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LIQUID SOUND SPEEDS AT PRESSURE
FROM THE OPTICAL ANALYZER TECHNIQUE*

J. N. Fritz, C. E. Morris, R. S. Hixson,and R. G. McQueen
MS, MS C970

Los Alamos National Laboratory
Los Alamos, New Mexico 87545 USA

The optical analyzer technique has proved to be a useful means of obtaining wave velocities at high
pressures. Stepped wedges of the investigated material emit shock, and later, rarefaction waves into a
transparent analyzer covering the material. The time interval between shock an,_ rarefaction plotted versus
wedge thickness gives a linear plot whose intercept fixes the target/driver thickness ratio for exact wave
overtake, and thus gives a relation between the shock velocity and overtaking wave velocity at pressure.
The slope of this line is intimately related to the wave velocity at pressure of the artalyzer in front of the
wedge. This aspect of the technique has not yet been exploited. We present tile appropriate analysis, some
data on bromoform (one of the analyzers used), and discuss some possible applications of this technique.

INTRODUCTION in the liquid analyzer. Several shots have been

'_he optical analyzer technique i has been used analyzed using stainless-steel targets to measure
sound speeds in bromoform. These efforts were

to measure release velocities in a variety of metals.

Sound-speed accuracies of tile order 1% allow de- quite successful. We believe this technique can
also be used on liquids at cryogenic temperatures.

termination of derivatives on the equation-of-state
Because the liquid needs to radiate like a black

surface to the same level of accuracy as Hugoniot

states. Several high-pressure phase transitions body to simply correlate radiation records with
wave arrival, high-pressure experiments are par-

have been detected in metals that were not appar-

ent from the Hugoniot data. We will show how the ticularly suited to this technique.

optical analyzer technique can be used to measure WAVE RELATIONS
soun,:l speeds in liquids. Accurate bulk moduli can

be determined for validation of theoretical rood- Our results will be obtained from an analysis
of lead characteristics propagating into constant

els, in addition to the possible detection of phase

tran,itions such as shock-induced dissociation and states. Fig. 1, in the time-Lagrangian coordinate

ionization. In the conventional application of the (t-y) plane shows the waves of interest. The dot-
ted lines are applicable for impacts between the

optical analyzer technique, the overtake time in
stainless steel driver and target that produce pres-

the liquid analyzer (usually bromoform) decreases
sures less than those that result in melting on the

linearly with increasing target thickness. From
ttugoniot (P < 227GPa). We analyze the fluid

the intercept of this overtake curve on the target

thickness axis the rarefaction velocity in the target case (the solid lines) first.

can be determined. The information that hasn't Our direct observable At = t.q_; (we use zij =

been exploited with _his technique is the slope of z_ - z i) is a function of the target thickness T =

the overtake curve. We will demonstrate that this Y:_ = Y_ = Vs. Several target thicknesses from

slope is intimately related to the sound velocity the step wedges in an experiment result in the
At(T) shown in Fig. 2. From such a plot we get

"This w,,rk supl,,,rted by the I!S l)cl,arln,ent ,,f i'_nergv, the intercept thickness T, and a velocity from the
1
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dr'fret plate ,,fthickoess I) m,,vi,l_ at. a v_l,,cit.v "t) itlq acts tl,ls ph_l..• . . "" , , _ •

III,, litl'_('l,, l.IHc:kIl¢'ss 7, at 2. "l,,r a s_nunc'tlt_ 10fqmct
sh_,c:ks wil.h llw same vela,city tl, l_r,q,agatc • t.hv'-ugh driver
all(| I _.l'gel. A role:ase is K('llel'al, e(l at tile back SUlf'fact: o[
tl,_.d.-i,',.r,,t .I. nr,.Unc.,n,,,,:ki.__|,.,,,,__,,,,,sh,.,,,,,,.1|til,. _,/D, R = (] + u,/t'ct_)/(1 -u,/_'cu_), u,/t'ct_ =
drivel and tarl_et t he h'ad characteristic is the heghudnl_, of
the l,,,Ik ,-arefa,:ti,,,, fan;,,thc,',vise lt is a,, elas,lcwa,','. In tR- ])/tR + 1), 1- us/l'Cl_ -'- 2tR + 1). From
fl',,_L ,.,f lh,' l.arF_et, we Inure a reserv,,ir ,,f l)r,,ltl,,l'_,rlll. 'lhc.,_,,.,:k.,t,,t_i,, ,,_t,_,_,.ti,,t,,.,-,l¢,._,,.it_,,neI,,,,,,n,,r..,',,,,,teq.(2)weobtainat,,#dT= -2.f/(u,,(_+_)). We
6. A rely'ase g,,,:s hack iol.,, III,' tat'gel all,I _t sh,,c:k g_es
fi,rward i,ll,, the l),-,,,,_,,f,,n'll,. 'lhc _,vcrtakiug wave 8ocs have to put in an additional factor f, a function
t.hr,_u.gh ruth,us int,'x'acl.i,ms and cal,:lnes up with the slt,,ck, of tile intermediate velocities, to account for the
ItadiaiA-n fr, mn tile sh,,('k fr,,ut itr |)l',,lll"[t,llll, al,,'lg tile

ath fl ---* 9 (and furl la,r) is ,,l>scrvcd, and enables the important changes caused by the rarefaction fan
dentifical ion ,,f the tilnc:s 16 iilld 19.

emanating from interaction 6. We then have

slop, l/v" = -d(At)/dT. We have y.qs = t'c_,t,_s ) _ uj__]£ = f 2v" (3)

and .7,_; = u,n,.tg¢;. Elimination of t.q then implies t'ct_,. (R + 1)u,

(_:, -- T)(l/u._nr - 1/%air) = ts_ and A full solution of the t-y diagram for the fluid case
yields an equation like (2) except for an additional

t:,(; = ts(;/(1 - u_nl,./t'c_h .) (1) factor f on the right hand side given by

Our ,nformation on the bromoform sound speed is 1 qL I'_.ll/l'clt2 (4)
cont;dned in the second factor. We will be measur- ffl.ld - 1 Jr" I'CiI/i'cI_

ing the ratio of the shock and Lagrangian sound The actual t-y diagram at interaction 7 is the lead

velocities. We now need to evaluate dts6/dT', characteristic from 4 interacting with a rarefaction

Such derivations follow the above pattern; finding fan from 6. The lead characteristic of the fan has

the intersections of straight characteristics. If the the velocity I'¢H, and tail characteristic has the
rarefaction from interaction 6 did not change the bulk velocity associated with the state produced
slopes of the lead characteristics we would have at interaction 6, I'ctr.,. The effect of a curved path

La, = D(---1 + __)1 __T( 1 1 ) (2) through the extended interaction 7 is accurately
u, l'ct_ u_ Lct_ represented by using a single ray carrying the rar-

This assumption is valid for locating the intercept, efaction which has the velocity I'_n, a velocity eor-

When this time interval vanishes, we have R = responding to the chord slope obtained from the



two :state points on the isentrope representation RESULTS
in the P-up plane. When we use eq. (4) in (3) we Experimental values for v', R, and v, are used

replace tcp everywhere by its experimental equiv- in eq. 3 to obtain /'eBr. The resulting sound speed

alent u,(R + 1)/(R- 1). In order to evaluate the at pressure in bromoform, cl_,-(p) = po%vt,-/p, is

remaining terms in f,,,M, l_n and Lct_, we as- shown in Fig. 3.

sumt the usual u,(up) Hugoniot, a Mie-Griineisen
10 ' ' ' ' I .... I .... I ' ' '' I .... _ ' ' '1"1 .... l''""

E(P, lr), and a constant PT.
/

For the elastic-wave solution we slide interac- 9 -o .....This Work

/tions 7,8,9 down to the dotted line. The lead char- PY = constant

acteristies from 4 --, 5 and 6 --, 5 travel with ve- _ 8
/

locitv Lc = u,(R + 1)/(R- 1), the experimental _ /o o• _ 0 0 0

release in material that has already been relieved 6 .... HBr c(p)
elast:cally, so we assume that these waves travel

5 '

with velocities t'cn and Lcre2, i.e., velocities appro- _.8 6 6.2 6.4 6.6 6.8 7 7.2 7.4

priate to the bulk properties of the material. We P (g/crea)

are assuming that the initial elastic release drops Figure 3. Br,,,,,,,r,,r._ .'-;,,u,.ISp,.e,l ,s i)c,_sity.
the steel to its lower yield surface, and that the

amplitude of this elastic release does not greatly When we measure sound speed in a liquid

change the bulk state (in particular its effect on along the Hugoniot we also get the Griineisen

calculating the f-factor), and that further wave filnction. If B = -VdP/dV for a curve, a con-

propagation in the steel is at the bulk velocities, venient expression for 7 is:

When we solve the t-y diagram for the elastic case 7 • Bh - B,
we again get an equation similar to (2) with an f -_7(_o- V) - Bh -- B,.h (6)
giver, by

where the subscripts refer to the Hugoniot, isen-

trope, and Rayleigh ray. (An ambiguity exists for

felastlc = /li.tid 1 + t'C/1'cl_ (5) the chord slope; in writing the above form we have
2 chosen B,.h = V(P-P_,)(I_,-V).) If the Iiugoniot

can be represented as a linear u,(uv) a convenient

In this case we will replace % by its experimental computational form is:
equivalent u,(R + 1)/(R- 1) and use the EOS in-

formation for 316 stainless steel 2 and CHBr:,:' to 7( p - 1) (co + 2sur) - c.(Lc/u,) 'e- = (7)
evaluate the intermediate velocities. The EOS's Po sur

used for these two materials are: SS316(p(_ = The results for 3' are shown in Fig. 4. The first

7.96, u, = 4.464 + 1.544ut, , P7 = 17.27) and and third data points are suspect. The',' lead to

CHBr3(p0 = 2.87, tr, = 1.50 + 1.38uv). Units are y-values that are rather low. The linear til to

g/cre :_and km/s. The SS316 EOS should be re- c(p) shown is: -1.2 + 1.21p, and the scatter is

garded as tentative, particularly ifit is used above such that c(p,_) = 1.5 readily fits within the un-

the raelting transition, certainty. Lowering the sound speed of the first
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1 _--_-r,-, , , , .... , .... , .... , .... r-_-_-,_.... DISCUSSION

o ThisWork o This technique has the great advantage of not
0.8 o o

P7 = constant o o needing any structure ii! the liquid reservoir. Pre-

oo cision resides in the driver/target assembly. As0.6 O
_.. our knowledge of driver/target behavior improves,o

o4 we will be better able to estimate the f-factors
o required to implement this technique. For these

0.2 CHBr39' experiments the f values have been around 1.25.

o lt is already a method that shows great promise

0 .... ' .............. , ........ _..... , .... for making these measurements in any transpar-

5.8 6 62 6.4 6.6 6.8 7 7.2 7.4 ent material that becomes sufficiently ionized in a
p (g/cm 31' shock.

Figure-t. Br-tn, ff(,rm 7h(P). We have not yet done an error analysis for this
technique. Space available here precludes this.

Because bromoform has been used as an analyzer

oil many different materials there are about a hun-

and third points (and increasing 3') is a move in dred or so shots waiting in the wings to be ana-

the direction of a good linear c(p) that would ex- lyzed. Analysis of this wealth of data and the

tend down to po. necessary error analysis is in progress. The bro-

moform high-pressure sound speed and its 7(p)

The P3' constant, assumption is an approxima- may turn out to be one of our most accurate high-
tion that is adequate for modest compression. It pressure data curves; it will certainly be one with

was never intended for the compressions achieved a high density of data points.

here. lt may describe the initial drop from the We have used this analysis for points where the

thermodynamic 7, = 1.2. Even discounting the driver/target is'.in the elastic regime (the lower six

two !ower values of 7, it seems to have dropped points) and where it has melted (the upper five).
to 0.5, a low value perhaps induced by disasso- The bromoform data is smooth between these two

ciation and the opening of miscellaneous energy data sets, even though the driver/target system

sinks; and then has risen toward (and perhaps exhibits a reh_.I,ive large discontinuity from one to
..... past) the value 2/3, a 7 characteristic of a hot the other. This is as it shc,uld be and lends some

, electron gas. confidence to our use of the f-factors in the two

different regimes.

Exceeding the value 2/3 may be a consequence REFERENCES

ofextrapolating the linear us(up) fit ofSS316 past I. I_. _; hl,'(_,,e,',,. I. \V. lt,,ps,,n, and .I.N. I",'i(z. ()l,lical

its melting point. Some preliminary data exist t,,(h,i,l,,(, f,,, d(.l(,,,,i,,_ ra,(.fa('ti,,, wave vcl,,cili('s al
v('rv Ilip,h f,essur(rs. Hey. Scicnt. htslr., 53(2):215-25_1,

that indicate this linear fit overestimates u, for a Icl,ru;u'y 1981.

giver u t, for shock strengths bevond the melting 2. I{. s. Ilix.s,,,, I_. (;. hl,.Q,,,,.,_, and .I.N. I"rilz. '! h('' -I.,,k Illlt_,,lll, I ,,f ¢qt4;ll(; ;,,,,I _;,,tlll(I xt'l,,('ilv IltCitqlllt'-

poinl,. Use of such a lowered Hugoniot could read- ,,,, _,ls. I I,,'s,' i,,,,(:(:(.(li,l_s.

ily drop tile 7-points from tile melted regime (the 3. I{. (1. hl((._,,',',l a,d I). (1. Isaak. |_r,,.t,,f,,rm• (('IIHFa) a w'ry higll-pressure sh,wk-wax'e analyzt.r-.
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