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Abstract; Reducing the influence of back-sputtering effect can effectively improve the accuracy of the

measurement of the Hall thruster plume effect. Quartz crystal microbalance (QCM) was used to measure the

deposition and sputtering distribution of HET-40 thruster plume on two different experimental conditions: case

1, using liquid nitrogen heat sinks and case 2, without using liquid nitrogen heat sinks. Meanwhile, X-ray

photoelectron spectroscopy (XPS) was used to analyze the composition of the QCM surface after two experi-

ments. The results of the two experiments showed that the sputtering rate under the condition of case 1 was

slightly higher than case 2. Especially within the range of 90° to 110° relative to the thruster axis, case 1 ex-

periment result showed sputtering effect, while case 2 experiment showed deposition effect. Through analysis

of the experimental results, it can be found that using liquid nitrogen heat sink to reduce the temperature of the

inner wall surface of vacuum chamber can effectively adsorb the particles sputtered by the plume and reduce the

concentration of back-sputtering particles, leading to the above phenomenon.

Key words: vacuum exhaust plume; sputtering effect; deposition effect; Hall thruster; HET-40
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Hall thrusters are Hall-effect-based electric
propulsion devices that use electrostatic forces to
accelerate an ionized propellant, while magnetic
forces limit the mobility of electrons and provide

efficient ionization-".

This type of thruster has
been widely used for on-orbit satellite propulsion
because of its high specific impulse and thrust

efficiency™>®.

For many years, researchers have
studied the characteristics of the Hall thruster
plume and achieved remarkable results™?®,
However, two primary risks become exposed

when the Hall thruster plume interacts with sen-
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sitive on-board equipment: the erosion of ex-
posed surfaces due to the impact of high energy
plume ions and the deposition of contamination
products that emanate from the thruster. There-
fore, many ground experiments have been car-
ried out to characterization the deposition and
sputtering of Hall thruster plumes in different
vacuum facilities.

Pencil, et al. conducted a series of experi-
ments to measure the distribution of the deposi-
tion and sputtering effects of an SPT-100
[6]

plume These experiments were carried out in
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a vacuum facility pumped by a gaseous helium
cryogenic pumping system. The results showed
that the sputtering effect was dominant at angles
lower than 70° from the axis, and the deposition
effect was dominant at angles greater than 70°.
Since then, Jaworske conducted a similar experi-
ment on the SPT-140 thruster'™. The facility
used in this experiment was included twelve cry-
ogenic pumps. The researchers found that, un-
like the SPT-100, all the materials in the 90°
range were sputtered by the plume from the
SPT-140 thruster. Trevisani, et al. used QCM
to test the effect of a Hall thruster plume at 80°
from the axis in a small vacuum chambert®.
Pumping out of the chamber was done by a me-
chanical pump and two cryopumps. The experi-
ment clearly showed the depositional effect at
80°. Khartov, et al. measured the contaminants
in the SPT-70 plume with self-designed devices
and proved that B element, which came from the

07 Tt can

thruster, was one of the contaminants
be found from the above studies that the sputte-
ring and deposition distribution of different
types of thrusters were not the same. There-
fore, the plume effect of the Hall thruster HET-
40 developed by ourselves still needs to be ex-
perimentally studied.

Meanwhile, the researchers found that the
back-sputtering effect from the electric thrusters
has an adverse effect on the experiments''*'J,
Therefore, several vacuum chambers are e-
quipped with an anti-sputtering target (AST) to

[1213) How-

reduce the impact of back-sputtering
ever, in the most vacuum chambers, the back-
sputtering particles were still adsorbed by local
low temperature methods such as cryopumps,
which adsorbed only when particles collide with
their surfaces. In this way, the back-sputtering
particles will exist for a period of time and can-
not be adsorbed in time. For this reason, some
researchers used liquid nitrogen heat sinks to
cool the inner wall of vacuum chamber and car-
ried out experiments with ion thruster™™*'. But
they did not compare the results with those unused

liquid nitrogen heat sinks. Therefore, whether the

use of liquid nitrogen heat sink is beneficial to the
experiment and the degree of influence on the exper-
imental results remain to be studied.

In this study, an experimental investigation
was performed to characterize the distribution of
deposition and sputtering from HET-40 plume
on two different experimental conditions: case
1, using liquid nitrogen heat sinks and case 2,
unused liquid nitrogen heat sinks. QCM devices
were used in these two experiments to measure
the mass deposition rate and the mass sputtering
rate. X-ray photoelectron spectroscopy (XPS)
was used to analyze several QCM surfaces to de-
termine the pollution components after the two

experiments were completed.
1 Experimental investigation

1.1 Vacuum facility

The experiments were conducted in the vacuum

Y5 The vacuum

plume effect system (PES
chamber in the PES has a cylindrical horizontal
body, and two elliptical head structures with an

inner diameter of 5. 2m and a length of 12. 6 m as

illustrated in Fig. 1.

\ \.‘:}‘ A<

Fig.1 Vacuum chamber of the PES

The facility is equipped with an external
vacuum pumping system, an internal cryopum-
ping system, and a double-layer anti-sputtering
target (AST)M® . The external vacuum pumping
system consists of a coarse pumping system and
a high pumping system. The former comprises
two SP630 screw pumps and two WSU2001FC
root pumps, and the latter comprises two TW1

600 molecular pumps, two Coolvac 60000 BL-V
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cryopumps, and their forepumps. The internal
cryopumping system consists of double layers of
heat sinks. The double-layer anti-sputtering tar-
get (AST), with graphite sheets, was designed
to effectively reduce the backflow rate of sput-
tered materials. The AST also has liquid nitro-
gen heat sink on the inner surface.

The first experiment, case 1, was per-
formed using the external vacuum pumping sys-
tem and both layers of heat sinks that were
cooled by liquid nitrogen. In this case, the dy-
namic vacuum was stable at 1.5 X 10 Pa and
the temperature of inner face of vacuum chamber
was 77 K during the experiment. The second ex-
periment, case 2, was performed using only the
external vacuum pumping system. The dynamic
vacuum was stable at 2. 5X 10 *Pa and the tem-

perature of inner face of vacuum chamber was

297 K.
1.2 Thruster

These two experiments were performed by a
single HET-40 thruster. The thruster was de-
signed to operate with a discharge current of 1. 9
A and a discharge voltage of 300 V. The xenon
flow rate of the thruster’'s anode was 27 mIL/min
and the volumn flow rate for its cathode was 3
mL/min. A photograph of the thruster is pro-
vided in Fig. 2. During the two experiments, the
discharge current of the thruster remained at a-
bout 1. 873 — 1. 879 A and the discharge voltage
was stabilized at 313 V. The current density un-

certainty for each experiment was estimated to

be 0. 3%.

Fig. 2 HET-40 thruster

1.3 Measuring apparatus and procedure

A series of the same type of quartz crystal
microbalances (QCMs) were utilized in the pres-
ent study to record the deposition and sputtering
rates from the plume of HET-40 thruster. The
QCMs were provided by the Beijing Institute of
Satellite Environmental Engineering. The crys-
tal surface of the QCM is plated with Au and the
crystal sensitivity was 1. 1 ng/(em® » Hz). The
frequency error of QCM is =5 Hz. The QCM
surfaces, before and after the experiments, are

shown in Fig. 3.

Befor experiments

After experiments

Fig. 3 QCM surface before and after experiments

Supports for the QCMs were provided by
L-type brackets that were connected to two arc
plants. The L-type brackets and the arc plants
were all made of aluminum. The two plants
were placed symmetrically on the left and right
sides of the thrust axis, and (11604 1)mm from
the thruster’s center. The QCM distribution an-
gle range () was 40° to 110°, with respect to
the thrust axis, in (10+0. 1) degree increments
on each side (shown in Fig. 4). Eight QCMs
(QCM 1 — 8) were placed on the right side
plant, and the symbol “ X7 indicates that the
QCM was not available at that position. A
$50 X100 mm aluminum collimator was installed
on the front of each QCM on the right side to
make sure that only the materials from the
thruster could reach the sense crystal. The inner
surface of the collimator was covered with foil.
Another eight QCMs (QCM 9—16) were placed
on the left-side plant and six of them had no col-
limator installed so that the results could be
compared to the QCMs on right-side plant. Two
QCMs, which were placed at 50° and 60° on left
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side, were equipped with the same collimator as the
right side to verify the symmetry of the two plants.

The same group of QCMs was used in the
two experiments and no QCM was moved during
the two experiments. Case 1 experiment was
performed first and lasted for 8 h and case 2 ex-
periment lasted for 4h. During the case 1 experi-
ment, some QCMs, which were closer to the ax-
is, were over range due to the severe sputtering.
Therefore, only parts of the QCMs were still us-
able for case 2 experiment. Fig. 4(a) shows the
configuration for the QCMs used in case 1 and

Fig. 4(b) shows the configuration of the QCMs

QCM 16

QCM 12

QCM 1-8,10,11 QCM'1

with collimator
Right side

(a) Case 1

used in case 2. The QCMs have been heated to 323
K for 10h to keep clean before each experiment.

During these two experiments, the vacuum
chamber was connected to a dedicated ground
terminal. The thruster and its mounting struc-
ture were insulated from the vacuum compart-
ment. The QCMs, the L-type brackets, and the
arc plants were electrically connected to the vac-
uum chamber, but the collimators were electri-
cally isolated from the vacuum chamber and any
other equipment.

In summary, the two experimental condi-

tions are shown in Table 1.

QCM 16

QCM 12

Left side
QCM 9,12-16
without collimator

QCM 1-8,10,11
with collimator
Right side

(b) Case 2

Fig. 4 Configuration of the two experiments

Table 1

Two experimental conditions

Experiment Vacuum pumping system

Inner wall temperature of

Background pressure/

vacuum chamber/K 107° Pa
External vacuum pumping system
Case 1 o ) 77 1.5
&. liquid nitrogen heat sinks
Case 2 External vacuum pumping system 297 2.5

X-ray photoelectron spectroscopy (XPS)
was used to analyze the composition of the crys-
tal surface of several QCMs after the two experi-
ments. The XPS data were obtained with an ES-
CALab220i-XL. electron spectrometer from VG
Scientific using 300 W AlKq radiation. The base

" Pa. The binding en-

ergies were referenced to the Cls line at 284. 8

pressure was about 3X10

eV, which was from adventitious carbon.

2 Results and discussion

Fig. 5 shows the Af of the two QCMs dur-
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ing case 1 experiment and the result of curve fit-
ting. Af is the change value of QCM [requency.
The de-
scription ‘right-with collimator 80°” means that

the QCM was placed 80° with respect to the

Positive Af means sputtering effect.

right side plant and equipped with collimator as
shown in Fig. 4. The curve before 200 min in Fig. 5
is nonlinear. This was because the thruster was in
an unstable state when it was turned on. There-
fore, the last 100 min of the experiments were
selected as valid data. The slope of the curves
‘b’ means the frequency sputtering rate. Ac-
cording to the relationship between the mass
sputtering rate ‘m” (ng/(cm” ¢ min)), the fre-
quency sputtering rate ‘6’ (Hz/min) and the
crystal sensitivity, m=~bX1.1, the mass sputte-

’

ring rate ‘m’ can be calculated.
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Fig.5 Af for two QCMs during case 1 experiment

and the result of curve fitting the data

Fig. 6 and Fig. 7 show the mass sputtering
rates (m) recorded by the QCMs in the two ex-
periments respectively. Fig. 6 (a) shows all the
data for the QCMs placed on both sides from 40°

to 110°, and Fig. 6 (b) shows part of the QCMs
on both sides from 90° to 110°. 7 >0 refers to
sputtering effect, m < 0 refers to deposition
effect. As shown in Fig. 6(a), the mass sputtering
rate of the QCMs installed at 50° and 60° on both
sides were basically the same. This phenomenon
proves that the two plants had a good symmetry.
From the experimental data shown in Fig. 6
and Fig. 7, it can be observed that the mass

sputtering rate of the QCMs on the same side
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Fig. 7 Mass sputtering rate of the QCMs in

case 2 experiment

decreased with an increasing QCM distribution
angle in both experiments. This result was
caused by the decrease of the current density
supplied to the Hall thruster plume as the QCM
distribution angle increased**'. In addition,
the mass sputtering rate of the QCMs without
collimators was significantly higher than the
QCMs with collimators at the same QCM distri-
bution angle. This was because the collimator
effectively prevented interactions between parti-
cles coming from an oblique incidence and the
surface of the QCM. Thus, the QCMs without
collimators were subjected to more particles from
environment than the QCMs with collimator.

Fig. 8 compares the mass sputtering rate ob-
tained from the two experiments. From the
comparison of the results for QCMs without col-
limators, it can be found that the sputtering rate
in the case 1 experiment was higher than in case
2 experiment. The results for the QCMs with
collimators showed the same phenomenon. But
the difference was much smaller than the QCMs
without collimators. Besides, it is worth noting
that the sputtering effect occurred in case 1 ex-
periment over the QCM distribution angles of 90°
to 110°, but the deposition effect occurred in case 2
experiment at the same QCM distribution angles.

According to the different experimental con-
ditions shown in Table 1, the above phenome-
non may be caused by the following reasons: (1)

the sputtering and deposition distributions were

affected by the background pressure; (2) differ-

1100
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Fig. 8 Comparison of mass sputtering rate of

two experiments

ent inner wall temperatures affected the concen-
tration of back-sputtering particles, which af-
fected the experimental results.

Background pressures in the two experi-
ments were a little different. According to the
literature, it can be find that the plume perform-
ances of Hall thruster are indeed affected by the
background pressuret?*?". The results in Ref.
[24] indicated that, as the background pressure
decreased, the energy of low energy ions at large
angles increased, and the number of low energy
ions decreased. However, in the two experi-
ments, the difference of the background pres-
sure is so small that it should not cause signifi-
cant changes.

The influence of the back-sputtering effect
of the Hall thruster was hard to be monitored
during the two experiments. The ionization
gauge used in the chamber can only monitor the
gas pressure and cannot measure the content of
elements such as C and Al. Therefore, X-ray

photoelectron spectroscopy (XPS) was used to
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analyze the composition of the crystal surfaces of

some QCMs. Considering that the transition of

sputtering to deposition effect occurs at 4 of
90°—110°, the QCMs placed at these locations

were selected for XPS analysis.

Table 2 shows the analysis result obtained

with XPS (unused in Table 2 means that the
QCM was not used in the two experiments). As
shown in Table 2, for the unused QCM, the

main components were Au, C, and O elements.

Due to oxidation, the content of the C and O ele-

ments were a little higher.

Table 2 Analysis result of XPS

Mass fraction/ %

QCM
Au C O N Al Si B Cl
Unused 82. 87 9.20 4.48 0. 88 2.58

Without collimator, §=90° 90. 73 3.47 1. 54 0.16 4. 09 0. 00
Without collimator, §=100° 89. 44 3. 33 2. 60 0.32 3.35 0.96
Without collimator, §=110° 88. 84 3. 37 2.42 0. 30 3.98 1. 09

With collimator, §=90° 81.28 4. 84 7.99 0. 46 1. 83 3.42 0.18

With collimator, §=100° 77.57 11. 32 5. 85 1. 05 2.70 1.51

With collimator, §=110° 60. 45 18. 33 10. 13 0.49 2.58 8.02

For the QCMs without collimators, the The difference of the concentration of C ele-

mass fraction of Au elements was much higher
than the unused QCMs and the QCMs with colli-

mator. That was because the QCMs without col=

limators had been sputtered in both experi-

ments. However, because of the deposition

effect, the mass fraction of Au on the QCMs

with collimators was lower than 82% after the

two experiments. For the QCMs with collima-

tors, the mass fraction of Au decreased as the

QCM distribution angle increased and the mass

fraction of C increased as the QCM distribution

angle increased. Therefore, it can be considered

that the depositional effect was mainly due to the

C element sputtered by the Hall thruster plume

from graphite sheets on AST. It proves that the

concentration of C element in the case 2 experi-

ment was higher than the case 1 experiment.

The effect of the surface temperature on

sputtering has been studied for many years

[25-26]

According to the research by Besorce, et al. , it

can be found that the sputtering yield is hardly

affected by the wall temperaturet®,

Therefore,

the different between the two experiments may

not be caused by the sputtering effect on liquid

nitrogen heat sinks.

ment in the two experiments can be explained by

the relationship between the surface temperature

and the adsorption ability of the surface’®’. In a

rarefied gas environment, the equation for depo-

sition rate can be expressed as

. _ . m
my — am; — —

@y

where m, is mass deposition rate; « is sticking

coefficient; m; is mass incident flux; m is mass

deposit at time ¢; ¢ is deposit residence time on

the surface.

In Eq. (1), ¢ is defined as

T — TQeXp<

)

(2)

where 7, is lattice fluctuation time, on the order

of 107" s; E, is effective heat of desorption; R

is universal gas constant; T is surface temperature.

The sticking coefficient ¢ can be expressed

ast?®

where T, is source temperature.

(3

According to the Eq. (1) to Eq. (3), it can

be found that as the surface temperature decrea-

ses, the residence time increases and sticking co-
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efficient increases. This will lead to an increase
in mass deposition rate. During case 1 experi-
ment, the temperature of inner face of vacuum
chamber was 77 K, which was much lower than
case 2 experiment. Thus, it can be considered
that the deposition rate of C element on heat
sinks was more in case 1 experiment than that in
case 2 experiment. Therefore, concentration of
C element that could be deposited on the QCM
surface in case 2 experiment was higher than
case 1 experiment. This phenomenon eventually
caused the sputtering rate in case 1 experiment

to be higher than case 2.

3 Conclusion

In this paper,the mass sputtering and depo-
sition effects of Hall thruster (HET-40) plume
has been investigated on two different ground
experimental conditions: case 1, using liquid ni-
trogen heat sinks and case 2, unused liquid ni-
trogen heat sinks. According to the experimen-
tal data, it can be observed that the mass sputte-
ring rate of HET-40 plume decreased with an in-
creasing QCM distribution angle in both experi-
ments. However, the results also showed that
the sputtering rates during case 1 experiment
were higher than case 2 experiment. The sputte-
ring effect of the HET-40 plume occurred over a
range up to 110° in case 1 experiment, and only
up to 80° in case 2 experiment. After analyzing
the experimental data and the XPS results, it
can be found that the difference between the two
experiments was mainly caused by the different
concentrations of back-sputtering particles.

Compared to the local cooling method, it
can be found that using liquid nitrogen heat
sinks to decrease the temperature of vacuum
chamber can effectively adsorb back-sputtering par-
ticles and reduce its effect on experiments. This dis-
covery has certain guiding significance for the

ground experimental research of electric propulsion.
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