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The scale of ignition experiments is
determined by the limits to compression

Introduction
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Capsule energy gain plotted versus compression
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* Pressure is limited to
P(Max)~100 Mbar by Laser
Plasma Interaction (LPI)
effects

» Given the pressure limits,
hydrodynamic instabilities
limit implosion velocities to

V. < 4><10’7 cm/sec
imp
and this limits the

maximum compression

 Symmetry and pulse
shaping must be
accurately controlled to
approach the maximum
compression



Introduction

There are two principal approaches to =
compression in Inertial Confinement Fusion Nrs
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Indirect Drive Low-z
Ablator for Cold, dense
Efficient main fuel
absorption _ (200-1000 g/cm?)
Cryogenic
Fuel for
Efficient
@ compression
Hot spot
(10 keV)
Inertial Confinement Fusion Spherical ablation with Spherical collapse of the
uses direct or indirect drive pulse shaping results in a shell produces a central hot
to couple driver energy to rocket-like implosion of spot surrounded by cold,

the fuel capsule near Fermi-degenerate fuel dense main fuel



Introduction
The impact of most effects that degrade an implosion
can be specified as a hot spot perturbation amplitude N;
\ |
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- Long Wavelength Perturbations

— Hohlraum asymmetry

— Pointing errors

— Power Imbalance

— Capsule misplacement in
chamber

- Short Wavelength Perturbations
— DT ice roughness
— Ablator roughness
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Introduction
The “ignition island” size provides an integral

measure of the robustness of the NIF ignition designs N;
|
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MaxDrive temperatures ~

are set by LPI effects 395 300
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- I Ignition 275
E Island for 0.25
= | Gold — ~ —~ - 250 We expect ~1_5% hot
}:‘” " hohlraum ~0.1 ~_ fspoi_penbetratélon
with Be raction based on
§3oo - capsulé // -0 / dEtalledZD and 3D
= Minimum Drive calculations at the
sl requirements are specified target
~ set by hot spot fabrication and NIF
penetration performance levels
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NIF Indirect Drive target schematic N&
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Energetics

The Hydra code is used for 3D calculations on J =
the NNSA ASC computers Nr
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Ignition - hohlraum Ignition - capsule
only perturbations and hohlraum

perturbations
600 g/cc surface

_ Stagnation
Hohlraum Axis (2) shock
400 g/cc density
Yields calculated in 3D are near 1D e

yields with both Gold and cocktail wall
hohlraums and plastic or Be capsles




The Indirect drive ignition point design
continues to evolve to optimize coupling efficiency \

Energetics
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10-25%
fo the
laser
energy to
capsulé
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Au with CH Au with Be Cocktails with

Capsule Capsule Be Capsule
Laser light 1.45 1.45 1.45
(MJ) Absorbed 1.30 1.30 1.30
Xrays 1.10 1.10 1.10
wall loss 0.65 0.62 0.53
hole loss 0.30 0.28 0.33
capsule 0.15 0.20 0.24
efficiency (%) 10.5% 13.5% 16.5%
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Energetics

Omega experiments show larger albedo for cocktail

L]

walls made of (U Nbg 14)g 6,AUg 2,D¥5 ) N~
Hohlraum experiments with split back plate Intensity ratio of Cocktail/

verify high x-ray re-emission Au is in agreement with

LASNEX calculations

Cocktail ~_ ' Detector

o W50 ev
Photon ener gy

" Cold Opacity ;:ggggggwl 8 100 200 300

10°
Re-emission Radiation Temperature

}uﬁh

1000 F ',,Ndl

Agreement with LASNEX calculations

indicate that cocktail materials may

/ be advantageous compared to Au.
Cocktail Integrated hohlraum experiments

y with unsmoothed beams have not

L’ : demonstrated higher Tg,p but

10 . . ' S S

0.01 0.1 1 10 measure higher laser backscatter

Intensity
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LEH shields provided a 20% increase in Energetics

capsule radiation flux at Nova and an extra =
symmetry tuning degree of freedom N§
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500 um

shield
diameter

1 ns square pulse - identical pointing

* LEH shields will be retested on Omega in NIF-like
multicone geometry

» Similar advantages possible for NIF ignition hohlraums - depends
on beam propagation with added plasma source




Energetics

Enhancements in hohlraum coupling efficiency expected py =
by 2010 will substantially increase the ignition island NF
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Fully optimized

The goal of Hohlraum optimization hohlraum 1 = 0.2
Hohlraum . —
Energetics is Tr=2300 eV Be with
to maximize 0.5 m.glcc capsule cocktails
hohlraum _935 fill / n =0.165
coupling 0.4 il e= v?’izr::,s
efficienc
y \\& / Au
0.3 n =0.105
Hot spot / CH with Au
penetration
fraction
e) 92 g 1~ Ignition
Island
0.1H First i_gnitictm -
Gesant) | | Funwe
1.8 il (design 2)
0 I
0 0.5 1.0 1.5 2.0
Laser energy (MJ)

Coupling efficiency = n_,Ny
Nabs = 1 - backscattered fraction
Ny = hohlraum coupling efficiency



At 3w, drive measurements and Lasnex simulations
agree closely over >two orders of magnitude in T4,

Energetics

N~
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Nova and Omega Experiments

Lasnex peak Tr (eV)
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Vacuum and gas-filled hohlraums with 2.2

ns shaped pulses
(3:1 and 5:1 contrast ratio)

Lasnex can predict hohlraum drive to +10%




NIF Project
The first four NIF beams are operational and

have been used for a number of experiments N%
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Quad 31b beamtubes View from inside the target
chamber



An international team has successfully activated Energetics

hohlraum diagnostics at NIF and the first hohlraum

experiments are in close agreement with calculations N;
N
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Target Fabrication
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Several developments have led us to adopt N
the current Beryllium capsule point design N
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With a given ignition hohlraum drive , beryllium absorbs ~1/3 more
energy than plastic

Beryllium has better short wavelength stability - an experimental
program will be required to establish the acceptable level of Be
microstructure

Many previous difficulties in Be fabrication have been solved (filling,
diagnosing layer)

Compatibility with fill tubes allows a staged cryo system with an
initial less complex (and less costly) warm transport capability
(instead of a cold transport system)

Although fill tubes are a design and target fabrication complexity,
current simulations and fabrication progress lead us to conclude we
can make them small enough for success - an experimental program
is needed to test the calculations



Implosion Dynamics

3D calculations show the importance of controlling gqg==
capsule surface roughness Ns

The National Ignition Facility

« Capsule simulations 140 ps before
have asymmetry and ignition time
fabrication perturbations

Ignition time

e 3D asymmetry inferred
from integrated
hohlraum simulation

« Nominal “at spec”
perturbations on ice and
ablator in low, intermediate,
and high modes

« Gave 21 MJ (90% of 1D

calculation) Plastic/DT T Hohlraum | Stagnation
interface Y axis shock

60 g/cc density 400 g/cc density
isosurface isosurface
(different scale)




Be Capsule designs using graded dopants for pre-
heat shielding have the best calculated performance

Implosion Dynamics

N=
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300 eV design:
. The graded doped Be capsule can
Cu (%) tolerate 60x the NIF standard
0.0%
0.35% 25
4 0.7% .‘I_élljrfalce achielved with
— —— io :'350/ 20 CH (“NIF standard”) |
(')_0% Yield I ded-dopant
(MJ) 150 Be(Cu)
Optimized
Original CH 104, gggg;rtn |
Design / /\ | Be(Cu)
Design
Optimized ~~ 5 [| 5raded :
Uniform CH Design
Dopant CH 0 | | |
Design 0 200 400 600 800

Initial ablator roughness (rms, nm)

Tolerance to ice roughness is also better (5 ym compared to 1 ym)




We have produced graded Cu-doped Be
capsules at NIF-scale by sputter deposition

Target Fabrication

Sputter deposition on
CH mandrels

Vacuum

Be sputter Cu sputter
Chamber ‘ targets i target
© e, w :.. _-. CH mandrels
voltage
bias \

Bounce pan

Piezoelectric
oscillator

The National

Sub-micron

NF

Ignition Facility

ll High mode

morphology

Graded Cu profile

The surfaces of our first
graded dopant Be capsules

don’t meet specifications, but

iImprovements are planned

At % Cu%

034% 065% ° 034% 0%




Target Fabrication

The surfaces of our first graded dopant Be capsules don’t _
meet specifications, but improvements are planned Np
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— Graded doped capsule

— Tolerable surface with
no margin for other imperfections

— New NIF design spec for
graded Cu-doped Be capsules

power (nm?)

-o- Polished Cu-doped Be flat

— Original NIF Design Standard

10-2 1 | L L II
10 100 1000
mode number

- We plan to investigate use of ion bombardment and other
methods as means to improve surface finish and coating density

* In FY05 LANL will study shell polishing




Target Fabrication

Be is hon-permeable, and requires a fill hole =
through the ~100-um-thick ablator for filling NF
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Fill Tube

2mm OD

Laser:
Ti:sapphire
405 nm, <1

pd,

120 fs, 3.5 kHz
drilling time:
~40 sec

Fill tube

6pym OD

Epoxy

*Two routes to filling beryllium capsules

—Fill Tube Current effort:

—Drill, Fill and Plug (Strong Capsules) minimizing the glue joint




Target Fabrication

Simulations indicate that a 10 ym tube with a 3 pym pqg==
hole has an acceptable impact on the implosion Nw
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Glass tube, 10 ym OD, 3 .
pm ID, inserted 20 pym, * Uniformly doped

with 3 ym diameter hole Be(Cu) capsule
through beryllium ablator . Calculation ignites

and burns to same
yield as 1D clean --

21.7 MJ
Density contours at ignition time * Simulations have also been
B e carried out with graded doped

Be and CH capsules with fill
tubes up to 20 microns diameter.

0.004 density §

o
=
S
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Radius (cm)

-0.002

-0.004

) R R SRR
-0.004 -0.002 0.000 0.002 0.004

Z along tube axis (cm)




Target Fabrication
The target is filled through the small fill-tube using a
self-contained fuel reservoir N§
\'|
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View of 2mm shell through View of 2mm shell
laser entrance hole through side hole

* Fuel pressure 2-3 atm
- ~5Ci DT

- Capsule filled in target inserter by
temperature control on fuel
reservoir and hohilraum

Fill tube
8umID  ontrance
hole

Hohlraum



Target Fabrication

The DT fuel layer in optically opaque beryllium has been_
recently characterized with x-ray refraction Ng
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- Rays tangent to surface are

X-rays / \ slightly deflected
shell/g/ —> « Other rays are very nearly
lce — —3 un-deflected

\ / « This method is many times
more sensitive than absorption

Point projection Point projection
radiograph image radiograph image

Fill

tube
Be(Cu) ~ 1 hour
shell

DT beta layer

DT liquid
meniscus




Target Fabrication

The best cryo layers are formed near the =
triple point NF
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Layer smoothness appears to degrade at

CH Shell temperatures less than 0.5 K below the triple point
6 @  © L
o o o o Modes 4-128
S o ®e.
Y

4 - o
€ . ° ¢
3 3 DT in Be shell
;’) - \ ® | CH Shell
s o
c 5, |

T

- }
F—t
1 DT in CH shell —» §
Ignition designs
184 188 192, 196
Be Shell 0.3 mg/cc Temp(K) 0.5 mg/cc

IR enhanced layering is one technique shown to
keep the layer smooth at temperatures down to

1 R K halaw the trinla nnint

+—

S DT triple poin




Target Fabrication

The lower gas fill obtained with lower temperature cryo
fuel layers lowers the energy required for ignition

==
==
r

N

The National Ignition Facility

Minimum Capsule size
versus gas fill

120
110 Gas fill at
DT triple
100 point 19.6'K
Absorbed ., \
Energy(kJ) Gas fill at
&)133;\ .i\
A0 * Current Baseline
60 0.5mg/cc DT+
1 day He+
50 0.025%H

0 02 04 06 08 1
Gas Fill (mg/cc)

08-00-1098-1998pb01



fabrication

Target fabrication

The ignition island is increased by improving target

N=

0.4

0.3
Hot spot

penetration

fraction
0.2

0.1
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5 Hohlraum optimization “Ideal fill”
/" A 0.3 mg fill
Tr =300 eV
N coupling = 0.165 ? 0.5 mg fill
Cocktails +B 0.5 ith
_( oeldalls ¥5e) / 1D errors The goal of target
fabrication and the
o implosion dynamics
\ campaign is to
= achieve capsule
performance which
Is near the ideal limit
- -
~ Ignition
First ignition Island
= Experiments | |
1MJ Full NIF
/ 1.8+, Energy
|
0.5 1.0 1.5 2.0 Coupli prge ~
Laser energy (MJ) oupling eTICIENCY = NaysNy

Nabs = 1 - backscattered fraction
ny = hohlraum coupling efficiency
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NIF Project

NIF’s 192 beams are organized into “bays”, _
“clusters”, “bundles”, and “quads” Ng
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End view of NIF

Upper
quad

Cluster4 Cluster3 Cluster2 Cluster 1
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Lower

TS quad

Top view of target
chamber (upper quads)

Cluster 4 &5 Cluster 1

. :
ool
....Clusterz

“Quads” are the basic building blocks of a S
NIF experiment, 4 beams with the same Cluster 3
pulse shape and time delay |




NIF Project

The National Ignition Facility N:
\ N
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The beampath infrastructure for all 192 beams is /¥ Project
complete and the first four beams have been N=
\ N

activated for experiments
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The NIF Early Light (NEL) commissioning of four NIF Project
laser beams has demonstrated all of NIF’s primary
performance criteria on a per beam basis
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= 21 kJ of 1w light (Full NIF Equivalent = 4.0 Mjoule)

= 11 kJ of 2w light (Full NIF Equivalent = 2.2 Mjoule - non-optimal
crystals)

= 10.4 kJ of 3w light (Full NIF Equivalent = 2.0 Mjoule)

= 25 ns shaped pulse

» <5 hour shot cycle (UK funded shot rate enhancement program)
= Better than 6% beam contrast

= Better than 2% beam energy balance

= Beam relative timing to 6 ps



Key NIF ignition experiments begin following first
cluster completion and full system ignition experiments N
start in FY9-10 following project completion N
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. First First
First bundles cluster Full NIF
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Hohiraum activation - size (CPPs couplin tuning
: . ( ) p
Energetics . g
: R 2nd symmetry
Diag. . . | | .
- . ; < tun T tune
Drive Symmetry : conbpe 1 e ¢
' - Confirm Ablator Ablator
Diagnosti tests shock
= N Activate qst ond - timing
Implosion Dynamics activation Shock Timing tun  tune
: . e
. . ‘non-cryo
Target Fabrication R&D . : implosion Cryo
*Capsules - . S ignition
*Cryo layering in hohlrau'ms . Target- implosion
ow —Productio . = T S
Ignition Implosions, Ignition Target . Design D2 D3

Fabrication Design

Cuts in the NIF Project funding for FY05 will delay near term objectives but we are
working with NNSA to develop a plan which will preserve the goal of Ignition in 2010
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Be targets are ~1/3 more efficient than earlier CH designs and more
robust to hydrodynamic instability.

Major advances in Be capsules filled through a few micron fill tube
have opened up the possibility of implementing a greatly simplified
cryo target support system on NIF for early ignition experiments

Success with Be capsules, and the use of “cocktail” wall hohlraums
would result in a target which is about 2/3 more efficient than the
original baseline targets.

This would enable successful ignition experiments at ~1 MJ in the first
couple of years after completion of the NIF and allow much higher
yields when NIF operates at its full design energy of 1.8 MJ.

Additional optimization and hohlraum features such as laser entrance
hole shine shields can yield further increases in coupling efficiency
and yields.



