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Plume Characteristics of a Multiple SourceIon Thruster

C. Michael Tiemey*, John K. Brophy* *. Juergen Mueller**¥
Jet Propulsion Laborator)
Caigornia [nstitule of Techanlngy
Pasadena, California

"I'bis paper summarizes a description of scveral plume characteristics of the multl-lon source,
segtitentied jon thrusier (S1T) that rue impdrtant W propulsion suhsysiem, spacecratl system, and
mission design engineers with respect o incorporation of inn thrusters witliin i space mission,
‘These vlwuacteristics will address issues related to operational performance, lifetime, thruster
inleraction with 4 host spacecralt, multiple ion beam interaction, and repeatability of coustruction
and operution.

Characteristics of the exhausted ion beam{s) were ¢valuated throughtwo seiy of experiments.
The lirst invotved measuring the two-gimensional ion current density distribution 98 a function of
position downstream of the thruster with concuncut vperation of up o three ion sources. Ion
heant asymmetrics about the 1on source centerline were ohserved  Construction of multiple ion
source current density profiles through supcrposition of data oblained ftuin operation of Individual
jons souTCes appear 1o Rive the comrect results provided the effects of charge-exchange collisions
areaccounted for, Beam divergence angles for cases in which the netsto- 10wl accelerating vol wge
(R) wits equalto 0.893 ranged from 10° 1o 18% and from 16° [o 22° for thage in which R =0.643.

‘The second selof experiments involved collection of ion charge state data with the usc of an
ExB mass spectuineter placed downsircam of the thrusier. Measured double inn fractions were

typically less than 10% exceptat very high propellant efficicncics.

Nomenclature

X Horizontal Axis (m)
Y:Venicad Axis (m)
7.:Dawnstream Axis (m)

T Mewied Bearn Current (mA)
Vg Sereen Voluge (V)

VA ; Accelerator voltage (V)
Vp 1 Decelerator Volage (V)

K @ Net-to-Toral Voltage Ratio
Je; Cottected Cursent (A)

J, : Measured Beam Current (A)

m, : Totad Mass Flaw Rate (seem)

Introduction

The primary objoctive of this effort was to assist
in the developmentof the segmented1on f.brusher
(S¥YP) [1] The information contained in this paper is
a summay ol tic results presented by Tierney 12.3)
which describes two types of exporiments [0
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characterize the S["1” exhaust plume: Faraday probe
current dencity and Ex B mass spectrometer ion
charge state. These results could be used by
propulsion subhzysterm, spacecraft system nnd mission
design engineers inoider ( wssess the beneflts, risks,
andcosts associated with incorporating the SIT with
« given spacecraft and niissivn, In addition, these
results could be used in arder to assess issues
regarding thruster performance, lifelitue, intcraction
with the spacecralt interacrion between muluple ion
beams, and repcatability of ion source constructon
and operation.

km propulsion hasbeen under development for
over 30 years andbeen proposed for application as
auxiliary propulsion tenotbit raising and station
keeping of earth orhiting sutetlites [4] and as primary
propulsion for dee¢p space. and plunetary exploration
plattorms |5.6.7.8.9). I has alco been proposed for
use in the operation of large space systeins that coukl
have anextensive setof earth orhiting and planetary
missione [10]. The segmented ton thruster (STT) by
also been suggested for applicarion (0 several solar
system caploration missions [11, 12). Shown in Fig.
I, the sepmented ion rthrister consists Of (our separate
won sources, each with its owyn 3-grid accelerator
system,

Production of multiply vhauged ions within the
aischarge chamber of aninnthruster degrades the
ideal performance of the thrustciand jncreuses
intemal erosion raies, In this investigation the charge
state of tha nceelerated ions was measured alouy the
cepterline of asinglesegmentin order m assess the
degradation of performance and Hife as a function uf




FILE No.472 07,1095 08:32D:BUSINESS CcENTER

AlAA-95-3067

the ion source berm current(Jg). This was
accomplished by placing an ExBmass spectrometer
downstream of the operating segment and measuring
the collected current (J.) as a function of voltage
applied to the deflector plates.

Lifetime of an ion thruster is primarily limited by
erosion of the accelerator system grids duc (o
sputtering of grid material by charge exchange ions,

S¢gmented lon | hrustes
Figure 1

The twoion beam churacteristics evaluated in this
investigation thatimpactlifetime were beam
uniformity rind mulliply charged ion production.
Maximum grid lifetime is achieved with uniformn, flat
beams with production of only singly charged ions.
A non-uniform or non-flat bearn protile will produce
uneven erosion of the grid materialand therefore
accelerate the erosionrate in some regions compared
10 thaat of the ideal case,

Divergence of the extracted ion beams can be
described by the beam divergence angle {a) arrd help
identify “keep Owt” regions for solar arrays and other
spacecraft appendages in order to prevent direct ion
impingement on spacecraft surfaces, ‘his angle is
defined as the half cone angle measured from the
edge of the active ion source, which contains 95% of
the beam current, Due [o charge exchange effects,
the measurable beam current (J;) tends to decrease as
a function of distance from the thruster (2), The
beam divergence angle (a) was calculated for each
plane of Faraday probe current density data collected
during the individual operation of each ion source,.

The primary design feature of the segmented ion
thruster which Tnakesit different from other ion
thrusters is the tour ion sourge configuration. In
order to study the operation of multiple ion sources,
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this investigation will comparce the beam current
density profiles generated from multiple ion source
operation to the equivalent profiles created
mathematically through superposition of the data
obuined from operation of single sources.

Apparatus
“Tost Faciliti

Testing was conducted in 2 2.4 m-dia. x S m long
stainless steel vacuum facility with an effective
pumping speed on Xe¢ of -14,000 L/s. A more
detailed description of the tucility and SIT support
hardware is given by Mueller et al.[13).

Segmenied lon Thrusier

The segmented ion thruster shown in Ifig.tis
made up of tour 15-crn diameter ion sources of the
type described by Brophy et al. [ 14]. Each ion source
is n modified, scaled-down version of thc NASA
light-weight, 30-cm diameter ring-cusp thruster {15).
Each discharge chamber body is made of 6061
aluminum and the ring-cusp magnetic field
configuration isformed from two rings of samarium-
cobalt magnets; on¢ positioned at the upstream end
near the. cathode andth¢other at rhc downstream end
near the accelerator system. Two of the ion sources
have the polarity of their ;agnet rings reversed (0
give aright and left-hundedness to the sources, In the
SI't configuration, the ion sources arc integrated such
thatsegments A and C are right- handed and B and D
are lcft-handed.

The ion source segments are integrated onto a
base plale structure at ground potential. Electrical
insulators between the segments and o the centrally
located neutralizer assembly ar¢ used to make the
overall structure rigid. I'ach ion source is electrically
isolated from the others. Elcctrical integration of the
ion source segments is accomplished at the power
supplies. This enables a faulty ion source W be
isolated from the others, A single, centrally-located
neutralizer cathode 18 used to neutrali ze all of the iony
sources. For a flight propulsion system which
consists ot a single SIT, a second neutralizer cathode
would likety be included for redundancy.

Thice sets of 3-grid ion accelerator systems were
fabricated from carbon-carbon. A fourth sctwas
damnaged during fabrication srd could not be used.
lon source segments A, B and C were equipped with
the carbon-carbon grids, Difticulties in operation of
segment D precluded use of this segment for data
gcquisilion, Geometries of the carbon-curbon grids,
sss well as derails of the fabrication and operation are
summarized by Mueller et al. (16].
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Probes

Two different types of charged particle probes
were used in this investigation, Faraday probes and
an ExB mass spectrometer. A totalof 24 Faraday
probes were mounted to a vertical rake with 5 cm
between probe centers. Shown in Fig. 2, the button
portion of each probe was 2,3 cm in diameter with a
-0.1 c¢m thick tungsten coating on the surface 10
reduce secondary electron emission.  The ¢up and
button were biased -30 V with respect to the
surrounding tank wall in order to repel free elecirons
within the ion beam,

The ExB mass specurometer, shown in Fig. 3,
consists of a fixed magnetic field in the vertical
direction and, through the usc of a programmable
power supply, has a variable clecuic field in the
horizontal direction. The collector shrface is also
covered with -0.1 cm thick layer of wngsten for
reduction of secondary electron emission,

Pro jionip

Both the Faraday probe rake and the ExBmass
specrometer were Separately mounted to a 3 axiy
probe positioning system. This sysicm uses
recirculating ball bearing pillow blocks, stainless
steel slide rails, recirculating ball screws and siepper
motors for motion actuauon. Motion of the syslein
was controlled by u Macintosh Centsis 650 computer
with LabView software, a digital I/O card, and
siepper motor drive ¢electronics. ln order to determine
the position of the raverse mechanism wish respect 10
a predefined origin, the LabView software counts the
number of TTL pulses transmitted to the stepper
motor drive clectronics, and knowing the Icad of the
ball screws, the computer calculates the location.

The coordinate axes of the probe positioning
system are as follows: looking downstream from the
point of view of the SIT, X axis - Left/Right, Y axis -
Up/Down, Z axis - Front/Back. The origin of these
axes correspond m X,Y,7 = 0.0,0 and is located in the
lower lefthand corner of the tank with the Faraday
probe collector surfaces al the thruster exit planc,
Positive x travel is from left to right, positive Y
travel is from bottom Lo top, and positive Z travel is
from upstream 1o downstream,

Daia Acquisition Sysic

Two different data acquisition systems were
used, on¢ for Faraday probe datacollection, and
another for ExB probe data collection. The Faradasy
cups were each connected across resistors through a
biits power supply to ground. A voltage conversion
modu le converted the voltage drop read across a
resistar (£50 mV range) to a signal (£ SV range)
which could be read by an analog 1/Q) board wi thin

FILE No. 472 07,10 '9508:32 ID :BUSINESS CENTER

6196922333

the Macintosh computer, The same lLabView
prograimn used to control motion of the probe
positioning system was also vsed to ¢collect the
Faraday probe data. Due to the number ol Faraday
probes used and the limited number of channels
available on the 1/0 board, a multiplexer was used.
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The ExB probe data acquisition system consisted
primarily of a Keithly 617 Electrometer which was
used in measure the current collecied by the ExB
probe for a given potential dillerence across the
probe’s deficctorplates. The measurcd value wis
then digi tally transmitted to the Macintosh computer
via i« GPIB interface.

PAGE 4
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Faraday Prohe Current Density Experiment
Thruster Operation

Al lcombinations of segments A, B, and C were
operated at three different beam currents and two
different net-to-total acceleriting voltages ratios (R),
Table 1 gives each of these operating conditions.

Table 1
Data B Vs | Vo | vp [ R
Set {mA) (v) | (V) | (V)
1 430 1250 | -150 | -100 [ 0.893
2 312 1250 | -150 | -100 | 0.893
3 500 1250 | -150 | -100 [ 0.893
4 430 | 900 | -500 |-200 | 0.430

Operatung Conditions
Raw Collection

Faraday probe data was collected at a total of §
downstream location (Z = 0.356,0,508,0.660,0,813,
0.965 m) lordataset 1 and atotalof 3 downstream
locations (Z= 0.356. 0.660.0.965 m) for dat sets 2,
3, nnd 4. At each of these downstream positions, the
Faraday probe riake was moved back and fourth
through the ion beam(s), stopping every 2.54 cm, and
collecting a total of 100 samples for each probe at
each position. Each set Of 100 samples was averaged
and the standard deviation was computed.

L ; | Reducti

Several adjustments to the raw data were
required in order to account for non-ideal operating
conditions of the experiment, prepare the collected
data for analysis, rind to transform the dataintoa
more préesentable form, These adjustments included:
removal of datacollceted during thruster recycle
events; formation of the data into 2-D matrices;
removal of biases believed o be caused by non-zero
pressures within the vacuum facility; accounting for
secondary electron emission; conversion 10 BICiTIC
units; conversion of measured currents 0 current
densities for a given probe collector area;
construction of superimposed, multiple ion source
data; and interpolation of 2,54 cm spaced data to
produce 0.635 cm spaced valucs.

Data Analyses

Current density contour plots were constructed
for all combinations of vperating segment(s), ion
source operating condition, and downstream locition
of the Faraday probe data acquisition plane. A 2-
dimensional Simpson’s Ruic was applied (o the data

619 692 2338

matnices in order to calculate the total measured
downstream  beam  current. Reduction in  the
measvred beam current compared to r-he metered
beam currenl was expected due to charge exchange
effects and comparisons between the measured and
expected beam currents were made. Using the 0.635
cm spaced values for single ion source operation, the
beam divergence angles were calculated.

Beam Symmetry Evaluation

Figures 4, 5, and 6 depict typical current density
contour plots for theion beams cxtracted from
segments A, B, rind C respectively, The plols were
generated from darn collected 0.660 m from the
thruster & metered beam current JB) of 430 mA and
R = 0.893. The step size between unlabeled contours
is equal to the maximum labeled contour.  One
observable characteristic Of these contours is they are
not round, but elliptical in shape,  Similar
investigations into the characteristics of other ion
thruster plumas gencrally present resu Its of” uniform
beamns, suchas in the work done by Fearn et al. [17)
and Groh et al. {18]. tu addition, the degreeto which
each segment produces non-uniform beams is
different as is the orientation of the beam profiles.
Orientadon of the ion beam profiles canbe described
by using the vertical axis (Y) through the center of an
ion beamwith the 12 o’clock position being zero
rolation, measuring positive rotation in 4 clockwise
direction (rom that position,

As shown in Figs. 4 through 6, the ion benm
extracted from segment A appears to be the most
ASymmetric in comparison to those from segments B
and C. The segment A “semi-major ®xis” is canted
about +15° Sepment B seemsto produce the least
ssymmietric beam and the “semi-major axis” lies at
approximarely 90°, With anorientation of close [0
0°, the beam extracted from segment C appears closer
to segments A with respectto the degree of
asymmalry,

The most likely cause for non-uniform beam
profiles involves misalighment between the grid
holes of the acceleraior sysiem. Alignment of these
holes aftects the trajectonies of the accelerated ions,
If all holes of adjacent grids are not radially
consistent in alignment. the ions will exit in such a
manner thal the resulting current density profile will
not be symmetric. Variablespacing between the
grids, position errors in drilling of the holes, inexact
assembly of the grids, and vasiations in thermal
expansion of the grids arc all potential factors in hole
misalignment. Variations in spacing between the.
grids could be caused by differences in spacer
thickness or by nou-flatness of the grids.

PAGE 5
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Downstream Beam Develuptugit

Figures 7 m 9 display example current density
contour plots at throe different downs (ream locations.
T h e data used 10 create g, / was acquired ata
distance of 0.356 m from theion exit planc of the
thruster with daw for Figs. 8 and 9 collected at U660
m and 0.965 m respectively, Each ion source had u
melered beam correntof 430 MA and an K rauo ol
0.8Q3 with a screen volage (V) of 1250 V.

As distance from the thruster increases. the heam
tends 1o spread and the peak current density
decreases. The 0.050 and 0.178 mA/em? contours do
nOot appar 1o increase in size significantly snd scem
1o rtetain the initial shape  The 0.010 mA/cm2
Contour howcvcr,docs covera gicale i cit wids
distance from the thruster. This beam development is
primarily duc to divergence of the individual ion
beamlets extracted from cich hole of the accelerator
system.

Real vi. Superimposed Current Density Contoyr Blots

‘the general shape, orientation, and locaion of
the superimpnsed current density contour plots agree
well in comparisun W the current density plols
generated with diata nequired from the actual
operation of muktiple ion svurces, Figures 10 through
13 depict four sumple comparisons. In cases where
Furaday probe dala was collected at pusivons close
the thruster there is little discrepancy hetween real
nnd superimposed contour plots(Figs. 10and 11).
However. a$ distance from the thrnsier increases, the
differences bocome more pronounced, Thiese
aiffercnces refry indicate interaction between the ion
bearns, however, this interaction sore likely is due 0
tacilily and resnlting charge exchange effects, The
differences between Iigs. 12 and 13 ire much more
pronounced than those  hetween  Figs. 10and 11,
only diff¢rence in the operating condidivits between
Fip. 120 ind Fig. 12 is the number of active ion
sources, 3 for Fig. 12 and 2 for Tig. 10. Additiou uf
an active 1on source in Fig 12 wonld have increased
the facility pressurc comparcd to thet found in Fig. 10
due 1o the igher propetlant low rate, and therefore
increased the charge cxchange cffeets vu the ion
beams,
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Mencured v, Caleulated Ream Cument

Most of the discrepancies between the integrated
(measurcd) beam currents and the dicvretically
caleulated beam currents based on charge exchange
emmects were less than10% fuicases in which R~
0.893, The range was as high as 20% and ac low ag
2%. However, [UF ciases i which R = 0.043, the
discropancies were rarely Jess than 15, with snme
as high as 28%. In a to1al of 66 out of the 83 with R

(). 203, the uncertainties associated with the
theoretical and integrated beamn cutients could
account for the discrepancies between the valuas
This agreement hetween dic culeulaied and measured
values does not hold well for cases where R = ).643.
Only 1 of the 21 cases could account for the
differences This level of disagreement between the,
wicaswred and calculated values was uncxpeeted and
atternpls were marde 1o herrer nnderstand this.

Attention wigs focused on the assumptions used
to account for charge exchange affects. One nf the
assurnpuions used in the gicory was that of a hifhly'
collimated beam., With nlawer R ratio for these
cuses, tie ion bewviended tobe wider than for w
higher R ratio. The charge exchange calculations
used the axiol distance between the probes and the:
thrusterexit plane, which were fixed at 0.356. 0,506,
0.660, 0,813 or 0.965m. It would have been more
appropriate m usc the distance between the center of
the thruster atth¢ion exit plane and cachindividual
prohe, ss appased 1o the normal distance to the data
acquisition planc. This would have accounted for the
physical distance the iong iraveled Althongh using
thiy O axds distnce would have been more accurae,
iris nat feasible to determine where on theexitplane
of the multiple ion sources would be the appropriate
spot from which to measure.

Curreits Perally Cumuu Plu
SynDafa- 7.2 0.96§ m
Figure 13

Sugerimposed vs, Measured Beam Current

Comiparison of the beam current values
integrated using mcasured and superimposod data
values showed il the integrated beam currents using
supcrimpused dala were generally graater than those
using measurcd data. The differences were normally
Icss than 8% with Some exceptions. Differences in 40
of the 56 cases could be accounted for by evaluating
the uncertaintics associated with both integrated
valnes. There seemed o be some dependence of
these diffcrences on the number of active ion sources,
The discrepancies tended to be hgher for cases in
which three. ion sources were operating. This could
have been related to either the interaction 01 ion
beams or there may have been a facility eftect that
was dependent upon the x¢nonmass flow rae and
pumping speed. There did not nppear to be any
dependence of this on R ratio, ion source beam
current, or distance from the thruster,

Beam | ?.h'“ﬂﬁ“&ﬁ

Beam divergence angles () tended to vary
herween segments and were dependent upon the
meteced beam current and R ratio. Al though the
measnred divergence angle varied with downstream
position, no trend was identificd.

Figures 14 throughi6 display the beam
divergence angles for cach segment at the different
aperating conditions. Segment B tended to produce
the most collimated beam among the three segments,
Sepmenia A and Craded pasitions for having the
most divergent plumes as metered beam current and
R varied. The available beam divergen ce angles were
averaged along with (heir associated uncertintics in
order [0 enable a quantilative.companson ot Lthe
results botween the different thrusier operating
conditions as givenn ‘Lable 2,

PAGE
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The most dramatic shift in beam divergence

Seyrena angle () occurs when the R ratio chinges from 0.893
oy I t0 0.643. The width of the fon beams emanating from
2007 5 o 40mA each of the segments increase 34, 56, and 63 percent
1900 = o Man for segments A, B, and C when compired to the

2 o " beams produced with the thruster operating at 430
=] § Suma mA withR= 0.893. This increase in beam
e divergence has been identified as a possible cause for
430 mA Re0.643 b
5 16007 a ot R = 0.643 integrated beam current values o be cm the
E 13003 » : 9 930ma 2% order 0of 20% lower thanthe beam current values
gu 0 . J expected after accounting for charge exchange
R effects, A huge change inais also visible between
”-005 i scgment C at 312 mA and 430 mA or 500 mA.
1?2 111 7 F
11,00 v e et Table 2
0 01 01 0304 050607 Uy 09 | Segment [ 1y R | a(deg)| da
~m) {mA) (deg)
Ream Divergence An;;;::::lopﬂrm.&[mmA A 430 0893 147 0.4
B 430 10.893] 11.0 03

Segmenrn C 430 10.893] 136 04
1907 " A 312 10893 | 14.2 0.5
n.m; = e $0mA 13 312 10.893¢ 121 0,4
17.00 ; o HM2uA ( 312 0.893 164 1.2

6003 o A 500 1 0.893] 13.5 0.3
£ u SWaA B 500 lose3l 222 0.3
5 o manseso ¢ 5@o0.893] 130 | 03
PR l A 43010643 197 0.9
Eum; [¢ 0mA 13 B 430 10.643| 172 09
51200 : C 430 To.643] 222 12
.00 L ) Averape Beam Divergence Angle Results
20 5 T
3 Pl . :
1000 ExB Probe Charge State Experiment
V.00 ST T AT [ TR T T Ty
0010203 04 03 01507 08 091 Thruster Operation
2 (ni)
Beam Diwergonee I:g:):r:)le;lomnnlv&wmh only segment A was used for this portion of the
investigation. For the centerline data collection part

” . Of this experiment, three nominal bearm currents were
no0 N used, 312 mA, 430 mA, and 470 mA. ‘Jhe
200 ". Com corresponding propellant flow rates (m,) were set
21,003 % such thal anuncorsected propellant utilization

'“2ow§ o 32ma efficiency of 0.90 would be produced (4.83, 6.66,
4 N 7.27 sccin). Once the propellant flow rate was set,
P lu swms the discharge current was ramped, both in the positive
E"‘"’“; S and negative directions, such that the uncorrected
17,002 ln_aomk-oaj propellant utilization efficiency would range trom
gm.m - about 0,50 up to over 1,10,
15,00 l‘or the radial profile daw collection portion, the
P . beam current and propellant flow rate were fixed at
o 'I 430 mA and 6.66 seem, respectively,
L
g
12.00 .
0 01 112 0.3 0.4 0.50607 0 UO,,\le D&mmlm
T ey P e s T h e ExB mass spectromeier was initially
Vikuee 18 positioned 0.61 m downstream of the thruster with

the centerline of the collimator approximately along
[he segment A centerline,  For the centerline
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experiment, the probe remained at that position for all
agia colleciion. The probe was wranslated along the
horizontal and vertical axes. one atatime,in 0.63$
cm Increments, Data was collected at each jocation.
The runge of motion along both axes was sufficient
such that at the limis, DO $Ingly or doudly charged
ion signals were detected.

Dats Ad 1nd Reducii

Similar adjustments were made to the ExB data
in arder to account for facility hackgronnd pressures
The collected data was also smoothed in vider to
more easily determine peak valnes and adjnstments
were made 10 the propellant wtilization c. fficiency
values to account for propcllant backflow into the
discharge chamber.

Data Analyscs

Severid analyses were performed with (he
adjusied data previously described. Collected current
(Tc) v, dellector plute bias were ploted i order 0
determine themeasurad peak singly anddoubly
charged {on currenls. The charge state current (Ke)
and number (R,) ratios were calculated, propeliant
utilization efficiencies corrected for doubly charped
ion production and propcllant mass ingestion were
calculated. charge state Uirust correction factors were
caley luted, and plots of np vs, R, and f¢ vs. Ry, were
developed. Propetiant uritization ¢ fficiency (Mpe2)
uncerwinty analyses were also conducted.

Ton beam centerline charge stale was evaluated
for atotal of five different thrusier operating
conaiions. These conditions correspond 1o nontnal
beam currents of 312 mA, 430 mA, and 4170 mA.
Nominalbeam current feicrs o the metered beam
current 8t which the uncorrected propellant utlization
cfficicucy (g) is 0.90.

Data generoted from these measurcrnents arc
presented In charge slate number ratio (Rn) vs.
correcied propellant utitization efliciency (1pe)
plots given in Fig. 17 through 21. Error bars are
included in the plows 10 show uncertainues in the
calculation of npea.

A sipniticant aspect of these curves is thatihe
corrected propellant utilization efficiency i still
greater than 1 for beamn currents greaer than about
270 mA. Since this is physically impossible,
aitcinpts w e r e made w explain this regaraing
uncertginly in measuring doubly Charged ion
production andaischarge chamber propellant
ingestion,  For [he datapoints in which Npe2 i
greater than 1. the assoclated error bars extend over
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the Npe2 -1 line for all but ono ¢ase, which means
that only one data point may be traly suspect. ‘This
data point Of nNpe2 - 1.0§, shown in figurel9,
corresponds to thrusrer operating canditians of 1g =
423MA, = 4.8S SeCm, and Vg = 49,1 V.

Initially in this investigation it was assumed that
production of mriply charged inns conld he neglected.
According to Sovey [19), production of triply
charged ions did not begin until the discharge voltage
reaclicd approrimutely 42 V. The reasou il was
assumed that triply charged ion production would be
uegligible was because reaching discharge volwages
of over 40 V was not anticipated. Sovey found that at
dischwrge voltuges ol 46 V Wie triply charged ion
production rare was 2% of the singly charged ions. It
wiply chin ged ious were produted ut these higlier
discharge voliages In this investigation, then the
propellant utiliziion efficicncy von tecied for douubly
and réply rharged inns as well as propellantingestion
would be 1.041 L 0.046. Nute hete that te
uncertainty would allow the error bars to extend over
the Mpe2 = 1 line andaccountlor the prearer than 1
value,

Figures 22 through 26 display the ion beum
Charge state thrust Correcuontactorsile)asa 1ullc110l)
of beam current for given propellant (low ralcs.

Radial Chaige Sate Raio Plots

Figures 27, 28, 30, and 3 1 disptay the collected
current radial peofiles for singly (I%) and doubly
(1*+*) chargadions generited by segment A. These
profiles wer¢created withmeasurements from an
ExR mass specirometer probo, which wag located
().61 m downstream or the thruster. Figures 29 and
32 show the resulting charge state number ratio (Ry)
radial profiles, Some unexpected characleristics of
the radial profilos resuled, however, and there was
insurficient data to assess repcatabihity of the results.
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Conclusions
Perfomance

The charge state thrust correcdion factor (f) s
given in figures 22 through 26 s a funcrion of
metered beam current (1) Lor duee propellant flow
ralcs. The vadues for f- are based upon the measured
charge state number ratio {Rn) along the centerting ot
tic segment A discharge chamber. According to the
Rpvs, X und Y plots given in figures 29 and 32. the
maximum value for R, s not located along the
centerline, and therefore, those f¢ values cannot be
considered worst case. 'I'he worst case values, in
reference to the R, vs. X profiles, are betweon 17 and
30 percent Jarger than the centerling values.

Tlie propeHaut utilization efficiency (Mpc2)
corrected for doubly charged ion production, is given
m Tigures | 7 through 21 as a function of the
centerline chargo siate number ratio (Ryy) for the same
three propellant tlow rates used for determinaionol
f¢. The Mpe2 velues given in these figuros wore algo
corrected for ingestion of propellant into the
discharge chamber ducto focility background
pressure, Some of the Npe2 values given In figures
18 end 19 were preaterthan 1.0. In alibut one of
these cases, the uncerrainly in the measurements was
&U“'l\:‘lclllly Ianc to account for the greater than 1
values For the single case, shown in fignre 19 a1 R,
= 0.14, inwhich the uncerainty could not accoun fur
the greater than 1 value, the production of wriply
charged ions Is bedleved w be the cause.

Direct ton tmpingement was the only ineraction
effect addressed in this report. So long as spacecralt
components ire not in the patlt ol prinwy tons
extracted from thethruster accelerator system, the
potential for degradation try spuucring should be
minimal. The divergence of the extracted ion beamis
from scgments A, B and C for four differem
operating conditions. ot the thruster were evaluated,
Beamdivergence angles for R = 0,893 cases runged
from10° 0 16°and from 17° to 22* for cases in
Which R= 0.643. The beamn Jivergence ungle was
generally greater for segment A than for either
segimeuts B oor C. These valucs aic presented In
figures 14 through 16 Ream divergence appears o
prisiatily be u function of R 1atio and iou source and
not of beam current or distance from the thruster

Lifet

T'he centerling double jon ratio tended to be less
than 10% except for cases at very high propeliant
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utilization efficiencies and never exceeded 3% for
propellant ¢fficiencies of less than 0.9, Although this
is not rdeal, the spurrer erosion due 10 double jon
producdon is expected to below.

Tuetacton of Muliiple Jon Dearns

No substantial evidence was found 10 indicate
that interaction between multiple ion beams occumed
Gencrally the consistency was suong between the
current density contour plots generated with real and
superimposed data, The GUTEreNCes phserved, whicl
could possibly have indicated beaminteraction, may
be ¢xplaincd by siight inconsistencies within the
investigation toaccount for background plasma
biases and charge exchialige jon effects. Numerically
inlegrated beam cufrents caleulated with real mostly
agreed with (hose calculated with superituposed duta
within (il fimits of uncertainty and those that did not
couldalso be explained by background plasma hias
nnd charge exchange ¢ ffocts.

Repeatnbility of Consurustion aud Qperation

Differonces in the bear corrent density prolilor
obscrved f0r ndividual operation of cach segment
demonstrated some iNCONEISIONCISE in construction or
fabrication of theion sources, accelerator systems, or
the integration ot the system. These difference 5 wore
observed in both the shipc of the individual ion
beams as well as the oricntation of the beams profiles
with respect o the thruster, 1Jue (o some difigrences
between the ion beam profiles mensured in an carly
portion of Uris study and those presented here sipnity
that the differences in the nssembly of the ion optics
15 the most likely cause.

Future Work and Reconungndauons

‘The beam divergence! thrusteorrectionfactor (13}
aud tie beam flawiess parameter (F)measured ciosc
(o the thruster were not investigated in this effort.
Both 0l these 1on bearn paraineters could be ol value
inthe overall plume churacterization. The data
required toassessthe bewm divergence thiust
correction factarisavailable however, fariher
caperimentation would ne required to collect current
density data clnse m the thrsier.

Inthe assessment of interaction between multiple
inn beamsgitmay have been possible to filter out the
charge exchange cftects that are belicved to have
been observed. T his wonld facilitue a more
approptiatc comparison between the current density
contour plots andintegrated beam cnrrents

Lange disviepancics oai st between X and Y aais
charge stawnumher ratio prafiles with regard o
symmetry and pnofile shape. This was most likely
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