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Abstract: A Penning surface H™ ion source test stand has been developed for the China Spallation Neutron
Source (CSNS) at the Institute of High Energy Physics (IHEP). H™ beams with a current up to 50 mA and
a pulse length up to 520 ps at a repetition rate of 25 Hz are obtained at present. In order to improve the

extraction system based on both the results of the emittance measurements in experiment and the simulation

results of the effect of the extraction system on the beam emittance, three dimensional electromagnetic finite

element analysis and particle tracking are undertaken. First, the magnetic field of the deflecting magnet is

studied in detail, and then the effect of the extraction geometry on the beam transport is also investigated.
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1 Introduction

The CSNS is an accelerator-based high power
project currently under R&D in China [1]. The accel-
erator complex consists of an 81 MeV H™ linear ac-
celerator as an injector and a 1.6 GeV rapid cycling
proton synchrotron. The linear accelerator consists
of a 50 keV H™ Penning surface plasma ion source,
a low energy beam transport line, a 3.0 MeV radio
frequency quadrupole (RFQ) accelerator, a medium
energy beam transport line, an 81 MeV drift tube
linear accelerator and a high energy beam transport
line. The H™ ion source is chosen to be of the Pen-
ning type, which is the same as the source for the ISIS
[2-4]. At present, the construction of the CSNS H~
ion source test stand is finished and commissioning is
in progress. Some results were described previously
in detail [5].

The model of the CSNS H~ ion source extraction
system, as shown in Fig. 1, includes an aperture plate
(plasma electrode), an extraction electrode, a deflect-
ing magnet and a post acceleration electrode. The
beam is firstly extracted from the discharge cham-
ber through a slit of 10 mmx0.6 mm in size on the
aperture plate by the extraction field. The shape of
the standard extraction electrode is a kind of long
and narrow structure with an open ended jaw and a
13.2 mmx1.0 mm slit. The distance from the aper-
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ture plate to the extraction electrode is 1.94 mm and
the applied extraction voltage between them is 17 kV.
After extraction, the beam is bent through a 90° de-
flecting magnet (with a field gradient index of n=1)
mounted in a refrigerated cold box [3].
three main purposes of the deflecting magnet and
the cold box: (1) to analyze out the electrons ex-
tracted with the H™ ions; (2) to focus the beam pro-
file from 10 mmx0.6 mm at the aperture to about
10 mmx 10 mm at the cold box exit; and (3) to trap
cesium vapor escaping from the source. The H™ ion
beam emerges from a hole in the cold box and is fur-
ther accelerated to 50 keV through a 60 mm post
acceleration gap with a voltage of 33 kV.

There are

2 Magnetostatics modeling

To study the effect of the magnetic field on the
beam transport, the magnetic field is firstly studied
and solved accurately. A three dimensional finite ele-
ment analysis code has been used for the simulation.
As shown in Fig. 1, the magnet yoke, the pole and the
magnet coil are all included in the model. A regular
hexahedral mesh is adopted for the magnetostatics
solver. For a computer with 4 giga bytes (GB) ran-
dom access memory (RAM), a total of approximately
4.5%x10°% mesh cells are available. Therefore a subtle
balance on the mesh cell distribution between various
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parts of the model is needed to ensure that the field
is solved accurately. Because of the vast difference in
scales among the extraction, deflecting and post ac-
celeration region, mesh cell densities vary from 1x108
to 2x10* m~3.

Theoretically, for the H~ beam with energy of
17 keV, a deflecting field of 2353 Gs is required to
bend the beam along a circular trajectory with a ra-
dius of 80 mm. Then, the magnet coil current can be
also calculated based on the field through the simu-
lation. In Fig. 2, the relationships between the mag-
netic field and the coil current obtained by simula-
tions, measurements and experiments are shown.

extraction

magnet electrode

e cold box

Fig. 1. Model of the CSNS H™ ion source ex-
traction system.
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Fig. 2. Variation of the magnetic field with the

coil current.

As shown in Fig. 2, the magnetic field of 2353 Gs
is corresponds to a current of 8.6 A obtained by the
simulation (dot), 8.3 A by the experiment (triangle)
and 9.5 A by the measurement (square). The coil cur-
rent obtained by the experiment is a little bit smaller
than that by the simulation, and it should be due to
errors produced during manufacture and installation.
It is estimated that the magnetic field deviation is in
an order of 20 Gs per 0.1 mm of the gap deviation be-
tween the magnet poles. However, the measured cur-
rent is much larger than those obtained by the other
two methods. It may be due to the rough measure-
ment method of using a Hall coil and without precise

positioning. In addition, it can be seen in the figure
that when the coil current is smaller than 11 A, the
magnetic field varies sharply and almost linearly with
the coil current. When the coil current is larger than
11 A, the magnetic field varies smoothly and nears
saturation.

The magnetic field distribution along the beam
line for the 17 keV H™ ion beam is shown in Fig. 3.
As shown in the figure, the magnetic field is basi-
cally uniform in the deflecting magnet region with a
value of 2353 Gs. The magnet fringe field also exists
at both the entrance and the exit of the magnet for
the finite length of the deflecting magnet. While the
magnet fringe field at the entrance side is beneficial
for the Penning discharge, the magnet fringe field at
the exit side is harmful to the beam transport down-
stream. It will cause the beam center to deviate from
the beam line in the vertical direction. To overcome
this effect, a tube made of the material with high per-
meability, which is the same as the magnet pole, is
inserted into the fringe field region. The contour line
of the magnetic field is shown in Fig. 4.
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Fig. 3. Magnetic field distribution along the beam line.
Fig. 4. Magnetic field contour line of the de-

flecting magnet.

From Fig. 4, it can be seen that the density of
the contour line is not uniform in the radius direc-
tion because the field gradient index of n=1. The
magnetic field at the exit of the deflecting magnet is
terminated by the insertion of the tube. As is known,
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when the field gradient index of n <1, the beam un-
dergoes weak focusing in both the radius direction
and its vertical direction. When n >1, the beam un-
dergoes strong defocusing in the radius direction and
strong focusing in its vertical direction. Only when
n=1, the parallel beam can be transported along the
beam line without consideration of the space charge
force [6]. The distribution of the magnetic field gradi-
ent index n in the radius direction is shown in Fig. 5.
The average of n is 1.11, which is larger than 1.
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Fig. 5. Variation of the magnetic field gradient

index n with the radius 7.

As shown in Fig. 5, the magnetic field gradient
index n is almost uniform with n=1 in the range of
the radius from 74 to 94 mm. This region is the good
field region. However, when the radius is smaller than
74 mm and larger than 94 mm, the magnetic field gra-
dient index n is severely deviates from 1 due to the
shims at the magnet profile ends.
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Fig. 6.

3 Particle tracking

After the electromagnetic fields are calculated,
particles representing the H™ ions are tracked through
the particle tracking mode. The particle tracking
mode includes a magnetostatic solver, an electrostatic
solver and a particle tracking solver. First, the parti-
cle tracking solver simply computes the trajectory of
the particle through a pre-calculated electromagnetic
field by using the magnetostatic solver and electro-
static solver, then a self-consistent gun-iteration is
used. The gun-iteration consists of an iterative appli-
cation of an electrostatic solver and a particle tracker.
More than 1x10* macro particles with uniform ther-
mal energy and a random uniform spatial distribution
are emitted from the slit on the aperture plate orthog-
onally [2]. Although the simulations of the H™ beam
with different currents and different space charge neu-
tralization are carried out, as a typical example, only
the simulation results of H~ beam with a current of
100 mA and 90% space charge neutralization are pre-
sented here. A particle monitor is set up to monitor
the beam profile, and the horizontal and vertical emit-
tance along the beam line. The simulation results are
shown in Fig. 6.

As can be seen from Fig. 6(a), the beam profile is
almost symmetrical about both the z and y axes.
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Particle distribution at the exit of the cold box, (a) beam profile, (b) particle distribution in horizontal

phase space, and (c) particle distribution in vertical phase space.
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However, as shown in Fig. 6(c), there is an aberration
in the vertical phase space. As will be seen from the
following simulation results. This is caused by the
open ended jaw of the standard extraction electrode.
The normalized root mean square emittances of the
horizontal and vertical are also not equal to each other
due to the aberration in the vertical phase space. In
Fig. 7, the standard extraction electrodes and Pierce
extraction electrodes [7] are shown. There are also
two geometric shapes, the open and the terminated,
for both kinds of electrode.

Simulations are carried out to investigate the ef-
fect of the terminated geometric shape of the stan-
dard extraction electrode as the second geometry
shown in Fig. 7. The results are shown in Fig. 8.

As shown in Fig. 8, the terminated geometry of
the extraction electrode produces a beneficial effect.
The aberration in the focusing has disappeared from
the vertical phase space. The normalized root mean
square emittances of the horizontal and vertical are
also equal to each other.
ried out to investigate the Pierce extraction electrode
with the terminated geometry. The results are shown
in Fig. 9.

As shown in Fig. 9, the beam profiles are both
symmetric in the horizontal and vertical planes. The
normalized root mean square emittances of the hori-
zontal and vertical planes are also equal to each other,
and the value is a bit smaller than the standard ge-
ometry.

Simulations are also car-

Fig. 7.
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Model of the extraction electrode geometries.
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Particle monitors at the exit of the cold box with a terminated extraction electrode.
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4 Conclusion

The magnetostatics field calculation is used, and
the results are well applied in experiment. The parti-
cle tracking of the ion source extraction has demon-
strated that the terminated geometry of both the
standard and Pierce extraction electrode has a benefi-
cial effect for the H™ ion beam. The aberration of the
vertical plane has been removed, and the normalized
root mean square emittances of the horizontal and
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