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ABSTRACT

The rf quadrupole (RFQ) linac structure is pro-
posed as an alternative to a system composed of a
bunckcer and independently phatied cavities in the
low-velocity aceceleration acction. Beam dynamices
simulation studies have demonstratced that with the
RFQ (1) high transmission and low beim loss are
possible, . (2) it is possible to use a low voltage
0.25 MV dc injJector and still obtalin high ontput
beam currents, (3) the current required from the
injector 1s reduced becanse of the high transmis-
sion of the RFQ, and (4) the output emittance ap-
pears to be at least comparable te that cxpected
from a buncher and independently phased cavities.

INTRODUCTION

The low-velocity accelerator is an lwmportant clement in heavy fon drivers
fo. incrtial conflinement fusion. It is widely recognlzed that beam intensity
limitations and radial emjttance gro''th tend to occur predominantly at low vel-
ocities in linear accelerator systems. The characterintics of the RFQ make it
an attractive alternative approach to other designs that have been pruposed.
One proposnll'z'3 is to use a high voltuge dc injJector to accelerate a heavy-
ion becam, for example Xc+1. from the ion mource to abont 1.5 Me¥. Thiy in fol-
lowed by an rf buncher ani several independently phased eavities with mopnetic
quadrupoles between the cavities. At about 2.3 MeV, the Xenon beam Is injected
into a scquence of three Widerde linacs and accelerated (o an encrgy of ubout
20 McV. This arrungement provides for acceleration of about 20 to 25 mA of Xe
under current-saturatesd conditions. It iu nrgnvd3 that the high voltage of the
de injcector is desired in order to obtn]n n high corrent lLanit and a higher
starting frequency (12.5 MHz) as comparced with other posnible nchemes which nae
a lower voltage injector. 1n this paper we anpgent an alternative approach,
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which wonld use the RFQ to accept the injector beam, bunch it and accelerate it
to a few McV. A major advantage of the RFQ 1is that a much lower voltage injec
tor (%250 kV) can be used without lowering the space charge limit. 1In addition,
the RFQ has the potential for adiabatic bunching, which can result in capture
efficieacies in excess of 90% and minimal brightness reduction. Furthermore,
as pointed out by Swenson,a the RFQ lends itself to array-like configurations
that can be useu to increase the total beam intensity. The bunches from the
different beam channels in the array can easily be combined so as to interlace
longitudinally, as is desirable when funneling prior to a frequency transition,
The RFQ can operate at lower beta than conventional drift tube linacs
becanse the focusing is obtained from the rf clectric fields xo there is no
requirement to include magnetic quadrupoles within the small cells. This oppor-
tunicy to use a linear accelerator at low beta values permits adiabatic bunching
of the de beam, resulting in high capture and transmission efficiencies (>907),
Adlabatic bunching is not restricted to low cnergles in principle, but its ap-
plication st higher cnergies can become very costly in lenpth.  Cood transuis-
sion efficiency lmplices small beam loun. Reducing the amount of lost beam, and
keeping the energy of lost particles low, may be important in order to minlmize
potcutial problems assocliated with localized heating of components by an intense

beam

REQ Design

The 1.AS]. RFQ denlgn approach has been reported pruvinusly.5'6 In the most
peneral case, it copsists of combining four scctions called the radial matehing
scction, the staper, the gentle buncher and the accelerator scection.  The adia-
batic bunching i done In the shaper and gentle huncher scctions. The synchron-
ous phasc angle is ramped from -90° 1o its final value at the end of the gentle
buncher, so0 the beam reaches ity mlnhinum phave extent at this point. For this
and other reasons the apace charge llmit typleally doean not occur ter the e
beam at the Input, but fustead ocenry at the end of the gentle hnnuher.7 In the
case whore the foeuning force o reatricted by the maxfmum obtalnable electric

field, for a given aperture nlze the current 1lmit In found to scale approxi-

nately as

qQ . 2,.4,2
ve ok “aa (1)



where q and A arc the charge state and mass number of the lon, Eq is the maximum
surface electric field, Bc {s the ion velocity at the end of the gentle buncher,
ard A 1s the rf wavelength. One can also show that the lcngth of the gentle
buncher section, for a fixed energy gain ratio within the section, scales as
¢

Es (2)
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The length formulas for the shaper and accelerator sccetions are similar to Eq.
(2). rhese formulas show that the current limit incrcases iu proportfon to B

but the length iuncreases in proportion to 83. Thus the advantage of high cuergy,
which raises the current limit, is soon offsct hy a rapidly increased structure

length.

RFQ Linacs for leavy Jons

We now present two examples of RFQ limac designs for singly charged Xenon,
The first demonstrates acceleration under a currcent-saturvated condlitfon, which
is always accompaniced by high beam loyses and an output cmittiance characterized
by the geometric acceptance of the channel.  The output emittance in this case
is kept small by using a small bore. The second example {1lustrates acceelera-
tion under more lightly-loaded conditions where a smaller fraction of the input
current is lost.

Both cxamples contain the three sections mentioned carlicer, the shaper,
the gentle buncher and an accelerator section,  The gentle=buncher Initial and
final energies were chosen to be 0.25 MeV and 2.5 MeV respectively., These
cholces represent a compromise between good performance for high beam currentn
and overall length. Then the initlal energy, where the shaper section begins,
was chosen to be 0,242 MeV in accordance wi h our standara desipn uppronch.6
A final cnergy of 5 MeV {4 arbitrary and could be fncreazed without addivyg
greatly to the Jeugth., A naximum sutace field was assamed ta be Ha o 1h MV/m,
vhich we regard an a conuservative operating polant,

The computer program that we use to study the RFQ beaw dy»hamfen Is cnlled
I’ARMTF.Q(’ (n modlficed versfon of PARMITAY.,  For the dupnt we used a zero cHerpgy
gspread de beam, whose inltlal transverne phane npace dHatrihotfon was penerated
by wniformly filling the volume of n 4-dimensional hyper-elliprotd.

The normal -

ized fuput emlttances in ooth x,x' and y,y° phagse space, which contaln 100% of
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the beam, were taken to be 0.01m cm-wr. This results in 90%Z of the input beam
within 0.0077 cm-mr, and an rms input emittance of 0.0017n cm-mr,

Table 1 is a summary of the parameters for the two cases. The frequency is
12.5 MHz and the synchrornous phase begins at -90° and ends at -32° in both cases.

The initial and final vane modulation parameters m, and m_ are listed.s'6 V is

the intervane voltage and T, is the average radiusiparameiur, which 1is equal to
the initial radial aperture. The length L for both cases includes a radial
matching section at the input. An important differcnce between linacs 1 and 2
is the aperture difference as is indicated by T, Motice also that although
linac 2 has a larger voltage than linac 1, it 1s longer hecauvse of its mmaller
vane modulation parameter m.

Table II shows the results for linac 1 at four input beam curzents. The
entries include average input current, Ii' average output cuarrent Io' and trans-
micssion efflciency T. The noimalized output transverse emlttance at the 90%
contour is c90' and the rms normalized ontput c¢mittance is5 “rm . Linac 1 is
operated essentially at its saturated current limit of slightly more than 29 mA
for Input current values larger than 30 mA. The aperture limits the final nor-
malized emittance to n relatively small value. The transmission at 1i = 30 mA
of 74.7% 1 utlll higher than most conventional single gap buncher corfigura-
tions,

Table I11 shows some resnlts ohtained for linac 2 for four input beam cur-
rents.  The aperture of linac 2 i. larger than linac ) Aand consequently its
acceptance is greater. In contrast to linmac 1 there 18 almost no restriction
caused by the aperture at Ii w 30 mA. This results in a high trapsmiusion
(96.9%) nnd a larger output emittance (c90 = 0.0317 cm-mr) than for llnac 1. As
the input current increases we obucerve the expected dearease in trensmission.
For input currcuts of 40 and 50 mA, the outpul corrent approaches its naturated
Jimit ad a value pgreater than 30 mA.

We see from the linac 1 reoults rhnr; ag might be expected, it is posslble
to obtain a high current beam with a wmall cutput emittance at the cost of re-
Juced transmission. However, linac 2 probably best 11lunirales the advantages
of the RFQ. For input currents Jess than 30 mA 1t captures and transmits nearly
nll of the Injected beam and thereby minhaizen any problems auseclated with bean

losnes. The output transverane emlttance at 5 MeV obtafued from the aimula--

90
tlon code for I.1 < 30 mA iu connintent with the eatimate nanumed In denlign ntad-

Jen wilug the beam from the alternat tve ounecher fndependeri 1y phanced cavity
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system.8

For linac 2 at I; = 30 mA we calculate a two-dimensional output

brightness of B = 6.1 A/cm2-mrZ, wherc we have defined the hrightness as

B = lenzsgoz. In addition, we have calculated the longitudinal output emit-

tance at the 90% contour and we obtain a value of 0.831 MeV-deg.
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Ii(mA)

20
30
40
50

Io(ml\)

18.8
22.4
22.4
21.1

TABLE I
RFQ PARAMETERS

1 2

1 1
132Xe 132!“
12.5 12.5
0.242 0.24
5.0 5.0
=90 =90
=32 ~32
1.00 1.00
2.00 1.48
1. 134 0.200
1.22 1.81
23.3 27.1
TABLE II

LINAC 1 RESULTS

T(X) tgo(cm—mr)/" rrmn(cm-mr)/"
913.9 0.015 0.0032
74.7 0.018 0.0038
56.1 0.021 0.0045
42.2 0.021 0,9045



TABLE III
LINAC 2 RESULTS

I, (mA) I, (mA) T(Z) ego(cm-—mr)/rr ;m;(cm-mr)/n
20 19.9 99.7 0.027 0.0056
30 29.1 96,9 0.031 0.0068
40 33.8 84.4 0.017 0.0077
50 33.9 67.8 0.041 0.0085
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