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BROMOTVFORM (Cliidry) — A VERY HIGH-I"RESSURL SIHOCK-WAVE ANALYZER®

R.G. MCQULEN and D.G. ISAAK

Los Alamcs National Laboratory, Los Alamos, NM B7545 USA

Bromoform, ClIBry, appears to radiate like a black body. This means that the amount of radiation emitted from
the shock front is extremely sensitive tc temperature and hence even more sensitive to pressure. This feature has
been exploited to locate overtake waves in impact experiments. Heretofore, bromoform was used only for making
timing measurements, However, il its P, V, E, and T EOS are known it could be used as a high-pressure analyzer.
Measurements to detctmine the Hugoniot, the Gruneisen parameter, 4, and its optical radiation characteristics

are described, and picliminary data are presented.

1. INTRODUCTION

Experiments to determine ravefaction wave veloc-
ities in opaque materia:s using optical detectors have
been done for several vears, The technique' detects
rarefaction waves in ma-erials by using CHBr; or some
riher transparent mucerial placed in front of them
tha! radiates when shocked. The material of inter-
est is made several thic'cnesses so that the rarefaction
catchup wave occurs at different levels in the analyzer.
Since the location where the shock and rarefaction
Loth reach the materinl-bromoform interface at the
same time, giving the oertake ratios for the material,
the EOS of the analyze: is immaterial,

llowever, the records of the radiation history ob-
tained in these experiments contain considerable infor-
m.ation on the elastic-plastic flow behavior of materials
at pressiires not passible to record with currently avail-
able gauges. To date, this technique has been nsed suc-
cessfully on materials sliocked into the multi-megabar
regime. At low pressurs there are several techniques
that carn resolve the rhe -logy of smali-amplitude stress
waves. llowever, there are some low-pressure, a few
10~ of Cii’a, rxperimen s that require the tiine resn-
hntion availaide in thes - optical experiments. An ex.
ainple of thix is the rec »rd shown in Fig. 1 where the
detonation wave in 940., 11E interacts with Clil3ry. A
riplica of the :vaction zane and Tavlor wave can cieariy
Le seen. Il a 1:0re compiete EOS of the analyzer werre
known a Lagrangian 1-1) hiydrocode could be used to
model the reaction zonc in the explosive.

There are many mai -rials that could he nseil as an
analyzer I'vea [eatures inake CHBry the material ol

chinice 1) e whiqqmid,  hich means that i will exhitar

Tl wark was cuppor ed by e US Departinem of
I.nergy

hydrodynamic behavior, free from elastic-plastic be-
havior of its cwn; and 2) its density, 2.87 g/cm?, is
probably the highest of any liquid thiat is easily han-
dled.

2. EXPERIMENTAL TECHNIQUES

The experiment is to impact CHBr3 with a metal
driver and to measure the location where the rarefac-
tior from the back surface of the d:iver overtakes the
shock wave in the CHBry. To do this it is neces-
sary to hold the target plate horizontal and impact
it [rom above without any intervening material, which
would detract from the inherent precision. This also
allows us to make the measurements over as long a
distance in the target as possible, Because it is very
compressible, the driver, D, to target, T, catchup ra-
tios, R, = D/T, of the systems, are quite small, as

| ]

FIGURE 1
An oscilloncope record of the radiatinn coming frem
9404 I, and bromofurm. Tlie initial 'nerease in ahe
radiation comes from the shine througi. n the ransin-
cent 111, The decay repracents a repliva of the reaci
zone of the 1E. Excellent time resoletion (-1 ns) can
be obtained ir these measure. nents bhecanse there ase
no pertnrbations introdveed hy tho genges, bhut 1
must be anplyzed through the behmvwr of the ClH- .



are the target thicknesscs in the higher pressure experi-

menis. The experiments to be described are ITugoniot,

sound velocity, and radiation measurements.

2.1 Hugoniot Measurements

A cross-sectional view of the assembly used to de-
termine the particle velocity, U,, and shock-wave ve-
locity, U,, velocities is shown in Fig. 2. A similar sys-
tem, withont the CHBr3 and mylar film, was used to
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FIGURE 2

The reservoirs for the differential shock velocity r:ca-
surements were made rom 6061-Al, were ~23.::in
wide, and were held flai on the Plexiglas block with
double stick tape and glue. The grooves were from 2.5
to 5.0-mm deep and corered with a 5-um fim.

determine the driver velocity, Up. The shock arrivals
were recorded with a sweeping image camera. The
lHugoniots of 316-SS and 5061 Al used to calculate the
1Tugoniot data and sound velocities were

U, =529+1376 U, (1)
U, = 4.48 + 1151 U, (2)

Respective densities uscd were 2.703 and 7.93 gmcc.
Our data, along with Ramsay's? and Sheflicid's,? are
shown in IFig. 3. The high pressure data are adequa:vly
described by 1lie relatio iship

U 18D 41380, . (1

2 2 Soum] Velucity ! leasurements

The type of assembly used to measire the over: ke
position is shown i Figs. 4 and 5 and a record obtai;.ol
with itin IFig ¢ The sonnd velocities were calentar of
fiorn I,, through the eynation'

I T N 0
( '."' § T "l, 'l,) (,"", '

Mere, 8 he Liy rangian sound velocity .
Lineed by finddes 2 where the lead charactenstic af e
ravefinbion va. e anterse ts the shoek loens in 1ie g

nesfonm T a1 D reler 10 the target and o

respectively,. The U's are the shock wave velocities.

The sound velocity of the SS and Al needed Vor this

analysis were hased on other overtake expneriments,*®
1 ]

E SWrOr g - CONIC!
[ = e i
o |- o s g aad /.
) WUYILD ) /
[
FEN
S [
T E
[3 -
F
[ I ol
=~y
5 ¢
¢ F
I
1 o
83
Ay
- -
Ve
o -
[ 'Ep
, i [
L] ] 1 ] v ]
#ear TLE VELOILTY L L74

FIGURE 3
Our U,-U, bromoform data and carlier results by
Ramsay? and more recently, Shefficld.* Ramsay ob-
served a loss of transparency Lelov: 10 GI'a. The kink
in this enrve occurs at ~13,5 (1.
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An assembly used for obtaining the sound velocity.
In principle, the position where the rarefaction wave
caught the shock wave could be caiculated from the
shock velocity in CHBrj. It can also be found inde-
pendent of time. To do this, 5-um-thick mylar films
with a partial light-absorbing deposition were placed
in the liquid. Each rod-ring-mylar assembly was glued
together separately and measured. ‘I’he mylar was first
stretched and t'ie rings glued to it and then the rods
to the rings. T e rods not only allow the bromolorin
to fill the aystem but offer the minimun bearing snr-
face for optimum pracision support of the rings. These
subassemblies were then giued in sequence from the
transparent window upward. The total thickness [romn
the hottom of the winndow to the top of the rods was
recorded at cach step. The top ring, which holds the
opaque film, prevents the hromoform in the reservoir
from coming on to the film. Because of the problem
of the bromolorm bulgiig the upper mylar, the upper
subasseinbly was made as thin as possibie thus mak-
ing the spacing between it and the next film as large
as possible. This large separation was nsed to estab.
lixh the distance reference. The radiation falls on light
pipes that transinit it to PMTs.



Since for metals the sound velocity on the llugoniot
is nearty eyqual to the shock velority 8 we have de-
terinined i s:mall correction term to obtain the lon-
gitudinal sound velocity, C;,, from the shock velocity
through the eqnation

CL =|1.22-0.02 UPIU- . (5)

With the llugoniot and -ound velocity, the Grineissen
parameter, ~ is obtaine!l from

_ {(dP/aV)y - (dF[dV),} 2V 6
" Py + (dP[dV)y(V, - Vy) (©)

where the derivatives are along the Hugoniot, H, and
iseritrope, s.” When the Hugoniot is given by the lincar
U.-U, relation and the compression, 1, by
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R’ in the above, Eq. B is defined as
R =(R+1)j(R-1)=CYU, . (9)

R in Eq. (9) i the catchup ratio in bromoform for a
syminetrical :mpact. An unexperted complication was
cncountered in the higler pressure experiments. The
R, increased {roin ~2.5 to sorething over. This lie-
havior i+ tyvp.ca. when shocking 2 metal over it b
g point wime the head of the rarefaction wave ien
travels at ii: «Raracteristic buli velocity instead of * i
iongitadinaj ¢ aritv. This sitva’ 0! does o' exis: g
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TABLE 1.
ud Up Us r RHO Rsys Rbrom C Ga

S4.63 7.69 S5.24 40.5 5.90 2.09 2.90 5.24 0.6)

-95.12 2.98 5.55 47.5 6.20 2.94 4.39 4.09 1.26

-5.60 3.22 S5.91 S4.6 6.31 2.14 2.86 5.59 0.75

-6.00 13.29 5.94 56.1 6.43

-6.00 3.26 5.91 55.3 6.40 .

-7.13 4,01 ?7.00 BO.6 6.72 2.26 2.92 6.11 O.85
5.68 4.12 7.18 B84.9 6,73 2.73 2.15 B8.37? 0.7
5.77 4,18 7.24 B86.9 6.79 2.80 2.23 B.0) 0.8)3
6.25 4,50 7.77 100.3 6.82 131.00 2.36 B8.06 0.92
6.70 4.80 B.04 110.9 7,12 2.90 2.26 B8.39 0.9}
Al]l velocties are in km/s, P in Gpa, Rho in gw/cc,

C is the bromoform sound velocity. Ga=V(DP/DE)v,

the - means the driver vas 6061A1, all others 316SS.

2.3. Radiation Calibration Measurcments
The radiation calibration can be as involved as
measuring the temperature along the Hugoniot, which
then could be used to determine the radiation proper-
ties af the bromoform, or one ci:n just specify the radi-
v beliavior relative to semie standard as a fi:nction
of pressure or somc other Hugonior parameter, c.g.,
U,.. The former case would be a major effort, but
1he latter procedure can be done with 2 minimum of
equipment and only a bit more eflort than doing an
overtake measurement.

FIGURE 5
i"intopraph of a set of opaque films monnted on their
snjport ring. This set is of very high quality as can
he seen from their mirror quality. I'he measurement
ol the location of these filnis is the largest sonrce of
crrors, and is estimated to cause --2% uncertainty
nv one determination of the overtake ratio.

\Vith reference to Fig. 4, it can be seen that the
i nal components are quite simple. The holder 1<
tiele so that only the radiation from the shock front
passes throngh an aperture, 0.5-2.0 mm in diameier,
to the fiher --20 mm away. Thus, depending on the <izrv
S apernirres, windh s dieeesminal by the ame 0
Sormhatew expectmd e gnal g oltained fron e

ol sl area 1o 0 daneter Since o

s raluar Lo he recapded e VeTvosensiive by pres e
et besome way 1o can Sate the s vetem so U

boacl can be obtamed  We Love paed g mexpens . ..



repetitively-pulsed xeiion light source to establish the
relative radiation from one experiment to the next.
The one we used is callcd a Stroboslave,® which when
coupled with an elliptical reflector, generates a pulse
~5-ms long every 10 ms with enough radiation to cal-
ibrate the most energeric experiments. In designing
and setting oscilloscopes for an experiment it is nec-
essary to estimate the amount of radiation to be ex-
pected. \We have found it convenient to use the ratio
of the radiation mecasured on the experiment to that
measured from the light calibrator, see Fig. 7. Thus
knowing the velocity of Lhe driver, the relative amount
of radiation to be expected is given by

[ =173 UL PE . (10)

As a calibration curve is established the pressure in
the bromofosm as a function of the relative radiation
can also be determined.
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FIGURE 6

Oscilloscope record showing the increase in radiation
as the shock wave passcs the thin films. A sharp de-
crease in radiation is observed before the rise because
of the decrease in pressure or light transmission when
the shock wz=r passes tiirough the film. The decrease
in radiation when the r.refaction overtakes the shock
front is also easily idertified. The marks cleazly es-
tablish the r.-iance (b'sed on the asseinbly record)
and tte bre:. gives the location of the overtake. The
drivers were “ 1 10 2 mm thick and were known 10
3 um.

One add: wrnal caliliration is required; that is the
response of i+ PMT to the light stimuli. This need
only be done soe {or eich PM system, and it can ta
done using 're <trolie light and nentra! density filters.
Thus, the val:age output on the record can be trans.
formed ta re 2 oe Light intensity and the P ve 1)1,
nction can - Serdd to transform this 10 presenre as
w limeveer 70 A tanimg or seferernee pressanee
mnst he esig ~ed oy some cnher measnrenen
e expere 0 Tl Gails of the Qow can thon be

obtined a= . aealby we
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FIGURE 7

LOG-LOG plot of the square of the SS driver velocity
vs the ratio of the voitage signals from the experiment
and the calibrator.

SUMMARY

The llugoniot of bromoform and the sound velocity
on the Ilugoniot are presented along with the calcu-
lated thermophysical parameter V(dP/dE)+\.. Values
of v are good to about 10%. A rather simple pro-
cedure is deseribed that can be nsed to make optical
measurements with bromoform for elastic-plastic stud-
ies at very high pressure.
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