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ABSTRACT
The indirectly heated cathode (IHC) Bernas source is used in plasma process devices as it can produce a high current of desired ion species. The
formation of various ion species is associated with the complex electron production mechanism inside the source, including beam–plasma
interaction and energy relaxation. However, plasma diagnostics inside IHC sources has been limited by the assumption of a Maxwellian
distribution. In this work, the discharge characteristics of IHC plasmas were investigated by analyzing the electron energy probability functions
(EEPFs) under various conditions. The shape of the EEPF is dominantly affected by the voltage applied to the hot-cathode and repeller (i.e.,
cathode voltage), whereby the kinetic energy of the beam electrons is determined. With increasing cathode voltage, the EEPFs show a
bi-Maxwellian-like distribution with the bulk and energetic electron groups. The thermalization among the two electron groups with increasing
magnetic field makes the EEPFs to follow a Maxwellian distribution. The absolute value of the density and effective temperature of the electron
are mainly governed by the bulk electron group with a relatively higher density, and the changes in the electric potentials are explained in the
context of the confinement of the energetic electrons.
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1. Introduction
Over the past several decades, the Penning ionization gauge
(PIG) has been used as an ion source as it can extract high-current ion
beams [1,2]. The PIG source has advantages in determining the
fraction and charged-state of ion species by controlling the energy of
the electrons. These features have made the PIG source suitable for
applications in semiconductor production and accelerators [1–4].
The characteristics of the ion beam are directly related to the
discharge property of the source, and there are as many types of
source structures as the long history of PIG sources. The most popular
source type among PIG sources is the indirectly heated cathode (IHC)
Bernas source [2]. Unlike conventional PIG structures, the IHC source
not only has an improved life-time but also has an effective discharge
mechanism represented by the confinement of the beam electrons
under the electric field combined with the magnetic field [1,2,5,6].
The plasma discharge initiated by the beam electrons within the
electric and magnetic fields exhibits various physical phenomena.
Theoretical works have shown the evolution of the electron energy
probability function (EEPF) through beam–plasma interaction and
quasi-linear relaxation of the electrons, and experimental works have
reported various physical phenomena related to beam–plasma interaction in laboratory-level linear devices [5,6]. However, despite the
long history of the sources, authors studying IHC sources focused on
finding the plasma discharge conditions that can improve the plasma

process yield from an industrial aspect, with no detailed analysis of the
electron energy distribution, thus limiting our understanding of the
underlying physics in PIG sources.
In this study, the plasma property of an IHC source is investigated by measuring the EEPFs at the center of the device. The source
is characterized by performing diagnostics under various voltages of
the hot-cathode and repeller (i.e., cathode voltage) and magnetic field
strength, which are the main control parameters of the plasma process.
2. Experimental setup
The IHC source used in this study has two cathodes (hotcathode and repeller) with a radius of 8 mm [Fig. 1]. The emitted
thermal electrons from the hot-cathode are accelerated by the cathode
sheath and are confined by the axial magnetic field and sheaths
formed at both the cathode and repeller. Subsequently, the beam
electrons collide with the argon neutral particles in the IHC sources.
A magnetic field is created by a Helmholtz coil placed symmetrically along the source axis. The Helmholtz coil–pair with 310 turns
provides a uniform magnetic field at the center of the source within 1
sigma (1.85 %). The base pressure in the IHC source is maintained
below 5 × 10-6 Torr. Argon gas, controlled using a mass flow meter, is
used in this experiment.
The plasma parameters at the center of the discharge chamber
are measured using a single Langmuir probe with a tungsten wire (1
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Figure 1. Cut-away view of the indirectly heated cathode Bernas source. A single
Langmuir probe is located at both the radial and axial centers.
Figure 2. Change in the EEPFs at the radial center at different cathode voltages.

mm in length and 0.15 mm in radius). The influence of the magnetic
field on the probe diagnostics is negligible because the effective probe
radius (0.15 mm) is smaller than the electron gyro radius (~0.9 mm)
[7]. The working pressure inside the source is 1.3 mTorr with an
argon flow rate of 2.3 sccm. Since the area of the probe body is only
0.25 % of the inner area of the IHC source, probe perturbation on the
measurement is negligible when the surface loss is the dominant loss
channel.
The electron energy distribution functions (EEDFs) are obtained
by calculating the second derivative of the measured current–voltage
characteristic curve using the Druyvesteyn method without making
any sheath assumptions regarding the energy distribution [7,8]. In this
method, two assumptions should be satisfied: (1) The electrons in the
plasma have an isotropic velocity distribution, (2) The plasma is
collisionless at the relevant length scale (i.e., the probe diameter, probe
holder diameter, and Debye length must be less than the electron
mean free path). The second derivative Ie''(ε) is proportional to the
EEPF fe(ε), which is related to the EEDF ge (ε) = ε1/2fe(ε) as ge(ε) =
2m/e2 A(2ε/me )1/2Ie''(ε), where me, e, ε, and A are the electron mass,
elementary charge, electron energy in volts, and probe area, respectively.
The electron density ne and effective electron temperature Teff corresponding to the mean electron energy are determined from the integral
of the EEPF as [8]: ne(ε) =



∞



ge(ε)dε, Teff =



∞



εge(ε)dε /



∞



ge(ε)dε.

3. Results and Discussion
3.1. Cathode voltage effect

When a voltage higher than the electron/neutral impact ionization energy of argon gas (15.76 eV) is applied to the hot-cathode,
discharge can occur. Accordingly, we observe changes in the plasma
parameters by applying a cathode voltage ranging from 20 to 40 V at a
magnetic field strength of 42 G. The most prominent change in the
EEPFs accompanied by the variation in the cathode voltage is the
bi-Maxwellianization [Fig. 2]. As the cathode voltage increases, the
amount of high-energy tail of the EEPF is gradually increased. The
energy range of the high-energy tail is directly related to the sheath
potential of the hot-cathode. The sheath potential at the hot-cathode
surface is determined by the summation of the plasma potential and
the cathode voltage. Subsequently, the sheath potential determines the
kinetic energy of the beam electrons at the initial stage of the discharge. These beam electrons produce secondary electrons as a result
of the impact ionization process, and the energy exchange via electronelectron collisions with the secondary electrons produces thermalized
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Figure 3. Changes in (a) the plasma and floating potentials and (b) the effective
electron temperature and electron density at different cathode voltages.

bulk electrons. The beam electrons that have undergone beam–plasma
interaction and energy relaxation form a high-energy tail of the EEPF
[5,6]; these electrons are classified as the energetic electron group.
Eventually, the EEPFs are classified into bulk electron and energetic
electron groups based on the cathode voltage.
The electron density increases with the increase in the cathode
voltage while the effective electron temperature is slightly decreased
[Fig. 3(b)]. The changes in the bulk electron group in the EEPFs are
responsible for the variation in the electron density and the effective
electron temperature because they occupy a relatively large proportion;
the slope of the EEPFs with an energy below the cathode voltage
under each condition increases, indicating a decrease in the thermal
energy of the bulk electron group. The plasma potential slightly
increases with the increase in the cathode voltage, while the variation
in the floating potential is prominent [Fig. 3(a)]. The slight increase in
the plasma potential is considered be due to the increase in the
number of energetic electrons (i.e., an increase in the plasma potential
to suppress energetic electron losses by ambipolar diffusion). The
floating potential shows a negative value because of the abundant
energetic electrons; as the number of energetic electron group is
increased, the floating potential shifts to a more negative value.
3.2. Magnetic field strength effect

In this section, we observe the changes in the plasma parameters
with respect to the magnetic field variation at each cathode voltage.
The cathode voltages are fixed at 25 and 40 V at which nearly
Maxwellian and bi-Maxwellian-like EEPFs are observed, respectively.
Subsequently, the evolution of the EEPF is analyzed by varying the
magnetic field from 64 to 170 G at each cathode voltage.
At a low cathode voltage, the EEPF shows a Maxwellian distribution with a weak bump at a kinetic energy corresponding to the
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Figure 4. Changes in the EEPFs with the magnetic field strength ranging from 64 to
170 G at cathode voltages of (a) 25 V and (b) 40 V, respectively.
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effect through a reduction in the plasma potential.
Among the factors found in this basic characteristic study, the
plasma potential can be mainly determined by the following mechanism: 1) Electron confinement in the local region (decreases the
plasma potential) and 2) Increase in the number of energetic electrons
(increases the plasma potential to suppress the loss of energetic
electrons via trapping through ambipolar potential). Both the electron
density and the effective electron temperature are determined by the
tendency of the bulk electrons having relatively high proportion in the
local region [Figs. 5(b) and 5(d)]. The reduction in the electron density
variation is related to the saturation of the magnetic confinement by
triggering the Simon-Hoh instability [9].
4. Conclusions
A plasma characterization of the IHC source is performed by
analyzing the EEPFs under various discharge conditions. The shape of
the EEPF is dominantly affected by the energetic electrons generated
in the cathode sheath. The EEPFs exhibit a non-Maxwellian distribution with bulk and energetic electron groups. This shows that the
characterization and modeling of the plasma parameters under various
process conditions should not be performed under the assumption of
thermally equilibrated electrons with a single temperature. In addition,
it is emphasized that the confinement of the energetic electrons plays a
leading role in this non-Maxwellian energy distribution, and their
spatial distribution may be a key factor in setting the condition for the
plasma process.
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Figure 5. Changes in the plasma and floating potentials at different magnetic field
strengths at cathode voltages of (a) 25 V and (c) 40 V, and the effective electron
temperature and electron density at cathode voltages of (b) 25 V and (d) 40 V,
respectively.

cathode voltage under a weak magnetic field strength, and the beam
component disappears with increasing magnetic field [Fig. 4(a)]. To
observe an evident EEPF evolution, the experimental data are fitted
using the Maxwellian EEPF equation. At a magnetic field strength of
64 G, the electron temperature is 8.5 eV and increases to 14 eV at 170
G, implying an increased confinement of the energetic electrons.
However, a depleted tail of the EEPFs at a high kinetic energy is
clearly seen under high magnetic field strengths, and this is attributed
to the increase in the electron impact ionization. When the cathode
voltage is high (40 V), the EEPF shows a bi-Maxwellian-like distribution [Fig. 4(b)]. The changes in the electron temperature of the two
electron groups (e.g., the bulk and energetic electrons) divided based
on the cathode voltage are similar to the results obtained under
low-cathode-voltage conditions. The temperature of the bulk electron
group increases from 7 to 9 eV, while that of the energetic group
decreases from 20 to 14 eV.
The absolute value of the floating potential slightly decreases
and saturates with the increase in the intensity of the magnetic field
under the two cathode voltage conditions [Figs. 5(a) and 5(c)]; this
can be attributed to the cooling of the energetic electrons through a
collisional loss under a high magnetic field strength (a slight increase
in the slope of the EEPFs is seen). In the case of the plasma potential,
the electron confinement in the local region causes a flux conservation
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