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ABSTRACT

Laser interferometer systems provide a means for probing the refractve index of
transparent specimens subjected to dypamic compression. Previous interferometer
measurements of optical properties under sbock oadmg are reviewed for polymetiyd
methacrylate, fused silica. sapphire, nitromethane, and an aqueous solution of zinc
chloride; various degrees of departure from Gladstone-Dale babavior are poted for these
materials I addition. a detailed summary of recent oplical studies of lithiem Bvoride
(LiF) s provded. Interferometer data from plate-impact experiments verily sustained
LiF trapsparency for Hogoniol stresses to at jeast 160 GPa, and establish the vafia-
tion of LiF refractive index for shock amplitudes ranging from 1.58 1o 115 GPa. The
refractive-index data for LiF agree with carlier static and shock-wave data, and exhibit
a prosounced deviabon from predctoas based on the Gladsiose-Dalke, Lorenta-Loreaz,
and Drude relations A modified form of the Gladstone-[ale relation is presented which
correctly modeks the latest LiF measwsrements Potential applications of LiF and other
wipdow materab to dvsamee high-pressure experunentation are discussed.

INTRODUCTION

Using Doppler-shifted hight back--atterrd from a moving reflector, the laser velocity
mterferometer (VISAR) developed by Barker and Hollenbach?® permits time-resolved
measurements of the reflector velocity, Application of this techaique 1o impact-response
tests on seberied tarpet materiabs ofien mvoboes 2 transparent window which = bonded
to the rear surface of the target so as to permil velocity measurement at the reflective
target fwindow interface. Asabysis of data obtained from sach experiments relates the
observed wierference-Innge count 1o the reflective-interface velocity in 3 masner that
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must account for a predetermined Doppler-shift correction ariing from the strain-
induced change in refractive index of the window!™4, Conversely, if the dynamic
mechanical properties (e, Hugoniois) of the impactor, target, and window have been
independently determined, then the interfernmeter data yield a direct measurement
of the Doppler-shill correction and refractive index for ihe shock-compressed window,
The present paper begins with an outline of relevant principles governing laser intor-
fervmetry, then reviews existing interferomeler measurements of refractive index for
several window materizls, Recent results are summarized for lithium Ausride (LiF),
anil potential window develapments amd applications are considered.

ANALYSIS OF VISAR RECORDS

Interferometer systems of the VISAR (velocity) or Michelson (displacement) vari-
eties combine two foput beams of light ta produce a single outped beam exhibiting
an interference fringe Irequency equal to the frequency differcoce between the input
beams. One of the inpue beams consists of Doppler-shifted Light which is reflected from
the moving test surface; the other input beam is reference light. For the Michelson in-
terferometer, the relerepce beam typically has the same Irequency as the source Beior;
however, in some casesPl the frequency of the reference beam may also be Doppler
shifted due to reflection from a surface moving at a known (usually steady) velocity.
For the VISAR, the relerenee beam ks a portion of the Doppler-shilted light which has
been reflectod from the tesi surface and then separated from the remaining light by
means of a boam splitter; this reference beam is then subjected to a time delay ¢ beflore
recombination with undelayed light, I incident laser light with a wavelengih Ay s used,
then the frequency shillt (1e, Doppler shift) of the backscattored light ts vy = Iufl,
for reflection from a free- surlace (e, no window) moving at a velocity u. When a
reflective surface moving al the same velecily B eovered by a window, the [requency
shift of the backscattersd light s ¢ = y + A, where the correction lenin, Ay, arises
e steain-induced chaoges o the window refractive index which are a consequence
of stress-wave propagation. The expression (1 + Awfig) = & /vy represcals the ratio
of the Doppler shift observed with a window 16 the Fequency shift which would have
bsoen oteserved without a window for a relloctor moving al the same velocity, A oplical
measurenwnts anid related analyses discussesd in ensuing paragraphs of this paper im-
phicitly apply to experimental times prioe (e that at which first motion of the windos
Ires surfare i« mitiated by stressswae arrival,

As shown by Barker and Schuler'™ the most general equation expressing the veloe-
ity, u, uf a reflective imerface as o function of the VISAR fringe cosnt, F, is

AsF (1)
20(1 + 8)(1 + &w ) |

I

ult 21'| = ()
whire £ is tiime, 1 is the yser-solocted interferometer delay time, Ay is the wavelength
of ihe laser bight, § s a cortection term for the dependence of etalon refractive index
on wavelength of the Doppler-shifted laser hght, and Ao fuy i the frequency correction
refated 1o the ctrain depenidence of wimlow meleetve indes. 1 [usedssilics elalons ane
used, then 8§ = +008W for A = G E mm (He-Ne kaser), and § = 40,0338 for 3 =
314.5 mm [argon-wn Lser).

Characterization of an interforomoter window mategial involves a determination of
the strain-dependent behavior of Awfey. As discussed by Hardesty®™, the refractive
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index, my, in the uniaxially straiced portion of a window behind a steady, planar shock
which propagates inlo undisturbed material may be derived from Av /iy measurements
and existing Hugoniot data using tbe expression

Ug up

= i+ ﬁrm".

Up

where Uy and up are, respectively, the shock velocity and Hugoslot pariicle velocity ia
the window, and mg is the relractive index of unshocked window material. Letting vy
and vy represent, respectively, the specific volume of shocked and unshocked window
material, the Hugoniol compressive strain is given by ay = [w - vy )/w, and mams
conservation through the shock leads to the following reformulation of squation (2a):

nar = o[ = a1 + Bw /)] (20
-

If a materinl aatisfies the Gladstone-Dabe relation, dpfp = [n = 1)"'dn where p is the

material density, then S foy muost be zeroon (he basis of equation (2h). Heoce, the

magnitude of Avfuy 15 a2 measure of the degree of departure of the refractive index

from the Gladstope-Dale moslel.

PREVIOUS EXPERIMENTAL STUDIES

Solid-state windows consisting of polymethyl methacrylate [PMMA), Tused silica,
and sapphire have been characterized oplically and mechanically in shock-wave studies
by Barker and Hollenback®™, For the optical studies, a symmetric-impact configuration
was employed such that the target specimen and gup-launched impactor were both
fabricated from the same window material. In e xpetiment, a Michelson inter-
ferometer vielded a direct measurcment of Av for a shoek-induced particle velocity
oxactly equal to one-half the measured impact velocity.

For PMMA, the values of A iy obsorved by Barker and Hollenbach#® lie between
=0.0022 and -0.0117 for particle velocities rasging from 0000 fo 0C3ITE kmyfs aod cor-
responding Mugoniol stresses ranging rom W08 (o 119G, Subsequent VISAR data
obtained by Asay and Hayes™ show that Awfey for PMMA is gero [to within experi-
mental accuracy) for a shock stress of 5.3 GPa, and work by Lecf™ demonstrates that
the S fug correction is negligible in the 0.5 12.5 GPa range of shoek stresses. Later
VISAR measurements performed by Chhabiblas and Asay™ with PMMA windows in-
dicate that Avfuy is less than 0.02 at 22 GPa. As a consequence of the consistently
small magnitucle of the Awfuy correction for PMMA, the refractive index is closely
modeled by the Gladstone- Dale relation lor window stresses up (o 22 GPa, Above this
level, the results of Chbabildas and Asay™ reveal a boss of transparency (for Hugoniot
stresses of 22.5-25 GPa) which has been attributed to an apparent phase transition or
mabecular dissociation, This loss of transparency precludes any VISAR measarements
willi PAMMA windows subjected to shock streses in excess of =22 GPa

The results reported by Barker and Hollenbinch?! for Tused silica show values of
L g which decrrase monotonically from a maximum of 00627 31 3 particle velocity
of 00713 kmyfs (stress = 0005 GFPa) to 3 meoniovmm of 008356 at a velocity of 0.571
km/fs (stress = G52 Q1P). These S feng mvaurements have been subjected to addi-
tiona! amalysis by Setchell™ to determine the explicit dependence of refractive index
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on the density of dynamically compressed specimens. This analysis was motivated by
ramp-wave VISAR experiments in which fused silica windows were subjected to time-
dependent strain gradients. These gradients created a spatial variation of refractive
index within the window which altered the frequency correction needed for proper in-
tempretation of the fringe records. As shown by Setehell, the VISAR equation (1) may
be rewritden in terms of a velocity correction, A, as

uft — -]-f} = hFit)

i rrew ke 13

where the velocity correction is given by
bu= (el )all = %rl 3 [4)

Seichell noted that the Aw versus Hugoniot particle velocity, up, data of Barker and
Hollenbachl® can be accurately represented by a power law:

Hu o= gup™ {5)

where the coeflicients for a feast-squares Gt to the fused silica data are ¢, = 002600
and ty = 0.GGR0.

Following Barker], Setchell suggested that an appropriate ex pression linkine refrac-
tivz index to material density may be generated by incorporating a density-dependent
comrection tertn £lp) in the Gladstone-Dale relation; the resull is

-1 p
n,—1 g

11— &lel] - (6}
Seichell assumed a power-law dependence of £{p) on density of the form

¢la) = alip/m) — 1! = afe/(1 - a)? , (7}

where the parameters @ and 8 are to be determined for a given window material. This
determination involves an iterative approach™ which couples the index fdensity relation
(using trial values of & and #) with conservation and constitutive expressioas governing
the mechanical response of the material 1o obtain the density distribution and resultant
ref=activesindex profile through the compressed region of the window. Knowledge of
the relractive-index profile then permits ealeulation of a frequency corpeclion, A fug,
and a velwity correction, Su, corpesponding to the trial values of o ard 8. For a
material which supports a single, planar sheck, these corrections are obtained directly
from equations (2) and (4); however, in the ease of fused silica the cormalions must
be ecompied on the basis of the combined sunpfshock wavelorms produced in the
experiments. Different {a, §) trial pairs are selected and wsed to caleulate sets of fup,
S pairs unlil a least-squares, power-law Bt of the form shown in equation [5) yiekds
cocflicients & and & for a calculated [up, Aw) st that are equal to the coellicients ¢,
amd ey foumml earlier by a direct fit to the measurad Aw versus up data. The values
deferined in this fashion by Sotchell® for fused silica are & = 002994 and A=
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0.6571. Similar to PMMA, a change in response mechanisms places an upper limit on
dynamic stresses for which fused silica Is a useful window. In particular, Seichelll*®
has observed a serious loss in VISAR Iringe contrast whenever fused -silica windows are
shocked to stresses near or above Lhe, elastic limit of approximately #.8 GFPa reported
by Wackerlel'!! or 8.7 GPa reporied more recently by Chhabildas and Gradylil,

Barker and Hollenbach!™ discovered that the optical correction for sapphire samples
with axis parallel to the crystallographic Z-axis shows a mopotonic docreass from A foy
= 0.7771 for a shock-induced particle velocity of wp = 0.0616 km/s [siress = 2.76 GPa),
i Awfiy = 07500 for e = 0.2875 km/s (1305 GFa). Owver this range, sapphire
exhibits elastic bebavior which is slightly nonlinear™. As with fused silica, Setcheli™
translormed the frequency corrections te velocity comrections for the sapphire data and
applied the power-law fil shown in equation (5] to find the coefficients ¢ = 07307
and gy = 0.9765. Using ihese cocflicients and the iterative approach outlined above,
Setchell arrived at values of o = 0,6280 and § = 0.9606 to be used in equations (6)
and (7) to describe the index/density bebavior of sapphire. Barker and Hellenbach!
detected erratic optical behavior for twe shols producing a stress of aboul 15 GPa
in sapphire windows; they comcluded that the upper limit of sapphire’s usefulness as
an elastic window is between 13 and 156 GPa—a stress range which coincides with
that predicied for the onset of plastic yielding based on measurements by Graham
and Brooks¥ of 2 Hugoaiot elastic limit between 14 and 21 GPa for Z-cut sapphire.
However, the possibility of using sapphire windows for stress levels sulstantially above
the elastic regime is supported by VISAR data from a single test performed by Leell
which indicates a value of Awfuy = ~065 for a Hugoniot siress of 42.4 GPa in a
sapphire window,

The VISAR technique bas also been applied to oplical measurements on shocked
liquids, including studies of nitromethane by Hardesty®™ and an agueous solution of
gine chloride by Wise. For pitromethane, the experiments by Hardesty®™ over the
stress range from 7.5 to 9.5 G indicale negative values of &wfvg which vary linearly
with the deosity, gy, of the shocked liguid. As determined by Wardesty, a linear,
least-squares 6t to the data yiclds Avfvg = ~1.288 + 0.717py, and the corresponding
relractive-index data are within 2% of the values predicted by the Gladstone-Dale
relationship. The results reported by Wisel™ for a 9.1-molar aqueous solution of zine
chloride show positive values ol Awv /iy which vary loearly with (he Hugoniot particle
velocily, wp, for shock stresses from 2.18 to 24.1 GPa. A lincar, least-squares Bt 1o
the data vields A foy = 0.020 + 0020up. The resullant relractive-index data exhibil
increasing departere from the Gladstone-Dale model as the shock amplitude in the
zinc-chloride solution is increased; however, the measured refractive index is only 3.1%
lower than the GladstonesDiale value for the highest streeo bovel achioved (24.1 GPa).
Subspquent observations on this solution at higher stress Jevels reveal o loss of salution
transparcacy for shock amplitudes in excess of 25-30 G,

STUIIES ON LITHIUM FLUORIDE

As part of an cogoing effort to develop additional window materials for high-pressure
interferometry, the optical responase of lithium fuoride to shovk compression has been
investigated in a series of planar (uniaxial strain) impact experiments. These lests
bave been conducted with several ditferent gunst™ 1o achieve impart velocities ranging
from 0.2 to 5.5 km/fs, resuliing in LiF window stresses ranging lrom L6 1o 115 GPa.
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The experimental configuration for ilese iesis is illusiraled in Figure 1. An impacior
and backing plate are moonted on the forward face of a projectile that is accelerated
io a preselecied velocity before striking a target which consists of a bufer/window
assembly. Prior Lo target constroction, the forward surface of the LiF window & lightly
lapped and then vapor plated with an aluminum flm ~0.5 gm thick o provide a diffuse
reflective surface for the incident laser beam. A thin epoxy bond is used 1o attach the
window 1o (he buffer rear surface, and this assembly is, in turm, potted concentrically
witkin a support ring. Pins mounied around (he poriphery of the support ring provide
measurements of impact velocity and tilt (typically a few milliradians!™®).

The shock impedance [product of shock velocity times initial density) of the back-
ing plate bebind the impactor is typically different than that of the impactor itsell;
consequently, this configuration produces initial Hugoniot stales in both the buffer and
window which persist for ~1 ps before release or recompression dee lo arrival of the
wave reflected from the backing/impactor interface, If the VISAR fringe count, F, and
actual particle velocity, up, for the initial Hogoniol stale in the window are known,
then equation (1) may be solved to determine the frequency correclion, A fiy. The
fringe count is monilored continuously during each exporiment and an average value is
determined for readings obtained during the initial Hugoniol state; the particle velocity
at the reflective interface must be determined independently. For those tesis involving
a symmetric impact (i.e., LIF bulfer and impactor), the particle velocity in the initial
shock state is exactly one-hall the impact velocity. Otherwise, the particle velocity of
the buller/window interface lollowing arrival of the jocident shock may be predicied on
the basis of an impedance-matchiog technique using the measured impact velocity and
existing Mugoniot equation« f-stale (EOS) data for the impacior, buffer, and window.

All lithium Muoride specimens used in this work are optical-quality single crystals
obtained from the Harshaw Chemical Company™. The axis of each LiF specimen is
oriented parallel Lo a (100} crystallographic direction. In addition to LiF, other im-
pacior and bufer materials inclade aluminum (6061), beryllium, copper, sapphire, and
tantalum. Helevant Hugoniol EOS parametlers used for analysis of (he present resulls
are summarized in Table 1 which also includes a descriplion of Lbe initial condilion for
varh malerial. The parameters ¢g and 5 hsted in Table | are coeflicients in a linear fAt,
Us = g5 + Sup, to the shock-velocity fparticle-velocity Hugoriol for cach malerial.

Impactnrl Builer

Backing —, II’,r- LiF Window

..--"""-.-.-.I.-F
1 —— -:::‘__': <8 From Laser
[ a1 VISAR

e ]
L

Figure 1: Experimental Configuration for VISAR Studies of
Shock-Compressed LiF Windows.




Talile 1. Material Specifications and Hugonist Parameters

T Iaitzad

Matrrial and Condition Density | & § | Refevence

[Me/w’} | (km/s] e
Al alumemum 170 525 | 0.35 | Herrmana™
[6061-T6) i Feels
Alyldy-=apphire 3085 | 1019 | 100 | Barker, of al™
fsimgle eryotal anis || Peaxis)
) 1RG5 | 7098 | 1174 | McQueen, of sl PN
Ipulyrrystalline] |
Un copper BUBD | A040 | 1480 | MeGueen, «f al 00
| finveen-Iree, high-rosdectivity]
Lib bitham Meoesbe 2600 | 5145 | 1053 | Carten™
[single crsatal, asas || {100} dipertion]
Ta tastalum e 16658 | 3414 | 1.200 | Mcoeen, of al.o¥ |
IE-'I}rr_l-\.la‘-rl

Details relating to impact parameters and resultant oplical data for individual ex-
periments in this stody are displaved in Table 2, The shols are listed in order of
increasing window siress and strain. lo several cases, (wo sels of data are reporied lor
a single shot in which two VISARs were used simultaneously; these individual sets are
distinguished by appending a “P" (Primary VISAR) or *§" (Secondary VISAR) to the
shot number. Exeept for the first two listings {shots LIF13 and LIF14). all values for
window stress and strain have been cabealated from the Rankine-Hugoniol relations for
a single shock propagating into the window material at a velocity caleulated from the
lincar Uy-up relation reported by Carter™ for stresses ranging from 6.9 to 1078 GPa
in LiF. The highest estimates of window stress, strain, aod particle velocity (reported
for test LIF12) are based on an extrapolation of Carter’s data. At the other extrems,
shots LIF13 and LIF14 involve low shock stresses and the effects of the elastic precursor
observed o LIiF are oo longer negligible; hence, the window stress and strain in the
initial shock state are abtained by direct integration of the particlevelocity records
obtained for these two shots using the respective values of Aw /sy shown in Table 2.

A review of the information comained in Table 2 roveals that the Avfw data for
shock-loaded lithium Beonde show 3 mean value of 0281, with a standard deviation of
0,009, for experiments producing window stresses from 1003 1o 1153 GPa. Over this
range, all of the individual Sl measurements lie within two standard deviations of
the mean. Daly the two tests [LIF13 and LIF14) ipvolving stresses below 10 GPa indi-
cate A fuy values which are shightly, but measurably, cutside the scatter band defined
by the remaining data. s general, the main sources of error stem from uncertainties
in: (1) projectile-velocity measurement; (2) VISAR fringe count; and, (3) Hugoniot
equation-nl-state (E05) parameters. For the low and intermediate projectile velocities
which were produced, respectively, by a single-stage gas gun and a propellant |powder)
gun, the estimated encertainty is £0.2%. The highest projectile velocities (in excess of
2.3 km/s) were attained on a two-stage, light-gas gun and delected with an esiimated
uncertanty of £0.0%. Fullowing Darker and Wollenbach, estimated uncertainty in
the VISAR fringe count is £0.02. For those shols utilizing a symmetric-impact config-
uration, uncertaintics in KOS data are not a factor, Since the observed scatter in Av /iy
data for symmelric-impact experiments s eommparable to that for impedance- matching
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Table 2. Summary of VISAR Experineents on Lithinm Flaoride Windows.

Shat Buler | linpacior | Tmpact | Window | Window | Wisdow | Optical | Refractive
Number Maneraal Veleity | Steess | Serain | Particle | Correetion | Index
(kmfs) | (Ga) Veloeity | fefun L™
ks fa)
I3 li__{_l.E_ 11,3247 PAVGY P ONEISG* | G113 ib 6l 1.¥GE
LIF134 AF Lk e LG L DOSLEET | ool (¥ 1T 1. 436
HEAP Tie [ Alytly | UFi1S | 109§ 00071 | 0647 11,260 L40E0 |
LAFSE nopa” L R 1054 e IIEE 0.7RZ 1. 4056
S LF | LF 1921 | I0s0 | 0004 | 06080 | Ogee 19004
LIFa LiF [ LiF 1 30 .33 nal#s | Dias [iF ] 1. 4072
BE 1" e | Alyily o2 | 012% | 00150 | Doos | 0.2%8 L4
BELS e [ ALty 002 | 1128 | 01150 | nms 0260 14100
LiF3 Lk [ LiF IGl6_| 1331 | 01295 | OMe0 | 0z | Laa@
TNHE tn/la 1LI% | 1383 | 01383 | 08w | o029 L4125
Tl s Ui J U 1IRG | 1388 | OIXS | 08313 | 03w 1.4130
KD WE I35 | 4% | 0wa | 06 | sl 14123
(DEIF e | He (ECE I T I T T Tk 0,283 14136
HE1 S e f I 1 fHaH 16 ¥k 13,0501 | DuFyT 0,5 1.4E51
IS The f T LO%1 | IGED | DA | 105 0274 14154
TEE 1B e /A [ RLEL 1715 L RGES | 0GR [, ¥ 14115
LIF2 CF V| 303l | WaT | oisa | o0 | 037 14152
Bkl The f k= P 15,41 1 A551 1613 0 2m 1413
LiFn LiF JLF 1407 | 1ma0 | oaees [ (¥ 14158
Al WAL i [ =i 0 GG 135 IJ!EI 4154
ALs A/ ¥321 | 190 | oieW | LT F5] 14133
Al | Wi T Na 0.0 Lo | 0nIs3 14167
HEBE" | (s 12 | it | oioad | 1l 0. 350 14214
NS e fCu___| 1062 | 2eiz | w4997 | W06l | oars | i
TTHE I [ 4w 1,970 5.3 | 0 [T [FL0] F]
IbE 1= Ite /L' 15500 P ] L LT 11286 AN
IHEE fe /T LT | Taal | OHGs | Lo [TETH EEE
| BEol e / ('a Q000 | 2371 | 0974 | 1987 1) 200 14172
1] ¥ e (' L 1571 0T 1.8 a1 L#157
[EHEE Cu Uy T | g4y | oaed [ 14 [P L4210
LIFD nonet f Ta A AT [T 0o | 2 0 186 14408
LiFIF LiF f Ta ] i (k2A0HE ATTH 33y 1B
LIFIIS LF/Ta TN | 1023 | 036N | A | 022 | Lo
LiF P Li¥ J Ta b A5D 153 L ] Ll ] 0. e 1. 4596
LiFITs LiF f Ta 4D | 1153 | n3szm | 4o (] 14571

"tamed by dirert iniegralen of pariel=velonly beoonl
WISAR mea aremest made 3 impact sorface.

experiments, no attempt has been made to quantily EOS uncertainties affecting mier-

pretation of results from the impedance-matching experiments,

Using equation (1), the & fee data have been convertsd to velocily corrections,
S, which are plotted as a functeon of the Hugonbot partiche velucily, up, in Figure
2. Estimated error bam are displayed for the impedance-mntching experiments which
wsed tantalum impariors to achieve the highest shock stresses; error bars for sy mmedrice
impact tests are contained by the phtted points. A least-squares, power-law fit of the
form shown i egquation (5) has been performed for all 35 Au-up pairs, and the resulting




coeficients are ¢; = 02784 and ¢; = 1031 for lithium Beoride. This power-law it is
also plotted ia Figure 2.

As discussed earlier, each Ay dalum provides 2 measuwrement of the refractive
index. For the present study, the refraciive index & oblainnl directly Trom equation
{2) which, strictly speaking, applies only to the case of a single shock propagaling
inte undisturbed material. In Gthium fuoride, the refractive index determined in this
manner is exaci [lo wilhin experimenatal accoracy) for shock stresses in excess of ~]8
GPa since the precursor is overdriven. Al lower shock stremses, the observed froquency
correction, £v/iy, i5 a consequence of changes in refractive index through both the
precursor and the shock. To investigale the effect of elasiic-plastic window response
on the relationship between the refraclive index and the Doppler-frequancy correclion,
Aw fvg, an analysis bas been performed for a two-wave loading profile consisling of 2
steady elastic precursor and a trailing steady shock which propagate at velocilies rola-
tive 1o endisturbed window material of & and Uy, respectively. Under these condilions
the refraciive index, ay, of the shock-processed material is given by

2 € g =U, ur
n-—-.u'_“_—n.m':-{nmmﬁl—_;h (8]

where n; is t3e relractive index of malerial between the precursor and shock. As
expecied, eqgmlion (8] reduces to equation (Ta) when m; = my [n0o precursor), or
when & = Uy (precumaor just overdriven). Thas, a delerminalion of the refractive
index in the final Hugoniol state requires an independent means (experimental or an-
alytical) lor specilying the reflractive index, m;, in malerial which has been processed
by the precumsor anly. Il an assumplion s made that the change in refractive indez
through the precursor can be eslimated vsing the Gladstone-Dale relation, existiog
data for the precursor velocity and amplitude in LiF [e.g., see Asay, et al/™) yicld as

L4 I L] ¥ 1 ! s L Bl I G P PR
j
Au = 02784u," ™"
L=
g
aa = -
E
=
=':El.l = -
=
LN -
na - o Symmetric Impact
f’ & Impedance Mateh
[T+ cidekag s Ba s aslegipadiiasnlsss iBassaloainlissal
oD o5 1D 15 20 25 20 AB 40 45

up [km/=)

Figure 2: Velocity Carrection, &u, lor ¥YISAR Data [afluenced
by Refractive-Index Effects in Lithium Fluoride.
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estimate for my which ks ~0.10% larger than my, and equalion (B) may subsequently be
solved to determine ny for those experiments producing a shock stress below 18 GPa
in the window. Values of ng calculated in this fashion are within 0.00-0.05% of the
values calculated using equation (2} where the effects of the precursor were ignored.
This agreement is well within the estimated experimental uncertainty, and the use of
equation |2) b consequently justified. The resultant refractive-index data are listed in
Table 2 and are plotled as a function of compressive strain in Figure 3.

For comparison io the present data, predicted variations of refractive index with
strain based on Ube Gladstone-Dale, Lorentz-Lorenz, and Drude models are also plotted
in Figure 3. The integraled form of the Gladstone-Dale relation is

%l‘l—“=:ﬂ.ﬂlﬂt. (9)
In the case of the Lorentz-Lorens model, the index/deasity relatlion is given by

=—— = gonstand ; (10)
whereas the Drude expression is

i{n‘—l]::ﬂnﬂlﬂl. (11)
An examination of Figure 3 quickly reveals that all of these mod s fail to provide a fit
to the data for lithiem Buoride; hence, a semi-empitical index/density relationship of

the type shown ia equations [G) and (7) has been attempled. However, the correction
term £{p) given by equalion [7) resulls in an index/strain relation which, contrary lo the
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present data, is convex upward and predicts docroasing values of refraclive ivdex for
strains greater than ~0.38. An excellent fil 1o the present data has been achieved by
adopting an aliernate functional form for £(p) given by

Ele) = 1 = (m/plf =2, {12

where 7 and & are constants 1o be delermined using the same ilerative approach oul-
lined earlier wiich assures that a power-law fit to the set of (wp, Ax) values caleulated
on the basis of the index/density relations (6) and (12) yiels the same coeficients
oblained for a power-law il to ihe actual (uwp, As) measurements. For the presemt
dala, the appropriate coelfficients for LiF are y = 0.7630 and x = 1.040. Using the
dispersion formuls and constants reported by Herzberger and Salrberg®™, the initial
refractive index, my, of LiF is 1.3830 for Ay = 514.5 am. With this value of ag and the
experimentally determined valves of 7 and =, equations (6) and (12) have been used
to calculate the locus of refractive index versus compressive straie (labelled “Modified
Gladstone-Dak”) which is plotted along with the individual data points in Figure 3.

Previous rfractive-index data for shock-loaded LiF have been reported by Kormeri™
over 3 more limited range of strain (g = 0.231-0.324). For this work, an explosive
driver system ia direct contact with a flat surface of the test specimen generated a
planar shock [parallel to the driver surface] which propagated into the iransparent
material. A collimated beam of light from an explosive source was transmilled into
the unshocked portion of the specimen 5o as to be obliquely incident upon the moving
shock front. This incident light was partially reflected by the shock itsell; the remaining
light entered the compressed portion of the specimen and was obliquely reflected by the
rear surface which was in contact with the driver system. A high-speed streak camera
recorded the relative locations of these two obliquely reflected boams after they emerged
from the test assembly, and the refractive index under shock loading was subsequently
inferred using geometric optics and the independontly determined compressive strain
in the transparent specimen.

For several alkali halides, including LIF, Kormed® found that the relationship
between the rdractive index and density may be wrillen as

(o) = na + S22 (o - 1), (12)
N

where oy = p/pe ia the compression and dng/dog is a constant with a different
characteristic value for cach crystal. Over the range of his reporied data jog = 1.30-
1.48), Kormer reports a value of dayfdoy = 0.1 for LiF. The iitial index, Ry, listed
by Kormer for LiF is 1.392 for the broadband light from his explosive source, whereas
ng = L3930 for incident light from an argon-ion laser [Ay = 504.5 nm). Measurements
made under broadband lighting with a Bausch & Lomb Abbe-3L refraclomeler confirm
thal ng = 1.3925 for representative LiF samples used in the present studies. However,
for comparison to the VISAR results, equation (13) has been used with my = 1.3030 to
coastroct a locas for the Kormer data which is shown in Figure 3. The single error bar
ccntered on thib line correrpunds Lo Ko 's eslimaled accuracy of 1-2% for nng.

The refractive index of LiF under hydrostalic pressure has been investigated by
Vedam and SchbmidiF. Results from ihis study show that the index increases lineariy




with pressure to at least the maximum observed loading of 0.7 GPa, corresponding to
a volume (compressive) strain, ¢ = (vy - #)/w, of 0.01. A lnear At to the index fsirain
data yields n - ng = 0.132¢ for 0 € ¢ <€ 0.01. Although the maxirum sirain achieved
in the bydrostalic pressure lests is substantially below the raage covered by Ibe shock-
compression studies (¢y = 0.02-0.38), an extrapolation of the lnear fit to the Vedam
and Schmidt data (using mg = 1.3939) shows very good agreement with shock-wave
data for strains up to ~0.20-0.25 [sce Pigure 3). Above Lhis level, the shock-wave
measurements indicale an increasing departure from the linear index/sirain refation.

The present measorements exiend the available eptical data for LIF to substan-
tially higher and lower dynamic sirain states than previously investigaied. Sustained
iransparency of LiF haa been confirmed fo ai least the highesi shock amplitude (115.3
GPa) achieved in these studies, and 1 more recest VISAR experiment by Cradyl™
veriBes LiF transparency for an eslimated Huogoniot stress of 160 £ 10 GPa. Com-
parison of the two exisiing sets of relractive-index data on shock-compresses LiF over
the shared range of Hugoniot strain demopstrates an excellent agreement between the
present results (based on interference techniques) 20d Kormer's results™ (d etermined
by geometric optics).

DISCUSSION

The laser interferometer measurements ol relractive index described in preceding
sections of this paper stem from efforts Lo develop appropriate window materials to
wppm-l. interferometr'c moniloring of dynamic response for & wide variety of tesh spec-

imens. Solid-stale materials sufficieally characterized for use as interferometer windows
Bow mﬂmh lithium Buooride, PMMA, sapphire, and fused silica; optically calibrated
liquid-state materials include a 9.1-molar aqueous solution of zinc chloride and ni-
tromethane (a liquid explosive]. Transparency under anticipated levels of shock loading
ia the obvious factor governing selection of a window material for a particular ags * “a-
tica; from this standpoiat, lithivm Auoride is presently the most versatile candidale by
virtue of ils sustained trapsparency [or shock stresses to at least 160 GPa.

A requirement typically placed on a winduw is that ils shock impedance closely
match the impedance of the targel material which it contacts, thereby minimizing re-
least or recompression of the targel lollowing wave interaction with the targek fwindow
interface, “The inlermediate shock impedance of lithivm Aueride is a very close maich
o such technically important materials as aluminum and berylliom. High-impedance
malerials, such as copper, steel, and wraninm, are best paired wilk sapphire windows
for an impedance match, whereas low-impedance materials, such as polymeric com-
pouncls and condensed explosives, are best matched by fused silica, PMMA, and liguid
windows, Liguid solutions offer the unique possibility of lailoring the shock impedance
over a wide range by variatioo of the solute concentration. By direcily wetiting the
surface of the target material, liquid windows may also prove advanlageous for appli-
cations such as shock rise-time measurements where the epoxy bond typically found
hetwean the target and a solid-state window ean erente an impedance mismatch which
substantially complicates data analysia.

The continuing development of pew dynamic loading and measurement techniques
will necessarily involve parallel efforts to aptically characterize suitable window ma-
terialzs, Mow loading capabilitios ad ultra-high pressures are anticipated for rail-gun




and laser facilities where optical measurements will undoubtedly benefit from window

for shock stresses well in excess of 100 GPa The increasing use of experimental —e-
ometries which employ oblique impact?™ or anisotropic crystab™ to geperaie . oupled
pressure-shear response in target materials will benefit from the developuwnt of high-
shear-strength windows and bonding methods such as that reporied by Chhabildas™,
Windows have already been employed by Barker!®l in experiments involving the gener-
ation and observation of quasi-isentropic compressional waves. Barker™ has suggested
that the smaller temperature rise and strain rate associated with a quasi-isentropic
wave as compared to a shock wave with the same peak pressure may lead to window
transparency limits at stresses moch bigher than the limiting values under shock com-
pression. Other window applications include, for example, the infrared radiometry and
hot-spot photography reported by Voo Holle™ for studies of inort and reactive {ex-
plosive) materials experiencing shock compression, The rapidly expanding Aber-optic
technology may also result in new diagnostic probes which require {or permit) optical
characterization of additional window materials and geometries and for the fiber itsell
under dynamic leading.
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