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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 ecrystal
quartz, whien in turn allowed us to calculate the thermal expansion
of Si10, at high pressure and also the specific heat. Once the
radiative energy as a function of pressure i1s 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 tactniques are presented for
making estimates of the melting region and the yileld strength of some
metals under strong shock conditions,

INTRODUCTION

Los Alamos has been using the radiation from shocked gases for
many years to obtain equation of state data for other materials by
the flash gap technique developed by J. M, Halsh.' Most ¢f those
experiments were performed on materials where no radiation could be
expectud to be observed, and the few where it might be were usually
shielded by shimsy. 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 used this
eft:ct to Iinfer the temperature of some shocked solids. Until the
last fcw yeara this powerful tool was not exploited,

Dur'ng the following years considerable effort wasa made to
weasure the sound vclocit at high preasures; by ourselves aud
othera, Al'tshuler et al. in particular. Such efforty, ir
succeasful, could yield the longltudinal and bulk sound veloctiies
and henece the shear modull and the quest of the last decade or so0;
the elusive GiUnelisen parameter. Thesa oearly measurements were
basically of the x-t type and hence not time reusolved. The early
time renolve measuremepta wore limited to low pres:iure cexperiments,
The ASM probe’ and VISAR’ opened a new range of high pressure time
resolved expuerimention.

The techniquen  deacribed here war: developed for two
reasons: ohve to meoasure the radiation temperature of siocked
tranaparent materials; and two to measure the location of overtaking
rarefaction waves bhahind strong shockn and hence detormine the
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velocity of sound waves at high pressure, 1In additisn observation of
the radiation from the =shock wave has led 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 1impacted by a stailnless
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 smail slit with a sweeping image camera. It was
felt then, and now, that by observing the shock arrival at the
various gaps through the same slit that the shock velocitles could be
measured very accurately through each layer. These records olearly
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 clearly more or higher gJuality
data would be needed to locate acourately the exaot overtake
position, Undoubtedly the most important feature of these records
was 1grored; thit of the intense film darkening at the beginning of
the record and subsequent decrease. This record snows that fused
quartz radlates ooplously and that this cou:7 be used to determire
its temperature. Morcover it showed that thes: measurements offer a
sensitive method of determining overtzke wavo velocities. It was
over ten years later, while we were now Ilr .'r pirresent 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 as well as the decrcase caused by the pressure
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Fig. 1-b. Microdenaitome-

Fig. 1-a. Shock velocity vs ter soan of the photograph-
thickness through a stack of ic record. The spikes are
fused quartz plates. fron the flaash gaps.

release due to the flash gaps. The most 3alient feature ot oourse

i3 the decrcase in radiation oaused by the overtaking reclease wave,
The eleetronic equipment to exploit these phenomena were available at
the time. For oxample we are using photomultipliers developed even
earlier. This should have been a most shining example of serendipity
but unfortunately we weore looking in a different direction. It ia
aluwo of 1intorest that the decrease 13 radiation due to the
rarcefaction overtake si.en by Kormer et al. #as also disregarded as
an experimontal technique.

High quality shock velocity measurenenta oan be made by
mnonitoring changea in radi~tion levels as the shock passes various
interfacen. Since these interfacea can be made 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 elther
the temperature or overtake measurement.

RADIATION TEMPERATURE MEASUREMENTS

There are several wuays to obtailn temperatures from radiation
measurements, The distinction i1s basically the difference from
looking at the radiation from the following sources: nrarrow 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 laboratory. He determined the brightness temperature of
detonating nitromethane by phatographic techniques. Sinca we have
comparable photographic capabiii‘ies here, we decided to use his work
to calibrate the relative redlation of shocked materials to
detonating nitromethane.

To establish his standards he
calibrated to a tungsten filament,
0004 (™ tLe oarbon arc and the sun,

1000 I war 3 Assuming that the photograpnic film
et i responds uniformily to the

Canbon ]} rad!ation between 400 a2nd 700 nm he

e { 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
their converted measured brightness

tooy- Netsameihane _"

1o /7 Tunguen ‘| to the radiated energy scale, along
° 1 with the mecsured nitromethane

] pointe., in these experiments we

e d e Lol compare  the relative intensity of
Temperaturs ( kK) shocked quartz to that of

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

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

plate. ne sam3 plate with a range

Rad.atenn Mrerunny £eporiment of fowr in widths was uned for many

e g g s u . of tha nirromethane standardn. A
/T'wu l q NI Vel W N suite of cover plates; uaually four
ﬂL\Jumnc P wew) 7 steps with a range of two were uied
! i ] e 1 ., for tne unknown. %y suitabls
‘; ! ff‘t; . .. .., eombinationns over two orders of
Lot tan megnitude in  intennitier could be

l comparad, An explosive uystem used

on somc experiments (s shown iIn

Camere “ig. 3 and a reproduction of a

Fig. 3. MHioh axploajve system photographic recurd in ¥ig. 4, &
to view hoth tho nitromethanc microdensitometerr scan of  the

standard and tne unknown. record 1is reproduced in Fig. 5.



]

Fig. 4. Photographic re-
cord. The unknowns are on
the left. The bards on the
right. are the standards.
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Flg. 5. hicrodensitometer
scan of a photographie record.
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Fig. 6. Inverse percent
tranamisnion va ulit width
on the nitrowethuane.

hiastory of fused quartz
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Both film densities and inverse
percent transmission of th2 records
have Leen used to determine
relative intensities. A plot ot
inverse percent trarnsmission of the
standard (Fig. 6) gives an
indication of the inherent
precision of these measurements.
The o's and x's are readings from
openings of the same width but
different location. The two curves
on the plot are readings obtained
from different settings of the
contrcls of the microdensitometer,
Comparing the measured values of
the quartz with these curvas gives
the relative intensities of the
unknown to nitromethane.

The results of these
measurerents.are given in Fig. 7
where we have plotted the relative
intensities for hoth fused and
crystal quartz as a function ot
shock particle velocity or what is
equivalent to the square root of
the internal energy. Below
4.0 km/s both fused ard crystal
quartz lie on the same curve and
except fer the region around
4.2 km/s, are approximately on the
same but different curve 1n the
higher pressure regime. Clearly in
the region from U4.0-U4.2 km/s a
phase change haa occurred. This
was firast reported at the fall AGU
Meeting in 19Y79. In fused quart:z
shozked above §,2 km/s the
photopraphic records show that as
tne rarefactiorn frcm the HE side of
the driver nvertakes the shook in
the quartz that ther: is first a
decrease in radiation and then an
increase which on occasion rises to
higher levela than the original
radiation. This can be seen in 8-a
where a reproduction of an
oscilloacopeo recor:t shows the time

shocked to a particle velocity of
approximately 4.2 km/s. Theore

is a fairly rapid lIncrease in

radiation, ~ 10 ns, fcllowed by a near constant level and then an

{1icrease and subsequent riecrease.

Examination of the region Jjust

bet'ore the {increase shows a slight decrea.ie. What has hdappened is
that the rarefaction has just overtaken the shock front and with
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—T T T T T T T T further decrease in pressure the

v Cover S P radiation increases until it

B o /4/‘ E oty reaches the maximum of the first

o " ’ 4 phase, Assuming that the record-

P ] ing system 1is llnear we find the

.,y - increase to be approximately a

. s J factor of three 1ndicating that
S ] perhaps the line drawn for the
ol ) high pressure phase should have a
Edrlrﬁr+~+ by s ey g et higher slope golng closer to the

O]
Partinhy Vet Sia s iene

. two low 1intensity points. An-
Fig. 7. Internal energy vs rel- other feature of interest 1s the
ative radiaticn energy for 5i0,. crystal quartz data at about
4.2 km/s. It can be seen that
the 1intensity 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 reginme,.
The decrease in intensitv is due tec the shock entering the high
pressure phase of the fused quartz. The rarefaction eventuzlly
catchies the shock and the pressure decreases until 1t 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
oscllloacope record showing this is reproduced in Fig. 8-c.

—_—
...................................................

Fig. 8. Oaecilloscope records, (a) Shock running through fusnced
quartz showing the increase in radiation Just as the shock wave 1s
degraded by the rarefaction wave. (b) Shocki into ecrystal quartz
beluow the phase change showing sharp decrecasc in intenuaity when {t
recaches funed quartz. Fused quartz is shocked into the high presasure
phase, The rar.faction in the fused quartz showsa the same features
as 8-a. (e) Relaxation soen in other experiments, The radiation
in-'rcases when it enters the fused quartz. Rarefaction behavior iro
the same but modified because of the higher preuasure,

This would appear to be a manifeatation of a metastable state re-
laxing to seme equllibrium vaiue. There are still some interesting
featurea ot" the behavior of shocked 310, that additional experiments
might reaolve, In particular are the oscillations in fused quartz
when shocked directly into the tranaition region. This phenomena was
reported in the 1979 AGU Mcetiug. We have since observed this four
times, twice with photomultiplier syateis. The data of Fig. 7 have
been transformed to temperature vs pressure -ia Fig. 2. We have used
‘thosn P-T curvea to determine the apecific heat at coustant volume
and the thermal expanalon at conastant 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:.tude as well as the black body assumption.

RADIATION MEASUREMENTS USING OTHER DETECTORS

Probably the most desirable featur2 of the measuring technique
Just described is having a calibrated standard on each experiment.
In addition the logaritnmic 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
ilgnt, nonuniform background and the 1loss of sensitivity Jjust
mentionecd, 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 choiaces for measuring radiation
temperacures. One weakness 1n using these is 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 1is calibrating the system so that the static and dynamic
outputs are exactly the sanme. Accounting for window surfaces 1is
nontrivial and putting a detcnating nitromethane radiation pulse on
the records through the same optical system in [probably impossible,
What we have done 1s somgthing very cloue to the impedance match
technique developed by Walsh.'! In fact for complete analysis of the
experiment one must make auch a calculation. We simply sandwich the
matrrial Lo be investigated betweer two plecea of a "standard.! The
standiard should be characterized both hydrodynamically, so the
impediance match calculation can be made, and radiatively wise so that
the radiation from the unknown can be compared with it. It is
deoirable to match the radiation levels from the atandard and the
unknuwn as well as poaslble for maximum preecision. It is also
descirable to mateh their shock impailinces so that the refleeted shock
or rulcane wave from the unknown sample can be used to estimate the
Granci.:en parameter after its Hugounlot has Yeen measured. An examplo
of this type of axperiment 13 shown in Fig., 9. Extremely accurate
shock velocelties can be obtained with this tueehni.ue,

Fir. 9. Radiation from a quartz sandwich

A - experiment done on a 2024 bane plate, The

radiaticn btegins when the ashock enters the

\ firast fused gquartz plate and decreases

when it cnters the crrystal plate and rines

again when {t enters the fused quart:s

CAVMWWAMAVWVAMANY  COVar plate, Relative intennltien as well
an shock velocltiea are meuasured,

If the radlatlon from the two materiala are conaiderably  different,

filtern can e uned at one Interface to match the radiation, but the

shock vrloeity meanurcments will sut''er accordingly as will tho

inherent preciaton in determining prossures in the three shock atatuen

from the radiation loveln,

To ahatract the tempepature from  theaw meadurementa one  musat

ealeuliate a radiation-temperature curve similar to Davin's, uning the

spectral response of' the ayantem overr the appropriate frequency range,
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The temperature of the standard for the experiment must be wused to
eatablish 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 signal.
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
assembling a time resolved spectiometer teo sample about ten spectral
bands and a nontlme resolved spectrometer to sample at 512 wave
lengths,

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 ont2 a
target plate. A drawing of the idealized shock-rarcfaction 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 in

Eurssul DAY T ey considerably more detail than 1s done

c _,(jffp here. 1In tnis schematic the interaction

3 et [jT\ET of the rarefaction waves from the

2 L‘;ﬁf“iu'ﬂ . v HE-Driver iwtcrface, referred to here as
N\ ‘/{_:_j“‘m—«\\_ the back ajde, with the shock wave in

DN e e— -2 the target decreases its velocity in a

- T ce - nonlinear manner. The firat degredation

Iotat b cuomea from what has been designated as

Fiy. 10, Sclapatle of 2 the lead characteristic, which travels
shasi aied pareractlon from 0 at the longitudinal velocity in this
symratrical  dmpact of an example of an elastic~-plastie solid.
Lileal elastiv-plastle wolids The bulk rarefaction wave further de-

ernasna the shock veloelty to that gov-
ernsd by the tail  characteristic. This state is determined by the
pressure builtd up when the il vases iapinge on the back side of the
dirtlver when it 1y dedelerated by the initial ahock. We havd
indieated by the amall innet drawing the banie diftf'erence between the
typer of cexperimenta derteribed her'e and those done with an insitu
gaumt orr thoae that monitor veloeitien at an interface, If pres:uurc
ard  time ween meanared both gauzira would record the same prensurd
Juvela of the differont {nteractionn, However, the time seales would
not bt the same and a linear transternation woeuld not auffice Lo make
then Lhe  aome, In all the experdimeuta desnerided here we are
mon!tcring “he radiation emitted f'rom the shock firront,
1V we reatrict our atiention to the lead eharacteristie it ean
bn feen Lhat by aquating the time for the showk to go threugh  the
driver plun the time when  the varetaction through the driver and
tareet eatehes the shock in the delver witn thit ashock tranasit time
then the bhaganedan nouml  velo:ity, <, in given by the following
edquatian:
¢k o= U (e 1) /(=) (1)
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Here Ug is the
thickness where the catch up occurs,
shocked material i1s given by:

shock velocity and R the ratio of target to driver
The sound velocity, C, 1in the

c = cl (posp) (2)

where po/p 13 the ratio of the initial and final density. In this
case the sound speed would correspond to the longitudinal component
which we designate as GC;. The velocity of the second lead
characteristic is referred to 2s the bulk velocitv, Cg- Thus 1f R
can be measured, the sound velocities can be determined.

In the preceeding sections it was shown that from some
transparent materials coplous radiation is emitted from the shock
front and that the amount i1s 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 1in 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 material can not be determined,
However, 1if several measurements were made on the same experiment at -
various target plate thicknesses the times, At, for the shock to be
overtaken 1n the transparent material zan 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 overtaken the shock in the tar~get. This position is
independent of the properties of the transoarent 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. 1In
this figure the left going character-
istie from the target-analyzer in-
teraction have been drawn with the
same 8lope, a case that exists {f the
analyzer has the higher nhock imped-
T anac. This of course is immaterial

if only the 1leading wave iz con-
sidered,

In all the experiments the ra-
) . _ diation 13 viewed through amall

- (typically 1 mm diam) apertures pluac-
ed as c¢loge as possible to the analy-
zeran by light pipes ~15 mm Away.

-—

Fig. 11, x-t plot showinp

how by meanuring the time for
the rarefaction to overtake
the shock in the analyzer
that its velocity 1n the
tarvet can be determined.

Thua the signala are averaged over an
area ~2 mm in diameter. Two baffles
buetween the light pipes and apertures
prevent most of the unwanted radia-
tion in the syntem from entering the



light pipes.
that shown in Fig. 12.
ten or more have been used,
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Fig. 12. Target assembly for
high explosive experiments.
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Fig. 13. Target Assembly for

two stage gun experiments,
Small disk on the impact side
give the desired variable

target thicknesses,
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Fig. 14. A reproduction of a
photographic rceord to deter-
mine the difterential (Ug-Up)
velocity and hence pressur:,
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For explosive systems the target assembly i1s much 1liie
Here five levels are indicated but sometimes
The lower part of the assembly is

used

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

be accounted for. An
assembly wused for two stage gun
experiments 1s shown in Fig. 13. 1In
this particular assembly the steps
are placed on a circular array on the
impact side of the target. This
keeps light coming from strong
interactions at corners from com-
plicating the records, Differential
velocity measvrements can also be
made with this 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 coupled
with the measured projectile velocity
determine a Hugonloc point., A
reproduction of a photographic record
used to determine the shocik pressure

rise times can

" 1s reproduced in Fig. 14 and the type

of oscilloscope . record to m2asure
shock velscities on the two stage gur
in Fig. 15. From Fig. 14 it ic found
that the average time smear caused by
bow and tilt over a two mm diametcr
arca i1s about one ns 1in the region
used to determine the overtake
velocities. Records obtalned in the
central reglon have easasentlially no
loss of time resolution due to tilt.
We have used three materials as

analyzers: fused quartz; 3 high
density glass, p ~ 65 gm/¢cmp’; and
bromoform, Br,iiC,p~3 gm/cm”. To

demonatlrate that the detection of the
firnt oveortake is independent of the
analyzer, experiments were performed
using all three on the samc shot.
Reproductionn of the roecords are
shown 1in Flig. 16 and Lhe derived At
va thickness data in Fig. 17. The
resulta of an experiment on 2024 A1
designed to measure the first wave
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Fig. 15. An oscilloscope re-
cord showing how tnhe differ-
ential velocity can be mea-
sured on the two stage gun,

X*60mm Xu96mm

- —— e ——————— e —

FUSED SUARTZ

————Q\N:::ﬁs -

BROMOFONRM

~

.l—————'———-—\l— ag—

HIGH DENSITY GLASS

Fig. 16. Overtaking waves
at two thickness seen by
three different analyzers.
The time marks are 0.1 us.
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4 © FUSED QUARTZ
O BHOMOI'CRM
+ HIGH DENSITY GI ASS

TME (us)

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

Fig. 17. The measured over-
tako time v: tuarget thickneas
from the re.or.ids of Fig. 16.
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arrival are plotted in Fig. 18. The
sigma for che catch up position
determined frcm least square analysis
of the data was 0.3%. Since the
catch up ratiec 1s appreaimately four
for mcst materials these errors are
reduced by approximately one half for
the derived sound velccitles,

Since the sound veloelty 1is
proportional to the shock velocity
any errors in determining the shock
strength are reflected directly in
the derived sound speeds. However,
this is really only very important if
sowe 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 is nearly parallel to
the true one. There i3 a source of
error in the explosive experiments
that is rontrival. This 1s the
change in driver plate thickness due
to plate stretching while being ac-
celerated, This is not a constant
and varies from orie explosive driver
system to another. We have framing
camera records that rschow that this
can be as large as one percent in
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 those
performed on the two stage gun; which
are not bothered by this effect.

S50 far we have restricted
ourselves to measuring the lcad
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 1in
regards to the elastic-plastic behav-
ior of this material under strong
shock conditions. In the threc re-
corda on tho left the first break in
the traoes is due to the longitndinal
component of the relnase wave. The
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records for
overtake locations.
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Fig. 19. Records show-

ing the change Ln slopa
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second break much less well defined is due
release, In the
recorrds 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 1is
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 ~ase. The intercept gives an
approximate value for the bulk sound
velocity using the previous analysis,
However, for an accurate value, the
interaction of the analyzer (bromoform was
used here) with the targe: must be
accounted for as well as the shock
dezredation in the target due %to the
finite yleld 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 velocity for
the remaining 5.5mm of run can be

accounted for 1in a reasonable manner,
Another correction 1s needed Lo account
for the decrease in 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 measuarements using bromoform
as an analyzer we have determined the
relative radiation intensity as a function
of pressure in the 2021 A1 target. Hence
the pressure in the target can Dbe
estimatced by the decrcase in intensity of
the bromoform. 7The equation for this is

P = Po-U7 log (Io/I) (3)
where P i1s the preosare in GPu's and Io/1
the ratio of intenaities, From the
recordu it appears that there Is  about
10 GPa prossure release beforce tha bulk
wive {3 sceen., Fven thoush thls looks like
@ large corrcction the facet that the R
valucas change very 1little with prassure
implicn that even conuiderable eorrors in

making tiis correction will have but a
small eff'ect on the bulk sound velocity vs
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pressure locus. This measurement can be used to estimate the yleld
strength but there will be fairly large errors since this 1is 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 has the advantage that its behavior should be ideally perfectly
plasti~,

The Grineisen ratio, Y, can be obtained from these measurements
from the follecwing equation9

_ [ tdr/dv)yyg -(dp/dv)glav

Y = (4)
PH+ (dp/dV)HUG (VO-VH)
where the standard notation has been used and
(4P/7dV)g = =(pCp)2 (5)

Bulk sound velocltles calculated so far are in zood agreement
with thoce ealculated with py = constant.

Work in prorress on Cu and 2024 Al ind.cates that melting does
not besgin to Sccur until wround 120 GPa in 2024 A1 and 160 GPa in Cu.
Ca}culntions1 dono ecarlicr indicated that the Cu Hugoniot would
eross the melting phase 1linec at about 133 GPa. A tentacive
exnlanation for this discrepancv is that the electronic contribution
to the specitic heat was not used in those caleulationz. This would
have very little eft'ect on the calceulited phasne line since 1t was
nevlected for both phanes, However, it would cauie the ealculateuy
temporatures 1lons the Hupgoniot to be too high cauning the Hugrniot
to eaero.n the phase line at too low a pressure, More data are neceded
Ln determine these poluts morae preciacly and alno the prensures where
the anterials appear te be completely melted.,

OVERTARING VELOCITIEN IM I''S5YMMETRICAL 1MPACTS

[t 13 untortunate that aymmetrioinl impacta cannot be used with
azl the materiala that one would like to inventigate, This 1is
especialiy true with the exploalve experimenta whe=e it is Jjust not
poraible to accelerate nome malerlals to the veloclities desired
withuut,  hpeaking them, It the dediver haa beca welll characterized L
i1a pusnible to ane {t to impact other materiatn to detorsine thene
rarelraction  wave vetooltieg, Apain If we equate tho appropriate
times forr Lhe eateh=ap oquation but alatinegnish the driver and tapaert
with the approprelate aubacreipts (O and T) we obtaln Lhe following:

T (v} Cﬁ Cf

20
vl Ly 1



but cl = Ry (8)
where R" = (Re1)/(R=1) (9)
v
1 1 Up | 1.
then —— =z 1-==11+—7; = 1-F/K (10)
[Te R Up ;'
[ ]
and hence Cp = (Us'up)T R (11)

Ac would ve expected, C 1s more sensitive to errors in measusring R,
which is the actual catch up ratio ¢f the experiment, than in tlre
syometrical experiments.

The rosults of these measurements, as in the symmetric impact
ones, are quite inaennitive to errors made in determining pressure,
Moreover they are rccsonably insensitive to errors in the values of R
used for the driver. In our work on 2024 A1 it was found to be
necueriary Lo use iron drivers if we were to go completely throujih the
meltin;; region. Using R® va P deterained from the data frox Ref. 8
below thu transition resioa, we find that the value ef F in the above
equiation.: chanved almost linearly from 2.29 at 80 Gla to 2.346 at
160 GPy, The other preurure dependent term, (U -Un). changys only
ten pereent in that preraure regime, 1t 13 feat thet 1t will be
alzait  imporzible  to extract any  uneful know.:dg* of the
elastic=plantie behavier 1f a materinl 1like {ron 1 uzned for the
driver, The bulix velvoitien will alse be diffleule, if not
impennible,  to meazir e accupately,  Sinee there are some materialn,
maitieral:; for eoxample, vor which it would be desirable to knuw  both
the leagitiellnal and  bulk  wave veloedticw, we are  planting to
charavieriee o lewd alloy, no that elantic=plastice behavior cocied by
the diiverr will not be prageat, Thi: material ean then e uned
impactors on the gun experiment,

It Ia pr.tably obvings, but in all Lhese exjerizenta the deives
nhe ul imiest, the materlal of Intepest dieeetly without  my
iateerenine, bhawe plate,

i the mat- rial o be inveetioated ia Ceansparent {6t can be gead
an dta own nralyver, By unime the equation of state of' the drivere
and tareet malorfaln Lo determine the aheek veleelty in the  taroes
ani by meazuring Lhe Lime when Lhe padiation besine Lo ddecpease, the
eat-h up ratia ean be caloulated, 1 the tarset i mube off  acveral
Iayeri whlen have had a thin fitm of alosinm depezited on them, a0
that tizht trmemianlion Lo eredused by Lten percent or s, then 0
nhoul ! be poanible Lo @measeres Lthe shock  veloetity in the target
directly. Fiz. 21 flluntpeatea  thin, 0:ef 1 loncope traeen are
repreduced in Fig, &0 to [llunneate Lthe tyvpe of meanursmnntna that ean
be mudn,  Thene are afl tomledd layern off fuie! quarts impacted by an
fron detvep, Epoceat tn unmi to boad the layera tousther becaunas {tna
gettine time ta long, {'tecen are thorcughly eleaned and put {n a
prean with a nmall strop of epoecant in mach layer, A plaatie cunhiion
fn uned Lo matntabe preaaure and to aveldd beeaking samples, .o the
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record on the left small dis-
continuitiea in the trace can be seen,
e 2 In the originals these are seern to be

j?r small decreacses in the radiation caused

wow | QUART?

§oa vaAB w cpeceey by Zlue on the interfaces, This was

!ruli;zﬁJ;:~ becausze insufticient presasure was used

7 ’ in the assembly. The other reccrds

| show no indieation of this, but do show

BISTANCE a finite rise timec as the shock front

Fir, 21, Schematle for passey through the interfaces. It is
measuring overtake and felt that the increasn in radiation s
shook velacelties in indecd an almost real replica of the
transparant targets., shock front. That 1s, these windows
The opaque film shieldc are in a sense acting 1like 1insitu
unwantcd licht, gauges. The slow rise time (ten ns s

typical) observed {s probably real,
This could be due to the fact that
quartz has a very large phaso chan’e and this must be done in the
shork ft'ront, These rccords as well as the others are read with an
cptieal comparitor that digitizen the record. .These are put in  the
comparator, whicn diaplays the records on a screen. Sclected areas,
for cxample two adjncent {nturfaces, are magnified and normalized {n
amplitude, They car then be malched and the time between then
meazsurud,  Thus the wh.le trace in the region of Interesc {s used to
obtain veloeity mea:iurenents.
_—
g '.\
\
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Fle. &0 Hecordp ghowingg shoek wiate arclvals In fused gqnuacts,

It occurrmi to un that I we could i{ntproduee a amall
pertartution fu the tareet caunityz a amall ahort prosaure pulse, It
miprht Juat be pontible to naee It refleeted back  from  the
dpelver-tarset  intertace, It thia could be mea:ured the acund
volueeity could be meiuairtd  sibspendent  of the dvivor propwerticen,
There waat slao the poaglhility that thin perturtution mipht teravel at
bulk% snomd  veloelty {f the target wan on itn upper yootd surfaee,
Quite . hilvk ahimg were ased In the fiprat experimenta no thal we could
by mare Lo ace  ammething, 1t dJdidn’t  take much to put  huge
pertarbations on the recorda,  Later record:t using thinner shima  are
reproqueed  in Fig., 23, The pecturbntion of intepeat in the recorda
generally haa a deepeann followed by a riaes,. The laat redord on the
rignt {n what wan oxpected,  The amall decrvaren probably were caunel
by gluee jointa, The perturbatorn shoula be depoalted rather  than
glumd tn place,  The amalleat aluminum ashim atoek available hera, ~
seven mjcrons produced the amall puliae soen in the third tigure, It
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Fig. 23. Four records showing the reflection from a small
perturbation 1in the target 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 distance from it when it overtakes the shock,
then the Lagranglian velocity is given by

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

Theae experia:nts can be done with the overtake experiments Just
deneribed.

SUMHMARY

Sevoeral applicutions utilizing the radiation from shceked
transaparent materials have been  dez-wribed, These inelude making
temperature  measurements on  tranaparent materials, determining the
lonzitudinal sound vueloeity at prevsure aad for some maveriala the
bulk veloneity, which then can be used tc ealeulate the Gru visen
parimeler and the shear modulun at pressure, Eatimater of the yield
atrensth  ean also be mimle, Thuenr experiments have led to tech.nijquean
for makhw very acecurate shock velocelty measurementa,
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