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RAPID COMMUNICATION

High-current H; DC beam production with a miniaturized
microwave driven ion source at Peking University

Yicheng Dong(# H.7K), Shixiang Peng(¥1-7)", Jianbin Zhu(sk &),
Bujian Cui(£ 5 !1%), Zhiyu Guo(382 ), and Jiaer Chen([%:fEVH)

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

(Received 18 June 2026; revised manuscript received 27 July 2026; accepted manuscript online 30 July 2026)

In recent years, the widespread use of H:r ion beams across various fields, such as high-intensity proton cyclotrons,
nuclear physics, astronomy, etc., has created an urgent demand for high-current H3+ ion sources. However, ion sources
capable of generating direct-current (DC) ng ion beams of several milliamperes remain scarce to date. Recently, a minia-
turized microwave- driven ion source (MMDIS) with a DC 7.6 mA Hj ion beam has been developed at Peking University
(PKU), operating at an RF power of only 80 W. Beam analysis indicates that the Hj fraction in the MMDIS extracted beam
can reach 68.5%. These results provide a valuable reference for the utilization of H; beams.

Keywords: H;r ion beam, 2.45 GHz microwave, microwave driven ion source, high current, direct-current

(DC) operation
PACS: 52.25.Dg, 52.50.Dg, 52.50.Sw, 52.59.—f
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1. Introduction

H;” ion beams have a wide range of applications in ac-
celerators, nuclear physics, astronomy, materials science, etc.
In the field of accelerators, the new generation of proton cy-
clotrons is evolving toward higher beam current, more com-
pact size, and improved efficiency. However, direct proton
acceleration is constrained by space-charge effects, resulting
in beam quality deterioration.!'*! For example, the PSI In-
jector II cyclotron extracts a proton beam of 2.2 mA, mak-
ing it the highest proton current cyclotron in the world, al-
though space-charge effects also exist.’! The method of gen-
erating high power proton beams by stripping H™ or Hj can
mitigate space-charge effects, but they are constrained by the
Lorentz dissociation limit, which restricts the increase in beam
current and can also lead to problems such as equipment ac-
tivation, etc.[0-10] H;r ion beams exhibit good resistance to
Lorentz dissociation when accelerated to high energies, mak-
ing them a promising candidate choice for future high-energy,

('] In nuclear physics, colli-

high-intensity proton cyclotrons.
sion experiments using H; beams at different energy scales
can selectively reveal the physical mechanisms within atomic
nuclei.!?! In astrophysics, Hf plays a significant role in cos-
mic ray detection, interstellar chemistry, and planetary iono-
spheric observations, owing to its high cosmic abundance and

13,141 1n material science, H3+

identifiable spectral signatures.
ion beams play an important role in the study of material mod-
ification and irradiation damage mechanisms.!!'>! Therefore,

the broad applications of H3+ have created an urgent demand
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for high-current H3+ ion sources.

H;r ion beams can be generated by a variety of ion
sources. In 1959, the Oak Ridge National Laboratory (ORNL)
successfully developed a duoplasmatron ion source for accel-
erators. Owing to its compact structure and high gas utiliza-
tion efficiency, this ion source became a preferred choice for
accelerator applications at the time. It could produce an H3+
ion beam of 0.46 mA, with an ion fraction of 15%.1% Tomsk
State University in Russia developed a hollow-cathode Pen-
ning ion source. A H;’ ion beam of up to several milliamperes
in pulse mode could be achieved, with a H;r fraction exceed-
ing 70%.171 In 2009, Goethe University Frankfurt designed
a filament-driven ion source and it successfully generated a
DC Hj ion beam of 3.05 mA, with a Hj fraction as high
as 95%.U18) These kinds of ion sources can generate H ion
beams with high fraction, but the beam current is not high
enough. ECR ion sources, by virtue of their advantages such
as high beam current, low emittance, compact structure, and
long lifetime, have become an excellent choice for generat-
ing high-current H;r beams. However, there have been vir-
tually no reports on the generation of H3+ beams of several
milliamperes in DC mode to date. Since 2013, PKU has been
engaged in research on ECR hydrogen molecular ion sources.
The PMECR 1I, a hydrogen molecular ion source indepen-
dently developed by PKU, is capable of delivering a pulsed
H;r beam with a current of 20 mA at an extraction voltage of
45 kV. By adjusting the operating parameters, this source can
also produce a pulsed Hj beam exceeding 42 mA.[!1*-2 PKU
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http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

095204-1


https://doi.org/10.1088/1674-1056/ae926d
https://cstr.cn/32038.14.CPB.ae926d
mailto:sxpeng@pku.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 095204 (2026)

has been committed to miniaturizing ion sources while main-
taining beam current. In 2018, by overcoming the microwave
cutoff limitation, PKU successfully developed a compact mi-
crowave driven ion source with a discharge chamber diameter
of merely 30 mm. This ion source produced a mixed hydro-
gen ion beam of 21.7 mA at a DC power of 180 W, demon-
strating its excellent performance. By adjusting the operat-
ing parameters, this source generated a mixed hydrogen ion
beam of 1 mA at a DC power of only 10 W, with an H;’ frac-
tion reaching 82%.1??! Later on, this MMDIS generated an Hy
beam of 6.2 mA at a DC power of 100 W, with a proportion
of 34%.1231 Recently, this MMDIS has successfully produced
an H;r beam of 22 mA at a DC microwave power of 150 W,
making it the ion source capable of producing the highest H;
beam reported worldwide to date.!>*! However, the capabil-
ity of this ion source to generate DC H3+ ion beams has not
yet been fully exploited. The mechanism of HgL ion genera-
tion and the parameters affecting H3+ ion beam current are not
yet clear. Recently, a HgL beam of 7.6 mA was obtained at a
RF power of only 80 W and the maximum H3+ fraction was
68.5% at 50 W, 4x 103 Pa was obtained with this MMDIS.
At the same time, the H; current has been updated to 24 mA
with the same source, higher than previous record 22 mA.[?4]
This paper proceeds as follows. In Section 2, a global
model that elucidates the H;r production mechanism is estab-
lished, and the MMDIS as well as the experimental test plat-
form are introduced. In Section 3, we present new progress
of DC H3+ ion beam generation from the MMDIS. In the DC
mode, a H;r beam of 7.6 mA was obtained at a RF power of

only 80 W, and the maximum H;r fraction was 68.5% at 50 W,
4x1073 Pa. In Section 4, the applications and development
prospects of H;r ion sources are discussed.

2. Methodology
2.1. Global model

Achieving a high-current H3+ beam requires a thorough
understanding of its generation mechanism. Microwave-
driven hydrogen plasma contains a variety of species such
as hydrogen molecules (H;), hydrogen atoms (H), protons
(H™), hydrogen molecular ions (H2+), and hydrogen cluster
ions (H;r), with each species comprising ground states and
various excited states. Thousands of interactions exist among
these species, such as elastic collisions, excitation, ionization,
dissociation, and recombination. Therefore, it is essential to
select the dominant reaction processes for investigation. The
main reaction processes in hydrogen plasma are summarized
in Table 1. The ones most relevant to H;r are given below: (1)
composition to form H;F, (3) dissociation to H, (4) dissociation
to H and H, (5) dissociation to H and H™.

The global model treats the plasma density and energy
parameters within the discharge chamber as spatially uniform.
Owing to its advantages such as low computational cost and
ease of convergence, the global model has been widely used
in studies of various types of plasma sources.>—3° Based on
these advantages, the global model is well suited for investi-
gating the production mechanism of H? .

Table 1. Main reaction processes in hydrogen plasma.

No. Reaction Type No. Reaction Type

6] e+H, —2e+H) Tonization @) e+H, —e+2H Dissociation
2) H,+H] —HJ+H Composition (8) e+H, —2e+H+HT Tonization
3) e-i—Hgr —3H Dissociation ) e+H—2e+H" Tonization
4) e+H - Ho+H Recombination ) e+H} —2H Dissociation
5) e+H —2H+H  +e Dissociation (11) e+Hy - H +H+e Dissociation
(6) e+H; —e+H+H Dissociation (12) e-i—Hzr —2HT42e Dissociation

Figure 1 presents the cross sections as a function of en-
ergy for selected reaction processes in hydrogen plasma. For
reactions involving electrons, the horizontal axis represents the
electron energy. For the H3+ formation reaction Hp+ H2+ —
H;’ + H, the horizontal axis represents the particle with higher
energy, which is typically HZ+

The global model consists of a set of particle number den-
sity equations and particle energy equations. The number den-
sity equations can be expressed as

%:annk(x;—%, (D)
where T denotes the particle confinement time, and ¢ rep-
resents the reaction rate of the [-th reaction, which is deter-
mined by the energies of the reacting particles. When the re-

action process is dominated by electrons, the reaction rate is
expressed as

4 oo
&= W/ v:0 (Ec)exp(—vg /u?)dve. )
T u Vih

When the reaction process is dominated by ions, the reaction
rate is expressed as

oy = 1/VMVEO'(Er){exp [— (v,—v)z/uz}

035y )y,
— exp {— (v +v)? /uz} }dvr. 3)
The particle energy equations can be expressed as
dE; E;
=Pi+FPi+Fi——, )
dt T;
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where P, Fy;, P; are power variations caused by ionization,
dissociation and composition, respectively. E;/T; is the energy
lost due to particle loss.
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Fig. 1. Cross sections of the main processes in hydrogen plasma.3!l

In addition to the above set of equations, the charge con-

servation equation is also required:
ne = nj1 + Niz +nj3. &)

By solving the above equations, the temporal evolution of the
number density of each particle species during the initial es-
tablishment of the plasma can be obtained, thereby elucidating
the H;r production mechanisms.

2.2. Experimental setup

Figure 2(a) shows a photograph of the MMDIS source
body assembled with its extraction system. The total weight
is 7.6 kg and the source body is about 2.1 kg. This ion source
has been well miniaturized such that the diameter of the inner
discharge chamber is only 24 mm. Figure 2(b) presents a pho-
tograph of the MMDIS installed on the ion source test bench.
Detailed parameters of the ion source body and the test bench
are described comprehensively in Ref. [24].

Fig. 2. Photos of (a) MMDIS and (b) MMDIS installed on the test bench.

During the experiments, the ion source was operated in
DC mode, with the microwave power ranging from 50 W to
200 W and the gas pressure in the vacuum chamber behind
the ion source varying from 7 x 10™* Pa to 4 x 1073 Pa. The
extraction voltage was maintained at 30 kV.

3. Simulations and experimental results

3.1. Simulation results

The simulated operating condition was a gas pressure of
3 x 1073 Pa and a microwave power of 100 W. Figure 3 shows
the temporal evolution of the particle number densities during
the initial discharge stage under this condition. Before 1.2 us,
the H;r number density increased faster than that of H;r . Be-
fore 3.8 us, the number density of H2+ was higher than that of
H3+ After 3.8 us, the H; number density surpassed that of
H2+ and continued to increase, becoming the dominant species
among the three ions. This indicates that H;r is the ion formed
earliest during the initial discharge stage. For the H3+ forma-
tion reaction Hp+ H; — H§F—|— H, a sufficient quantity of H2+

is required to produce H3+ rapidly and abundantly, which ac-
counts for the higher generation rate of H}L compared to H;r in
the early phase of the reaction. To obtain an H3+ - dominated
beam, an adequate supply of H; is also necessary, along with
areduction in the average electron temperature to suppress the
generation rate of Hy .

_H‘r
A
g e
]
2
= e —
=]
< 2
z
g
- % ——
0
0 5 10 15 20

t (us)

Fig. 3. Transition variation diagram of particle number density in the
initial state of discharge.
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Figure 4(a) shows the variation in the reaction rate of Hy+
H2+ — H3++ H at 2.0x1073 Pa under different microwave
powers. The figure indicates that as the power increases from
60 W to 80 W, the reaction rate gradually rises. However,
when the power reaches 90 W, the reaction rate drops below
that observed at 80 W, 20 us. This suggests that excessively
high microwave power inhibits the reaction Hr+ H; — H;Jr
H, thereby hindering the formation of H3+ Figure 4(b) shows
the variation in the reaction rate of Hy4+ Hy — Hj + Hat 90 W
under different gas pressure. It can be seen that as the gas pres-
sure increases, the reaction rate gradually rises, promoting the
formation of Hi

25 —— 60 W
/\ ——T0W
@ 2.0 80-W
o
s //\ e OOW
« 1.5
S I/
<10
2.l
L o5
N
0
0 5 10 15 20
t (us)
25
X)) ﬁ
8 s // —
=t \\
Z 1o
o / —— 1x10° Pa
T 05 2x102 Pa
= ———3x107Pa
0 ———4x10° Pa
0 5 10 15 20
t (us)

Fig. 4. (a) Effect of microwave power on reaction Hy+ H2+ — H;r+ H.
(b) Effect of gas pressure on reaction Hy+ H;r — H;r-i- H.

3.2. Experimental results

Figure 5 shows the H;” beam currents under different mi-
crowave powers and gas pressures. As shown in the figure,
at a given gas pressure, the H3+ beam current exhibits a non-
monotonic dependence on microwave power, first increasing
and then decreasing. When the microwave power is relatively
low, the plasma discharge is not fully established. Increasing
the microwave power leads to a rapid increase in the plasma
density, which also raises the H;r ion density, thereby enhanc-
ing the extracted H;r beam current. With a further increase in
microwave power, the growth rate of the plasma density slows
down, while the electron temperature rises, promoting reac-
tions such as e + H{ — 3H, e + Hj — Ho+ H, and e +
H] — 2H + H" + e. These reactions consume HJ, result-
ing in a gradual decline in the H; beam current as the power
increases. This phenomenon is consistent with that shown in

Fig. 4(a).

For a given microwave power, the H3+ beam current also
exhibits a non-monotonic trend of first increasing and then de-
creasing with increasing gas pressure. When the gas pressure
is too low, a dense plasma cannot be formed, and the den-
sity of H, is insufficient, which is unfavorable for the reac-
tion Hpy+ H;r — H3++ H. Increasing the gas pressure leads
to a higher plasma density and a higher H, density, resulting
in an increase in the H;r beam current. However, a further
increase in gas pressure reduces the average electron temper-
ature, which impedes the ionization of neutral particles and
lowers the plasma density, thereby causing the H; beam cur-
rent to decrease.

8 ‘ -

—+—1x107 Pa 8107 Pa
| ——1.2x10° Pa x107 B
—r— 1.5%10° Pa —+—4x107 Pa

o

6 | A

current (mA)
W

/1
/
S
i
/

+
3

H

//
\
|
}

1

40 60 80 100 120 140 160 180 200
Power (W)

Fig. 5. H; beam current measured on the downstream Faraday cup
under different microwave powers at different gas pressures.

Therefore, to generate a high-current H3+ beam, an op-
timal microwave power and gas pressure are required. At
1.8 x 1073 Pa and 80 W, a maximum H3+ beam current of
7.6 mA was achieved.

Figure 6 shows the H;r ion fraction under different mi-
crowave powers and gas pressures. As shown in the figure, at
a given gas pressure, the H;r ion fraction decreases gradually
with increasing microwave power. With increasing power, the
plasma density rises, significantly enhancing the production of
HT and HEL , both of which are formed via electron-impact ion-
ization. The increase in plasma density leads to rapid growth
in the densities of HT and H;r , thereby reducing the fraction
of H3+ At a fixed microwave power, plasma density does
not increase monotonically with operating pressure but instead
peaks at an optimal pressure and then declines. Correspond-
ingly, the beam currents of HT, H;r ,and H3+ decrease beyond
this optimum pressure. According to the reaction Hy+ H;’ —
H§r+ H, elevated pressure raises the H, density, which pro-
motes H3+ formation while suppressing the generation of H™
and H; . As a result, the beam currents of H" and H; drop
more rapidly, leading to an increased fraction of H3+ . This
phenomenon is consistent with that shown in Fig. 4(b). The
maximum H;r fraction of 68.5% was obtained at 50 W and

095204-4
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4x1073 Pa. It is worth noting that the H3+ fraction will con-
tinue to increase with increasing gas pressure, but the H;r cur-
rent will decrease, which is inconsistent with the objective of
this work to obtain a high H3+ beam current. Therefore, the gas
pressure will no longer be increased in this experiment.

70

I —e— 1107 Pa 1.8x107 Pa
\\ ——12x10° P4 2x10% Pa

60 ——15%10°Pa —+—4x10°Pa

&

g

W
=]

<
s
5 40 \
5
I
E 304 X
= \R\
20 — |
N
> ——‘L\ r—=
10 —

s

0

40 60 80 100 120 140 160 180 200
Power (W)

Fig. 6. H;r fraction under different microwave powers and gas pressures.

During the experiment, the beam currents of H™ and H2+
were also measured. For HT, the maximum beam current was
19.7 mA and the maximum fraction was 48.7%; for H;r , the
corresponding values were 24.0 mA and 69.8%, respectively.
For each operating condition defined by a given gas pressure
and microwave power, there exists a dominant ion species,
which accounts for the highest fraction among H*, H;r and
H3+ . The beam currents of the dominant ions are represented
in the diagram, as shown in Fig. 7. In this figure, the red region
denotes the H"-dominant regime, the blue region denotes the
H; -dominant regime, and the green region denotes the H;” -
dominant regime. The color intensity reflects the magnitude
of the beam current. It can be seen that, for H;, low power
and high gas pressure favor its dominance, and a maximum
H3+ beam current of 7.6 mA was measured experimentally and
the maximum fraction of H;’ was 69.8%. Under high gas pres-
sure, increasing the power does not significantly enhance the
H;“ beam current. Therefore, to generate a high-current H;
beam, a gas pressure of 1.8 x 1073 Pa and a microwave power
of 80 W should be selected. Compared to the pressure and
power values at which the HT or H2+ beam current peaks, the
pressure corresponding to the maximum H§L beam current is
higher, and the power is at a moderately low level.

Investigations on HT and HJ were carried out simultane-
ously. For H", moderate gas pressure and high power facilitate
its dominance, and a maximum HT beam current of 19.7 mA
with a fraction of 48.7% was obtained experimentally. For H7,
low gas pressure favors its dominance, with a maximum H;
beam current of 24.0 mA measured and the maximum fraction
of H;r was 69.8%. Notably, these results are superior to those
reported in Ref. [24], which were achieved at PKU several
months prior. The trend shown in the ternary diagram is con-
sistent with that in Ref. [32]. Moreover, this work advances

the previously qualitative diagram to a quantitative one, which
is of greater utility for the design and commissioning of hy-
drogen ion sources.

4 ! Ion species and intensity
& 19.7 240  p=—r76

=
b
3
s
W
2

©
%
H™ intensity
IS
o
inte
w
A
H3 intensity

49

Pressure (1073 Pa)

50 75 100 125 150 175 200
Power (W)

Fig. 7. Ternary diagram of hydrogen plasma in MMDIS.

4. Conclusion

The H; ion beam is of considerable interest in a wide
range of fields, making a high-current H3+ ion source highly
desirable. In this work, the generation mechanism of HgL was
investigated. Experimentally, a 7.6 mA HgL ion beam was gen-
erated, and the maximum H3+ fraction of 68.5% was found in
the DC mode by a miniaturized permanent magnet 2.45 GHz
MDIS. In addition, the maximum pure Hz+ beam was 24 mA,
higher than the published value in 2025, and a 19.7 mA H*
beam was also obtained. The results demonstrate that the gen-
eration of a high-current HgL beam requires high gas pressure
and low microwave power conditions. Based on the exper-
imental results, a quantitative ion ternary diagram was con-
structed, providing important theoretical guidance for the de-
sign and optimization of ion sources. These findings will serve
as a valuable reference for applications requiring high-current
H;r beams.
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