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Abstract
Magnetic field configuration for a miniature pulse Penning ion source was designed in this work.
The amplitude-time characteristics of discharge and extracted currents were investigated as a
function of gas pressure for various magnetic field magnitude and configuration An effect of
magnetic field configuration on the Penning’s discharge modes and characteristics of the
extraction current impulse were experimentally shown. Stable operation modes of the ion source
were found in this work. Also the appropriate ranges of working gas pressure and magnetic field
configuration were demonstrated, at which the current pulse of the extracted ions had a quasi-
rectangular form. For better understanding real magnetic fields distributions of within the
discharge cell magnetic field have been calculated in COMSOL software.

Keywords: Penning ion source, Penning discharge modes, amplitude-time characteristics, gas
sealed neutron tube

1. Introduction

The Penning ion source (PIS) in the miniature linear accel-
erator was first used in 1937 by Penning and Moubis to obtain
the D–D nuclear reaction and generate neutrons [1]. Due to
simple design and power supply system, as well as reliable
operation at low working-gas pressures, the PIS are widely
used in the neutron generation systems [2].

Schematic diagram of this ion source type is the
following: two cathodes (cathode and anticathode with the
extracting aperture) and ring (or cylinder) anode are placed in
the longitudinal (parallel to the system axis) magnetic field
(see figure 1). Cathodes are negative potential to the anode.
The pile-up of magnetic field parallel to the system axis

results in curvature of the electron paths. Thus, the electron
path in the discharge chamber is extended increasing effi-
ciency of working gas ionization within the discharge cell.

There are several discharge modes depending on pressure
(p), magnetic field (B) and anode voltage (Ua): Townsend
mode (or ignition region)—Т, low magnetic field—LMF,
high magnetic field—HMF, transition mode—ТМ, high
pressure—HP and glow discharge region—GD [3, 4]. The
modes foremost affect the real potential distribution (in radial
and axial directions) within the discharge cell and determine
the ion and electron component values of the discharge cur-
rent, and, hence, affect the extracted current.

The experiments described in most recent [5–10] use the
permanent cylindrical magnets around the anode and assume
that magnetic field is homogeneous within the discharge cell
and directed strictly along the axis. At the same time, the
references devoted to PIS development for miniature linear
accelerators [11–17] demonstrate a trend to use the end
magnets. The end magnet generates a mildly divergent
magnetic field in the discharge cell. A use of inhomogeneous
field enables to reduce the overall source dimensions and
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decrease the operating gas pressure (up to∼10−4 Torr). And
there are both different combinations of the magnetic system
and the magnetic inserts applied to the source construction.

Unfortunately, there are nearly no explanations for
choosing of magnetic field induction in these papers. It widely
varies from 0.03 to 0.35 T. Often there is no data on the
absolute values and distribution of the magnetic field within
the discharge cell in these papers (sometimes the magnetic
field characteristics are shown for cathode region only). Ion
sources of different dimensions with different magnetic field
configurations were described in these papers. Also the
parameters of specific experiments differ from each other.
Under these circumstances, it is extremely difficult to com-
pare the experimental data obtained from different articles and
use the acquired in it results and conclusions derived in
practice.

In this paper the optimal magnetic field configuration for
the miniature pulse PIS (previously described in [18–22]) is
selected using physical experiment. For this purpose, the
amplitude-time characteristics of the discharge and extracted
currents are investigated as a function of magnetic field
magnitude and distribution generated by a solenoid. For
development PIS for miniature linear accelerator (for gas
sealed neutron tube) the following quantitative optimization
criteria are chosen: (1) the maximum of extracted ion current
Iex at a constant extracted potential Uex, (2) the minimum of
discharge current Id at a constant anode potential Ua, (3) the
minimum of current delay time tdelay and rise of the current
pulse tfront, (4) the minimum of work pressure p. Another
words goal aims were maximum ion-extraction coefficient
(the ratio of the extracted current to the discharge current
Iex/Id) at the lowest pressure and rectangular form of extracted
ion current. These parameters are most important, when PIS
applied in high-yield neutron generator, which can be used in
neutron radiography, oil well logging and neutron activation
analysis [23, 24].

2. Review of Penning discharge modes

Penning discharge modes diagram and their potential profiles
(in radial and axial directions) within the discharge cell are
shown at figure 1. The mode boundaries are schematic. The
modes of Penning discharge with cylindrical anode and
constant anode voltage have been described in [3, 4].

There is Townsend discharge at low B and p. The space-
charge is still small and the center potential Uo is close to Ua.
As the magnetic field is increased (LMF mode), the electron
density increases in comparison with ions concentration. This
is because the average time for ion to reach a cathode is much
less than the electron confinement time. The potential profile
is deformed by a cloud of electron, spread out over the whole
discharge cell. In HMF mode (at high B) the electron density
is sufficiently large. The potential drop (ΔU=Ua–Uo)
occurs in an anode sheath and the center potential is cathode
potential. In [3] is shown that discharge current (Id) is pro-
portional to pressure and radial potential drop. So Id is

Figure 1. Penning discharge modes and their potential profiles [3, 4].

Figure 2. Power supply for the system used to investigate discharge
modes in PIS: (1)-anode, (2)-cathode, (3)-anticathode with extracting
aperture, (4)-solenoid, (5)-accelerating electrode and target, (6)-
getter (gas storage).

Figure 3. Distribution of magnetic field Bz(z) along the PIS axis
within the discharge region for different solenoid positions and
different coil current values. Electrode positions: (1)-cathode,
(2)-anode, (1)-anticathode.
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maximum during transition from LMF mode to the
HMF mode.

As p is raised, the electron loss rate and ionization pro-
cess increase consequently the electron and ion densities
tended to be approximately equal. The potential drop
decreases, the plasma switches to a quasineutral regime (ТМ-
mode). This mode is observed to be unstable and the
instability has not been good investigated yet [4]. Assuming
that electron density remains limited a further pressure
increase (HP-mode) above to disappearance of the anode
sheath. The discharge current rises rapidly. The discharge
switches to HP-mode in which the voltage drop occurs in
cathode sheaths. Potential profile becomes similar to that of a
glow discharge. When p continues rise and magnetic field is
no longer essential, the discharge switches to glow discharge
with unusual electrode geometry.

In this paper dynamics of discharge ignition and dis-
charge operation mode at a pulsed anode voltage supply are
investigated.

3. Experimental setup description

3.1. Experimental setup and measurement methods

The high vacuum setup for the PIS main parameters mea-
surements is described [22]. The maximum residual pressure
is 10−6 Torr. For develop PIS for gas-sealed neutron tube,
only deuterium gas was used in these experiments. The
operating pressure varied from 0.1 to 10 mTorr. The relative
error of the pressure measurements is no more than 45% [22].
The PIS operates both in pulse and stationary modes of anode
power supply [22]. Pulse power supply of the experiment
setup, used to investigate discharge modes in PIS, are shown
in figure 2. The solid-state pulse generator generates up to 4
kV pulses on the PIS anode with repetition rate of 20 kHz.
Extracting voltage is set by a high-voltage power supply unit.
The winding of magnetic coil generating the magnetic field in
the Penning cell is energized from the DC power supply
(MCPS). A regulated power supply is applied for heating the
getter (gas storage in the PIS).

3.2. Magnetic system variants or magnetic field simulation

A current solenoid was used to generate an axially symmetric
magnetic field (of various induction and configuration) in the
PIS. The solenoid was chosen for convenience to adjust
induction of the magnetic field with uniform radial and azi-
muthal component. The anode size of the investigated PIS is
about 15×Ø12 mm (distance between cathodes is about
20 mm, see figures 3 and 4), which has been described in
previous papers [19, 21]. Anode and body of PIS were made
of stainless steel, cathode and anticathode were made of
magnetically conductive material—Kovar (Cobalt-nickel
alloy). These electrodes significantly affect on the magnetic
field distribution inside the discharge cell. The magnetic field
distribution was measured for different values of current
flowing through the solenoid coil and for different position of
the discharge cell center towards the solenoid center (l).
Figure 3 demonstrates the results of numerical simulation in

Figure 4. Bz(r, z) magnetic field distribution in the discharge gap simulated in the COMSOL for different solenoid positions and coil current,
Icoil=8 A. Electrode positions: (1)-cathode, (2)-anode, (3)-anticathode, (4)-extracting aperture.

Figure 5. A typical extraction current and anode voltage pulse shape.
Ua=2.0 kV, f=10 kHz, tvp =30 μs P=4 mTorr, Icoil =10 A,
l =35 mm.
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Figure 6. Typical examples of current pulse waveforms: Id—discharge current and Iex—ion current extracted from the PIS. Ua=2.0 kV,
Uex=−20 kV.

Figure 7. Discharge current Id, and extracted current Iex, as a function of pressure for different solenoid positions and coil currents:
(a) Icoil =8 A and (b) Icoil =10 A.
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the COMSOL and magnetic field measurements on the axis of
PIS discharge gap for several solenoid locations.

As it can be seen, at l = 0 mm there is a relatively
homogenous distribution of magnetic field along the cell axis.
If the solenoid is shifted along the axis towards the cathode
for l=15 mm, the ‘weakly’ inhomogeneous field distribu-
tion is formed with drop of magnetic induction towards the
anticathode by about 10%. For example, if coil current is Icoil
= 8 A, the magnetic field induction (for shift l=15 mm)
near ‘cathode’ edge of the anode is Bz∼80 mT (z=3 mm)
and near ‘anticathode’ edge-Bz∼72 mT (z=18 mm). If the
solenoid shifts for l=35 mm relative to the PIS center, the
magnetic field inhomogeneity is more obvious and magnetic
induction in the cell drops by about 20%. For example, if the
coil current is Icoil =10 A, the magnetic field induction (for
shift l=35 mm) near ‘cathode’ edge of the anode is Bz∼
85 mT (z=3 mm) and near ‘anticathode’ edge-Bz∼70 mT
(z=18 mm). The figures shows the electrode coordinates in
a green form of segments.

Figure 4 presents the 3D distributions of Bz(z, r) magn-
etic field component within the discharge cell obtained by
simulation in the COMSOL Multiphysics. The solenoid coil
current is Icoil =8 A. When the solenoid shift is 0 cm
(figure 3(a)), the field in the discharge gap is homogenous, Bz

= 78 mT, and its relative change along radius (r) does not
exceed 5%. The Bz induction rise at r>4 mm is caused by
magnetic cathode and anticathode materials and, hence, by
field closure. At the same time, when the solenoid is shifted
for 35 mm (figure 3(b)), the field in the discharge gap goes
extremely down towards anticathode. The Bz(r≠0)changes
by about 30% from 67 to 46 mT.

There are two reasons for investigating such extreme
cases of magnetic field distribution. On the one hand, the
uniform magnetic field parallel to the anode ensures free
migration of the electrons along the magnetic field lines,
making the ionization more probable and thus increasing the
current. On the other hand, the research results presented in

[25] show that, the inhomogeneous magnetic field generated,
which goes down towards the extracting aperture, forms a
region with high emission ability.

4. Experimental results

In our previous works [18, 19], the energy distribution and
mass-charge composition of ions emitted from the discharge
under different discharge modes were investigated. The cor-
respondence with discharge current bursts and potential drop
(up to 50% of anode voltage) is established. It is shown that
the content of atomic hydrogen ions does not exceed 10%
with an increase in the anode voltage from 1 to 3.5 kV and the
power invested in the discharge (from 0.2 to 3 W). It can be
seen from [18, 19] that at the anode voltage of 2 kV the atom-
molecule ratio varies within 6%–8%. We suppose that the
variation in the distribution of the magnetic field within our
working range (50–200 mT) should not have significant effect
on the atom-molecule ratio and the latter one should not
exceed 10%. It should be noted, that more significant influ-
ence on the atom-molecule ratio is exerted by the substitution
of the cathode materials but maximum of atom-molecule ratio
is 16% [5].

In this paper experimental studies of the PIS operation
modes were carried out in the pulse-periodic power supply
mode with pulse repetition rate f=10 kHz and width
tvp =30 μs typical for this device type [2]. The voltage
applied to the PIS anode is Ua=2.0 kV, the voltage applied
to the accelerating electrode is Uex=−20 kV. The amplitude
and time parameters of the discharge current (Id) and the ion
current extracted from PIS (Iex) were measured depending on
the gas pressure. The pulsed operation modes, the current
delay (tdelay) and rise time (tfront) of extracted current were
measured (see figure 5). The current delay time is define as
the time between rising edge of anode voltage and rising edge
of current pulse (10% of the plateau). The tfront is associated
with the rise of the current pulse (from 10% to 90% of the
plateau). The amplitude-time characteristics of the discharge
and extracted currents were investigated as a function of
magnetic field induction (and configuration) in the pulse
power supply mode of anode voltage. Experiment goal aims
were maximum ion-extraction coefficient (the ratio of the
extracted current to the discharge current Iex/Id) at the lowest
pressure and rectangular form of extracted ion current
(minimum of tfront and tdelay).

The Iex and Id amplitudes are plotted as functions of
pressure in the discharge cell for different solenoid positions
and coil current upon the measured current pulse waveforms:
(a) Icoil = 8 A (see figures 7(a) and (b) Icoil =10 A (see
figure 7(b)). These coil currents demonstrate the fundamental
influence of the magnetic field induction (‘low’ Вz <90 mT
or ‘high’ Вz >90 mT) and its distribution (homogenous and
inhomogeneous) on the general dependence of the current
pulse on the working gas pressure.

As it can be seen from figures 6(a) and 7(a), for low
(Вz <90 mT) and homogenous (l=0–5 mm) magnetic fields
the discharge parameters and extraction current characteristic

Figure 8. Typical examples of current pulse waveforms: Id—
discharge current and Iex—ion current extracted from the PIS for
homogenous and high magnetic field.
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Figure 9. Delay td, and rise tfront time, as a function of pressure for different solenoid positions and coil current: (a) Icoil =8 A and
(b) Icoil =10 A.
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are essentially dependent on the magnetic field. At the voltage
pulse duration tvp =30 μs discharge are not ignited in
magnetic fields less than 65 mT. Then, as the Вz increases the
current time delay decreases and discharge (and extraction)
current increases at the same pressure. There is a trapezoidal
shape of the discharge current pulses (and quasi-rectangular
shape of extraction current pulses) for Вz ∼70–80 mT and
starting from 2 to 3 mTorr. The conditions of discharge
ignition with explicit flat peak of the extracted current pulse
are implemented in the pressure range P=5–6 mTorr, while
the current delay time does not exceed 10 μs There are typical
triangular bursts in the discharge with frequency of about
hundreds kHz to several MHz for magnetic field less than 70
mT in all operating pressure range. The current delay time
tdelay is 15–20 μs. A similar form of current pulses is obtained
for homogeneous fields above 90 mT. While increasing
magnetic field induction (Вz >90 mT), the discharge mode in
the PIS changes and is accompanied with high discharge
current pulse amplitude while other parameters remain
unchanged. In this mode, the discharge current goes mono-
tonically up for pulse time so that the maximum current at the
pulse end reached Id =4–5 mA. At the same time, the
extracted current pulse had the typical triangular bursts of up
to 0.8 mA height. A further pressure rise (>5–7 mTorr—
pressure range depending on the magnetic field) causes a
exponential increase in the discharge current (above 1 mA).

By analogy with the initial [18, 19], it can be assumed
that such instability (oscillations) of the discharge current is
caused by fluctuations between adjacent discharge mode. The
discharge switches from LMF mode to TM-mode with pos-
sible the discharge current fall. Estimates of the ion Larmor
(cyclotron) radius show that the magnetic field in the range
∼100 mT does not affect the movement of the ions, if it is

consider independently of the electron component. The
characteristic ion Larmor radius (i.e. protons with max
W=2 kV =e·Ua (anode voltage), B=100 mT, yielding
Larmor radius ∼6 cm) is significantly larger than the dis-
charge cell size (∼1.5 cm). Therefore, the ions move almost
freely (the collisionality is relatively weak since the ion mean
free path length (∼0.7 сm) is of the order of the discharge cell
size (∼1.5 cm)) to the cathode along the electric field lines,
without the direct influence of the magnetic field. (So there is
no direct way influence of the magnetic field on ion move-
ment.) In contrast the magnetic field significantly affects the
electron component resulting in a space-charge formation
which massively changes the pattern of the electric field lines.
In turn the changes in the electric field affect the movement of
the ions. A further pressure rise leads to transition to the high-
pressure mode—HP with an exponential increase of the dis-
charge current. In figure 7 pressure point of discharge mode
transition (TM→HP) depends on magnetic field value and
configuration.

When induction of the uniform magnetic field exceeds
∼100 mT (see figures 7(b) and 8), the discharge changes to
HMF mode. The features of this mode are a potential fall on
the discharge volume axis to the cathode (i.e. zero) value and
maximum discharge current during transition from LMF
mode to HMF mode. There is a delay between discharge
current pulse and extracted current. This fact can be explained
in the following way: the potential fall on the axis causes
generation of zero axial field, Ez =0, which can cover the
whole cell. The ionization region is shifted for some distance
in the radial direction from the axis. So, the ions generated
start radial oscillations and slowly drift along z-axis with
thermal velocities. The ions graze on the cathodes and in
some cases (see [26, 27]) miss the cathode center at all. This

Table 1. Discharge mode change depending on the magnetic field induction and configuration.

Magnetic field homogeneity

Magnetic field
induction Homogenous Lightly inhomogeneous Strongly inhomogeneous

(l =0–5 mm) (l=15–25 mm) (l=35–45 mm)
Low —High discharge currents; – Low discharge currents; —Low discharge currents
(65–90 mT) —No significant increase in the

extracted current towards high
pressure

– Quasi-rectangular form of
extracted pulse

—Dependence Id(p) and Iex(p) drift
towards high pressure P→3 mTorr,

Id �1 mA Id∼0.5 mA Id∼1 mA
Iex ∼0.2–0.5 mA Iex ∼0.2–0.5 mA Iex ∼0.2–0.5 mA
tdelay →7 μs tdelay→5 μs tdelay →5 μs
tfront →1.5 μs tfront →1 μs tfront →1 μs

High (90–120 mT) —Transition to HMF mode is
possible,

—Shorter delays in whole
pressure range

—Drift of burning region P<1 mTorr,

—Time characteristic deterioration —Triangular bursts in the
discharge

—Earlier transition to TM burning mode
P∼2 mTorr

—Triangular shape of discharge pulse —Triangular shape of dis-
charge pulse

—Triangular shape of discharge pulse

Id∼0.8–10 mA Id∼0.4–4 mA Id < 0.4–4 mA
Iex∼0.2–0.5 mA Iex ∼ 0.2–0.5 mA Iex ∼ 0.2–0.5 mA
tdelay→7 μs tdelay →5 μs tdelay→7 μs
tfront→1.5 μs, tfront→1.5 μs tfront→1.5 μs
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fact can explain the low ion extracted current against the
discharge current. There was also a time delay (5–10 μs)
between the discharge current pulse start and extraction cur-
rent pulse start.

The results obtained show that the solenoid shift towards
cathode (i.e. generation of inhomogeneous magnetic field
linearly decreasing to the anticathode) causes a current drift to
the higher pressures. Transition from the homogenous
magnetic field to the inhomogeneous one changes the dis-
charge burning mode: high magnetic field (HMF) mode is
replaced with the low magnetic field (LMF) mode. The
homogenous magnetic field allows discharge currents to reach
high values, while the extracted current increases slightly. An
extension of field inhomogeneity shifts the discharge ignition
region to the pressure range of 1–2 mTorr. At the same time
the pressure goes up so that the discharge changes to burning
mode characterized by a drastic discharge current rise
(‘transition’ mode (TM)).

Figure 9 shows the time dependences of tdelay and tfront on
the pressure when the magnetic field varies in the cell. As you
can see, the shorter delay times are specific for insignificant
inhomogeneity of the magnetic field (shift l=15 mm) for the
whole pressure range. The rise time within the error slightly
depends on the field configuration, in contrast to the current
pulse delay.

Thus, in contrast to [28, 29], the results obtained here
suggest that the induction and configuration of the magnetic
field have a significant effect on the discharge ignition time.
Table 1 presents the main conclusions on the discharge mode
change depending on the magnetic field induction and
configuration.

5. Conclusion

The magnetic field distributions in the PIS were calculated
using the COMSOL software and measured with induction
coils. The obtained simulation data shows the possible con-
figurations of the magnetic field distribution depending on the
solenoid position along the axis of PIS. Discharge and
extracted currents were experimentally studied as a function
of the magnetic field (both homogenous and inhomogeneous)
induction, the working gas pressure, and the anode voltage in
the pulsed power supply modes of PIS. The experiments
showed a significant effect of the magnetic field induction and
structure on the pressure range of the gas with stable dis-
charge ignition, as well as the amplitude and time character-
istics of the discharge and extracted currents. Homogeneous
magnetic field (Bz≈90 mT) increased the amplitude values
of discharge current, but there was no significant decrease
tdelay. Homogeneous magnetic field (Bz>100 mT) led to a
change combustion discharge mode. Discharge current pulse
reached values more than 8 mA, at the same time extraction
current was about 0.3 mA. Inhomogeneous magnetic field
with a linearly decreasing magnetic induction value (from
cathode to anticathode) improved the current pulse time
characteristics, decreased discharge current and increased
extraction coefficient. In these magnetic field the current pulse

of the extracted ions had a quasi-rectangular form and with
pressure increases (in range 2–6 mTorr) the extracted current
amplitude linearly increases from 200 to 400 μA, the current
pulse delay decreases from 10 to 5 μs, and the rise time
decreases from 2 to 1 μs.
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