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SOME TECHNIQUES AND RESULTS FROM HIGH-PRESSURE SHOCK-WAVE EXPERI=-
MENTS UTILIZING THE RADIATION FROM SHOCKED TRANSPARENT MATERIALS

R. G. McQueen and J. N. Fritz
Los Alamos National Laboratory

ABSTRACT

It has been known for many years that some transparent materials
emit radiation when shocked to high pressures. We have usad this
property to determine the temperature of shocked fused and crystal
quartz, whicn in turn allowed us to calculate the thermal expansion
of Si0, at high pressure and also the specific heat. Once the
radiative energy as a function of pressure is known for one material
we show how this can be used to determine the temperature of other
transparent materials. By the nature of the experimenta very
accurate shock velocities can be measured and hence high quality
equation of state data obtained. Some techniques and results are
presented on measuring sound velocities from symmetrical impaot of
nontransparent materials using radiation emitting transparent
analyzers, and on nonsymetrical impact experiments on transparent
materials. Because of special requirements in the later experiments,
techniques were developed that lead to very high-precision shock-wave
data. Preliminary results, using these tachniques are presented for
making estimates of thc melting reglon and the yield strength of some
metals under strong shock conditions.

INTRODUCTION

Los Alamos has been using the radiation from shocked gases for
many ycars to obtaln equation of state data for other materials by
the flash gap technique developed by J. M. Halsh.1 Most ¢f those
vxperiment3 were performed on materials where no radiation could be
expected to be observed, and the few where {t might be were usually
shielded by shims. Probably the first to utilze the radiation
emanating from the shock rron5 in materials pertinent to this report
was the work of Kormer at al. reported in 1965, They wused this
eff'ect to {nfer the temperature of some shocked solids. Until the
laat fcw yeara this powerful tool waa not exploited,

Puring the following years consaiderable effort was made to
weasure the sound velocit at high preasures; by ourselves and
othera, Al'tshuler et al. in particular. Such efforts, ir
succesaful, could yleld the longitudinal and bulk sound velocliles
and hence the shear modulil and the quest of the last decade or so;
the elusive Gilneisen parameter. These early measuremonts were
basically of the x-t type and hence not time resolved. The early
time renolve measurcmepts were limited to low pressure experimenta,
The ASM probe’ and VISAR? opened a new range of high pressure time
resolved experimention,

The techniquea  deacribed here werz devoloped for two
reasona: one to moasure the radiation temperature of siiocked
tranaparent materialsa; and two to measure the location of overtaking
rarefaction waves behind strong shockn and hence determine the
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velocity of sound waves at high pressure. In addition observation of
the radiation from the shock wave has 1led to the development of
several very accurate shock velocity measuring systems.

In 1968 we performed several experiments to determine the
overtaking wave velocity in fused quartz 1mpacted by a stainless
steel driver plate. The fused quartz target assembly consisted of a
stack of plates held together by double stick tape so that a small
~.05 mm gap separated the plates in the central region. This area
was viewed through a small slit with a sweeping image camera. It was
felt then, and now, that by observing the 3hock arrival at the
various gaps through the same slit that the shock velocities could be
measured very accurately through each layer. These records clearly
show the shock arrival at the various levels. In Fig. 1-a the
calculated shock velocity vs thickness shows pretty much where the
rarefaction overtakes the shock, but olearly more or higher gJuality
data would be needed to locate accurately the exact overtake
position. Undoubtedly the most important feature of these records
was igrored; thit of the intense film darkening at the beginning of
the record and subsequent decrease. This record snows that fused
quartz radiates coplously and that this cou.7 be used to determirie
its temperature. Moreover it showed that thes: measurements offer a
sensitive method of determining overtzke wavo velocities. It was
over ten years later, while we were now In ..r present endeavors that
these o0ld experiments were recalled. A microdensitometer scan wus
made of one of the records and plotted 1-b. This shows the radiation
from the flash gaps a=s well as the decrcase caused by the presaure
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Fig. 1=b. Microdenaltome=-

Fig. 1-a. Shock velocity vs ter scan of the photograph=
thickness through a stack of ic record. The apikea are
fused quartz plates. from the flash gaps.

release due to the flash gaps. The most s3alient feature or oourase

13 the decrcase in radiation caused by the overtaking release wave,
The electronic equipment to exploit these phenomena were avajilable at
the time. [or oxample we are using photomultipliei's developed even
earlier. This ushould Liave been a most shining example of serendipity
but unfortunately we weore looking in a different direction. It is
aluo of intereat that the decrease 19 radiation due to the
rarefaction ovestake sen by Kormer et al. #as also disregarded as
an experimontal technique.

High quallity shock velocity meaaurenenta oan be made by
monitoring changen in radi~tion levels as the shock passes various
interfacesn, Since theae {interfaces can be mado to have negligibla
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thickness one has in effect zero-perturbation time markers. The
application for making shock velocity measurements will be noted
where appropriate since they are usually required as part of either
the temperature or overtake measurement.

RADIATION TEMPERATURE MEASUREMENTS

There are several ways to obtaln temperatures from radiation
measurements. The distinction 1s basically the difference from
looking at the radiation from the following sourcesa: narrow band
widths centered on a few wave lengths, =o called color temperatures;
many small discrete intervals, spectral analysis,” and over a broad
spectral range, the brightness temperature. We have used brightness
temperatures here primarily because of the work done by W. Davis of
this 1laboratory. He determined the brightness temperature of
detonating nitromethane by photographic techniques. Sinca we have
comparable photographic capabliities here, we decided to use his work
to calibrate the relative readiation of shocked materials to
detonating nitromethane.

To establish his standards he
calibrated to a tungsten filament,

70004 e sun tte ocarbon arc and the sun.

1000 I war 3 Assuming that the photograpnic film
“f:,. ] responds uni formily to the

Carbon ] rad'ation between 400 and 700 nm he

oe { calculated the curve (Fig. 2) of

the energy radiated as a function
of temperature. The calibration
points are plotted on this curve at
their estimated temperature with
thelir converted measurcd brightness

laay- Niteomethane _"

1o /7 Tungsen | to the radiated energy scale, along
° 1 with the me2aured nitromethane

] pointe, in these experiments we

aed b aadwoaow sl compare  the relative intensity of
Temperature { kK ) shocked quartz to that of

detonating altromethane by viewing
each through 1iscrete openings of
various widthn placed on the cover

Fig. 2. W. Davis's nitro-
mothane calibration function.

plate. e sam? plate with a range

Rasation Mrasering £1perimont of four in widths was uned for many

e gy i == u . of the nitromethane standardn, A
/v}“. q Nt sulte of cover platea; uaually four
ﬂL\Euum- Yoo wean) - 3teps with a range of two were used
4 D 1 ., for tne unknown. %y suitable
s A e . .., eombinationns over Lwo ordera of
L ghen megnitude in intenaities could be

l comparad. An explosive uystem used

on somec experiments (s shown in

Camers “ig. 3 and a reproduction of a

Fig. 3. Hioh axploaive system photographic recurd in *¥ig. 4. &

to view hoth tho nitromethane microdensitometer scan  of  the
standard and the unknown. record 1is reproduced in Fig. 5.
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v Both film densities and inverse

p percent transmission of the records
have been  used to determine

relative intensities. A plot of

R I ‘R4 inverse percent transmission of the
| K F standard (Fig. 6) glves an
—- NN~ indication of the inherent
A f*~;f precision of these measurements,

¥ffﬁ¥?r“' The o's and x's are readings from

| 7] openings of the same width but

Fig. 4. Photographic e- different location. The two curves

cord. The unknowns are on on the plot are readings obtained

the left. The bands on the from different settings of the

right are the standards. contrcls of the microdensitometer,

Comparing the measured values of

the quartz with these curvas gives

imvarse Percent the relative intensities of the
Tranamiasun unknown to nitromethane,

The results of these

gurll| crosra measurenrents.are given i1n Fig. 7

Guarts where we have plotted the relative

N:trcmethant Stendurd intensities for hoth fused and

crystal quartz as a function or

n ML '“bm shock particle velocity or what is

! Mw W equivalent to the square root of

the internal energy. Below

e - 4,0 km/s both fused ard crystal

Fig. 5. hicrodensitometer quartz lie on the same curve and

scan of a photographic record. €Xxcept fer  the reglon around
4,2 km/s, are approximately on the
same but different curve in the

L T | '] higher pressure regime. Clearly in
AR / i the region from U.0-4.2 km/s a

Y ooy " phase change has occurred. This
q .’ v ) was f[irst reported at the fall AGU
Y 7 1 Meeting in 1979. In fused quart:z
i Ry : shozked above 4.2 km/s the
i A photopgraphic records show that as
: P 1 tne rarefactior from the HE side of
! L ] the driver svertakes the shook in
//’ the quartz that there is first a
N Y decrease in radiation and then an

oW omen et Senaed increase which on occasion rises to

Fig. 6. Inverse percent higher levela than the original
tranamisaton va slit width radiation. This can be seen in 8-a
on the nitrumethane, where a reproduction of an

oscillosacope recor.! shows the time
hiatory of fused quartz shocked to a particle velocity of
approximately 4.2 km/s. Thore {s a fairly rapid increase in
radiation, ~ 10 ns, fcllowed by a near constant level and then an
iucrease and subsequent riecrease. Examination of the reglon Jjust
belore the increase shows a slight decrease. What has happened s
that the rarefaction has just overtaken the shock front and with
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——r——r—T T T further decrease in pressure the
radiation increases until it
reaches the maximum of the first
phase, Assuming that the record-
ing system is linear we find the
increase to be approximately a
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: ,/ factor of three indicating that
' !}' perhaps the 1line drawn for the
ol ] high pressure phase should have a
F_ﬁwh_h_ﬁ_h_ﬁ“*_ﬁ_ﬁ_ﬁ_ﬂﬁ_ﬂrfr higher slope going closer to the

Partutls vmienity (1msaon) } two low intensity points. An-
Fig. 7. Internal energy vs rel- other feature of interest is the
ative radiaticn energy for Si0,.  crystal quartz data at about
4.2 km/s. It can be seen that
the intensity 13 greater than the maximum of the low pressure fused
quartz data. This is not an indication of an error since at a given
particle velocity the pressure will be considerably higher. This
effect can be seen in Fig. 8-b where crystal quartz (with a pilece of
fused quartz placed on it) was impacted into this pressure regime.
The decrease in intensitv 1s due tc the shock entering the high
pressure phase of the fused quartz. The rarefaction eventuzally
catches the shock and the pressure decreases until it reaches the
phase line where the radiation behaves as in 8-a. We also note that
the four high pressure crystal quartz points show a lot of scatter.
These four points actually are from only two shots. It appears that
in this pressure regime the quartz has an initial level of radiation
that falls: off fairly rapidly to a lower but constant level. An
oscilloacope record showing this is reproduced in Fig. 8-c.

Fig. 8. Oacllloacope records. (a) Shock running through fused
quartz showing the Increase in radiation Just as the shock wave is
degraded by the rarefaction wave. (b) Shock:i 1into ecrystal quartz
below the phase change showing sharp decrcase in intensity when it
recaches fused quartz. Fused quartz 1s shocked into the high pressure
phase, The rarrfaction in the fused quartz shows the same features
as 8-a. (e) Relaxation soen in other experiments, The radiation
in-'rcases when it enters the fused quartz. Rarefaction behavior 1o
the same but modified because of the higher pressure.

This wonuld appear to be a manifestation of a metastable state re-
laxing to some equilibrium vaiue. There are still some interesting
features ol' the behavior of shocked $5i0, that additional experiments
might reasolve, In particular are the oscillations in fused gquartz
when ashocked directly into the transition region. This phenomena waas
reported In the 1979 AGU Meeting. We have since observed this four
times, twice with photomultiplicr systems. The data of Fig. 7 have
been transformed to temperature vs pressure -ia Fig. 2. We have used
‘thosn P-T curves to determine the gpecific heat at constant volume
and the thermal expanalon at conatant pressure. In this work
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reciprocity of the film response was tested and founu to be good over
a couple orders of magn:itude as well as the black body assumption.

RADIATION MEASUREMENTS USING OTHER DETECTORS

Probably the most desirable featurz of the measuring technique
Just deseribed 1s having a callbrated standard on each experiment.
In additiovn the 1logaritnmic response of the film, while losing
sensitivity, makes it almost impossible not to obtain some data on an
experiment. The disadvantages are problems assoclated with scattered
iignt, nonuniform background and the loss of sensitivity Jjust
mentjoned. It 1s well known that photodiodes and photomultipliers
have a linear response to radiation over a fairly large range of
intensity. This makes them logical cholices for measuring radiation
temperacures. QOne weakness in using these 1s that the system must be
calibrated, usually with a tungsten filament. While we have a black
body furnace that can be used to almost 3000 K, the most difficult
problem is calibrating the system so that the static and dynamic
outputs are exactly the sanme. Accounting for window surfaces 1is
nontrivial and putting a detcnuting nitromethane radiation pulse on
the records through the same optical system in probably impossible.
What we have done 1is somﬁthinm very close to the impedance match
technique developed by Walch.' In fact for complete analysis of the
experiment one must make 3uch a calculation. We simply sandwich the
matrrial Lo be investigated belweer two pieces of a "atandard." The
stanidard should be characterized both hydrodynamically, so the
impedance match calculation can be made, and radiatively wise so that
the radiation from the unknown c¢an be compared with it. It is
desirable to match the radlation levels from the atandard and the
unknown as well as poaaible for maximum precision. It ls also
dezirable to mateh thelr shock impndinees ao that the reflected shook
or ruelcace wave from the unkhnown sample can be used to estimnte the
Grunci.:en parameter after its Hugoniot has been measured. An examplo
of thia type of axperiment ls shown in Fig. 9. Extremely accurate
shock velocelties can be obtalned with this techniue.

Fir. 9. Radlation from a quartz sandwich

A - experiment done on a 2024 baute plate. The

radiation begins when the ashock enters the

\ firat fusrd gquartz plate and deercases

when it entera Lhe crysabal plate and rines

again when it enters the fused quart:

CAWWWAMAVVAAANSY  Cover plate. Relative .intenalties ans well
as ghock velocitiea are measurced,

If the radiation from the two matoriala are conaiderably different,

filtern can Y used at one tntertace to match the radlation, but the

shock vrloecily measurementa will sufler accordingly as will the

inherent precinion in determining prassures {n the three shock ataten

from the radiation leyeln,

To abatriact the temperature from thear meanurementa one must

ealeuliate a radlation-temperature curve aimilar to Davia's, uaing the

spectral reasponso of the aystem over the appropriate frequency rangn.
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The temperature of the standard for the experiment must be used to
establish the relative intensity level for each measurement.

These experiments can be done using blocking filters so that
windows with the greatest sensitivity can be employed. Time resolved
spectral measurements can also be made. They can not be performed
decently on multichannel devices that use a time integrated aignal.
However, we should make some spectral measurements so that the black
body assumption can be checked, and to see if there are any regions
of high spectral emission on absorption. To this end we are
asserbling a time resolved spectirometer to sample about ten spectral
bands and a nontime resolved spectrometer to sample at 512 wave
lengtha.

RADIATION MFASUREMENTS FOR DETERMINING OVERTAKE VELOCITIES
IN SYMMETRICAL IMPACTS

The rarefaction waves to be measured were generated with the
widely used method of impacting a relatively thin driver plate ont» a
target plate. A drawlng of the idealized shock-parcfaction process
is shown in Fig. 10. This figure and others have becn taken from a
paper submitted to RSI where the

! / experimental techniques are described irn

LI I T Lgﬁ-k,,MdMN considerably more detall than is done

. _,(jffp here. In tnis schematic the interaction

- Al [tf?:; of the rarefaction waves from the
LN IE-L LU S HE-Driver i~terface, referred to here as
N ’/{_{If"‘m—«\\_ the back ajde, with the shock wave in
N N the target decreases its velocity in a

nonlinear manner. The firat degredation

btat b cumca from what has been designated as
Fir. 10. Seloepatle of  a the lead characteristic, which travels
shozi and rareraction from a4 at the longitudinal velocity in thias
symuetrical  dmpact of an example of an elastle-plastic solid.
fdeal elastie-plastic solfd. The bulk rarefaction wave further de-

ernagna the ghock veloecity to that gov-
erncsd by the tail characteristlic. This state is determined by the
pressure build up when the HE vases iapinge on the back side of the
drriver when it is decelerated by the ipitial  ahock. We have
indicated by the amall inaset drawing the basnic difference between the
typr of experimentn described hete and Lthoase done with an inaitu
gaue or thoan that monitor velocitien at an interfaen. If preassurce
and time weoe meanured  both gauies would record Lhe same prescure
Joevela of the different. interactionn. However, the time scales would
not. be the aame and 2 linear transfoernmation would not auffice Lo make
them the game, In all the experiments deserided here we are
mon!tering the radintion emitted f'rom the ashock front.

17 we preatricl our atiention to Lhe lead characeteristic it can
be zeen Lhat by equating the time for the shoek to go threough  the
triver plun the time when  the rapefaction through the driver and
tarset catehers the shock {n the dreiver witn that ahock tranasit time
then the Lagtanegian  nound  velosity, o, i3 given by the tollowing
equatlon:

¢l o= ()7 (R=1) (1
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Here Ug is the shock velocity and R the ratio of target to driver
thickness where the catch up occurs. The sound velocity, C, 1in the
shocked material is given by:

c = cl (posp) (2)

where po/p 18 the ratio of the initial and final density. In this
case the sound speed would correspond to the longitudinal component
which we designate as C;. The velocity of the second lead
characteristic is referred to 2s the bulk velocitv, Cy- Thus 1f R
can be measured, the sound velocities can be determined.

In the preceeding sections 1t was shown that from some
transparent materials coplous radiation is emitted from the shock
front and that the amount 1s sensitive to pressure. Thus if we made
the target thinner, so that the rarefaction wave has not yet
overtaken the shock, and placed a plece of fused quartz on its front
surface and observed the radiation emitted we might expect to see
records like that in the lower insert (Fig. 10). It would be
distorted in the P direction since we would be measuring relative
light intensity, not pressure. Clearly we should be able to
determine the time when the radiation begins to decrease, but also it
is obvious that unless one knows almost everything about quartz that
the sound velocity in the other materjial can not be determined.
However, 1f several measurements were made on the same experiment at -
various target plate thicknesses the times, At, for the shock to be
overtuken 1in the transparent material <an be used to determine when
the rarefaction would have overtaken the shock in the target. Since
in this regime all the characteristics are linear it is obvious that
these At's are a linear function of the target thickness and when
extrapolated to zero determines the position where the rarefaction
wave would have overtakon the shock in the ta-~get. This position is
independent of the properties of the trantovarent material, hence
referred to as the analyzer. In Fig. 11 we have drawn the X-t
solution for an impaot experiment with the location and subsequent
interactions of three analyzers. In
this figure the left golng character-
istic from the target-analyzer in-
teraction have been drawn with the
same slope, a case that exists If the
analyzer has che higher shock impced-
T ance. This of course is immaterial

if only the leading wave ic con-
sidercd.

In all the experiments the ra-
diation {3 viewed through small
(typically 1 mm diam) apertures pluac-
ed as close as poasible to the analy-

Fig. 11. x-t plot showingm zera by 1light pipes ~15 mm away.
how by meanuring the time for Thus the signala are averaged over an
the rarefaction to overtake areca ~2 mm in diameter. Two baffrles
the shock 1in the analyzer between the light pipes and apertures
that its velocity 1in the prevent most of the unwanted radia-
tarvet can be detormined. tion in the syatem from entering the

——-!_
.
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light pipes.
that shown in Fig. 12.
ten or more have been used.
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Fig. 12. Target assembly fbr
high explosive experiments.
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Fig. 13. Target Assembly for

two stage gun expecriments.
Small disk on the impact side
glve the desired variable

target thicknesses.
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Fig. 14. A reproduction of a
photographiec rccord to deter-
mine the diftrerential (U -Up,)
veloclty and hence pressur:,
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For explosive asystems the target assembly 1s much 1like
Here five levels are indicated but sometimes
The lower part of the assembly 1is

used

to measure the differential shock
driver velocity, Ug, and hence
establishes shocl strength. These
records also give a measure of bow
and tilt so these effects on shock

rise times can
assembly wused

experiments 1is
this particular
are placed on a

be accounted for. An
for two stage gun
shown 1in Fig. 13. In
assembly the steps
circular array on the
impact side of the target. This
keeps light coming from strong
interactions at cornerss from c¢onm-
plicating the records. Differential
velocity measurements can also be
made with thls assembly by taking PM
signals from thick and thin areas of
the target and feeding them into the
same oscilloscope with one set
inverted. The rise and fall re-
present shock arrivals at the target
analyzer interface and when couplad
with the measured projectile velocity
determine a Hugoniloo point. A
reproduction of a photographic record
used to determine the shocik pressure

" i1s reproduced in Fig. 14 and the type

of oscllloscope . record to mz2asure
shock velocities on the two stage gur
in Fig. 15. From Fig. 14 it it found
that the average time smear caused by
bow and ti1lt over a two mm diametcr
arca 1s about one ns in the region

used to determine the overtake
velocities. Records obtained in the
central region have essentially no

loss of time resolution due to tilt,
We have used three materials as

analyzers: fused quartz; 3 high
denoity glass, p ~ 5 gm/cp”’; and
bromoform, Br,HC,p~3 gm/cm”. To

demonatlrate that the detection of the
firnt overtake is independent of the
analyzer, experiments were performed
using all three on the same shot.
Reproductiona of the records are
shown in Fig. 16 and Lhe derived At
va thickness data {n Fig. 17. The
reaultas of an experiment on 2024 A1
desipgned to measure the first wave
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Fig. 15. An oscilloscope re-
cord showing how the differ-
entlal velocity can be mea-
sured on the two stage gun.

Xt 60mm X"96mm

- —— e ————————— —

BROMOFONRM

~ T

o e i g, - == ——

HIGH DENSITY GLASS

Fig. 16. Overtaking waves
at two thickness seen by
three different analyzers.
The time marks are 0.1 us.

T T | o T _T
B

4 © FUSED QUARTZ
O BHOMOI'CRM
+ HIGH DENSITY Gl ASS

TiVE {us)

a— —l . - .-
60 70 40 9u
THICKNLSS (inm)

Fig. 17. The moasured over-
take time vi targef thickneas
from the recordsa of Fig. 6.
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arrival are plotted in Fig. 18. The
sigma for the catch up position
determined frcm least square analysis
of the data was 0.3%. Since the
catch up ratic 1s appreaimately four
for mcst materials these errors are
reduced by approximately one half for
the derived sound velccities.

Since the sound velocity 1is
proportional to the shock velocity
any errors 1n determining the shock
strength are reflected directly in
the derived sound speeds. However,
this is really only very important if
some phenomenon is occurring, such as
a phase change where 1t is desirable
to know the absolute value of the
preasure. This 1s because these
errors move the sound velocity along
a curve that 1s nearly parallel to
the true one. There 13 a source of
error in the explosive experiments
that is rnontrival. This 1s the
change 1n driver plate thickness due
to plate stretching while being ac-
celeratecd. This 1s not a constant
and varles from ore explosive driver
system to another. We have framing
camera records that show that this
can be as large as one percent 1in
some geometries. Thin plate ac-
celerated for short distances appear
to have very little stretching. For
example work done by Brown and
McQueen on iron show that explosive
experiments done with thin drivers
gave the same results as thoase
performed on the two stage gun. which
are not bothered by this effect.

S50 far we have restricted
ourselves to measuring the lead
vharacteriatic. There 1s more in-
formation on the records but con-
siderably less well defined and a lot
less straight forward. A set of
records (Fig. 19) for 2024-A1 gives
an indication of what can be seen in
regards to the elastlc-plastic behav-
ior of this material under strony
shock conditions. In the threc re-
corda on the left the first break in
the traces is due to the longitudinal
component of the relnase wave. The
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Fig. 18.

records for
overtake locations.

OVERATAKING WAVES ‘N 2024 &L AT 71 GRa

X27%mm

Fig. 19. Records show-
ing the change lu slope
caused by the arrival
of the bulk sound wave.
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Fil:. 20. Catch up tlue
in  the analyszer from

records of Flig. 19,

-to the bulk velocity release.

The results Erom

a very high quality set of
determining
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second break much less well defined is due
In the
records on the right the 1longitudinal
component has overtaken the shock wave in
the target before reaching the analyzer
and only the break from the bulk is
present. The times for these breaks have
been measured and are plotted in Fig. 20.
In this set of records the second break
was reasonably well defined. This is not
always the nase. The intercept gives an

approximate value for the bulk sound
velocity using the previous analysls.
However, for an accurate value, the

interaction of the analyzer (bromoform was
used here) with the target must be
accounted for as well as the shock
dezredation in the target due %to the
finite yield strength exhibited in the
records. From the records it can be seen
that the shock wave has traveled ~ 8 mm
before being degraded by the longitudinal
wave. The decrease in shock veloecity for
the remaining 5.5 mm of run can be
accounted for in a reasonable manner.
Another correction 1s needed to account
for the decrease 1n pressure due to the
longitudinel release, The bulk release
velocity 1s actually «centered on a
somewhat lower pressure than that measured
for the initial shock wave. A first order
correction for this can be readily made.
From ou~ many measurements using bromoform
as an analyzer we have determined the
relative radiation intensity as a function
of pressure in the 2024 A1 target. Hence
the pressure 1in the target can be
estimated by the decrcase in intensity of
the bromoform. The equation for this 1is

P = Po~47 log (Io/I) (3)
where P is the presasure in GPa's and Io/I
the ratio of intennitiea. From the
recorda It appears that there 1s  about
10 GPa pressure roleasce beforc tha butk
wave ia seen. Fven thourh this looks llke
2 large correction the fact that the R
values chiange very 1little with prossure
implica that even conusilderable errors in

making tinls correction will have but a
small effcct on the bulk sound velocity vs
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preasure locus. This measurement can be used to estimate the yileld
strength but there will be fairly large errors since this is a
differential measurement. It should be noted that the records on the
right have one less perturbation, that caused by the interaction of
the lorgitudinal release wave with the analyzer, which makes the
system somewhat less complicated. Using bromoform for an analyzer
also hkas the advantage that its behavior should be ideally perfectly
plasti~.

The Gruneisen ratio, Y, can be obtained from these measurements
from the folleowing equation9

[ (dP/dV)yyyg -(dPsdv)g]2v )
Y= Thye (aP7aV) g (Vo-vy)

where the standard notation has been used and
5 - 2
(Ap/dV)g = =(pCp) (5)

Bulk sound veloclitles calculated so far are in good agreement
with those calculated with py = constant,

Work in procress on Cu and 2024 Al ind.cates that melting does
not besin to13ccur until around 190 GPa in 2024 A1 and 160 GPa in Cu.
Calculations dona carlier ind‘cated that the Cu Hugoniot would
cross the melting phase 1line at about 133 GPa. A tentacive
exnrlanation for this discrepancv i= that the electronic contributicn
to the specific heat was not used in those calculations. This would
have very little eftfect on the calculated phase line since it was
nerlonted for both phanes. However, it would cause the calculateuy
temperatures 1lons the Huponlot to be too high cauaing ths Hugrniot
to eaerous the phase line at too low a pressure. More data are needed
L9 determine these polnts more precianely and also the pressures where
the anterials appear te be completely melted.

OVERTARING VELOCITIES IN '™'5YMMETRICAL 1MPACTS

[t 1y unfortunate that saymmetrizal impactn cannot be used with
ai.l the materials that one would like to investigato. This 1is
esprclally true with the explonive experiments whe=e it 1s juat not
poraible to accelerate zome materials to the velocitlies desaired
without, heeak!ng them. I the driver haa beea well characterized LU
in ponaible Lo une it to Impact other materinln to cdetermine  these
rareraction wave velocitiea, Apain I we equale the appropriate
times For Lhe cateh=up oquation but afastinruinsh the driver and tareet
with the appropriate subaeripts: (D and T) we obtain the following:

Uﬂ ] .Ul. . _ll. . l_: (6)
r 0 Cd Cif
[0
bR
e T o €



but ck = reu (8)
where RY = (Re1)/(R=1) (9)
1 y Ut 1,
then = =1=—-=11+— = 1-F/R (10)
Wy R Up Rp
[ ]
and hence Cp = (us'up)T Ry (11)

c would ve expucted, C iIs more sensitive to errors in measusring R,
which is the actual catch up ratio of the experiment, than in the
syometrical experiments.

The rosults of these measurements, as in the symmetric impact
ones, are quite inaennitive to errors made in detcrmining pressure,
Moreover they are rccsonably insensitive to errora in the values of R
used for the driver. In our work on 2024 A1 it was found to be
neceerszary Lo use iron drivers if we were to go completely through the
meltin;; region. Using R® va P deterained from the data rroxn Ref. 8
below the tranzition restioia, we find that the value of F in the above
equiation.: chaneed nlmoat linearly from 2.29 at 80 Gla to 2.346 at
160 GP1. The other pressure dependent term, (U -Un). changus only
ten percent in that pressurce regime. 1t 13 feat thet iU will be
alzost imporsible to extract any  uscful know!«dgr of the
elastic=plasti: behavier 1f a material like {ron 1 uned for the
driver, The bulk velo~itien will alno be difflcule, 1  not
imjennible,  to measurse 1ecuriately.  Sinee there are some materiolsn,
mitorals for example, vor which 1t would be desirible to know  both
the lungsdtudinal and buly  wave voloaitien, we are plaaning ta
characltorise o lead alloy, so that elastic=plastic behavior caiuned by
the driver wlill not be pragent,. Thi: material can then be uned
{mpactor: on the gun experiment,

IL 1o pr.iably ohvious, but In all Lhese exjerizenta Lthe drive;s
abe il fmoaey, the material of  Interent direetly without oy
aterrenine, bare plate.,

i the mat rial o be investisated {a Leanspaprent {6 can be gned
an dta own aralyyer, By unine the equation of stat- of' the Jdriver
and tareet materiala Lo determine Lhe aheeg velecily in the  tarses
and by measuring the Lime when Lhe radlation besins Lo deopreans, Lhe
eat~h up ratio can be caloulated, I the target {a made of  acvepral
layera  whlen have had a thin film of aluninum depezited on them, a0
that lizht tranc:mianjon Lo reduced by Lten peroent o0 a0, then (0
shouli be pnanible Lo mAeanets Lthe shack  veloeily in the target
directly. Figz. 21 tlluntpaten  thtn, Ozeilloncope traces  are
reproduced {n Fig. o2 to fl1lunteate the tvpe of meanuremonta that can
b madn,  Thene are all bonded layern of fune! quarts impacted by  an
fron drivep., Eporoat 1 usned Lo bond the layera together becauna {tn
getuing time ia long,  Pleces are thorcughly eleaned and put in a
prean with a nmall dArop of epeeant {n each layer, A plaatice cunhiion
Ia uned to matntain preasure and to avold breaking samples, .n the
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record on the left small dis-

mow | quanrz continuitiea in the trace can be seen.

: o 2 In the originals these are seerr to be

; j7' small decreases in the radiation caused
- ! vapu ceramy by &lue on the interfaces. This was
3, 4 !ruli;iﬁ;irk becauce 1nsufficlent presasure was used
) oo T in the assembly. The other reccrds

l ; ! | show no indieation of this, but do show
DISTANCE a finite rise time as the shock front

Fir. 21. Schemalie for passey througzh the interfaces. It is
measuring overtake and felt that the increasn in radiation |is
shocx veloelties in indecd an almost real replica of the
transparent targets. shock front. That i3, theae windows
The opaque film shieldc are¢ in a sense acting like insitu
unwantcd lieht, gaugns. The slow rise time (ten ns s

typical) observed is probably real.

This could be due to the fact that
quartz has a very large phase chan’e and this must be done 1in the
shork f'rant, These rccords as well as the others are read with an
cptiecal comparitor that digzitizes the record. .These are put in  the
compirator, which diaplays the records on a sereen. Solected areau,
for cxample two adjncent interfaces, are magnified and normalized in
amplitude, They car. then be matched arnd the time between them
meazured.  Thus the wh.le trace in the region of Interesy is used to
obtain velocity mensurements,.

WA ALY

Filz. 20 Recorda showinge shoek wate arrivals in fused qQuaeta,

L occurrml to un that I we could introduce a small
pertarbation fn Lhe Lareel eausisg A mmall ahort progaure  pul-e,  {t
m) ht. Juat be posrible to aee iV refleeted back from  the
deiver=target  interface, I thia could be meanured the sound
veleoity could be measured  {ndepondent  of Lhe drivor propertioys,
There wan alao the ponaihility that thia perturbation mipght travel at
bulk mound  velocity i the target wan on ita upper yield surface,
Quite hiek nhimg were used In the flipst experimenta go that we could
be aure Lo ace  axmething, 1t didn't  take much to put hugn
perturbations on the records,  Later pocord:s using thinner shima  are
reproduend in Fig. 23, The pecturbavion of intereat in the rceorda
guenerally haa i decereaan followed by a riase. The last record on the
rignt {2 what was axpected.  The amll decprearea probably were cauied
by igluc jointa. The perturbatorns shoula be  deponlted rather than
glued tn place,  The amalleat aluminum ahim atock avallable herae, -~
soven mierona produced Lthe amall pulise seen in the third rigure. It
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Fig. 23. Four records =showing the reflection from a small
perturbation in the tarzet reflecting back from the higher impedance
driver and eventually overtakes the shock wave,

a represents the distance of the perturbation from the impact
interface and b the diatance from it when it overtakes the shock,
then the Lagrangian velocity is given by

ck = v (2a + b)/b (12)

Theae experiments can be done with the overtake experiments Jjust
deseribed.

SUMHMARY

Several applicutions utilizing the radiation from shccked
transparent materials have beon  deazoribed. These inelude making
temperature  measurements on  tranoparent materials, determinlng the
lonritudinal sound velocity at pressure and for some maveriala the
bulk velocity, which then can be used toe calculate the Gru cisen
parametler and the shear modulun at pressure. Estimated of the yield
strernsth  ean also be made. These experiments have led to tect.nigues
for makine very accurate shock veloceity measurementa.
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