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Mottvated by early recognltlon of the unusual 
accelerator requirements for heavy ion Inertial 
fusion, as well as the long term potenttal for energy 
production, a wide-ranging series of theoretlcal and 
experimental accomplishments have taken place during 
the past decade. Some results are of benefit mainly 
to heavy Ion fusion, while others have broad applic- 
ablllty. In this revlew emphasis IS gtven to hrgn- 
current beams, InductIon Ilnacs, use of multlple 
beams, longltudinai pulse-length compresslon and 
stablllty, electrostatic quadrupole focusing, radio- 
frequency quadr upoles, beam f unnellng and merging, 
Ion sources, and conceptual designs for intermedlate 
f acllltles as well as for full-scale fusion energy 
drovers. 

Introduction 

The prospect of thermonuclear fusion energy from 
tnagnetlcally conflned plasma has spurred teams of 
researchers on an International scale since the 
1950,s. lnerttal confinement fusion (ICF) began much 
later, on a serious scale In the early 70%. As the 
name implies, ICF depends on the burning of a small 
mass of fuel during the short time that It stays 
together Dy Its own Inertia. A ‘driver’, generatlng 
Intense beams of particles or short-wavelength Ilght, 
is used to compress and heat the nuclear fuel to the 
IrequIred condlt1ons of density and temperature. 

Fortunate1 y, the pulse energy and peak power 
demanded from the driver to COrnpresS the fuel are far 
I ess than that required to heat the fuel dtrectly to 
burn condltlms. Thrs fact IS used to mlnlmize the 
dr-Iver requirements. However. the energy and power 
uens I ty are still far greater than that achieved by 
any pr I or Intense beam tecrnol ogy. Typical numbers 
are 4 MJ pulse energy and 500 lWjcm2 power dens I ty 
(divided among 20-30 beams), rn a pul se of order 20 
nsec duratlcn [I]. These cPal I enging parameters made 
It obvious frcm the begtmlng of mayor ICF programs 
th3t complementary research OTI drivers as we1 I as 
targets IS vltal to lang-term success. 

Laser drivers have an Inherent advantage of high 
power density, which made them immediately suitable 
for target physics experlrnents using small targets. 
An irnpresstve variety of basic research has been 
performed by the rroughly dozen maJor laser-based 
international ICF research groups. However, a number 
of major issues confront the development of high- 
power lasers which have the other requirements of 
efflclency (>lO-15x), repetition rate (Z-10 Hz), and 
rellabil~ty, at acceptable cost [2]. 

Partrcle-bearn ICF programs began with electrons 
In the early 70’5, in part due to the availabllity of 
relatively cnexpenstve pulse-power technology for 
single-pulse experiments. In 1979 Sandra Nattonal 
Laboratories, the leading proponent of pulse power 
drrvers, began a light Ion program based on PrOtOnS. 
More recently they have chosen IltiIUm Ions. In any 
case the peak current, tens of megamperes, makes the 
beam focusing problern er~ormously dlfflcult. 

*Department of Energy, retired. 

Heavy ion fusion (HIF) based on conventional 
fWtl-Stage accelerators was proposed In 1974-75 by 
A.W. Maschke and by R.L. Martin and R. Arnold. Early 
references are summarized tn a comprehenslve 1982 
revlew of ICF by D. Keefe [3]. The Department of 
Energy (then ERDA) organized a two-week summer study 
In 1976 to examine the method [4], and a small DOE- 
funded research program began In 1977. 

A principal advantage of HIF IS the reduction in 
beam current to the order of 30 kA total (typically 1 
kA/beam), which can be handled with nearly convent- 
Ional means. But HIF demands multistage accelerators 
to obtain GeV energy, which appear to be large and 
expensive. Whether this Image corresponds to obJec- 
tlve analysis IS the SubJect of study and debate, and 
addltronal research. The only published comparative 
analysis indicates that HIF drivers compete quite 
well with lasers and light ions [S]. 

The accelerator R&D for HIF that began tn 1977 
has Included a variety of topics. The purpose of 
this review IS to Summarlze what I believe to be the 
most important accomplishments of the past decade for 
HIF, and for the accelerator community at large. The 
status of the several maJor HIF programs on an inter- 
nattonal scale IS Well summarized in the proceedings 
of the 1986 symposium [6]. No attempt IS made here to 
review program status, nor to describe such Important 
proJects as the HIF Systems Assessment recently com- 
pleted as part of the U.S. program. This proJect as 
well as others are Included In the proceedings. 

Soace-Char% Dominated Beams 

It was recognized at the outset that the most 
serious issue for the accelerator designer was the 
bearn current, especially after it was concluded that 
the ion klnetlc energy should be reduced to about 10 
GeV or less for rnore optimum target performance. Use 
of multiple beams was a foregone conclusion. as was 
operation at the maximum possrble current per beam. 
However, this latter parameter, despite decades of 
accelerator development, was not well understood. 
A.W. Maschke provided a formula for the 1976 summer 
study which seerned unfamiliar [7]. This formula and 
the HIF requirements themselves sparked a series of 
studies by a number of groups which have only been 
reasonably resolved during the last few years. 

Theory, large-scale computer simulation, and 
experiments have all contributed to the present state 
of space-charge dominated beam physics. E. Courant 
confirmed the Maschke formula for the 1976 summer 
study [8]. In 1977 I. Haber of the Naval Research 
Laboratory began converting codes Ueveloped for 
plasma physics to the beam problem. These were 
adopted by the Lawrence Berkeley Laboratory (LBL) 
group and a fruitful collaboration developed 191. 

In 1979 the Brookhaven group, led by Maschke, 
began scaled experlments with low-energy Ions using 
electrostatic quadrupoles. Their design and setup, 
together with very encouraging results, were reported 
tn 1983 [IO]. Although DOE funds were not available 
to continue the BNL work, Maschke’s “MEQALAC” design 
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has been adopted and carrted impressively forward by 
a group at the FOM lnstltute in Amsterdam, in colla- 
boration with the University of Frankfurt [ll]. 

The LBL group, led by D. Keefe, decided early on 
to mount an experlmental and theoretlcal campaign to 
understand the beam current questlon. L. Smtth, L.J. 
Laslett and coworkers developed analytic theory. The 
LBL team constructed an Innovative system of 87 elec- 
trostatlc quadrupole lenses arranged in a long FODO 
lattice. Known as the Single Beam Transport Experi- 
ment (SBTE), It Included a suitable low-emittance 
source [12]. Meanwhile M. Reiser began a program at 
the Univ. of Maryland In both analytcc theory and a 
series of low-energy e-beam simulation experiments 
1131. In West Germany I. Hofmann and co-workers 
began slmllar programs. Later their codes were com- 
pared with experiments at Geseilschaft f. Schwerion- 
enforshung (GSI) [143. Also a group at the Los 
Alamos National Laboratory (LANL) desired better 
understandtng of space charge In RF linacs at low 
energy, for several applications, lncludlng HIF [IS]. 

The result of these efforts IS a maJor advance. 
The LBL experiments on the SBTE are especially note- 
worthy. The LBL group mapped out beam transmission 
and emittance growth over a wide range of lens 
strength for low-emittance beams [16]. A few of the 
basic ideas are summarized here. 

The definition of a space-charge dominated beam 
IS best described using the generalized perveance K, 
which IS the normalized beam current scaled to charge 
state, mass, and kilnetic energy. It IS defined as: 

K = 2( l/lo)(m+i)Q2/(by)3 (1) 

fol lowlng Lawson [17]. Here lo = IO7 me/e (t&S) : 17 
k I I oamps, I IS the particle current, m is el ectrm 
mass, M the beam Part I cl e mass, Q the charge state, b 
- v/c, and y = (l-62) -“*. A space-charge dantnated 
beam can then be defined as a beam which has suffl- 
clently smal I emnttance that K > (e/a)2, where a is 
the beam edge radius and E IS the u-normal ized trans- 
verse efnittance, defined as in Ref. [17]. 

The LBL results can be summarized In terms of 
the phase advance per lattice, 0, In an ai ternating 
grad 1 ent (AG) system. o IS related to the usual 
betatrcn wavelength A by o = m/h, where L IS the 
lattice period. The same formula defines the phase 
advance at I ow current, o. , in terms of the single- 
Part icl e wave1 ength at I ow current, ho. me central 
quest im can then be phrased: to what extent can the 
ratio woo be reduced (or h/ho be Increased) by the 
presence of space charge before the beam becomes 
vlstabl e? 

hhasctke included in his 1976 formula a constant 
multlpl ier which he estimated prlmarlly from emplrl- 
Cal data. HIS estimate corresponds to o”uo = 0.7. 
Subsequent theory using the Kapchlnskij-VIadImIrsklJ 
distrIbutiu7 indicated that maJor instabll lty Would 
set in at a/o, < 0.4 and o. > 60’. but the real lsm 
of the distribution fmctia7s was questioned because 
simulation showed that more realistic beams might 
indeed be stab1 e. HaPPI lY, the SBTE results have 
demonstrated stable transport for values as low as 
0.1, provided that cl0 < 85-90 degrees. The LBL 
source emittance becomes the I imitlng factor at this 
point, so It IS not yet known how much further down 

@QO can be pushed, if at all. 

Na71 inear effects may dominate the lower I imit. 
For u. > 9G”, the bearn becomes rap1 dl y unstabl e at 
high current, In general agreement with theory. 

Progress in solving the basic envelope equatlon 
came in parallel with the experlments and wlth 
simulation. With the assumption of a uniform density 
beam and a “smooth approximation” for the external 
focusing force, a slrnple approximate solution has 
been obtained for the space-charge dominated limit, 
as follows: 

a : (L/o,)(K)“2 12) 

and K = (ao’o)(c’L)oo (3) 

Thus, for flxed external focusing (L and oo), 
the perveance, hence current, IS I imlted only by the 
depressed phase advance and IS proport I OMI to the 
transverse em I ttance, provided of course that the 
emi ttance Is YMI I enough to qUaI I fy the bearn as 
space-charge dominated. The beam radius IS IndepeY- 
dent of enmttance and varies as the square-root of K. 

AddItional progress, motlvated in part by HIF, 
has led to better understandlng of the equlllbrIUm 
dynamics of these beams. It turns out that uniform 
density, assumed for the simple SOlUtlOnS just glven, 
IS a mcnlmum-electrostatic-energy distrlbutlon. Non- 
uniform beams rapldly (in < a quarter Plasma period) 
become more uniform, and in the process convert their 
“excess” electrostatic field energy into transverse 
kinetic energy, resulting in emlttance growth. The 
theory provides specific predictcons for emlttance 
growth as a function of the degree of nonunlforrnlty. 

Summaries of all of the above work may be found 
In papers by Rerser [18] and by Wangler et al [19], 
which also include appllcatlon to the bunched beams 
of RF Iinacs. Important extensions to normnear 
effects have been studled by Celata et al [20]. 
Anderson has analyzed the mechanlsm of Converting 
field energy into emlttance growth [21]. Lee et al 
give a set of formulas which Include experlmental 
parameters such as the aperture fill factor and the 
maximum practical voltage on quadrupoles [22]. 

As a result of the pioneering efforts described 
above, accelerator designers can have a great deal 
more confidence in transporting and accelerating the 
high current associated with space-charge dominated 
beams. Although more work IS needed, it would appear 
that beam currents up to three times those estimated 
a decade ago should be possible for a wide variety of 
accelerator applications. 

I onsitudinal Effects 

QuestIons about longitudinal stability were also 
raised early in the HIF program. For the maJor 
designs under consideration during the decade, longl- 
tudinal stability issues are generally divided IntO 
two types: those associated with RF-linac based 
systems, primar sly the longitudinal mlcrowave InSta- 
billty, and those associated with the InductIon IinaC 
method, primarily the reslstlve wall instabrllty. 
Significant advances have been made In each area, and 
are summarized below. 

Before launchlng into stablllty studies, Lloyd 
Smith examined space charge effects In r-f bunching, 
drift bunching, and inductlon llnac bunching at the 
1976 summer study [23]. At the 1977 workshop Judd 

1971 

PAC 1987



studled bunch compresslon In the beam lines between 
the accelerator exit and the target [24]. Neuffer 
extended their work, using a self-consistent dlstri- 
bution tn longltudlnal phase space, and examined the 
reslstlve wall lnstablllty [25]. 

In 1981 Blsognano et al began studying non- 
linear and dlsperslve effects In the propagation and 
growt? of longltudlnai waves, using particle simula- 
tlon based on a I-D model [26]. Roth Blsognano et al 
and Neuffer found potentially damaging wave growth. 

Then In 1983 Blsognano, Haber and Smith pub- 
lisled a more detalled analysis with very encouraging 
resu’ts for the longltudlnal stablllty of induction 
llrlac ounches [27]. I qciote firom their summary: 

“y-he IndUctIon llnac bunches of heavy ton fusion 
scenarios are strongly influenced by the longitudinal 
space charge impedance. Thrs IS in direct contrast 
to relatlvlsttc bunches In storage rings where most 
of the data on stablllty have been obtained. 
Slmulatlon results reveal that when space charge 
effects are large, the stability requirement of small 
growth rate relative to the synchrotron frequency for 
relativst!c bcinches IS replaced by the relaxed con- 
dition of small growth rate relative to the frequency 
spacing of the space charge wave modes on the bunch. 
Dispersive effects from flnlte pipe size tend to make 
the lower frequencies less susceptlbie to InstabIlity 
than higher frequencies. Since Induction modules 
have a hgh resistive component only for the lowest 
bunch modes, stability IS better than would occur for 
a broadband impedance of comparable magnitude. These 
results lndlcate that long term longitudinal bunch 
stablllty IS realizable for inductlon linac Urlvers 
for heavy ion fusion”. 

Consrder next the microwave instability. While 
weil understood for relativistic beams, application 
to high-current non-relatlvistlc beams was not clear. 
The probiern IS rnost severe in the final accumulator 
rings of RF-linac based systetns, where the maximum 
possible currents must be held for times up to 5-10 
msec before being eJeCted ancl brought to the target. 
While this IS far less than the hours, or even days, 
of high energy physics storage rings, It is still a 
crucial parameter for HIF designs. Progress in this 
area IS most easily descrtbed by referrtng to the 
studies performed in connection wtth the West German- 
Univ. of Wisconsin HIP system design called HIBALL. 
A similar destgn effort was performed by a collabora- 
tlon of several groups tn Japan, called HIBLIC [28]. 

HISALL IS a point design for a large power plant 
system based on an RF Iinac/storage ring driver. 
ixtenstve design Studies were done by a large group, 
Including fundamental studies of the stabmty limits 
of storage rings for non-relatlvistlc beams. lnltial 
calculations were submltted to the 1982 HIF Syrnposlum 
participants, critiqued by key experts and, after 
sorne redesign work, published as HIBALL-II [29]. 

We confine our attention here to a summary of 
the stability studies for HIBALL-II. The most inter- 
estlng results were first reported In 1983 by Hofrnann 
et al [30]. With analytic theory and Computer slmu- 
lations they showed that the onset of the IOngltU- 
dlnal mlcrowave instability should be suppressed by 
Landau damping, due to the formation of a stabmzing 
tall In the rnomentum distrlbutlon function. The tail 
Involves at most a few percent of the beam. They 
also analyzed the stabmzing effect of finite bunch 

length. Their calculations lndlcated that 30-fold 
bunch compression should be possible wrthout loss, 
using two RF harmontcs. Hofmann reported addltional 
encouraging calculations In 1984 which indicated a 
safe storage time of 5-10 msec [31]. In this connec- 
tion COntlnUlng expertments on the Rutherford ISIS 
synchrotron should prove to be extremely useful in 
cornpartng with the theory [32-j, 

Mul t I DI e Beams and lnr ectors 

Iri this SecttOn we brlefly summarize a number of 
accelerator developments and designs which have 
occurred as a result of HIF programs, with emphasis 
on Innovation and In some cases broad applicability. 

The first InnovatIon that comes to mind IS mul- 
tiple beams. With a very definite limit imposed on 
the current tn a single beam, multiple beams are a 
must. Most HIF destgns fall In the range 10 to 40 
beams, except at the source, where more may be 
required. Seminal In this development were the ideas 
of Maschke, to incorporate AG focusing for multiple 
beams into a resonant RF llnac tank structur-e [lo, 
111. For induction Ilnacs, the LBL group developed 
designs which maintain separate AG focusing for each 
beam, but thread all of the beams through common 
Induction gaps [33]. This technique has an obvious 
cost advantage cornpared to separate structures. A 
novel inJector syst.ern, using 16 beams In a common 
high-voltage tank, has been under developrnent at LANL 
for later use In the LBL program1 [34]. 

Experlrnentaliy, the LBL group has developed an 
impressive scale-model accelerator cal!ed MBE-4, for 
Multlple Beam Experiment with 4 beaIrs. It IS designed 
to provide acceleration and pulse compression by 
means of voltage ramping, at the space-charge Iimlt, 
as well as a test of multlpie beams. Preliminary 
results with about one-half of the accelerator have 
been successful [35]. Also, no slgnlflcant beam 
interactlon problems have been encountered. 

HIF programs have also contrbuted to radio- 
frequency quadrupole (RFQ) development. Invented in 
the USSR, developed at LANL, RFQ’s have spread 
rapldly [36]. Their strong focusing power IS particu- 
larly effective for counteracting the space charge 
of low-veloclty heavy Ions. The GSI group, motivated 
by their HIF program as well as nuclear physics and 
other applications, decided some years ago to build a 
new RFQ InJector for UNILAC. At the 1986 Symposium 
Muller reported on the status of the new injector, 
called MAXILAC. For ions up to rnass 127, MAXILAC Is 
designed to increase the beam current of UNILAC 
dramatlcally [37]. A novel split coaxial cavtty is 
employed, operattng at 13.5 MHz. 

I.M. KapchinsklJ et al report on a heavy ion RFQ 
operating at 6 MHz which IS a prototype for a HIF 
driver inJector. It IS designed to accelerate up to 
32 m4 of 81~’ [38]. N. Ueda et al report on tests 
of an RFQ llnac “TALL” which uses a more common 
frequency, 100 MHz, to serve as part of the InJector 
system for a synchrotron faclitty at the Institute 
for Nuclear Studies [39]. The Frankfurt group has 
also developed an especially interesting geometry 
based on the use of four rods instead of vanes [40]. 
In addition to scrnpler manufacturing, this geometry 
allows the possibility of multt-bearn RFQ structures 
based on an .array of-rods (see Fig. G of Ref. 40). 
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Plans and Sumnary 

While most RF-based HIF designs use either 16 or 
32 beams at the source, the main RF linac employs a 
single beam. The term ‘funneling’ refers to the 
process of combinlng alternate RF bunches of adjacent 
beams Into a single beam having twice the frequency. 
Phased RF fields are used for transverse deflection. 
Funneling must be done in several stages to combine 
16 or 32 beams into one, each stage being done at a 
higher energy where the relative space charge forces 
are smaller. Both HIBLIC [28] and HIBALL-II [29] 
employ such an arrangement, called a llnac ‘tree’. 
In principle, funneling can increase the beam brlght- 
ness (current divided by the product of x-and y-emlt- 
ante) by a factor of two at each funneling stage. 

The linac tree concept IS straightforward, but 
an important issue is the emittance growth during 
funneling. Bongardt and Sanitz have studled the 
process in some detail and find “tolerable” emittance 
growth, but recommend further studies to better 
understand It, especially regarding the effect of 
non-linear space charge forces [Sl]. Stokes and 
Mlnerbo propose an Innovative method whcch provides 
the transverse deflection directly withln an RFQ, 
thus retaining the strong focusing force during the 
funneling process [42]. 

A stmllar question exists for the inductIon 
llnac method. Current LBL designs call for 16 beams 
In the main linac, but at the source 64 beams may be 
required to provide the total current. Merging by 4 
to 1 is then necessary at an energy of perhaps IOO- 
200 MeV for mlnimum total cost. Again the Issue 
arises of emittance growth due to space charge 
effects. C. Celata has begun studles of the problem 
and finds growth of about a factor of two for 
“experimentally reasonable ” parameters [43]. This 
would appear to be within a normal allowed ‘budget’ 
of emlttance growth, but experlrnents are necessary. 

Ion sources represent another important area of 
deflnlte progress. A number of sources are now 
avallable from which HIF system designers can choose. 
For induction linacs two recent additions stand out. 
Brown has developed a metal-vapor vacuum-arc source 
which IS rich in higher charge states, e.g. 2,3,4,and 
5 In some cases [44]. This coincrdes ntcely with the 
recent conclusion of the U.S. HIF Systems Assessment 
project, that use of charge state 3 leads to dramatic 
reduction of the driver cost [453. Another source, 
developed at the Unlverslty of New Mexico, features 
grid control of the plasma from a metal-vapor vacuum 
arc [46]. It IS currently a leading candidate for 
use in the 16-beam LANL inJector system [34]. 

Early in the LBL HIF program, when electrostatic 
drift tube linacs were studled for the InJeCtOr 
system, a unique contact lonlzatlon source was con- 
structed which yielded 1 ampere of Cs cons [47], but 
IS not appropriate for current accelerator designs. 
Among recent reviews of ion sources, I point out 
those of R. Keller [SS, 491. Drscusslons of the GSI 
sources are contalned In these reviews, as well as In 
the HIBALL-II report [29]. Also, Spadtke and Keller 
studled In detail, with simulation and experlment, 
the formation of high-brightness beams, considering 
both the source and preaccelerator [SO]. 

Both the GSI program and the Japanese program 
are heavily intertwlried with thetr IrespectIve nuclear 
physics and other programs related to their major 
facilities. Both are planning high-energy heavy Ion 
synchrotrons which are not directly applicable to 
t-IF. However, their indlrect benefit IS substantial. 
At GSI, for example, an additional storage ring with 
cooling capabtllty has been funded as part of the 
overall facility which will allow a number of 
experiments of direct benefit to HIF [Sl]. 

At LBL, plans have heen developed for a rmd- 
sized accelerator which will Increase the peak beam 
power available from the MBE-4 by roughly a factor of 
1000. Called ILSE, for Induction Llnac System Exper- 
iment, it is deslgned to complete the accelerator 
phase of the DOE program and allow decisions to be 
made regarding a fusion program based on induction 
accelerators for HIF [52]. Included in the ILSE plan 
are experiments on the transltion from electrostatic 
to magnetic focusing of multlple beams, acceleration 
and pulse compression of the beams, bendlng of high- 
current beams, and drift-compression and final focus 
of one beam. A schematic of ILSE IS shown in Fig. 1. 
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F-IQ. 1. Schematic of the Induction Ltnac System 
&per iment proposed by LBL [Ref. 521 

Other important HIF research actlvitles are 
beyond the scope of this revlew. Topics omitted 
Include final beam focusing, atomic physics, beam- 
plasma interactions, energy deposItIon in target 
materials, and system studies. We have limited our 
attention to accelerator research, with Special 
reference to research having interest beyond HIF. 
Moreover, since time was not available to revlew the 
most recent work, interested readers rnay wish to 
refer to papers by many of the authors cited which 
are included elsewhere in these Proceedings. 

I conclude with a quote from J.D. Lawson [53]: 
“Looking back over the first ten years It IS apparent 
that much progress has been made towards understand- 
ing the requlrernents for a fusion reactor based on 
HIF. . . Clearly there IS scope for many individual 
Judgrnents concerning the Ultimate feaSlblllty of 
heavy ion fusion, and the part It mtght play In 
meeting our energy needs. It IS also clear, ten 
years later, that the ‘constderable enthuslam’ 
referred to in the 1976 [summer study] IS still very 
much 113 evidence.” 
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The author IS grateful for comments on the manu- 
scrtpt from A. Faltens, D. Keefe, W. Polansky and 
L. Smith. 
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