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» Defining IFE chamber and target functional requirements
-target gain, repetition rate, reliability and safety 3
o Chamber science “

-phenomena scaling Q= %
-prediction, control and optimization of chamber response ﬂ

-tar get fabrication and injection
» Examples of recent progress
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| FE target chambers must meet four requirements
defined at the 1999 Snowmass Summer Study

Regenerate chamber conditionsfor target injection, driver beam
propagation, and ignition at sufficiently high rates

Protect chamber structuresfor several to many yearsor allow
easy replacement of inexpensive modular components

Extract fusion energy in high-temperatur e coolant, regener ate
tritium

Reduce radioactive waste gener ation, inventory, and possible

release fractions low enough to meet no-public-evacuation
standards.

Chamber will be 9-15% of total capital cost
Design, not chamber cost, isthe most important issue
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Sombrero isan example Dry Wall chamber

 Example: Sombrero Conceptual
Design
— Direct drivetargets

— Carbon-carbon first wall and
flow structures

— Xenon gas controls x-ray and
debrisdamageto first wall
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Osiris/Prometheus ar e examples of Wetted Walls

BEEMNULE

Finzl Foeus VEgnats ‘ Inlzt Fliva Soolzyls

Flazavy lon Bzumns '

Fliva Soray Patiar) —— Out|at Flina Goolant

HI indirect drive: Odgiris | aser direc?drive: Prometheus

* Renewableliquid provides neutron shielding for structural components

e Fabricsor thin tubesguide liquid flow and control liquid geometry, are designed
for easy replacement

e Thin liquid filmsor sheets shield x-ray ablation of flow guiding structures
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HYLIFE/Z are examplesof Thick Liquids

e Thick liquid jets shield chamber structures—fluid mechanics questionsreplace
materials questions

* No blanket replacement required, increases availability
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| FE phenomena span an extremely wide range of scales

Time: 108 sec — 107 sec

— Target drive— chamber lifetime
Length: 10° m— 10°m

— X-ray ablation layers— driver dimensions
Temperature: 10 K — 10’K

— Cryogenic targets— post-ignition target debris
Pressure: 10 Pa — 101 Pa

— X-ray ablation layers— pre-shot beam-line vacuum
Matter states

— Solid — liquid — vapor — ionized plasma

Few topics sharethese scale extremes. Astrophysics,
reactor safety analysis, global climate modeling...
Complexity makes appropriate scaling methods essential

Showmass 2002



Principal focusfor |

| FE Technology R&D...

G —

| FE system phenomena cluster into distinct time scales

 Nanosecond | FE Phenomena
— Driver energy deposition and capsule drive (~30 ns)
— Target x-ray/debris/ion/neutron emission/deposition (~100 ns)

e Microsecond IFE Phenomena (I1T-1)
— Surface x-ray response (~1 us)
— Vapor/gas venting and equilibration (~100 us)
— Isochoric-heating pressurerelaxation in liquid/structures (~30 us)
* Millisecond | FE Phenomena (1 T-2/4)
— Liquid shock propagation and pocket regeneration (~50 ms)
— Structurethermal response and equilibration (~100 ms)
— Debris condensation/gas cooling (~100 ms)
— Target injection (=50 ms)
 Quas-steady | FE Phenomena (1 T-3/4)
— Structureresponseto startup heating (~1to 10%9)
— Chemistry-tritium control/target fabrication/safety (103-10° s)
— Corrosion/erosion/radiation damage of chamber structures (108 sec)
— Target fabrication (10° sec)
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All I FE scientific topics can be identified and
characterized by time scale and spatial location

Time Scale (Phenomena Duration)

Spatial Volume Nanosecond | Microsecond | Millisecond | Quasi-Steady
(Target Gain) (Rep. Rate) | (Safety/Reliab.)
Capsule Neutron/ion/ Target debris Debris —
X-ray emission expansion/ condensation
i X-ray and debris | nteraction with —
Hohlraum (if used) e>;n nade ablation d ebrils,
. venting, impulse ,
Driver energy transport paths | Beam transport & 1mp Debris
and focusing accumul ation
Pocket Void/Vent Paths — —
External Condensing Region — —
Target-facing Surface Layers | X-ray deposition | Ablation/impulse | Lig. hydraulics | Activation, neutron
—_ - : lid thermal damage (solids),
Blanket (liquid/solid) Neutron and Neutron heating SO :
gamma relaxation mechanics seety
Final focus elements deposition — — Damage rate
Chamber structures — — Safety, tritium,
activation,

Coolant recirc./heat recovery
loop

corrosion

Accelerator/laser systems

Driver physics

Driver rep. rate and reliability

Target injection — — Accel ./heating —
Target fabrication — — — Safety/reliability
Balance of plant — — — Safety/reliability
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Nanosecond phenomena control scientific viability

Time Scale (Phenomena Duration)

Spatial Volume Nanosecond |\ Microsecond | Millisecond | Quasi-Steady
(Target Gain) (Rep. Rate) | (Safety/Reliab.)
Capsule Neutron/ion/ Target debris Debris —
X-ray emission _ expansi on/_ condensation
Hohlraum (if used) X-ray and debris | In\eraction with —
emission ab

: ver] Nanosecond phenomena:

Driver energy transport paths | Beam transport .
and focusing

Pocket VVoid/Vent Paths

External Condensing Region

Target-facing Surface Layers

X-ray deposition

Abl

Blanket (liquid/solid)

Final focus elements

Chamber structures

Neutron and
gamma
deposition

Ne

Coolant recirc./heat recovery
loop

» Target gain
> Must be understood to judge
the scientific viability of | FE

e Target output
> Must be understood to

predict chamber response

Accelerator/laser systems

Driver physics

Driver rep. rate and reliability

Target injection

Accel ./heating

Target fabrication

Safety/reliability

Balance of plant

Safety/reliability
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Millisecond phenomena control repetition rate

Time Scale (Phenomena Duration)

Spatial Volume Nanosecond | Microsecond /| Millisecond | Quasi-Steady
(Target Gain) (Rep. Rate) | (Safety/Reliab.)
Capsule Neutron/ion/ Target debri Debris —
X-ray emission expansion/ condensation
: X- ; interaction with _
Hohlraum .(lf-used) ray and debris | =7 s
orivd Millisecond phenomena: hulse .
accumulation
Pockd ®* Control therepetition rate —
Exter] > Must beunderstood tojudgethe —
Targe engineering viability of |FE hulse | Lig. hydraulics’ | Activation, neutron
: lid thermal damage (solids),
Blank iting 0 )
. . mechanics safet
| « Initial conditions I ’
Find| > Created by nanosecond and — Damage rate
Chan micr osecond phenomena — Safety, tritium,
Coolz . activation,
lo0p 9 corrosion
\

Accelerator/laser systems

Driver physics

Driver rep. rate and reliability

Target injection

Accel ./heating

Target fabrication

Safety/reliability

Balance of plant

Safety/reliability
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Quasi-steady phenomena control safety and reliability

Time Scale (Phenomena Duration)

Spatial Volume Nanosecond | Microsecond | Millisecond/ | Quasi-Steady
(Target Gain) (Rep. Rate) | (Safety/Reliab.)
Capsule Neutron/ion/ Target debris Debris —
X-ray emission expansion/ condensatipn
: i ; interaction with _
Hohlraum (if used) X-rayanddebris | =7

Driver energy transpoj

Pocket VVoid/Vent Pat

External Condensing

Target-facing Surface

Blanket (liquid/solid)

Final focus elements

Chamber structures

Coolant recirc./heat re
loop

o Control safety

> Must be understood to judgethe
engineering viability of IFE
and of experimental facilities

Quasi-steady phenomena:

e Control reliability
> Must be understood to judgethe

attractiveness of | FE

Debris
accumulation

julics/
rmal
jics

Activation, neutron
damage (solids),
safety

Damage rate

Safety, tritium,
activation,
corrosion

Accelerator/laser systérm =rrrorpryeros = rep. rate and reliability
Target injection — — Accel /hejng —
Target fabrication — — — \ | Saety/rliability
Baance of plant — — —  \| Sefety/reliability

Showmass 2002




| FE Technology research isnow underway in all areas
of chamber /target technology

Time Scale (Phenomena Dur ation)

Spatial Volume Nanosecond | Microsecond | Millisecond | Quasi-Steady
(Target Gain) (Rep. Rate) | (Safety/Reliab.)
Capsule Neutron/ion/ Target debris Debris —
X-ray emission expansion/ condensation
i X - d debri interaction with —
Hohlraum (if used) O ion | ablation debris,
Driver energy transport paths | Beam transport Verting, imptise Debris
and focusing accumul ation
Pocket VVoid/Vent Paths — —
External Condensing Region — —
Target-faci ng Surface Layers X-ray deposition | Ablation/impulse Liq..hydraulics/ Activation, ngutron
Blanket (liquid/solid) Neutron and Neut:g)r:;ie(;)artli ng Sonl:edcg;rir:sal damasgaef étS;IIdS)’
Final focuseler] | NiStalk provides selected [7— — i e——
Chamber structu exampl eS of research in — — Safety, tritium,
the highlighted areas activation,

Coolant recirc./h

loop

corrosion

Accelerator/laser systems

Driver physics

Driver rep. rate and reliability

Target injection

Accel./heating

Target fabrication

Safety/reliability

Balance of plant

Safety/reliability
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| FE has a sequence from fast to slow phenomena

* Fast phenomena provideinitial conditionsfor slower phenomena

 Thecurrent IFE chamber science program coversall areas of
chamber phenomena

— By time scale: nanosecond/micr osecond/millisecond/quasi-steady
— By region: driver/final focus/pocket/condenser s/balance of plant

First-principles chamber modeling appear s possible
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Nanosecond Phenomena (I T1)
Nanosecond phenomena govern driver energy
transport, target gain, and chamber initial conditions

 Driver energy transport phenomena
— Isthe most important interface issue between driversand chambers
— IREs (and IBX) will provide primary experimental test capability

o Target x-ray/debrisg/neutron emission
— Themost important questions are:

» partitioning of target energy between x-rays, debrisions, and
neutrons

» effective x-ray black body temperature(s)/ion energy spectra

— NNSA target design codes can mode

* Neutron shielding/energy deposition
— 3-D codes (e.g. TART) can mod€d

T opm oof G+ 0003 wm Godd

-lﬂ v Ao By e \&
- = T e g I 289 um -
148l am
_ 1500 pm Z-pinch
S Laser direct drive indirect drive

HI indirect drive
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Microsecond Phenomena (1T1)
Current facilitiesarereaching prototypical energy
fluences for microsecond first-wall response phenomena
* Experiments

— Z iscurrently the highest energy
cold x-ray source available

— RHEPP provides pulsed ions

— Bench top lasers provide short-pulse laser
energy

— Reproduce 3-D gas dynamics/radiation
transport/reradiation/structure impulse
history

 Numerical modeling

— Equations of state must include melt,
vaporization, dissociation, ionization

— Radiation transport isimportant first
10’ s of microseconds

— Existing codes (2-D w/ TSUNAMI,
1-D w/ BUCKY)

LiF at 41 J/cm?
shows 3-4 um ablation step
(2.8 um predicted)
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Microsecond/Quasi-steady (many pulse) Phenomena (1T1)
L asers can replicate pulsed dry-wall surface temperature
transients, per mitting study of thermal stress effects

NRL Target, x-ray only Laser

1 J/em?, 10 ns rectanﬁular Bulse 0.24 J/cm?2 |10 ns Gaussian pulse
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Microsecond/Quasi-steady (many pulse) Phenomena (1T1)
Pulsed laser experiments are studying damage
thresholdsfor laser final optics

stif, lightweigly, satively sooled, reutran tramsparent subsirate

~10m

Grazing incidence metal mirrors Bl
provide one option for laser final Experimentsidentify fundamental

optics damage mechanisms for aluminum
230
»
) -

LT [ ﬂ"llnlling Ruug-r

Laser Fluence, J/lem?

[ |
l Safe Operating Range

2500 5000 7500 10000

Number of Shots
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Microsecond Phenomena (1T1)
Multi-dimensional venting gas dynamics are being
reproduced in shock-tube experiments

UWisc

Experiment | Simulation

Experiments and calculations
for shock interaction with
acylinder array

Showmass 2002



Millisecond Phenomena (1 T2)
For liquid-protected chambers, fluidsare

Incompressible over millisecond time scales
Mass and momentum conservation
a&[v

Nw=0 Peqy +vxivO —-Np+uN2v+pg
Free surface pressure boundary condition with |mpulse load |
2 19 u_u'y
=oG=+=7 where =— =— P, dt
PR er, r,o Pave =77 7 90

Nondimensionalize with appropriate scaling parameters:
* o % ~ * * * L
v =v/U N =LN p*:p/pU2 t = ft r =r/L pv:n/_

|U
Giving governing equations:
~ % * JUE I ~ ~*2 %
N ><v*:O Stﬂv* +v*><Nv =-N*p*+—1N % +ig
qt Re Frg
* * % 1 &1 10
p - | R, :—(\;—* +—+
€err 1,0
A scaled system behavesidentically | | Major simplifications:
if initial conditionsand &, Re, Fr, No EOS, No energy equation
|*, and We are matched... No MHD
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Millisecond Phenomena (1 T2)
Scaled water experiments are demonstrating the
capability to form many classes of liquid jets

Vortex Layersfor
Cylindrical Jets Beam Tubes Liquid Slabs

Oscillating Voided
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Millisecond Phenomena (1 T2)
Chemical detonations arereproducing liquid disruption
phenomena

“New” liquid interface
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assembly in operation : :
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Millisecond Phenomena (IT2)
Condensation of ablation debrisisbeng studied with
pulsed power and prototypical first- waII materials

ey Current monltor :
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Millisecond Phenomena (1 T4)
| FE target injection environmentswill be accurately
reproduced and studied in experiments

Vacuum Position
Expansion Verification
u——""'__-“
Tanks . N Detectors
__._--—"-_'_-.-::-’#_
ﬁ——-“""‘l?" -
. )
Turbo _— "II T T "I' H .'lir |
Pumps ik g =
g Target
- .. Catcher
I""——ni <& Position
- Gun Detectors
Barrel General Atomics
Revolver
Chamber

Phased procurement approach - beginning with component verification testing —
single-shot w/ tracking at one detector — then full single-axis tracking with timing
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Quasi-steady Phenomena (1T4)
Fluidized beds are being adapted from current few-
capsule production to mass production

Fluidized beds -
INJECTOR
Filled thru hole
and sealed

<+

Before

[\ SPENNE L) | S
~ 7 micron thick PAA coating BED WITH

GOLD
PLATED (IR
REFLECTING)
INNER WALL

Coating “alis
ICOLD Layering demo with

Mandrel HELIUM neopentyl alcohol in fluidized
Cryo bed

by < 33 DI Fluidized L ANL/GA
~ 3 micron thick GDP coating on PAMS Bed

After
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System Integration and Scaling
System integration models ar e identifying optimal
designsfor the IRE’s, ETF’s, and Demo plants

« Example: Engineering Test Facilities
— Single-shot chamber

» EXploretarget/driver physicsto yields approaching
prototypical (all nanosecond phenomena)

— Repetition-capable chamber

» Completeintegration of all phenomena
» (Nanosecond, microsecond, millisecond, quasi-steady)

» Reduced chamber geometric scale/tar get yield/power
» Scaled chamber ~40% of prototypical dimensions (6% volume)
— e.g. preserve Froude number (gravity vs. inertia)
Target yield/rep. rate ~10%/130% of prototypical
Balance of plant uses optimized scaling
— Tritium recovery/chemistry control - full height, reduced area
— Power conversion - geometrically scaled
Structur e activation/neutron damage - use accelerated time scaling
Electrical power output ~ 150 MWe
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Conclusions

* |FE chamber phenomena arereadily characterized by time
scale and spatial region

* Fast phenomenatend tolook likeinitial conditionsto slower
phenomena

— In separ ate effects experiments, initial conditions can often be
replicated with small distortion (e.g. x-ray response using Z)

— The potential existsfor a fundamental predictive capability for
chamber response

o Target fabrication and injection arereadily studied at full scale
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Conclusions (con’t)

Snowmass 2002 will cover chamber /tar get science and design
ISSUES
— Tuesday (7/9) 2 hours. Chamber/target science
» Current and future experiments/codes
— Thursday (7/11) 7 hours. Technology/Driver crosscut issues

» Viability and integration issues-current status, IRE/ETF design
requirements
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