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The science we pursue can have a huge impact on the
well-being of future generations, but we have to work

together even more effectivelx to make a difference

* In the emergent burning plasma era, the nation and
the world must take on problems that will determine
a fusion energy system’s fundamental architecture
and viability. Heavy ion fusion is part of this
dialogue

« But overall, there is a credibility gap. The present
level of effort won’t get us to where we need to be to
become credible

 What we can do towards this is promoting a new
level of constructive engagement. There is lots of
opportunity; plenty of common interests, including
between MFE and IFE
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Emphasized here:

« Background on the the LLNL Fusion Energy
Program, especially in the context of U.S. OFES
research directions. Emphasis on where we see
partnering opportunities

» Looking for synergy between IFE and MFE science

* Requirements and challenges for HIF to move
forward in the era following NIF ignition
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It’s time to step back and look at where we are
from a different perspective to see what the
possibilities are for us as a program and for
fusion energy in the world

U.S. - Japan Workshop on Heavy lon Fusion and High Energy Density Physics




The LLNL Fusion Energy Program is broad. The challenge
and opportunity is in identifying and building on the
interconnections

Compact DWA for proton
.~ therapy being developed

under a CRADA
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The science we pursue can have a huge impact on
the well-being of future generations

What I tell our own LLNL FEP program:

* In the burning plasma era, we need to take on
problems that may well determine a fusion energy
system’s fundamental architecture and viability.

Heavy ion fusion certainly is this kind of challenge

« Success in the burning plasma era will require us to
strengthen existing partnerships and create new
ones, leveraging capabilities both inside and outside
of this laboratory.

Leveraging and partnering is a hallmark of HIF
work, but it needs to look hard for
opportunities outside of its community
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There are two emergent burning plasma experiments that

define what LLNL pursues

Magnetic Fusion Energy

DOE Office of Science

Inertial Fusion Energy

DOE NNSA
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Consider MFE: on the path to DEMO, ITER defines

many of the challenges,

ITER - First operations in ~2019
Site prep underway

M.U. - “Major
U.S. riment” -
o be I fined

but there are important gaps

* Orbach question: “What will
make this statement true:
ITER is the penultimate step
to DEMQO’?”

« U.S. answers in Greenwald
Panel “Gaps and
Opportunities Analysis”
summary, next slide==>>
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Many of the gaps identified in MFE research worldwide are
relvant to IFE

From Greenwald Panel’s “Gaps and Opportunities” Report
MFE/IFE Joint opportunities ? ee——
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Many of the MFE Gaps and Opportunities have
boundary physics as major components, a LLNL

strenqgth.

Magnetic fusion device

Demands of DEMO: manage
the radiant heat flux at the
surface of the Sun; or a re-
entering Space Shuttle in
Steady-state.

Understanding is a multiscale,
multidiscipline challenge:
varying length scales, physics

of sources & sinks, transport on High

closed vs. open field lines ... a
grand challenge like IFE/ICF
integrated modeling

Edge-plasma region
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MFE and IFE can promote developing a common approach
to materials science issues by leveraging existing facilities

The average swelling in F82H steel was
significantly enhanced by the triple ion
irradiation.

Swelling

Yad Swadling | % )

E. Wakai, ef al. JNM 307-311(2002)278

CAMS and a possible triple ion beam facility

may explore synergistic 3 ion effects: relevant Super S TEM can look.at
for fusion wall materials? materials at the atomic level

“Greenwald Gaps’’: Plasma-surface
interactions, plasma facing
components, heat removal, fuel cycle

LLNL capabilities may be applicable to
emergent OFES emphasis on the
plasma/materials interface
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Our plasma control expertise has been of high
value in answering ITER design review questions

Clarified requirements
for PF coil system and
plasma startup

There is also a
potential IFE/MFE
opportunity regarding
ITER control:

We've discussed the
NIF control system to
ITER management (L.
Lagin). There is interest
In continued discussion
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Grand challenge for magnetic fusion: simulate a burning
plasma with a validated model that captures the relevant

multiscale physics. Doesn't the ICF/IFE
e o community have a lot to offer
1 electron cyclotron . . .
m plasma frequency m clectron gyroradius in this challenge of multiscale
" = Debye length integrated simulation?
e- drift waves me— mmmm 0N gyroradius
lec. collisions mes — - sk 1016 Burning Plasma @
ezﬁe;roAlfvg—:ns— e- sk depth Integr:t:i Simulation
electron transit == observed s turbulence
ion drift W?::?rm— plasma = gradients g 1014 Virtual Disruption ()
ion collisions s mean-free path m—————— @ Virtual Edge
MAacroscopPe GYOIUTION mmmm—" magnetic connection length wem| > Earth Simulator (2002) '.?\:V(IF::;cTitz:lsdvnamiCS)
---------- ‘ ‘ . £ 1022 | nersc (2002) .fa'(,,;".;LEZ';thmns,
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The Fusion Simulation Project: A 0 |ersc
tremendous multi-scale physics challenge. — — — —
OFES envisions a ~ 20 year, $ 25 M/yr effort Computational Speefl (Flops)
Ambition/need for full device simulation may 2007:
. . BlueGene/L
include exascale computing (1078 flops) e
One aim of FSP: impact on how ITER Greenwald Gap™: Predictive
Capability

research is planned at the end of the next

decade UL'




So here is what | say to our LLNL Fusion Energy Program:
The MFE Opportunities are IFE opportunities as well, and
vice-versa...

» Position our experimental and theory work to capture the opportunities

in the Greenwald Priorities Report - our boundary emphasis puts us in a
great position MFE gaps in materials science have

strong overlap with IFE needs

« Work with the community in defining an FSP. Explore leveraging the
laboratory’s expertise in V&V from the ASC community. Explore how lab
computing can be a resource for a national FSP effort.

There is a wealth of experience in ICF/IFE in multiscale integrated
simulation expertise that can contribute to this

« For the longer term: Explore how FEP can lever its capabilities with
expertise in CMELS and SuperSTEM to strengthen our hand in a major
next U.S. initiative Of mutual benefit to MFE and IFE

as well

 Be aware that ITER is enormously complex and first-of-a-kind politically
as well as scientifically. It may come calling on the lab’s engineering and
control system expertise Here NIF may be of direct benefit to ITER

Lawrence Livermore National Laboratory UL-
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NIF ignition will provide an enormous opportunity for
fusion energy, the lab, the FEP, and the science of HIF

Py
—
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On how we have to frame the heavy ion fusion
challenges...

« While OFES has to speak a language that is a
“scientific basis set” while we are in the Office of
Science, there are plenty of opportunities for moving
forward

A

Target.nstabilities & stab ilization

Beam-target interactions

- and you've identified many of them

Lawrence Livermore National Laboratory UL-
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The LLNL FEP has a new short-pulse HEDP program that
leverages NNSA facilities and is designed to provide the

tools for modeling fast ignition Ehxsics

State-of-the-art codes <}:|'> Experimental benchmarking

3D Rad-Hydro % By Y TITAN
code—HYDRA ' LLNL
Hydrodynamics,
radiation transport, Z_OOJ, 0.5ps
EOS, ionisation in 1 beam
3D PIC code—PSC OMEGA EP
Relativistic laser LLE
absorption, electron
generation, '_5-2kJ, 10ps
electromagnetic fields in 2 beams
3Dglyll:rid-Pl_Ct—LtSP NIF ARC
elf-consisten
electron transport, field = 10|I(_JLN|I(_)
generation, large-scale _ , 1UPS
plasmas > , in 8 beams
Lawrence Livermore National Laboratory - @
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NIF ignition will create an opportunity, but several
elements need to be in place to capture it

* HIF needs a strong scientific storyline to follow. In the
U.S. that still must originate with HEDLP, and this may
be the case after NIF ignition as well

« HIF must be seen as relevant to NIF. It must be made
clear that it benefits from ignition.

* The HIF community has to remain vigilent in engaging
the laser fusion community regarding an IFE vision
after NIF

* Need vested interests: We need to keep up efforts to
have other communities cheering for HIF’s success UL'

Lawrence Livermore National Laboratory
U.S. - Japan Workshop on Heavy lon Fusion and High Energy Density Physics

18



You are doing the right thing: you have a credible

plan to advance HIFS following NIF ignition

Twenty-year science campaign for heavy-ion-beam-
driven HEDP and fusion research

Science Avea] FY06 | FY07[ FY08[ FYo9 | FY10 [ FY11 | FY1] FY13] FY14] FY15] FY16] FY17] FY18] FY19[ FY20] Fy21] FY22] FY23] FY24] FY235
Beam- Target design | Beam dE/dx | Instial beam- Operate [B-HEDPX WDM user Operate IB-HEDPX WDM user tacility:
Target + fast beam WDM cryo D2 facility: Physics of WDM phenomena relevant to
Interaction Starget BXPErents target EOS. critical points, metal-insulator NIF high vield and future FTF fusion chambers
diagnostics mteraction transitions for many materials
Focusing Larger High B focus Double Ton planar direct drave Optumze targets with pulse shapme in 1on beam
onto plasma with time pulse hydre expernnents with shaped direct drive using ten-pulse bunch trams
Targets source depandent target double pulses
comrections mteraction
Longitudinal 60% Compression | Compress and Optnmze compression and focusing Optimize compression and focusing
Beam compression with 20x focus pulse- ustng double-pulse beams usimg ten-pulse bunch trains
Compression| transvarse shapad 1on
focnsing bumches
High E-cloud in: Beam Perpendicular Optimize perpendicular and parallel Optimize perpendicular and parallel
Brightness | 4 quadrupoles | stesring and and parallel beam brightness beam brightness
Beam 4 solenoids brightness brightness in with double-pulse beatmns with ten-pulse bunch beams
Transport double pulsas
Advanced Advanced Advanced Begimn direct Further develop and apply [ntegrated accelerator beam dynamics
Theory and souree soures drive’ mult multi-pulse beam acceleration with target hyvdre modeling
Simulations to through pulse models focusing models for both direct

target models

target models

and mdirect drive

Facility &
resonrce
needs
(Constant §
estimate)

L. Operate
NDCX

2. Assemble
NDCX-II
ST tot.

1. Operate
NDCX I

2. Operate
NDCX-II
S10MAYY tot

1. Operate
NDCX-I

2. Upegrade IT
to IB-HEDPX
516 MUY tot

1. Operate IB-HEDPX and support users
($20M/yr)
2. Counstruct heavy 1on target implosion
HEDP physies facility ($20M/yr)
= S300Liyr tot.

Lid |

Operate IB-HEDPX and support users ($20M/yr)

. Operate heavy ion implosion physics facility (20M'vr)
. Target & chamber R&D neaded for FTE (S20M/yr)

= %60 M/vr tot.

First heavy ion

WDM experiment
@<1ev

1 eVin WDM
targers; basis : )
for IRB-HEDPX Campaign

NIF
National
Ignition

Begin implosion symmetr’y tests in NIF of

four successive no-yield capsules on the y to

understand precision requirements for IFE
(TBD, not included in this budget)

2081 Objective:
Develop the beam and
HEDP target physics
knowledge hase for a heavy-
ion fusion test facility (FTT)

I The Heavy lon Fusion Science Virtual National Laboratory s gﬂ E %PFFI
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A challenge is
one of building
coalitions and
getting others
to root for your
success - and
to fight for you
when you are in
tough times

Offered here:
get into the
dialogue
regarding

- LIFE

- Materials

- Integrated
modeling

- International

U.S. - Japan Workshop on Heavy lon Fusion and High Energy Density Physics
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The new direct drive studies are part of a strong science
story that continues to develop in heavy ion fusion

Worth pursuing, but challenging 2-D target
ple calculations before we will know...

2.5 mm ,
initial ‘A{'l ~ R
target radius .\

New, leading example: lon direct = :’
drive potentially game-changing  Direct —~ /,
for IFE - promise of increasing drive
efficiency to 25% by ramping /
driver energy to penetrate
outgoing ablator.

==> reduction in driver energy
from7 MJto 1 MJ

Polar direct drive

analysis is promising

as well ==>> two-
<4 sided illumination

Lawrence Livermore National Laboratory UL-
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The HIFS-VNL group has identified a route to a next-
step device that would advance IFE science

Thanks to LLNL Beam Research Program, we have enough parts for 6 MeV of acceleration.
Our main cost item would be to replace solenoids to 1.5t0 2 T (6 m x 100K/m ~ $600K)

TARGET 14 ATA-II DIAGNOSTICS BOXES SHORT PULSE

CHAMBER INDUCTION CELLS AND INJECTOR
PUMPING

.
| F\)/
e

o R
3 3

= b

->NDCX-ll: Validates CD-0
pre-requisite for IBX-HEDPX

—\ i LE L

I The Heavy lon Fusion Science Virtual National Laboratory I
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Heavy ion fusion will benefit from NIF ignition...

Success with indirect drive will validate much that is
relevant to indirect drive heavy ion fusion

« HIF targets

Radiation converters,

Fusion fuel capsule

« But NIF may have an interest in
exploring direct drive as well - how
does this community engage given
your new interests in this? Is there
an opportunity with Omega as
well?

lon beams

Shine shield

. and can you articulate how you Shine shield
are important to NIF ignition and e.g. Callahan & Tabak, Nuclear
LIFE? Fusion 39, 883 (1999)

Lawrence Livermore National Laboratory UL-
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... HIF research is indeed giving to other branches of
IFE science...

Example: new particle mover for HIF benefits fast ignition:
Enables faster simulation of particle motion with large grad-
B. Alternative to MFE gyrokinetics?

200 M@G!

Magnetic field

(gauss)

T | [
1e+06 6.05688e+06 3.66858e+07 2.22201e+08

Can such synergies be strengthened?

Lawrence Livermore National Laboratory UL-
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The “elephant in the room” is how a major next-step will
be taken in IFE

« Cost drives approaches in
U.S. "big science.” ITER
as an international
approach is a leading
example of this.

* The Office of Science is
keenly interested in
seeing a successful
outcome for the ITER
model for doing research...

Lawrence Livermore National Laboratory UL-
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My own view: a major next step in IFE may well be

an international one

Regarding lasers: NIF, LMJ, a Chinese NIF-like system, HIPER

FIREX, FIREX-Il, High Average Power Laser work- all form an
impressive set of building blocks for a coordinated international
HEDLP/IFE science program

Regarding heavy ions: you also have the building blocks for a

coordinated international effort
— HIFS-VNL (U.S))
— KEK (Japan)
— @GSI, with planned upgrade (FAIR) (Germany)
— ITEP (Russia)
A challenge is identifying the scientific questions and the
complementary roles and responsibilities of the different

parties - a collection of facilities does not make for a viable
program alone

» [s there a

model to be
developed
for an even
stronger
coalition in
heavy ion
fusion
research?

How would
such a
community
develop
other
vested
interests?

Lawrence Livermore National Laboratory
U.S. - Japan Workshop on Heavy lon Fusion and High Energy Density Physics
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Connedctivity to other communities is critical for
the success of IFE and heavy ion fusion

Leverage - the IFE and MFE community must work together better
than they have. A major opportunity exists in materials science

HIF can go far towards energy with the language of science - In
general, fusion needs to do a better job in projecting our development
needs onto a “scientific basis set.” The Office of Science will support
this approach. | should say that the HIFS-VNL has set a high
standard for making these arguments.

HIF needs to clearly and publicly benefit from NIF, and needs to give
to NIF-related science where it can

Consider an international approach to take HIF to the next level
internationally. Clearly you understand the potential for this, given
that you are all here! | am asking if there is an additional step forward
iIn working internationally that the HIF community can take and thus
lead by example.

Lawrence Livermore National Laboratory UL-
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