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Fig. 1. Density distribution of isochoric pre-compressed

plasma in double-cone ignition scheme.
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Fig. 2. (a) Density and temperature of isochoric pre-assembled plasma. (b) The temperature, density, and pressure distribution of

the isochoric pre-assembly plasma in the burning process given by O-SUKI-N. The target is divided into central burning zone, shock

wave, and cold fuel by density. The initial hotspot temperature is 9 keV, and the reference value is Tp = 5keV, pg =

100 g/ce, Py = 103 Gbar .
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Fig. 3. The plasma parameters and o-particle absorption peak during burning process given by O-SUKI-N, and the initial hotspot

temperature is 9 keV : (a) Density distribution (blue), o-particle deposition nqwes distribution (red); (b) temperature T, density of

plasma p and «-particle deposition nqweq -
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Production and deposition of o -particles in uniform spherical hotspots.
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ig. 5. Distribution of —— -~ (blue solid line), p or

PR DR W 1L, T,

ERBEPEE  (a)Th = 10.99 keV ; (b) Tj, = 14.46 keV ;

(blue dashed line) and a-particle deposition nawea (red solid line) in the

burning process when the initial hotspot temperature is 9 keV given by O-SUKI-N. The black dashed line corresponds to the

position of the shock peak, and T} is the average temperature of the hotspot (a) Tp = 10.99 keV ;

(c) Th = 22.65 keV .

(b) Tp =14.46 keV ;

055204-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 5 (2024)

055204

To=9 keV, pp =300 g/cc
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Fig. 6. Comparison of results of semi-analytic model,
Krokhin model, and O-SUKI-N under different conditions.
The black dashed line indicates the end of the early stage of

ignition.
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Fig. 7. Comparison of non-uniform deposition function
foon (R) and fosu (R) at the stable zone edge of the non-
uniform deposition mode model with O-SUKI-N.

3.2 EFIIE: REFIREESN

KUHE X 1 K TT S PR T R DR RE R 1Y
7 AU A8 35 3 TR b AR BABRE, TS50
bR 7 S RE R AR —E R, n RIS
SO PR T SRR A DR ACRE B DRI, M i
BTASERL S A R, 5 SRR f2 X s K A2 1) i
WA TR 3 A K A0 S 205 TR o 221 25 25 T B2 A 2 A
PERY 57 AR EONPE IR, T U] TPl P 5k
PERERIO S, . RIS, i BBl 5 B AR
SEARR B HURE, o RESS LA RN AR A 1 KA 14
REMAAIA.

WP IR AU FRAE R, I HAERLAL L

TE R — 5 B BERIE B . R 4E Solodov Al Betti
B PR AR A 20 23] 25 B4R Ry = (2)

0.82E2 ; p \0.07 /T "%
= (= = 1
pT) 0.44+E(300) <5) - (19

AR F AR AR B AR MeV , BREHE B p
) B A g/ce, BRRHRE T 1 5002 keV, T2
() AL em . Y PHF S RE R —E N, BER B
TR PR 5™ A B TR AR /)N, LI R 5
TR R, Y R —
i, BB B AP TSRO B AR RE AR AR B /= 1Y
S5 AR SHONABE - YR B, ST R TS8R AR ik
FE 25, WA S Bk, S T W iF R i b (45
W, T O-SUKI-N FEFHEAT T X5 He. Xof He & Bk
e, T BBE R 2 kIR 3 kI I, R bR A ) 57
FRSH02 Pr FABEV-HEE T 485 BUE AR

10 25
(a) —— Semi-anlytic
#» OSUKI
st 120
Z 3
o | -
g 6 %5
) )
- 50
=) ©
= 4af 10 g
g >
£ <
2} q5
0 0
0.65 0.70 0.75 0.80 0.85 0.90 0.95
Electron energy/MeV
80
(b) Semi-anlytic
* OSUKI
60
o 40} *
*
20 b * ok
*
*
0
0.6 0.7 0.8 0.9 1.0

Electron energy/MeV

Pl 8 Pers 7 R RR A 3 kI AR N AR AT A5 B 5 (A 4
F2J¥ O-SUKI-N Xf Lt (a) s W) 45 2 I 2] (4 R B 55 4%
SR Pr (W E) MMABEPIWREE T (A @) 3L (b) okl
TR Qa

Fig. 8. Comparison between the semi-analytical model and
the simulation program O-SUKI-N when the total fast elec-
tron energy is 3 kJ: (a) Comparison of the Lawson paramet-
er Pr (blue) and average temperature 7 (red) of the hot-
spot at the end of the early stage of ignition; (b) comparis-
on of Qq .

055204-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 5 (2024)

055204

JP i G, Hob 3 kI BE5 R 8(a) s, X1
SRS TP FRA A R i (5% B M AL G T
FH BB B) A B 29 AR 7, FF il Al 8 T it 72
RAFF=HE. O-SUKI-N &7 i3 R0, X FER 1k
BT LU N R AR T2 RE (H o b F ISR Q. =
Eo/Eo FAE) WA LFS, If HABIIE T 55 5351
HIEE R, i 8(b) Frw.

g AT AR AR A I, 8 = A5
FAHRIAABE 1) 25 25 TR PR AR AL B & T 80F = i R
AR, RENSHETH I 3 BB KA R 1 £

SO, 2 ST S A ARE.

AR5 ) A A0 X 4 A AT AR (%) e fige 1
PRI IE AR, 2A5 TR B % 45 hy v fy b 220 07 252 25 T
PRI ) R0 e . T A T T A A
P, A TR A BE RS TP 2 H I ) — LR
fEEAGTE, AT LA EUE R S HGEFR AL LB it
5%,

4 B %

ABIFGEEE ST T A S A T 40 5 B AR A
BEW BRI AL 4G 1 AT AT, 28t T AR5 70
PR AR ORI B 5 S, 30T T B o RS
FEEM ARG, IR AT BT
8 KO P P R R X B R Y R

AR i R A IR B T o R A
UM, 2 5 BEEBEAE 55 S 7= A 1) KR
53 o B ERUTRRAE R I W LAY, R G AT DA A i i
(12 A7 R 8 AR AR PRI R AT (1) 1 L. [+
B, SEZS TRPFRE AR B BEAEAE o R 7 R
AITELE: o b SRR T IR IR E X
SRR I I, T 25 0 I L I FAA R
RERA R, PO BABE X P 8 o kL T A2 5T TR
R & AN AT 20 B, I B EEST T b AR e X
TRy 7 FR . FRATTE R FH 4R 3 A FE )P O-SUKI-
N XA T T 55 0E.

I FH 2 gt T A AR AT AP b A 25 25 TP 2
BERIERBE I AL R, IR BT bl s 7 SR BB 2 1Y)
. AR BE D FARE R —EM AT, fE
SR A P L R BB AT B R 3 v TR AR,
BRI TP K.

PRI Ao 153 80 A A2 1) 45 25 TR 2 4 B8 (A v A
BEFESCES FXELASCEE, Fr AASHIFGT 45 H 0 2 A p s
RULFAE—E 1 Jmy FRAE. A ANk, 78 SEBR 1 S5 25 T

P45 B IR UK SE g rh, MRARTT LUK 1A
HFRBE I 5E S XET AR LR A ABE,
AT LATHR AR o RE A SO R, HE TS 2
it AT P PSR B 0 2 R T A 1) 5 R

S 3k

[1] Nuckolls J, Wood L, Thiessen A, Zimmerman G 1972 Nature
239 139
[2] Tabak M, Hammer J, Glinsky M E; Kruer W L, Wilks S C,
Woodworth J, Campbell E M, Perry M D, Mason R J 1994
Phys. Plasmas 1 1626
[3] Zhang J, Wang W M, Yang X H, Wu D, Ma Y Y, Jiao J L,
Zhang Z, Wu F Y, Yuan X H, Li Y T, Zhu J Q 2020 Philos.
Trans. R. Soc. London, Ser. A 378 20200015
] Lan K 2022 Matter Radiat. Extrem. 7 055701
| Tollefson J, Gibney E 2022 Nature 612 597
| Lawson J D 1957 Proc. Trans. R. Soc. London, Ser. B70 6
] Atzeni S, Meyer-ter-Vehn J 2004 The Physics of Inertial
Fusion (New York : Oxford University Press) pp44, 48
[8] Olson R E, Leeper R J, Yi S A, et al. 2016 J. Phys. Conf.
Ser. 717 012042
[9] Patel P K, Springer P T, Weber C R, et al. 2020 Phys.
Plasmas 27 050901
[10) Yang M Q, Wu F Y, Chen Z B, Zhang Y X, Chen Y, Zhang
J C, Chen Z Z, Fang Z F, Rafael R, Zhang J 2022 Acta Phys.
Sin. T1 225202 (in Chinese) (M 4T, FARIR, PRECH, KM,
Wi—, 3B, BRBUA, ki JL, Rafael Ramis, 3kZ% 2022 ¥ #1
ELirag! 225202]
[11] Zhang Z, Yuan X H, Zhang Y H, Liu H, Fang K, Zhang C L,
Liu Z D, Zhao X, Dong Q L, Liu G Y, Dai Y, Gu HC, Li Y
T, Zheng J, Zhong J Y, Zhang J 2022 Acta Phys. Sin. T1
155201 (in Chinese) [3k&k, FEIRME, sKBT, XIE, AT, AL
Je, XNIEAR, B, #AT), X, B, F R, ZER, B,
FREEDS, BRk7S 2022 PFEEHE 71 155201
[12] WuF, Yang X, Ma Y, et al. 2022 High Power Laser Sci. Eng.
10 el2
[13] Song H, Wu F, Sheng Z, Zhang J 2023 Phys. Plasmas 30
092707
[14] Xu Z, Wu F, Jiang B, Kawata S, Zhang J 2023 Nucl. Fusion
63 126062
[15] Nakamura H, Uchibori K, Kawata S, Karino T, Sato R,
Ogoyski A 12022 Comput. Phys. Commun. 272 108223
[16] Ramis R, Meyer-ter-Vehn J, Ramirez J 2009 Comput. Phys.
Commun. 180 977
[17] Wu F, Chu Y, Ramis R, et al. 2018 Matter Radiat. Extrem. 3
248
[18] Krokhin O N, Rozanov V B 1973 Sov. J. Quantum Electron.
2 393
[19] Fraley G S 1974 Phys. Fluids 17 474
[20] Frenje J A, Grabowski P E, Li C K, et al. 2015 Phys. Rev.
Lett. 115 205001
[21] Spitzer L 2006 Physics of Fully Ionized Gases (2nd rev. ed.)
(Mineola, NY: Dover Publications) p170
| Zylstra A B, Hurricane O A 2019 Phys. Plasmas 26 062701
[23] Solodov A A, Betti R 2008 Phys. Plasmas 15 042707
| Betti R, Hurricane O A 2016 Nat. Phys. 12 435
| Zylstra A B, Huwrricane O A, Callahan D A, et al. 2022
Nature 601 542

055204-9


https://doi.org/10.1038/239139a0
https://doi.org/10.1038/239139a0
https://doi.org/10.1038/239139a0
https://doi.org/10.1038/239139a0
https://doi.org/10.1038/239139a0
https://doi.org/10.1038/239139a0
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/5.0103362
https://doi.org/10.1063/5.0103362
https://doi.org/10.1063/5.0103362
https://doi.org/10.1063/5.0103362
https://doi.org/10.1063/5.0103362
https://doi.org/10.1063/5.0103362
https://doi.org/10.1063/5.0103362
https://doi.org/10.1038/d41586-022-04440-7
https://doi.org/10.1038/d41586-022-04440-7
https://doi.org/10.1038/d41586-022-04440-7
https://doi.org/10.1038/d41586-022-04440-7
https://doi.org/10.1038/d41586-022-04440-7
https://doi.org/10.1038/d41586-022-04440-7
https://doi.org/10.1038/d41586-022-04440-7
https://doi.org/10.1088/0370-1301/70/1/303
https://doi.org/10.1088/0370-1301/70/1/303
https://doi.org/10.1088/0370-1301/70/1/303
https://doi.org/10.1088/0370-1301/70/1/303
https://doi.org/10.1088/0370-1301/70/1/303
https://doi.org/10.1088/0370-1301/70/1/303
https://doi.org/10.1088/0370-1301/70/1/303
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1088/1742-6596/717/1/012042
https://doi.org/10.1063/5.0003298
https://doi.org/10.1063/5.0003298
https://doi.org/10.1063/5.0003298
https://doi.org/10.1063/5.0003298
https://doi.org/10.1063/5.0003298
https://doi.org/10.1063/5.0003298
https://doi.org/10.1063/5.0003298
https://doi.org/10.1063/5.0003298
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220948
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.7498/aps.71.20220361
https://doi.org/10.1017/hpl.2022.4
https://doi.org/10.1017/hpl.2022.4
https://doi.org/10.1017/hpl.2022.4
https://doi.org/10.1017/hpl.2022.4
https://doi.org/10.1017/hpl.2022.4
https://doi.org/10.1017/hpl.2022.4
https://doi.org/10.1063/5.0159764
https://doi.org/10.1063/5.0159764
https://doi.org/10.1063/5.0159764
https://doi.org/10.1063/5.0159764
https://doi.org/10.1063/5.0159764
https://doi.org/10.1063/5.0159764
https://doi.org/10.1088/1741-4326/ad08e6
https://doi.org/10.1088/1741-4326/ad08e6
https://doi.org/10.1088/1741-4326/ad08e6
https://doi.org/10.1088/1741-4326/ad08e6
https://doi.org/10.1088/1741-4326/ad08e6
https://doi.org/10.1088/1741-4326/ad08e6
https://doi.org/10.1016/j.cpc.2021.108223
https://doi.org/10.1016/j.cpc.2021.108223
https://doi.org/10.1016/j.cpc.2021.108223
https://doi.org/10.1016/j.cpc.2021.108223
https://doi.org/10.1016/j.cpc.2021.108223
https://doi.org/10.1016/j.cpc.2021.108223
https://doi.org/10.1016/j.cpc.2021.108223
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.cpc.2008.12.033
https://doi.org/10.1016/j.mre.2018.06.001
https://doi.org/10.1016/j.mre.2018.06.001
https://doi.org/10.1016/j.mre.2018.06.001
https://doi.org/10.1016/j.mre.2018.06.001
https://doi.org/10.1016/j.mre.2018.06.001
https://doi.org/10.1016/j.mre.2018.06.001
https://doi.org/10.1070/QE1973v002n04ABEH004476
https://doi.org/10.1070/QE1973v002n04ABEH004476
https://doi.org/10.1070/QE1973v002n04ABEH004476
https://doi.org/10.1070/QE1973v002n04ABEH004476
https://doi.org/10.1070/QE1973v002n04ABEH004476
https://doi.org/10.1070/QE1973v002n04ABEH004476
https://doi.org/10.1063/1.1694739
https://doi.org/10.1063/1.1694739
https://doi.org/10.1063/1.1694739
https://doi.org/10.1063/1.1694739
https://doi.org/10.1063/1.1694739
https://doi.org/10.1063/1.1694739
https://doi.org/10.1063/1.1694739
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1103/PhysRevLett.115.205001
https://doi.org/10.1063/1.5101074
https://doi.org/10.1063/1.5101074
https://doi.org/10.1063/1.5101074
https://doi.org/10.1063/1.5101074
https://doi.org/10.1063/1.5101074
https://doi.org/10.1063/1.5101074
https://doi.org/10.1063/1.5101074
https://doi.org/10.1063/1.2903890
https://doi.org/10.1063/1.2903890
https://doi.org/10.1063/1.2903890
https://doi.org/10.1063/1.2903890
https://doi.org/10.1063/1.2903890
https://doi.org/10.1063/1.2903890
https://doi.org/10.1063/1.2903890
https://doi.org/10.1038/nphys3736
https://doi.org/10.1038/nphys3736
https://doi.org/10.1038/nphys3736
https://doi.org/10.1038/nphys3736
https://doi.org/10.1038/nphys3736
https://doi.org/10.1038/nphys3736
https://doi.org/10.1038/nphys3736
https://doi.org/10.1038/s41586-021-04281-w
https://doi.org/10.1038/s41586-021-04281-w
https://doi.org/10.1038/s41586-021-04281-w
https://doi.org/10.1038/s41586-021-04281-w
https://doi.org/10.1038/s41586-021-04281-w
https://doi.org/10.1038/s41586-021-04281-w
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 5 (2024) 055204

Formation of fast-ignition hotspots and propagartion of
burning waves in pre-compressed isochoric plasmas’

Wang Mei-Qiao')  Xu Ze-Kun?  Wu Fu-Yuan®%  Zhang Jie 2391
1) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)
2) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)
3) (Key Laboratory of Laser Plasmas, Ministry of Education, School of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China)
4) (IFSA Collaborative Innovation Center, DCI Joint Team, Shanghai Jiao Tong University, Shanghai 200240, China)

( Received 13 September 2023; revised manuscript received 24 November 2023 )

Abstract

The formation and evolution of hotspots is important for achieving ignition and high energy gain in inertial
fusion process. However, most of relevant studies are carried out on pre-compressed plasmas with an isobaric
configuration, the evolution of the hotspot in a plasma with an isochoric configuration is rarely studied. In this
paper, a semi-analytical model is developed to describe the evolution of the hotspot boundary and propagation
of fusion burning waves for a high-density pre-compressed plasma with an isochoric configuration in the double-
cone ignition scheme. For the shock wave, the strong shock wave approximation and the quasi-isobaric
approximation are reasonable. The quasi-isobaric approximation shows that as the plasma density behind the
shock wave increases, the plasma temperature decreases. Because of these, the range of «-particles decreases
rapidly behind the shock wave, forming an «-particle absorption peak. Therefore, considering that the hotspot
is the main region where «-particles are produced and deposited, the position of the shock peak can be used to
identify the boundary of the hotspot in a high-density plasma with an isochoric configuration. It also shows that
a “self-regulating burning process” exists in the burning process of the isochoric hotspot, most of «-particles are
deposited in the stable region and behind the shock, and finally, transport through the shock peak and heat the
cold fuel, resulting in the temperature rising. In the high-density hotspots of plasma with an isochoric
configuration, the deposition of a-particles behaves as an obvious non-uniform distribution effect. By analyzing
the non-uniform deposition of a-particles, the deposition rate of a-particles at the edge of spherical uniform
hotspot is calculated, then the temperature and density evolution of the isochoric hotspot can be well described.
The model can be used to estimate the Lawson parameter of the hotspots at the end of the early stage of
ignition. It is found that a lower fast electron energy is more beneficial to ignition and high gain operation of
fusion plasma. It is also shown that the high density of the hotspots in the isochoric plasma will lead to a higher
fusion burning rate, which can offset the negative influence of the shock wave and even achieve higher energy

gain. The semi-analytical model is verified by the hydrodynamic simulations of O-SUKI-N.
Keywords: pre-compressed isochoric plasma, fast ignition, hotspot evolution, «-particles deposition
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