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Fission trigger
Chemical explosive
Berylllum Fusion device
Plutonlum-239 ;I;gnium-zasnr

Lithium deuteride
(fuslon fuel)
Uranlum-235

.

?E#Z“;m'"mum Foam Uranlum-238 case

MIRV length: 5.7 feet MIRV base diameter: 1.8 feet
Explosive power: 300,000 tons of TNT
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John Nuckolls
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19574F, E. Teller giAn~FF A BT AERhAIEAZTAE J. Nuckolls 12H
T 2Aa)f, EHBEIHRAEH TREE

Two key questions and answers (1958-1960)

1. What is smallest possible high gain fusion explosion?

Answer:

* less than 10'3g of DT; 106] to implode/ignite

* compress 1000 fold via mini radiation implosion

2. How to drive radiation implosion without fission primary?

Answer: develop "non-nuclear primary" with
stand-off, repetitive, pulse shaping potential

“ J. Nuckolls, Early Steps Toward Inertial Fusion Energy (IFE) 1952-1962,
UCRL-ID-131075 (1998)
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Micro-fusion approach to IFE (1959-1960)

Primary"
Pulsed Energy
Source 10°) Beam M
) Meters ;
Charged Particle | JAeters, Ca
Accelerator
Pulsed Power
Plasma Gun
Pellet Gun

etc.

P [ e | Fusi

Calculation of radiation implosion of 10-*g DT (1960)

"Fissionless S Low initial DT density (0.01g/cm3)

\ \ DT contained by thin dense shell
i}o

Hohlraum temperature 240 ev
Compression of DT to > 50g/cm3

Burn efficiency > 50%

Gain ~ 10 (5 M]J input, 50 MJ fusion)

Blosion
Chamber

T wall
Low cost high gain fusion capsule design (1961) Nuckolls 'ﬁ I:P'L\ ﬁxﬁﬁ
- A S
J. Nuckolls BIFFREE RZ LR U AT 0 RN T
R, ZARREERMARREMRNEES
Energy KFER. RER 60 ZFRMARER, J.

Capsule

Nuckolls{3 2 i E BRI BMA MR E,

S5XEMERSAXEZE(NIF) LRI AR
Time —H. BREARBERR, XBIRIIFSR

TRz B REEBE IR

Pulse Shape

Implosion to 1000g/cm3, Ignition (from center)
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- T. Maiman F1960F X AR/ R, SERFERHHBINISMEREARSIMRENENFE,
FIE T SRE . HAFFRIFRR.

* 1961-19624F, XEM R. Kidder & A FFIAFEEEARILE

On the Production of Plasma by Giant Pulse Lasers

S

ALK

FIRRREBRTTEIA,;

19634E, 7BxHY N. G. Basov and O. N. Krokhin £
ZEERETETERS LERATRE THA B
SLIBT R EIE;

19644, =[EH J. M. Dawson %% T % T F Bt
SHESERTHNIL; FE, FEMNTEEEUREIR
SRR B A BT REN

19664F, EEH J. W. Daiber ZANF LR T ¥t
BIREHAIBERIL

19684F, 77ExHY N. G. Basov 5 AJRIE T HLig R
TR R FRISSRGER; FE, EEHR. Kidder
ERTHAERMERRSERERBHZERETH T
BRI R

19714E, FREXAY N. G. Basov 7TE NS E FIFEELE
RAERS Eigd, FIABFAETZIT 100-1000
BN EEESE, HAHTHLEESEREEEC
BH%R E p2; FE4E, N.G. Basov Fil & imE
MEERTER, RETICHWETHF,

Plasma Physics Labor
(Received 10 October 19

Laser-Generated Implosions

J. W. DarBer, A. HERTZBERG, aND C. E. WrrTLIFF
Cornell Aeronautical Laboratory, Inc., Buffalo, New York
(Received 22 December 1965)

By using a weak spherical blast wave to shape the initial
density distribution, the laser energy can be preferentially
coupled to the periphery of this sphere. This energy addition
Lcls the shell of high density gas then produces an imploding
plasma,

REH: ZASARAAORAKRIALHLREEE2—, REATEH
FREBEMFAHABETRATREIBLF 10 A4 AFRGF—AAFEXE
AR, ARRXRRESHARERREF LA FERSBEFEL, ALER
ELRKAEROLE MG, H DR KM F AR 2 G EKTR, £l
AT RFZIE, HTFRA,

BT REI L, AMA L F 6K RAFALT 5 2 Ao b K, B LRI R ERAF T
RESOES St ZS 2 R LS TS E Y LN

FUR KRR R A MG 88 7= A h T I L
I % B
P IEF AR

BE. AXRUTRERMF 2S£ P TFHAKRN KRBT RARSFRE
AANGEE, FEEHTAMERE, REBE ro 5HFF RV %R, XK
AT ACGRERERAE pTARRTEREATEFHEL BEAT X L
WA RGBT RARAS R RGN E REERUARCEEBREVER,
AP EFHEARER NG R,
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Laser Compression of Matter to Super-High
Densities: Thermonuclear (CTR)
Applications

JOHN NUCKOLLS, LOWELL WOOD,

ALBERT THIESSEN & GEORGE ZIMMERMAN
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ig. 1 Computer calculations of mluoexp]oslon resulting from

w 000-fold compression of a fusion pellet. A 60kJ, 1 um, laser

is assumed to implode a 0.4 mm radius sphere of equimolar

deuteriumytritium. a, Laser power. b, Electron temperature.

¢, Pressure. d, Velocny of shell. e, Dénsity (—) and ion tem-

perature ( ---) during thermonuclear ignition. f, Energy
production; —, fusion; ---, laser.

3

TN energy/laser energy

0.1 ol 1
102 103 104 105

Compression ( x liquid density)

Fig. 2 Energy gain plotted against compression: a, 10° J;
5 gyhl(),clO]leJ

197248, J. Nockolls ZEZANFEFE
THABTHPLENERUARE
EHEER, BREEENCEEERD
ICF tRES AT
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First laser driven radiation implosion experiment (1976)

1 mm—

4 Laser Beam 0.5

Gold scattering
wire

DT gas

\ \\
Y/
\ 0-
Glass TN capsule
Support ball

19754, J. Lindl #1 M.C. Mead @I {2l & I EIER IR Fl- R EA R EHEKETS T J.
Nuckolls #F ABIfEIH, RIREXEFHARTMRE SN EERER N EIEERE), 19765, XEH
RIHAT T BRI BB A SRR . 1978-19884F, XEIEIT— R LRI IHE T B R =1
wHRORKFERS
“J. Lindl and W. C. Mead, Phys. Rev. Lett. 34, 1273 (1975);

b J. Nuckolls, Early Steps Toward Inertial Fusion Energy (IFE) 1952-1962, UCRL-ID-131075 (1998);
¢ J. Lindl, Phys. Plasmas 2, 2933 (1995).

Rt 295% Radiation case

Plastic foil light
and electron shield

Diagnostic holes
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t A series of mirrors direct the
Mirrors beams to the target chamber
break-up the
“2-D" beam geomets

into "3-

ATEBEN, ZET19983FREEEERSAEE (NIF), HTF200953A31HERERK. NIF 2
Bt R EHRRIEARBTLENRE, HH192BNKR, HHISNER, RAMLAEEAX 2
MJ/20ns@351nm.

u]
8]

I

il
!
S
o
i)






BhE
®

ber:3
TRAELREE
LR EE
HES
R LRI
&R

HEREEM
13

NIF S Z 8
FREIF LR
REHREE
SRS
ek
FHEFIHE
HRIELR

TR LRI
LHEAS
B
RETRSH
HEE
RS
%
BEEELS
i

o RIFHRER
HRAE S
HEEE

RiELRRE
ETXREN

P
130‘0Tm Tr:“(;\n Laser Beams: 24 quads
- through each LEH arranged
100 200 y
» control symmetry
10 100
1 1

o 5 10 15 20
Tins) / Pure Au or U hohlraum with
Capsule with low-z Au surface layer
ablator (CH, Be, or
HDC*) and cryo fuel

layer

Capsule fill tube ~10 pm
Laser Entrance Hole

sized to balance LPI and
radiative losses — .
56-60% of LEH diameter He fill to control symmetry and

- minimize LPI

NEW Hohlraum 062810

*High Density Carbon

2010-2012%F, EELANIF ARFELHE TERSNKKITEH(NIC), ESSMBET LN, B%
REITFHARIR. EEENICEHEAE, ~ABRERAURIR S AR B ENEERR A .
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Window, thickness
LEH unlined, diameter 3101 pm 0.5£0.05 um
Window bows out by
215+ 20 pm

Au LEH insert

Gas fill

100% He

0.96 +0.02 mg/cc
(For Be, 1.35 mglcc)

Cooling rings

Four starburst
slots for DT layer
characterization

Windows for x-ray image (1 of 4)
Hole diameter 600 pm.

Hohlraum wall U
or Au, with inner
surface Au

Toroidal deformation to ensure
fit to TMP. Excursion from
cylinder < 35 pm
Thermo-Mechanical -
Heating ring for layer
Package .
thermal shaping

Gap
20 um%10 pm

NIC SCHEEAIE), =X BRSRRILREIZEH .
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#B IR Final Review of the National Ignition Campaign

December 27,2012

The NNSA convened the seventh and final review of the National Ignition Campaign (NIC)
on November 13 and 14, 2012 chaired by Prof. Dan Meiron. This document is a summary of
comments submitted by individual reviewers and is authored by the meeting chair and the
federal convener. The external reviewers have served since Dr. Steven E. Koonin, then

Under Secretary for Science, initiated this review series in October 2010. For this review,

Dr. Don Cook, the deputy administrator for Defense Programs at NNSA tasked the reviewers
to:

Summarize the final status of the NIC,

Assess current impediments to ignition,

Assess the likelihood of ignition in the future using indirect drive, and

Identify priority research directions.

o o 0o 0

Reviewers interacted with the LLNL staff during presentations on technical progress and
program plans, and reviewed and discussed drafts of the Congressionally-mandated path
forward report now issued by NNSA, as well as a governance plan for the future utilization
of National Ignition Facility (NIF). This review covered only the indirect drive approach to

laser driven ignition.

Summary:

The National Ignition Campaign® was completed on September 30, 2012, having achieved all
project goals with the exception of the grand challenge scientific goal of demonstrating

ignition. In addition to designing and executing ignition experiments, the scope of the NIC

£ NIC sitfE), XERBRIALAMENR/XERR, EERBXUEEN o RFHIMA.
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¢ O. A. Hurricane et al., Nature 506, 343 (2014).
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NS4

National Nuciear Security Administration

OFFICE OF DEFENSE PROGRAMS

2015 Review of the Inertial Confinement
Fusion and High Energy Density Science
Portfolio: Volume I

May 2016

Barring an unforeseen technical breakthrough and given today’s configuration of the NIF
laser, achieving ignition on the NIF in the near term (one to two years) is unlikely and is
uncertain over the next five years. Although performance of NIF ignition targets
continues to improve and simultaneously making contributions to the SSP, currently
there is no known configuration, specific target design, or approach that will guarantee
ignition on the NIF.

20164, EEEZR#%REF/INNSA)ZENIFESE
MR XKHEITTIFME, FER “1-2FALIAR AR
TAIRERY, EERMSERNEIMRKEIHER
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(a) (b) ©) Neutron bang time
70 -
£ um :: TABLEL  Summary of experimental data from cryogenic DT layer implosions at 6.20 scale (N170601. N170827)
£ | oo and for a high performance high foot experiment (N140304).
1 F0
910 if: N170601 data N170827 data N140304 data
wm bt * Total neutron yield 1.7¢16 £2.4¢l14 1.9¢16 £ 3el14 9.3¢l5 £ 1.7¢l4
° Fusion yield (kJ) 4 53 26
62mm L T DT Tion (keV) 45£0.12 4540.15 554012
DSR (%) 327+02 324+02 3.4+0.20
t=7.69 ns t=8.08 ns =8.19ns Velocity (km/s) 381 395 380
—200{(b) (c) (d) Pstag (Gbar) 320 +£40 360 +45 222415
. Nuclear burn width (ps) 160 £ 30 154 £30 163 + 30
R € Hot spot p > r (g/cm?) 0.26 +0.032 0.30 £0.034 0.13 £0.021
:;iq - 2 G o a deposited fraction /., 0.81 0.87 0.58
L $ Hot spot energy (kJ) 434117 47+17 36+ 1.03
u\n Shell max kinetic energy (kJ) 22£5 21£5 25+7
200 Alpha deposited energy (kJ) 8136 93+1.6 334058
=200 0 200-200 0 200-200 0 200

Space (pm) Space (um) Space (pm)

2017 F, XERFRETHEELERT BLTEANKBEME, URBHKHYEFSH, RETA
BREGEWTRYE, BRETEERFH, HEARNEZEERSE 0.3 gem™.

“S. Le Pape et al., Phys. Rev. Lett. 120, 245003 (2018).
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LLNL-TR-810573

Naom T Sbormtoy, . .
sons o Laser Indirect Drive input to

NNSA 2020 Report

May 20,2020

2020 £, 7£%4 NNSA EZHIRE S,
LANL Xf7E NIF £ 8 FSSMAABFSE
RERASE, LLNL MSETRESE.

LANL Assessment:

The scientific opinion at LANL on the question of ignition on NIF as currently configured is highly
skeptical | The experimental track record for controlling the low-adiabat implosions that are almost
certainly needed to achieve ignition at NIF's current energy and power levels is not promising.
Implosion stability can be improved by increasing the adiabat. but doing so also raises the energy
requirement for ignition. Unfortunately. the codes lack the predictive capability in this regime
needed to reliably assess these tradeoffs. making ignition high risk.

LLNL assessment:

Closing the gap to ignition on the NIF presents a significant scientific and technological challenge.
Theory and detailed 3D simulations of the experimental data suggest that if no further
improvements in capsule fabrication, laser precision. implosion control and laser energy to capsule
coupling can be achieved. larger capsules that absorb a factor of 2.5-3 more energy are needed.
This would require a laser of at least SMJ. which is beyond NIF’s capability.

‘With enhancement. the NIF could deliver approximately 1.5x more energy than available today. up
0 2.6-3MT to target. Closing the remaining ~2X energy gap would require an additional ~1.5X
improvement from both increased coupling efficiency of laser energy to the capsule and a similar
~1.5X improvement from better implosion control to enable lower adiabat implosions, producing
densities approximately 1.25x higher than the best performing implosions to date.

Based on experimental data to date and steadily improving understanding of target physics as
diagnostics and simulation tools have advanced. the program is poised to make strong progress in
understanding the obstacles to effective lower adiabat implosions. Recent results also indicate that
the coupling of laser energy to the capsule can be increased further. However. it is not possible at
this time to assess whether these advances will be sufficient to achieve ignition at NIF.
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11.24 mm

3.64-4mm LEH

~.3-.44%W
doped
HDC; 18-
20um
thick

202154, REMFZHRMTEMBLLART . BNBOGENDOFER, K& THA—SEAEE

MAEMR, FRERERSET 170 k).

“ A. L. Kritcher et al., Phys. Plasmas 28, 072706 (2021).
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(a) 1 0.0) imager (b) o ———r —
N210808 Total ponk Power\ e ]
g [ Laser Power (TW) explosion]
5 [
5 b 3 shock
H oo 500l founched Tra(eV) ]
£ et y ]
= 2 shock Late-time !
% Fill-tube 200l 25t shoet " x-ray drive ]
g \
3 launched i
2 [ I
s / :
(90,213) AN HDC ablator F Coast time '
imager s 100 L’ duration .
v
\ [
Cryogenic Pickef ) H
DT fuel . : o
0.25 g/ec 0 « 5 ) Bang 10
aser entrance - ns, -
\ hole (LEH) N OT gas Fill-tube Foot time
0.45 mg/cc
LEH washer
Quantity N210207p  N210307pan  N210808paa (15,5 33403 27403 6.4+0.75
Plyger (TW) 470 487 441 o (PS) 103 425 138 420 89£5
Ejaser (MJ) 1.93 1.909 1.917 Ppus (Gbar) 351+23 353423 569 £ 61
Peak Ty (eV) 302 294 307 Eys (k]) 174+ 1.1 146 +0.9 55+6.0
Teoast (NS) 1.09 1.26 0.83 pRys (g/cm?) 037+£04 0.38 £0.02 0.44 £ 0.05
Y ol (M) 0.170 0.145 1.37 Gl 751054 777598 75.6138
Tpr (keV) 5662003 5SSOIl 109204 G 0752005 0694005 58
Top (keV) 5234016 4874014 89404 0.089 0.075 072
DSR (%) 3.16£0.16 349+0.16 2.87+0.24 E
e ARsbe B a
202148 A8H, X£EKHET 1.35 MIMBRTEE, HEAKI T AN
“ H. Abu-Shawareb et al., Phys. Rev. Lett. 129, 075001 (2022).
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L Py ]

N210808
P N221204 T, 1

Laser Entrance Hole (LEH)

L
Time (ns)

10

11.24mm

Cryogenic DT fuel
0.25 g/cc

DT gas
0.45 mg/cc

Laser Beams

HDC ablator

Target gain

102

-
=

3

107

3

3

CH Alzlntors HDC APIalors

ahell gain 3 \

| shell 5nin -1

Fuel gain=1

10+

2012 20132014 2015 2016 2017 2018 2019 2020 2021 2022
Year
D First CH ablator. D Increased coupling with larger capsules.
y y via CBET & geometry.
E‘ Mitigate high-Z mix. D Improved implosion and hohlraum design,
ablator quality, mitigate mode1.
D First HDC ablators. . design and more laser energy.

efficiency via reduced LPI.

2022E12H4H, E£E%B7T 3.05 MIWEBZEEE. NICERZGE, 2 F10ENTBREH, EEALT

7 NIF ESSI T [EHEIRED Rk

“ H. Abu-Shawareb et al., Phys. Rev. Lett. 132, 065102 (2024).
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1.0—8;21;’ ,-Ri- B %EE?&H@@FE&EM&E%E’\J&

&, o sstes P i B. 20195, ZEZHEMFAKEZEMRE

S P INEEIALES T 0B, RS

3 ops®- T SMAEHITRWEIT, E15%RNE

g oaf P b RTPFHRST 3 &%

= ; P —
o i “ V.. Gopalaswamy et al., Nature 565, 581 (2019).
%0 0I.2 0T4 OfG o.la 1?0 wfz

Predicted yield (x10')
HHHIE
iR a 1.5 T T T T T T T T T
LT | @ predciedyic 8
g % 1.0 @ Measured yield %o % b % T
35 ©o
“2 05 0 % hed ® B
b
T3 um TS um 20 um 112 um T10pm
c — Original pulse shape Change Extend Retract pulse

Time
— Modified pulse shape shift ramp Dé\lla\y pulse
\ éfcot\
! !

1 1 1 1 L 1 1 1
83068 84246 84249 85062 85066 86181 86184 87026 87258 87266
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20245, EEZHEHARFMREAL T A
S RORR R, ERENHERNE 29 kJ B9
BERT, BARARRERIELR 1. 524,
NIF—;J:El’\lI‘ﬂi‘ﬁﬁlzibiiilJiZ—?E*a?ﬁﬂ‘, HAREEN 1.9
MJ”.

a

C. A. Wiliams et al,
10.1038/s41567-023-02363-2.

Nature Physics (2024), DOI:
0.
b Q. A. Hurricane et al., Nature 506, 343 (2014).
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* 196445, FEESEMIUIRHBARBEIBE;
* 19745, TERB—BHAENRAIHELRLERRE, WRBITMKN~=EHHF;
o 19864, “#kI” HOLBRBREBEMIEIT, EXETITSHN 2 x 1 kd/Ins@1053nm. Z%E

o

R, tREPEBETHREAM R LEFITI;

19934, EREHAR86IITHRIIRMLREBL M

20004, “#¥kll” Eﬁl?'c%%'“’"*ﬁ@ﬁkL{T, EARTITEHHA 8 x 0.26 kd/1ns@351nm. XEF
EENTEESIINSEBRTRE

20064, “#kNl” Fi%ﬂfu%}uéﬁﬁﬁiiéﬁ, EARIEITESHHN 8 x 1 kJ/Ins@351nm. XZ2
FEEMNIEEREIEABRTRE

20144, “HRIU” HAaBtrE ELEZEFB EAKIBITSHA 8x1kd/1ns@351nm + 1 kJ/1ps@105
FEE N EREERERBENET;

mmﬁ,%%HW%tQ*“EEmLﬁ,%KLﬁ%ﬁﬁ%x3MBm@%mm FEED
THEELREIIBARTLE, ERMNEHAE - KRHARTINERE, PEBERTHRMA
F iR AT5;

20165, BRI RTIRHESEHNIEZFESNAR;

2020%F, AT IREBENESNSR.
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FEIRELR
REMREE
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HEICFREAMESFEMRTE
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NIF SR Z 3%

FEIRMELR
RERREL

2 24
SR
RIELR

REAESH
HERE

RS
%

LR
HTXEESH

‘Al XEREAIMHR EE-RMARTMREE, EXETSHA 48 x 3kJ/Bns@351nm,
EHESLRRMYIRBELQKZAHXELEMARE. PEFEEEANMALKE, FHIIAR
KEHEFR.
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NIF SR Z 3%

FEIRMELR
RERREL

2 24
SR
RIELR

REAESH
HERE

RS
%

LR
HTXEESH

3175
3174
3472

= amn
— 3169

ATRERLBRS AN, FEFEETFARLSFLIREE.

¢ K. Lan et al., Phys. Plasmas 21, 010704 (2014)
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(a) (b)
400
ERH > - sk CHablator | |7 pun
o é . \ 4300
i DT ice
NIF X Z 8% \ sk ~136 ur R
AR 1 E g DT gw s
BEFFEEL § } 3 g o
- ] — ik = 5
P = 400 2 E
o
S & 200fF 100
RIELR & -
0 = s s s s s 0
c 0 2 4 6 8 10 12 14
X um) Time(ns)

ATREARER, PEFERRITFAMRHRAESAURLMICIALENIREG IR 75 AT
BTHMHNEFERN, REENIEFESAAR. XRAREGERE, TEMRRRENETRE
MR EI XL

¢ X. T. He et al, Phys. Plasmas 23, 082706 (2016).
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b2

RELRBE
2R
HHARERH
s
NIF 2K Z 8%

FEIRMELR
RERREL

BRIELRRE
HTXEESH
R

~10 ps

magnetic
coil

~1 ns

AT BRI RRAER, KARF ARE VI E RN TR
ERRRHARIS B IR BRABRE T MMM, 2 R, %75 REBRERIRENERN

MEFEXR, BWOBIRENFEFIREEHREIKE

“J. Zhang et al, Phil. Trans. R. Soc. A 378: 20200015 (2020).

~200 ps {

pulses

~10 ns

I
I

RAGHS | SR ERBFIXHE,

ok =
BEE



ALK

temperature [keV]

BUTAEBEE, BERAFBIE. FDHRE 104 10’ 10° 10°
ZERTIAEE. EE2LRAEGSHEERN g
=R, £ 10°

n.teT > 712T2 (1) £

T Ealovior =2 0%t
#1F DT #6}, =TS NMELIET = 14 = — DT
keVHHE. Eitt, k10 — DD

= = D-He3
0
neeT > 3 x 10* keV s/m’. ) 10, o2 e 0°

DT #RRIHY R EE A

temperature [million Kelvin]

p =n.T +npT + nrT = 2n,T,

=RABANFTBHAR)TURE R
REFE T HRRRERS sE 829 RAE]

pTe > 4.8 bar - s.
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(ov) = //U\Vl — Vo[ Fi (V1) Fa(v2)d* vid*vs.
He F, RBRTZFRIRE SR

HEMBERNMNFHEEEZRHESH, B ERAHS

TRREMEERY (ov) IKBTIRE, A1

TRAMBAAR ‘
(ov) = Ci¢ ¢ exp(=3¢'¢),  (4)
£€=Co/T",

10717

<ov> (em?/s)

_ OT+CT + CT’
1+ CT + CsT? + CT3 ’

RERERIBAA keVo

(=1

10°18

1019

“ 8. Atzeni and J. Meyer-ter-Vehn, The Physics of Inertial

1020
1

Fusion (Clarendon Press, Oxford, 2004)

T (keV)

1000
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SR

Rt 295%

HTRERNERMIUGFH

Reaction T(d, n)a D(d.p)T D(d,n)*He 3He(d.p)a
Fit (eqn number) 1.62 1.62 1.62 1.62

Co keV!/3 6.6610  6.2696 6.2696 10.572
C; x 1010 cm/s  643.41 3.7212 3.5741 151.16

Cy x 103 keV~! 15.136 3.4127 5.8577 6.4192
Csy x 10° keV-!  75.189 1.9917 7.6822 —2.0290
Cy x 10° keV~—2 46064 0 0 —0.019108
Cs x 10° keV™2  13.500 0.010506  —0.002964 0.13578
Ce x 103 keV™3  —0.10675 0 0 0

C7 x 103 keV—3 0.01366 0 0 0

T range keV 0.2-100 0.2-100  0.2-100 0.5-190
Error <0.25% <0.35% <0.3% <2.5%




ERRMRE
AIRIEERT, RESER o NFEREHT
EIARBIEEE 00 BB LURIHR TR ES)
BURSITIRACHIRER 0p. HAFN

0™
= > 1,
0
B
T>43keV. (5)

ANITABERRLR Rl asHRE R, A
BAHRE N EIRT 4.3 keV, X/MREHIRE
BRNEE .

RETREEXR

o KT MATHE SHIHIRSHAKHE
HERERERT XA,

1

16

QE/Qu

TR EEMIRKIRE, —RERRIRERBT 5 keV.
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NIF 2K Z 8%
REMRIELR
REFREE
FFRS
1RMELIR
HESIR
LR
BRI LRE
THELS
#
REAESH
HERE
WEEERE R
*

EEEESRS
leed

LR
HTXEESH

Pr (atms)

75

RIELARRBESL D, MELBEEBE 5keV B
SR, XE NIF ER9m AR, AP
BMELRERKHIEL T SkeV “.

“ $#§ 8 Laser Indirect Drive input to NNSA 2020 Report (May
20, 2020).
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HESIE
RELR

RIELRBEREUMORARIEZT, HFEARFIERERARE EEERZIE. $ARE S
%I*J*MZ%E&F”&‘E XA

d 2
7= (5 -n) o, ®)
no VIIERZIBRFHEE (BRE DT MFHREZEMERD . EXBERE ¢ = 2n/n), BLB
do no
961 (1 g o).
HTEAEBRENEET, WHEEMN =03 H—R,
O 0 ow). 7)

1-¢ 2



BNE
o R LR 5 295K A (8]
PR R T A B B (IR T ARfd, ELASERTE)

3 T = .
HEAREDT Cs

Hehe, = (2T/2.5m,) *2HRNEEFR. BERK
FXEABLXERT, AEBEREARNEELATRET
8]

W,

Ry

TE = /0 (1 — Cst/Rf)Sdt = 4(;S o (8) 1y

1814 24 58 B2 T U4 ERT 8] R B A0 R E 58

HRRLEIEZR R 70 pm, SREHR 10 keV, FRARRIEYBRARRTEIR IR
7. =80x10""s.

1B A BT R EE B L9RETEIA 1L g
7 =20x10""s.

BTPURNFHERES 7 82, 4107 s, EREARBETHRE2—ZIBIE. AHEQ), BH
YRBLTHIRERRS

picr > 2.4 X 10" bar.
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PR ST = B ARIR S H 2 B X &R
TR IELIRATIEG) RANFHIE(T), MIRMERTURTA

PRy

?= R+ s

IR 3 3 1000 -
. RIS S
Hy FRAMGES Y, 2EENEH NN
< 100
20m,c B catalytic:DD ~ —— T
Hp(T) = — 10 2 ’
B( ) <UV>DT ( ) f WL 1
RS Hy 7E T — 30 keV HEEAFIAR /N, . :
10 100 1000

Hp =7 glem’.

T (keV)
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ATEFMHBRERER, LIERBTEIRRE, B o REX. BHEIAA 30% BIRBESERZ—
REFHERR, TREENBIMMLORRLTAEERNFZEFRE,

IRMELARELT RIS EFIHE
FT KA 30% HORREERIER, HARLAOTE 25 W UL E

pR; = 3 glem’. (11)
ZENIF £, B2 pRr = 1.2 g/cm?,

HEIRMARRBLES, pR B—NEASY, B THARREDH nre:
* MREE p SRIHERE n 18N
o PARIH1Z Ry SREBLRATE 7 X
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BERIRNE ¢, RER M BRI FREER
E JMJ] = 2.72 x 10°¢M,
—RTRNRERES RN EENEEEZ@XRR
M = 4n(pRs)’ /3p".
Et 48 E PRI o B, BERMEHNPFaEER

E,(MJ) = 1.14 x 106M,
P
Hef M.\ pv Ry IRAISFIH gy glce, cm. FIARENESEEENEAZRN(9), BEFF
_ s ¢
E,(MJ) = 3.91 x 10 T

XEHIELM H = 7 glem?,
CERRREP, BEHRNEAR L LHRMR. RRBE~ENRFLEERN 14.1 MeV,
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MTFRARTREFTERMEF S TEN, ATERENE ¢ REEXR, FEESHREEARE.

o SEAKREAMEL: RIF 30% BIRREESER, BMRIERE R p = 0.225g/cc?, AEE 2.24 kgaikk
B, BHEIPFEESHR 1.82 x 10 J, BHEIRETEER 2.28 x 10 J, A& 5.45 FH TNT 4
=)

2
o XASEEFRNME: RIF 30% FIBRIRSE, BRNBEEESRZE p = 152 g/cc, BALFEE 4.90

mg BIRAR, BRI FEEE N 400 MJ, BEETTEEAN 500 MJ, HHHT 120 kg TNTHE, 7L
" W EZH TR R

ZERTSMNEE
FRIFRRNETT, REMBBETURDSRXREMRBARERE, FRSXBERBEREE
B, WMmiAZIFIFF FHREER B

¢ RMKHREBE.
b 1kg TNT & = 4.184 MJ.
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EERIIZRISEHA, TBAIE 4.90 mg MMRPELEE 152 g/oc BB RERIEIA"
Ecompression = 45.6(kJ).

M EIGX LRI EIBMIAE 5 keV, FIFREMEERIEMA
Eneating = 2.84 (MJ).

NIF g2

EURFN R B aE B R R AR EE L RIRRL B B SRV 5%, BRAY5 4.90mg RIS ERMIE 5
o keV FREERIERNREERE R 57 MJ £4!
BN AE

HIARMELHERMESERREBMAZRTEE, MHENEEUEANRARENESHRES
HTREEE. — FE "SR,

CARRMATERAERESEE, ERNAEEERNN 3.27 x 10023 Jg.
b NIF EHEEIRasEiash, s SR I SRR A 1% A




BNE
#B IR

X

o —STMMAFRTAIRMEEE N 3.52 MeV B o KiF; TS, BTA4EH o RFETERE
&t, A& 50 Xt R MALTFFI100NEE FHIGEEH 0 IS E 17.6 keV, EFEE N 11.7 keV, N
FEZHMRAERT; — S APRRRE R A2 ARIE 1/50;

o HIGINEPQN)RRMAZRTRNEELEWEE(STS5 keV), FIABRTRMBEMD o KT
MARKESMRN ERTEE, BHESHRTEE, KEHEHEE;

RMELAORBE SNBSS ER GRS BRTSSHAERRA BT : D5 R &L RIZIRE
IEEFABE (hot spot), IEMHIARILERTHAIE; KBALTRESEERSHEMR (main
fuel), HRHHRMELIRATEIURRTRERIEE .

1% 4.90 mg HEHHEY 0.1mg fNFAZE 5keV, 15 4.8 mg KL MELGEE 152 g/cm’ WEZE, B
LMMBUAR EFERR R EEEA

E=57.9+44.7 = 103 (kJ).
ERFIRE-RRBEWEA 5%, BAMERNIF[EER 2.1 MJ,
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Table 1 | Measured and derived implosion performance metrics

Quantity N131119§‘295JJW N130927§980A;j/ N130927%° N130927%¢ N130927 (sim.)
Y13.15 (Neutron) (5.2+0.097) x 10%° (44+0.11) x10*° — — 7.6 %10
Tion (keV) D-T 50+0.2 463+031 — — 42
Tion (keV) D-D 43+02 377+02 — — 39
DSR (%) 40+0.4 3.85+0.41 — — 41

7, (pS) 152.0+33.0 161.0 = 33.0 — — 137
PO,, PO, (um) 358+1.0,34+4 353+1.1,32+4 — — 32
P2/P0, -034+0.039 -0.143 +0.044 — — —
P3/P0, 0.015 +0.027 ~0.004 +0.023 — — —
P4/PO, ~0.009 + 0.039 ~0.05 + 0.023 — — —
Yiotal (NeUtron) 6.1 x 10*° 5.1 x 10%° — — 89 x10'°
Etusion (KJ) 173 14.4 — — 25.1

s (um) 366 355 34.4-423 35.7-36.0 322
(pNhs (gcm™2) 0.12-0.15 0.12-0.18 0.13-0.19 0.1-0.14 0.15
Ens (KJ) 3.9-4.4 35-42 37-55 371-4.56 41

E, (k) 22-26 20-24 20-2.4 20-25 28
Epotal (KJ) 85-9.4 102-12.0 10.0-13.9 1092-11.19 13.4
Gruel 1.8-2.0 12-14 1.04-1.44 1.28-131 19

EE NIF EBYS A SCIE3RAR, EEIRENA BREN-AREERAYNETR 1%, SHANNEERS
WETE 0.3%%

RS- REERBEE

REEMF-ME 2 ENEEEBE R, THYMERERNBNEEMHER, FRRESRNTIES
i, REMRMELIRBLREIROE .

“ O. A. Hurricane et al., Nature 506, 343 (2014).
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MR EERERMBHIERE p = p(p,s). UEHBRSERG], BRESFHEEARNER, Bos
W REEB SR

Cp

1
s==Lip+ LT+ (e, +6) (14)

XE c, REMHHFELR, m 2 Wﬁ?ﬁg,ém—AﬁwwﬁﬁE%M%ﬁ F—FH, £
BRSFHREREA,

p=nT ="— (15)

EENE iZEn %ﬁ?ﬂ’\]?ﬂﬁﬁfﬁo Eﬁﬁﬁi(14)$ﬂ(15), ﬁ

pp " = BB x /oY
HE 0.9
7s —m(s—s ¢
P/EPO s0) (p/po)"/ e T/ (16)
ﬁq:l Y= Cp/(cp - 1) = C])/CV %%Etti&'—ﬁ%gtti&\ztto

BIEMHERISEE, TNFERSMMER, EFZEFIRRIEIEE As = m(s — ).
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MEEEIIEFEAZMAATERNZLIEMELIEE, WECEMAR. BARBTFMA, BxGis
mi%, XLFESSEIRARAEEM, AQ

i IREZ As T’
XE AQ RMRIRIGHIAE.

10°- P=2| ?ﬂl:az':'m?"-‘)p SR
PARL AR SEPRIE SR S B K E 58 pr RIELIEFR A LEIRE i - "

“F(adiabatic index), I N
a=L2. (17) | e
PF 102} \ N
Ha 3 R F 2 K5 A0 R 3 -
o= 60A75(As—4). (18) "’4"/"/8;/9 w;x)mwm ]

S4B As < 4 BT, 7 10° Mbar BB, DT MKEE T e T
EAREE. B, HTSAEMENESTEES, TE5 T
RIS As < 4. DT mgasR 73
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o RIFHAER
REEE

ARG A" RS, FE o BAERDPAWNREE, TURERRTMEENEER.
o RFERBFIEEN, RAFEREEABAET, XERARTSEN o KFHRREXNSBEFHR
REER, MZEAT DT HFHREE. EiHE o KFHFIEHEN, TRZEE o NTFSET
Z BRI EEERITE, Ve

T
Ao & 0.107p1nk61¥ [em], (19)

He In Ao B o T S5HEFRITENERTTE,
InAqe = InA.

XE In A BABERARIERT .
oI FHIRERIRMR fo AIRT AT REL, 1

3 4 , 1
ETa - gTaa Ta < 5
Jo = 1 1 1 (20)
T Tie0m 072
Hep
Ta = ~9InAse——
T Tie/vz
. . . . . 0 0.5 1 15 2 25 3
ARBEAR LB —ENEZE A BIRIE o RFH T

P =] = R} I:I‘ ‘%
WHTEREE o a HFEEETRMESEH 0.
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NIF Xz

WESHT o RFMTHEBIE, ro UREBTRE
T(keV) 4 5 6 7 8 9 10
p(glce) 60 60 60 60 60 60 60

pr(gem’) 03 03 03 03 03 03 03
Ao(10°cm) 20 28 37 47 58 69 81
Tl 24 17 13 10 084 0.70 060
fa 090 085 081 077 071 066 0.6

ABEEZE

BEERARMNNEZEZEST 0.3 g/cm’.
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i

L RRD
ETXREH

xIRMEARBESETFXRSHEKR

B AR BEEH  HAER

FHRREZEE (por) 3glcm®  ZFMENRBEEERIEE 30%
FERREHZE (p/ po) 10° BT AR 2R
FARHGEE (As) <4 FRRLAZISEE
ABEPRRIRE (ni/m)  0.02-0.1  IRz)ERENAE S IRE]
HDEIARHRE (T)) 5 keV PN A E BERT
AREEBEE (pr)n 0.3g/cm* o RIFAERMADIMIREEE
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b2

LRI
TR E S

RELRBE
2R

HHARERH
s

NIF 2K Z 8%
hEIRIELR
BLHRESE

TABLE I. Experimental parameters.

NIF shot N210207 N210307 N210808 N220919 N221204
Plaser (TW) 470 487 441 440 440
Ejgser (MJ) 1.93 191 1.89 2.05 2.05
Drive Tpy (€V) 304 306 307" 313 313
Teonst (0S) 1.09 126 0.93 0.89 0.78
Yo (M) 0.17 £0.01 0.14£0.01 1.3£0.07 1.2£0.06 3.1£0.16
Tpr (keV) 5.66+0.13 5.55+£0.11 10.9£0.4 10.1£0.2 13.1£0.7
Tpp (keV) 5.2340.16 4874014 8.94+0.4 8.7+02 12+1
DSR (%) 3.024£0.16 3.39£0.14 272+024 3.06+0.14 2.83£0.17
V (10° pm?) 33£03 27+03 6.4+0.75 6.7+09 129+ 15
Igw (ps) 137 £25 138 +20 89+ 15 92420 75+15
pus (Gbar) 304+ 56140 518176 608135
Eys (k) 151417 5418 5318 18t
(PR)ys (g/cm?) 0.32508 0445003 0.421099 0.44199¢
Burn-up fraction (%) 0.24 1.77 1.60 4.33
Giuel 9.810¢ 734142 65.843% 172,811
Geapsate 0.75 +0.05 5.8 ~5 12
Grarger 0.09 0.07 0.7 0.57 L5
GLCy 0.32-0.36 0.18-0.22 28 25 3.7
ITFX,” 18402 1902 11£22 126+1.3 282437

NIF R ERHEA RSN EE

“ H. Abu-Shawareb et al., Phys. Rev. Lett. 132, 065102 (2024).
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