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a b s t r a c t

A buncher is one of the main pieces of equipment in the medium energy beam transport line (MEBT) for
China accelerator driven sub-critical system (C-ADS) Injector II. To focus the beam longitudinally and
match the beam for the acceptance of the superconducting linac section, two room temperature quarter
wave resonator (QWR) bunchers with frequency of 162.5 MHz have been designed as parts of the MEBT.
According to the beam transmission matching of the MEBT and the geometric parameters requirements
of bunchers, the unique mechanical structure and the main processing technology of buncher cavities
and their couplers and tuners are described in this paper. The fabrication of bunchers and their parts
have been completed and tested at high power, the test results agree well with the design requirements.
These bunchers work well for about two years in Institute of Modern Physics, Chinese Academy of
Sciences.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Chinese Academy of Sciences has, since 2011, been pro-
posing to build an accelerator-driven subcritical system in order to
dispose of long-life radioactive nuclear wastes and solve the en-
ergy shortage problem [1,2]. This project is based on 10 mA proton
linear accelerators and two injectors, of which one is used as a
hot-spare for the other. Injector II has been designed and con-
structed by the Institute of Modern Physics, part of the Chinese
Academy of Sciences [3e5]; this injector consists of a 35 keV
proton source, a low energy beam transport line, a radio fre-
quency quadrupole accelerator, a medium energy beam transport
line (MEBT), and a superconducting linac section [6], as shown in
Fig. 1.

The MEBT for Injector II has been designed to transport 2.1 MeV,
10 mA continuous wave (CW) proton beams from the radio fre-
quency quadrupole to the superconducting section [7]. It consists of
seven quadrupoles, two quarter wave resonator (QWR) buncher
cavities, and a series of beam diagnostic components. The layout of

the MEBT is shown in Fig. 2. Transverse and longitudinal beam
matching can be accomplished by the quadrupoles and bunchers,
respectively.

In order to focus the beam longitudinally and match the beam
for the acceptance of the superconducting linac, two room tem-
perature 162.5 MHz QWR buncher cavities have been designed as
parts of the MEBT. The novel mechanical design, manufacture, as-
sembly, and tests for the buncher are described in this paper.

2. Geometric parameters of buncher

A buncher is one of the main pieces of equipment in the MEBT;
its structure directly affects the performance of the MEBT. The
buncher cavity is a typical QWR structure, an open-ended coaxial
cylinder type structure with a central stem length of l/4, as shown
in Fig. 2. The operating frequency of the buncher cavity is
162.5 MHz, the effective accelerating voltage is 135 kV, and the
longitudinal length of the buncher must be less than or equal to
280 mm due to the limitations of the compact layout in the MEBT.
The radio frequency (RF) design parameters of the buncher cavity
are listed in Table 1. All the geometry parameters were optimized
using Computer Simulation Technology Microwave Studio (CST
MWS), as shown in Table 2.
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3. Mechanical design and thermomechanical analysis

The mechanical design of the buncher cavity was performed
according to the physical design; adequate considerationwas given
to the factors of electromagnetic field distribution, power coupling,
frequency tuning, cavity cooling, manufacturing, and so on. The
buncher cavity needs to have high thermal conductivity, and high
conductive and air impermeability; although the cavity has a reg-
ular structure, the cooling water passages are complex, and the
cavity has some technological requirements of multislot, multihole,

and high dimensional accuracy, as well as high form precision and
low surface roughness.

A cylinder type vacuum-tight cavity is applied to meet the needs
of high thermal conductivity, air impermeability, and weldability.
This cavity includes an outer conductor, inner conductor, top and
bottom vacuum end cover, lower cover, left and right drift tube,
coupling and tuning port, vacuuming and monitoring port, cooling
water passages, etc. The coupling port is equipped with a power
coupler and located in a strong magnetic field in order to realize
matching of the bunch with the power source. The monitoring port
is equipped with a feed through to monitor the cavity voltage and
offer signals for the phase and amplitude control loops. Factors such
as beam load, temperature changes, and unstable frequency sources
can cause the cavity to detune, so it is necessary to use a tuner for
dynamic correction; furthermore, the shift of the cavity resonant
frequency caused by mismachining of the tolerance or welding
deformation can also be compensated for by the tuner. The vac-
uuming port is located at the bottom of cavity, with an ion pump.
The mechanical structure of the buncher cavity is shown in Fig. 3.

The outer conductor of the cavity is made of copper-plated
(250 mm) stainless steel with a thickness of 20 mm; all other
parts of the cavity are made of oxygen-free copper. The water
cooling channels are modeled in ANalysis SYStem (ANSYS), as
shown in Fig. 4. The cooling water goes into the inner conductor
through the central cylindrical pipe and then comes out through a
spiral cooling channel near the surface of the central stem. A
concentric cooling channel is chosen for the upper plate. Another
spiral cooling channel is cut into the outer conductor. As high-
lighted in [8], it is assumed that the real quality factor Q0 is about
80% of the value simulated by CST MWS during ANSYS simulation.
After considering the transmit coefficient and leaving a safemargin,
10 kWof power dissipation is applied to the ANSYS model as a heat
load. The heat load distribution on the cavity surface is shown in
Fig. 5. In the thermal analysis, the boundary condition is set to

Fig. 1. Layout of the China accelerator driven sub-critical system (C-ADS) Injector II. ECR, electron cyclotron resonance ion sources; LEBT, low energy beam transport line; MEBT,
medium energy beam transport line; RFQ, radio frequency quadrupole; SC, superconducting linac.

Table 1
Radio frequency (RF) design parameters of buncher.

Parameters Values

RF power (kW) 10
Frequency (MHz) 162.5
Relative velocity b (v/c) 0.067
Effective voltage (kV) 135
Aperture diameter (mm) 40

Table 2
Key geometric parameters of buncher.

Parameters Value (mm)

Longitudinal length of the cavity beam line (L pipe) 280
Inner cavity diameter (D) F180
Small end diameter of support bar (D1) F33.7
Large end diameter of support bar (D2) F72.7
Beam aperture diameter (Db) F40
Center drift tube Length (Lc) 40
Drift tube external diameter (Da) F78
Acceleration gap width (Lg) 22*2
Drift tube outer fillet radius (R fillet ext) 8
Drift tube inner fillet radius(R fillet int) 5.5
Internal height of cavity (H) 458
Inner cavity cover to beam aperture center (H1) 358

Fig. 2. Layout of the medium energy beam transport line (MEBT) (A) and schematic of buncher cavity (B). D, diameter; D1, diameter1; D2, Diameter2; Da, diameter aperture; Db,
diameter beam; ext, exterior; FCT, function check test; H, height; H1, height 1; ICT, integrated circuit tester; int, interior; Lc, length centre; Lg, length gap; R, radius.
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normal temperature (293 K) on the surface of the cavity; the
convective heat transfer coefficient with air is 20 W/(m^2*K). The
simulation results show that for a cooling water velocity of 2.5 m/s,
the maximum temperature rise is 21.8�C, generated at a location
between the stem and the drift tube. The distribution of the tem-
perature is shown in Fig. 6. Fig. 7 shows that a maximum defor-
mation of 0.101 mm occurs at the center drift tube.

4. Fabrication of buncher cavity

4.1. Cavity outer conductor

If pure copper is selected for the outer conductor, the device can
meet the performance requirements of high conductivity and high
thermal conductivity; however, copper is soft and this is bad for the
cavity vacuum seal because the soft metal will generate large
deformation after vacuuming and loading; therefore, 304 stainless
steel is adopted as the outer conductor material. In order to reduce
the heat loss and meet the requirements for RF sealing, the inner
wall of the outer conductor should be plated with copper; the
thickness of the copper plating should be 50 mm or higher ac-
cording to the requirements of high frequency. After considering
the polishing process of copper plating, the plating thickness was
set at 250 mm. Due to the high power feeding and the high fre-
quency of the cavity, the temperature rises very high when the
system is in operation, and so a water cooling structure is needed
for the outer conductor. According to the geometric parameters,
optimized by the CST MWS, the distance between the two flange
end faces along the direction of beam line is only 280mm; the inner
diameter of the cavity is 180 mm. In addition, the bolts installed on
the flanges, which are along the beam line, need to have enough
space; therefore, the wall thickness of the cavity outer conductor is
no more than 20 mm. Referring to the vacuum design manual [9],
the wall thickness can be calculated using the stability conditions
when the cylindrical shell only is under external pressure; the
calculation process is as follows:

S0 ¼ 1:25DB

�
P
Et
*
L
DB

	0:4

Fig. 3. Mechanical structure of buncher cavity. CF, conflat flange.

Fig. 4. Cooling channel of buncher cavity in ANSYS model. ANSYS, ANalysis SYStem.

Fig. 5. Heat load distribution on cavity surface.
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where S0 indicates the theoretical calculated thickness of the cy-
lindrical shell, DB is the inner diameter of the cylindrical shell, P is
the design external pressure, L is the effective length, and Et is the
elasticity modulus when the material temperature is t. The design
pressure P is the product of the maximumworking pressure in the
cooling water jacket (0.5 MPa), with the addition of the atmosphere
(0.1 MPa); the results can be calculated as:

S0 ¼ 1:25� 180�
�

0:6
1:93� 105

� 458
180

	0:4

¼ 2:05 mm

The minimum wall thickness of the cylindrical shell is:

S ¼ S0 þ C1 þ C2 þ C3 ¼ 2:05þ 0:5þ 1þ 0 ¼ 3:55 mm

Under the condition of design pressure of 0.6 MPa, the minimum
wall thickness is 3.55mm; in view of vacuum-pumping and vacuum
leak detection, the wall thickness should be 4 mm. By contrast, in
consideration of the processing technology and the cooling effect,
the outer conductor adopts a double-deck cooling jacket structure

and consists of an inner shell and an outer shell. In order to guar-
antee the mechanical strength, the inner shell of the outer
conductor uses a 304 stainless steel cylinder, which has a thickness
of 10 mm, in addition to the 4 mm safety wall thickness; the outside
of the inner shell can be milled to have a water channel of depth
6 mm and width 12 mm, with a spacing of 10 mm; the outer shell
uses a 304 stainless steel cylinder which has a thickness of 3 mm
and sits on the outside of the inner shell; these are actually welded
together. Then, both ends are welded to the CF200 flange; this kind
of water cooling structure can be used to allow the heat exchange
area and the cooling water flow rate to reach the ideal range.
Furthermore, considering the requirements of vacuum sealing per-
formance, assembly with other systems and ease of installation and
removal, a CF200 flange is used to connect the outer conductor with
the inner conductor; CF100, CF63, CF50, and CF16 flanges are used to
connect with the ion pump, power coupler, tuner, and feed through,
respectively. The outer conductor is shown in Fig. 8. For the mea-
surement of the multipoint on the outer conductor, the average
thickness of the coating is 0.2 mm± 0.03 mm. Through testing, the

Fig. 6. (A) Temperature distribution of the outer conductor and (B) the stem of the cavity. RSYS, results coordinate system; SMN, solution min; SMX, solution max; SUB, load sub-
step.

Fig. 7. Deformation on the stem induced by temperature distribution above. DMX, displacement max; RSYS, results coordinate system; SMN, solution min; SMX, solution max; SUB,
load sub-step; USUM, total displacement.
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surface roughness of cavity outer conductor after copper platingwas
found to be better than 0.4 mm, and the outgassing rate was lower
than 1.3 E-9 mbar*l/s.

4.2. Cavity inner conductor

Tomeet the performance requirements of high conductivity and
high thermal conductivity, the inner conductor adopts oxygen-free
high-conductivity copper (OFHC); this device consists of a central
stem component and a center drift tube component, and is
assembled with a top cover (CF200 flange).Temperature rise of the
inner conductor is higher in actual practice; therefore, two cooling
water systems are designed in order to improve the cooling effect:
one is for cooling the upper plate, the other is for cooling the central

stem component and the center drift tube component.
The central stem component also adopts a double-deck cooling

jacket structure and consists of an upper plate, central stem, sup-
port bar, and coolingwater plate. Because the central stem is a cone,
its taper hole is small and deep; using an ordinary cutter bar, it will
not be able to process this section, and hence a tapered cutter bar
with a cutter commensurate to the central stem was made-to-
order. The process of preforming was then completed on a
numerically controlled lathe, as shown in Fig. 9. In order to facilitate
the fabrication and improve the cooling effect, the water channel
section of the coolingwater platewasmade into a rectangle and the
water channel encircled the upper plate with two rings. A spiral
design is adopted for the water channel of the tapered central stem
component; this spiral water channel and a soldering flux channel
are made on the outside surface of the support bar. This sectionwas
filled in with the B-Ag72Cu solder and a support bar was put into
the central stem; then, the device was assembled with a cooling
water plate. After that, the central stem component was put into a
vacuum brazing furnace for brazing; the brazing temperature was
770e900�C.

The center drift tube component consists of a center drift tube,
tube insert, water-resisting bar, and core insert. The water channel
and soldering flux channel were made by milling the outside sur-
face of the tube insert, filling in gaps with the B-Ag72Cu solder, and
putting a tube insert and core insert into the center drift tube. Then,
a water-resisting bar was put in the interlayer between the center
drift tube and the tube insert to form a water circuit. Next, the
center drift tube component was put into the vacuum brazing
furnace for brazing; the brazing temperature was in the range of
770e900�C. Finally, the central stem component was assembled
with a center drift tube component and these were put into a
vacuum brazing furnace for brazing using B-Ag45CuZn for the
secondary solder; the brazing temperature was 745e815�C. Thus,
the welding of the inner conductor was completed.

Along the water inlet, cooling water directly flows into the
center drift tube of the inner conductor and then spirals up to the
upper plate; finally, it flows out from thewater outlet, so the area of
the highest temperature rise can be cooled first. The design of the
cooling water channel should satisfy the demand for high me-
chanical strength and maximization of the water distribution in
order to achieve the best cooling effect. The structures of the inner
conductor and of the finished product are shown in Fig. 9.

5. Power coupler and frequency tuners

The mechanical design of the buncher power coupler is done
based on conclusions from the simulation and calculations in CST

Fig. 8. Outer conductor.

Fig. 9. (A) Tapered cutter bar and (B) inner conductor. CF, conflat flange.
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MWS. The power feed-in of the buncher cavity adopts a coupling
loop magnetic coupling structure, not only to allow the high fre-
quency power to get through, but also to meet the requirements of
vacuum sealing, water cooling, etc. Therefore, one end of the power
coupler is connected to the high power RF transmission system by
the flange inner support and the flange to unflange adapter; the
other end couples with the buncher cavity via a coupling loop. The
coupler is made of OFHC; its flanges are made of 304 stainless steel
in order to ensure the high vacuum environment of the cavity. A
ceramic window is adopted for vacuum isolation. When high po-
wer is transmitted into the coupler, part of the power is absorbed
by the conductor wall; this will lead to high frequency power loss
and temperature rise of the coupler. The main parts of the tem-
perature rise are the coupling loop, the ceramic window, and the
inner conductor. So, it is very important to design twowater cooling
passages for the coupler: one is for the ceramicwindow, the other is
for the coupling loop and the inner conductor. To facilitate the
arrangement of the cooling water pipes (one input and one output),
the coupling loop adopts a double loop. The structure of the coupler
and finished product are shown in Fig. 10.

The resonant frequency of the buncher cavity may deviate from
162.5 MHz in running due to machining error, welding deforma-
tion, assembly error, beam load, temperature change, because the
power generator is unstable while running, etc. Therefore, the
frequency tuning mechanism must be used to precisely guarantee
the natural frequency of the cavity. The insert location, shape, and
depth of the tuning plunger are major considerations for the tuner
design; the effective volume of cavity can change due to the
insertion of the tuning plunger into the cavity, and this can even-
tually lead to changes of the cavity equivalent inductance or
capacitance, so that the resonance frequency of cavity can be tuned.
In this case, two capacitive plunger tuners that are perpendicular to
the direction of the beam axis are used to compensate for the fre-
quency detuning: one is for coarse manual tuning, the other is for
fine electrical tuning. When the coarse manual tuning system is
used to complete preliminary tuning, the electric fine tuning

system can be used to improve the accuracy of the frequency tuning
and to stabilize the precision automatically over a long period of
time.

Tuners are made up of driving mechanisms, linear guide rail
pairs, tuning plunger components, and bellows parts. The linear
guide rail pairs are propelled into straight reciprocatingmotion into
or out of cavity via the screws and nuts of the driving mechanisms
that connect the drive tuning plunger components, hence changing
the frequency of the cavity. The structures of the manual and
electric tuners are shown in Fig. 11.

6. Assembly and cavity test

From the viewpoint of RF, the RF seal is very important. Due to
its excellent contact and conductivity in the buncher cavity, BeCu
fingerstock is used as RF sealing; the structure of the BeCu fin-
gerstock is shown in Fig. 12. The assembly steps of the buncher are
numerically shown in Fig. 13. (1) Insert the left drift tube and the
right drift tube into the CF63 flange and the CF100 flange,
respectively. BeCu fingerstock is very important for RF sealing
between the drift tubes and the outer conductor. (2) Put the inner
conductor into the outer conductor and join their CF200 flanges
together. Ensure that the coaxiality among the three drift tubes is
better than 0.05 mm. BeCu fingerstock is needed for RF sealing
between the inner conductor and the outer conductor. The align-
ment methods of the drift tubes are shown as follows. First, pro-
cessing is done on a boring lathe to make two holes to insert the
left and right drift tubes; this can ensure that the coaxiality be-
tween the two holes is less than 0.03 mm. The coaxiality between
the outer circle and the inner bore of left and right drift tubes can
be established at less than 0.01 mm by clamping these devices one
time and engaging coaxial turning processing. Then, the clearance
fit can be used to ensure that the coaxiality between the left and
right drift tubes is better than 0.05 mm. Second, the coaxiality of
the axial direction among the center drift tube and the two other
drift tubes can be adjusted by using a height-adjusting gasket

Fig. 10. Coupler.

Fig. 11. (A) Manual tuner and (B) electric tuner.
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between the inner conductor component and the top cover
(CF200); the coaxiality of the radial direction is ensured by a
positioned step on the upper plate of the inner conductor. Finally,
when inserting the inner conductor into the outer conductor, a
mandrel is inserted into the three drift tubes to adjust the
coaxiality.

Through the above steps, the coaxiality among the drift tubes
can be ensured at better than 0.05 mm. (3) Insert the lower cover
of the cavity, which is made of OFHC, into the cavity so that an
electromagnetic circuit can be formed. BeCu fingerstock is also

needed. (4) Join the CF200 flange of the bottom cover to the CF200
flange of the outer conductor. (5) Join the support plate with the
CF200 flange of the bottom cover. (6) Insert the coupler into the
CF63 flange of the coupling port. BeCu fingerstock is also needed.
(7) Insert the manual tuner into the CF50 flange of the tuning port.
BeCu fingerstock is also needed. (8) Insert the electric tuner
into the CF50 flange of the tuning port. BeCu fingerstock is also
needed.

When assembly is completed, helium leak testing is required
to ensure that no leak is found at any part of cavity. Through this

Fig. 14. Frequency (A) without and (B) with tuners at S11 port.

Fig. 13. (A) Assembly procedures of buncher and (B) test bench.

Fig. 12. Structure of BeCu fingerstock. A, adhesive mounting width; B, breadth; C, compressed width; P, pitch; RO.64, radius 0.64; S, space.
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testing, the leakage rate of the cavity is found to be lower than
1.3 E-9 mbar*l/s. Then, the buncher cavity and its parts must pass
the high power condition test; the test bench is presented in
Fig. 13. The high frequency performance parameters were
measured using a vector network analyzer and results are re-
ported in Figs. 14 and 15. The results are as follows: (1) return
losses (S11 and S21) at 162.499 MHz are �41.5 dB and �46.5 dB,
respectively; (2) Table 3 shows the simulated and measured
values of the resonant frequency and the quality factor Q0 of the
cavity without and with tuners. The actual frequency of the cavity
is 163.072 MHz without tuners and 162.499 MHz with tuners.
The measured Q0 without tuners and with tuners reach values of
87.3% and 90.8% of the simulated value, respectively; the degra-
dation of the Q0 value might be attributable to imperfect
RF contact between the different parts and to the surface
roughness of the RF cavity; and (3) the temperature variation of
the cavity is less than 5�C. These results agree well with the
design requirements; the water cooling effect of the cavity is very
good.

7. Conclusion

In the MEBT for injector II of the accelerator-driven subcritical
system, two 162.5 MHz QWR buncher cavities have been designed
and tested at high power. The test results of the cavities agree very
well with the design requirements of MEBT. At present, two
buncher cavities are installed in the MEBT for beam commissioning
and these bunchers work well. Both buncher cavities achieved an
effective voltage of 134.7 kV in CWmode. A 10mA pulsed beam and

a CW beam have been found to pass through the MEBT with almost
100% transmission efficiency.
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