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The deposition of energy into the discharge channel of a 4.5 kW Hall effect thruster from the discharge plasma is
investigated. An array of 35 thermocouples is placed along the inner and outer walls of the discharge channel at a
spatial resolution sufficient to enable multiple temperature measurement locations within the positive gradient
portion of the radial magnetic field profile. Temperature profiles of the inner and outer discharge channels are
measured at Hall effect thruster discharge power levels ranging from 0.63 to 2.83 kW, which correspond to peak wall
temperatures of 578-813 K. The peak in the wall temperature profile occurs at nearly the same axial location as the
peak in the wall radial magnetic field profile. The energy flux from the plasma to the channel walls varies between 0.1
and 90 W/cm? =+ 2% for Hall effect thruster operating conditions from 0.63 to 2.83 kW. Approximately 13 & 2% of
the discharge power is deposited into the discharge channel wall at all Hall effect thruster operating conditions. The
average power radiated from the boron nitride discharge channel to the surroundings is approximately 14 + 4/ — 2%

of the discharge power at all operating conditions.

Nomenclature
A = discharge channel wall area, m?
1, = beam current, A
1, = discharge current, A
1, = electron current to the wall, A
L, = ion current to the wall, A
K = thermal conductivity, W m~!K~!
kg = Boltzmann’s constant, J K~!
M = proton mass, kg
m = electron mass, kg
P anode = =anode power, W
P, = base pressure, torr
Pream = beam power, W

P, corrected pressure, torr - Xe

P, = discharge power, W

P; = indicated pressure, torr

Pionizaion = power consumed to ionize propellant, W
P diation radiated power, W

Pan = power into the wall, W

Geond = conductive heat flux

Grad = radiative heat flux

T = temperature, K

T, = electron temperature, eV

U+ = ionization potential, eV

Ve = cathode-to-ground voltage, V

Va = discharge voltage, V

z = axial distance between thermocouples

y = secondary electron yield

€ = normal spectral emissivity; energy, eV
np = beam current fraction

o = Stefan-Boltzmann constant, W m~2K~*
¢, = sheath potential
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I. Introduction

HALL effect thruster (HET) research and development has
increased significantly in the United States over the past 20 years due
to the rapid increase of in-space power, global telecommunications,
and the realization of commercial and government investment in
electric propulsion technology since the early 1960s [1]. There is
growing interest in high-power HETs for orbit-raising applications in
Earth orbit and deep space missions in support of human application
[2]. Military and commercial satellite programs will benefit from the
small propellant mass fraction offered by this type of electric
thruster [3].

High-power operation of HETS, defined as greater than 10 kW,
places elevated demands on thermal management of the design,
particularly as power density is increased [4]. The HET thermal state
during operation determines largely the discharge channel wall
properties, such as secondary electron emission coefficients and
sputter yield [4]. Therefore, the thruster temperature characteristics
greatly influence HET performance and efficiency by affecting the
discharge current and thrust. The overall power deposited to the
channel walls is a significant energy loss mechanism in HETSs [4-7].
Furthermore, Kim argues that the incident ion power density to the
wall is directly proportional to the local erosion rate [6]. The thermal
design of the thruster must accommodate the increases in the channel
power density to prevent overheating of critical components.
Thermal stress experienced by a HET at ignition, shutdown, and
overall power deposition in the channel influence the lifetime of the
thruster. Therefore, the acquisition of reliable data that quantifies the
temperature of HET elements, such as discharge channel walls, metal
thruster body, magnetic circuit components, and the hollow cathode
body, is crucial for thruster optimization and development of a
versatile high-power HET.

Detailed thermal characterization of the discharge channel is
obtained through an array of thermocouples. The temperature profile
of the inner and outer ceramic channel walls, the ceramic base of the
channel, as well as of the anode, are measured as a function of time for
various applied power levels. The influences of both the applied
voltage and the mass flow rate on the steady-state thruster component
temperatures are discussed. In an effort to understand the energy flux
from the discharge plasma to the discharge channel wall, radiation
and conduction rate profiles are determined as a function of input
power and magnetic field along the axial length of the discharge
channel. The investigation quantifies power deposition from the
plasma onto the discharge channel relative to the magnetic field
profile and thruster operating conditions. The calculated energy flux
deposited by the plasma onto the discharge channel walls provides
improved understanding of energy loss mechanisms inside the
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channel and refines the overall power balance of a HET. The thermal
expansion and thermally induced stresses in high-power HETs pose
greater technical challenges compared with low-power devices, due
to the physically large size of thruster components. Section II
presents a general overview of the power loss mechanisms in a HET.
Section III presents the experimental setup. Section IV presents the
measured temperature characteristics of the thruster. Finally, Sec. V
discusses the results and implications.

II. Power Loss Mechanisms

The dominant power loss mechanisms in an HET are the power
deposition to the anode, discharge channel wall, and radial kinetic
power of the ions [8]. Energy flux values of 0.1 —2 W /cm? have
been measured on the channel walls with a thermal imaging camera,
which results in a temperature increase of thruster components [4].
The steady-state power balance equation is

Py = Ppeam t+ Pragiation + Pwait + Pionization T Panode (D

where P, is the discharge power, Py, is the kinetic beam energy,
P .giation 18 the radiated heat, P, is the conducted heat, P;y,;,ai0n 15
the power required to ionize the propellant, and P, is the power to
the anode due to electron collection. Additional loss terms, such as
the power that electrons take into the beam, the ion power to the
anode, etc., are relatively small and can usually be neglected [9].

The power put into the plasma is equal to the power that comes out
in the form of charged particles and radiation. To the first order, the
power injected into the plasma goes into ionization and excitation of
neutral gas, the heating of the electrons, and power that is carried to
the walls and out the thruster by the ions and electrons. The beam
power, or directed kinetic power, of the flight-qualified BPT-4000 is
calculated to be 58% of the discharge power (3 kW) using a simple
power loss analysis [8]. The other power losses come from various
sources related to nondirected kinetic power, ionization, and ohmic
heating. In HETs with dielectric walls, the power loss due to electron
and ion currents flowing along the radial magnetic field though the
sheath to the channel walls P, represents the most significant
power loss.

Using the analysis of Hobbs and Wesson [10] and described by
Goebel and Katz [9], the power loss to the dielectric wall of a HET is
given by the following formula:

Py = Iy |:(sz) I/zew”/kT" (%) + (e - rﬁ_;)} 2)

m

where [;, is the ion flux to the wall, M is the proton mass
(1.6726 x 10727 kg), m is the electron mass (9.1094 x 103! kg), eis
the electron charge (1.6022 x 1071 C), ¢, is the sheath potential, k is
the Boltzmann’s constant, T, is the electron temperature in Kelvin,
and e is the ion energy. For the case of space charge-limited secondary
electron emission, the sheath potential is ¢, = ¢, = —1.02T .y, and
the ion energy is ¢ = 0.587 .y to satisfy the Bohm condition. Goebel
and Katz calculate the sheath potential for xenon and borosil walls,
assuming an average electron temperature along the channel wall of
25eV,isabout =54 V [9]. Substituting these values into Eq. (2) gives

Pwall = 45’81ineV + 2’651ineV = 48'51ineV (3)

The first term on the right-hand side is the electron power loss to the
wall (written in terms of the ion current to the dielectric surface), and
the second term is the ion power loss to the wall. The point of this
simplified analysis is to show how calculations of the power loss to
the channel wall indicate that the electron power to the wall appears to
be an order of magnitude greater than the ion power loss to the wall. A
common rule of thumb in HETS is that the electron temperature is
about one-tenth the discharge voltage [11]. Using Goebel and Katz’s
analysis [9] and results from Baranov et al.’s SPT-100 calculations
[12], the ion current to the wall is approximately 14% of the discharge
current.

This radial kinetic power represents a loss of approximately 13%
of the discharge power [8]. The power loss to the walls can be
estimated from the sheath potentials and electric fields in the plasma
edge. Because the wall material is an insulator, the net ion and
electron currents to the surface must be equal. However, ion and
electron bombardment of common insulator materials, such as boron
nitride, at the energies characteristic of HETs produces a significant
number of secondary electrons, which reduces the sheath potential at
the wall and increases the power loading from the ions. As discussed
by Goebel and Katz [9], the total power to the wall of the HET is due
to electrons overcoming the repelling sheath potential and depositing
an energy of 27, on the wall plus the ions that have fallen through the
presheath potential and then the full sheath potential colliding with
the wall.

The power in the beam is given by the following equation:

Pocam = Mol aVa =m0,V (€]

where the current utilization and voltage utilization efficiencies have
to be known or evaluated by some means.
The power into the anode can be written as

Panode = 2'IdTe (5)

where the electron temperature in this case is evaluated near the
anode. The power to produce the ions in the thruster is the sum of the
beam current and the ion current to the walls times the ionization
potential:

Pionizalon = (Ib + Iiw)(]Jr = [’717 + Iew(l - }/)]Idl]+ (6)

where [;,, is ion current to the wall, /,,, is the electron current to the
wall, U™ is the ionization potential, y is the secondary electron yield,
and 7, is the beam current fraction of discharge current. Neutrals and
ions may be excited into higher-level energy states through collisions
with electrons. This excitation power is gradually lost through the
emission of visible and ultraviolet light as the excited states decay to
the lowest energy state. When excited neutrals transition back to the
ground state, they radiate their excess energy. A percentage of the
power radiated is absorbed by the thruster surfaces and contributes to
heating the thruster. However, measurements done by Manzella on
the SPT-100 show that less than 0.02% of the total power is lost
through excitation power [13]. Therefore, this is neglected in the
current analysis. The ionization power represents the power to
produce the ions in the thruster and is the sum of the beam current and
the ion current to the walls times the ionization potential. This process
represents 4-9% of the discharge power [8,9]. Experimentally
determined values for P, g;.i0n are discussed later in this paper.

III. Experimental Setup

To obtain accurate measurements of the energy flux deposited by
the plasma onto the discharge channel walls and refine the overall
power balance of a HET, the experimental design captures detailed in
situ temperature measurements along the entire discharge
channel wall.

A. Vacuum Facility

All experiments are performed in the Vacuum Test Facility 1
(VTF-1) at the High-Power Electric Propulsion Laboratory
(HPEPL). VTF-1 is a stainless-steel vacuum channel 4 m in
diameter with a length of 7 m. Two 3800 ft*/ min blowers and two
485 ft> / min rotary-vane pumps evacuate the channel to a moderate
vacuum (about 30 mtorr). High vacuum is reached by using six 48 in.
diffusion pumps with a combined nominal pumping speed of
155,000 1/s on xenon. The chamber pressure is measured with a BA-
571 ion gauge connected to a Varian SenTorr controller with an
accuracy of £20% [14]. The base pressure of VTF-1 for these
experiments is 1.5 X 1073 torr. Figure 1 shows a schematic of the
VTF-1.
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Fig. 1 Schematic of Vacuum Test FaciTity 1.

B. Hall Thruster

All experiments are performed on a newly built and instrumented
Pratt and Whitney Rocketdyne T-140 laboratory-model HET. The T-
140 has an outer boron nitride channel diameter of 143 mm, with a
nominal thrust of 200 mN at a nominal power rating of 3.4 kW [15].
The discharge channel of the T-140 is made of M26-grade boron
nitride. The thruster performance matches the original T-140 HET at
multiple points within 3% of published results [15]. Electrical
connections enter the channel through separate feedthrough ports.
The thruster discharge power supply is protected by a resistor—
capacitor filter that consists of a 1.3 Q resistor in series and a 95 uF
capacitor in parallel with the output. The filter acts as a low-pass filter,
preventing oscillations in the current over 1.4 kHz from reaching the
discharge supply.

A LaBg cathode, similar in design to ones used in previous HET
testing [11], is located at the 12 o’clock position. The cathode orifice
is located approximately 70 mm downstream and 25 mm radially
away from the outer front pole piece at an inclination of 30 deg from
thruster centerline. For all of the experiments, the thruster is operated
for 2-3 h after initial exposure to vacuum conditions to allow for
outgassing of the discharge channel walls.

High-purity (99.9995% pure) xenon propellant is supplied to the
HET from compressed gas bottles through stainless-steel feed lines.
MKS 1179JA mass flow controllers meter the anode and cathode
propellant flow. The flow controllers are calibrated before each
experiment with a custom fixed-volume apparatus that measures gas
pressure and temperature as a function of time, taking into account
the effects of xenon compressibility. The mass flow controllers have
an accuracy of £1% full scale. Pressure measurements are corrected
for xenon using the known base pressure of air and a correction factor
of 2.87 for xenon according to the following equation:

PimPulyp 7
where P, is the corrected pressure on xenon, P,, is the base pressure,
and P; is the indicated pressure when xenon is flowing into the
vacuum channel [16].

C. Surface Thermocouple Attachment

The thermal measurement data reported in the literature are
collected with thermal imaging cameras or a few thermocouples
located on the discharge channel wall [4,17,18]. This work uses

thermocouples (TCs) to measure component temperature to the
precise thermal measurement they can record. Thermocouples can
obtain accurate temperature measurements of not only the boron
nitride channel without affects of foreign material deposition on the
walls, but also of thruster components normally hidden from view
behind the channel as well. An array of type-K thermocouples inside
the ceramic discharge channel are used to measure the temperature as
a function of magnetic field, discharge voltage, mass flow rate, and
discharge current. TC measurement uncertainty is +=1.1°C. The TCs
are spaced at a spatial resolution of 0.01-0.18 in. (0.254-4.572 mm),
which is sufficient to resolve the ionization and acceleration regions
in addition to the peak gradient of the magnetic field of 232 G/in.
(9.13 G/mm) [19].

Figure 2 shows the location of each TC along the inner and outer
wall of the HET discharge channel. The TC junctions are placed as
close to the plasma as possible to minimize the error due to the heat
gradient in the material. A ceramic thickness of 1 mm was chosen as
the distance between the TC junction and the plasma. The TC
junction is inserted into small holes drilled into the discharge channel
walls so that it can stay in place with the assistance of a boron nitride
ceramic paste (Aremco Products, Ceramabond 690). Attempts to
reduce this distance resulted in occasionally breaking of the material
by the drill, which would expose the TC junction directly to the hot
plasma. Two TCs are attached to the gas distributor using a
combination of ceramic paste (Aremco Products, Ceramabond 571)
and fiberglass tape. The TCs are covered in a fiberglass sleeve as they
exit the thruster body. Each TC is electrically isolated from ground
with an Omega DRF-TCK voltage-isolating signal conditioner
positioned outside VTF-1. The signal conditioners are calibrated
using a thermocouple simulator with an uncertainty of +0.25°C.

All of the thermocouples are embedded in the boron nitride
channel with the exception of TCs 43 and 44, which are in contact
with the gas distributor and therefore at anode potential. TC 43 is
attached to one of the gas distributor power studs. TC 44 measures the
atmospheric environment in the gap formed between the gas
distributor and the discharge channel base. Other thermocouples are
located on the outer pole (TC 26), the thruster mounting bracket (TC
28), the thruster backplate (TC 30), and at the base of the inner coil
bobbin (TC 49).

Once the thruster thermocouples are connected inside the channel,
the data acquisition system continuously records the temperatures.
Numerous checks on the thermocouples are initiated before, during,
and after testing to verify the functionality of the thermocouples. The
thermocouples are checked for proper calibration at not only room
temperature, but also using a hot plate that heats the channel to a
known temperature. This verifies that the thermocouples are attached
properly and increase in temperature at a rate dependent on their
placement before channel pumpdown. Magnet warming tests are
performed to verify that the thermocouples are behaving normally
after pumpdown by increasing the coil currents to typical values used
during thruster operation and observing the temperature increase for
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Fig.2 Thermocouple placement on the T-140 HET.
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Tablel Operating conditions for the T-140 HET power deposition experiment

Operating condition V.,V I1;,,A P;, W Anode, mg/s

Cathode, mg/s Inner coil, A OutercoilL, A V.,V P, torr-Xe

1 1500 42  630.0 5.1
2 200.2 42 8408 5.1
3 250.1 42 10504 5.1
4 3003 43 12913 5.1
5 150.1 9.2 1380.9 9.9
6 200.1 9.1 1820.9 10.0
7 250.1 9.0 2250.9 10.0
8 3002 9.1 27318 10.0
9 250.1 7.8 1950.8 8.4
10 2504 7.4 1853.0 8.4
11 250.1 10.7 2676.1 11.6
12 2503 113 28284 12.2
13 150.0 13.3 1995.0 13.8
14 3502 5.7 1996.1 6.8
15 200.2 10.0 2002.0 11.1
16 200.1 5.1 10205 6.0
17 1252 81 1014.1 8.8
18 150.1 6.7 1005.7 7.7

0.6 7.9 5.6 -20.2 1.9E-05
0.6 8.4 6.5 -22.8  2.1E-05
0.6 8.0 6.6 -23.9 1.8E-05
0.6 7.6 7.6 -25.6  2.1E-05
1.1 10.0 9.0 -21.1 2.9E-05
1.1 11.0 8.5 =225 2.9E-05
1.1 11.0 8.5 -23.0  2.9E-05
1.1 10.5 10.0 -229  2.8E-05
0.9 12.3 11.3 -244  24E-05
0.9 10.5 7.5 -23.5  2.5E-05
12 10.9 10.0 -222  3.1E-05
1.0 14.3 13.0 -252  3.1E-05
1.0 12.3 9.0 -213  3.2E-05
1.0 12.3 11.3 -26.6  2.2E-05
0.9 12.0 8.1 -239  29E-05
0.8 9.6 8.0 -252  2.1E-05
1.1 12.5 8.0 -20.5  2.5E-05
1.0 10.2 7.4 =221 2.4E-05

each thermocouple. This isolates the contribution of the magnets to
thruster heating. The temperature decay rate upon thruster shutdown
is compared with the temperature decay rate from previous thruster
shutdowns. To reduce any magnetic field effects to the thermocouple,
wire pairs are twisted. In addition, the temperatures of the thruster
components were recorded both with and without the thruster
magnetic field turned on, and no effects were noticed. Cold gas flow
into the thruster after shutdown results in abrupt reductions in
temperature, which are recorded with the thermocouples. These steps
allow for the identification of thermocouples that are malfunctioning.
The electrical isolation of each thermocouple and thruster
components is measured with a Megger MIT510/2 insulation
resistance tester before shutting the channel door for pumpdown.
This allows verification of proper electrical isolation inside the
thruster.

IV. Experimental Results

Temperature measurements of the T-140 HET are conducted at
xenon mass flow rates of 5.1-13.8 mg/s at discharge voltages of
125-300 V. The magnetic field is optimized for minimum discharge
current for each operating point. Thermal drift caused by the
thermocouple wires prevented use of the thrust stand. Table 1 shows
the operating conditions used in this work. The operating conditions
are chosen to investigate the effect of anode mass flow rate, discharge
voltage, and magnetic field profile on discharge channel power
deposition. At 5.1 and 10 mg/s, testing is performed at discharge
voltages of 150, 200, 250, and 300 V. Following this, a study is
performed at 250 V and 8.4 mg/s (data points 9—10), which first
duplicates a previously published data point condition from Pratt and
Whitney Rocketdyne [16] followed by a reoptimization of the
magnetic field, which reduces the discharge current by 0.4 A. The
reoptimization provides additional insight into the relationship
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between magnetic field profile and discharge channel temperatures.
Data points 11-18 in the test matrix come from the original T-140 test
matrix and are duplicated to capture their temperature behavior
characteristics and understand the effects of mass flow rate and
magnetic field profile.

A. HET Thermal Cycle

Figure 3 shows typical temperature profiles of the T-140 HET
startup transient, steady state, and finally through shutdown (thermal
decay) for a few select thermocouples on the inner and outer walls.
Figure 4 shows temperature data for the discharge channel base, anode,
and the outer thruster body as a function of time. The inner magnet is
set to 9.6 A and the outer magnet is set to 8.0 A, corresponding to a
maximum magnetic field strength of approximately 175 G at a power
level of 1 kW. The time range from —1.5 to 0 h shown in Figs. 3 and 4
represents the time taken to condition the external hollow cathode.
Thermocouple 26 in Fig. 4 is located directly below the cathode the
outer pole. The temperature of TC 26 increases rapidly at the —0.5 h
mark due to thermal radiation from the cathode body. Thruster ignition
occurs at O h in the figures. It takes 3.5 h for the inner wall of the
discharge channel to reach thermal equilibrium (defined as a change in
temperature of less than 1 K/ min), whereas the outer wall of the
discharge channel requires 4.5 h to reach thermal equilibrium. The gas
distributor power stud does not reach thermal equilibrium even after
5 h. The HET thermal cycle test shown in Figs. 3 and 4 is conducted to
determine how long to wait at each operating condition for the thruster
to be at approximately 95% of thermal equilibrium, which is the
temperature used for this study. Based on the 1 kW condition, this
occurs 1.5 h after thruster ignition. The maximum heating rates for the
inner and outer walls are 47 and 134 K/ min, respectively. The
maximum cooling rates for the inner and outer walls are 42 and
43 K/ min, respectively.
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Fig.3 Temperature history of inner and outer wall at the 200 V, 5.1 mg/s operating condition.
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Fig. 4 Temperature history of the anode, base, and various thruster
body locations at the 200 V, 5.1 mg/s operating condition.

Figure 5 shows the temperature distribution on the BN discharge
channel at thermal steady state for the 200 V, 5.1 mg/s operating
condition. The thick black border that surrounds the outer surface
of the discharge channel represents the titanium radiation shield foil.
The outer wall radiation shield is in direct contact with the thruster
body. The thicker piece of the radiation shield on the outer wall is in
direct contact with the thruster body. The inner radiation shield is in
contact with the discharge channel. The inner radiation shield is not
welded to the rest of the radiation shield structure around the
discharge channel, which means that there is not a good conductive
path to transfer the heat away from the inner wall and lower the
temperature.

The temperature variation on the outer wall is due to the
combination of the radiation shield making direct contact with the
thruster body at the 46 mm axial location and the final upstream
12.7 mm section of the outer wall making rough contact with a
separate component of the magnetic circuit. Both locations provide a
direct heat transfer path to the rest of the thruster. The inner wall
temperature has a temperature gradient of 24 K between the axial
distances of 47-51 mm along the wall in Fig. 5. This location
corresponds to not only the end of the titanium radiation shield on the
inner wall, but also the maximum inner wall radial magnetic field
strength location.

Steady-state temperature data for the thruster discharge channel
are obtained for every test point tabulated in Table 1. These
temperature data are used to obtain the peak temperatures of the inner
and outer walls. Figure 6 shows the peak equilibrium inner and outer
wall temperatures of the T-140 HET as a function of discharge power.
The power density in Fig. 6 is calculated using the thruster channel
area. For each test point, the magnetic field is reoptimized for
minimum discharge current. Mazouffre et al. [20] show that the
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Fig. 5 Discharge channel wall temperature distribution at the 200 V,
5.1 mg/s operating point at thermal steady state.
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Fig. 6 Peak inner and outer discharge channel wall temperatures as a
function of the T-140 HET discharge power.

relation between the discharge channel wall temperature and the
discharge power can be written as T = a + b X P/, where a is the
temperature of the wall when the thruster is not operated, b depends
on wall material and the geometry, and the exponent n is solely
connected with the material. Mazouffre et al., using the PPSX000-
ML HET with an infrared camera, obtained the following expression:
T =270 + (23 + 5) x P09 [20]. It is worth noting that
Mazouffre et al. tested their HET with a BN-SiO, channel, whereas
the T-140 HET uses M26-grade boron nitride (a similar material).
Figure 6 shows that the expression fits the T-140 HET temperature
distribution with an R? value of 0.9993. The expression indicates that
the material has a strong impact on wall temperature. Material
properties such as electrical conductivity, secondary electron yield,
and sputtering rate determine plasma sheath properties, which in turn
influence discharge behavior. Moreover, the thermodynamic
coefficients of thermal diffusivity and emissivity govern the loss
rate of thermal energy from the material. These values are in
agreement with the ones obtained with other HET' of similar size and
power level [17]. The peak inner wall temperature point above the
curve fit at 2828 W is at the single data point taken at the maximum
mass flow rate of 12.2 mg/s. These observations are further analyzed
in Sec. V.

B. Influence of Propellant Mass Flow Rate

A study of the influence of the injected xenon mass flow rate upon
the thruster temperature profile is performed. Figure 7 shows the
typical temperature profile of the inner wall of the T-140 discharge
channel at 250 V for the 5.1 and 10 mg/s flow rates. Figure 8 shows
the temperature profiles of the outer wall at 250 V for the 5.1 and
10 mg/s flow rates. Comparison of Figs. 7 and 8 shows that doubling
the anode mass flow rate from 5.1 to 10 mg/s doubles the
temperature difference between the thermocouples located above and
below the downstream end of the radiation shield at an axial distance
of approximately 46 mm. As expected, the temperature increases
with the injected xenon mass flow rate due to an increase in both the
number of ions and the number of electrons produced inside the
channel and the corresponding power loss to the walls from those ions
and electrons.

Measurements of channel temperature with time are also
conducted to shed further light on HET thermal characteristics. The
reduction in the magnetic field strength when going from 10 to
5.1 mg/sresults in areduction of the magnetic field gradient, causing
a shift of the acceleration zone further back into the channel. This
acceleration zone shift means that ions are accelerated further
upstream, causing the plasma to begin depositing energy further
upstream in the discharge channel wall, which results in a smaller
temperature difference along the distance between the channel base
and downstream end thermocouples. This trend is more clearly seen
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Fig. 7 Inner wall temperature profiles as a function of time at 250 V.

in the outer wall as the peak temperature moves much further
upstream when going from 10 to 5.1 mg/s. These observations are
discussed further in the next section. The increase in temperatures as
the mass flow rate is doubled is not unexpected. Higher mass flow
rates tend to lead to higher numbers of ions and electrons created that
can hit the walls. In this case, doubling mass flow rate (hence
doubling the input power from 1 to 2 kW) increases the temperatures
by approximately 14—18% on the inner wall and 10% on the outer
wall. However, only increasing the mass flow rate cannot distinguish
between the effects of electrons and ions on wall heating because the
propellant mass is constant for this study. Discharge voltage variation
can shed more light on the dominating heating mechanisms, and this
is discussed in the next section.

V. Discussion

Even if 50-70% of the electric input power to a HET is converted
into thrust, the power losses to the wall of the discharge channel and
to the anode are significant. Therefore, a more detailed analysis of the
collected thermocouple data is done to quantify the thermal behavior
of a HET. First, the discussion will relate the temperature and heat
flux calculations to the HET magnetic field topography. This is
followed by an examination of the temperature characteristics of the
HET as a function of discharge voltage. The time-resolved
thermocouple measurements are then used to shed light on the origin
of the energy flux deposited by the plasma onto the discharge channel
surface. Finally, the radiation from the boron nitride channel to the
environment is calculated. As shown in Eq. (1), the determination of
the wall losses can allow for an estimate of the anode efficiency
through the calculation of the beam energy.

A. Influence of Magnetic Field Topography

Aninvestigation is conducted to study the relationship between the
magnetic field profile and the wall temperatures. Figure 9 shows the
temperature profile at 250 V, 8.41 mg/s with two different magnetic
field shapes. TCs 38 and 40 on the inner wall and TCs 2 and 4 on the
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outer wall are located on the downstream portion of the discharge
channel wall, near the exit plane. The rest of the TCs cover the
upstream portion of the channel. The initial magnetic field setting (B-
field 1) is based on the Pratt and Whitney Rocketdyne published T-
140 HET test matrix [16]. Once the thruster reaches approximately
90-95% of thermal equilibrium, the magnetic field is reoptimized for
minimum discharge current (B-field 2). The inner coil decreases from
12.3 to 10.5 A and the outer coil decreases from 11.3 to 7.5 A. The
discharge current drops by 0.4 A and the discharge current-to-mass
flow rate ratio decreases from 0.93 to 0.89 A/mg/s. Figure 9 shows
that the inner wall temperatures all decrease with the larger reductions
occurring further downstream along the inner wall, whereas only the
downstream thermocouples in the outer wall show a temperature
increase. The upstream outer wall thermocouples show a decrease in
the temperature (Fig. 9b). Analyses of the magnetic field changes
using Infolytica’s Magnet software program reveal that there is a
reduction in the inner wall peak magnetic field of 60 G and a
reduction of 45 G for the outer wall peak magnetic field (a 15-20%
drop in wall field strength). A reduction of 37 G occurs with
the centerline peak magnetic field. Locations of the peaks in the
centerline and wall fields remain unchanged. An observation of the
upstream portion of the discharge channel temperatures in Fig. 9
shows that both the inner and outer wall temperatures decrease nearly
the same amount.

Analysis of the data from Fig. 9 shows that the radiated energy loss
drops by 10% for the second optimized magnetic field settings.
However, because the mass flow rate remains constant, the drop in
discharge current (0.4 A) results in a 5% drop in discharge power
level (5% drop in power density). Therefore, the radiated energy loss-
to-discharge power ratio decreases by only 1%. Close examination of
the magnetic field line contours shows that the magnetic field line that
connects the outer wall to the furthest downstream portion of the
inner wall shifts upstream along the outer wall by 1.27 mm. This
alteration causes a slight tilting of the plasma plume outward, which
exposes a larger portion of the downstream half of the outer wall to
the high-energy ions. Note that the temperatures of the upstream half
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Fig. 8 Outer wall temperature profiles as a function of time at 250 V.
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of the inner and outer walls remain nearly identical to each other for
both magnetic field settings (670 &+ 10 and 655 =+ 10 K). This points
to ion bombardment as the primary source of wall heating, instead of
electrons, because the ions are located in the downstream half of the
channel [21].

Figure 10a compares the inner wall magnetic field and the inner
wall temperature distribution for the thruster operating at 250 V,
8.41 mg/s. For clarity, only the magnetic field lines for the first
magnetic field setting (B-field 1) are shown because the values of the
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Fig.10 Radial magnetic field and temperature comparison at the 250 V,
8.41 mg/s operation condition. B-field 1: IC = 12.3 A, OC = 11.3 A;
B-field 2: IC =105 A,0C =75 A.

curve for B-field 2 are only slightly less than those of B-field 1. As can
be seen in Fig. 10a, for both magnetic field settings, the inner wall
temperature begins to increase rapidly soon after the inner wall field
begins to increase. The inner wall magnetic field peaks at the channel
exit plane (45 mm axial location in Fig. 10). The wall temperature
continues to increase all the way down to the exit of the channel.

Figure 10b shows the outer wall magnetic field compared with the
outer wall temperature at the 250 V, 8.41 mg/s operating condition.
Only the magnetic field curves for the first magnetic field setting (B-
field 1) are shown for clarity because the curve for B-field 2 is merely
shifted downward. Although the inner and outer wall profiles are very
similar, the radial magnetic field peaks earlier along the outer wall by
approximately 5.5 mm. It appears this provides enough material
distance to allow the outer wall temperature to reach its peak and then
decrease due to the decrease in the magnetic field along the outer
wall. In addition, the magnetic field along the outer wall transitions
into the negative field region for a sufficient amount of time to cause a
similar trend in the outer wall temperature profile slightly further
downstream. There appears to be no direct correlation the wall
temperatures and the centerline magnetic field profile.

The peak temperatures in Fig. 10b do not correspond to the furthest
downstream thermocouples for the outer wall of the discharge
channel. Measurements of the centerline magnetic field strength
indicate that the acceleration zone begins approximately 8§ mm
upstream of the exit plane of the channel. However, magnetic field
plasma lens effects can cause the acceleration zone along the walls to
be slightly further downstream relative to the channel centerline [22].
This provides additional evidence for the maximum wall temperature
location corresponding to the beginning of the local acceleration
zone. The observed asymmetry in the magnetic field profiles along
the inner and outer walls (Figs. 10a and 10b) is therefore consistent
with the acceleration zone occurring further upstream along the
outer wall.

When the peak in the magnetic field along the inner wall is
upstream of the discharge channel exit plane, this results in a slight
peak of the inner wall temperature profile upstream of the discharge
channel exit plane. The correlation between the magnetic field along
wall and the measured temperature along the wall represents the first
experimental verification of this relationship. However, it is still
difficult to distinguish between whether the dominant heating
mechanism is due to ions or electrons. The peak temperature
measurements are located where magnetic field lines with high-
temperature electrons contact thruster surfaces [23]. Recent thermal
simulations conducted also point to the strong correlation between
inner and outer wall field profiles and the distribution of the power
deposition on the walls [24]. In addition, stronger magnetic field
strength results in a greater plasma resistivity, to maintain the current
through the thruster, the local electric field must increase. This tends
to be associated with a plasma potential drop, so the location of
the peak in magnetic field is correlated with the location of the
acceleration zone. The location of the rapid rise in temperature of the
wall can be thought of as another indication of the acceleration zone
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beginning. In addition, because the peak magnetic field occurs near
the beginning of the acceleration zone near the exit plane, this region
is subject to large wall power losses from high-energy electrons as
well as high-energy beam ions. The maximum electron temperature
occurs near the channel exit in the region of strongest magnetic field
where the Hall current is at maximum. Therefore both electrons and
ions tend to have their largest impact on the walls near the peak of the
magnetic field. As will be discussed in the next section, the electron
temperature variation reveals the dramatic impact of electron heating
on HET thermal characteristics.

B. Impact of Discharge Voltage

Figure 11 shows the trends in the peak inner and outer wall
temperatures for anode mass flow rates of 5.1 and 10 mg/s over a
discharge voltage range of 150-300 V. The ion energy, as well as the
flux of ions and electrons impinging onto the discharge channel
walls, increases with voltage. As is discussed in Sec. V.A, the
magnetic field lines are tilted away from the thruster centerline for
every operating condition such that, as the voltage increases, higher
energy ions impact the walls due to the radial electric fields, which
yield an increase in wall temperatures.

Below a discharge voltage of 200 V, the inner wall temperature is
up to 30 K hotter than the outer wall. Typically, at discharge voltage
below 200 V, the anode efficiency of the HET drops and the
acceleration zone moves downstream, which results in higher beam
divergence and a great number of ions hitting the discharge channel
walls. The lower mass flow rate can also impact the ionization
zone by moving it downstream, which causes the ions to be
accelerated later in the acceleration zone and further increases the
beam divergence.

Above a discharge voltage of 200 V (for both mass flow rates), the
outer wall can be as much as 50 K above the inner wall temperature.
At these higher voltages, the impact of the ions on the walls is more
severe due to the rapid rise of the ion energy and the radial electric
fields caused by the tilting of the magnetic field outward. As the
discharge voltage is increased, the acceleration zone recedes further
into the channel, causing the ions to fall through a larger portion of the
total acceleration voltage, and the walls are therefore exposed to
higher beam energies. There is also a 70-100 K difference for the
outer wall and a 110-125 K difference for the inner wall between the
5.1 and 10 mg/s curves if one looks at the inner and outer wall
temperature curves. The improved plume divergence at the higher
voltages and mass flow rates shifts the impact of the high-energy ions
to the downstream portion of the outer walls. However, the electrons
can still play a large role in the heating of the walls. Upstream of the
acceleration zone, the electrons are highly concentrated at low
energies due to the low temperature and near-Maxwellian structure.
Once the acceleration zone is reached, the electrons heat up

significantly and obtain energies several times higher than in the
region upstream.

An additional study is conducted to make a more direct
comparison between the effects of the discharge voltage and mass
flow rate on the wall temperature profiles. In this study, the discharge
current remains constant at 8 A, but the discharge voltage increases
from 125 to 250 V. The inner magnet current remains unchanged, but
the outer magnet is decreased by 3 A when going from 250 to 125 V.
Doubling the discharge voltage results in a 20% increase of the peak
temperature of the inner wall and a 15% increase in the peak
temperature of the outer wall. These percentage increases are
approximately the same as what is noticed by increasing the mass
flow rate to double the input power. As flow rate is increase, the
propellant utilization typically increases because the ion production
rate is directly proportional to the neutral density, which is
proportional to mass flow rate [25]. The temperatures of the walls
seem equally sensitive to an increase in the ion production as itis to an
increase in beam energy. However, the number of ions produced
needs to be quantified to confirm this. Interestingly, at the 250 V and
8.41 mg/s condition, the differences between the highest and lowest
temperatures on the inner and outer walls are approximately 343 K.
At the 125 V and 8.41 mg/s condition, the difference between the
highest and lowest temperature is 284 K for the inner wall and 310 K
for the outer wall. This could be an indication of more ions being born
in areas of radial electric fields at the lower voltages, which resultsin a
greater number of ions hitting the upstream part of the discharge
channel walls. Although the effect of the radiation shield, to transfer
heat away from the channel walls, is not seen at the 125V, 8.41 mg/s
condition, it is very noticeable for the outer wall at the higher power
level. The gas distributor power stud temperature is approximately
the same for both operating points, 673 K. At low voltages, higher
divergence of ions is typically noticed within the channel [26]. This
will cause more ions (albeit lower energy ions compared with the
250 V case) to hit the walls, leading to elevated temperatures further
upstream of the acceleration zone, explaining the smaller temperature
gradient when going from the base of the channel to the exit plane as
the voltage decreases.

Figure 12 summarizes the experimental temperature data for the
inner and outer walls at discharge voltages of 150, 200, 250, and 300 V
for anode mass flow rates of 5.1 and 10 mg/s. At 10 mg/s, the
temperature trends as a function of voltage are linear in contrast to the
step-like trend seen at 5.1 mg/s. Figure 12a highlights the growing
temperature separation between the thermocouples downstream and
upstream of the radiation shield end with voltage at the 10 mg/s case.
Asthe voltage increases, the energy of the ions increases and most of the
power is delivered to the downstream end of the outer wall, whatever
the propellant mass flow rate. If we assume an acceleration voltage of
200 Vand an ion divergence angle of 30 deg off centerline, the resultant
maximum radial energy would be 100 V. This points in favor of a power
deposition mechanism dominated by ion impact instead of electron
impact on the final section of the wall [17]. Close examination of the
5.1 mg/s curves in Fig. 12b shows a much smaller temperature
separation, but like the 10 mg/s case, it continues to grow with voltage.
With a constant propellant supply, increased voltage creates more
energetic electrons with energy approximately one-tenth the voltage.

To estimate the impact of losses associated with particle
interactions, an analysis conducted by Xu on the T-220HT of
ionization, electron—ion recombination, and ion—wall neutralizations
is reviewed and shows that 13% of the ions are lost to wall
neutralizations, for the conditions similar to the T-140 HET [21].
Electron—ion recombination collisions are a negligible contribution
to ion losses in the thruster, accounting for only 2 x 10~15 A of ion
current. It should be mentioned that the surface area assumed in the
calculations is based on the assumption of no ions at the wall
upstream of 0.5L, where L is the channel length. The assumption
is based on internal measurements of HETs [21,22].

To examine the effect of thruster operation on losses of power due
to plasma-surface interactions, the channel wall temperature-to-
discharge power ratio is plotted as a function of discharge voltage.
The ratio allows one to quantify the amount of power deposited onto
walls per unit electrical power. This ratio is calculated using the peak
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inner and outer wall temperatures for each operating condition as well
as an average wall temperature defined as

Toutcr + Tinncr

> ®

Twall =

where T, s the outer wall temperature and Ty, is the inner wall
temperature. The two measured temperatures correspond to the mean
recorded temperature in the final ~20 mm section of the channel
where most of the energy is deposited into the wall. This value is also
used to make comparisons with work done by Mazouffre et al. [17].
Figure 13 plots this value as a function of discharge power for the
T-140 HET. The ratio varies in a smooth way over a broad range of
applied powers. The curve shape indicates that the amount of power
deposited onto the walls per unit of discharge power is certainly lower
at the high power. It implies a better utilization of energy for
ionization and/or acceleration purposes at the high-power level. This
experimental result agrees with the fact that, for a given HET design,
the thrust efficiency tends to increase with the discharge power. The
evolution of the wall temperature-to-power ratio reveals that the wall
temperature, and therefore the power losses, is not sensitive to
thermal history of the thruster or material surface conditions.
Comparisons with the SPT-100 and PPS-1350-G HETs from the
work done by Mazouffre et al. [17] show that the T-140 curve is
clearly shifted downward compared with those thrusters at the
same power levels and mass flow rates. This could be an indication of
the improved thermal management design of the T-140 HET.
However, an alternate explanation is simply a size effect because the
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Fig. 13 Ratio of the peak and mean channel wall temperatures to
discharge power as a function of the discharge power for the T-140 HET.

smaller surface-to-volume ratio of the T-140 HET reduces wall
losses.

C. Plasma Power Deposition to the Wall

The temperature map of the thruster is actually a balance between
the conduction of energy along the channel wall, radiation thermal
losses of the thruster walls to the environment, and the energy fluxes
from the plasma (radiation and particle interactions through the
plasma sheath) in the discharge channel. HETs operate in a rarefied
environment and the plasma inside the channel is at a low pressure
(typically 1 Pa). Consequently, convective heat transfer is neglected
[4]. For the steady flow of heat across a plane wall (see Fig. 14) with
surfaces at temperatures of 7 and 7', where T'; is greater than 7', , the
heat flow Q per unit area of surface A (the heat flux) is

0 T, -T, AT
x_ k(222 ==
A 4 cond (Zl — 22 Az (9)

The thermal conductivity k is assumed a constant over the
temperature ranges reported in this article for the boron nitride
channel material, 29 W/m - K.

At thruster ignition, constant localized power deposition from the
plasma to the wall (near B, maximum) and heat conduction through
the BN material are the processes that dominate the shape of the
temperature profile along the BN channel wall. In addition, at the low
BN wall temperatures observed at thruster ignition, the radiative
energy losses are negligible. With these observations, one can
calculate the profile of heat flux from plasma to the wall in the axial
direction along the wall. For example, in Fig. 8, the thruster reaches
the 250V, 10 mg/s operating point at approximately 3.2 min. At this
time, the temperature gradient between a pair of thermocouples
(spaced a distance Az) is calculated. To obtain the conductive heat
flux between TCs 1 and 2 (see Fig. 14), the temperature difference
and the distance between the two TCs (Az = 0.05 in., 1.27 mm), is
used in Eq. (9). The area A is based on the area of an annulus
representing each wall and the thickness of the channel wall (the outer
wall in the case of Fig. 14). The assumption is that, for a particular
axial location, the temperature is constant about the circumference of
the channel. Previous temperature measurements of HET discharge
channels support this assumption [17,27,28].

TC #1 location

-~
a
—® T Section of
Az <+— discharge
P channel
2

TC #2 location
Fig. 14 Schematic of nomenclature used for heat conduction
calculations along the channel walls.
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Fig. 16 Conductive heat flux along the discharge channel wall for the T-140 HET on the inner wall at 5.1 and 10 mg/s.

Figures 15 and 16 show the measured conductive heat flux through
the boron nitride channel at 5.1 and 10 mg/s. The location of the
maximum conductive heat flux value along the channel wall denotes
the location of the maximum energy flux from the plasma to the
channel wall. As expected, the maximum conductive heat flux values
are near the end of the discharge channel, where the ions with the
highest energy levels impact the wall [4,29]. Ions are strongly
accelerated at the channel outlet where the axial electric field is high
[30]. Calculations done by Shastry of the incident ion power density
from wall-mounted Langmuir probe data indicate that the profile of
net power density deposited to the channel wall is a combination of
the decrease in ion current density and the increase in ion energy as
the exit plane is approached [22].

The power loss from the plasma to the channel wall is determined
from the maximum heat flux values in Figs. 15 and 16 for each
voltage. The sum of the outer and inner walls is used to calculate the
total power loss from the plasma to the wall. For example, Fig. 16a
shows that, at the 630 W power level (150 V, 5.1 mg/s), the peak heat
flux from the plasma to the inner wall is approximately
98,000 W/m?. This value is multiplied by the area between the
corresponding thermocouples used to calculate this heat flux value
(TCs 39 and 40) which is 4.78 x 10~ m? and results in a power loss
from the plasma to the inner wall of 47 W. A similar procedure is used
for the outer wall and the sum of the two walls is added to obtain the
total power loss from the plasma to the wall (78.34 W in this case or
12% of the discharge power). Figure 17 shows that power deposition
to the wall from the plasma is a strong function of discharge power.
Figure 17 shows that the power deposited into the wall from the
plasma can be approximated as a linear function of discharge power
(0.125 x P,). The average percentage of discharge power deposited

into the wall from the plasma for the T-140 HET is approximately
13% over the entire power range tested. This percentage has an
uncertainty of 2%. The percentage is higher for the lowest voltages
tested (125 and 150 V), likely due to the higher beam divergence
typically seen with these lower voltages [21].

Shastry’s internal wall-mounted probe data are used to calculate
the ion power deposition, but neglects the contributions of electrons
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Fig.17

discharge power.

Power deposited into the wall from the plasma and percentage of
discharge power deposited into the wall from the plasma as a function of
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Fig. 18 Radiated power from the BN channel wall for the T-140 HET.

[22]. The data presented in Fig. 17 show energy losses to the channel
wall twice as large as those measured by Shastry [22], which indicates
that electron power to the walls may play a larger role then previously
suggested [4,17,29]. The limited variation in the percentage of
discharge power deposited into the wall from the plasma, despite
improvement in plume divergence with power and voltage in HETs
[21,22], also points to a large role of electron heating of the channel
wall as expressed in Eq. (1). An improvement in the collimation of the
plume is expected to lower the number of high-energy ions that
impact the downstream half of the channel, which will lower the
percentage of power deposited into the walls. Electron power peaks
near the exit plane of the thruster [22] and is not affected by
improvements in beam collimation. However, the calculation of
electron power is sensitive to uncertainties in the measured electron
temperature as well as the secondary electron emission coefficient.
As pointed out by Shastry [22], a direct calculation yields large
electron currents that result in incident electron powers greater than
the discharge power.

It is worth noting that the energy fluxes on the downstream end of
the channel are nearly 100x higher than those recorded by Mazouffre
et al. using a thermal imaging camera with the 5 kW PPSX000
thruster, but power losses are similar [20]. This is likely due to the fact
that the spatial resolution of the T-140 HET measurements is much
better because the energy fluxes on the upstream portion of the
channel agree quite well with the values reported by Mazouffre
et al. [20].

D. Radiation from Boron Nitride to Environment

Radiation can be analyzed by looking at how one surface radiates
to a second surface. Ideal radiation is for a blackbody and assumes
that all the energy radiated by one surface goes to another surface.
Because real surfaces are not blackbodies, the emissivity € is included
in the radiation calculation as a way to approximate radiation from a
real body using a blackbody curve shape [31]. Emissivity essentially
gives the ratio between a real and a blackbody. Real radiation is
represented by the following equation:

s — ge(rt -4 (10)

where ¢ is the Stefan-Boltzmann constant (5.669 x 10~ W /m?k*),
T, is taken to be the temperature of the thruster wall with just the
magnets on (no discharge), and 7, is taken to be the maximum
temperature recorded on the outer wall (steady-state temperature). A
value of 0.92 is used for the emissivity of the boron nitride channel
[32]. The radiated energy calculations are presented in Fig. 18.
Figure 18 shows that, although the radiated power is a function of
temperature, it scales linearly with discharge power. Figure 18 shows
that the radiated power can be approximated as a linear function of
discharge power (0.139 x P;). Mazouffre et al. calculated a value of

0.072 x P, using a thermal imaging camera [32]. The sputtering and
deposition processes inherent to HET operation may cause some
time-dependent fluctuation in emissivity as well as viewport
transmission resulting in the lower estimate in [32]. The average
radiated energy for the T-140 HET is approximately 14% of the
discharge power over the entire power range tested, with excess
power being measured at 125 and 150 V. The uncertainty of the
percentage of the input power that is radiated away is +4/ — 2%.
These voltages correspond to the three elevated data points at
approximately 1000 W and the single elevated data point at 2000 Win
Fig. 18. At low voltage, the ion beam diverges more readily and
relative sheath energies are higher, which results in large ion currents
[22]. Radiation from the anode face, which is heated by electron
current, also contributes to heating the discharge channel. A review of
Fig. 4 shows that the backside of the anode nearly matches the
channel temperatures. The neutral propellant temperature, which
approximates the front anode face temperature, has been measured
inside a HET channel with laser-induced fluorescence and shown to
vary from 600 to 1600 K [33]. Given that approximately 13% of the
discharge power is deposited into the discharge channel wall,
whereas approximately 14% of the discharge power is radiated from
the channel, radiation is the primary cooling mechanism in an HET.
Next to beam power, the radiated power is the primary mechanism in
which the power leaves the thruster.

VI. Conclusions

The discharge wall temperature profile of the HET is well
correlated with the magnetic field profile along the wall of the
discharge channel and peaks at nearly the same axial location as the
peak in the magnetic field. Wall temperatures of the HET channel are
primarily a function of the applied power. The radiated energy loss is
approximately 14% of the discharge power over the entire power
range tested. The percentage of the power from the plasma to the wall
is approximately 13% over the power range tested, which illuminates
radiation as the primary cooling mechanism of the channel. To reduce
power deposition to the wall, the peak of the radial magnetic field
should be placed downstream of the channel wall exit plane, which
may lead to an increase in HET power density capability.
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