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Abstract

ADS require a high-intensity proton accelerator of which energy and beam power are about 1 GeV and
20-30 MW, respectively. JAERI, KEK, MHI and MELCO have conducted a programme for the
development of a superconducting proton linac for the ADS since 2002. This programme, which is
based on the achievement of the JPARC design work, consists of two parts, development of a 972-MHz
cryomodule and system design of a superconducting proton linac in the energy range between 0.1 and
1.5GeV. In the development work of the 972-MHz cryomodule, a prototype cryomodule which
includes two nine-cell cavities of b = 0.725, will be developed and the goal is stable operation in the
horizontal tests at the surface peak field at 30 MV/m. In the system design work, a preliminary beam
dynamics design has been determined with the configuration of a cryomodule with two 972-MHz,
nine-cell elliptical cavities, and a room-temperature focusing magnet. This paper provides the present
status of the cryomodule development and the system design.
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Introduction

JAERI proposes an ADS which consists of superconducting proton linac, spallation target of
lead-bismuth eutectic and a subcritical core. In this proposal, the energy and beam power of the
superconducting proton linac are 1.5 GeV and 20-30 MW, respectively. JAERI has conducted an
R&D programme for the ADS since 2002 in collaboration with national laboratories, universities and
companies. This programme includes R& D on a superconducting proton linac, lead-bismuth technology
and subcritical core design and technology.

The R& D on the superconducting proton linac, which is based on the achievement of the J-PARC
design work, consists of two parts, development of a 972-MHz cryomodule [1] and the system design
of a superconducting proton linac in the energy range between 0.1 and 1.5 GeV.

In the development work for the 972-MHz cryomodule, which is conducted by JAERI, KEK and
MHI, a prototype cryomodule is currently being assembled. The cryomodule includes two 972-MHz
nine-cell cavities of b = 0.725. The goal of this work is stable operation in the horizontal tests at the
surface peak field a 30 MV/m, which corresponds to an accelerating gradient of about 10 MV/m.
The cavity development, which includes the vertical tests, is mainly being performed at KEK.
The horizontal tests will be performed at JAERI, where a 972-MHz klystron, aso utilised for the
high-power tests of the power couplers, isin operation.

In the system design work, which is conducted by JAERI, KEK and MELCO, a preliminary beam
dynamics design has been established with a configuration of a cryomodule with two 972-MHz,
nine-cell eliptical cavities, and a room-temperature focusing magnet. The total number of cryomodules
and their length are outlined in this work.

Cryomodule development
Cryomodule design

Figure 1 shows an overview of the cryomodule. Two 972-MHz nine-cell dliptical cavities are
installed in the cryomodule, for which the operating temperature is designed to be 2 K. Each cavity is
surrounded by ajacket-type liquid helium (LHe) vessel made of titanium. A box-shaped LHe reservoir

tank, which islocated above the cavities, connects both LHe jackets.

Figure 1. Overview of the prototype cryomodule
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Coaxial-type power couplers, of which the inner and outer diameters are 34.7 mm and 80 mm,
respectively, are located at the centre of the cryomodule. KEK-TRISTAN-type disk windows are
placed at the room temperature region. Inner conductors of the power couplers and the windows are
cooled by water. Cooling of the outer conductors is achieved by thermal intercepts at 5K and 80 K.
A high-power test of the power couplers was carried out successfully with a maximum RF power of
1 MW in pulsed mode operation; the pulse width and repetition rate are 0.6 ms and 25 Hz, respectively.
Details of the power coupler design and the test results are presented in Ref. [2]. A higher-order mode
(HOM) coupler is attached at both ends of each cavity. The HOM couplers located at the power
coupler side are made of niobium and are designed to be cooled by LHe. The HOM couplers located at
the outer side are made of copper without any cooling because of the reduced heating. Details of the
design for the HOM coupler are presented in Ref. [1].

The tuning system consists of pulse motors and a piezo actuator is located outside the cryomodule.
Each LHe jacket includes bellows and tuning force is applied from the tuning system with coaxia rods.

The heat shield a 80K is installed in the cryomodule and is cooled by liquid nitrogen (LNy).
Thermal intercepts at both 80 K and 5 K, which are cooled by LN, and LHe, respectively, are also
installed at power couplers, beam pipes and tuning rods. The cavity support is cooled by LN, at 80 K
and the thermal insulation between the support and the cavity is achieved by GFRP. In order to achieve
operation of the cavity at 2 K, aJT vaveisinstaled in the cryomodule. Therefore, the cryomodule has
three independent cryogenic flows, LN, at 80 K, LHe at 5K and 2 K. The static heat load for each flow
is estimated: 64 W, 16 W and 5W for 80K, 5K and 2 K, respectively. A magnetic shield made of
permalloy isinstalled just on the inner side of the vacuum vessel of the cryomodule.

Superconducting cavity

Figure 2 shows the shape of the 972-MHz, nine-cell cavity of b =0.725, which includes the
surrounding LHe jacket. The cell length and the total length including beam pipes are 112 mm and
1 397 mm, respectively. The equator and iris diameters are 277 mm and 90 mm, respectively, while
the beam pipe diameter at the power coupler side is expanded to 126 mm in order to obtain sufficient
external Q of the power coupler of 5 - 10°. The RF parameters of this nine-cell cavity are summarised
in Table 1 [3]. Thewall thickness of this cavity is 3.8 mm, which is thicker than other superconducting
eliptical cavities in order to provide the stiffness and to reduce the Lorentz force detuning. As the
stiffness of the LHe jacket is aso important to reduce the Lorentz force detuning, the shape of the end
plates of the jacket was optimised so as to obtain sufficient stiffness. The stationary Lorentz force
detuning was calculated to be 130 Hz at the surface peak field of 30 MV/m (i.e. accelerating field of
about 10 MV/m).

Figure 2. 972-MHz, nine-cell dliptical cavity of b =0.725
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Table 1. RF parameters of the cavity

Esp/Eacc 3.07
Hsp/Eacc 55.4 Oe/(MV/m)
R/IQ 478 W

Geometrical factor 208 w
Cell-to-cell coupling 2.80%

For the fabrication of the cavity, a new approach was applied in deep drawing; the shape of the
die was optimised so as to minimise the forming error using a structural analysis and an error of less
than 0.3 mm was obtained [4]. Pre-tuning was performed after fabrication of the cavity and field flathess
above 98% was obtained for both cavities [5].Vertical tests of the cavities at 2 K were carried out after
the surface treatments of barrel polishing and e ectropolishing. Figure 3 shows the final results of the
vertical tests. Surface peak fields of 32 MV/m and 34 MV/m were obtained for two cavities (type-R
and type-L cavities), which satisfied our target value of 30 MV/m.

Figure 3. Final resultsof the vertical tests of the cavities
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Cryogenic system for horizontal test

As described in the previous section, the cryomodule has three independent cooling lines of LN,
a 80K, LHea 5K and 2 K. Figure 4 shows aflow diagram of the cryogenic system for the horizonta
test. The cryogenic system consists of the cryomodule, the valve box, the joint box, Dewars and other
auxiliary components. Refrigerant for each line is fed from portable Dewar individualy. The valve box
isinstalled for connection and feed control of the refrigerants to the cryomaodule. In the superconducting
linac of the ADS plant, a similar valve box will be installed while the refrigerant will be fed directly
from arefrigerator. Thejoint box isinstalled for the connection between the valve box and the Dewars,
which is designed so as to exchange the Dewar during the experiment.

Asfor theline of LHe at 2 K, the LHe vessd is evacuated to about 4 kPa by a vacuum pump at

the room temperature region. A vapour separator and a heat exchanger are equipped in the valve box
in order to increase the production efficiency of LHe at 2 K in the cryomodule. The JT valve in the
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Figure 4. Flow diagram of the cryogenic system for the horizontal test
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cryomodule produces the superfluid LHe and controlsthe LHe level in the LHe vessel. A valve placed
on the He gas return line in the valve box performs pressure control of the LHe vessel, thus aso
temperature control of the LHe.

Asfor theline of LHe at 5 K, avavein the joint box performs the flow control. In the cryomodule,
this line is connected to the LHe vessdl, which is used for the cooling down from room temperature
to5K.

As for the line of LN,, no control valve is placed in the cryomodule, the valve box and the joint
box. The valve a the LN, Dewar performs the flow control manually.

Experimental arrangement and schedule of the horizontal test

The experimental arrangement of the horizontal test of the cryomodule is displayed in Figure 5.
The cryomodule and the valve box are located in a radiation shield. The joint box, Dewars and the
vacuum pump are located outside of the shield. An RF power source, klystron, islocated at alower level.
A waveguide system is connected from the klystron and the RF power is divided for two cavities.

Fina assemblage will be soon be complete at the JAERI Tokai site. The horizontal test is planned
for 2004. In the test, the RF high power test will be performed for the final goal of the surface peak
field of 30 MV/m. Additional testing planned includes cryogenic tests and low-level RF tests, including
heat leak and temperature distribution measurement, a control test at 2 K operation, measurements of
quality factors for the accelerating mode as well as HOMs, tuning tests and so on.
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Figure5. Experimental arrangement of the horizontal test
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System design of superconducting linac for ADS

In the system design work, a preliminary beam dynamics design of the superconducting proton
linac has been established in the energy range between 1 00 MeV to 1.5 GeV.

Basic design parameters

Table 2 shows the basic parameters for the beam dynamics design. In this energy range, the b
value changes from 0.428 to 0.923. Parameters of accelerating frequency, number of cellsin a cavity,
number of cavities in a cryomodule and maximum surface peak field are set to be the same as the
parameters of the prototype cryomodule. Phase dip in a cavity, which comes from a mismatch between
beam b and cavity cell length, is set to be within —-30 in order to obtain smooth bunching, as the
synchronous phase angle is set to be -30 . According to this condition, the number of cavity groupsis
deduced to be 10 in the energy range 100 MeV to 1.5 GeV, which is larger than other superconducting
linac designs because of the larger number of cells in a cavity of nine. The focusing magnet is
considered to be a quadrupole doubl et in a room temperature region between the adjacent cryomodules.
The schematic view of the lattice structure is shown in Figure 6. The zero current transverse phase
advance is set to be 70 , which is constant in a superconducting linac region. The longitudina phase
advance is obtained from the accelerating field of the cavity, while the maximum longitudinal phase
advanceislimited to 65 to avoid structural resonance in the beam dynamics.
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Table 2. Basic parametersfor the beam dynamics design

Energy range 100~1 500 MeV | Beam current 20~30 mA

b range 0.428~0.923 Synchronous phase -30

Accelerating frequency 972 MHz Phase dlip in a cavity Within -30

No. of celsin acavity 9 No. of cavity groups 10

No. of cavitiesin acryomodule 2 Focusing magnet Room temperature
Max. surface peak field <30 MV/m Transverse phaseadvance 70 (I = 0A)

Figure 6. Schematic view of thelattice structure
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Preliminary superconducting cavity design

Preliminary designs of 10 kinds of superconducting cavities have been established in order to
obtain the ratios of the surface peak field to the accelerating field and the transit time factors. Table 3
summarises the RF parameters of the cavities.

Table 3. RF parameters of the cavities

b Esp/Eacc Transit time factor R/IQ (W)
0.444 7.40 0.634 87.38
0.480 6.27 0.648 121.23
0.518 534 0.662 162.67
0.560 4.70 0.673 215.48
0.604 4.07 0.685 278.75
0.653 3.60 0.695 356.10
0.705 3.16 0.702 443.28
0.761 2.84 0.708 543.37
0.822 2.56 0.715 661.44
0.888 2.30 0.721 749.59

Lattice design

As shown in Figure 6, drift spaces between two cavities in the cryomodule, and between the cavity
end and gadrupole magnet are set to be 500 mm and 980 mm, respectively. The effective length of the
quadrupole magnet and drift space between the doublet are set to be 240 mm and 410 mm, respectively.
These parameters are the same as for the superconducting linac design of the J-PARC project.
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Table 4 summarises the structure of the superconducting linac. In this design, 106 cryomodules,
i.e. 212 cavities, are necessary in the energy range from 100 to 1 500 MeV and total length is 560 m.
As shown in Table 4, the lower-energy part, especialy the 100-180 MeV region, is quite inefficient;
21 cryomodules and 100 m are necessary. The main reason for this inefficiency is a higher Esp/Eacc
ratio. Optimisation of the lattice design as well as the cavity design is necessary for the final design of
the superconducting linac.

Table 4. Basic structur e of the superconducting linac

Cavity b Beam b Beam energy (MeV) | No. of cryomodules | Length (m)

1 0.444 0.428~0.462 103.1~122.7 7 32.1
2 0.480 0.462~0.499 122.7~147.3 7 32.8
3 0.518 0.499~0.539 147.3~179.2 7 335
4 0.560 0.539~0.582 179.2~220.1 7 34.3
5 0.604 0.582~0.629 220.1~272.6 7 35.2
6 0.653 0.629~0.679 272.6~348.5 8 41.3
7 0.705 0.679~0.733 348.5~443.1 8 425
8 0.761 0.733~0.791 443.1~605.2 11 60.1
9 0.822 0.791~0.855 605.2~876.5 15 84.5
10 0.888 0.855~0.923 876.5~1 510 29 168.6
Total 106 564.8

Beam simulation

Beam simulation of the superconducting linac was performed using the TRACE-3D and modified
PARMILA codes. In the simulation, the initial beam emittances are referred from the JPARC beam
design data. As an example of the results, Figure 7 shows the 90% emmittance in both transverse and
longitudina directions. As shown in the figure, emittance growth is not observed in the beam simulation

results.

Figure 7. 90% emittance obtained in the beam simulation
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Conclusion

The development of a superconducting proton linac, cryomodule the system design are ongoing.
As concerns the cryomodule, fabrication has been completed and final assemblage will soon be finished
as well. The horizontal test will be performed in 2004 toward the goa of a maximum surface peak
field above 30 MV/m. Regarding the system design, a preliminary beam dynamics design has been
determined. The present result, however, provides more cryomodules and a longer total length than
expected. Additional optimisation is thus necessary.
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