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Electron-wall interaction effects in Hall thrusters are studied through measurements of the plasma
response to variations of the thruster channel width and the discharge voltage. The discharge voltage
threshold is shown to separate two thruster regimes. Below this threshold, the electron energy gain
is constant in the acceleration region and therefore, secondary electron emissionsSEEd from the
channel walls is insufficient to enhance electron energy losses at the channel walls. Above this
voltage threshold, the maximum electron temperature saturates. This result seemingly agrees with
predictions of the temperature saturation, which recent Hall thruster models explain as a transition
to space-charge saturated regime of the near-wall sheath. However, in the experiment, the maximum
saturation temperature exceeds by almost three times the critical value estimated under the
assumption of a Maxwellian electron energy distribution function. The channel narrowing, which
should also enhance electron-wall collisions, causes unexpectedly larger changes of the plasma
potential distribution than does the increase of the electron temperature with the discharge voltage.
An enhanced anomalous crossed-field mobilitysnear wall or Bohm-typed is suggested by a
hydrodynamic model as an explanation to the reduced electric field measured inside a narrow
channel. We found, however, no experimental evidence of a coupling between the maximum
electron temperature and the location of the accelerating voltage drop, which might have been
expected due to the SEE-induced near-wall conductivity. ©2005 American Institute of Physics.
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I. INTRODUCTION

The Hall thruster1,2 sHTd is a spacecraft propulsion d
vice, which generates the thrust due to electrostatic acc
tion of ions in quasineutral plasma. The plasma dischar
sustained in the axial electric and radial magnetic fields
plied in an annular channel. Because of the reduced ele
mobility across the magnetic field, a substantial axial ele
field can be maintained in quasineutral plasma and the
trons can effectively ionize the neutral gas atoms. U
such conditions, the electric field supplies energy main
accelerate the unmagnetized ions. Part of the energy
also to heat the electrons, which diffuse across the mag
field and dissipate the gained energy mainly on ionizatio
neutral atoms and collisions with the channel walls.
electron crossed-field current is necessary to sustain
thruster discharge, but the power it carries away from
accelerating region results in reduction of the thru
efficiency.2,3

Existing HTs operate in a subkilovolt discharge volt
range using xenon gas. In the input power range of 0.
kW the thruster efficiency is 40%–60%.4,5 The xenon ga
flow is typically almost completely ionized.1,2 The plasma i
weakly collisional. The electron temperatureTe is 20–50 eV
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Under the assumption of a Maxwellian electron energy
tribution function sEDFd, the electron temperature of th
range is sufficiently large to induce a strong secondary
tron emissionsSEEd from ceramic channel walls.6 A strong
SEE may enhance electron-wall collisions leading to a
tional power losses.1,7–10

It is well known since the classical work of Hobbs a
Wesson11 that the electrons emitted from a surface of
floating wall to the plasma reduce the potential drop in
near-wall sheath.11–13The increased electron flux to the w
Ge, is balanced by the flux of ions,Gi, and secondary ele
trons, Ges: Ge=s1−dd−1Gi. When the SEE coefficient,d
;Ges/Ge, reaches approximately 1 the sheath beco
space-charge saturatedsSCSd. In the SCS regime the wa
acts as an extremely effective particle and energy sink.11,14

A number of recent theoretical studies suggested th
currence of the SCS regime in HTs.8–10 According to thes
studies a saturation of the maximum electron temperatu
caused due to enhanced electron energy losses on the
In addition to electron cooling, it is also believed that
SEE from the channel walls can enhance the ele
crossed-field diffusionsso-called near-wall conductivity1d.
Barralet al.9 predicted a dominant role of the near-wall c
ductivity in the SCS regime. This prediction seems to co
late with the measurements of voltage versus currentsV-Id

15
characteristics of the thruster discharge. TheV-I character-
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istics exhibit a typical jump of the discharge current abo
certain discharge voltage, which is different for differ
channel wall materials with different SEE properties.15,16

However, kinetic simulations17–20 suggest that in a weak
collisional thruster plasma the electron EDF is deplete
high energies due to wall losses. A similar depletion effe
wall losses on electron EDF is also known in other type
low-pressure gas discharges.21 For HTs, because of a sm
SEE, a minor contribution of electron-wall collisions is
pected to the electron transport.17,19,20

According to a conventional model of electron-w
interaction,7–10,17 the frequency of electron-wall collisio
depends on the electron flux and the channel geometryvew

~Ge/neh, whereh is the channel width andne is the electron
density. Apart from the SEE, variations of the channel w
should directly affect particle and electron energy losse
the walls and, if the SEE happens to be sufficiently str
the near-wall conductivity. The present work will exam
the macroscopic picture of how the plasma responds to v
tions of the electron-wall interaction with the channel wid

The influence of the channel wall material on the pla
flow and the thruster discharge characteristics were stu
elsewhere.7,9,15,16 The ability to control the plasma flo
through a segmentation of the thruster channel has
demonstrated both theoretically3,22 and experimentally.22,23

In previous works the channel width effects were mo
considered and studied with respect to ionization efficien24

and thruster scaling.1,2 It is interesting to use the chann
width variations along with measurements of plasma pa
eters as a research tool in order to validate the existing
ries of electron-wall interaction effects such as the near-
conductivity.

This paper is organized as follows. In Sec. II we desc
the experimental setup and the experimental procedure
perimental results are presented and discussed in Se
Section IV compares these results with simulations. A
remarks on the thruster performance are given in Se
Conclusions are summarized in Sec. VI.

II. EXPERIMENTAL SETUP

A. Thruster configurations

A 2 kW laboratory Hall thruster25–27consists of magnet
circuit, coaxial channel, the anode, which is also a gas
tributor, and the hollow cathode neutralizer. A set of elec
magnet coils produces the magnetic field in the channel
magnetic field distribution in the channel is shaped by
magnetic core. In these experiments, the magnetic field
same for all operating regimes and the channel config
tions. Figure 1 shows the channel and simulation resul
the magnetic field for the used experimental conditions.

The thruster channel is made from a grade HP b
nitride sBNd ceramic material. Under the assumption o
Maxwellian electron EDF the SEE yield from this mate
approaches,1 when Te of primary electrons is equal
<18 eV.6,19,28 The effective channel length taken from
anode to the channel exit is 46 mm. The channel wid
measured between the inner and outer channel walls. I

thruster geometry, the channel has the outer diameter of 12
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mm and the width of 25 mm. We call this thruster confi
ration as “wide.” In the second thruster configuration,
ferred as “narrow,” two boron nitride spacers are adde
the inner and outer channel walls of the wide channel.
each spacer of 5 mm thick, the width of this channel is
mm.

The magnetic field at the inner wall of the narrow ch
nel is 170 gauss, while for the wide channel 240 gauss
maximum magnetic field along the channel median is
gausssFig. 1d. Therefore, when we refer to the channel n
rowing it includes also the reduction of the mirror near
inner wall. The mirror ratios are' 2.1 and' 1.5 for the
wide and narrow channel configurations, respectively.
radial magnetic field near the outer wall with and with
spacer is,100 gauss. For the narrow channel, one may
pect a degradation of the plasma confinement because
reduced mirror ratio. As discussed previously, we expec
channel narrowing to enhance plasma-wall interactio
well.

B. Diagnostics

We use and operate floating movable probe in hotsemis-
sived and cold regimes and then obtain the plasma pote
and the electron temperature. The probe design and set

26

FIG. 1. Schematic of the thruster channel with superimposed magneti
lines sad. Magnetic field distribution along the channel mediansbd. The
channel length is 46 mm. The magnetic field distribution was simulate
the experimental conditions.
3described in detail elsewhere.Briefly, the probe filament is

ense or copyright, see http://pop.aip.org/pop/copyright.jsp
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constructed of 0.1 mm thoriated tungsten wire. The prob
introduced into the thruster along the channel median
fast positioning stage as shown in Fig. 2. The probe h
segmented shield in order to reduce plasma perturba
which can be induced from the probe tube made from
SEE alumina ceramic. For the results presented in this p
probe-induced changes of the discharge current wereø15%.
The spatial resolution of the emissive probe in the axia
rection is approximately half the probe filament len
s,2.5 mmd.

A 25.4 mm diameter flat electrostatic probe with
guarding sleeve measures the total ion flux for all ions c
ing from the thruster. The plume probe is mounted o
rotational positioning stage. The probe axis is pointed to
thruster center at the exit plane. The radius of probe rot
around the thruster center is 730 mm. Both probe and s
are biased230 V with respect to ground.

The thruster experiments take place in a 28 m3 vacuum
vessel equipped with two cryogenic pumps.25–27We operate
the thruster at a constant xenon flow rate of 19 SC
sSCCM—cubic centimeter per minute at STPd in the dis-
charge voltage range of 150–600 V. The background
sure did not exceed 6µtorr. The thruster electrodes we
floating with respect to ground.

C. Experimental procedure

For each channel configuration, the fast probe and p
probe measurements were performed in separate sets
periments. In each operating point, the thruster was allo
to reach a steady state operation, which was monitore
the discharge current. It could take more than half an hou
particular, for operation at high discharge voltages, to rea
steady state. Such a long transitional regime, which is c
acterized by large values of the discharge current, was
reported by Hofer and Jankovsky29 for a different HT. After
the discharge current reduces and reliably saturates, a
ing potential of the fast probe is measured first without
heating and then with heating on. The measured data
multiple probe insertions are processed as described in
in Ref. 26.

For the determination of the plasma parameters, w
sume the plasma electrons to be Maxwellian and take
account the effect of space-charge limited emission from
emissive probe on the floating potential.12 For xenon plasm
an approximate relation between the plasma potentialfpl and
the floating potential of the emissive probeffl

em is fpl=f f
em

FIG. 2. Movable probe setup.
+1.5Te. For a cold probe, we use the classical expressions o
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the floating potentialf f
cl, which for xenon plasma isf f

cl

=fpl−5.77Te, where Te is the electron temperature. Fro
these equations, the electron temperature is

Te =
f f

em− f f
cl

4.27
. s1d

The electric field is obtained by numerical differentiation
the plasma potential distribution.

The assumptions of the Maxwellian EDF and the pla
sheath between the probe wire and the plasma may intro
uncertainties in determination of the electron tempera
fEq. s1dg. We placed a biased planar probed=0.74 mm
.lD for typical HTs near the thruster exit to obtain the e
tron temperature from the probeV-I characteristics. Discre
ancies between the fast probe and the biased probe
,10% in discharge voltage range of 200–300 V. It is wi
the reproducibility error of the fast probe measuremens
,15%d. Different probe techniques used in Hall thrus
studies elsewhere30–33 give also comparable results and p
files. It is believed therefore that the electron tempera
defined by Eq.s1d gives an approximate estimate of the e
tron mean energy.

The total ion flux from the thruster is obtained by in
grating over the measured ion flux angular distribution.23 A
standard deviation of these measurements is less than
5%. Using the discharge current and flow rate measurem
we deduce the current utilization,hC; I i / Id, which charac
terizes how effectively the magnetic field impedes the a
electron current, and the propellant utilization,hP; I i / Iṁ,
which characterizes the ionization efficiency.2 Here, Iṁ

=eṁ/MXe is the supplied flow rate in current unit,ṁ is the
mass flow rate,MXe is the xenon atom mass ande is the
electron charge.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Discharge characteristics

Figure 3 shows theV-I characteristics and the curre
utilization. For the wide channel configuration,<90% of the
supplied gas flow rate is ionized when the discharge vo
increases above 200 V. For the narrow configuration
shape of theV-I characteristics is affected by changes of
ionization efficiency and the current utilization. The ion c
rent saturates at 75% of the supplied gas flow rate, aVd

,300−400 V, but then increases to about 95% at 500

B. Plasma potential and electron temperature

The most striking effect of the channel narrowingsand
the mirror reductiond is on the axial distributions of th
plasma parameters. Figure 4 and 5 exemplify this effec
Vd=250 V. A significant voltage potential drop occurs in
acceleration region with a strong radial magnetic field.
narrowing the channel, we push the acceleration regio
the near-field plasma plume. The local maximum of the e
tric field and the local maximum of the electron tempera
are also shifted outwardsFig. 5d.

Figure 6 summarizes this effect for different discha

fvoltages. For comparison, we show the ratio of the outside

ense or copyright, see http://pop.aip.org/pop/copyright.jsp
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voltage drop measured between the channel exit an
cathode plane,Vout;fexit−fcath, to the discharge voltage f
two thruster configurations. The cathode plane is determ
from the electric field distribution as shown in Fig. 5sbd.
Thus, we exclude our estimations from relatively smooth
tential variations in the expanding plasma. With the
charge voltage the same, the voltage drop ratio for the
row channel configuration is generally greater than tha
the wide channel case.

C. Maximum electron temperature

The maximum electron temperature for different
charge voltage is shown in Fig. 7. In each thruster con
ration there is roughly the same discharge voltage thres

FIG. 3. Voltage vs current characteristics of the thruster dischargeId and the
current utilizationI i / Id measured for xenon gas flow of 19 SCCM and
thruster configurations with two different channel widths: 25 mmswided and
15 mm snarrowd. Magnetic field is not changed.

FIG. 4. Effect of the channel width on the plasma potential distribu
Plasma potential distribution is along the channel median of the narros15
mm widthd and wides25 mm widthd channels measured for the discha
voltage of 250 V. The anode placement is246 mm. Lout is the length o

the plume part of the acceleration region outside the channel exit.
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s,400 Vd, which separates two temperature regimes. B
the voltage threshold, the maximum electron temperatur
creases nearly linear with the discharge voltage. Above
voltage threshold, the maximum temperature saturates
spite this difference, in each operating point there is a pa
the acceleration region where the local electron temper
increases almost linearly with the local plasma potentialsFig.
8d. A linear relationship between the local plasma param
yields a constant electron energy gain, i.e.,=Te=be=f,
where b<const. For the wide channel, this relationship
seen both inside the channel and in the near field pl
plume sFig. 8d. In our previous study34 a similar behavio
was observed and attributed to minor SEE effects on ele
energy losses to the walls. These results suggest that a
role of the SEE appears above the voltage threshold as
as the electron energy gain continues to be constant.

It is worth mentioning that in other measurements ta
without a long waiting time, presumably during a transitio
regime, the discharge current is typically larger than

FIG. 5. Effect of the channel width on the electron temperaturesad and the
electric fieldsbd. The anode placement is246 mm. The discharge voltage
250 V.
steady state operation. For this transitional regime, we ob-

ense or copyright, see http://pop.aip.org/pop/copyright.jsp
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served very similar dependence of the maximum elec
temperature on the discharge voltage with approximatel
same voltage threshold as for a steady state operation.
ever, above the voltage threshold, the location of the m
mum electron temperature is in the near field plasma pl
The results for this transitional regime will be discussed
separate paper.

For the narrow channel configuration, the accelera
region is almost completely reduced to being located in
near field plasma plumesFigs. 5 and 6d. A linear relationship
between the local electron temperature and plasma pot
are also seen in this regionsFig. 8d. The plasma-wall inte
action occurs probably near the channel exit where the
trons bounce along magnetic field lines intersecting the
walls of the ceramic channelsFig. 1d. The ionization take

FIG. 6. Effect of the channel width on the acceleration region: the ou
voltage drop in the near-field plasma plume as a function of the disc
voltage.

FIG. 7. The dependence of the maximum electron temperature on th
charge voltage for two thruster configurations. For the wide channel
figuration, the electron temperature reaches its maximum inside the ch
while for the narrow channel configuration it does outside the channesSee

Fig. 5d.
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place in the vicinity of the channel exit, but probably m
intense ionization occurs inside the channelslarger neutra
density than in the plumed, where the electron temperature
seen to drop rapidly. The saturation temperature is rou
three times higher than the critical values,18 eVd estimated
for Maxwellian electron EDF.28 This result may additional
support predictions of kinetic studies17–19 of a reduced rol
of the SEE, because of an electron EDF depleted at
energies.

D. Discussions of discharge voltage effects

For the narrow channel configuration, the electric fi
outside the channel exit is larger than that it is inside
channel. This holds both below and above the voltage th
old. The current utilization is almost the same except
some differences for 300 V,Vd,500 V. The location o
the voltage drop depends on the axial variation of the
tron mobility.35 It is difficult to quantify changes of the ele
tron mobility inside the channel, because if the electron
departs from Maxwellian due to wall losses, it may de
differently at different discharge voltages. However, it is
informative to evaluate the average electron mobility ac
the magnetic field in the plume part of the acceleration
gion, which is located outside the channel exit. in the n
field plasma plume. For that purpose, we consider two o
ating points of the thruster with the narrow channel: 30
and 500 V, and use Ohm’s law to determine the ave
electron mobilitym', vez=m'fE−s1/eneddsneTed /dzg. Here
vez is the electron velocity in the axial directionz, E is the
electric field,e is the electron charge andne is the electron
density. Neglecting for now the electron pressure grad
the average mobility in the near-field plasma plume ca

¯

e

-
-
el

FIG. 8. Variations of the local electron temperature with the local pla
potential for the narrow channelsVd=500 Vd and the wide channelsVd

=400 V and 500 Vd configurations. For each regime and configuration
enlarged marker corresponds to the local parameters at the chann
Notations explain approximate regions where measurements were tak
the wide channel configuration. For the wide channel cases, the local
mum of the electron temperature is 3–6 mm upstream of the channel e
constant electron energy gain is seen in the acceleration region o
configuration.
expressed asm'<Eout/vez, where aEout<Vout/Lout, is the
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average electric field in the near-field plasma plume andLout

is length of this region measured between the channe
and the cathode plane. Within accuracy of our measurem
we takeVout<230 V andLout<20 mm for 300 V andVout

<360 V andLout<27 mm for 500 VsFig. 6d. In the accel
eration region, we may assume a monoenergetic ion
with no particle sources and sinks,Gionszd< I i /eA<const,
whereA is the cross-sectional area of the plasma in the n
field plasma plume. From the measured angular ion flux
tribution, we found that in the narrow channel case
plasma plume angle is approximately the same,<110° for
300 V and 500 V. It may justify the assumption of eq
cross-sectional areas of the plasma in the plume part o
acceleration region. Applying a plasma quasineutrality,
axial electron velocity can be described with
simplified expression similar to that of Ref. 3
vezszd<shc

−1−1dVionszd, whereVionszd<Î2efDfszdg /MXe is
the ion velocity. Since we use the average electric fieldscon-
stantd, we assumeDf<Vout. The current utilization for 30
V and 500 V is<0.75 sFig. 3d. Hence, the electron mobili
ratio m'

300V/m'
500V<sÎVout/Loutd300/ sÎVout/Loutd500 is equa

roughly to 1. Note that using the assumptionGionszd<const,
we can deduce a plasma density distribution and then
mate the electron pressure. By including the average ele
pressure gradientsthrough Ohm’s lawd, we obtained abou
30% reduction of the mobility ratio.

Because the average electron mobility and a fractio
the voltage drop outside the channel exit change little
the discharge voltage, we deduce that changes of the av
electron mobility inside the channel are also insignifican
that case, if the observed temperature saturation is a m
festation of strong SEE effects, then the question rem
how to explain large electron mobility inside the channe
lower electron temperatures obtained below the disch
voltage threshold. In the other words, there is no clear
perimental evidence of direct coupling between the elec
mean energy and the average electron mobility, which
could expect due to the SEE-induced near-wall conduct

Hagelaaret al.35 considered parametrically a situat
when the near-wall conductivity reduces five times as
discharge voltage changes from 600 V to 300 Vscases 2 an
3 of Ref. 35d. The near-wall conductivity inside the chan
and the Bohm-type mobility outside the channel exit w
assumed and controlled by empirical coefficients. The
bility coefficients for near-field plume region were equa
both voltage cases. Simulated results35 suggest that und
such conditions a fraction of the discharge voltage, w
drops outside the channel at 600 V, is approximately tw
larger than that for 300 V. In the experiment, the situatio
different. The increase of the discharge voltage does no
to the increase of the outside voltage drop because o
crossed–field mobility does not increase within the stu
discharge voltage range.

Finally, an insignificant reduction of the voltage ra
obtained between 300 and 500 V correlates with an incr
of the ionization efficiencysfrom Fig. 3d and, therefore, ma
be explained as a reduction of the electron mobility in
the channel because of rarer electron-atom collisions in

the channel. As it is explained in the following section, clas-
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sical electron transport is not an adequate model to ex
the experimental discharge current in the discharge vo
range used in these experiments.

IV. HALL THRUSTER MODELLING AND COMPARISON
WITH EXPERIMENT

In this section, we attempt to simulate the channel
rowing effect on the plasma flow. For the thruster model
consider the plasma flow, which starts in the near anod
gion, and has the lateral boundaries near the dielectric
Quasineutrality is assumed. The plasma presheath-she
terface is considered as the lateral boundary for the pl
flow region. This model was described in det
elsewhere.7,22 Let us briefly review the main points of t
model and some of its peculiarities.

We employ a hydrodynamic model in two-dimensio
s2Dd domain assuming that the system reaches a steady
Only a radial component of the magnetic field is conside
The momentum and mass conservation equations for
trons, ions, and neutrals under such conditions have th
lowing form:

nmisVi = dVi = neE − = Pi − binminasVi − Vad, s2d

=sVind = binna, s3d

=sVanad = − binna, s4d

0 = −ensE + V 3 Bd − = Pe − nnefmesVe − Vid, s5d

wheren is the plasma density,bi is the ionization rate,na is
the neutral density,V is the velocity, andnef is the effective
collision frequency. The subscriptse, i, and a denote elec
tron, ion, and neutral atom, respectively.

Further model simplification includes consideration
the one-dimensional flow of the neutral gas atoms. Fin
electron energy equation and electron transport are co
ered in a one-dimensional framework along the channe
dian. Since only the radial magnetic field component is
sidered, the electron transport is much greater in
azimuthal directionsE3B driftd than in the axial directio
sdrift diffusion due to collisionsd. Therefore, in most H
models, except some special cases37 an assumption of a co
stant “thermalized” potential1 along the magnetic field
used. This assumption reflects the fact that electrons
freely move along magnetic field line and therefore pote
of the electric field is constant along magnetic field lineswith
accuracy of the electron pressure gradientd. If the electron
temperature is constant along each magnetic field line,

w −
kTe

e
ln n = const. s6d

Using this equation it is possible to reduce the t
dimensional electron transport and electric field calcula
to a one-dimensional problem.

The electron temperature is calculated along the cha
median as a balance between the Joule heating, ioniz
and wall losses as described elsewhere.7,22 The channel i

made from dielectricsceramicd walls and therefore plasma-

ense or copyright, see http://pop.aip.org/pop/copyright.jsp
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wall interaction must be considered. The sheath regio
front of the dielectric surface is considered as collision
We use an effective coefficient of the SEE, which is assu
to be a linear function of the electron temperature upd
=0.98.6

One of the important effects to be considered with
spect to the channel width variation is the anomalous
tron transport across the magnetic field. It is well known
just the classical collision mechanism cannot explain the
served current in the Hall thruster.1,38 Electron mobility was
found to be significantly larger than the typical values gi
by the classical mechanism most likely due to pla
turbulence19,38,39and wall effects.1,9,35 Since detailed unde
standing of these anomalous transport mechanisms is
ing, we treat this problem using a semiempirical approa

We consider that electron transport across the mag
field is due to several collision mechanisms: electron-ne
collisions, electron-wall collisions, and anomaloussBohmd
diffusion: nef=nen+nw+nB, wherenef is the effective electro
collision frequency. The anomalous electron collision
quency due to electric field fluctuation can be written in
following form:

nB =
1

a16
vce, s7d

wherea is the constant empirical parameter andvce is the
electron gyrofrequency.

The electron-wall collision frequency is difficult to d
scribe because our experimental results suggest a mino
in regimes below the voltage threshold. With a low SEE
commonly accepted model of electron-wall interaction g
a little contribution to the electron transport. However
reality, the mechanism of electron-wall interaction is m
more complicated; one should take into account many
tors, such as surface roughness,1 non-Maxwellian electro
distribution function, various electron scattering process40

etc. All these effects may contribute to the electron-wal
teraction, but there is no detailed understanding of
mechanisms. Therefore, we adopt here a semiempirica
proach to approach of Hagelaaret al.35 showever, keepin
the evident dependence of the near-wall collision frequ
on the channel widthd describing the near-wall conductiv
in the following way:

nw =
1

h
b107, s8d

where h is the channel width in centimeters andb is the
constant empirical parameter.

The boundary conditions and numerical analysis
similar to those developed previously elsewhere.7,22,41 We
use the implicit two-layer method to solve the system of E
s2d–s5d. These equations are approximated by a two-la
six-point scheme. An iterative self-consistent procedure
finding the plasma density, velocity, electron tempera
and potential distribution is employed similar to Ref. 41

Figure 9 compares the experimental and simulated
tron temperature distributions along the channel media

the case of wide channel. The electron temperature peak

Downloaded 15 Jul 2005 to 198.35.6.23. Redistribution subject to AIP lic
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near the thruster exit plane where the electric field is hig
Then, the electron temperature decreases because o
losses and ionization losses.

The electric field in the HT channel tends to concen
itself in the region with the lowest mobility. For our thrus
the results of simulations are shown in Fig. 10. The pote
distribution along the channel median inside the chann
shown for different Bohm mobility coefficients. These
sults were obtained assuming only Bohm anomalous m
ity inside the channel. Note that lower coefficienta fEq. s7dg
corresponds to higher electron conductivity across the
netic field. Thus, the electron conductivity enhancemen
side the channel can cause qualitatively similar chang
the plasma potential distribution as those obtained in th
perimentssFigs. 4 and 6d.

While it is not clear how channel width affects plas
turbulence and associated with this anomalous electron
port, it is expected that the channel width can affect elec
wall collisions. Figure 11 illustrates this effect for tw
thruster configurations used in these experiments. It ap
that only variations of the channel width are insufficien
reproduce the experimental result. Therefore one should
into account also change of the coefficientb. This reflects
the fact that near-wall conductivity depends on the elec
EDF, SEE, etc. In these experiments and simulations
keep the same axial distribution of the magnetic field
both channel cases. However, the reduced magnetic m

FIG. 9. Electron temperature distribution inside the wide channel. Com
son of simulations with experiment forVd=300 V.

FIG. 10. Simulation results: Potential distribution inside the Hall thru
channel. Bohm anomalous conductivity effect.a is the empirical coefficien

sin Eq. s7d.
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near the inner wallsFig. 1d of the narrow channel might lea
to larger electron energy losses and somehow contribute
larger effect on the plasma potential distribution than
channel narrowing. The magnetic mirror near the inner
may also affect electron EDF,20 and therefore also th
electron-wall interaction, leading to increased electron-
collisions. A detail study of these effects is necessary, b
is out of scope of this paper. We mention a number of s
ies, which demonstrated the effect of the magnetic field
pology on ionization efficiency and beam focusing prope
in HTs.1,42–44

V. A FEW REMARKS ON THRUSTER PERFOMANCE

Having a larger potential drop in the near-field plas
plume may have some advantages and disadvantage
thruster applications. A possible advantage is that less
getic ions are able to strike the walls and cause the ch
erosion.44 However, the ion acceleration occurs in the fri
ing magnetic field where the plasma flow is subjecte
divergence because of defocusing equipotential surfacesE
=−ve3Bd.44,45 The plasma divergence is usually measu
in terms of a half plasma plume angle for 90% or 95% of
total ion flux coming from the thruster. In our previo
studies,22,23 we demonstrated that using low SEE segme
electrodes placed at the channel exit flash with the cha
walls it is possible to narrow the plasma plume. The plu
narrowing is accompanied with an increase of the vol
drop inside the channel.22 In the present experiments, t
channel narrowing has an opposite effect on the plasm
tential distribution. Within accuracy of plume measureme
we measured a,10% larger plume angle for the narro
channel as compared to the wide channelsa half plume angl
,48°—50°d. Interesting that as the discharge voltage
creases above 600 V, the difference in the plume angl
minishes, but the thruster with narrow channel operates
efficiently sFig. 12d. The channel erosion is more critical
high discharge voltage operation because of a larger e
of ions impinging the channel walls. It would be interest
in the future to conduct plasma measurements at highe
charge voltages than those used in these experimen
evaluate the channel erosion, and to find a scaling law fo

FIG. 11. Simulation results: Potential distribution inside the thruster ch
with near-wall conductivity empirical coefficient as a parameter.Vd

=300 V. Electron anomalous transport is based on the near-wall effecb
is the empirical coefficient in Eq.s8d.
channel width as a function of the discharge voltage.
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VI. CONCLUSIONS

Recent theoretical studies of Hall thrusters predicted
in the presence of strong secondary electron emis
electron-wall collisions can significantly affect electron
ergy losses on the channel walls and electron crossed
transport. A characteristic frequency of electron-wall c
sions depends on the distance between the channel
what we call the “channel width.” We have conducted
periments in which the channel width was varied. The
charge voltage was also varied to affect the Joule hea
Using an emissive probe the plasma potential and the
tron temperature were measured in the acceleration reg
a 2 kW Hall thruster. The experimental dependence o
maximum electron temperature on the discharge voltag
hibits the discharge voltage threshold,400 V. Below the
voltage threshold, the maximum temperature incre
nearly linear with the discharge voltage. The electron en
gain is almost unchanged in the acceleration region in
the channel and in the near-field plasma plume. This r
suggests a minor role of the secondary electron emissi
electron energy losses on the channel walls. Above the
age threshold, the maximum temperature saturates.
theory also predicts the temperature saturation in a tran
to the space-charge limited regime of the near-wall she
However, the measured saturation temperatures are
times larger than the critical value predicted for space-ch
saturated near-wall sheath under the assumption of Max
ian EDF for electrons.

Perhaps the most unexpected result of this study is t
is the channel width, more than the discharge voltage, w
influences the location of the accelerating voltage drop v
tions. In the discharge voltage range of 200–500 V, the c
nel narrowing significantly reduces the electric field ins
the channel and causes the accelerating voltage drop
established mainly in the near-field plasma plume. Enha
anomalous crossed-field mobilitysnear-wall or Bohm con
ductivityd is suggested by a hydrodynamic model as an
planation to the reduced electric field measured inside
narrow channel. The measured effect of the channel wid

l

FIG. 12. Propellant utilization times current utilization for xenon gas
of 19 SCCM and two thruster configurations with two different cha
widths: 25 mmswided and 15 mmsnarrowd. Magnetic field is not change
the acceleration region is also much stronger than one could
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expect from the existing theories of near-wall conductivit
is also not so evident from the measurements that the
tion of the voltage drop depends on the electron mean
ergy, which would be the case for the SEE-induced near
conductivity. The strongest effect of the channel width
actually measured below the voltage threshold where
ondary electron emission effects are minor. On the o
hand, it is not obvious why Bohm conductivity would
affected directly by the channel width. Therefore, altho
our present measurements and modeling do not identify
cisely the mechanisms of the electron conductivity enha
ment due to channel width narrowing, it is believed that
electron-wall interaction contributes directly or indirectly
these observations. More work has to be done in ord
understand these mechanisms and their dependences
channel width and the magnetic mirrors near the cha
walls, including kinetic simulations and measurements.
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