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On December 5, 2022, NIF achieved ignition, with 3.15 MJ of fusion output for 2.05 MJ
laser delivered

NIF Fusion Yield Output from 12/5/2022 Experiment
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Charting the First Year of Ignition

First Second Third Fourth
Ignition Ignition Ignition Ignition
December 5, 2022 July 30, 2023 October 8, 2023 October 30, 2023
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Inside the Nuclear
Fusion Facility That

Changed the World

By Alejandro de la Garza




The freeform fabrication facility at LLNL
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Our goal is to fabricate mm to cm scale PV freeform designs with ~10x reduction in
typical deviation from target shape

Optical specification parameter space
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1. Spiral Optics

Arms=5.0 nm
PV= 119 pm; 0.5 um
Max slope=1.6 pm/mm
Quartz/Fused Silica (100-150 mm)
Vella & Longman LDRD

4. Beam Shapers

Arms= In process
PV= 1500 pm
Max slope=37 pum/mm
Fused Silica (100 mm)
OSL/ Suratwala LDRD
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7. Adaptive optic test

PV=12 um
Max slope= XX pm/mm
Fused Silica (100 mm)

Arms=11 nm

2. Alvarez Lens
Arms=18.5 nm

AN

PV= 600 pm, 1200 pm

Max slope=47 pm/mm

Fused Silica (100 mm)
Suratwala LDRD

3. JLF 2 mm CPPs

= PV=18 um
Arms=70 nm Max slope= 2.7 pm/mm
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5. Waveplates

Arms= In process
PV=141 pm
Max slope=26 pm/mm
Fused Silica (50 mm)
..Vella LDRD

6. Beamshaper

PV=16 um
Max slope= XX pm/mm
Fused Silica (50 mm)

<
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Arms=18 nm

Lawrence Livermore National Laboratory Ref: G. Matthews, SPIE 10448 2017; D. Walker, SPIE 5869 2005; Blalock, SPIE
9575 2015; Kong, IEEE 33(4) 2010; J. Menapace (Jupiter CPP)
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General process route for making a freeform optic
+ Strategy to improve workpiece quality and/or reduce process time

4. 5. 6. 7.
Grayout | Smoothing Figure Smoothing
I Correction | |
Type Grinding Grinding Chemical Polishing Polishing Polishing Polishing
Remove Remove
Shape Shape Reduce Rapidly o Figure to polishing
Pur i cr s . grinding e . -
ose within within polishing| remove ripples (mid- within ~300 ripples (mid-
P 2-3 um 1-1.5 um amount Gray ppies nm PV spatial
spatial)
errors)
LLNL Static OptiPro Satisloh + Satisloh + Satisloh +
Machi  Satisloh Satisloh  bulk etch Belt ASI-Q ASI-Q ASI-Q
ne station Polishing Metrology Metrology Metrology
Cup or Cup or Buffered CEO Belt Multi-layer Hemi Multi-layer
Wheel, Wheel, Oxide Pad/foam, Pad/foam, Pad/foam,
Diamond Diamond Etch CeO, CeO, CeO,
50 um 15 um ) )
Exam
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e

Required Required Required Required
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8.

Figure
correction Il

Polishing

Surface figure
to within <50
nm rms

Q-flex MRF +
ASI-Q
Metrology +
white light
interferometry

MREF ribbon,
CeO,

Required

1) Improved Figure Correction
Increase TIF determinism &
repeatability

2) Minimize mid-spatial
generation
Reduce ripple magnitude

3) Improve Smoothing
Increase ripple convergence
& minimized figure
degradation

TIF= tool influence function
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A systematic set of series of TIF spots, trenches & patches were created to
understand both TIF shape & polishing induced feed & pitch ripples

Kinematics & Experimental parameters Ripple created within spots, trenches & patches

Spot Trench

Polishing with hemispherical pad-foam
polishing tool

7 mm diameter 7 mm x 7 mm
PV=1.6 ym PV=0.73 um
(a) (b)
Patch

70 mm x 70 mm

PV=7.0 pm
X Pitch step direction—» (©
i S S B 3 el e BN 3 B
AL | o
: Pitch Ripid i Feed Ripples Pitch Ripples

0.6 mm
—

Key process variables

- Kinematics (rotation rate, tilt, stroke, feed
velocity, pitch step, etc)

- Tool properties (radius, pad, foam backing,
age, etc.)

- Displacement & dwell time

- Workpiece curvature
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Sub-aperture tool volumetric polishing rate can be predicted with processing
parameters

Hemispherical Pad Foam

Linear Belt on Wheel

12 T . T T T T T T
. |m 70 1 Modified Preston Model
';E M Foam c 1
E 10 =1 Clamp Ring. E 60 T
g (brass) (")E ]
S 8 i £ 50
g L | §
g X e S 40-
L 61 No] |
-t Base body
°E’ “'_ (steel) g 30 -
=] i)
3 : g
=1 4
3 No stroke With stroke 3] 20
= o . 250 rpm © A
é 2 ° e 500rpm | 8 10 - ® CEO Belt k,= 9.9x10% (mm?/N)°*?
a A 1000
= . v 2000rpm . e PU Belt k,= 1.8x10® (mm?/N)°*
0 T T T T T T T T T T T T 0 T T T T T T T T T T T T T T l
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Volume metric, S, (mm*/sec) Measured dV/dt (mm?3/hr)
av k,ma?v av k,V,.P
= Ta —_— =
dt vt T ave k,= Volumetric Preston constant dt ver
a;= contact area
V,or V, = relative or average velocity
P= applied load
. Lawrence Livermore National Laboratory T. Suratwala, Applied Optics 60:1 (2021) 201-211 NA'S;{_;%
T. Suratwala, Applied Optics (2022) National Nucloar Security Administration
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We have identified & quantified numerous physical mechanisms
that govern the shape of the TIF spot

- dh

o

3 2 M (x,¥,2,t) = kpulro + kpVi'tT

g = Normal load  Shear load 4-5

3 =2 Mmm
removal removal

ST EUENY Time ave Elastic pressure Hydrodynamic Workpiece-Lap Shear removal
dependent (u) velocity (V,) (00) pressure (o) Mismatch (o) (V,2)
Removal occurs

Relative velocity Pressure altered

Pad slurry islands & roportional to # of Pressure Pressure determined by mismatch (due where there is high
Mechanism porosity distribution prop ; determined by by Hydrodynamic y . particle velocity in
particles removing R : to workpiece . .
alter pad contact . elastic mechanics forces fluid & little normal
material curvature) load
1) Exponential
increase in p with 3D kinematics COMSOL FEA COMSOL FEA Elastic sphere- Shear removal
Model radial distance from model for tool & elastic mechanics  elastic mechanics & s herepESS model
rotation axis workpiece (& Hertzian contact hydrodynamics cogtact model Occurs on one
2) Sinusoidal radial mechanics) edge of TIF spot

fluctuations

o

Shear removal factor
B

V(<) 7ax) (mis?)

Simulation
(B
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Removal rate model largely captures TIF shape over a wide variety of rotation rates (R,),

displacements (d,) & angles (c,)
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TIF spots and corresponding trenches are correlated whose shape is

dominated by the relative velocity distribution

LTIF1-A/E LTIF1-B/F LTIF1-C/G LTIF1-D/H
a=0°; r,=20 mm a=5°; r=20 mm a=10°; r=20 mm a=15°; r=20 mm
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Measured
Line
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Q=1.8 mm

Tilt parallel to linear stroke direction

Lawrence Livermore National Laboratory Series A LTIF1: 20 mm radius tool (250 rpm; LP66 pad; 0.8 mm; green foam; 600 um displacement; no tilt stroke; 10 sec for spot; 127 NAVS}’Q}

mm/min for trenches; 12 passes)

Trench cross section shape
transitions from inward
bump, to flat, to parabolic
shape with increase in tilt
angle

Relative velocity
distribution largely matches
trench cross section shape

cal

-

*6 oscillations (12 passes) in 600 sec; each pass is 106 mm, V=12*106mm/600sec=127 mm/min ESCOn! MUCIAT S ScUrRy AN sosion
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As workpiece transitions from flat to convex, spot gets smaller & deeper;
As workpiece transitions from flat to concave, spot gets bigger & deeper

Measured TIF spots as a function of WP curvature

rs=-500 mm (CC) Flat

00000
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Relative contact diameter (2a,)
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Workpiece curvature (1/r,) (m™)

Relative volumetric removal,

(V./dt) / (dV/dt)

,=3.9°;, R=500 rpm; d;=100 pm; t=15 s

Model vs experiment
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General process route for making a freeform glass optic
+ Strategy to improve workpiece quality and/or reduce process time

4. 5. 6. 7. 8.
Grayout | Smoothing Figure Smoothing Figure
I Correction | | correction Il 1) Improved Figure Correction
Type Grinding Grinding Chemical Polishing  Polishing Polishing Polishing Polishing Increase TIF determinism &
repeatability
Remove Remove
Shape Shape Reduce Rapidly e Figure to polishing Surface figure
Pur i cr s . grinding e . - iy
ose within within polishing remove ripples (mid- within ~300 ripples (mid-  to within <50
P 23um  1-1.5um || amount Gray p:patial) nm PV spatial nm rms 2) Minimize mid-spatial
L), generation
Q-flex MRF + Reduce ripple magnitude
LLNL Static OptiPro Satisloh + Satisloh + Satisloh + ASI-Q
Machi  Satisloh Satisloh  bulk etch Belt ASI-Q ASI-Q ASI-Q Metrology +
ne station Polishing Metrology Metrology Metrology white light
interferometry  3) Improve Smoothing
Cup or Cupor  Buffered CEOBelt Multi-layer Hemi Multi-layer ~ MRF ribbon, Increase ripple convergence
Wheel, Wheel, Oxide Pad/foam, Pad/foam, Pad/foam, CeO NG g
Diamond Diamond Etch CeO, CeO, CeO, 2 & mlnIMI?Ed f’g it
E 50 um 15 um ) _ degradation
xam W W
ple

e

Required Required Required Required Required
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Summary of pitch & feed ripple rule sets during grinding & polishing

Cup Grinding

Workpiece

Pitch Ripple

Contact zone in step ap = }rlz — (ry—dy)?

view direction

Pitch ripple heig

ht PV, =1,— [r}—min (afp, (?)2)

Hemispherical tool Polishing

“» Xy

dh(x) _ Ae'(%)P

dh(x + nx;)
h(x) = —Z at = tawenr
n

Pitch ripple height 8, = huax — humin

TIF trench

Height profile

e

2a, ! Workpiece

Contact zone in
feed view direction

Pitch ripple height
& Feed/rotation

— 2 (1 _ (recos(agy)—dp)?
Qer = [Tt (1 (r¢ cos(ago))? )

r? o, =Y
PV: = a, — a?r_(if) yf_Rt

SR,

Contact zone in
feed view direction

Ay = 7 — (re—dy)?

Vinax = (ar + Q)Recos(aro)

Average Velocity

Raster ripple height
(< to amount removed)

v
8y o<ty = Vo™ 2
t

defined by Geometry

‘ Lawrence Livermore National Laboratory

defined by Preston Model

Ripple source:
Overlap of trench shape

Spacing:
Controlled by step distance x_

Minimize strateqy:

- Decrease x_

- Increase r, (Grinding)

- Flat bottom trench shape (Polishing)

Ripple source:
Removal non-uniformities or asperities
on tool

Spacing:
Controlled by feed/rotation x;

Minimize strateqy:
- Reduce/remove tool non-uniformities

(fpad)
- keep r;<0.7 mm?*5/s05

S
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Polishing feed ripples simulated from TIF spots suggest they are caused by
pad non-uniformities on the scale length of the feed per rotation

Hypothesis: ripples caused by pad
porosity distribution

GR polishing pad TIF Spot

o

7 mm diameter
PV=1.6 um

Measured TIF spot lineouts
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Simulated Feed Ripples Measured Feed Ripples
from TIF spots within trench
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0 1 2 3 4 0 1 2 3 4
y Position (mm) y Position (mm)

Solid Iins:s = from measured TIF spots ®
Dashed lines = from smoothed TIF spots spatial scale length (determined by feed per
] rotation, y;) as the measured data
hy) J‘ dh(y + Vft) gt Z dh(y + Lyf) 1
y) =— _— = — _—
dt - dt R -+ Simulated feed ripples from smoothed TIF

spots show large reduction in amplitude

Removing removal nonuniformity of the pad (e.g., nonporous pads)

may allow for significant feed ripple reduction

\/
Suratwala, Applied Optics (submitted) 2022 A

Simulated feed ripples have similar amplitude &
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Using process parameters that meet relative pitch step & feed ripple metric criteria,
low MSF error can be achieved over a large range of material removal rates!

Overall ripple amplitude or MSF error (rms) ) A\
vs feed ripple metric (r;) when x./a, < 0.2 qt, \ a.
T T T T T T T T T |.|. I hl

14 - = Greyrock Pad g l ’ l l ,
= 1 + 1C1000 Pad = ! ,
2 121 o an, ‘
Q. -
°61o- T UL
T - ]
9 E
£ ]

— 8-

g8
ERCNE
= 6 - 50
Q.
g£E ]
©
[ 4 -
-3 ]
=
€ 2

0

0 7 $ 4
Feed ripple metric (r, =V,,, *°V/R,) (mm"*/s*®) : "fﬂ'ﬁfﬁ’."‘iﬁfﬂ- 2 e
1x removal 35x removal 143x removal

Combined feed & pitch ripple in a patch can be minimized when
x/a,<0.2 and r;< 0.7 mmt5/s%>

‘ Lawrence Livermore National Laboratory T. Suratwala, Applied Optics (2022) N A‘SZ{% 18
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General process route for making a freeform optic
+ Strategy to improve workpiece quality and/or reduce process time

4. 5. 6. 7. 8.
Grayout | Smoothing Figure Smoothing Figure
I Correction | | correction Il 1) Improved Figure Correction
Type Grinding Grinding Chemical Polishing  Polishing Polishing Polishing Polishing Increase TIF determinism &
repeatability
Remove Remove
Shape Shape Reduce Rapidly e Figure to polishing Surface figure
Pur i cr s . grinding e . - iy
ose within within polishing remove ripples (mid- within ~300 ripples (mid- | to within <50
P 23um  1-1.5um  amount Gray p:patial) nm PV spatial nm rms 2) Minimize mid-spatial
L), generation
Q-flex MRF + Reduce ripple magnitude
LLNL Static OptiPro Satisloh + Satisloh + Satisloh + ASI-Q
Machi  Satisloh Satisloh  bulk etch Belt ASI-Q ASI-Q ASI-Q Metrology +
ne station Polishing Metrology Metrology Metrology white light
interferometry  3) Improve Smoothing
Cup or Cupor  Buffered CEOBelt  Multi-layer Hemi Multi-layer = MRF ribbon, Increase ripple convergence
Wheel, Wheel, Oxide Pad/foam, Pad/foam, Pad/foam, CeO e 7
Diamond Diamond Etch CeO, CeO, CeO, 2 & m’n’m’?ed f’g it
E 50 um 15 um ) _ degradation
xam W W
ple

e

Required Required Required Required Required
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We have developed a new smoothing tool that removes mid-spatial error rapidly with
little surface figure degradation

Smoothing Tool Design Evaluated

Table 1. Description of the Various Smoothing Tools (25 mm in Diameter) Utilized for the Polishing Experiments

(A) Pitch/felt (B) IC1000 (C) Notched IC1000 (D) Grooved IC1000 (E) Grooved IC1000
Yellow Black Black Yellow Blue

® U o

o o © T

Top Layer
Material Gugolz 73/felt 1C1000 PU 1C1000 PU 1C1000 PU 1C1000PU
Pattern none none notched grooved grooved
Thickness, #,q (mm) 1.5 1.0 1.0 1.5 1.5
Modulus, Ey,q (MPa) 8" 360 360 360 360
Bottom Layer
Material Foam Foam Foam Foam Foam
Thickness, #,m (mm) 6.0 75 7.5 6.0 6.0
Modulus, Ef, (MPa) 22 0.13 0.13 2.2 5.3
Testing Hypothesis Viscoplastic top Control for (C) Notches leading to Higher modulus Higher modulus
leading to smaller enhanced ripple underlayer: Optimize  underlayer: Optimize
figure degradation removal with for RR and MSF for RR and MSF
minimum surface ripple removal ripple removal
degradation

PU = polyurethane pad
“Estimated from reported shore hardness of 79.

‘ Lawrence Livermore National Laboratory INVSE »
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We have developed a new smoothing tool that removes mid-spatial error rapidly with
little surface figure degradation

Smoothing Tool Design Evaluated

Table 1. Description of the Various Smoothing Tools (25 mm in Diameter) Utilized for the Polish(%
(A) Pitch/felt (B) IC1000 (D) Grooved IC10008 (E) Grooved IC1000

Ripple Convergence Example
Before Smoothing After Smoothing

2500 nm

-2500 nm

minimum surface
degradation

ripple removal

(C) Notched IC1000
Yellow Black Black Yellow Blue

Top Layer
Material Gugolz 73/felt 1C1000 PU 1C1000 PU 1C1000 PU 1C1000 PU
Pattern none none notched grooved grooved
Thickness, #,q (mm) 1.5 1.0 1.0 1.5 1.5
Modulus, Ey,q (MPa) 8’ 360 360 360 360
Bottom Layer
Material Foam Foam Foam Foam Foam
Thickness, #,m (mm) 6.0 7.5 7.5 6.0 6.0
Modulus, Efy,m (MPa) 2.2 0.13 0.13 2.2 5.3
Testing Hypothesis Viscoplastic top Control for (C) Notches leading to Higher modulus Higher modulus

leading to smaller enhanced ripple underlayer: Optimizefl underlayer: Optimize

figure degradation removal with for RR and MSF for RRand MSF

ripple removal

PU = polyurethane pad
“Estimated from reported shore hardness of 79.

‘ Lawrence Livermore National Laboratory

14
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8 AN N\
g) \.\ ° \. *
o’\ . \
0.1 4 e, .
N\

—m— Pitch-felt on Yellow foam
—@—1C1000 notched on Black foam
0.01 4 |_A—1c1000 solid on Black foam
—wv—1C1000 grooved on Yellow foam
—6—1C1000 grooved on Blue foam

Relative Ripple rms Ma

0 1 2 3 4
Amount Removed (um)

IN Y

(4".‘ s
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Figure degradation experiments surprisingly show that 1C1000/blue foam smoothing

tool is the most effective

Figure Degradation Experiment

>

Alvarez 2 Optic 3
(1.2 mm PV)

Uniform removal
smoothing run

>

Alvarez 2 Optic 3
(1.2 mm PV)

ASF=(SF, - SF,)/ RR

Initial Final Removal
Surface Surface Rate
Figure Figure

‘ Lawrence Livermore National Laboratory

Normalized Figure Degradation Results (ASF)

Pitch/felt/yellow foam IC1000notched/black IC1000 solid/black foam

IC1000 solid
gr/yellowfoam

02

nm
nm Two tools & DC

=7 um to 3 um; 90 mm aperture

NS

National Nucloar Security Administration
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“Solid 1C1000 grooved; Blue Foam” tool shows that best overall performance as a

smoothing tool

1400 T T T T T T T T T
A= Pitch felt:Yellow
. . . ] — B= IC1000 notched,flat:Black - 120
Smoothing tool objective: ClcommEel g
- To rapidly perform gray-out & remove = E=1C1000 solid.groovedBlue | | E
. . . . .. = [P Ti £ i
grinding ripples with minimal surface E 1000 7 Figure dearaciation £ Best performing
figure degradation s £ - - Ripple Convergence Point 80 ‘E smoothlng tOOI
o < o
& 5 800- o
[ 2
Description Target E 3 60
value g & 600- g
g o 5
1) Process Related to a 5 4004 -40 ©
sec/cm a3 o
time removal rate hrslpart i 2
. i
Change in 2004 | 7 20
. . <1000
2) Figure figure per
. nm/pm nm )
degradation removed overall 0 : : : : 0
amount A B c D E
. . Smoothing Tool Type
3) Ripple Ripple oo
Convergence roughness nmrms <30 nm Tool top Rotation Process CO:"I:rZe Figure
point remaining Rate Time nce degradation
rpm sec/cm2 rms (nm) "::r::\‘lleudm
A _|Pitch felt Yellow| 250 355 120 240
B |IC1000 notched, flat |Black 250 532 80 207
C_|1c1000 solid, flat Black 250 1277 80 284
D |IC1000 solid, grooved |Yellow 250 290 22 457
E |1C1000 solid, grooved |Blue 250 200 18 137

‘ Lawrence Livermore National Laboratory NS »
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Practical process rules/tools have been developed for more deterministic removal
functions (magnitude & shape) and surface figure (including MSF errors)

Increase determinism & stability

]
r—
- e e s
Surface /| AR R R T e o

Pad
asperities or
buildup

Height (um)

=285 min

t,=0.69 min

ri
trasonic pad treatment

avigt=151-081e" - 0.28¢" o]

0 2 W ) 50
Tool polish time (min)

Diamond condition Tool Precision tool length/ Volumetric
tool pre-polish radius measurement Rule-of-thumb

- s o H

Measured Volumetric rate, dV/dt (mm/hr)

0 5000 10000 15000 20000 25000 30000

Volume metric, S, (mm/sec)

Improves volume
removal stability

Tool angle, g, (deg)

] 100 200 300 400 500 600
Tool penetration, d, (um)

Improves volume
removal stability

Improves volume
removal & contact
width precision

Buckling & trench Hydrodynamic 3D Kinematics
shape rule-of-thumb pressure contribution (relative velocity dist)

2 | T T T
0 0 » »

Determines optimum
tool parameters
(rodp o)

Workpiece-Lap

Mismatch Model

00000

foomeavl W iCenwen

050 Spira 1 82: 4= 5010 ', 12115
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General process route for making a freeform optic
+ Strategy to improve workpiece quality and/or reduce process time

4 5 6. 7 8.
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1) Improved Figure Correction
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Our goal is to fabricate mm to cm scale PV freeform designs with ~10x reduction in
typical deviation from target shape

7. Adaptive optic test

4. Beam Shapers
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