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Abstract 

A low-energy beam transport (kinetic energy = 2 keY /u, 
charge-la-mass ralio 2: 1/30) before a 25.5-MHz split coax
ial RFQ and a medium-energy beam transport (170 keY I", 
charge-ta-mass ratio 2: 1/10) between the RFQ and a 51-
MHz interdigital-H linac have been designed. These linacs 
are to be set up in the INS radioactive beam facility. The 
low-energy beam transport is designed to obtain a mOlm~n
tum resolution high enough to distinguish Al+ ions from Nt 
ions. \Ve have carri"d out a beam trace from an ion source 
to the entrance of the interdigital-H linac. The aberration 
of einzellenses, the non-linear rf defocusing force in bunch
ers and the various effects of a charge stripper are taken into 
account.. \Ve study the emittance growths in these trans
ports. Espedally in order to make a longitudinal emittance 
small, a prebuncher at the upstream from the RFQ is pro
posed. The longitudinal 90% rms emittance at the ent.rance 
of the interdigital-H linac is improved by a factor of 3 by 
using a harmonic prebuncher. 

Introduction 

Exotic-nuclei arena (E-arena) project, which aims at 
the acceleration of the unstable nuclei beams from an iso
tope s"parator on-line (ISOL), is proposed in the Japanese 
Hadron Project (JHP). A prototype E-arena project at In
stitute for Nuclear Study has been proceeding since 1992. 
We are ('Onstructing two linacs: a 25.5-MHz split coaxial 
RFQ (SCRFQ) [I] and a 51-MHz interdigital-H (IB) linac 
[2]. The former accelerates unstable nuclei from 2 h·V /n 
up to 170 keV/u, and the latter from 170 keV/nup to 
I MeV /11 at maximum. The minimum charge-to-mass ra
tio (q/A) is 1/30 at the SCRFQ and 1/10 at the IB linar; 
hence, a charge stripper is necessary. However, th" charge 
st.ripping causes to increase both transverse and longitudi
nal emittanres. The longitudinal acceptance of the III linac 
is only 3 times a.' large as the emittance of the SCRFQ out
put heam [3]. So a prehuncher at the upstream from the 
SCRFQ is proposed. For reducing the defocusing force in 
the prdlllncher, a focus point with a beam radius less than 
1 cm must be designed. 

In this paper at first we report the design procedure of the 
low-energy beam transport (LEI3T) before the SCRFQ and 
presrnt some results of a beam trace through the LEl3T. 
Srcondly, the review of the medium-energy beam transport 
(MEI3T) between the SCRFQ and the IH linac is mentioned 
[3,4] and the results of a beam trace from an ion source to 
the entrance of the IH linac are presented. Finally, this 
paper is summarized. 

Low-Energy Beam Transport 

The LEI3T, which transports a beam from a conventional 
ion source (IS), consists of a 90° bending magnet (I3), four 
einzel lenses (EI-4) and two quadrupole magnets (Ql-2). 
This transport is for beam tests of the linacs. Figure 1 

5.0 

2.5 e-
0.0 .!:.. 

>< -2.5 

-5.0 

5.0 

2.5 
E 

0.0 .!:.. 
>-. -2.5 

-5.0 

o 50 100 150 200 
Distance from ion source (ern) 

Figure 1: The calculated ion trajectories in the LEI3T. 

indicates the calculated ion trajectories in the LEI3T. The 
radioactive beam from the ISOL will be matched at F2 to 
join this trilnsport. The bending magnet. is used for the 
discrimination of ions with different charge-to-ma.,s ratios. 
The qlladrnpole milgnC'ts ilre used for making t.he vert.ica.! 
beam size smilll in the bending milgnet and to take a match
ing in the transverse philse space. At F1 ilnd F2, t.he beam 
is focused t.o a circular spot. The proposed prebllncher will 
be located ilt F2. 

Beam parameters for a matching 
The emit.t.ance of the beam froIll the IS is supposed to be 

29.1 Jr cm· IIlrad (the normalized one is 0.06 Jr CIll' mrad). 
This value is almost one order great.er than thilt of the beam 
from the ISOL. The acceptance of the SCRFQ is large in 
comparison with these eIllittances [5]. The ellipse pilraIlle
ters to be matched in a transverse philse space are listed in 
Table 1. The exit of the IS is supposed to be a hole with 

TABLE 1 
Ellipse Parameters in x-x' and y-y' Spaces 

I I (~1) I a I (Jr rIll ~ mrad) I 
I ~~-~~Ii~ 11 ~:~~7 I ~:~I31 ~~:~ I 
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4 mme/>. The ellipse parameters at the entrance of the 
SCRFQ is calculated by the GENRFQ code. The trans
mission of the SCRFQ is about 92% for a dc beam with 
29.1 11' cm . mrad. 

Principle of the design 
The principle of the fundamental design of the LEOT is 

as follows: 1) to obtain a good matching between t.he IS and 
the SCRFQ, and 2) to make a focus point at the upstream 
of the SCRFQ. In order to obtain a good matching, an aber
ration of einzel lenses must be suppressed. As the focusing 
strength is fixed by the beam size at the focus points, the 
balance of each einzel lens is important. At F2 the beam 
must be focused to a spot with a radius of ::; 1 cm so as to 
weaken the rf defocusing force and to improve the transit 
time factor of the prebuncher. Through a beam dynamics 
study in the SCRFQ, we found a good longitudinal-output 
emittance is obtained with a prebuncher located at about 
70 cm upstream from the SCRFQ. This focus point is also 
necessary to discriminate ions with different charge-to-mass 
ratios by using a bending magnet together. The bending 
magnet is designed to obtain a momentum resolution which 
is sufficiently high to distinguish Al+ ions from Nt ones. 

Procedure for a matching 
In order to optimize the parameters of the LEOT compo

nents, we divide the LEDT into three parts with boundaries 
at the two focus foints F1 and F2. After optimizing in each 
region, we connect these three regions. Consequentry, we 
found a solution with the focus spots of a radius 4 mm. The 
F2 is at 64 cm upstream from the SCRFQ. The einzellenses 
are supplied with about 40 kV for q/A = 1/30 ions. The 
field gradient and the bore radius of quadrupole milgnets 
arc 6.488 kG/cm (q/A = 1/30) and 4.6 cm, respectively. As 
for the bending magnet, the field strength, the gilp height, 
the radius of curvature and the bending angle arc 6.44 kG 
(q/A = 1/30),6 cm, 30 cm and 90 deg, respectively. 

Results of the LEBT 
The transverse beam profiles at the entrance of the 

SCRFQ are shown in Fig. 2. The solid lines indicate the 
ellipses with emittances of 29.17r cm . mrad with the pa
rameters in Table 1. About 73% of the particles from the 
IS arc contained in both of the x-x' ilnd y-y' ellipses. The 
prebuncher is switched off in Fig. 2; when switched on, the 
emittance profiles change little. 

The x-x' beam profile at F2 arc shown in Fig. 3(a). The 
parameters of the LEOT are optimized for Al + (q / A = 1/27) 
ions. Nt(q/A = 1/28) ions are assumed as background. We 
sec AI+ ions can be distinguished from Nt ions. The dif
ference between the momenta of q / A = 1/27 ions and 1/28 
ones is 1.85%. A calculated dispersion 17 of 124 cm is con
sistent with the result of Fig. 3(a). Consequentry, it gives 
the momentum resolution of 0.65%. \Vhen the beam with 
a larger emittance from the IS is injected, the x-x' profile 
at F2 is shown in Fig 3(b). The discrimination becomes a 
little worse. In any case this resolut.ion is high enough to 
distinguish AI+ ions from Nt ones. 
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Figure 2: The transverse profiles at the RFQ entrance. 
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Figure 3: The transverse profiles at F2 (at prebuncher). 
The LEOT parameters are optimized for AI+ ions. 

A beam trace in the LEOT with the prebuncher was also 
taken. The prebuncher is a harmonic buncher operating 
at 25.5 MHz. This prebuncher consists of two gaps with 
a gap length of 4 mm and a bore radius of 7 mm. The 
field distribution in the prebuncher was calculated by the 
SUPERFISH. In order to take a trace in the prebuncher, the 
procedure of the trace with the filed distribution and the rf 
phase arc installed into the TRACEP code [6J. Finillly we 
carried out a simulation up to the entrance of the IH linac. 
The resultant beam emittances in the longitudinal and the 
transverse phase space are discussed in the next section. 

Beam Trace from the IS to the IH 

The longitudinal phase space of the beam from the 
SCRFQ has a shape of whirl; we define the emit.tance 
by the ellipse including this profile as an emittance. The 
IH linac hilS an acceptance with a shape of a boomerang; 
we define the effective acceptance by the ellipse that in
scribes the boomerang and has the largest area. As the 
re~ults, the transverse and longitudinal emittances from 
the SCRFQ arc estimated to be about 3.1 7r cm . mrad 
and 75 11' keV /11 . deg without the prebuncher, while the 
acceptances of the IH linac arc 12.4 7r cm . mrad and 
200 7r keY /\1 . deg, respectively [3J. 

The designed MEOT (170 keY /u, q/ A 2: 1/10 ) comprises 
a charge stripper, a rebuncher and two quadrupole dou
blets. This transport system has a total length of 3.76 m. 
In order to contain the beam in the acceptance of the IH 
linac, the frequency of the rebuncher is determined to be 
25.5 MHz. As the rebuncher, a double-coaxial resonator 
with 6 gaps has been designed to maintain the size small 
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and PO\\W low [7J. 
\Ve have studied several issues concerning the stripppr 

and the rebuncher. The stripper and rebuncher distort the 
transvprse and longitudinal bpam profiles. \Vith rpgard to 
the stripper, su("h effpcts as increase of the charge statp, en
ergy loss, straggling, and multiple scattering were studipd 
[1J. We carried out a b('am trace by taking into account 
thpsp eff('cts in the TRACEP cmk. In a case of a 12C+ 

beam, about 50% of the ions becomes 3+ ions aJter a carbon 
stripppr having a thickness of 10 Ilg/cm

2 [8J. Thp radial
position (kp('ndpncies of the defocusing force ilnd transit 
timp fadar of the rebunch('f were also taken into account.. 
These pffpcts cause the ('mittance growths in the st.ripppr 
and the rebuncher. The beam trace from the IS to the pn
trance of the IH linac is performed. The beam simulation 
in the LEDT and the MEDT is performed using the TRA
CEP code, in the SCRFQ using the PARMTEQ code. 

90% rms emittances 
Figurp 4 shows the longitudinal profiles at the entrance 

of the III linac for the following four operation condi
tions: (prebllnrher, stripper) = (off, off), (off, on), (on, off), 
and (on, on). A thousand ions are generated at the IS. 
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Figure 1: The longitudinal profiles at the IH ('ntran("e. The 
MEDT parameters are optimized for 12CJ+ ions. (To = 
172.133 keY /u, Freq. = 25.5 MHz) 

The solid lin('s indicate the acceptance ellips('s of the IH 
linac. The 90% rms emittanc('s corrpsponding to each fig
Uf(~ are list('d in Table 2. Although the stripppr causes the 
emittance growth hy a factor of 1.33 (=8.199/6.391), the 
emittance r('dueing-rate by the prebuneher is about 0.10 
(=3.396/8.199). Especially without the stripper the emit
tance reducing-rate is about 0.32 (=2.016/6.391). l\lore
over, the particle dpnsity in the core around the null point 
is enhanced by a factor of 10. The transverse emittances 

are listed in Table 3. Desides the stripper the rebuncher 
also causes the increase of the transverse cmittancps. Since 
t.his inrrease is caused by the defocusing force which is non
lim'ar in terms of the rf phase, the prebuncher is effective 
in reducing the t.rans\'Crse emittance growth also. 

TABLE 2 
Longitudi!laI 90% rms Emitta!lces (71" keV /u . deg) 

(Preb.,Strip.) RFQ-out IH-in number 
of part.icles 

(a) (off, off) 6.371 6.391 734 
(b) (off, on) 6.371 8.499 110 
(c) (on, off) 2.035 2.016 781 
(d) (on, on) 2.035 3.396 434 

TABLE 3 
Transverse 90% rms Emittances (71" cm . mrad) 

(Pr('b.,Strip) RFQ-out IH-in 
x-x' y-y I x-x' y-y I 

(a) (off, off) .4538 .4960 .5385 .4920 
(h) (off, on) .4538 .4960 .7230 .5277 
(c) (on, off) .4445 .4671 .4787 .4631 
(d) (on, on) .4445 .4671 .6531 .5243 

Smlllnary 

The design studies of the LEDT and the MEDT arc fin
ished. Notwithst.anding the aberration of the cinzel lenses, 
The ::::73'70 of the injected ions from the IS is t.ransmit.prl 
t.hrough the SCRFQ. The bending milgnet at the LEDT 
can sufficiently distinguishes q/A = 1/27 ions from 1/28 
ones. As the results of the trace from the IS to the en
trance of the IH iinac, the effectiveness of the prebuncher 
is demonstrated . 
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