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Abstract
We investigated the structure of the ion acceleration region and the shape of the ion velocity distribution function

in cylindrical Hall thruster plasmas, using laser-induced fluorescence spectroscopy on Xe II metastable ions. On the
32 thruster axis, the acceleration front is located deeper than a half-length of the discharge channel length, and the
33 acceleration region reaches up to 3 times the discharge channel length (several centimeters) away from the channel
34 exit, regardless of the discharge condition. It is‘noteworthy that ion acceleration mostly (more than 70%) takes place
outside the discharge channel. The ion velocity distribution function is close to a single Gaussian inside the discharge
channel. It however becomes substantially asymmetric when moving downstream. Double Gaussian distributions
38 including cold and hot ion groups was in goodiagreement with the measured ion velocity distributions downstream
39 with an R-squared greater than 0.995.
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1. Introduction

The structure of the ion acceleration region is of great importance in Hall thruster plasma research because it has
a strong influence not only on ionization and acceleration but also on the performance and lifetime of thrusters. It
is known that adjusting the anode voltage or propellant flow rate leads to a shift or modification of the electric field
profile, and this behavior depends on the thruster geometry and the magnetic field topology [1-4]. The magnetic
field is especially a key variable that can significantly affect the ion acceleration region. This is because the electric
field is generally intense in the area where the strong radial magnetic field exists, and a downstream shift.of the ion
acceleration region by a magnetic shielding configuration has been identified [4-6].

Over the years, many changes in the geometry and magnetic field of the conventional.annular Hall thrusters have
been attempted for reducing the interaction between the plasma and walls, such as magnetically=shielded thrusters
and wall-less thrusters [6, 7]. Particularly for miniaturization of Hall thrusters for low,power operation, cylindrical
Hall thrusters are considered advantageous because the removal of channel wall and”“magnetic components
surrounding the thruster axis provides a reduced plasma surface-to-volume ratio [8]. In the cylindrical Hall thruster,
the magnetic field is axially dominant near the thruster axis and the plasma,is formed in a hollow cylindrical
discharge channel. Therefore, the axial component as well as the radial.component.of the magnetic field plays an
important role in electron confinement and transport [9]. Different behaviors compared to those of conventional
annular Hall thrusters could be expected, and many unique physical features that are rarely seen in conventional
annular Hall thruster plasmas have been reported. This includes asweak breathing-mode oscillation [8] and a high
propellant utilization by a significant fraction of multiply-charged ions [10, 11]. Additionally, extended ion
acceleration region up to more than 40 mm outside the discharge cavity as Well as different electric potential profiles
due to different magnetic field configurations was also reported [12]. However, the effect of the anode voltage and
flow rate on the ion acceleration region and spatially-resolved internal measurement in cylindrical Hall thruster
plasmas has not yet been fully addressed.

This study aims at investigating the structure of the iomaceeleration region in cylindrical Hall thruster plasmas.
The anode voltage and flow rate have been chosen as,experimental variables. Ion velocity distribution functions
(IVDFs) and ion energy profiles have beemmeasured by laser-induced fluorescence (LIF) spectroscopy. The mean
energy profile is used to estimate the structure of the ion acceleration region and to evaluate how the acceleration
region depends on operating conditions/ Furthermote, nonlinear ion acceleration is discussed by investigating the
shape of IVDFs. ~

2. Experimental Setup

The schematic diagram’ of the Hall thruster used for the study is illustrated in Fig. 1(a), which is a typical
cylindrical Hall thruster. Details can be found in previous papers [11, 13]. The discharge channel is 50 mm in
diameter and 24 mm in depth. The'magnetic field is produced by a pair of electromagnets whose current directions
were the same, namely the coscurrent configuration. The operational conditions were varied either by changing the
anode voltage in the range 200-350 V at a constant anode flow rate of 7.0 sccm, or by changing the anode flow rate
in the range 4.0-10.0 sccm at a constant anode voltage of 300 V. The hollow cathode was operated with a 1.0 A
keeper current'at, 1.0 sccm Xe flow rate. The cathode orifice was located at (7, z) = (60 mm, 10 mm) where » and z
are the radial and axial coordinates, respectively, and (7, z) = (0, 0) corresponds to the thruster axis and exit plane.
The magnetic field line intersecting the keeper orifice was represented as the dashed curve in Fig. 1(a). Experiments
have been performed in a 3 m long and 1.5 m in diameter vacuum chamber. Four cryogenic pumps provide a
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pumping rate of 24,000 L/s for Xe gas. Xenon gas was used as a propellant here and the operating pressure was
maintained between 4-9 pTorr (corrected for Xe) at a flow rate of 5.0 — 11.7 sccm.

LIF spectroscopy is utilized to non-intrusively measure the [VDF of an atomic state [14, 15]. In this work, the Xe
II ion is excited from the 5d°F7; state to the 6p°D%, state at 834.72 nm (in air). The resulting fluorescence.due.to
the transition to the 6s?Ps, state can be observed at 541.9 nm (in air). A 110 mW output power ontinugus-wave
tunable diode laser (Newport TLB 7115-01) with a 300 kHz bandwidth was employed as the ex¢itation source. The
laser beam first passes through a Faraday optical isolator (Newport ISO-08-800-BB) and a 9:1 beamssplitter, as
illustrated in Fig. 1(b). The small part of the split beam is focused onto a single-mode optical fiber that is eoupled
to a high-precision wavelength-meter for wavelength monitoring. The wavelength-meter,(Newport WM1210) can
resolve 1 pm with the accuracy of +1 ppm in the near-infrared domain. The large partiof the split beam is divided
again by a 50:50 cube beam splitter to simultaneously measure the axial and radial velocityscomponents of Xe II
ions. The light intensity of the two laser beams is modulated at 500 Hz and 350 Hzusing two/mechanical choppers
as can be seen in Fig. 1(b). The two beams are subsequently focused at the same locationwith a f=2.5 mand a f=
4 m lenses, respectively, where fis the focal length. Inside the vacuum chamber; the fluorescence radiation produced
by the two NIR laser beam is captured by means of a = 300 mm lens. The lens makes a 58 degrees angle with
respect to the thruster axis in such a way light can be collected inside the thruster channel. A set of mirrors guides
the fluorescence outside the vacuum chamber to a f= 500 mm lens, which focuses/the light onto the entrance slit of
a monochromator (Chromex-500sm). The monochromator filters fout thesbackground radiations with a spectral
width of 1.96 nm at 541.9 nm. A photomultiplier tube (Hamamatsu R7518P) is mounted at the exit slit of the
monochromator to convert light into an electrical signal. As shownuin Fig. 1(b), the light detector signal is sent to
two lock-in amplifiers (Stanford Research Systems SR830) to Simultaficously and independently measure the
signals from the axial (500 Hz) and the radial (350 Hz) laser beams. The lock-in amplifier time constant was set at
a 0.1 s with 24 dB/oct roll-off. Finally, a personal computer reads the output signal given by the two lock-in
amplifiers.

Axial and radial LIF measurements have been performed; as indicated by the cross symbols “x” in Fig. 1(a). The
size of the measurement volume is 0.6 mm x 1.2 mm % 1.3 mm for the axial laser beam and 0.6 mm x 1.2 mm X
2.8 mm for the radial beam, respectively. Asia consequence, the optical power density of the axial and radial beams
was 11.7 and 2.8 mW/mm?, respectivelysPrevious studies reported the saturation of the optical transition as the
source of uncertainty of LIF measurement|[15-17]. To examine the suitability of the used beam power, we compared
normalized IVDFs measured at z = 60"mm by varying the laser beam power density in the 1.2 to 14.5 mW/mm?
range. The shape of [IVDF was unchanged, which means that power broadening of the line shape is weak at such
power densities and conclusions.are not impacted. In other words, the Doppler broadening remains by far the main
broadening mechanism.

The thruster and its hollow cathode were mounted on a motorized transition stage that could move 100 mm and
70 mm along the axial and radial direction, respectively. The measurement range was z =-16 — 80 mm and » =0 —
38 mm. The excitation wavelength for Xe II ion at rest (null velocity) was evaluated. The fluorescence signals of
the injected laser beamand of the counterpropagating beam reflected by the center surface of the thruster were
recorded. The obtained excitation wavelength is 834.7234 £ 0.00014 nm (in air), where the measurement error
indicates a 99% confidence interval that corresponds to £50 m/s velocity.
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Figure 1. (a) A schematic diagram of the cylindrical Hall thtuster used in these experiments and magnetic field
lines. The ‘X’ symbols denote the measurement points. The typical size of the sampling volume for LIF diagnostics
was 0.6 mm x 1.2 mm x 1.3 mm. (b) Block diagram0f the LIF spectroscopy setup. The detection range was z = -
16 — 80 mm.

3. Experimental results

Figure 2 presents the measured axial and radial [IVDFs at different axial positions at 300 V anode voltage and 7.0
sccm Xe flow rate. As shown in Fig. 2(a), the mean axial velocity increases from 6.6 to 18.5 km/s (peak velocity
increases from 6.7 to 18.1 km/s) as Xe Il'ions moye from z = -6 mm to 70 mm. On the other hand, the mean radial
velocity, depicted in Fig. 2(b), stays arourh zero along the thruster axis. This result indicates that on the centerline
ions are on average only accelerated i the z-direction over a long distance. The observation of significant ion
acceleration from z = -6 mm'toe’z = 70 mmqin a cylindrical thruster plasma is remarkable because ion acceleration
in conventional annular Hall thruster plasmas usually occurs only within 10 — 20 mm from the thruster exit plane
[1, 18-20].

Figure 3(a) presentsithe measured mean ion velocity vector and mean ion energy of the cylindrical Hall thruster
plasma at 300 V anode voltage and.7.0 sccm Xe flow rate in the axial-radial space. The mean axial and radial ion
energies were obtainedas W,(z) = mv2/2 = [mv2/2 % f,(v,)dv, and W, (2) = mv_rz/ 2, respectively, where m
is the ion mass, v, and ¥, are the axial and radial ion velocities, and f,(v,) is the axial ion velocity distribution
function. The ion trajectories and energy contours exhibit an upstream movement of the acceleration front and a
narrowing of the acceleration region as moving away from the thruster axis. These results are considered to be
related to the upstream shift of ionization location with the increase in radial component of the magnetic field [21].
It is also noteworthy that the electric potential contour significantly deviates from the magnetic field line in the
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2
3 region where the magnetic field is axially dominant. Although the quasi-equipotential property along the magnetic
g field line does not hold for cylindrical Hall thrusters, such discrepancy was commonly found in other thrusters that
6 have similar magnetic field configurations [12, 22]. With the assumption of isorotating electrons on the magnetic
7 flux surface, it was shown that Hall current not only raises the inclination angle of magnetic field but also deflects
8 the electric field so that it does not perpendicular to the magnetic field, and the deflection angle of the electric field
9 could be nonnegligible for Hall thruster plasmas [23]. Therefore, ExB drifting electrons are thought to contribute to
1? inconsistency between the potential contour and the magnetic field line. Figure 3(b), showing the electric potential
12 measured by a floating emissive probe [21], demonstrates that the potential drop is still considerable evenbeyond z
13 =60 mm, as in Figure 3(a). In the figure, the white dashed lines represent the observation range to maintain low
14 plasma perturbation (less than 2% discharge current variation).
15
16
17
18 1.0
19 ;‘ ~
20 . 0.8
21 <
22 g 0.6
23 R
24 ‘” 0.4
25 £
26 502
27 Z
28 0.0 —
29 0 5 10 .15 20 25
30 Axial.velocity (km/s)
31
32 1.0
33 < | ®
34 p 0.8
35 ~
36 g 0.6
37 R
38 ‘” 0.4
39 £
40 o0 0.2
41 < N
42 0.0
43 -10 -5 0 ) 5 10
44 Radial velocity (km/s)

45 Figure 2. (a) The axial and (b).the radial LlVDFs measured at z=-6, 1, 10, 30, and 70 mm, respectively. The operating
conditions were 300 V angde voltage and 7.0 sccm anode flow rate.
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Figure 3. (a) The mean ion velocity vector (arrow) andymeanyion energy (color) plot. The red dashed and gray
curves are the mean ion energy contour and the.magnetic field line, respectively. The squares denote the points
where IVDF was measured, and yellow dashed curves are'the ion trajectories. (b) The electric potential measured
by a floating emissive probe. The cylindrical Hall thruster was operated at 300 V and 7.0 sccm.

To clarify the ion acceleration in the cylindrical Hall thruster plasma, we compared the ion energy profiles along
trajectories 1 and 4 with the conventional annular Hall thruster (Fig. 4) that had the same outer channel diameter
and depth as the cylindrical Hall thruster [41]. The magnetic field profile of two thrusters can be found in Ref. [21].
For the annular thruster experiment, [IVDFs were measured along the centerline of the discharge channel, i.e., » =
21 mm, and the experimental conditions were kept the same (300 V, 280 W). In line with previous observations [1,
18-20], W, increases from z = -5 mm and saturates at approximately z= 10 mm for the annular Hall thruster plasma.
On the contrary, the ion aceeleration,starts at z = -15 mm and saturates at z = 70 mm for trajectory 1. The ion
acceleration along trajectory 4 is similar to that in the annular Hall thruster inside the discharge channel. However,
outside the discharge channel, it gradually follows the trend of trajectory 1. The reduced axial electron conductivity
due to the strong radial magnetic field inside the discharge cavity is probably the cause of the large potential gradient,
whereas the rapidly decreasing magnetic field outside the cavity raises the axial electron conductivity and makes
the potential gradient similar to trajectory 1. Since the ion acceleration in large radial magnetic fields has been
widely studied, we focugihere on the acceleration along trajectory 1 where the magnetic field is axially dominant.
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Figure 4. The mean ion energy profile, W, + W,., in the annular and cylindrical Hall thrustets, having identical
channel diameters and depths. Path length = 0 corresponds to the thruster exit plane. The operating conditions were
the same, at 300 V anode voltage and 280 W anode power. To keep the same anode power, Xe was supplied at
different rates, 10.7 sccm for the annular and 7.0 scem for the cylindrical thrusters, respectively. Measurement was
repeated five times at each location and the error bar indicates a 99% confidencerinterval.

To confirm the structure of ion acceleration, the ion energy profiles atidifferent anode voltages and flow rates
were compared, as shown in Fig. 5. W, was not considered on trajectory. | sificé W, < 1 was maintained. Figure
5(a) shows the axial ion energy profiles obtained at different anode voltages between 200 V to 350 V at 7.0 sccm
anode flow rate. As ions accelerate from the thruster cavity, W;/eVy gradually increases with z and eventually
becomes saturated (W,/eV, = 0.63 to 0.84 at z = 80 mm){ With higher V,, W,/eV, is higher and this may be
attributed to a higher electron temperature [24]. It is noteworthy/that W, /eV,, almost monotonically increases with
V, over the entire z range. On the other hand, this monotenic increase is not observed with the Xe mass flow rate
(1) as m is increased from 4.0 sccm to 10.0 sccm with' ¥, =300 V (Fig. 5(b)). For instance, a comparison between
the 5.5 sccm trace (blue) and the 8.5 sccm trace (red) shows that W, /eV, is lower near the thruster exit for the
8.5 sccm case but it is higher far from the thruster exit plane. The possible reason is as follows. A large propellant
flow rate pushes the acceleration front downstream; as can be seen in Fig. 5(b). This is thought to be due to the
decrease in electron temperature owing torthe large neutral pressure inside the discharge channel [25]. Although
probe measurements perturb the discharge-[26], the general trend is conserved. In addition, the total ion energy
increases when the mass flow rate increases from 4.0ito 7.0 sccm, and then it saturates in the 7.0 to 10.0 sccm range.
Thrust, specific impulse, and anode efficiency measurement indicate that the optimal operating range of this thruster
is 7.0 — 8.5 sccm. Therefore, the W, /eV drend also suggests the optimal operation range of the thruster is above 7
sccm. In conclusion, Fig. 5 clearly demonstrates three facts. First, the acceleration begins at approximately z =-15
mm. Note that the combination of LIF spectroscopy and a floating emissive probe determined the most probable
ionization location on the axis;as z=.-14.9 mm [21]. Second, most of the ion acceleration (more than 70% of the
total kinetic energy) occurs outside the discharge channel for a CHT up to 70 mm from the thruster exit, which is 3
times the channel length. Third, the shape of W, profile is robust, i.e. remains almost unchanged, when either the
anode voltage or the flow rate ismodified.
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Figure 5. The axial profile of the ion energy and anode voltage ratio (W, /eVy) along trajectory 1 at (a) 7.0 sccm,
and (b) 300 V. Most of the ion acceleration took place outside the,thruster.

Another important finding is related to the shape of.the IVDE, especially the asymmetry on the shape. We first
investigated the possible fluorescence line profile broadening factors, which include an isotopic shift, a hyperfine
structure, and the Zeeman effect, before analyzing the IVDF[15]. First, the difference in atomic mass of isotopes
split the ion velocity. Natural Xe gas is composedrof nine stable isotopes [27]. The mean atomic mass is 131.3 and
the standard deviation of the atomic mass is 2.1. Therefore, the spread of the ion velocity by the mass should be just
within 1% of the mean ion velocity when they undergosthe identical electric potential drop. Second, the non-zero
nuclear spin of two odd isotopes, '?Xe and *!Xe, at 5d*F7, state of Xe II ion make additional lines [27]. However,
deconvolution of the hyperfine structuresdoes net bring about a noticeable change in the IVDF [28]. Third, the
Zeeman splitting is evident when the polarization vector of laser becomes perpendicular to the magnetic field (o-
polarization) [29, 30]. In the case of@-polarization, the Zeeman splitting linearly increases with the magnitude of
magnetic field (slope is 0.23 km/100 G) [30]: However, the energy splitting by the Zeeman effect is symmetrical
with respect to the unperturbed energy level/ Therefore, the Zeeman effect is not responsible for the asymmetry of
the fluorescence line profile. As aresult, we speculate that the measured LIF profile of Xe II ion images IVDF well,
as shown in many previousstudies [15;28, 31].

In Fig. 2(a), one notable change in the IVDF is the appearance of a high velocity wing when moving downstream.
Ion VDF (line profiles) have been. fitted to single and double Gaussian. The [VDFs measured at z = -6 mm and 60
mm under the same operating conditions (300 V and 7.0 sccm) are shown in Figs. 6(a) and 6(b), respectively, along
with their respective fit. Asi¢can be noticed in Fig. 6(a), at z = -6 mm, a single Gaussian fits well to the measured
IVDF. Atz = 60 mm, a double Gaussian is a good representation of the measured IVDF, as shown in Fig. 6(b). Since
each ion group has_different velocity and dispersion showing an ion temperature (T;) in each shifted Gaussian
distribution f'(v) o exp(—m(v — v5)?/2T;), they are termed as cold and hot ion groups in this paper. The blue
dotted and red dashed curves correspond to the cold and the hot ion groups, respectively in Fig. 6(b). Outside the



Page 9 of 13 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-129832.R1

oNOYTULT D WN =

Journal XX (XXXX) XXXXXX Author et al

discharge channel, a double Gaussian matched the measured IVDF with an R-squared (R?) larger than 0.995. This
result implies the existence of two ion populations with different ion temperatures and velocities outside the
discharge channel.

Figure 7(a) presents the on-axis profile of the ion temperature of two ion populations. The hot ion.group appears
just behind the channel exit plane, and its temperature increases up to z = 20 mm and saturates‘at about,2.5 €V,
whereas the temperature of cold ions remains at about 0.4 eV. Figure 7(b) plots the fraction of two ion populations.
The cold and hot ion populations were obtained by the areas of the corresponding Gaussian fit, and the' fraction was
obtained by diving by the entire line shape area. The fraction of the hot ion group increases up to z = 40. mm and
saturates at about 0.5, which tends to be similar with its temperature. Figure 7(c) depicts,the mean axial velocities
of the two ion populations. The average velocity of the hot ion group remained approximately 1 km/s larger than
that of the cold ion group.
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Figure 6. IVDFs fitted with Gaussian distribution at (a) z = -6 mm (single Gaussian), and (b) z = 60 mm (double
Gaussian), respectively, at 300 V'and 7.0.sccm. The blue dotted and red dashed curves in (b) represent the cold and
hot ion groups, respectively. Theitsummation, denoted in gray, matches well with (R* > 0.995) the measured IVDF,
shown in black.
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Figure 7. (a) Ion temperature, (b) fractions, (¢).and mean, axial velocities of the cold and hot ions versus axial

distance (300 V and 7.0 sccm).

4. Discussion

We have shown that cylindrical Hall'thruster plasmas exhibit a long acceleration region. Possible causes of the
extended acceleration region are speculated¢as follows. A large plasma density was observed upstream of the
cylindrical Hall thruster axis,[10] and‘the plasma density would also be large near the axis in the plume since the
axially dominant magnetic field does not significantly impede electron transport between the ionization region and
the plume. Therefore, electron=ion Coulomb collisions could be considerable as in an end-Hall ion source [32],
which has a similar discharge channel geometry and magnetic field topology and may be involved in a long
acceleration region. The.anomalous collision frequency in the plume, which is two or three orders of magnitude
larger than the classical collision frequency [33], and magnetic mirroring in the upstream region may also be
responsible for the gentle and extended potential gradient in the cylindrical Hall thruster plasma.

In order forithe ion energy in the plume to reach about 0.8V, (Fig. 5(b)), the upstream potential needs to be close
to /,. However, for the‘near-axis, the magnetic field near the thruster axis does not pass through the anode (Fig.
1(a)), and therefore a large upstream potential could not be guaranteed. The previous study confirmed that the off-
axis cathode establishes an increasing electric potential toward the thruster axis and prevents radial electron outflux

10
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in order to maintain the quasi-neutrality [34], and the increase of potential toward the axis is also shown in the
cylindrical Hall thruster (Fig. 3(b)). Therefore, we believe that the off-axis mounted cathode attributes to the
formation of high upstream potential on the axis and enables the large ion energy in the plume.

The charge exchange collision and plasma instabilities can be the cause of the asymmetry of IVDE. First,
regarding the charge exchange collisions, the charge exchange collision cross-section between Xe 11 and Xe I'does
not exceed 1x107'8 m? [35]. By assuming the neutral density of about 10'® m™ outside the discharge cavity, the mean
free path, [ = (ocxn) ™1, becomes about 1 m, which is much larger than the plume plasma size. Thereforeythe charge
exchange collisions are considered to play a minor role in the shape of the IVDFs. Second; the Xe II [VDF can be
broadened by the ion-ion two stream instability (IITSI), which is the axially formed MHz scale instability that is
established by the significant fraction of the multiply charged ions and the velocity difference between Xe II and
multiply charged Xe ions [36, 37]. The fraction of the multiply charged ion density on the axis of the cylindrical
Hall thruster was measured as 37%, and this amount is large enough to promote IITSI. Third, previous studies
reported that the appearance of the fast ions was accompanied by the observationsofia strong ion transit time
instability (ITTI) [38-41] in the 100-500 kHz range. About 350 kHz oscillationsswere consistently observed in the
discharge current during the experiment, and asymmetry in IVDF appeared with ashot ion population near the
thruster axis. In addition, numerical simulations reported that ITTI broadens IVDF by generating not only fast ions
but also very slow ions [40, 41], which were also observed in Fig..2(a). Both JITSI and ITTI can appear with
sufficiently high ion velocity and can be significant after the ions undergo,a sufficiently high potential drop. The
hot ion group became noticeable beyond z = 0 mm where W, is 68V, and its temperature was increased until they
reach z =20 mm where W, is 167 eV in this experiment (Fig. 3)¢Therefore, we believe that the results are reasonably
consistent with this postulate. We attempted to separate the oséillations and multiply charged ion fraction by
adjusting operation conditions. However, changes insthe oscillations/and multiply charged ion fraction occurred
simultaneously. Additional studies are required to answer the question on the origin of the hot ions observed in our
experiment.

5. Summary and conclusion

The structure of the ion acceleration region and the shape of the IVDF of a cylindrical Hall thruster using LIF
spectroscopy were studied. The ion energy profiles measured at various anode voltages and flow rates demonstrated
that the acceleration structure was established between 15 mm inside and 70 mm outside the discharge channel,
which is 3-4 times the channel length along the thruster axis, regardless of the discharge condition. Also, most of
the ion acceleration (more than 70% of its maximum energy) took place outside the discharge channel. This trend
was maintained under different experimental conditions, and this extended ion acceleration region was most evident
along the thruster axis whereithe magnetic field is axially dominant.

On the thruster axis, the measured [VDFs were fitted well with a single Gaussian inside the discharge channel.
However, double Gaussian fitting, representing the cold and hot ion groups, described the measured IVDFs well
outside the channel, indicating the existence of cold and hot ion groups. The ion temperature and population of the
hot ion group gradually increased from the thruster exit and its fraction became almost half at z > 40 mm.
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