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Introduction

t is often physically or financially impractical tmeasure the force produced by an electric thrustarg the

traditional technique of mounting the thruster enimaverted pendulum thrust stand. Instead, a @mumlbust,

and low-cost plasma impact force sensor can be tasegliably determine the total force producedabyelectric
propulsion thruster. Until now, only a handftilof experiments focused on impact force sensorgtualy no
experiments have attempted to compare the accofay impact thrust sensor to the more commonly urseerted
pendulum thrust stand. Experimental validatiomstegere completed using the P5 thruStea 5 kW Xe Hall effect
thruster (HET), and demonstrated that the thrusinfthe P5 inferred from measurements made withaanmh
impact force sensor (PMFS) agree very closely i thrust measurements made by a conventionattédse
pendulum thrust stand. The same PMFS sensor wasusged to take force measurements in the plash@usixof
the Variable Specific Impulse Magnetoplasma Ro¢k&SIMR) VX-100. Preliminary force results are waped
from one of the VASIMR test shots. Multiple tebbss with RPA data are compared with the PMFS data.

The plasma momentum flux sensor (PMFS) descriheithis paper was designed and constructed based on
previous desigh. The PMFS was placed in the flowing plasma strednthe P5 HET where real time force
measurements were made with both the PMFS andhthsttstand. The PMFS was able to measure the forc
exerted on it with a resolution of 0.1 mN, and aarage discrepancy of 2% compared to the thrustista he total
force from the HET was modulated from 34 mN to 338 by varying both the anode voltage, from 150 \600
V, and the neutral Xe gas flow rate from 5 mg/slfomg/s. Additionally, the majority of the forcatd taken
during the experiment campaign was completed &dirad‘ study’ where force measurements from bothnegues
were disclosed only after the experiment was cotaegle Though the experiments show a high accuracHETs
with ion energies ranging from 130 eV to 440 e\& ®MFS showed no indication of saturation with énergy,
plasma flux, local magnetic field strength, or ®roagnitude, indicating that the full range of BFMFS usefulness
is still largely unexplored. The PMFS may find sise many flowing plasma and electric propulsioplagations
where an accurate, low cost force sensor is regjuire

I.  Experimental Setup

A. Chamber and diagnostic setup

The Large Vacuum Test Facility (LVTF), a cylindrictiainless-steel clad vacuum chamber at the Usityeof
Michigan—Ann Arbor, is a 9-meter-long by 6-meteasieter chamber used primarily for the testing séagch and
space qualified electric propulsion thrustérdhe chamber is evacuated by two 2,000 cfm blowaeds four 400
cfm mechanical pumps to a rough vacuum level ot®@00 mTor To reach high vacuum, ~10Torr, the
vacuum chamber employs seven CVI TM-1200 nude aryggs, with a combined pumping speed of 500,000fl/s
air, and 240,000 I/s of xenon. However, becaugbefow flow rates of the P5 thruster, only 4 tod 7 cryopumps
were used during this experiment campaign withsalteng Xe pumping speed of 140,000 I/s. The dopgmps
yielded an average base vacuum pressure of 3%ber, and a chamber pressure of 4.8%T®rr, 7.9 x10 Torr,
and 1.1 x16 Torr with a combined thruster and cathode flote &f 5 mg/s, 10 mg/s, and 15 mg/s Xe respectively.

The PS5 thruster was mounted on an inverted pendituost stand, described in detail by Haag éf.alhe
inverted pendulum thrust stand, and hence the RStdr, was fixed in place within the vacuum chambed the
PMFS was mounted on a 2-axis translation stageirwitite vacuum chamber. The translation stage alibthe
PMFES to scan a separation distance of 94 to 23rom fhe thruster exit plane, and allowed for arkdteange of
100 cm: 70 cm from the axis in one direction andcd® from the axis in the other direction. For falice
measurements the graphite PMFS target was centadgally and placed at various axial separationadises.
However, the translation stage moved through itsetateral range of motion in order to obtainadial ion flux
profile with a Faraday probe biased into ion satara A 3-millimeter-diameter tungsten rod enclbse an
alumina shroud served as the Faraday probe. phef the rod was flush with the alumina tube inesrtb help
prevent a radial sheath expansion with biases megative than the floating potential. The Farapebe was
mounted at the same vertical and axial positiothagyraphite PMFS target, but with a 20 cm raditded from the
PMFES target. The surface of the Faraday probealsmscleaned for 10 minutes via xenon ion bombardmsgor
to data collection.

In order to measure the ion energy in the pluniRetarding Potential Analyzer (RPA) was installedao60-

centimeter-long boom that was able to sweep thrahghplume'' Measurements were then taken with the RPA
located 58.5 cm from the exit plane of the thrusfEne RPA was mounted on the boom structure gatthauld be



moved out of the thruster plume when PMFS measuntsmeere taken. A small floating probe was alsiaited
on the boom and was used to measure the plasntadqeotential 58.5 cm from the exit plane of theuster.

B. Hall Thruster

All data within this paper, with the exception afclion Il D, were taken using the P5 Xe HET, a\8-KHET
designed and used primarily for research purpd$eBrevious data indicate that the P5 has performance
characteristics comparable to commercial spacefigehl5-kW HETs>® The P5 has a discharge chamber outer
diameter of 173 mm and channel width of 25 mm. héligh designed for steady-state operation at 5 tki&/,
thruster was operated at power levels from 0.71 ({80 V, 4.70 A) to 7.65 kw (500 V, 15.30 A) duritigis
experiment. The P5 used xenon gas as the propéliaithe duration of this testing campaign and &irdata
presented in this paper.

C. VASIMR VX-100

The VAriable Specific Impulse
Magnetoplasma Rocket (VASIMR™), Fig. 1, i
a high power, radio frequency-drive
magnetoplasma rocket, capable hffthrust
modulation at constant power. The physics &
engineering of this device have been undg
study since 1980. The plasma is produced by
integrated helicon discharge. The bulk of tf
plasma energy is added in a separ:
downstream stage by ion cyclotron regid
heating (ICRH). Axial momentum is obtaine
by the adiabatic expansion of the plasma in
magnetic nozzle. Thrust/specific impulse rat
control in the VASIMR™ is primarily achieved -
by the selective partitioning of the RF power {

the helicon and ICRH systems, with the prop Figure 1. Photograph of the VASIMR VX-100 device.

adjustment of the propellant flow. Howeve| cCourtesy of Ad Astra Rocket Company.
other complementary techniques are also bemyg

considered. A NASA-led, research effor
involving several teams in the United State Acceleration lonization
continues to explore the scientific an
technological foundations of this concept. Th
research is multifaceted and involves theo :
experiment, engineering design, missiq ;!\accamted\
analysis, and technology developmer — &M _——
Experimentally, high-density, stable plasm

discharges have been generated in Heliy
Hydrogen, Deuterium, Argon and Xenon. 19
dynamics in the exhaust are studied using

) N amplifier amplifier
variety of probes, gridded energy analyze * *
(RPA’s), microwave interferometry and optica
techniques. f

The VASIMR™ engine has three majg DC input power

subsystems, the injection stage, the heat{ Figure 2. Cartoon of the VASIMR VX-100 device.
stage and the nozzle as seen in Fig. 2. The

of a separate injection system has allowed us to

optimize our system for maximum power efficiencyepa wide range of gas flow rates. At presentbibst choice
appears to be a helicon discharge. The next stagasiream is the heating system. Energy is fedhéoststem in
the form of a circularly polarized RF signal tuntedthe ion cyclotron frequency. ICRH heating hasrbehosen
because it transfers energy directly and solelpéoions, which maximizes the efficiency of the iaeg The system
also features a two-stage magnetic nozzle, whidelaates the plasma particles by converting theimuthal
energy into directed momentum. The detachment efplume from the field takes place mainly by theslof




adiabaticity and the rapid increase of the log
plasma beta, defined as the local ratio of {
plasma pressure to the magnetic pressure.

The VX-100 has demonstrated ICRH
antenna efficiency >90% and a total couplir
efficiency of ~75%. The rocket performanc|
parameters inferred by integrating the mome;
of the ion energy distribution corresponds to
thrust of 1.3 N at an exhaust velocity of 2
km/s with the VX-100 device.

The force data presented in this paper ug
VX-100 settings of: 25 kW of RF power to th
Helicon stage, 13 kW of RF power to the ICR
stage. These settings resulted in roughly 50
Ar ions in the exhaust region of the plasn
flow. The PMFS was mounted roughly 50 c
downstream of the VX-100 exhaust exit plane

D. Concept and Construction of the PMFS

The PMFS consists of a 9-centimete
diameter graphite target disc attached to a ]
centimeter-long insulating alumina rod. TH
stiff alumina rod then connects to a sma
titanium bar (5.72 cm x 1.30 cm) where a seri
of 4 high output semiconductor strain gaugq
Micron Instruments model number SS-09
060-1150P, are mounted between two holes
an “isthmus” on the titanium bar, as seen in F
3. The isthmus acts as a stress concentrator
increases the sensitivity of the device. T
strain gauges are connected electrically in
Wheatstone bridge configuration so th
changes in temperature of the titanium bar
not affect the linearity of the strain gaug
output.

When the electrically floating graphite dis
is immersed in flowing plasma (e.g. the plun
of a HET) the force from the plasma impactir|
the graphite target is translated into a strain
the titanium beam through a moment arm eq
to the length of the alumina rod plus the clan
length. A small graphite shield was also us
to keep the entire titanium bar and strain gay
assembly shielded from the flowing plasm
and associated thermal and electrical noise.

The resolutions of the PMFS and th
inverted pendulum thrust stand described in t
paper were 0.1 mN and 0.5 mN respective
which allowed for sufficiently sensitive
measurements of the force applied by t
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-
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Figure 3. Schematic of the PMFS assembly and zoomn
in of strain gauge arrangement mounted on the Ti
isthmus, a), and a photo of the P5 HET and PMFS dimg
the closest approach, b). The Faraday probe biasddto
ion saturation can be seen in the foreground and th
PMFS graphite target disc in the background in b). An
overhead schematic shows the P5 HET and the forcp
target, c).

exhaust plasma. The typical error associa

with the inverted pendulum thrust stand is +2 mNaaneasured force of 100 mN.



If an increased PMFS force resolution were requitieel length of the alumina moment arm could beeased,
acting to increase the output from the strain gaudge a particular force applied to the graphitey¢d. However,
increasing the arm length of the device also dee®the resonant frequency response of the devVias. limitation
is generally not a concern for steady-state thrusperation. If the thruster (or some other soustdlowing
plasma) were operated in a pulsed mode, then dalgsis is simplified if the moment arm was seldctech that
the natural period of the PMFS device is much €ndhan the thruster pulse duration.

The graphite target only measured a porti
of the total axial force generated by the HET integd 1-
measurement. The PMFS target diameter was 5
of the P5 thruster channel O.D. An azimuthal
integrated radial profile of the ion flux was used
account for the portion of the plasma plume tH
was not intercepted by the graphite target. Fohe
force measurement presented in this paper,
corresponding radial profile of the ion flux wal
collected by a Faraday Probe and used to detern|
the total axial force produced by the thrustg
Figure 4 is a representative radial ion flux peofi
from the P5 HET plume; in this case, the graph 0.001 |ttt
target was 50 cm downstream from the exit plang
the thruster. The ion flux was recorded with
tungsten electrode that was recessed inside off Radial Location from Centerline, cm
alumina tube and was biased at -14.95 V, roughl

Te lower in voltage than the plasma potential, b flux in the HET plume, 50 cm downstream from the

tnhot t?o IQW S0 ats tot_create gdd|t|on:I |r(]).n|ﬁat.|nn exit plane of the thruster, with HET parameters of
the far ion saturation region. igh INPY 150\ and 16.6 A, 15 mg/s Xe.
impedance data logger was used to record

current through a 107.3 ohm shunt resistor
The ratio of the total axial ion flux & 0 tor = 100 cm), numerically integrated over the enpittme assuming
cylindrical symmetry, to that of the axial ion flitercepted by the target£€ O cm tor = 4.5 cm) is given by

0.01 -

Normalized lon Flux

Figure 4. A representative radial profile of the im

x=0 (1)

where I(rx) is the ion current as measured by a Faraday poased into ion saturation at a raditisin the

plasma exhaust. Herg,ranges from O to 1,000 fof, values from 0 to 100 cm. Thrust contributions frtime
plume at radii greater than 100 cm, the maximungeasf the translation stage, are negligible fordhta presented
in this paper.

The total axial forcef,,

produced by the HET is determined by multiplyithg force measured by the
graphite targetFTarget, by Egn. (1), which becomes

Xx=1000
p(rx2+1 - rxz)l (rx)
I:Total = F < (2)

Target x=45

p(rx2+1 - rz)l (rx)

x



The assumption that the thruster plume is symmdtrithe azimuthal direction leads to the largesirse of
error with the PMFS device. The asymmetries olegbrin the plume are likely due to non-uniform pritgre
delivery as the flow rate increased beyond its mainilesign point of 10 mg/s. A similar result waported where
fabrication error in the anode resulted in an asgmimplume at high flow rates.One way to reduce this error is to
construct a 2-D map of the ion flux profile; howeuis mapping was not performed owing to the tations of the
translation stage.

Once a total force measurement was numericallygiated from the PMFS measurement and ion flux lerofi
corrections were made for momentum reflection gndtsring, as described in section IV A.

E. Calibration
After the PMFS was installed in a rigid locatio
within the vacuum chamber, in this case on a 2-a 60 -

translation stage, and before the vacuum pump do
the PMFS was calibrated in order to find an aceur
relationship between the output of the strain gau 20
and the force applied to the target. Calibraticasw
performed in the same manner as was previol
described by Chavers et ‘alin which a set of
calibrated weights were hung from a tethered str
assembly to apply a known tension force on t
graphite target disc. Figure 3 shows a repredeata| 10 4
example of the force-to-voltage relation for tH
particular device used in this experiment campai 0 ‘ ‘ “ ‘
The strain sensors had an output voltage-to-fo 0 10 20 30 40
the PMFS was correctly leveled within the vacuu
chamber prior to testing, the resulting force peit u| Figure 5. A calibration graph is used to convert
voltage line would intercept the origin, as depicte | Strain sensor voltage to an applied force on thg
Fig. 5. target.

50 -

y=1.56x
R?=0.9998

30 -

Force, mN

20 -

The data from Fig. 5 also indicate that the stgdinges are linear over a force range from 0 teast|50 mN for
this particular device. Because the graphite tadigkenot intercept all of the HET exhaust pluntes translates into

a useful measurable P5 thruster force range oéaxit|0 to 1000 mN for thruster to target separatistances
between 23 and 94 cm. A PMFS calibration was peréal before and after every vacuum chamber pummdow
and venting in order to verify that the strain gasiglid not exhibit a drift or creep in time. Dwgithe PMFS HET
experiments, both PMFS calibrations agreed to with8%.

Il.  Experimental Demonstration

A. Thruster-Sensor Separation Distance

An initial thruster-to-target separation distanceperiment was performed in order to determine which
separation distances could be tolerated withoutifsggntly altering the performance of the thrustdihe separation
distance was decreased from 94 cm to 23 cm in tgughcentimeter increments. For each thrust nmremsent,
the thruster was turned on and allowed to stabiliEleen, a radial ion flux profile was taken wittetFaraday probe,
see Fig. 6, and a relative thrust measurementakas twith both techniques. The thruster was theretlioff, and a
baseline thrust measurement was taken, also with techniques. The difference in signal strengitwieen the
thrust-on and thrust-off values was used to deteznai thruster force. The slope from the resped@vd-S and
thrust stand calibration curves (i.e. mN/mV) wasrthused to determine an absolute force value ftanralative
force measurements. In this way, simultaneousefoneasurements could be made with both techniqiidss
procedure also helped to compensate for any drtfiruster performance or force over time.



An increase in the measured force w 1.000 -

registered with both techniques when the PM| & S 300V e

disc approached the HET as seenin Fig7. 1 § + 300V, 10 mg/s

PMFS data presented in Fig. 4 and Table 1 d 2 + 150V, 15 mg/s

. . . © 150 V, 10 mg/s

include corrections for sputtering based ¢ £ 0.100 | . 300V 5mgfs

SRIM/TRIM models? (see Section IV A for further| £ > 150V, 5 mgfs

sputtering correction details). oy
=]
'~ 0010 -
[=]
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K
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Figure 6. A graph showing a portion of the relatie
radial ion flux profiles for several thruster gas fow
rates and anode voltage levels. The PMFS and the
Faraday probe were located 50 cm downstream from
the thruster exit plane. The solid vertical red Ihe
shows the correct plume centerline.

Table 1. Measured thrust versus the separation diznce of the PMFS target from

the HET.

Separation distance, cm 94 80 70 60 50 40 30 23

PMFS, mN 76.1 76.6 768 768 769 76.9 771 773

Thrust stand, mN 763 771 776 779 779 784 792 792

Difference, % 03 06 11 14 12 19 26 24

Anode Voltage, V 300 300 300 300 300 300 300 300

Xe flow rate, mg/s 5 5 5 5 5 5 5 5

Anode current, A 51 51 51 51 51 51 51 51
The increase in thruster force with reduced thrust
target separation distance was previously obselyeg 100 - 153 kW
Chavers et dl.in a similar experiment (see Section D| r
and is attributed to an increased neutral presseae Zz 80 & ..k
the HET exit plane. Due to finite facility pressur g r W
background neutrals continually reach the thrus| @ 60 &
discharge channel, become ionized, accelerated, E r
artificially increase thrust As the PMFS approache S 40 &
the thruster exit plane, the neutral ingestion o r
expected to increase because of two effects. ,Firg 2 |7 @ ThustStand
fraction of the non-ionized neutrals from the thens % - | =—O——Force Sensor
will be reflected from the paddle surface with § 0? L
isotropic distribution. Second, ions will impadtet ‘ ‘ ‘ ‘ ‘
paddle and recombine at the surface to produce 0 20 40 60 80 100
additional isotropic reflected neutral flux. A dtaon Distance from Hall thruster to PMFS, cm
of these neutralized ions will also reach the ttaus
and artificially increase the thrust produced by t| Figure 7. Measured thrust versus the separation
thruster. The HET was operated at 1.53 K\ distance of the PMFS target and the HET. The
producing 5.1 A of discharge current with an ano| thruster was operated at 1.53 kW, using 5 mg/s Xe,
bias of 300 V, using a neutral Xe flow rate of 5/sag| 5.1 A at 300 V.
The average difference between the forbe

measurements for the inverted pendulum thrust st PMFS techniques is 1.4% for this data setchvis
considerably less than the error associated witieethe PMFS or the inverted pendulum thrust sfanthis set of
experiments.



C. Power Variations

The PMFS was positioned on thruster centerli
50 cm from the exit plane of the thruster while Xe
flow rate and the thruster anode voltage were edte
in order to achieve a range of ion energy, ion,fanxd
total force. Figure 8 shows the thrust from theish
stand and the PMFS measurements as a functiof
the calculated HET power. Table 2 shows t
numeric results displayed in Fig. 7. Figure 8 sh@av
graph of the radial ion flux profiles for severhatuster
gas flow rates and anode voltage levels with f{
thruster centerline superimposed on the graph.

The results for the power and are shown in Fig
and Table 2. An accurate centerline for all of t
peaks, found by fitting a bimodal distribution teet
data in Fig. 6, is located at a radial positionOofm
and shown in Fig. 6. The Faraday probe that w
mounted on the translation stage had a radial rahg
138.1 cm, where the thruster plume centerline &xta
at0cm.

500 +
[ |[OPMFS
[ | ®Thrust Stand
400 f
z :
E 300 -+
A %
2 [
£ 200 %
100 - é §
.
O \\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}

0O 1 2 3 4 5 6 7 8 9
Thruster Power, kW

Figure 8. Thrust measurements for a variety of
P5 HET power levels. The PMFS was located 5
cm downstream from the thruster exit plane.

Table 2. Measured thrust for a variety of P5 HET pwer levels.
The PMFS was located 50 cm downstream from the thaier exit plane.

Thruster power, kW 0.71 150 1.58 2.49 3.15 4.38 657.
PMFS, mN 326 72.7 89.2 138.2 149.7 2314 350.7
Thrust stand, mN 339 736 859 136.6 158.8 237.1 355.8
Difference, % 36 12 3.8 1.2 5.7 2.4 1.4
Anode Voltage, V 150 300 150 150 300 300 500
Xe flow rate, mg/s 5 5 10 15 10 15 15
Anode current, A 4.7 50 105 16.6 10.5 14.6 15.3
500 lon Energy Correlation 500 + Xe How Rate Correlation
L & PMFS i o PMFS
400 | [ --®---ThrustStand 400 T |---@---Thrust Stand
£ 300 f % 5300
g : % g 200 %
= r . = T .
|£ 200 T ”_.-’ = r '.,—' -‘§
100 i % 4 100 | g s
i & % i e
r ' 0 b 1 |
0 e ‘ ‘ ‘ 0 200 400 600
0 5 10 15 20 Anode Voltage, V
Neutral How Rat / . .
eutralHow Rate, mg's Figure 10. Corrected blind study thrust
Figure 9. Corrected blind study thrust measurements for a variety of P5 HET power
measurements for a variety of P5 HET power levels. The PMFS was located at 50 cm
levels. The PMFS was located 50 cmp | downstream from the thruster exit plane.
downstream from the thruster exit plane.

The largest difference between the thrust standsureaents and the PMFS measurements was 5.7%amwith

average discrepancy for this data set of 2.8%eeas & Table 3.




In an effort to identify a trend in the PMFS acayras a function of ion energy and neutral gas ftate, the
relevant PMFS and thrust stand force data are gdhph a function of the thruster neutral flow r&ig, 9, and as a
function of the thruster anode voltage, Fig. 100 &ear correlation of PMFS accuracy is obvioudhss anode
voltage or neutral gas flow rate are varied. Tstforder, the discrepancy between the PMFS anthtiust stand
appears to be largely unaffected by the HET syspamameters. However, data from Fig. 7 does indieat
discernable trend, with a larger discrepancy betvike two force measurement techniques as the Rigpaches
the thruster exit plane from a separation distaxi@4 cm to 23 cm.

The PMFS has proven to be accurate compared fovbged pendulum thrust stand with a maximum oleser
difference of 5.7% over a large range of applie@ddopion energy, and neutral gas flow settingse PMFS should
find considerable application in the low-thrustgstea community due to its simplicity, robustness] &erified
accuracy.

D. Initial VASIMR VX-100 Force Data
The design of the PMFS used for the VX-1G=
in 2007 experiments allowed for a resolution 60 ‘

the measured force equal to 0.1 mN. T :l:i::":;‘w[km
natural oscillating period of the device wg 5/ —— ICH Power [kW]
tuned so that it was much shorter than the pu Flow Rate/100 [sccm]

duration of each VX-100 shot. That is, th 401 i

PMFS target would oscillate back and forth
10 times during each plasma shot, as seer
Fig. 11.

The forces from the neutral gas puff, th
helicon discharge, and the helicon dischar
accelerated by the ICRH boost on the targ
were 0.7 mN, 12 mN, and 30 mN respectivel
Figure 12 shows that a significant amount
force was imparted to the target when only -10- 1
kW of ICRH power was added to the existin
25 kW of helicon power. Because the size 20— 0o o5 095 1 125 15 175 2
the target used in this experiment campaign W
significantly smaller than the diameter of th
plasma exhaust plume, the target only measu

—
-

Time [seconds]

Figure 11. Force measurement for a VX-100 shot. 52
a portion of the total force generated by tf kW RF power into the helicon stage, 13 kW RF power|

VX-100. A radial profile of the ion flux was into the ICRH stage, 2000 sccm Ar.
used to account for the portion of the plasrma
plume that was not intercepted by the targ

The ion flux was measured with a fag 2 | | |
reciprocating Langmuir probe biased into ig | | |
saturation. | 1 1
When the full plasma profile is integrate 1.5~ . T T
over an azimuthal rotation and corrected f| _ | | |
reflected neutral gas and the momentum chaj £ } } ne
from sputtered material, the total forc ‘g - ;’;;F B
produced by the shot was 810 mN. £ | | |
The PMFS force data is compared to tl | | |
RPA ion velocity and ion flux data, where th 0.54----- o T .
force from the VX-100 is calculated | | |
fromF =mv. Figure 13 shows two PMFS 3 3 3
force data points superimposed on a graph 0o 5 10 15
the calculated force from RPA and ion flu ICRF PowerlkWI1

measurements as a function of ICRH RF pow
from 0 to 26 kW. The RF helicon power i| Figure 12. PMFS force data and RPA / ion flux fore

held fixed at 25 kW. data for the VX-100.




The overestimate of the force values from the RR#h/flux method is identified as an error in esttmof the
local plasma potential. If the conservative PMB&¢ data are used to scale up to 26 kW ICRH RFepaav25 kW
helicon plus 26 kW ICRH VX-100 shot produces ove®@ mN of force.

Il. Momentum Flux Parameters

A. Surface Sputtering

Target material choice for the PMFS is
nontrivial task owing to the bombardment frof
high energy ions in the exhaust plume of t
HET. At a maximum operating power leve
the P5 HET was able to produce incident io
with an average energy of approximately 44
eV. This ion energy is far beyond the sputt
threshold of any material. One simply tries
reduce the sputtering yield in order to redu
the associated momentum corrections and
reduce contamination of the HET fron
sputtered target material. With an Ar, Kr, ¢
Xe propellant, the natural target material choi
for low sputter yield is graphite. This low yielq
is in part a result of the covalent C-C bor
strength which results in the lowest sputt
yield compared to any other material (with th
exception of diamond) when the incider a)
particles are more than twice as massive as
target atont’ Experiments have also show
that for incident Xe ions, graphite has th
lowest sputtering yield (with the exception ¢
diamond)*®* In order to quantify sputtering
yield rates in this experiment campaign, 4
RPA was used to measure the incident i
energy distribution from the HET for every
force measurement data point. For typig
operation, the P5 HET produces ions with
average energy equal to 50 V less than f
anode voltage. That is, Xe ions with an averg
energy of 250 eV are observed from an ang
setting of 300 V with the P5 HE®.

The sputtering yield from a target surface
also highly dependent on the incident angle
the incoming particle, where incident particl
trajectories that are normal to the surfa
generally produce lower sputtering yields ar
incident particle trajectories that are ~70 to
degrees from normal have the largest sputter
yields. Figure 13 a) and b) show the Stopping Radge of lons in Matter (SRIM) cofsimulations for graphite
sputter yield and energy per sputtered carbon aema function of incident angle from normal foreamge of
incident Xe ion energy.

In Fig. 14, a Xe particle with an incident angfeOodegrees means the particle is perpendiculam{ab) to the
surface.

SRIM sputter yield and sputtered particle energyusations were completed once the average inciderion
energy was determined from RPA data and the pessibldent ion trajectories were determined from tdrget to
thruster separation distance and thruster dimessidie SRIM simulations gave the yield and enefggputtered

b)

Figure 13. Carbon sputter yield (C atom releasedgr
incident Xe ion) a), and average sputtered C atormergy
b), as a function of incident angle from the target
perpendicular for various incident Xe ion energies.
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C atoms. These results were used to find the addedentum flux on the target caused by the exisipgttered
particles. The sputter simulation output is préséiin Tables 3 and 4 for the separation distarperament and the
power variation experiment respectively. The fast in Tables 3 and 4 shows the momentum chandbeoRMFS
force target that was caused by sputtered C ateavsnlg the target surface.

Table 3. Carbon sputter yield, average sputtered @tom energy, and the associated momentum increase
as a function of incident Xe angle and energy forarious thruster-target separation distances.

Separation distance, cm 94 80 70 60 50 40 30 23
PMFES, mN 76.1 76.6 76.8 76.8 76.9 76.9 77.1 77.3
Thrust stand, mN 76.3 77.1 77.6 77.9 77.9 78.4 79.2 79.2
Difference, % 0.3 0.6 11 1.4 1.2 1.9 2.6 2.4
Anode voltage, V 300 300 300 300 300 300 300 300
Xe ion energy, eV 250 250 250 250 250 250 250 250
Integrated sputter yield, atoms/ion 0.21 0.22 0.22 0.23 0.25 0.28 0.30 0.40
Sputtered energy of carbon, eV 2.0 2.1 2.2 2.2 25 25 2.7 3.1
Momentum increase, % 0.6 0.6 0.6 0.7 0.8 0.8 0.9 1.3

Table 4. Carbon sputter yield, average sputtered @tom energy, and the associated momentum increase
as a function of incident Xe angle and energy forarious thruster anode and gas flow settings.

Thruster power, kW 0.71 1.50 1.58 2.49 3.15 4.38 657.
PMFS, mN 32.6 72.7 89.2 138.2 149.7 231.4 350.7
Thrust stand, mN 33.9 73.6 85.9 136.6 158.8 237.1 355.8
Difference, % 3.6 1.2 3.8 1.2 5.7 2.4 1.4
Anode voltage, V 150 300 150 150 300 300 500
Xe ion energy, eV 130 250 130 130 250 250 440
Integrated sputter yield, atom/ion 0.04 0.18 0.04 .040 0.18 0.18 0.44
Sputtered energy of carbon, eV 1.4 2.1 1.4 1.4 21 21 29
Momentum increase, % 0.1 0.4 0.1 0.1 0.4 0.4 1.0

Because the sputter yield varies with incident ipl@rtangle, an integrated value was computed basedhe
probable incident ion trajectories from the HET el impacting an annular section of the circulBtHS target.
lon energy values were measured with an RPA ab®h® cm location, and were used for all sputtecudations
with the local ion flux measurements from each fimea This is presented in Tables 4 and 5 as rated sputter
yield.

Simulations from SRIM show that the Xe ions withearergy between 8 and 500 eV implant themselves4l t
nm, 10 to 40 times the atomic spacing for carbamat into the surface of the graphite target inireastic
collision and do not immediately ‘bounce’ off oktltarget surface in an elastic collision. For Xetigles impacting
a graphite surface, these inelastic implantatiartsiofor Xe particle energies above ~8 eV, rought/C-C surface
binding energy for graphite. This inelastic ionpiantation claim is supported by the experimentaicd
comparison results in sections Il A and C.

According to the SRIM simulations, the increasen@asured momentum from carbon atoms sputtered digo
PMES graphite target is at most 1.3% of the totahsured momentum from the incident Xe ions. Thislk
correction is included in all of the measurementssented in this paper, but is typically much s the other
errors in the measurements.

B. Neutral Reflection and Charge Exchange

A small fraction of the particles from the P5 HEIT the PMFS target as cold, unaccelerated, neutralsold
neutral particle would bounce off the target, thastributing twice the amount of momentum thatitries towards
the PMFS target. However, these cold gas partides/ negligible momentum compared to the acctddraons
and in this case, no neutral gas corrections weesled. Furthermore, the fraction of unacceleratagrals to
accelerated ions is approximately 26%# more serious concern is hot neutrals createeh fist ions undergoing
charge exchange with the atoms of an ambient regasapopulation. Typically these energetic ndsitveould go
undetected by the Faraday probe that was usedtéztdine radial ion flux. However, as long as tiarge
exchange fraction is low compared to the ion padputaand/or the concentration of charge exchangadrals is
proportional to the ion flux, charge exchanged rasitdo not significantly affect the accuracy of AMFS device.
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As estimated by Randolph et*al.only 2 % of 200 eV Xe ions undergo CEX within 1€@ with a background Xe
pressure of 3xIB Torr. With all of these factors combined, the ccalas contributes negligible momentum
compared to the accelerated ions in the P5 HEDm@mimal operating conditions.

The Xe ions that become implanted within the griptarget may eventually make their way back toftbat
surface and escape from the target as neutralofesat However, the neutral Xe atoms would escajm iilsotropic
distribution as cold neutrals and also carry awagligible momentum compared to the high energydieisi Xe
ions.

The effect of charge-exchange (CEX) particles andbti-charged ions is also negligible as long as @EX
and doubly-ionized fluxes are directly proportiot@the ion flux, or the fraction of these CEX rrailg and doubly-
charged ions is small compared to singly-charged.ioThis is a reasonable assumption based onopiedata
taken with the P5 HEY

V. Conclusion

The Plasma Momentum Flux Sensor (PMFS) was shovagitee well with an inverted pendulum thrust stand,
with a maximum observed difference of approxima&dy and an average difference of approximately 2 a
large range of force, ion energy, and neutral tgas $ettings. It is often cumbersome or impossiblenount heavy
thrusters on pendulum-type thrust stands. Likewtise cost associated with designing an approptiatest stand
can be prohibitive to some research efforts. Amhble alternative, the PMFS can be used as ayhagdurate force
sensor for a large range of flowing plasma cond@ioBecause the PMFS has demonstrated its accasacplasma
force diagnostic and is a simple, robust, and lostclevice, it should find considerable applicatioithe flowing
plasma and electric propulsion communities. TheFBMwas used with the Variable Specific Impulse
Magnetoplasma Rocket (VASIMR) and data with the Y00 indicate a force on the PMFS target of gretitan
810 mN for a 25 kW helicon plus 13 kW ICRH pulsadaver 1300 mN for a 25 kW helicon plus 25 kW ICRH
pulse.
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