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The application of an electric propulsion diagnostic system for in situ thermal characterization of electric thrusters

is studied, as described previously. Exemplarily, the surface temperature profile of the accelerator grid of a gridded

ion thruster RIT-22 is obtained and characterized. In situ pyrometer line scans in combination with precise

measurements of geometrical grid parameters are demonstrated. The accelerator grid surface temperature of the

firing thruster is obtained by amodel calculation that requires the knowledge of geometrical grid parameters, such as

hole diameter, distance between holes, or grid shape. These parameters are also measured in situ with a

telemicroscope for high-resolution optical imaging and a triangular laser head for surface profile scanning. The

distance between grid surface and pyrometer optics are precisely monitored with the support of the triangular laser

head, for which the position is fixed with respect to the pyrometer. The distance measurement allows for correcting

the measurement spot size of the pyrometer. The temperature profiles at three different beam power levels (1250,

2250, and 4000W), and warm-up and cool-down phases demonstrate the capabilities of the complex equipment. It is

found that thermal steady state is reached after 4 h of thruster firing. Furthermore, it is shown that the accelerator

grid surface temperature increases almost linearly with increasing beam current.

Introduction

E LECTRIC propulsion (EP) is a key technology for space
missions. Its advantage compared with other propulsion

technologies (in particular, chemical propulsion) is the high exhaust
velocity of the propellant. Thus, the amount of propellant needed for
a space mission is smaller and, consequently, the launch mass is
reduced [1–3]. So far, EP thrusters are mainly used for station-
keeping, but their application for deep-space missions has also been
demonstrated [4].

All thrusters undergo an extensive acceptance test program before
flying in space. Even more tests are needed during the development
phase when the thruster is optimized. EP thrusters are designed for a
lifetime of up to several 10,000 h. During ground tests of engines,
operation as long as their designed lifetime plus an additional margin
of up to 50% is required. Several parameters aremeasured and should
be optimized during the test phase: for instance, thermal properties.
Thermal analysis provides essential performance data which also
serve as input or validation data for thermal modeling of the thruster.

Recently, we described a diagnostic system for in situ charac-
terization of EP thrusters [5] that can be employed for characterizing
the surface temperature of EP thrusters. The characterization of the
surface temperature of the accelerator grid of gridded ion thrusters is
exemplarily demonstrated in our new investigation. This is done by
combining pyrometer line scans and precise in situ measurements of
geometrical grid parameters. Thermal characterization andmodeling

of gridded ion thrusters has been reported by several groups: first in
the 1970s for mercury ion thrusters [6–8], and recently for Xe ion
thrusters NASA Solar Electric Propulsion Technology Application
Readiness (NSTAR) [9–12] and NASA Exploration Team (NEXT)
[13,14]. The temperature of various thruster parts were measured by
thermocouples and modeled. Even thermal environmental tests were
performed. However, the reported experimental grid temperature
data are restricted to parts far away from the grid hole area, i.e., the
accelerator grid ring [9–11] or the accelerator and screen grid support
[13,14]. No experimental data of the temperature distribution of the
grids have been published yet. Only selected analytical temperature
data for the accelerator and screen grid assembly were reported in
[6,8]. The lack of experimental grid temperature data is due to the fact
that thermocouple measurements in the center of the grid of a firing
thruster are not possible, because these measurements require
mechanical and electrical contacts. We describe how the accelerator
grid temperature across thewhole diameter of a firing thruster can be
obtained from in situ optical pyrometer line scans. This technique
does not require mechanical or electrical contacts. However, the grid
temperature is difficult to measure because of the limited lateral
resolution of the pyrometer optics at reasonable working distances.
To extract the grid temperature from the measured pyrometer data, a
model calculation is proposed. The model calculation requires the
knowledge of geometrical grid parameters and the pyrometer spot
size. The geometrical grid parameters are measured in situ with a
telemicroscope for high-resolution optical imaging and a triangular
laser head (TLH) for surface profile scanning. The pyrometer spot
size can be determined fromdistancemeasurements by the TLH. The
capabilities of our system are exemplarily demonstrated for a gridded
ion thruster RIT-22.

Experimental

The EP diagnostic system is shown in Fig. 1. It uses a high-
precision five-axes positioning system mounted on a modular bar
setup [5]. Three linear and two rotation tables allow us to position
thruster and diagnostic tools very precisely, relative to each other.
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The positioning reproducibility is better than 0.1 mm. Horizontal or
vertical line scans, aswell as two-dimensional and three-dimensional
scans, are also possible. Three diagnostic tools are employed in this
study: a pyrometer, a telemicroscope, and a TLH.

The temperature measurements are done with a pyrometer
Impac IP140. The pyrometermeasures the emitted radiation intensity
in the spectral range from 2 to 2:8 �m, and temperatures ranging
from 100 to 700�C can be obtained. The pyrometer is equipped with
focusing opticswith a spot size of about 1.3mmat aworking distance
of 150 mm. If the object is out of focus, the measurement spot size
increases by about 0.1 mm per 1 mm working distance change in
either direction. A smaller spot size would be possible if the working
distance is decreased and the optics are replaced. However, in our
experiments with a firing thruster, a smaller working distance is not
feasible. The pyrometer is placed inside a vacuum-sealed housing,
because the pyrometer is not specified for in-vacuum use. The
housing is equipped with an infrared (IR) window made of
Infrasil 301, which provides a high transmission over the whole
measurement spectral range. The IR window is shielded by a shutter
made of graphite, while the pyrometer is not operating. Typically,
pyrometer line scans are performedwith a scanvelocity of 30 mm=s,
and the pyrometer measures one data point every 0.3 mm. The
pyrometer is calibrated using themeasured emissivity of the graphite
grid material and the transmission curve of the IR window. The
pyrometer is tested in vacuum with a thermocalibrator made of
graphite and equipped with a thermocouple. The measurement
uncertainty is found to be 5�C.

A telemicroscope is used for high-resolution optical imaging of
selected accelerator grid holes. The telemicroscope consists of a
standard photographic lens with a focal length of 135 mm, an
extension tube with a length of about 150 mm, and a charge-coupled
device sensor with a resolution of 1360 � 1024 pixels [5]. The
working distance of the telemicroscope is about 220 mm, the field of
view is 5:8 � 4:3 mm2, and the lateral resolution is found to be better
than 0.01 mm. The telemicroscope is placed inside a separate
vacuum-sealed housing with an optical viewport and a graphite
shutter.

Surface profile scans are performed using a TLH Keyence
L-KG 152 [5]. Using triangulation, the TLH precisely measures the
distance between the measurement head and the measured object
through a quartz viewport. The TLH can measure distances ranging
from 110 to 190 mm. The reproducibility of the distance mea-
surement is specified by themanufacturer to be better than 0.001mm;
due to the vibrations caused by the pumping system, the repro-
ducibility is about 0.05 mm in our experiments. The TLH and the
pyrometer are placed inside the same vacuum-sealed housing. The

TLH uses a separate viewport with a quartz window and a separate
shutter. The pyrometer and TLH are aligned such that their
measurement spots are on a horizontal linewith a horizontal distance
of 67.5 mm. Upon that, horizontal temperature and surface profile
scans can be performed simultaneously at the same vertical position.
Because of the fixed position of the TLH and pyrometer relative to
each other, the TLH distance measurements are used to monitor the
position of the measured object relative to the focal plane of
the pyrometer optics. Thus, the size of the measurement spot of the
pyrometer on the object can be calculated.

The grid temperature cannot be measured directly, because the
pyrometer spot covers the grid as well as the grid holes. Conse-
quently, the pyrometer detects radiation emitted from the grid and
from the background, such as radiation emitted by the discharge
chamber and the plasma, when measuring the grid hole area. The
portions of the detected radiation from the grid or from the
background changewith pyrometer position y. Hence, the pyrometer
curve T�y� is modulated with interferencelike structures.

To extract the accelerator grid surface temperature from the
measured pyrometer data, we first calculate the area fractionF of the
measurement spot covering the grid surface versus horizontal
position y.F�y� depends on grid parameters (hole diameter dGrid and
hole distance aGrid) and scan parameters (spot diameter, vertical
offset relative to grid center, and angle between scan line and a line of
grid holes). Hole diameter and hole distance are obtained from the
telemicroscopy images. The spot diameter is calculated from the
TLH distance measurements. The two unknown scan parameters
(vertical offset relative to grid center and angle between scan line and
the line of grid holes) are varied until the area fraction curve F�y�
reproduces the interferencelike structures of the measured tem-
perature curve T�y� best.

The pyrometer detects the integrated intensity of the emitted
radiation in the spectral range from 2.0 to 2:8 �m, which is given by

I�T� �
Z

2:8 �m

2:0 �m

t���I0�"; �; T�@� (1)

where t��� is the transmission of the IR window and I0�"; �; T� is the
radiation intensity emitted by the graphite surface of the accelerator
grid. I0�"; �; T� depends on the emissivity ", the wavelength �, and
the temperature T. From Planck’s law follows

I�T� �
Z
��2:8 �m

��2:0 �m
t���"��� c1

�n2�5

�
exp

�
c2
n�T

�
� 1

��1
@� (2)

where n� 1 is the refractive index of the ambient, and c1 �
3:7418E � 10 Wm2 and c2 � 1:4388E � 2 mK are constants. The
spectral emissivity of the grid material is measured, and the
transmission of the IR window is given by the manufacturer. Both
curves are plotted in Fig. 2. The relation between the displayed

Fig. 1 Diagnostic system setup [8]. Diagnostic tools are in parking

position.
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temperature and the obtained integrated intensity is depicted in
Fig. 3. Here, a nonlinear behavior is found.

For the analysis of the experimental pyrometer data, the
temperature curves T�y� are converted into integrated intensity
curves I�y� using Eqs. (1) and (2). Then, the local maxima (j�max)
and local minima (j�min) of the area fraction curve [Fj�y�] and of
the integrated intensity curve [Ij�y�] are determined with respect to
position y. Assuming that the detected radiation intensity is the sum
of the radiation intensity emitted by the grid surface Igrid and by the
background Iback weighted by their portions within the measurement
spot of the pyrometer, it holds that

Fmax�y�Igrid�y� � �1 � Fmax�y�	Iback�y� � Imax�y� (3)

Fmin�y�Igrid�y� � �1 � Fmin�y�	Iback�y� � Imin�y� (4)

The linear system of equations can be solved, and the grid and
background intensities can be calculated:

Igrid�y� �
�1 � Fmin�y�	Imax�y� � �1 � Fmax�y�	Imin�y�
�1 � Fmin�y�	Fmax�y� � �1 � Fmax�y�	Fmin�y�

(5)

Iback�y� �
Fmin�y�Imax�y� � Fmax�y�Imin�y�

Fmin�y��1 � Fmax�y�	 � Fmax�y��1 � Fmin�y�	
(6)

Finally, the grid surface temperature can be calculated:

Tgrid�y� � I�1�Igrid�y�	 (7)

The calculation requires the use of the integrated intensity instead of
the displayed temperature because of the nonlinear relation in Fig. 3.
In principle, the temperature of the background could be calculated
likewise, but it is difficult to define a background emissivity.

The test object is a radio-frequency-type ion thruster, RIT-22,
developed by Astrium Space Transportation [15]. The discharge
chamber diameter is 22 cm, and the beam diameter is 20 cm. The
thruster is operated with Xe gas at three different beam power levels,
as summarized in Table 1. The thruster is equipped with a two-grid
system consisting of the inner screen grid and the outer accelerator
grid. The holes of the accelerator grid are arranged in a hexagonal

order, and their diameter is smaller than the diameter of the screen
grid holes. The experiments are performed in a large vacuum test
facility with a diameter of 3.8 m and a length of 11.5 m [15]. The
pressure is about 6 � 106 mbar during thruster operation at a
maximum total Xe flow of 34.25 standard cm3=min.

The performedmeasurements are summarized in Table 2. Selected
results are presented and discussed in the following section.

Results and Discussion

Figure 4 shows a telemicroscopy image of accelerator grid holes in
the center of the thruster. The grid hole diameter is determined as
1.30 mm, the horizontal and vertical distances from grid hole center
to grid hole center of the adjacent grid holes are �yhole � 3:86 mm
and �zhole � 2:225 mm, respectively. In Fig. 5a, a TLH line scan
across the diameter of the thruster is plotted. Because of the surface
profile, the measurement spot size of the pyrometer changes with
position, as shown in Fig. 5b. The TLH scan curve can also be
employed to calculate the grid curvature, which is found to be
466:2
 0:5 mm for the cold thruster.

Measured pyrometer line scan curves of the thruster firing at 1250,
2250, and 4000Wbeampower level are denoted in Fig. 6. The curves
are modulated with interferencelike structures. The short period with
�y1 � 3:9 mm is related to the horizontal distance between adjacent
grid holes (see Fig. 4). The wider period with�y2 � 33 mm, which
is responsible for the reduction of the oscillation amplitude at
y� 142, 175, 208, 241, and 274 mm, is related to the fact that the
scan line is not aligned parallel to a line of grid holes; that is, the scan
line crosses several parallel lines of grid holes. The experiments
show that the scan line is tilted by approximately 1.9�

[arctan�0:5 ��zhole=�y2�] with respect to a line of grid holes.
The obtained pyrometer line scan curves are not symmetrical with
respect to the horizontal grid center, because the scan line does not
cross the grid center. The vertical offset increases from 2.84 to
3.02 mm with increasing operation time and increasing beam power
level. The change of the vertical offset is related to the thermal
expansion of the thruster.

The best-fit calculated area fraction curves, which correspond to
the measured pyrometer curves in Fig. 6, are plotted in Fig. 7.
Figure 8 shows the calculated grid surface temperature data at the
three beam power levels. As expected, the calculated grid surface
temperature increases toward the grid center. The calculated grid
surface temperatures at the left and right ends correlate well with the
temperatures obtained at the rim of the grid, i.e., next to the grid hole
area where the pyrometer spot covers the grid completely. This
agreement supports the correctness of our calculations. The
temperature in the center of the grid is about 40�C higher than the
temperature at the extremities. The uncertainty of the calculated
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using the emissivity curve and transmission curve in Fig. 2.

Table 1 Main operation parameters of thruster

Number

I II III

Beam current, mA 1000 1500 2000
Beam power, W 1250 2250 4000
Beam voltage, V 1250 1500 2000

Table 2 List of performed in situ measurements

Thruster state Pyrometer Telemicroscope TLH

Thruster off —— X X
Thruster firing at 1250 W X —— X
Thruster firing at 2250 W X —— X
Thruster firing at 4000 W X —— X
Thruster warm up while
firing at 1250 W

X —— X

Thruster cool-down phase
after firing at 1250 W

X —— X

Table 3 Obtained accelerator grid surface temperatures

Beam power, W Grid center, T, �C Left rim of grid, T, �C

1250 227
 8 187
 5
2250 263
 8 225
 5
4000 301
 8 255
 5

aGrid center temperatures are taken from results of the model
calculation, and rim temperatures are taken from pyrometer line scans.

534 BUNDESMANN ETAL.



temperatures is estimated from the analysis of multiple measure-
ments performed at the same thruster operation parameters. It is
found to be about 8�C.

Table 3 summarizes the calculated and measured grid surface
temperatures for the grid center and left rim of the grid, respectively.
In Fig. 9, the calculated and measured grid surface temperatures
versus beam current are plotted. An almost linear relation can be seen
for our data. Figure 9 also contains grid temperature data from
[8,11,14]. Oglebay [8] published analytical temperature data of the

accelerator and screen grid assembly of a 30 cm Kaufman-type
mercury ion thruster. These data agree well with our grid center data.
Reference [11] contains experimental data of the accelerator grid ring
of the NSTAR Kaufman-type ion thruster; [14] presents experi-
mental data of the accelerator grid support of the NEXT Kaufman-
type ion thruster. These data are considerably lower than the data
reported here for the rim of the grid. We suppose that this difference
can be attributed to different measurement positions in [11,14]

Fig. 4 Telemicroscopy image of accelerator grid (grid center).
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compared with our study. The measurement spots in [11,14] seem to
be further away from the grid hole area. However, the data in [8,11]
suggest a similar increase of the reported temperature data with
increasing beam current.

It can also be seen in Fig. 9 that the temperature at the right rim of
the grid is slightly higher than at the left rim of the grid, especially at
the highest beam power level. This difference is due to interactions of
the thruster with the diagnostics; that is, the IRwindow in front of the
pyrometer optics is heated up by the ion beam. Consequently, the IR
window emits additional IR radiation that subsumes the radiation
emitted by the thruster. For the smaller beam power levels, the
difference is well below the measurement uncertainty of about 5�C.

In situ temperature data of the thruster during warm-up and cool-
downphases are demonstrated in Figs. 10a and 11a, respectively. The
thruster isfiring at a beam power level of 1250Wduring thewarm-up
phase. The accelerator grid surface temperature changes systemati-
cally with time during the warm-up phase and cool-down phase, and
the accelerator grid reaches thermal steady state after about 4 h of
firing.

Simultaneously, TLH scans are performed and the grid curvature
is monitored. The curvature data are plotted in Figs. 10b and 11b for
the warm-up and cool-down phases, respectively. The grid curvature
decreases or increases abruptly upon switching the beam voltage on
or off, respectively, and subsequently relaxes. The abrupt change can
be attributed to electrostatic forces between the screen and accel-
erator grid, which slightly increase the grid spacing [16]. With
increasing firing time, the whole thruster expands due to rising
temperature, which leads to relaxation of the grid curvature. Unfor-
tunately, the grid gap cannot be determined from our experi-
mental data. To measure the grid gap, modifications of the grids and
the experimental setup are needed [16]. However, the grid curvature
change is very small. Thus, we believe that the effect on the ion optics
is negligible. Future activities should investigate this behavior.

Conclusions

In summary, it has been demonstrated that the in situ diagnostic
system can be employed for the in situ thermal characterization of EP
thrusters. The determination of the surface temperature of the
accelerator grid of a gridded ion thruster is exemplarily described,
which is a very challenging task. In situ pyrometer line scans in
combination with precise in situ measurements of geometrical grid
parameterswere performed. The accelerator grid surface temperature
distribution was obtained from the pyrometer line scan curves by a
model calculation that used appropriate equations and the measured
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geometrical grid parameters. The measured temperature data are
essential parameters for evaluating the performance of the thruster
and for validated thruster modeling, which is an interesting task for
future activities. It is supposed that the diagnostic system is an
interesting tool for thermal characterization of other EP thruster types
and parts. Recently, the characterization of aHall-effect thruster SPT-
100D EM1 was described, where (among others) the temperature of
the plasma channel wall was measured [5]. In principle, the
diagnostic system can be used to study the surface temperature of any
optically accessible thruster part.
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