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Abstract Dipole field in an RFQ accelerator exerts beam a bending force and thus results in beam losses on the machine. Measures

must be taken to diminish the influence of the dipole field. Dipole stabilizer rod was proposed to shift the dipole modes far from the

working quadrupole mode. In our recent measurements on a cold model RFQ, we observed some new phenomena associated with the

function of dipole stabilizer rods. In this paper we report our results and give an analysis on these resulis. A new idea of imbalance

insertion of the dipole stabilizer rods is proposed for both shifting dipole mode and reducing the dipole components in an asymmetrical

RFQ.
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1 Introduction

Radio Frequency Quadrupole ( RFQ) accelerator is
widely used to accelerate high-current and low-energy ion
beam, owing to its special capability of simultaneously pro-
viding an ion beam with transverse focusing, longitudinal
bunching, as well as acceleration. All these advantages are
essential to keep a good quality for a beam from an ion source
with an intensive space-charge effect. In an RFQ cavity, the
cutoff quadrupole mode is used to achieve these functions.
However, a dipole mode in a symmetrical RFQ cavity can al-
so be excited if the dipole frequency is very close to that of
the working quadrupole mode, as the usual case in a four
vane RFQ with a small coupling among the quadrants. And,
if the cavity geometry is not symmetrical among the four quad-
rants, there are some dipole field components mixed in the
quadrupole field. Symmetry requirement, in fact, is a great
technique challenge to the fabrication and assembly of the
vanes. Therefore, how to diminish the dipole mode effect is

always a basic task in RFQ study and manufacture. Several
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tricks were proposed to fight against the dipole effect. For ex-
ample, the Vane Coupling Ring (VCR) invented in the 80’ s
last century generates an additional coupling among quadrants
for a larger mode separation-'” . It effectively shifts the dipole
mode far away from the working mode and is applied in some
real RFQs. But unfortunately, the rings inside an RFQ cavity
are difficult to be cooled and therefore VCR is not suitable for
a high power machine. PISL stabilizer invented at KEK,
Japan can overcome this drawback-2!, and it is recently uti-
lized in the J-PARC RFQ, Japan and the SNS RFQ, USA. It
shifts the dipole mode obviously and also the working mode
slightly. So a cold model cavity is necessary to clarify the
shift amount of the working mode for the cavity design on the
right resonant frequency. Dipole stabilizer rod proposed in the
end of the 80’ s last century shifts the dipole mode while
keeping the working mode unchanged'> . Morcover it is easy
to be cooled and thus it is a good candidate for a high power
machine. The LEDA RFQ at LANL, the highest power RFQ
in the world, used this device and operated well*) . Some

other high-power RFQs under construction will also adopt this
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option. In this method, four rods are inserted into the corre-
sponding quadrants with an equal insertion length.

A high power RFQ is under construction at IHEP, China
for the purpose of basic study on the Accelerator-Driven Sub-
critical System ( ADS) 3). We intend to take the advantage of
dipole stabilizer rod in this RFQ. Before the manufacture of
the RFQ, a section of cold model was made jointly with
IHIP, Peking University-*). With this model we conducted
some measurement studies on the effect of the dipole stabilizer
rod. In this paper, we will briefly introduce our RFQ design
and measurement method. Then the experimental results with
some new phenomena are presented and analyzed with code
simulations. Finally, we suggest an imbalance insertion of
dipole stabilizer rod to suppress the dipole component in the
asymmetrical RFQ cavity, with an experimental demonstration

of the new idea.

2 A brief description of the IHEP-RFQ

The THEP-RFQ has a length of about 5 times the wave-
length and it is separated into two segmenis and then reso-
nantly coupled together by a coupling cell. Each segment
consists of two technological modules of about 1.2m long.
The dipole stabilizer rods on the both end plates and the cou-
pling plate are applied to move the dipole mode far away from
the operating mode!”. As a high-duty machine, water cool-
ing on both the vane and the wall is necessary to keep the
thermal stability. There are 20 cooling channels on the cavity
body in each section. Four vane-wall pieces are brazed to-
gether to form a cavity for both RF and vacuum seals. On
each module there are 16 tuners distributed on the 4 quad-
rants. There are 8 vacuum ports on both the first and fourth
modules, respectively. Eight RF feed ports are located on the
second and third sections and the RF-power is coupled into 4
quadrants evenly to keep the field balance among them.
Table 1 lists the major parameters of the RFQ.

A 1.2m long cold model was fabricated before the man-
ufacture of the accelerator cavity. There are vane undercuts of
about 46mm long at each end of the module. These undercuts
are tuned for the working quadruple mode TE,;; in order to get
a flat field distribution for this mode. Four dipole stabilizer
rods with variable insertion length are mounted on one end

plate of the cavity, as shown in Fig. 1.

%29%
Table 1. IHEP-RFQ major parameters.
input energy 75keV
output energy 3.5MeV
peak current 50mA
structure type 4 vane
duty factor 6%
RF frequency 352.2MHz
maximum Eg 33MV/m
beam power 210kW
structure power 420kW
total power 630kW
total length 4.75m
segments 2
modules 4

Fig.1. The cold model RFQ with four dipole stabilizer rods

on one end-plate.

RF cold measurements were conducted on this module
with a vector network analyzer (VNA) . The field distribution
along the cavity is measured by bead pulling method. The
scattering parameter S,; was swiped when quadrants 1 and 2

were coupled with the VNA. In the spectrum shown in Fig.2,
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Fig.2. The S5 spectrum of the model RFQ with the working
quadrupole( Q0) and the nearby dipole modes (D1—3 and D2—4) .
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we can see the quadrupole mode f(, = 352.247MHz, and two
dipole modes f}y,_3 and f}y, 4, resulting from the asymmetry
of the cavity. To distinguish these two dipole modes, quad-
rants 1 and 3 were excited, so only 1—3 dipole mode pre-
sented Sy peak at fiy_3 without the peak of 2—4 dipole mode
at all because quadrants 2 and 4 have no dipole field.

3 Effects of dipole stabilizer rod on
frequency shift

A series of measurements were conducted to study the
effect of dipole stabilizer rod on the frequency shift of the
quadrupole and dipole modes. From Fig.2 we observed that
the 2—4 dipole mode is close to the working quadrupole
mode and thus we inserted the four rods into the quadrants.
As a result, the dipole rods have almost no perturbation to the
frequency of the operating quadrupole mode ( 8fy =
- 0.216MHz when the rod insertion length = 15¢m) , and the
tuning effect on the dipole mode is obvious when the rods
length is longer than 10em. Fig.3 plots the shift of the two
dipole modes and the quadrupole mode. It is noticed that the
dipole modes keep almost no shift when the rods insertion
length is less than Scm. This indicates that the dipole mode
shift is not singly resulted from the rod perturbation to the un-

dercut region.
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Fig.3. The measured dipole stabilizer rod effect on the

operating quadrupole mode and the two dipole modes.

Now that the mode shifts quickly only when the rods are
inserted deeply inside the quadrants, should we think that the
dipole mode shift comes from the long rod perturbation to the
inside part of the dipole field? To clarify it, a simulation with
2-D code SUPERFISH!®! was conducted, as shown in Fig.4.
It is found that the rod introduces a perturbation to the
quadrupole mode 0fpy = 0.36MHz, and to the dipole mode
8f1y=0.293MHz. They are both small and almost the same.

They are nearly the same because their field distributions, in

fact, are almost the same, as shown in Fig.5. From these re-
sults we know that the rod effect on the dipole mode shift does
not singly come from the rod perturbation of the inside dipole
field. In fact, the 2D simulation shows the rod has almost no
influence over the dipole mode. Then, what is responsible for
the dipole mode shift? Before we reply this question, let us

look at another experimental result.
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Fig.4. Dipole E field with stabilizer rod in one quadrant.
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Fig.5. E & H field distribution along the middle line between
two vanes (45° line in Fig.4) for quadrupole (a) and dipole (b)

modes without rod insertion.

When we inserted rods into 1 and 3 quadrants only, the
1—3 dipole mode has no response to the rod insertion. In-
stead, 2—4 dipole mode shifts, as shown in Fig. 6. This re-
sult agrees with the above 2D simulation. The rod in a quad-
rant will not give an obvious perturbation to this quadrant, but
to their neighborhood quadrants.

To illustrate these phenomena in the measurements and
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Fig.6.
the frequency of dipole 2—4 shifts, but no effect on 1—3 dipole.

Two rods are inserted into 1 and 3 quadrants, resulting in

2D simulations, we need a 3D view to understand the rod
function. For the 1-—3 dipole mode, let’ s suppose the H
field comes out from quadrant 1, and then go through the
undercut regions of 2 and 4 quadrants separately, and finally
goes into quadrant 3, as plotted in Fig. 7. When the field
goes across the quadrant 2 and 4, a circle field is generated
on the rods in clockwise direction in quadrant 4 and anti-
clockwise direction in quadrant 2. This means that a current
along the rod exists, and just for this reason the rod needs
cooling in high power operation. At this moment, the two
vanes of quadrant 4 are positively charged, while the other
two vanes are negatively charged. For the rod in quadrant 4,
the inside end of the rod is negatively charged according to
the current direction. So there is a capacitance between the
rod and the two vanes. The case is the same for the rod in
quadrant 2. This additional capacitance decreases the fre-
quency of the mode. Moreover, the electric field between
vanes and rod increases along the rod from the undercut to the

inside of the cavity, as shown in Fig.8. As the rods are in-

Fig.7. The H field of 1—3 dipole mode in the undercut region

from a 3D simulation. There are two rods in the quadrant 2 and 4.

Tength/mm

Fig.8. The E-field long the rod increases.

(the peaks are resulted from the simulation error)

serted more deeply the capacitance becomes larger, and con-
sequently, the mode frequency drops. When the rods are just
inserted in the depth of the undercut, the additional capaci-
tance is rather small, and thus the mode frequency just shifts
slightly. This explanation is supported by the measurement
results in Fig.3.

With this understanding, it becomes easy to illustrate
the reason that the rods in quadrant 1 and 3 make almost no
effect on 1—3 dipole mode. In such a case the H field goes
in parallel with the rods and thus no current goes along the
rod, no matter how deeply the rods are inserted into these two

quadrants .

4 Effect of stabilizer rod on dipole
field component

The stabilizer rods have effects not only on the frequency
of the dipole mode, but also on the dipole field component. In
this section we will give some measurement results of the dipole
field tuned with the imbalance insertion of the stabilizer rods.

The dipole field components mixed in the quadrupole
field of the RFQ at the tuning status corresponding to Fig.2 is
shown in Fig.9, in which the curves noted with D1—3 and
D2—4 stand for dipole mode 1—3 and dipole mode 2—4,
respectively. These fields are normalized to the quadrupole
field. The mono mode is not a real cavity mode and it comes
from errors in measurement and data processing. It is ob-
served that the 1—3 dipole component is in a range from
—5% to 5% , but the 2—4 dipole component has a rather
large span: - 35% to 0. Apparently the field was not well

tuned and the cavity is largely asymmetrical .
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20% . The 2—4 dipole frequency is low shifted and the fre- fength/mm (X 10°)
quency separation between 2—4 and 1—3 dipole modes is
Fig.11.  When the rods are further inserted so that the 2—4 mode

reduced to 1.96MHz. When the rods were further inserted
into the cavity we found the curve of 2—4 dipole mode shift-
ed up further, as shown in Fig. 11, in which the rods were
inserted so that the 1—3 dipole mode and 2—4 dipole mode
became almost overlapped(8f = 0.425MHz) . This result in-
dicates that the rods did not alleviate the 2—4 dipole compo-
nent even though the two dipole modes are very close to each
other and both far from the quadrupole mode. It can also be
observed that the field tilt of the dipole 2—4 is not reduced

by the rods insertion.
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Fig.10.
the RFQ with 1—3 stabilizer rod insertion of 7cm.

Dipole field components distribution along

is almost overlapped with the 1—3 mode (a), the field of 2—4
dipole mode rises further (b) , without any reduction of the dipole
component in comparison with that in Fig. 10.

5 Conclusions

This paper studies the function of dipole stabilizer rod.
It is found by the experiments that the rods inserted in 1—3
quadrants of an RFQ will disturb the frequency and field of
2—4 dipole mode, instead of 1—3 dipole mode, and vice
versa. The field analysis with 3D simulations illustrates this
phenomenon. The imbalance insertion of the rods can be used
to reduce the dipole field component in an asymmetrical cavi-
ty, but it cannot decrease the tilt of the dipole field. It is also
found that the closest two dipole modes produced by the rod
insertion do not directly mean a smallest dipole field compo-
nent.
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