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Abstract 
The ReA post-accelerator of the National Supercon-

ducting Cyclotron Laboratory (NSCL) at Michigan State 
University includes an Electron-Beam Ion Trap (EBIT) op-
erating as a charge breeder. The Facility for Rare Isotope 
Beams (FRIB) is being implemented. After completion, 
rare-isotopes beam rates are expected to exceed in some 
case 1010 particles per second (pps). The charge capacity of 
the ReA EBIT is insufficient to handle those rates. There-
fore, parts of the TEST EBIS from the Brookhaven Na-
tional Laboratory (BNL) were transferred to the NSCL to 
build a High-Current Electron-Beam Ion Source (HCE-
BIS). The HCEBIS features an electron gun that can pro-
vide a current up to 4 A for an estimated trap charge capac-
ity of 1011 elementary charges. This paper presents the 
HCEBIS specifications, electron-beam current measure-
ments to test its cathode, and simulation results for its im-
plementation in the ReA post-accelerator. It also presents 
charge-capacity measurements conducted with the ReA 
EBIT that demonstrate that the HCEBIS will be able to 
handle beam rates of more than 1010 pps. 

INTRODUCTION 
The ReA post-accelerator [1] of the National Supercon-

ducting Cyclotron Laboratory (NSCL) at Michigan State 
University includes an Electron-Beam Ion Trap (EBIT) op-
erating as a charge breeder. At the NSCL, Rare-Isotope 
Beams (RIB) are currently produced by fast-projectile 
fragmentation and fission with the Coupled-Cyclotron Fa-
cility (CCF). After production, these beams are then sepa-
rated in-flight and thermalized in a helium gas cell before 
being transported to the ReA post-acceleration for charge 
breeding and then reacceleration with a linear accelerator 
up to several MeV/u for the nuclear physics program. The 
Facility for Rare Isotope Beams, FRIB, is being imple-
mented based on a 400-kW heavy-ion linear accelerator 
(LINAC) [2]. After the transition from CCF-to-the FRIB 
LINAC, the production yield of rare isotopes will signifi-
cantly increase. In some cases, rates are expected to exceed 
1010 particles/s (pps). In addition, the user community for 
the Separator for Capture Reactions (SECAR) recoil sepa-
rator [3] has requested stable-isotope ion beams with rates 
up to 1010 pps.  

The ReA EBIT [4] has a limited charge capacity of 1010 
elementary (1+) charges, which is insufficient to efficiently 

charge breed to high charge states RIB of high rates from 
FRIB. To increase the charge capacity of the ReA charge 
breeder, a new High-Current Electron-Beam Ion Source 
(HCEBIS) is being built. The HCEBIS uses the “back-
bones” of the TEST EBIS [5], which was transferred from 
the Brookhaven National Laboratory (BNL) in 2018. The 
HCEBIS can operate with an electron-beam current ex-
ceeding 4 A and has a trap length of 0.7m, allowing the 
device to deliver highly charged ion beams of intensities 
expected to be more than 1010 ions per second. The speci-
fications of the HCEBIS are summarized in Table 1.  

Table 1: HCEBIS Specifications 

The assembly of the HCEBIS has recently been com-
pleted from the electron gun to the collector, as shown in 
Fig. 1. The normal conducting solenoids were installed at 
the electron gun and the collector side. Preliminary vacuum 
tests for the electron gun and trap section have been com-
pleted. The control system is currently being implemented. 
 

 
Figure 1: Assembled HCEBIS from the electron gun to the 
collector.  

CATHODE TEST 
The HCBIS will use for operation a magnetically im-

mersed electron gun providing up to 4 A in current. The 
magnetic field near the cathode can suppress large radial 
beam oscillations, therefore the cathode is immersed in the 

Electron-beam current ≤ 4 A 

Electron-beam energy ≤ 20 keV 

Magnetic field (trap center) ≤ 5 T 

Electron-beam current density ≤ 200 A/cm2 

Trap length 0.7 m 

 ____________________________________________  
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magnetic field of approximately 0.15 T [6]. The dispenser 
cathode material is made of lanthanum hexaboride (LaB6), 
and the cathode diameter is 9.2 mm. The LaB6 cathode cur-
rently installed was tested without magnetic fields in a test 
configuration. 

The electron-beam is produced from the cathode by an 
applied high voltage onto the anode. The emitted electrons 
diverge due to the absence of magnetic field near the cath-
ode. They are then accelerated and intercepted by the an-
ode, as illustrated in Fig. 2. A pulsing circuit including a 
fast switch was employed to produce short electron-beam 
pulses of less than 10 μs to minimize the beam power on 
the anode and minimize the charge required to be stored in 
the pulsing circuit capacitors. In the turn-off period of the 
switch, the anode was biased to -100 V to suppress the ther-
mal electron emission from the cathode. The pulsed emit-
ted electron current was measured using a current trans-
ducer (Pearson, Current Monitor Model 110). Figure 2 pre-
sents the result of an electron-beam simulation in the test 
configuration using TRAK (see next section) and a dia-
gram of the pulsing circuit. 

 
Figure 2: a) Pulsing circuit diagram, b) a photo of the ex-
perimental set-up, and c) TRAK simulation result. 

Figure 3 shows the electron-beam current as function of 
the anode voltage with the cathode on ground potential. 
The anode voltage was varied from 0 V to 10 kV. With the 
low heater power, the emission current is limited by the 
temperature of the cathode surface. For higher heater 
power, the emitted beam current becomes only limited by 
the electron-beam space-charge. The I-V (current vs. volt-
age) curve can then be reasonably fitted with the Child-
Langmuir law. The emission current is 1.12 A at the anode 
voltage of 10 kV with 137.4 W of heater power, corre-
sponding to a perveance value of 1.1210-6 A/V3/2. With 
the heater power of 114.3 W and 137.4 W, the emission 
current values were the same. The emitted beam current 
was already limited by electron-beam space-charge with 
the heater power of 114.3 W.  The dash line in Fig. 3 shows 
a simulated I-V curve having a perveance of 1.4510-6 
A/V3/2. According to the perveance value measured at high 
heater power, the required potential difference between the 
cathode and the anode is 23.3 kV to obtain the electron-
beam current of 4 A.  

 
Figure 3: I-V curve of the cathode with different cathode 
heater powers.  

HCEBIS BEAM SIMULATIONS 
Beam simulations are a crucial step to verify the charac-

teristics of the HCEBIS system to be integrated into ReA. 
An electron gun (e-gun) produces an electron-beam with 
small energy spread (quasi-mono-energetic). The electron-
beam is then transported to the trap and compressed by a 
high magnetic field in its center. The compressed electron-
beam plays two roles in the EBIS charge breeder. The elec-
tron-beam space-charge due to the compressed electron-
beam, generates a strong radial potential well that traps 
ions radially. Trapped ions are quickly ionized to high 
charge states with the high current density of the electron-
beam which generates a narrow charge-state distribution, 
increasing the breeding efficiency. Important characteris-
tics are the electron-beam emission from the e-gun, elec-
tron-beam transport from the cathode to the collector, ion 
trap capacity, and current density distribution in the trap. 
The beam acceptance of the HCEBIS and emittance of the 
HCEBIS are also significant characteristics. Simulations 
have been conducted using Field Precision programs: ES-
TAT, PERMAG, and TRAK [7].  

Electron-Beam Simulation 
The simulation domain was two dimensional, and a sin-

gle domain was used from the cathode to the collector to 
prevent discontinuities. All components in the simulation 
were assumed to be ideally axi-symmetric. Figure 4. a) 
shows the magnetic field and electric potential distribu-
tions in the HCEBIS along the beam axis. The cathode sur-
face is positioned at z=0. The axial magnetic field near the 
cathode is approximately 0.15T and the potential differ-
ence between the cathode and the anode is near 20.6 kV. 
With this potential difference, the emitted beam current 
converged to 4 A. 

The radial mesh size near the beam axis was set 10 times 
smaller than the outside mesh size for accurate beam tra-
jectory calculations. The time step was set to 510-14 s. The 
electron-beam was transported from the cathode to the col-
lector, as shown in Fig. 4. b). The electron-beam radius var-
ied with the magnetic field along the beam axis and was 
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Figure 4: a) Axial magnetic field and electric potential dis-
tributions along the beam axis, and b) electron-beam tra-
jectories from the cathode to the collector. 

compressed by the magnetic field of 5T at the trap center. 
Figure 5 shows the radial electron-beam current density in 
the trap area. These current density values were averaged 
values of 40 axial points along the trap length. The current 
density is around 192 A/cm2. The electron-beam radius ac-
cording to the beam current density is estimated to be 
around 0.8 mm. 

 
Figure 5: Electron-beam current density in the trap center 
(5-T magnetic field). 

For an immersed electron gun of low space-charge po-
tential, the electron-beam radius at an arbitrary z position 
can be expressed as [8] 

𝑟 𝑟                                             (1) 

where rcathode is the cathode radius, Bcathode is the axial mag-
netic field at the cathode surface, and Bz is the axial mag-
netic field at the z position, respectively. The beam radius 
at the trap center can be calculated with Eq. (1) as 0.796 
mm with the cathode magnetic field of 0.15T and the trap 
magnetic field of 5T. This value agrees well with the radius 
obtained from the simulations. 

The theoretical charge capacity of an EBIS is given by 
[9] 

                    𝐶
.

𝑓                      2  

It follows that the charge capacity of the HCEBIS is ex-
pected to be 2.41011 elementary charges, assuming a trap 
length (L), electron-beam current (Ie), compensation ratio 
(f), and electron-beam energy (Ee) of 0.7 m, 4 A, 1, and 15 
keV, respectively. This capacity is sufficient to charge 
breed injected beam rates of 1010 pps of light ions. For in-
stance, the HCEBIS could confine 31010 particles of Ne8+. 
Even if losses are considered in the HCEBIS and during 
transport through the ReA LINAC, beam intensities of 
more than 1010 pps could be delivered to experimental fa-
cilities.  

Beam Acceptance of the HCEBIS 
The ReA EBIT in operation employs a Pierce-type gun 

in a magnetically semi-immersed configuration [10, 11]. 
The electron-beam size in the ReA EBIT trap is signifi-
cantly smaller than that of a magnetically immersed elec-
tron gun. Hence, the acceptance of the ReA EBIT is smaller 
than the HCEBIS acceptance. ReA includes a beam cooler-
buncher (BCB) [4] for pulsed injection into the ReA EBIT. 
Although for injected beams of low intensity the BCB 
beam emittance is smaller than the EBIT acceptance, its 
emittance is expected to significantly increase for high-in-
tensity beams. Evaluating the acceptance of the HCEBIS is 
needed to understand its limits in capturing high-intensity 
pulsed beams from the BCB [12].  

Figure 6 shows axial electric potential distributions. The 
dash-dot line represents the distribution without the elec-
tron-beam space-charge. When the electron-beam is on, the 
electron-beam space-charge changes the spatial electric 
potential, as shown by the solid line. This potential distri-
bution with the electron-beam space-charge was obtained 
in the previous electron-beam simulation and was used for 
the injection simulation.  

 

Figure 6: Axial electric potential distributions for the injec-
tion simulation with electron-beam current of 4 A and elec-
tron-beam energy of 14 keV. 

A Ne1+ beam is injected from the injection position lo-
cated at the end of the extractor shown in Fig. 6 and Fig. 7. 
The injected Ne1+ beam stops in the middle of the trap at z 
= 1500 mm. The initial injected ions were distributed uni-
formly in a x-x’ phase-space rectangular that covered a 
30mm150mrad domain. The number of ions was 18272. 
The initial kinetic energy was set to 12 keV, and the aver-
aged kinetic energy in the trap was around 0.9 keV. The 
accepted ion beam trajectory within the electron-beam in 
the trap is shown in Fig. 7. As shown in Fig. 8, the injected 
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ions have a different overlap factor (foverlap) with the elec-
tron-beam. Some ions are moving within the electron-
beam over the whole trap length. In this case, the overlap 
factor is 1. Other ions partially overlaps with the electron-
beam. Most, however, are not overlapping with the elec-
tron-beam or being accepted into the trap area (zero over-
lap factor). 

 

 
Figure 7: Injected ion beam trajectories with overlap factor 
of 1. 

 
Figure 8: Acceptance ellipse with different overlap factor 
with the electron-beam: foverlap=1 represents a full overlap. 

The overlap factor is depended on the initial radial posi-
tion and angle. All particle trajectories were tracked, and 
the overlap factors were obtained for each ion. The ac-
ceptance ellipse with a different overlap factor is shown in 
Fig. 8. The 4 times root-mean-square (4∙RMS) acceptance 
for ions having an overlap factor 1 is 167 mm·mrad. The 
4∙RMS acceptance for all accepted ions having different 
overlapping factor is 518 mm∙mrad. The 4∙RMS ac-
ceptance was obtained by calculating 4∙RMS emittance of 
the injected ions accepted with different overlap factors us-
ing the expression [13]:  

𝜀 ∙ 4 ∙ 𝑥 ∙ 𝑥 𝑥 ∙ 𝑥
 

 𝑚𝑚 ∙ 𝑚𝑟𝑎𝑑       3  

Wenander et al., [9] obtained an analytical expression to 
estimate the maximum geometrical acceptance of an EBIS: 

𝛼 𝑥 𝑥  

 
𝑟

2𝑈
∙ 𝐵𝑟

𝑞
𝑚

𝑞𝐵 𝑟
4𝑚

𝜌
2𝜋𝜀

   4  

where rebeam, Uext, q, m and ρl represent the electron-beam ra-
dius, ion injection potential, ion charge, ion mass and elec-
tron-beam charge per meter, respectively. The equation ac-
counts for the electron-beam space-charge potential and 
was derived for ions having an overlap factor of 1 with a 

non-compensated electron-beam. From this equation, the 
HCEBIS maximum geometrical acceptance is 
217 mm∙mrad with the trap magnetic field at 5T and the 
electron-beam radius of 0.796 mm in the trap.  

An acceptance comparison with the TEST EBIS is 
shown in Table 2 [14]. The 4∙RMS acceptance of HCEBIS 
is larger than that of the TEST EBIS by a factor of 2 due to 
mainly our estimated electron-beam radius being also 
larger by a comparable amount (see Eq. (4)). For the max-
imum geometrical acceptance, the difference of the ac-
ceptance is reduced because the electron-beam space-
charge potential of the TEST EBIS is deeper than that of 
the HCEBIS. It is complementary to the smaller electron-
beam radius. 

Table 2: Acceptance Comparison 

 HCEBIS TEST EBIS 

Electron-beam radius 0.796 mm 0.55 mm 

Electron-beam current 4 A 9 A 

Ion injection potential 12 keV 22 keV 

4·RMS acceptance  

(foverlap=1) 
167 mm·mrad 81 mm∙mrad 

Maximum geometrical 
acceptance 

217 mm·mrad 165 mm·mrad 

CHARGE BREEDER FOR  
HIGH INTENSITY BEAM 

EBIT Operation for High-Intensity Ion Beams 
To predict the capability of the HCEBIS, the production 

of high-intensity beams was tested and the electron-beam 
compensation ratio of the ReA EBIT was measured. When 
the BCB [4, 15] is operated in the pulsed mode for injection 
into the EBIT, the maximum beam rate capability is be-
tween 108–109 ejected ions per pulse. For the studies pre-
sented here, the BCB was operated in the continuous-injec-
tion mode to maximize the injected beam current. After op-
timization, a maximum Ne8+ beam rate after the Q/A sepa-
rator of 1.7481010 pps was obtained with a breeding time 
of 20 ms and a repetition rate of 33 Hz. The electron-beam 
current was set to 425 mA.  

Figure 9 shows the optimized number of extracted Ne8+ 
ions as function of the number of ions ejected from the 
BCB. The number of extracted Ne8+ ions increases with the 
injected rate until it reaches a saturation limit. This could 
be explained by the electron-beam space-charge potential 
being largely neutralized and hence no longer efficiently 
confining and charge breeding injected ions.  

Figure 10 shows a mass-over-charge (A/Q) scan per-
formed during the tests. Ne8+ accounts for about 27 % of 
the total number of charge in the A/Q spectrum. Based on 
the achieved beam rate of 1.7481010 pps in Fig. 9, the total 
charges of all extracted ion can be estimated as 1.5691010 
charges. With an electron-beam current of 425 mA, energy 
of  12 keV, and trap length of 0.635 m, the total charge ca-
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pacity of the ReA EBIT is 2.5871010 charges. If we as-
sume a 10 % loss in beam transport, the compensation ratio 
is estimated as approximately 69 %. This value is compa-
rable, but more than twice higher than the compensation 
ratio reported by the REXEBIS group as 30 % with in-
jected 40Ar+ beam [16]. With a current of 4 A, the charge 
capacity of the HCEBIS is higher than that of the ReA 
EBIT by factor of 10. Therefore, the HCEBIS is expected 
to be able to charge bred and produce intense beams ex-
ceeding 1011 pps. 

 
Figure 9: Ne8+ intensity after the Q/A separator. 

 
Figure 10: Mass-over-charge spectrum of highly charged 
ions resulting from external injection of. 

CONCLUSION 
A High-Current EBIS (HCEBIS) is being implemented 

for the ReA post-accelerator for charge breeding of intense 
beams. Over the last months, the cathode was tested in a 
test configuration up to 1.12 A. The beam acceptance and 
emittance were also simulated. To confirm the capability if 
the HCEBIS to handle high beam rates, the production of 
high-intensity beams of up to 1010 pps was studied with the 
ReA EBIT. Those studies confirm that the HCEBIS will be 
able to charge breed and produce intense beams exceeding 
1011 pps. Firtst transport if an electron-beam through its su-
perconducting magnet and ion extraction is expected early 
next year.   
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