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Abstract

The magnetic field in the ion trap of electron beam ion source (EBIS) determines the current density of electron beam and
thus the depth of trap potential, which affects the charge breeding efficiency to desired charge state. An EBIS charge breeder
has been constructed to be used for the Rare Isotope Science Project in Korea. A 6 T superconducting solenoid is used for the
trap, and uniform magnetic field is extended with correction coils at the ends. The effect of field uniformity on the electron
current density is evaluated using TRAK, and it is shown sizable improvement in the charge breeding efficiency for rare
isotope beams can be obtained by elaborate magnetic design. Furthermore, the electron beam energy affects the ionization
efficiency. The electron energy is often reduced in the trap for optimal matching with charge striping cross section. However,
virtual cathode formation can appear in the process of energy reduction. Maximum beam currents limited by electron energy

are studied analytically and by TRAK simulation in the view of improving the charge breeding efficiency.
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Introduction

Production of high-current and high-quality beams of highly
charged ions from ion source is an important consideration
for the efficient operation of high-intensity heavy-ion accel-
erator facility. An electron beam ion source (EBIS) can pro-
vide highly charged pulsed beams for synchrotron and linear
accelerator, and is well suited for charge breeding of rare
isotope beams for reacceleration [1].

An EBIS has been constructed for Rare Isotope Science
Project (RISP) in Korea as a charge breeder of isotopes
produced by isotope separation on-line (ISOL) method [2,
3]. The isotopes will be charge-bred to have the A/q below
7 for the injection into a superconducting (SC) linac. The
EBIS will be operated in a pulsed injection mode with the
use of a radio frequency quadrupole cooler buncher (RFQ-
CB) located upstream of the EBIS [4]. The EBIS is under
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preparation for off-line test as shown in Fig. 1 prior to the
final installation in the new ISOL facility in the end of 2020.
A Cs surface ion source will be used in the test, and charge-
bred beams will be analyzed using a time-of-flight measure-
ment system similar to the one used at Brookhaven National
Laboratory [5].

Charge breeding efficiency to desired charge state is a key
parameter in planning physics program using rare isotope
beams. A major requirement is to breed Cs'* into Cs*’* with
an efficiency of over 20%. While the structural design of
this EBIS is based on that for CARIBU at Argonne National
Laboratory [6], the SC-solenoid for ion trapping is designed
to have an extended uniform field region. The ion beam cur-
rent reaching the charge state of interest depends on ioniza-
tion factor, which is the product of electron current density
and confinement time. Maximum current of the electron gun
is increased from 2 to 3 A for RISP.

The major parameters of EBIS for RISP and for CARIBU
are compared in Table 1. The cathode is made of IrCe with
a diameter of 5.6 mm, which was manufactured by Budker
Institute for Nuclear Physics (BINP). BINP also provided
the cathode package including the electron gun coil. The
gun was first tested by pulsing the anode voltage, while
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Fig.1 The EBIS system under preparation for off-line test using a
Cs'* source

Table 1 Comparison of major EBIS parameters for RISP and CAR-
IBU

RISP CARIBU
Biax 6T 6T
Ioox 3A 2A
Dia. of cathode 5.6 mm 4 mm
Trap length 76 cm 70 cm
Tube diameter 24 mm 20 mm
Warm bore diameter 203 mm 155 mm
J o OF election beam 500 A/em? 500 A/em?
Election energy of gun/in trap ~ 20keV/12keV 10 keV/4-5 keV

extracted electrons being dumped to the anode [3]. At a test
bench in 2019 including both the gun and electron collector,
the current reached up to around 2 A. The warm bore tube
contains normal conducting coils for orbit correction and
getter pumps for ultra-high vacuum. This bore diameter is
increased from that of CARIBU to improve vacuum in the
long trap and to reduce ion contaminants for higher effi-
ciency of charge breeding.

Ion trapping by space charge of the electron beam can be
improved with uniform electron current density, i.e., uniform
magnetic field in the trap. When the magnetic field varies,
the radial potential well is changed. This variation leads to
larger amplitude of ion radial motion, and thus, ions can
leave the electron beam boundary to spend time outside of
the beam. This effect can result in broadening the charge
state distribution compared to the model of 100% ion—elec-
tron overlap. We used TRAK [7] to calculate electron tra-
jectories self-consistently by accounting for electron beam’s
space charge.
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The ionization cross section is typically a maximum
when electron energy is near ionization potential. The drift
tube voltages can be controlled to vary the beam energy for
higher charge breeding efficiency. However, virtual cathode
effect can occur in the trap when the beam energy is reduced
below the threshold energy for given electron current. Ana-
lytic approximation and TRAK simulation were performed
to evaluate the current limitation due to the virtual cathode
effect, which aims to guide EBIS operation.

Extended uniform magnetic field of 6 T
SC-solenoid

The maximum magnetic field in the trap is set to be 6 T con-
sidering the breeding time required for rare isotope beams
and the availability of reliable SC-magnet with a warm bore
size of 203 mm. A 6 T SC-magnet was built by Tesla Engi-
neering Ltd., and its major parameters are listed in Table 2.
To extend uniform field region, two coils are added at the
ends of the solenoid, which lowers the field intensity at the
center. The added coils are serially connected to the solenoid
with ultra-low resistance. The magnet operates in persis-
tent mode to keep the field highly stable. Variation of the
magnetic field is measured using a Gauss meter to be less
than 0.1 ppm after finishing current ramping and further
decreases after 30 h or so.

The magnetic field was mapped along the axis first at the
factory and checked at the site using a Hall probe, which was
guided by an aluminum tube as shown in Fig. 2. The field
profile at 6 T is given in Fig. 3 showing that its uniformity
meets the requirement. The central axis of solenoidal field
was searched by measuring the axial fields around a fixed
distance from the mechanical center. The Hall probe was
located near the two ends of the cryostat, where the gradi-
ent of axial field is large, allowing for high sensitivity of
this centering method. The magnetic axis was determined
by decreasing differences in the fields of opposite angular
locations. Finally, the end flanges for the beam tube, which
are designed to be adjustable by 5 mm in transverse direc-
tions, are fixed to the field center. Some details of the field
mapping device are shown in Fig. 2.

Table 2 Major parameters of the 6 T magnet

Parameter Values

Bmax > 6 T at center
l,at6T 96.2 A
Inductance 280.9 H
Stability < 0.1 ppm/h

<+0.4% (< £35 cm)
<+4% (< +40 cm)

Uniformity (length)
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Fig.2 The 6 T SC-solenoid
placed on the support frame
and a mapper guide installed
for field mapping. The support
structure of Hall probe is made
of glass fiber composite and
four adjustable blocks to locate
end flanges are attached to the

cryostat Mapper guide

End flange

T 6:2 B(T)

5.7
-400 -300 -200 -100 0 100 200 300 400
Z (mm)

Fig.3 The magnetic field measured along the axis with the bounda-
ries of field uniformity indicated

A larger total charge capacity can be obtained with a
longer trap [8], which is suitable for charge breeding of
abundant stable ions. However, to increase the efficiency
of charge breeding to desired charge, a longer and uniform
magnetic field can be more effective. The effects of uniform
magnetic field on electron current density are studied with
and without compensation coils as shown in Fig. 4. Fig-
ure 4 also shows the profiles of magnetic fields calculated by
TRAK along the axis. The solenoid does not use ferromag-
netic yoke to confine the magnetic flux, so that the range of
fringe field is quite long. The region of 100 G lines is about
3 m away in the perpendicular direction from the axial center
of the 6 T magnet. In fact, this large stray field affects the
operation of nearby components. Moving parts of vacuum
pumps should be locally shielded. The use of iron shields
in the cryostat of the SC-solenoid can be also feasible with
some care not to disturb cylindrical symmetry as has been
considered in CERN [9].

Adjustable blocks

Hall probe

Correction coil

50 Z (cm) 100

With correction coil

Single solenoid

Location of cathode

0 50 100 150
Distance from magnet center (cm)

Fig.4 Upper: Configuration of the solenoid with correction coil.
Lower: The axial magnetic fields of the two cases

Axial magnetic field profiles in the cathode are plot-
ted in Fig. 5, which shows the correction coil increases
stray fields in the axial direction. The higher fringe field
is helpful for the electron gun to be immersed in the field
with the gun coil field strength reduced. Also, magnetic
mirror effects, which may occur between the gun coil and
SC-magnet such as in case 2 of Fig, 5, can be avoided.
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Fig.5 Axial magnetic field pro-
files on axis in the electron gun,
where the fringe field of the 6
T solenoid helps immersing the
electron beam. The cathode’s
emission surface is at zero, and
the anode tube is at 7.8 cm

3. E-gun coil + solenoid
with correction coil

B (kG)

35
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2.5

2. E-gun coil +
single solenoid

1. E-gun coll

Simulation study of electron current density
using TRAK

The electron beam optics is simulated using TRAK. The
magnetic and electric fields are assumed to be cylindri-
cally symmetric. Iterations of particle tracking followed by
updates of the electric field solution are performed until the
final electron kinetic energies converge. The cathode surface
has a convex shape to make the electron beam flow more
laminar. When the beam energy is reduced in the trap, the
laminar flow may help in lessening electron losses on other
than electron collector [10]. The full envelope of electron
beam in the EBIS is given in Fig. 6 along with the locations
of drift tubes [11]. At the collector, the electron beam is
strongly defocused with the use of soft iron cover to shield
the stray field of the 6 T magnet, and an electrostatic repeller
is used to reflect the beam.

Sectional electron densities at the five locations indicated
in Fig. 6 are calculated with TRAK and plotted in Fig. 7 for
the two cases of magnetic field profiles. Much larger variation
of current densities appears in the case of without corrective

-20. 0. 20. 40. 60.
Position (cm)

coil as predicted by magnetic compression of the immersed
cathode:

. B(2)
Je B,

Jj@=

where j. and B, are the electron current density and the mag-
netic field intensity at the cathode, respectively.

The current density profiles along the trap are plotted in
Fig. 8, where the density is an average on the plateau of Fig. 7,
reflecting the variation of magnetic fields. The field intensity
on the cathode is kept at 1.9 kG in TRAK simulation. For
a given length of the magnet, the trap length can be further
increased by adding doubly stacked coils instead of single
layer. The effect of field oscillation on charge breeding effi-
ciency to desired charge state could be perhaps evaluated by
simulation tools like EBIS-PIC [12] in the future.

The maximum positive charge capacity that is trapped in
the electron beam can be estimated with:

0 =33x 10", E~'/?

Drift tubes

Fig.6 Electron beam envelope 10
from cathode to collector. Five 9
locations are indicated, where 8
the electron beam profiles are 7
plotted in Fig. 7 €6
Es
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Fig.7 Current density profiles 500 g T T T T T g
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where fis electron beam neutralization factor with a value
of around 0.5-0.7, L is the length of the trap in m, I, is the
electron current in A, and E is the electron beam energy in
keV. Provided with an electron beam of 3 A at an energy of
10 kV in the ion trap length of 0.76 m, the charge capacity is
around 1.43x 10! if assuming fis 0.6, which is acceptable
for most of rare isotopes expected from RISP.

The extended uniform field increases the positive
charge capacity proportionally, and uniform electron cur-
rent density will enhance the efficiency of charge breeding

Distance (cm)

to desired single charge state by reducing radial oscillation
of trapped ions.

Virtual cathode formation in the trap

The electron beam energy is another parameter affecting the
breeding efficiency to desired charge state. If the energy is
much higher than ionization potentials in the trap, the effi-
ciency can be improved by lowering electron energy with the
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Fig.9 Electron beam trajectories when the four drift tubes in the trap
region are kept at the voltages of: 4.5 kV (a), 4 kV (b), 3.5 kV (c¢).
The bias voltage on the cathode is —4 kV

control of drift tube voltages. However, deceleration of the
electron beam can cause forming virtual cathode. A virtual
cathode is often formed by halo electron beam and reflects
electrons back to the cathode or to the wall of drift tubes,
which is characterized by complex non-stationary dynam-
ics [13].

The electron current for virtual cathode formation can
be estimated as below when the beam is not space charge
compensated [14]:

%)

I,(A)=254%x10°0—2
5 1+21In(r,/r.)

where r, is the inner radius of drift tube, r, is the radius of
electron beam, and Vj, is the potential difference between
the electron cathode and the drift tube. With the radii of
the tube and the electron beam fixed to 24 mm and 0.5 mm,
respectively, I is determined by the electron beam energy in
the trap. I is around 3 A when the electron energy is 7 keV.
TRAK simulations are performed to investigate the for-
mation of virtual cathode. Figure 9 shows the reversed elec-
tron flow due to space charge when the voltage applied to
four drift tubes in the trap region is decreased from 4.5 to 4
and then to 3.5 kV. The cathode voltage is biased at —4 kV,
and the anode voltage is 16 kV. The virtual cathode effect
strongly appears at an electron energy of 8 keV for a current
of 3 A. This TRAK result roughly agrees with the estimate
of 7 keV previously performed using the analytic formula.
As listed in Table 1, a typical electron energy in the trap
is 12 kV, which is above threshold energy of virtual cath-
ode formation. However, further energy reduction for some
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isotopes to enhance the charge breeding efficiency will be
limited especially considering possible onset of the effect
at higher electron energies due to non-ideal environment.

Conclusions

The charge-bred beam current to desired charge state can
be improved with an elaborate design of magnetic field in
the trap. The 6 T solenoid for RISP is designed to have an
extended uniform field region for ion trapping compared to
that for CARIBU. TRAK simulations show the electron cur-
rent density is more uniform in a wider range. In addition,
the higher stray field by correction coil is useful because
smaller electron gun coil current can be used to immerse the
cathode, also avoiding any magnetic mirror effect between
the gun coil and SC-solenoid. In the future, multilayer cor-
rection coils could be considered to shape the trap field,
while advanced charge breeding calculation in 3D guiding
to optimize the field profile.

Electron beam energy in the trap is a major parameter
affecting ionization efficiency, but virtual cathode formation
can occur due to space charge when the electron energy is
reduced. Depending on nuclei in the trap, electron beam
energy can be adjusted considering both charge breeding
efficiency and virtual cathode effect. Practical operation
parameters of the EBIS can be studied when the beam opera-
tion starts in 2021.
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