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Fig. 1. Dual narrow-band design of X-ray framing camera: (a) The imaging structure; (b) the quasi blackbody
radiation Planck spectrum of gold plasma is highlighted; (c) the M-band of gold plasma is highlighted. Based
on time-resolved X-ray framing camera, using the typical gold plasma emission spectrum (green line), the gold
microstrip MCP response spectrum (blue line), and the 1.5 pm Al and 3 ym Ti filter transmittance spectrum (black
line), the two narrow-band X-ray peaks (red line) at 0.8 keV and 2.5 keV are highlighted. 0.8 keV indicates Planck
spectrum of gold plasma and 2.5 keV indicates M-band of gold plasma respectively.

T AL B I HRIE R, fEM TR
AW B SR\ RO T 2E U7 S [ — 36 \ ,
T, X k5 I ATHL (XPC) K ki 20° f 7 1
XL S8 I 9 25 5 T AAIE B, S HE AR R L 2. K\j
000 5 DY B 5 300\ B R TN 1 R85 T N S, /

3 KBERSHA AN g
A
/
/

J\EE FEWOE N T ns T7 9, B 351 nm, HFRAEE
0.8 kJ. I R~F ¢1.0 mm x 1.0 mm, JEN HHOK
P 5 EEARR N 1.0 HlII‘l, JiEEE AR 2 pm E‘J{i\‘@iﬁ%, .

S 0.1 mm (f CHSCHE. #HSLIE SIS X623 AR Fig. 2. Experimental arrangement of the jet observa-
FUAE X i il 20° e A 77 L iy N T 25 5 7 tion in vacuum hohlraum.

AR IS B EUR, DA i 156 B TR OB o

RIS, XFC KM 550K, 23843 #% 20 pwm, B ~0.8 keV 1.0 mm
[1]43##0.1 ns 14171,

SEEG SR K 3, BRRE N &S AR E
R, 525 B TRIREE 38 B 404 K 1) AR
5 120 i X XURE B A4S BE AT (0 B[] 43 9% R A% 12
RE I8 UL AS [5) BE X X 7 A ok X 4 A R 45 5 1
A UL 2 1 i BE B BOE OB RO RS 29200 pm,
FHAR SO EHT 5 25 E 2R FE 25 2 383 um, BUHASEE R

WOGHT 7 i 5 WIS SO T 7 AR B S5 B 1A ) AR i L8 A

2 ) e R JETIR e 2= R A
BLAFPIBTH BRI T0 pen MOBIAL T2 S5 BTl I3 U N B T AR R A P
OHERRE B TR, 0.8 keV I XOGAEHOGIT o A1 Fig. 3. Images of plasma evolution in vacuum hohlraum

NG BE B R B X I AE 0 A, MR R BT observed by XFC.

235201-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 23 (2018) 235201

RIS, 5 B4 B F R g g, Hon] L 2R
O PS5BS TR FIAS B B ) IR, SRR B B T RE
Bl g 4 BE F R S 3z KT SRR O, 0.8 keV (1)) A
XL UG AR I T 48 51 3% 7 Planck 1% 88 B 1935 51 P,
2.5 keV [ XOGER i THOGHT th U LS, 4Bk
PR ST EA ZRE B, BORTT o s SR R O T
L7 BT 20 S5 O 485

HE A, S B = AN 5 R | 1 5
FA K, MBS —MYLH £ S HEE ML SHE
MLbAg g o190 Zsnah i, M &% 8 PRl T
WEZI N2 keV, EZ)0.2n, B 1.8 x 102! cm ™3,
PIEN P =0.2n x kT = 1.8 x 10*” m~3 x 1.38x
1072 J/K x 2.3 x 107 K (2 keV) = 5.7 x 10'" Pa;
FE37%1100 T PO W2 4 x 10° Pa, 82124 140,
T4 S =26 N Z il 2 5. SEE R H T2
B 11 L 25 (01 Fi B 9 s il 7 1 o S v, AR 4
FCHOUI T SRR, RIS B 3 x 108 V/m 1
I [F] A5 37, DA A ) HET TR R B

AR AR SR A8 R B IR R AT B Y ) %6 X
R4 O 00 7 R I 3ok 8 e 7 T 1) 3 A%, T S I ATV
SR 4 £ 02021 R R B sG55
B HREXETIREL 2 keV, £ T2 197,
& Z = 40792 = 40 x (2 keV)2 = 46 2] pHift
Z x T, 46 x 2 keV

m; - m; X 2

_ \/ 46 x 2 keV e

197 x 931 MeV
=212 km/s,

SIS AL 22 0.5 mm /0.6 ns = 833 pm/ns, £
N 3.9 K.

Cs =

X C

4 FARBREF AR T AR R A
HF AR AN I 8 K &

N T E SRR A R SR B S e, et T —
e R, BIERS ¢1.4 mm x 1.4 mm, LEH
1.4 mm, P78 0.40—0.73 atm (1 atm = 101325 Pa)
1) CsHyo UM LA S5 5 TR 3R 0is 3). IR
AT AR BB A — 3 b, J\BE IO 0.5 ns befiE
THUBK P10 2 s 77 % T Kk, BLRER 8 TR x (40 J Tl
Jik v +800 J FE k) = 6720 J, P K 351 nm, FEBE
0.5 mm. XFC RHMAEBEREHT 12, fER % EAR
RO U b 7 e ).

F XFC A I 2] [ B2 s F0 78 s P i 55
TR EE B b 4 fr R, AR SRIE T
)& 5 AR AL AR B P 5 s, AT O
AR TR, TS TR L IE ),
A B e S AR R B iR 2R DRI VR T L IR I
CsHyo/Au FHH, H 2 5 A CsHyo BIHIHI N Au i
DX I T L% R HMEAR ;%2 X Y 2 A 2, [X o — e
2R GERI VT RE S TR ) AR Mg R,
LR N N S e e R R AN R TR
H LSRR -ZR AR e ) L 45 2324 1 g A
LI 30 BEABA R A T ARG M FETTE ALY
i B B AT WL — 3£ 0.8 keV A2 47 1 X, 2.5 keV A
A RE BOULIN AN 3], 3% 2 58 5 Joe ol A R 55 25 14k
R, YRR AR P B S5 R — 2\
ANGBE A — BUAT BE 2 BB HOE Dh 2 A7 1 Fi 78

SERIF.

~0.8 keV

~2.5 keV

Vacuum

D
$1.4 mm

t4+0.90 ns t+0.85 ns

Gas filled

t40.90 ns

t+0.85 ns

K4 BRI U P i T AGE S F r b
Fig. 4. Comparison of the plasma movement in vacuum

hohlraum and gas-filled hohlraum.

5 Au 5 88 1 ia sh B s 12— 2 CsHyg
LB AL B D) P, AT AG S CsHyo/ Au FETH Ak
PR ) S B AR E PR R LB E
AuZE B TARIUE 5.7 x 10 Pa; CsHyp S5 5 1Ak
JENESESE 0.4 atm. %5 B R 468 (% 50 4 B4R T
A £ 48 FR FEEFR T 5 2 keV /300 K HI3RAH, HI
6.0x 101 Pa; H Al 5500 WL Fh A ot (1) &5 2 1 1
JE 1 EEA -1

Au R 7R 197, BN 46, BVFLESH 47 M
T CsHio P TE12x5+1x12 =72, CsHo & HL
BHO6+1) x5+ (1241) =481ME T, 5 AulE
T, SRR AMET, HEE TR E
(197/47)/(72/48) = 2.8 f%, RIHHIL T % FE pEAE.

235201-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 23 (2018) 235201

Filled with 0.40 atm CsHs

0.8 keV

2.5 keV

Filled with 0.73 atm Cs;Ho

—
c

&i}g i

0.8 keV -
-
2.5 keV . l’
0.7 ns

1.3 ns

1.9 ns 2.7 ns

K5 PR )T EER TRIZ s D L

Fig. 5. Comparison of the plasma movement under different pressures.

% W

TVE L AR A R h S5 B TR T DU A%, fE
S ke ANRRE BB R IR BT, JEBE X X 4R
SR IX | SRR X 2 P A5 B T AR DAAS R LS
2. EAPE T F RO R BB 35 WA R 455

5

T TR S U R T A R W AR L A RE D
R, Bt 1Rl (8 A X R BOAE BE Al X O

8] 3 R A% T7 15, 43 A 9R 5 0.8 keV A1 2.5 keV, BJI
4 5 B M U PR AR S Planck 5 A1 M
RN TS YR A N B
) R RO ey e b UL S M R SR N
SHL, A3 AT T P AR L S e e o AR R
S, BOAE T HOE S AR AT A 30T B I A% 7S A
FF. AR B0H BRI AP B2 X 5 S ks
By, T PR S AL LT R 8 B A A R
5E T 51D B DX R U 4 i A [X P — B 22 0R 25 4
LG, AT T FHHAL B 77~ 0% 2 R0 2 AR
L.

M b

i He £X,

S L ] 2 AN ROl TIT R R0 3% Bz 47 i [R) o 5
AR I, O 5 2R S A 1R

S0k

(1]
2]

235201-4

Atzeni S, Meyer-ter-Vehn J 2004 The Physics of Inertial
Fusion (Oxford: Clarendon Press) p131

Lindl J D, Amendt P, Berger R L, Glendinning S G,
Glenzer S H, Haan S W, Kauffman R L, Landen O L,
Suter L J 2004 Phys. Plasmas 11 339

LiH, PuY D, Jing L F, Lin Z W, Chen B L, Jiang W,
Zhou J Y, Huang T X, Zhang H'Y, Yu R Z, Zhang J
Y, Miao W Y, Zheng Z J, Cao Z R, Yang J M, Liu S
Y, Jiang S E, Ding Y K, Kuang L Y, Hu G Y, Zheng J
2013 Acta Phys. Sin. 62 225204 (in Chinese) [Z2fii, 7
SR, ST, MREER, BROME, S, LT, SR, Kl
[, THiZ, skakZ, BICH, MER, MR, HERE, XHE
v, DR TR, B, BT H, IR 2013 PR
62 225204]

Glenzer S H, Alley W E, Estabrook K G, de Groot J
S, Haines M G, Hammer J H, Jadaud J P, Macgowan
B J, Moody J D, Rozmus W, Suter L. J, Weiland T L,
Williams E A 1999 Phys. Plasmas 6 2117

Foster J M, Wilde B H, Rosen P A, Perry T S, Fell M,
Edwards M J, Lasinski B F, Turner R E, Gittings M L
2002 Phys. Plasmas 9 2251

Li C K, Seguin F H, Frenje J A, Rosenberg M, Petrasso
R D, Amendt P A, Koch J A, Landen O L, Park H S,
Robey H F, Town R P J, Casner A, Philippe F, Betti
R, Knauer J P, Meyerhofer D D, Back C A, Kilkenny J
D, Nikroo A 2010 Science 327 1231

Cao Z R, Li S W, Jiang S E, Ding Y K, Liu S Y, Yang
JM, Zhang HY, Yang Z H, Li H, Yi R Q, He X A 2010


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.1578638
http://dx.doi.org/10.7498/aps.62.225204
http://dx.doi.org/10.1063/1.873499
http://dx.doi.org/10.1063/1.1468858
http://dx.doi.org/10.7498/aps.59.7170
http://dx.doi.org/10.7498/aps.59.7170

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 23 (2018) 235201

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Acta Phys. Sin. 59 7170 (in Chinese) [##E%¢, 28 =1,
YIADIE, TR, B, B, S B IEAE, B, 5
ST, /N 2010 PIELAAAR 59 7170]

Budil K S, Perry T S, Bell P M 1996 Rev. Sci. Instrum.
67 485

Dewald E L, Rosen M, Glenzer S H, Suter L. J, Girard
F, Jadaud J P, Schein J, Constantin C, Wagon F, Huser
G, Neumayer P, Landen O L 2008 Phys. Plasmas 15
072706

Rochau G A, Bailey J E, Chandler G A, Nash T J,
Nielsen D S, Dunham G S, Garcia O F, Joseph N R,
Keister J W, Madlener M J, Morgan D V, Moy K J, Wu
M 2006 Rev. Sci. Instrum 77 10E323

Yuan Z, Liu S'Y, Xiao S L, Cao Z R, Li H, Wang L W
2009 Acta Phot. Sin. 38 2495 (in Chinese) [F#t, XI1H
b, b E, WS, B0, ERiR 2009 J6F 4 38 2495
Riodel M S, Dejus R J 2004 AIP Conference Proceedings
705 784

Yuan Z, Dong J J, Li J, Chen T, Zhang W H, Cao Z R,
Yang Z W, Wang J, Zhao Y, Liu S Y, Yang J M, Jiang
S E 2016 Acta Phys. Sin. 65 095202 (in Chinese) =%,
AR, B, R, KoOE, WHR, B, 5, B,
XN, B, T 2016 P AEHR 65 095202]

Li H, Song T M, Yang J M, Zhu T, Lin Z W, Zheng
J H, Kuang L Y, Zhang H'Y, Yu R Z, Liu S Y, Jiang
S E, Ding Y K, Hu G Y, Zhao B, Zheng J 2015 Phys.
Plasmas 22 072705

LiH,LiS W, ZhouJ Y, Zhang HY, Cao Z R, Yi R Q,
Liu SY, Ding Y K 2009 High Power Laser and Particle
Beams 21 699 (in Chinese) [Z2fi, 2=, A5, ki
&, AR, SoRiE, XMEME, Tk 2009 SREOE S RF R
21 699]

Nilson P M, Willingale L, Kaluza M C, Kamperidis C,
Minardi S, Wei M S, Fernandes P, Notley M 2006 Phys.
Rev. Lett. 97 255001

(17]

21]

22]

(23]

24]

235201-5

Zhong J Y, LiY T, Wang X G, Wang J Q, Dong Q L,
Xiao C J, Wang S J, Liu X, Zhang L, An L, Wang F L,
Zhu J Q, GuY A, He X T, Zhao G, Zhang J 2010 Nat.
Phys. 6 984

MaY Z, Xu BB, Ge ZY, Gan L F, Meng L, Wang S
W, Kawata S 2018 Phys. Plasmas 25 042706

GuoHY, Wang L F, Ye WH, WuJF, Zhang W'Y 2017
Chin. Phys. B 26 125202

Li CK, Seguin F H, Frenje J A, Petrasso R D, Amendt P
A, Town R P J, Landen O L, Rygg J R, Betti R, Knauer
J P, Meyerhofer D D, Soures J M, Back C A, Kilkenny
J D, Nikroo A 2009 Phys. Rev. Lett. 102 205001
Zel’dovich Ya B, Raizer Yu P 2002 Physics of Shock
Waves and High- Temperature Hydrodynamic Phenom-
ena (Mineola, NY: Dover) p522

Schneider M B, Hinkel D E, Landen O L, Froula D H,
Heeter R F, Langdon A B, May M J, McDonald J, Ross
J S, Singh M S, Suter L J, Widmann K, Young B K,
Baldis H A, Constantin C, Bahr R, Glebov V Y, Seka
W, Stoeckl C 2006 Phys. Plasmas 13 112701

Li C K, Seguin F H, Frenje J A, Rosenberg M J,
Rinderknecht H G, Zylstra A B, Petrasso R D, Amendt
P A, Landen O L, MacKinnon A J, Town R P J, Wilks
S C, Betti R, Meyerhofer D D, Soures J M, Hund J,
Kilkenny J D, Nikroo A 2012 Phys. Rev. Lett. 108
025001

Li C K, Ryutov D D, Hu S X, Rosenberg M J, Zyl-
stra A B, Se’guin F H, Frenje J A, Casey D T, Johnson
M G, Manuel M J E, Rinderknecht H G, Petrasso R
D, Amendt P A, Park H S, Remington B A, Wilks S
C, Betti R, Froula D H, Knauer J P, Meyerhofer D D,
Drake R P, Kuranz C C, Young R, Koenig M 2013 Phys.
Rev. Lett. 111 235003


http://dx.doi.org/10.7498/aps.59.7170
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.1146616
http://dx.doi.org/10.1063/1.1146616
http://dx.doi.org/10.1063/1.2943700
http://dx.doi.org/10.1063/1.2943700
http://www.photon.ac.cn/CN/abstract/abstract14741.shtml
http://dx.doi.org/10.1063/1.1757913
http://dx.doi.org/10.1063/1.1757913
http://dx.doi.org/10.7498/aps.65.095202
http://dx.doi.org/10.1063/1.4923427
http://dx.doi.org/10.1063/1.4923427
http://dx.doi.org/10.1103/PhysRevLett.97.255001
http://dx.doi.org/10.1103/PhysRevLett.97.255001
http://dx.doi.org/10.1038/nphys1790
http://dx.doi.org/10.1038/nphys1790
http://dx.doi.org/10.1063/1.5021137
http://dx.doi.org/10.1088/1674-1056/26/12/125202
http://dx.doi.org/10.1088/1674-1056/26/12/125202
http://dx.doi.org/10.1103/PhysRevLett.102.205001
http://dx.doi.org/10.1063/1.2370697
http://dx.doi.org/10.1103/PhysRevLett.108.025001
http://dx.doi.org/10.1103/PhysRevLett.108.025001
http://dx.doi.org/10.1103/PhysRevLett.111.235003
http://dx.doi.org/10.1103/PhysRevLett.111.235003

) I8 % 48 Acta Phys. Sin. Vol. 67, No. 23 (2018) 235201

Observation of hydrodynamic phenomena of plasma
interaction in hohlraums™

Li Hang"? Yang Dong"? Li San-Wei? Kuang Long-YuY? Li Li-Ling"?
Yuan Zheng"? Zhang Hai-Ying" Yu Rui-Zhen Yang Zhi-Wen? Chen TaoV
Cao Zhu-Rong? Pu Yu-Dong? Miao Wen-Yong" Wang Feng" Yang Jia-Min")

Jiang Shao-EnY?  Ding Yong-KunY? Hu Guang-Yue? Zheng Jian?

1) (Laser Fusion Research Center, Chinese Academy of Engineering Physics, Mianyang 621900, China)
2) (Basic Plasma Key Laboratory of Chinese Academy of Sciences, University of Science and Technology of China,

Hefei 230026, China)
( Received 19 July 2018; revised manuscript received 16 October 2018 )

Abstract

In indirect-drive inertial confinement fusion (ICF), laser beams are injected into a high-Z hohlraum and the laser
energy is converted into intense X-ray radiation, which ablates a capsule located in the center of the hohlraum, and thus
making it implode. To achieve high implosion efficiency, it is required that the hohlraum inner wall plasma movement,
which will block further laser injection through the laser entrance hole (LEH), be suppressed. Evolution of hohlraum
radiation nonuniformity caused by the plasma movement will result in implosion asymmetry which will prevent the
ignition from happening. Therefore it is very important to study the hydrodynamic movement of high-Z plasma in ICF
experiment.

In ICF hohlraum, various plasmas of laser spots, corona, radiation ablation and jets move in different ways driven
by laser ablation and X-ray radiation ablation, which is hard to observe and study. An X-ray dual spectral band
time-resolved imaging method is developed to clearly observe the motion of various plasmas in hohlraum. Based on the
time-resolved X-ray framing camera, using the typical gold plasma emission spectrum, the gold microstrip MCP response
spectrum, and the 1.5 pm Al or 3 um Ti filter transmittance spectrum, the two narrow-band X-ray peaks at 0.8 keV and
2.5 keV are highlighted. The 0.8 keV X-ray shows the Planck spectrum of gold plasma, and 2.5 keV X-ray indicates the
M-band of gold plasma.

In the vacuum hohlraum, jets are observed clearly, which are verified to be 4 times the sound speed experimentally.
The generation mechanism of gold plasma jets in the ICF hohlraum is mainly due to collision rather than magnetic
field, because it is estimated that thermal pressure is much bigger than magnetic pressure. In the gas-filled hohlraum,
low-Z CsHi2 gas can effectively eliminate high-Z gold jets and suppress the high-Z gold coronal plasma movement. The
interface between the low-Z and high-Z substance is observed clearly, and gold plasma is accumulated obviously in the
later period at the interface. Moreover, spike and filamentous structure occur at the interface between the two substances,
which is probably caused by the hydrodynamic instability. The 0.8 keV rather than 2.5 keV X-ray is observed around
inner wall, which originates from the low-temperature plasma driven by radiation ablation and is predicted by simulation
code. Furthermore, the pressure balance between the two substances and the density steepness at the interface are also

analyzed.
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