fiber which delivered the luminescence directly to the entrance slit of the spectrometer. This

spectrometer (0.5 m Jarrel-Ash) contained a 1180 groove/mm grating, and generated a linear

dispersion of 16 A/mm. The entrance slit was opened to its maximum width of 0.4 mm, so that the

1:1 imaging in the spectrometer resulted in a spectrum consisting of the two R-lines, each 0.4 mm

wide and separated by 0.88 mm at the exit "plane." Because we worked in a narrow spectral range,

the field 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

power.

We considered a number of methods for recording the ruby spectrum as a function of time,

including a photomultiplier array and streak camera. Both of these techniques were employed in the

shock experiments and described next.

2.2 SHOCK EXPERIMENTS.

a 2.2.1 Photomultiplier Detection.

In our preliminary experiments, three photomultiplicrs (PMT) were used, each of which

N provided signal to a high gain current amplifier (Analog Modules, 90 MHz bandwidth, 105 V/A) as

., shown in Figure 6. Two PMTs received light input through optical fibers (QSF-600) which collected

luminescence at the spectrometer exit plane. Since these fibers had a diameter of 0.6 mm, they each

effectively integrated over a spectral range of 0.96 nm (due to the 1.6 nm/mm dispersion of the
% "spectrometer). They were positioned at the locations of the R I and R2 luminescence lines prior to

the shock. Alignment of these fibers was accomplished with a five axis positioner, and tested b%

measuring the collected luminescence power. The third PMT received luminescence via an optical

fiber (QSF-200) directly from the target (net luminescence monitor) as shown in Figure 5. All three

- . PMTs were filtered by Corning 2-56 cutoff filters (red-pass) to eliminate stray Argon laser light.
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f luorescence -~Spectrometer

Corning Filter

Amp H PMT0.6 
mm fibers

to OscilloscopePM

-Am

to Oscilloscope

Figure 6. Details of photomnultiplier rccording apparatus (sce Figurc 5). The two 0.6 mmr optucal
fibers arc placed at thc location of the R I and R2 lines prior to shocking the ruby'.
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In order to correlate in time the arrival of the shock at the ruby sample and the observed

spectral changes, we used a fiberoptic data transmitter (Augat model M25-TI) to generate an optical

fiducial at the time of impact. This transmitter was triggered on impact by vapor deposited contacts

on the target face (see Figure 4), and generated a "negative-going light pulse" (on- to off-state) of

approximately I ms duration. This light signal was carried by an optical fiber directly to the PMT

sensing the R I luminescence line. This allowed any changes in the R 1 luminescence to be correlated

with impact without any knowledge of delay times in the PMT or current amplifier. All PMT signals

were recorded in pairs on dual bean oscilloscopes so that any record cculd be traced to a correlation

with the optical fiducial. Accounting for a 10 ns trigger cable dela,, an 80 ns trigger circuit delay, a

200 ns fiber transit time (41.2 m of fused SiO 2 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

our data recording took place over about I .s, 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

chopping the ruby luminescence.

As stated previously, the PMTs were set up to record the R I 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 observed on a 10-50 ns scale, but also faithfully reproduced the

statistical nature of the luminescence, resulting in a somewhat noisy signal. The low frequency

response was sufficient to accurately follow step-function changes over the I pis time window of the

experiment (no significant signal droop).

14
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2.2.2 Photomultiplier Results.

All shock loading experiments were performed using a fused silica (SiP 2 ) impactor at a

projectile speed of 0.56 mm/ is, corresponding to a peak longitudinal stress of 50 kbar in the A12 0 3

(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 RI/fiducial. The net luminescence monitor detected two increases

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

SR I/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 RI line

record for a period of hundreds of nanoseconds 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

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

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 R I/fiducial signal occur.

Overall, the PMT experiments have yielded results which are consistent with the expected

spectral shift. At the same time, the difficulty in making unambiguous conclusions based on these

data emphasizes the fact that more detailed spectral records are needed.

15
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Optical
Fiducial

C

-! C

C

Time
200 ns/div

Figure 7. Oscilloscope record of photomultiplier signal. This record was taken during a "trial"
experiment with no ruby sample in the target to test for extraneous effects. The upper
trace is the net luminescence monitor, the lower trace is the R I/optical fiducial signal.
The arrow marks the location of the optical fiducial signal.
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Optical Wavelength

Fiducial Shift

C

C

Time
200 ns/div

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 R I/optical fiducial
signal. The two arrows indicate the locations of the optical fiducial and the wavelength
shift (respectively, from left to right).

17

, , . . , ,- , , ' . _, . _ u . , ' .',. . " . ', - ., ' - '., . . . "% . .%, ",. - . ." . ,



2.2.3 Streak Camera Recording.

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

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

camera (Cordin model 160) was focused on the image plane of the spectrometer. The image formed

by the streak camera was then coupled into an image intensifier (Varo model 6301 microchannel
~I;,

tube), which was placed in direct contact with Polaroid type 57 film. At a streak rate of 5mm/pjsec,

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

to the resolution of this problem were examined: to raise the level of luminescence reaching the

streak camera and/or to increase the recording sensitivity. As a first step, we considered the use of

an intensified, two dimensional array target and optical multichannel analyzer to replace film as the

recording medium. We obtained the use of such an analyzer (EG&G OMAII and model 1254

Vidicon detector) for a period of two weeks in order to test its effectiveness as a film substitute.

Since the Cordin camera has a 50 mm streak length, and the Vidicon detector has only a 12.5 mm

active area, we coupled the Vidicon to the Varo image intensifier via a 50 mm to 17 mm tapered

fiberoptic bundle (Galileo Electro-Optics) with refractive index matching oil. A good coupling was

very difficult to achieve in the time available, so that we were unable to resolve the R I and R2 lines.

Before discussing the actual shot records, it is helpful to consider the data format of the EG&G

OMA Vidicon system. The Vidicon is a 512 x 512 array of picture elements. During exposure, the

Vidicon screen accumulates a "charge image" (where the charge at a site is proportional to the

integrated light intensity) which is read by a scanning electron beam at a later time. The user defines

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

insufficient time after exposure to read all (512)2 elements before leakage from the charge storage

sites degrades the image beyond usefulness. The readout scan pattern is made up of units called

tracks, each of which is specified by giving a starting point on the screen, a number of elements in

18
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N the horizontal direction, and a number of elements in the vertical direction. At each horizontal

location, the charge from the specified number of vertical elements is integr-ted. Each track is thus

equivalent to a linear array of specified width and height. In order to avoid leakage from one track

to another, a number of cleanup scans are made above and below each track before its readout. This

has the effect of severely limiting the number of tracks which can be practically recorded. We were

able to record at most 26 tracks. The signal to noise ratio was adjusted by the choice of vertical

track height and camera streak rate. We chose a streak rate of 10 mm/pjs and a vertical track height

of 7 elements, which corresponded to integration over 50 ns (accounting for the tapered fiber bundle

and streak rate). The vertical track separation was 20 elements, corresponding to 144 ns from the

%4beginning 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.

A 2.2.4 Streak Camera Results.

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

streak time proceeding from right to left, the streak camera was triggered such that the ruby sample

was shocked near the center of the recording time window. A reference streak was recorded

immediately before the shot for wavelength calibration. Several features are apparent. First, there

was a significant increase in intensity in the vicinity of the shock arrival time. The exact location of

that time is unknown because insufficient time was available for the installation of an optical fiducial.

Secondly, 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,

along with the corresponding reference spectra. Note that while the signal-to-noise ratio was very

low at the later times, there is definite evidence of a wavelength shifted peak in the last track

(Icftmost).
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As a result of the two shots done with the OMA system, we are confident that a wavclength

shift of ruby luminescence has been observed under shock loading. The inability of the OMA I

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 expense of intensity resolution (i.e., the number of bits digitized). With these

considerations in mind, we fecl that the best course at this time is to retain film as the recording

medium and to optimize the level of light it receives.
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SECTION 3

*DISCUSSION

The objective of this preliminary effort has been accomplished. An experimental configuration

for the impact experiments has been designed and implemented. The results presented in the last

section demonstrate ,hat the R-lines undergo a wavelength shift that is nearly coincident with the

shock arrival and propagation through the thin ruby disks. These results are encouraging and

demonstrate the feasibility of the overall concept. However, the data are at best qualitative and

several changes are required to make quantitative measurements. These changes and improvements

in the experiments are indicated next.

3.1 APPARATUS IMPROVEMENTS.

In the early stages of designing the optical system, we calculated and measured the

luminescence power and collection efficiency. Details of those calculations are given in Appendix A.

We found that we could predict the available luminescence power at the recording device with

reasonable accuracy. We have used the calculations as the basis for making a number of apparatus

changes designed to optimize the generation, 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 gateable and suffers from significant spatial

distortion. It should be replaced with a gated, proximity focused, microchaniel plate intensifier,

which would greatly increase the signal to noise ratio at the film plane while simultaneously removing

the spatial distortion inherent in electrostatically focused intensifiers.

The streak camera has F/2 collection optics, but the 0.5 m Jarrel-Ash spectrometer has an

effective F-number of greater than F/8. It is thus possible to increase collection efficiency

significantly by employing an F/4 spectrometer. We arc currently obtaining such a spectrometer

(Spex Industries - 1680 Spectramate double spectromcter, 1.8 nm/mm dispersion). Finally, by adding

23



an electro-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 excitation

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 series) and sapphire (Saphikon) optical fibers to shock loading. These fibers were bonded with

.4 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 least 33 kbar with little change in transmission between 350 nm and 700 nm for a time

in excess of I jisec. The sapphire fiber was subjected to a peak pressure 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 instead be due to the difference

in thickness of the supporting layers (i.e. transit time of the shock through the support).
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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 believe that the apparatus changes listed above

will result in a working system for unambiguous measurements of this type. The next goal is to

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

A.1 LUMINESCENCE POWER CALCULATION.

We considered several excitation sources available to us: flash lamps, a frequency doubled, C\\

mode locked and Q-switched Nd:YAG laser, and a CW Argon ion kaser. We concluded that the

Argon laser would be the most efficient source due to the relatively large absorption cross section of
ruby at 514.5 nm( a = 5.8 x 10-20 cm2 [51), and the CW nature of the excitation. We note that cvcn

though the absorption cross section at the doubled Nd:YAG wavelength (532 nm) is higher than that

at the Argon wavelength, the low energy content of the mode-locked and Q-switched pulse train

would lead to a much lower excited state population than that generated by the CW Argon laser

because the luminescence lifetime is much greater than the Nd:YAG pulse width.

Assuming a sample configuration as shown in Figure 11, we can calculate the luminescence

power as follows. A simplified rate equation describing the number density of excited Cr3 + ions (n d

is

dn
.t - nlgaF- (1)
."dt It'

v.hrc n is the density of Cr 3 + in the unexcited state, a is the absorption cross section, F is the

Icr flux (photons cm- second), and r is the excited state lifetime. We have ignored the fact that

'hc c\cllati'n occurs to an intermedi'ie state rather than the luminescing state. This is justified

"hC czauc the cav timc from the intermediate to the luminescing state is very short ( r< I ns)[2]. The

Jcited and unexcitcd Cr 3 + densities are related to each other through the total Cr 3 + density (N) via
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fl - N (2)

M

We can thus rewrite Eq. (1) as

dA , = N F - e, F + ] . (3)

At this point, we will make the assumption that the laser flux is constant throughout the sample

thickness (d), and is spatially uniform in the direction perpendicular to the beam propagation axis.

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

._ = -e - d I 1. (4)

In our case, N = 1.58 x 102 0 cm "3 , a 5.8 x 10"2 0 cm 2 and d <7.6 x 103 cm, so that

AP < 6.7x 10-2. (5)

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

by a change of variables

N F - (6)

oF +

Because N and F arc constant,
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du dn(
di dt "

so that

du: a F + Iu. (8)

! dt

The solution of Eq. (8) is

-, F + _ t
u(t) = u(t =0) e (9)

Inserting the initial condition i,(0) = 0, we find the expression for ie(t) to be

N(tF l -I"r+Li) (10)

aF 4

or

ne(t) _ _ _ l-e . (11)
N I + (aFr)-'

The asymptotic value of ne/N for I > > r is

N n0(z >> T) _______(2> (12)
N I + (GFt)-'

N 3
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The longest time required to reach 95% of the asymptotic value is t = 3r, i.e. t = 9 ms (let F = 0).

The photon energy for Argon laser light is

.hv = 2.41 eV = 3.86 x 10-19 Joules . (13)

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

F (14)
hv '

so that

n(t > > r),, (15)
N1 

+

Inserting the stated values for a, r and h v, we arrive at

n(t > > r) _ 1 (16)

N 2200!1+

where I is given in Watts/cm2 .

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

N = 7rr2d,1 , =  rr2dIN (17)
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By taking account of the ruby luminescence photon energy (hi = 1.79 eV = 2.86 x !0- 19 Joides),

quantum efficiency (0.7, [5]), and lifetime (3 ms), we can calculate the net luminescence power (Pf)

as

* Ne

P1  = (hv),.,,(0.7) - , (18)'r

or

P = [6.7 x 10-171 Nrr
2 d (19)f 2 2 0 0  

(
I

where I is given in Watts/cm2, N is in units of cm 3 , and r, d are 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' cnm, then

(11 04 rr d (20
=f 2 0JK 2 

+20()

t20

Except for variations due to internal reflection at the ruby-air interfaces, this luminescence power

should be radiated uniformly into 4r steradians. Equation (20) can be reduced to a more convenient

form in the case that I < < 2200 W/cm 2, then

P1  5 (cm]Pid , (21)I~p

where Pt is the laser power incident on the sample, given by
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P, = I Irr2]. (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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A.2 FLUORESCENCE COLLECTION.

In order to calculate the luminescence power available for recording after wavelength

dispersion, we must now specify the target geometry and the efficiency of the spectrometer. Figure 5

depicts the layout of the target and accompanying optical system. Argon laser light is coupled into a

200 pm core, fused silica fiber (Math Associates QSF-200) via an 80 mm focal length lens. This fiber

is approximately 20 m long, and delivers the laser light to a fiberoptic feedthrough on the target

chamber. Inside the chamber, this light is transferred to a 600jpm core fiber (QSF-600), which

carries it directly to the back of the target. To date, we have succeeded in transmitting

approximately 40 percent of the available laser power to the target in this manner. The luminescent

spot is 1-2 mm in diameter, and is centered in front of the 1 mm optical fiber (QSF-1000). Because

the 1 mm and 600 pm fibers have the same numerical aperature, and are located at about the same

.' distance from the luminescent spot, most of the luminescence striking the I mm fiber should be

contained.

In order to determine the overall efficiency of the optical system, we examine the individual

efficiencies of the 1 mm optical fiber (-yf), the spectrometer entrance slit (-I,), the collimating mirror

('e), the diffraction grating (-y.), the focusing mirror (-f in,), and the turning mirror (-yt). Each of

these terms is evaluated next and the results are compared with experimental measurements.

A.2.1 Fiber Collection Efficiency.

The fiber efficiency is approximately determined by the solid angle which it subtends. Dcfining

*-,' the fiber diameter by R, and the fiber to ruby distance as r, we have

= - = 0.015. (23)
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This was tested by applying a known laser power, and measuring the luminescence power in

the 1 mm fiber with a Fotec ClOA power meter. The laser power delivered to the sample was 1.0

W, and the sample thickness was approximately 6.6 x 10-3 cm (0.0026 inches), so that by expression

(21)

pf = 1.1 X 104 (L.OW)(6.6 x 10' cm) = 3.3 x I0-2V . (24)
2200

Accounting for the calculated collection efficiency, the luminescence power in the 1 mm fiber (P')

should be

P= (0.015)Pf = 5.0 x 10 A IV . (25)

The experimental value was P, = 4.4 x 10' W. In light of the complex geometry and the

approximations made, these values are in good agreement. There is a further loss of 25 percent at

the target chamber feedthrough, so that the net fiber collection efficiency as viewed at the

spectrometer (',/o) is

-If = (0.75)-yf = 0.011 . (26)

A.2.2 Spectrometer Collection Efficiency.

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 I mm diameter of the optical fiber. The

fraction of collected luminescence that passes through the slit is then
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e " (0.4 nim)(I.0 am) = 0.5. (27)

7r(0.5 mm )2 (

The efficiency of this mirror is given approximately by the ratio of the mirror cross sectional

area and the area illuminated by the fiber at the mirror location. The mirror is 5.2 cm square (i.e.,

has an area of 27 cm 2 ). The optical fiber has a numerical aperature of 0.4, so that the luminescence

emerges in a light cone of half-angle (0)

0 = sin'(0.4) = 240 . (28)

The area defined by angle 0 and the 50 cm focal length of the spectrometer (0.5 m Jarrel-Ash) is

A = 7r[(50 cm) tan] 2 = 1500 cm 2 . (29)

Taking into account the 90 percent reflectivity of the aluminum coating, the mirror has an efficiency

of

(0.9) I 0.016. (30)
1500

The 1180 groove/mm, ruled grating was blazed for 500 rim. Extrapolation of the grating

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

= (0.66)(0.68) = 0.45. (31)
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The focusing and turning mirrors each have about 90 percent efficiency (aluminum), so the

spectrometer efficiency is
I..

'10 = 'eI'Y"Tg yfm'It

- (0.5)(0.016)(0.45)(0.9)(0.9) = 2.9 x 10'. (32)

A.2.3 System Collection Efficiency.

The combined fiber/spectrometer efficiency is

-y =  "IfoI = 3.2 x -
. (33)

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

power at the sample as

Pd = P, (34)

and is divided between the RI and R2 lines in the ratio Pd(RI)iPd(R2) = 1.5 at room

temperature.

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

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

power meter. Since the spectrometer has a magnification of I, the area covered by the R I line at

the exit plane was equal to that of the entrance slit, 0.4 mm 2 (this is because the product of slit width

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

mm area falling on the 0.6 mm diameter fiber)
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