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RF LINAC APPROACH TO HEAVY 10N FUSTON*

D. A. Swenson

Accelerator Technolopy Division
Los Alamos Sclentific Laboratory
Los Alamos, NM 87545

ARSTRACT

The necessary properties of "funneling' particle
beams from multiple accelerators into combined beams
having higher current are outlined, and methods are
proposcd which maximize the efficlency of this process.
A heavy 1on fusion driver system exomple 1s presented
which shows the large advimtages In system et ficiency
to be galned by proper funneling.

The rf Llinac, when operated at sulf felently high currents of singly-charged
heavy lons in the range of 1 to 10 GeV at frequencies dn the rimge of 160 tao
400 MHz, 1s an cefficlent accelarator, where most of the power s trausferred to
the beam. Under these condltfon., the total rf power required to acceelerate a
given particle to a gliven partfele enerpy is cossentially Tadependent of the
charge state; thus H the singly charged heavy fon, with Its tow charge to mass
ratlo, Is the preferred particle for reasons astocfated with other parts of the
facility, It i: qulte acceeptable frow the vl Thoae point of view. Fuithermore,
the relat fvely high current reduces the required Tinae pulse length, causing
the optimum acceleration gradient to be hluhl'l'** and the opt hin accelerator
leagth to e choiter than would be the case for lower curvents of simblar [ons.
Filling such machines, on the other hand, s a major problem, requbbng o

meltiplicity of low frequency Tinaes at the lowest cnerpgy with relat fvely Tow

*Work performed under the ausplees of the U S, Department of koeipy.

hIn Tow duty applicat fons, where the o power sourees e peal power Limbced,
the power - related couts me proportfonal to the peak power aad the opt boam
acceleration giadient I Independent of the beam current. In fised high duy
appl teat ions, where the rf power sources are averape powey Himtted, the powe
relatodd conts are proportional to the averape pover, which s also proport tonal
to th peank power, and the opt fme aceelerator pradient bn fndepeandent of the
bean carcent. In fived average cimrent applicat bong, the duty tactor §s In
versely proport tonal to the peak beam emrent, and fn those eases whiteh are
average power THalted, the apt lwom acecelerat Ton pradient is

mropmtional to the
square vool of the |w.‘|k heam carrent .



currents, followed by smaller numbers of linacs at higher enecrpies with higher
frequencices and currents, culminating in a single linac at the highest frequency
and current for the major portion of the facility.

Let us define "funneling'" as the interlaced filling of one linac of fre-
quency Nf from N linacs of frequency f. For a number uf reasons, the most intor-
esting value of N 15 2. For N = 2, funneling implies a doubling of the freyuen-—
cy whenever the space charge 1limits of the structure perndt and a combinat fon
of the beams from two linace at the old frequency into each linac at the new
frequency. In principle, 1t is possible to accomplish the funneling with no
increase in the trausverse phase space and a simple addition of the lonpitudinal
phases from the two linacs using an rf deflector,

Funnceling ¢ an dmportant concept. It lmplies the Fi11dng of cvery bucket
at each new frequency, thereby reallzing the full space charpe capabilitjes of
cach portion of the linac. Tt maximlzes the frequency and consequently mind
mizes the slze and power consumpt lon of each povtion of the structure. Empty
buckets represent a valuable resource that must not be watnted.  They represent
prime space io which adddcional beam can be ac-celerated whth no additional bard-
ware, real ectate, or pulae Leagth, and with oaty the addittonal power reguired
for the addltlonal heam. The adddt fonal beam current serves to reduce Jhe lLinae
pulse Tenpth and to reduce the severe requlremeats on the flual bunching system
Involving muliiple accumalator rings and linear [nduet fon bhunchers.

The concept of funpel lup, was {ovented at the 3977 Heavy lon Fuslon Workshop.
Stuce then, nefther the ANL nor BNL deslyns have fully explosted thils cone g,
haviag only on eighth to one-twelfth of the buckets [{11ed, and particle ¢
rents that ave factors of 10 to 100 helow what they coutd be. Phis cauaen  he
pulse lenpgtha to he longer, the opt himm pradient: o he lower, and the Hnae
Tenpthn to be tonper In tiove destpns than In the desfgnn which Tully exploit
fupunel tng.

Strict finneling tmplles a conntant vat o bhetween the beam surrent and he
frequency of cach portion of the Vikae.  The relative ditflealty of Tamme] fog
deponds on the vatfo of the physfoal separat ton of tae beans to thehr partiele
waveleapth (BA). The Larger chis ratlo, the more dE9 enlt the funnel ing, At
the lowenst betnn, It s attract tve t.u comstder arrayn of VYinae elanmela withiy
a common luae stracture, wheye the beam to beam spaclops can he gulte small,

The radio (regquency quadiupole (RFQ) Tinae structure promines to be the

best low bheta Tinae structwre, offeving hiiph captuare of very fow caeapy heame
\ ) P
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and acceleration with a minimal emittance growth.* Furthermore, the RFQ lends
itself to array-like configurutions as shown in Tig. 1, which can be driven by
external resonant circuits in the same manner as Wideroe linacs. By staggering
the geometrical modulations that produce the accelerating voltages, the beams
can be made to interlace as required by funneling, without the necessity for
introducing varying lengths into the funneling transport lines.

Candidates for the second linac structure in the system are an RFQ linac,
an electrostatically-focused m, 31 Widerve linac, and a magnetically--focused
m, 31 Wideroe linac. At a few MeV, the electrostatically-focused m, 37 Wideroe
linac scems to be the best cholce, because the RFQ efficlency is dropping, while
the required magnet strengths are still impractical,

I1f the original array of RFQ linacs involves more than two interlaced beam
channels, the sccond structure must also accommodate an arrey of more than one
interlaced channel. Tt should he noted that lﬁull.ip]o—hn'lr-(] drift tubes in a
Wideroe or Alvarez configuration do wot satlsfy the dnteviaced requirements of

funneling., Figure 2 supgests the bas‘c foeatures of a double-barreled, electro-

stat feally-focused m, 31 Widerve

Tinae which doen satisfy this re-

guirement and would seem to have

nome attractive rf and mechanfeal

properties.  Thia {des could be

extended to a 1arger number of

beams at the cost of further com-
1) pllecation,
Awmultiple channel ) mapnet--

Teally focused 1, 3n Wideroe Vinae

o) could he bhased on the same [dea,

where the magnet fe qua-tropoles

could have s outer dbameter equal

. to the chamel sepaoaation (not an

mdue conntraint). In this case,

e = e wvould seewm preterable to Vimle

the vacuum to the 1t aceelerating

Flp. 1.
Miay of Four RFQ Chanonels

reglons anag the Inter oy of a0 beam

1t o the Lest trannitfon that we Xpow o betwern o de Injeetor and an vl ipne.
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tube passing through the magnetic quadrupoles. This would leave the magnetic
quadrupoles completely exposed on top of thc structure to facilitate alignment
and services.

We realize that requirements on brightness have a strongz influence on how
close we can operate to the space charge limit., However, the important proper-
tivs of funneling and the impact nutlined avbove on structure selection are
cqually valid for lower currents. We are proceeding with more detailed design
of a facility eonfiguration using these idcas; in the followlnpg paragraphs, we
outline a preliminary, idealized cornfiguration which 1l1lustrates the rotential

advantages of fell furmeling,
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end. Detalled studies of the bcam dynamles in these structures have not been
made, nor have studies been made of the problems associated with funneling.

The transition energies in Table I are based on a ratlo of the space charge
force to the focusing force of 0.5, which corresponds to an allowed tune depres-
sion of about 302.1 Withir the RFQ, this limit is evaluated ai the end of a
bunching subsection. For all other cases, these limits apply at the input or
transition energy to each new structure. If we decide, because of emittance
growth or current loss, to operate further from Lhe space charge 1imit, we can
delay the transiiions to somewhat higher enerpics where tlhie Timit lup current:
ere higher.

The total Length of the linace Is only 3.4 km, which Is qulte short compared
to previous designs, This is the result of the relatively hiph acceleration
gradicents in the Tatter portions o. the facllity, nawcly, 1.5 MeV/m at 100 Mz,
2.0 HeV/m at 200 MHz, and 4.0 MeV/in at 400 Mz,  These gradients at these froe-
quencles are known to be technicaily feasible, and they can be shown ta e eco-
nomlcally attractive becaase of the high frequencies and higl peak beam curvest
that result Srow funneling.

In omr pesent stage of thinking, we would propose to confipure ne 3
channels of the first structure as eight Independent arrays of four chonnel:
as shown 1o Fig. 1, the 16 channels of the second sirncture o cight tadependent
double-barreled structures as shown o Fig, 2, and the 8 channels of the third
structure as 8 couventlonal 50 MHz Wi croe structures.  As soch, the carly
stapes of the facility, those with the hilghest amttipliclitic., would take he
form of cight tdeaticol assenmbilles, each accommodating a fotal corrent of 10U A
This conf fgurat fon Yends [tself to the possibility of developing, pootoryping
eand tcating one-clghth of the total confipgmration In a staped dovelopment of the

total fac!llity.

ACKNOWLEDGMENT!
The author winhes to acknowledpe many vaetnl discnnsions on thene taples

with his colleagues, R, 0 Stokes, o P Wangler, B R Crandalbl, and & A

Jomenon,

REFERERNCI

1. "Space Charpe Limbts In Linaes," 0 P Wanpler, to he publ shed.

6



We believe that the space-charge 1limit for Xe+1 in a magnetically-focused
rf linac 1is approximately one ampere at 1 GeV and 100 HHz._based on a uniformly-
filled, three~dimensional ellipsoidal model and a smooth approximation of the
transverse focusing forces.l This limit increases with energy and deccreases
with frequency, such that at 3 GeV and 400 MHz the limit is also approximately
one ampere. Thus for the major portion of a 10 GeV heavy ion fusion facility
based on the +f linac approach, one can accormodate currents in the order of an
ampere at frequencies as high as 400 MHz. 1f one shoots for 800 mA at 400 MHz
in the major portion of the facility, one is obliged to start out with 32 linac
channels, each carrying 25 mA at 12.5 MHz followced ty five stages of furneling.

A schedule of linac structures which, 1f combhined through funneling, would
produce an 800 mA beam of Xc+] at 10 GeV is glven In Table I. Each structure,
after the initial RFQ sectlon, 14 close to lts space charge limit at the low

energy end and sigaificantly below ite space charge limit at Lhe high encrpy

TABLE 1

SCHFDULE OF LINAC STRUCTURES

Structure 1 2 3 h 5 6
Type RFQ EFW MFW MFA MFA MFA
Bunber 32 16 8 4 2 1
Current (mA) 25 50 100 200 400 800
Frequency (Mliz)  12.5 25 50 100 200 460
Energy fn (MeV) 0.2 6 28 190 50 3000
Beta in 0.002 0.010 09.0M 0.056 0.110 0.217

BetarLambda () 0.047) 0.118 0.1'8 0.106 0.16% 0.163

Enespy out (MeV) 6 78 190 /H0 1000 10000
Loength (m) 21 26 12% YK 1179 17%0
Total lenpth () 34210)

REQ = Radlo trequency qaadrupole 1inac.

EFW ~ Eloctrostatleally -focused Wideroe Hinace,
MFW ~ Mapgnet feally: focused Widerde 1nae,

MFA = Mapaet feally foeuacd Alvines Hinae,



