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7N, FHAS B R I FE L PR o R P2 %) R ADAC SEEE T 78 96 e J7 38 Bl X Griineisen 28011 B #:
AW AR E P AMIFIE N G 3E b PR i 2 SE G £ AF H,OM 6182021 QBT Rl 241 Gl 3T [T Kl
KCIPY Si0,*" NaCI"*' FIAG #L 73 T -5 900 S ph kb p s 17— RABUER, SR, ) H Fi Ik, X L4158
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& Z bl AT AR — D B IA R R BT
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i B, 323D S 7E 20 ms P 1 MPa T ] 30 MPa, Ji R TR 4 317375 28 i 1 FH T i J5% %o TP i, 8
b R Y R 7 LA 35 500 GPa/s BN E A 1 TH 21 10 GPa. 151 B BURE it i AR L DAC K, B
i TR R it SRy oK BRI [T BORE A T EAT 028 L RS — RS IR . 2R, %
DRATZH B T2 X S A5 MR LLAS [R] (4 o 28 2 R i [a] RO 5 O AR, #8017 HARAZ 1 7%, BUAs 1T
— RGBT 234 B, PR e 0 W AE AR 1 22 BR A, 4N S KR J33a A FR, Joidm
HBEJLA 2L TE A EI7; R =G B, B AT HaE i n 288/ T 1 TPa/s, 5 vhs I in 208 2 47
TERCR 22005 32 52 96 20 1A RRU R R 512 10 2 et fft P A OB 45 TR 3R AR 52 ), 08 0 5 3 1 55 40 - AT OB B X 53
LB WG, S 300E LU £ i A7 622 RAE R G, ToIk AL UGS PR in 2840 72 i 4 dek 285 44
Yoy A4k, A R OR IR B [RTISORE 2o A oA ol s b b B S5 4 RN MR e A s

2006 4, & [F 57 18 3 B 95 5 /R [E 4 5L 5 % (Lawrence Livermore National Laboratory, LLNL) fit) 5 JE fiff
SE/NHL S5 G DAC e B R R e L Bl & 3K 3l 2% 153t th PR g ke O Ml TR R F R A RN
DAC 41 257 — > [ 22 28 o), 6 e L B s A it i 0~ 1 kV B9 R =, S F P 8 4 & R AR AR T 4,
b A v E i B 7 O DAC St 48, 38 ik 45 i e S A DR RE R A LR OE AT LA S 2 5 R
#orX o N TARBIEE ST, R R A — R B B & i HE S 07 2, SR IX e BRI R K 48 %
IR f A FH T e FL B A AR RE L M A R A R e, AT sk L T4 2DLTT 4. B, A
P 2 A5 1) e /N B g B TB) AE L SRD 28 L2 R0, bl el s ol 4 %) o R o P P e bR ) o 3 A R 3 ok
A5 e H PR A AR B e O DR AT O Bl LA R, dDAC R & R, S [ S B 1R Y
JE 1F 20 21 (High Pressure Collaborative Access Team, HPCAT) . 1% [# 25 =X, [F] A 48 5 6 J% PETRA 1T,
IR 22 B i e P BRI 5T BT L rf L RL 2 e Ak 2 T i A b R R 2R R A O SR ST B B R R T 2R
A B T 2k 2 31245 39 ADAC W] 43 B BRI = R L B R A IR SR, W 1 TR . SRR R
9K By e R A L Y dDAC, TE Nt 8 v 55 BEa il 4y 3 R B R LT, T A 3 AR,
W, FLOK B 8K, SC7E AR [ BK 30 7 45 4 T 0 AR B e A R B Bl D BRI . BRI LB B IR B
M S5 R R XS AT B, By 5 2 P RAEF R S5 & o WU Fi Bl % 4 0K 3l 2 B 02 B 2 R s P Bl B A X AR %6 T
DAC By Wi, HBR 5l g b B v i 8 48 K 3l 2k ¥ KR, 7E R 2B 4R 5 XRD Wl B sl R B . B i, E2Eff
FHAR 45 #8) {7 B9 58 L B 25 9K 31 1) dDAC

(2)

1 JEEFEIKED ADAC: (a) BT L P AL, (b) XU HL A, (o) =k H iy s Al

Fig. 1 dDAC driven by (a) single piezoelectric activator, (b) double piezoelectric activators and (c) three piezoelectric activators
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dDAC & B W5 FE T I 220, 7T 7E DAC AR 2 45 6 1 LA 0~ 160 TPa/s 4 1] 44 fin 2k 1 %
X b PRGN 2, S F 5 R 2R R D I [E) RO N R R RSP A B A R ) R B . S IR R, R A R
s ) 8 AT A AT R TR A R, AN 2 i e ) 72 A A B R RT AR R S I T R e B, T LA A
EARINZR . BT DAC H & KA X T 2040 v WG X BRI 5 B 2R 1, B 5 SRR
FAERGEHMEES, e TR LU PR N AT B b b Ak 235 40 ARl 2 1 ot B ) ] 199 28 £k, 7 o 2800 1 T SO it 3k
T AT 5 o v A Ak 4 225 A R P R S e A O o BRMT, ADAC 3% Y il AR B i . 7 0 0o R
o, T DAC 5 L B % 1, B R A LA B2 L TR, e N 5 T B e R 4 4, IRk T
A be IR e fL i 45 o ADAC WY 2k J) ¥ 16 32 B % 9K sl 4 i BRI, AR B ATy i 2k R T ik
160 TPa/s, {HJE X F K ZH0b R 5, AR A9 R AR B AT BB 107 s[RI, shas i T 4RI A %
AR A (4 T 8 R RORD | 2 R 2 0 I ) R, A AT ) o 2 e D K A (] S R
DABESE AR sl Ji 24t B . A, dDAC 5 i AIRTE IR B & 45 A i, 75 254 DAC 5 R LB % 2 ) % &
B PR HIK B 1k T i v et R s A L P TR Bl 2 W A T R R, B A R g A 2,
S ME AR 15 o

mDAC [ HBUSE: Ry 1 ezt i 288 ] R, JHL D P2 5 e i) AR A — A 14 2 S VR R 4 A ) AR
A, AR K 2F 1T 5 K DAC, M SEELE S 3k . mDAC B9 3k R — e & 2= L+ 35 ma/ks 2 ],
AL g 4 o) 3 A 2RI R N R 2R, SR 5 A3 B B R B )RR A e R A o R ) A
B 5 dDAC —H, mDAC fE WS 2545 Fh JEAL R AE R GE, vl e PRk fin Fe i ) B, SO0 A4 e &5 ¥ ol 2 vk
FERE RS [ AR fk . 5 dDAC JE ML E.4h, mDAC 5 5@ INIR AR R4 G, S8 e . IR T /Y B A i
2, WH 5 ADAC 45 A . SR, mDAC [ in 4R Fa A7 B, JU AR ALK R S Bl (0~ 10 GPa) i,
TG AN F) 5 GPa/s, #5ARHE— A0 B = i He B AR, — i SR U i AR A R AR | G R
il 75 5 AE 2 R) 9 4 7 B S S B R I T, RSN AR R 51 mm, N AR R 24 mm, £ RN
FIHERAG BR, X F B A 300 um B 45 A SRS A 6 T DAC, ME LRI 0% 5 0 3k 7 (S A 2 A
DA b o8 73R4S B I LA b R, T LA S i AR T R S, AR f A B R
80 mm. N ELAEN 24 mm MRE, Q&L 2 s, RORCHE & 1AM A7 &0 F i FROR e i i T, B T
mDAC [ fill 5

(a) Gs membranes with different size (b) Membrane-controlled DAC
B2 B DAC 3
Fig.2 Membrane-controlled DAC devices
UTAER, PRI BEAR 5 AR PR R GER S A 40 R T AR Al - T 5iR A S L, S BE A [
P[] X2 RN 485 3 19 8l g 2 B LSO AR A 5 AR 3 TR 4R . 2015 4F, Smith 555459 F ] Sh e
BEL I DAC 454 F& i B e BeR, fE R 2B 5 S OL IR APS b JF B 7 i i i e XRD 525, 58 iof % 4% A~
DAC SEAT N, 75 FL P B 9K Bl 15 DAC Z [8] IR FR K ¥ 401, (il B2 iR 1] 0~ 600 K, 2811 12 i 3 5
P8R+ A M. 2020 4, Méndez 0% 76 PETRA DGR P02.2 i £k 3 E R AT ADAC 45 17 8241
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U 75 2T PR N S5, e E IR A 1400 K, JLF-25 0 A0 BEM AR B IR . AR S B S R R
BRI DR 2R, 5 2R DRI 2B AR SO IR RS 5 o SR, 2 F AT, i T Riosh R, b B8 S
2000 K DL He s hn e, ikt 2 4 Jm iR i D B SE R SR (R — o 55 —T7 L, BT 2015 4R, BHIEA
BER ARV 1075 3K, 76 APS JGUR Y HPCAT £iufi I & € TR dDAC 38, 2022 4F, Yan 551 1
R T AR IR PR A8 8 A, SR R B T 3K 10 Ko ik 2 Ry | R PRHE N 28R S WIS IR R L TR ) A 2
AN A — B A ) B R AR | s ORI B B AN AT A B BOR S
o

2 EFE ST HEHRMZA

FE RN 2 LG T, A7 2 FSE [R] A3 FERAE 71 — IR FE T S0 5 0 R LR AR B R T A PR R
T B, B4R RS WU JG2e R . PO . iz I 40 O —JE R T OB AR e (W] 2D 5
TR H B TFEOL) B X SRR, 45 XRD, X B2 5 . X G2 it AR 5 sah
AR, — SR 2 Pl 2 A RAE T A, AN [R] A W DR Ak 55 ) R P R AN ) N 28808 T Y
Wil AT K o

2007 4, Li %" Evans 550U A SCRG s 7 1R P 2000 | 2O L htE UL SR RAE R
S, B LN T AS (R 2 S RN E Y SR T B AR RS L TE SRS A A . RS, X R RAE A5
B — 20 A SRR ERE O ST i SR R TORORL SRS B0 IR SNE B, — T, AN RS AR AR 2
PRENBIAS TR, HAT AAE 25 44 R 1 9 P02 35 2 5256 2= v 43 B AN [R) s FRAH 19 A 1 3R AEF- B, 7EWF5E H,0.,
H,. WEEKEY . S, MLRESSE— RIS Y IS ARAZ S 127 | e B AR AR & ORI AR 27 B g h & 4556
BTAEH . BRI, MBI R A5 S 3059 (L2 G55 B B 90 , R I (8] — M 22 50 2080+ 8P, S fy
b N 151 8 < S SR G e e e N I B o e A N B 2 S ST RE A =B R R R S AR s
fIEF-B, 4N Chen %50 iz it & J& 1 W [B] 4y FEhi 2 1A R G, R B4 8 | 7 A S50 & W AR FP st [a]
FUBEE AR i 2338 R (1) 25 K T AL AN A AR A% . P2 RAE kbR T B AR5 59 . SRAERT [ 9 [a] 1 L
Hh, I TC AR 43 J8 BOIC = {5 5 AR i o I TR] 23 B2 G R A A B 0 =2 2 700 bR s fn 2ol A
T8 R 1 L5 A B 2905 5, AR IO 7 RN Jin 28 38 3 bl B+ 8] A8 A0 5505 8., AT 5 H0 20615 k&
o i, BHF N DGR F PRS0 G AE T e f 1 AN [ 0 285 22 L ) 2% 4F T 2 i, s T H
T REGERAT o 2 v 1 o [ A 2 S H X B[R] B (O, 40 3 BOROE L KARMEM B PEOL =W AR, H
I, 96 AT 3k ) f0RD 9 sF 8] 43 FE 32 12, A A IR 2 i 30 K 2 1 1 v A ATL R YA 2 A A R 2 '
G, WU AT 3K 2.6 10* WiT/FD, 5 0 25 5 o A0 58 00 vo AR BIL, 3 m] R4S 5 w8y (%) B ) o BR324, m
HHBLA W 2.0 10° Wi/FR, B T H T2EO0M &40, 75 By Ess &, HT WK K DAC #
i BT S0 R A A K B s 1] %) J AR SO 30 0 B 2007 AR TR AR, 2E BAAUNRE 5 dDAC 454, SEi 4%
KR, TR ME IR AE K A I R AT B

R AR R B R KRR EAS 28 TIRIZE 0 X R RIEH AR & . XRD 24 fF H
R B GE R R e, 2015 4F, 3E[E APS A9 HPCAT £l #iGE 1 1 FH TR 8 Jin 48 52 36 i) == F0 2%
A ] 43 3 X 5 26 A7 5 (time-resolved X-ray diffraction, TRXRD) FAF J7 15, Z J5 &5 A P o i 48 % AR A |
MR IREE R 40, iz WU R 500 Wi/FP Y Pilatus % 1000 Wi/FP1 Biger HM %, #1987 H,0. Si. Bi. Ge &%
MBS ARAE B 72 RS RR L AR R RIS L AHE A, BUE T — RIS RCR I, 5 E PETRA I
IFl A5 i Gt 6 R 1 PO2.2 i FRE kit & J& T FH T dDAC /Y TRXRD, HAR I 28 4 WAt ik 4 000 i/ b i)
GaAs LAMBDA TR %% . f T, KoM F B L F 80 (European X-ray Free-Electron Laser, EXFEL) KB}
P &R T AT dDAC /Y TRXRD FRM AR, H 2 iy T 5008 it 77 e 7 0] 8, e U 3% 22 R B0R
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TR ZS . G, Ab TR P 5 25 1 b ek T A 2 0 s SR AR T 1 0 0 52 , T 40 0 42 9 EC 988 7 14 7 PR
A o BR[N], L AT LA e ) (45 TR AT, 0 e L 2
B 125 5 R FUAR AR B 72 110 PO FE AN FE R B IR 22 | AR AR B 12 5 B 1 A5 A B e B e R %

e AN 23 T b, PSR (p) BN ) () 32 25025 Ak, M AR 20 55 3 S e, DO S 388 5 1 i 1 O 22
Hp=| i Je(r)dlr, SR 028 2%y U g B TR ZR M A B

p=kt+p: (M
A p, AR, ATCA WIAR L 5 (810 s ) o B IS o 2805 2 AT L5 R
_dp_ydpdv
k= =Viyva = BPvp) 2

K VoA AT, Bp) IR, v(p) WARFRN S, Y DUE E In s 2R k XEAEHINZ S, v(p)= K/B(p)-
L EL $E 4) Fre BRIN 283 % 160 TPa/s A i, XA 8 100 GPa R4 Ak 2F 17 PR 380 45 i, A RR R A% %6y
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FRXE AL Ak 7 S oA Ut I AR Y % 18 A R, T A I 1 i 2 R a5 e A 7 2
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Fig. 3 Energy barrier of the transformation kinetics and phase diagram!
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K, AReHEBRAH A 23 Se %48 R R ae /N i B2, ZJ5 R A2 A Bo S 2, AHAS S B S 3R 3l )
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Fig. 4 High-speed optical microscope images of water’s microstructural evolution at different compression rates
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TR}, R R AR B R 0 B A7 | O AR B, 7R [R] ST Ks B A T 0 B T A S, AR
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&5 RIREIHE#EZET f1 B-Sn 4l Ge 155 A2+ A HRTEM (€14
Fig. 5 HRTEM images of the metastable product phases transformed from 3-Sn Ge at different decompression rates
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High-Pressure Phase Transitions Kinetics and Physical Properties on
Second-to-Microsecond Time Scales: Review, Progress and Prospects

WANG Hao, ZHAO Tingting, LI Mei, LI Junlong, PENG Shang, LIU Xugiang,
ZHAO Bohao, CHEN Yanlong, LIN Chuanlong

(Center for High Pressure Science & Technology Advanced Research, Beijing 100193, China)

Abstract: In recent years, the development of rapid loading techniques (such as dynamic diamond anvil
cell, dDAC) and time-resolved detection technologies based on diamond anvil presses has opened up new
research directions in high-pressure science. This involves exploring the evolution of material structures and
physical properties under pressure (or over time) in high-pressure non-equilibrium physical processes that lie
between static high-pressure and shock-wave experiments in terms of time scale and loading rate. By
reviewing and summarizing the rapid loading and time-resolved probe techniques that have emerged in
recent years, this paper attempts to think about and generalize high-pressure science issues and technical
challenges on the microsecond to second time scale. It starts from aspects such as structure phase transition
dynamics that depend on loading rate, phase transition pathways, the formation of metastable phases,
microstructures, and mechanoluminescence, aiming to provide some inspiration and reference for researchers
in this field.

Keywords: high pressure; dynamic diamond anvil cell; rapid compression; loading rate; phase transition

kinetics; metastable phase
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