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- 192 beams are used to drive inertial confinement fusion
(ICF) processes — recreating what happens in the sun
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192 Beams
2.05 MJ Energy, 500 TW Power

Thousands of Laser Diagnostics

Neutron

Hottest place in our solar system (for a few nanoseconds)

Lawrence Livermore National Laboratory N A‘SQ.OA 2

ICALEPCS_2023_KP McCandless_Accurate_Modeling.ppt — October 2023 National Nuciear Security Administr: r

1L




// N > _ e

On Dec. 5, 2022 Wﬁ4 monstrated (o] th@@
igniting fusion* reacgon in thejla QJI" tc ry s
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Fusion ignition is the point at which

a nuclear fusion reaction

becomes self-sustaining A

* When the energy being given off
by the reaction heats the fuel
mass more rapidly than it cools

* The point at which the increasing ~ ~
self-heating of the nuclear fusion \
removes the need for external
heating
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From 12/5/2022 Experiment

>30,000 trillion watts (30 PW)

: *
~3.15 MJ with Gmrget ~1.5
for ~100 ps
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Fusion plasma ~100 pm
Temperature ~130,000,000 K

* Exceeding 1997 NAS definition
of Fusion Ignition
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LPOM is used by the Control System (ICCS) to setup NIF and
results are fed back into the models to improve future shots

£

LI 41V

The Laser
Performance
Operations Model
(LPOM) drives the

2 L8

to predict
the NIF’s 192 beam
laser performance, N
setup the laser and |sEzePs;
diagnostics, and ,‘,0,5 ;5{:;.'52:{}35
deliver the desired
pulse shape on target LPOM

(vBL)

i

'%' Shot Goals \ EJ\
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LPOM is used by the Control System (ICCS) to setup NIF and

results are fed back into the models to improve future shots
oo
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The Laser
Performance
Operations Model
(LPOM) drives the

=] G

to predict
the NIF’s 192 beam
laser performance, N
setup the laser and | FjE3e PO;
diagnostics, and |13 Gimshashcs

deliver the desired Shot Settings
pulse shape on target | LPOM

(vBL)

i

'%' Shot Goals \ EJ\
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LPOM is used by the Control System (ICCS) to setup NIF and
results are fed back into the models to improve future shots

H".’I'I

The Laser

Performance J

Operations Model R}

(LPOM) drives the - VBL is the physics

engine for LPOM —

to predict modeling a single

the NIF’s 192 beam NIF beamline with

laser performance, N Fourier split step

setup the laser and IrEBere; wave propagation,

diagnostics, and .‘:‘3 5::5:5323;-5 amplification,

deliver the desired Shot Settings frequency

pulse shape on target 1 LPOM conversion, etc.

(VBL)
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LPOM is used by the Control System (ICCS) to setup NIF and
results are fed back into the models to improve future shots

The Laser : :
Performance WoR | @D J
Operations Model ~ 3
(LPOM) drives the . Kx\x \l = R -

ETeaIEIE engine for LPOM —

to predict
the NIF’s 192 beam

converter | modeling a single
NIF beamline with

crystals

laser performance, “ Fourier split step
setup the laser and IrEBere; wave propagation,
diagnostics, and .‘:".5 E.r:g.'fé'.gt”.'cs amplification,
deliver the desired Shot Settings |p— 77 frequency

pulse shape on target 1 LPOM conversion, etc.

. (VBL)
Pre-compensated spatial

profile(left) produces a
‘flat’ beam at end of the Shot Goals
amplification section(right)
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LPOM is used by the Control System (ICCS) to setup NIF and
results are fed back into the models to improve future shots

- : Input Output Laser Drive
E Sensor Sensor Diagnostics
Y 2 & s 8
The Laser

Performance
Operations Model
(LPOM) drives the

PAM

Q VBL is the physics

engine for LPOM —
modeling a single

Frequency
converter
crystals

to predict
the NIF’s 192 beam

laser performance, ~

Fourier split step
setup the laser and I wave propagation,
diagnostics, and é.‘:".s ;5{:;.‘1%:{!.:5 amplification,
deliver the desired Shot Settings frequency

pulse shape on target =1 LPOM conversion, etc.
. (VBL)
Pre-compensated spatial

profile(left) produces a
‘flat’ beam at end of the Shot Goals
amplification section(right)

NIF beamline with

Diagnostic Setpoints
Laser Setpoints
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LPOM is used by the Control System (ICCS) to setup NIF and
results are fed back into the models to improve future shots

| e
' Input Output Laser Drive
Sensor Sensor Diagnostics

Energy
tae enuatols

The Laser
Performance £ P PAM J
Operations Model §_ = R}
(LPOM) drives the 5 £ - \\ VBL is the physics

-.% » Frequency engine for LPOM —

to predict 2 » ENEL; ] modeling a single

o © crystals \ 4 . .
the NIF’s 192 beam g - NIF beamline with
laser performance, Ini:ction Invput Output ™ Fourier split step
diagnostics, and ;__.}?_;5{:;'"%:{:“ orarget amplification,
deliver the desired Shot Settings Data (3w) frequency
pulse shape on target = LPOM | Y Y l conversion, etc.

Diagnostic Feedback
Pre-compensated spatial (VBL)

profile(left) produces a '
‘flat’ beam at end of the Shot Goals
amplification section(right)
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Before an experiment can be shot on NIF, LPOM runs a series
of VBL calculations to predict performance

Quad Setup Report

Readiness: LOOP1 SHOTS REQUIRED
Setup  Equipment Protection = Projections  Pulse Shaping = Reports | NearField | Processing Time

H_Surv_Neutron_Cdev_S03a

LPOM Experiment Setup

Exp 10: H_Surv_Neutron_Cdev_S03a S [ | slias: EEE

°1: Yeamans, Charles & L.#
Calc Time: 04-Sep-23 18:49:43 Sl
_HYE DT with 1050 capsule and smaller LEH. primary capsules with a laser drilled 2 um fill tube hole; HYE DT Platfga#s] ' | Experiment Info i PO Preicied 57 e Pt 15T
"HED science high-fluence neutron survivability: H_Surv_Neutron_Cdev_S03a Q317 L]
Rezdiness: LOOP1 SHOTS REQUIRED |
status: APPROVED

Q15T ISP NF

Descr:

'on_Cdev_S03a ¥ 2= EEE

This shot passed LPOM calculabions but requires ICCS DB Calcs to complete before it can be loaded 7 Charles E7 57 Quad: [Q31T V| Outer 50* & ® ﬂ
P-23 18:49:43

H_Surv_Neutron_Cdev_S03a Setup Summary [® 0 R0 DT with 1050 capsule and smaller LEH. primary capsules with a laser drilled 2 um fill tube hole; HyE DT
velopment, HED science high-fluence neutran survivability:

M Equipment Protection 00P1 SHOTS REQUIRED

Quads| 48 NIF Masx Optic Beam fqupmentProfecton  Projecions PuseStaping  Report NearFeld |~

Beamlines ¥ Damage 127.26% || LM4 || B458

= Peak Power

L 4 Delta-B 1.28 SF3 || B352
V| Filamentation | 98.26% [ SHG |B342
0 Peak Power |(110.90% || TCC || B155

3o Energy __Jpeak ower |

Inner Cone | 682.54 440.804
146.962
253.884|TwW

Max Energy Err| 0.1 % Q34T

Quter Cone|1367.26

K| |Inner Cone

Fraction 0.333 Quter Cone

33.40% B312 TCC
% 20.90% B314 TCC
Ry & S— 27.42% 8311 TCC
L 18.28% B313 TCC

lAmp Pumping(] Beam Fates]Pulse Shapes and Delays m \Wavelength (A) Map: )
11-5 20% |All Tcc  |al ||[Hye_1050_2p75_2005 outer 5 m Released |outer 45.0 a1l deltas (&)

Hye_1050_2p75_2p05_in_1204] 0 [[Released]inner

5.7 | SSD Grating &
| SSD Modulation ¥
Equivaient SSD Bandwidth at 1o
(GHz) 45.0

¢ .54
PSS: Reduced (Stroke = 45%,
rans=73%)

= Bu31 Amplifier Banks Configuration: 11-5 20%
Cluster 1 Qverview - T e s e e o
Bank 2 Bank 3 Bank & Bank 5 Bank & I Bank 7 ‘ Bank8 | Bank S

Bull Bul2 Bul3 Buld Buls Bulé Bu31 Bu32 g} MAS-MAS | MA7-MAS | MAG-MALD | MA11-PAT | PAS-PAS | PA4-PA3 | PA2-PAL
psaT| V7

v Q167 % | g3t v
viams v e v [ |”V|:Q3m v [G8) v o] v

Cluster 2 Overview Cluster 4 Overview

Bu23 Bu24 Bu41l Bu42 Bu43 Bu44

Bu22 Bu4s

Overall Experiment Setup Report

Achieving the conditions for ignition demands precise control of lasers that can only be achieved with the use of
laser physics codes like the Virtual Beamline (VBL) driven by performance and operations modeling software tool suites like LPOM

Lawrence Livermore National Laboratory
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After a shot on NIF is fired, LPOM generates a shot reportto . @
evaluate the laser performance

LPOM Shot Verification Status

NIF&PS N230904-002-999 ? @ Overall performance

shot 10: [N230804-002-955  v][] 5 i .
= Power Accuracy: LEH Reported vs. Specitfied
Exp ID: H_Surv_Neutron_Cdev_S03a = aiias: EEE
71: Yeamans, Charles 7 4.7 N230904-002-999, H Surv Neutron Cdev S03a
Shot - - - -
Time: 09-SEP-23 10:02:15 = 30 T T T T T T T T T T T T T T T T T T T T T -
Deser: HYE DT with 1050 capsule and smaller LEH.primary capsules with a laser drilled 2 um fill tube hole; HYE DT Platform development, E : ]
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i 9 — -
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- Specified (Inner: 64, Outer: 128, Beams B
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Total[ 451.5 |Tw -8 10 N | - g
trner| 156.0 |w| EIERET Y R 5 N '| N
Outer| 3082 |Tw| Delta-ISP . Total Requested | 3.05 |M] Projected Requested|2.0J o - | - 200
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The accuracy and timing of the delivered pulses onto the target

directly affect the symmetry of the implosion critical to achieve fusion ignition

. . ‘) J
\ Lawrence Livermore National Laboratory \/ A oy 11
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LPOM/VBL work together to achieve more accuracy for
the fusion ignition platform at NIF o

W Automating real-time input pulse corrections (Loop1)

‘W~ Enhancing pulse solver physics fidelity

Q Mining data for final optics conversion correction (Loop3)

m Enhancing symmetry reporting to understand implosion dynamics

\/ Diagnosing and understanding performance losses and artifacts

Lawrence Livermore National Laboratory N A‘ 0' 12
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Automated performance correction to each quad’s input ;-»e:i.
pulse calculated and applied during the shot cycle (Loop1) ,:;,"'*

NAA
= Calculating accurate request pulse shapes at the injection of
. . Loop1s Correct the Pre-Loopl Power Accuracy
the NIF laser is complicated by several factors ‘ : ‘ ‘ ,

LWVl

1w pulse shape T 5[
— High contrast and variability in specified shaped pulses at the start of L
— Drift over time of the MPA amplifier performance high-power It
. . e - . amplification .
— Non-linear nature of gain amplification (saturation, etc.) :
= To combat this the NIF uses results from low power shots In this example, f of
early in the shot cycle to calculate corrections to the VBL power accuracy I
model generated input request pulse shape was greatly 5
= This process was originally carried out by hand using data = improved after the ]
from additional shot cycles completed before the main shot = -00P1 process was
— This was error prone and human time consuming [z
= Automating Loop1s as a function of the LPOM application Especially on the
allows this process to be essentially “free” extremely low :
— The low power shots are being taken anyway power portions at $f
— The automated processing does not add human time  the beginning of s
or critical path time to the NIF shot cycle the Inner cone € ]
pUlSG Shape é ol .{ Note that energy accuracy will be

improved on subsequent OSP rod shots

Automated loop1 corrections improve performance without requiring time consuming manual work by the laser physicists

Lawrence Livermore National Laboratory N A‘S@i@\ 13
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In the month prior to our first ignition shot, we increased the
pulse solver accuracy

Enhanced pulse solver in LPOM increases energetics agreement dramatically

-0.5
06 06 -06 -0.6-0.6 0.6 06 -0.6 -0.6-0.6-0.6-0.6-0.6 ~ -0.6 _‘_‘\w
S T HHE Rt & H IR EIE I
-0.8 -0.8-0.8-0.8 0.8 0.8 08 -08 08 | -08
| 09 09 09 09

Percent Error
()]
S
(¥, ]
(=]
(9]
o
(9, ]
S
()]
S
(9]

Quads

m Enhanced Pulse Solver  m Original Pulse Solver

We increased the spatial resolution and added more physics in earlier phases of the pulse solver

More accuracy means more memory usage (RAM) and increased time to solution (wallclock)
Lawrence Livermore National Laboratory N A'S;i{% 14
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Mining data from completed shots to improve performance

on upcoming shots (Loop3)

Achieving high 3w pulse shape power accuracy at the target
is complicated by
— The non-linear processes of gain amplification
(saturation) and frequency conversion
— High cost of 3w calibration shots (in terms of time and
optic damage)
On the NIF we rely on VBL modeling to fit the data from a
small set of calibration shots to infer machine calibrations
— This results in high accuracy for some 3w power levels
and lower accuracy in others
Results from prior shots with similar pulse shapes can be
used to correct 3w power accuracy performance when the
calibrations aren’t perfect

The Loop3 Editor is a tool that allows a laser physicists to

— Quickly define the regions of the pulse (picket, etc)

— Select the closest recent representative shot

— Apply a corrections based on the achieved power
performance of the representative shot

Using the Loop3 Editor to define pulse regions

Loop3 Editor

| Reference Shot | Loop3 Comrectio

144

12+

2

184

164

144

124

cified Power (T4)

14

Spe

0.8+

064

LR

024

o4

£24

In this example,
power accuracy was
improved by
adjusting the request
in the picket, trough,
and shock3 regions
of the pulse, using
data from a prior
shot in the same
campaign

Pulse Binning For |_Stag_DT_HyE_S08a m

Qute

Cormrection Factor (%)

20E 1 F L 1 . 1 L1

Loop33 correct the
3w pulse shape
delivered at the target

Result of applied Loop3 corrections

T | L —
Average Loop3 Correction (32 Quads)
Individual Loop3 Cormrections

L | = Average LEH Quad Inferred (32 Quads)

Hye_1050_2p05_o

1
EN
Power (TW)

Picket Trough:  Shock3 RiscToPeak AtPeak

0 2 4 6 8 10
Time (ns)

Using knowledge of machine performance on past shots can improve model accuracy for future shots

Lawrence Livermore National Laboratory
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NYSE,

National Nuclear Security Administration



New symmetry reports delivered this year are key to
understanding the delivered power balance across 192 beams

= 360° implosion symmetry is critical to achieve ignition
= To understand their results, experimentalists look at

M1/MO [%Drive]* 2nd Ignition Shot July 29, 2023

reports of the inferred hotspot movement L ’ . v N
= These reports are driven by analysis combining all the . s T
laser beam pulses delivered to the target chamber .
60 150 q'l'\ 8, 30
2 a ’ .y
oo " “
R gmne, ’\g <
{1 2 £ e % g &
' H o, &
. ! f:m 0 " 180° " «,' YN 0
b, }" :

All 192 power traces overlayed
onto the % drive report

installation

Experimentalists use this laser data to adjust their pulse shape requests
and understand the initial conditions before the implosion

Lawrence Livermore National Laboratory *B.J. MacGowan, et. al., “Trending low mode asymmetries in NIF capsule drive using a simple NA‘S&& 16
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LPOM detected decreasing 3w performance used modeling to
assess the situation and devise model and hardware upgrades

= NIF is operating at its highest sustained levels of energy and power to date by continued investments in
optics and laser technology

= Fidelity of the laser models, accuracy of the laser diagnostic; beam quality, front-end performance and
low-mode symmetry have been all improved

N210808 HyE Power Accuracy met all requirements

Power accuracy showing 3w “droop”

30 T T T T T T T T T T T T T T T T T =
Power Accuracy: LEH Reported vs. Specified - | == Outer Cone - LEH Reported (128 Beams) ]
X NIS0E03-001:-922, L tmt DI_FiyB: Slla &' [ |~ InnerCone - LEH Reported (64 Beams) ]
o P = . |
= —— Outer Cone - LEH Reported (128 Beams) 1 ':‘ i | = Specified (Inner: 64. Outer: 128. Beams) 1500
s Inner Cone - LEH Reported (64 Beams) 7, — — 3
g = | ——Specified (Inner m,:mm 128, Beams) -3.5%over2ns [} 5 ]
o —— S L ]
(] o C -
o (4] B -
= Hardware € - .
S € 10~ N
= and model S 200
c Y C .
< C ]
i upgrades 5 F k
.© E=] - ]
= S o B
() > C -
[a) > F .
o (] C — 100
s 5 © ]
= | —
0 210 13
(a ¥ (o] - =
i =
Time [ns] - 1 9
= -] 0 g
20C 5 a

In addition to using model-based calibrations, we use laser physics modeling to

determine the need to upgrade hardware (A. Gowda HiFiPs talk ICALEPCS 2023)
Lawrence Livermore National Laboratory N A‘S{f_% 17
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LPOM detected decreasing 3w performance used modeling to
assess the situation and devise model and hardware upgrades

= NIF is operating at its highest sustained levels of energy and power to date by continued investments in
optics and laser technology

= Fidelity of the laser models, accuracy of the laser diagnostic; beam quality, front-end performance and
low-mode symmetry have been all improved

July Ignition Repeat
Power Accuracy

Power accuracy showing 3w “droop”

Power Accuracy: LEH Reported vs. Specified
N190203-001-999, 1_Int_DT_HyB_Sl11a

W —= T
E === Quter Cone - LEH Reported (128 Beams)
[ | == Inner Cone - LEH Reported (64 Beams)

[ | Specified (Inner: 64, Outer: 128, Beams)
20—

w—— Outer Cone - LEH Reported ( cams

Neutron
induced yield
artifact!

s Inner Cone - LEH Reported (6 NS

_ | w—Specified (Inner: 64, Outer: 128, Beams)

Hardware
and model
upgrades

10f-
C | N\

[

S

(=]
Power (TW)

X
4+
%]
()
>
O
)
o
£
o
—
Y
c
2
+
&
>
()
()]
—
()
3
[e]
(a1

Time [ns]

LEH Energy Deviation (%) [(Reported - Specified) / Specified]

= 1
C ‘ ]
%] 1| S TR S S (R S S M S S S (NI S NS\ ] i S

Time (ns)

In addition to using model-based calibrations, we use laser physics modeling to

determine the need to upgrade hardware (A. Gowda HiFiPs talk ICALEPCS 2023)
Lawrence Livermore National Laboratory N A‘S{f_% 18
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