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Abstract A new RIB project, the Beijing Radioactive Ion-beam Facility (BRIF), has been running at CIAE
since 2004. In this project, a 100 MeV H- cyclotron, CYCIAE-100, is selected as the driving accelerator
providing a 75-100 MeV, 200-500 pA proton beam. An ISOL system employs two stage separators to reach

the mass resolution of 20000. Its RIB beam will be injected into the existing Tandem and a superconducting

booster installed down stream of the Tandem will increase the energy by 2 MeV/q. The progress of BRIF,

giving special emphasis to CYCIAE-100, will be introduced in this paper.
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1 Introduction

For production of an intense proton and radioac-
tive ion beam (RIB) used in fundamental and ap-
plied research, e.g., neutron physics, nuclear struc-
ture, material and life sciences and medical isotope
production, a new RIB facility, Beijing Radioactive
Ton-beam Facility (BRIF) has been running at CTAE
since 2004 [1]. In this project, a 100 MeV H- cy-
clotron, normally referred to as CYCIAE-100 [2], is
selected as the driving accelerator aiming to provide
simultaneously a 75 MeV-100 MeV, 200 pA — 500 pA
proton beam for 7 beam lines, generate neutrons for
the 15 m and 30 m transport lines, and generate an
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RIB for low energy applications and injection into the
Tandem. The basic design and construction progress
of BRIF will be depicted, including CYCIAE-100,
ISOL, and the SCB (superconducting booster). A
sketch of BRIF is shown in Fig. 1. The new building
for CYCIAE-100 and ISOL is to the west of the exis-
ting Tandem building and both are combined to-
gether. The SCB will be installed in the Tandem Hall.

2 General designs of CYCIAE-100
and basic beam dynamics

The adoption of a compact, deep valley structure
for CYCTAE-100 makes it possible to provide strong
vertical focusing to meet the requirement of intensive
beam acceleration. It uses 4 straight sectors instead
of spiral sectors, which are used basically for the AVF
cyclotron with an energy higher than 70 MeV. The
H~ beam is extracted by carbon foil stripping with
very small beam loss from calculation and testing. To
reduce the beam loss induced by the Lorentz strip-
ping, the hill field at the outer region is less than
1.4 T to ensure the beam loss is less than 0.3%. Vac-
uum dissociation is another reason to induce beam
loss in this H™ machine, which requires the vacuum
in the main tank to be better than 5x107¢ Pa level
on average. For the RF system, it adopts a double
Dee structure and fourth harmonics. Two resonant
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cavities of half wave length are completely installed phase shift and stable area etc., it is concluded that
and fixed in the valley of the magnet. The machine the vertical tune v, for this compact cyclotron is
structure and most of the sub-systems are shown in higher than 0.5 at most of the acceleration region
Fig. 2. and up to 0.7. This is of advantage for upgrading

the beam intensity later on. Also, the transverse ac-
ceptance is big enough for high current H~ beam in-

trim coil  helium cooling top yoke ~ central centering phase return

\ \iyswm cryopane{ igion ‘coil probe /m J ection.

The accelerating beam dynamics is also investi-
gated in detail. The beam matching from 0.1 MeV
to final energy has been done step by step by single
particle tracking. The tracking of about 20 thousand
particles by COMA, a TRIUMF code modified by

south beam extraction P
to south beam line

e CIAE [3], is started from a static ellipsoid with 0.3 cm
7 elevating displacement, centered at the AEO (accelerated equi-
stripper / oo\ librium orbit) at 5 MeV, and with a RF phase band
) ’ 1N N of 40°. The simulation results of radial phase space
/' ion source and | ion sourcednd "\ N, R matching are shown in Fig. 3, from which it can be

i / pulsed beam | hlgh current) \ Rchup]mg\ ) i K . .
radial probe /. injection line | injection line, \amplifier "\ RF cavity noticed that the radial phase is compressed obviously

due to the increase of accelerating voltage (Fig. 7).
That would improve the extracted beam quality and
decrease the H™ beam losses by EM stripping at the
After a static equilibrium orbit study for tune, | higher energy region.

Fig. 2. The overall structure of CYCIAE-100.
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Fig. 3. Matching of radial phase space, 5 MeV to 100 MeV.

3 Main magnet | vertical focusing and the power consumption of the
main coils is reduced by taking a compact structure,
the hill gap between the poles should be small enough.

Based on the consideration that the beam inten- However, taking into account the installation of RF
sity limitation is increased with the enhancement of liner, centering coils, and diagnostics devices the hill

3.1 The structure parameters
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gap should be sufficiently large. After comparing sev-
eral solutions, a relatively comprehensive option [4] is
adopted, i.e., 6 cm at the center, gradually changing
to 5 cm at the external region.

After adjusting the pole shape, central plug, hill

and valley gap, etc. the main parameters of the mag- |

net are obtained (Table 1). The result from numerical
simulation shows that the isochronous is good for en-
suring the integral phase shift is within +10° and that
v, increases and successfully avoids all the harmful
resonance, e.g. the Walkinshaw at high energy [2].

Table 1. Main parameters of magnet.
number of sector 4 radius of poles 2000 mm
outer diameter 6160 mm angle of poles 47°
dimension height 2820 mm height of poles 765 mm
hill gap 50-60 mm thickness of top/bottom yoke 775 mm

3.2 Imperfection simulation

The simulation results from the accelerating beam
dynamics study show us that the magnetic field for
CYCIAE-100 should satisfy the following conditions:
the 1st harmonic is around 2 Gauss, the 2nd har-
monic is less than 40 Gauss, and the gradient of the
2nd harmonic is less than 8 Gauss/cm.

3.2.1 Defects from the steel production process

It is inevitable that some factors will result in the
intrinsic asymmetry of the magnetic field, such as seg-
regation, contraction cavity, shrinkage porosity, dross
inclusion, etc., which would come up in the process
of casting and forging. The defects will impose an
influence on the uniformity of the magnetic field.

The magnet is divided into three zones (Zone 1:
from the pole surface to a depth of 100 mm, Zone
2: other portion of the pole, Zone 3: all the yokes).
When we calculate the effect of imperfections on the
magnetic field, all imperfections are assumed as el-
lipsoid shape. The 3D FEM results give the tolera-
ble dimensions of defects for ultrasonic flaw detection
(Table 2).

Table 2. Tolerable defect of each zone in the magnet.
Zone 1  Zome 2 Zone 3

in an area of 200 mmx200 mm, ¢2mm ¢4 mm &8 mm

less than 5 equivalent diameter

“@77

equivalent diameter “@” $d3 mm P6 mm D12 mm

| technical requirements of chemical composition are

accordingly estimated and specified. The uniformity
of chemical composition is required to be:

1) For the pole (8 pc), central plug (2 pc), shim-
ming bar (16pc+24pc spare), C' < 0.050%, and differ-
ence between parts DC < 0.01%-0.02%.

2) For the top/bottom yokes (2 pc), return yokes
(4 pc), C' < 0.13%, and the difference between parts
at the same locations) DC < 0.03%0.04%.

3.2.2 Stress and deformation simulation

To reduce the hill
top/bottom yokes are optimized to an uneven-height
structure (different height along the radius). The
upper part of the magnet, including the top yoke
and four sectors, weighs 170 t in total. The electro-
magnetic force is 420 t between the sectors, and the

gap deformation, the

atmospheric pressure on the top yokes is estimated
as about 120 t. When the even-height structure is
chosen in the stress field simulation, the deformation
is 299 um at the radius of 25 cm. To properly ar-
range the magnetic flux and to keep the weight of
the top/bottom yokes unchanged as compared with
the original, even-height structure, the uneven-height
structure of the yokes has been optimized to reduce
the deformation.
Fig. 4, while the deformation is reduced to 210 pm,

The designed result is shown in

by about 35%. It is of even more importance that

2790

The diversity of the chemical composition, and
then that of the permeability between poles, and be-
tween the yokes will produce the 1st harmonic in me-
dian plane. In simulation, the BH curve of one pole is
selected as 99% and 95% of the other 3, and the max-
imum amplitude of the 1st and 2nd harmonic is cal-
culated by FFT based on the calculated field. Simi-
lar approaches are used for the yoke simulation. The
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Fig. 4. The top/bottom yokes of uneven height.
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relative deformation caused by vacuum pressure is
reduced by about 41% since field mapping is in an
atmospheric environment, while the cyclotron oper-
ates in a vacuum. Though the deformation is reduced
obviously, the vacuum compensation remains crucial
during the mapping.

3.3 Magnet construction

Before proceeding with the contract for steel, we
decided that the poles, central plugs and shimming
bars adopted forged pure iron; the yokes adopted GB
87 steel in the light of China’s standard and casting
piece could be considered for use.

The steel for the poles was contracted from In-
dusteel in Lyon, France and was shipped to CIAE
in April 2008. The casting piece and rough machin-
ing were contracted from CITIC Heavy Machinery
Co. Ltd. in Luoyang, China and were finished by
December 2008. Fig. 5 shows the main part of the
magnet under machining. The carbon segregation
at the same circle and same height of the yokes is
within 0.03%. Recently, the rough machining of the
top/bottom yokes and return yokes has been finished.

Fig. 5.

The top/bottom yokes under machining.

4 RF cavity design

4.1 Cavity design with double stems

Two RF cavities are designed to install into the
two opposite valleys with a resonant frequency of
about 44.45 MHz. It is also expected from the beam
dynamics that the Dee voltage should be about 60 kV
at the central region and about 120 kV at the large
radius region. The cavities are RF shielded at the
machine center and driven by two 100 kW amplifiers
independently [5]. The double-stem structure (Fig. 6
and Table 3) is adopted to control the voltage distri-
bution and adjust the frequency by the position and
diameter of the stems and the Dee shape in prac-
tice, from which we obtain the required resonant fre-
quency and the unloaded @ value of approximately
10300. The scaled voltage, integrated from the calcu-

lated E-field, is increased as shown in Fig. 7. A 1:1
scale wooden model was fabricated to measure the
frequency, matching and accelerating voltage. The
error, compared with the design value, is about 5%
for the Dee voltage (Fig. 7) and 1% for the frequency,
respectively.

Table 3. Principal structural parameters of the cavity.

outer conductor inner conductor

Stem1 6.4 cm

height 1.26m Stem? 7 em
outer radius 1.98 m  length of the Dee plate 1.86 m
angle 36.6° angle of the Dee plate 34.40

short

coupling

outer

liner conductor
Fig. 6. The structure of the double-stem cavity.
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Fig. 7. Dee voltage, simulation and measurement.

4.2 Thermal analysis

The water cooling of the RF cavity has to be
well arranged to limit the temperature rise and keep
the operation stability so that the RF frequency will
remain stable within the range of fine tuning by
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LLRF control on line. From the numerical simula-
tion, ~28.1 kW power will be dissipated on each cav-
ity (Q = 10300). However, taking into consideration
the practical fabrication, the actual @) value could be

estimated as ~6000. Therefore, the dissipated power
per cavity will be ~48.2 kW. Table 4 shows the power
loss on Dee, inner stem, outer stem, wall, short plate,
capacitance and RF liner at different ) values.

Table 4. The distribution of power loss on each RF cavity.

power distribution/W

@ value total power loss/kW dee inner stem outer stem wall short plate capacitance RF liner
@Q=10300 28.1 6280 7920 5840 3246.8 1408 76 3324
Q=6000 48.2 10800 13600 10020 5575 2417 130 5706

A helical water cooling tube is used inside both of
the stems. On the RF liner and all the cavity wall,
water cooling tubes are welded on their surface. In
the Dee, the water cooling tubes are embedded inside
the Dee plate. The results from numerical thermal
analysis show that the maximum temperature rise of
the Dee is 12.6 °C and 18.3 °C, the inner stem is 3.2 °C
and 5.6 °C, while the @ value is 10300 and 6000 re-
spectively.

4.3 The analysis of tolerance for the RF cav-
ity

The fabrication tolerance will disturb the radial
and vertical motion of the beam, and the deformation
of the Dees caused by gravity will lead to axial mis-
alignment of the Dees and then induce the build-up
of coherent axial oscillations. These are investigated
in detail and published elsewhere [6].

4.4 The RF system construction

The RF cavities, two 100 kW amplifiers and their
coaxial transmission lines are under construction and
will be ready for testing by the end of 2009. The cavi-
ties under construction are given in Fig. 8. Close loop
tests for 15 prototype boards for low level RF control
have been successfully conducted in July 2006. The
phase stability is better than 0.3°, and the amplitude
stability is better than 2%eo.

NS oo R

Fig. 8.

The 44.45 MHz RF cavity under construction.

5 Injection and extraction

5.1 The ion source test stand

To optimize the injection efficiency from the
source to the cyclotron central region, a cusp source
has been being developed at CIAE since 2003. A
beam of more than 10 mA with a measured emit-
tance of 0.65 pi mm mrad is obtained at 28 kV from
an extraction hole of 11 mm in diameter (Fig. 9).

1.5 n
i — $13mm, 125 mA
¢11 mm, 10.5 mA
e 1.0
£
<
E
2 FWHM=4.98 mm
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"""""""""" L \ J
0 50 60 70 80
r/mm
Fig. 9. The beam profiles with different extrac-

tion apertures.

Recently, a new test stand for H™ source has been
developed since the old one is used for a 10 MeV CRM
cyclotron. A ~15 mA DC H~ beam was extracted
from the initial test. The measured emittance is 0.45
7 mm-mrad while the extracted beam is 11 mA.

5.2 The axial injection line

The extracted beam intensity for CYCIAE-100 is
required to reach 200 pA, and it is planned to a pro-
vide a pulsed beam as well. In order to get a high
average beam intensity and to be capable of provid-
ing the pulsed beam, two beam lines for the axial in-
jection are considered, corresponding to Line 1# and
Line 2# respectively [7]. Line 1# takes advantage of
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the neutralization of the H~ beam. To obtain a high
neutralization rate, the transverse focusing applies all
magnetic elements (SSQQQ). Line 24 is mainly de-
signed to provide pulsed beams. All elements used
for chopping, bunching and focusing are electrostatic.
The layout of the injection lines is shown in Fig. 10.
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Fig. 10. The layout of the axial injection lines
for CYCIAE-100.

5.3 The central region

For the compact cyclotron, the inflector and the
central region are located closely at a small region in
the magnet center. The gap-crossing for the first two
gaps is investigated numerically by CYCCEN [8]. In
the design, an injection energy of 40 keV and an RF
voltage of 60 kV are adopted. The orbits of the refer-
ence particle at three different initial RF phases (90,
@0 +£20°) are tracked to ensure a higher RF accep-
tance.

To match the injection lines and central region,
the design of the spiral inflector is one of the key
points for this high intensity machine. It is critical
to compromise a proper grid spacing to represent the
shape of the inflector precisely and to limit the it-
eration time of solving the Laplace equation during
potential map calculation. Another problem is the
high flutter of the magnetic field even in the central
region. The E- field is adjusted so that the central
particle leaves the inflector in the median plane with
P, =0. The off axial orbits are tracked and the trans-
fer matrix is extracted by CASINO [9], and simplified
manually. The inflector design results (Fig. 11(a)) for

CYCIAE-100 are A =4 c¢cm, R =3.9695 cm and the
tilt k’=—0.58, which is used to adjust the focusing
FE-field inside the inflector and the matching of the
beam to the central region. A Central Region Model
cyclotron, CYCIAE-CRM, has been developed. From
CYCITAE-CRM, the transmission was tested with an
injected beam as high as 93%. A 140 pA proton
beam with an energy of 10 MeV was extracted from
CYCIAE-CRM without a buncher. Fig. 11(b) shows
a photo of its central region and inflector.

Fig. 11.

(a) The designed spiral inflector for
CYCIAE-100, and (b) the central region and
spiral inflector for the CRM-cyclotron.

5.4 Extraction and beam lines

To extract multiple proton beams simultaneously,
CYCIAE-100 uses two carbon stripping probes, two
combination magnets and two switching magnets to
extract and distribute the beam into 7 proton beam
lines. Two stripping probes are inserted into the hill
gap 180° opposite each other to bring proton beams
of varying energy (from 75 MeV to 100 MeV continu-
ously) to the centers of the two combination magnets.
The beam directions with different energies are cor-
rected into the same beam line by the combination
magnet, as indicated in Fig. 12. A double-let and

320
extracted combination Str%pping
280 beam magnet center ~ PoInts
(2.75 m, 100°)
240 -
=
o
=
200
eV
160 - — combination magnet field
— main field 5 MeV
70 MeV
120 ‘ I I | |
—120 —80 —40 0 40 80
x/cm
Fig. 12. Extracted beams with varying energy

under the influence of two magnetic fields, i.e.,
the field from the main magnet and from the
combination magnet.
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a switching magnet are used right after each combi-
nation magnet to focus and to distribute the proton
beam in different lines (Fig. 1). The construction de-
sign and the test of the key parts, e.g. the 10~® Torr
air lock system for the 12 carbon foil exchanger are
finished.

For the beam line design and optics matching, the
matrix from the stripping point to the combination
magnet should not be ignored since the fringe field ef-
fect is strong and the dispersion is usually high in the
compact machine. The orbit tracking of extracted
proton beams has been studied with CIAE’s code
CYCTR. The first order transfer matrix is obtained
from GOBLIN [10], which was modified by CTAE for
the matrix calculation [11]. One of the results is:

0.992  0.206 0 0 0 0.656

—0.431 0.918 0 0 0 4.080

0 0 0.503 0.192 0 O
M =
0 0 —2.619 0988 0 O
—0.433 —-0.024 0 0 11607
0 0 0 0 0 1

The dispersions during beam extraction for two
locations of the combination magnet are investigated
and compared with various energies from 75 MeV
to 100 MeV. The location (2.75 m, 100°) is deter-
mined for the design and then all the beam lines are
matched.

300 kV HV platform

1 stage
separator

shielding wall

target-source system

two stage separators, mass
resolution: 20000

Fig. 13.

6 Other aspects of CYCIAE-100

For the 107% Pa vacuum system, the design for
the cryopanel is finished and the refrigerator selec-
tion has been carried out. To verify the design, a
plug-in cryopump had been designed. It consists of
two cryopanels, a baffle, a half-opened shield, and
two GM refrigerators (CGR411,CVI) with a power of
83 W at 80 K and 7.5 W at 20 K. Its designed pump-
ing speed is 15000 1/s. The test system employs the
flux method to test pumping speed, cool-down time,
ultimate pressure, temperature distribution on cry-
opanel. The construction of the plug-in cryopump is
finished.

Work on the beam diagnostics, dose monitoring
and safety interlock, including network- based signal
acquisition, DCCT development, double wire scan-
ner, emittance scanners and measuring for neutrons
at a wider energy range have been finished as well.

7 The ISOL system

One of the 7 proton beam lines of CYCIAE-100,
directly north of the machine, is for the ISOL system
to generate more than 120 species of RIB with ener-
gies from 100 keV to 17 MeV/q. The system consists
of a few sets of target-source modules and two stages
of mass separators to reach a resolution up to 20000

(Fig. 13).

2M stage separator

7

switching
magnet

The configuration of the ISOL system.

The work on the ISOL system has been well car- |

ried out and by now all the design schemes have been
determined. Relevant experiments are being actively
conducted and in smooth progress, providing a favor-
able environment for the construction design. Orders
have been placed for all the major devices.

The processing chamber of the source-target is

very important because of the high dose and its close
relationship with civil engineering. So far the techni-
cal specifications have been determined and the fab-
rication chamber was started at the end of 2007.
The design of the seven magnets used in the ISOL
system (4 for the two stage separators) is finished.
It is ready for bidding invitations. To eliminate the
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aberration from magnets, the 3rd order surface coils
have been tested. The measurement data are well
consistent with design. The problems found from the
test, e.g. higher temperature of the circuit board,
non-zero field in the center will be investigated [12].

The field distribution of the electrostatic lens has
been calculated and its mechanical design is being
carried out. The technical specifications of various
magnets, lenses and steering power supplies (about
150 sets) have been finished. The two high volt-
age power supplies with high stability and low ripple,
300 kV and 50 kV respectively, have been loaded.

Several tests are in progress, including the diag-
nostics for low beam intensity down to 10° s~ and
HV conduits through the shielding walls for high ra-
diation environments, etc.

The 150 kV injector of the existing Tandem has
been upgraded to 300 kV. The new injector system
(Fig. 14) includes two beam lines. One is the high
voltage platform beam line to match the supercon-
ducting booster. The other is a high resolution achro-
matic beam line for AMS. The experimental results
show that the mass resolution is better than 480 [13].

Fig. 14. The new injector for HI-13 Tandem.

8 The
(SCB)

Super Conducting Booster

Four niobium-copper QWR cavities will be put
into one cryostat, which will be installed downstream
of the existing Tandem to provide an energy gain of
2 MeV/q for $=0.118 ions [14]. The layout of SCB
installed between the Tandem and the switching mag-
net is shown in Fig. 15. The designed primary param-
eters are given as follows:

1) Temperature 4.2 K;

2) Frequency 150.4 MHz;

3) Accelerated gradient 3.5 MV /m;

4) The power consumption of the cryogenic sys-
tem is 50 W.

[0 N

Fig. 15.
booster between Tandem and the switching

The layout of the superconducting

magnet.

8.1 Copper base of the SC cavity

The machining procedure for the copper base of
the QWR cavity without welding has passed the ver-
ification and progresses steadily in processing.

8.2 Niobium sputtering of the SC cavity

A laboratory for niobium sputtering for the QWR
cavity is being rebuilt. The design for a high puring,
high pressure water wash and water cooling cycle has
been finished. Contracts for the clean room, elec-
tropolishing devices used for post processing of the
QWR cavity and super high pressure water cleaning
devices have been signed.

The contract for the technological development of
high vacuum sputtering of the QWR cavity has been
signed, and the machining has been finished. Related
tests have been accomplished in the factory, and the
take-over procedure will be scheduled soon.

8.3 Cryostat

The cryostat is composed of a vacuum container,
a heat insulation shell, a liquid helium vessel and a
support structure. The construction of the cryostat

Fig. 16.

The cryostat for the QWR cavity.
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has been finished (Fig. 16), and related liquid helium
and vacuum experiments have been conducted. At
present the setup service before the acceptance is be-
ing arranged.

8.4 Low energy beam pulsing system

A low energy beam pulsing system is used to
match the time-acceptance of the superconducting
booster. A double drift buncher is designed with vari-
able frequencies around 6 MHz and 12 MHz. A trav-
eling wave chopper is installed before the buncher.
At present, some special components are being devel-
oped.

The operating frequency of the booster is
150.4 MHz and the fundamental frequency of bunch-
ing is 6 MHz. Independent phase control is adopted
in each loop. Now the TWC driver, the resonator

controller and the low noise amplifier are under test.

9 Conclusion and prospects

The design and construction of BRIF is being im-
plemented. The construction of the major parts for
CYCTAE-100, including the magnet and coils, the RF
cavities and amplifiers, the H™ source, the vacuum,
etc. is showing smooth progress. The development
of the ISOL and SCB systems are spread in their
entirety as well. It is expected that a revised fea-
sibility report will be approved at the beginning of
2009, following which the building construction will
be started. It is planned to obtain the first proton
beam from CYCIAE-100 by the end of 2012 and the
RIB will be provided in 2013.
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