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Abstract: Accurate sound velocity measurément under high pressure requires high-impedance window materials. However, no
ideal candidates have been reperted\ tondate. In this study, the Hugoniot data and sound velocity of single-crystal lead fluoride
(PbF3) in the pressure“tangeéxof 64-198 GPa were investigated by shock compression techniques and quantum molecular
dynamics simulatiohs. Fhe theoretical simulation results of Hugoniot data and sound velocities are in excellent agreement with
the experimental data. Alenlg Hugoniot, the sound velocities of liquid FbF, increase linear with particle velocity. The signal of a
displacement interferometer system for any reflector (DISAR) and simulation results confirm reveal that PbF, transforms into a
liquid metal at 89.6 GPa, which enables efficient laser reflection at the shock front. Using a DISAR, both the shock wave
velocity and the catch-up time of rarefaction waves can be accurately measured, providing critical technical support for the

precise determination of sound velocity in materials under extremely high pressure. These superior properties, including high
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impedance, structural stability under high pressure, and pressure-induced metallization, enable PbF, fully meet the core
requirements for high-impedance standard windows.

Keywords: PbF,; Equation of state along Hugoniot ; Sound velocity; Phase transition;
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Fig. 1 The impedance of svindow materials versus particle velocity.
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Fig. 2 (a) Experimental setup and (b) Wave interactions inldagrangian-coordinates. The red and blue lines represent shock
and rarefaction waves, respectively. The effects of the copperyfoil and gxtinction film on wave propagation are neglected due to

their small thicknesses.
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interface.
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Table 1 Hugoniot parameters for flyer materials

Material £o Co S Reference
Cu B¢l 8.935 3.933(42) 1.500(25) [36]
Ta B3¢ 16.654 3.293(49) 1.307(25) [36]
PbF, 7.740 2.214(34) 1.465(13) This work
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Fig.4 Summarized sound velocity of shocked tantalum (Ta) and copper (Cu), Data of/Ta are from Akin et al. 31, Xi et al. 32,

Brown et al.[6l, Hu et al.[*3], Yu et al.[3*], and Rigg et al 5], Data\of Cu are.from (Hawreliak et al.'®)) . Solid lines

correspond to quadratic fits of the experimental data.
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Fig. 5 The spectral radiance with wavelength for experiment 0702. The red solid circles denote the spectral radiance of

PbF, under shock pressure of 75.9 GPa, and the black open squares represent the spectral radiance of the standard lamp. The

solid lines are the fitting results by Equation (3), and the dashed lines indicate the uncertainty bounds.
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and the curved surface denotes the fitting result.
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Table2 Fhe'experimental data of PbF, under shock compression

No. Flyer 4 Dy Ur Pr L G d

(km/s) (km/s) (km/s) (GPa) (g/cm?) (km/s) (kK)
0527 Ta 3612(18) 5.684(22) 2.353(15) 103.5(8) 13.21(7) 5.61(7) 4.65(30)
0531 Ta 4.088(20) 6.085(25) 2.644(17) 124.5(10) 13.69(8) 5.95(8) 5.61(40)
0605 Ta 3.278(16) 5.385(20) 2.150(13) 89.6(6) 12.88(6) 5.37(6) 3.67(11)
0627 Ta 4.620(23) 6.570(22)  2.963(15) 150.6(9) 14.10(7) 6.28(8) 6.29(46)
0628 Ta 4.937(25) 6.855(32) 3.152(21) 167.2(14) 14.33(10)  6.53(11) 7.73(29) Tk
0701 Ta 5.402(27) 7.218(35) 3.436(23) 191.9(16) 14.77(11)  6.78(11) 9.00(77) W, D,
0702 Cu 3.336(17) 5.081(19) 1.931(13) 75.9(6) 12.48(6) 5.05(5) 3.10(6) Up> P
0704 Ta 5.506(28) 7.315(35) 3.497(23) 198.0(16) 14.83(11)  6.82(15) 9.22(52) p G
0710 Cu 2.971(15) 4.781(16) 1.733(11) 64.1(5) 12.14(5) 4.88(5) 2.634) 75y
0715 Cu 4.247(21) 5.775(23) 2.426(15) 108.4(8) 13.34(7) 5.62(6) 4.77(36) AR
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Fig. 10 The experimental data and simualatéd results of the Griineisen parameter.
3.2 SET PoF, & BILIETEE

B BLYURFTE, POF, I B 5 — R0 i s Keh ik osiliid 89.6 GPa ), fEfZH] DISAR R4 H
FEINE: POF, Ao i ok 2 5 W i B T b el B AR IR ], Dy vsihs B2 ) B L e b e Pl S i S
A IR EIR, HhdiE i 759 GPa it (5256 0702), PbF, ik vk R AT DA SO (S
7, (BESRRERES (B 11 (@) P LR GETHE 89.6 GPa (525 0605), IO S & B3
s (B 11(b))e X—IREKH, MM REA KM T, PoF, KEKNFHSEBWAHE.

N HE— 5 WY i R WA PDE, H9< BT, 5T QMD Jrik, BUMERAS 772 0. 63, 92, 137
GPa phdi 38 T PbF, &R (DOS) 404 (K 12). fE 0 KT, PoKRebEEREN 0, fir
i 5 A AR A IR, RIS R T POF 2 M ZE 0K, K980y 63 GPa, iR&EZHIE,
PORBEFALATI T M, WA POF B SARNFE: HESETFE 92 GPa KLU E, WEREEMA,
PORBE RIS AL HFERE R, UESEES PoF, B @ @A . 454 SEI M AN BR DL 45 2, 89.6  GPa
I S POF Al ot A2 I 7 He ot o

il PR A R R I G, IFAE POF A . BN, o~ 9% (Si0,) fE 90-100
GPa VL EHiBlE@At, HdnpeBrim e SO BOt(E 5, HAA €% 1) Hugoniot 24 0456 s 25 i
2, EAERABOCIME SR AR HERLBTICECA R 451 (RS2 IR TP BEPT S =R AT N, o-f
PR R MR E, MR IR,

11



B 5 om b

Explosion and Shock Waves

Shock velocity (m/s)

18 19
Time (us)

Shock velocity (m/s)

1.0 1.2 O\ 1.4 1.6 1.8 20 22
Time (us)

P 11 525 DISAR #5313
e, Mg

T S S OGS 5 2 B AR5 45 R . ()32 0702 Fph oy B4R &
o (b) SELG 0605 M BE R AHE S, i RN 89.6 GPa.

Figure .11 Fourier-tr: e ults of laser signals reflected from the shock front detected by experimental DISAR. (a)
Reflected signal of s at a shock pressure of 75.9 GPa.(b) Reflected signal of shot 0605 at a shock pressure of 89.6
GPa.

-

12



wmOoE 5 &
Explosion and Shock Waves

240 T T T T T

——13.8 g/em* 7000 K |
12.9 glem® 4000 K.
200 ——12.0 glem* 2500 K

——7.74 glem® 300K ]

160

137 GPa
) SE——

DoS (a.u.)

BN
ol I

I
1
1
1
1
i
1
'
1
1
i
1
i
1
v

80 |—

63 GPa

L H M\ 0 GPa ! 1
0 L
s /o i

30 25 20 -15 -0 -5 0
Energy (eV)

40

5

B 12 R EmE S - BESETHER PoF, HFE%EE (DOS)

Fig.12 Calculated electronic density of states (DOS) of PbF2 at séveral‘pressure-temperature conditions

3.3 PoF, R AEHEE

B 13 Jan T i o i P 1 SR 90 ) £ 25 SR AN R af b o i FR SR IK T~130 GPa B, SES
MR E S QMD RV RIF; (A7EH & KRGF N, M BmZE . Wz~ 6
ARRANRE: GRS T 5610 K (SZI6.0531), e 5l B WA i ot o FRO 98 170 8 A inlz B A
s 1ZMWZE =R AT BRIE T QMD MR 78 73 % LB AR S T DTk, HEMIRAS T AR B A
2. BINTA PoF,7E~89.6 GPa KA T & @b, FrUAfEsE S EsR T, BT 5 R X & 25 th A
ITTRk (Cyn) Ab, B FE LT X6 8 R LL AR BTk (Cyp) [

CV = CVN +CVE =3—R+180 [&j T (14)

pulm p

Horh gy Ml H 5L, MR TR FEA L. MIECHERITELSR, SiR&EE TR
£=0.091 kg''K2,  xZ1 341400 B & B G POF, 1 k (A 5P DAHSE, RATRIHBIZEBA (A
14-18) WHHE T POEABMI MR T . KIL2£=0.08 kg K2, (15455 59200845 BV & m .
# X H QMD g T A LR Cv=3.615 R, NITHE PR E S QMD Biblah R —3. Zxfhgh
SUESE T IRAAAG M Y QMD B4R 78 53 % [ AR TR N 5 H 70Tk, SN PbF, 8 2 L AR
fili, 3T 51 R X (A0 B M 5 S i 22« BE—2B 0T mT A, 7E 6000-15000 K i 5 Vi
P, POF, [ FXT LIV BT N 2~4.5 R, ZE C4 L B 2 g e 5 e simk (3R, A
LA e I R PR S 6 SRR, A2 FE T E AR EL AR BT R, A BRI b R B A SR v A
PRI B ZE B SIS R PR AR E R, TSR N R S R REH, R R
RAWFTT -

% 1 dP
dT =-T| = |dV + V.-V )—+(P-P)|dV 15
P=p,Cin/(1-Sn) (16)

13



wmOoE 5 &
Explosion and Shock Waves

dpP 3
_ 2,42
— =—p’C; (1+ An)/(1-Sn) (17)
dv
n=1-p,/p (18)
L R A S R B S R A L B B L B R
16000 7 -
[ @ Exp.dat ]
[ A ovD P & 1
14000 |- —— Considering electronic effect to C,, , b
3 — = Without electronic effect to C, 7 b
& 12000 5
g i ]
g 10000 f .
S !
£ 8000 p
& [ ]
% [ ]
8 6000 r .
<
w

4000 |

2000 £

PR SR S WA [ S S SR SR [ SR TN S SR S A i ST I "
50 100 150 200 250

Pressure (GRa)
K 13 PoF, (il B BB R iR e a4 o 2L St B 9 SE U i, | i€ s =7 QMD Bl . FIAIFA )
FR (23015, FHRE TR TR, TSR TR B R TP AL S R B QMD @R R EEE, TSR
il B 4 1 v AR R 2R s
Fig.13 Variation of shock temperature of PbF, with pressufe.\Red'solid circles denote experimental data, and blue solid
triangles represent QMD simulation data. The shock temperattres calculated by the thermodynamic model (Equation 15) with
consideration of electronic contributions to heat capacity aresshown as the red solid line; the shock temperatures calculated

using the heat capacity from QMD are presented as the blue dashed line.

4 ZEip

ASLAE 64-198 GPa HIERTEENA, ARG E T PbF, H54 1 Hugoniot IRAS 7 RE . 73 A b il
(S IR FIER S AU 7, B2IGIAST Hugoniot ZI4 AN S i 45 5 BRI 245 I = W) &, ¢ B
Hugoniot ZE7H A4S PbF, [ F54RTRL 70 B 2B Va3 . WFFCIESE, phbi RO 2 89.6  GPa i, WA
PbF, KA JE /115 S 20RMAMAS . 124 B A RFAE v] SEBLSOL T MK R Ge%F POF, A 38y o 8 B ) L
PRGN, BeOE At B T e MR R R A PR OB R S . 45 1, POF, A& iR
ILEEINE, A ST 771 BT RR 2K AR o 1A R

Bogt O E R QAR R G EIE (42274124) HIBEBN, RIS R M B AR S R G S RO

S Ik

[1] BROWN J M, MCQUEEN R G. Elasticity for shocked iron between 77 GPa and 400 GPa [J]. Journal of Geophysical
Research: Solid Earth, 1986, 91(B7): 7485-7494. DOI: 10.1029/JB091iB07p07485.

[2] HU J B, ZHOU X M, TAN H, et al. Successive phase transitions of tin under shock compression [J]. Applied Physics
Letters, 2008, 92(11): 111905. DOI: 10.1063/1.2895756.

14



wmOoE 5 &
Explosion and Shock Waves

[3] BEASON M T, JENSEN B J, CROCKETT S D. Shock melting and the hcp-bee phase boundary of Mg under dynamic
loading [J]. Physical Review B, 2021, 104(14): 144106. DOI: 10.1103/PhysRevB.104.144106.

[4] HAWRELIAK J A, WINEY J M, TOYODA Y, et al. Shock-induced melting of [100] lithium fluoride: Sound speed and
Hugoniot measurements to 230 GPa [J]. Physical Review B, 2023, 107(1): 014104. DOI: 10.1103/PhysRevB.107.014104.

[SINGUYEN J H, HOLMES N C. Melting of iron at the physical conditions of the Earth's core [J]. Nature, 2004, 427(6972):
339-342. DOI: 10.1038/nature02248.

[6] BROWN J M, SHANER J W. Rarefaction velocities in shocked tantalum and the high-pressure melting point [C]// ASAY J
R, GRAHAM R A, STRAUB G K. Shock Waves in Condensed Matter 1983: Proceedings of the American Physical
Society Topical Conference Held in Santa Fe, New Mexico, July 18-21, 1983. Amsterdam: Elsevier, 1984: 91-94.

[71MCCOY C A, KNUDSON M D, DESJARLAIS M P. Sound velocity, shear modulus, and shock melting of beryllium along
the Hugoniot [J]. Physical Review B, 2019, 100(5): 054107. DOI: 10.1103/PhysRevB.100.054107.

[8] SONG P, CAI L-C, TAO T-J, et al. Melting along the Hugoniot and solid phase transition fox Sn via sound velocity
measurements [J]. Journal of Applied Physics, 2016, 120(19): 195901. DOI: 10.1063/%496%515.

[91 MCCOY C A, KNUDSON M D, ROOT S. Absolute measurement of the Hugoniot'andssound velocity of liquid copper at
multimegabar pressures [J]. Physical Review B, 2017, 96(17): 174109. DOI:40.1103/PhysRevB.96.174109.

[10] OCAMPO I, WINEY J M, DUFFY T S. Sound velocity and Griineisen parameter/in shock-melted silica at deep earth
pressures [J]. Journal of Geophysical Research: Solid Earth, 2025, 130(9); €2025JB031366. DOI: 10.1029/2025JB031366.

[11] HUANG S X, WU X, QIN S. Ultrahigh-pressure phase transitions in FeSs+and FeO,: Implications for super-Earths' deep
interior [J]. Journal of Geophysical Research: Solid Earth, 20183,123(1)¥277-284. DOI: 10.1002/2017JB014766.

[12] HUANG H J, FAN L L, LIU X, et al. Inner core composition’ paradoxsrevealed by sound velocities of Fe and Fe-Si alloy
[J]. Nature Communications, 2022, 13(1): 616. DOI: 10.1038/s41467-022-28438-8.

[13] HUANG H J, FEI Y W, CAI L C, et al. Evidence fox anxygen-depleted liquid outer core of the Earth [J]. Nature, 2011,
479(7374): 513-516. DOI: 10.1038/nature10621.

[14] HIROSE K, LABROSSE S, HERNLUND J. Composition and state of the core [J]. Annual Review of Earth and Planetary
Sciences, 2013, 41: 657-691. DOI: 10.1146/annurev-earth-050212-124007.

[15] ZHANG Y J, WANG Y, HUANG Y Q¥et dl. Collective motion in hcp-Fe at Earth's inner core conditions [J]. Proceedings
of the National Academy of Science€s of the United States of America, 2023, 120(41): ¢2309952120. DOI:
10.1073/pnas.2309952120.

[16] HAWRELIAK J A, WINEYsd M,-TOYODA Y, et al. Sound speed determination in copper shock compressed to 190 GPa
[J]. Journal of AppliedPhysics, 2024, 136(16): 165902. DOI: 10.1063/5.0266765.

[17] DUFFY T S, AHRENS(T = Compressional sound velocity, equation of state, and constitutive response of shock-
compressed magnesium oxide [J]. Journal of Geophysical Research: Solid Earth, 1995, 100(B1): 529-542. DOI:
10.1029/94JB02065.

[18] YOUNG G,LTU/ XALENG C W, et al. Refractive index of [100] lithium fluoride under shock pressures up to 151 GPa [J].
AIP Advances, 2018, 8(12): 125114. DOI: 10.1063/1.5065543.

[19] ZHOU X M, NELLIS W J, L1 J, et al. Optical emission, shock-induced opacity, temperatures, and melting of Gd;GasO,
single crystals shock-compressed from 41 to 290 GPa [J]. Journal of Applied Physics, 2015, 118(5): 053508. DOI:
10.1063/1.4928081.

[20] MASHIMO T, CHAU R, ZHANG Y, et al. Transition to a virtually incompressible oxide phase at a shock pressure of 120
GPa (1.2 Mbar): Gd3Ga5012 [J]. Physical Review Letters, 2006, 96(10): 105504. DOI: 10.1103/PhysRevLett.96.105504.

[21] CAO X X, WANG Y, LI X Z, et al. Refractive index and phase transformation of sapphire under shock pressures up to
210 GPa [J]. Journal of Applied Physics, 2017, 121(11): 115902. DOI: 10.1063/1.4978746.

15



wmOoE 5 &
Explosion and Shock Waves

[22] L1 J, ZHOU X M, ZHU W J, et al. A shock-induced phase transformation in a LiTaO; crystal [J]. Journal of Applied
Physics, 2007, 102(8): 083503. DOI: 10.1063/1.2794721.

[23] FURNISH M D, ELERT M, RUSSELL T P, et al., eds. Shock Compression of Condensed Matter - 2005: Proceedings
of the Conference of the American Physical Society Topical Group on Shock Compression of Condensed Matter, Held in
Baltimore, Maryland, 31 July — 5 August 2005 [C]. Melville, New York: American Institute of Physics, 2006.

[24] CAO X X, YU Y H, HE H Z, et al. Optical properties of transparent ceramics under shock compression: Correlation
mechanism and design strategies [J]. Matter and Radiation at Extremes, 2025, 10(6): 067801. DOI: 10.1063/4.0000236.
[25] LIU X, GAO C, MASHIMO T, et al. Shock-induced polymorphic transitions of PbF, up to 1 TPa and their implications
for the universal behavior of shocked AX, compounds [J]. Physical Review B, 2021, 103(9): 094106. DOI:

10.1103/PhysRevB.103.094106.

[26] ERSKINE D. High pressure Hugoniot of sapphire [C]/ SCHMIDT S C, SHANER J WySAMARA G A, et al. High-
Pressure Science and Technology — 1993: Proceedings of the American Physical Sogiety’ Tepieal Conference on High-
Pressure Science and Technology, Colorado Springs, Colorado, June 28 — July 2, 1993. New York: AIP Press, 1994: 141-
143.

[27] MARSH S P. LASL shock Hugoniot data [M]. Los Angeles: University of California Press, 1980: 1-658.

[28] ZHOU X M, LIU X, LI J B, et al. Shock-induced decomposition of a high density glass (ZFs) [J]. Journal of Applied
Physics, 2011, 110(1): 013507. DOI: 10.1063/1.3601115.

[29] HU X J, YANG G, ZHAO B, et al. Shock compression behaviori\of a mixture of cubic and hexagonal boron nitride [J].
Journal of Applied Physics, 2018, 123(17): 175903. DOI: 10.1063/1.5023490.

[30] WENG J D, TAN H, WANG X, et al. Optical-fiber interferometér for'velocity measurements with picosecond resolution
[J]. Applied Physics Letters, 2006, 89(11): 111101. DOIL: 510.1063/1.2335948.

[31] AKIN M C, NGUYEN J H, BECKWITH M A, et al. Tantalum sound velocity under shock compression [J]. Journal of
Applied Physics, 2019, 125(14): 145903. DOI: 10.1063/1,5054332.

[32] XTI F, JIN K, CAI L C, et al. Sound velocity of tantalum under shock compression in the 18—-142 GPa range [J]. Journal of
Applied Physics, 2015, 117(18): 185902. DOI: 10.1063/1.5051192.

[33]HUJB,DAICD, YU Y Y, et al. Sound v¢locity measurements of tantalum under shock compression in the 10-110 GPa
range [J]. Journal of Applied Physicsy2012, IM,1(3): 033505. DOI: 10.1063/1.3681815.

[34] @rFEM, A4, S, FOMEMIOYR2 B R ENE  [J]. BEESMT, 2006, 26(6): 486-491. DOI:
10.11883/1001-1455(2006)06:0486-06:

YU Y Y, TAN H, HU J}B, et\ak, Measurements of sound velocities in shock-compressed tantalum and LY12 Al [J].
Explosion and Shock\Waves, 2006, 26(6): 486-491. DOI: 10.11883/1001-1455(2006)06-0486-06.

[35] RIGG P A, SCHARFF R J, HIXSON R S. Sound speed measurements in tantalum using the front surface impact technique
[C)// Journalof{Physics: Conference Series. Volume 500. Bristol: IOP Publishing, 2014: 032018. DOI: 10.1088/1742-
6596/500/3/032018,

[36] MITCHELL A C, NELLIS W J . Shock compression of aluminum, copper, and tantalum [J]. Journal of Applied Physics,
1981, 52(5): 3363-3374. DOI: 10.1063/1.329160.

[37] PERDEW J P, BURKE K, ERNZERHOF M. Generalized gradient approximation made simple [J]. Physical Review
Letters, 1996, 77(18): 3865-3868. DOI: 10.1103/PhysRevLett.77.3865.

[38] RAPPE A M, RABE K M, KAXIRAS E, et al. Optimized pseudopotentials [J]. Physical Review B, 1990, 41(2): 1227-
1230. DOI: 10.1103/PhysRevB.41.1227.

[39] MEYERS M A. Dynamic behavior of materials [M]. Hoboken, NJ: John Wiley & Sons, 1994: 1-668.

[40] JAMIESON J C, MANGHNANI M H, MATSUI T, et al. Variation of elastic constants of cubic PbF, with volume [J].
Journal of Geophysical Research: Solid Earth, 1986, 91(BS5): 4643-4649. DOI: 10.1029/JB091iB05p04643.

16



wmOoE 5 &
Explosion and Shock Waves

[41] ASIMOW P D, AHRENS T J. Shock compression of liquid silicates to 125 GPa: The anorthite-diopside join [J]. Journal of
Geophysical Research: Solid Earth, 2010, 115(B10): B10209. DOI: 10.1029/2009JB007145.

[42] RENGANATHAN P, DUFFY T S, GUPTA Y M. Sound velocities in shock-compressed soda lime glass: Melting and
liquid-state response [J]. Physical Review B, 2021, 104(1): 014113. DOI: 10.1103/PhysRevB.104.014113.

[43] DE KOKER N P, STIXRUDE L, KARKI B B. Thermodynamics, structure, dynamics, and freezing of Mg,SiO, liquid at
high pressure [J]. Geochimica et Cosmochimica Acta, 2008, 72(5): 1427-1441. DOI: 10.1016/j.gca.2007.12.019.

[44] KNUDSON M D, DESJARLAIS M P. Shock compression of quartz to 1.6 TPa: Redefining a pressure standard [J].
Physical Review Letters, 2009, 103(22): 225501. DOI: 10.1103/PhysRevLett.103.225501.

[45] KNUDSON M D, DESJARLAIS M P. Adiabatic release measurements in a-quartz between 300 and 1200 GPa:
Characterization of a-quartz as a shock standard in the multimegabar regime [J]. Physical Review B, 2013, 88(18): 184107.
DOI: 10.1103/PhysRevB.88.184107.

[46] BONESS D A, BROWN ] M, MCMAHAN A K. The electronic thermodynamics of iten undéer Earth core conditions [J].
Physics of the Earth and Planetary Interiors, 1986, 42(4): 227-240. DOI: 10.1016/003 1£9201(86)90025-7.

17



