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Abstract

®

CrossMark

Comparison between the Maxwell demon and a planar electrode has been revisited with an
in-depth analysis of whether the angular momentum trap of the Maxwell demon indeed
provides better energy selectivity than a small planar electrode that absorbs electrons
indiscriminately. The evolutions of the EEDF under the influence of these heating techniques
is directly analyzed, as well as the resultant plasma parameters. Experimental results show that
the Maxwell demon indeed provides better energy selectivity as shown by its better retention
of hot electrons than an indiscriminative absorption surface, which in turn results in smaller
disturbance to the plasma potential a smaller reduction of the plasma density in the heating
process. Experimental result also shows no electron heating when the demon is replaced by an
ion-sheath forming large electrode, this is consistent with Mackenzie’s original results
(MacKenzie et al 1971 App. Phys. Lett. 18 529). While it is possible to obtain the exact same
plasma parameters replacing the Maxwell demon with a suitably sized planar plate and
additional plasma parameters control, for experiments sensitive to the exact processes from
which plasma parameters are formed, one should not overlook the physical differences of

these heating methods.

Keywords: EEDFs, electron heating, Maxwell’s demon, electron sheath

(Some figures may appear in colour only in the online journal)

1. Introduction

Control of the electron energy distribution function (EEDF)
has been a very important aspect in the study of plasma
physics: sheath and plasma potential formation depends on the
effective electron temperature, features of the EEDF can affect

* Authors to whom any correspondence should be addressed.

0963-0252/22/084003+11$33.00

plasma instability formation, and the availability of electrons
at different energies controls chemical processes in plasma
processing. As such, EEDF tailoring techniques that enables
independent adjustment of the electron temperature 7. without
changing plasma source operation, neutral pressure, or gas
composition are very desirable tools in these experimental
studies, even if their uses are limited to basic plasma research.
One such simple way to control T, as proposed by Mackenzie
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[1], is to immerse a grid of very thin wires into a plasma
and bias it positively, so that the grid serves as an angular
momentum trap to the electrons and tailors the EEDF via
selectively removing cold electrons from a plasma. This device
is now known as Mackenzie’s Maxwell demon. On the other
hand, Yip et al [2, 3] and Baalrud et al [4-7] found that a
very similar effect can be achieved by simply putting a solid
plate of proper size into the plasma and biasing it positively,
as a small electrode can form an electron sheath and serves as
an indiscriminative loss area to electrons. The indiscriminative
loss effect increases low energy electron loss, raises the plasma
potential and removes the energy selectivity of the sheath
of the device wall, causing plasma to be heated. If angular
momentum trap effect of Mackenzie’s Maxwell demon indeed
exists, it could be very different from an indiscriminative loss
area, i.e. a small solid electrode, because it both selectively
removes cold electrons and retain more energetic ones, as
opposed to absorbing both kinds of electrons in an indiscrimi-
native manner. Due to this difference in energy selectivity, the
relationship between an angular trap’s heating effect can be
very different than its effect on the bulk plasma potential, as we
will show as we compare both effects as they are related to thin
wire grids, i.e. MacKenzie’s Maxwell demon, and solid plates.
Therefore, other than simply changing an effective T, the two
different methods are supposed to tailor the EEDF in different
ways, provided that their underlying principles are indeed what
was previously found to be. Thus, this work presents direct
comparison of the effects of the two different EEDF tailoring
methods to the form of the EEDF other than just the effective
T, to examine the different physical processes between these
heating methods.

In section 2, the analytic models of how the two different
heating methods changes the EEDF are presented. Section 3
provides a description of the experimental setup. Experimental
results and their associated discussions are given in section 4.
The conclusions of this work is presented in section 5.

2. Electron heating via absorption techniques

In this section we will briefly review the analytical models of
the heating mechanisms for the two different electron absorp-
tion heating methods, namely using a small solid plate as an
indiscriminative electron sink, which is associated with the
energy selectivity of the sheath, and the Maxwell demon grid,
which is associated with the energy selectivity of an angular
momentum trap.

2.1. Energy selectivity of the sheath near a solid surface

Sheath loss cone as a EEDF tailoring effect has long been
investigated for prediction of EEDF evolution in low tempera-
ture plasma devices [§—11]. Here we crudely revisit this effect
to compare qualitatively with the EEDF tailoring effect of the
angular momentum trap.

When electrons of a bound plasma incident onto the device
wall, the sheath reflects away all electrons with kinetic energy
E. below the sheath potential barrier eV, confining the low
energy electrons. For electrons with E. > eVy,, only electrons

within the loss cone, i.e. E., = E. cos2(<p) > eV, overcomes
the sheath potential and becomes lost. Consider proportion
of the solid angle formed by ¢ in 3D space 27(1 — cos(y))
compared with the half-sphere total incident angle 27. With
this one can consider a very crude approximation of the
energy differential loss flux to the wall dI'¢(E.) of an isotropic
Maxwellian EEDF f.(E.) to obtain

dlyan(Ee) = 'Ue,z(Ee)fe(Ee)neAwallQloss(Ee)dEe, (D

where 5 18 the normalized solid angle (1 — cos(yp)) =
1 — (eVg/E.)Y?. Note that the loss flux to the wall Iy =
f Ve(Ee) fe(Ee)oss dE. is the integral of the energy differ-
ential loss flux over all E.. A sample of Vg, normalized
solid angle with various eV, /T. and the associated nor-
malized differential loss flux (dI'y./d(Ee/Te)) (Ve mneAwan) =
Ve(Ee)/Ve,thTefe(Ee/Te)Qloss where veq = (2Te/me)1/2 is the
electron most probable speed in a Maxwellian EEDF is shown
in figures 1(a) and (b).

Generally, when the device wall is grounded and conduc-
tive, and without other confinement associated effects, Vg, is
also the plasma potential V,, and in low temperature plasmas
Visn ~ V, is approximately 3—57 /e as a result of ion—electron
loss balance [7, 12], and could be limited to above the ion-
ization energy Ej, to confine ionizing electrons [10]. How-
ever, plasmas with multi-dipole confinement, as with the one
employed in this work, can effectively reduce electron loss
area and cause V), to be reduced.

Without considering the formation of an anode spot or
a fireball [4, 6, 7, 13—15], a positively biased electrode is
inserted into the bulk plasma either forms an electron sheath, a
virtual cathode, or an ion sheath causing the plasma potential
to follow the electrode potential [4—7]. Generally, an electron
sheath can only form when the electrode is sufficiently small
such that Aeleclmde < 2'3Awall(me/mi)1/2 [4_7]a where Aelectrode
and Ay, are the area of the electrode and the device wall
respectively. When an electron sheath forms, the electrode
becomes an indiscriminative loss area to electrons, and there-
fore facilitates additional loss of cold electrons. The energy
differential loss flux to the electrode assuming a Maxwellian
EEDF is simply

drelectrode(Ee) - Aeleclmdeneve(Ee)fe(Ee)dEe; (2)

where Agjectrode 18 the electron absorption area of the unselective
loss surface. One should note that as shown in equation (2),
as an energy unselective loss flux, dl¢ecirode 1S Only energy
dependent from the incident electron flux nev.(E.)f.(E.), and
the amplitude of the dl'ciecrode depends only on electrode
size. Thus dI'¢iectrode 1S, ON principle, independent on the bias
voltage applied on the electrode. However, experimentally an
increasing bias voltage thickens the sheath near an electrode
and cause its effective area to expand, increasing Acectrodes
therefore allowing it to heat the plasma as a larger electrode
and further raise 7.. This effect will be discussed in the later
sections.

A normalized (dleiectrode/d(Ee/Te))/ (Ve mBeAclectrode) =
Ve(EVem)Tef(E/T,) is graphed assuming a Maxwellian
EEDF in figure 1(c). As shown in the figure, the differential
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Figure 1. (a) The normalized solid angle of the loss cone vs total kinetic energy of the incident electron. (b) The differential loss flux
(dl'wan/dE)/ (Ve neAwan) Vs Ec/T. at various eV /7. (¢) The differential loss flux (dlejectrode/dE)/ (Ve niteAwan) of electrons toward an
energy unselective loss surface vs normalized electron energy E./T.. (d) The evolution of the global plasma potential eV /T, under the
influence of an additional electron absorbing electrode at various area ratio Agjectrode/Awan- The calculation assumes an argon plasma with
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Figure 2. A simple diagram of an angular momentum trap.

loss flux contributed by low energy electrons are much higher
for dl¢jectrode than for dl'y,; due to the lack of an energy
selective ion sheath.

In the same time, the additional loss of electrons also
raises the plasma potential of the wall to reduce total electron
loss, which improves the confinement of hotter electrons. The
changes of V, can be calculated via electron—ion loss balance
[4, 7] and the results were shown in figure 1(d). The increase
in V,, shifts and reduces the energy differential loss flux of
the wall on the higher energy side, as shown in figure 1(b),
thus allowing higher energy electrons to be confined. There-
fore, when one heats a plasma via electron absorption, one
is expected to see both a reduction of cold electrons and an

increase of hotter ones. Ideally, sheath expansion is neglected
and any ‘small’ electrode with a positive bias a few 7./e above
the plasma potential becomes an energy unselective loss area
and V, is raised according to figure 1(d). Practically sheath
expansion causes an electrode to change its effective area, thus
V, does depend on the positive bias on the electrode.

It is important to note that the predictions shown in figure 1
does not immediately translates into the changes in EEDFs
because EEDF formation involves electron production, ther-
malization, electron heating and loss. Any electron absorption
technique only control electron loss and one must resolve
production, heating and any energy transfer from energetic
electrons to cold electrons (thermalization) along with electron
loss, which would be highly device dependent and well beyond
the scope of this work.

2.2. Energy selectivity of the angular momentum trap

The argument for an angular momentum (AMT) selection
of electron absorption essentially is the following: when an
electron approaches a cylindrical wire, if the velocity of the
electron is lower than the local electric field of the electron



Plasma Sources Sci. Technol. 31 (2022) 084003

C-SYipetal

(@) ¢, /(n/2)

0.8
a

E 0.6
vg

= 0.4

0.2

0

10 10°
E /T
€ [~
5 (c) Normalized dI'/dE
—dI’ . /MdE
wire
- T 'drclcclrodc/dE
o
t;
o
B
s
=
E
(=]
A
10 15

(b) Normalized dI" . /dE
‘ . wIre

3
% 25 _Vbias/Tc=3O
\“?'—) _Vbiasﬁczso
= =
% 2 Vbias’r[‘c 70
S 15 —Viiad s 2
N
Tés 1
S 05
0
0 5 10 15
E /T
e e
(d) Normalized dI'/dE
—dr wim’IdE
w15 . _'drclcclrodc/dE
=)
=
=
ﬁ 1
(]
g
Q
0.5
0
0 5 10 15

E/T
e e

Figure 3. (a) Estimated absorption angle (s vs temperature normalized electron energy E./T at various wire bias. (b) Estimated
mechanical area normalized loss flux (dI'yire/dE)/ (Ve thte "'y Lyire) VS Ee/T at various wire bias. (c) (dI'yie/dE) of the angular momentum trap
compared to (dl'¢jecrode/dE) With a solid electrode of equal geometrical surface area (Agjectrode/27 FwLwire = 1). (d) (d'yire/dE) of the angular
momentum trap compared to (dl'ejecirode/dE) With a solid electrode of equal total electron absorption flux, I'yire = Lelectrode

(Aelectrode/ZTFerwire = 3.18).

sheath near a cylindrical wire, the electron becomes trapped by
the electric field and is eventually absorbed into the wire, much
like a version of the orbital motion limited theory for electrons.
Figure 2 shows a simple diagram illustrating this effect. There
has been numerous works on orbital motion limited theories
[16—18], but for the experimental purpose of this work we
analysis the effect of an electron angular momentum trap using
a theory modified from Mott-Smith and Langmuir’s simple
and elegant model of ion orbital motion limited effects [19].
Consider an electron approaching the sheath boundary of a
cylindrical collector with radius ry = Apebye/10, where Apepye
is the bulk plasma Debye length, biased at a positive voltage
Vbias T€lative to V,, which forms a cylindrical sheath consist of
a cylinder with radius sy, concentric to the wire. Note that ry,
is chosen as Apepye/10 in order to ensure a cylindrical sheath
instead of a planar sheath near the wire. The electron velocity
relative to the wire at the sheath boundary can be decomposed
in the radial component « and tangential component v. Con-
sider also the electron’s velocity components at the wire’s

radius u, and v,. Energy and angular momentum conservation
states that

1 1
Me (uf + vrz) = e (M2 + vz) + €Vbias, 3)

FwUr = Sw. 4)

And we can solve for u, to obtain [19]

2
Vias
ufzuz— (S‘z”—l)vz—l—Zeb. (5)

w me

Here we can make a similar assertion of Mott-Smith and
Langmuir that only electrons with « > 0 and u,> > 0 will be
absorbed into the wire. In the same time, we note that the
electron’s kinetic energy E, = m.(u> + v*)/2, and that the
electron incident angle ¢ can be defined as

tan(p) = = (©6)
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Figure 4. (a) An overall schematic of the DTS-II and its configuration in this study. (b) The configurations of the permanent magnets on the
radial wall. (c) The configurations of the permanent magnets on the end walls.

Table 1. Parameters of the Maxwell demon and the different planar electrodes used as control experiments in this work.

Composition

Surface area (mm?) Area ratio to Maxwell demon

Maxwell demon (44 x 10 cm long, 0.025 mm diameter tungsten wires)

15 mm diameter tantalum plate
26 mm diameter tantalum plate
40 mm diameter tantalum plate
150 mm diameter stainless steel plate

345 + 10 1
353 £ 10 ~1.02
1060 =+ 30 ~3.07
2512 £ 60 ~7.28
~35300 ~100

Writing equation (5) in terms of these definitions and solving
for u;> > 0 yields

E. + eVpia .
= > sin(p). (7)
Z (5

Thus the critical incident angle @aps(E.) below which an
electron is absorbed by the positively biased wire at each wire

bias can be calculated from equation (7). @aps(E) is graphed
against E in figure 3(a). Note that there is an electron energy
limit E, = eViias/(54>/rw> — 1) below which sin?(¢) > 1 and
equation (7) becomes unsolvable. It is also noteworthy that at
the limit E, > eV, sin(p) = ry%/sy> which means the lack
of angular momentum effects and electrons can only be lost by
direct incidence to the wire surface. This is the critical value
that all incident electrons are absorbed. Consider isotropic
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Figure 5. A simple schematic of the (a) front view and (b) side view
of the Maxwell demon employed in this study.
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Figure 6. Evolution of the plasma parameters with the bias voltage
on the Maxwell demon.

incidence onto the wire with incident angles from —7/2 to
7/2, then the loss flux of the electrons onto the wire can be
estimated as

dlyire(Ee) = ve(Ee) fe(Ee)ne (277stw(vbias)

asEe,Vias
x Las(Eer Voios) )) dE., ®)

2

where L,, is the wire length of the angular momentum
trap. A normalized dI'yie/(Ve 277y Lyire) = (Ve(Ee)/Vein)
Tefe(Ee/Te)(Sw(Viias)/Tw(2¢ppas/m))A(E/T.) can be defined as
with the one associated with the energy unselective electrode.
Figure 3(b) graphed (dI'yie/dE)/ (Vemne2mryLyire) VS Ee/Te
calculated from equation (8) with various bias on the wire.
This provides a sense of how the EEDF can be modified by
the angular momentum trap. There are two distinctive fea-
tures of (dI'yire/dE) compared to the theoretical (d¢jectroqe/dE)-
First, even normalized by its own geometrical area, ['yie =
f (dl'yire/dE)dE remains observably dependent on Vs, this is
clearly shown in figure 3(b) as the area under the normalized
dlyire curves increase observably with Vyi,s. This is because
the effective absorption area of the angular momentum trap is
defined by the surface area of its cylindrical sheath 2Ly, s, as
opposed to the solid electrode which is expected to be limited
by its geometrical area. Therefore, integrating the respective
dI' over all electron energies, an angular momentum trap with

Viias/Te = 30, for example, absorbs as many electrons as a
solid electrode with approximately 3 times its geometrical
surface area, as shown in a comparison in figures 3(c) and
(d). In addition, even with the same total electron loss flux
Iwire = Delectrode s the angular momentum trap is shown to have
significantly higher dI'y;.. at lower electron energy and a lower
dlyire at higher electron energy. This provides a quantitative
comparison of energy selectivity between the angular momen-
tum trap and the solid electrode and illustrates how the angular
momentum trap can be more effective in electron heating.

Although dI'yire and dI'¢jecirode do not immediately translate
into changes in EEDFs as plasma heating and productions
must be resolved to account for EEDF production, these calcu-
lations explains how Mackenzie’s Maxwell demons have been
observed to heat a plasma via electron absorption as effective
as a solid electrode a few times its surface area [3].

It is also noteworthy that both the calculations of dI'yj.
and dlcecode assumes electrons enter the electron sheaths
near these devices with a random thermal flux. However, a
recent theory suggests the presence of an electron presheath
that accelerates electrons into a flowing electron Bohm speed
~ (kT./m.)"? into the electron sheath [20-22]. The presence
of an electron presheath or otherwise the electron Bohm cri-
terion will change the energy selectivity of the demon as
they changed the EEDF near the demon, causing low energy
electrons to become ~T./2 more energetic and cause some
of the electrons originally moving away from the demon to
approach the demon as slow electrons and be absorbed. Elec-
tron acceleration by the electron presheath also reduces the
electron incident angle , which results in anisotropic electron
incidence and facilitates stronger electron absorption. Since
the electron energy gain associated with an electron presheath
is on the order of kT./2, the presence of an electron presheath
is expected to affect the absorption of low energy electrons
(E. < kT.) more than higher energy ones. The electron
presheath also introduce a density drop along that presheath
due to flux conservation, which reduce the flux of both low
energy and high energy electrons. These effects might mitigate
each other and to resolve all of them would require a far more
complicated computational model which unfortunately would
be out of the scope of this work.

3. Experimental setup

Experiments were performed in the diagnostic test source-II
(DTS-I) at the Institute of Plasma Physics, within the Chinese
Academy of Sciences. A schematic of the device is shown in
figure 4. The cylindrical chamber is 500 mm in diameter and
800 mm long. The plasma discharge was created by thermion-
ically emitted electrons accelerated to the chamber wall to
produce ionization of the feedstock gas, argon in our case.
Thermionically emitted electrons, or primary electrons, were
confined using rows of neodymium magnets fastened to the
chamber walls. On both end wall flanges and the radial wall,
16 rows of magnets, each row of uniform polarity, were fas-
tened to the chamber with rows alternating in polarity, to
produce a surface magnetic multi-dipole confinement. The
polarities of the radial and end wall permanent magnets are



Plasma Sources Sci. Technol. 31 (2022) 084003

C-SYipetal

(a) I-V Traces ,  (b) EEDF (c) AEEDF
el ' 0.35 ‘
0.3
025 | v =000.00
tar) Bias
= 3 =
= 3 0.2 | =V, =030.01
< = V.. =060.01
= @ Bias
) =0.15 V. =090.02
q_‘ =
<] — V.. =120.03
0.1 Vi, =150.04
1as
0.05‘
0\
107 : S|
0 5 10 0 5 0 15
E(eV)

Vp B VProbl:: V)
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illustrated in figures 4(b) and (c). The multi-dipole configu-
ration leaves a magnetic field at the center of the chamber
less than 1 G, leaving the bulk plasma unmagnetized. Primary
electrons were produced by direct current heating of a 2 mm
diameter, 15 cm long LaB¢ rod cathode. The multi-dipole
confined DC hot cathode discharge produces an unmagnetized
and quiescent plasma.

Experiments were performed with argon gas at a neutral
pressure P, = 0.015 & 0.002 Pa, a cathode bias Vin =
—140 V, and a discharge current of 0.05 A, this results in
a plasma density n,o = 5.2 + 0.4 x 10® cm™3, an electron
temperature 7o = 1.5 &= 0.1 eV, and a plasma potential Vo
= 4.5 £ 1 V without the use of the Maxwell demon and a
positively biased electrode. This set of parameters are chosen
to obtain a large Debye length Apepye = 0.4 £ 0.03 mm,
much larger than the 0.025 mm diameter tungsten wires that
compose the Maxwell demon. A large Debye length maxi-
mizes orbital motion limitation effects and thus maximizes the
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Figure 9. Evolution of the plasma parameters with the bias voltage
on the 26 mm planar electrode.

demon’s expected effect as an angular momentum trap. The
Mackenzie’s Maxwell demon is employed near one end of the
device being installed from a radial window. In addition to this,
a set of tantalum and stainless steel plates at various diameters
are used to replace the demon as a control experiment for com-
parison between a demon and a pure adjustment of loss area.
The dimensions of these planar electrodes are described in
table 1. A 6 mm diameter, tantalum planar Langmuir probe and
is inserted into the bulk plasma approximately in the chamber’s
center through one of the radial windows to measure the axial
EEDF and the plasma potential V.

Here we adopted an improved automated /—V trace analysis
technique from reference [23, 24] which automatically fits the
multi-Maxwellian EEDFs and uses the effective temperature
and plasma density as the iterative fitting parameters for the
power-law depending ion saturation current. To avoid a bias
toward the cold electron population to obtain a more consistent
result particularly in situations where the cold electron popu-
lation becomes very small and is difficult to be determined,
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Figure 10. Evolution of the plasma parameters with the bias voltage
on the 150 mm planar electrode.

the arithmetic mean [Ef(E)dE of the EEDF is adopted as the
effective electron temperature 7. This results in an agree-
ment of fitting single Maxwellian, bi-Maxwellian and triple
Maxwellian Ter’s within 5%—10%, well within the typical
Langmuir probe measurement errors. EEDFs are also calcu-
lated from the /-V traces via the Druyvesteyn method, i.e.
taking the second derivative of the /-V trace [25, 26].

A schematic of the design of the Mackenzie’s Maxwell
demon employed in this experiment as a test for the angular
momentum trap is shown in figure 5(a). As shown in the figure,
a 1 mm thick stainless steel sheet is laser cut into a metal
frame with two ~10 cm x 20 cm inner rectangular spaces to
accommodate 2 x 22 equally spaced 0.025 mm tungsten wires.
The rectangular frame is 0.5 cm wide and is supported by a
3 cm wide holder which is affixed to an electric feedthrough
from an end wall with the demon itself extended into the bulk
plasma, as shown in figure 5(b). The frame of the demon is
covered by a ceramic coating, and the vacuum feedthrough
along with its interface with the demon’s holder is covered
by fiberglass. This ensures that only the thin tungsten wires
are electrically exposed to the plasma. The 20 cm long space
makes this version of the demon approximately equal to the 80
wires demon used in previous studies [2, 3], and the ~9 mm
separation between the wires better ensures an adequate dis-
tancing between wires to minimize sheath overlapping so that
each wire serves as an angular momentum trap if such effect
indeed exist.

4. Experimental results

Evolution of the plasma parameters with the bias voltage on the
Maxwell demon is shown in figure 6. The -V traces, the cor-
responding EEDFs and the changes of the EEDFs (AEEDF)
Af(E) = f(E) — fo(E) with respect to the EEDF without the
influence of the demon f((FE) are graphed in figure 7.

As shown in the figures, increasing the demon bias voltage
increases T along with V,, and the evolution of the /-V traces
shows that the demon reduced a bi-Maxwellian EEDF to a
single Maxwellian one, consistent with previous studies [2, 3].
The evolution of the EEDF shows both reduction of low energy

electrons and increase of high energy ones, clearly illustrated
by the AEEDFs in figure 7(c). This result is consistent with the
loss flux predictions illustrated in section 2. From equation (8)
and the change of the loss flux dI'y.. graphed in figure 3(b), the
loss of low energy electrons is elevated due to the energy selec-
tive loss Maxwell demon, therefore raising the electron tem-
perature of the bulk plasma. On the other hand, any additional
loss of electrons or increase of T, raises V,, due to changes
in electron—ion loss balance [4, 7]. Increase in V| causes
higher energy electrons to be better confined. This effect is
illustrated with equation (1) and graphed in figure 1(b), as the
loss of higher energy electrons decreases with increasing V,. In
addition, due to the energy selectivity of the Maxwell demon,
these additionally retained hot electrons are not re-absorbed
into the demon and therefore they can stay in the plasma. This
results in both the observably higher amount of hot electrons
as shown in figure 7, and a minimal disturbance of V, and n.
as the demon heats the plasma electrons. The latter effect is
discussed later in this section.

For comparison, figures 8—10 show the evolution of the
plasma parameters affected by the bias voltage on the 15 mm
diameter plate, the 26 mm diameter plate, and the 150 mm
diameter plate respectively, and figures 11—-13 shows the -V
traces, the EEDFs, and the AEEDFs under the influence of
bias voltage on these electrodes respectively. As shown in
the figures, these electrodes are also capable of heating the
electrons simply by indiscriminative absorption, although the
demon performance is very similar to that of the 26 mm
diameter planar electrode in both the T vs V.5 characteristic
and the changes in the EEDF as T, is raised, which has a much
larger surface area than the demon, in terms of bias voltage
vs electron temperature characteristics. This is consistent with
previous experiments [3] and might be accounted by the fact
that the effective area of the demon has been greatly expanded
by the cylindrical sheath around the thin tungsten wires, which
is consistent with the predictions shown in figure 3(b). How-
ever, the increase of hot electrons as 7 is raised by the planar
electrodes is smaller than that when T is being raised by the
demon. This is shown in the AEEDFs with the exception of the
26 mm diameter plate and only when the bias is relatively low
(Vbias < 60). This indicates that although plasma potential does
increase with T, in these devices, the elevated confinement of
hot electrons was offset by their indiscriminative loss to the
electrode. This effect will be discussed in detail later in this
manuscript. These results are consistent with the comparison
shown in figure 3(c).

In an extreme case for these studies, the bias voltage on the
150 mm diameter electrode increases only the plasma potential
with little to no electron heating at all. These results were in
sharp contrast with previous experiments which showed that
a large electrode does heat the plasma as well as increase
Vp [2, 3, 5, 7]. However, our results are consistent with
Mackenzie’s original work [1]. The most pronounced dif-
ferences in experimental setup between this work and the
previous ones are the installation of multi-dipole confinement
magnets that better encircled the plasma volume with the
presence of the end-wall magnets, and the absence of other
submerged planar electrodes in this work. Having benefited
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Figure 11. (a) /-V traces of the Langmuir probe, (b) the corresponding EEDFs extracted from these traces, (c) changes of the EEDFs
(AEEDF) Af(E) = fo(E) — f(E) with various bias on the 15 mm diameter planar electrode.
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Figure 12. (a) /-V traces of the Langmuir probe, (b) the corresponding EEDFs extracted from these traces, (c) changes of the EEDFs
(AEEDF) Af(E) = fo(E) — f(E) with various bias on the 26 mm diameter planar electrode.

from a newly designed fixture from the end walls, both the
demon and the electrodes in this experiment are more thor-
oughly immersed into the bulk plasma, being placed across
the axial center of the device, where in some of the previous
studies [2, 3] they are placed near the chamber’s radial walls.
This causes all electrodes to avoid the radial multi-dipole
confinement fields and avoided their associated edge effects.
Both differences could contribute to the different results. On
the other hand, the fact that V, is consistently only ~0.57
above the electrode bias is expected to be a cooling effect rather
than heating effect as all electrons at higher energies are lost to
a very large area surface. In any event, the results do strongly
indicate that electron energy selectivity remains a very strong
factor of how a loss area modifies plasma EEDFs.

One way energy selectivity affects heating performance
is the density reduction concomitant with electron heating.
Relatively better energy selectivity implies a smaller reduction
in electron density for a given increase in electron temperature,
as fewer hot electrons are removed. Figure 14 shows the
plasma density relative to the density found with a grounded
demon or plate electrode, ne/n, graphed against the increase
in electron temperature AT, = T. — Ty under the influence
of these different heating methods. As shown in the figure,
all the solid electrodes essentially result in the same density
reduction per temperature increase. This reflects absence of
the voltage bias on the electrode in equation (2), and that only
the absorption area of the electrode affects the electron loss
flux into the electrode. It remains possible to raise 7. with
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Figure 13. (a) /-V traces of the Langmuir probe, (b) the corresponding EEDFs extracted from these traces, (c) changes of the EEDFs
(AEEDF) Af(E) = fo(E) — f(E) with various bias on the 150 mm diameter planar electrode.
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Figure 14. Proportional plasma density n./ney graphed against the
raise in electron temperature AT, = T — T under the influences
of different heating methods.

increasing bias on the electrodes because the effective area of
the electrodes increases with the positive bias applied on them.
This makes an increasing bias on a solid electrode effectively
the same as replacing the electrode with a bigger one. Thus,
the T. vs ne/ne evolution of all solid plates remains on the
same curve regardless of their geometrical size. On the other
hand, the Maxwell demon follows another curve with a smaller
proportional electron density drop compared to the planar elec-
trodes, this is because the Maxwell demon is energy selective
and absorbs more absorption of the low energy electrons than
the solid electrodes, as shown in figure 3(c), thus requires less
density drop for the same temperature raise.

Another illustration of how energy selectivity of electron
heating techniques affects plasma parameter formation is to
look at how the plasma potential changes with the electron
temperature under the influences of different heating methods.
This is illustrated in figure 15. Note that the formation of the
plasma potential is essentially a matter of electron—ion loss

AV vs. AT
) e

—Demon

= 15mm plate

=== 26mm plate
40mm plate

Figure 15. Raise in plasma potential AV, = V|, — Vo graphed
against the raise in electron temperature AT, = T — T under the
influences of different heating methods.

balance, which is determined by total electron loss and total
ion loss from a plasma [5-7]. Conversely, one can reduce the
plasma potential by injecting electrons into a plasma from
an external source [2]. Thus a better energy selective loss
area, removing less hot electrons, is also expected to result in
smaller increase in V, per T. increase. This effect is particu-
larly observable at higher AT, where the higher bias voltage
on the 40 mm and 26 mm plate expands their effective areas to
close to the Acjectrode = 2.3Awan(me/m;)"? limit, and thus more
abruptly increase V, as illustrated in figure 1(d). This reflects
that the change of electron loss with these electrodes follows
the conventional theory on electron—ion loss balance where the
electrode serves only as an additional electron loss area [4, 7].
The AV, vs AT, under the effects of the Maxwell demon, on
the other hand, follows a smaller AV, evolution, particularly
at higher AT.. This deviation reflects the fact that not all
electrons enters the demon’s electron sheath is absorbed, as
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higher energy electrons are likely to escape via orbital motion,
as prediction from equation (8).

5. Conclusion

The comparison of MacKenzie’s Maxwell demon and a series
of planar electrodes has been revisited to investigate whether
the Maxwell demon indeed is more energy selective than
a planar electrode simply absorbing electrons indiscrimi-
nately, and whether such selectivity has consequences on
the devices’ tailoring of the plasma parameters. In this pro-
cess, we have attempted to quantify the effects of energy
selectivity looking both directly at the evolution of the
plasma EEDF and the resultant changes in the overall plasma
parameters.

The results show clear distinctions between devices of
different supposed energy selectivity, with increasing energy
selectivity devices providing better absorption of sufficiently
low energy electrons. These results agree well with theo-
retical comparison of the heating performance of the two
electron absorption heating methods associated with their
heating mechanisms. Current evidence remain supportive of
MacKenzie’s claim that the Maxwell demon heats the elec-
trons via angular momentum trap effects, which manifests in
its higher selectivity to absorb low energy electrons as demon-
strated by the changes of the EEDFs at various bias applied
to the difference devices of electron heating. This also caused
the experimental observation of the higher heating efficiency
per plasma density reduction and higher heating efficiency per
plasma potential elevated by the demon compared to planar
electrode, particularly when using these devices at the limit
of their performances, i.e. at very high voltage bias. With
orbital limited motion effects, particularly for ions, being a
very well-known issue, it might not be surprising that electrons
can also exhibit similar effects to a grid of very thin, positively
biased wires.
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