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Beam dynamics design of a new radio frequency quadrupole for beam-current upgrade
of the Japan Proton Accelerator Research Complex linac
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We have performed the beam-dynamics design of an H™ radio frequency quadrupole (RFQ) for
the beam-current upgrade of the Japan Proton Accelerator Research Complex linac (RFQ III).
LINACSrfgDES was set up to support the conventional design method, i.e., design with CURLI-type
shaper followed by constant bore radius and with constant intervane voltage, supplemented by keeping the
equipartitioned condition in the gentle buncher section. For the particle simulation, LINACSrfqSIM was
used. The obtained transmission, transverse and longitudinal emittance are 98.5%, 0.21 7 mm mrad, and
0.117 MeV deg for the input beam current of 60 mA and normalized rms emittance of 0.2077 mm mrad.

This design satisfies the requirements of RFQ III.
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I. INTRODUCTION

Japan Proton Accelerator Research Complex (J-PARC)
is a multipurpose facility for particle physics, nuclear
physics, materials and life science, and so on. The
J-PARC accelerator consists of a 400 MeV linac, a
3 GeV rapid-cycling synchrotron [1], and a 50 GeV main
ring [2]. The original design energy and peak beam current
of the linac is 400 MeV and 50 mA, though, at the initial
phase, the operation was started with an energy of
181 MeV omitting annular-coupling structures [3]. A radio
frequency quadrupole (RFQ) built for the Japan hadron
facility project is used for the initial-phase linac; the design
peak beam current of this RFQ is 30 mA [4]. To achieve the
original design power of 1 MW (at the neutron target), it is
planned to upgrade the linac to the original 400 MeV and
50 mA [1]. To upgrade the beam current, an RFQ with a
design current of 50 mA is newly fabricated and will
replace the old one. This 50-mA RFQ is called RFQ III
[5]. In Table I, requirements for J-PARC RFQ III are listed.

For designing RFQs, a method proposed by Los Alamos
National Laboratory [8] is one of the most popular design
methods. In this method, an RFQ is divided into four
sections: a radial matching section (RMS), a shaper (SP),
a gentle buncher (GB), and an accelerator (ACC).
Additionally, intervane voltage V and average bore radius
ro are kept constant except for the RMS; this means
focusing strength B is kept constant. In this conventional
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method, the transverse focusing force remains strong even
in the ACC, where the space-charge force is relatively
weak and the transverse focusing force need not be so
strong. This causes insufficient longitudinal force and in-
effective acceleration efficiency. Therefore, in these days,
some RFQs are designed to reduce B (increase ry) and
make V higher with progress of acceleration to obtain more
acceleration efficiency [9,10].

On the other hand, the conventional method still has
merits in fabricating RFQ cavities. First of all, if ry and V
are constant, the resonant frequency of the cross-sectional
shape can be constant, and therefore, frequency tuning
using vane-skirt shape or cavity radius is not needed.
Thus, the longitudinally same cross-sectional shape makes
it simple to design and machine the cavity. Second, it is
possible to machine constant-ry, and constant-p,-ratio
vanes using formed cutters. Even if ball-nose cutters are
used, the computer-aided-machining program for constant-
cross-section vanes is very simple. Moreover, the field
distribution is uniform along the RFQ and this makes it
easier to tune the cavity in the fabrication process.
Additionally, the stability during operation is expected to

TABLE I. Requirements for J-PARC RFQ III.
Beam species H™
Resonant frequency 324 MHz
Injection energy 50 keV
Extraction energy 3 MeV
Peak beam current 50 mA
Transverse normalized rms emittance <0.257 mm mrad
Repetition rate 50 Hz
rf pulse length 600 us
rf duty factor 3%
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be better because of the longitudinally uniform structure.
Considering these merits and our experience of RFQ I and
RFQ 1I, the conventional constant-r, and -V design is
adopted for J-PARC RFQ IIL

In this paper, the beam-dynamics design of J-PARC
RFQ III is described. The detail of design scheme is shown
in Sec. II. In Sec. III, the particle simulation code used in
the design process is presented and the results are shown in
Sec. IV. Finally, in Sec. V, we summarize the paper.

I1. DESIGN

For the beam-dynamics design of RFQ III,
LINACSrfgDES [11,12] was used. LINACSrfqDES is pro-
duced by one of the authors (R.A.J.), which is a
MATHEMATICA [13] based quite flexible tool. A lot of
design schemes are implemented in it, although the most
essential design scheme is the equipartitioning. In this
section, the original equipartitioning scheme is described
first, then the modified point for the design of RFQ III is
explained.

In the beam dynamics of LINACSrfgDES, the beam is
required to be a matched beam in a focusing system. The
matched beam is described using the smooth approxima-
tion as follows:
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where ¢,, and g, are the transverse and longitudinal
normalized rms emittances, r and b are the transverse
and longitudinal beam radii, A is the rf wavelength, and
v is the relativistic gamma. The o, and o; are transverse
and longitudinal phase advances; they are described with
zero current phase advances o), o), and beam current / as
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vacuum Z, the charge and the rest mass of the particle ¢
and m,, the velocity of light ¢, and the ellipsoid form
factor f [14]. The zero current phase advances of, and
ol are defined by the structural parameters of the focusing
system as

The constant k = is written with impedance of

B
o = 32 + Ay, ()

ol =2A,. (6)

The focusing factor B is
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and the rf defocusing factor A is [8]
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where ¢, is the synchronous phase angle and S is the
relativistic beta. The acceleration parameter A is described
with multipole components of the external field as A =
Ajp + Azg. The Ajy and A;, are parametrized with the
geometrical parameters of the vane tip, that is, the vane
modulation factor m, the aperture radius a described at the
vane tip minimal, and the cell length /. [15].

One other optional condition that characterizes the beam
dynamics in LINACSrfqDES is the equipartitioning con-
dition, used to avoid the effect of parametric resonances in
high-current linacs [16]. This condition requires the inter-
nal energy in the transverse and the longitudinal phase
spaces of the beam to be the same, i.e.,

. 1. 9
Where this condition is satisfied, there is no free energy to
drive a resonance.

In the RFQ design scheme of LINACSrfqDES, the
independent variables are m, a, ¢, and V, which may be
used to solve for secondary variables such as the equipar-
titioning condition or constant B, etc. along the RFQ, or
must be specified by rules as functions of cell number or
beta or position, etc. For the equipartitioning condition, m
is found by solving the simultaneous equations (1), (2), and
(9) for r, b, and m. The ¢, and g, are given parameters in
the program.

The design scheme described above is the scheme of
basic LINACSrfgDES, but it is easily modified for any
desired external field or beam space-charge behavior. The
most essential feature of LINACStfqDES is the beam-
based design, i.e., the ability to design RFQs including
the space-charge physics. The choices of quantities like r
and V from the convenience of fabricating and tuning the
cavities are the prerogative of the designer, and can be set
up by user-defined rules. This flexibility to adapt various
conditions is one of the features of LINACSrfqDES.

The design sequence is as follows. First of all, a is
derived from m with the constant-r; condition. At a par-
ticular z position (~ cell 100), m is calculated from the
matching and equipartitioning conditions to achieve the
equipartitioned condition, and special shaper parameters
back to the end of the RMS are determined.

From this point, the governing rules are to keep the
equipartitioned condition, while also keeping the trans-
verse focusing B and r( constant, and to govern the charge
density in the bunch by giving a rule for the synchronous
phase ¢, which is varied as
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where ¢; and ¢, are parameters to adjust the longitudinal
acceptance, and zgog is 7 at the end of SP. The vane voltage
V is constant, so m and a are used to satisfy the conditions.
However, as the accelerating force subtracts from the
total available focusing force, the only way to keep B and
ro constant is to reduce the aperture a. At some value of the
synchronous phase, a will start to reduce drastically toward
zero, and the procedure must be abruptly changed [17].
Therefore, after the transverse acceptance A, reaches a
particular value, the scheme is changed to keep A, constant.
This z where A, reaches the particular value is so called the
end of GB (~cell 238). If the transverse acceptance is
kept, the longitudinal focusing force gets weaker; however,
this would be acceptable because the bunching is essen-
tially finished. The normalized transverse acceptance is

defined as
az,/gB—Z + A+ A,
A, = T (13)
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where A, is the defocusing force by the space charge. The
A, is a parameter decided by trading off the transmission
and the vane length. We adopted the constant-ry and -V
design, so that this ACC does not meet the equiparitioning
condition. However, the parameters quickly pass through
the resonance regions, therefore, no significant emittance
growth occurs. This point will be discussed later in Sec. IV.

In Table II, the design parameters of RFQ III obtained
using the above scheme are summarized. The transverse
cross section of the vane is a circular shape with radius p,;
the ratio of the p, to ry is constant (p,/ry = 0.75). The
longitudinal vane shape is sinusoidal. This is because the
acceleration factor of the sinusoidal vane is somewhat

TABLE II. Design parameters of J-PARC RFQ III obtained
with LINACSrfqDES. In this table, TC and FFS mean transition
cell [19] and fringe-field section [20], respectively.

Vane length 3623 mm

Number of cells 317 + TC, FFS
Intervane voltage 81.0 kV
Maximum surface field 30.7 MV/m (1.72 Kilpatrick)
Average bore radius (r) 3.49 mm

p,/ro ratio 0.75 (p, = 2.62 mm)
Amin 2.23 mm

Mimax 2.13

¢s,max —30.6
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FIG. 1. Cell parameters of RFQ III designed with

LINACSrfgDES. The W, means the energy of the synchronous
particle.

larger than that of the two-term potential shape; therefore,
the vane length can be shorter, and also the machining is
easier. Since the J-PARC RFQ has suffered from sparking
problems [7], the maximum surface field is set to be
smaller than the typical value of 1.8 Kilpatrick. Figure 1
shows the obtained cell parameters as functions of cell
number.

III. SIMULATION

The particle simulations were performed by using
LINACSrfgSIM [11,12]. LINACSrfgSIM is a time-domain
code to treat the space-charge effect correctly. In addition
to the conventional multipole-expansion method (mpole
mode), a multigrid Poisson solver is implemented in
LINACSrfgSIM (Poisson mode). In the Poisson mode,
the Poisson equation is solved with the boundary condition
from the actual vane shapes to obtain both the external and
space-charge fields. The Poisson solver calculates the elec-
tromagnetic field more accurately than the mpole method,
especially, in the vicinity of the vane tips, and automati-
cally correctly includes the image-charge effect. This fea-
ture is important for simulating high intensity RFQs.

In the simulation of RFQ III, the peak current of the
input beam is 60 mA, the normalized rms transverse emit-
tance is 0.2077 mmmrad, the transverse distribution is
water bag, input energy is 50 keV, and the phase distribu-
tion is uniform. The simulation results are presented in the
next section.

IV. RESULTS

In Table III, the simulation results are summarized. All
of the following results are obtained using Poisson mode.
The transmission is defined as a ratio of the accelerated
particles.

Figure 2 shows emittance evolution as functions of cell
number. The solid line represents the transverse emittance
and the dashed line is the longitudinal one. The transverse
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TABLE III.  Simulation results of J-PARC RFQ III.

Input beam current 60 mA

Input transverse distribution 0.2077 mm mrad, water bag
Input longitudinal distribution 50 keV constant, uniform phase
Transmission 98.5%

Output transverse emittance 0.217 mm mrad

Output longitudinal emittance 0.117 MeV deg

emittance growth to the input emittance is 7%; this is
sufficiently small for the J-PARC purpose.

Next, the parameters concerning the equipartitioning are
presented. In Fig. 3, the dotted line represents the ratio of
the transverse beam radius to the longitudinal one, the
dash-dotted line indicates the ratio of longitudinal phase
advance to the transverse one. In the ACC, i.e., after cell
240, the longitudinal phase advance is getting weaker
in comparison to the transverse one. Consequently, the
longitudinal beam radius becomes larger relative to the
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FIG. 2. Emittance evolution as functions of cell number. The
solid line represents the transverse normalized rms emittance,
and the dashed line is the longitudinal one.
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FIG. 3. Parameters related to the equipartitioning condition
(EP parameters). When the equipartitioning condition holds,
the solid line should be one.

transverse one. The solid line is the equipartitioning ratio
Eq. (9). It can be seen that £,,0;/€,,0, = 1 in the GB, as
the design aimed. The dashed line represents the ratio of
longitudinal emittance to the transverse one; the emittance
ratio is from 1.0 to 1.4 after the start point of the GB.
Figure 4 shows a Hofmann chart [21] for the emittance
ratio of 1.2; the chart is specific to the emittance ratio. The
horizontal axis of the Hofmann chart represents the ratio of
the longitudinal phase advance to the transverse one (tune
ratio), and the vertical axis is the ratio of the phase advance
with space charge to that without space charge (tune de-
pression). By plotting the trajectory of the tune depression
as a function of the tune ratio on this plot, the status of
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FIG. 4. Trajectories of the phase-advance ratio and depression
of RFQ III on the Hofmann chart. The longitudinal/transverse
emittances ratio of this Hofmann chart is 1.2.
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FIG. 5. Input-transverse-emittance dependence of the trans-

mission. The solid, dashed, and dotted lines are transmissions
for the input transverse emittances of 0.20, 0.25, and
0.3077 mm mrad, respectively.
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TABLE IV. Input-transverse-emittance dependence of the
RFQ III simulation.

Input emittance (7 mm mrad) 020 0.25 030
Transmission (%) 98.5 982 97.0

Output transverse emittance (77 mm mrad) 0.21 025 0.29
Output longitudinal emittance (7 MeVdeg) 0.11 0.12 0.13

equipartitioning achievement and resonance crossing can
be checked. In Fig. 4, the thick and thin lines represent the
transverse and longitudinal trajectories of RFQ III in this
space, respectively. The equipartitioning (EP) condition
shows where Eq. (9) holds. In the GB, the trajectories are
around the EP condition, where there is no energy to drive
resonances, therefore emittance growth is small. The re-
sidual emittance growth is a consequence of some involve-
ment with the o;/0, = 1 resonance, and evolvement of the
form factor f, which could also be mostly eliminated by
further iteration of the design. In the ACC, the tune ratio is
getting smaller and the longitudinal tune depression be-
comes smaller than the desirable value, i.e., the EP condi-
tion. However, the trajectories quickly pass through the
resonance regions; therefore, no significant emittance
growth occurs, as shown in Fig. 2. Lack of equipartitioning
is not a serious threat for emittance growth in the design
provided that the trajectories in the Hofmann chart do not
dwell on a resonance.

Finally, the dependence of the transmission on the input
emittance is shown in Fig. 5 and the transmissions and
emittances are summarized in Table IV.

The solid, dashed, and dotted lines represent transmis-
sions for the input transverse emittances of 0.20, 0.25, and
0.3077 mm mrad, respectively. Figure 5 indicates that there
1s a bottleneck around the cell 240; this is because the
constant-transverse-acceptance condition is started here,
the start of the ACC. As shown in Table IV, the output
emittances for the input emittances of (.25 and
0.3077 mm mrad cases are equal and smaller than the input
ones. The reason is that some particles outside the constant
transverse acceptance in the ACC are scraped, thus, the
emittances are reduced. This bottleneck is unavoidable in
conventional constant-ry design. However, in the design of
RFQ III, sufficient transmission is obtained even when the
input transverse emittance is 0.37 mm mrad. In addition,
there is a strong requirement from the following linac for a
transverse input emittance 0.37 mm mrad, so the scraping
design provides good insurance for this requirement.

V. CONCLUSION

We performed the beam-dynamics design of an RFQ
(RFQ III) for the beam-current upgrade of the J-PARC linac.
For the convenience of fabricating the cavity and based
on our fabrication experience, we adopted a modified con-
ventional design, that is, both the average-bore radius and

intervane voltage are constant along the RFQ, but the
beam is also held equipartitioned through the GB. For the
beam-dynamics design, LINACSrfqDES was used and
LINACSTI{qSIM for the particle simulation. Under the con-
dition of input beam current of 60 mA and transverse emit-
tance of 0.207 mm mrad, the transmission of 98.5%, output
transverse emittance of 0.2177 mm mrad, and longitudinal
emittance of 0.117 MeV deg are obtained. The obtained
design satisfies the requirements of J-PARC RFQ III.
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