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ABSTRACT

Electron beam (e-beam) generated plasmas with applied crossed electric and magnetic (E� B) fields are promising for low-damage (gentle)
material processing. However, these plasmas can be subject to the formation of plasma non-uniformities propagating in the E� B direction.
These rotating plasma structures (or “spokes”) enhance the transport of charged species across the magnetic field, which can harm the gentle
processing capability of the plasma. In this work, we investigate the role of electrostatically active boundaries on the spoke formation by
incorporating a variable bias conducting boundary (known as an anticathode) placed on the axially opposite side of the cathode. Our findings
indicate azimuthal mode suppression occurs when the anticathode is electron collecting. Furthermore, we show selective azimuthal mode
suppression by biasing the anticathode to an intermediate potential between the cathode and anode potentials. These findings suggest a link
between the axial electron confinement in the e-beam generated plasma and azimuthally propagating plasma structure formation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0252744

Electron beam (e-beam) generated plasmas with applied electric
and magnetic (E� B) fields are promising for applications requiring
efficient generation of ions and radicals in low pressure environ-
ments.1–4 A key capability of magnetically confined e-beam plasma
sources is that they can generate reactive species while maintaining
low energetic particle flux to substrates placed in the periphery of the
plasma region.5–7 However, several operating regimes of cylindrical
E� B plasma devices are accompanied by large-scale azimuthally
propagating fluctuations in plasma density and potential (“spokes”)
induced by the modified Simon–Hoh instability (MSHI).8–11 The
spoke has been shown to energize ions in the radial direction, thereby
reintroducing energetic ions to the peripheral substrate processing
region.12 Therefore, mitigating the formation of the spoke may enable
a wider operating regime of gentle processing capability of the e-beam
generated E� B plasma.

Previous work on cylindrical E� B Penning plasma has shown
that the axial boundary condition opposite to the cathode plays a
major role in the spoke amplitude and frequency by modifying the
radial electric field.8 In particular, it was shown that an electron reflect-
ing floating boundary amplified azimuthal oscillations, while an elec-
tron collecting conducting boundary led to azimuthal mode

suppression. In this Letter, we experimentally demonstrate the effect of
an active axial boundary (the “anticathode”) on the formation of azi-
muthal modes and report on the selective suppression of azimuthal
modes using an intermediate anticathode bias. This finding has major
implications for a wide range of E� B device applications that simul-
taneously require high plasma density and mitigation of plasma
fluctuations.

The experimental setup consisted of an e-beam generated E� B
plasma chamber, which is identical to the setup described in Ref. 13,
depicted in Fig. 1(a). An axially mounted thermionic cathode is biased
to Vc ¼ �55V and injects an e-beam into the vacuum vessel with a
base pressure of �1 lTorr, which is then filled with 0:1 mTorr of Ar.
The discharge current is Id ¼ 100 mA in all operating regimes consid-
ered in this work. The e-beam is injected along the axially applied mag-
netic field of 100G produced by a set of axially aligned Helmholtz
coils. An anticathode with variable DC bias is installed on the axially
opposite side of the chamber. The diagnostic setup is depicted in
Fig. 1(b). A Langmuir probe (LP) and emissive probe (EP) diagnostics
were used to determine the electron energy distribution function
(EEDF), electron density ne, electron temperature Te, and plasma
potential Vpl at different radii. Additionally, an azimuthally oriented
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ion probe (IP) array was used to determine the coherent azimuthally
propagating plasma oscillations. The IP array consists of two tungsten
wires separated by an azimuthal angle h12. Each probe wire is nega-
tively biased to�100V relative to the anode (chamber walls), in which
case the ion current collection is in an OML regime.14,15 A two point-
probe correlation technique is used to determine the azimuthally
coherent portion of the fluctuating signal collected by each ion probe.
The cross power spectral density (CSD) P12 is used to quantitatively
determine the coherence and relative phase of n1ðtÞ and n2ðtÞ,16,17
from which the cross-coherence is defined as17

C12 fð Þ � P12j j2
P11j j P22j j ; (1)

where P11 and P22 are the power spectral densities of n1 and n2,
respectively. These diagnostics and analysis methods are described in
further detail in Refs. 13 and 18.

The results of the measurements are shown in Fig. 2. The radial
profiles of electron density and plasma potential are shown in
Fig. 2(a), indicating that the Simon–Hoh instability onset criterion is
satisfied, Errne > 0.9,19 The EEDF at r ¼ 0 cm determined by LP via
the Druyvesteyn method20 for varying anticathode bias is shown in
Fig. 2(b). The depletion of the EEDF can be observed for increasing
anticathode bias voltage as the anticathode collects electrons with suffi-
cient energy e to overcome the anticathode sheath potential drop,
e > eðVpl � VatcÞ.18

The Fourier spectra of the plasma density fluctuation measured
by IP1Fðn1ðtÞÞ at r ¼ 2:3 cm for anticathode bias voltages ranging
from Vatc ¼ �55 to 0V are shown in Fig. 2(c). In the case of electron
repelling anticathode with Vatc ¼ �55V (repeller mode), there is a
prominent low frequency mode occurring at f0 ¼ 6 kHz, an interme-
diate mode f1 ¼ 9 kHz, and a higher frequency mode f2 ¼ 30 kHz.
The above-mentioned oscillations are significantly suppressed when
the anticathode is electron collecting Vatc ¼ 0V (collector mode) with
a significantly weaker mode appearing at fc ¼ 15 kHz.

The cross-coherence C12 fð Þ dependence on the anticathode bias
voltage is shown in Fig. 2(d). For Vatc ¼ �55V, the azimuthal modes
f0 and f1 have a high coherence with C12 f0ð Þ > 0:8; C12ðf1Þ > 0:6.

Furthermore, f2 is also azimuthally coherent with C12 f2ð Þ > 0:2. The
modes f0 and f2 obey Arg P12 f0ð Þð Þ � Arg P12 f2ð Þð Þ � �h12, indicating
that both are single lobed (m ¼ 1) modes that are azimuthally propa-
gating in the þE� B direction, which is shown in the supplementary
material. Evidently, there is a complex dependence on the anticathode
bias on the suppression of the f0, f1, and f2 modes. In particular, inter-
mediate biases between repeller and collector modes at Vatc ¼ �30
and �15V selectively suppress f2 while maintaining the f0 and f1
modes. For the electron collecting anticathode case of Vatc ¼ 0V, the
cross coherence confirms that the azimuthal modes f0; f1; and f2 are
suppressed and are replaced by the relatively low coherence azimuthal
mode fc with C12 fcð Þ < 0:4.

In order to understand the trend of azimuthal mode suppression as
the anticathode becomes more electron collecting, we apply a one-
dimensional electron continuity model to determine the electron trans-
port in the direction perpendicular to the magnetic field. This model is
described in greater detail in Refs. 13 and 18 and assumes unmagnetized
electrons in the axial direction but magnetized fluid electrons in the radial
direction. The drift-diffusion approximation is made for determining the
radial electron flux, in which electron transport is determined by an effec-
tive cross field mobility and diffusion coefficient. Indeed, for r > 1 cm,
the EEDF approaches a Maxwellian, which justifies the drift-diffusion
approximation for fluid electrons outside of the central e-beam region of
the plasma (please see the supplementary material).

As is the case with similar partially magnetized cylindrical E� B
plasmas,8,9,11,12,18 the electron collision rate associated with radial
transport is dominated by momentum scattering with plasma fluctua-
tions (so-called anomalous transport). Under these conditions of
anomalous cross field electron transport with electron-neutral collision
rate much smaller than the anomalous collision rate (�en � axce), the
electron cross field mobility can be approximated as le? að Þ � a=B.
The anomalous parameter a (inverse Hall parameter) as a function of
radial coordinate r is then given by13

a rð Þ ¼ B �
�C
b
e þ �Riz � �C

z
e;loss

� neEr þrpe
e

� �
2prLch

: (2)

FIG. 1. Schematic of (a) e-beam generated E� B plasma chamber and (b) diagnostic setup.
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Here, �C
z
e;loss is the axial electron loss flux integrated over the two

cylindrical endcaps of area pr2, �C
b
e is the injected electron beam cur-

rent, and �Riz is the ionization rate integrated over the cylindrical vol-
ume pr2Lch.

13 Additionally, the numerator in Eq. (2) is proportional to
�C
r
e, the radial electron flux integrated over the cylindrical shell of area

2prLch with corresponding chamber length Lch ¼ 50 cm. These inte-
grated quantities are explicitly defined as

�C
z
e;loss ¼ 2p

ðr
0
r0dr0

nevthe
4

�
exp � Vpl � Vcð Þ

kTe

� �

þmin exp � Vpl � Vatcð Þ
kTe

� �
; 1

� ��
; (3)

�C
r
e að Þ ¼ �le? að Þ neEr þrpe

e

� �
� 2pLchrð Þ; (4)

�Riz rð Þ ¼ 2pLch

ðr
0
r0dr0Riz; (5)

and the injected electron beam flux is approximately the discharge
current �C

b
e � Id=e, with Id ¼ 100 mA. Furthermore, the electron

pressure is determined as pe ¼ nekbTe. All parameters used to calcu-
late Eq. (2) are experimentally determined.

The resulting modeled anomalous parameter amod: as a function
of the radial coordinate is shown for the repeller and collector mode in
Fig. 3. In the repeller mode, there is negligible axially conducted cur-
rent, and so the anomalous radial electron transport enhances to
remove electrons from the center of the plasma and maintain a steady
state.13,18 The anomalous parameter amod. Based on Eq. (2) demon-
strates the trend that the anomalous parameter reduces when the anti-
cathode is biased to be electron collecting at Vatc ¼ 0V. In this mode,
the modeled anomalous factor amod: reduces to 0 at r ¼ 2:3 cm, which
coincides with the reduction in azimuthal mode coherence observed
experimentally at r ¼ 2:3 cm (Fig. 2). This indicates that in the collec-
tor mode, the current conduction is constituted by mostly enhanced
axial electron loss current to the anticathode, necessitating less anoma-
lous cross field (radial) electron transport to achieve a steady state.
This behavior may explain why the azimuthal modes observed with an
electron collecting anticathode are significantly less coherent than with
an electron repelling anticathode.

FIG. 2. (a) Radial profiles of electron density ne and plasma potential Vpl , for anticathode bias voltage Vatc ¼ �55 V and Vatc ¼ 0 V. (b) EEDFs determined by LP at r ¼ 0
cm for varying anticathode bias voltage Vatc, with shaded region indicating the standard deviation of the measured EEDF. (c) Fourier spectra of ion density temporal trace deter-
mined by IP for varying values of the anticathode bias voltage Vatc ; measurements performed at r ¼ 2:3 cm. (d) Cross coherence for varying anticathode bias voltage Vatc;
measurements performed at r ¼ 2:3 cm. Parameters are B ¼ 100 G, Vc ¼ 55 V, and p ¼ 0.1 mTorr.
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It should be noted that previous works on similar E� B plasmas
(i.e., Hall effect thrusters) have shown that increasing the electron
emission current reduces the anomalous cross field electron transport
and suppresses low frequency oscillations.21,22 Future works should
investigate the effect of emission current on the anomalous cross field
electron transport in the presently studied e-beam generated E� B
plasma.

In summary, biasing the anticathode to be electron repelling sus-
tains at least three azimuthal modes occurring in the 5–50 kHz fre-
quency band, which are likely caused by MSHI, with partial
suppression of the azimuthal modes achieved by biasing the antica-
thode to be electron collecting. The anticathode bias voltage controls
the anticathode sheath potential drop, thereby controlling the flux of
electrons lost axially. Based on these results, it is suggested that the
plasma cannot sustain anomalous radial cross field electron transport
when the anticathode is biased to be electron collecting, because of the
enhanced axial losses out of the plasma volume at the anticathode
sheath. Thus, the biased anticathode can be used to independently
control the azimuthal mode formation in axisymmetric e-beam gener-
ated E� B devices. Selective partial mode suppression by applying an
intermediate bias shows promise in applications where reduction in
plasma oscillations while simultaneously maintaining high bulk
plasma density is critical, such as is the case for Hall thrusters
for spacecraft propulsion and Bernas ion sources for ion implanta-
tion.24–26

See the supplementary material for the radial dependence of the
measured EEDFs determined by Langmuir probe, as well as the cross
coherence and argument of cross spectral density of the ion probe
array signals used in this work.
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