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This work builds on decades of research by an
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The E%Eistfth NIF shot (N210808) yielded more than 1.3 MJ ahd
marEagsig ificant advance in ICF research

[_1HD
B HDC Iraum
I HDC HyE
1 I
HyE = Capsule gain (yield/capsule
N210808 absorbed ener 5
0.8 (1.35MJ) gY)
= Laser gain ~ Q.7
0-6 B H ~ (o)
= Burn propagation 2% burfiup
0.4 Capsule gain~ 1 APS 2020 = 13x increase in fusion yield sifice
. 't APS 2020
0.2 ,
NIC High-foot HDC/BF HyE/Iraum
(2.5 kJ) (25 kJ) (55 kJ) (170 kJ)

Our field is in a place that we have never been in before!

‘ Lawrence Livermore National Laboratory N A'Sg(i&-; 3
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Inertial Confinement Fusion (ICF) can be achieved by using high
power lasers to drive a spherical implosion

Lasers produced X-rays The blowoff plasma The fuel stagnates creating | The core ignites and fusion
rapidly heat the surface accelerates the DT fuel a hot central core, burn propagates into the
of a capsule containing inwards in a rocket-like surrounded by a dense dense shell, yielding many

deuterium-tritium (DT) fuel reaction confining shell times the input energy

.

-

J

* Radiation
=) Blowoff
=P Inward Accelerated Shell

‘ Lawrence Livermore National Laboratory MLSJE% 4
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The U.S. is pursuing several complementary approaches to
ignition in ICF research

Laser indirect drive

Laser Direct Drive

Magnetic Drive

Double shells

Achieving ignition in the laboratory is a Scientific Grand Challenge nearly 60 years in the making

‘ Lawrence Livermore National Laboratory
LLN
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This talk will focus on laser indirect drive

Laser indirect drive Laser Direct Drive Magnetic Drive Double shells

Invited sessions: BIO1, KI02, QI02, WI02, ZI02

Achieving ignition in the laboratory is a Scientific Grand Challenge nearly 60 years in the making

‘ Lawrence Livermore National Laboratory m:ws;ﬁ 6
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= 192 Bé;n{s, 1.9 M) Ehergy}, 500 TW Power = Densities >10% g/cm?3
= Matter temperature >108 K " Pressures >10% atm

» Radiation temperature  >3.5x 10° K = Number of Diagnostics  >120

Lawrence Livermore National Laboratory
LLNL-PRES
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Indirect drive uses a laser driven hohlraum to compress a fuel
pellet to the conditions needed for ignition

Each of the 192 laser Laser beams rapidly The x-rays ablate the The fuel core Fusion burn spreads
beams are focused onto heat the inside surface capsule, accelerating the reaches 500-1000 g/cc rapidly through the

the inner wall of of the hohlraum fuel inward to ~ 400 km/s and ignites at compressed fuel,
the hohlraum creating x-rays temperatures >5 keV yielding many times

the input energy

!
\\

\
,

<l \\\ﬂf/ L =

‘ Lawrence Livermore National Laboratory N L'S&%

LLNL-PRES-Xxxxxx




Time dependent heat balance (power/mass):

dT 1 dv

CDTE=faPa — fgPp — P, _EPE

\ J
|

lgnition when these terms dominate

Thermonuclear instability

35 dT
3 _T3.6
S
S dt
=
= 2

1.5

1

0 02 04 06 08 1

t/r 1~10's of picoseconds

We are trying to engineer a situation where heating dominates over losses



Targets are engineering marvels

View of capsule from the laser-entrance-hole

‘ Lawrence Livermore National Laboratory N A' i‘ié‘é
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We have made progress towards ignition in steps — learning what
limits the implosion and the redesigning based that learning

Each generation of design has built on learning from

200

I
CIcHLF
T CcHHF
[CHDC BF
[ 1HDC
[ HDC HyB
I HDC Iraum
150 | (I HDC HyE

q

X

O

@

> 100 -

c

©

3

L Unstable ’ Improved stability

50 - LPI
Asymmetric High-foot

. -1
the previous one

HyE/I-Raum

Increased couplin

&

“Eliminated” LPI
Improved symmetry

HDC/BF

I

OMIMHIII

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Simulations: D. Clark

Year

Design loop

Identify hypothesis

/ for what limits design \

Develop new
Rapid progress

: ' designs that
on pe.r o.rman.ce ti address
next limiter hit :

hypothesis

N— S

‘ Lawrence Livermore National Laboratory
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NIF diagnostics have provided key insight into our experiments
and built understanding, here are some examples

DT lon temperature, hot spot
velocity, fuel density, yield = Zirconium/Copper - === 1| = 3 Neutron Imaging (NIS) Lines
Nuclear activation " .| of sightfor 3D reconstruction
L I of neutron hot-spot
u. ’: = 2 NIS down-scatter lines of
—— i —

Hot spot and Fuel Shape from Neutron Imagers

= Five Neutron Time of
Flight (nToF)’s and the | ..:
Magnetic Recoil _
Spectrometer (MRS) :

sight for fuel shape

DT Yield Map /Fuel uniformity

= Gamma Reaction
History

= 48 Real-Time Nuclear
Activation (NAD)’s

DT Fuel uniformity: Compton Radiography

X-ray Imaging & Spectroscopy

* 3 x-ray imaging lines of sight = ~100keV x-rays produced by
Advanced Radiography Source

provide radiographs of DT fuel

= X-ray spectroscopy to
characterize material mixed
into the hotspot

See sessions GO07, Z0O04, KI02

This is the best diagnosed HED plasma on the planet! -> Developed over decades by the whole HED community

Lawrence Livermore National Laboratory N A'Sk‘a% 13
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Our ability to diagnose the 3D aspects of the implosion has
increased significantly from 2016 to today

2016 Today
. . Polar Neutron,
5 Quartz Cherenkov nToF lines of sight | ing &
Polar hot spot x-ray Imaging , . crayimaging
o e B et -t Spectroscopy (15S)
+ limited Spectroscopy |

Diagnostics around the NI
target chamber

17 yield uniformity detectors

~

o g

A8k b &k ownnni

48 yield f N
uniformity map s vseearen
Ist Equatorial Neutron Imager 2nd Equatorial Neutron Imager

quatoria/ hot spot x-ray
Imaging & Spectroscopy

1st Equatorial 14.1MeV and
DS Neutron Imager

Improved diagnostics, theory, and simulationsare key to developing our understanding

Lawrence Livermore National Laboratory Simulations: D.Clark SN\ L'S;iai 14
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Neutron yield is a function of six parameters that we need to
control to get ignition

Scaling law for yield amplification ~ 2 from theory, which guides our design choices but needs to be tested experimentally

i v, A 4
Yield ~ pji** —75 S*° & (1-RKE,om)*®

|

Need high velocity of the shell
to produce the pdV work that heats
the hotspot

1: O. Hurricane et al, APS-DPP, PO7.00001 (2017); PPCF 61, 014033 (2019); PoP 26, 052704 (2019)

Lawrence Livermore National Laboratory N A'Siﬁi 15
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Neutron yield is a function of six parameters that we must
control to get ignition

Scaling law for yield amplification ~ 2 from theory, which guides our design choices but needs to be tested experimentally

Need high velocity of the shell Bigger hotspot (scale)
to produce the pdV work that heats has more energy

the hotspot
N /

i v, v
Yleld -~ pl?f64 lTZ 54.6 ) (1' RKEnorm)3'8

|

1: O. Hurricane et al, APS-DPP, PO7.00001 (2017); PPCF 61, 014033 (2019); PoP 26, 052704 (2019)

Lawrence Livermore National Laboratory N A'Sifi% 16
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Neutron yield is a function of six parameters that we must
control to get ignition

Scaling law for yield amplification ~ 2 from theory, which guides our design choices but needs to be tested experimentally

Need high velocity of the shell Bigger hotspot (scale) Need good symmetry to efficiently
to produce the pdV work that heats has more energy couple shell kinetic energy into pdV
the hotspot work to heat the hotspot

4.5

V;
Yield ~ pji** —¢ S46 § (1 RKE. J
/ lf

|

1: O. Hurricane et al, APS-DPP, PO7.00001 (2017); PPCF 61, 014033 (2019); PoP 26, 052704 (2019)

Lawrence Livermore National Laboratory N A'Sk‘a% 17
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Neutron yield is a function of six parameters that we must

control to get ignition

Scaling law for yield amplification ~ 2 from theory, which guides our design choices but needs to be tested experimentally

Need high velocity of the shell Bigger hotspot (scale)

to produce the pdV work that heats has more energy
the hotspot

4.5

Yield ~ p064 ”zmp 4.6
/ lf

Ablation pressure “inflight” by lower “coast”:
Need to keep pushing on the shell until late
in the implosion trajectory

1: O. Hurricane et al, APS-DPP, PO7.00001 (2017); PPCF 61, 014033 (2019); PoP 26, 052704 (2019)

(1' RKEnorm)3'8

Need good symmetry to efficiently
couple shell kinetic energy into pdV
work to heat the hotspot

Lawrence Livermore National Laboratory
LLNL-PRES-Xxxxxx




Neutron yield is a function of six parameters that we must
control to get ignition

Scaling law for yield amplification ~ 2 from theory, which guides our design choices but needs to be tested experimentally

Need high velocity of the shell Bigger hotspot (scale) Need good symmetry to efficiently
to produce the pdV work that heats has more energy couple shell kinetic energy into pdV
the hotspot work to heat the hotspot

4.5
V.
Yield ~ pji** —¢ S46 § (1 RKE. J

/ lf

Ablation pressure “inflight” by lower “coast”:
Need to keep pushing on the shell until late
in the implosion trajectory

Lower adiabat (entropy) is more compressible
which reduces energy needed for ignition but
makes implosion more sensitive

1: O. Hurricane et al, APS-DPP, PO7.00001 (2017); PPCF 61, 014033 (2019); PoP 26, 052704 (2019)

Lawrence Livermore National Laboratory N A' 3-‘54 19
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Neutron yield is a function of six parameters that we must
control to get ignition

Scaling law for yield amplification ~ 2 from theory, which guides our design choices but needs to be tested experimentally

Need high velocity of the shell Bigger hotspot (scale) Need good symmetry to efficiently
to produce the pdV work that heats has more energy couple shell kinetic energy into pdV
the hotspot work to heat the hotspot

4.5

V.
Yield ~ pji** —¢ S46 § (1 RKE. J

/ lf
Good stability because mix
Ablation pressure “inflight” by lower “coast”:

Need to keep pushing on the shell until late
in the implosion trajectory

brings higher Z material into
hotspot and results in radiative loss

Lower adiabat (entropy) is more compressible
which reduces energy needed for ignition but
makes implosion more sensitive

1: O. Hurricane et al, APS-DPP, PO7.00001 (2017); PPCF 61, 014033 (2019); PoP 26, 052704 (2019)

Lawrence Livermore National Laboratory "Sa.
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We have steadily advanced our physics understanding and the
technology over the last decade to improve performance

lgnition figure of merit ~ (pR)3T3~EysPAs

= E, P, [Patel] related to ITFX and Generalized
Lawson Criteria [Betti]

— This metric uses “no burn” quantities

A model is used to convert datafrom burn on to
burn off

* “Dudded fuel” implosions check that model
(more of these expts upcoming)

— Simulations indicate that ignition corresponds
toY,,, ~ 15-30x

— Boundary is uncertain (based on simulations)

P. Patel, Phys. Plasmas 27, 050901 (2020)

R. Betti, et al, Phys. Plasmas, 17, 058102 (2010)

A.R. Christopherson, et al, PHYSICAL REVIEW E 99, 021201(R) (2019) 4:
J. D. Lindl, et al, Phys.Plasmas, 25, 122704 (2018)

Walk through the various designs from the last several years

‘ Lawrence Livermore National Laboratory NA'% 21
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Initial designs were low adiabat, plastic capsules in high-gas filled
hohlraums and had low hot spot pressure and energy

lgnition figure of merit ~ (pR)3T3~EysPAs

“Low foot!” Y=2kJ

High gas filled hohlraum
Plastic capsule

. 7 . . Clark, et al IWPCTM, 2018
-> High LPI (reduces drive and velocity)

-> Symmetry swings
(Cross beam energy transfer)
-> Mix (tent)

Tent

It was later found that the capsule support membrane (“tent”) was a major factor disrupting the hot spot

‘ Lawrence Livermore National Laboratory 1:J. Lindl, et al, PHYSICS OF PLASMAS 21, 020501 (2014) NA'% 29
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The high foot design increased the adiabat to reduce capsule
instability and convergence — performance improved but plateaued

- lgnition figure of merit ~ (pR)3T3~EysPAs
“High foot!3” Y =27 kJ

Higher adiabat!3

High gas filled hohlraum

300__|||||I|||\I||||\|||||A|\'|I__ .

~ High-foot x-ray drive 7\ - PIaStIC CapSUIe
250 — 3-shock implosion ; A -
s I -
—_— , .
B 200~ ! =
~ - / -
@ - -
2 150 - / -
3 - / -
o - - -
2 100 ) -
= . —J -
- - Low-foot x-ray drive -
50 - from NIF shot N110914
. 4-shock implosion -
L R I I A A A R A B B O A A R B A
0 5 10 15 20 25

Time (ns)
-> Improved Stablllty Clark, et al IWPCTM, 2018

-> Higher velocity, less mix
-> LPl and shape swings persist

Tent caused the plateau. LPlI remained a major problem -> energy losses, large symmetry swings

‘ Lawrence Livermore National Laboratory 1:T. Dittrich, et al Phys.Rev. Lett. 112,055002; 2: O. Hurricane, et al, Nature 506,343 (2014); 3: H. S. Park, et al Phys. Rev. Lett. 112, 055001 NA'% 23
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300
High foot showed that maintt@ﬂﬁ&hy h ablation pressure until

late in the pulse was importan® £F rol by “coast time”
250"

“Coast time” is the time between nitially, we saw empirically that reducing
end of the laser pulse and bangtime coast time improved performance -- the
200" longer laser pulse makes symmetry more difficult
_|||||||||||||||||||||||||||||||||||||_
Hal— —
— Laser pulse for first =
P00=  high foot DT shot =
150 EEEI% f— i
E 00— ' “Coast time”
— _ '—I— =
() _ _
bomnj —
a - =
00— GEJ:—
= =
al— téﬂ:_
- B-
D:\"_I/'\I'IW'I'I'I'I'|'I'I'I'I'tr'-!_'"|_'-|__
0 5 10 15
Time (ns)

We now have a better understanding of the impact of coast time -- see O. Hurricane’s talk in the next session

Lawrence Livermore National Laboratory O. Hurricane BI0O1 Mond ay N L'S-(‘:»ai =
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Moved to low gas-filled hohlraums to reduce laser-plasma-
interactions (LPI) that had been present in high and low foot

High gas fill - LPI dominated Low gas fill - Radiation hydrodynamics dominated
(~ 4-5% critical density) (< 2.5% critical density)
/ / Inner
Cross beam energy transfer BET

Stimulated Raman Scatter

SRS

2, X T AN T

V. 4

20 ,instability

Hohlraum fill tamps the expansion of the Less tamping so it i;;_};Eé_fa_ééf'fhé"'--:
wall and keeps the hohlraumfrom filling pulse into the hohlraum before it fills
with gold plasma but has high LPI with plasma

Low gasfill hohlraums are a good match to diamond (HDC) ablators because the high density leads to shorter pulses

Lawrence Livermore National Laboratory N A'Sféa; 25
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Diamond (HDC) capsules resisted the tent and used shorter laser
pulses — performance improved

lgnition figure of merit ~ (pR)3T3~EysPAs

“HDC!/BigFoot?” Y =55 kI

Low gas filled Diamond 10pm -> 5um

hohlraum capsule fill tube3

| Fill

| tube
-> Reduced LPI -> Tent resistance -> Reduced mix
-> Better symmetry  -> Higher velocity -> Less radiative loss

Energy still too low — need a bigger capsule, same implosion pressure, but no more laser energy — major challenge

‘ Lawrence Livermore National Laboratory

LLNL-PRES-Xxxxxx

1:S. Le Papeet al., PRL 120, 245003 (2018); L.B. Hopkins et al., PPCF 61, 014023 (2018) 3: A. Pak, et al, Phys.Rev. Lett. 124, 145001 N '% -
2:D.T. Casey et al., PoP 25, 056308 (2018); K.L. Baker et al., PRE 102, 023210 (2020) A
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HYBRID-E Challenge: make capsule bigger! But keep similar adiabat,
stability, velocity, “coast time”, and symmetry with fixed laser energy

Much bigger capsulein to slightly larger hohlraum

- Implosion velocity

Yield s o Scale e Symmetry
vf1‘.5 : ’ ‘
0.64 “imp 4.6
Y ~ plf qlA S 6 (1- RKEnorm)3'8
if
Ablation pressure ‘_Y_' _ e Stability
“inflight” by - = Adiabat

lower “coast”
High Yield Big Radius Implosion Design (HYBRID) strategy?

HDC (BigFoot) HYBRID-E?

Lead designer: L. Berzak Hopkins, C. Thomas Lead designer: A. Kritcher
Lead expt: S.Le Pape, D. Casey Lead expt: A. Zylstra

1: O. Hurricane et al, APS-DPP, PO7.00001 (2017); PPCF 61, 014033 (2019); PoP 26, 052704 (2019)
2:A.B. Zylstra et al., PRL 126, 025001 (2021); A.L. Kritcher et al., PoP 28, 072706 (2021)

3:D.A. Callahan et al., PoP 25, 056305 (2018); J. Ralph, et al., PoP,25, 082701 (2018)

4:A. L Kritcher, et al Phys. Rev. E 98, 053206 (2018), L. Pickworth, et al, PoP (2020)

‘ Lawrence Livermore National Laboratory N A'S@ﬁ% 27
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Need to maintain a symmetric implosion with the larger capsule
and low coast to effectively couple kinetic energy to the hotspot

Hohlraum symmetry dominated by the inner beams

] . Identified the parameters important to asymmetry in 2017/2018
being stopped by the gold “bubble” and expanding ablator

60

40

prolate

20

Hohlraum fill density: ..

0.3 mglcc — T,
-40 0.45 mgl/cc "?*
0.6 mglcc

Hotspot P2 - 2.7x(CF-0.33) (um)
o
oblate

0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

E picket outer T Teap
Aguter Pritt Rhont Rnont

Needed some additional symmetry techniques to drive a round implosion with the larger capsule and short coast time

‘ Lawrence Livermore National Laboratory N A'S@ﬁ% 28

LLNL-PRES-Xxxxxx Mational Nuclear Security Adminis



Developed two additional techniques for symmetry control:
cross beam energy transfer and “Iraum” geometry

Hybrid E “lraum”
Cylindrical hohlraum with cross beam energy transfer Shaped hohlraum with cross beam energy transfer
A AA=0
, , Q}‘—) ’ \?}6 \
Au “bubble /0& & \ & Pockets move gold bubble
blocks inner | ta & Bubble ta £ .
- - further away while
beams> « Recessed ~
¥ I’ ¥ 1 maintaining smaller
: . : hohlraum
" More
More Capsule X'ray Drive
Drive . . Capsule
IMaging Al=]A ]

Detuning the outer and inner wavelengths
(AA) transfers power from outers to inners,

J

S. Ross BI01.00002
C. Young Z102.00001

increasing waist drive*

A. Zylstra Z102.00003
A. Kritcher GO04.00002

Both designs have produced a “burning plasma” in the last year!
Lawrence Livermore National Laboratory N L' 3.‘54 29
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Cross beam energy transfer (CBET) is a powerful tool for
symmetry control in low gasfill hohlraums

All Hybrid E DT shots with 1050 capsules

= Low fill hohlraums -- smaller wavelength 20

C
A . 2 Shot with L
separation than high gasfill (1-2 A vs 8-9 A) C o 15 thinner [
> » DT ice M
— High gasfill hohlraums-- very large transfer in 8 3 10
the foot (~ 10x). Led to swings in symmetry = §
which were difficult to control/predict S o > -
O O
— Experiments show consistent scalings of "—é c 0 el |
P, with CBET but can have occasional 5= s
surprises when other large changes are T3 10
made (but can recover) € s .
- -15
- |
& 20
1 1.2 1.4 1.6 1.8 2

Wavelength separation (A)

Lawrence Livermore National Laboratory N A'Siﬁi 30
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Because there is a tradeoff between capsule size, symmetry, and
“coast time,” we expected there to be an optimum capsule size

- Implosion velocity

— - Scale

Yieldincreases Yield -y : A Pymmetry
th I v4.5 § [ A \
with scale 0.64 “imp 4.6
Y ~p; fooaa S™® & (1- RKE,,, )38
if
Ablation pressure ‘5 _ - Stability
“inflight” by -t Adiabat

Yield

lower “coast”

Until asymmetry,
instability, coast time

become too large

[
»

1.0 1.05 1.1 1.15
Capsule radius, mm (“scale”)

Plan was to use different capsule sizes
and find the optimum experimentally

Lawrence Livermore National Laboratory
LLNL-PRES-Xxxxxx
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Initial HYBRID-E used the largest capsule and increased hotspot
energy, but pressure dropped, capsule quality degraded, mix

lgnition figure of merit ~ (pR)3T3~EysPAs

“HYBRID-E'” 1100 um size Y =55 kI

910um -> 1100um Capsulesand ice not
capsule hydro-scaled

DT Thicker
gas Cryogenic
DT layer

-> More coupled energy via
reduced CCR
(+maintain shape & velocity)
-> Longer coast
-> Capsule pits, voids
-> Mix
-> Lower pressure

-> Protection from defects
-> Better stability at low velocity
but not enough

Recovering pressure (and temperature) would require lower coast and less mix

‘ Lawrence Livermore National Laboratory 1:A.B. Zylstra et al., PRL 126, 025001 (2021); A.L. Kritcher et al., PoP 28, 072706 (2021) N L'% 32
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Slightly smaller capsules reduced coast time, and some capsule
quality improvement — performance improved markedly

lgnition figure of merit ~ (pR)3T3~EysPAs

“HYBRID-E” 1050 um size Y =170 kJ

1100um -> 1050pum Reduce coast timel2
capsule - - - -
> Reduced coast E * I T e ]
-> Higher pressure 0 D UM AN U8 O B
-> Better capsules, and
higher W, less mix and 0 ; i | High foot data
. [1] 0.5 1 1.5 2
higher temperature Coast time (ns)

While not confirmed, analysis suggested coast was still sub-optimal, motivating test of yet lower coast

‘ Lawrence Livermore National Laboratory 1: O. Hurricane et al., PoP 24, 092706 (2017) NA' % 23

2: O. Hurricane et al., PoP 27, 062704 (2020) and 2" paper in preparation Nationa ustaar Securly
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To reduce coast time further, we had to make the hohlraum
even more efficient by reducing the laser-entrance-holesize

HYBRID-E design modified
with smaller LEH3

3.65 -> 3.1 mm LEH (27% less area)
Sy =

= Reducing the laser-
entrance-hole size reduces
the radiation losses

|
Small CCR 2.8

J. Ralph, GO04 Tuesday

) ) 1: O. Hurricane et al., PoP 24, 092706 (2017)
Lawrence Livermore National Laboratory 2: 0. Hurricane et al., PoP 27, 062704 (2020) and 2" paper in preparation;
MRS e 3: J. Raloh. T Woods. A Kritcher. et al.. "Hohlraum Scans Proiect”. (2020)
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The smaller laser-entrance-hole allows shorter coast time while
maintaining implosion velocity

HYBRID-E design modified Reduced radiation loss means can get
with smaller LEH3 same drive (Trad) with lower power

3.65 -> 3.1 mm LEH (27% less area)

71 500;_ —— N210307
[ ——— N210808
400+ = Add the energy to the back
2 300} end of the pulse to reduce
g coast time!
5 200}
100
0: 1 1 1 1 L 1 L 1 1 L 1 1 1 L 1 1 L
0 2 4 6 8
Time (ns)

~ Small CCR 2.8

Used simulations and data driven models to
re-tune symmetry for smaller LEH on first DT!

J. Ralph, GO04 Tuesday

) ) 1: O. Hurricane et al., PoP 24, 092706 (2017) o
Lawrence Livermore National Laboratory 2: 0. Hurricane et al., PoP 27, 062704 (2020) and 2 paper in preparation; NVYSE 35
MRS e 3: J. Ralph. T Woods. A Kritcher. et al.. "Hohlraum Scans Proiect”. (2020) B




This allowed us to reduce the coast time another 350 ps — into
the steep part of the curve

HYBRID-E design modified Reduced radiation loss means can get
with smaller LEH3 same drive (Trad) with lower power

Allowed us to reduce coast another

350 ps in steep part of the curve

3.65 -> 3.1 mm LEH (27% less area)

— i ! :
500; —— N210307 250
[ ——— N210808 ;
400 - o | ; :
= 5 o
g E H 4
3 !
_ 350 ps s | :
100 F B i :
T B L enseetdans
z Time (ns) % 0.5 115 2
Small CCR 2.8 Coasttime (ns)

Used simulations and data driven models to
re-tune symmetry for smaller LEH on first DT!

There may be room to make further improvements on this design

) ) 1: O. Hurricane et al., PoP 24, 092706 (2017) o
Lawrence Livermore National Laboratory 2: 0. Hurricane et al., PoP 27, 062704 (2020) and 2 paper in preparation; N YSE 36
MRS e 3: J. Raloh. T Woods. A Kritcher. et al.. "Hohlraum Scans Proiect”. (2020) el e 2




N210808 produced 1.35 MJ and the highest yield amplification of
any shot to date

lgnition figure of merit ~ (pR)3T3~EysPAs

“HYBRID-E” Y =1.3 MJ

3.6mm ->3.1 mm

-> Reduced coast
-> Higher pressure
-> Better stability
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There were also other important improvements on this shot

lgnition figure of merit ~ (pR)3T3~EysPAs

“HYBRID-E” Y =1.3 MJ

Accumulated Highest quality 5um -> 2um
laser diamond capsule fill tube
improvements ever shot

High-Z particle Voids
GA, Diamond Materials, LLNL

-> Precision energy -> Less mix
delivery -> Higher temperature

Future experiments will help understand the relative importance of each change

‘ Lawrence Livermore National Laboratory N A'% 38
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At the threshold of ignition, small changes in “no-alpha” space
can lead to large changes in rea

Ill

alpha-on” space

lgnition figure of merit ~ (pR)3T3~EysPAs

Much higher pressure and energy with small changes to input conditions indicates new regime

‘ Lawrence Livermore National Laboratory
LLN
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*Preliminary analysis

Many of the key experimental measurements are pointing to
this implosion being in a fundamentally new regime

Yield and Temperature Inferred Hotspot Mass and Energy Hotspot Size and Burnwidth

1.4+ : ] T0 1
200
12+ : __ 60} . i
) = =
~— 1 [ 7 E ﬂ r T .ﬁ 1m |
= : s
) [:T]
S, 0.8] £ 40 H
5 5 2
= (11 L
@ 06 & 30 g 100
o B E
I [
0.4+ 20 U]
50
0.2+ ﬁ . 10 +
O J | | | | | | | “ N 1 1 “ L 1 1 N 1 1
3 4 5 6 7 8 9 10 11 12 13 0 20 40 60 a0 0 10 20 30 40 50 60 T0

Temperature [NTOF] (keV)"' Hotspot mass (ug) MNeutron radius (um)

These are all signatures of a hotspot undergoing rapid self-heating and beginning
to propagate burn into the surrounding dense shell

. U National Laborat NTOF (neutron-time-of-flight) diagnostic measures Doppler broadening of the DT neutron peak,
a:’:ﬁgflfs_xxlx\;fxrmore ational Laboratory which primarily arises from thermal temperature but does include contributions from fluid flow

NVYSE w0
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2D post-shot simulations capture many of the important
implosion performance metrics in this new regime for this design

—— HDC CH Beryllium
D atmgloalalia s gt i

Model for degradationsis benchmarked against predecessor shots

Neutron Yield lon Temperature DSR (%) Burn width (ps)
(x1077) (keV) 4 100
. T . || e |

4

5 9 60

" 5 40

1 20

Density Tio, 0 0 0 0

g Simulated

= Consistent with high temperature, large burning hot spot

Higher resolution ) ) ) _
capsule simulations = Preshot predicted increase of 3x in neutron yield but below data (7.9x)

— Postshot, including as delivered laser, 2 um fill tube, observed asymmetry, agrees to
20% in yield
A. Kritcher GO04.00002
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Time dependent heat balance (power/mass):

dT 1 dv

CDTE=faPa — fePs — Fe ~mPar

\ J
|

lgnition when these terms dominate

Thermonuclear instability

T’ 36

~y

dt

W

T(t)/T(0)

[\

[
n

1

0 02 04 06 08 1

t/r 1~10's of picoseconds
#
Quantities are functions of p, R, and T so it is interesting to look at implosionsin pR / T space



Previous 55kJ experiments had alpha-particle heating but not
enough to overcome losses

« 55kJ: 0
o . . T T T T ¥ 1 T T T T T
Alpha particle heatlr)g _and hydro i 1 alpha - Q_cond - Q_rad =01
roughly balance radiation losses ) I Static selfheating curve .
L " P. Patel, Phys. Plasmas 27, 050901 (2020)

S 8 : I

L I ]

AV

~ = |

() |

o I |
3 6 \ -

© \
QL_) \
g_ i ]
o | Bang time ~ _
~ 4= - Wereaa =
c +/- 50ps e
o
ol N170601(55k))* |
L I . | i 1 X 1 L 1 L
0.0 0.2 0.4 0.6

Hot spot rhoR (gm/cm?)

1: Le Pape, et al, Phys.Rev. Lett. 120, 245003
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170kJ shot -- alpha heating dominated implosions showed an
increase in temperature but still succumb to losses

« 55kJ: =
: : S —
Alpha particle heatlr_lg _and hydro i 1Q_alpha - Q_cond - Q_rad =0
roughly balance radiation losses : I Static self-heating curve .
s " P. Patel, Phys. Plasmas 27, 050901 (2020)
« 170KkJ: < 8F ¢ ]
» Higher initial hot spot temperature, :qz'i d e |
alpha starting to win over losses o | e SgOps
but not there long enough for 2 - : i
. . . ©
significant bootstrap heating S0 \ N210207 (170k)2
Q. i . .
E I Fusion loses as it
I 4t - - ___disassembles
=9 el
° |
ol N170601 (55kJ)*
A 1 N 1 N 1 N 1 " 1 M
0.0 0.2 0.4 0.6

Hot spot rhoR (gm/cm?)

1: Le Pape, et al, Phys.Rev. Lett. 120, 245003
2:Zylstra,Hurricane, et al,in preparation;Kritcher, Young, Robey, et al,in preparation;Ross, Ralph, Zylstraet al,in preparation
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N210808 shows substantial increases in calculated temperature and
PR and reversal of pR — Tion trajectory

« 55kJ:
« Alpha particle heating and hydro 10_ - 'B e 1
roughly balance radiation losses i +7_n5got;:7e N210808 (1.35M)?
I
. 170 KJ: S 8-— y Fusionis ‘winning’
« Higher initial hot spot temperature, g |
alpha starting to win over losses E i
but not there long enough for 2 ek
significant bootstrap heating g - N210207 (170k)?
g' i Fusionlosesas it
* 13sMd 3 4t - ___ _disassembles
 Similar hot spot formation but c | CTTT
better confinement due to lower 2 |
coast time allows alpha heating to N170601 (55kJ)*
outweigh losses and take off 2_’
N 1 M | N 1 L 1 " 1 4
0.0 0.2 0.4 0.6

Hot spot rhoR (gm/cm?)

1: Le Pape, et al,Phys.Rev. Lett. 120, 245003
2:Zylstra,Hurricane, et al,in preparation;Kritcher, Young, Robey, et al,in preparation;Ross, Ralph, Zylstraet al,in preparation;3:in preparation
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We are now in a new regime where alpha energy is completely
dominant

10— —
I Bang time 1
i +/- 50ps N210808(1.35MJ)3
= Alphaenergy >250 kJ i [ Fusionis ‘winning’
= 8
= PdV Work Done ~ 20 kJ QL
. . m -
= Radiationloss ~ 60 kJ 5
& °
= Total fusion energy and power: 1.35 MJ, 15 o | \ N210207 (170k)?
s o . .
PW (quadrillion) for ~90 ps !! e | Fusion loses as it
I 4} disassembles
C L
o |
sl N170601 (55kJ)
» L 1 A 1 N 1 L | i AR i
0.0 0.2 0.4 0.6

Hot spot rhoR (gm/cm?)

1: Le Pape, et al, Phys.Rev. Lett. 120, 245003
2:Zylstra,Hurricane, et al,in preparation;Kritcher, Young, Robey, et al,in preparation;Ross, Ralph, Zylstraet al,in preparation;3:in preparation
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There are several published metrics for inferring ignition — we
are evaluating this shot against them

Ignition boundary

600 High Foot \\O(O
CH LGF \ N
5004  Hoc A%
BigFoot \
Hybrid B \
- 400 N I-Raum @
© HyE-1100 N
m brid- S
300 ¥ M e S
' 200 -
100 1 *
O T T T
20 40 60
Rps (um)

J. D. Lindl, S. W. Haan, O. L. Landen,
A. R. Christopherson, R. Betti,
Phys Plasmas, 25, 122704 (2018)

Ignition boundary with

70 variqu$ "nix assumptions
60 -
50 A
m
& 40 - *
5 >
5 30 A
20 - *
High Foot
CH LG -Raum
10 1 H;(IZ_ i :—IF;E-HOO
BigFoot * Hybrid-E
O T T T T
25 50 7.5 10.0

T (keV)

O. A. Hurricane, S. A. Maclaren, M. D.
Rosen, J. H. Hammer, P. T. Springer, R.
Betti, Phys Plasmas, 28,022704(2021)

1
| e s14 | % A
| 2Ens I 1D oD
100% igniting |
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e 1] |
T ]
| x* "
| o My I
| 7 |
e :
10° . . :
1 2
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A. R. Christopherson, R. Betti, S. Miller,
B. V. Gopalaswamy, O. M. Mannion, D.
Cao, Phys Plasmas, 27,052708 (2020)

1
87% ignitin
big g E+
1 ITFXnp—q = 1.0 :
]
. 10!+ :
£ ]
A ]
ok :
—he— :
"
F i
100 T .:
0. 0.5 1.0
ITFX o — a

B. K. Spears, M. J. Edwards, S. Hatchett
et al. Phys Plasmas, 21,042702(2014)

P. K. Patel, P. T. Springer, C. R. Weber
et al. Phys Plasmas, 27,050901 (2020)

See talks: A. Christopherson CO04:00005
A. Zylstra Ql02.00001

Analysis: A. Zylstra

Lawrence Livermore National Laboratory
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The 1997 National Academy of Science review of the ICF
program defined “ignition” as “gain=1"

= |gnition is a statementabout the power
balance in the hotspot of the implosion

f
Review of the Department o

Energy's Ine

ion Pro ram . e« e, .
B | = NAS decided to use a definition that is
R — not about power balance but about

s Ing e \
matics, and Applications

rtial Confinement

f Energy
. (he Department O
Comittee for the Re‘"‘?:“o{ Physical Sciences, Mathet

Commission on FRYEC i Research Cowncil ‘\ t a r t a i n

— Easyto evaluate

= NAS defined “ignition” as target gain=1,
where fusion yield is equal to laser
energy

= This shot is target gain 0.7

Lawrence Livermore National Laboratory NUVYSSE
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First shot to assess variability on Oct 24 gave ~ 430 kJ of yield

Yield and Temperature

Observe a large mode 1

1.6 . .
N210808 ¢ Second ShOt Wlth CapSU|e galn > 1 N211024-001-999 RT-NAD fit to L<=4 Velocity Corrected

14 (1.35MJ) * andyield > 1e17 neutrons! Fuel is thick on top (blue

1.2
=) 1 « Datastill being analyzed
]
2 0.8 . . .
> * Simulationsin progress
(=]
Ez 0.6

0.4 m N211024 * Expect large variability near

(430 kJ) ignition cliff
0.2 |
‘ 090 091 0.92 0.‘93 0. 0.9‘5 096 097 098 099 1.00 101 102 103 1. 1.05 1.06 107 1.08 1.09
0 —J AnaIysis:Rﬂ.ngionta o B

3 4 5 6 7 8 9 10 11 12 13 .
Temperature [NTOF] (keV) 130 km/s velocity downward

(N210808 was 68 km/s)

Mode 1: Schlossberg NO04.00010

Lawrence Livermore National Laboratory NUVSE o
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Near ignition cliff, expect variability -- the designs are sensitive to
input parameters and sensitivity increases with yield amplification

Because ignition is a threshold process Example: 2dsimulations of N210808 For N210808, 1d simulations show

we expect sensitivity to increase with show strong sensitivity to mode 1 + 25% variability in yield from
higher yield amplification (~ 2x between N210808 and repeat) laser and target variations

1 Where are we A 40 Random Experiments
. Kritcher

on this curve? I l 3.4+ 0.8 X107 Neutrons
C 3 [~ — 7 4
o 6_
b= S qo+17 :
S TR .
&= > ol - £ 49
_ cC ’ s
o (@) 53
% *3 5, +50% yield

e e EEEE——
ie) GJ L ) 1-
[ S o
>_ L I 2.0 2.5 3.0 Neui.rzns 4.0 I 4.5 5.1091?
: j N211024 N210808
D‘ | 1
> 0 1 2 3
Input parameters Applied P1/PO (%)

See L. Peterson TO07.00009
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Three experiments testing N210808 variability have been performed:
all reached >1e17 and capsule gain >2, well beyond early 2021 shots

2 T T T T T T T T T T T 2
1.3 ---_-f-N --------------------- | 1-3- ]
Target gain ~ 1 for N210808 Hye N210808 and
| . el . - _ 1.6+ variability tests |
181 (NAS definition of ignition) N210808 R
= 14} (1.35MJ) _ - § 1.4} —i
e | =
- 12} | g 127
- Q
2 S ot
c £
S osl Hye N210808 -ﬁ 0.8f
IE and variability L g
0.6]- . i
Capsule gain~ 1 for N210808 tests _
04f | 0.4
—————————————————————————— 0.2+
0.2r Iraum i .
u i i
u | 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 DI 0.1 0.2 0.3 ”I': ':2;5 06 0.7 0.8 09 1
P. Patel 'fear P'Pate Tf{ T}ign
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Variability mainly attributed to larger unintentional odd mode
implosion asymmetry or more mix

2.0

1.5 4 10% | N210808
Mix Q’ —@—

Fusion 10 -
Yield (MJ) N211107 5 fill tub
N211121 i i tube
| 40% : N211024
0.5 i 8 @y
0.0 . . ' — .
0 50 100 150

Bulk Hot spot Velocity (um/ns)

Working on understanding and mitigating these degradations to improve robustness
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The E%Eistfth NIF shot (N210808) yielded more than 1.3 MJ ahd
marEagsig ificant advance in ICF research

[_1HD
B HDC Iraum
I HDC HyE
1 I
HyE = Capsule gain (yield/capsule
N210808 absorbed ener 5
0.8 (1.35MJ) gY)
= Laser gain ~ Q.7
0-6 B H ~ (o)
= Burn propagation 2% burfiup
0.4 Capsule gain~ 1 APS 2020 = 13x increase in fusion yield sifice
. 't APS 2020
0.2 ,
NIC High-foot HDC/BF HyE/Iraum
(2.5 kJ) (25 kJ) (55 kJ) (170 kJ)

We’ve been waiting for this since Nuckolls 1972 Nature paper!
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We have made much progress in the last few years but much
work remains to be done

P . . ~ 3 3~ 2
= Understand where we are Ignition figure of merit ~ (pR)°T°~EysPfs

— Assess variability
— Assess sensitivity to input parameters HDC/BF
— “Dudded” fuel to validate models in this Y, range (2016-18)

= Push to higher performance
— Higher compression A
— Higher laser energy |

— Further improvements to hohlraum (2013-15)
= Use the current design for science experiments
— Output from this implosion is most o
powerful/energetic driver that we have for HED le-(l)lii-n)

= I[mprove our simulation capabilities
Kritcher GO04.00002, Clark Z102.00002, Casey CO04.00006

This is a very exciting time for our field!
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“Don’t stop believing”
-- Hybrid E theme song

Disclaimer
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