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In this paper we present the study of the transversal and longitudinal acceptance and the trans-
mission efficiency in the injection, acceleration, and extraction systems in the separated sector cy-
clotron of the heavy ion research facility in Lanzhou, China. The study of cyclotron acceptance is
done for 238036+ with energy of 97 MeV/u and for 70Zn10+ with energy of 5.62 MeV/u under the
theoretical isochronous and real magnetic field distribution. From the simulation results it can be
seen that the transmission efficiency and the acceptances of separated sector cyclotron can be im-
proved by redesign the curvature of MSI3 deflector or by introducing the magnet shim in MSI3
deflector region to change the distribution of the inner magnetic field.
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INTRODUCTION

The separated sector cyclotron (SSC) isthemain
accelerator of the heavy ion research facility (HIRFL)
in Lanzhou [1]. Presently higher beam intensity and
quality are required to perform higher level experi-
ments. Intheview of existing conditions, theaccelera-
tor system needsto be upgraded to satisfy physical re-
quirements, wherethe key issueisthe SSC of HIRFL.
Thelow beam transmission efficiency of SSC and the
existing beamintensity of SSCinjector —the sector fo-
cused cyclotron (SFC) [2, 3] limited the beam inten-
sity of SSC. Asaresult of the above reasons, the I nsti-
tute of Modern Physics (IMP) of the Chinese
Academy of Science(CAS) plannedtobuildanew lin-
ear injector (SSC-LINAC) [4] to get higher intensity
beam for heavier elements. Up to today only in two
placesintheworld it ispossibleto study the exotic nu-
clel insidethe storagerings, at the centrefor heavy ion
research (GSl) [5], Darmstadt in Germany and at IMP,
Lanzhou in Chinawhich has just started operation.

So the transverse and longitudinal acceptanceis
calculated under the theoretical isochronous magnetic
field model and thereal one, and it providesimportant
parameters for SSC-LINAC. In addition, the simula-
tion results will help in machine commissioning and
the upgrade of HIRFL.

* Corresponding author; e-mail: toprek@vinca.rs

SEPARATED SECTOR CYCLOTRON

The separated sector cyclotronisfour 52° sectors
[6] (fig. 1) with energy constant K = 450. It is
multi-ion, variable energy machine which accelerates
ions from carbon to uranium with maximum energies
of about 100 MeV/u for light ions and 5 MeV/u for
heavy ions. The main parameters of the SSC are pre-
sented inthetab. 1 and the layout of the SSCis shown

Figure 1. The overall layout of SSC
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Table 1. Main parameters of the SSC

Average injection radius 1.00 m
Average gjection radius 321lm
Radial betatron frequency 1.087-1.202
Vertical betatron frequency 0.742-0.864
Number of sectors 4

Angular width of sector 52 deg

Gap of the magnetic pole 10cm
Maximal magnetic field 16T
Compensation coil 36 pairs
Frequency range 6.5-14 MHz
Number of resonators 2

Angular width of resonator 30 deg
Maximal voltage 80-250 kV
RF power 2x 120 kW
Harmonic number 2-10
Acceleration aperture 5cm

infig. 1. It shows four sector magnets, the injection
(ESI5, MI1, MI2, MSI3, MSI4) and the extraction
(ESE1, MSE2, MSE3, ME4, MES5) systems of SSC
and two RF cavities.

Therelations between the magnetic field and the
revolution frequency at the extraction radius are
shown in fig. 2.

The injection beam goes through the accelera-
tion gap two times beforeinjected into thefirst orbit. It
causes an increase of magnetic rigidity and about 7° of
phase shift. The perturbation field of bending magnets
and stray field outside the magnetic channelsare com-
pensated by shims and trim coils, respectively.
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Figure 2. Relations between the magnetic field and the
revolution frequency at the extraction radius; Z, A—the
charge and mass number; E —beam energy in MeV/u;
h —har monic number

RESULTS

The study of SSC acceptance is done under the
theoretical and the real magnetic field distribution.
Theradial and the azimuthal distributions of the theo-
retical and real magnetic fields are presented in fig. 3.
Thereal magneticfield distributionisnot measured di-
rectly, but it is build with the existing magnetic field
parameters by using the method described in [7-9].
The theoretical isochronous magnetic fiels distribu-
tion is the hyperbolic secant function [7-10].

The study of SSC acceptance are done under the
theoretical and real magnetic field distribution for
238 36+ with energy of 9.7 MeV/uand for 7°Zn'®* with
energy of 5.62 MeV/u[6]. Theresultsare presented in
figs. 4 and 5.

Theradia (¢,) and axial (g,) r. m. s. emittancesof
the beam are defined as [11]

£ =M<x? > <X > <xX 2 (1)

gy =4\/<y2>.<y’2>—<y-y’>2 2

where <---> meansthe average value; i. e.:
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Figure 3. Theradial (a) and the azimuthal (b)
distributions of the theoretical and real magnetic fields



X. Li, et al.: The Study of Acceptance and the Transmission Efficiency of ...

20 Nuclear Technology & Radiation Protection: Year 2015, Vol. 30, No. 1, pp. 18-22
T r——r— 0.0015 e
0.0015 g=13nmmmrad ... Arm— | ——= £y = 16 n mm mrad
T oootol.  G=2rmmmad ¢ E T o.0010 | T e O S TR
3 o E ® 1 i -
0.0005 ' ! 0.0005 17 i
L - ' i ] J
. ' i
ooooo} 00000 |- %
-0.005 s [ ! H 1
L - L -0.0005 | i i
-0.0010 H T - i
L o -0.0010 | B oo i
ook 0 TN 0 1 L TR
. s v . . . - -1.0015 L— T—— " n .
" -0.015 -0.010 -0.006' 0.000 'C:005 0.010 0.5 @ -0.015 -0.010 -0.005 0.000 0.005 0010 0015 0.020
X[m] X[m]
0.010 : . SaiE
0.008f - ssesiE= 107 £ M mired — — - — = &7 =208 » mm mrad
= i ., o — A1 - k=) i S—
® 0.006f 3 iz AT mmmead E poto} 1 P £, =54 = mm mrad
N L 1 N ~ -
0.004
0.002 0.005-
0.000 -
0.000}
=0.002 - .
~0.004 -0.005
-0.006 |
—ooosk Vot -0.010f v
_0-010 o ' s i L 'l s 'l ' ' .
-0.015 ' ' ' * 1
.| =0. =0, =0. .01 0. .01 0. .| .04 0.
o -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 ooszc[w] 0.05 e oot 2@ Gho o st ooe
m
(b) Z(m]
0.008 |- o 0.010
Z ooosf A F o008 f e
m ¢ i & ooos | e ¢ E
@ 0004} 2 a : -~ P
< |" ik - 0.004 #~ - £
0.002 |- sl i T 0.002 K A .
o000 | 1 i ! ‘{b
0002 b '," s - -0.002 | o "" i
il A el -0.004 | ; ?
~0.006 | - i E ~0.006 [~ o -
ot atlememt 2 ~0.008 | Bz
0,008 4 -0.010F - - - : ;
-8 -6 =k 2 0 2 4 6 8 -15 -10 -5 0 5 10 15
(c) A [deg] (© A [deg]

Figure4. Phase spaceportraits of SSC in thetheoretical
(dashed line) and real (full line) magneticfield in thecase
of Z8U" with energy 9.7 MeV/u; radial phase space (a),
axial phase space (b), and longitudinal phase space (c)

Ineq. (3), Nisthe number of pointsin the phase
space with co-ordinates (x;, X;) and (y;, ¥;) which rep-
resents the particlesin the beam. Infigs. 4 and 5 only
the contour of the pointsin the phase space which cor-
responds to the transmitted particlesis presented. The
values of the emittances for this case, see egs. (1) and
(2), are considered then as the acceptance of the ma-
chine.

Figure 4 showsthe phase space portraits of SSC
in the theoretical (dashed line) and thereal (full line)
magnetic field in the case of 28U%* with energy
9.7 MeV/u. The upper part of fig. 4. shows the radial
phase space; the middle part shows the axial phase
space and the lower part of fig. 4 showstheareainthe
longitudinal phase space. From this figure it can be
seen that the radial acceptance is 13 = mm mrad (for
the theoretical magnetic field) and 2 = mm mrad (for

Figure. 5. Phasespaceportraits of SSC in thetheoretical
(dashed line) and thereal (full line) magneticfield in the
case of °zZn'® with energy 5.62 MeV/u; radial phase
space (a), axial phase space (b), and longitudinal phase
space (c)

the real magnetic field); the axial acceptanceis 107 &t
mm mrad (for the theoretical magneticfield) and 41 =
mm mrad (for the real magnetic field); the energy
spread is £0.007% and the phase is from —7° to +7°
(for the theoretical magnetic field) and +£0.002% and
—4° to +3° (for the real magnetic field).

Figure 5 showsthe phase space portraits of SSC
in the theoretical (dashed line) and the real (full line)
magnetic field in the case of 7°Zn'%* with energy
5.62 MeV/u. The upper part of fig. 5 showstheradial
phase space; the middle part shows the axial phase
space and the lower part showsthe areain the longitu-
dinal phase space. Fromthisfigure can be seenthat the
radial acceptanceis 16 1 mm mrad (for the theoretical
magnetic field) and 1 = mm mrad (for the real mag-
neticfield); theaxial acceptanceis208 n mmmrad (for
the theoretical magnetic field) and 54 = mm mrad (for
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Figure6. Thecentral particleorbit smulationthroughM Sl 3
deflector in the case of 22U*" with energy of 97 MeV/u

thereal magnetic field); the energy spread is+0.007%
and the phaseisfrom—10° to +10° (for the theoretical
magnetic field) and +£0.002% and —2° to +2° (for the
real magnetic field).

From our simulation of SSC acceptanceit can be
seen that the acceptance under the real magnetic field
distribution ismuch worsethan in the case of the theo-
retical isochronous magnetic field distribution. The
reason for that isthebiglossof particlesthroughMSI3
deflector (see fig. 1.). Namely, in the simulation of
central particle tracking through the M SI3 deflector
can beseenthat theorbit of central particleisnot prop-
erly centered in the case of real magnetic field distri-
bution (fig. 6 — dashed line) asit isin the case of the
theoretical isochronous magnetic field distribution
(fig. 6 — full line). At the present state of SSC the
transmision efficiency isvery low; lessthan 20%. The
results show that the actual efficiency and acceptances
of SSC can beimproved by redesign the curvature of
M SI3 or by changing thedistribution of theinner mag-
neticfield (for exampleby shimof magnetin M SI3de-
flector region). According to our calculation after im-
provement in the design of the curvature of MSI3
deflector the transmission efficiency is ~95%.

CONCLUSION

Fromthe simulation resultsit can be seenthat the
orhit of central particlein M SI3 deflector inthe case of
the real isochronous magnetic field is not good and
most particlesarelostin M SI3 deflector. Thetransmis-
sion efficiency of SSCislessthan 20%. Thisdefault of
good design of MSI3 deflector is the main reason of
low acceptances and transmission efficiency of SSC.
The transmission efficiency and acceptances of SSC
can be improved by redesign the curvature of MSI3

deflector or by shim of magnet in MSI3 deflector re-
gionto changethedistribution of inner magneticfield.
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Cjaomwn JIU, paran TOIIPEK, Jyyun JYAH, Jyan XE

CTYINJA AKCEINITAHCE N E®OUKACHOCTU TPAHCIIOPTA KON
NUKIOTPOHA CA PA3JABOJEHUM CEKTOPUMA

Y oBOM pajiy mpuKazaHa je CTyiuja TpaHCBep3aJHe M JIOHTUTYJAMHAJIHE aKCeNnTaHCce U
e(pUKACHOCT TpPAaHCMWCHjEe WHjeKIMOHOT, yOp3aBajyher m eKCTpakKIMOHOT pEeTWOHa NWKIOTPOHA ca
pa3aBojeHuM cekTopuMa y MHCTUTYTY 3a TEIIKOjOHCKa mcTpaxkuBama y Jlanuoy, Kuna. Crynmja je
ypabena 3a jone 28U3%* enepruje 9.7 MeV/u n °Zn'%* enepruje 5.62 MeV/u y ciy4dajy Teopujcke H30XpOHE
U CTBapHe AMCTpuUOyLMjeé MarHeTcKor noJba. M3 cuMyiallmOHMX pe3yiTaTa MOXKE Ce BUETU Ja ce
aKCenTaHca W TPAHCMUCHOHA €(PUKACHOCT IHUKIOTPOHA MOXKE IMO0OJbIIaTh 3aMeHoM moctojeher MSI3
nedIIeKTopa Wik MIIMOBAKEM MAarHETCKOT MoJba y pernony MSI3 mediekTopa Kako 6U ce mpoMeHmIa
RUCTPHUOYIMja MAarHETCKOT T10Jba.

Kwyune peuu: emuitiarnca, akceiilanca, paHcMUCUOHa eqpuKacHoci,
YUKAOMIPOH Ca PA308OjeHUM CeKILOpUMA




