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I. Introduction

In the United States, inertial confinement fusion (ICF) has been
studied for potential application to hoth commercial energy production
and defense. However, funding has come almost entirely throuagh thc
Department of Energy's D.:fense Programs. This has created a problem for
heavy-ion fusion. Technical reviews of heavy-ion fusion in the U.S. have
been favorable.l However, the characterisics that make heavy-iun
accelerators so well suited for enerqy production (namely reliability,
long lifetime, high-average power capability, and high efticiency) have
not bheen considered essential for defense applications. Furthermor:,
heavy ion accelerators are a tate entry in the ICF competaition, o
thesr redsons, damong others, defense funding for tnectial fasvion heo L

largely concentrated on lasers andg single -stage pulsed power accelervat oo

We have Ltheretore proposed thal heavy-ion fasion acceleraton
development be wtransterred to the Ctirce of Tonergy Rescarch ot Lhe
Department of Enevqgy,  This transter has not yelt ocowrred, bat the
out ook i~ tavorable, 1 the tranafer occurs, it will e very
enconraging,  Transter wall constitute ofticial Department ot boevey

recognition that keavy ion fusaan as truly an o enevqgy progr am,

Unfortunately, the trancfer is occurraing ot g tane when the totad
1CF budg=t oy decreasing. bxasting DOF fanding has only been sattacent
for a single major progran af Laweence Berkeley Laboratory,  However,
because of the promise and amportance of the progeam Loy Alamas Natharnal
Laboratory is supporting en eftort on accelerator technology and Large
design with hiscretvonmy funds,  Lawrence Laivermore Natronal Faboratony
v lso continuing to do important work an targel desogn ard heam
tranaport
. Thin work way pectormed ander the auspaces ol the U5, Department of

Lnervgy.,



I1. National Plan for Heavy lon Fusion

In preparation for the transfer of heavy-ion fusion from Defense
Programs to the Office of Energy Research, we were asked to prepare a
national plan covering a period of about six years.2

If one carefully examines heavy-ion fusion, it becomes apparent that
the promise of success is based on six assumptions:

1. It is possible to build an efficient acceleratur, at rvas nabine
cost, that can generate high-energy (> 1 MJ! 1un beane

occupying a small b-dimensional phasce-space voidme,

/. The beams from such an accelerator can be Tocused over
distance of several meters onto o smill targ. t located an
react ion chamber.  {(Small 6 dimensional phase space velur o o
necessdry, but nat sauffi:cient condition, tor th. . 1 vl

1. Our present cale Tatrons corvect by dosor tboe 1o cner g,
deposation,

4. The hydrodynamic and thermonge lear behaveor of the targe s e
roeavonably well desoribed by e naner e ! et ane,

. Targets corvespondiieg o our nurer vcal modet o can be o,
produced at o acceptab e coast,

O, A veactron chamber can be bur It that ecoramic i ly caonyer tey the

target products anto usetal enecqgy and produces tavget fuels

net adequately accuring i natuare,

Hot everyone agrees that all oo statements are asoamptions,  hoeme

are convinced that accelerator cechnology and theory have alveady beon



adequately tested. Others are convinced that our present calcutlations of
ion energy deposition are adequate and so on. However, we find that
there are responsible scientists in heavy-ion fusion, in the larger ICF
program, and in the general scientific community who are concerned abl it
the validity of each of the six assumptions.

If we accent the above point of view, we must desigr a prograr pla-
that determines the validity of each of the assumptions in a way th:t i-
convincing to us and our scientific colleaques. If we accompiish tni,
we will be in a position to make snund decisiuns aboat the profise an .

future of heavy-ion fusion,

In order to ¢stablish a bhalanced Pragrat caover ing dil b oare .,

research, we have proposed that:
The: Dtface of Energy Kesearch asaue respont iy ity = e
1. Avgeley ators
v Bear. transport and facusar g
3. Beam tavget interaction Cpon enesgy deposg it e

Nefonae Programe choala retain responsit bty ton:

4. Target theory and exper aments et omg Tooamp b oo e e

thermonud lemt burn
h. Target tabricaten
b, Reaction ¢hamber and power plant ctudie,
logically, the last area belongs under the Offace of b gy

Reseacch, but it iy current ly being supported by efense Programs a b

of the Laver Fosion Program,



To distinguish the new program from the Heavy-Ion Fusion Program,
under Defense Programs we proposed to rall tne new program the
Accelerator Inertial Fusion Program (AIF). In this paper, we use both
designations. Los Alamos National Laboratory will remain the lead
laboratory and provide coordination between Energy Research and Defense
Programs.

B. The Accelerator Program

From our first assumption, we note that the accelerator program must
address several issues:

] General scientific questions relating to the efficiuvrt
production and control 6f high-energy beams with high 6-0
phase-space density

] Costs

In addition, there are several uifferent types of accelerators;

therefore, the program must also address;
. The choice of acceleratur techae logy,

in addressing these issues, we must obey reasonable fiscal
constraints, Fven if we assume that all of the scientaific prablems ara
snlved, it is not realistic in the present 1), S, envivonment | Lo proceed
divectly to a large, expennive accelerator (> 1 MJ). An intermediaty
oxperimental accelerctor as reqaired.  This accelerator must e large
enrouagh L0 addreess the accelerataor issues and also the focasing and targyt

interac cion issues,



We refer to this integrated test of accelerator physics and
technology, beam focusing, and energy deposition as the high-temperature
experiment (HTE). This name is not meait to imply that energy deposition
in high temperature plasmas is the critical issue. Based on all evidence
to date, this is un]ikely.3 Completion of the HTE will mark a point at
which our first three assumptions will have been tested.

C. Transport, Fozusing, and the Beam-Target Interaction

Scaled focusing experiments using electron beams (Rutherfor -
Maryland collaboration) are currently in progress. Also the channcl
transport experiments using light inns and electrons riay be relevant t.
heavier ions. However, the HTE will provide the opportunity for fuocusing
experiments on low enittance ion beams, incluaing the possiblity of
neutralization,

The jon-target inter.ctivn is being studied with light ion at Sandy.
and NRL and with heavy iuns in cold mdtter ai the Unilar and Bevalac. il
may also be possible to perform experiments with low intensity beams in
preformed plasmas. However, some anomalous effects could depend on Leas
ntensity, it would be mest satisfying to test energy deposition in
svam-heated plasmas,

Simple considerations suggest that it way be possible to perfore
very signiticant phvsics tests using an accelerater that is much sl ler
than that reguired for fusion experiments,  Lonsider d simple experingent
suih a~ shown in Fiy, 1, Malerial to be heated by the beam is placed i
a hale in a high-7 slab,  The high-Z «lab partially confines the material
reducing hydrodynamic cxpansion, It alse reduaces radiative Tosses anoagd
directiony, ex,ept into the beam, It we ignore hydrodynamic motion (o
crudely inc lude it as a correction to the specitic heal canacily o), we
can wrile an approvimate equality involving the ivradiance I, fon range
R, spectific heal capacity o temperature [, Stefan Boltzman constant

and time t,
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1R d(cT) . UT4

If we make the anproximation that c is constant, we can integrate
this equation obtaining.

. [2 tan"ly - m (.}%)]

3 4
where x = t Tmax/R‘ y=T/T

max® and onax = [.

A plot of x vs y is shown in Fig. 2. As expected for constant
irradiance and heat capacity, the temperature increases approximately
lirearly with time until radiative losses become important. The

temperature then asymtotically approaches T We define a time 7,

corresponding tn the intersection of a linem::ngent to the curve at x = 1)
and the line y = 1. At t = r the temperature has reached about 0.8t
dex. The maximum temperature predicted by this simple model 1y in
good ugreement with the resulls of numerical simulations shown in Fig. ..

Some argumentsz indicate that it may be e¢asier Lo obtain high
irradiance with an HTL accelerator using ions such as sodium or potassium
rather than very heavy ions: however, it is still expected that heavy

ions are the correct choice for a large fu,ion driver,

These lighter ions should provide ar adequate test of accelerator
physics and technology. In order to reduce costs, it is interesting to
examine accelerators with kinetic energy in the neighborhood of 100 MeV,
However, it iy not a prigri evident that such an accelerator could

provide adequaie tests of focusing and deposition. In order to
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investigate this, we have calculated a large number of quantities vhat
might be of interest in any theory of focusing or energy deposition. We
have done this for four different examples of accelerators, a fusion
driver, PBFA, and two examples of HTE accelerators. The results are
given in Table I. We have also included the possibility of doing
experiments with existing accelerators in a plasma preheated to about
50 eV. The HTE examples have not been designed and the parameters given
may not be particularly reasonable from an accelerator point of view.
For PBFA, we assumed 4 MeV protons with an irradiance of 1013 w/sz,
well below the expected value. The quantities given in Table | are
broken down into four categories. The first cateqory specifies som: of
the accelerator characteristics. The second category gives the
characteristics of a target plasma. The time r as defined in Fig. Z was
multiplied by power to compute E under accelerator characteristics. Tn-
surtant point 1s that the temperature and time scaies assovciated wate
PFA and the HTE examples are within a factor of a few of thouc
ultimately required. Some plasma parameters of interest such as Lhe
electron plasma frequency are independent of temps~ratire. Others, surn
as the Debye length and electron thermai vzlocity vary oniy as the squie
root of temperature. Still others such as rasistivity vdary mure rapii.,
with te jperature, and some depend on both temperature and density. The
density can be varied by large factors. Thus by many measurces, Potih o
the HTL examples enahle us to anprodach the pardmeter range of oitimst.
interest very closcly. In all cases, the temperature is high enough tn

test range shortening.4

The third cateqory gives the characteristics of the beasn, Thewe are
given in an unconventional form in an eftort to motivate simply the
combinations chosen. For example, one might expect any plasma to resp e o
to current density. The beam particles in turn respond to electric ar
magnetic fields. This response might be expected to depend on fp or /2T
where p ana T are momentum and kinetic energy, respectiveiy: thus, the

quantitics JZ/p and J//T have been tabi .ted. Fully stripped ions are



assumed. It is recognized that thece can be expressed in terms of more
conventional plasma theory parameters. For example JZ/p is proportional
to the square of the beam plasma frequency, which appears to a positive
power in the growth rates for many beam-plasma instabilities. 1t shoula
bc noted that growth rates usually decrease with increasing beam
temperature (energy or angular spread). The PBFA beams are likely to pe
quite hot, and this must be taken into account in extending PBFA results
to other cases.

The fourth category gives juantities that might be of interest for
focusing. The parameter A is charge per unit length. The quantities in
this category assume singly charged ions. Since scaling also depends on
beam angular divergence and focal radius, a large parameter region cen be
explored with an FTE.

We emphasize that Table | is neither complete nor rigorours. Some cof
the quantities listed may be unimportant or important quantities may hav:
been omitted. The purpose of the table is to suggest thal by a ‘arge
number of measures, PBFA together with an HTE and existing accelerators
will be able to explore the focusing and deposition issues in an
interesting parameter regime. There is a qgreat deal o° f'exibility in
choosing HTE parameters. The only requir ment speci‘ied 1n our Nationgl
Plan is that the HTE produce a temperature >5C eV. if this temperature
is achieved, the preliminary considerations listed above suggest that the
HTE together witF other possible experiments will provide adequate teste
of our assumptinns abou* dccelerators, focusing, and deposition,

We currently hope to nave the HTE on-line in about 1989. A two
stage program has been proposed tu achieve this goal. The first sta,e
consists of accelerator research and development, The second stage
consists of actual assembly of the HYE. This program with proposed
funding is outlined in Fiq. 4.



IV. Speculations on Program Direction after the HTE

This section contains the author's speculaz*tions. These speculaticrs
are not part of any official plan or policy.

In the 1990's fusion research may be entering th¢ 2ngineering
phase. For most fusion concepts, this will be expensive. In particular
for systems burning DT, tritium self-sufficiency seems essential since
only very small quantities of tritium occur naturally. Tritium breeding
ratios of about 2 appear possible so that a large fraction of the solid
angle of the reactor must be surrounded by tritium breeding materials.
For low power densit: devices that only work in large sizes, ~ven the
first test reactors may be very expensive,

It would be very useful if one could begin reactor engineering tests
and tritium breeding at a small scale. Heavy-ion fusion may offer tnis
possibility. Consider the following parameters:

Energy 0.1 - 1 KJ
Repetition Rate ~10 Hz
Target Gain -1

Such a machine would produce 1-10 MW of fusion power (4;(1017

ax10'8

driver. The target gain is also low. By the time such an acceleratur

neutrons/s). The accelerator is small ._ompared to a powcr nlant

could be built, we might have considerable confidence in low-gain
targets, but we may not yet have demonstrated nigh gain,

The reaction cavity required to contain such small yields might Lue
relatively small and inexpensive and still a‘low tritium selt-sufficiency
and engineering development. The time scale tor such a faciiity depends
on the larger ICF program and on the HTE. 1f the HTE accelerator has
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very high performance or if it is a module or part of a larger
accelerator, the time to a small reactor test facility might be shortened.

It is certainly to early to claim that heavy-ion fusion has :
pirticular advantage over other fusion schemes. Nevertheless, the
promise of such advantages is sufficiently real to justify a healthy
program and demand the serious attention of the scientific community.
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ACCELERATOR INERTIAL FUSION
NATIONAL PLAN (FY 84-89)

FISCAL YEAR| 84 85 86 8T 88 89

BUDGET ($M) 7.5 1M ! 15 |=—60-80—>
STAGE 1

ACCELERATOR RESEARCH

AND DEMONSTRATION

STAGE 2 !

HIGH TEMPERATURE :

-- — — [
EXPERIMENT DESIGN
_— R

TARGET PHYSICS,

DESIGN AND TESTING P —
(DP SUPPORTED)

Tre o et annee s, Teoant Dot ot tne Accelerator [ I

-(;I..
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