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1. INTRODUCTION

INTRODUCTION
INTRODUCCION

Beginning about fifteen years ago, with reports by Maschke [1] and Mart iii [2] accelerator scientis¢,s

became interested in the prospects for energy production by Inertial Confil)enmnt Fusion (ICF) using
the broad base of technology developed for particle accelerators for scientific research, Their ideas were

to use intense beams of heavy ions to provide the energy, and high instantaneous power, necessary t,o
implode the small capsules containing the light, elements (typically the deuterium and tritium isotopes
of hydrogen) which are then compressed and heated sufficiently to cause fusion ignition and burn.

Although high energy accelerators are commonly thought, of in terms of t.he kinetic energy of their
beams, in fact, the stored energy in the beams can be substantial. (Several of the presently operating

high energy accelerators have multimegajoule beams; the plans for the SUl)erconducting Supercollider
(SSC) indicate that, it will have up to 500 MJ in (.he storage rings.) lt is the ability to deposit this

stored energy in a very sn_all, precisely located spot that makes this technology appropriate to the ICF
application. By comparison, the energy needed t,o implode an ICF pellet for l)ower production is in the

range 3 to 10 MJ.

The study of ttIF has continued at, a distressingly low level since the excit,ement generated by these
early proposals. Yet, there has been st,eady progress oa a number of critical technical areas including:

1. exl.)erimental demonst, ration of the maximunl cul'rel_t t liar ca) I)_, cal'ri_(I in a periodic focusillg
system,

2. Iongit, udinal current alllplificat+ioll,

3. development, of scenario studies and cost ol)timization pre,ra _,,.

4. a large, body of theoretical knowledge about beam st.abilit.y.

5. construction of the large accelerator complex at GS1, Darmstadt. wit l_ facilities for doing accel-
erator and beam-target interaction experimems.

The various technical issues of tlIF will be briefly reviewed in tlJ(:,following sections. It, will be
seen that, there are numerous areas in common in all t,he api)roaches t.o Hl1:'. In the recent lnternat.ioi_al

Symposium on Heavy Ion Inertial Fusion, the at.t.ende_,s met in sl_ecializ_d workshof sessions t.o consider

the needs for research in each area. Each of the workshol_ groul)s consid(,r,'(I tile key quest.ions of l,his

report,:

1. Is this an appropriate time for international collaboration in llll"'i'

2 Which problems are most appropriate for such collaborat.ion'.'

3 Can the sharing of target design information be set, a,_ide until otlJer driver and systems issues
are better resolved, by which time it. might be supposed tlma_ther,, could be a relaxation of

classification of target issues?

4 What. form(s) of collaboration are most appropriate, e.g., bilaleral or mlJlt.ilateral?

5. Can international collaboration be sensibly atteml:)ted without significant increases in funding
for HIF?
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Figure 1, The range-energy re]at.ion for severa} ion species in }lot _l_at.l,er(20(')e\"). The ion range of
interest for ICF is al)out 0.05--0.2 g/cm "e.
Figure 1. La relation parcours-4nergie pour plusieurs espY'es d'ioJ_s dans de la mati/_re chaude

tr " ."(200 eV). En ICF la distance parcourue qui nous int.(;resse esl de l'ordre de 0,00-0,2 g/cre _,
Figura 1. La relaci6n alcance-energia para varias especies de iones en lnateria calient,e (200 eV), El
alcaalce de los Jones que interesa a la ICF es in_s o menos de 0,05 a (I.:2g/tin:'.

The authors of this report, share the conviction that collahoratiorJ ol_ a broad scale is mandatory
for HIF to have the resources, both financial al_d personnel, t,o progress t;o _ demonstration experiment.
Ultimately ii, may be possible for a single driver wit,h the energy, power, focusihilit, y, and pulse shape
to satisfy the needs of tl_e int,ernationai comnluJ_il,y for larger pllysic., r.,,._,;_rcll. Such a facility could
service mult,iple experimental chambers with a variety of beanl geon,el ric.- nlld I.argel concepl.s.

2. ACCELERATOR. ISSUES

QUESTIONS D'ACCI3LI_RATEURS
ASUNTOS SOBRE LOS ACELERADORES

There are two very important differences between an accelerator for particle physics research and
an accelerator driver for fusion'

1. The high energy protons that are used in a Inachine such as the 20-']'eV Fermilab accelerator
must be replaced with ions of higher al,onlic weigl_t in ord_,r lo clecr_,;-usetheir range sufficiently
to st,op t,l_eln within the ICF targel,, Mosl scel_arios for Hit: s,-,I,,c; it,ns wit,h aton_ic nulrll_er A
in the range ..1> 100.

2. Bot,h peak and average beam power need to be substallliallv increased. Especially in the case
of storage rings (such as that al Fermilah or t,he SSC), t.he lime during which the pulse can
be delivered is determined by the size of the ring. Thus for t,l:e 1 km diaaneter main ring at
Fermilab, this time is about 21 ms. By cont, rast, the desired pulse length for ICF is in the range
10-.20 ns, corresponding to a bunch that is 1.-2 m long at, t,he target.

The basic rationale for HIF is illustral, ed by the range-energy dal,a shown in Fig. 1. To deposit the
same specific power in a target using a proton beam, the peak beam i)artich -, intensity needed is about
1000 times greater than is required for heavy ions of A > 100.

Average beam power is primarily determined by pulse repetition rale, which is not significantly
limited by technological constraints. Peak beam current is a much more fundamental issue for an

accelerator. Therefore research has been conducted on a large variety of techniques to increase the
beam power in HIF accelerators. Some of the more generally used of these approaches include'
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Figure 2. RF accelerator system with storage rings for current multiplication.
Figure 2. Syst_'me d'acc_,h!rateur It.F. avec anneaux dest.ockage pour la mult, iplication du courant.
Figura 2. Sistema de acelerador de alta frecuencia con arlillos d¢_ al,_lac,.namiento para la rnult,ipli-
cacidn de la corriente.

1. Multiple beams: For beam transport reasons, there slloulcl I,t, al_o_lt twenty or more bea.lnlet._
focussed through the reactor wall towards tll_" target. This requirmllent is common to ali al,-
proaches to ICF; lasers, light, ions and heavy tolls. Lase,r drive, r.,,, for _'xanlple, may need several
hundred beamlets, greatly cornplicatillg reactor desigll.

2. Current an_plificat.ion: Because of space charg,, _'ff_'cts, nmcl_ IJigll_:,l'current can be transported
at. high killer.tc energy than is possible al low ellergy. A wi_l_, vari_,Iv oft_'chniques arc:' used for
currelll Inultil_lication:

(a) C,ombining beams from different loll _ol,rc_'s all_l t,r_,-accc,l_,ral,,r_,,

(b) I.,ongitudinally compressing the beanl wllile it. is being acceleralml. This can be visualized
as it. is actually done in practice; that is push th_' lollg hullcl_ from the back so t,hat the
ta.ii is going faster than the head. This process cal_ be ad,iustod so that the current just
peaks as it hits _,he target,. Ali ion accelerator scl_e_nes for ICl", light ion and all variations
of heavy ion accelerators, use longiludinal colnpr¢,ssio_, or alt.ernatively, a non-Liouvilliar,
stacking t.echnique.

(c) Storage rings: The most. con]lnOll IIrlf't,llod for increasi_g I_ea,_ il_t_-,nsit.yis by st.acking
particles in a storage ring. The part.icl_.,s can then be acclaim,rat.cd, st.ored, switched t,o
another storage ring, or directed t,oward._ a targel. Storage, ril_,s ar_, required with radio-
frequency (R,F) a.ccelerat.or systems for It11:', as show,, i1_i"i_,. 2. a_ld at(" generallv not used
with Linear Induction Accelerators (l,IA).

(d) Non-Liouvillian Methods: Liouville's Theorenl is a gem,ral pr,:,cel.)t in all types of optical
systems. As applied to accelerator syst,ems, it. says that ordinary beam manipulations can
only reduce the quality of a beam, never improve it. Tll_ls ali the inanipulations referred
to above exact, a price from the quality of the beam. There must. be a budget to ensure
that, the final result retains enough of the original source quality to put a high percentage
of the beam on the target. However, there have be'en a number of techniques invent, cd, and
some placed into routine application, which can improve the quality of a particle beam, and

are thus called "non-Liouvillian." One of these was proposed for ltlF by Carlo Rubbial3]r

Director of CERN, who has taken a special interest in this subject.. Usually these non-

Liouvillian techniques involve some means of changing t.h_"c,harge of an ion beam at. a
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critical point, such as when it. is being loaded into a storage rilll4. Typically, a laser beam,
probably from a free _'lectron laser (FEL), is t,uned t.o ali atomic oi' molecular resonance to
cause charge change or molecular dissociation,

There are a number of other requiren-ients on a heavy ion accelerator for commercial power pro-
duction:

1. Pulse repetition rate; typical scenarios for HIF show an optimum l,ulse rate around 10 pps for
each chamber. If more than one reactor chamber is driven by the sarrle accelerator, then the
accelerator rat.e could be ,_s much as 30 to 40 pps. Since typical accelerators of the type involved
here, either RF' or [.,lA, hd.re operated iii) l,o (]() pps or more, this re¢luirernent is nel expecl,ed

to cause arly special problems.

2. Eflqciency; good ef_ciency in collvert.ing inpul power into beall oil target is esserltial for au
ecoriomic fusion power plant,, High current and high average power accelerator system scenarios
usually show an et_ciency of about 25°A,, A driver (laser or accelerat.or) with e_ciency less than
about 10% has scant hope of iriaking ecorlomical electrical power. Based ell projected target

gains, driver efficiency much above 25% does not significantly improve the economics, as will
be discussed in the section ell Ecollonlic Issues. This assumes thai the conversion efficiency of

thermal fusion power to electrical power is comparable i.o thai usually found in nuclear reactors,
i.e, about. '33%,

3. Reliability; researcll accelerat.ors rrmst,operate wil.ll al_out 8()_/ relial,ility when in use. 'Typical
nlachines sp_-'nda sigllifica.nt arnount, of tilne beillg modified for fliliIr,, _,xperizrlents. Experience,
llas been t.hat reliability ':..allsignificantl_ exceed 80¢,_.,eSl_ecially wll,'lJ Ol,cralional requirelnent.,-
do not. constantly change.

4. Durability; some accelerai,ors operating toclay have been runnillg for 30 or more years. The
dispersal of conll_onents in a multistage accelerator result.s in acceptal,le component stress levels.

5. C,ost; this is perhaps the most critical requirement of all. ]f cosl were no object, enough is
known aboul, accelerators to build al_ experinlellt.a] driver l_ow. 'l'l_,,r(_ have been several H]F

scenario sludies such as iIIBA, I.,I,14J''by (.;ernlany al_¢l tlJ¢, l'lliw,I'.,,itv of \'_:iscollsill, and ille

HIBLIC [5] st.udy in Japan. A syst.elnatic evalual.iol_ of a ,.'ari,,Iv of r,.actor arid t.argel syst.en_s
[(-;]

was n_ade for the Heavy Ion Fusion Svst.en_s Assessrltent (ilIFSA). led by Los Alamos witll

LBL, McDonnell Douglas, and others. Tlwse st.udies show that t.h_-,accelerator driver is the most
expensive component in an HIF power plant., as shown in Fig. 3. Thus tile objectives of ItlF
Accelerator R & D are to achieve cost, reduct, ions while simultaneously preserving the advantages

cited above, and also solving critical technical issues created by the need for very high intensity
heavy ion beams.

3. TARGET ISSUES

QUESTIONS DE CIBLES
ASUNTOS SOBR.E LOS BLANCOS

There has been renmrkable experimental and theoretical progress in t.arget physics during the past
five years. Experiments have been performed at. la.ser facilities such as Nova, Gekko, and Omega, and
also underground at, the Nevada Test Site. Taken togetller, these exl)eriment.s along with the increased
theoretical understanding have put to rest basic issues regarding the feasibilit,y of ICF. As a result, of

this work, the report, of the National Academy of Sciences Review of ICF tTJ_'recommended proceeding

with an ignition facility for ICF, following successful completion of a series of physics experiments on
the Nova La.ser at. LLNL.
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Figure 3. Result._ from t.he HIFSA[6] st.udy showing t.lw conl.rit_ljtioll.'. <_fdifS:,rent components to
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Figura 3, Resultados del est,udio HIFSA [6] en que se muestrall las colltribuciones de los diferellt.es
component.es en relaci6n al c_to del capital y al cosl,o de la electrici¢la¢l

The simplest targets consist of small (,',.,0.5 cm diameter) spherical shells cont.aining thermonuclear
fuel, usually a mixture of deut,erium and tritium. The sllell surrounding ilia, fuel may consist of several
layers. In addition t,o confining the fuel, these layers serve as an ab]alor. Ion or laser beams heat the
ablator t,o high t,emperature, producing high pressures (,--,100 million at.mospheres) that. implodes the
fuel to about. 1000 times solid densit.y. The implosion process also heat.s the c,:nt.ral part. of the fuel t,o its

ignition temperature which is aLout 5 keV. After ignition a t,herrnonuclear "burn" propagat, es radial]y
outward burning about 30% of the fuel and creat, ing a small t,hernlonucl_,_r explosion. Calculations

show tliat 1-10 Ma or beam energy must be delivered in about. 10 ns Io achieve an energy gain of
about 100. (Gain is defined as the ratio of thermolluclear er,ergy/beam energy.) lt is very important
to have nearly spherically uniform illumin'._t,ion. This method of illumillat.ion, which is known a.s direct,
drive, requires a large number of beams. Thirty-t.wo beams, orient.e_l as tile face.s of a soccer ball is
probably the minimunl practical number for t,he targets described abm',,.

In the approach known as iJldirect drive, the capsule containing the fuel is placed inside a cavity

of "hohlrauna." The driver beanas produce radiat.ion that fills the hohlraull_ and provides the energy
to drive the implosion, lndirecc drive relaxes the illurnination uniformity requirements, particularly
for ion beams. Illumination car, be by one or two ion beams, or bean1 clust.ers, as shown in Fig. 4.
These simpler illumination geometries greatly aid reactor chamber design. Wit.hour a significant, energy

penalty, indirect drive by h.xsers cannot, use the cluster method and still requires illuminatiou by a large
number of widely spaced beams.

I
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Calcuiat, iolls of target gain for indirect drive t,arget,s illumillat.ed ['ronl two si(les are shown in Fig. 5.
These calculations, performed at, LI.,NL, give target gain as a functioll of b.arrl energy and beam focal

spot, radius. The gain also depends on ion range, as given by t,he ion mass and the kinetic energy. The
curves shown correspond to a heavy ion (A __ 200) with kinetic energy of about 10 Ge\', as can be seeli
in Fig. 1.

4. POWER PLANT CONCEPTS
CONCEPTION DE L'USINE GENERATRICE

CONCEPTOS ACERCA DE LA PLANTA DE ENERGIA

A complete ICF power plant will consist, of a driver to implode and ignite the t,arget, a target
factory t,o manufacture and deliver the targets to the center of t,he react, or core, a reaction chamber in

which the targets are burned, and the balance of plant, irl which t,he fusion el_.rgy is converted to electric
power, The ability to transport, heavy ion or laser beams over long dist,allces without significant, losses
allows locating these drivers in abuilding that is separate from the reaclor vessel itself. Furthermore,

t,he interactions between the driver beams and t,he l,arget, take piace in a small volum, ,_and are not very
dependent on the surrounding environment,, These facts bring several a(lvalll,ages:

1. There is great, flexibility available in designing a reaction chamber and balance of plant.

2, Because the high technology components (i.e,, the driver) are uot near the reaction chamber,
their maintenance will be unaffected by radiation from t,he t,hermonuclear environment and their

reliabilit, y should be greater.



3, Separability should reduce the required size of the conl,ainment structures.

4. Finally, one accelerator driver casl service several reaction chalrd_ers, making inodular construc-
tion possible and spreading the costs,

The functions of tile reactiGn chamber are to contain the effects of t,he (.hermonuclear microexplo-
sion, convert the released energy into a form more useable ill the balance of i)lant for making electricity,

and produce tritium (which is not, found in nature) for future targets. The design flexibility allowed by
the separability of the driver has resulted in a large number of different reaclor designs being proposed
in the U.S.A,, Germany, Japan and the Soviet. Union. A review of Ii)ost of these designs is given

by Hogan and Kulcinski [8], To produce the 2000-3500 MW of fusion power required for a 1000 MWe
power plant, typical reactors must contain fusion explosions of 100-1000 MJ each at a rate of 2-20 times
per second. High energy neutrons comprise about 2/3 of the energy ofeacl, explosion, the rest being
x-rays and charged particle debris. The short, range and short durat.ion (,-,1 ns) of the x-ray pulse
results in the requirement that. the first structural wall of an ICI: react,or must, either be al, a very

large distance to avoid ablation, or that this wall must, be protecl.ed witll a self-renewing sacrificial
layer of some nonstructural material. Most. re_._ct,ordesigns have beell based oil the latter metl_od and
include a fluid or granular first wall, \;axious react, or designs have coJlsi(l("r,'d t,lle use of liquids such

!9,101 !43 I1 1as lithium lead-lithium and FLiBe (a nloll.en sail., consisting of flourine, lit.Ilium, and beryl-

lium), or ceramic granules such as Li,.,O and LiAIO,, [12] [10], In the original HYLIFE design, efficiency is

improved by moving tile heat, transfer and tritium productioi_ "blanket.s" inside the reactor structural

wall. HYLIFE-II, [13] shown in Fig, 6, avoids the fire and toxiciLv hazards of litlliunl by using FLiBe,

In all of the liquid and solid first, wall react,ors, up t,o a few kil(,grallls of the wall nlaterial will
be evaporated with each pulse The mat.erial jusl beyond t,he vaporizo(I region is designed l,o be

compressible so that large shocks will not, be t,ransmitt.ed t.o the pernmne,lt slruct.ure. Recondensat.ion
of tile vaporized ,nal,erial before the next. pulse is necessary iii ali dc,siglls ii1 of'clef t,o reest,ablish tll_,
vacuum needed to inject and pc'sit, ion the nexl, targel and also I,o prol,agal., tile Imalns t,o t,lle target.
The studies done t.o date have shown thai, neut, ronically t.hick self-renewillg protective layers call b,,

designed which would stret, ch the short energy pulse so that the peak loads oil t,he structural walls
are tolerable, reduce the radiati.'m damage to the structural wall 1,o the poinl thai, ii would la.st the

lifetixne of the plant,, and recondense t,he vaporized material iii order Io reest ablisl_ the environnxent iJ_
[14]

time for the next pulse, lt has also been shown that, for these designs, t,lle neutron spectrum at, t,he
first structural wall is softened so that it, resembles a fast-flux react,or spect,rum. Therefore materials

damage studies done for these reactors may be adequate for developll._mt of ICl" reactors without t,he
need for special 14 MeV neutron sources. The research work necessary t,o pill experixnental results illl,o
ali these studies is a large and fruitful area for inl,ernat.ional collal_oratio_l.

The existing studies have identified the requirements for many of the ._upporting reactor subsys-
tems. The vacuum system must reestablish the vacuum needed for beanl transport. (10-4-1.0 torr) for

heavy ions, depending on the transport mode used. Tril.iunl alld some targel, debris must be recovered
from the inner blanket material and recycled to the target factory. The target factory must make and

transport, high quality targets to the reactor al, the rate of 9.-20 targets per second. Targets must, be
injected at speeds of about 100 m/s and then tracked so that the beams can be brought to the target
position with a precision of about 0.1 mm. Even in the storage ring and recirculating lhlac schemes,
the beams are en route for only ..-5 ms; thus the target, is less than 1 m from the aiming point when
the beams are initiated. Steering adjustments can be readily made based on tracking information. Tile

driver/reactor interface along the beam lines must. isolate the driver ft'ore ihe reactor phenomena but,
still allow the beams to reach the target at the appropriate time. Plausible conceptual designs have been
proposed for many of the required subsystems, but virtually ali of the developmenl and demonstration

work has yet to be done.
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Figure 6. In the HYLIFE-II [13] structural components are protected from blast, and neutron damage

by thick jets of liquid FLiBe (Li2BeF4) iii order to make the components last, the lifetime of the plant,
In the configuration shown, 12 beams (in a 2-4-4-2 pattern) are direct,ed t,o the target from one or two
sides, Horizontal and vertical liquid jets are interwoven between the 12 b¢.alns in Order to protect, the
walls around the beam apertures,

Figure 6. Dans le HYLIFE-II [13], les dldments structurels sent, prot,dgds des ddgats causds par les
ondes de choc et les neutrons pmr des jets dpais de FLiBe (Li._BeF4) liquid<_ : ainsi, les dldments devraient
durer aussi longtemps que i'installation, Dans la configuration illustre'e. 12 faisceaux (disposals en
configuration 2-4-4-2) sent dirigds sur la cible d'un ou de deux cot,al.s, Des jets liquides horizontaux
ou verticaux sent ent,remel_s aux 12 faisceaux afin de protd,ger les parois autour des ouvertures des
faisceaux,

Figura 6, En el I-IYLIFE-II [13], los componentes estructurales, est,_in protegidos contra dafios causa-
dos per o_ldas de clJoque y per neutro_Les mediante gruesos chorros cl_' l:LiBe (Li,.,BeF4) l/quido con el

fin de lograr que los componentes duren la v;da _It,il de la planta. En la configuraci6n que se muest.ra,
12 hates (en un disefio de 2-4--4-2) se dirigen hacia el blanco desde uno o dos lades. Los chorros liquidos
horizontal y vertical est, in entrelazados con los 12 hates con el fin de prot.eger los mutes alrededor de
las aperturas de los haces.

5. FINAL FOCUS AND TRANSPORT
CONCENTRATION ET TRANSPORT FINALS

ENFOQUE Y TRANSPORTE FINALES

Final focus is the name given to the ion beam transport syst,enl t.l_at focl_sses the multiple beams of
heavy ions toward the target. The wide variety of options for final transport results from the variety of

[_5] l
reactor environments that can be postulated. This subject area was extensively reviewed by Olson.

Depending on the charge state of the beam, and the gas composition and pressure in the chamber,
it is possible to consider vacuum transport, as usually considered for research accelerators, or transport,
in a plasma. Usually it is assumed that the incoming ion beam must, be at, least partially neutralized so
that space charge forces do not excessively deflect, the ions, As the target begins to heat up, it will emit
a flux of x-rays which can photoionize particles in the incoming beam. This subject has been studied

by Langdon [16] who has calculated the probable percentage of the incoming beam that is likely to hit.

the target, A small percentage of the incoming ions will have their charge state changed, thus causing
them t,o fall outside of a nominal 3 mm aiming spot, on the target.
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Although there is a large body of experience with transporting high intensity relativistic beams,
final focus and transport tests under HIF conditions are generally not accessable to experiments with
available facilities, Sorne issues may be addressed with the new experinlenta] storage ring (ESR) at.

GSI, L17J'' The Induction I.,ina.c Systems Experiment (ILSE) [18] at, I.,BI, may also be able to test some
final focus issues,

6. ECONOMIC ISSUES

QUESTIONS ECONOMIQUES
ASUNTOS ECONOMICOS

The area known as "balance of plant" consists of facilities for tritium handling, target fabrication,
containment buildings, power generation, heat exchangers and other similar components, Conventional
nuclear power plants must include ali of these except, the target factory, Thus the costs and efficiencies
of ali except this one area are known,

A fundamental requirement for economic production of power is for iile product, rlGc > 3, where

I'/is the driver energy efficiency given by the ratio power-to-target/input power, G is the target, gain
(including blanket gains), and ¢ is tile thermal-to-eh_.ctric conversion et:ficiellcy (usually 0,3 < e < 0.5).
This product is the inverse of the fraction of power generated that nnJsl, be recirculated to keep the
driver operating. At the level at which this fraction is 1/3, as shown in Fig. 7, the cost of electricity used
by the plant causes the price to consumers to increase by 50%, and il rises very rapidly for any higher
fraction of recirculating power. Assuming the typical values of e, this means we require r/G >_ 6--10.
Note that if we do much better, for example if r/Ge = 6, the recirculating power drops to 16% and the
cost penalty tooconsumers is only 20% of their power bill. Below this there is very little gain, so that
most studies require 3 _< r/Ge < 6. Choosing a midrange value of _IGe = 5, with e = 0,4, and an overall
efficiency of 25% for an accelerator driver, results in a need for a target gain of 50.

Current concepts for high-power lasers for ICF fusion energy have projected efficiencies of 5-10%.
Such a driver would require a target gain of 125-2,.50 for a commercially viable power plant. Target gains
near the lower end of this range appear feasible based on current results from the target physics program.
Prospects for gains nearer the upper end of this range require success of mlJch more speculative ideas.
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One ca.nnot rule out inventions; a much more efficient, la.ser or much higher gain targets. However,

without assuming such an invention, a significant, argument for heavy ions is the relaxed target-gain
requirernent, Other irnportant arguments are the reliability and durability of the accelerator and
focussing systern. Protection of the final focussing magnets from lieutroli damage appears feasible:
protection of the final optic elements remains a principal concerll for laser drivers, As noted earlier,
the illumination geometry is more favorable for heavy ion accelerators, Of course, ali these arguments
presuppose that tile cost. of an accelerator systern is low enough to allow the economic generation of
power, though ii, should be noted that accelerator bearils can be swil,ched from one chamber t,o the llexl
sequentially, allowing one accelerator to serve up to about four oi' ll_ore cl_lrd:,el's.

Other Applications:

Tliere is no question that the least, econornic use for a 14 Mc\,' neutroil is to convert its energy to
hot water to spin a l.urbine generator, Ot.ller possibiiilies iliclude:

1. I"ission-fusioll hybrids. Natural uraliiurtl or t.horiurrl can be used witli i.lie flux of neutrons from tt
fusion react:or to general,e much lrlore power l,]lall is possible jusi froIJi file fusioll react,joll itself.

2. Fission fuel breeding. The supply oferlrichabh" uranium will not sut)port a large increase in
nuclear power generation. That is why the complex breeder reactors were being developed some
years ago, before l,he decline in the nuclear power indusl.ry, Becaus(, of the high flux of 14 Me\,'
neutroils fronl a fusion device, sorlie studies have stlowii l.hal one ICF' filel breeder could sur, l,ly

Li,,)1
tiwi for more t,llan ten conventional lighl water react.,ors,

. 3. Fission product trailslnutation, 'l'l_ere have been a couple of r_'c'elil studies about using accel-
erat,or general.cd lieulrorls for reactor waste t.ransrlnll.al, ion. ()li_.,of I.hese, the Accelerat.or for
Transrllul, at.iori of Waste and Energy Product ioll, (ATW), llns I,_,_,llcl,,v,,lol,ed illlo a forrrlal pro-

posal}20]' l:'(.ollald Martin (who was one of I.he pioileers of work oil I-l,'_lv>'Ion Fusion) ]las shown
, lzi]

how a fusiorl-fission burner could be used efl'eci.ively tbr wasle l,l'/tnslillll, lng A single facilily

could conceivably process the waste from several light, water reactors, lte not,es that only a siriall

percentage of the funds now being spent oil waste storage, guards, sl li(lies and burial project.s,
would be far more than is beirlg spent on till of fusion, and could easily fund l,he consl.ruct.ioll of

a prototype flision-fissioli translrlut, ai.ioii project..

Fusion scientists have never had much enthusiaslli ['oi"rnixillg tilt.(7,t,]l(' I)olit.ics alid t.echnology of

fission power, Both are very messy areas and tlieellviroliliiental desirability of pure fusion ll.s always
been a leading selling point.. Nevertheless, the economics of pure fllsion ts di[ficult, and the fact is thai
a larg¢, arilounl of reacl,or wmst,e does exist, and concerii about waste is olle of tile 1._rilicipal in-ipedinienl, s

to wider developmenl, of nuclear power.'" Thus one should consider carefully the proposal that Heavy

Ion Fusion may have an irnportant application here, especially if tile requirellleltts on accelerator driw_r
and target performance are less demanding than for pure fiision,

7. THE WORLD SCENE IN HEAVY ION INERTIAL FUSION
LA SCENE MONDIALE EN MATIERE DE FUSION INERTIELLE A IONS LOURDS

EL ESCENARIO MUNDIAL EN CUANTO A LA FUSI6N INERCIAL
MEDIANTE IONES PESAD()S

7.1 The U.S.A.

The Inertial Fusion Energy (IFE) Program in tile U.S. del)ends on the larger ICF Program which

is a defense program, for target development. There is a. large (.-.. $50 M/year) target, physics effort
at. LI.NI. todeterrrfirle the driver requirements for higll gain targets, Air.hough these experiments use
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Figura 8. Excitador basado en un Acelerador de lnducci,Sn Line,al con I',ar_inlet,ros t,ipicos.

laser bead,ns. the capsule physics results with indirectly driven t,arget_ are I)elieved to be applicabl(, Io
heavy iorl drivers as weil. "]"he proposed Nova l,l[)gl'_l¢.](' would illV(,stigal_, [,_ll'g_q igllit, iOll witllill iii{'
next decade.

The Iteavy Ion Fusion Accelerator Reseach (HIFAI'_) Progralll. wl_i,'l, was iii tile I)OE Office, ¢,f
Basic Energy Sciences, has been moved tc ttle ()ftice of t"usioll Ellergy (()1"t:i). The ttlFAR l-}rograllJ
had the purpose or determillillg if heavy ion accelerators can b(' us{.d (,ft',,c_ively tor col llrnercial ct}orgy
productioll from ICF. The Inertial Fusion Erl_,rgy (lt:E) Prograll_. a.,, t.l_, new part of OFF, will I_,.
knowll, will be an el,ergy oriented program, buildillg on t,lle progr_..s.,, t.ll_I Ila.s t)eell made in target
physics and driver development. Thus the HIFAR phase Ilas ellcl.d alt ll,)tl_ll llol ali of lh, _ experi]l,,Jlt.,.
t.hat were proposed Ilave been conlpleted.

The rnain IFE prograni element is at. the Lawrence Berkeley l,aboral(_ry (I,BL), with a strol_g
collaborat, l,'e effort, at. the Lawrence Livernlore National Laboralory, Slllaller l)rogram elenlenl,s ar('
at. the Naval Research Laboratory, Stanford Linear Acceleralor (i'.elltf_.r S;alldi_ National Laboratory,
University of New Mexico, and University of Maryla,,¢l.

The LBl., program of driver research is based on tltet,seofin(luctio_ li,_acs. Wit, l_i_lductionlinacs,

the basic idea ['23] is t.o inject a long buncl_ of higll ii:tensity ions alld lc) acl_ieve currc,nt amplification

by ramping the inductive acceleration fields as t.lle bunch passes. P,y this I:,rocedure t.l_e pulses have
to be compressed from ,',-,20 l,tS at injection down t.o --,10 ns at i,lie t.arg,t, tilt, currenl being increased
from amperes to kiloamperes. An important conceptual improv¢,me_t was the splitt.ing of a single high-
intensity beam into a large number of parallel beamlet.s, each of t.hen_ being separately focussed inside
the ;:ame accelerating structure. This concept has tmr, roved focussi_g I,ecause of better beam qualify
and has shown to be cost effectiw. • if the numl_er ofl:)eamlet, s is iii tl_,' ra_lg,, ors t.o 16. One concept
for a driver starts with 64 beamlets at injection whicli are quickly co_ld)ine(t, each 4 bearnlel.s into 1,

to a final number of 16 bean,s. For a 3+ charge stat.e of bisnmt.ll, t.l_,' whol,:, le_gth of the accelerat, or
is about 5 km, as shown in Fig. 8.

Until recently, work at. LBL has concentrated on the Multiple Bealr_ Experiment (MBE-4), con-

sisting of 4 beamlets. MBE-4 is the first experimental test of t.he multiple beam concept. In spite
of being limited to low energies, MBE-4 allows many important issues to be investigated because the
injector and the initial pulge formation sections are the most critical parts or an accelerator.
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As a next, step, an "Induction Linac System Experimenl (ILSE)'" l,a.., been proposed [24] which
is intended to address ali of the key issues of a full scale driver, including transport of space-charge
dominated beams, combining and bending of beams, compression and pulse-shaping as well as final
focussing. ILSE has been ,ecommended to be funded in the near fut,ure. Fal,rication should be finished
within 4-5 years, lt would be necessary t,o have another st.ep after ILSE before a full-scale driver can be
designed and constructed. In addition, a new concept is being considered: the recirculating reduction

accelerat.or [25] in order to reduce the cost for suctl a driver.

7.2 European IFE Potential and National Activities

7.2.A General Sltualwn

Fusion Energy Research in Western Europe is primarily funded iii tile framework of a multina-

tional program by t,lae European Community (ECt, not on a nat,ionlal basis. 'I'llere is a strong Mt'E
program but nearly' no European IFL progr_ml, mainly because classificatioll of ICF in France and t.h(.
United Kingdom has prevented a concerted EC effort, There are how_:'ver, very substantial national
IFE-related act,ivit.ies wit,h laser and heavy ion beanls. Classificatioll in l-'ral,ce and the U,K. might
become less severe, but still is a serious impediment for internal ,iJal collaboration. In some other
European countries there are increasing interest, and increasilig act.iviti_,s ill lteavy ion it_ertia.l fusionl
(HIF'), mainly funded as basic research progranls by national agencies

Accelerator Research in Europe is based oil a large and experienced plJvsics community, with major
researcll centers in SwitzerlaIld (CEt_,i alJd PSI). Germany (GSI and DL'SY), France (SATURNE
and GANIL), It,aly (Legnaro and 'I)'iest.e), alld l.lle Soviet. l.!nioll (S_,rplikox', Prot.vino, Dubna, and
Novosibirsk). In addition there are snmller facilities Iocat.ed al \'al'i(311slal,oratories and universit, ies
and there is an established educational effort, providillg Ilighly (tualiti,,_l \_)LJllgscient.ist.s iii acceler_tor

physics and technology.

Targe'l Physrcs is ....apart, from military lC'I:"researctl ......a growing I)asic research activity in several
countries, particularly in lt.aly, Germany and Spain. ()l_jectives ar,, Iii(, i 113sicsof hot dense pla.snlas,
beam t,arget interaction, and target, physics for IFE, bot.h for direct all(| irldirect drive. There are
research efforts alollg these lilies in France, Israel. and the UJlited liil_g,I,)l,,

7.2. B Research .4ctxvit_es

The programs and research activities in IFE wit.l_ heavy ion bea_s, r,,viowed in this section ar,,
basic research programs with institutiol_al or governnncnt.al fiin,:ting Tlwr,. is a,_ illcreasing tende,lc.v
for int.ernational collaborations and in some cases COOl)_::'at, ion witl_ I,ilal,,ral agr(,,'_,_ents.

Germany

There has been an establishedprogram oI_IFE relatedresearchsince1979 ltisfundedby'the

FederalMin.istryof Researchand Technologyinthe frameworkofbasicresearchObjectivesarethe

investigation of key issues of ICF with heavy ion beams', in particular il_vestigat.ions of accelerator
scenarios and the development of accele.rator compon(,l_t.s for high int.(,l_siti,:,s including beam handling

techniques, the generation of beanas with high l)ha.'_(:space density, beanl)-t.arget ini_'raction and the
physics of dense plasmas.

Major achievements were:

a conceptual design study for a heavy ion driven power plant basod on an RF linear accelerator
with storage rings (HIBALL).
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• construction of an accelerator facility (SIS/ESR), a synchrotron/st.orage ring facility for heavy
ion beams which will open in the near future excellent opport.unitie.,, for dedicated research oil
ICF key issues both in the field of driver and target, physics.

• development, of ion sources and low-velocity accelerator structures (RFQ), and other specific
beam handling devices such as plasma lenses and aberration-correct,,d focussing systenm.

• IFE-relevant atomic physics experiments o,1 beam-plasma interactions and intrabeam scattering
providing data for stopping power and beam loss in storage rings.

Present direction of work includes:

• studies of indirectly driven targets. In the past two years cmlsiderable progress has been achieved

in the study of these targets! 26]' The driver power requirements that resulted from this work

have been shown to be achievable by introducing the non-Liouvillian stacking technique inI.o I.lle
acclerat, or design.

• extensive accelerator experimen_,s are continuing at ;he GSI syl_chrotvol_ (SLS) azld experimental

storage ring (ESR).

Present research is structured as follows:

1. GSI is the center for accelerator physics and for experiments with heavy ion beam/
plasma interaction. A strong group at. Frankfur! University and a group at. Giessen Univer-
sity have made substantial contributions. Z-Pinch experimenl.s; for plasma interaction studies
have been made al, the Fraunhofer lnstit,Llt.e in Aaclien.

_:. The Max Planck lnst.itut.e for Quantum Opt ics is tile leadillg lal_I'alc,v\ for target physics. (_'Oll-
tributing laborat.ories are the Technische Hocl_schule Darmsladl (d,,lls_, plasmas) and a small
group at. Frankfurt l.lniversity (hydrodynamics. compressioll i,Ilv.,,ic.,, t'_as'leigll-'I'aylor illst.abili-
ties).

3. Invest.igations on ICF relevant, atomic physics are carried out at rh,. ();Sl facilities by groups
of Stuttgart and Munich Technical Universities, and with a crosse¢l I_eam t,echnique at. Giessen
University.

Collaborations on some of these investigat, ions exist with groups in t:'rallc_,, II,aly and in the Soviet
Union. Close contacts exist, in the field ot accelerator research wil.h l;.,q, laboratories. The new facilit,y
SIS/ESR at. GSI will open new and utJique opportunil.ies for beaalJ-targ,.I interact.ion experimelll,s
The ESR cooling device allows the generation of beams with higll pha._e Sl_a¢'edensilv and, therefore.
provides opport.unities for investigations on beam instabilities.

Italy

Research on target physics has a long tradition in Frascati. Recently theoretical investigations on target
design and on compression physics are carried out using 2D codes on symmetry and stability issues for
directly and indirectly driven targets. A post-graduate progranl in I.arget and accelerator physics for
heavy ion inertial fusion has been established.

Legnaro is the central nuclear physics laboratory with experience iii accelerator physics and develop-
ment.. In addition, accelerator physicists at. the synchrotron ligl_l, so_lrc,, _ow under construction al
Trieste, are part.icipatizlg in accelerator design studies for a fusion driver and for a free electron laser

(FEL) t.o be used for the recently proposed non-Liouvillean inject, iojl of I_,avy ion t,eams into st,orage
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Figure 9. An accelerator/storage ring system using an FEL to cause charge changing at the point
of injection into the Compre_ion Ring,
Figure 9. Syst,_me ac.c_16rateur/anneaux de stockage utilisant un FEL pour provoquer le changement
de charge au point al'inject,ion dans l'Anneau de compression.
Figura 9. Un sist,ema de acelerador/anil]o de alnlacenamiento que utiliza un FEL para causar un
cambio de carga en el punto de inyeceibn hacia el Anil]o de Comt)residll.

rings, An example of an accelerator scheme using laser induced charge changing (,o assist injection into
a storage ring is shown in Fig. 9.

Spain

The Institute of Nuclear Fusion in Madrid is concentrating on the theory of target, design and target

dynamics and also on reactor neutronics. During the last, decade the group has developed a number
of hydrodynamic codes including ali kinds of atomic and plasma physics issues, primaxily concentrated
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on conditions for direct, drive targets_2S]r This group has also developed the capability of doing neutron
transport calculations to estimate effects of neutron interactions on reactor structures.

Soviet Union

Activities on ICF relevant research in the Soviet Union are widespread and diversified. There are

many institutes with laser facilities and with a broad experience in accelerator physics, target physics,
physics of dense plasmas. A large dedicated group for heavy ion inertial fusion is at the Institute
for Theoretical and Experimental Physics (ITEP) in Moscow, working on both accelerator aald target,
problems (including a bilateral agreement with GSI), This group has heavy ion accelerators in operation
but not. dedicated facilities for ICF. The group of Kapchinski is famous for the RFQ high-current
structure development. Traditionally the Kurchatov Institute has big installations for electron linacs
(Angara 5) and at, Lebedev Institute and at a number of other institutes (e.g., Institute of Chemical
Physics) ICF related activities exist. There is a growing interest in the physics of highly compressed
plasmas. Laser-driven target implosion experiments have been done at. the Lebedev Insitute in Moscow
and at, the State Optical Institute near St. Petersburg.

7.2, C Contours of a future European Program

During the past years an increasing effort has been made for more collaboration between the European
groups in two areas: Driver Accelerators and Target, Physics. Study groups have been established i:a
order to discuss tile key problems and possible scenarios and to define the directions of future research.

According to C, Hubbia, the expertise of CERN in innovative developrllej_t could lead t,o import.ant

spin-offs for heavy ion inertial fusion [29] An owlgoingworkinggroupil,volvi,lgCERN,GSl and Trieste
was established in 1990 to work towards this goal. The goals discussed at present, for a near term
program could be summarized as follows:

1. The new 2-ring accelerator at, GSI will be a unique facility for the iuvest, igation of many key
issues, in particular in the fields of beam dynamics and beam mat.ter interaction, lt will provide
a testing ground for the study of many driver issues. The concept, of non-Liouvillean beam
manipulations and research on ali related techniques, such a.s FEL development shall be pursued.

2. Ten years after the HIBALL concept has been proposed, it, is urgent t,o elaborate a new concept
including the new achievements and new ideas for driver scenarios.

3, Ii, is planned to develop a strategy for building an HIF Demonstration Accelerator which should

enable significant bearn-taiget experiments, a feasibility proof of accelerat, or technology and non-
Liouvillean stacking. Either a dedicated test facility (e.g., with low repetition rate) or the first,
stage of a larger facility might be considered, lt should however be based on the new technology.

For the realization of such programs a stronger collaboration between some European countries is
envisaged, in particular between Germany and Italy.

7.3 Japan

Even though Japan has a strong laser-based ICF program, including target implosions of both the
direct and the indirect type, the activity in HIF is limited. Tile IAEA Topical Meeting on Drivers for
Inertial Fusion was held in Osaka in April 1991. The 1984 Symposium on Heavy lon Fusion was held at.
the Institute for Nuclear Science. In addition to the target physics work, it is likely that the Japanese
programs in MFE will contribute to related problems in IFE. There are many related areas in material
science, tritium handling, and blanket design to mention only a few.
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8. INTERNATIONAL COLLABORATION
COLLABORATION INTERNATIONALE
COLABORACION INTERNACIONAL

Tile recent International HIF Symposium provided an opportunity t,o sample the attitudes of
scientists from seven countries The symposium agenda inc.luded specialized workshops in areas such as

Injectors, Beam Stability, Energy Systems, etc. The atLendees met in specialized workshop sessions t,o
consider the needs for research in each area,

There was certainly general support, from each of the groups for t,he col,aepr of working together,
One would hardly expect, anything else from a,n International Symposiurll. The nature of this col-
laboration, as envisioned by the respondants, ranged from large, formal arrangements t.o more inter-

laborat, ory exchange visits. There is general recognition that the field is not inature enough to define a
large, central facility that could become the focus for a large team approach similar to the International
Thermonuclear Experimental Reactor (ITER), that has been studied for Magnetic Fusion.

The previous sections of this report, have discussed numerous areas in which the research interests of
different laboratories in different nations complement each other. These are areas widely recognized by

the workshop participants as appropriate for collaborat,ive research. The genpra.l vision of team research
would be to informally coordinate work on a problenl of mut.ual interest, with l,l_e work concentrated
at. one of several principal centers. With somewhat bel.t.er progran_ support., laborat,ory directors ca_z
typically be expect, ed t,o welcoJlle visit.ing sciellt.isl.s and i.)rovM(, suital)l_, I'aciliti('.,,.

A new feature of the U.S. program is interest in the recirculatillg in(luct.ioJ_ accelerator. Alt, hougll
there are still naany technical issues to be resolved, the l'ecirctllaling i/ldH('li(.)ll accelerator provides a

possibh' area of collHllol_ ground between t,he U.S. LIA approacl_ and other nation's RF Ill,ac/storage
ring al)proach. A recirculating induction linac would use ral)id recycling of t lae ilJduct, ion modules, bul
would require fewer such modules. A syst,em of bending magnel,s would cw'at.e several different, stages
of "induction synclarolrons" in a configuratioll as shown in Fig. 10.

Even without an approach like the recircula.tillg induction acceleratoI', there are many areas in
common, as has been illustrated earlier, In addition, nlost of t.ll(, st.ovag(, ril_g scellarios use inductiol_
linac modules in the final stages of pulse compression.

There are already bipartite agreements in place for accelerator researcll (for basic research facili-
ties) bet.ween the U.S. and China, U,S. and Japal_, USSR and (;erjnall>', iii addition to int,ernat, iollal
laborat,ories at, CERN and Dubna, Accelerator colnmunities are used t.o workil_g toget, laer, primarily

because goats have usually been basic research with little if any conmmrcial int.eresl..

There are numerous areas in reaction chamber phenomenology, mat,erials evaluation and develop-

ment, and reactor subsystems development that are candidates for il_levna_ional collaboration. Mally

of these areas, e,g,, materials, tritium handling, etc., are commol_ to MF'E, which opens up a new
community of potential contributors.

Target Issues:

ta) Target classification may be more of a psyclmlogical issue that_ an issue of needing certai_
informatio_l, It. will be years (probably t,e_l or _ore) I.)cFore a facility exists to t,est tar-

gets wit,la heavy ions. However, an importa_t, unanswered quest ion remains: "Can people
collaborate without sharing ali relevant infornaation?" ts it enough if some people in the

program have the full picture?

(b) Ali workers in the feld know the key parameters, e,g,, the need for 3-5 MJ in pulses about
10 ns long, with pulse shaping so that first part. of pulse is a_ low intensity, Beams must.
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focus to about, a 3-5 mm diameter spot., For reactors, this focussing must be from final
focus magnets that are 3-10 m away from the target,.

Guidelines for International Collaboration iu H1F Driver Research

(a) It, is important to avoid splintering and duplication ofeffort, s. Today the U,S, has about
ten toroidal confi:lement systems in MFE in at. least ]_ille ciifl'er,.llt illst.it.utiolls. '-I_here are

countless more worldwide. Yet none is large enough, or has time rigllt physics, t,o achieve
ignition of a plasma.

(b) In HIF accelerator research, the U.S, made a "down select" early to the Linear Induction
Accelerator. This was done to concentrate limited resources. 'I'he choice wa.s made to favor

the approach that appeared simpler, less risky, and potentially less costly.

(c) In Europe and elsewhere, greater familiarity with RF systenls, and applications of technol-
ogy to ongoing research work, has maintained interest in the RF approach.

(d) The greatest technological need is to find lower cost sollltious t¢_tlIF driver desigl_.

(e) A big induct, ion linac is expensive, probably close to $1 billioll t.o do high-gain target
experiments.

(f) New designs of RF systems from Europe are interesting, but seem unlikely to be less
expensive.

(g) The recirculating induction accelerator has elements of both approaches and the potential
of reducing costs by half. This may be the common ground for illt,ernational collaboration.
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Summary

The objective of research in thermonuclear fusion is to find an enviroxllJmntally attractive techllof

ogy for the production of electrical energy that is both universally available and economically compel-
itive. The method of containing the hot, dense plasma known ms lllert.iall.v Confined Fusion Ellergy

(IFE) uses small targets containing the deuterium and tritium isotopes of hydrog_n which arc implo-
sively compressed to achieve fusion conditions, Research to develop IFE has been conducted at a low

level in a number of nations for about the last twenty years. One approach, known as Heavy Ion l_'usioll,

uses large, high energy az.celerators based on concepts developed for basic research to deliver intense-,
beams of ions to compress and ignite the targets,

The recently released Final Report, of the Fusion Policy Advisory Committee (FPAC.) of the US-

DOE, says that, "Heavy lon Accelerators are currently thought t,o be the I_losl promising (drivers for

IFE)," Because the driver is the most expensive element of an IFE syst.ezn, research to develop lower
cost, more efficient heavy ion drivers has the greatest potential payoff in the search for a practical ap-

proach to fusion energy, Accelerator technology has historically been an area for international sharing
of knowledge, and at least in the case of CERN, has been at, the heart of an entire institute based o.

international support.

The FPAC report recommended that demonstration of ignition be the highest priority near-term

objective of the U.S, ICF Program, Sufficient progress has been made on target physics that the FPAC

recommended construction of a 1-2 MJ Upgrade to the Nova laser to demon:_trate ignition. The FPAC

recommended the start, of construction of this facility beginning in Fiscal Year 1994, following successful
completion of the current Nova Physics Program. The progress leading to this recommendation and

characteristics of the Nova Upgrade will be discussed,
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The paper describes the schedule for resolving the rernaining t,echtlical questions in both target, and
driver research, lt, includes discussions of appropriate research facilitios atld th_.'availahilit,y of scientist,s
and engineers with the necessary experience to develop this new energy t,ecllnolog,y.

There are aspects of target design that are classified, which inhibits full international collaboration.
However, the subject areas associated witl_ the accelerator drivers and the designs of reactors are ali
unclassified and are historically fruitful areas for international colla.boratiotJ.

The realization of commercial IFE power would provide a source of' energy for which both the
technology and the basic raw material, deuterium, are universally availabl(,.

Resume

L'objectif de la. recherche el fusion thermonuclSaire est, de mettre au poillt une technologie qui nuise
le moins possible b. I'environnemenI, pour produire de I'dnergie dlectriquo qU] SOil. & la fois disponible
sur le plaa_ universel et concurrentielle sur le plan t;.conomique, La m_tllode qui consiste g contenir

le plasma chaud et dense, connue sous le nora d'e!nergie de fusion R conlinement inertiel (lnert, ially
Confined Fusion Energy ou IFE) utilise de petites cibles qui renferment les isotopes de deutdrium el.
de tritium de l'hydrog_ne el, qui sont comprimdes de faqon implosive pour produire des conditiolls
de fusion, La recherche en mat, i_re d'IFE se poursuit'n_odesternent, dalls plusieurs pays depuis une

vinglaine d'ann_Ses, Unc approche, connue sous le notll de fusion "a ions lourds, se seri. d'acc_16.rateui's
haute finergie puissant, s et, mis au point (lans le cadre de recherclles _f'l¢_lllentaire,.',,pour transnlettre des
faisceaux intenses d'ions qui provoquent la compression el. I'ignit.iol, <l_-,scil_l,,s

Dans son rapport final publi6 r&enlment, le colnit_: consult.at.if sur I_,s pvillcil)es de fusioli (l"u-
sion Policy Advisory (:ornnlittee ou I'PAC) du dg'l)artoment, anl('ricaill d,, I',;llergie d&:lare : <<l,es
acc_16rateurs d'ions lourds const, i,_uent. actuellement les el_t.ralneurs 11"15;les I:,lus prolliet.teurs.>> COllltl_'

l'entraineur 'repr6sent.e 1'616merit le plus coflt,eux d 'un syst,b.me I1;'[;:,la recllercl|e en Inal.i__red 'ent.raillet_rs
d'ions lourds moths chers eL plus et:ticaces pron.._t d'etre plus rentable dans la l)oursuil.e d'une approcho
pratique _. l'4nergie de fusion, L'histoire a motJtr6 que lR technologic des acc6l&'at.eurs est un domaine

dans lequel le part, age international des connaissances est, accept5 ct., du lnoins dans le cas du CERN,
qu'elle r6side au centre d'un institut tout elit.ier t'o_ld5 sur la coopSratio_l internatiol_al,,.

Le rapport, FPAC recomnmnde que la de'lnonstration d'ignit:ion COllSl.il.llepour le programme IFI::
am,.4ricain I'object, if "a court terme de plus haute priorit.¢}. I)e.s progr_'_s suflisanls ont 6l.t; accomplis sur

la physique des cibles pour que le FPAC recommande la modernisation du lasel' Nova par unc opt, iot_
1-2 Ma qui permettrait de ddmontrer l'ignition, Le FPAC recomma_lde qt_e la constructiol_ de cef.tc
unit6 comrnence au couranI, de I'ann6e fiscale 1994, suite au succ/:s du programn_e de physique Nova

en cours, Le de'roulement desol,&ationsmenant, h cet.te reconm_andalio_ of les caract.&'istiques de la
modernisation Nova feront I'objet d'une discussion,

Cet article d&rit le calendrier adopt4 pour r6soudre les questiol_s techniques subsistantes dans
la recherche stir les cibles et stir les entraineurs, I1 comprend un d4l:_at stir les centres de recherche

approprids et sur la disponibilit6 des scientifiques et des ing6nieurs dont l'expe"rience l)ermett.ra la mtse
au point de eerie nouvelle technologie de l'e;nergie.

Certains aspects de la conception des cibles di,ant cla.ss6s secrets, unc collaboration int,ernat, ionale
totale n'est pas possible. Cependant, les sl|jets en rapport aw:c les acc_::l_;rat.eurs et, avec la concep-
tion des rdacteurs sont t,ous class4s non secrets el. const.ituent historiquenl_.,nl des sujet,s propices "a la
collaboration internationale,

La trialisation d'une puissance IFE commerciale offrirait, unc source d'Sn_'.rgie pour laquelle la

technologie et la mati_re premiere de base, c'est,-_t-dire le deut, drium, sont universellement disponibles.
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Resumen

El objetivo de ias investigaciones en la fu_idn termonuclear es la de encontrar un tecnologia,
atractiva desde el punto de vista, ambient, al, para la produccidn de energia eh;ctrica que sea asequible
universalmente y competitiva ecunSmicamente, E1 m_todo de cont,encidn del denso plasma caJiente
conocido como Energia de FusiSn Confinada Inerciahnente (IFE) ut,iliza pequefios blancos que contienen
los isdtopos de hidrdgeno, deuterio y tritio, los cuales se comprimen implosivanaente para alcanzar las
condiciones de fusidn, Las investigaciones para desarrollar la IFE hall sido llevadas a cabo a niveles

reducidos ell una serie de palses a lo largo de los tiltimos veinte afios, l.;z-ienfoque, conocido como
la Fusidn mediante Iones Pesados, utiliza grandes aceleradores de alia energia, basados en conceptos
desarrollados para investigaciones bksicas, que transmiten haces int,ensos de Jones para comprinlir 3'
encender los blancos,

El recientemente publicado Informe Final del Comit6. Asesor de Pol/t.ica sobre Fusidn (Fusion
Policy Advisory Committee, FPAC) del Departamento de Energia (le los Est,ados Unidos, dice que:
"actualmente, se piensa que los Aceleradores de lones Pesados son los (excitadores para la IFE) m_is
prometedores," Dado que el excitador es el elemento m£s costoso de un sist.ema IFE, las investigacioJ_es
con el fin de desarrollar excitadores de Jones pesados m_ eficientes y mel_os costosos presentan la
recompensa potencial m_ grande en las investigaciones conducent, esa un enfoque pr_ict,ico a la energia
de fusidn, Histdricamente, la tecnolog/a de los aceleradores ha sido ull firea en que se compart,e _-'1
conocimiento international, y por lo menos en el ca.so del CERN, ha esl,ad¢.,ell el cenl.ro propio de t.odo
un instituto que est.fi has.ado en el apoyo int.erlla.cional.

El informe de la FPAC recomend6 que la demostracidn de ignicidll fu¢,_¢.,_1 objetivo a corto plazo
de mayor prioridad en el Programa IFE de los I';E.UU. Y como ya s_-'ha alcaJ_zado el suficient, e progr_.,so
en la fisica de los t,lancos, la FPAC recomel_dd la construccidn de ulla Ii,_',iora <1_-'I a 2 Ma al l_s_,r
Nova (:oil el fin de de,nostrar la ignicidn. La FPAC recomendd qu(-' la collsl.ruccidn de dich_ instalacidll
diese comienzo en el Afio Fiscal 1994, inmediatarnent.e despue's de la t.¢_rlllinaci61_exit.osa del acl, ual

Programa de Fisica Nova. Se di,_cul,irtin, tanto el progreso que dio orig_:n a _sta recomendacidn, coll,_,
las caracteristicas de la Mejora Nova.

El documento describe el calendario para la resolucidn de la.s preguntas t.(}cnicas rest, antes ac,'rca
de la.s investigaciones de los bla',cos y acerca de los excitadores, Incluye exl:,osiciones que v_,rsan sot)re
las instalaciones de investigaci6n apropiada.s 2,'sobre la disponibilidad de cienl.ificos e ingel_i,_ros (lu_'
tengan la experiencia necesaria para desarrollar est,a nueva tecnologia para la croacidn de energia.

Hay algunos aspectos del diseflo de blancos que estgn clasificados, 1o cual inhibo la cola.l:,oracidz,
int,ernacional, No obstante, todas las tireas sobre la. temti.t,ica a.sociada con los aceleradores y los diseflos
de los reactores no est,fill clasificada.s e histdricamente l_a_ sido tireas muy fru('1,iS'ras para la colaboracidl,
internacio_al.

La realizacidn de la potencia IFE, en forma comercial, suminist, raria _l_a fuent,e de energia cuya
tecnolog/a y materia prima b_ica, el deuterio, esttln disponibles en forma universal.
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