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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 processing of materials with applications to
microelectronics and quantum information systems. In cylindrical e-beam E×B plasmas, radial
confinement of electrons and ions is achieved by an axial magnetic field and radial electric field,
respectively. To control the axial confinement of electrons, such e-beam generated plasma
sources may incorporate a conducting boundary known as an anticathode, which is placed on
the axially opposite side of the plasma from the cathode. In this work, it is shown that varying
the anticathode voltage bias can control the degree to which the anticathode collects or repels
incident electrons, allowing control of warm electron (electron energies in 10–30 eV range) and
beam electron population confinement. It is suggested that the effect of the anticathode bias on
the formation of these distinct electron populations is also associated with the transition
between weak turbulence and strong Langmuir turbulence.

Keywords: electron beam, anticathode, electron kinetics, plasma–wall interactions,
partially magnetized

1. Introduction

Electron beam (e-beam) plasma sources are capable of select-
ively generating reactive species for material surface pro-
cessing while maintaining low energetic particle flux to sub-
strates placed in the periphery of the plasma region [1–3]. Such
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remote low temperature plasma sources have already demon-
strated their applicability for atomic scale etching [4, 5] and
nanomaterial processing [6].

In many e-beam plasmas with applied crossed electric and
magnetic (E×B) fields, such as Penning source, Hall thruster,
magnetron, and reflex arc plasmas, ions are unmagnetized.
Therefore, ion transport in these plasmas is dominated by the
electric field and collisions with neutrals. Previous studies on
e-beam generated E×B plasmas have proposed and demon-
strated the formation of an ion-confining radial electric poten-
tial well [6–10]. This potential well may be leveraged for low-
damage threshold material processing applications by limit-
ing energetic ion flux to the plasma periphery, where sub-
strate surface modification by radicals typically takes place.

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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However, several ion heating mechanisms may occur, which
can allow ions to overcome the radial potential well and dam-
age peripherally-placed substrates [9].

The electron cross-field transport (perpendicular to the
magnetic field) is closely related to the formation of the radial
potential well [8–10], and is often fluctuation driven (i.e.
anomalous) in e-beam generated E×B plasmas [9, 11–15],
especially at lower neutral pressures (<1 mTorr) [16]. Under
fluctuation induced transport conditions, electrons scatter not
only with neutral atoms but also turbulent plasma structures
and oscillations, for instance plasma density and potential
fluctuations [7, 8, 17, 18]. Electron transport enhanced by fluc-
tuations can short the ion-confining electric field and is there-
fore another mechanism that can introduce ions to the peri-
pheral substrate processing region. Therefore, quantifying the
anomalous electron transport is critical in developing physical
understanding of different operating regimes in e-beam E×B
plasmas.

Fluctuations and instabilities can also modify the electron
kinetics. Weakly collisional e-beam plasmas (neutral pres-
sure<100 mTorr) are susceptible to beam plasma instabilities
(BPIs), such as parametric decay instability (PDI) and stand-
ing wave modulational instability (SWMI), which can gener-
ate so-called ‘warm’ electrons with energies that are interme-
diate between the injected beam energy and the bulk electron
temperature [19, 20]. For sub-100 eV e-beam energies injec-
ted into a plasma with electron temperature of ∼10 eV, it has
been shown that a BPI induced warm electron population can
have energies in the 10–30 eV range [19–21], coinciding with
the typical maxima of electron impact excitation and dissoci-
ation cross sections of neutral species [22–26]. Therefore, the
onset of BPIs may be important to consider for controlling the
production of reactive species in the plasma.

A typical e-beam plasma source consists of an electron
emitting cathode (e.g. thermionic [8], ion-induced secondary
electron emitting [3, 27], or rf plasma [7] cathode) mounted
at one end of an anodic cylindrical vacuum chamber filled
with neutral gas. The emitted electrons ionize the neutrals,
producing bulk electrons and ions. Following previous works,
we refer to such a plasma as an e-beam generated plasma [8,
27]. An externally applied axial magnetic field radially con-
fines the resulting e-beam and bulk plasma electrons. A ter-
tiary electrode (often called an ‘anticathode’) is often placed
on the axially opposite side of the plasma from the cathode,
and is biased to the anode potential so that it collects beam
and bulk electrons [27–30]. One modification of this conven-
tional e-beam plasma source is the reflex arc configuration
[10, 30, 31], in which the anticathode is biased to the cath-
ode potential rather than the anode potential. In such a con-
figuration the anticathode reflects incident beam and bulk
electrons back into the plasma volume, thereby increasing
the plasma density. However, it remains unclear whether the
increase in plasma density produced by the anticathode is due
to an increase in ionization rate or reduction in axial electron
losses.

There have been several recent studies investigating the
effect of the axial boundary opposite the cathode on the

macroscopic and transport properties of similar devices.
Previous work on a E×B Penning plasma generated by non-
thermal electrons demonstrated that the cross field electron
transport is strongly affected by whether the axial boundary
opposite to the cathode is an electron-collecting conductor or
an electron-repelling dielectric [7]. Furthermore, it has been
shown in an e-beam generated plasma produced in a dielectric
flask that electrons incident on the axial boundary can pro-
duce a significant electron induced secondary electron emis-
sion (eSEE) flux back into the plasma [28, 29]. However, to our
knowledge, the effect of the voltage bias applied to the anti-
cathode on the electron energy distribution function (EEDF)
in the e-beam generated E×B plasma system has not yet been
experimentally quantified.

In the present work, we explore the effect of a variable
voltage bias anticathode on electron kinetics in an e-beam gen-
erated E×B plasma. Here the anticathode is biased to either
repel or collect incident electrons, allowing control of the axial
confinement of electrons in the discharge. The radial depend-
ence of the EEDF and resultant electron density and temper-
ature is determined using a Langmuir probe (LP) diagnostic,
while the plasma potential profile is determined using a float-
ing emissive probe technique. Results indicate that the anti-
cathode bias allows control of the core plasma density over
nearly an order of magnitude. Additionally, the increase in
plasma density for an electron-repelling bias voltage of the
anticathode is mainly due to reduced axial plasma losses rather
than enhanced ionization. Furthermore, a warm electron pop-
ulation is created in the vicinity of the plasma axis when the
anticathode is electron collecting.

The paper is organized as follows: section 2 discusses the
experimental setup of the e-beam generated E×B plasma.
Section 3 discusses the plasma diagnostics and measurement
procedures used. Section 4 details the results of the probe
measurements and their analysis. Models of the dependence
of electron confinement and warm electron production on the
anticathode bias are proposed and compared to the experi-
mental measurements in section 5. Conclusions are summar-
ized in section 6.

2. Experimental setup

The experimental setup is depicted in figure 1. In addition,
table 1 lists key geometrical and operating parameters of this
setup and characteristic dimensionless parameters of the stud-
ied plasma regimes. The e-beam chamber consists of a cyl-
indrical vacuum vessel that is pumped by a turbomolecu-
lar pump backed by a rough pump to a base pressure of
∼1 µTorr. The chamber is filled with Ar gas to a pressure of
0.1–0.5 mTorr. An axial magnetic field of 50–100 G is gen-
erated by electromagnets arranged in a Helmholtz-like con-
figuration along the chamber. A thermionic cathode consist-
ing of an ohmically heated tungsten filament is placed on
one end of the cylindrical chamber. The tungsten filament is
made from a 0.4 mm diameter wire with exposed length of
1 cm [8, 25]. The cathode is mounted on a floating ceramic

2



Plasma Sources Sci. Technol. 33 (2024) 125003 N S Chopra et al

Figure 1. Schematic of experimental setup in r− z plane.

Table 1. Setup geometry, operating parameters, and dimensionless
relationships. Symbols used in the table: Lch chamber axial length,
measured from cathode to anticathode; Rch chamber radius;
Ratcanticathode radius; Rfl radius of floating wall behind cathode;
B−magnetic field strength; p−neutral gas pressure; Vc−cathode
potential, measured relative to anode (chamber) potential;
Id−discharge current; Pheater−Ohmic power supplied to heat
thermionic cathode; ne−electron density [9]; Te−electron
temperature [9]; rL,e, rL,i−electron and ion Larmor radius,
respectively; Rw−Langmuir and emissive probe wire radius;
λD,e−electron Debye length; νen,el, νen,inel,νen,iz electron-neutral
elastic, inelastic, and ionization collision rate for beam electrons
impacting argon, respectively (cross sections data from [32]); νtr
inverse e-beam transit time over chamber length given by
νtr = vb/Lch, where vb = (2εb/me)

1/2 is the e-beam mean velocity.

Property Value

Lch 50 cm
Rch 10 cm
Ratc 4.5 cm
Rfl 1.75 cm
B 50–100 G
p 0.1–0.5 mTorr
Vc −55 V
id 50–100 mA
Pheater 42 W
ne 109 − 1010 cm−3 for r= 0 cm
Te 5–12 eV for r= 0 cm
rL,e/Rch 5× 10−3 for 100 G, Te = 5 eV
rL,i/Rch 0.1 for 100 G, Ti ∼ 0.03 eV
rL,e/Rw 10
λD,e/Rw 5
νen,el/νtr 10−1

νen,inel/νtr 10−3

νen,iz/νtr 10−2

break with a 1.75 cm inner radius, such that the cathode is
electrically isolated from the grounded chamber. Therefore,
a portion of the wall directly behind the cathode filament is

electrically floating, with a corresponding radius r< 1.75 cm.
This prevents electron loss to the wall behind the cathode
(figure 1), and hence the region of r< 1.75 cm will be called
the cathode region.

The cathode is biased to a potential Vc that is negative relat-
ive to the grounded chamber (anode, defined as 0 V), injecting
the emitted electrons into the chamber as a nonthermal elec-
tron population. Most of the applied voltage drop occurs in the
cathode sheath, and thus electrons emitted from the cathode
are axially accelerated by the cathode sheath into the cham-
ber as a beam with energy εb ≈ e(Vpl−Vc), where Vpl is the
plasma potential. Therefore, the discharge voltage is defined
as Vd =−Vc. A portion of the beam electrons injected into the
chamber from the cathode collide with the neutral gas atoms,
ionizing them and forming ions and bulk plasma electronswith
lower energies than the beam electrons. The component of the
injected e-beam velocity perpendicular to the magnetic field is
limited to the wire temperature of ∼0.2 eV, and therefore the
e-beam is also magnetized.

An electrically isolated anticathode made from a non-
magnetic stainless-steel plate with radius Ratc = 4.5 cm is
installed on the end of the chamber opposite to the thermi-
onic cathode. The anticathode is biased to a voltage Vatc rel-
ative to the anode potential. By varying the anticathode bias
voltage, the anticathode may operate in one of two nominal
modes: (i) biased at the cathode potential (Vatc = Vc, repeller
mode) and (ii) biased at the anode potential (Vatc = 0, collector
mode). In the former mode, the anticathode repels plasma
and beam electrons back into the plasma volume while in
the latter mode, the anticathode collects nearly all incident
electrons. The anticathode may also be biased to an arbit-
rary potential. When the anticathode voltage bias is between
the cathode and anode potentials, Vc < Vatc < 0 V, only lower
energy electrons with incident energies ε <∼ e(Vpl−Vatc)
are reflected by the anticathode sheath back into the
plasma.
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3. Diagnostics and measurement procedure

The plasma voltage–current (V–I) characteristic was charac-
terized to determine the effect of the anticathode bias voltage
on the axially and radially conducted current. Current collec-
ted by the cathode and anticathode, Id and Iatc, is determined
by measuring the voltage across current shunts Rc and Ratc,
respectively. The current shunts are placed in series with the
corresponding biasing supply, each with a resistance of 15 Ω.
The voltage across each shunt is measured using a Lecroy
AP031 differential probe.

To characterize how the anticathode bias voltage affects
the electron kinetics and macroscopic plasma parameters and
transport, a cylindrical LP and a floating emissive probe are
implemented in the described experiments. Each probe is
installed at the axial midplane (25 cm from the cathode) on a
movable positioner to measure radial variations of the plasma
properties. Thus, the tips of both probes are oriented perpen-
dicular to themagnetic field. Supplementary data of the plasma
density fluctuations is also collected using an azimuthally ori-
ented ion probe array, described in appendix A.

The LP consists of a main probe nested concentrically in a
reference probe. The main probe tip is 0.1 mm diameter and
2.5 mm length. It is constructed from a tungsten wire inserted
in an alumina ceramic tube. This ceramic tube is nested in a
molybdenum tube which acts as a reference probe for low fre-
quency noise suppression. The radius of the LP tip was selec-
ted to be much less than electron gyroradius, rL,e (table 1).
This allows the measured data to be analyzed using unmag-
netized probe theory via the Druyvesteyn method [33–35]. It
is important to note that the Druyvesteyn method assumes an
isotropic electron velocity distribution function (EVDF) [36].
However, a significant e-beam population is injected axially
into the system. The effect of EVDF anisotropy on some para-
meters derived from the EEDF is quantified in appendix C,
and future studies on the e-beam plasma system will need to
further address the EVDF anisotropy.

For determining the EEDF, ne, and Te, biasing and data
acquisition of the main probe and reference probe are con-
trolled by a plasma sensors multi-functional probe analyzer
(MFPA) [33]. The probe bias voltage VB is swept at a fre-
quency of 1 kHz, and the current collected by the probe Ipr
is measured by an internal shunt of the MFPA probe analyzer.
For each probe acquisition, 3 sets of 10 000 current–voltage
(IV) traces are acquired to determine the mean and standard
error of the measurement.

Electron density ne and electron temperature Te can be
deduced by integrating over the EEDF measured with the LP.
The plasma potential is determined by finding themaximum of
dIpr (VB)/dVB. The EEDF fe as a function of electron energy
ε is then determined by the Druvesteyn method [33],

fe (ε) =
2me

e2Apr

(
2eε
me

)1/2 d2Ipr
dV2

B

(VB = ε/e) , (1)

where ε= e(Vpl−VB), me is the electron mass, and Apr is the
probe collecting area. The zeroth and first moments of fe (ε)
are then computed to determine ne and Te as

ne =

∞̂

0

fe (ε)dε, (2)

Te =
2
3

1
ne

∞̂

0

εfe (ε)dε, (3)

and the ionization rate constant Kiz, is computed as

Kiz =
1
ne

(
2
me

)1/2 ∞̂

0

dεσiz (ε)ε
1
2 fe (ε) , (4)

where σiz is the ionization cross section for electron impact
ionization of argon [37].

The floating emissive probe is used to measure the plasma
potential Vpl relative to the grounded anode. The floating
probe consists of a 0.1 mm diameter tungsten wire in a 1.5 mm
outer diameter double-bore alumina tube. The tungsten wire
forms a 3 mm diameter loop at the head of the probe, which
acts as the electron emitting surface of the emissive probe. The
emissive probe is heated ohmically by an external power sup-
ply, such that the flux of thermionically emitted electrons is
sufficiently greater than the critical emission current necessary
for the probe floating potential to saturate. Following previ-
ous works on similar E×B plasma devices [38], the emissive
probe tip is therefore assumed to float at approximately the
plasma potential. The floating potential of the emissive probe
relative to the anode potential is measured using a Teledyne
Lecroy AP031 differential probe. The offset to the measured
floating potential by the ohmic heating potential drop applied
over the wire is corrected by adding half of the applied heating
bias potential Vh/2 to the measured floating potential (Vh =
5.9 V± 0.05 V), as was performed in previous experimental
works [39, 40]. An additional corroborating measurement of
Vpl is performed independently using the LP, which is further
discussed in appendix B.

4. Experimental results

4.1. Voltage–current (V–I) characteristics

Figure 2 shows variations of the discharge current with the dis-
charge voltage of the plasma source for the anticathode oper-
ating in the repeller and collector modes. Results are shown
for magnetic field B= 50 and 100 G and neutral argon pres-
sure p= 0.1 and 0.5 mTorr. With all other parameters kept the
same, the discharge current increases with increasingmagnetic
field and pressure. For the p= 0.1 mTorr case, the discharge
current saturates at discharge voltages of Vd >∼ 50 V. For
these regimes, the discharge current is limited by thermionic
emission, i.e. by the temperature of the cathode filament. This
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Figure 2. Discharge current vs. discharge voltage for repeller (r) and collector (c) modes for p= 0.1 mTorr (a) and p= 0.5 mTorr (b).

Figure 3. Axial current ratio x vs. discharge voltage for p= 0.1 mTorr (a) and p= 0.5 mTorr (b).

emission limited regime was confirmed in a separate experi-
ment when the discharge current was increased from 50 mA
to 152 mA when the cathode heating power was increased
from 38 W to 45 W, while all other parameters were held the
same.

For the analysis of the V–I characteristics of the discharge
(figure 2) we introduce the ratio x= Iatc/Id which character-
izes the fraction of the discharge current collected by the anti-
cathode (figure 3). Here, we assumed that the contribution of
the ion current to the discharge current at the cathode is negli-
gible. This implies that in the limit of x→ 1 , the flux of beam
electrons emitted from the cathode and the net electron flux
collected by the anticathode are equal and that there is no net
current conducted across the magnetic field. From figure 3, it
is evident that for collector mode, 40%–70% of the current is
conducted axially towards the anticathode, while 30%–60% is
conducted either radially or axially to the chamber wall adja-
cent to the cathode. Negative values of the current ratio xmeas-
ured for the repeller mode implies the current collected by the
anticathode is of opposite polarity compared to that of the col-
lector mode. This is because in this mode, the anticathode cur-
rent is driven by ion flux from the plasma to the anticathode,
as well as by electron flux emitted from the anticathode. Since

the anticathode is a cold electrode, any electron flux evolved
from the anticathode surface in the repeller mode is due to ion-
induced secondary electron emission (iSEE).

For the repeller mode, ions from the plasma are accelerated
by the voltage drop across the anticathode sheath and strike
the anticathode surface with an energy of εi ≈−eVc. Since the
voltage bias applied to the cathode considered in this work are
limited to |Vc|< 100 V, the ion energy incident on the anti-
cathode is εi < 100 eV. For such low energy Ar ions striking
a stainless steel, the iSEE yield is much less than unity [41,
42]. As a result, the iSEE evolved from the anticathode is neg-
ligible. This explains why the axial current fraction in repeller
mode is observed to be x≈ 0.

For the collector mode with x≈ 0.5− 0.7, the anticath-
ode current is driven mainly by the electron flux consist-
ing of beam electrons and bulk plasma electrons. In this
mode, the fraction of the current conducted axially towards
the anticathode increases with the magnetic field and gas
pressure. Both trends are likely associated with the improved
beam and plasma electron confinement in the radial direction
(transverse to the magnetic field) as magnetic field strength
and pressure increase. Enhanced electron confinement in the
higher-pressure regime is likely due to reduced plasma density
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Figure 4. Axial current ratio x and discharge current Id vs.
anticathode potential Vatc for p= 0.1 mTorr, B= 100 G,
Vd = 55 V.

oscillations (appendix A), which correspond to suppressed
cross-field fluctuation induced electron transport [11].

Figure 4 shows the effect of the anticathode bias voltage
on the axial current ratio and discharge current for the exper-
imental parameters p= 0.1 mTorr, B= 100 G, and Vd =
55 V. The axial current fraction can be controlled to be nearly
x≈ 0.7 in collector mode and x≈ 0 in repeller mode. The dis-
charge current saturates at Id ≈ 90 mA as the applied voltage
bias to the anticathode decreases (i.e. for a more electron
repelling anticathode). The discharge current and axial cur-
rent fraction both increase as the anticathode voltage bias is
increased above the chamber potential, Vatc > 0 V. When the
voltage bias applied to the anticathode is positive, the anti-
cathode becomes the anode instead of the grounded chamber
walls. This effectively increases the voltage drop in the cath-
ode sheath. Therefore, one possible explanation of enhanced
discharge current in the Vatc =+20 V regime is that the injec-
ted e-beam has an increased energy and hence is better at ion-
ization, which leads to an increased discharge current. Another
possible explanation of enhanced discharge current in the
Vatc =+20 V regime is that the cathode sheath expands, caus-
ing the cathode to collect more ion current than in the case of
Vatc = 0 V.

4.2. Plasma properties

Figure 5 shows EEDFs measured at the center of the plasma
source, r= 0 cm, in the plasma region with the electron
beam, for experimental parameters p= 0.1 and 0.5 mTorr,
B= 100 G, Vc =−55 V. For both pressure regimes, the area
under the EEDF curve is maximal in the repeller mode, indic-
ative of the overall increase in plasma density in repeller
mode. For p= 0.1 mTorr, an electron beam component
can be observable as bump-on-tail centered at the energy
of ε≈ 55 eV (figure 5(a)). This bump corresponds to the
applied discharge voltage which corresponds to the maximum
energy acquired by electrons emitted from the cathode and
accelerated in the cathode sheath (e-beam energy). As the

anticathode bias voltage increases to the anode potential (0 V),
the population of bulk and energetic electrons reduces, as
indicated by the reduction of area under the EEDF.

Note that for the collector mode at p= 0.1 mTorr, a warm
electron population in the energy range of 10− 30 eV is
formed, as indicated by the plateau in the normalized EEDF
(figure 5(b)). At p= 0.5 mTorr, the electron beam population
in the EEDF is suppressed, due to the higher collision fre-
quency of beam electrons scattering with neutrals. This effect
is further quantified in section 5.1.

Figure 6 shows spatial variations of the EEDF for both
the repeller and collector modes for operating parameters B=
100 G, p= 0.1 mTorr, Vc =−55 V. For the repeller mode,
an e-beam component is only observable at r= 0 cm. In
both these modes, the beam electron population decays rap-
idly away from the discharge center, and the EEDF becomes
approximately Maxwellian for radii r⩾ 1 cm.

Macroscopic plasma properties ne and Te deduced from the
measured EEDFs are shown in figures 7 and 8. The anticath-
ode bias voltage has a strong effect on the bulk plasma dens-
ity (figure 7), but almost no effect on the electron temperature
(figure 8). The measurement of plasma density throughout the
whole region r= 0− 5 cm indicates that the bulk electrons
produced in the beam region (r= 0 cm) can diffuse across
the magnetic field to populate plasma periphery at r> 1cm.
In the repeller mode, the electron density is larger than in the
collector mode for the entire measured region, r= 0− 5 cm.
This enhancement of the electron density is more pronounced
at p= 0.1 mTorr. At p= 0.5 mTorr, the core electron tem-
perature reduces by a factor of ∼2, likely due to increased
electron-neutral collisions.

The plasma potential radial profiles Vpl (r) are shown in
figure 9. These measurements show that the radial compon-
ent of the electric field (Er =−∂Vpl/∂r) is directed radi-
ally inward. At r= 1 cm the radial electric field is Er ≈
− 0.5 V cm−1, which is in agreement with previous work on
a similar E×B plasma with a conducting axial boundary [7].
The radial electric field is observed to be weaker in the repeller
mode than in the collectormode. In addition, the plasma poten-
tial in the repeller mode is lower (i.e. closer to the cathode
potential) than in the collector mode. This result is consistent
with the observation that the repeller mode has a better axial
electron confinement than that in the collector mode. The trend
of decreasing plasma potential as the magnetic field increases
may occur due to enhanced radial electron confinement at lar-
ger magnetic fields. In the peripheral plasma region r⩾ 2 cm,
the plasma potential also reduces with the pressure. This is
likely due to reduced radial electron transport at higher pres-
sures, which is further discussed in appendix A. It is also of
note that the plasma potential is positive with respect to the
anode, in contrast to previous works on similar E×B plasmas
observing a negative plasma potential [7, 8]. This is further
discussed in appendix B.

Figure 10 shows the radial profile of the ionization rate con-
stant deduced from the measured EEDFs. Most of the electron
impact ionization occurs for r< 1.5 cm, with ionization rate
rapidly decaying below the detection limit of the probe dia-
gnostic at larger radii.
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Figure 5. EEDF determined by LP in repeller (r) and collector (c) modes at B= 100 G, Vc = 55 V, for (a) p= 0.1 mTorr in absolute units,
(b) p= 0.1 mTorr, normalized to EEDF maximum, (c) p= 0.5 mTorr in absolute units, (d) p= 0.5 mTorr, normalized to EEDF maximum.

Figure 6. EEDFs determined by LP at varying radii at B= 100 G, Vc =−55 V, for p= 0.1 mTorr, for repeller mode Vatc =−55 V (a) and
collector mode Vatc = 0 V (b).

5. Discussions

5.1. Anticathode bias effect on electron density and
anomalous transport

In this section, we derive a model of the bulk electron dens-
ity dependence on the applied voltage bias to the anticathode.
Figure 11 shows the anticathode bias effect on the ionization

rate constant at r= 0 cm, as determined by equation (4). The
ionization shows negligible variation with anticathode bias.
This is an important result that indicates that the EEDF pro-
duced by the electron repelling anticathode is not better at
ionizing than the EEDF in collector mode. However, as will
be shown, the electron repelling anticathode does have fewer
axial losses, leading to an enhancement of the electron density.

7
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Figure 7. Electron density determined by LP in repeller (r) and collector (c) modes at B= 50, 100 G for p= 0.1 mTorr (a),
p= 0.5 mTorr (b).

Figure 8. Electron temperature determined by LP in repeller (r) and collector (c) modes at B= 50, 100 G for p= 0.1 mTorr (a),
p= 0.5 mTorr (b).

Figure 9. Plasma potential determined by EP at B= 50, 100 G for p= 0.1 mTorr (a) and p= 0.5 mTorr (b).
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Figure 10. Radial profiles of experimentally determined ionization rate constants Kiz for p= 0.1 mTorr (a) and p= 0.5 mTorr (b).

Figure 11. Volumetric ionization rate constant Kiz as a function of
anticathode bias potential Vatc at r= 0 cm. Repeller and collector
modes occur at Vatc =−55 V and 0 V respectively.

In a steady state, the electron continuity equation is given
by

∇·Γe = Riz, (5)

where Γe is the electron flux and Riz = nengKiz is the volumet-
ric ionization rate. A diagram of the axial and radial electron
fluxes in the discharge is shown in figure 12.

The electron flux leaving a control volume of plasma is
balanced by beam electrons entering the volume and the pro-
duction of new electrons by ionization. Consider a cylindrical
control volume of radius r0 = 1 cm and length Lch. The total
electron beam flux Γbe injected into a cylindrical endcap of
area Acap = π r20 can be approximated by the discharge cur-
rent Γbe =

Id
eAcap

(figure 4). Here we assume that the contribu-
tion of the ion current to the discharge current is negligible.
This assumption is justified by considering that the ion cur-
rent Ii collected by the cathode is equal to the Bohm current

Ii = eAcapne(kBTe/mi)
1
2 ≈ 3mA, usingmeasured values of the

plasma density and electron temperature of ne = 1016 m−3 and
Te = 11 eV (figures 7 and 8) [43]. Evidently the ion current is
much less than the discharge current (Id ⩾ 75 mA, figure 4),
and hence can be neglected.

The axial electron flux leaving the cylindrical endcaps of
the control volume consists of the one-way thermal electron
flux to the cathode or floating wall and anticathode [44].
Here, we assume that the floating wall behind the cathode is
charged to the same potential as the cathode due to the large
electron mobility along the magnetic field. Additionally, we
assume that the one-way particle flux of electrons is approx-
imately determined by the thermal flux of an approximately
Maxwellian EEDF,

ΓMe,eff. =
1
4
nevthe, (6)

with the electron thermal velocity given by vthe =
(8kBTe/πme)

1/2. An important caveat for this assumption
is that in the p= 0.1 mTorr case, the EEDFs at r= 0 cm
have a significant non-Maxwellian component (figure 6(a)).
Despite this, the one-way flux given by equation (6) using
the effective electron density and temperatures determined by
equations (2) and (3) is still a reasonable approximation for
the actual one-way flux of electrons (appendix C). Finally, we
assume that the short-circuit effect at the anticathode and cath-
ode is negligible (appendix C) [45]. The portion of thermal
electron flux reaching the cathode and anticathode, denoted
Γce,th and Γatce,th respectively, are given by [43]

Γce,th = ΓMe,eff. exp

(
−
(Vpl−Vc)

kTe

)
, (7)

Γatce,th = ΓMe,eff.min

[
exp

(
−
(Vpl−Vatc)

kTe

)
,1

]
. (8)

Equations (7) and (8) indicate that electrons reaching either
the cathode or anticathode electrodes are repelled by the sheath
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Figure 12. Diagram of axial and radial electron fluxes out of a cylindrical control volume of plasma, as well as volumetric ionization
producing electrons in the control volume.

at the corresponding electrode. The sheath voltage drop at
either the cathode or anticathode is equal to the difference
between the plasma potential Vpl and the corresponding elec-
trode potential. Because the cathode sheath drop is much lar-
ger compared to the electron temperature, most of the thermal
electron flux to the cathode is reflected back into the plasma,
and Γce,th ≈ 0. However, for the collector mode, the thermal
flux to the anticathode may be significant. In such a case, the
one-way electron flux that strikes the anticathode may gen-
erate a significant flux of secondary electrons back into the
control volume δΓatce,th, where δ is the eSEE yield for stain-
less steel. For low energy incident electrons, the eSEE coeffi-
cient depends significantly on the conditioning of the surface
that electrons are incident on, and can range from δ ≈ 0− 1
[46–48]. SEE may also be generated by ion and metastable
Ar collisions with the anticathode and cathode [42, 49, 50].
However, the electron fluxes due to ion-induced and Ar meta-
stable induced SEE are negligible (appendix C).

For the region r⩾ 1 cm, the EEDF is nearly Maxwellian
(figure 6), and the radial electron flux leaving the control
volume Γre perpendicular to the magnetic field in this region
can be described by an electron fluid under the drift-diffusion
approximation,

Γre (α) =−ne
[
µe

(
Er+

kTe
LT

)
+
De

Ln

]
, (9)

where µe and De =
kTe
e µe are the electron cross-field mobil-

ity and diffusion coefficients respectively, and the radial elec-
tron density and temperature gradient length scales are given
by L−1

n = (∂ne/∂r)/ne and L
−1
T = (∂Te/∂r)/Te respectively.

Here we assume that the electron pressure is isotropic and neg-
lect the electron inertia.

To evaluate the contribution of anomalous transport to
the cross field electron mobility and diffusion fluxes, an
effective electron collision frequency accounting for electron-
neutral collisions and fluctuation-based scattering of electrons

is expressed as [11–15]

νat = νen+αωce, (10)

where νen = ngσenvthe is the electron-neutral collision fre-
quency, ωce = eB/me is the electron cyclotron frequency, and
σen is the effective momentum transfer cross-section for elec-
tron collisionswithAr atoms formean energy of bulk electrons
equal to 3

2kTe.
In equation (10), the parameter α is a semi-empirical

parameter characterizing the relative significance of classical
to anomalous collisions, which is usually determined from
experiments (e.g. α= 1/16 corresponds to so-called Bohm
diffusion [11, 12, 14], and α= 0 corresponds to classical col-
lisional transport characterized by electron-neutral collisions).
Previous works have also demonstrated that in E×B devices
such as Hall thrusters, the anomalous parameter can reach val-
ues much smaller than the well-known semi-empirical refer-
ence value of α= 1/16 given by Bohm et al [15, 51]. In the
e-beam plasma considered here, the electrons are magnetized,
rLe
Rch

≫ 1 and ωce
νen

≫ 1 where rLe is the electron gyro-radius.
Under such conditions, the parameter α represents the inverse
of an effective electron Hall parameter. The expression for the
semi-empirical electron cross-field mobility is then given by

µe⊥ (α) =

(
e

meνat (α)

)
1

1+ω2
ce/νat(α)

2 . (11)

Integrating equation (5) over a cylindrical control volume
of radius r0 and length Lch, we arrive to

Acap
[(
Γce,th+Γatce,th

)
−Γbe

]
+AshΓ

r
e = VcylRiz, (12)

where Ash = 2π r0Lch and Vcyl = π r20Lch are the shell area and
volume of the cylindrical control volume, respectively. Then,
the bulk electron density in the control volume is analytically
determined from equation (12) as

10
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Figure 13. Experimentally determined electron density ne dependence on anticathode potential Vatc. Experimental parameters are p= 0.1
and 0.5 mTorr, B= 100 G, and Vc =−55 V. Also shown is the modeled electron density dependence on the anticathode potential for
several values of the anomalous parameter α, as given by equation (13) and assuming zero eSEE yield (δ = 0). Repeller and collector
modes occur at Vatc =−55V and 0V respectively.

ne =

(
VcylRiz+ΓbeAcap

)
Acap

vth,e
4

{
exp

(
− (Vpl−Vc)

kTe

)
+min

[
exp

(
− (Vpl−Vatc)

kTe

)
,1
] }

−
[
µe⊥ (α)

(
Er+

kTe
LT

)
+ De⊥(α)

Ln

]
Ash

. (13)

All parameters in equation (13) are experimentally determ-
ined at r0 = 1 cm for repeller and collector modes (Vatc =
−55V and 0V respectively) except for the anomalous para-
meter α and the eSEE coefficient δ. For Vatc ̸=−55V or 0V,
the electron radial drift and diffusion velocities,µe⊥ (α)Er and
De⊥ (α)/Ln respectively, are linearly interpolated using the
experimentally determined values at Vatc =−55V and 0.

The dependence of the experimentally determined bulk
electron density on the anticathode potential is shown in
figure 13 for p= 0.1 and 0.5mTorr and B= 100G. Also
shown is the modeled bulk electron density as determined
by equation (13) for varying values of α. For anticathode
potentials below the anode potential, Vatc < 0 V, the thermal
flux of electrons incident on the anticathode is mostly reflec-
ted by the anticathode sheath, leading to an enhancement in
plasma density. In this electron repelling regime of the anti-
cathode in the p= 0.1 mTorr case, a good agreement between
the modeled and experimentally determined electron densit-
ies is found for anomalous electron cross-field transport with
α= 1/60. In this case αωce ≈ 30 MHz while νen ≈ 700 kHz,
so that αωce ≫ νen. This suggests a significant enhancement
in the electron cross field transport occurs due to anomalous
scattering of electrons.

The experimentally determined plasma density is minimum
in the collector mode (i.e. Vatc = 0V), which is consistent with
theminimization of the discharge current in the collector mode
(figure 4). In this mode the anticathode collects nearly all
incident electrons, leading to a depletion of plasma density.

Agreement between the modeled and experimentally determ-
ined electron density in collector mode is again found for the
case ofα= 1/60 in the p= 0.1mTorr case. Furthermore, for a
positively biased anticathode with Vatc =+20V, better agree-
ment betweenmodeled and experimentally determined plasma
density is found for α≈ 0, i.e. classical cross field electron
transport. This trend indicates that as the anticathode becomes
more electron collecting, the anomalous cross-field radial elec-
tron transport decreases.

Notably, for p= 0.1 mTorr the electron-neutral collisional
mean free path isλen ≈ 150 cm≫ Lch. Therefore, the effect of
beam electrons scattering with neutrals is insignificant at p=
0.1 mTorr. However, the model overpredicts the plasma dens-
ity by roughly one order of magnitude in the p= 0.5 mTorr
case, even for the anomalous electron transport case of α=
1/60. In such a case, the electron-argon collisional mean free
path decreases to λen = 1/ngσen ≈ 30 cm< Lch. Under such
conditions the injected beam electrons may undergo signific-
ant scattering while transiting from the cathode to the probe
measurement location at the midplane of the plasma, which
would manifest as a reduction in the effective injected beam
flux Γbe in equation (13). A larger value of α > 1/60 and hence
more anomalous cross field electron transport would allow the
model to match the experimentally determined plasma dens-
ity in this 0.5 mTorr case. However, separate measurements
indicate that the 0.5 mTorr case has reduced plasma density
fluctuations, indicating that instead α < 1/60 (appendix A,
figure 15). Therefore, future works should be conducted to
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quantify the effect of the electron beam scattering at higher
pressure conditions where electron-neutral scattering becomes
significant.

We also note that eSEE from the anticathode may intro-
duce a significant electron flux into the plasma. Indeed, an
eSEE yield of δ = 0.3 corresponds to eSEE coefficient for
stainless steel extrapolated from [47] to the bulk electron tem-
perature of 11 eV at the plasma center (figure 8). Under such
conditions, eSEE may lead to an enhancement in the plasma
density predicted by the model, necessitating a larger value of
α > 1/60 for model and experimental agreement in collector
mode. Thus, in principle, the eSEE from the anticathode can
significantly enhance the effective steady state axial confine-
ment of electrons in the plasma column for the collector mode.
However, the accurate determination of the eSEE yield for the
stainless steel under realistic plasma conditions used in these
experiments is beyond the scope of this paper and therefore,
this suggestion is based exclusively on the above-mentioned
references.

In summary, the model of steady state density predicted
by equation (13) suggests when the anticathode is electron
repelling, there is enhanced anomalous cross-field (radial)
transport due to scattering of electrons on plasma fluctuations.
This prediction is supported by separate measurements of
plasma density fluctuations which indicate that the repeller
mode is characterized by stronger amplitude plasma density
oscillations than collector mode (appendix A, figure 15(a)).
The enhanced anomalous transport in the repeller mode may
explain why the radial electric field is suppressed in the
repeller mode when compared to the collector mode (figure 9).
Enhanced radial anomalous electron flux would effectively
short the potential well by redistributing negative charge out
of the center of the well.

5.2. Remarks on beam plasma instability onset and
production of warm electron population

In section 5.1 we demonstrated the somewhat surprising result
that the collector mode has a similar ionization rate constant
as the repeller mode, despite the anticathode collecting nearly
all incident electrons in collector mode. In this section, we will
estimate the role of the anticathode bias voltage on the onset
of BPIs, which in turn may lead to the redistribution of the
beam and bulk electrons to form an enhanced warm electron
population that is responsible for ionization in collector mode.

The normalized EEDFs at the center of the discharge
(figure 5(b)) measured in the repeller mode and the collector
mode suggest that for the repeller mode, there is a distinct
beam electron population with ϵb = 55eV, which is spatially
localized to the region r< 1cm. This is not the case for the
collector mode, where instead a warm electron population in
the energy range of 10–30 eV is formed. Following [19] we
hypothesize that this transition from EEDF with a bump on
tail in repeller mode to an EEDF with a warm electron pop-
ulation may be the result of the transition between different
beam-plasma instability regimes.

It is known [52] that the injected e-beam can excite electro-
static Langmuir waves in the discharge, with initial wavenum-
ber k given by the dispersion relation for Langmuir waves,

k=
ωpe
vb

. (14)

Here, ωpe =
√
e2ne/ε0me is the bulk electron plasma fre-

quency. As shown in previous works [19] and as will be calcu-
lated and shown later, in the low-pressure regimes considered
in this work p= 0.1− 0.5mTorr, the electron-neutral collision
rate is insignificant to damp the Langmuir waves. Simulations
performed in [19, 21] suggest that an e-beam propagating in
the so-called weak turbulent (WT) regime transfers energy
to Langmuir oscillations coupled with ion acoustic waves
(IAWs). These oscillations contribute to a broad redistribu-
tion of electron energy in the EEDF (i.e. yielding a pro-
duction of warm electrons) [19, 21]. On the other hand,
plasma with an e-beam propagating under so-called strong
Langmuir turbulence (SLT) conditions can undergo Langmuir
collapse, which preserves the electron beam via production
of a nonlinear (ponderomotive) electric field. The Langmuir
collapse of the plasma manifests as a bump on tail in the
EEDF [19, 53, 54].

The beam-plasma density and energy ratios, nb
ne

and εb
Te

respectively, characterize the turbulent regime of the beam-
plasma system by quantifying the beam intensity relative to
the plasma, where nb is the electron beam density. Following
[19] and the associated calculation of different beam plasma
instability regimes in appendix D, we define the regions of
parameter space dominated by WT and SLT for the e-beam
plasma system studied here. The calculated WT and SLT
regimes in εb

Te
and nb

ne
parameter space determined in [19] are

shown in figure 14. The results of calculations are plotted
along with experimental points deduced from the measured
EEDFs in this work. The experimentally determined value of
the bulk plasma density ne is determined by equation (2), and
the beam density nb is determined by

nb =

εb+∆εbˆ

εb−∆εb

fe (ε)dε, (15)

where the beam energy was taken to be εb ≈−eVc = 55 eV
and the spread in beam energy was chosen to be ∆εb = 6 eV,
based on the approximate full width half maximum of the
bump on tail feature observed in repeller mode (figure 5(b)).

In the low-pressure case of p= 0.1 mTorr, the system
is close to the boundary between WT and SLT regimes
(figure 14). The applied cathode potential is held fixed in all
experimental cases, and hence the beam energy is approxim-
ately constant. Furthermore, the probe measurements in the
present work indicate that, for a fixed neutral pressure, the bulk
electron temperature at the discharge center does not vary by
more than 20% (figures 8 (a) and (b)). Therefore, the beam-
plasma energy ratio εb/Te does not vary significantly between
collector and repeller mode for a fixed pressure. However, as
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Figure 14. Diagram of instability regions in normalized beam
energy εb/Te and density nb/ne parameter space. Following [19],
shaded regions shown are characterized by weak turbulence
(denoted ‘WT’) and strong Langmuir turbulence (denoted ‘SLT’)
regimes. Dashed lines indicate the stability boundaries for the
parametric decay and standing wave modulational instabilities that
define the WT and SLT regimes given by equations (23) and (24)
respectively (appendix D, [19]). Also plotted are points from
experimental determination from this work of EEDFs for repeller
(‘r’, Vatc =−55 V) and collector (‘c’, Vatc = 0 V) modes. The
measured results are for Vc =− 55 V and Id = 64–70 mA. Results
were obtained at two different magnetic fields, B= 50 G and 100 G
and two different neutral pressures, p= 0.1 and 0.5 mTorr.

shown on figure 14, the beam-plasma density ratio nb/ne does
vary significantly, and therefore a transition between WT and
SLT regimes may be achieved by varying the beam-plasma
density ratio.

In the case of collector mode at p= 0.1 mTorr and B=
100 G, the normalized EEDF is more populated in the energy
range of 10–30 eV than in repeller mode (figure 5(b)). As a
result, the density ratio nb/ne is smaller in the collector mode.
Collector mode evidently operates in the WT regime, which is
consistent with the broad energization observed in measured
EEDF (figure 5(b)). Conversely, by operating in repeller mode
at the same pressure and magnetic field, the beam-plasma
density ratio increases due to the pronounced presence of a
bump-on-tail at roughly the beam energy. Evidently this beam-
plasma density ratio is sufficiently large to push the system
into the SLT regime. Under SLT conditions, the phenomenon
of Langmuir collapse should occur, preserving the beam pop-
ulation and producing a bump on tail in the EEDF [19, 53,
55, 56]. At the higher-pressure regime of p= 0.5 mTorr, the
beam-plasma system is further from the WT/SLT boundary
in parameter space, which coincides with the relatively broad
EEDF observed in figure 5(d).

6. Conclusion

In this work we investigated the effect of a variable bias anti-
cathode on the electron kinetics in an electron beam gener-
ated E×B plasma. Measurements of the EEDFs indicate the

electron population is nonthermal with beam component at the
plasma center. In the plasma periphery, the beam component
disappears and the EEDF is approximately a Maxwellian dis-
tribution. By varying the anticathode bias so that the anticath-
ode is electron repelling, the axial losses of plasma to the anti-
cathode are reduced, leading to increased plasma density.

The experimentally determined plasma density variation
with the anticathode voltage bias was analyzed using a 0D
electron continuity model. The anticathode bias voltage con-
trols the anticathode sheath potential drop, which reflects elec-
trons with insufficient energy to overcome the sheath poten-
tial. The model indicates that anomalous cross field transport
is suppressed when the anticathode is electron collecting. This
enhanced radial electron transport shorts the radial electric
field, potentially reducing the ion confinement. In this way,
the variable bias anticathode can be used to control axial and
anomalous radial electron transport in the discharge.

We have also demonstrated control of the EEDF in the e-
beam E×B plasma system by varying the anticathode bias
in the low-pressure operating regime of 0.1 mTorr. A warm
electron population in the 10–30 eV range is present in the
collector mode, while a bump on tail feature may be realized
by operating in repeller mode. We propose that these EEDF
features are the result of the beam-plasma system operating
in either WT or SLT regimes, and that the anticathode bias
may determine the turbulent regime by controlling the beam-
plasma density ratio. In such a way, BPIs lead to a redistri-
bution of the EEDF, enhancing ionization in collector mode.
Future studies should be conducted to further investigate the
role of the anticathode voltage bias in controlling the instabil-
ity regime of the plasma, potentially enabling selectively pro-
duced EEDFs that are more suited for applications requiring
enhanced ionization or radical production.
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Appendix

A. Evidence of enhanced plasma oscillations in
repeller mode

The plasma density fluctuations in the plasma were determ-
ined using a negatively biased probe (ion probe) array inser-
ted at r= 1 cm. Each probe in the probe array consisted of
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Figure 15. Measurement at r= 1 cm of oscillating component of plasma density vs. time for collector (c) and repeller (r) modes, for (a)
p= 0.1 mTorr and (b) p= 0.5 mTorr. Other experimental parameters are held fixed at B= 100 G, and Vc =−55 V.

a tungsten wire with exposed length of 4.5 mm and diameter
of 1.3 mm, biased with a battery pack to a fixed potential of
Vb =−100 V relative to the grounded chamber. To avoid the
effects of fluctuations in the electron temperature, the potential
Vb was chosen to be sufficiently negative such that the probe
was collecting orbital motion limited (OML) ion current. This
current collection regime was independently verified using a
swept voltage on the probe to identify the ion saturation cur-
rent collecting region of the probe current-voltage character-
istic. Under such OML conditions, and assuming quasineut-
rality, the ion current Ii collected by the ion probe is given by

Ii (t) =

(
2√
π
eApr

√
− eVb

2πmi

)
ni (t) , (16)

where Apr is the probe exposed area [57]. Therefore, the ion
current is proportional to the plasma density ni. In order to
quantify the plasma density fluctuation amplitude, we intro-
duce the definition ñi (t) = ni (t)− ni0, where ni0 is the time
averaged plasma density and ñi (t) is the fluctuating compon-
ent of the plasma density, The effect of the anticathode bias on
the plasma density fluctuation is shown in figure 15. Evidently,
the amplitude of the plasma density fluctuation is enhanced in
the repeller mode over the collector mode. Additionally, com-
paring figures 15(a) and (b), the amplitude of the plasma dens-
ity fluctuation is suppressed at the higher-pressure condition
of p= 0.5 mTorr, indicating suppressed anomalous transport.
The cases with larger plasma density fluctuations are associ-
ated with larger anomalous parameter α [11].

Previous works on similar cylindrical E×B plasmas gener-
ated by nonthermal electron sources indicate that the anomal-
ous cross field transport of electrons is closely tied to the form-
ation of azimuthally propagating plasma structures (i.e. low
mode number rotating spokes caused by gradient drift instabil-
ity of Simon–Hoh type) [7, 8]. Small-scale fluctuations are
predicted to exist within the spoke and are coupled through the
so-called inverse energy cascade, thereby contributing directly
to anomalous transport [58]. Furthermore, it has been shown
that the enhancement of the cross-field transport by anomal-
ous collisions tends to decrease as fluctuations and associated

instabilities decrease in amplitude, which can occur at higher
pressures where electron-neutral collisional damping of the
instabilities increase in magnitude [8, 16]. In this work, the
suppression of plasma density fluctuations in the 0.5 mTorr
regime qualitatively illustrates the effect of increased neutral
pressure on the reduction in anomalous cross-field electron
transport. Under such conditions, the anomalous parameter α
decreases as the pressure increases, leading to a reduction in
the electron cross-field mobility (equation (11)). In this work,
the axial current ratio increases as the pressure increases from
p= 0.1 mTorr to p= 0.5 mTorr (figure 3). Additionally, the
experimentally determined plasma potential profiles outside
of the ionization region, for r⩾ 2 cm, all tend to decrease in
value when increasing the neutral pressure from p= 0.1mTorr
to p= 0.5 mTorr (figure 9). These trends both are consistent
with reduced α and hence reduced radial anomalous cross-
field electron transport at the higher-pressure condition.

B. Sign of plasma potential relative to anode

In the described experiments, the plasma potential is positive
with respect to the anode (figure 9). This is in contrast to the
negative plasma potential observed in a similar E×B plasma
systems [7]. This is likely due to the larger axial electron losses
in the setup considered in this work. As described in section 2,
the cathode region is restricted to r< 1.75 cm, which is signi-
ficantly smaller than the cathode region of r< 7.5 cm in [7].
As a result, the area of plasma that is attached to the axial
boundary on the cathode side of the chamber is larger in the
present work, leading to a larger net loss of negative charge
and hence a more positive plasma potential.

An additional corroborating measurement of Vpl was per-
formed independently using the LP,with themain probe biased
to a potential VB using a 100 V–2 A Kepco BOP programmed
with a 10 Hz negative ramp voltage output. In this case, the
voltage across a 10 kΩ shunt resistor placed in series with the
LP was measured to determine the probe current Ipr. For each
of these probe acquisitions, multiple current–voltage sweeps
were obtained for statistical significance of data. The plasma
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potential was then determined by finding the maximum of
dIpr (VB)/dVB. The positive Vpl with respect to the anode
indicated by emissive probe measurements (figure 9) are cor-
roborated by measurements using the cold LP with sweep-
ing voltage bias, which measured a plasma potential of Vpl =
3± 2 V at r= 0 cm.

C. One-way flux of non-Maxwellian electrons,
short-circuit effect, ion-induced SEE, and Ar
metastable induced SEE

In this section we will discuss the electron flux into and out of
the plasma control volume depicted in figure 12 and discussed
in section 5.1. We will estimate these fluxes using measured
EEDF and explain why the assumption of Maxwellian EEDF
for estimations of these fluxes (section 5.1) is justified. In
addition, we will also show that electron fluxes due to short-
circuit by equipotential plasma boundaries, ion-induced SEE,
and metastable-induced SEE do not have a significant effect
on the radial transport across the magnetic field.

The one-way axial flux of electrons can be approximated by
the electron thermal flux, as given by equation (6). However,
for significantly non-Maxwellian EEDFs, this flux might sig-
nificantly deviation from the total one-way axial electron flux
Γ1−way
e,tot. . Here we will quantify how significant this deviation

is.
Figure 16 shows the experimentally determined EEDF

fe,expt. for parameters p= 0.1 mTorr, B= 100 G, Vc =−55 V,
and Vatc =−55 V. A Maxwellian fit fMe, fit is made to approx-
imate the cold bulk electron population of fe,expt.,

fMe,fit (ε) =
2√
π

ne,fit

(kTe,fit)
1.5 ε

1/2 exp

(
− ε

kTe,fit

)
, (17)

with fitting parameters ne,fit = 0.8× 1010 cm−3 and Te,fit =
5 eV. The difference between the experimentally measured
EEDF and Maxwellian fit, g= fe,expt. − fMe, fit, corresponds the
non-Maxwellian component of fe,expt.. Finally, an effective
Maxwellian fit fMe,eff. is shown, which is given by the same
functional form as equation (17), but with electron density
and temperature calculated directly from fe,expt. as described
by equations (2) and (3) (figures 7 and 8).

To compute the one-way flux associated with the non-
Maxwellian component g, we make the simplifying assump-
tion that the non-Maxwellian electrons only have velocity in
the axial direction, such that the VDF associated with g is one-
dimensional. This assumption is justifiable under the consid-
eration that the injected e-beam is magnetized perpendicular
to the applied axial magnetic field. Furthermore, this assump-
tion gives a conservative (maximum) estimate of the one-way
electron flux in the axial direction. Under such an assump-
tion, the one-way electron flux of the non-Maxwellian com-
ponentΓge is given by half of the total non-Maxwellian electron
flux [44]

Γge =
1
2

∞̂

0

(
2ε
me

)1/2

g(ε)dε (18)

Figure 16. Experimentally determined EEDF fe,expt. at r= 0 cm for
parameters p= 0.1 mTorr, B= 100 G, Vc =−55 V, and
Vatc =−55 V (repeller mode). Also plotted is a Maxwellian fit fMe, fit
to the cold bulk electron population of fe,expt, the effective
Maxwellian fit fMe,eff. given by the measured effective electron
density and temperature as described by equations (2) and (3), and
the difference between the experimentally measured EEDF and
Maxwellian fit, g= fe,expt. − fMe, fit.

Table 2. The one-way electron flux and its components as given by
equations (18), and (19), as well as the effective one-way thermal
flux given by equation (6).

Γ1−way
e,tot.[
m−2s−1] ΓMe, fit[

m−2s−1] Γge[
m−2s−1] ΓMe,eff.[

m−2s−1]
7× 1021 3× 1021 4× 1021 6× 1021

The total one-way electron flux can be approximated as the
sum of Maxwellian and non-Maxwellian one-way fluxes,

Γ1−way
e,tot. = ΓMe,fit +Γge , (19)

where the one-way flux associated with the Maxwellian fit is
given by ΓMe,fit =

1
4ne,fit(8kTe,fit/πme)

1/2. Table 2 shows each
term of equation (19), as well as the one-way thermal flux
approximated by the effective electron density and temperat-
ure given by equation (6), ΓMe,eff.. Despite the non-Maxwellian
component Γg contributing a significant portion of the total
one-way flux, the effective thermal flux accurately predicts the
total one-way flux within a factor of 1.2, such that Γ1−way

e,tot. ≈
ΓMe,eff. Therefore, it is justifiable to use the effective one-way
flux in the model in section 5.1 to approximate the one-way
electron flux entering either the cathode or anticathode sheath.

Another consideration regarding the confinement of elec-
trons in the control volume is the so-called short circuit effect
at the anticathode [45]. Because the anticathode and cathode
surfaces are conducting electrostatic boundaries upon which
the axial magnetic field lines terminate, electrons may effect-
ively hop magnetic field lines by short-circuiting through the
axial boundaries [45]. This short-circuit effect should manifest
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Table 3. Electron fluxes into a cylindrical control volume of 1 cm
radius due to short-circuit effect, ion-induced SEE, and Ar
metastable-induced SEE. Values are normalized to the measured
volumetric ionization rate.

Γsc,max
e
RizLch

ΓiSEE,max
e
RizLch

Γ∗SEE
e

RizLch

∼0.1 ∼0.01 ∼0.01

as an additional flux of electrons entering the cylindrical con-
trol volume considered in figure 12, as short-circuiting elec-
trons redistribute to cancel the ambipolar electric potential.
However, the short circuit electron flux Γsce entering a cyl-
indrical end cap of the control volume is limited to be, at max-
imum, equal to the Bohm ion flux leaving the control volume
to either of the axial electrode sheaths [59],

Γsc,max
e = necs (20)

where cs = (kTe/mi)
1/2 is the ion sound speed and we have

assumed quasineutrality, ni ≈ ne.
Similarly, the ion induced SEE flux emitted from the anti-

cathode will also scale with the Bohm flux as

ΓiSEE,max
e = δinecs, (21)

where δi is the ion induced SEE yield for argon impinging
stainless steel. For Ar ions incident on metallic surfaces with
energy less than 100 eV, δi ⩽ 0.1 [42].

Metastable Ar has also been shown to have a significant
SEE yield, with a yield δ∗ ≈ 1 for Ar 1s5 metastables striking
a stainless steel surface at room temperature [49]. The meta-
stable induced SEE flux Γ∗SEE

e evolved from the anticathode
is

Γ∗SEE
e = δ∗n1s5vth,n, (22)

where n1s5 is the Ar 1s5 density and vth,n = ( 8kTn
πmAr

)1/2 is the
neutral Ar thermal velocity. Previous work on the same e-
beam plasma considered in this work has shown that for
identical operating conditions, in collector mode the neutral
temperature at plasma center is close to room temperature,
Tn ≈ 0.026 eV [9]. Furthermore, in a similar e-beam generated
plasma, the Ar 1s5 density was found to be roughly equal to
the plasma density, with nAr1s5 ≈ 1016m−3 [3]. In lieu of dir-
ect measurements of the metastable population in this work,
we instead estimate Γ∗SEE

e using this value of metastable dens-
ity from [3].

Table 3 shows the relative contribution of each of the addi-
tional electron fluxes into the control volume compared to the
volumetric ionization rate. The short-circuit, ion induced SEE,
and metastable induced SEE fluxes are negligible compared
to the measured total ionization rate in the control volume.
Therefore, it is justifiable to omit these fluxes from the model
described in section 5.1.

D. Beam plasma instability regimes

Here, we follow [19] and describe the boundaries of the
beam-plasma instability regimes, demarcated by the transition
between the WT and SLT regimes. The results are shown in
figure 14.

The boundary of the WT regime dominated by PDI onset
is given by

9
8

(
nb
ne

) 4
3 εb
Te

> 4
∆e

ωpe

∆i

ωIAW
, (23)

and the boundary of the SLT regime dominated by SWMI
onset is given by

9
8

(
nb
ne

) 4
3 εb
Te

>max

[
2∆e

ωpe
, (kλDe)

2
]
. (24)

Here, the electron and ion damping rates ∆e and ∆i are
given approximately as [19, 60]

∆e ≈
√

π

8
ωpe

(kλDe)
3 exp

[
−3

2
− 1

2(kλDe)
2

]
+

νen
2
, (25)

∆i ≈
√

π

8
ωIAW(

1+ k2λ2
De

) 3
2

{√
me

mi
+

(
Te
Ti

) 3
2

×exp

[
−3

2
−

Te
2Ti(

1+ k2IAWλ
2
De

) ] }
+

νin
2
, (26)

ω2
IAW ≈ k2IAWc

2
s(

1+ k2IAWλ
2
De

) , (27)

where ωIAW and kIAW are the IAW frequency and wavenumber
respectively, cs = (kTe/mi)

0.5 is the argon ion sound speed,
λDe is the electron Debye length, and νen, νin are the collision
rates of electrons and ions with neutral argon, respectively.
The damping rate for electrons ∆e is a combination of elec-
trostatic wave Landau damping on electrons and the electron
beam collisional damping with neutrals. The damping rate for
ions ∆i is similarly a combination of IAWs Landau damping
on ions and the ions colliding with neutrals. Furthermore, the
assumption is made that the IAWwavenumber is roughly con-
densed around the pump wave number, kIAW ∼ k.

It is instructive to consider whether the system is subject to
the linear stage of a bump-on-tail instability. Following [61],
the linear growth rate of the bump-on-tail instability is given
by

γbump ≈
1
2π

√
π

8
ωpe exp

[
−1

2
nb
ne

εb
∆ε

]
. (28)

The linear growth rate is then determined to be γbump ≈
450MHz, using the experimentally determined parameters nb,
ne, εb, and ∆ε determined from the EEDF at r= 0 cm in the
repeller mode operated at p= 0.1 mTorr, B= 100 G. This is
much larger than the collisional damping rate of the instability,
which can be approximated as νen = vtheσenng ≈ 1 MHz.
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Another possible beam-plasma instability that should be
considered in this system is the Buneman instability, which
may occur due to the presence of the electron beam propagat-
ing through a stationary ion population. Following [62], a
necessary condition for the formation of the Buneman instabil-
ity is nb/ne > 0.565. However, as shown in figure 14, the
maximum steady state beam-plasma density ratio of the sys-
tem considered in this work is nb/ne = 0.07. Therefore, the
Buneman instability is unlikely to occur for the operating
regimes considered. It may be that the quantities nb and ne have
a time dependence, which warrant experimental investigation
and kinetic simulations of this beam-plasma system.
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