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BEEHNEIREARKERRAE T A" AN ELAZRNTAEZ —, BA, M EFES4
EREAERENRERFRAHER, THERZEREARRKAAE EAEZETHE (4
300keV) WENREFRALE., HNFELBEE AN FHARRELRE N REEG HT
MEFOXHLEH ., AT EHLRCEFHRTAREGERFARNELSAHRRET F
MWER, REk, NaEAAEGNFX, AERIAAFEHEIREANTH ARG H S,
AXGAEMNBREASFET LR ERESEPRETREEAT NG E KL RREF &b
BMABEFEEMEHRGESENRR T EHRAANE, —TEASTAP EFMT X%
W, P — T HOFLEALH P EXR R E RS LWL T, LRARATEFAAER S EHA
B R

RERIA: & A OG IR w s b R &b

& 5> 251 0434.19; 0521.3 RKFRIRES: A

FEIIME AT F R EREA S Z W, JLFXM R b2 450 DU, s ®EME . 7 AT
A BRI By n] DL R, e B B | AP bR R kR 2R A A RIS ST AR AR 2 T
P o I 4 WA G TR ( Diamond anvil cell, DAC) 7 A= ) i HEAHF 58 B il A0 28 o0 2 52 06 % i
WHNEEMRFEZ —. EL2NAEMERT, DAC FERIEN AT LR RLH I E2JLE T KRR
PR i T 7 100, e s A ) Tl R i R 8 i A 2 IR A8 Ak . SR, 52 DAC A 25 14 B2 R it b4 s 45 1 FR
il A S AR B A FR L AR ROBE G/ B XM R BB A% 2 ik 21 B A RE CAn 6 WAy il | A2 =AY J5T)
SEAME T AT o K S PR A5 BT R G R T Wy fE EME G BREDH UL AT R L A I ) 254 KA
TR R R R B R B R R R s T R ¥ T EEAE

H 20 t2d 80 AR LUK, ML HT B R 5 DAC Fi RMEE &, MR R @ A0 T B e 4L T
F &G FB20 ) Filhn. & E X AT 5 (X-ray diffraction, XRD) J5 32 7T F T & b AR s AR S b1 61
WL | %% BE L N T AR R AR I A5 A BT XS R M I3 2% ( X-ray absorption spectroscopy, XAS) Al
DUER X RARL R 5 JC R SEAT 45 M SRAE, AR B8R T R I SR S A5 A A5 8 (A L R e for 8k, B K
O 55 ) U280 X 4% JL PR U 2% (Nuclear resonance scattering, NRS) 1 2 {it i 45 i) Mossbauer #8
K M 25 R 2 A B DA S T4 8 % U X R i 2 U (X-ray raman scattering, XRS) ] #8156 0 %
(C. N Fl O %) 7 5 55 T B A2 A AR AU X5 28 i 1% (X-ray imaging, XRI) 0] DA S8 AF ff 7 5 e 4%
PR ST A L A AR R Bl ) Al #RO

) 20 S G IR B AR AN & R, AR HE S = R R AW 2D o ARk, EIFR EZ R eLIR, N3

* e HHA: 2020-04-29; 1& 8] H#A:2020-05-12
HEWB: &aelR 2R HOL IR E & B OB AR iE T B (s 120171 2173 5)
TEH BN TRAN975—), B, it BIFFIE 5, 322 W 45 56 5 5 TR SC IR B R 5.
E-mail: lixd@ihep.ac.cn
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E Je it IR (APS) ™ BRI [F] 26 4R 6 IR (ESRF) ™ H A< %) Spring-8 JGUR" A& [E A9 PETRA HEIER,
TS B ST il S S0 T 2 LA I A S R B B 4 £ 0 R [R) 2B S TR R . R B TR 2B A O IR (High
energy photon source, HEPS) "2 V5 3 [& - = F0 W R G5 1 . Ay 1) 5 7 I s 5 SR AR o Atk Bl 2
5% AL 5 AR S P57 6 0 B K R IR, T 2017 4F 12 A 345 B R & R s Bt 2 2 10, Jf
T 2019 4 6 H 7EJC R 2 B85 s a2 5, 11 R0KE T 2025 4F 58 U R IR AT o 18 A58 DUAR TR 25 4
SE6UE, HEPS S8 EAT M /NI & 58, BEAS $R A HL BRA 485 = 1C [A) 4 48 S 6 I 22 55 100 175 LA B iy [a)
R, S50 b 2R 5 AR A SR R AR (9 oK) RUBE B SRR BE . TR A, 1K & 569 B O U5 LA 1 AH -+
PE OGS H W AR EAH T3 2 AT R S S IR R I R S o XSS S i R BB T LUK = FE Rk 2 e o
fo R S Bl /N [ Ik s ) ROBE S5 A5 F T TF A O e 44 R S, AN W R ORI %) 5 T
YIRS R D (SO BE ) DR 48 25 0 T B Bt 8] 43 HR 0 5% L A i R 25 R T 1) Je el A 1 RO ¥ 4 1
¢ HuBk (17 L) TR R 45 14 F i 9 A ot 450,

1 AL 2E ISR S HEPS # BSR4 — AN T H 5 ) o AR S 32 32 H 1 J2 1) 40038 DG RHIF
TAE#H 43 HEPS — W i F vh 5 DAC & R SE B AR A b i1t — 7, B FH P s 2 i
T f# HEPS, 4 3k 7€ HEPS I ¥ Ji& & JE W 58 T AR — 269025 o8 o0 — O i, Ay B A5 2 H P ot B
AT G2 0 S i, A 0 R o 309 L = 01 il A ey o g O SR ) A R L S
1 FNRSEEREZTES IR HEPS

HEPS J& 5 A7 M AR % 565 B 00 365 DU AR 1 B [R) 25 OB U, F 2019 4F 6 A 29 HAEJL X MR X 8h T,
FEHRI T 2025 4R RS2 LKL . HEPS B3 H58 8 K 102 phs-s™ -mm 2 mrad - (0.1%B.W.) ", H 4R % $1 1 N
34.2 pmrad, RS HLE 1. HEPS 8 WS BE 96 X OS5 b M #2540 L 31 sh S Ak, $R L2 4 | 5
BF SR A, i BT 00 o0 205 A A i % A ) 4 JR 300 4 R 3 s RO 0 I 4 ) %) A B T AR ML AR, S A Bk
L) S B, 0 I R 4 B AR SE Ry, DT 3 sh A REBR 7 | fh2 TR | RRURIRIE | A ) I = S 43l 1 2
W% .

%1 HEPSHEGEHHTESHK™

Table 1 Main parameters of the HEPS storage ring'™

Energy/ Circumference/ Number of Beam current/ Natural emittance/ Iniecti Bunch
njection

GeV m straight sections mA pmrad Jectio number

6 1360.4 48 200 34.2 Top-up 680/63

HEPS i 5 5 24 90 45 DL L mi e B R ARl i) 7 8, Joh — WPt e g 2 ol 36 14 2k (94 6 —
FMAKREL) o &1 1 s o HEPS — W12k uliAfi Jm, FErp L ID JF 3k RO 2R 78 B 2234l AP 951
2eli, LA BM ISk Rl o 2 Bk g | 2kl o 3 2R HE i 8 236 KT UMY RO R BEAE 90 K R A L A+
FRF i) 43 9% 2] 155 58 55 7 11 7040 R AEFTOCIR UL H . HEPS — 12k 3 1) K] 3= 2 2 7 2 SR AR BB O VR /2 i
o AL, 1 A ) DA PP R G SR AT S A BR O R S i 1) S5 38 D7 U A S R oty A e A D ) i
SR .

BIR T MR, S SR H 5 21 HEPS — S B 2 o v 5 g T 2 B ol R O B0 Tk, 23l X3
2R 0 ORISR 20 (ID30) | i JRZR ki (ID31) | A X 54 4k i 3 Bl 7 2 i (1D33) Al X RIS 3~ 2k oy
(ID46) o o, i Fe gt g e X 4R AT S & IS g oty HLAth 2l vl DA o O A0 B2 e 4 i TR S2 3y
o B2 PR X e 2 vl il U A PR <RERE-SE BE T, T HPS SRR iRkl , H20 SRR il X T4k
195 T PG A 2, XAS 7R X ARG 27 20k, TXM R X SF 2k SOl IR 2 .
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ID33 hard X-ray high energy

resolution spectroscopy ID31 high-pressure D30 tr ..
ansmission

X-ray microscopy

L&
ID23 structural R
5 dynarrslic e /;' . i[

o ID21 hard
X-ray imaging
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e é @
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5

spectroscopy " g I i
ar Lyt = »
. 't’ by

I'E A ‘. / 1{ .. - 4
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ID02 microfocusing X-ray *, ID19 hard X-ray

protein crystallography L nanoprobe

A

multimodal imaging

IDO05 low-dimensiors ¥,
structure probe g

e
ID06 high-resolution nano
electronic structure spectrosocopy s as
. [ B e =
ID07 hard X-ray coherent scattering ke e NG

IDO8 pink beam SAXS ID09 engineering materials

1 HEPS —JDuiiekifi 5
Fig. 1 Beamlines layout of HEPS phase I

2 HEPS SEMHEXZ&u T4 10

'.:% IHZO

21 SEXRZ E XM /_\ \
ET’T 102 £

1R G R £ 0 (High-pressure beamline, HPB) Tﬁz JPS

M HEPS 77 B4 AfF ID31 51, RIFRLBE  £5 p

XRD SE 80 Sk 3 0 & F m Fe 2l o 52 5 il R LA gc') 10% ¢ XAS

XRD J7 i B hili gl N 2 R m Y T B, AR R =

J XRD., ¥ XRD, 4211 XRD. B4 KX ) S S S

434 BRI (Pair distribution function, PDF) 48 25 J7 Eneray/keV

e, AR B 25 A oe i # L R IR . TR B2 ubdl AfRa s

VARSI ESYIIE - = R S N VA A LR A S LD Fig. 2 Brilliance curves of different IDs

XRD S8 7. el @R, #5 PR LR
A8 7] 25 4 S 6 U5 TH 905 14 T £k 3k (I APS 19 GSECARSPIHI HPCATRY £k 3 | ESRF 19 ID2702%1 £;
i . Spring-8£% BL10XUP £k 35 #11 PETRA M Y P02.217 £ 3k 25 ) HL 4[] 265 7K - 1 S 36 K B0 d 20 b 45 424
e 7P )25 8 B B A A 1 FE R 22 R 5 v, XRD R e il e B SE I 2 — o B Z AR
Wb K AR DL R TR A RS AT LR R 5 T XRD (9 S2 B RE G, B REAE TR AR RS B 7 TR A TR
FIZE R (5 8 . FIF R XRD 5 i, AEMEXTRE S RS B2 . IR b . ARG AR | Ik R A 10 7 45
FEREAEGE o I AR DO A AT 5 A BRI 25 i S IR B 0 /N RSE UNT 1 um) | il i XSG BE, R &
JE XRD J5 38 Al LT R 5 1 (R T 500 GPa) | Jeydsk 45 /A8 4k . TR A7 i 3 B sh A8 4 44 08 1 45 ¥ A
LSBT TAE .
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2.1.1 HPB &S EER KRG

HPB @& i 7] LA B 4EE 20, 30, 40 A1 50 keV 5 B RE & A5 10 X SR G TR, X SRR A6 5E R )
R UK B OK (29 150 nm), #4056 F 20K T 10" ph/s. AR I 75 22, ] U4 R R
(29200 pm) Y R AEDGCHE, LI 038 T LASE L 4~4 000 K I 2 70 ] 19 J5L07 5 XRD 525

G55 7 S /s 2 DA ik o IR EE AR, SEBG 3 A T LA FH P SR HEER /N T 10 TIORD AR T
BIASER SRE. TEE 1B A INER SR, 7 Nk A AT DLk #] 150 TPa/s DA I
2.1.2 HPB % 34i% it

HPB S5 JR &l 3 Jis, X B A AF R AR p B0 ID31 51 . Eas NI T i (IVU) B % 5]
WK B A 19.9 mm, SJRIA%R 201, 46 A S KEE 4 m, RTHR/MES BT 5.2 mm, 8500 560 2538 HUHE
Rem MR EOC)E, R ETTHERERIRE A E . A RSB channel-cut B {8 85 (HCCM) >R H A2 4,
AL B AR 3Z o AT, 3 AT DA SR AL i e Mk i o e 0 A i, e B R R AL X R R DL R
PEARAH B . a2 AR [R] SR A T3R5 X B2 R 2Bt A & & 379945 85 (Compound refractive
lens, CRL) 3K HUHOK 3R £2 50 5E, F| FH 2 )2 I K-B & 4E 45 (Multilayer K-B mirrors, MK-B) 38 B ik 5 £5
HEE

IVU 19.9

| Ratchet / .n

wall

: White beam \ CRL1
o slit HCOCM /'% Mode 1: Micron beam XRD
= 2
' .n — Mono beam
slit
g .. CRL2
'Q Sample 1
9 _ CRL3
Mode 2: Sub-micron beam XRD .. lQ Sample 2
MK
ample
NQ

3w EAR R
Fig. 3 Optical layout of high-pressure beamline

T G SRR Sl A PR A TR SR AR AR A L, 43 M TR G R S 84 m 1) Sample 1 K BG5S 89 m [
Sample 2. 1 PIZL CRL X X HF e i 7 5 £2 IR 15 HOK B BE, CRLI+CRL2 5% i Sample 1 4b X 52628 £5,
CRLI1+CRL3 & i, Sample 2 #b A9 £, Sample 1 Al Sample 2 FYEEE 2 5 56— MR 2 um A2 47, WARF5 5

Ab, T i MK-B B RERG . WHOK R AECHER 2K %20 150 nm, PSR ARG )5 v 2R i TAERR
BT 100 mm, A LA 2 K 280507 5 e XRD 5256 1 755K

1o R G PR S 0l p B R AR, U R AOK XRD R, IR R Ok XRD M= . W&l 4(a)
Fis, ok XRD HE WA A S258F &, 5000 0 18 F A7 55 F & (General purpose table, GPT) Fl 34 Jin #4
L ¥ 5 (Laser heating table, LHT) . GPT Bk T 5¢ B0 H FLAI M A . BA5 . £ 5 DL AR 7] XRD 5525, i
AT DA R S 57 (R BEL I #) e AIRIR DA S 7 8l A5 N4k XRD 455540 . LHT A] LICh H P 4R E2r bk (24
1064 nm) 1Y 3% S 5 hk OGN B 254, AR AT LS CO, OB SE 96 2648 o it 2 5%
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BB M PR AR E PR EOR, MOk XRD SE58-F- 5 (&1 4(b) ) #4517 552 56 il AR 0 ) & FH T K XRD 4
FE A, B Tl USRI/ NEBESE L XRD S 26 1 525, Rk 28 USSR T8 508 T B .

Synchronous
: Laser
electronics system heating Online I
system Slits ruby
Slits Pinhole | \ . Sysism
3 K-B mirrors
\ CRL \\ |
Xazy I e\ [ . 7 '@'
- ”J (VY Y¥VY) N Light /
_ Light A \ intensity ./ Sample
intensity Sample” | Online — monitor Pinhole stage TG 2
monitor stage ruby ) Photodiode
system | Photodiode
(a) GPT without laser heating system or LHT with laser heating system (b) Sub-micron XRD table

Bl 4 EEGCRE T &
Fig.4 Schematics of experimental tables

22 X S&RYHEF b

X W % 2% ( X-ray absorption spectroscopy, XAS) £k uli N HEPS figi f7- ¥ i A4 ID46 5| i, 2 —
LA XAS FAH AT AR 5250 07 18 EFEAT AL BT A s MERE A X P40 4. XAS bt i ieA H
B g AT 3 — Al PR | B A 55 Y LK, (R i B A ol e BE Y X AR e MO 40 45 48 (X -ray
absorption fine structure, XAFS) 5250 R4, A H P HEIL AT 5 | oo | AR ME 1) XAS S & . %P6
B A& XAS 095 IS5 J5 vk, BA% I 18] 23 R0 23 18] 73 BEBE ), RERS HRI X, 3R, ST 4548 o [A) I &
RS Sy P R A R RO AR SR BE, IR 45 G XRF. XRD., FTIR, 5 45 5290 5 i, 4R 416 50 F 5 A #F
FHE . XAS Zeuli it At AL L O 4.8~45 keV, W1IK] 5 iR, BT RE R REAS AT w5 Ak 2B on R I R
22 5 I0F Ti ) 60 5 IC R Nd 1Y K 1 XAFS AEH L, LK 55 5 I0K Cs LUSH L A RE R .

Periodic table of the elements

71 Alkali metals [ Halogens
_ [ Alkaline-earth metals ["] Noble gases
-g r(1>?p [ Transition metals [ Rare-earth el_ements (21,39, 57-71) 18
~ - [C] Other metals and lanthanoid elements (5771 only) 3
1 H 2 [] Other nonmetals [ Actinoid elements 13 14 15 16 17 | He
3 |4 5 F} 7 |8 [8@ [0
2l L | Be B|C|[N|O|F|Ne
" 12 13 14 17 (18
3lNa|Mg| 3 4 s 6 7 8 9 10 11 12| A |Si | ¢l | ar
19 (20 |21 23 (24 |25 |26 (27 (28 [20 (30 |31 |32 35 |38
*| K |ca|sc|Ti| v ]cr|Mn|Fe|cCo|Ni|culzn|Ga|Ge [ Br | kr
ar 38 38 |40 |# 42 45 |46 48 |49 50 5 52 |53
: | QR |l b’ ofeefen ' ke Lge |
55 |56 72 77 80 a2 85 86
% ga | B2 m Hf 1%9 T [ Pb | Bi | Po | At 3
(87 e e i0R 13 114|116 |16 [117 |1
Fr _Fl_a Ac | Rf _.G_n Nh | FI | Mc | Lv. _Lh_ &
. . 66 67 68 69 70 il
Lanthanoid series 6 D Ho | Br | Tm | b
o o8 |98 |100 |01 Ioe""ig'
Actinoid series 7 cf | Es | Fm | Md | No k_

*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC).
©Encyclopaedia Britannica, Inc.

Bl 5 X LIRS el Moo R B R B (A A R4 IR K e, A BAFR L gesiim)
Fig. 5 Schematic of element coverage of XAS (The red and blue dotted lines are energy ranges of K-edge and L-ledge, respectively)
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FE = TEAF ST, XAS 0] DAXERE S PR o R M A L R 2 i (B | B (67 5, 23 [l Ae 20 ) il 47
FAE, AT LIRS AR AR AR AR L 5 XRDAH B AR e i 2509 15 B .
22.1 XAS &b FERAKIEIR

XAS 3 I RE RN 4.8 ~45 keV, fr/NRADEHBER ST 350 nm < 350 nm,  TAERERLTE 10 keV Y,
X B IOCHE(RSF 252 2 mm x 1.5 mm) (56IE #7101 ph/s 7K, MEAHOKEHE RS 294 350 nm * 350 mm)
) G B AE 107 ph/s. WERCKIGEE M K-B 8541 3045%, T /ERE B 2924 140 mm, 7] LU 2 % H DAC 556
(7S R BER o XAS 2l i E BT bR L35 2.

F2 X HERBUEL MM EERITER
Table 2 Main parameters of XAS beamline

E E Spot size /
nerey T]ergy Flux/(ph-s™) pot size Methods
range/keV resolution(AE/E) (um x pum)
. 5% 10°@10 keV 0.35x0.35
2x10*Si(111) @ XAFS/XRD/XRF/FTIR/Mass spectra
(non-focus) (focus)
4.8-45 "
4% 10°Si 311) 5x10°@10 keV 0.35 x 0.35 Time resolution: 25 ms/spectra
(focus) (focus) Detection limit of trace element > 1x107’

222 XAS &gt

XAS L eFTe A R E 6 s, X St E i ALE ID46 51 . FL2s AME A (TAU) i
JARIK B 35 mm, S JEIEL 141, BT/ gap (E28 11 mm. X SPEGE T FOE RS B 0 LA 88
(Double crystal monochromator, DCM) . tR47 5L (.85 (25 R0 3% ) | I BBl . e B R AR5 4 2
TG LB, R K-B RAEGTALE X SR BRI N SCI s iR B AT S5 AT d A SR R RS R
M 2% (SDD), F % M T 5 Ak i 43 FEW % (HERFD-XAS) DL M J5 8247 15 T & AR 43 9% & 5% (XES) . 52
BramRiE 7.

DCM
| Harmonic reject
PR mirrors

Ratchet . T .
wall White beam iy N
mirror Quick scan .. Secondary source

CCM Vertical focus ..~ slit
mirror LN

Sample

Ne
K-B mirrors———\g} &
K6 XAS Lulu iR
Fig. 6 Optical layout of XAS beamline

23 X H&E 9 PHEF %L

s SDD Analyzed
fifi X Eﬂ’é}% 1= ﬁﬁ#faﬁ% (Hard X-ray high energy crystals
resolution spectroscopy, H*O) £& i At 77 34 1D33 4 Slif\ P
NG o I TR S o B 2 S8 7 Xeray) 1 T T
P FLAT B B 4 0 AR | igne I \
X A B O SRR T B, MRS, montor  Diamond et
fhae phBkaE | b | SRR AE SRR AT B S SR
T RPY, Zeuh i), ¥ S5t A L R R D
SEO6 IR B9 5 o B 7 ok (a0 PETRATNAY PO £8 K7 XAS LBHFA
¥l . Spring-8 ) BLO9XU £k i . ESRF A¢ ID18 #1 ID20 Fig. 7 Layout of XAS experimental table
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o534 % AR ZR AT SR DA R BE R A0 SR SO LIRHEPS B 8 FRAR DGl a5 55 5 )

2Lt Ll K APS 1) 31D, 201D £kl 45 ) HA [R) 45 7K F- 1) S5 98 AN BHE 70 B 26 4°F

R L PR RN X SR P O 0SS XRD 4R SC 86 B R RN, 78 B 454 K A Bl ) 2 O
25 HARE AORE AR SE R AR S, JUHE R TR RS G R A 28 R B VR T o R e e A IR I D ik mT LA
AR 2B MR 2 AL P 1 B 7247 O R0 B ER VRS A S 1 B Y LR s TR S )
HPLEN 2 XGRS BN AT DL A R R AR ER CL N, O By, 2 v TRk B A AR D
AR A E RS S S W ST A A, e Sh Pl TR AT AR AR BRAT B ER I AR G5, i T A R i TR AR
PR 5 R i 7 S5 AL A SE T e R T 2 T
231 HO ZHIEZEFHKIEHR

HEPS JG A PR AR —FhJ2 63 4> AT Y g v fp 625X, AR AR SR K [E] B o 72 ns; 5 — A2
680 T A 1 5 72 AR S, AT TG N 7 ns. £ XF HEPS SRR A9 78 AR IR, H20 423Kt R HH 43 Bl iz 7
e, LA A AN [P RO X 0 23 B 2 7 i iAok o FE R BB, al RASE B Fe A% LR BT 5K
B, PLRSn, PTEu AR [ 8 2R A 1] BT IS S 0 A AR Sk B S8 s e e AU, AT IR M X ek
P& LW SR 3 FTR R HO FEZSLHJ5 1 AR S H A7

®3 WO RIELWHERBEARIER
Table 3 Specification of methods at the H*O beamline

Method Energy range/keV Energy resolution/meV Inject mode Spot size/ (um x pm)  Flux/(ph's™)
Nuclear resonant scattering 14.4 (*"Fe) 2,1 63-bunches 2x2 About 1.5 x 10"
X-ray Raman scattering 10 800 680-bunches 3x3 About 3 x 10"

2.3.2 HO Z&uhigit

HY T 8 43 B [ 20 i O et SR A . WO R D SR SR A B A Ll 2 R O O T LS
T2 3k, R 5 ZEARAS AR & e il it . b T SE B G Tl B T H AR, HPO 2k 3% FH BL 28 N7k i
WG wAm A (IVOVE RGP 4K 4 m, I B2 18.6 mm, fe/MNEIRIBRA 5.2 mm, BE1E# R
NdFeB. i ARk RS 55 7~ 17 keV, 3 OB AT LI 5 21~51 keV, #i & T 'Fe B REH AN T 5% H
PRIFHE = 1Y G i, R B Af OR Si(660) 43 AT A AR TS BUST B fE 9.7 keV A I fR1 38 £, T 3 YIRS I oo 7 o
"Sn., "'Eu. "'Dy 5% H R ZE L IRBES .

H?O £ e A JRan &l 8. 1 9 iR o WA ARG 1 HE B XS 2R 48 min s IX 5 956 1 KP4
Y G R S5, JR MO o Bt o DG RORHER T U 9 DCM i [a] 20 58 SO B (o 4k (BB 5 9 1074~
107°) o X FRZSREU A (& 8), £ DCM 1) X ST BL R E A S BEe (a2, dE— 2 b 107
LIRS EOR . DCM FiFHY CRL TAERER M 14.4 keV, FHTOLEME R, LIRS Fif @ 2 ¥ @
FRA K-B 85X X SR AR . X SR 4 K-B B3 R A2 5 ] RLARA RO R A S A6 B, AT i R 5
55 o FEAZILIRBC SR b, B0 58 T B = A BE B HER (AN 1 me V), H AT DLBE 32O )N, 3
ST USR] () 5 43 P g, I8 A 4 K-B Be FEE i A 07 B B0 nT o XS 2R b7 B iU SE g 8 X0l 2
RN EL 9 PR, X T2k 4: Si(111)/Si(311) DCM i tafb 5 i@ 8 K-B 5 R, A Hhr & WU ik o8 i

wE 10, B 11 frR, HO LR sl E WA ASCE 5. B 10 LR EU 52560 124 F &, 781X
FB L K-B B TAERE B T8 1 m, FRRE 3 2R R0 R R S0 o IR IR 3 1800 S 58 R 3 AT Ot
HL A APD R 2%, 4300 60 T DAC He filh A 0] 18 5 1717 A 38 78 B0 22 7 135 %) A 40 285 ) 35 2% 1 5 )R
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Introduction of Fourth-Generation High Energy Photon Source HEPS and
the Beamlines for High-Pressure Research

LI Xiaodong, YUAN Qingxi, XU Wei, ZHENG Lirong
(Institute of High Energy Physics, CAS, Beijing 100049, China)

Abstract: The High Energy Photon Source (HEPS) located at Huairou’s Science City in Bejing, one of the
key projects listed in the “13™ Five-year Plan for national major scientific and technological infrastructure”,
has been under construction since 2019. HEPS will be a world-leading 4™ generation high energy synchrotron
radiation source featuring very low emittance, very high brilliance and high X-ray energy (about 300 keV).
The new light source will provide X-ray probes with smaller size, higher brightness and better coherence for
scientific researches. Synchrotron radiation technology has helped researchers achieve rich results in high-
pressure research. In turn, the demand for high-pressure research is also promoting the development of
synchrotron radiation experiment technology. In this paper, the design of the beamlines in the HPES phase |
for high-pressure research are introduced, including a high-pressure beamline, an X-ray absorption
spectroscopy beamline, a hard X-ray high energy resolution spectroscopy beamline and a transmission X-ray
microscopy beamline. It is expected to help users well understand the functions of these beamlines, and
further promote the development of synchrotron radiation high-pressure research together with the user
community via seamless integration of techniques and users’ various requirements for advancing high-
pressure science.

Keywords: high energy photon source; high pressure; beamlines
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BLISUI &3 BELR T ERET - R AZHAMER, A, EEN EERERE 43T
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LWWHENTFE. HRIR P X SSREFFEF KA KX L3k T, EF A F A0 X F & I &
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1R R AT DR BECE 5 KRR . 77 AR e R i e B 2 EA 46 4 WA % Thi Al ( Diamond-anwil cell, DAC)!"
FNRARFR AL (Large-volume press, LVP) 261,

DAC Fl LVP J2 5 5 52 56 B 58 o PO Ap ARGl A B . AN T sk A B . R Ah B R 38 B b R i
e FN; VG F . DAC BB#E A JLA 5 KA MR 7202728 855 3o A aT LLSEEE 6 000~7 000 K
B . b T AR AT KRRER S TR J7, DAC AR AR # A LA BDLHOCK KN, B
RN B BE LK . LVP AR IR KA 2 (— R 22K 40, IR Re 8 7~ A= 1R & HLX A iy iR
(3000 K LA_), Hs Jy e BE L 852 /0n, (HU T 3 B AR A BR(H AT 5 7] 35 120 GPa), X SEHEAEE LVP AL
TR AR B RS 40 B 58 A R LR 240 2 A RE) Wy vk (9 BAR TR o 7 i ] Bsf el P 22 o D 57 20
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SRS X GG Z IR TG00 . R MOCEE R SE, AR ME B ekt i AR S AT I . e L AR IR
R B TR A0 5 XS IR R Y e R T AR /INRE S R AL TR T B, IR AU U T TR SR SR 56 AR A
R TP A O T IG5 15 5 A0 )R035 R A8 i XSRS R R R 25 A R IR F AR
JETE o il e e R P RIA T S A D B AT T e R SR U R B e Ot .

T 22 T R D RS Y XS 2 At i S 5 Oy i b, [R5 R SR X AT SR (XRD) 2 i R A 5 1 o B4
AR, LTI 5 225 AOK SRR SR R | R S BRSO R AR 2 4 A R S
B SR, F2 G X S EO0e iAo s T H RIEE . AR, mEAM T IS TR B
Wk — P E AR OTIE, ISR S MR AR RIS & R E SRS N EE WY E M E RS
FRAET SR S TR, A R X SRR I (XANES . XAFS) #F 58 i 25 738 16 F J5 1 5 4B 45 ke 725 4k, F)
FAG I EEV TR, R AR SO (IXS) A58 7454 | 7 B s A 55 .

WEAE, UAIR] A 46 5 SR FE R XRD B 1524 AR 3% RIOE ARG AR — 2, iy & A e i T
IEE T BRI A A TR A B BB KR 1 R G G R AR R 15 ] 2 R
FEE R X MR R ¥ T MOk M E ZAE R o R E ok oF, B LA RSE /DN, ) B0 3k
22 L0 B0 B ] A3 PR3 S AAE DL T, AT ] X B AR AT LA R UG ORISR AT B[] 43 B L PRk
1o R S 25 E T R T R /INRITER I 355 S5 S B3 ) S B

HT, A b 20 R0 58 S IR A A7 s TR A9 10 & P [R) 20 4 B D SRl dn: W (] 20 4 459
JEUE (ESRF) i IDO9A | ID27 £k 3 P, 3 [ 4 41 6 U ( Diamond) (1) 115 e, 22 Se ik i+ U5 (APS) 1Y
31D, 13BM. 16ID £k 30738, 35 [ NSLS [T Y6 IR A9 X17C £k365%, H A% SPring-8 Y6 () BL04B1, BL10XU
LR U AR 3R R AR R O IR A R FT R R 4R T 20 120 90 AR A, b 5T TR AR 4R 4 25 B (BSRF) Y
AW2 el Ay [ PN R e v R P e SRR, BV B T A R A AR SR 1 fer ds B, A R A o A
THEZTTEM . 2009 4, M Rt B S =R D RSO IRAR Z — 0y L RS RS ke s — ROk
U5 (SSRF) 2 FF 7, o (g b XS 2 2R £ Soniy DGR 2l BL15UL i TOGEE/D sl s, EHE S
FHF 0 FEORAT 35555 . BL1SUL 4R35 T 2010 4R R IR 45 T i e B4 0158, Han i — LT
mEBESE . AR, EN AR SRR 25 A R % Gt DLt B A e R R RS T — R 5
IR,

BSRF 1 BL15U1 £ 3l #1147 =38 it . g 5 m I8 A B (bl X S R AROR, 25 1) 43 Bk B AROK 28 30 0K o
e, AEH G AT DAC B EMFSY . #E 8 A9 SSRE 12k ol T 72 o AR 1 2 Th BELR U (BL12SW) Bl 4% 1
200 t F12 000 t f4 R ML, BE &30 78 55 30~150 keV, /& JT & LVP 25 B BAR -6 . A SCE 29I 44
SSRF i T F Ji& fy He i 9% A A X S 4 Al 3R A S i FH O AR kil BL1SUL DA K RV 8 1l 1 88 1 22 D) Re 4k
BLI2SW,

1 WX BELMBERNRERZ L (BLISUL)

1.1 BL15U1 &4/} 43

il XS 2 A3 2R £ Ko FH O R 28 3 (Hard X-ray micro focusing beamline, HXMF ) J2& JF & 5 %5 8] 43 3% .
1 R p-XRE ., p-XAFS, p-XRD 5256 K AH W (9 — 4k mapping 5250 (254 PG 2R a0, 12248 ol B 45
FHE X SRR AR BB, ROk WKL BER T & T 252 ik, 7E i ER Rl o | Bk
RS AR MRRRE L QORI R TS SRS T T N . R R R X i
R A R GBS/ B RE ISR AR A, JE RS T DAC & R SR

DAC & RS2 5, XRD S e i A SE 50 7 o g FEATT S 0T DA AEAE S PR S O A L AR5 4 L A
BEAR SRV VAR M R, R R R AT MR T B . RO S 6 A A AT S S5 i kb 7S, T DA
BEGh PR E TR M A L SRR b (R | TE (0 %5, 2 TR R TR 45 ) R AT SR A,k — 2B B A R AR i
Tt FEAT 2 U R 6% 76 L 25 40 2 S A% 30 ) 2 0 T 45 AR S IMVRE O S5 R A B, R TR A ) A
TR MRS ) T
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HXMF £kl X 542k 0 g VT A 5~20 keV, 1l LIl A K-B RS0l Dt A M. i K-B 5%
RAEN, AFHGRERTE 5~20 keV 1B YL AT H, BADLHERST/NF 2 pm 2 pm o 7EATHTH LAY 20 keV
AEE T, FEAAR G FEOR T 10 phys, (AT A AR, ASEREE LR R 8~12keVOE B ZE 16keV),
BASEH RS /NT 0.5 um x 0.5 pm, HXMF 283 i 22 B R F8 PR UL 1,

&1 HXMF ZUH EE R
Table 1 Main parameters of HXMF beamline

E
Light source  Energy/ nleriy Photon flux/[phs-s'-um ™ Beam size at sample/  Divergence at sample/
resolution _
type keV (AE/E) (0.1%B.W.) '] (um x pm) (mrad x mrad)
<2x10* <2x2 <2H)x 15V
Undulator 5-20 ) >10" . & . .
Si(111) (K-B mirrors) (K-B mirrors)

112 XR&HmFE

HXMF 25 3 43 b 6 3 48 S0 56 il W 3 4% . HXMF SC 4R i A5 Jm an 18] 1 B, BL28 N ST 3 7 o
(IV-undulator) H 5 i) F G FE K- J [a] 28 8 20 17 5 T 308 A 28 AR GO IR Bk 4%, 76 30 B0 ml o BN 470k
DAAE R B G A B B o B, X B8R DR B AR S ST SE I . (e X PR n] LU R
LA v 1 Y R B E— 2P Bk, U S R RE A B . SRR IR LA K-B RS E R AT, v
Hfh, X GRS ROT IR BIRE S L

; %‘a Slit 2
1% g — Slit 3

e .7
oSl

T H—
| S, W %_l

Monochromator ~ Four crystal
monochromator  K-B mirrors

FEl 1 HXMF LR R
Fig. 1 Schematic layout of HXMF beamline

Sample

Undulator Slit 1

Toroidal

1.1.3 LIuhIwIT

HXMF 25 Bt & M E R FE RS K-B BEERGEMIGH A BERS% . K-BREERGNEREL
RE R AE 5~20 keV 35 Bl 22 AT I, AT SEHLGR /N RAEGEER ST /N 2 pm % 2 pm o B AR BCA SRS 5
LI S G L e AR % A 15 T AR A% . Horh, T AYERIN 2% O Marl65 CCD, iZARN £ 1Y B AR 3R X
RSFH/N80 pm ), AT F @ BT S 5086 . 59 — BRI /2 Pilatus3S 1M, iZ 3R I8 H A B R W sh &
78 [ (20 bits, 1048575 counts), 1 A #F 47 =g FE B AR AT S 9050 o Y E 4788 1 e S 36 7 22 T /N 2R AR L BiE
B, AT LKA 2% Marl65 CCD B8 B i REER G M . Yol i RE RGN R AOLRER /N F 0.5 um, 2
DA R R TR ) S /NG X BRI R . MERER G, K-B R RG 0 v] LLEAT 5 L
TESLG, Pl i AR RGEAK 0] LA T S TR RS W S . SCaG s B R AN R 5 A S an & 2 FE 3 R
1.2 HXMF Z&ui S E X Rg &
121 EANE

S WA % TRty N 0 o 3 A TR 0 s T T IR i B 40 6 A0 9 6 hm TRV o TR T AR 1 2 g 5
oy 25 TR S O R 0 A ) I 5 o — A B AR B N, I 0 R R AR AR A S 0 6 AR Ak, R R
mn SN T o 40 A 9 s R iR W R 40 % 4 2Ot g i e T A a0 %%, MR I A% /45 A
st JEE P B R AT
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. Marl65 CCD
Slit 3 K-B mirrors

‘ Sample stage / Marl165 CCD

Zone plate |

X-ray

/ i \ Pilatus IM  Sample staA
Microscope — Beamstop Beamstop

Fluorescent detector

2 HXMF 928001 Je
Fig.2 Schematic layout of HXMF experimental station

Piezoelectric

3 HXMF S8 it A
Fig. 3 Photo of HXMF experimental station

T 5 TR BAFE ) T 85 % 2 02T T 47

p=A([1+(AA/ )1 - 11/B (1)
S, p WIE H15 A0 W9 205 90 R, % VE X I A9 K, — B9 69424 nm, 5 O 0 58 48 K 2 g
JEA K5 A = 1904 GPa; B = 7.665(MEF KR &M T )3l B = SCHEF/KEFZMT ) AAFRIR R WL HK
B SIRe FUEI 4T S A SORIE R, 2B T (1) VAT BT th R I B T S

LT FTE B AR D B S W .

(2GR 5, 2 DAC SR M ETME ik, SWH Laserreflctor  EXPENET
LT 7O B 2 U R 5, W P 9 B ) 4 —
FoR . IR 245 3 B R bR ORI BE 2 Y °§‘§°D”F [ conoter

3 um, I FER LR 0.02 nm, I i E I Y Lok
en
0~100 GPa, Len | AA|‘> Spectrometer
W 100 GPa AL 8 5 % 3 i, 58 % 8 % —5A f——"1
= =3 i 2 (= Q ]

T ARE S HE S WA P2 R R B sh i ks DAC Band pass Len2 CCD detector
FE FE 7, A7 3 S5 e 45 T Renishaw $7 2 115X

(L 5), ] LAJ7 X 4 WA 2 08 i 47 00t , DTG

FrERE S ENIE 7o A, HXMF 2835 iR B & T

fEHE TR S 2T 5 A0 R S, anlEl 6 FrR o

B 4 LS A5OENE G

Fig. 4 Optical system for measuring ruby fluorescence
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- | ALY .
5 Renishaw $i72 G E6 A ANERS
Fig. 5 Renishaw Raman spectrometer Fig. 6 Portable ruby high pressure calibration system

122 HmA

SISl AR S P LA 6 BB B 1 b B R R R WG R 5 a1 (Y) P 3h, 18 S FEl-30~30 mm;
JE % Bl T KA 18] (X) -3, 33 3hE Fl—30~30 mm; T &7 16 (2) 30, 18 3136 Fl—20~20 mm; Z83E 157
4% 2 (R) , 5% sl Bl —70°~ 140°; Jefs 5l I i) /K P85 1 8 (X2), 32 813 Fl-35~35 mmy JEf 4 LV
HH T 1 F- 2 (Y2), 38 ShE H-10~10 mm. #5256 & & HH Newport 24 5] (1) M-BK-4 St HL A& {F Jy i
Al ARG R 1, 3 A DR A T B A, [ BE S AR S e IS R B AR R RIS B
A 7 frs .

Optical pedestal __Lateral translation
Lateral translation table Y2

table X2

Rotary table R —— |

Lateral translation
table X'

Vertical translation

Lateral translation
table Y

K7 HXMF SCulite iz i 6

Fig. 7 Schematic of sample stages of HXMF experimental station

FEA AR S G5, AlE s iEss & R 72K

T P Ao iy, 5 B K A R L B XIS £ AR
b BRIk e & X, Y RER & R
e S X Gt B EA, HEMER G X2,
Y2, Z K RE BRSO R X R b S
Bt BERE 6 R BERE I . X S L MR RE AR EO%
R = H RS AT AN, IREAR 1 um, ATHR
T T AT S T 8 A s JE R A B RN i 1 A
AL o LARE il B R A5 F R I 27 B 200 mm
i), B A R T | R TR R o B R 22 /N
T 5 107" 7 B {117 SRS S 980 e S A i F A i

MR AR X 2 S CE R T8 2 pm) Z b 8 HXMF LBl Nkt sl 5
FEL ISR G s e v WA 8, Fig. 8 Six axis sample stages of HXMF experimental station
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1.23 DACHEEREMEENIZEO

HXMF 5 5 3% 7 Bl BE &1 0 0 3 1 £ 1 l T
Newport 2 7 (1§ M-BK-4 Y6 FLHE /4 DAC FEfA . pac e
e SRV % B A 3 1. M-BK-4 6 HL 8 1 DL P g | . A
RS SR OB, RSN T L um, i holder N
JE DAC S5 BE i B 2R 1 L R S (=2 A7
SR, I AT LA K B R SR AR . DAC BRI
AR, Wl T AFREAE R DACH &, X 4LFF -
i ZR 35 R FH = R AL Y 7 28 2 DAC #EH Yt 1A Y M-BK-4
DAC HE iS5 LI 9 BT \ér—“"ﬁ optical bench
i FEAT S AR v RE A AR S CeO, L 2R 7 (I R e il ) S |
1 DAC 25 ¥ 48 /] B9 FE S N, T LLsE D AR 5 28 7 Fig. 9 Explosion view of sample holder structure

1 BT NI TE 7o =i
1.2.4 HXMF 238 5h 1R 0 25

HXMF SCR sl B A il B % . AR . DOGIRMIER | S I #4545 2 Fh ik 45

(1) HL B = C A O 8 0 O B 2, 0 S A B X G 5 o R 4 XS ki it ot T DUAR 4R
B F % F R (Photodiode ) B 0 HL 29 2, (W] B A D't il 2 >R 45 A1 EL 38 D6 BH 4 4% (Beamstop) 1E H o

(2) BT 5 BRI L, 5 A SR AL 4503 i, Imi4li Bh 348 . 7 RR b o 1% 0 e
A AR TR B, DA A AN )25 (8] 43 BRI 5 R /N 2R

(3) ZICHRM #5: L (SDD) FEM 45

(4) F R %5 : Mar165 CCD Al Pilatus3S 1M £ #% . Mar165 CCD £ #5 (1 #0181 4 [ Y, EAZ
165 mm, 37 2048 x 2048 ME 2 4, BEAMZ R S 5F 80 um x 80 um, ZHZSTEE 16 bit, Pilatus3S 1M #
M ZeHAT 981 x 1043 MEE &, BAMMEZE AR ST 172 pm x 172 pm, A R T X 168.7 mm % 179.4 mm,
R EEFERIN, THECER 1 TR 20 bit, F 45 %K 25 Hz,

1.3 HXMF Z&uh A RS ESEWEXFZE

HXMF 283 %7 i DAC & 5525 . 78 DAC
SEI A A S S AR L HBDLE HOK, B
s SN A A & WA R B/ RSB L
IR G AL 5 Ay B R T B AR ME X I HE 1T A S
o HXMF 4l (1) [7] 25 4 G G R AR 0 X T2 B
FEBE VR TR AL, ORI DAC A S S
BB FRARIRER . LAY 4 WA X ToL Al He ML LI 10,
DAC MRS IR LT THEB AL, ik X £k Ry
s Al WL K10 DAC BifEsE

131 SEMKRITH Fig. 10 High pressure device of DAC

[ A5 R 55 XRD J2 o e B2 WP S i) B 2R 2 —, BEREIRE H 0 . 22 & L 9RO SR PRI i e i) B
Koo bk 8 RORES T RS Z L0 AR B o M RTRR IR 0t T 454, 3 ] St sk | AR L BT A
A T 205 8 . Hh, B R AT (Powder XRD) 5556 77 i 76 & I BF = W s b i e iz 0 24
XIS 2375 4 W Ay el BT IR AR ity L Ik 2 A A ST, A i T D T R A 2 BN — A RO B AT
YRR, AT PR EOE A SRR AT . A S OGRE B R b BRI A% 0 BE R | BRI AR OR A A AR DI AR
Ko SEHmE, B LIRSS 3 A SRAFIEE, A7 9 P SR S AT A A O . ARIE AT, AT 5 2R
F AR A AL FT AR B AR i i AR AR ) AR A o SIESRT, T 2 R AR Al R SRS, ) — 4R Ak L oK
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B B RSO CIR R TRAR G A

ER

Ak 90 A5 A R b R A R & . B 11 DR A
Mar165 CCD #Rl £ 45 21 (14 b5 M — 58 A0 50 1 177 5
FIRE
132 SES£&ITH

B b T S S T R T R A A R DD
JEFC/RER . EEAE S 34 A R, 02k
SFTET Y R A o T LT OGS TR A RN O I
BTN RE e, W 12 FTos . B AT 5 SE
TR LARARETEDWAAHRE, AT R
H£H 5= RER

Z il F DAC % B iy 25 [ RF, IRMEFR B &3
() HEL AL, TG BE v A B OIR SRR i Gex 1 5 o, AT
PATE w7 1) 3 48 Bt A S0 A 30 P4 A B X5 2 sl A 5
5% ALl HXMF Zeufi R B o, 04~ 3 i
e S AR AT A S0 . B AT S I RR S L A
K13 firs o

o R B AT SRR A ) 5 R A SR Y S R
i 8 LA RN T 0 1) 1 4 4 4k JEE R S Bl
[ o @7 I I 45 il 4 B by T o B | E % L AL AN R
AR AL L. PR HL L IE 58 26 e 78 JiE % fa AL
F, T HORE S A B o HLAY BERL B - . ERE
L ALER AL RE o5 1) (32 sh 4 i . Fid E Bk T 3%
Fzo B LA 7S R i o £, RSP i 0 AL Ok
M E R, P R R E M. 077 1) i

2000 F
1600

1200}

Pixels

800 [

400 [

0

460 860 1 2.00 1 6.00 2 600
Pixels
11 Z&AAI XRD 1% (Mar165 CCD 247 2048 x
2048 MEER A, FMMEFR SRSTH 80 pmx 80 pm)
Fig. 11 XRD pattern of CeO, (Mar165 CCD has
2048 x 2048 pixels, the size of each pixel is 80 pmx 80 pm)

Kl 12 HXMF 5250 R GER R IR AL b SRR 1 iR
Fig. 12 Cartesian coordinate system and rotational degrees of
freedom of HXMF experimental system

2 A Sy DA 2 AR N R A 5 R T A M-BK-40'6 B 1, T AR R T 7 2 A B R
Bo SEERI, 5 PRAEGTS 1) B | w5 1) e e fil AR il B R  A 52 T X Rl i . HXMF 2R

A7 A B — BN T 1 pume

DAC

Coupling with
counterweight

Optical pedestal

Lateral translation
table X2

Lateral translation
table Y

Orthogonal
translation motor

6 motor

Lateral translation
table Y2

Rotary table R
Lateral translation
table X

Vertical translation
table Z

K13 @R TR A 5

Fig. 13 Sample control platform for high pressure single crystal diffraction
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o R B AT SR o, 23 B w7 ) RO T ) T i R iy, ol P A B R s AR B 5 U0 R PR BR, AT A5
£ SN R O B U Y TCTE 7311 E S RS 9 A M N 1< b 1 e R A= s e D = o B N s D e R o £
R

HXMF 2R 3l i 7] LA B A o 380 23 T) 5, 00 80 A% ELARTER o 3 B34 S5 — 4B TR AR
AR S22 [l AN FR B py M T . DK ) T S8 ek A SO TR D7 1) AT AR AR Ak, AT LAAS 21 S AR S5 48 1 25
) S PR AR Ak
133 RELTSH

FI I TR] 2D 5 558 X568 4k A b 78 R BBl P9 3% 82 mT 8 A e, T IO AR B v ) R ST R R AT R R R AT
S o RCHAT ST A G FUAT ST LA AT 2 2 B RE L A, SO AT S E AT LA A TR AN A A I L S R S
AT SR A G5 R R XS A WSS B AR R S R 45 G ROk, FE AR JU R B RIS B T, — 3 R A
JeRe s, — I RENTHE B, A ARSI 45 0 (0 bk v SR R AR A O B L R R AR AL AR L
134 & EREE

X 2R I (X-ray absorption spectroscopy, XAS) I LAXTH#E TC 2R HEAT S5 H FRAE, RIS IX LT R 1)
s M, B R SRR SRR R o B X A ER I (XANES, XAFS) $ AR I 4 s 254 T
FL 25 0 1 o R PR B AR B VE T . XS WAt AR v A Y G 3R ORI R R R
vig e 146 N RN AS L B A L Ak AT R S R HE R 0928 Ak . HXMF ZR ki fif ] K-B 55 R 48
X STEAR BIROKOGEE, ZEA R AG OGRE & T A] DUOR R A 2 09 K/INVFIAL B R, JE 3 18 5 T i ey IR Wi
WS . HXMF 2k ol i AE 4 Y5 o 5~20 keV, 130 Bl P % o JE R Wi S2 3 g ml LA S B . 6 14 28
HXMF £k 3 i JE s il e A 9 K o

Periodic table of the elements
" m Fluorescence spectrum P
Ne

m K-edge
0 L-edge

Am €m Bk Cf E-qunmu/

Pl 14 HXMF 2l nl it %
Fig. 14 Analyzable elements of HXMF beamline

135 SEFEA KR SL

U GIE BLISUL [l 25 4w G 0 X 52 HoA i B o Ak Fn s i 1k e, HE R e g . mob T
i DL S R 55 R D A Pilatus 1903 [ 50 HE 0 5 110 DR SR 1% IS BCRE T, oA v R R0 S
X PR AT I B BUAG BSE . Pilatus F 00 28 AT AT LA F) 500 WidE R .

2 BLI12SW B¢ Z I e Lk b

TR K ML R ) 4 40 B X B 8, T LSBT (In-situ) BIFSE 5540 90 RV ) BB R 125 TR B85 T 46 1 S 1Y
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Fig. 15 Schematic layout of super-hard multifunction beamline

2.1.1 BLI12SW Zuf F E ) RIEFR
RE 22 T RELR Uk 1Y B ARIEFRI T 2,
%2 BESWEELENERIER

Table 2 Technical specification of super-hard multifunction station
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Application of Shanghai Synchrotron Radiation Source in High Pressure Research
YANG Ke, JIANG Sheng, YAN Shuai, ZHOU Chunyin, LI Aiguo
(Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China)

Abstract: The combination of synchrotron X-ray radiation and static high pressure technology based on
diamond anvil cell (DAC) and large volume press (LVP) has fundamentally promoted the development of
high pressure science. Shanghai Synchrotron Radiation Facility (SSRF) is one of the advanced third
generation light sources in the world, the hard X-ray micro-focusing beamline (BL15U1) of SSRF provides a
monochromatic micro X-ray beam with high flux and adjustable energy, whose spatial resolution reaches the
order of micrometer to submicron, and it has considerable advantages in DAC high-pressure experiments.
Since it provided beamline time to high-pressure researchers in 2010, a series of influential achievements
have been produced by using the related high pressure experimental methods at BL15SU1. Moreover, the ultra-
hard X-ray multi-functional beamline (BL12SW) in SSRF phase II is equipped with 200 t and 2000 t
of LVP, which is a powerful platform for LVP experiments. In order to promote high pressure researchers to
have a full understanding of the high pressure beamline at SSRF and make better use of relevant platforms to
carry out research work, as well as to put forward valuable suggestions for the follow-up beamline
construction and the development of experimental methods. In this paper, the layout, beamline specifications,
main facilities and related experimental methods of BL15Ul and BL12SW beamlines are introduced
in detail.

Keywords: Shanghai synchrotron radiation; high pressure; beamlines; diamond anvil cell; large volume

press
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Z fit i A SA O B R AE 2000 AERD B 1, 17 R AR 2 AR A A R B SORL Y B, o L R
A Al A B TR 2318 ke, VR BEAS Y B AR Bl DR Ab B . B A S 5 D7 VR AR Ak RO B Ak, (A i 2
AR ROE A BN R PR LY 2 AR R AT S IO TR, R AT A SE RORS 18 TR T 5 R S AT A AR ST
X — SE LA R S BB, T LR SR b T AN AR B BT AT 5, AT S e nT LR A B 1 KK
P e BAERITCRE .

o T 1 22 B AT S B AR A T B0 (' 1Y B R AT S R At b R SRR R B, RIDKE S ARE i ) DAC &
T 2 BT AT [ B BE R - b, A TR PRI A R R AT S K . 1] 10 J2 APS R
(HPCAT) #5809 2 R AT 3 R G m B, LLBCR A2 3 M A0 22 B AT 35020 22 R i S 50 dis g Ak 3 5 vt
Je BT B 5 10 A R TR 4, DA o) A [ 1) 22 28 IR AT S 0t v 20— B R AT S S, R
IrE LA B . — A BB 22 SR AT R S, R LR OB Rl A L R, IR AR A RE RS PR R R
FEW LGB AR JE— BRI R IR 2 5, TR T AR 21 o iy 2 B 0 A 5 B

Ny (10-1)
L=

B 10 o 2 AT S0 T 0 A LR 1) 22 R i S i)
Fig. 10 Multigrain XRD method in the DAC and typical spotty diffraction pattern %

BT, Z AT SHd AL T & o B, SAT 30 A0 4R S0 e R 2l i HIZ R o BR T 3050 E A IRIHE, 32
TP ERAT R s o B R SRR R R R B e, AR oE e . BRI, &R 2 AT S A — S bt
SRR N © 2uE SEHH TR IR ISR A 0, 7R RS0 T A R AT S B — e A #, Li Y
F SO IR AN DAC 2 AR 5050 A 5 T 554 A Z2 5 1Y) B-Ge, I 2 155 i PR 4 Al 22 S 07 5 S 36 45
W7 B-Ge 76T/ st B b 9 2540 A8 AL DL S i %5 BE e A A8 Ak . XF L RP 7 ik AR 25 R, T2
An AT SR B R EL A TR 0 TU A B RN S M, LA B 0 2 R 0 A EL A EL R TR 6 RO R E
2.5 RFRMENTH(RXD)
DAC J& — P B ih [ 77 25 &, W ki o ) R B K, 3 BTk B O g 0 g e/, aniEl 1 e
TN TR I oy FdR /N F] oy Z [BIAFEAE N T 22, Bk B3 N 7 1853
t=03—0 (3)
[T Il %
op,=(03+20,)/3=0,+1/3 4)
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TEH M DAC R 5T 8 b, X B2t DAC I #85h J7 ) A S5 24 i L, RT5HDEHRN DAC il 418
O T H A, 8RR R Al AT S BCEAT AT, W 12 s o FEIX RS AL, ARG I X SR T 1) 8 6 )
R, AETE LT X LR TT 1 IS T 850N, X AT S8 00 e 0 BIR ) A /I8 I8 A2 T i) B 3, L 00 380 )t A% 17 A2
RN o R T ARATRE B 0 DR 2 T R R AL A R A R A o, A AR 14 22 B )
HGE, ELRE G TR ) Tk g, A 5 2 0T 0 R S AR IR MEAY, A I 22 B ) — B DAC 256 4 A3 ik
BRI, 20 H42 70 4R4X, Kinsland %51 E YOI 1] 51 A X SF 2B AT 17 S5 S0 8, e 22 B ) A — A
WAZTTIA BRI 2R T ELH 97 9 S5 £ o e B9 1A P SR A . 2R, Singh ZE0 19 38 1T 2k iz
AR, TECRERN b R T AR KR ) 2 F T B9 RXD HOR

Sample chamber

Incident X-ray F
=)

Diffraction

Sample chramber n
Bl 11 DAC FESTESRIINART B R A 12 DAC %liin] X SRR B
Fig. 11 Stress state of the sample in the DAC Fig. 12 Schematic geometry of conventional
under uniaxial loading XRD

5 ) A R ), A2 AT S 0SB XS DAC BT 51 A, 5 e i A s — A A
& 13 SR FH BB B VA 9 RXD JG K o H Bl 13 R, 78 DUE SO0 A 5 007 SO o 22 8] e f1 1743 ¢
(HEZR) Mg DAC I, R LSO Jin 4l -5 1T S vk 2 a9 e g o £ 00~ 90° Z 1R SR IUAN [y #8917 5
155, P4 B RE G R SR 28T B 0 AN AR R o R AR AR R AR BRI, X 45 R 1Y TS E (kD) , AN )
',l/ﬁ{ﬂ B SR N AR A E A e 22

&, (hkl) = [d,, (hkl)—d_(hkl)1/d (hkl) (5)
A dy (hkD) RAEY AL SRR, 5 (1—3cos™y) ML R R
dw (hkl) = d_ (hkI)[1+ (1 —3cos’y)Q (hk)] (6)

R d(hkl) 9K TR 03 oy T B8 T ) B, RE 53 OQ(hid) S 40 25 BRSNS T 734 ¢ 11 EfL i 59 1 T8
BT o i C6) Al A8 B RN 175 1) (= 0°) AT # d, e /N5 AE /N 177 18] (g = 90°) 45 F4 d, Fi
R Ty = 54.7°IF, MASHK TR I3 o3 T B A RN EE d

Transmission X-ray " %
i (& ; ,|

y i _ . \ In01dent X-ray
Diffraction '\ Diffraction

n
(a) y=0° (b) y=90°
K13 R EDXD K& DAC f2 i LR
Fig. 13 Schematic geometry of DAC radial diffraction using EDXD technique

RXD AT LR A A s, aniEl 14 s . MA@y RXD — R KIT M 45t DAC, k4l

NG X 55 2 sl i % — A /INA B . AR R B A OB S HEAT RXD B, F - AT D0 45 2R B — 4437 25

EIME O & & Ay ARy, ik DAC AT S HER: , 5250 A X 7 5 o MR ] 14 v B9 A3 S JLART, B A1 5
TR T 187 F) o £ RT A 3ok 775 5 R 0 RATT S 4k 1) T oz o B

cosy = cosfcosd @)
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14, B A GRS a1 e = 0°, T E
F A5 gk Fo = 90°, th=l(7) %
6 <y <90°,

RXD #2447 DAC ke i 19 B 3 AR AR 5
B, 45 B RS N A RS, BT RIS 5 A A £
AR LU S0 R ]y A 0k 45 0 1 5 1 ] 2D detector
B b, (hkl), M4 2K (6) HEAT 2 P 10045 T L A5 ) 4 3 14 @R AT LR S
O(hkl). S T B & 1) 5 6 A R O(hkl) Dok Fig. 14 Schemati.c geometry of DAC radial diffraction
B T KT b4 6 51 60 BOR, Q(hki) ) B using ADXD technique
(hkl) 846 o FR G AT LA S A4 R 9 0 45 1) S e M B A, AN ) A B A5 0 S (R AR G 5 B B 7R T 22 4
B 8 8 0 B I, 3 4 5 19 S B L AT LR R ) A A AR R AL RS AL O =X (6) TT A, #E
=547, d,(hkl) = d(hkl). PICTEAEF KR 25 AF T, @ RXD 1] LAAS 2K s i R A8 75 #2222, Al
X F K S50 0 AT L ARAS B i R T

3 BSRF SE#T8t%uh

1993 4, 7 BSRF #5 T [# N 45— &1/ 5 i DAC 75 JEAT S 345 2, A BR B BILIRH 75 B 50 46 3 45 b A7
Il Fof 5 R FPRBR o 1996 4FAE SWIA JEH Lk b7 1 n] 43 3L 52 A g A S S il , SOl 5 AT A
ARG 20 STae vl & e T AR DAC DL KA iE ML il A in 2 2% &, @ sr 17 U6 B 4
W RS, S T DEEN A A bt . 76 SWIA L b, 8 K-B RES T ASCMRE, 745 T
WA — I OR R LGSR . 528005 L EDXD #EC ) FH P IR, JE4RA5 T BN 28 — AN &5 i 0 R g )
AR S R AT S EEC Y 5 & B B Y AR RN S 56l A 57T 2000 AEAT], B 24 BEPC 2% B f =
B R CT A AW2 SR EEFE B RS OG . S28 35 L EDXD MR, JEE 4 K e T ADXD. OGRS . B
S5 . RXD . R 2 A9 56 45 52 56 4 R, 7E BEPC ) 45 48 5 & JH s A7 B =X R A7 /5 e Sz g (89341
& 15 2 T 4W2 = 4kl 2 R G 09 A, R ADXD #525K,

) Y )

Laser heating | | Fast loading | | On-line pressure Hutch
system system measuring system

K-B mirrors
Monochromator

Sample g—;

; 4W2
stage g’j Wiggler

2D detector Adjustable base

Bl 15 4W2 EELuE FER G

Fig. 15 Schematic layout of 4W2 beamline and station components

3.1 4W2 SEZUERIR

BEPC II ff /7 38 1o ik i FH A2 04 4 AW2 Ay i e S 50 i B (4L [R] A5 4 S 6 U, 4W2 Ry B028 & N 194 A
PR, I 11 AR, R R 14.8 emP . #ERL AT B AT 7E 12~ 120 mm s Bl 9 A8 4k, 7E [ B R 18 mm i
HEEREA 2R 1.5 To AW2 SR 2 AR #E 2 0 2651 1, 78 BEPC Il TAERERE N 2.5 GeV., 4W2 Wk
[ B A 18 mm B, BT 2 43k (%) [) 25 5 S 615 (U RRIE BB B 200 7.5 ke V.o FEAFB IR 250 mA BT, $2 4t
B G B 7RG T RE B 20 keV 429K 10™ phs/[s +(0.1%B.W.) 1. &l 16 Jy 4W2 HLIERE 4 O B ADOGRE
G3AT .

050103-9



%34 % 5 JiS 7] moo i 55
H1 T BEPC Il &5 — OB, AR &S ETE 106
100 nm-rad f4%, AT RDEIRHAHRER . £ BEPCII s
H AW2 SRS AL TR e S
o, =1.03 mm, o, =0.124 mm, o', = 0.332 mrad, ‘i\°
= 3L
o'y = 0.060 mrad. WK HCHS MR 0
RAEVEREZ B T AR KFR £ 10y
32 4AW2 LIRS £ w0 .
4W2 S L BSRF I 3R 3 13 8 i 14 1051 I ST 100
WL, N 1 s R R S ol 4 Te A B B i AR B Energy/keV
fif, JER 280k 2 RO FL AW S T S . IR A 16 4w2 HLERREPRAO I 3
FEEE TR A BRI KB BERE. B17 R Fig. 16 Spectral distribution of 4W2 Wiggler
4W2 LG .
K-B mirrors
.. ¢ Monochromator
Sample position | |
Jon ]105 mm
fo | v |
18 17b mm 15 52.5 mm O

Bl 17 4W2 IR DGR
Fig. 17 Schematic layout of 4W2 beamline optics

LRSI C &k e T 2R RAEFOR, WG IEIR KU A (Zone plate) . Kirkpatrick-Baez
(K-B) REH . Z 257885 (MLL) Fl&E G473 535 5 (CRL) 4, REDLHEAT LU/N B9k 79, K-B
SR AT PR A [ A TR B — 0 — S5 A B BRSO R b, A3 i AT KO AR O R A R
AT, i A RE R AT IR LD B AR, i H B R A R AR, PRI R IS T e X R AT
BT L. 4W2 SR ZR A 100 mm K 848 48 55080 791 T 45 4% BR K-B B2 XHES, A 543 T 38 2 HLA
JESROESY IR SRS | ) NS D= TR 0= e o A S s 2 N 5 R 3 S O] A = o 0 VA = 11
ATLAJAEE . T 4W2 DGR RSTFE K- J7 1] L 2 B 5 I RAR 22, BT LKV SR LA T iE, DAARIS 8K
PR L

K-B R ARG R H U, RADEHER KN IE S (FWHM, AR) 56 R o, WIEE £ R 5E
VAPV & BRI ZEPS

Ah=235D0 £,/ f, )

e D i 5 P -0

N

D= (ZU,T’) +1 ©9)

K s' = o /f,, o BT HIIEIRZ . X9 TH, Yo 5 s Z A 1/10 B, D 3E0E T 1, R AERUE
B2 BARCIR A, JEBE R /N E BRI T AL L/ 5% BSRF 25 [A] BRI, 4W2 gk ied, MBI S o &
FE S B A 29 18 m, 80 s AR K, W op 8 JLANIEE LN, W) D o] DAHEE 1o orp R 1T PR 3 0
— BB FIRR SR A 22, R I RE AN TR 2% . 3% 50 0 sTaRIR /D, oo B E B Z B TR
KGR, H TR A AR T AR G 1

KRS i % K-B M5, vl AR SC 0 7 R 8 5 i &, R8T % M DAC = AT ST .
JEN IR DAC AT 5t F KSR T ) W Air 5 o S H I O0 T, % B DAC i FR AT S v, 7K1 A e B 4 16 4 31 o
130 1 235 mm, AN AR LR 139 2 1 F1 76 & 1, FESOGINE DAC 7 9HE BT, 7K -1 1 5 £ 1R 43 5]
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Sk 180 1 285 mm, AHI (45 LR 100 = 1 #1163 = 1., 7€ BEPC iz4 1491, 4W2 IR K/ Ko =1.024 mm. o, =
0.264 mm, £ A5 4R T 10 JE 1% 25 1 BRAR S 00 T, AHR. 09 B8 113 FWHM 28 17.3 pm(H) x 8.2 um(V)
CH AT ) A1 241 pm(H) x 9.8 um(V) GEOGIMRATSS) o SEBRIREOLIES K-B 45 1Y 11 B 152 25 F1 25 A
R RALRR B G, TR R TR THRAE . 18] 18 125 1 S AR AR A MO R AR 45 R, JKF- FNae AR HR
435120 140 mmAl 245 mm, TEGE T RN B9 ST S S 06 b, SRAR ARG8T LS I A A 3R A BN
JERE . TR ARSI e A3 A G HRGE ) BROGEHFLAR BT, DLk S B AT B B b i R AT IR

(a) Horizontal (b) Vertical

| pesdessss

-----
I..

Intensity (a.u.)

Nl

S

=

=
Intensity (a.u.)

—T

—

peressseses X  *masssessass

20 40 60 80 100 120 60 70 80 90 100 110 120
X/um y/um
K18 K-B AR ADLRETHAS
Fig. 18 Micro-focusing profile of 4W2 wiggler beam

TER AT, 4W2 KRR R Si (111) B AR A 88 47406, BE M5 Fl A 10~25 keV, HE
HHER R 1.8 x 1070, SRR PEE1MY K-B Bilt, 78 20 keV M50 A S M 4L 2.5 mrad, AN #2029
10 prad, BLHTFEAH A7 PR LR S 200 mA B, B 5 b 32 4L 1 58 5 29 10° phs/sP. 76K GRS, I8
# K-B B A A, O SRR 0ok Tl s, A R — B HL 35~40 keV

25— ARG R S A 11 BRI A B o oA 2 [R) A7 5 1 240 B, AW 2 288 3l AR 2 41 0 15 1 S i R B /N 18 o'
BE, BPAECRE, SEAT BT M T B4 S I A T Y BT,

33 W2 S E&MSENTS

4W2 £k 3l H4¢ EDXD fil ADXD W R 7 G5 X i gk 01, Hul R 2R G —Fp#iX. A X EDXD Jr
2 DL S I AN AE SCHR [33-34] R EA TRAIN A, AR SORFEFGR

HEHE 4W2 1654375, i s ADXD 5236 %6 £ 20 keV /BN AT G0 RE R . 5230 K B (0 2% 5
A2 B AE A7, SR 5 R Ze i Mo AW IS X BB S HEAT AR E o A6 5 RE i 04 o RS SR AR TOK o
G, FETKF- RN 2 B 1) 8 T ) AR R G 58 A, R R ARER AR B ) O R BEA T A . A
i PE VR G I 7 1) B AE K-B A 5 8, 38 e % PO i o AT SO B TR DU SR R 0, TR 2% A T O
7 1) AT LARS 2, DARKCAS BRI 25 5 R i (] 04 R B, 8 NS [R) T AR ) DAC RIS [R) 0 508G B 225K . AR AR
TN 2% 5 0 ) B P B R S O, SR SEARERE S 0 CeO, A AT SR, FH G 5k 1 16 BE LA K2 A6 1) i o L
PEATHRAE o — HLLL L ERAR E S8 05, SRR | R S RT3 04 6 AN SOV PR BCAE , 75 ) 75 2 BT
AT HE B AIBR A2

51 19 i BSRF 75 3l ADXD RS0 SEW I o BTS2 36 0 A7 G P ] R DU 45 : MAR-345 5845 0 45
W #% (IP) Fil Pilatus3-2M R Z FEFIHR D5 (PAD) . —MIE B0 T, B3R AT 5k A PAD, 54L& 177 55 Fil RXD %
FH 1P, MAR-345 B3I H 42 0 345 mm, 8 3R K/NR 100 pm. Pilatus3-2M A HZITH 2 253.3 mm x
288.8 mm, R K/NK 170 um. 53 41, Pilatus HLAT PRS2 H DI RE, AT A 1] 203 00 w8 R A 5 D0 2

s 2 B I B B B T ADXD R G 4r HERE T, Hofm 22 20k A A BB RE AT 95 L A
S B S B A DA BRI 28 1) 2 8] 43 3%

Ad (8d)2 (Sd)z (Sd)z
— = — +|— +|— ( 1 0)
d \/ d monochromator d divergence d detector
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Pilatus3-2M

“2 Saniple stages
L i
o |

;’. _.‘;-__.f-’-""«'—-' 3 /." “5
T A

K19 4W2 B IREuiT KRG
Fig. 19 Photographs of high pressure diffraction apparatus with interchangeable detectors

SR Si(111) M P 2, 78 10~30 keV S5 Bl N BE A HERAR A Sy 1L 8] 104 B4, MR T 5
TG0, X0 35 25 1 BTIRAR /N o A0 35 194 2 1] 43 B IR T D 28 445 38 DA BRI i 5 0 5 ) 7 3
AW2 TEH B AT ST T, AR K ISR B 1) A9 A R B2 R 1.4 R 0.8 mrad. 7E 44 #5007 &
AU DAC FF# 60°HYT5 I T, S 1] MAR-345 Fl Pilatus3-2M B, 7647 59 55 £ B9 1525 Adld 298 3.0 x 107,
WA T2, v LU AR #58 LASE =5 R Ge i 43 WEBE 0, (EL[) s 25 4 /N S A (R 61, 25 2 o A 0 40 1 A
FE . WITERERE, BTN K BUZ W b i S 500 ok B r RN 2R ol Dol sl R AR %
PR B, (AR R /NSZ B — 2 MR, 488, X T DAC 5256, 7786 B2 51 i 117 5 06 e
Ta IR AN A

FHXTF EDXD, ADXD AJ AR A5 5T 5 5t dak 09 A7 S 808 - (HAE ADXD R GeHh, AT G % A 25 5 i 47
{55 295, PS50 FRBE A9 220G S /E 0 75 IS B R 0 #8322 i . TRTHR I 28 AR A5 1 2407 6 RIS mT DAGE 2
Fit2D 81 % e Ry 437 5 6 3 AR X A7 5 A 00 — ZE 3% 42, T ORI S AR 22 o T AR TS gk b B, o 6
EDXD F1 ADXD 52 5 £ 45 Y b 38 7T 225 SCiik [33], i AN FAE TR 44
34 W2 S EZLUM B RATH

R TR, 5 B S AT 5 AT IR A EDXD 5 i, T LR Fl ADXD J5 i . B ADXD A% i 5
5K ADXD 584 M IR], F S0 46 o 7 B0RRE S 7E KT O e sh, aniE 9(b) firaR . SRR 1, 4W2 Bl
F14) VO o TET SR 000 25 8 T B Y PR R AT B o B BB R DU 2 Pilatus3 BLUAR B R AL L AR KA,
RBP4 7= 21 1) 8 W X 35 R S 6 110 Bt A0 G E A AR AR R, A1 b B 0 T S5 308 6 FH 1R A MAR-345
BRI 2. S0, ML Z T, MAR-345 (125 [6] 4 Pty B i — 8t

SR T ARAF R A A B, SRR AT S AR A — R TR B SR AR L R, RR R Y Z OB AR
DA KX B WM PR R AN A o FRARL A B AR R S TR IR N A BRI, (L7 S B R AR ME SR A5, DAC 5256 il 1
FEEA FU AR A A L 1E 5 A B SR S BORE . 8 A GEE HL A /NS LT, AT g A K A A R
R G B 0 3 R TP RIE X5 3 ok Y 23 1) B A R )
i, MR HE 5 £ B A A8 Ak nT DL H R 5 E R ] w0
1 BE 1) 527 6 A FRURN W AL T B, 4 B e ) B A 3
FR ] T B A 9R OE 5 7E X BHEROBRER KRBT,
A 356 FH A /I 0 B AU, B AR sl R P R 2
B ST 2 5, DRIERE i 1 32 SR FRAN AR, R

Rotation axis

WL i T AR B 1 Rl Sample chamber | Sample

T 3 O R B E A T B R 5 K B 20 AT X A2 PRI TIRES,
TN R LR B e R R 305010, 4% Fig. 20 X-ray spot, sample and sample chamber in
B FE w—=a0°F, X 52475 4R T L SE 1 RE R, B single crystal experiment

BRI IR AP X R BT 2, ATE] 20 R
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4W2 {5 Hesli & 8 T 2T ADXD 1Y i e B0 AT 5 B R B BT 4w2 T ROk, BV R i
PROR AR, AR AN A 1 G B AR ME IR B LK, PRI B AT SR SR B8R HT/NRE RO B X . DBER
IN—PB R 50 pm x 50 pm, FE 5L FE K5 1) B9 R SE I HFE 20~ 30 wm, Y 5L T 1) B9 R SE B SR AN
F& o RSB ICA R K-B A&, S0 85 4t i PR 680 Hy DU 70O R AR 28 5 R DR C BN, B
PO RE S o XA AR I T BB, (B A AR L T B ARG IE, DG 40 A AR X A, (R
T HBEOCEA BN A, RGN PR RS . BE, ARG SRR, X bR i E R K
AMARFE S . 7E— 2058 = AOGIR b, & R AR AT 5 SE U0 B ACHRAE S R O R e i AT

B XRD B R S0 AR B . e T XA, TR SR A 1Y w R B S BN AT i 2
TR, ARAFATH A0k o PR AY 58 DX AT LAPPAS B S RE S R 06 IR | e SR 1 A M D
Je R a5 IR AR BE 45 . SRS 2o b A, 78 98 X 88 55 0 e BB, Dk e i b Kk AT or Be
ARG, RS — AT S B o X AU B T E S SRS A A AT AL AL B . AE AW2 PSR AT ST SE G

Vi DA B £ RS Rl — FREE —30°~ 30°7 il N, FRAD T4 09 20 KB 20, SE gt R v ] 3R 45 30 sk
mn T AR o R R R AT S R — N S A I R, T A A SR A Y W] 255 SCHR 39401

SR I % T H T 96 2 XRD 5356 9 Js— = = |
§CfF HPSXD, (IR IE SR BH . HAME | e

3o RIS B8 DL K 45 b BN . R R IZ 3R pu
R T B 50 R A SE g ok AR, A T R AR
— LR ST BT bkl ST 1] 21 e R BRL R XRD
SCI AR Y FLE . B X DAC PRSI 4
F14) BFL it B ot B R Ry 22 A B o R 1) 17 L, K !
5 0 & e T AH L B B d A BRER S, v DA AL £ = [
A B AT S A SO R A T R PR Al A EREY 21 TSRS, XRD () HPSXD % f ik

5% AT SRR, = B AT 9O % 2 57 3] Fig. 21 Program interface of HPSXD for high
DAC B . A T JRAHIR AT RE S WO RTATBEA, 36 pressure single crystal XRD

R KB 5 23 [ L, I FH DAC 7 A S &K
AT S ok A o Sk T B A T S A DAC, FE
Y6 K A T Bohler-Almax JEfifi- 2 #4544, f Kok
Ak 90°( 5] 22) o 4 WA Al 5868 5 A 4 2k i1
XA 7 2, ARG 0T AT S AR 09 L (HXT
PR il 1447 BE A AR = R ZE 5K . BSRF i
T G ST 169 DAC TE L, 76 38 0 % 822 Bohler-Almax BRI WC XIEEAER
DAC %ﬁﬁtibuT%ﬂﬂEEﬁﬁ%ﬁFﬁﬁ%ﬂ@IﬂﬁEo Fig. 22 Bohler-Almax diamond and assembly with WC seat
35 W2 S ELMEREENTE

TE AW?2 5 5 S2 56 0k 47 i RXD i &% Al 7 EDXD I ADXD P Fp A, 18 23 fif 78 /& EDXD
B RXD SCB L, G  E WA 7 frs o IR R X R AL DAC, 38R HIXF X P 2B 3 1
BRI, G4 JE g s AE AR . 40 K-B R RENZ 0 X JTZ M DAC i iE A, i i 34N
PR 0 4 WAy 2 8 2 3k BROREAE i, O LA X5 G NIA b T R0 Fa o AT 515 5 H s S R R0 25
BRI, AT 5 fR 203 5 B 2 AE 18° 4 o

g, FEREA R TR, DAC 8 A S 2 R 59 4k e AR 0 - o e e el AR w A, AR AR L FE
0°~90°Z [[] o Yy = 0], I 75 21 (1) &A% 1 28 % N7 5 KN 777 [0l XM = 90K, 4 1 A8 Xof 1 e /1
375 1) 5 HAWT7 57 18 A4 0728 X B T3 PR S R g b 22 8] 2y = 54.7°mF, 6 R ER K HOIR ST /Y df A% B
Af o RS AR A B, B R T AR 2 0 A B[] (30~ 40 min) (4 I 1 BE UG PR B AT ST, LAAR
UL )5t R AT DL Z2 s AN T, Bds >k 4R I [a] — 84 10 min,

Diamond anvil : Glued

WC seat
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23 4w2 £k EDXD 8 DAC 2 [RTH R4 (a) g = 0°, (b) y=90°
Fig. 23  Photographs of DAC radial diffraction system using EDXD technique at 4W2 station: (a) ¢ = 0°, (b) y = 90°

i 3 RXD {2k (14 7S [R] & T 7 S5 KR e /N 7 22 8] B A7 SR 8500, o] LAAS 2R R ik R 40, Jis P o
B AR 4 ] S R K RO S R A . R AW2 BE R A EUR A ST Y T 4 J8 Os Iy MR BE | B
TR E 45 P R, & B Os (10 i AR 58 58 B 2K F Mo, W, Re 25 HoA Al 5 4 43 J& U2 1) FH 36 301 4 AR 38 % 1
B NaCl B R Sy PR AT 70 5%, 3 o 0 i NaCl 78 AHAR R 5 A9 R AR, & BLAE B1—B2 AHAR f5 2Z /i 22 10 11
b Ar K, T B1 A% A5 2 B2 AHAY I B AU BT, 250 01 2858 T IR B HR %, 2600 ) 3L T 3R pa T4,

PO IR AT S S L B AN 1A 24 IR . BREEGREIEN 20keV, 285 K-B SRR EANME S A DAC,
PRI 2% 5% ) MAR-345 A% b . 5236 3% 4> 5 DAC, T /b X 54 28 o S48 5% A= 5 2 i 1 569 75 i,
DAC W) 6 57 B AE K- J7 1) i 5 R B o, THORAS iy

COSY = cosacosd cosf + sinasiné (11)

s OO A AR SO Y, 6 D AT S AR BRI S AR Wi B T5 AR o AR R 17 166 = 0°, FEdR /N )
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High Pressure Diffraction Using Synchrotron Radiation
LIU Jing
(Institute of High Energy Physics, CAS, Beijing 100049, China)

Abstract: Synchrotron radiation source can offer wide-spectrum, high-energy, high-brightness, and low-
emittance, which has been widely used in high pressure research. Among the X-ray techniques, the X-ray
diffraction is one of the most basic and widely used experimental techniques, and is likely to remain the
dominant application for high-pressure research in the future. Here the unique properties of synchrotron
radiation, the basic composition of the light source, and the concepts of beam lines and experimental stations
are briefly introduced. The high-pressure X-ray diffraction based on diamond anvil cells is focused. Various
diffraction methods are explained, including powder diffraction, single X-ray diffraction and radial X-ray
diffraction, as well as the combination with the laser heating and fast loading techniques. The equipment
configuration and the capabilities of the high-pressure beamline at the Beijing Synchrotron Radiation Facility
(BSRF) are also described, including the quality of radiation from 4W2 wiggler, X-ray micro-focusing,
various diffraction methods and newly developed techniques. At last the opportunities brought by the
construction of High Energy Photon Source (HEPS) for high pressure research are prospected.

Keywords: high pressure; X-ray diffraction; synchrotron radiation; diamond anvil cell
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CMRR A FRIZE SIS EPR FITE AR LN A

FES KRETH B EERLHEER,ZE KL ILWAS
ez K\ ¥R 2 R a4g
(1. [ TR 5T B % 0 B 5 b A A5 Bir v P B2 3 SE 00 2, DI 4 621999;
2. PN RERF 50 FH R AT, 1)1 i#R 610065)

E:FEHMEAEE (CMRR) Z2H—65TWEER FMAEN (RE) , A TEE
HEFR, MRERCEMGEALE, REENW R AREABERS . T REEN, &
IHRET —ZIBEFFEA BF: AGREE FERHAER KEHAER MEELR-Z
TEEN (VX4 A ) hihfikAREHHEE R EN (HP3-1500) X ENNEFT 5 =L F
9o I R TR R R R R R, R AL T AT AT IR E AR ) & % 34 % 34 GPa fn
1500 C. ZIWHEF FMABRARCRY LA THEABENE 2 MNENXE. GER

AR MEF TR .
KB E; PFATE; BR-Z2 T & EN; ABERK
hE 42 2:0521.3; 0521.2; 0571.56 RAFRINAD: A

1 HE A% A 25 b 2 72 0 S R3S 1 5 [ R RN 7 2R A 1 R A T HEAR, S BSR4k,
T T BT 04 400 I3 T 25 B8t BT ) 4 3L 3 5, R) O e 0 % ok B T e BUA S B OB 2% S8 114 F 5% 43
Bo v R A A R T i B T e R S S R DA KR R 3 0 R A2 . 20 42 70 AEAR
SRR 1) 4 WG X Tt ( Diamond anvil cell, DAC) £ AR 5 [F] 25 48 5 X SR R 254 J5, o] B0z L i
1o FE 1 2 W I B S5 4 S W PE AT R AR Ak, T EL 2R i R R AT e A i TR — . (HE
X SPERAERRM R I WA RL L R AAR R 45 7 T ) 1 R, 7R i 0 o R D T T
BA RS e Ul 85+ XA &R, 9F B BAT R, o] B0 MR REZE R . a4, hFid B
A ARSR % T), WS EAES I A FIRBE AR, A AR L SR L SRRE A SR, (IR A R AE R AR AR AR
A RE . PR, R 5 R D A SO UR A RN TR, Sy BB A B SRR AR & 4 A — sk R A T
Bt FRBIIE T AR 5 K s A R e R R 4 A T R R Rk B s R AT BOR, FE SRR AR, Bk
Y. S WS T S R T AR O

AT B Y 2 BH AR ST HE (CMRR) J2& & H A AT 47 A B e i 3 b iz — . b r
Bl SRR A KT, & — WA G 8 AL (R AT RS, /. By ¥ =l B8
FHAE) FIFEEERY 8 3B A ( A B ML . B/ L I =l . TR T TR/, TR AESAE), B4R P
PEE 200 d ZE A5 AR )72, CMRR 85 — & & T TR & e A0S ORUED) , F R I 15
BFEAFGE . BET b AT S A ORUEY) , © S & R T A G & T FATSH R, IFfE 2 A5 6
BTN o AR SORE TR A A i e v FBOR & A 0, 3 R 28 RURA G A /5 e A0 S 1 R 78 3 4
K HUAS 1 — e E i K o7 FH G O o

* s HHEA: 2020-07-08; i&E HHER: 2020-07-21
HETH: BEHRBAIES (11427810); F K & S AR (2016YFA0401503 ) ; B} 24Pk % £ 1 (TZ2016001 )
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1 FHE P FRSSERRIR

rh - HU5T (Neutron scattering) 7 AR I T 20 42 30 4-4X, sk & 2N & 7 nl 7= 4 & a b F i h 7
VR, hFEURER A FF GG IZ N o 3 P AT E SN HE R R R A Y R R A RN
M v F- 15 (Reactor sources ) i 5 4% 4 46k 24748 i W 7= A v, Je—Fp = AR RRUE E L P PRI IR AR
o7 HE H VR A B M e, BT L 22 R 0 HE B R SOCR B e, BIR (PR B e g A R
R e I T G DK R PR . 52 7 R (Spallation sources ) 42 3k TN #8 A9 K v b R L R
Tl P 02 kol b 7, 35— 2R B <’ AT B[] ( Time-of-flight, ToF ), B[V ioh i 5 H 3 3o 5 — B g
JIT B B TRD AR A R F A (RE ) o P P UR AR DR 2% B 08 b FHR S A T BE AR 45 H 255K, tn s
BN PELE A Y M TR R Sl 2 AR A A v A TR 6
FEI A AR 04[] 52 52 56 %5 (1 Clifford G. Shull FlfiI & K T s i) |8 52 52 56 % ¥ Bertram N. Brockhouse, [l #37 F
B B T U S BB AR ARAS T 1994 45 i DL /R P Bl 00 A R AE SR G R, v 7 V5 e 21K
fRZ2, 55 = ACI) A 48 5 A0 3 e Lo A0 B A9 IR (S [E SNS) B i 2 10 MR g . 3 T R A AR A Y
A AL, DAC AR W FERA/INVEE B L R 5 LA — AR 3 50 pm, JREJE U 10 um 28 47) 7= AR JLE T
AN RAE (B 19 FE 790 502 640 GPal'™) o AHX T 7, Hp 1 U5 75 B4 22 K B G A A RE AR 214G 4K
55, DT X g A AR R T kAR . T LA 20 4D 80 AEARZ AT, i AT S SL 6 R RS
3 GPa, fii FH i) 2 B A0 55 SR 12 (Gas cells) | 1% %€ [ f4] He 4L (Piston cylinders) . %% [ ) Fe J#E ( Clamp cell,
1 McWhan JERE) S5, B2 20 242 90 4EAR, —Fh B3 & —— LA -& T 2 JE Pl (Paris-Edinburgh
press, PE FEHL) 8% & SR ok o X Ffhe B 2848 T 7R EF 4 4K L.G. Khvostantsev X} Bridgman AL 19 24
11, PE FEMLAY RS B A7 T rbcs (8 2 BODR 913575 Kz B 8 v 0 B — 4~ B9 4> RO T4 20 B, — Fs o kM
1 il 1 F Al ( Toroidal anvil) o BN FR AT TSUIN S B, 23R 0E M50 & 3 15— A~ 35 8L 3ok 1 4 23 ), 28
R R T B B4 25 T D) FH 50 X R T B PR (19 1 43 (Gasket) o PE FEAIL AT ZEAK T 10 GPa 119 & 7 715 ]
PR AR o i 8 R T RO it R 45 4 Wil A (Sintered diamond) fX 3 WC(Tungsten carbide)
FEAl, [ BUs/NEE SRR, 7T 3545 20 GPa JE 1 T 19 AT 53, 1 H McWhan R s #1884 10 £519,
P, ARAS KR i PE FEMLSE BB 32 18 F b B0t -

B AL eh 75 00 AT ST — SR FH BE HE (Energy-dispersive) AT S48 =K, BV 52 20/ )7 v . TT
JR T RS H AR &4 B B2 op IR 35 1R T 20 20 80 44X A4 35 [ (14 ISTS 1€ [ 1% 57 Bl 37 542 30y [l ¢
SCBG % 9 Lujan 0y, DL K 2000 458 J5 @A H H AR 7RI 1 J-PARC F1 52 [E AZ A 04 16 52 5255 22 19 SNS.
PEARL #1996 4T 41517, /& ISIS L T T IR 5E i vh T AT 4 3% 4% . PEARL JET° PE JEHL AT
BAF 0~23 GPa WY JE J1, 78 18 R £ AR 5 R A0 55 7 1 35 S (R B0 16 IR OT H B 2698 . 45 12, AL
PE JEALERTH T 1400 K F1 10 GPa 1Y i ik i J&, 280 T v A 5 HREJT i s R i Jmy FR™ 201, Lujan 9
HIPPO 4% % J& 7 Wi T ML (TAP-98) . Moissanite( SiC) F& B . AR/ 1A s s 45 L Fl rp 1 8 R R,
AR A I 2 s e v R 2 AR A F R B R AT S SRR Y B — AR b TR J-PARCHN SNS #§
AL T B B G0 = FRATT S ek (B4, 43 31 J& PLANET Fl SNAP. PLANET 4% 5l 45 75 1 T &
HL(ATSUHIME) . 5 PE JEHLAY Bl hn &5 AR ], ATSUHIME 7E 3 />3 £y 1] ( Six-axis) XFFE & fi s,
Al Rl E =42 16 GPa M1 1000 °C (4R 7 iR EETE P> 21, SNAP il A S UHE B . WELAT . 1 07 55 3% GH
PERIEAL, R SNS #E & 1 rp 30 a2, (8 LA ot (AR e 32 A1 T 300 3 1 400 T v 1 A B S 40 I 7 (R A A
L, 4T 0.05 mm® K/NEYFE fh, SNAP 59K 1] LR A5 AT 43845 16 i A5 515 5 . R E 10 DAC,
SNAP 7£ 43 GPa & J1 N 3545 T AT HEA T 3% 50 A1 1) v 7 56535 Y, JF7E 94 GPa H 1 F kA5 T HA — i
B AT AR, 5340, WK AR AL T R SE Y CSNS 2 b il — A i 2 7R . CSNS IE#E
HER i — 2 B 110 i R 4wl (HPD), B 780CE — 5 % 6l 19 22 T 100 E AL ( True tri-axial loading multianvil
press), FH T IR &R T B TS A 7 B84 . R, T8 78 235 00057 T S i i) R B 24 08 (ESS ), Hilbk
BB m T HE A B D IR, P R m TR RN HE ILL M5, Mh F e R R R T
B A B
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BETF N e P IR BEAT TR LR A T 20 T2 50 AT, HRTHE R B2 48 & S 3 IR
A AN A SR HE R, R AR R RE A 9T BE A9 CARR (AL 50) A0 e [ T RE ) BB 5 B 1)
CMRR (4 FH) o J2 o7 HE Hr 715 8 H 775 59 A — AR £ 1 ( Angle-dispersive ) BT SR 2, RIVRE & I 4
(V)BT N A BB 75 BV 204 i, DR b vy 26 B 00 20 7 1) A 38 R AT S 18 11 o 32 S g 3 o
TR rp e (R T A IR B R A 2, S8 I RN HE R L A S O i e R
JI7E 10 GPa LA'F o JF i w8 F W 5 LU 35 35 44 194 B iy ME AT 125 [ % ILL R LLB S i HE . WK 1 % OPAL
B0 HE S E ) FRM I HE . Dk 58 MW B9 ILL e i HE T 1967 AE48 AR, Wik o & H At 5
AER DR K R R ME R . TLL $08 55 40 i R PR e L, AL SRR IR . McWhan JE i 1
PE JE#L, W] 345 10 GPa 1Y /7. LLB & 2l i i HE (14 MW), B2 AT Jié e Fe S 56 9 v 1 AT S A
(G6-1) o T3 XF i 7 A A 1o B SR 5, Go-1 M 52 FR Al (4 WA B 5 52 6 FE A ) 3R 759 T % i ik 50 GPa
B9 3 CRER AR FRAL R 0.01 mm?) B9, 3R FIIE Y OPAL 2 305 4F e 8 £ 4 S I M, A5 4 4% TR 28 ] kA7 5
JEAEGE, FIH PE FEALAT K45 10 GPa iR 1. F8[E 1 FRM 1T 78 v 728l b IE 78 4% — &5 = FE BEAH
AT S 0075 18 TUEAL (SAPHIR) (http://www.mlz-garching.de/saphir) , %% 5¢ B5 W52 WO A £k ol [ M
— W —BZHETENL, 7 FhEZ Y CMRR 844 — & %0 TH M HBFFE I = b T A S OXUEL)
F 2013 AEFF IR A A, SB A T AU L Rk R 5 A R S, H AT A d e 34 GPa,
1500 °C 1) iy i 85 . 3R A% 8 01 b AT 99 %, R AR SCIR BRF T LA A 41 .

2 CMRR SEHFHTH %&b

21 REGEY

CMRR 1Y =5 1407 i A ORUR) A 46 bl 1] SR A48 . a8 IR0 a8 B, il 1 i
N TRIER R 7 AR DAL H A B, FEA S 10 SCHE B 48 F 10 S2A7E T By 1) 5% 450411 il 1) °He 48 [
VARG, 7 A TR DAL B 1 a2 3h R AR g A R o AR AR R 1 — R O g B A s K
(Superposition scanning mode ), Bl 5 32 *He 45 #R I & — > 23 SR 5 S e >k . X AR XA 0 s R AN g 22
B 3 He B AT RCR bR 8, T H AR L He 48 091555 509, B NI AT DA 46 25 4 T A 23 52 ) B A (5
5o JE kAT %) R AR B A B A R AT R R A (A B R AR R, SEEE T PR R Y
P, 3 R A A AR TRES TSR 2.5 m &b, B 13 A Ge(S511) B HEFN AL R . (o Ak
KRR 93.8°, IR K R 1.59 AL Hi TR R AN RUE RE S | HE S8 M P ag =
HAA T, 21K 583.5 eme BREEVTAE 1~7 em Z [ HEAT IR, AN]R8 8 S8 XF 07 AS ] 4 B3 58 32 R

Focusing neutron guide

\ Monochromater e
| Shutter Slit :
1 \ A ]
/g )/
Heavy concrete protection | P
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Detector section
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High pressure device
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Fig. 1 Top view of FENGHUANG diffractometer
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AL S PR (Adld), PR WAL o A BARSHI) TR 10 S0 10 1E SR ERE it i I
TRZE R R, B A AL fe KR T AL SR B 2.8 X 10°ns ' -em s

F1 REEMEZNUESH
Table 1 Instrumental parameters of FENGHUANG diffractometer

Take-off-angle/(°) Wavelength/A Scan angle range/(°)
93.8 1.5900-1.5925 —4-153
Maximum beam size/(mm x mm) Flux at sample position/(10° ns™'-cm™?) Minimum resolution/%
30 x 40 0.34-2.84 0.356—0.661

22 EEMBREATEEMLRS

R 30 T 24 ol 0 0 2 P FE T 3 5 280 I 2 5% [0 A0 FE R, T 4030975 0.1, 0.7
2 GPa JE J1; B AMA W] 77 A i S AR PE JEAL (VX4 ) 1 200 MPa A 6T A 2242 (Floxlab BT) J T4 it
T, DA Ke— 6 A I PR K ¥ 22 G 9 99 T8 100 HL(HP3-1500) , 4nf&l 2 firz . HP3-1500 R AL 2
O ML PR B L R R SR R . T L (R R SR A & A0 T, 0 4 ELAR 110 mm,
AT L 40 mm. T S 45 R S 1B, 15 R
SRR TP S B SR L R R B T T i
S, 9 R A S AL E R
s 0 T K4 B, I e T 4 K
1 B L 4 o B L E P HLIE 3 T A . WP
IR 0 R 0 ph W TR . RE S R SR JE
KR | TR T K e | AR | YU B £
SR IR R BRI ELVLIF 56 HL I (500 A/
10V), it R ERS . R R ; ’
V4R 1 X AT A AR, TR AR B 2 JUBLIECERCEH HPS-1500 PITEHL
FE AR AL 3 R BB . I g R T oA eessure device for
i, L s 2 T O I P PR WL, LA
B Bk . Tl S e

T, P AR, T B P 2K AL IR 2 00 5 0 AR e A DA o 5 B FE o T
BE A 1 5 7., DS UL (300~ 1000 mm) P 35/ EE S (1~ 3 mm) ARS8 52 51, J2 BUAS A5 0P 7
7 S 0 T D00 2 SR 0 0 SR IR (3L 4 — 2549 15 7 (0 R 46, TV 5 PE R HLAN
HIP3-1500 FEL, I AR B M Xk 25 FE 6 9 00 6 0 A 7 (212020, 005 58 (L R A % IR T o
B U SRR B A, FL X Y, Z 97 TR LA R Z 07 1 W (0 DAk 45 T R . 32 B2 TE R A IR
b L LK 0958 22 KT A5 30, 1 2 3 B 1) T 038 30, (e IR P WL 0 26 Sl 2 BT A
FERS GBS RE MR AR o T MR ERLCRE S0 ) BURS 30, 7 115 10 RUK 5 145 B 19 Sk OK:
S DR ILAT o S 1 25 2 O T, T A 07 ) WO S8 P A W (LA 3P, /K
1] (W o 2R 2 IR 52 4 5 P TSRO T, ELFG R B AT 3 B 4 7 v T kB Tt . ) P 4
{403 I 32 3 D B S5 O YE BT 5 A0 B 8 e (o L o 104 1 A 4 o
TR ST MR T R (0. B ORI A 51 0.02 mm, T A2 85 FE S8R

3 REUEMEISERFITHKIA

3 EAEEFEREEESESR
it 2 0 T T A e — B o 7 5 PR 8, T PR BT ol A P A A o (50 e — R

N2
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HH TizZr & & HIE, 1 ZE R RS (WC) o BEBGIE MY TiZe & 4 W L (Ti A1 Zr 19 B 7R 535053 51 o
67.7% 1 32.3%) , WA PR UE TG v 437 e ™ A6 o LA I A — BRI FH 2R DU 9 2 065 55040 T A 28 A, LB
b T B R o R 2 AT 9 5 [ 22 IR 4 25 B o VROARRE i B AT 2 A £, LI By L R N A A
v ER T 2E 5 R 2 ) s BRI R o B 4 A G Y R A A B R g T R SR ) B T 2E (B R 7Y
VAR P S R R R A VA PR o A2 BR T TiZe 5 & A R 8 B (o TR T JiE IR 5 8 ok 545~ 700 MPal®)),
T 2 [ i 50 S J B N 28 ) — RS 3t 1 GPa. (&1 3 kg 37k 215 12 284 144 s e 3145 B9 R [ R i b 1
itk . Z I H b, WC % ZE 1) ELAZ  15.27 mm; £ 5 NaCl, NaCl J& B R A 2, L &ica —14
P A48 98 TR A G T R, DA B T I3 £ RRE S o IR 3 RT A H, 7 5 06 R 203K ) NaCl A b, 93 4603 4%
R 55 BE f7 SIS [ WC A AL, #E AR TR WC I AL BE TR 7 88 i i 58 22, S 8Ue 89 fi7 ik
S8 B BB TR ST BN . P 4 SRR IR R 1 B K 1 (F/S) RSz R i i 1K 1 (AR 4 NaCl & kg 7R L
AT R ) B EL o T I 2 [ 3 B, 06 ZE R R BR P, RS ZE S R = 1) B /A B OR
I 36 5 I A — BB i IR A S5 0 /N, BTG SRS IR R 2 R P AR AR ORI R T . BRI 4
R A 2 2210 — 853 T T, SRR S 9 R 1 /N F RS TE ) o Bl TR 0 0 T e, FE b 0 TR 4 3 B
WCH . Y gk STt E 2R BR e 77 BfE T i (600 MPa L4 1), TiZr [B 3 7] 4 & A= — % 1) 8 Ik #3814 12

700 | .
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Fig. 3 Neutron diffraction patterns of NaCl Fig. 4 Pressures of piston cylinders cell in
at different loading forces the experiment and calculation
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Fig. 5 (a) ST WC anvil and gasket, (b) DT WC anvil and gasket, and (c) neutron diffraction patterns of
Fe with ST and DT anvils at different loading forces (Modified for Ref. [30])
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Fig. 6 Modified DT assembly for the neutron diffraction experiments
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Fig. 7 High pressure neutron diffraction patterns of pure metal

Ni at different pressure (Peaks of MgO and diamond come
from pressure transmitting medium and anvil, respectively.)
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Fig. 8 Schematic of high pressure-high temperature assembly for neutron diffraction experiments

R 5%, AT 5% B T A MgO BIfT gHig st ik A
WL Kk A WC RS Al Zro, /% I A i A 1+ 4
U FE A Jo 5 s T R R S i 3
JIE 43 L, 3 5 R A 4R R R L R R 6.4GPa, 1 100K

JIRAHE RN BRI ) o ARSI e o 72 rh A2 W
A AR R AR, O A A% H A BT Y A T 1 !
R, R 7 $E R #) 11 GPa, %JE 1 T Al [l ik ) W

1500 C A9 JE R 6k T 54 N 19 PE AU AL, 5.4 GPa, 300K |
R it 7 e 7 16 B RS A R e TR

BRI, AR RS SN [prgreswk | A
T 7 L ol A PR R M o R AL fﬁ@gg¥ihﬁkwﬁkimﬁﬁ
P B AT B AP LA 2 T P 1o A ‘ f

6.4 GPa, 1 500 K

Intensity (a.u.)

S T A0 1) B4R T PE IR HL R U MeO .
WA OCHE . J3Ah, R B A R4 B9 4 OSOR | a0t L ! .
AP EL T8 SR 00 R BE % 210, W e T
Lt /o ARFIREEAIE ST MO HIFF RS b i
4 CMRR —%—E ':F' %?/'T %T?ﬁ*ﬁ_“z H (ZrO, Al WC AT §1653 1K B 12 A A ERS)

Fig. 9 Neutron diffraction patterns of MgO at different
4.1 —l%— J:TE —F i";é ﬁg ,—E-— ;Fl\lJ % pressure and temperature (Peaks of ZrO, and WC come from

pressure transmitting medium and anvil, respectively)
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Fig. 10 Neutron diffraction patterns of NaCl at different loading forces (Inset is the piston-cylinder cell)*?
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Fig. 12 Neutron diffraction patterns of HMX at different pressures (Modified for Ref.[46])
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Fig. 13 High pressure neutron diffraction patterns of C;H-C¢F, cocrystal (Modified for Ref.[50])
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High Pressure Neutron Diffraction Technology and Applications at CMRR

FANG Leiming', CHEN Xiping', XIE Lei', HE Duanwei’, HU Qiwei', LI Xin?, JIANG Mingquan®,
SUN Guang’ai', CHEN Bo', PENG Shuming', LI Hao', HAN Tiexin'

(1. Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China,

2. Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, Sichuan, China)

Abstract: FENGHUANG diffractometer at CMRR is a neutron diffractometer dedicated for high pressure
experiments. After updating the neutron guide and monochromator, now the neutron flux at the sample

position can get increased up to 2.84x10°ns™'-cm 2. Based on the FENGHUANG diffractometer, comprehensive

high pressure devices and techniques have been developed, such as gas cells, piston cylinders cell, clamp

cell,

PE press (VX4), opposite anvil press (HP3-1500) along with sample heating and cooling system, and

the alignment system for high pressure devices. Moreover, with the modified high pressure and high

temperature cell assemblies, the pressure can be up to 34 GPa while the temperature reaches 1500 °C at

maximum in the angle-dispersive neutron diffraction. Recently, some scientific research have been

performed, like the solubility of NaCl at high pressure, the intergranular strain evolution of HMX, and the

pressure-induced polymerization. All these experimental experiences from FENGHUANG diffractometer

could not only help to promote the development of high pressure techniques on neutron scattering facilities,

but also contribute to the users for their high pressure studies.

Keywords: high pressure; neutron diffraction; Paris-Edinburgh press; large-volume
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Fig. 1 Schematic of 1/2 year Fig. 2 Schematic of 1/2 spherical arc longitudinal
ultra-high pressure die split ultra-high pressure mold
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Table 1 Material parameters of cylinder and support ring'

Material Density/(g-cm™)  Elastic modulus/GPa  Poisson’s ratio  Failure strength/MPa  Shear strength/MPa
YGS8 14.60 578 0.22 6200 3250
45CrNiMoVA 7.83 210 0.29 1 600 800

R AT ELAME S 328 mm, L B K 38 mmy;

JEGLAME A 88 mm, RGNS 15 mm, FET N & .
19 mm. MR AR R AL BT SR, LI I v =z
A S 8 PR 1 LA R W 3 B, 4 25 ;
IR R Z A BEAT o 2 A, N R T T Bt
FTHIE . TR IR 2 IR0 2t Ai=7.5 mm
2 R,=61 mm

o= 28 (pr=pi kgf+i1 o R i
Ao 6.0 A JE SR L B, mms ROy A% )Z S k7164 mm
BB NAR, mm; E g SCHE IR B SR, MPa; I3 AU B AL RF
P R4 B S BE IR T 32 14 UE JT, MPa; k, V-9 Fig. 3 Geometrical dimensions of the annual

wheeled ultra-high pressure mold
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(a) Annual wheeled ultra-high pressure mold (b) Spherical arc longitudinal split ultra-high pressure mold

K5 PR RAE A A IROTHEY

Fig. 5 Finite element models of two mold structures
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Fig. 6 Loading and boundary conditions of ultra-high pressure mold

2 ARTHBERMUGE R

P T T2 8 R A L B S B AR R IR, TR T ) e KR R R ) B e T M e R L A 2R 2R
6, PR e e A LB T el B oh, T B R T A4 R 7 0 A IR R B8l R4 T AR5
21 EEBBE@NADFERE . BEALTE

PRI Sy o e H A EL A 7K 2 8 e s T B 70 s T P BE 7™ A AR K A S [l 1 7, 328 1) 87 ) 2 i il
e AR EL A DR A S IR 3R o X P R RS L R AT SO0 S T, A 8 T R RS R T % SR ) 8 T p A3,
7 B, H B R R B0 1, SUE RSN J) o AR 7 Hhoa] DU HY 5 AR 5 X R 6T 04 B K w1 )
2219.7 MPa H} BLTE R GL N B2, e /NE 18] 8 J1—1579.4 MPa 30 FE FEGLAMEE . 434 ] 241 S5 K& 1) 7 1 =
LI W T P RE AR 32 B R g LR Y, T A/ A 1) N T 3R IR AN 2 S IR e BC G e A R T R B
1o RN 1 81 o e e B L & 1Y) S5 K] ) 13 772 708.7 MPa, b AT % 2 e s 5L 1) e R Sl o)
P FTW/N T 68.1%, - H A5 KR [ H g 77t BETE P RE P 320 1) 3k O (BT SIRAE o 2R EL 1 BRI 285 4 4 S o)

063302-3



o34 % = JE Ll P 2 Eitd %6

LR 386 A8 Sy ag N 7, IR DA 050 43080/ T b 0 F7 o BROREC A 1] 351 238 i A HL e 3T %) e /)N S
[ . F1—1950.9 MPatt B8 7E 51 43 T P, Hb A5 X8 g AR LS i T 371.5 MPa, 1) 43 11 A8 /E 38 K T J&
) N H7, 1232 3RS ) T4 = 6 A 4 R R RE ), (f R G N BERE RS /K2 T B pY R T

pJ/MPa pJ/MPa
2219.7 Max 708.7 Max
1797.6 413.2

1375.5 117.7

953.4 -117.8

531.2 —473.3

109.1 —768.8

-313.0 —1064.4
—735.1 -1359.9
-1157.3 -16554
-1579.4 Min -1950.9 Min
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Fig. 7 Circumferential stress distribution of two ultra-high pressure molds
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(a) Annual wheeled ultra-high pressure mold (b) Spherical arc longitudinal split ultra-high pressure mold
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Fig. 8 Radial displacement distribution of two ultra-high pressure molds
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(a) Annual wheeled ultra-high pressure mold (b) Spherical arc longitudinal split ultra-high pressure mold
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Fig. 10 Equivalent stress distribution of two ultra-high pressure molds

S K BYYI 7 J2 fe R VIR 77 BG4 55 B4R A, o2 o e TR B LR R RE T i DG . 7E N BEIR 32
6 GPa J£ Jy i, 4756 2 i oA EL AR SR = A 1) 3] 2 A L 1) e KBS DI S o A A &L 11 s o
T B B KBS UIR 710 51k 4094.5 F1 3359.3 MPa, AJ WLERSR G ) 51 53 K 3RT 14 $5e K S 30007 I {32 /N 3
AR 2R AL, 5 AR A U R AH H, BRI 351 43 FR 3T 1) $5e KA 00 T BRI T 24 18.0% . MR 4 fie
KBY R 7 FRIE, 24 T N BE K32 6 GPa JE J7 I, BRAR T AASE L35 B 4 0 30, (R BRI A 1) 51 43455 2L 11
BY R S H /N, GBS 7K SZHE T 6 GPa 1Y J] o

o/MPa o/MPa
4094.5 Max 3359.3 Max
3697.7 2992.6
3301.0 26259
2904.2 2259.1
2507.4 1892.4
2110.6 1525.7
1713.9 1158.9
1317.1 792.2

920.3 425.5

523.5 Min 58.7 Min

(a) Annual wheeled ultra-high pressure mold (b) Spherical arc longitudinal split ultra-high pressure mold
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Fig. 11 Maximum shear stress distribution of two ultra-high pressure molds
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Table 2 Various stresses and cavity volumes of the two mold cylinders

Mold Circumferential ~ Radial expansion Maximum Maximum Cavity
0 e
P tensile stress/MPa  displacement/um  equivalent stress/MPa  shear stress/MPa  volume/mm®
Annual wheeled
2219.7 49.22 7091.9 4094.5 859.35
mold
Spherical arc
708.7 38.85 6204.9 33593 1228.30

longitudinally split mold
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Spherical Arc Longitudinal Split Ultra-High Pressure Mold
LI Shenghua', LI Jinliang

(1. College of Mechanical Engineering, Yanshan University, Qinhuangdao 066004, Hebei, China;
2. Hebei Heavy-Duty Intelligent Manufacturing Equipment Technology Innovation Center,
Qinhuangdao 066000, Hebei, China)

Abstract: In order to improve the maximum bearing capacity of ordinary annual wheeled ultra-high

pressure molds, a new spherical arc longitudinally split ultra-high pressure mold structure is proposed. Due

to the spherical-arc structure, the circumferential tensile stress of the ultra-high pressure mold that has

suffered the most damage is converted into axial stress. Then, the axial stress is reduced by the longitudinal

division method, thus improving the ultimate bearing capacity of the ultra-high pressure mold cylinder.

Spherical-arc longitudinal splitting of the ultra-high pressure mold can not only reduce the equivalent stress

and the maximum tangential stress of the ultra-high pressure mold, but also greatly increase the cavity
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volume of the mold. The numerical analysis results show that: under the same load condition, the
circumferential tensile stress, equivalent stress and maximum tangential stress of the spherical-type
longitudinally split ultra-high pressure mold are lower than ordinary annual wheel-type ultra-high pressure
molds by 68%, 12.5% and 18.0%, respectively. The radial displacement of the spherical-arc longitudinally
split ultra-high pressure mold is also conducive to improving the pressure-holding capacity of the cylinder,
and the cavity volume of the spherical-arc longitudinally split ultra-high pressure mold is also increased by
about 43% compared to that of the ordinary annual wheel mold. The analysis shows that the spherical-arc
longitudinal split structure helps to improve the production efficiency and mold life.

Keywords: ultra-high pressure mould; ball-arc; longitudinal division; numerical analysis
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Fig. 1 Structure of square dispersing device Fig. 2 Image of square dispersing device
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Fig. 3 Fuel dispersion and shell rupture at different times during the experiment
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Table 1 Detonation properties and JWL equation-of-state parameters of TNT explosive

o/(g-em™) D/(m-s™) p/GPa A/GPa B/GPa R, R, w E/(GJ-m™)
1.63 6 930 21 374 7.33 42 0.9 0.35 7
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Table 3 Parameters for the computation of air

o/(grem™) C, C, c, c, C, C, C, E/(J-m’) v,

0.001 25 0 0 0 0 0.4 0.4 0 2.5x10° 1.0
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Table 4 Computation parameters of device structure

Structure Material p/(g-em™) E v F C, P,
Shell SA06 Al 2.75 0.68 0.35 0.45 40 5
Plate, central tube and tube cap 2A12 Al 2.78 0.70 0.35 0.35 40 5
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Fig. 6 Results of fuel dispersion and shell rupture at different time in the simulation process
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Fig. 7 Side-view of stress nephogram for the shell rupture process
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Fig. 9 Top view of chamfer at edge of shell
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Fig. 10 Effect of shell rupture under different chamfer sizes at 400 us (front view)
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Fig. 11  Effect of shell rupture under different groove 2 depth at 400 ps (front view)
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Structure Optimization of Square Explosive Dispersion Device
LI Jianping, LIU Siqi
(State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: This paper presents a numerical model of the square dispersing device for simulating the process
of shell failure and fuel dispersion by LS-DYNA software. Combined with the results of the field
experiments, this model reveals in detail the influence of the fillet angle and groove depth on the shell
rupture process and fuel dispersion speed. The results show that the shell edge would no longer rupture when
the fillet radius increases to 10 mm or the groove depth increases to 1.2 mm, since different groove depth
would effectively reduce the nonuniform shell rupture. And when the depth of edge and middle groove is
1.2 mm and 1.6 mm respectively, the shell is uniformly ruptured. In addition, a special dispersing device
with 10 mm fillet angle, 0.8 mm edge groove depth and 1.2 mm middle groove depth, could not only
make the shell uniformly ruptured, but also increase the strength of the shell. Meanwhile, it would reduce the
average velocity difference of fuel dispersion by 22%, which effectively improve the fuel dispersing
efficiency.

Keywords: square dispersion device; fuel dispersion; LS-DYNA; crack
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Table 1 Model parameters of Comp B explosive

pl(g-em™) D/(km-s ") A/GPa B/GPa R, R, w E/MPa Pc/GPa v
1.717 7.98 524.23 7.68 4.2 1.1 0.34 85 29.5 1
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Table 2 Model parameters of epoxy material

p/(g-em™) G/GPa o/GPa C/(km-s™) S, s, S, Yo |4
1.186 2.32 0.15 0.257 1.624 0 0 0.85 1

®3 ZEMLHAEERSY

Table 3 Model parameters of enameled copper wire arrangement layer

p/(g-em™) G/GPa o /GPa C/(km-s™") S, S, S, Yo v
7.268 24 0.02 0.394 1.490 0 0 2.02 1
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Fig. 10 Explosive detonation process
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Fig. 11 Diagram of sleeve shrinking process
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Fig. 12 Time-history curves of sleeve interface speed
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Fig. 13 Influence of increasing initiation points on the velocity distribution of the inner surface of the sleeve
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Compression Stability of Multi-Layer Composite Close-Wound Solenoid
Driven by Explosive Implosion

LIU Yi, LI Jianming, ZHOU Zhongyu, PENG Hui, SONG Zhenfei, GU Zhuowei
(Institute of Fluid Physics, CAEP, Mianyang 621999, Sichuan, China)

Abstract: The tightly wound solenoid is the core component of a cascade explosive cylindrical implosion
magnetic flux compression device. We designed a solenoid cylinder with composite structure, and carried
out two-cascade implosion magnetic flux compression experiment. It is known that the growth of interfacial
instability of the solenoid cylinder will determine the amplification of the magnetic field and/or magnetic
compressive stress. In the implosion compression event, the projection images of the solenoid by high-speed
photography revealed that the inner surface kept in a circle without visible collapse, but cyclic disturbances
were observed on the outer surface resulting from explosive detonation. A 2D finite element model was built
to study the instability growth of the solenoid under the explosive implosion. The simulation results
displayed that the multi-point network detonation of the explosive played an important role on the solenoid
instability. The instability growth can be effectively inhibited by both increasing the number of detonation
points and introducing a 1-2 mm thick cavity between the explosive cylinder and the solenoid.

Keywords: implosion magnetic compression; composite densely wound solenoid; interfacial instability;
cascade MC-1 device
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HR T S AR e e SRR, D L T 45 K T R SR DL 2, 2 i o 90 8 28 S IR N, g T 9K 2l
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Reservoir Pump tube

A Launch tube
i

e e

Casing Pump tube  Explosive

/ [
= A ,-1-"';

Driver gas Projectile | 'Shock compressed driver gas
BT AR E R S S R Y Virtual piston
Fig. 1 Structural diagram of implosion-driven P2 PRt e A Sl AR
hypervelocity launcher!'" Fig.2 Working diagram of implosion launcher after ignition!!

2 ABRFEENRESHR

HI T WAL 16 mm, K 500 mm 09 E 458 A4S 8 mm., K& 300 mm A% & 5148 41 % 00 P9 48 & 5
o, o TR BOR e B B R 4058 AN R 148, HEBC B HE M B 5°0 R A AUTODYN 314 X% 9 3 & 43 7%
B TAE SRR T T EAT R
21 (FEEBRFE

KA RcH o9 i B A k0 B o BB 4> S Euler £ F Lagrange #5781 B A4~ 30 45«
Euler AN G FRIA T AU AR . IR A0 5 . 25 25 LU B Bl 25 R4 i Lagrange A% B 46 40 B A o2 | 5 B
KAE VAL, Fh5e. mEEBL, R4S . RS E R 4340 9. ARIBIRR ] Johnson Cook #7Y,
AT M Linear, % 245 Rk B N 7 km/s Z6 47 19 22 15 DU B2 DU A R B (PETND , RS J7 F258 JWL; 3K 3
SRR, R H IR SAARE T ; AL A IR R Steinberg Guinan, JRZS 77 74 Shock. #E Z%k
13 4 AUTUDYN %4 /%

ST 5 ALRE U8 24 SR A U R A ) ¢ R SR, TR AL S R AR SE BEAR BE in— )2 Lagrange W% . 1%
DX s 5 1 e B R R AL X8 R FH 4 o %) 7 3T, R 230 o 0 A Rt 2 500 AR 5 B A 0.5, 2438 B R B
AR B St R 12350 40 4 I A%, ol HEAS 2 X6 5 L & B 3 et K2
22 HETEHEXSH

Bt XTSRRI RS E TS LT 4 RS 05 BT A, MRS E K AR AT RS 1)
FEAL M R WL 1

#1 FRBAMBHNESEATHETESY

Table 1 Simulation parameters of launchers with different projectile materials and filling pressure

. L L Diameter of launch Diameter of pump Muzzle
No. Material of projectile  Filling pressure/MPa . O
tube/mm tube/mm velocity/(km's™)
1 Aluminum alloy 4 8 16 8.62
2 Aluminum alloy 5 8 16 9.17
3 Aluminum alloy 6 8 16 9.25
4 Magnesium alloy 5 8 16 10.66

033301-2



34 4

T EAE NERIR ) R R R ST AR BRI

o5 3 10

23 HEER
231 ABRLH[IIEITRE

P 3 45 T P g Ol g A A i R S AR SO O LR, SR LR S @8 mm x 4 mm, JiTBE
N 0.55 go F N2 DA KE 245 1) 7 i 1T O i K, 2 2 R OF U6 B e s 4 A8 B LR R0 28, IR AE S R(H)
U5 J1 5 MPa) HHIE UK 115 F 500 MPa 7647 ) i i 1) A7 1 4, Sh52 18 3G RO A8 s BB, 4l 3(b)
JiR, FeJ1 it | GPa B 7R LA 78 55 us Ze A, whk i B3R 5L B, B U (e ) #5535 5 GPa
9 AR Bl LN 2 B)5 70 ps ZE A7 KEGIESLAE AT 15 108 ps Ze A7 SUILBS TF R S, I8 Bl i A AT L

(a) O ps

(b) 30 ps

Air shock wave —> Vi piston

(c) 55 us

(d) 75 ps

(e) 108 us

Reservoir Launch tube

Shock wave

Launch tube

/

Proj ectile

3 8 mm MR L IR E TAE SR

Fig.3 Launch process of 8 mm caliber implosion launcher
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T3 HE T B R
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TE”
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g
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Fig. 4 Velocity-time history of aluminum projectiles with
different filling pressure
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233 AEBAMBHELGHEE Magnesium, 037¢ | -06Kkms”
B 7 (05 BUBRXT R+ 8 mm x 4 mm 101 —— Aluminium, 0.5 g 9.17 kms”

AR A & AL EE S & B AL T & 9T I R Tt ~ 8}

B, PR HIFE S MPa AU, TGS AN 5 TR é o

0.55 g 36 < 9L AL ) die 0 R 5 O 9.17 /s =

0.37 g BEA & BALIY % ST HEE H 10.66 kmis, L4 § at

B 4L 1.49 km/s, ,
3 LI RER

Filling gas: 5 MPa helium

0 1 1
50 60 70 80 90 100 110

kY oo Time/us
3.1 T 2% Z5 Fa
bl 5 RFPPRIAU I B
R S E N 914 mm, F R ERAL HAZR N Fig. 5 Velocity-time history of projectiles
81.4mm, FEMFELKMNE . EFEPE. BFEE. with different materials

ARTE . RAEGE . ML 255 . Hob R AT AR 8 mm, KA 304 mm; FR4EE AR 16 mm, KB
495 mm, EZAEFERZY, JREEEZI 5 mm, 22 i 20 300 g, R PIZE LB RS (RDX) ALK 19 Fr
PREEMEHE 25 BT %, RMEMEZY AR R 7.1 km/s. FRALEAEA 8 mm, & E R 4 mm. FLA R B
Fl, SRR A S MES S, R A2 MILREA R 0.55 ¢, EG &ML E AN 037 g, KT
Y A s an il 6 s o

Pump tube Casing Reservoir Launch tube

e

Bl6 PRl & S e )

Fig. 6 Image of implosion-driven hypervelocity launcher
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Fig. 7 Layout of experimental equipment
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HhR SRS TR AR N 78 5 MPa 27, M i 1T A R 2 24
33 LWHERE ST
IR T 7 RER, Hoh4a &4 WIS 3 K, BEA 4 AL R 4 R, BRI S 50N 2 2 FiR
F2 NELFRIBEXSH

Table 2 Parameters of the implosion-driven launchers in tests

No. Material of Mass of Filling Diameter of  Diameter of pump Maximum
projectile projectile/g pressure/MPa  launch tube/mm tube/mm velocity/(km-s™)
ILTO04 7.26
ILTO7 Aluminum alloy 0.55 5 8 16 6.96
ILT14 7.95
ILTO8 9.73
ILT09 10.28
_— Magnesium alloy 0.37 5 8 16 936
ILTI2 9.77

3.3.1 [EUg % 528
SEUG TR B &K BT R R 46 B M AN e R AL, i TR B AN I i i AR R 5 B 2L, [ml i i) s R O B
BB 8 Fiw .

(a) Fragmeﬁts of the pﬁmp tube and casing (b) The reservoir and launching tube
B8 ILTO8 S A b A i [l
Fig. 8 Recycle launcher of test ILT08
332 RETHAERENXER
3R A LS IR S5 R AN 9 s, Hop

B A A A O A O B, B\ o 7 T~

F B, 45 U S 0 A F B K T B L3 2. o, T

Sy o 25 1 SR S 4K TR 7,95 km/s, S 70f —

WA SO 9.17 ks 1% 1.22 ks, ARXHR2 £ |

H153%. SREERETRESZNELRY 5 » ILTO4
WL, AN N TR R R & 20 >

S 5 AU AT PR L 9 26, T 037 SR 75 U X 3 st

1, VR RS D R L 5 A, Sk AL <0 | | | | |
[ 3 LT 1 /s 7 A7 O 2%, Bk o 20 o2 s
o 2 1 O I 2 2 S A L 4 B9 055 ASHALEENHE

FBE 26 1) 0 A0 2 52 o 42 6 BE i G — i R,

Fig. 9 Experimental muzzle velocities of 0.55 g

S I I 25 aluminum projectile
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Fig. 11  Projectile photos shot by sequence laser shadowgraph imager
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Preliminary Simulation and Experimental Study on Implosion-Driven
Hypervelocity Launching Technology

WANG Mafa', HIGGINS Andrew J?, JIAO Dezhi!, HUANG Jie', LIU Sen'

(1. China Aerodynamics Research and Development Center, Mianyang 621000, Sichuan, China;
2. Department of Mechanical Engineering, McGill University, Montreal H3A2K6, Quebec, Canada)

Abstract: For achieving the hypervelocity launching of about 10 km/s, an implosion-driven launcher with
the caliber of 8 mm diameter was analyzed using the AUTODYN 2D software. The projectile launching
velocities under typical operation condition were obtained. Based on numerical simulation results, several
tests of the implosion-driven launcher with the caliber of 8 mm diameter were carried out. The driven gas of
helium with the pressure of 5 MPa was filled in the compressed pipe. The experimental results show that the
0.55 g aluminum and 0.37 g magnesium projectiles could be launched to the velocity of 7.95 km/s and
10.28 km/s, respectively, and the relative deviations between the numerical and experimental results are
15.3% and 3.7%, respectively. Consequently, the designed implosion-driven launcher can realize the
launching of the projectiles to 10 km/s or even higher which could provide a new ground-test method for
investigating the impact features of orbital debris and corresponding shield technologies.

Keywords: launching technique; hypervelocity; implosion-driven
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Table 1 Effects of drive modes and target parameters on sample preheating and

reflection of probe beam in SGIII prototype laser experiments
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X
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tor) + >
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@1.5 mm x 1.4 mm Polystyrene  incident, follows  no observable
10 pum Au + 15 um Al . .
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drive end, 8 beams of laser, High uniformity at .
15 pm Al (ablator) + o No blindness, no
3w, 2.8k a-quartz incident, follows .
10 pm Au + 15 pm Al . observable preheating
with chaos
Slightly dim VISAR,
25 um PI + 40 um Al Polystyrene  Acceptable no observable
Overlap of 4 beams of preheating
Direct laser with 22 mm CPP, 25 pm PI + 40 pm Al a-quartz Acceptable Unobservable
drive incidence angle 45°,
3,23k 25 um PI+ 70 pm Al Polystyrene  Acceptable Unobservable
25 PI+12 Cu+
wim pm = Polystyrene ~ Acceptable Unobservable
40 pm Al
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Fig. 1 Side view of polished multiple (a) and single (b) polystyrene sample
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Fig.3 Scanned area of a target with two samples for one shot and calibration result on streak camera

Xt T CH Bl AR By 1l A — 5 R E e i, 76 S B fhl T IS, B2 308 9% 53 19 J7 1) 2E 4T DD RO
fEUNEE % CH WERAEAF, Wi Jo] 1] DY URE i O B M2 o 15 58 Tl B ARORG 22 F , o™ B A — 1T 5
AT 5 A, RS A P S R 2 A RE AR L, FERE A B 00 TIUNE D 9 BRI DR S R AR A SRR . SRR
R Z A Yﬁﬁﬂﬁl‘ﬁlﬁ’%‘Afﬁﬁ%$}i%%ﬂﬁ SR Je AR B 4 T P e A 2k o IABR RIS 5 25
I ZRE AP R AR SO A 2 A0 AT — Bk ] A I DX, 3 BN ) 5t e SR BE Al A b VS LA A R AT B9
], an /&l 4 R . %*ﬁ HNIRIA T & A A i 3, 80 e 28 il — & 19 2% B R B, RS 1] 1B
SRR JBE T B R A, A A S 0 WY SO RE 2 H BRI ] B9 b G i By
Bo), K4 B R T OX MOE AR S o IR TR A A B B B2 ARl RN A TS S 5 b B
55008, BCE o A ik B L TR — Bk A

9]
-
&
=i
<
2]
]
=
<
-
)
=
2]
=
o
=}
9]
2
=3
=
5]
<9
(=%
S

P4 JEAR S BIRE A Z B AR BT Y M B VISAR {55
Fig.4 VISAR data with a gap between pusher and transparent sample

M TR L SR AT A, SRR HO T B AN AR R AT

(1)K 25 pm J& PUEEMZE 5 40 wm JE A HEAR CBRAT AT 12 pm SR 4R §5) 2 &, Hh1a] B (PR 800 5 )
K, HPEAT B 55, B 64 [ AR T L 1~2 h O B

(2) 5 325 WA it Rl 4 ) B Al L B0 A9 IR — T, 8 ) 07 B 4 B P 3 7 o7 S AT, PRAEAE T XA 22
A7 Tt SR I5 PP ARCHS P 1 2 M [ 4

(3) ) Y DR 55 1% . Al S ORI A ity T 8 TR R0 T ) i 6, T e o DX, 58 00 o7 '8

(4) 5 It e FL A 5 29 325 AR o — D0, Lo 5 15 000 07 5 T 45, TG I I 7 5

(5) K LA B A B R4 ) X SO i o FL AL, H SISO il o FL -5 000 6 80T il ofe LA 45 RIDAT

033401-5



7] H 1 55 3

Iy
=
&

o34 3%

3 SCIGIGUE

T R A W AE M 24 SR SR AR 5T b o Bl i T, KR R X S SR R S A AN ) M ik B R
S LT 2 A T ARG SR, T LA S 3 e Y N AR DG B L BROP EE ARG EE L B H AT M AR, SRR
ST MBI R & ALY E BRI, B TR SRR, COH 2 FH T R E IR, TEEAT
B R g R U AT Bk SRR b, D s S0 S R X AT B R E B L. KIS T AR R A
EE

MR b A B e e 7 A Y 8 T, A R [ T AR BRAE O B o I SR A A AT T SE S IE .
SR, NGOG K R 351 nm, R EAEIK SR, {4 BEHOG, G EEE i % 224 £ ) ( Continuous
phase plate, CPP) 2 J5 , HE A2 K 2 mm, Fe KANZ DR H 3 ks, HeibZ R 25 um JE IR E)Z, DLFRK
S ol DX 3R AR X SRR 4 A, DA T U5 XA A TR SR A, R B SR ThUZ I 40 pm JEE R AR 22 [R] H
In— 2B 12 pm PR, I LF 58 200 TR BE IS . VIR A RIR 206 (R s BAT 804
i I, (0 B A AL S A B B, R A TEME LR i D R . SR AR M R O
(Goodfellow ¥f fifr, % B 1.04 g/em’), FAM RN ZE 5y B3 58, w o BH AT I AIC T80 364, X 532 nm #80
BOCRIHT TR 1.59, JEEE R 191~199 pm.

I BUE TE VISAR, 3R 1 thi 7R SRR S0 th B AG R L 72, 0 b b 1 s 1 25 ity a5 g st 2903l A e
i RS I S, WAL 5 TR, Horp g th 4 Sy ool TR SRR S0 PR BB AL R 0 RE I SR, 8t 4 ) 1)
R 2 3L, 0 R LA S A il 25 [, Rk Sy op s BN 200 o DA VISAR A5 5 5 BE 1Y 742 Ak 38 W] LLAR A ot
o U T Y B S AR AR Ak o BG4 30 0 0 i R, AR UEE A 22 mm, WA 5(a) it 53 4h—1~ il e
ICSR DG B, DA B A A 2S00 S S a3, &l 5(b) B

Shock velocity/(km-s™)
Position/um
Position/um

Time/ns Time/ns
(a) VISAR data and velocity (b) Reflected probe intensity

P 5 SR 0l v T e i ) 1 g ok Fr) S 2R

Fig. 5 Experimental results of lateral-release of shocked polystyrene

4 25 g

BT 1] e 2 22 D) e o 2 e b AR R T R RO R T R B A T 0, LRI AR T R
BrBro o TSm0 AR T AR R B R, R OPTRIE A | R TC ARG D AT B AR GRS . BT K
SR i AR R SRR 2 R A B R AT 1 AT, LR MO IR S AL B ek PR TR R v A
(RS o R Tk L ARG R N S BT SR, KR TN 1 A g B AR R A T R C2 4
AR FRE DT A, IR EE T MOl M R, JT R 1 i S0 i R 5 7 S S SR e, 19 3 1 B AR 52

Bt B TAYRA LI BARTHAL T s ARl RAEZTAKREY KA L]

033401-6



5534 % TRELF-AE: RMATE 07T 7R 25 0 0 e S L 55 3

S22 3k

[1]

(2]

[10]

[11]

FORBES J W. Shock wave compression of condensed matter [M]//PRIMER A. Shock Wave and High Pressure Phenomena.
Berlin: Springer Berlin Heidelberg, 2012.

DUFFY T, MADHUSUDHAN N, LEE K KM. Mineralogy of super earth planets [M]//Treatise on Geophysics. Elsevier, 2015:
149-178.

DUFFY T S, AHRENS T J. Sound velocities at high pressure and temperature and their geophysical implications [J]. Journal of
Geophysical Research Atmospheres, 1992, 97(B4): 4503—-4520.

DUFFY T S, VOS W L, ZHA C, et al. Sound velocities in dense hydrogen and the interior of Jupiter [J]. Science, 1994,
263(5153): 1590-1593.

HU J B, ZHOU X M, DAI C D, et al. Shock inducedbct bee transition and melting of tin identified by sound velocity
measurements [J]. Journal of Applied Physics, 2008, 104(8): 083520.

NISSIM N, ELIEZER S, WERDIGER M. The sound velocity throughout the P-p phase space with application to laser induced
shock wave in matter precompressed by a diamond anvil cell [J]. Journal of Applied Physics, 2014, 115(21): 213503.

OHTANI E, MIBE K, SAKAMAKI T, et al. Sound velocity measurement by inelastic X ray scattering at high pressure and
temperature by resistive heating diamond anvil cell [J]. Russian Geology and Geophysics, 2015, 56(1/2): 190-195.

MCCOY C A, KNUDSON M D, ROOT S. Absolute measurement of the Hugoniot and sound velocity of liquid copper at
multimegabar pressures [J]. Physical Review B, 2017, 96(17): 174109.

LI M, ZHANG S, ZHANG H P, et al. Continuous sound velocity measurements along the shock Hugoniot curve of quartz [J].
Physical Review Letters, 2018, 120(21): 215703.

BRADLEY D K, EGGERT J H, HICKS D G, et al. Shock compressing diamond to a conducting fluid [J]. Physical Review
Letters, 2004, 93(19): 195506.

MCCOY C A, GREGOR M C, POLSIN D N, et al. Measurements of the sound velocity of shockcompressed liquid silica to
1100 GPa [J]. Journal of Applied Physics, 2016, 120(23): 235901.

High Precision Targets Fabrication for Sound Velocity
Measurements in Terapascal Pressure

ZHANG Hongping', ZHANG Li*, LUO Bingiang®, LI Jianming’, WANG Feng’, TAN Fuli*, LI Mu*

(1. College of Big Data and Internet, Shenzhen Technology University, Shenzhen 518118, Guangdong, China;
2. Institute of Fluid Physic, CAEP, Mianyang 621999, Sichuan, China;
3. Research Center of Laser Fusion, CAEP, Mianyang 621999, Sichuan, China;
4. Center for Advanced Material Diagnostic Technology, Shenzhen Technology University,
Shenzhen 518118, Guangdong, China)

Abstract: Sound velocity is an intrinsic property of material, which is equal to the spread velocity of weak

perturbation. Measurements of sound velocity are very important for the research of equation of state, phase

transition and component of matter at extreme conditions. A continuous side-release method which can work

to terapascal pressure was newly developed. In this paper, we described details of high precision targets

fabrication of this method, including requirements, methodology and detection. Also, key factors which lead

to fatal issues are analyzed for better signals and reliability. Experimental results on SGIII prototype laser

facility are shown to validate the technology of targets fabrication.

Keywords: sound velocity; high pressure; Hugoniot curve; target physics

033401-7


http://dx.doi.org/10.1029/91JB02650
http://dx.doi.org/10.1029/91JB02650
http://dx.doi.org/10.1126/science.263.5153.1590
http://dx.doi.org/10.1063/1.3003325
http://dx.doi.org/10.1063/1.4879855
http://dx.doi.org/10.1103/PhysRevB.96.174109
http://dx.doi.org/10.1103/PhysRevLett.120.215703
http://dx.doi.org/10.1103/PhysRevLett.93.195506
http://dx.doi.org/10.1103/PhysRevLett.93.195506
http://dx.doi.org/10.1063/1.4972338
http://dx.doi.org/10.1029/91JB02650
http://dx.doi.org/10.1029/91JB02650
http://dx.doi.org/10.1126/science.263.5153.1590
http://dx.doi.org/10.1063/1.3003325
http://dx.doi.org/10.1063/1.4879855
http://dx.doi.org/10.1103/PhysRevB.96.174109
http://dx.doi.org/10.1103/PhysRevLett.120.215703
http://dx.doi.org/10.1103/PhysRevLett.93.195506
http://dx.doi.org/10.1103/PhysRevLett.93.195506
http://dx.doi.org/10.1063/1.4972338

34% Hom [=/ S SO 7/ B (= S e Vol. 34, No. 2
2020 4F 4 A CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Apr. , 2020

DOI: 10.11858/gywlxb.20190796

PVDF [% B8 15 R g5 MU BT i it KRR
k #LE L aEELYXEL R £ F BLe 8

(1. 1 TR B 5T B S AR BT 5T T, U1 486 621999;
2. E TRV A B WF 5T AT, U1 4RFH 621999)

WE:HET R _HA LW (PVDF) EMERARBEEAET R ITXER AT E ., &
HHERBRRET R ERHE RAUFHEARELAG R, FEHS T EEE TSR, B E
& 8 PVDF t2 B B £ T Bl JE /7 BIEATAR € fn A K0 € AT, SE I 304 i A K 1 %% 2 JE 1
T 10%, V9 BT #F %1 89 PVDF JE 6 R B/ & . E B 47, 8 4 % 2 0.3~10.0 GPaz) & 9 &
EAMENAER. B F R X ATFEAZNOR, GEEH—FPFREFGE LA M EA
Wt IR EANME R ML H R A TR A T

X H218): PVDF JE # f4 &% %5 A FI1F; A3 5% 20 S A2

& 5> 2 5:0521.3; TISS SCRKARIRES: A

PRIBERBOR L AR HAR L TFENLE AR B T IAUE BHRAEY 3 Kk o e 2 A% I8 A LA i 5
RN, B B0 o0 S U3, Ok B B R A b ) 5 /N AL T 2 Th BEAL 2 1 1 BB e 2 —
TR AR s F AL SRR 1) BB B TT N R R A W, AR T R L KR L ZDAh L R A A 2 A S
MHTZ o FAE 19 A 40 AR ANTETF G T 540 F R A W R B P REAF 52 ™%, (H B 3] 70 4R A0 3L
il H AL SRR . R R A W R AR S kA RE, N EEE B A TS s G L LA
RAERE SR T8 1 25 T (R ZE AR . AR5 ), A B r far 9 51 0wt mT AR kAR, DT AR LA R H
W 43 T e BT . 8 DL o T R F A RO M (PVF) L R 9 &% (PVDF) . RA LI
(PVC)., e 11 %,

) e e 2R G ) B St R A O AR 2 — SR BB R T R L PE BB IR SE T %) PVDF A% %25 1) BUR%
HIT/& PVDF KM M . PVDF Mg T R4 M & o+ REW, WX 207 4 B BS54 (o 4H
B y AR oA, Fo B M R B S M B A A OC . 7ERIRE KT, AL PVDF iS5 & S ml 28 &
133 PVDF ¥ 44 B =8 LLARN P o A8 355 X PVDF %) 16 B 4T 20 gk o i v vl P W AL AL B, AT 7 24
HA WL gAY PVDF H L e

AHESE B SR PVDF AL R (0 B AR T2, 45400 46 ] 2% L SR ol or Ak B ) 375 5 1 R A
1o PRI AR B0 | e 4 R B 5 AR5 SR B W A5 TR 45 v T &) U PVDF SR, X640 s S 4 7 5 A 3 fof
TR, 43 BT A (] P 3R | 7 o SR 0L A Y BE Xk PVIDF 8 JI5E v 45 (A B4 S 0 5 422 25 7 7o H 37 38 il Ak
S e, S BT AN [ L 37 45 R R (B X PVDF 3o 557 % FRL IAE 14 5% T, 3R A5 3 R AAE A2 8% Fi 3 il 2k 5 I S XoF
FEIRAR AR . R R R AT, B3 52 il PVDF JE H i AL 88 . 75 AW 98 45 oA B T2
PVDF #4475 sl 25 o 2 A v A 60 0 B g R o] S e, kg o B L S L9 . REBUE R R A
THE SN et A A B v s SR TR A R

* s HHEA: 2019-06-26; &[] HEA:2019-07-14
E4£mB: HR TR AR H (JSZL2016212C001) ; BH2=#k & 1% (TZ220118001)
EZE T 3 W 1972—), B, A5 A, W14 0, FZNF D) J7 22458, E-mail: caepzx@sohu.com

023401-1


mailto:caepzx@sohu.com

34 4

I
F{
N
=
i
&

o5 2 1

1 PVDF (B8 Tigit

PVDF JE J1it . T AR & A 5850 H Al
JREATE . 2440 J1 {8 PVDF JE 13t B 8Us e ot & A
B ARG X O A TR =R (1)) R Rala o= D VAV A N
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PVDF film
BCIE R i o AR I BUBER JT ST A Sensitive element
3 mm x 3 mm, B8 B 2 A 20 pm 530 pm M1 TR
PVDF £ a8 BB /NT 0.1 mm, A ) T 32 = i Fig. 1 Sensitive element design
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LB I PVDF R (0 86 45 B2, ELXT RS 1 R 3 p s i, 81 b A O RH 4 i v AR T, 5 X O RN T B 4R A7 7™ %
FEhl. LRk Au B9 HPELF, (H S PVDF B0 & 24K 25, 142 )8 Pt 55 PVDF 3 1 255 B 80 4F,
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AL I A S O

W 5 4 e v TR P A R v, A AN I B S O OGBS R AR R . YIRS T
BELRAT, HLES A AR RE SRR, S A DS R 2 Rk, B IR R AR K, 5 TS H
e 2 AR 5 AEL T SR ) 23 aek T I, W ST 1) R B R 23 7 A RO L X A IS R B o 2 AR
SHR R W SRR T 1 v R A 2l A e AR v 32 B N AR BIO B LSRRG R, R B DO B R T e i
HAFEPRLAR NN o e 0 AR R o 23 B IR DT AR SR S8, SR 101 e 22 F A 5 Tl IR Y AR R s 23 4 0
R F AW 2 TRDREL R B2 1S R . A S50 R FH 22 YR ) ol S5, 0 S0 T B85 Ry 3 o T A5 1) PVDF 8 A IS AR
& B AR ZE A I 2(a) IR, BT 0L, 4 JE e 5 R TG R A, H A R T AT

High voltage input

I Thermalcouple

~ Silicon oil for insulation

Upper electrode

r\\
=1 PVDF film sample
Lower electrode |~
Controlled heating
foundation
(a) Internal electrode deposition of PVDF film (b) Schematic of the thermal poling method

2 PVDF il i g5t AP e i

Fig.2 Schematic diagram of PVDF film electrode and thermal polarization
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il 0 — 7 B R 5
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4 0.8 10
o 18
3 R 0.6 A
o A 16 &
2t 0.4} / 24 =
. & a 14 °
<1 < o02f : f S 1, ©
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5 0 5 0 = ~ 0 g
: -1t « 200 MV 5 02 - f . 1-2 &
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Electric field/(MV-m™) Electric field/(MV-m™)
(a) Displacement current vs. electric field intensity (b) Hysteresis loop under the best polarization condition

3 20 um/E PVDF s # 1k
Fig. 3  Effect of polarized electric field on 20 pm thick PVDF film
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PVDF ISR B3R 4 1011 Q-m, FF L PI i \\‘PI film
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3 mm, PN HLAR 5 b FL AR AR 95 1 v TR B R I 4%, K4 PVDF fLsestfy
SR e P R A0 RE [R) it oL 45 -5 1 oL B A S A4 Fig. 4 PVDF sensor structure
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XTI & Ge i A (TR A ) g 50~ 150 ns, T RLEEFH € = 0.1 uF i oL %5, BE % {4 3IE
>t (105 1),
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— — - C—— |uo
0 771 T | u,(r) Oscilloscope u(t) S 0
>
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(a) Equivalent circuit of charge mode (b) Passive RC integrating circuit

PSR e o Ao A A0 L B

Fig. 5 The equivalent circuit of electric charge mode of PVDF film sensor
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22 PVDFERBHASPHEEHZELBIRE S E
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Oscilloscope

PVDF

K6 ARG L

Fig. 6 Measurement circuit of PVDF film sensor test system

o ST PO S8 B 3 00, ) T TR SE DR 33k B o Sabot Flyer Sample
R[] 5 516 2 0 16 55 75 9 6 450 11 2%, 90 5t
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i VT 7308 B v i3 BEL AT DG FE v, % BR R fe
S B e e T R ) 2Rl
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JEFX? Uy 0] 1/2, z%éﬁu%*j*’l' 3] {El:'ftT Hugoniot %/% _— I ‘ ~———— PVDF sensor

3, 38 5 0 ol R A E R TR ) )

Velocity measurement with fiber

1 1
o = poDuy, = po (co + Auty) u, = = (Co + —/luo) uy (5)

2 2 B 7 XEFRREE S S B
Ad. D b I, km/s; 2o AR IR R, Fig. 7 Experimental scheme of symmetrical impact
g/em’; ¢, MM Hugoniot J¢ R =X # R AL, km/s;

. o N 1 Al 7045 $XAY Hugoniot %
AR Hugoniot KA AE RALG Uy oy E A fE Table 1 Hugoniot parameters of Al and 45 steel

BREE, km/s; u, N RE AL R RO U, km/s, 2U(5)

Material o/(g-cm™ /(kms™! A
Yty T TS o b T M B BT RE 1:1 ’ i‘;‘: ) @ i_ ;“28 ) -
S 56 v BT A FH 8 o5 A1 R Hugoniot 28081 T3 1. ' ' '

45 steel 7.850 4.483 1.332

PVDF J& i A% 48 54 4 H B far B fop B A0
KA, SRIE R D A R R A5 21 BB A Wy 3 R g - e i B A 2R

23 30um E PVDF ERBHNES N HEFHLWIRE

Xof T AR B T JEE B 4 30 pm A PVDF A28 8%, 7E 0.3~ 10.0 GPa JE 7 X [7] ph L fif v 45 3] ) 52 56 4%
W 2 fron, Hrp R BCR A =8, & R BCR A kg X, U, M EIEE, (0/4)p, M
H iy 235 BE WA M, dyy R HL BB, P, R R A i AL B

PVDF 14 S8 16— RE 1 7V el P9 5 AT ZR Mk 13, (B2 A0 45 58 TR 0 78 Bl P AS L 48 2R i o7 R 4 o AR T
R, AT B AR LR AR B, R R LRk R B 2 10 o AT AU . SRR, R A
ARG B e, M IR R S hn e i 4 o R AR eR AL, 20 Xt 26 2 1 0.35~2.30 GPa #ll 2.4~
10.7 GPa J& 77 X 6] A S B B4 AT 400 o AR BE L& 25 R an &) 8 FIroR, S i< s ik

g (1.001 66 +0.031 18) - 0363 112004367 (6)

A =
HAHAEHCN 0.989, TR UEE N 6.611%., %EE&%FH% = ac BREIEAT LG, IR 9 prs, #LA i<k
HHER

% = (0.779 60 £ 0.091 40) - 0498 43005681 ™

HAASEFE BN 0.979, T AARHEZE K 10.015%.

023401-5



i34 % = JE Ll i 2% Eitd 2

R2 BIETEAIBER
Table 2 Experimental results by charge method

Exp.No. Material of flyer ~ u/(m's ") p/GPa Up/ V' (Q/A4)/(uC-cm ) dy/(pC-N)  P/(pC-em?)

0830-1 LY12 Al 48.434 0.361 2 0.598 67 0.665 2 12.0 82797
0830-2 45 steel 83.384 1.4730 1.097 90 1.2199 10.8 7.528 9
0830-3 45 steel 109.557 1.942 8 1.367 27 1.5192 10.5 7.878 1
0830-4 45 steel 129.536 2.303 8 1.433 01 1.592 2 15.5 7.987 1
0831-1 LY12 Al 126.221 0.950 6 0.813 58 0.904 0 15.2 10.301 7
1128-1 LY12 Al 47.137 0.3515 0.459 01 0.5100 15.1 7.806 1
1030 LY12 Al 628.531 5.3950 1.636 01 1.817 8 15.6 6.934 0
1026 PMMA 1 004.704 24261 1.120 07 1.244 5 15.3 7.8322
1107 LY12 Al 970.275 8.069 3 1.883 43 2.092 7 11.4 7.2163
1108 LY12 Al 1250.441 10.725°5 2.357 62 2.6196 12.8 8.2872
1.8 3.00
~ 1.6} ~ 275t
£ 14 ‘g 250
g 12 2225t
~ 1.0 L ~
) o8 2200}
g - g
% 06 ST
20 20
204} Experimental d g 10r Experimental d
& / = Experimental data s = Experimental data
02+ Fitted line 1.25+ Fitted line
0b— : : : : : lol—— e
0.2 0.6 1.0 1.4 1.8 22 2.6 2 3 4 5 6 7 8 9 10 11 12
Stress/GPa Stress/GPa
8 30 um-PVDF &K B bR 2k P19 30 um-PVDF {5/ R B bR A 2k
Fig. 8 Calibration curve of 30 pm-PVDF in low pressure Fig. 9 Calibration curve of 30 um-PVDF in high pressure
3 &

43T PVDF (L IR AR A 2ok A2 1) S B4 AR A T 255 78 Db 3Lt _b SR FH M I 28248 1 E AT 1 I R B A
1o i B — 4 V- 1 7 1 B o D7 RS, A R fer 0 AR, A5 2 T MURR TR B 30 um Y PVDF &8 4%
£ 0.35~2.30 GPa 1 2.4~10.7 GPa xS [l () il = 1 S HAAT BE O R o A T 15 B AT Ar e ih £,
i 7 o 053 S0 AV R B R i T BE IR AT 4L, AH OCHE B E 1, FL R A A i 22 Fe /N o TR AR 8 SE 50 AT 7
o, Y B H K T 10 GPa I, SUBCEA ST IR 24 30 um ) PVDF 4% 8% 2% 4 Wi 1 15 18] 24 37.2 ns, 156 B 44 &
i LA B v T AR R
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Key Design Techniques for PVDF Sensitive Element Used
in Dynamic Compression Experiments

ZHANG Xu', QIN Shuang’, YANG Shugqi’, PENG Wenyang?, ZHAO Feng', YU Jun', ZHONG Bin'

(1. Institute of Fluid Physics, CAEP, Mianyang 621999, Sichuan, China,
2. The Graduate School of CAEP, Mianyang 621999, Sichuan, China)

Abstract: This paper introduces key design techniques for PVDF sensitive element used in dynamic
compression experiments. Based on the sensitive element design, electrode design, sensitive element
polarization and sealing, PVDF dynamic pressure sensors are well design and produced. We also made
dynamic experiments in order to calibrate the PVDF sensor. The results show that A-type uncertainty is less
than 10%, which can be used in the dynamic pressure range of 0.3—-10.0 GPa. We will extend the application
to higher pressure range and consider the temperature effects.

Keywords: PVDF piezo-electric sensor; PVDF sensor electrode; polarization and sealing; dynamic
calibration
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1.1 PDVIXERE

R MBI R G IR B i T R MR, AT — T p e S0 . SCI0 R R B SO K
ARG, WEA LA ELRES . LiF 8 0 Rk . PDV. /R R

KM AN 57 mm, KRR 255 mm x 12 mm 5T A € G EL =4 — 40 ik . il
AR K 2GR AT BRI 0 oA i, SRR T K 23 2 5 1000, 1100 FT 1 150 g, 43 i i
%4 Shot 01, Shot 02 1 Shot 03, KEZG#E fh A & B A, HhoLo/NEI AR AL JE BE Sk 10 mm, 5 /> F T8 A9 J5 58 43 531
2030405 R 7 mm. SEEEHE 6 AN EFIR Sk, A3 i IE X KE 24 rfu R S AR R I R B B B G o
SEYR A FNE RN A 1 R .

10 mm
Sabot Sample P2 ) oo
abot Sample
( P / Fiber probe (P1) 4mm
Barrel ‘:'— ll g 1 g é
o|lo
—| "
SIS
L Sapphire ﬂyer LiF window Target buffer ) 3 T
3 mm
>l 2 Mm
(a) Experimental device (b) Explosive installation

Kl 1 PDV SCBhe B ARG 2R R A

Fig. 1 Schematic of PDV experimental device and explosive installation

S T F W PDV S &G EF S5 4, O AL 4R I 252 988 12.5 GHz, B OB K 1 550 nm. 5250
A P 07 S T8 8 13 GHz, fi i SR AR 3y 40 GS/s.

FIFH PDV I 3 22 G0 I ek KA 24 8 352 7 0 00 S TR 5 BE ), T 6 K 24 T 23 1 SRS M @15 mm x
11 mm, 5 RS 220 mm x 11 mm B2 LiF % O, % 0 FKEZS 2 834 B ek, HERR — % Z [\ i ==
o LiF % H 50 e fih— o9 52 15 R 0.7 wm A BRIEE, 5 L Ay sl B i A O AR 58 3 G £ BRI 2 18 1Y)
LiF % 1Ak 5 B S E XA 56 7= A= 52, LiF 7 1 A9 b 3 10 5 7K SF A9 F R A7 76 3°Miff . SE96 R
FH T W5 b A 0 0 S S, R vl T o AR R Sk BN 3.2 mm, WU A GO Sk
BN 1.8 mm, PRI EOE BT H AR 0.2 mm, JELF 5480 90 um. #kF LiF 7 1A IR
PSR 35~42 mm, SCHRE B KR 2GRS A 2 IR .

12 PDV SZ6e 8 KRG 2E5R )

Fig.2 Images of PDV experimental device and explosive installation

023402-2



o34 % W &P LA ik 2 i i i N i B PD VA 2

12 AEXBHMAFERETMALRRE

20 2 AR 8 I R A (] ) K M I 28 R et AT — 21 i oo S0 40 . S ke ' G 5] 3 (a)
FIE7R o Tl PR ok 24556 24 B ol 4 i A O R, M R R A R ) . BT K 2 2 S PDV
SR A 1000, 1100 11150 g, 4354y 44 >~ Shot 04, Shot 05 1 Shot 06,

A FIEZ £ 242 mm x 30 mm WY EAEIE 406 254%, S 6 K 254 A [R5 1) o D8 e - EE
YEZGHF i LA 30° 48 9 U0 0l P B BLIE HE 24, ] B S8 i #4045 2 H ok 1 38 3 i A SRR 24
o SR SR O I S PR I AR R B B, RO I B PR P 3 2O A I A 22 (T R
B, [ B 7 K 24 3 T FH 2R 280 A BERG G 3 A e EORE 1~ 3 B2 3, T 100 6 3 0 R R 8 o R 2 3R TR I Y
SRR o AE Ml AR RGO 1), AR R G R R R T 8 A RO R I R 2 A
BRI B B A 1 mm, 3 A ihlr s B 88 10 TR 0 0.5 mm, 242X o RT3 BE TR 24 22238 1A 3(b) s .

6 5 1. Sabot;
‘ I i I \ 2. Velocity-measuring ring;
3. Aluminum-based multiple
Barrel electromagnetic particle
velocity gauge;
/ 4. Target buffer;
1 2

' ' ' 5. PBX-3 explosive sample;
3 4 6. Sapphire.

(a) Experimental device (b) Explosive installation
FI3 LRk T R A

Fig.3 Experimental device and explosive installation of multiple electromagnetic particle velocity gauge
2 WESHh

21 ASHREHEEDNHE
I BT PE BC 1 43 B 1153 88 6 0 RO s b JE 245 7 AR i A )
Por = porDr (i — t4) (1)
Pos = pos Ds u, (2)
e poy NI AW A vhdi 7, GPas pog A HEZGFE S W R A S th i FE 7, GPas py, W A4 9] 1R
W, glem’s pos FIKELGRERRWIIG 5, glom®s D 3 52 A0 71 00 ey D BE, km/ss Dg o KE 25 RE iy 19 A5
it PO B, km/s; g, T AT A AR BE, km/s; u, SRR TE B, ks,
MR 5 M RHRD A BUKE 25 11 Hugoniot &R, K (D) MK (2) 5 H
Po. = PoLlCor + At (Uimp — )] Wirnp — 1)) 3
Dos = Pos(Cos + Asup),, 4)
s o, = 3.985 g/em’; Cy . A, N A1) Hugoniot %X, Cy, = 11.19 km/s, 4, = 1.00% Cys. A A HEZGFE
A B Hugoniot 24X, Cys = 2.42 km/s, Ay =2.14%71,
H ST 2 SEPE T, por=pos » Fi 2 (3) N (4), 153K S HE 245 B e R0 1 3BE ), JFTH3A5
S W IR A vl T p,, SR AN 1 R
22 H@m/LFEOFERFEEFRIEAEREERNFRE
H1 T PDV SR HIXOG AR T W AR, W& 15 3 (0 T 345 5 75 #EA7 B35 A, (8 v [ TR 4 3
Y Bt i 1Ay LRIE 5 i R B R0 A T AR AL 3, SR T 1 AR L AR 6k, 45 3] PDV I R KE 25
LiF & 0 SR . i YRR A AR BT A VE T, BT LAt PDV A5 1Y LiF % F 5 kL
T u,, FFAGE T YELRE G i S R T B w2 R B e, BB 4 A R
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2005 Ds

5 RT3 B, km/s; o, BT DM B IR % B, oy, = 2.641 g/em®;
5.176 km/s, A, = 1.35300% Dy K5 25RE 5 P b i 0, ks

A u, i PDV I LiF %
COW‘ /ij‘j@ El*j*"l’%\ﬁ’ COw:

F1 ABNREBTEAEIRESH
Table 1 Parameters of plane impact experiments on stepped explosive
ShOt NO. ﬂos/(g'cmﬂ) 1mp (km S ) up/(km.sil) pO/GPa
01 1.897 1.385 1.151 10.66
02 1.897 1.502 1.240 11.93
03 1.895 1.550 1.277 12.47
FT T S 6 3 A e A A TR A T R 2 S I S AR BN AR B, O ELAS TR 7S D g 1) g 3z )
PR 22, SREFARAE AN R], S B0 45 2 B4 6 [y B AR 2585 bl A9 B B IS A) 77 7R 22, TR I 5 28 0 S 06 450

PEATIEIE o AR Hh A< B A £t FH AR 7] K Hf n 28 22 2 il 3 R 8 i2E 47 19 A AU 4E 245 Hugoniot J¢ 22 I & 52 50
BYZE TS0 K25 B4 wh il Hugoniot JE RN Dy =2.418 77 +2.139 61u . %54 whili Hugoniot 3¢ R M=(5), it
A B PSR R B w bl R D N3 2 Frs . PDV 45 B A9 K 2454 5 D S R TR - (]
(u—t) Z & 4 FroR o

x2 EMBEEATEHNEZEKIE

Table 2 Data of plane impact experiments on stepped explosive

u/(kms™) u/(km-s™) Dy/(km-s™)
Step thickness/mm
Shot 01 Shot 02  Shot 03 Shot 01 Shot 02  Shot 03 Shot 01 Shot 02  Shot 03
2 0.886 0.982 1.041 1.224 1.334 1.402 5.038 5.273 5.419
3 0.895 0.985 1.033 1.235 1.338 1.393 5.060 5.281 5.399
4 0.895 1.007 1.064 1.235 1.363 1.428 5.060 5.335 5.474
5 0.922 1.030 1.113 1.266 1.389 1.483 5.127 5.390 5.591
7 0.985 1.128 1.383 1.338 1.500 1.782 5.281 5.627 6.232
10 1.075 1.346 1.800 1.439 1.741 2.228 5.498 6.143 7.186
2.5 2.5 3.0
20t 20t 2571
w15} ' 15} "n 207
E E 2 mn E 1.5+
=10t =10} mn ¢
X 5 oy 3 1.0
0.5+ 0.5 ‘ 7lmm 05 F
0 0 . 0 . . .
0 05 10 15 20 0 05 10 15 20
Time/ps Time/ps
(a) Shot 01 (b) Shot 02 (c) Shot 03

4 PDV IR XE 2G4 R 1 - IS E] O &

Fig. 4 Particle velocity-time relationship of explosive measured by PDV

H K 2506 5 S R TR g VT LU, A BL S MR 2 2 R AR O IS, AR BT 4 0T LIAS HEOR
) JRE B 5 B i kI i s (RI TRD B, G035 3 s o Ho AL A Aty At 53 RER 2, 3. 4 Fi S mm JE
1) 55 B K 24 it & A Rk £ sF [ ) o

HH & 4RI, 2. 3. 4 Fi 5 mm JEAE SR IO AR T ke, {2 3. 4. 5 mm JEFE 5L 1Y 5 R T
BRI YOI I AN W .l T LiF ORI E 250 A BEBUAE 22 5K, s i B EA R LRI LIF %0 H Y
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2 T 2 A A TS, TS I ek D0 A K 2 R * 3 MEH IR MR E ERE

V‘]{?ﬁn‘%i”lﬁi’ﬁ%#&l%n WEFE A R A RO kA Table 3 Time interval of secondary

U G L 0K T, D ) 4 neceleration of explostve

T LIE SR P . T 7mm Al 10mm  ShotNo.  Ab/us  Anfus  Alfus  Atps

Y 245 B 5 2 0 o 30 Bk o 01 0435 0714 0962 1291

SEGEE | I B BT 02 0.388 0.695 0.833 1.310
76 A G F743 9k 10.66 GPa(Shot 01) Fll 03 0.575 0.800 1.085 1.415

11.93 GPa(Shot 02) Y ¥ & S 56 v, 4n &l 4(a) Al

E4(b) iz, w43 4 2. 30 4 F1S mm BRI 5 BYARE T UAGRE I, B 25 R 5 R A Ak 2 B, RE Tl g it
B B R DS, RO T R R R S R IR A BRI TR o B o D A 3N, K 2 N
AR, “BE TR E AR B, HIF B AR RS . Y AST R J 5 12.47 GPa(Shot 03) B, 4
&l 4(c) 7R, 2 mm JERE GBI R 3R & AR O 22w, © S WAy < se i e AR, Of 5 PDV I
AT A s ) [ Bz i )N, 156 SR A S R R A 1) Rl B (e o B R T ik, S A8 SRR e 11
PR, P 4(c) Hr 10 mm Kb Adhr 5 B il 2k 52 BH 0 00 = A AR U, DA PH SE A T bl B SR FR (SDT) .

2.3 PRTNIR 7 AR SR BUE XS EE

K2 ool AR A IS T P 1R A F4 BRELTEAEIRSH
REF AR FE N PDV FIAH S B w5 E T+ Table 4 Parameters of plane impact experiments

on wedge-shaped explosive

AR A L4 0 P 0L 5 54 R Tk
Wk A AR ZGRE B B0 S RBCR T, BEICT 4 ShotNo.  apf(grem?)  ppgem’)  uy/(ams )

2095 AR T | ok 2 2 2 Bk T) 1 S 6 B0 R AT X 04 1.898 1.893 1.356
Lo, 2H A 2 H R R T T R S T FH MR A 05 1.897 1.894 1.489
IS RN 4 Bt , A5 2 0 SE G R E e S 06 1.895 1.900 1.567

i, Hom oo, o0, 23 B AL T 105 AR J5 B W B
FRIE KR 2R A (200 43 %65 158 5 25 3CEL DR 138 58 I A5 8 AR 13 BE A ] 5 B

x5 HEMEAHTFEATIERE

Table S Data of plane impact experiments on wedge-shaped explosive

Dy/(km-s™") u/(km-s™)
Depth/mm

Shot 04 Shot 05 Shot 06 Shot 04 Shot 05 Shot 06
3 4.717 4.748 4.988 1.151 1.263 1.481
4 4.808 5.123 5.470 1.184 1.293 1.335
5 4.659 5.166 5.371 1.191 1.330 1.396
7 4.753 5.274 5.721 1.281 1.537 1.671
10 5.208 6.701 7.417 1.346 2.177 2.041

K PDV I A 2R BERE 3 JBE 3300045 1) R ) 5 B2 A ity ) 50 AT X L, B 6 B o il 6] 6
1, B SRS T 7 30, A 15 3 A 0 A A ] VR R A A ) £ % I T 22 2 e/, BRI AE v
ARSI, PRI T7 05 75 20 00 o 5 il 2 2 4R 0T o (B2 5 SR RO 1 380 JRE T T I 1 T JRE A
PDV Il g f 3 B2 25 S Qi /1N, 3 2 e T 21 O R 1 BE T T i I, 0 A o T
el A WEH I ANE L R B T L Dk S A 2 R I AR, O HLAL A S e
FETH 5 30 i AR K2 b, (2 KR i R G RE e, S BEE RE Mz 3, JF X AR R o Caul™
XoF EE T PR BRI K SV I A IS 2R, T SR 4 R TR R T
VAR 1) — 24 SO 3, A L 3 38 55 W B8 PR T /0P T 0% P obr 1 BT BT I A S B 2521 .
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Fig. 5 History of particle velocity measured by multiple electromagnetic particle velocity gauge
—25 . . —25 - . o
; --- Elel:ctr_omagnetlc particle ® --- El?cttomagnetlc particle ; 2.5
L velocity gauges £ L velocity gauges !
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o LOF 3 .: o LOf m, S 1.0}
2ost | ! Zost 305
S N O R T jomn g,
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Time/us Time/ps

3
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(a) Comparison between
Shot 01 and Shot 04

RE ST

R Ip

F T K 2 i O AN R TR B B B K 2, R B R B D R O 4R Sk T 1Y

(b) Comparison between
Shot 02 and Shot 05

(c) Comparison between
Shot 03 and Shot 06

K6 Wil i B R R L

Fig. 6 Comparison of particle velocities obtained by two methods

=

St

PDV 1) 6 MRk A AE LAKEZG 0 B0 . 42K 33 mm WY B 1, Gl 7 oS o RSk 3035 B JE HE 245
HZ RS 8.5 mm, B Ik H /5 A 24 10 2 ) 3 BB 9.698 mm.
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A0 3 AR X T e U S 4 5T DA R C AR R (TR b o s 400 %) o 8 e, R PN ) 7
AW AR, A5 R, BUS G C = 5 km/s) , {835 ohadi I B3k FE B AT 2 160 M, N, B ][] B8 A A, 76
At B N KE LG9 5 1 A, B, DORL 3R B 12 30 2] S AB AL, W&l 8 FroR o 7B BER 32 ) 9 Ak A R
OISR, DL A gl B4 CAr WIRIIE X 38k RV 52 300 0004 855 30 52 W (%) PDV #8303 () Y L o PRI L 7
SIS AR AR FR UL, T TH 1 MN U R R AZ S Y X B R AT S I I A B, AR R S R AT
DAAR Bk A R R DX, A R KR 24 57 T oo o 300 000 A i U0 5 A 56 6 o, b MM, MM MM,
M Mg, MM, MM, 535059 2, 3. 4.5, 7 F1 10 mm J5 (945 25 8E 5 52 20 500 005 55 36 5% 00 1) 5

L1 JOmm
7 mm
| 4 mm
4, B,
E|E
| TEE 4 5
212 Sample
SEES
L 2 mm Z
S 3 mm —
! > 1> mm M, M N N,
K7 PDV ¥k E 8 AR B AR
Fig. 7 PDV probe arrangement Fig. 8 Effect of side sparsity

6 ABNEHFEPEDMBEGLEE(FE C=5km/s)

Table 6 Data of sparse waves on the side of flat impact of A explosives (C =5 km/s)

Shot No. M, M,/mm M, M;/mm M, M,/mm M, My/mm M, M,/mm MM,,/mm
01 1.374 2.048 2.503 3.264 4225 5.579
02 1.240 1.857 2.436 2.616 3.489 4.245
03 1.088 1.600 1.973 2.393 2.569 2.530

A B0 23 B T LS, B R Sk R MR 25 B TR S I IR B Sl (50 — 33)/2 = 8.5 mm, A LATA Ry
TR AN 22 52 M S AR 5 . SRR B B & B2 5 A0 B 52 0 | T4 Sk B0 3k At J5E 5 e 24 30 2%
Y 3E B B R sin 36° x (33/2)=9.698 mm, 4] K F A6 /B FE#E 5 32 50 0B 195 30 52 Wl 1) e B S, (AL [R]
FERT LI SRy 320 07635 B 10 A 2 52 Wi % Sk 000 A5
32 PDVNEARBHEEDH

PDV 38 R FH 0445 Sk REAE 306 & B 28 AR Ry S g el ds , I 1) J2 00 132 ol il i % 1 7 AT
TR L W A0 4r & o ARIE PDV 3 BE 355 0 3R] LIAS 2] PDV I 53 #8 3k £ B8 AR X bR vE S 00 2 B
PDV # JEHE AR N

v(t) = % - f(1)-cosO(r) (6)

e @) AWOC R, A ISR G S T m IS, A0 TR S R R SRSk )
LiF i H 9 TARRE 28 30 mm, £ B 0w 25 /N T 80T, XTI AREAHH & BE/NT 1% PR 1, B T IR £ 3k
B — LA, IR A LA P I R I S R AR 0 08 R ) ), RSk LA N I 18 S G R s p R, =
HF WSS AR A B, AR T AR BT 5T B A BT 5T BT X A S AR A A Bl I
BOLL L A R B4R H 1.0 mm, 24 TAEFEES A 30 mm i, 5 KA XFIR 25 4 0.028%. 78I+ 0 7 5t i
B BE I, wha R 09 LiF 5 BRI S 3 A el As, ST T BREIIARAS , 75 6 0 1) 2 Ok £
SHATIEIE, 11 LiF & 1IE R B2 28 0.292%~0.495%,
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PDV Technology of Shock Initiation Reaction Process of Insensitive Explosive
YANG Shuqi, ZHANG Xu, PENG Wenyang, SHU Junxiang, LIU Shouxian, QIN Shuang, ZHONG Bin
(Institute of Fluid Physics, CAEP, Mianyang 621999, Sichuan, China)

Abstract: The shock initiation reaction of A-type insensitive explosive has been investigated by means of
the one-dimensional planar impact experiment and photon Doppler velocimetry technique (PDV). In this
experiment, a sapphire flyer was launched by the powder gun and then impacted the stepped insensitive
explosive A. Meanwhile, the wedge-shaped lithium fluoride (LiF) windows coated with aluminum films
were stuck to the different rear interfaces of stepped explosive. Therefore, the particle velocities among these
interfaces could be measured. By employing the impedance matching method, the particle velocities in the
explosive A were eventually obtained. The experimental results show that the PDV has a higher precision
than the multiple electromagnetic particle velocity gauge. The effects of the speed probe’s angle, the probe’s
aperture, and the refractive index of the window are briefly analyzed. The relative uncertainty of the
measured speed is within 1%.

Keywords: photonic Doppler velocimetry (PDV); stepped insensitive explosive; side sparse angle; multiple

electromagnetic particle velocity gauge
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FIA B HEGERR HMX 5 TATB RS
S REA R AR SR IR

wHEHR, K YT, HEAE N R

(b TR BRI 5T B AR BRI S BT, DI 45 PH 621999)

WE:HNARGAVELTH A (HMX) AU =R FE =K (TATB) H E W5 4R
JE PBX- 3ty RBR B KNE, XAKERGEFTE WA F e ta s e F
EETEA#TT 4 FEATER, AL LRNEESFETRANDARREL NS FREH
Fi# E, 7% %2 PBX-3 ¥ 7% #y Hugoniot x % . MFEWw H A m B MMBELF THEHEE RN
BRI -BEH (x-0) B, KA T R IEZdw HR B Pop X R . NS E A A 12.964 GPa B
KEBENOA AT HEABERMEER, B FEM6L M AMNDH &KX K%M C-J
LT E WA E KR X e R A R

XA w44 (HMX) 5 44 A # g b F 3 & 1t ; Hugoniot X % Pop % % ; % R X

FESHES: 0384 CEAFRIZAD: A

i ) E 2] (Insensitive high explosive, IHE) (% @ MR8 25 T EE 0 . DL =& 3 3R
(TATB) by 3 1 4l B KE 245 76 [ B 480 %5 712 B, PBX-3 KEZ5 M TR E AR A0 5 A D R Wit 4
(HMX) 1Y TATB 337 5 5 A Bl BRI P B 45 KE 2, T J HL R BB 9 e & 24 1y g FH R el e HL A J B3 S

PBX-3 ¥EZ4 & A /b & HMX, i 5 B s, 5 A SR 18 6.754 GPa i), JEZ5HE i £F 9.439 mm
RO Tt Fa 2 425, 48 TATB it PBX9502 424 Fll JB-9014 ¥E 25 LA AL S (4 35 e Fn op s Jak B, 7k
A BFSE T 4l TATB B bl B 25 78 A SR 7120 11.330~ 14.180 GPa 7 FBl P4 %) o A 4 Sz 17 438 K
AR R, Y AGE 18 2] 11.334 GPa B, JEZJHE Fh7E 9.590 mm &b A FF i Fa e e 2% . RIS, PBX-3
Y25 il M R T HMX 3 PBX9501 #4245 F11 JOB-9003 424, PRt thil A Jin T 113 ey (i FF 58 fin 22 4>,

Bl P AIMIE 9 25 PE R W FH A4 I3y 1A R A R 7111k L PYDF R A IR 15 . 4l A X R 7
L5 TR 7.5 NI/ 2L N - NS 105 S 12 A 1 B L = 2 D - G2 QP S
JEAE R R 520 . PVDF R AL 88 a9 3R _E BR 4 35 GPa, 24 )% /1 KT 10 GPa AN BE 2 L B8 A4 5 1)
21 A 2R R T B AR RO U R R A AR [ N AN B IR AR P ok sk
F AR FRE I 2 o i 2 A T 4 R, G A [ K 2R S TE R R — U S 5 A R ]
TR AR R T T RE, S DK 25 0 i BT R T R R T (CAn 5 By B BB ), I HLKE 24 248 35 1 i 5
TS 1] 75 22 R FH LA I Xy vk o 9k VG S50 R IOE T 90 0N 8K 2R 5045 21 1 oo I 1E A 24 4 o TR 8 A7
A PR 35k F B S T TR S 4 S R A AL B T KR 2R S BRI A R . 4 X R T
BE T ELA S G A TR i N R A R A, R YR 4 B 24 TR N2 T KR 2R A A BB, AT /NS iR
FIREIR o A FE R F A0 S 20 A 22 H A - 8 3 T R N 8 B K 2 i 1) 48 o 3 1T B P AN [R) R
Ak 1 e BB R B, ) FH R B A A 0 A e I A R S R B ARk O R T A — YRR i o S
RIVRT Ay I 90 4 245 FF it 1 Hugoniot 5¢ 5 | Pop ¢ £ 24k 2% Je vy IX 4 it = & 114 52 96 i -
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SR T BN AR R G I Eh WE A R, AT 4P b S g . SEE R A K
SRS ARG FRERAE . BT Ay ORI B, LI R G W] | R o 38 2 el As ok 242 2 i
il 8 A R, AR R A A A R

PBX-3 JEZ5HE i i @42 mm x 30 mm A BIAT T 20 & 2454 o Sy 0 A [ 9% JBE b g 245 4 it 1) b o D U
L RS, JE 2 U R LR B 30067 U BZIE , TH A S i FE 20 5 X KL 3 B2 T A PR ERBLE AR
Zyrf, R S COR 38 2 SO I PR A S Y 3 A WO AR A B [R) 22 R H R S R, (R B AR K 2 R i
FHIR SR IR AR UG 3 AN B RGBT T, 00 2 0 5 6O i o K 24 3R IR A I i AL T T T . 7
e YA 1 T, R R R R R T R T (8 A L RARE B ) U A K 2 R S 04U S R R
B, BB R 1 mm, 3 A ol 7R B 4 oo A4 9 TR1BE A 0.5 mm, 416 =X H 0L 380 B T A9 “22 2
B2 FiR .

‘ / Magnetic
6 11 5\ - field
Barrel Projectile
‘ 1 2 3 4
1. Sabot; 2. Velocity-measuring ring; 3. Aluminum-based
multiple electromagnetic particle velocity gauge; 4. Target
buffer; 5. PBX-3 explosive sample; 6. Sapphire.
B e Rk T R I R e K2 LA G A R T T 222
Fig. 1 Measurement system of aluminum-based multiple Fig. 2 Installation of aluminum-based multiple
electromagnetic particle velocity gauge electromagnetic particle velocity gauge
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22 ASEAUHE
T U KN B R G K 2 A 2, AR B R I 0 T . 6 R IR k2 2
4 500, 600, 700, 800, 900 1 1 100 g, 435!/ 4% & Shot 01, Shot 02, Shot 03, Shot 04, Shot 05, Shot 06,
AT BEATVE BE 2 70 53 85 5 A0 R f s KR 24 a7 AR I A TR
Por. = poL Dy (thimp — 1)) 4)
Pos = posDsuy %)
e poy N EE AW NS vl 7, GPas pog A HEZGFE S W) b A S vh i F 0T, GPas o, W i A 9] 1R
L, glom’; pog NHXELIRE S BIUR S, g/em’s Dy WE 5 A Y vl BGHUEE, km/ss Dg R JE 258 YA S
il PO, km/ss g, A E AT BYSE EEE, k/s; g, SRR TR, ks
MR 5 5 M4 BHFD PBX-3 #E 211 Hugoniot 2R, K50 (4) 5N
Do = PoLlCor + A (Uimmp — 1) (Ui — 1)) (6)
o BT A IR E . = 3.985 g/em’; Hugoniot %8 C,, = 11.19 km/s, 4, = 1.0
H1 ST 2 SEVE TR poy. = pog» 56 30 (5) FIE(6) , 15 3 A SN K 25 19 J5 bE 5 3w, TR 315315
S B W R AR b T pe, SR AN 1 R

#z1 PBXIMEAFEATEIHRESH

Table 1 Parameters of plane impact experiments on PBX-3 explosive

Shot No. mlg 2/ (g-cm™) Dgy/(km-s™) u/(km's™") p,/GPa
01 500 1.900 3.966 0.724 5.456
02 600 1.900 4.283 0.830 6.754
03 700 1.900 4516 1.019 8.743
04 800 1.900 4.492 1.096 9.354
05 900 1.900 4.808 1.132 10.341
06 1100 1.900 5.281 1.292 12.964

2.3 KILFIR E-AT 8] gl 4k 0 x-r &

FIH R (3) X 52 965 B0 A0 47 Ak 3, 75 380 1 208 5 ) U8 s B R, AR 7 B 2 B5CH R 9 0 1 2 R )
RO E SRR, g5 R mE 3 frn. B 3(a) sk Shot 01 5256, A G 18 5.456 GPa, 1]
WL, Bl 25 B & K A Ak RO R RE B, R B D TR B R R, R B A B B KB, B R R
IV 25 SRS /DS, R B A S S BRI o Bl e I R R AR B, K 24 B R RS T, g
TEAR S EE b T 43 s/, AR A %2 Rt . 181 3(b) BT 7R A Shot 02 5258, AdfH 14 6.745 GPa,
L 3 R S ) i A (L %) ] V) ol 320 AT U /D, << e T R 32 T AR A, 10 B I s A 2 2 R R ) e o
BN SR . AR J7 35 B 8.743 GPa B, 4] 3(c) fr/s Y Shot 03 SZ5, B 25 4E 254 i 8 mm b
L 3 Y R GG K R ) e R B R AR Sk R /N ) AR, U B K 2R O R E Y
FREEUE, SERL T wh RS R (SDT) .

3 RS
3.1 PBX-3 ¥EZH) Hugoniot X &
SRR NI R, KE 2GRl B9 S ifih  E Dg SOREF URE w, 2 R I Bl RS A 2 M O R
Ds = C0+/1Mp (7)
2 Dg SRy KE 2R T i A S b R, kn/ss o AR B u, SR I JEORL T TR, ks
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= 25} p=9.354 GPa 16} p=1.421ps
@ D=6.396 km/s
;_5, 2.0 g 121 -
2z £
2 15} =
E E o
I A
L 1.0¢t I i o
é’ Onim | mm2 ngrrr}]m o AR, 41 /-/
< mi
& 05 5 m6m7 ol - Ds=4.492 km/s
0 cemevnna o glnoae v gl o .,gmm| 1 1 1 1 1 1 1 1
29.0 295 300 305 31.0 315 320 325 0 05 10 15 20 25 30 35
Time/ps Time/ps
(d) Shot 04

033403-4




5534 45 WP LSS F U f B T TS HMX 5 TATBIR & SR 24 1) s e e 553 30
12
2.5 Uy,=1.340 km/s Xp=6.234 mm
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Z 20} gl D=7.100 km/s
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]
S
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2z E 6f
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E g4
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5 6|mr L
& 05} T ol _
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0 . L g e A . WA L ) L L L L
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& 3 PBX-3 2l B - ] 2 AN x-r 2R

Fig. 3 Particle velocity-time and x-¢ curves of PBX-3 explosive

P T AR 08 8 A ) B A L R, DA o B8 ol 2 5 v D 39 2k A 08 00 3 £ ) B

AT SRR B K 2 R AN ) TR E AL B9 A G ol P BT Do N 2 B, B i TR K 2R N AR 4

i PP Z W . B 3(d) 3 mm AR 1 JEE 2 B, A ] 4 Bz 1 05 351, Rk 1 1y

JRP B A3 AT VLG, TR 2R AUE 2 52 s WS Hugoniot 56 5 H e B 13 B e 2 00 6 R SE

5 il PBX-3 KEZ5 1Y Dg-u, 5256 8CHE , 6 IUKE 2508 i 18 B 45 2 2 110 Y 5 23 S 30 s, 2 i i an 81 5 B s

Y P Hugoniot J¢ R &, 3145 % PBX-3 ¥E 2 /Yt i Hugoniot ¢ R 2
Ds = (3.102+0.140) + (1.234 £.0.115)u,

1.20 FpBX 3(3 mm)
R U, =1.168 km/s, p=9.354 GPa
T./; 115t r#gi#_'/'—’/wffjéﬁgl')
g |
S L10f I
R3] [
2 [
S 1.05f f
o {
.2 |
£ 1.00F /
A {

095 j L .
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Time/ps
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Fig. 4 Details of two fitted straight lines’ intersection

Shock velocity/(km-s™)

®)

8
= Experimental results of PBX-3
7L Linear fitting result
6r -
5t - .-//-/t/ -
. - m.
4+ P
3L
Dg=(3.102+0.140)+(1.23420.115)u,
2 L L L L L
0 0.5 1.0 1.5 2.0 2.5 3.0
Particle velocity/(km's™)
5 SRJZJW PBX-3 KE245 () Hugoniot 55

Fig. 5 Hugoniot relationship of uncreated PBX-3 explosive
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&2 PBX-3 YEZAHY Dy-u, SEH B4R
Table 2 Experimental results of Dg-u, for PBX-3 explosive

Shot 01 Shot 02 Shot 03
Depth/mm
u,/(km-s™) Dy/(km-s™) u,/(km-s™) Dy/(km-s™) u,/(km-s™) Dy/(km-s™)

0 0.724 4.189 0.830 4.224 1.019 3.489
1 1.104 3.489
2 1.049 4.259
3 0.776 4.189 0.894 4.224 1.033 4.686
4 0.737 3.956 0911 4.521 1.118 4.726
5 0.732 3.796 0.938 4.229 1.282 4.546
6 0.766 3.864 1.034 4318 1.474 4.799
7 0.833 3.950 1.187 4.579 1.682 5.252
8 0.873 4.007 1.279 4.604 1.957 5.165
9 0.937 4.190 1.450 5.470

10 0.983 4.280 1.598 4.960

Shot 04 Shot 05 Shot 06
Depth/mm
w/kmsh  Dy(kms”) w/kms™)  Dg/(kms™) w/kmsh)  Dy(kms’)

0 1.096 4.164 1131 4955 1292 5.152
1 1113 4.164

2 1.122 4119

3 1.137 4.680 1.347 4.955 1.634 5.152
4 1.232 4.682 1.545 4.699 1.998 5.774
5 1.407 4.664 1.654 4.947 2.230 6.187
6 1.637 4.990 1.867 5.144 2.066 7.353
7 1.962 5.213 2.104 5.656 2.282 7.082
8 2.510 5.868 2.137 7.083 2.120 7.043
9 2.308 6.746
10 2.318 6.699 2.283 7.374

3.2 PBX-3tEZH) Pop X &

YEZG IR0 A5 R ) 55 30 55 R B x, (B 2 B R] 1) B SC R FRN Pop SRR, B T KE 2411 v i i
SRVERE . d1A U H RN R T 04 o R R A R B T B AR, R AR TR U R R A Y L R
23R AR RV . A vh AR RE T ), ek P A RS I e B RN EE O 0.5 mm, 455 IE
B HL AR 5 56 A8 (4 B 1R TR B, T LA 3] o e o B . AR S B AR 5, T LA S i s D A6
BRG] AR A 0 B (x- D), IR 3 iz o f B 3 A 9 SEEG B R 400 4 G 45 1 4R, HERER P IR R
S0 KE 245 1 SF- 357 e o o R O 2 R R, R AR UL R I 58 A B R S5 1 A RV ), 45 SRk 3
TN AR R 3 Bl v LS B0 B A SR ST AE 5.456 ~ 12.964 GPa U [l N AY PBX-3 #2451 Pop & R4
2k, ME 6 fif /R . Pop KR KK N

Ig xp = (2.013+0.133) - (1.236 +0.136)1g po )

R U M A 5T PBX-3 KE2Y B i i AR PR, K5 4l TATB 4525 TATB-1 A9 S2 50 550 iE 1 PBX-3 #E47
XFE, WnE 7 Bios . BB 7 AT PBX-3 4 Pop & R MR TE TATB-1 9 N U7, TEAHF A SR S50 T,
PBX-3 F| M % AT 8] B 40 . PBX-3 S /b HMX Hl TATB iR & BB MEZS, T HMX B85 1R 1 Fig
U L TATB &, it PBX-3 K25 ph i dg e VE e L 4l TATB B 4E 2 TATB-1 B Uk
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=3 PBX-3tEZ5 Pop XRHEXEH
Table3 Related parameters of PBX-3 explosive’s Pop-plot

Shot No. o/(gem™) po/GPa Xp/mm ty/us
01 1.900 5.456
02 1.900 6.754 9.439 2.224
03 1.900 8.743 7.329 1.674
04 1.900 9.354 6.257 1.421
05 1.900 10.341 6.234 1.292
06 1.900 12.964 4.143 0.785
}% - = PBX-3 6= PBX-3
= 12— Pop relationship of PBX-3 14+ e TATB-1
2 r E 12 [~ Pop relationship of PBX-3
= 10 = — Pop relationship of TATB-1
g9 g 10}
s 8r =
s 7t g st
] ]
s °f e °
8 St g o1
= =
8 8
a4 S
1g x,=(2.013+0.133)—(1.236+0.136)1g p, 4r
3 L L L L L L L L L L L L L L L L L L L L L
5 6 7 8 9 10 11 1213141516 6 7 8 9 10 11 12 13 1415161718
Initial shock stress/GPa Initial shock stress/GPa
& 6 PBX-3 #EZH) Pop X FH 7 PBX-3 Hl TATB-1 [ Pop %%
Fig. 6 Pop-plot of PBX-3 explosive Fig. 7 Pop-plots of PBX-3 and TATB-1 explosive

3.3 PBX-3 MR MX M

ZND( Zeldovich-von Neumann-Doring ) 155 784 J& —Fft 41 iR X 245 45 565 Ul 30 17 9 28 B A TR S 78 % 4% Je
252 Uk O 1T 2 PR RS P R AT — o R A RO X . X TR A R S, LS
Chapman-Jouguet( C-J) &, fk2% 52 1 26 1k B e 07 200 T B 28 C-J i, C-J TS o 45 00 B2 ik a3 X, B2 i
WERR B IX, WNIE 8 TR o KEZGAE & 2 AR e MR 22 I8, o ok J o 1 8 2 R 2 A K B, B 25 b 2% I
P HEAT, DRL 3 R 1 2k 238 1 A8 Ak T, R S ORE N R ER A BRI T A S 18 R B
b2 N 25 R, B R 52 B 48 8 W s ), RS C-) AR R AR B, e ORI E R T

W 306) frw, 412X i R kL1 T80 B2 T A5 3 B il £ A7 7R 15 5 s | {0 PBX-3 KE 2 AT
- AT A I S A 405 a5, T LA I e EUKE 24 B R A (RS2 ) 2% 0k A 5 ) AR T o
2R 23 B )RR HL B S 24 Y C-0 8, T 9 IR o

> 2.5
8 VN spike
s : 20t
o Taylor wave with @ <
) C-J state varied support E
- {/ N
& Shock / = 13
Q
front k]
<+ e S0t
| 2
Reaction | é’
zone | g 05
>
H 0 *« 2y I I 1 1 1
0 H 0 0.2 0.4 0.6 0.8 1.0 1.2
Distance Time/ps
P8 AR RN IX £ K9 6 ALz EIE
Fig. 8 Structure of the detonation reaction zone Fig. 9 Correction of 6 speed curves
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Sy T R I B R N X R[], R TR R R — B B I O S B B dE . E Shot 06 SEES (A SR
F1°4 12.964 GPa) 1, KEZ5FE G AE 4.143 mm A FF IR & A= Fa R MR35, BE ik B R ) 6 45 th £k (B 5~10 mm
TR b B R - 8B KA ) A8 AR TR 28 45 . 7E 0.226 ps Kb 6 S5 52 i 42 43 5, 43 5 B Sy 52 7 DX R 3 A
R C-J 5, Fh I AT A4k 2 R B ] R 0.226 uso ff s VE 24 k2 R IX F5 JE 1 S BT ok

X = jOT (Dcy — itp)dt (10)

A 7 Ak I R X FFLERT R, S 0.226 ws; D, & PBX-3 KEZ5HE i (1) C-J 1k 3E, b 7.86 km/s; iip K fb2F
J N DX ASE 2 I [] A 52 0 7 A -1 18 3 B2 () P R4 o i 3 it 2 B 40, 45 31 s g IX AR 82 15 ] P 52 s 7™
YR T-12 SN L RS, 25 A Absf O X HF L [R], 75 21 50 7= W) R TP 24 ) o 3% 4 Fr s 8udiE it o4
13BN A2 OO X B8R, Y(E N 1.449 mm, [l Py 4h2 3 10 32 BER R S B RT3 B 38 0 I ROE T
WHR, 256 AT BUERBILRUR 38 B R S 45 7 W 51T TATB FEAE 245 S X 58 . 35 5 91 i
THE AN EE SR TATB 325 09 SO0 X 58 BE RNt [a] . i T PBX-3 KEZY & A 2/ HMX, A HiAk
2N DX PR 47 8 B[] R s 07 IX. B B A 2 TATB 2510 T | A8

x4 PBXIMAHUFEREXIHSH

Table 4 Parameters of chemical reaction zone of PBX-3 explosive

Depth/mm u/(kms™) t/us x/mm Depth/mm u/(kms™) t/us x/mm
5 1.539 0.226 1.429 8 1.425 0.226 1.454
6 1.540 0.226 1.428 9 1.370 0.226 1.467
7 1.436 0.226 1.452 10 1.386 0.226 1.463

#*5 TATBEMEARHXEXEH

Table 5 Related parameters of reaction zone of TATB-based explosive

Shot No. x/mm t/us Source
PBX-3 1.449 £ 0.200 0.226 = 0.030 This work
PBX9502 2.1 0.28 Ref.[8]
JB-9014 1.5+£0.2 0.26 +0.02 Ref.[9]
JB-9014 1.75 0.31 Ref.[10]

4 & B

KM IR S5 R A€ AR S AL A SRR BT R, X R BB 2 PBX-3 R AT T
— 2P e S . R 1L A R R R T I A5 B A 24 d o 3R T B P RS [ R A 1 o U
R, I 3 A e R ER AR T 2 B ARG PR B S N A Y x-r C R MR . A S g A R T
T AP A T % B Ak o5 98 5 R 8 0, RO SR bt 3 BE D, 45 3] PBX-3 4 2 9 Hugoniot X & H
Dg=(3.102 + 0.140) + (1.234 + 0.115)u, AR X245 31 458 35 16 18] 55 BE 25 9 x-r K R &AW 0 ASFIE ), 15
2| iz e A 24 wh i A SR PE RE 9 Pop 2B N 1g xp = (2.013 £ 0.133)—(1.236 + 0.136)lg p,o KF ASE J1 K
12.964 GPa i} 35 FIHE 25 1 6 2l 3 1 2 18 2 A [ 28 o5, 3 52 B 6 2% i 42 14 43 B 05, 75 84k 2% J g IX.
I TH] 2 (0.226 + 0.030) ps, A2 R0 X 95 & 24 (1.449 + 0.200) mm.,

&% 3k
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Impact Initiation Characteristics of TATB Based Insensitive Explosives Mixed
with HMX by Electromagnetic Velocity Gauges

YANG Shuqi, ZHANG Xu, PENG Wenyang, SHU Junxiang, QIN Shuang, ZHONG Bin
(Institute of Fluid Physics, CAEP, Mianyang 621999, Sichuan, China)

Abstract: In order to study the growth law of the impact initiation reaction of high energy insensitive PBX-3
explosive based on tri-amino-tri-nitro-benzene (TATB), containing a small amount of Oktokin (HMX), a
one-dimensional plane impact test was carried out by the artillery-driven sapphire flyer method and the
aluminum-based embedded multiple electromagnetic particle velocity gauge technique. The Hugoniot
relationship of the unreacted PBX-3 explosive was obtained by measuring the velocity of the explosive on
the surface and different depths inside. The x-¢ of the explosive to the detonation time versus distance was
established by the data measured by the shock wave tracer, and the Pop-plot reflecting the explosive
initiation performance of the explosive was obtained. Six speed-to-detonation speed curves with an incident
pressure of 12.964 GPa were trimmed to the same zero point. The time and width of the chemical reaction
zone were obtained by reading the separation point of the six curves (the C-J point at the end of the reaction
zone).

Keywords: Oktokin (HMX); multiple electromagnetic particle velocity gauge; Hugoniot relationship; Pop-

plot; reaction zone
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