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Ion beam propagation stability in an accelerating channel based on combined RF-focusing (CRFF) at high space-
charge density is investigated. It is demonstrated that in case of grouped beam acceleration, the Coulomb current
limitation for both the proton and the heavy ion beam is higher in case of a CRFF-based channel than for an initial

part of any modern accelerator based on RFQ focusing.
PACS: 29.17.+w

INTRODUCTION

When designing a high-power ion linear accelerator,
one of the major tasks is to devise a technique for beam
focusing that provides strong focusing and is less com-
plicated than focusing by electromagnetic lenses. It
should be pointed out that any modern electromagnetic
lens is a very complex technological unit requiring its
own cooling system and power supply. As an alternative
to the external focusing device, a different approach
implying that the accelerating rf field provides stability
of charged particle beam propagation is proposed (see
Refs. [1 - 7]).

However, despite being promising, rf-based focusing
is implemented mainly in an initial accelerator section
where energy level is low and almost never in medium-
energy one. The only active linear accelerator operating
without any external electromagnetic focusing devices
is the proton injector URAL-30 which was put into ser-
vice at the Institute of High-Energy Physics (Russia) in
1981 [8]. A modified version of the alternating phase
focusing method (see Refs. [4, 6]) combined with the rf
quadrupole focusing technique (see Ref. [1]) when ac-
celerating proton and heavy-ion beams at medium en-
ergy is described in Ref. [9].

As for beam propagation stability in both longitudinal
and transverse direction in an ion linac accelerating chan-
nel which is based on CRFF, the issue is addressed in
Ref. [10]. There the values for RFQ field gradient to pro-
vide transverse propagation stability for all the particles
in an acceleration mode are calculated. It is also shown
that such gradients could be achieved in quadrupole gaps
considering electrical strength of the electrodes.

Further improvements on the multi-charged ion lin-
ear accelerator (MILAC) (see Ref. [11]) such as re-
placement of grid and magnetic quadrupole focusing for
CRFF are presented in Refs. [12, 13]. Design, layout,
and adjustment procedures for interdigital IH accelerat-
ing CRFF-based structures are discussed in Ref. [14].

This paper objective is to substantiate the possibility
of stable acceleration of intense charge-particle beams
in a CRFF-based accelerating structure at medium en-

ergy.

MATHEMATICAL MODEL.
GENERAL EQUATIONS

Notice that at medium energy a beam of charged
particles is grouped and could be described as a dense
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triaxial elliptic bunch that generates Coulomb fields
with the following components (see Ref. [15]):
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Here [ is the beam current over RF period; A is the
operating wavelength; f stands for the ellipsoid form-
factor; &, is the permittivity of free space; c is the

speed of light in vacuum; r

> I, and r, are the ellip-
soid axes in a laboratory system of coordinates. The

form-factor f depends on the ellipsoid form via pa-

rameter pzyrz/ﬂlrxry, y=1/{1-B*, B=v/c is the

relative velocity of the reference particle; v is the refer-
ence particle velocity. At p =1 the bunch is spherical.

At 0.8 < p <5.0 the form-factor could be approximated

as f=1/3p.
According to Ref. [16], for the above-mentioned
beam approximation model the maximum longitudinal

and transverse current are expressed respectively as
2
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Here the phase extent is 2

®,| (@, being the refer-

ence particle phase); 7, =|gos|ﬂ/l/27z; u, and . is the
ratio of the longitudinal and transverse component of
space charge force to the corresponding focusing force
(in case of a high-current beam p, =1 and u, =1); a
is the aperture radius where the beam oscillates; E,T" is
the amplitude of the equivalent traveling wave;
Z,=1/g,c =376.73Q; wy=r_. /7

X, max y,min ?

rx,max =da ’
o, represents the phase shift of radial oscillations over
the focusing period at zero current; ¢ stands for the
particle charge; P = NfA is the focusing period length;

N is the integer number.
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RESULTS AND DISCUSSION

Let us estimate the maximum current in a channel
for two CRFF-based linear accelerators, namely, a pro-
ton linac for electronuclear studies and a heavy-ion ac-
celerator for radiative and nuclear physics research, the
latter operating at the mass-to-charge ratio A4/q =20.

Due to the fact that the Coulomb force influence on
beam dynamics is maximal at low particle velocities, it
is suffice to take into consideration only initial section
of these accelerating structures.

First, we calculate using Egs. (2), (3) the maximum
current in case of proton linac taking into consideration
the following parameters: the injection energy is
3 MeV; the magnitude of the equivalent traveling wave
is 75 kV/cm; the aperture radius a =0.6 cm; the ellip-

soid semiaxes ratio w =r, . /r, . =2; the reference
particle phase in the axisymmetrical gap ¢ = —17.5°,
the phase extent 2|gos|=35°; the phase shift of radial
oscillations over the focusing period at zero current
0,=45°. Thus, for the maximum longitudinal and radial
current we obtain

1 =385md, I =383 mA.

As for the case of heavy-ion ( A/q =20) linear ac-
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celerator, the above-mentioned parameters are almost
identical: the injection energy is 2 MeV; the magnitude
of the equivalent traveling wave is 40 kV/cm; the aper-
ture radius «=0.7 cm; the ellipsoid semiaxes ratio

v=r__/r  =2; the reference particle phase in the
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axisymmetrical gap ¢ =-17.5°, the phase extent
2|gos| =35°; the phase shift of radial oscillations over the

focusing period at zero current o,,=45°. So, the Egs. (2)
and (3) yield the following values
1 =37TmAd, 1 =22 mA,

for the maximum longitudinal and transverse current
respectively.

Note that due to complexity of the task, several sim-
plifications have been introduced. Therefore, the calcu-
lated maximal current, while rough, is higher than the
current generated in the initial section of any modern
linac. For instance, the maximum current registered in
the RFQ-structure is in the range of 100...150 mA for
the proton linac and 5...15mA for the heavy-ion
(A/q =20) accelerator.

Figure presents the beam envelops calculated with
the help of Trace-3D code (see Ref. [17]). This code
was developed by Los Alamos Accelerator Code Group
of Los Alamos National Laboratory. It calculates the
envelop evolution of a channel-consistent beam through
a focusing section with the space-charge force being
accounted for. As the program is interactive and has
several user-defined options, we used the following ap-
proximations: a particle bunch is represented as a triax-
ial ellipsoid; a gap action is considered in the approxi-
mation of a thin lens.

In the figure, the following notations are used:
RFQ — a quadrupole section, G — an axisymmetrical gap
center. The beam envelop in the horizontal direction
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(see Figure, blue solid line) corresponds to the focusing
section with the pattern DOOOFFOOOD (with D being
the defocusing segment, O standing for the axisymmet-
rical gap, and F representing the focusing cell), while
the pattern corresponding to the beam envelop in the
vertical direction (see Figure, red dashed line) is
FOOODDOOOF.
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Beam envelop in vertical (dashed red line)
and horizontal (solid blue line) direction
and phase extent (solid green line in each graph set)
over focusing period with CRFF:
a — for protons at 380 mA beam current,
b — for heavy ions A/q =20 at 22 mA

CONCLUSIONS

The focusing method suggested allows one to cap-
ture and steadily accelerate both light and heavy particle
beams inside the initial part of any modern accelerator.
Also, contrary to focusing by magnetic lenses, rigidity
of CRFF does not depend on particle velocity thus ena-
bling CRFF to be implemented into the low-output-
energy initial part of accelerator and in doing so to sim-
plify heavy ion focusing.
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KYJIOHOBCKHWI MMPEJEJ YCKOPSIEMOI'O TOKA B KAHAJIAX IMHEMHBIX YCKOPUTEJIEN
HMOHOB C KOMBUHUPOBAHHOM BBICOKOYACTOTHOM ®OKYCHUPOBKOM
C.C. Tuwxun, H.I'. Illynuxa, O.H. Illynuka

N3ydyena ycToW4MBOCTh JBMKEHUS! HOHHBIX ITyYKOB B YCKOPSIIOUIMX KaHajJaX ¢ KOMOWHHPOBaHHOW BBICOKOYAC-
ToTHOH (okycupoBkoi (KBUD) npu OombIoi IIOTHOCTH MTPOCTPaHCTBEHHOTO 3apsina. [lokazaHo, 4yTo ajsl KaHaja
B KBU®-cTpykType, npeaHa3HaueHHOrO Al YCKOPEHUS CIPYIITUPOBAHHBIX ITYYKOB, KYJIOHOBCKHH HpeneN YCKO-
psieMOro TOKa Kak JUIs MPOTOHOB, TaK M JJIS TSOKENBIX HOHOB MPEBBIIIAET TOKH, MOJTYy4aeMble B COBPEMEHHBIX JIH-
HEWHBIX YCKOPUTEISIX B HAYaJIbHOW YacTH IPH MOMOIIM NPOCTPAHCTBEHHO-OAHOPOAHONW KBaAPYHOIbHON (OKYCH-
POBKH.

KYJIOHIBCLKHI MOPIT CTPYMY, 1110 IPUCKOPIOETHCSA, Y KAHAJIAX JITHIMHUX
MMPUCKOPIOBAYIB 3 KOMBIHOBAHUM BUCOKOYACTOTHUM ®OKYCYBAHHSAM
C.C. Tiwmkin, M.I. Illynika, O.M. Illynixa

JlocmiIKeHO CTIMKICTh pyXy 10HHUX MYYKIiB Y KaHaJIaX, IO MPUCKOPIOIOTh, 3 KOMOIHOBAHMM BHCOKOYACTOTHHM
¢okycyBanusim (KBU®D) npu Benmukiii rycruHi mpoctopoBoro 3apsay. [lokazano, mo mis kananry B KBU®-
CTPYKTYPi, KW MPU3HAYEHO ISl IPUCKOPEHHS 3rpYyMOBaHKUX ITY4YKiB, KYJIOHIBCHKUH MOPIT CTPyMY, IO IPHCKOPIO-
€TBCS, JUISl IPOTOHIB Ta BAXKKUX 10HIB MEPEBUIIYE CTPYMHU, SIKi OTPHMaHI B Cy4acHHX JIIHIHHUX NPUCKOpIOBaYax y
MOYATKOBIM YaCTHHI 32 JOTIIOMOI'OI0 IIPOCTOPOBO-0THOPITHOTO KBaAPYIOIEHOTO (POKYCYBaHHSI.
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