
Journal of Instrumentation
     

TECHNICAL REPORT

Electron gun and collector for RAON EBIS charge breeder
To cite this article: H.J. Son et al 2021 JINST 16 T09001

 

View the article online for updates and enhancements.

This content was downloaded from IP address 108.71.225.156 on 01/09/2021 at 23:34

https://doi.org/10.1088/1748-0221/16/09/T09001
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuDP_tpp6fKSFygsdzV2u1JQ4tCG136sEmroe1ZdxrBqzZ0dzBwXBFipcn5vT2qx5oXIY3BqXeimsRcJIytf2beVA6ZHpBoxsPpiPorsxz7ay2VEIRtd7yp9WS5daWfvNcv4Qvd8GHV0MrwCYPpZ-33MUIhEwCrsP_2r6X4uJ1ms8RGt5TXMf-oFbKH1d_mpLtRZ4Uu3sxzwymdQcsbGPXnIm_HOQ_eRCcfvdRuG20AGhd0GwdPH8xOQEIEPPvot3uPDxKm2AnkYTzEUiMkNULNjwVBazZWPgM&sig=Cg0ArKJSzDz5EKjA6zkK&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/short-courses%3Futm_source%3DIOP%26utm_medium%3DPDFBN%26utm_campaign%3DOctRegister


2
0
2
1
 
J
I
N
S
T
 
1
6
 
T
0
9
0
0
1

Published by IOP Publishing for Sissa Medialab
Received: July 18, 2021

Accepted: August 11, 2021
Published: September 1, 2021

TECHNICAL REPORT

Electron gun and collector for RAON EBIS charge breeder

H.J. Son,𝑎 Y.H. Park,𝑏,∗ T. Shin,𝑏 S. Kondrashev𝑐 and M. Chung𝑑,∗

𝑎Facility for Rare Isotope Beams, Michigan State University,
640 South Shaw Lane, East Lansing, MI 48824, U.S.A.

𝑏Rare Isotope Science Project, Institute for Basic Science,
Daejeon 34000, Republic of Korea

𝑐Brookhaven National Laboratory,
Upton, New York 11973, U.S.A.

𝑑Department of Physics, Ulsan National Institute of Science and Technology,
Ulsan 44919, Republic of Korea

E-mail: yhpark@ibs.re.kr, mchung@unist.ac.kr

Abstract: A heavy-ion accelerator facility, called RAON, is being constructed in Korea. RAON is
a large scale experimental facility for basic science research through nuclear physics experiments
using various rare-isotope (RI) beams. An Electron Beam Ion Source (EBIS) will be utilized as a
charge breeder in the isotope separation on-line (ISOL) system of RAON. The electron gun (e-gun)
and electron collector are essential components of the EBIS to charge-breed the RI beams. The
e-gun, a magnetically immersed type, has been designed to generate electron beams with currents
up to 3 A. The material of the cathode is IrCe, which provide a higher current density and longer
lifetime than the LaB6 cathodes. In addition, the collector which can dissipate electron beam power
up to 20 kW has been designed and built.

A test bench has been designed and constructed to commission the e-gun and collector sub-
systems. The test bench is equipped with a negative high-voltage platform, called a cathode platform,
to provide an independent electron beam current loop. The control system was also designed and
implemented to be able to control two different platforms, such as the cathode and ground platforms,
using the NI LabVIEW hardware and software. The experimental goals of the tests described in
this paper are to generate and transport to collector 2 A electron beam, and to demonstrate a stable
operation mode with electron beam width of 50 ms and a repetition rate of 10 Hz. These goals have
been determined for the first charge breeding experiment, which is to obtain the charge-bred beam
of Cs33+, in the future. This paper presents the electron gun and collector sub-system of RAON
EBIS, including the cathode tests, the simulation results, and the electron beam experiment.
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1 Introduction

The Rare Isotope Science Project of the Institute for Basic Science is currently developing the
Korean heavy ion accelerator called RAON [1]. RAON is a large scale experimental facility for
basic science research through nuclear physics experiments using various rare-isotope (RI) beams.
The isotope separation on-line (ISOL) system is one of the methods to produce RI beams within
the RAON facility. A 70 MeV proton cyclotron will be utilized as a driver, which is capable of
delivering 70-kW beam power to the ISOL target. After RI production from the ISOL system, the
RI beams can be re-accelerated by post-accelerator up to 20 MeV/u. A charge breeder is an essential
component of the ISOL system for an efficient post acceleration. The RI beams will be charge-bred
to a mass-to-charge ratio less than 6 to satisfy the ion beam requirement of 10 keV/u for the post
acceleration. An electron beam ion source (EBIS) will be employed as the charge breeder.

There are devices that have a similar structure to Electron Beam Ion Source and Charge
Breeders. These devices are electron coolers [2, 3] and electron lenses [4–6] employed at many
proton or ion storage rings and high-energy colliders. Electron coolers are used to reduce the
emittance of circulating ion beams and electron lenses — either to minimize beam-beam effects
at the interaction point or to remove circulating ion beam halo. All three types of devices consist
of e-gun, room-temperature or superconducting solenoid, and either high power electron collector
or energy recovery sub-systems in the case of electron coolers installed at high energy protons or
ion colliders. Typically, the electron beam current is below 1 A for electron beam coolers and can
be up to several Amps for electron lenses. In some cases, dc electron beams are used, but in most
cases, rf modulated electron beam is preferred to match the time structure of circulation ion beam
bunches. A low temperature of the generated electron beam is a crucial parameter for electron
coolers, so lower temperature oxide cathodes are typically the choice there. In contrast, higher
temperature IrCe cathodes with higher current densities and longer lifetimes are employed in all
modern EBISes or EBIS-based charge breeders [7, 8]. Electron beam energy for electron coolers is
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varied in a very wide range (from 10 keV up to a few Mev) to match the velocity of the circulating
ion beam [9, 10]. In the most modern electron coolers and all electron lenses, superconducting
solenoid with magnetic field up to 6 T is located between e-gun and electron collector. Electron
collectors are very similar for all three types of devices mentioned above and should be capable of
dissipating electron beam power up to a few hundred kW in some cases. However, requirements to
transverse spatial profile of electron beam are always much more demanding for electron coolers
and lenses comparing to EBISes or EBIS-based charge breeders. In general, all three types of
devices which are widely employed nowadays at large-scale accelerator facilities can benefit from
e-gun and electron collector design and development, which continue to be pursued for either device
in different laboratories.

An electron gun used in the RAON EBIS was designed and manufactured by the Budker
Institute of Nuclear Physics (BINP, Novosibirsk, Russia) and is a magnetically immersed gun type
with the IrCe cathode. The LaB6 cathode, a monocrystalline lanthanum hexaboride, is the most
widely used to produce a dense high-current electron beam. However, the IrCe cathode can produce
an electron beam current density two times higher than the LaB6 cathode at the same temperature
and has a lower evaporation rate by two orders of magnitude. Consequently, the longer lifetime
of IrCe cathode, which is up to 40,000 hours while generating a current density of 15–17 A/cm2,
is advantageous in the operational aspect [11]. The maximum electron beam current of RAON
EBIS is 3 A, and the maximum magnetic field is 6 T, which can compress an electron beam to
have a current density of up to 500 A/cm2 in the trap. The collector, which can dissipate electron
beam with a maximum beam power of 20 kW, has been designed and built for the electron beam
collection [12]. The specifications of the RAON EBIS are summarized in table 1. In order to verify
the electron gun and collector sub-system of the RAON EBIS, a test bench has been designed and
constructed. All components of this test bench will be used for offline commissioning of the RAON
EBIS charge breeder in the future. The experimental goals in the test configuration are to transport
2 A electron beam from e-gun cathode to collector and establish a stable operation with electron
beam pulse width of 50 ms and a repetition rate of 10 Hz. Those goals have been determined
for the first charge-breeding experiment in the future. For the first charge-breeding experiment,
we have planned to inject Cs1+ ion beam from a home-made external ion source and breed it up
to 33+ [13]. The e-gun and collector sub-system of the RAON EBIS is described and discussed in
the following sections.

Table 1. RAON EBIS Specifications.
Electron-beam current ≤ 3 A

Electron-beam energy ≤ 20 keV

Magnetic field (trap center) ≤ 6 T

Electron-beam current density (trap) ∼ 500 A/cm2

A/q < 6

Extraction beam energy 10 keV/u

Beam power on the collector ≤ 20 kW
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2 Cathode test

The BINP has designed and manufactured the e-gun assembly, which consists of an IrCe cathode,
an anode, a cross-chamber, and a normal conducting solenoid. There are two different sizes of IrCe
cathodes, i.e., 4.2 mm and 5.6 mm, for the RAON EBIS as shown in figure 1. The cathode with
a diameter of 5.6 mm can produce a beam current of 3 A with a beam energy of 20 keV, whereas
the 4.2 mm cathode is for 2 A of electron beam with a beam energy of 12 keV. The cathode heater
is placed inside the housing. The negative terminal for the heater is connected with the cathode
body; therefore, the negative terminal is on the same electric potential as the cathode. The positive
terminal for the heater is isolated from the cathode by the insulator of the cathode’s backside.

Figure 1. E-gun for EBIS: (a) cross-sectional view of the e-gun installed inside the vacuum chamber with
solenoid coil, (b) pictures of the e-gun, and (c) cathodes showing the circular surfaces of IrCe and inner
structures.

In order to figure out the electron emission characteristics of the electron gun, a cathode test was
performed in absence of magnetic field near the cathode. In the cathode test configuration, when
the high voltage is applied on the anode, the electrons emitting from the cathode are accelerated
and electron beam is diverged. The electrons are then collected by anode, as shown in figure 2. A
pulsing circuit was employed to produce a short-pulsed electron beam with a pulse width of 10 μs
to minimize beam power on the anode.

Figure 3 presents the pulsing circuit diagram to produce the short-pulsed electron beam. This
high-voltage pulsing source can release a current of several amperes in a short time in the order of
a few or tens of µs. The high-voltage capacitor (Hivolt, PMR300-504) acts as a charge reservoir
that can be charged in a few tens of seconds through the 20 MΩ resistor (EBG, MTX969.105) up to

– 3 –
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Figure 2. Trajectory of electron beam simulated by the TRAK code for the electron cathode test without the
e-gun solenoid.

30 kV. A fast high-voltage transistor switch (Behlke, HTS 331-06) is used to generate a short pulse,
and a 1 kΩ resistor is used to limit the current for protecting the Behlke switch. A trigger signal
from the function generator controls the pulse width. While the high-voltage switch is off, the anode
is biased by a voltage of −100 V to suppress the thermal electron emission from the cathode. A
current transformer (CT) (Pearson, Current Monitor Model 110) detects the electron beam current.

Figure 3. Circuit diagram for high-voltage pulsing.

The electron beam current versus the anode voltage is shown in figure 4 for each size of cathode
diameter. With the low cathode heater power, the electron emission is limited by the temperature
of the cathode. However, when the heating power is high enough, the electron emission is limited
by the space-charge of electrons in accordance with the Child-Langmuir law. The perveances of
4.2 mm and 5.6 mm cathodes are 2.0 × 10−6 A/V3/2 and 1.35 × 10−6 A/V3/2, respectively. The
electron beam current of 3 A is achievable with the 5.6 mm cathode at the beam energy of 20 keV
and with the 4.2 mm cathode at 13 keV.

3 E-gun/collector test bench and experimental settings

3.1 Simulation of e-gun/collector test bench

The purpose of the e-gun/collector test bench is to test the electron beam emission and collection
by assembling the e-gun and the collector region without the EBIS ion trap. All components of the
test bench have been installed as shown in figure 5.

There are two normal conducting solenoids for guiding electron beam at both sides of the
e-gun cathode and the collector entrance. The minimum required magnetic field strength along
the central line of each normal conducting solenoid is approximately 0.15 T [14]. The cathode is
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Figure 4. Current against anode voltage: (left) perveance of 2.0 × 10−6 A/V3/2 for 4.2 mm cathode and
(right) perveance of 1.35 × 10−6 A/V3/2for 5.6 mm cathode.

Figure 5. (left) Cross-sectional view of e-gun/collector test bench: 1O e-gun, 2O gun coil, 3O gate valve,
4O collector coil, 5O vacuum breaker, 6O DT #11, 7O magnetic shield, 8O collector body, 9O repeller, 10O EBIS
stand, 11O post insulator, and (right) photograph of installed e-gun/collector test bench.

immersed in an axial magnetic field in the so-called magneto-immersed gun. There are two critical
phenomena that must be considered regarding electron beam propagation for EBIS operation. The
oscillation of the electron beam is the first phenomenon. Humphries [15, pp. 438–443] thoroughly
described the dynamics of beam oscillation in a magneto-immersed gun. The trace equation in
terms of characteristic frequencies can explain the correlation between magnetic and space-charge
forces on the envelope oscillation as eq. 3.1.

𝑑2𝑅

𝑑𝑍2 =

[
𝜔𝑝𝑏

𝛾𝜔𝑔𝑏

]2 1
2𝑅

− 𝑅

4

[
1 − 1

𝑅4

]
(3.1)

One fundamental parameter is the magnetic gyro-frequency (𝜔𝑔𝑏) of beam electrons:

𝜔𝑔𝑏 = 𝑒𝐵𝑜/𝛾𝑚𝑜 (3.2)
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where 𝑒, 𝐵𝑜, and 𝛾𝑚𝑜 are elementary charge, an axial magnetic field, and an adjusted mass,
respectively. Another parameter is the beam plasma frequency (𝜔𝑝𝑏) due to space charge of the
electron beam:

𝜔𝑝𝑏 =

(
𝑒2𝑛𝑜/𝛾𝑚𝑜∈𝑜

) 1
2 (3.3)

where 𝑛𝑜 is the particle density of emerging beam. There are two dimensionless variables

𝑅 =
𝑟 (𝑧)
𝑟𝑜

(3.4)

and
𝑍 =

𝑧(
𝛽𝑐

𝜔𝑔𝑏

) (3.5)

where 𝑟 (𝑧) is the radius of beam envelope at the axial position of 𝑧, and 𝑟𝑜is the radius of the beam
at the initial position. Here, 𝑅 represents the degree of beam oscillations, and 𝑍 is the normalized
axial position. In eq. 3.1, the degree of beam oscillation can be controlled by (𝜔𝑝𝑏/𝛾𝜔𝑔𝑏). Thus,
the beam oscillation can be reduced by increasing the magnetic gyro-frequency 𝜔𝑔𝑏. In other
words, to produce a laminar electron beam with the magneto-immersed gun, the amplitude of beam
radial oscillations should be decreased by increasing magnetic field on the cathode. Figure 6 shows
simulated trajectories of the electron beam with different magnetic fields of the e-gun solenoid. As
the magnetic field decreases, the radial oscillation of the electron beam increases.

Figure 6. Variation of beam oscillation with different magnetic fields of e-gun solenoid.
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The magnetic mirror effect is second phenomenon that should be considered for electron beam
transport. The invariance of the magnetic moment is the basis for plasma confinement using the
magnetic mirror effect [16, pp. 17–44]. The pitch angle of the magnetic mirror effect is defined by

𝛼 ≡ arcsin
√︂

𝐵0
𝐵max

(3.6)

The pitch angle defines the boundary of a velocity space, called a loss cone, for the plasma
confinement condition as shown in figure 7. Outside of the loss cone, the plasma is confined in the
magnetic mirror system. For the EBIS, the meaning of 𝛼 is slightly different, and 𝛼 can be called an
acceptance angle in view of the beam transport. The cathode surface of the e-gun is positioned at
¬ in figure 7, and the position  in figure 7 is the entrance of the ion trap region with the maximum
magnetic field of 6 T. If the angles of emitted electrons at the cathode surface are less than the
acceptance angle, the electrons can enter the ion trap region without reflection.

Figure 7. Loss cone of magnetic mirror system.

Figure 8 presents the maximum emission angle of electrons obtained from the previous sim-
ulation and the acceptance angle, according to the magnetic field variation at the cathode surface.
The two curves of the maximum emission angle and acceptance angle meet at the magnetic field
of approximately 1570 Gauss. It means that the minimum magnetic field of the cathode surface is
around 1570 Gauss to avoid the beam reflection due to the magnetic mirror effect for the RAON
EBIS operation.

An electron beam simulation with the exact geometry of the test bench has been performed
using the TRAK code [17]. The purpose of this simulation is to verify the electron beam trajectory at
a steady-state and to confirm suitable parameters related to the electric/magnetic field profile for the
beam transport without beam losses. The electric and magnetic field configuration along the beam
axis is described in figure 9. Because the e-gun is the magneto-immersed type gun, the emission
surface of the cathode should be positioned at the middle of the e-gun solenoid on the beam axis.
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Figure 8. Maximum emission angle and acceptance angle according to different magnetic fields of cathode
surface with magnetic field of 6 T at the trap.

The collector coil is required to prevent the electron beam from spreading in radial direction before
reaching the collector. The peak value of the magnetic field in the 𝑧-direction is approximately
0.15 T. The potential difference between the cathode and the anode defines the electron beam energy
at the initial stage. The cathode and collector potentials are set to −5 kV and 0 V, respectively. A
repeller voltage of −11 kV keeps the electron beam from passing outside the collector.

Figure 9. Electric and magnetic field configurations along the beam axis for electron beam simulation.

The electron beam trajectories are simulated, as shown in figure 10. The electron beam
is completely transported to the collector without hitting the inner structure or reflection. In
the collector region, the electron beam is thoroughly spread to the collector surface because of
magnetic shield and the applied repeller voltage. The electron beam radius at the collector entrance
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is 3.4 mm, which is a reasonable size for loss free beam transport. In this simulation, we confirmed
the operational conditions for the electric and magnetic field distributions.

Figure 10. Electron beam trajectories from the cathode to the collector in the e-gun/collector test bench
system.

3.2 Experimental setup for e-gun/collector test bench

Figure 11 shows the installed e-gun/collector test bench and the electric system diagram. There
are seven electrodes from the cathode to the collector, and two different platforms are parts of that
system. One is a cathode platform and another one is a ground platform. The cathode platform
is for the loop of the electron beam current. The ground platform is for biasing the voltages
to the electrodes and operating the two normal conducting solenoids. In this electrical system
configuration, the collector and the output of the collector power supply are held at laboratory
ground. The potential of the cathode platform drops down as much as the output voltage of the
collector power supply. Because the output of the collector power supply is grounded, the potential
of its chassis becomes negative, accordingly. Therefore, the output voltage of the collector power
supply determines not only cathode bias but also the electron beam energy at collection. This
configuration is temporary for the test bench. In the final configuration, an additional power supply
for the cathode platform will be used to define the cathode bias separately with the electron beam
energy at the collector.

Figure 11. (left) Photograph of e-gun/collector test bench, and (right) diagram of electrical system for
e-gun/collector test bench.

The electron beam current was measured using a current transformer (CT), Current Monitor
Model 110 from Pearson, which is an AC-CT and has a droop rate of 0.8 %/ms due to the low
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frequency cutoff at 1 Hz. CT #1 measures the emission current at the e-gun side. CT #2 is for
measuring the collected current, and it is positioned ahead of the node for grounding. The wires for
aperture 01/02 and drift tube (DT) #11 pass through CT #3 together for measuring the loss current,
and the power supplies for those electrodes can monitor the loss current, too. The power supply
for the anode is a high-speed, high-voltage amplifier (TREK, 20/20C-HS). Its current monitor can
measure a current of up to 60 mA, which is the limiting current of the TREK amplifier. The output
voltages and the potential configuration for this test are summarized in table 2.

Table 2. Voltage setting and potential profile of e-gun/collector test bench.
Output
of PS
[kV]

Anode PS DT PS Aperture PS Collector PS Repeller PS

Up to 15 Up to 10 −500 V to ground 5 −12 to −10

Potential
[kV]

Cathode Anode Drift tube Aperture 1 Aperture 2 Collector Repeller

−5 Up to 15 Up to 10 Ground −500 V to ground Ground −12 to −10

For the control system of the e-gun/collector test bench, National Instruments (NI) hardware
is used [18]. The block diagram of the control system is shown in figure 12. The main control
hardware, PXIe-8135, is installed on the ground platform. There are several modules such as the
analog output (NI PXI-6733), analog input/digital in-out (NI PXI-6255), digital in-out (NI PXI-
6514), and RS232 (NI PXI-8430) in the main control hardware. The high-voltage amplifier (TREK
20/20HC) having a slew rate of 700 V/μs is used to generate a high-voltage pulse for the e-gun anode.
This high-voltage amplifier needs an input signal in the range of±10 V to amplify up to±20 kV. Thus,
the high-voltage pulse is controlled directly by the analog output module (NI PXI-6733) in the main
control hardware. The communication channel of most power supplies uses the Ethernet protocol.
The power supplies for the repeller, DT, apertures, and solenoids are products of Matsusada. These
power supplies have their own control units, such as CO-E32 and CO-HV, as shown in figure 12.
The CO-E32 control unit from Matsusada can handle 32 power supply units, and an optical fiber is
used to communicate between the CO-E32 and the power supply directly or through the CO-HV. In
this test bench, these power supplies are on the ground potential. However, in the final configuration
of the RAON EBIS system, these power supplies should be on the high-voltage platform in the range
of 20–60 kV, and the optical fiber is mandatory. The cathode heater power supply and the collector
power supply are on the cathode platform around −5 kV. Therefore, the optical fibers are used to
control these power supplies, and six converting units of Ethernet-Optical (Soltech SFC-200) and
Ethernet-Serial (Wiznet Wiz100SR) are installed for serial communication. To monitor the vacuum
levels of each section, i.e., the e-gun and collector, PXIe-8135 communicates with the controller
(Leybold, IM-540) of the vacuum level sensors (Leybold, IE414) by the serial cable directly.

The control program is coded using LabVIEW. When a specific event occurs in the front panel
screen, the control program sends a command to the power supply. The main design pattern for
this control program is the event-based pattern using the event handling structure provided by NI.
To generate a high-voltage pulse for the e-gun anode, the control program can configure the PXI-
6755 output module settings for controlling the pulse width, amplitude, frequency, duty cycle, and
rising/falling time. The control program can record the vacuum levels of the e-gun/collector region.

– 10 –
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Figure 12. Block diagram of control system for e-gun/collector test bench.

4 Experimental results

The experiment has been performed with the 4.2 mm cathode, and the target beam current is 2 A for
the nominal operation of the RAON EBIS. Initially, the anode voltage was swept from −6 kV to 8 kV
for 50 ms, called a saw-tooth pulse mode, to align the magnetic field line from the cathode to the
collector. During the test in the saw-tooth pulse mode, we adjusted the three-dimensional position
of the two normal conducting solenoids to minimize the loss current on the anode. The cathode
platform voltage was set to −6 kV, and the cathode was heated by the heater power supply with
approximately 119 W. Figure 13 presents the emission current from the cathode and the collection
current at the collector. After finishing the magnetic field line alignment, the 3 A of electron beam
was generated with an energy of 14 keV, and the loss current of 2 mA was measured through the HV
amplifier’s monitor. The electron beam of 2 A has been obtained at the beam energy of 12.5 keV.

Then, the saw-tooth pulse mode was changed to a square pulse mode. The pulse width was
swept from 10 ms to 400 ms under fixed conditions of beam energy and heater power to check
the beam current and pulse-to-pulse electron beam fluctuations. As shown in figure 14, the beam
current is sustained at approximately 2 A within 100 ms pulse width and then decreases steadily
afterward. The beam current is 1.72 A with a pulse width of 400 ms, as described in figure 15 and
table 3. The beam current decreased in accordance with increasing pulse width because the electron
emission is limited due to cooling cathode surface by emitted electrons.

In addition, as the pulse width increased, the vacuum level in the e-gun/collector chamber also
gradually increased stepwise, as shown in figure 16. The vacuum level is sustained at 10−8 Torr on
both sides of the e-gun and collector, although the electron beam has a pulse width of 400 ms and
a duty cycle of 67%. When the duty cycle was increased to 80%, the vacuum level drastically in-
creased, and electron beam transmission was stopped. We will investigate further to extend the pulse
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Figure 13. Electron beam signals from the e-gun and collector in saw-tooth mode. The CT’s transfer function
is bandwidth limited at low frequencies, and the waveform is not exactly of a saw-tooth shape because the
coil’s ambient magnetic field brings a non-linear effect on the CT.

Figure 14. Plot of electron beam currents of emission and collection according to pulse width sweep.
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Figure 15. (Upper) Emission/collection beam current measurements with the pulse width of 400 ms.
(Bottom) Waveform of voltage difference between the cathode and anode for electron beam emission. The
height of the spikes represents the change in electron current at every instance when the electron beam is
turned on or off. The waveform is not a square pulse because of the voltage droop on the CT.

Table 3. Characteristics of emission/collection electron beam with the pulse width of 400 ms.

ΔVcathode−anode Heater power Pulse width Duty cycle Frequency Emission
current

Collection
current

12.5 kV 119.56 W 400 ms 67.32 % 1.63 Hz 1.72 A 1.68 A

width more with the completely assembled EBIS in the future; however, the pulse width of 400 ms
is still quite enough for a long breeding time and extraction of a stretched charge-bred ion beam.

The estimated current density at the trap with an electron beam current of 2 A is 577 A/cm2 in
a magnetic field of 6 T. With this electron beam, the breeding times for the ions of Cs33+ and Rb21+

can be calculated by using the CBSIM [19] and CHASER [20] codes. The charge breeding times
are 48 ms and 16 ms for the ions of Cs33+ and Rb21+, respectively. Based on the estimated breeding
time, the electron beam emission/collection test was carried out with a pulse width of 40 to 50 ms.
Figure 17 shows the variation in vacuum level during the emission/collection tests. The test has two
broad objectives. The first is to increase the emitting beam current from 2 A to 2.9 A by increasing
the anode voltage under a fixed pulse width of 40 ms and duty cycle of 15.8%. The second is to
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Figure 16. Vacuum pressure variation for various electron beam pulse widths.

Figure 17. Vacuum stability with electron beam for charge breeding of Cs with 𝐴/𝑞 ≈ 4.

increase the pulse width to 50 ms and the duty cycle to 57%. As a result, it was confirmed that the
electron beam, which has a beam current of 2 A, pulse width of 50 ms, and duty cycle of 57%, was
maintained stably in the vacuum levels of 1 × 10−8/9 × 10−9 Torr region during the beam test. The
rise in vacuum level in the collector is due to outgassing, which is associated with the growth in the
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Figure 18. Electron beam signals required to obtain charge-bred beam of Cs33+.

number of collected electrons and atom/molecular desorption from the collector’s inner surface by
increasing the beam’s duty cycle.

Figure 18 shows the electron beam’s measured emission/collection currents with a pulse width
of 50 ms. The electron beam of 2 A was emitted from the cathode, and most of the electrons are
collected at the collector. The sum of the loss current at the anode, DT #11, and apertures was
approximately 3 mA. Finally, the target electron beam for the charge-bred beam of Cs33+ has been
obtained, as shown in table 4.

Table 4. Summary of electron beam characteristics required to obtain charge-bred beam of Cs33+.
Cathode

size
Pulse
width

Duty
cycle

Repetition
rate

Δ𝑉cathode−anode
Emission
current

Collection
current

Transmission
rate

4.2 mm 50 ms 57 % 10 Hz 15 kV ∼ 2 A ∼ 2 A 99.85 %

5 Conclusion

The electron gun and collector sub-system are important parts of the RAON EBIS. We have
designed and constructed the electron gun and collector test bench to verify their operation. The
BINP manufactured the electron gun, and the cathode material is IrCe, which can produce a higher
beam current and have a longer lifetime than the LaB6 cathode. Before the construction of test
bench, the short-pulse electron beam test was performed to demonstrate the cathode characteristics.
The perveances of 4.2 mm and 5.6 mm cathodes are 2 × 10−6A/V3/2 and 1.35 × 10−6A/V3/2,
respectively. Detailed simulations have also been performed to determine the proper range of
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operational parameters. We determined the minimum magnetic field at the cathode as well to avoid
the beam reflections due to the mirroring effect.

At the e-gun/collector test bench, the electron beam of 2 A was transported to the collector
with a transmission rate of 99.85%. The electron beam pulse width of 50 ms and a repetition rate
of 10 Hz has been established. Such electron beam parameters are required for the charge-bred
beam of Cs33+ in the future. In addition, we increased the beam pulse width up to 400 ms and the
beam current up to 2.9 A to verify a stable operation. While increasing the beam pulse width and
current, the vacuum pressure was kept at 10−8 Torr level in the electron gun region. As a results of
multiple tests using designed and constructed electron gun and collector test bench, we achieved a
significant milestone for RAON EBIS development.
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