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INTRoDULTION

EXTREME (CoNDITIONS HAVE BEEA ACHIEVED
IN CONDENSED MATTER WUWSING CHEMICAL
EXPROSIVES ) HYPERVELOCITY GUNS, AND
NUCLEAR EXPLOSIVES.

CONSDER. A GUN-LAUNCHED PROTECTILE
WHICH GENERATES A SHuck wWAVE Y
IMPACT:

Saoot Tnitial State
o B
v, T
Uy B= PV, En)
Gun Barrel Metal Tarqet
INPGC.bI"‘ S?CC-I'M evl

FPRANAR PROJTECTIRES CAN BE ACCELRERATED
T0 ¥ Km/S BY LIGHT-GAS Guwns. ON
LIMPACT THE SURFACE WAYERS ARE COMPRESSED
AND WORK IS DONE oON BoTH TMPACTIR ALD
TARGET., THIS PROCESS GENERATES A DYWAMIC
PRESSURE: P,—> PLY,-aV, E,+AE ) 7 .

THE TWo-STAGE kGHT-GAS GUN AT THE
LRWRENCE (VER NATONAL “ABORATORY IS
TLLUSTRATED:
THE GuN IS
DEscRIBED BY
JONES, ot af,
M. TT
Consis TS ©F
A BREECH CONTANG A FEW KG's OF CuNPOWDER
CFIRST-STRGE DRIVING MEDIUM), A PumP TuBE
FILLED TYPICALLY WITH &Og of H, GAS(SEcond
STAGE DRiviNG MEDIUM), AND AN EVACUATED,
WMogTH-BORE LAUNCH TUBE. ROT GASES FRoM
THE BuRND GUNPOWDER DRIVE A 6 KG PIsToN
INTO THE- PumP —TuBE , CONPRESS/MNG THE H,.
WREN THE QAS 15 COMPRESSED 70 M4 PRESSURE.
oF ABeyt 1 KBAR , THE RUPTURE VALVE @PEAS
AND THE CLOMPRESSED GAS ACCELERATEE THE
PROTECTILE, THE PuMP TuBE AND LAWNCH TUBE
OR BARREL NAVE INNER D/AMETERS oF 90 AND
A mm | RESPECTIVELY. THE HIGH VELOLITY |S
ACHIEVED BY THE /NCRBASED Sould VELOCITY

OF THE GAS AT THE N-IGNER TEMPERATURE
ALHEVED BY ISENTROPre COMPRESSON IN THE
PUMP TuBE Awd BY ROUGHLY CoNSTANT MASS

Frii. 6. Schematic diagram of the Lawrence Livermore National Lahoratory
two-stage. light-gas gun. The pump tube is 10 m long and the barre) or Jaunch
tube is @ m long.



FLow RATE OF THE GAS THRoUGH THE
TAPERED SECTION, H, IS USED BECAUSE

IT PRODUCE S “THE MIGHEST SOUND VELOCITIES
AND RIGHEST MUuZzLE VEwe T/ES. THE Sound
VELGCITY IN THE GAS DETERMINSES THE
MAXIMUM RATE AT WHicH THE GRS CAN
TRANSMIT PRESSURE To DRIVE THE
PROTECTILE. FoR AV IDEAL GAS, WKL H#

H, APRROXIMATES N THS APPARATUS,
Sound VEROCITY 1S PRoPORTIONAL IO
m , WHERE T IS TEMPERATURE AND
M 1S MOLECULAR WEIGKHT H, RAS THE
SMALLEST MULEC ULAR WEGHT OF ANY GAS
AND 15 COMPRESSIBLE T0 Nl TEMPELHTURE
BY THE HEAYY PISTOM. THE PHRICHL LIMITS
O PROTECTILE VELocTY ARE THE Soumd
VELoeiTY O0F THE QAS. PRACTICAL bimq7s
AREe THE STEESSES IN THE TAPERED
SECTIoN AND THE BREECH.

EXAMPLES OF S/NGLE-SHoCE  CoMPRESS/oM

Seoc SHoel
MATERIAL  PRESSURE (Mbar) ComPRESSION
l‘—t'%uu(& D, O. 2 3
Si 0:. 1-20 2t
Fe 9+ <t

TEMPERATURES WERE > 5000 K

THE SHock PROCESS IS So FAST C,"‘ﬂ./us)
THAT THERMAL ENERGY CANNET BE
TRANSPoR TED AWAY FRomM THE SPECI/IMEN
DURING THE EXPERIMEANT. THEREFORE,
K[6H TEMPERATURES ARE ACHIEVED.

THE CouNTIONS ACHIEVED ARE ComPAR ABLE
O THOSE N THE EARTH AVND THE
GUTER PRAVETS,
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WHAT 1S A SHOCK WAVE <

A SHOLR WAVE 1S A WAVE /N MATTER WITH
A DISCONTINUWITY N FLow AND
THERMODYNAMIC VARIARLES.

P P= PRESSURE
vV, E V=VoLume
- M E=ENERGY- INTERVAL
Vo ,Ep W = SHocE. VELoctTY
o, o W= MASS VE LocuTY
x| i
LOtus OF PoiNTS OF
. Pr--- | Ra.\iﬁz:a\q ANY TWoO SHOHCK
! Vine PARAMETERS IS CALLED
; A HULGoNieT CURVE
{
v v

7

EQUATION-0F - STATE (P,v,E) DATA ARE
OBTAINED FRomM SHOCK-WAVE EXPERIMENTS.

MEASURED KINEMATIC PARAMETERs (Ug and Uy)
AND INITIAL DENSITIES ARE RELARTED 7o

THESE THERMODYNAMIC VARIABLES VIA THE
RANKINE ~HUGONIOT E QuATIo8)S?

P= fowleI, a)
V=V, (- ) ()
BB L)) O

(for specimens inihally at rect ) aud +l
SHOCK TMPEDANCE MATCH PR/NCIPLE :

up=tp Cug, Uy, ﬂ))

I\Jote_’- \jo"" l/?o
V=4/ P



ARE STATES ACKEVED BY SHOCE ComPRESSoN

IN THERMO DYNAMIC Ecgumamum? s
GENERALLY SPEARING, YES IN CONDENSED iglbery (it sty
MATTER - BWT NOT ALWAYS. et s setcion of tw Nomterfuokae

equations, Deasity relstive Lo the lgitial deasity, pres-
sure io kilobars, and tamperatures 1o kelvins are givea
as functions of distance (angstroma). The pressure

P {kbar)

THERMODYNAMIC EQuiniBRIUM (S A‘C;WE VED T ol curmon tnstate. [roes e Kavlore
kas vie iat, tha bulk-viscosity costribution to the
BECAUSE RE‘F/H*T/OU T/NES A‘.RE ‘- /0 5 :‘:::;:::Eh?’: hshon:ynspndwllhek

FoR EXAMPLE , CONSIDER PHoM oA FKE&?UEA/C{ES)
E hEcTRON — PhoON RELAKATION) TIMES, MOLECU~
AR VIBRAT/ON AL FREQJUEWNUES, ETC, L

SROLK EXPERIMEUES LAST 2,07 s. SO THERE o ;‘:(f\) e *

IS SUFFICIENT TIME FoR MAM? INTBRACTI oals

To ESTABMSH THERMAL EQUILIBRIUM. SIMILAR THEORETICAL RESULTS ABouT MNARROW
SHock FROUTS IN Soubs HAVE BEEN OBTAMED

MELECULAR DYNAMICS CKLImMENKO AND (ol AN Aub STRAUB, H-m). Suel FAST

bDREMM, 1978) AND CoN Tiwudm MECHIcS RISE TIMES HAVE NEVER PEEN MEASURED.

(-H-OOVE:? 1979) SHow THAT /N DENSE FAUWD RUE TIMES OF SHOCKE WAVES OBSEEVED

Ar TH-E SKOCK WibTH 1S ~/0A AND FOR OPTICALLY /M Sowids Fog PRESSYEES /00 KEAR

A SHoCcK. VerLocTY oF ~4. KM/S, THE APE LESS THAV THE TIME RESOLUTION oF THE

EQUIKIBRETION T/ME S /o'%s. THE DETECTION SYSTEM, 107'S.

RESULTS ARE Sdown BBELIW:
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SHOLE WAVE STRUCTURE

A REASONABLE EST/MATE OF THE WDTH IN FLuiDS OR /A Souds AT SKocK
OF A STRONG SHock wWAUE \) ConDEASED PRESSURES WELL ABOVE ELASTIC LIMITS,
MATTER IS /0 - /000A, WHICH 15 EFFEC - PHASE TRANSITIONS, ETC., THE SHOCK WAVE
TIVELY A DISCONTINUITY ON THE SCALE STRUCTURE 15 A S/MPLE STEP DISCoA -
OF THE EXPERMENTS (mm's). TINUATY.
THERMAL EQUInBRIUM |s mMOST A CONCERN IN SoLidS AT PRESSURES (omMPARABLE
WHEN PROCESSES REQUIRING ACTIVATION To ELASTIC LIMITS OR PRASE - CHANGE
ARE /NVOLVED ! CHEMICAL REACTION AWD PRESSURES, THE SHOCK WAVE CAN HAVE
PHACE. CHAVGES | FoR EXAMPLE, TF ACTIvA- A MULTIPLE WAVE STRUCTURE, CoNSIDER.
TioN TIMES ARE LONGER THAW TH-E AN ELASTIC- PRASTIC SQRID. FeR P> P
EXPERIMENT, THEN EQuitkiBRIUM STHTES AD T, Pa=Big, ) A SINGLE WRVE
Wikl Mo T BE ACHIEVED | PROPAGATES, FoR P <4y -~ Two WAVES®
P Paeﬂs'hh
1A Bulk Wave
""')u.s
Al Ber| L
vt | L;_::‘T?m_}c
Preeursor -

X

WAVE STRUCTURE. MusT Re Cbus:oERED WHEN
INTERPRETING DATA OR CHoosWé DIAGNOSTICS.
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RANKINE —HuGoNioT  EQUATIONS

| SHOCKED MASS= lug-u Nt = Plug-udt ()
CONSIDER UNIAXIAL FROW =~ ONLY N DIRECT/ON

OF THE Skock WAVE. foCug=tpd = y[(us—u,,)—(u,;—uo}] (5)
4. LonsERVE MASS oo 4 - (p- Uy _ VY )
K.‘o j (ug-qb) V

tzo
U, and ¥, in Sawe '
// N [ Vo divection. I'f:a V= \/o[\ - ('(" “UYp ] 675
’A uP Lo E Up=0, P, is scalar, (qs tlo
/ 1
PsTon | 5;‘;_:;‘; AND
| usd t [ARA -u )= -
%/ [Sadi o)z Yolpa) (g
4/ Va & ] V,-V
cupt ) s |
~ Uo=>
2 S -,
// V. € "
a L
| t
e u L —i

COoNSIDER. UNIT AREA A




v

2. CONSERVE mMomenTuN

j’rdf =m Al
? P k)
| We f
we> | > ;
= i £ n
LS i
x x St 2

MAss SWEPT uP BY SHock IN §E= ﬁ,cw_..,—uobst
CHANGE IN VELOCGTY = (u.P-u.S

(P-7,) St=f°(u5-u,)§tcut -¢,)  (9)

P-B= fo Cug- o)cu o> (o)
AND
folus-u)= P-B (1))
f““’
DEFINITION*

fo Wy = SHOLR IMPEDANCE

15

3. CONSERVE ENERGQY

NET WoRK on MASS= CHANGE IN ToTAL ENERGY
NET woRK = Pu.PS;t - Puw,dt

MAss SWEPT uP N §t= fOCus—q,BSt

(Pu-r“: Bupdt = f<"‘s %5825[:1(“7;“%)“‘5"50] (12)
-~ AKE ATE

WHERE E AND E0 ARE THE FWAL AND
INITIAL INTERNAL ENERGIES PER UMT MASS.

?u-P-E’,uf fo(”-s"“b[é (u.F-qg-} + E-—E,] @3\
USING B QUATIONS (3) and (1)

Pu.? Bu,= Z uaI-l (urq-uo\(qf u,)]-!- M(ﬂ E,,)

WV (S
"}5(?{?,)@-{?-%\ ( -u")(g E-,,} (15)

E-Eo=-h (PRY(-v) | ()
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CONSIDER R L.nm{-f;ucq CASES.

o) WEAR SHOCKS — E= E_+ AE
P=Ve
V=V, - |avi
EQ.(Ik) BECOMES AE = 7, | AVl

HuGoN10T COINCIDES WITH AD/ABAT FoR
WEAK SHelYS.,

L) STRONG SHoCKS

AS AN EXAMPLE CONSIDER AN IDEAL GAS.
THE EQuATION oF STATE 15

P=(¥-NE , (N
Y

WHERE ¥= Cp/Cy , THE RATIO OF THE

SPECIFIC HEA-TS SuBSTITU'Tf-‘- EQ (i7) WNTo

EQ (1b) AND SokVE For THE HuboAioT OF
AN 10EAL GAS (N P-V SPACE:

17

+ DV, - (¥-1)Y (i8)
o+ AV = (¥- 1)V,

T,
P

P/p >0 As HDV-(-LVp—> ©

THUS, THERE 1S A KimTING, MINIMUM
HuU&oNOT VohuME

Vi = Vo 3—13 G9)
Y+i

AND A MAXIMuM COMPRESS/ 0N

)op ) ¥4

For A MonAToMIL TDEAL GAS ¥=53 AND

Prmax /fo =

FoR ADABATIC COMPRESS/oN OF AN IDEAL GA'S

Y= ¥, (%;S ’ (2)

5
Mo Ve & PR 4
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Coincdent for
weak Shocks

Yo V

HuGonieT TEMPERATLRE: T _ PV (23)
Al Y

NEAR Vpw T=(L\P = T« P
15

¥ 0.4
ADIRBAT TEMPERATURE: _'__; =(£) Y S T«P
() (]

THE HIGHER TEMPERATURES Hetweved AT
HIGH SHocK PRESSURE CAUSE THE WMITIAG
CoMPRESSION.

19

P-V CuRVES FoR AlLuminum P To
/.5 Mear ARE SHeowA IN THE FocLowmG:

200 T ]

Isentro) pe /h‘uﬂﬂ ‘ Abluminum
i +45 Mbat
T o0l ult] )
g O-K ISOTHERM
Al i OF MeMAHAN.
| L '

0.20 0.25 0.30 G35 Yo
Specific volume {ec/gl

FoR STRONG SHOCKS THE ENERGY EQ (3)

BECOMES
E=45PW,-V) G

THUS, THE SPECIFIC INTERNAL ENERGY
CAUSED BY SHOCK COMPRESSIoN FRoM

Vo To V IS THE AREA OF THE TRIANGLE
UNDER THE RAYRE|GH KNE., THE
ISENTROPIC. CoMPRESSION PATH /S
REVERSIBLE AND THE TEMPERATURE AMD
THERMAL. PRESSURE. ALONG “THE [SEnTROPE
ARE LESS THRN ALoN G THE HuGowioT.
THE IRREVERSIBARE ENERGY |$ REPRE-



A0

2|
SENTED RY THE SHADED AREA BETwEEN
THE RAYLEIGH LINE AND THE |SENTROPE,
Il T
THIS ENBRGY |S AVAILABLE. FoR NEAT AND We
FoR ABSORPTIoN) BY INTERMNAL DEGREES
OF FREEDeM.

IN P-w, SPACE THE CoLLiSfoAN IS
REPREerUTEb AS FoLLows

SHOCR IMPEDANCE MATLHING 1S A PROCESS sty TARGET
USED TO O0BTAN MASS VELOLITY WUp. Hu&oN 10T
FUNDAMEA/TAL POSTULATE OF SHocR-WAVE -
PHYSICS $ :
l4.P=-l_&_; Wy
PRESSURE AND MASS VELOCITY ARE 2
CoNTINUOUS ACROSS AN INTERFACE BY SYMMETRY THE MASS VELOCITY uf= Uz /&
BETWEEAN Two MATERIALS

BY MEASURING Wy, Ug , AND Pp=1/V, THE
SYMMETRIC IMPACT IS ONE IN WHH

RANKINE~HUGON/IOT E QuATIONS GirE
THE |MPACTOR AWD TARGET ARE THE stock. (P, V, ED
SAME MATERIAL:

E QUATION —OF ~STATE STANDARDS ARE
DEVELOPEP IN TiHS WAY— w)THouT

THE. NERCESSITY OF ANY @THER PRESSURE
CANBRATION.
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NON-SYMME TRIC IMPACT IS ONE /N

WHICH I1MPACTOR AND TARGET ARE
DIFFERENT MATERIALS.

It— N
CE t
= 'Tur‘ae.
]
[
l I -+
s 1 NECTREGR
u.f U..r_

FRom BQR() THE STATE IN THE TARGET
MUST WIE ON THE STRRHGHT LINVE
THROUGH THE OR/GiN W)TH SLoPE

ohs= SK-OCI |IMPEDANCE. THE IMPACTR
U&GONIO T — MEASURED /N OTHER EXPERI-

MENTS — IS PLheTTED NS BEFIRE. THE

INTERSE CTroN OF THE TlWo CURVES

IS THE STATE REACHED IN TARGET

AND IMPACTOR IN THE (CoiiS/OA/. THE

ANALYTICAL SOLuTION 1S 9BTAINED &

- P= YUT WU U~F= PoI[cI*'gl:(’uI—wP)jcut—qP))

a3

. FoR METALS LIKE THE HUGONIOT
STANDARDS AL, CU, anD TA, THE

HUGONIOT 1S LINEAR IN Ug—Up
We=C+Sup , ()

WHERE ( = Cg, THE BULK SounD VELIUTH
AND

CB:L,___ CE" % C"l?) CQS’\
WHERE (., AND C; ARE THE LONGITUDMAL

AND TRANSVERSE SounNd VELOCITIES AT
ZERDO PRESSURE.

THEREFORE) wp 15 OBTAINED FRroM

@é&d

MEASURED [N “THE EXPERIMENT ARAD

¢y AND Sp ARE RNOWN FRoM PREVIOYS
EXPERIMENTS,
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PouBLE —SROCK EXPERIMENTS

RAVING MEASURED THE Hubowi0T OF A
MATERIAL | DoUBLE-SROCK EXPERMENTS CAN
BE PERFORMED TO ACHIEVE HIGHER

PRESSURES AND DEUSITIES BUT RELATIVELY

LoWER TEMPERATURES. THE SGLE AMD
DouBLE SHock CANFIGURATIONS FoR AL

ARE sHowWN N THE FolkowmG Fi{EURE
(Newws,1783)¢ -

k 6]
16
. 7Ny

Al

6
LU I l
och -arrival -
e
u

W

0]

Tilusirasion of (a) & single-shock eguation of stale experiment and {b)
a double-shock equation of state experiment.

FOR THESE ExXPERIMENTS THE RANKINE —
HugonNioT EQUATIONS ARE AkSo WRITTEN

as

So THAT THE [N|T/RL STATE |S THE
FIRsT- SHocK STHTE AND THE F/VAL
STATE |S THE SECOND SHOCK STATE.
TN GUN EBAPERIMENTS THE
FIRST— SHOCK. STATE IS DETERMINED
BY SHOCK~IMPEDANCE MATCHING THE

Two KNown HUGONIOTS USING THE
MEASURED Ur:

Spetimen
Htaon (ot

T Pad-or
I-Lugom’of'

b

HAVING, DETERMIVED Up) , THEN U, P,
V,, AND E,-E, ARE CALCURATED.

THE SECOND SHOCK STATE IS
DETE RMWED FRomM MEASYREMENT of
SHOCK. VEroTY | N THE AMVIL TTHEN

Us A= Can o “p Upy= Ysha=Can (oo

Shn
THEN Y= 04, Ysn u’fﬁ'n (28)
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THE DOUBLE -SHOCK VOLUME |S ~THEW
FouNd ERom

<

Vo= V) = Cup~Uss)
a= 1 p el
A (27)

THE DOUBLE SHOCK INTERUAL ENEERGY
IS OBTAINED FRoM SEQRQUENTIAL APPLICAT o4/
OF THE RAVKINE - HUuGow 10T ENERGY E&:

E-B,= (B -g,)+(E,-E ). (3)

THE RESULT FoR AN AL DouBLE-SHeak.
EXPERIMENT FRoM 10 To /.8 Mbar 1S SHown) :

250 [ N |

g

FPressurs {GPa)
g
T

g

1 Mbar

oLy T
05 0.8 [X] 0.6 09 10

Relative ImuVN

Dnuhle shock data point for aluminium.” The first shock state is
represented by the open circle (100 GPa— =1 Mhar).
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THE DOUBLE—SHoCK DATA Po/NT LIES
MUCH CLOSER TO THE ISENTROPE THAN
To THE HUGOMNIOT, A SITUATION r—‘ou/u_b
To BE TRuE &E/UERRLLV

AS AN EXAMPLE OF DATA, THE FE
HUGONIOT DATA IS PLoTT7TED AS SHocK
VELROLITY YERsus MAsS VELOUTY CFRom
BRown and MC QUEENLIR):

Fe .

IRON HUGONIOT
CaTa

=]
T

® LASL IRON ON IRON
O LASL IRON ON COPPER
r O Alt'shuler elo) 1962

X LU 1975

o.4yamber

i - 1 1 ] L

1 1 i
" | 2 -3 4 5
u,P (.k-MfS) Ug {km/s)
Fig. 3. Selected Hugoniot data foriron.  References are (L ASL) MCQUEEN et
al., 1970; AL'TSHULER er af., 1962; and {LLL) MitcHELL, 1975.

THIS DATA FolLowS A LINER RELATION —
SHP BETWEEN WUg ANd Up, EQCIY), 45
IS COMMON FoR METALS. No PHASE CHANGES
ARE EVIDENT. LATER WE wil SEE.

T j;mhr

2.0Mbar

bLs(kas) Uy (hm/s)

Jll ’lbﬂ-f
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LATER THAT PHASE CHANGES ARE
OBSERVED /N Souwd VELoC|TY DATA
FoR Fe &T 2.0 AuD 2.5 MBAR.

THE Wg-wp PATA FoR xX-QUARTZ
(WACKERKE , /963) ARE SHow:

I e S S A T
FHA

Ug , MM/ 58C
> £s.)
T

Ug
of

3 5
Up, MM/ 5ec 'l P

THE. SAME DATA PLOTTED As PV BY

MC RUEEN, FR(T2 AUD MARSH, 143, ARE ALSO
SHOWN. “TRE OFRET IN Us-Up REPRESENTS
A MIXED—PHASE REG(ON CAUSED BY TTHE

TRANSIT/on FRoM X~QuARTL 7o STISHOVITE.

29

DOURLE-SHOCK DATA FoR o- QUARTZ OF
FRITZ AND MC QUEEAN ARE SHowr AS ¢ °
aMbar

“D

~- o= { L Mbar

1
'
! NOVACUL TE =] “-C?ugpt'z,
! sonsoT
1

-t - du.courm huconi ot
CBIANTING AT STISHOVATE}

L]
8
I
1
{
|
1
|
b = - - - — e = - =

Vo (STISHOVITE) o
RV 0sem® 0.95

ezl - - -

o3 VNS e

THE DATA AGREE WiiH THE CHCURATED
DoUBHE -sHock (REFLE CTED) STATES. MO
PHASE CHANGE 15 O0BSERVED.

THESE DATH WERE OB TAWED To /NVEST/—
@:ATE THE. COLLAPSE PROPoSED 70 FCCUR,
AT /.25 MBAR IN o- QUARTZ DURING
TSENTROPIC. ComPRESSIOV (TAVMOVSKI ¢hel,
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TETP LETT. 27,265 (1978)). No PHAE
CRANGE IS EVIDENT ON THE o-(PuARTZ
HUGoNIOT AT ~ 4. MBAR. THESE DowBLE -
SHOLE DATA ARE AT HIGHER DENSITY
AND LoWER TEMPERATURE “THAN THE
RUGONOT - AnD THus CMSER 7 TSEM-
TRopic. CoMPRESSrON. BuT Ao VOLuME
CohhAPSE AT /.25 MBAR 1S OBSERUVED.
THE PoNT AT 1-95 MBAR (S AT THE P-V
oF THE ONSET oOF THE PRoPOSED TRANSI—
ToN. THE PornwT AT /-S MBAR Would
RAVE. To BE AT /.25 AND A hOWER
RELATIVE VeIUME To CoNFIRM THE
TRANSITIOM .

P, Mbar

THE 1SBNTROP/C - 20

CoMPRESS/ON DATA 20 ./ r
IS SHoWN HERE. . | %_.h__L_ﬁ}f}:%
THE Souid CURVE a8 I’

1S THE HuGomior “ ]
OF o~CUARTLZ.
THE KINK IS THE o
STISHOUITE TRANSI~ /
“TioN. ABovE Two- 2 3
FolD> ComPRESSION

——— ———

4
P/Pe

31

THE FIGURE SHows THAT THE MATERIAL
COLMAPSES ANOTHER. FACTOR OF 2 N/
COMPREBSSION., SUCH A LARGE VoLume
el APSE HAs NEVER BEEAN OBSERVED |
IN ANY OTHER SokiD. “THE KARGEST KhNowa
To THE AUTHR IS A ~20% Volume
CHAVGE IN o~QurRTZ ANd W Tilo .

THE CYLNDRICAL SYSTEM USED To

PRODUCE. THESE ISENTROPIC CoMPRESS/IONS
IS IKLUSTRATED®

AL coil 4o rm:@ua. H
Ro/um' Cu
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AN IN(TIAL FIELD OF s00 ~180 kG 1S
CoMPRESSED To0 ~s5MG BY THE EXPLOSIVE,
PRoDuclG A MAGNETIC PRESSURE OF MORE
THAN L MBAR. VOLUME IS oBTANED BY FrAsH
X-RADIOGRAPH Y, PRESSURE IS CALCULATED BY
US/NG THE COMPRESSION AT THE TiME OF THE
FhAsH X-RAY AND THE KMowN EQurtion) oF
STATE OF THE Cu TUBE. THE ASSumpTron/
1 MADE THAT THE PRESSURE AND DENSITY
ARE. UNIFORM OVERTIHE SAMPLE Aud TudE.

T. BEWEVE THS OBSERVATION REQURES
TNDE PENDENT EXPERMEL TAL CINFIRMATION
BECAUSE OF THE ANOMALOUSLY KARGE
VOLMME (OLWAPSE REPIRTED AMD THE
ARSEMCE T0 DATE OF EVDEWCE FRoM OTHER
EAPERIMENTS AT COMPARABLE PRESSURES
AND DEUJSITIES.

.14 Liquid D,

Shock velocity {km/s)

33

ANOTHER EXAMPLE S THE EQuATIol) OF STATE

OF HYDROGEN. SiNcE P= QUsUp ond SIMCE.

THE DENSITY OF MQud Dy 15 MIRE THAL TWicE

THAT #F KAQuID H, , Da SPEC/MBENS WERE

USED T0 ACKHEVE ABoUT TwiCE THE PLESSURE

CERATIVE To iQuiD H, SPEC/MENS. THE SINGLE-

SHOCK. HUGONIT IATA ARE PLOTTED AS U-Uiys
100

I I I I i I | I

T T 1
90 [—

Liquid D,
This work
Van Thiel etal -
& Dick and Kerley

® This work
[ van Thiel et al
A Dick and Kerley a

@
[~
I

12|~

o
=
I

=
=]
)
=]
I

Pressure {GPa)
[
&
I

3B06K

o
=)
i

(7]
=
T

Double-shock

s
[=]

10— Principal Hugoniat

| | t | i 0 | | | 1 ! | | N
_ 4 6 8 2 3 4 5 6 7 8B 9
Mass velocity (km/s}

Volume {em3/male)

Our. WATEST DATA (NEMKS eraf, 1963) SHoW THAT
A LINEAR U -Up RELATION IS FohhowED. THE DoudE -
Stloc k. DATA ARE AkSo SHOWN. THE CURVES ARE
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THEORY ( Ross e+ of, /983). THE TEMPERA -
TURBS ARE CALCULATED Awp HMVE MOT YET
BEEN MEASURED.

35

CRUNEISEN EQuaTio OF STATE

WE Wikk NowW CoNSTRUCT A PUED—
BRUATION OF STATE USING HuborioT
DATA AND OFF-HuGonwoT DATA KLIKE
DOURKE -SHoc k£ DATA,

BAsle AssumpTioa): AT CoNSTANT VoluMg

2;) = CoNSTANT ~ (31)

DEFINE ¥ = GRUNEISEY PARPAMETER v 3E
A FUNCTion) ONLY oF Voryme

) ?
@o.)- Y v(%z)v

THEN

XY=
v

WITH THE HuGonNioT AS A REFERENCE CuRug
AND XCV) STATES OFF THE HuGowioT €AN
BE CALCUKATED
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FrRom EQ (39)

P=P, +¥ (E-E4) (39
. v

FRoM ()
Voo -4%p - W (35)
Vo Uy , “'s‘“-f?

DEFWE n= %,o p= -1 (36)

EQ(35) BECOMES

CiSup = N = ptl (271)
C+$ur-u)p 1 /’.

ko= _C (3¢)
P 1-(#—1)
AND

1(31/4.

-PH= F"u‘ui’: C,l r\ C‘fO)
L1 CS—i)r-]

SIMINARLY N
E, = 'P‘L (42
" ,ﬁ?

SUBSTITUTING EQS (40) AND (YD INTo (34)

P= Q,C )u(p.*-l)(ﬂ- fE_) + Y (43)
T Ra-(s-0) ud®

o Lan 6

Y CAJ BE OBTAINED,R EXAMPLE, FRom
RuUGoNi0T AND DOUBLE-SHck bml AT TiHE
SAME VOLUMES.

TS EQuATIN OF STAIE CAVW BE USEP

IN FINITE-DIFFEREALE (OMPL TER.
SIMULATIONS To DESIGN SKOCk-WAVE.
EXPERIMENTS OR To TNTERPRET THEM.

MeQueen &T Ak (1910) SHowed THaT A (09D
APROGUIMATION IS X . CONSTANT= %
v

(4
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WE WILL Npw SHOW A WHAVE CALCULATION
THE GRUNEISEN EQuikToN 0F STATE IS FoR -THE CASE OF AN Fe TMPACTOR STRIKING AN
USEFURN FPoR SIMUKAT/NG SKock-wWAVE Fe TARGET TFoLw0WED BY SHoCK TRANSM(SSioN
EXPERIMENTS. FoR A PURE FLUID THE INTO & DEMNSE Fhuub:
SYSTEM OF EdukTros /S X—>
. 1+ 3 Stam
Pé\k. -¥P+ ) E®. oF MOTION Uy | Wmo | w,ze
—_—
4 “leokmys
é\’ _V éu. ER. OF ConTina Ty Bromoform TmpACT
}7{; A% Fe. Fe CHBry
=7.35gkc | fo=78Spke
éE - CP"'&S;___V Eu%v E(p. ; ..__.__APQ_. R _3,/______._ ,,f,‘z,,,,
at a* ' : ':.:'"’o'ii el T T e am as .ons
m’t mmmt.;"j"
R=ARTIFICIAL VISCSITY— NUMERICAL WAY o T
To TRACK SHoCK DISCoNTINU(TIES RNH\F‘ CHBr,
, &+ ¢ 2.2mber '
é—: \gide Sowvey B o % Shock
FiniTE~D IFFEREMVCE. -~ e —> QENERATION
'PCV AT ~> Pv+aV BE+AE)  NumeRicAL 2 _§1" i Ue | f
\ 1 INTEGRATION §
QRUNEISEN ol |
EOS
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| Vi F CHbr.

. ‘: e Fe 3 SIMPLE

1D ATTENUATIVG
< SHOCK -

9 24t 410

£
~J)
Q-.s._ 4&5

O o

i e B ¥ P L )

IS A SiMurhTioN
®F THE BRowN AND MCRQUEEN
EXPERIMENT To MEASURE LoNGITulWAL-
SouUND VELOCITIES.

FoR -THiS CALLUKATION THE Followmé
CRUNEISEN EQUATIOUS OF STATE WELE USED:

CLcm4gs) S Y fn(j/cc.)

Fe 0.357 1927 1.2 7. 85

C,l-lfbr3 0.5

ol 12 2.85
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SHOCK. TEMPERATURE

SHOCK TEMPERA TURES €OF oOPTICALLY

TRANSPARENT MATERALS HAVE BEEN
MEASURED. THE MeTHOD ASSUMES THAT
THE SKoCK FRONT IS OPTICALLY “TH/N
CWEAR OPTICAL KIGHT ABSORPER) AND
THAT THERMAL. RADATION EmITTED FROM
THE SHoCK FReNT 1S REPRESENTATIVE
OF MATERIAL IN THERMAL E®QUILIBRIUM
BEHIND THE SHocK FRONT

FoR EXAMPRE, WATER MEASUREMENTS WERE
PERFORMED AT THE LAWREANCE ~IVERMIRE
NATIONAL RABRORATORY (hENL) Ty o - STAGE
GUN BY LYZENGA et al. /983. THE SPECMEN
HeLDER !

H, 0 sampls chamber

Al basa plate

\\J

% H,0 fil tube

Ta impactor

R }\\\\\\\

Radiation to pyrameter

3.7 mm

L

10 mm
A

Al Oy window
Seif-shorting triggar pins (2)

F16. 15. Nlustration of targel containing transparent liquid, e.g. water, for
pyrometric lemperature measurement experiments by Lyzenga e al.? -

Hs

THE IMPALTOR STRIKES THE ALK BASE PLATE
AND GENERATES A HIGH SHOCK PRESSURE

(500~ 800 KBAR). THE SKOCR IS TRANSMITTED

THROUGH THE ALumium AND INTo THE
MBUWID. THE SWock-CoMPRESSED WHTER
BEHIND TRE SHOCK FRONT IS HEATED To

- 2000-5000 K,BECOMES QPAQUE ,RND
EMITS THERMAL RADIATION. THE RADIA-
TION IS TRANSMITTED THROUGHK THE AS-7ET
UNCOMPRESSED , TRANS PAREAT L1&UID,
CTHRAUGH THE SAPPRIRE WiNDoW,To A
TURNING MIRROR WHICH REFLECTS THE
RADIATION To A& 6-CHAUNEL PYRoME TSR

" Shock enters  Rarefaction Shock at
H,0 overtakes shock  A1,0, window

Fii. 3. Experimental record
from a shock decaying from

59 GPa on shot WETS, A rare-
Iaction overtakes and attenvates
the ahock wave at the indlcated
time, Each herizontal division
ia 106 ns,

- fe 100ns



db

US(nG NARROW-BAND FILTERED, OPTICAL
DIODES AS DETECTLLS. AN 05CILL.0GRAM
FRoMm ONE DioDE FRoM AN EAPERIMEAT
WHALH ACHIEVED 585 KBAR AND 3830K 1S
SHowN ©ON THE PREVIOUS PACE, ThE
VOLTAGE SIGNAL RISES RAPDLY As THE
SROCK ENTERS THE wATER  REMAINS STEADLY
UNTI. TRE RELEASE WAVE FROM Twe PEAR
OF A TRIW Cw IMPACTOR. QVERTAKES —THE
SHOCK — AT WHICH POIVT SHocK. PRESSURE,
TEMPERATURE, AND OPTICAL EMISSioN
DECREASE. THE SIGNAL RISES AGAIN WHEN
TRE SKecK STRIKLES TNE AL, 0, W/Ndow
AND THE WATER /5 DOUBLE ~SHOCKED To
HIGHER PRESSUBE AND TEMPERATURE .
TTHE DATA FIT A Birack BodbY SPeEcTRUM.
THE FiTs ToTHE TANTEWNUSITY DATA ARE
SHOWN @N THE NEXT PAGE. ALso Skown/
15 APROT OF SHICK TEMPER ATURE VERSUS
PRESsy RE. THESE DATA ARE CONSISTENT
WITH A CONSTRANT HEAT CAPACITY OF
Cy= 27 R/ mol H 0, wiicH 15 VERY ChosE
To THE VALUE oF 4.CAL/G6 AT AMBIENT.

HT

1013

~

[X] [~} (5
TOy T
X}
1 |
Temperature (K)
T

C, =87 R“

Rice and Walsh N

_1

Radiance (watt/m3 - sr}

Cowperthwaite and Shaw —

N ;M o«

3,
T T 110
\\

0 1 | A | n 1 1 1
| L | 1 t n 1] 20 40 60 80
500 600 700 800 Pressure {GPa)

Wavelength (nm) Hao FIG. 5. HyO shock temperature data plotted as a function of
FIG. 4. Spectral radiance for all experiments. Clrcles are presaure, Resulis of the current investigation are shown with
data, Solld curves are best [its using temperatures and emissi- those of Kormer {Rel. 1). The line through high-pressure data
vitles ligted in Table 1. Arrows point to maxima in flited ppec- was calculated by the method described in the text. Theoretical
tra, calculations are from Refs, 3, 5, and 7. -

3

THIS TECHNIQUE WAS ALSO RPPHIED To FUSED
AND o~ RUARTZ . D ATA OBTAMED BY ARRENS
et af, 1982 AT THE LLNL TwO-STHGE GQuw
1S SKowld oN THE NEXT PAGE. THE STRUCTRE
IN TRE T-P DATA 15 PRoBRBLY CAUSED BY
MEFTING 0F STISHOVITE . THE CHARACTER)S -
TICS QF THE MELT TRANSITion) AT 700 KBAR ARE ¢
MELT TEMPERATURE Ty, Yoo KX 5%, )

. SkorE AT, /d P 1 K/KBAR. (*50% )
VOLUME CHANGE BV/Y ~ 44,

LNTENT HEAT OF Fuson  3.5MI/KG (t/S Z)
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{

TEMPERATURE

: : 1 s 1 [ P
200 400 €00 800 1000 1200 1400
PRESSURE. (kbar)

Fig. 8. 5i0; Hugonial temperatures and pressures and the Si0,; phase
diagram. Propesed phase boundary between stishovite and liquid phase is
drawn through lemperature minima, assuming that super-heating of the
sold occurs in the shock wauve.  The coesite-stishovite-liguid triple poiat is
estimnated from JacksoN {1976).  Heavy lines indicate repions where we
believe stishovite is super-heated above meliing point. 5. FS indicutes
stishovite from fused quartz; SH-8, FQ indicates super-heated stishovile
from fused quartz; S, Q indicales stishovite from quartz; and SH-5, Q
indicates super-heated stishovite from quastz.  Square symbol datum from

" Boslough and Akrens (unpublished).

THE APOVE FIGURE INDICATES THAT TEMPERA ™=
TURES AkoNG THE FUSED QuARTZ ( &gg'-'?-ﬂjlf-\)
HUGONDT ARE HOTTER THAN FIR A~ WuARTZ
Cfg'-:l-usa/cc). TN GEvERAL Skeck NG A
MATERIAL From AN ExPANDE D VOLUME PRODUCES
MORE THERMAL BENERGCY AND NGHER TEMPERR —
“TURES, PoRous MATERIALS HAVE BEEA
STUDIED EXTENSIVELY Fpl THS REASON,

49

RECENTLY VERY uniFORM, TRANSPAREVT,
ULTRA- EiN E-GRAWED (~ 100 A pere size),
ao0-~ForD EXPANDED ( ¢,=0. /33/CC> SO,
HAS BEEN SHocK-COM Es-sseb CHOLMES  ef-
of, 1994). FINAL DENSITIES WERE 3-Foud
E)(PANbEb RELATIVE 10 ot-QUARTZ AT
PRESSURES oF /50 KBAR AND MEASURED
TEMPERATURE OF /0,000 K. THUS, HeT,
EXPANDED Si0, WAS BEEN STUDIED
BY SHoCK COMPRESSIDN . THE RESUKTS
ARE ILLUSTBATED *

I

L.ambar N
5000 K Si0s

Principal
Hugoniot

75 wbar
10,000 K

Pressure

Porous

/ t Hugoniot
/ Expansnlon Aeraj e-ﬂ
l
)
p ,
Vo~V T a

Volume

THE BQUATION oF STATE oF WoT EXPANDED

STATES 1S RELEVANT To VORCANSM (MAGMA)
AND METEQRITE-TNDucCED CRATERIVG.
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Si

SOUND VELOLITY MEASUREMEN TS

MEASUREMENT (F RELEMSE WAVE CSauNb>
VELOCITY N SHOCKED SOMDS 15 A UsEFUL
TECHNIGUE To BETECT PHASE TRANSITIONS

AT ULTRA-R-IGH PRESSURES . THE TECHNIGUE
IS BASED on) EQ. (35)

x.fIMMc.TOR THICKNESS

X1=RRGET THCKWESS
AT Wit BELEASE
FRoM REAR o F
TMPACIR. oVERTRLES
SHoc L

i;f TIME TMPACT SHock

. REACHES REAR oF

WRERE (. 1S TRE Lom€ITUDINAL. Sound TAPAeTo

VELOUTY, Cq IS THE TRAUSVERSE (SHEAR) B, STIME oF ouerTALE

VELOCLTY, AND (g 1S THE BULK Spund

VELOCLTY. SQUND VEWOCITIES ARE EXPECTED '

To BE A MORE SENSITIVE [NDICHTION 0F PHASE

CHANBES THAN P~V BECAUSE SOuND VEL0CITIES

ARE RELATED To DER\VATIVES OF P-V.

2., 2 2
CB“CL-%’CT>

X712 Ug £, = 7"'1-‘)% (_‘(S’)

g+ Xp = cc+u.P)(,e,-,e,) (40)
PRASE TRANSITIONS IN Fe HWAVE BEEW

OBSERVED AT ~ 2 MBAR (Brow Anp g ==r Xp= (Us-ugz ) *, (473
\492). THE EXPERIMENT Cowsists W

MEASURING THE ExdcT POSITIon) AT whicH | ( (I- -—-E')(If ) C-{g)
THE WONGITUDI WAL RELEASE VELOC/TY ovep—

TAKES THE SHoc k. THE REWATONM 1S DERIVED 1:: = Xe_ L -

A4S Fortows, E Al | (%)

xr~- R
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1—‘_&\:_ ;'%oz _%
C= LL%%B(%) (50)

(2)

TN AN TMPACT EXPERIMENT Urp 1S MEASURED.
AND Uy ARE OBRTAMNED BY SHDCK (NPEDALICE

MRTCH/ING . o AND Xy ARE NMEASURED Priok

To THE EXPERMET

) S b osmweb BY MEASUR/ING TiME-RESOLVED
OPTICAL BRIGHTNESS —S/MILAR 70 A SkHock

TEMPERATURE. MEASUREMENT.

fe | Fe

¢ HBrs

< x;:)[__ :::

OO I f U B

o —

e e - - -

ot Cx; ,bt;>"
st

.
Syle
B wE vk
x‘isﬂan’\_) | Dve
Dekclers {
Atl's
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Fe RESULTS OF BROWAN AMD MCEUEEA (190):

VELOCITY (km/s)

AMBAR

" n
100 200 300

PRESSURE (GPa}

Fig. 1. FElastic wave velocities as a function of pressure along the Hugoniot of
iron. The solid curve is the calculated bulk sound velocity (from BRowN
and McQuEEn, 1980, 1982),

THE BISCoNTINWTIES AT 2.0 AND J.S MBAR
ARE INTERPRETED A4S PRASE CRANGES . THE
ACREEMENT BETWEEN THE DATA And THE
CALCUKATED Buki SouMd VELOLTY SUGGEST
THAT THE 2.5 MBARR “TRAMSITION IS MELTIG,
THE LowER YRBSSUPE ONE |5 TreEr RSCRIBED
To THE &-~% PHASE TRAMSITION.

NOTE THAT THE WU -Wp DATA PR Fe
SHOWED No INDICATIONS O PHASE TRANSITIONS
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BRowN AND Me QUEEN MEASUBED THE GRUNESEY
THRAMETER. Fol Fe BY PERFoRMING KuGowio T

EXPERIMENTS ©ON PoRoOuUs Fe. “THEY Found
(SP/E), = oopro.0f niyMy

AND Y=V (3PAE),. THEY .
CALCULATED THE e \\
TEMPERATURE OF “THE ,
HUGONIOT. ¢-& PHASE "<

J v y
TRAUS[TION, MELT LINE o L4V
TAKING IWTD ACCOUNT

LATTICE. AND ELECTROMIC CONTEIBUTIONS TO
THE HEAT CAPACTY AD ESTIMATING THE

LATENT NEAT OF THE PHASE TRANSITIONS.
TREMG INTo ACCOUNT ESTIMATED UNCERTAM —

TIES N THE CALCULAT o/ THEY PRoPSE:

:

SR
NI
LR
----

TEMPERATURE {K)

:

€ |

%0 206 350
PRESSURE {GPa)

Fig. 2. Phase diagram for pure iron which is consistent with Ihe shock-wave

data. Bounds shown for the phase boundaries reflect uncertainties in
temperatures along the Hugoniot of iron.
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UNCERTANTIES N TEMPERATURE ARE
S00- /000 . AT Svoo K. “THUS WORK /5
STiLL NEED “T0 PN DOWN THE TEMPERA —
TuRE OF THE CoRE,

BLEBECTRICAL CoANdUucTIVITY

BLECTRICAL CoupucTiViTY O©F F& ANd FeN'
AUD FeS; ALOYS wAS MEASURES BY
MATASSOV C1977). HE used A -Y-PROBE
TEU) QUE AND SANDWICHED THE
SPECIME L) IN AN AL 0, HoLBER. LARGE
CUREENT WAS PULSED THROUGH THE
SAMPRE. AAIND TNE VorTAGE ACRESS THE
SAMPLE WAS MONITORED ON Al 95CILLoscopE.
TRE CRCU (T 1S ILLUSTRATED

—/ﬁSmrt )
orge
41 R inductance
O —
Stop R }V
[ Y

Current
limiter

- Sample

Constant current circuit -
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MATASSGV's DATA _‘70 I"'{ MBAE- /.5 SH‘OQMJ ‘ THE SPECMEN l’bl-bﬁvfe. FoR LiQu DS AND
. ! CirenT FoR. CoAMDUCTIVITY MEASUBEMENITS
ARE SHOWN FROM MITCHELL AND NELLIS
(1982)¢
L \ %-Silico}h 1 e —m e m gy
B _/ -3 " c1R“ F%jﬁl ll" b
4 T . | [
\_\+ . p.,w,., R5 [] {n; :ml::_l- @
B \ . o s& Dna ﬁ:&[}_,_:
g e &~ ﬂ‘—'——-{’? A F1G. 3. Waler specimen holder for electrical conductivity IG A Hectriosh conductivily mesuring clrost
© 4 \_¢_ ,;‘;::f:l::rﬂs using the two-stage gun. Impactor is incident
£ 10° - ' ] !
e T L. B + ]
£t | THIS 1S A TwWo-PRoBE TECKA| QUE . THE
s | ] SPECMEL /S ITIRLY AN INSULATOR. AND
& 1 | CURBEUT Flows ONLY THROUGH THE SHUNT
N | RESISTANCE Rz, WHEN THE SPECMEN IS
-‘{>'20%bvweight Nickel 5H‘OCKED A'MD CAUDUC/TSJ CuRZEUT FLowls
B + 14.4% by weight Silicon ] THROUGH RS AS WELL . THE VOLTRGE DROP
| AeR0ss —THE PARALLEL CoMBuiTion ©F
103 | . Rs AND Ry 1S MEASURED On AN OSCILLOSCOPE.

o 500 1000 1500 CovductiviTy 15 DERIVED FRoM (CE (-
Pressure in Kbars .
’ KESISTRNVCE. BY NDEPEWDENT
CALBRAT/ION.
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TRE BATA FoR SHOCKED WATER 1S SKHowa
BELQW. THe RHG H CoMdycTiviTy OF
30 Conm—em) ' IS INTERPRETED /N TERALS

OF SIGNIFICANT MoLECULAR oni124Ti04/

AH, 0 — DA[--FALBO"'

-
=)
Cl
!

1w

Electrical conductivity (ohm-cm)™'

© Hamann and Linton
A This wark

205 | ! | L 1
6 o 20 3 40 50 €D

Shock pressure {GPal

FIG. 10. Electrical copduetivity ve shock pressure for liquid
H,O (1 GPA =100 kbar),
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FLAsH X-RAY DIFFRACTION

FLASK X-RAY DIFFRACTION PROBES SKock-CoMPRESSED
SwLIDS oN AN ATOMIC SCALE . THIS TECHIHUE
HAS DEMON STRATED THAT Low G —RAGE AT7amic
QEDER CAN ExX(ST M STRWELY SHOCLED CRHETALS
BErow MELT AUD TWAT THE VOLUME (CoMPRESS/oV/
DEDULED FRoM THE MEBASURED DECRE4SE N
LATTICE. PARAMETER AGREES Witd THE
ComPeEssion/ CALLULATED FRom THE RANKINE —
RUGoneT RECATIONS ( Torison) Aud /umweu_
1980 ). LiF s STUDIED To  woGPa( I, fMBAB)
THE BXPERIMENVT S (LLUSTRATED*

Fii. 14, THustration of flash X-r. ray diftraction experiment of Johnson et al.*
chp oduced by kind permission of the American Institute of Physics.)

AN WEISE | 80-ns Y-RAY PULSE S DIRECTED
TTOWARD THE BEAR SURFACE OF THE CEYS TRL.
JUST BEFORE sugwock ALRIVAAL, A SMAL Fiem
CASSETTE (s PosiTIoVED W-DETEOT
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RRAGG-SCATTERED X-RAYS ToOR BoTH THE
SHOLED AND UNSHOcKED STATE. THE
CoMPRE Ssyod) |M UMT CELL VoLUME DETER—
MINED FROM T HE SWiFT OF THE (200)
REFLECTION 1S Fould To AGREE —T0
WiTHIN 1o Wird Ay GonpT COMPRESS/00S
OBTANED BY SHOCE T pPEBANCGE MATCHLG.
TRE RESULT HKolds Fop CRRTALS .
ORIENTED ALotE Tioel o Liti] USING

Bruer. Co 08 Mo RAMATION. THE Fp B, i 0
FACT THAT DIFERACTION OccuRS IN THE ek 58 G T ot sl
SHOCKED SOLID MEAUS THAT LONG-RAMGE e S T e e
ATomic OEDER DoEs /M) FACT EX/ST, AT ashed e e culbrnion s

|LEAST /N LIF UP 70 LIMBAR S Roce
PRESSURE. THE REcoRd FrRom A s50 KBAR
ECERIMENT [§ Skown) o0 THE NELT
PAGE :
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SHOUA WAVES IN CONDENSEIY MATTER - 19837
LR Asoy, RA. Cratam, €. K. Stiaub (vdirars)
© Elsevier Seresce Publishers 81, 1944

Chapter VI

RAMAN SPECTROSCOPY OF SROCKED WATER

W, C. Holmes, A. C. Mitchell, W.

J. Kellis, W. B. Graham

University of California, Lawrence Livermore National Labaratory
Livermore, California 94550

G. E. Walrafen
Howard University, Washington, D.C. 20059

Raman scattering has been vsed extensively to
study the vibrational and rotational proper-
ties of molecules under a variety of condi-
tions. Here our interest is in the behavior
of water molecules shocked to high pressures
and temperatures. Behind the shock front the
water molecules undergo changes in bonding and
the molecules may become ionized.l Raman
Spectroscopy can be vsed to determine the
molecular species behind the shock Eront, In
addition, changes in Raman spectra can yield
information regarding inter— and intra-
molecular potentisls and the temperature
behind the shock Front.

Raman scattering occurs as a result of the
diffecential polarizability of molecules with
Tespect to the inter-atomic separation. The
effect is that light incident upon a molecule
can excite molecular vibrations. For incident
light at v; and a molecular vibrational fre-
quency Vg, scattered light is observed at

¥ = Vi *Vvp. The process for which photons of
frequency Vi - Vg are emitted is termed Stokes
scattering and anti-Stokes scattered photons
have frequency Vi + Vj. For weak photon
fields the effect is linear in intensity and
very weak {cross-sections on the order of 10-29
cm? are typical) and is called sSpontanecues
Raman scattering. When the incident intensity

is large the process is nen-linear and stimu-
lated Raman scattering o¢curs. Stimulated
Raman backscattering experiments have been
perfotmed recently en shocked henzene.

Qur interest is in spontanecus scattering.
This is an inherently broadband technigue
which lends itself to study of the OH-stretch
band in water which can be up to 1000 cm-l
wide. Also, spontaneous scattering does not
significantly effect the vibrational thermal
equilibrium, allowing it to be used for the
deteemination of temperature.d

In our experiments we have observed the OH-
stretch band in Hy0 shocked te 7 GPa and a
tempezatare of ~370°C. %5 The two-stage
light-gas gun at LLNL was used to generate the
shock wave in liguid water initially at 2s5°C
and atmospheric pressure. A freguency-doubled
Nd:glags Jaser at 537 nm was used to excite
the shocked sample. Stokes radiation emitted
at & 90% angle to the exciting laser beam was
collected by an £/2 achromatic lens which
imaged the sample volume onto the slit of an
£/3 flat-field 0.25 m spectrograph. A micro-
channel plate image intensifier was installed
at the focal plane of the spectrograph to
increase the brightness of the spectrum which
was recorded on film. A spectrum is shown in
Fig. 1. The broad peak above a continuum is

T T T
100 —

B0

o
2

Intensity

-~
o

N
2

1

450 500 550

600 650 700
Wavelength (nm)

Fig. 1 Spontaneous Raman spectrum of water shocked to 7 GPa.
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the observed OW-stretch band in HaO. The
measured width is 650 cm™l, The narrow line
is the input laser radiation at 532 nm and the
broad continuum, observed in all experiments,
is belivved to arise from radiation omitted by
hat gas compressed on the haseplate of the
target by projectile impact. The width of the
band is significantly less than that obaserved
in the same sample unshocked (904 em-ly .

The narrowing may be due to the hreaking of
weak hydrogen bonds betwien waler molecules.
These honds are substantially responsible for
the very wide OH-stretch band.® We also
observe a small (+15 cml) increase in the
Raman shift of shocked Hp0.

The experimental conditions for the spectrum
shown were chosen for simplicity. That is, we
wished to show feasibility of the technigue
and chose not to reach counditions of very high
tempetature and pressurcs [or which anti-Stokes
radiation ot bands from ionized water molecules
are expected. In future experiments we will
investigate increasingly high shock pressures
to attempt observations of these effects,

We are pleased to acknowledge the technical
assistance of C. Wozynski, K. Jeter, G.
Guverno, W. Thomas, and J. Chmielewski during
these experiments,
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