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Kinetic study of wall collisions in a coaxial Hall discharge
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Coaxial Hall dischargegalso known as Hall thrusters, stationary plasma thrusters, and closed-drift accel-
eratorg are cross-field plasma sources under development for space propulsion applications. The importance of
the electron-wall interaction to the Hall discharge operation is studied the through analysis of experimental data
and simulation of the electron energy distribution functigEDF) inside the discharge channel. Experimental
time-average plasma property data from a laboratory Hall discharge are used to calculate the electron conduc-
tivity and to estimate the rate of wall-loss collisions. The electron Boltzmann equation is then solved in the
local field limit, using the experimental results as inputs. The equation takes into account ionization and wall
collisions, including secondary electrons produced at the wall. Local electron balances are used to calculate the
sheath potential at the insulator walls. Results show an EEDF depleted at high energy due to electron loss to
the walls. The calculated EEDFs agree well with experimental electron temperature data when the experimen-
tally determined effective collision frequency is used for electron momentum transport. The electron wall-loss
and wall-return frequencies are extremely low compared to those predicted by a Maxwellian of equal average
energy. The very low frequency of wall collisions suggests that secondary electrons do not contribute to
cross-field transport. This conclusion holds despite significant experimental uncertainty.
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[. INTRODUCTION is desired that the electrons carry very little of the total cur-
rent. A better understanding of the electron conductivity and
Hall discharges are presently under development for usehat controls the flow of electrons throughout the discharge
in space propulsion applications. In a Hall dischafgig. 1), could allow the development of higher efficiency thrusters.
the plasma is sustained in imposed orthogonal elecEic ( The electrons in Hall discharges exhibit anomalous cross-
and magnetic B) fields. The discharge electrons, a largefield transport: the conductivity is higher than that predicted
fraction of which are emitted by an external cathode, aredy the simplest classical equatiofld. Electron transport in
magnetized, whereas the more massive propellant ions, usthe Hall discharge is believed to be enhanced by fluctuations
ally xenon, are not. Consequently, the electrostatic fields edn the electric field and plasma dens[t]. Collisions with
tablished by the retarded electron flow accelerate the ions tide ceramic channel walls also play an important role in the
high velocities, typically 50—80 % of the discharge voltage.discharge operation. In addition to impacting the kinetics of
In a coaxial geometry, the electrons are constrained to moviie Hall discharge plasma by shaping the electron energy
in the closed, azimuthd& X B drift, with cross-field diffusion  distribution function(EEDF), the electron-wall interaction in
providing the necessary current to sustain the discharge. For
this reason, the Hall discharge is a useful device for labora-
tory studies of electron transport in magnetized plasmas.

C‘e,

The efficiency of the Hall discharge as a rocket depends b%fe
primarily on the current flowing through the discharge. One - iy
measurement of the thrust efficieney of an electrostatic b N
rocket is the ratio of the directed kinetic energy of the ions to - : - : ’
the applied electrical power. The kinetic energy of the ions is _:Hﬁ’l' — — /+
determined by the applied voltagé wheras the power is —_—" X8, ° § ner
simply the product of the discharge voltage and current, xenon '[||H|

gasin T 7 N v T/
mo?l2 gVl &l
TN TV L — — - —— 78
Here, ¢ is the efficiency of ion acceleration, ahdandl . are ~————— ~— =
the ion and electron currents, respectively. Thus, for a given m 4
discharge voltage, the efficiency of the thruster is inversely E B
proportional to the current. In some regions of the discharge M — o
(near the anodethe electrons carry most or all of the cur- ceramic 7 -
rent, while in othergnear the peak in the magnetic figldt channel i
FIG. 1. Schematic of a typical coaxial Hall discharge accelera-
*Electronic address: cap@stanford.edu tor.
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the channel may also contribute to electron transf@+5]. 100 -
Several researchers have had moderate success in model- __
ing the plasma inside the Hall dischar¢@nd similar dis- O 80
chargeswith hybrid fluid-particle codeg6—10] and full par- 2 60 —
ticle codeq 11]. With the hybrid fluid-particle in cell codes, 5
some investigators have imposed an anomalous Bohm con- T 40—
ductivity inside the discharge chanr@] in an effort to ac- §
count for fluctuation-enhanced conductivity. Others have = 20
added a simple term for the contribution of electron-wall
scattering to the mobility7,9], or have used a combination 0 I T T
of both Bohm transport and wall scatterifg0]. With the 60 -40 20 0
right set of input values for the conductivity, these simula- Distance from exit (mm)

tions can accurately reproduce Hall discharge operation, but
they provide little insight into the actual physics of the de- FIG. 2. Magnetic field profile in the Hall discharge channel. The
vice. exit of the discharge is & =0, whereas the anode is locatedzat
The primary physics problem for the Hall discharge, andg~—70 mm.
for many small-scale magnetized plasmas, is understanding ,
the mechanisms dictating cross-field electron transport. Ug10n neutral densitil and electron temperatukg T, are also
ing the results of an extensive diagnostic effort put forth toknown and a Maxwellian distribution is assumed for the
measure the plasma properties inside a laboratory xenon H&l€ctrons, the result can be compared to the electron-
dischargg12,13, we presented an analysis giving the effec-neutral momentum-transfer collision frequeney;, which
tive conductivity inside the Hall discharge with alumina should be the dominant collision frequency for the low-
walls [1]. This study showed fluctuation-induced transport todensity, weakly ionized plasma present in the Hall discharge
be a promising mechanism, but ignored electron-wall interchannel.
actions as a source of enhanced conductivity. We and others This comparison was made for the Hall parametgyr in
have elucidated the behavior of plasma instabilities in théhe previous paper, where=1/v.;. Several time-average
Hall discharge plasmid4—18, but have not yet completed a plasma properties were measured at different positions in the
full theoretical description of fluctuation-induced transport. channel. The radial magnetic field was measured with a Hall-
The current study aims to predict the rates of electroneffect sensor with the plasma off. The magnetic field profile
wall collisions in the Hall discharge and to determine if is shown in Fig. 2 for reference. The plasma potential was
electron-wall interactions are important to cross-field transimeasured using a hot-filament emissive probe, allowing the
port. We begin by assuming a Maxwellian EEDF and usingcalculation ofE, and an estimate of the electron temperature
our experimental results to determine the rate of electron anklgT.. The axial ion velocityV; was measured using laser-
ion wall loss in the discharge channel. We then extend ouinduced fluorescence velocimetry. These measurements are
analysis to using a simplified Boltzmann equation to calcudescribed in more detail if12,13. The electron density was
late the EEDF. The Boltzmann equation couples the EEDF taneasured with a combination of cylindrical and planar Lang-
the collisional processes in the plasma, including themuir probeq19]. With n, andV,; known, the electron current
electron-wall interactions, and to the electric and magneticlensity could be calculated from the total discharge cutrent
fields. We use the Boltzmann model to compare and discuss
anomalous conductivity and mechanisms of EEDF forma- Jez=/Achari— €NV, 2

tion. . . .
whereAhaniS the cross-sectional area of the discharge chan-

nel, allowing Eq.(1) to be solved forveg (Or weer). In all,
Il. EXPERIMENTS we have direct experimental measurementB,of., V,, the
plasma potentiatp,, and the floating potentiap; at each
point in the channel, leading to values 6§, J.,, ves, and
In our experimental study of mobility in a Hall discharge, the electron temperatuieT,. These plasma properties are
we used a simple version of Ohm'’s law to calculate the colthe basis for all the analysis described in this paper. The
lision frequency needed for the electrons to cross the maq:)roperties are p|0tted |h]_] and will not be redisp|ayed here_

netic field, Figure 3 shows a comparison pf;z and ;M for a portion

A. Background

2 2 of the discharge channel. Here, we have assumed a constant
‘]ezzi Ne€ ) (1)  value ofN=10" m~2 for the neutral density. To calculate
2 2 ~ . . . . .
Veir+ wge | MPet vm, We used a Maxwellian distribution about the experimen-

tal electron temperatutg; T, and a cross section for momen-
Here, e and m are the charge and mass of the electron, refum transfer in xenon obtained from teesLo databas¢20].
spectively. This quadratic equation can be solved for the efThroughout this paper, quantities calculated assuming a
fective collision frequency. if the electron current density Maxwellian EEDF will be denoted by the carét.g., Q).
Jez, axial electric fieldE,, electron densityn,, and cyclo-  Clearly, electron-neutral collisions are not sufficient to ac-
tron frequencyw.. are known from experiments. If the xe- count for electron transport in the Hall discharge.
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—~ . . c . —e
‘o 10° 7 Pwall |OSS=W(1_ Yeft) €X %) . (6)
5 e
§ 10" = The effective coefficient of secondary electron emissjgp
g is the number of secondary electrons produced when one
*z 6 _M&M&MM&MW electron strikes the insulator wall, averaged over a Maxwell-
2 10 ian electron energy distribution,
(o] o0 o0 o
© 0% - : f f j y(e)c, fuax(c)de
T | | T T | T A~ JoeJ-eJ0
60 50 -40 30 20 -10 0 L )
Distance from exit (mm) J wf JO ¢, fuax(c)dc

FIG. 3. Effective collision frequency for electron transpogk
(@), compared tory (A), Vyaiioss from Eq. (3) (= — ), and
Vyall loss from EQ. (6) (—).

wherec, is the velocity normal to the wall, corresponding to
the innermost integral. The secondary emission coefficient is
generally given as a function of electron energy by

B. Electron-wall interaction for a Maxwellian y(€)=(€l€;)P, 8

Some further comparison can be madevtg using only . . . B
the experimental data and assuming a Maxwellian dis;tribu\-'\’here‘E_l Is the f|r§t-crossover energy, defmeQ )Wel)il'
tion for the electrons. The rate at which electrons striking theASSuming p=1, y.y for a Maxwellian is given byye

wall are lost to recombination can be calculated from a con=2KgTe/€1. We usee; =25 eV for alumina (AO;), from
tinuity equation for the ions, experimental measurements by Dawd@2]. The scarcity

and uncertainty of the data foy(e) at energies belove;

d(ngVy) - ~ makes the choice gb somewhat arbitrary. The choice pf
dz _ Ne”1™ Newallloss =1 will be justified in a later section. lon-induced secondary
5 electron generation is small for low-energy xenon ions and is

— Pwall loss neglected 23].
The wall-sheath potentiap,,,, is found by balancing the

_ ;f|—£ d(neVi) _ 3) net flux of electrons to the wall to that of the ions, assuming
ne dz that the ions enter the sheath at the Bohm velocity. The situ-

. S o ation is complicated wherizeﬁ approaches a critical value
Here, v, is the ionization collision frequency, calculated us- near unity; at this point, the sheath reaches the charge satu-
ing a cross section from th&iGLO databasg20]. We have  4tion [imit, andye~1 . This phenomenon is described in

assumed a quasineutral plasnm-n;). The wall-loss rate  getajl in[24]. The resultant expression for the potential is
must be the same for the electrons and the ions to maintain

the no-current condition at the insulator wall. kgTe ~ M ~
~ We can make another estimate of the wall-loss rate qua":Tln (1—yeﬁ)\/%}, Yerr<0.983,
Vwall loss Without using data fon, andV,. For an arbitrary
isotropic distribution, the flux of electron lanar surf -
i the presence of & repeling shoath of potenfids given Pur=0.886Te,  7or=0.983 ©
as[21] whereM is the xenon ion mass.
We can now compare the wall-loss rates of electrons cal-

dc, (4)  culated from Eq(6) to ver and vy - The results are given in
Fig. 3. Several phenomena are of interest here. For most of
the discharge channel, the wall-loss rate estimated for a Max-

wellian EEDF is much higher tham,, j0ss given by Eq.(3);
however, near the exit of the discharge, the wall sheath un-
dergoes charge saturation. The loss rate for a Maxwellian

— ) drops to nearly zero S(eﬁwl), whereas the experiments

C* 2
(5

c
wheref is the distribution function in speeft) space and

c* =+2e¢/m. Integrating over a Maxwellian aboudzT,
gives the familiar result

=1
F:nef *Zcf(c)

c

(5) (walosd SUGgest that the loss rate actually increases near
the exit. Understanding the reasons for this discrepancy is
_ the key to determining if electron-wall collisions are signifi-
Here, ¢ is the mean(therma) speed of the electrons. The cant to electron transport in the Hall discharge. In a plasma,
characteristic transitirequency of electrons across the charm absorbing wall preferentially removes high-energy elec-
nel of widthw will be c/w, so we can approximate the rate at trons from the system. The assumption that a Maxwellian
which electrons are lost to the wall as distribution is maintained in this plasma may lead to over-
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predicting the frequency of electron-wall collisions, leadinga characteristic length scale of the plasma. The axial varia-
to charge saturation. We turn to a model for the EEDF tation of the EEDF is determined solely by the axial change in

examine this possibility. plasma properties. This approach has been successfully ap-
plied to the determination of the EEDF in a cylindrical mag-
I1l. BOLTZMANN EQUATION netron[28], a discharge similar to the Hall discharge in size,

pressure, and magnetic field strength. In this paper, we will
present results for points in the discharge channel where the
The idea of solving the Boltzmann equation to study nearmagnetic field is strong, betweéf=0 andZ=-30 mm.
wall conductivity was recently explored by Degomdal. We also treat the plasma as uniform in the azimuthal direc-
[25]. For the case of no gas-phase collisions, Degendl.  tion due to symmetry, and in the radial direction, as electrons
solve the electron Boltzmann equation using a Hilbert expancan freely diffuse along radial magnetic field lines. For a
sion method and compare the results to a Monte Carlo simunore detailed explanation of the local and nonlocal ap-
lation. Both models produce a “double-hump” EEDF, with proaches to solving the Boltzmann equation, [s3#.
the energy of the second hump increasing towards the anode. After removal of the spatial gradient term, the solution
Later versions of these models, expanded to include elastigroceeds by substituting the perturbation expressior(H.
and inelastic gas-phase collisions, produced different resultgto Eg.(10) and simplifying the equation to a scalar expres-
[26]. The two-population distribution remained, but the sion for the isotropic EVDF. This procedure is detailed for
height of the high-energy peak was significantly diminishedglastic collisions in[30] and for elastic and inelastic colli-
presumably due to increased thermalization. The phenonsions in[31]. For this study, we restrict the inelastic colli-
enological model for the electron-wall interaction used insions to ionization and wall-loss collisions. Excitation colli-
these studies describes several classes of scattered electrsims are neglected, as they will behave qualitatively

A. Background

and will be explained further in a later section. similarly to ionization. Electron-electron and electron-ion
collisions are also neglected. A simple estimate of the
B. Approximations electron-ion collision frequency using the Coulomb loga-

. rithm for plasma conditions found inside the Hall discharge
The steady state Boltzmann equation for the electrons cag, ;e ,=10'® m~3,kT,=10 eV) results in a collision
. e 1 e
be written as frequency of 2<10° s, an order of magnitude lower than
) that for electron-neutral collisions. We also neglect the tem-
coll.

e of
cV,f— E(E+ cXB)V f=|—=

ot (100  perature of the background xenon neutralsO(1 eV).

These details may be added to the model in a later study.

We convert from speed to kinetic energy using kc?,
where the constarktis defined such thatis expressed in eV.
The subscript is also dropped from the isotropic EVR
and we have lef(c)=f(u) for convenience. After adding
Qvall-loss collisions and separating the elastic and inelastic
terms, the Boltzmann equation becomes

wheref is the electron velocity distribution functiqEVDF),

c is the vector electron velocitW, is the gradient operator
with respect to positional space, aW, is the gradient in
velocity space. We proceed to a solution of this equatio
following several approximations. In the Lorertavo-term)
approximation, the EVDF is separated into a component
that is predominantly isotropit, and components that skew
the distribution in the directions of the electric field and the 4 ( eE)z ) d 2m

e
+N M du[u omf]

E X B drift: 3 du

m du

( Noryu? ) df

kw?+ Nzafﬂu

f(e)="fo(c)+(c-E)fs(c)+[c-(BXE)Jfa(c). (1D — UNoy (W) F(U) = (U4 uy)Nory (U up F(u+u,)
The functions f; and f, are also isotropic, and when
weighted bycE and byc(BXE), result in small perturba-
tions on the predominantly isotropic core. Therefore, this
model may not be appropriate for EVDFs with extreme an-whereo, is the ionization cross section angdis the thresh-
isotropy due to high drift energies or beamlike electronsold energy for ionizatior(12.12 eV for xenoh From left to
streaming from the cathode neutralizer, e[@7]. We will right, the terms in Eq(12) represent Joule heating, elastic
not address the anisotropy of the EVDF in this paper. collisions, loss of electrons due to ionization, return of elec-
The directions of the electric field and magnetic field  trons from ionizing collisions, and loss of electrons to the
are taken as purely axiak) and radial (), respectively. We  wall.
neglect spatial gradients in the axial direction by making the Equation (12) assumes that electrons are transported
local field approximation. The cyclotron radius of the elec-across the magnetic field lines primarily by elastic collisions
trons in the Hall discharge is 10—100 times smaller than thevith xenon atoms. As an alternative, we substitute the ex-
shortest electron mean free path, except near the anodgerimentally determined collision frequenaeyy for NoyC
Thus, the EEDF is formed locally, at distances below thein Eq. (12). The effective collision frequency attempts to
mean free path. In other words, due to magnetic confineinclude effects left out by this model, such as fluctuation-
ment, an electron reaches equilibrium with the local fields orinduced transport, and results in more realistic solutions.
time scales shorter than those which control diffusion acros®Vith this substitution, Eq(12) becomes

+ Vkupya(u) f(u), (12

036401-4
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4(eE\2 . d|[ u¥Py | df 2m d 1\ﬁ( u*)
Z|ZZ) e eff | =~ 12570 = 302 W=—\/— 1——|H(u—=u* 1
3im) < du w2+ %) du TN quly e vual W)= 3 Vil 277 ) a7
=uNo(u)f(u)—(u+u)No,(u+u)f(u+u,) where u* =e¢,,,; and the Heaviside step functiad en-
forceswy,(u)=0 for u<u*. This expression takes into ac-
+ VKuvyg(u) f(u). (13)  count the fact that only electrons with enough radial velocity

) to penetrate the wall sheath will strike the wall. Electrons
The two momentum-transfer models represented in 843. ¢ cannot penetrate the sheath scatter elastically and specu-

and (13) will be compared later in the paper. Unless other-jory and do not impact the EEDF or contribute to cross-field
wise noted, all the results displayed in this paper were Ca'transport.

culated using the experimentally determined collision fre-

] ) An electron that does strike the wall suffers one of three
guency described in Sec. Whg.

fates. This electron will either scatter elasticdlut not nec-
o essarily specularly recombine with an ion, or generate a

C. Electrons produced by ionization secondary electron. Following Degord al. [25], we will

In Eqg. (13), ionization and wall loss are treated as inelas-€XPress these three fates in the secondary electron emission

tic excitation collisions that do not produce electrons. We carfoefficienty. The total frequency at which electrons are re-
improve this by introducing secondary electron terms to thdurned from the wall is expressed as
model, following[32]. We start by deriving the contribution B .
of electrons produced by ionization. The expressions derived Vre U) = 7 (U= U") wyqi(U), (18)

here will be modified to describe secondary electrons fron%herey(e)z v(€) is determined as in Eq8). We evaluate
the wall Ia_ter in the paper. We defingas the cross section . at the energy of the electron after it has decelerated in the
for prgducmg secpndary or scat'ter.ed glec'trons of particul heath. Note that Eq7) does not take this into account. In
energies. The collision term for ionization is then expresse q.(7), the expression fog(e) and the limits of the integral

as should reflect the slowing of the electron in the sheath:

(5f(u)> CeNf= S o
P BT P (JJJﬁy(u—u*)ciwax(c)dc)
cN [2u+y Yeft= = (% (= (19
+— u'qgLu’,u)f(u’)du’ f f fCLfMax(C)dC)
U Ju+y, —oJ —wJc*
—cNoy(u)f(u). (14)  We usep=1 to avoid this complication. It turns out that for

p=1, both Egs(7) and (19) give Yeri=2kgTel€1. The re-
glts of the Boltzmann solver are not very sensititive for
b<p=<1.

Electrons returned from the wall occur in two groups:
elastically scattered electrons and “true secondaries” from
I roy / = the lattice. We treat the first-crossover eneeg\as a thresh-
Gsed U',U) =0 (UT) S(u—u), old for generating true secondaries. This ;!ilows us to write
ve andys, the secondary emission coefficients for elastically
scattered and true secondary electrons, respectively, as

The first two terms on the right-hand side are the sourc
terms for secondary and scattered electrons, respectively. T
third term is the ionization loss term. The integrals involving =
g can be simplified using-function expressions:

akdu’,wy=ay(u")du—(u' —u,—u)]. (15)

Here, 8 is the Dirac delta function and is the energy of the

~ Ye=n (U-U'<ey),
secondary electron. We use the value (u’ —u,)/2, repre-

senti!"ng a case in whiph the energy remaining from the in- Ye=2—7% (e<U—U*<¢y),
elastic collision is divided equally between the secondary
and scattered electrons. Plugging ELp) into Eq. (14), we Ye=0 (otherwise, (20)
arrive at
and
of(u) _2cN
ot Ion_T(2u+U|)0'|(2U+U|) Ys= Yt Ve (21)
X f(2u+u;)—cNo(u)f(u). (16)  Wheree, is defined asy(e;) =2. These expressions are phe-

nomenological and quite arbitrary, but they will prove useful
in demonstrating how the form aof impacts the EEDF. The
secondary coefficients are shown in Fig. 4[25], the form

To complete Eq(13), we must describe the details of the used fory, as symptotically approaches 2, removing the need
electron-wall interaction and add the secondary electronfor the third case in Eq20). To complete the specification of
from the wall. By analogy to Eq€4) and(6), we write the electron-wall interaction, we assume that true secondary

D. Electron-wall interaction

036401-5
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4 = and

. u’ u*
S(u)=5(u—u*)J'u* ys(u’—u*)W( 1- ?) f(u")du'.

The equation must satisfy one boundary condition at infinity,

Emission coefficient
N
1

f—0 as u—ox, (25

0 ‘: | I | |

0 20 4 60 80 and the normalization condition
Kinetic energy (eV)

FIG. 4. Secondary emission coefficients used for this study, * | _
from Eq.(8) with p=1 and Eqs(20) and(21): v, (O), e (+), 7 JO Fdu= JO Jufdu=1. (26)
(X).
electrons emitted from the wall are cold: they reenter the E. Wall-sheath potential
EEDF with the wall-sheath potential energy. So, express- | order to solve this system, we need a way to calculate
ing the wall collisions in the same form as ionizing colli- the wall-sheath potential. Rather than using E3), a for-
sions, we reach mula based on the no-current condition at the wall, we use a
S(u) local electron balance analogous to Ef). Electron produc-
( 5 ) =[1— ye(U—U*)]wyan(u) f(U) (22)  tion by ionization is balanced by the net outflow of electron
loss current and by recombination at the wall:
and % Jk dJe o
UNo (W) f(u)du=———+ | [1—y(u—u*)]
0 en, dz = Jy»
5f(u) 1
— | == ou-un) u u*
sec Vu X 1—T)f(u)du. 27

! ! * ! ! !
X fu* CRZC et CRLCRLEE The wall potential* is chosen on the grid to approximately
(23) satisfy this balance. This avoids making the assumption of
the Bohm criterion for the ions for a non-Maxwellian
Since the elastically scattered electrons lose no energy, theyfasma; however, we can use K8). as a reality check on the
essentially reduce the wall loss. Substituting Ed$), (17),  results of the calculation.
(22), and(23) into Eq. (13), we arrive at

F. Numerical solution

df| d
gul PW g5l Fguldwil=Jwf(u) =W f(u) This Boltzmann equation system can be solved iteratively
in order to self-consistently determine the wall potential
=—7(u)—S(u). (24)  from the calculated EEDF and the experimental input data.

At each locatiorZ in the discharge channel, the local values
For convenience, we have expressed the equation in terms ef B, E, n,, andV; from [1], along withve4 from Eq.(1) and

collision operatorg28]: the valueN=10" m~3, are input into Eq(24). Following
[28], the system of equation&4)—(26) is solved using
Diu) = 4(eE 2k3’2 | Peff second-order finite differences on a constant-grid. The
(u)= 3 u V2ﬁ+ w2’ boundary condition a® is expressed in the last linear equa-
e

tion of the system. The normalization condition, E26), is
om expressed as the first equation using Simpson’s rule, result-
G(u) = — kY0¥ p g, ing in a matrix that is tridiagonal except for the first row.
M Each cycle generates a solution for the distribution function
and the wall potentiab),,, . The electron-return term from

J(u)=UuNo(u), ionization Z, which involves off-grid evaluations, is calcu-
lated based on the previous solution using cubic-spline inter-
Z(u)=2(2u+u)No(2u+u)f(2u+uy), polation. Similarly, the integral for wall secondary electrons

S is calculated based on the previous solution. A relative
changg1—f;,,/f;|<10 ° occurs at all points in fewer than
50 iterations.

*

u u
W(u)=[1- 'Ye(U_U*)]W( 1- T) H(u—u*),
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> >
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10° - 10°
| | | | | | 1 | 1 1 | 1
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Kinetic energy (eV) Kinetic energy (eV)

FIG. 5. Calculated EVDF atZ=—6 mm for 200-V operation FIG. 6. Calculated EVDRF (—) and pointf(u*) (®) com-
( ), compared to Maxwellian at experimentl (- — - andf pared tof (— — -) andf(u*) (A) calculated withy,=0, for 200-V
for vya(u)=0 (— — —). Pointsu=u* (@) andu=u* +¢,; (O) operation aZ=—-6 mm.
are also indicated for the calculatéd

walls (v,=0). Qualitatively, the two distributions are quite

IV. RESULTS similar; however, the truncation of the tail beyone=u*
occurs at slightly higher energy when no secondaries are
created. This is because the balance equation used to solve

Figure 5 shows the EVDF calculated using the experi- for y* | Eq. (27), changes little wittf. The ionization rate is
mental ver in the ionization/acceleration zone of the dis- very sensitive to the value dfnear the ionization threshold,
charge £=—6 mm) for a 200-V operation. On this type of hyt not tof at high energies. So, the total wall loss is essen-
plOt, a Maxwellian EVDF is a Straight line. The calculated t|a||y fixed by the experimentaKconstanl current flux
agrees well with a Maxwellian at the experimentally esti-dJe/dz_ Setting y,=0 simply causes the wall potential to
mated electron temperature at low energy, but begins to dencrease to match the correct wall-loss rate. The average en-
viate at high energy. Electrons above the wall-sheath poterergy of the distribution is not significantly changed. The tail
tial u* are quickly lost to the wall, causing the distribution to of the distribution also loses its wavy shape.
drop rapidly. The wavy shape of the distribution abaveis We can compare the results of our calculations to experi-

due solely to the expressions used ferand ye: The tail of  ment by finding the effective electron temperature of the dis-
the EEDF mimics the shape of the curve in Fig. 4. True tribution,

secondary electrons start to appearuatu* +e;, and vy,
decreases according to Eq20) and (21). A distribution
function calculated assuming no wall collisiofg,,;(u)
=0] is also shown. The average energy of this distribution is

significantly higher than the experimental electron temperageacal that the EEDIF = Juf. This comparison is shown in
ture. Wall-loss collisions are needed to correctly express thﬁig_ 7. The temperatures agree quite well in the part of the
energy balance for the electrons. channel where local electron kinetics are expected to hold.
The apparent large population of very low enef@y-2  The fact that the experimental electron temperature is repro-
eV) electrons is unrealistic—the solution should remainy,ced within a few eV suggests that we have correctly for-
Maxwellian, since elastic collisions dominate in this region. njated the energy gain and loss terms in the Boltzmann

This appears to be a numericgl artifact due to the normal?zae-quation_ It also suggests that using for momentum trans-
tion expression. As described in Sec. Il F, the normalization

condition is written as one of the system of linear equations
to be solved. Normalization is achieved as the EEDF is
solved, rather than being enforced at the end of integration.
This precludes the use of an unphysical second boundary
condition and makes the iteration very stable when compared
to marching solution methods. The disadvantage of this tech-
nique is that asi— 0, the solutiorf is artificially “pulled up”
to achieve normalization. This occurs well below the ioniza-
tion thresholdu, and the wall-potential energy*, and so
does not significantly affect the results of this study. The net
effect is to lower the average energy of the distribution,
which results in a slight underestimatig—109% of the
various collision frequencies calculated from the EEDF.
Figure 6 compares the EVDHrom Fig. 5 to that calcu- FIG. 7. Electron temperaturiegTo (O) from Eq. (28) com-
lated assuming no secondary electrons are emitted from thgared tokg T, from experiment ), for 200-V operation.

A. General results

2 2 (=
kBTeﬁ=§U: 5,[0 uFdu. (28

16 Sam

Electron temperature (eV)

| I | I | I |
30 26 20 -15 -10 -5 0
Distance from exit (mm)
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FIG. 8. EVDFf calculated withyy,= vz (——) compared td . - . —
calculated withuy=Ncoy (— — —) and Maxwellian atksT, FIG. 9. Comparison of collision frequenciesy (@), vy (4),

v, (W), and v, (<) inside the discharge channel for 200-V op-
eration, as calculated from Eq&9)—(31). Note that while this
figure has the same scale as Fig. 3 on the left axis, the bottom axis
Ss different.

(= = -, for 200-V operation aZ=—6 mm.

fer in the simulation was an appropriate approximation. Thi
is borne out in Fig. 8. Here, we compare the EVDF in the
ionization zone Z=—-6 mm) calculated usingy= ves t0
that usingvy, = Noyc for momentum transfer, e.g., EAL2).
Using only electron-neutral collisions, the heating term in the
Boltzmann equation is too small to allofso reach the ap-
propriate electron temperature.

The frequency of electron-neutral momentum-transfer
collisions is essentially constant throughout the channel be-
cause we have assumed a constant value for the neutral den-
sity N. In reality, N should decrease near the exit due to
ionization. Elastic collisions are less sensitive to electron
temperature than ionization collisions because there is no

threshold, savy, is determined almost solely By. Unfortu-

In order to compare different electron-transport mechanately,N is one of the most difficult parameters to measure
nisms in the plasma, we use the calculated each point in  inside the Hall discharge channel. The value bf
the channel to calculate the frequencies at which various col=10' m~2 is an approximate upper bound based on the
lisions occur: mass flow injected into the channel and the sound speed of

xenon at 1000 K. Fo;,\,I to approachvgs, N would have to

B. Collision frequencies

e be significantly higher. The impact of experimental uncer-
M= \/EJO uf(uNoy(w)du, 29 tainty in the EEDF calculations will be explored later in the
paper.
v| T uf(u No(u)du (30 C. Wall-sheath potential
u
' The EEDF solver outputg,,, as well asf, so we can
compare the wall potentials predicted with this model to
J 1_ u- f(u)du 31) those given by Eq(9). We will use the effective electron
Vil = Jk «W temperaturg T, defined in Eq(28), for comparison. The
The overbare.g.,Q) is used to denote a quantitiy averaged 60
over the calculated EEDF, as opposed to that averaged overa < 50
Maxwellian distribution. Herep,,,, represents the total fre- ?—; 40 —
quency of electron-wall collisions, regardless of the elec- b=
tron’s fate. £ 307
These three collision frequencies are comparedctoin 2 204
Fig. 9. For most of the channel, electron-neutral momentum- ‘;“ 10
transfer collisions dominate ionization and wall collisions;
however, near the channel exit, electron-wall collisions be- 0 | | | | | | |
come as important as gas-phase collisions. The experimental 30 25 90 15 10 5 0
collision frequencyves is much higher than the others Distance from exit (mm)

throughout the channel. At the closesy,,, is nearly an or-

der of magnitude lower thame. This suggests that some ~ FIG. 10. Wall potential calculated frorh and Eq.(27) (O)
mechanism other than wall scattering is responsible for theompared to results of E() with yeq=2KgTe/ €, (M) and to Eq.
high cross-field transport in the Hall discharge channel.  (9) with imposedy (*), for 200-V operation.
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FIG. 11. Comparison ofy (O) from the Boltzmann model to

S/eff (M) for a Maxwellian.

% change in N

FIG. 13. Variation in electron temperatukgT . (O) and wall

potential ¢, (+) with neutral density aZ=0 mm.

choices we have made result in an EEDF that agrees well

results are given in Fig. 10. The potentials agree quite well ir?/vith the experimental electron temperature

the cooler part of the channel; however, frahs —15 mm
toZ=—-6 mm, Eq.(9) predicts that the wall is approaching
charge saturation, whereas the Boltzmann solver predicts a
high wall potential. The reason for this is that the Boltzmann Since the Boltzmann solver depends strongly on experi-
solver produces a lower number of reflected and secondaryental data for inputs, it is prudent to examine the sensitivity
electrons. We can define an average emission coefficient f@f the analysis to experimental uncertainty. We focus on the
the calculated EEDF a$= e/ ey, USiNg the definitions WO plasma parameters that are most difficult to measure, the

in Egs.(18) and (31). The average secondary coefficient for €l€ctron densityle and the neutral density. The other main
the calculated is compared to that of a Maxwellian in Fig. INPUts to the code, the ion velocity and total discharge cur-
11. If we use?in place ofaxeff in Eqg. (9) and then solve for rent, can be measumd With Very high accuracy. Error in the
b, the results agree quite welFig. 10. This suggests electron densityn, has a significant impact on the results

that assigning the Bohm velocity &;T.¢ to ions entering because the input parametey; depends om, through Eqs.

the wall sheath is acceptable for calculating the sheath po(-l) and(2). Increasingn, decreasesey, resultm_g in a lower .
) - ] electron temperature and a lower wall potential, as shown in
tential, as long ag can be accurately determined.

Fig. 12.
The reason for the discrepancies in the wall potential is gThe dependence dwis different, in that changiny does
simply that the Boltzmann solver predicts wall collision rates ¢ impactve;. Instead, increasinly increases energy losses

much lower than those for a Maxwellian EEDF. In the Bolt- 1 jonization, decreasing the electron temperature. The over-
zmann solver, high-energy electrons are preferentially reg jonization rate increases, so the wall potential drops to
moved from the distribution. In the steady state, there are na{|;ow more wall losses. These two effects are shown in Fig.

enough collisions to maintain a high temperature in the talh 3 The key result of the sensitivity analysis is that the main
of the distribution. Assuming a Maxwellian at one tempera-cqncjysions of this paper remain valid even if the erroriin

ture produces a mu_ch higher flux of (_alectrons to the wall. Atand n. are significant. As shown in Fig. 14, the important
the low wall potentials encountered in the charge-saturatiog) | collision frequencies decrease with, so that wall col-

limit, it is unrealistic to maintain an energetic tail in the yigiong are never significant to electron transport. In the case
distribution, at least with the form we have chosenfoiThe

V. SENSITIVITY ANALYSIS
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FIG. 12. Variation in electron temperatukg T+ (O) and wall
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FIG. 14. Variations invg; (O) and 7wa,| (M) with electron

density atZ=—9 mm, the location where,, is closest tovq;.
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of N, the only collision frequency that changes rapidly with change the general conclusions. For now, we maintain the
N is vy; however,N would have to be unrealistically in- same conclusion found ifl]: fluctuation-induced electron
creased by a factor of 10 or more in order foy; to be transport is the best candidate to explain the anomalous mo-
comparable toqg. bility in the Hall discharge plasma.
However, the behavior of the plasma-wall system in the
VI. CONCLUSION Hall discharge does depend on a delicate balance of factors.
In particular, the specific form and magnitude chosen for the
A combination of experimental and analytical efforts havesecondary emission coefficieptcan strongly influence the
been used to study electron-wall collisions inside the disyesults. More work remains to better understand the exact
charge channel of a laboratory Hall discharge. Experimentahehavior of a low-energy electron striking a rough ceramic
results indicate that the rate at which electrons are lost to thgurface in the presence of a repe”ing sheath. Furthermore, a
wall is much lower than that predicted for a Maxwellian strong theoretical understanding of fluctuation-induced trans-
EEDF at the experimental electron temperature. The simplgort in small-scale plasmas needs to be developed to make
Boltzmann equation model developed to examine this disthe concept useful to scientists and engineers designing the

crepancy appears to explain some of the important physicsiext generation of magnetized plasma sources.
Since the channel wall preferentially absorbs fast electrons,

the EEDF cannot maintain a hot tail. This reduces the steady

state rate of electron-wall collisions, Whi_ch in turn reduces ACKNOWLEDGMENTS

the number of secondary electrons emitted from the wall.
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