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Simulation and optimization of a miniaturized ion source for a neutron tube
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A miniaturized Penning ion source, capable of generating a milliampere H™ beam with low anode power
supply and low gas consumption, was produced and tested for neutron tubes. For a better understanding
and optimization of the Penning ion source, magnetic field, beam extraction system, and plasma
simulations were conducted to research the optimization of the Penning ion source. The distance between
the two cathodes is optimized based on the plasma simulations. Based on the optimization of the magnetic
field, extraction system, and the distance of the cathodes, the extraction current of the Penning source had

been increased from 1.21 to 1.72 mA, and the H" ratio had been increased from 36% to 42.3%.
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I. INTRODUCTION

Penning ion sources enjoy a long history and mature
technology. In 1937, Penning and Moubis discovered the
Penning discharge; on this basis, Lorrain and Keller
developed the first Penning proton source in 1947 [1].
Penning sources have the advantages of simple structure
and convenient operation and are widely used in many
compact devices such as small accelerators, detectors, ion
implanters, and neutron tubes. [2—5]. Because of their small
size, low-level work pressure, and high reliability, Penning
ion sources are employed in sealed neutron tubes, which
are widely used in oil logging, identifying fissile elements
in cargo, coal quality investigation, and structural evalu-
ation [6-8]. Although Penning ion sources have been
utilized in a variety of applications and various sources
have been investigated, many of the prior designs are
sophisticated, expensive, or tailored for a specific applica-
tion. Furthermore, many references [4—14] do not fully
specify their source dimensions, manufacturing processes,
or capabilities, making it difficult to build and use Penning
ion sources in different applications. A simple, inexpensive
Penning ion source that can be fabricated with basic
machining skills and standard laboratory accessories is
described and optimized with a plasma model in this paper.
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This allows for a large-scale rollout in neutron tube
manufacturing.

The structure of the neutron tube is shown in Fig. 1, the
ion source of the neutron tube produces 80-keV deuterium
ions to bombard the tritium target, resulting in a fusion
reaction that produces 14-MeV neutrons. The seal neutron
tubes are mainly used for oil exploration wells in this paper.
Oil wells are usually only a few hundred millimeters
in diameter and several hundred meters in depth, so it is
difficult to supply power and gas. The gas supply is
obtained by heating the deuterium storage material as
shown in Fig. 1. The Penning source before optimization
can obtain a current intensity of 1.21 mA @80 kV, and the
lifetime after sealing is about 145 h, under the anode power
of 2 kV@1250 mA (2.5 kW) and the intake deuterium of
0.12 sccm. In order to increase the lifetime and application
scenarios(application in deeper oil wells) of neutron tubes,
it is required that the new Penning source generate a high
current with the low power(<1.5 kW) and low gas supply
(<0.1 sccm), and the outer diameter of the ion source
should be as small as possible, and the beam current no
more than 2 mA (high voltage power supply <160 W), itis
not realistic to provide a high voltage of 80 kV underground
with a high current.

In the past 10 years, dozens of Penning sources have
been manufactured through experimental optimization.
Although the structure of the Penning source is simple,
the optimizations in low power and low gas supply are very
complicated and difficult. In order to optimize the Penning
ion source more efficiently, a plasma model is established
to simulate Penning discharge. The magnetic field con-
figuration, extraction structure, and cathode spacing of the
Penning source are simulated and optimized in this paper.

Published by the American Physical Society


https://orcid.org/0000-0001-9940-7430
https://orcid.org/0000-0003-3043-1242
https://orcid.org/0000-0001-6338-1910
https://orcid.org/0000-0003-3404-440X
https://orcid.org/0000-0002-2241-391X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.25.103501&domain=pdf&date_stamp=2022-10-17
https://doi.org/10.1103/PhysRevAccelBeams.25.103501
https://doi.org/10.1103/PhysRevAccelBeams.25.103501
https://doi.org/10.1103/PhysRevAccelBeams.25.103501
https://doi.org/10.1103/PhysRevAccelBeams.25.103501
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ZHANG, LI, XU, XIONG, ZHANG, PENG, and LUO

PHYS. REV. ACCEL. BEAMS 25, 103501 (2022)

Extraction

Tritium target

FIG. 1. The neutron tube structure diagram.

Optimization simulation research on gas pressure, anode
voltage, and discharge chamber size is carried out. Through
a plasma simulation, the best parameters are found, and
finally, we manufacture the Penning source based on the
optimized parameters, carry out experimental research, and
compare the results with the plasma simulation results. A
lot of experimental results show that the discharge of
deuterium is better than that of hydrogen, so the neutron
tubes are usually tested with hydrogen discharge before
they are applied online. The Penning source will be
transferred to a suitably qualified laboratory in the future
to test the neutron yield.

II. MECHANICAL STRUCTURE
OF THE PENNING ION SOURCE

The Penning ion source operates at low gas pressure and
high voltage between two cathodes and an anode, which
consists of two main components: an ion formation system
and an axial ion extraction system. The ion formation
consists of two opposite cathodes, a barrel-type anode, and
a permanent magnet. The anode is a 6-mm diameter
aluminum cylinder that has been machined to the dimen-
sions and geometry shown in Fig. 2, aluminum will form a
thin layer of aluminum oxide after being exposed to air
which has a high secondary electron coefficient. The
cathode is tungsten and the ceramic is made of alumina.
A permanent magnet with a surface flux density of
approximately 0.8 T is encased in a 0.5-mm-thick non-
magnetic stainless steel sleeve and pressed on the cathode.
There is a circle of soft iron on the periphery of the
anticathode for adjusting the magnetic field lines. By
adjusting the size and material of the soft iron, the
configuration of the magnetic field can be optimized.
The Penning source is an experimental test source with
a flexible design. The cathode, anticathode, and anode are
all removable and replaceable. By adjusting the size of the
two cathodes and anode, the distance between the two
cathodes can be changed so that we can determine the
optimal discharge gap. The current test source has an outer
diameter of 33 mm. In the future, the optimized Penning
source will be sealed by welding as a neutron tube, and the
outer diameter of the mass-produced sealed neutron tube
will be only 28 mm.
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FIG. 2. Framework of the Penning source.

III. MAGNETIC FIELD OPTIMIZATION

In a typical Penning ion source, when ionization begins,
the electrons move toward the anode under the action of an
electric field; when a magnetic field is applied, the electrons
spiral and do not hit the anode wall directly. Electrons will
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FIG. 3. The optimized magnetic field simulation result of the
Penning ion source. Surface: magnetic flux density norm (T),
contour: magnetic scalar potential (A), arrow surface: magnetic
flux density.
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FIG. 4. The optimized magnetic field simulation result of the
Penning ion source.

undergo Larmor rotation along the magnetic field lines,
which can collide with more gas molecules for higher
ionization efficiency, so the magnetic field is crucial for the
Penning source. The magnetic field optimization of
Penning source is a particularly time-consuming task
requiring extensive experimental attempts, dozens of
Penning sources were designed to test various magnetic
fields, which are inefficient and expensive. In those experi-
ments, it is found that the three magnetic rings can greatly
improve the discharge efficiency of this Penning source, but
this will cause the outer diameter of the source to be too
large. To enhance the uniformity of the axial magnetic field
of the ion source, soft iron was used in the Penning ion
source, as shown in Fig. 3. The soft iron can be

disassembled, and its shape, size, and material type can
be changed. In order to optimize the magnetic field more
efficiently, a plasma model was established to simulate
various magnetic field configurations (more details in
Chap. 5), obtained the best magnetic field configuration,
and then verified it through experiments. The simulation
and experimental results show that the magnetic field in the
plasma region parallel to the anode is beneficial to the
plasma density and stability. A soft iron with a relative
magnetic permeability of approximately 400 is recom-
mended to be installed on the periphery of the anticathode.

To further verify the reliability of the magnetic field,
simulations of the electron tracks are performed with ST
Studio Suite [15]. A dc voltage of 1.5 kV is applied to the
anode, and the electrons undergo Larmor rotation under
the action of the magnetic field and the electric field. The
trajectory simulation results are shown in Fig. 4. It can be
seen that the mean free path and lifetime of the electrons
have been in a good state.

IV. EXTRACTION SYSTEM OPTIMIZATION

In order to reduce the size of the tritium target to reduce
the cost of the neutron tube, the extraction system needs to
be optimized to reduce the beam diameter on the tritium
target. The original Penning source was two flat electrodes
(2 mm diameter holes with a distance of 9 mm), the
distance between the plasma emission surface and the
tritium target was 38.5 mm, and the diameter of the beam
on the target was 11 mm. The original extraction system
still has a small spark problem, so the electrode spacing has
been increased to 11 mm, the diameter of the extraction
hole is still 2 mm, and the distance between the plasma
emission surface and the tritium target has been increased

FIG. 5.

Simulation results of deuterium ion extraction under different extraction electrode structures. The extraction voltage is fixed at

—80 kV. (a) electrode angle of 45°, (b) electrode angle of 60°, (c) electrode angle of 65°, (d) electrode angle of 60° with collimation.
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TABLE I. Comparison of simulation and experimental results
of beam spot size at tritium targets with different electrodes (The
currents are all experimental results).

Simulation beam Experiment beam Current

Electrode type size (mm) size (mm) (mA)
Flat electrodes 9.0 9.2 1.21
(a) type 34 3.7 1.76
(c) type 32 35 1.75
(d) type 24 2.7 1.71

to 41 mm. A series of electrode optimization simulation
studies is carried out, as shown in Fig. 4. In the simulations,
the plasma emission surface is assumed to be flat.

It is found by calculation that the angle and voltage of the
electrode determine whether it focuses or diverges from the
ion beam. To generate enough neutrons when the deuterium
beam bombards the target, our extraction voltage is set at
—80 kV. We perform beam extraction simulations for
electrode angles of 40°, 45°, 50°, 55°, 60°, and 65°. It is
found that electrodes with an angle of 60° and less than 65°
have an overly strong focusing effect on the ion beam,
which causes the beam to cross and rediverge, similar to the
45° electrode, as shown in Fig. 5(a). As the electrode angle
increases, its focusing effect on the beam gradually weak-
ens, and when it increases to 60°, the focusing force can just
offset the space charge effect brought by the beam itself; the
increase in the beam’s diameter is reduced, as shown in
Fig. 5(b). When continuing to increase the electrode angle
to 65°, the focal length effect becomes too weak, and the
beam becomes divergent, as shown in Fig. 5(c). In addition,
we add collimation to the high-voltage electrode at the
optimal angle of 60°, as shown in Fig. 5(d), which can make
the beam radius smaller.

The extraction experimental studies had been carried out,
but the fast emittance measurement unit [16,17] is not
suitable here because of its small beam diameter, a radio-
chromic film (RCF) detector was used to measure the beam
spot size, and the measurement results are shown in Table I.
The experimental results for flat electrodes are the results
before optimization. The experimental results for (a), (c),
and (d) type electrodes are results after the source opti-
mization. In the design of (d) type electrode, the collima-
tion causes a beam loss of 0.04 mA. The (d) type electrode
is the best choice which has a smaller bombardment point
makes smaller the neutron emission source will be ben-
eficial to tritium target manufacturing and the analysis of
the detection signal.

V. PLASMA SIMULATION

Although the structure of the Penning source is very
simple, there are still many parameters that can be
optimized for its operation and structure, such as anode
voltage, gas pressure, anode inner diameter, cathode

spacing, cathode material, magnetic field configuration,
etc., which are all crucial to the formation of plasma,
therefore, a 3D fluid model [18,19] with an electromagnetic
field sustained through anode power supply and permanent
magnets is performed using cOMSOL. The drift-diffusion
equations are used to describe the transport of electron and
the electron energy, as in Ref [20]. By solving a pair of drift
diffusion equations for the electron density and the mean
electron energy, the electron density and mean electron
energy are computed. Electron convection due to fluid flow
is ignored. For basic details on the transportation of
electrons,

O (1) + V- [onelu B) =D, Vn] =5, (1)

O () + V- [-n,

ot (ﬂs'E)_De'vn8]+E'Fe:S8 (2)

where the electron source is given by S, = 294:1 Xjk;N,n,,
x; is the mole fraction of the target species for reaction j, k;
is the rate coefficient for reaction j, and N, is the total
neutral number density. The electron energy loss due to
inelastic collisions is obtained by summing the collisional
energy loss over all reactions, S, = Zf;l Xjk;N,n,Ag;.
Combined with the electron energy distribution func-
tions (EEDFs) [21], the r rate coefficients were obtained,

k= yAm ef(e)o(e)de (3)

where y = (2¢q/m,)"/?, me is the electron mass, ¢ is energy,
ok is the collision cross section, f is the electron energy
distribution function, and f'(¢) is the non-Maxwellian EEDF,
which can be calculated by solving the Boltzmann equation
[22]. In this paper, the EEDF will be taken as the previous
data [23], and o(e) is the corresponding collision cross
section.

Penning plasma is a nonequilibrium type of plasma,
so electrons, ions, and neutrals have individual temper-
atures, typically expressed as electron temperature >
ion temperature > neutral gas temperature. [23]. The neu-
tral gas temperature is assumed to be 0.1 eV, and the ion
temperature is assumed to be 0.5 eV. The major processes
in the Penning plasma are thought to be these 12 reactions,
as shown in Table II.

Figure 6 indicates the calculated volume reaction rate
coefficients o (&), where T represents the electron temper-
ature and ion temperature for electron reactions and heavy
particulate reactions, respectively. In addition, the rate
coefficients of the heavy particle reactions are compared
to the target particles.
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TABLE II. List of the main processes of hydrogen plasma inside the positive ion source.

No. Reactions Description Rate coefficients
1 e+H, »>2H+e Dissociation a
2 H+ H + wall — H, + wall H wall recombination a,
3 e+H—-H'" 4 2e H ionization a3
4 e+H >H"+H+e Dissociative excitation ay
5 e+H, - Hj +2e Molecular ionization as
6 e+HS > H+H Dissociative recombination ag
7 Hy +H, > Hf +H H;" ion formation a;
8 e+HI >2H+H" +e Dissociative excitation ag
9 e+Hi - 3H Dissociative recombination oy
10 e+H, > H" + H+ 2e Dissociative ionization ai
11 e+H; - 2H' +2¢ Dissociative ionization ay
12 e+Hy > H" +H +e Dissociative excitation ap

The input power Ppeypin, is calculated with Eq. (4),

0B

)
where %—f is the magnetic induction intensity along the
magnetic field lines, E | is the electric field perpendicular to
the magnetic field lines, and v| is the electron velocity
parallel to the magnetic field lines. Only E | is useful in the
Penning ion source.

Generally, plasma species (electrons, ions, and neutrals)
transport can be described as [25]

PPenning = HEE%_/ <1)|| (4)

0 .
p~ (W) +p(u-Viw, =V ji + Ry

py (5)

where p is the mass density of the working gas, w is the
mass fraction of the kth species, u is the flow velocity, j, is
the flux of k-th species, and R, is the collision term of the
heavy particles derived from the plasma chemical reactions.
As with the electrons, the characteristics of ion transport are
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FIG. 6. Cross sections of the main processes of hydrogen
plasma inside the ion source [24].

characteristics of the density of static magnetic flux. The
magnetic force is used since it can produce a large ion
velocity near the cathode in the azimuthal direction. Ion
mobility is also a function of the electric field of ambipo-
larity. v is the ion diffusion velocity.

To calculate the fractions of H*, H*t and H3*, the
reactions on the surface are extremely important. The
surface reactions of electrons can be expressed as

1—r/1
n're_1+r(§vth+n'(lle'E)>ne

_[Zy,.r,..nm.n}
i

I, is electron flux, I, is thermal electron flux, I7 is
secondary electron flux. n-I", is the electrons through

the surface, 1=~ (v )n, is the electrons that disappear or

b 1+

rebound due to the thermal motion in one average-free path,
> ;7L - m is the secondary electron emission, and n - (p, -
E)n, is the energy loss of electrons caused by mobility.

The surface reactions of nonelectron species,

(6)

—njx = Mycpy Zy(NE) 4+ MRy i (7)

where M c i (Zin - E) represents the drift of nonelectron
species and MRy, represents the thermal motion of
nonelectron species. In addition,

Rsurf,k = Z Uiiqh qi = kf H (Ck)vf“" (8)
i k

where

1 [8RT o\ ki
f_ 2 o H Ok
ki - 4 ﬂ:Mn (}/1) e (F_Y) ’ (9)

y; is the dissociative adsorption for certain particles. For
H3** and H?*, the most important reaction on the cathodes
is the adsorption and recombination reaction
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FIG. 7. Plasma simulation results of the Penning source.

H + H + cathodes — 2H, (10)

A simple estimate is based on the plasma cavity size [26]

c
Y=o (11)
R is the radius of the cylindrical chamber, y is the
recombination rate, which has a substantial effect on the
production of H*, H**, and H3* ions at the chamber
wall [27].

The coefficient of secondary electron of cathodes with
tungsten is assumed as [28]

3123 x (14 [0.537 — 0.2508 x exp(—0.1335W)]
B cos(0)W

5
(12)

where the W(eV) is the energy of the incident electron and
0 is the incident angle of the electron.

Based on the plasma model, the plasma of the Penning
source is simulated and is shown in Fig. 7. The gas pressure
is assumed to be 0.13 Pa (Chap. 6 for details), the anode
voltage is set at 1.5 kV based on the experiment, the plasma
density simulation result is approximately 5 x 10'7/m?,
and the simulation result of the discharge current between
the cathode and anode is 0.823 A.

VI. EXPERIMENTAL RESULTS
AND OPTIMIZATION

The neutron yield of the neutron tube is positively
correlated with the ion energy. Under the same extraction
high voltage, the accelerated ion velocity H' is greater than
H, ™, so a higher H* fraction is beneficial for neutron yield
in neutron tube. A plasma model is proposed to optimize

the spacing of the cathodes and increase the proportion of
H*. First, an anode voltage experiment is carried out and
compared with the plasma model to verify the reliability of
the model and roughly determine the discharge gas pressure
in the plasma chamber. In the experiment, we use a needle
valve for the hydrogen inlet, and the pressure can only be
measured after the extraction system. There is no way to
directly measure the pressure in the discharge chamber,
so the pressure can only be estimated by the plasma
simulation.

Based on the plasma model, the relationship between the
anode voltage and current is simulated. When the gas
pressure of the plasma model is set at 0.13 Pa, the
simulation results and the experiment fit well, as shown
in Fig. 8. This also means that when the experimental
hydrogen inlet is 0.07 sccm, the pressure inside the source
is approximately 0.13 Pa. It is found in the experiment that
when the anode voltage exceeds 1650 V at 0.07 sccm, the
anode current becomes disordered, and the simulation
results stray from the experimental results. This may be
because the discharge model has changed; arc discharge
occurs when the voltage is too high while the gas pressure
is not enough. The arc discharge is a very random
discharge, it is difficult to establish a plasma model.
Thus, it is not considered in this paper.

Because the size of the discharge chamber of the ion
source is too small, it is difficult to use the Langmuir probe
to measure the plasma density, and a large number of
experimental results also show that the extraction current is
not proportional to the plasma density, so the ion ratio will
be more reliable to characterize the plasma state in the ion
source. Through experiments, it can be found that the gas
pressure in the ion source is basically proportional to the
flow rate, therefore, the relationship between the gas inlet

R
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FIG. 8. The experimental and simulation results of the dis-

charge current with respect to the anode voltage (discharge gap
fixed at 6 mm).
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FIG. 9. Simulation and experimental results of plasma density
and H' fraction at different pressures (anode voltage is fixed at
1.5 kV and discharge gap fixed at 6 mm).

flow and the gas pressure can be obtained through Fig. 8,
which is P(Pa) = 1.86 X [ (sccm). Then the ion ratio
measurement of the extracted beam under different gas
pressures has been carried out and compared with the
plasma simulation results as shown in Fig. 9. It can be seen
that as the hydrogen pressure decreases, the H™ fraction
increases, but the total plasma density also decreases.
Considering the gas consumption of the neutron tube in
the future, the gas pressure is better to not exceed 0.25 Pa,
by calculating the total current and H™ fraction, a value of
approximately 0.15 Pa is considered to be the best hydro-
gen pressure. Based on the experimental hydrogen con-
sumption of 0.08 sccm, the internal pressure of the ion
source is estimated to be 0.15 Pa. Of course, for different
application scenarios, the discharge conditions can be
optimized based on the simulation results.

—m—H" fraction from simulation
50% —%— H fraction fre .
H' fraction from experiment -
—
l/%
o 45% -/
-8
9
& *
= -
40% /
35% _/
T T T T T T T T
2 3 4 5 6 7 8 9 10 11

The distance between two cathodes (mm)

Plasma density (10"/(m®))

Since the outer diameter of the Penning source is limited
by the neutron tube, the adjustable space for the size of the
anode is relatively small, so the optimization simulation
and experimental study of the distance between the two
cathodes are carried out, as shown in Fig. 10. In the
simulation, the anode voltage is fixed at 1.5 kV, and
the diameter of the anode is kept at 12 mm. It can be seen
in the simulation results that with increasing cathode
spacing, the proportion of HT gradually increases. The
cathode spacing is large enough, and the mean free path of
electrons becomes larger. From the hydrogen ionization
process in Table II, it can be seen that this leaves more
space and time to allow Hy;* and H, " to be ionized into H™,
resulting in an increased proportion of H*. However, as the
distance between the cathodes increases, the gas in the
discharge chamber increases, and when the anode voltage is
kept constant, the average power for hydrogen decreases,
so the overall plasma density decreases. When the cathode
spacing is less than 3.5 mm, the anode becomes very short,
and the plasma establishment may not be stable, resulting
in a decrease in plasma density. We carried out the
experimental comparison of 4, 6, 8, and 10 mm, as shown
in the five-point star in Fig. 10. It can be seen from the left
panel of Fig. 10 that H" fraction simulation results are in
good agreement with the experiment. This is a benefit from
the correction of the plasma model by the experimental
results of the gas pressure ion ratio in Fig. 9. In the right
panel of Fig. 10, the extraction current is not in very good
agreement with the simulation results, but the overall trend
is basically the same. This is because the plasma model
cannot include plasma extraction efficiency. For both H*
fraction and extraction current experiment, when the
cathode interval is greater than 6 mm, the stability of the
discharge will be deteriorated, which will eventually lead to
the difficulty of experiment repeatability and the increase of
measurement error. So the value of 6 mm is considered to

N
o
o
o

—®— Plasma density from simulation

—% — Extraction current from experiment|

Extraction current (mA)

3.0 T T T T T T T T 0. ¢
2 3 4 5 6 7 8 9

The distance between two cathodes (mm)

9]

FIG. 10. Plasma simulation and experimental results with different discharge gaps (anode voltage is fixed at 1.5 kV and internal

pressure of the ion source is fixed at 0.15 Pa).
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be a good cathode spacing, which is able to balance the
current intensity and H' fraction.

As the distance between the two cathodes changes from
the original 4 to 6 mm, and with the optimization of the
magnetic field, the beam current is increased from 1.21 mA
with 2 kV@1250 mA (2.5 kW), 0.12 sccm hydrogen intake
to 1.72 mA with anode power of 1.5 kV x0.876 A
(1.31 kW) and 0.08 sccm hydrogen intake, and the H'
fraction reaches 42.3%. Although it does not reach the
simulated 44.9% fraction, it is still approximately 6%
higher than the original 4-mm spacing between the two
cathodes. Moreover, with the reduction of the anode power
and the gas consumption, the lifetime of the sealed neutron
tube with the new Penning source is expected to reach 300
h, which will be a huge improvement for high-flux sealed
neutron tubes in oil exploration.

VII. CONCLUSION

A Penning source was developed and tested for the
neutron tube. The magnetic field was optimized with soft
iron based on the magnetic field and plasma simulations.
An extraction system was also optimized, and the diameter
of the extraction beam was reduced. A plasma model with
Penning discharge via multiphysics simulation was com-
pleted using cosMOL 5.5. The experimental and simulation
results of the discharge current and H" fractions were
conducted and compared. The spacing between the two
cathodes was optimized based on plasma simulations. By
optimizing the magnetic field, extraction system, and
cathode spacing, the extraction current of the Penning
source reached 1.72 mA, which was 43% higher than the
original Penning source current intensity, and the H" ratio
was increased from 36% to 42.3%. The discharge effi-
ciency and lifetime of the Penning source have been greatly
improved.
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