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Abstract: the work is dedicated to investigation ofmiddle-power SPT
(M70 and M100 type) with centrally located cathode-neutralize The main
advantages and limitations of this cathode positiorscheme are analyzed.
Experiments shown that central cathode leads to impvement of output
characteristics of SPT, total efficiency of SPT M7Qype was 2-5 % greater
than with cathode located externally to the thruste It is shown that for
reduction of energy costs for electron transportatn from cathode to plasma
beam it is necessary to shift central cathode dowiirsam along the thruster
axis.

Nomenclature

B, = radial component of magnetic field, mTI
Bsat = saturation induction, mTI
Dinnvcore = outer diameter of inner core, mm
dnncore = inner diameter of inner core, mm
Io = discharge current, A

Isp = specific impulse, s

M = anode mass flow rate, mg/s

Mg = cathode mass flow rate, mg/s

T = thrust, mN

Uco = cathode-ground potential, V

Up = discharge voltage, V

nr = thrust efficiency

. Introduction

tationary Plasma Thrusters (SPT) are well knowrbéowidely used as a propulsion for satellites. Both

orientation and maneuvering tasks are successfolxed using propulsion systems based on SPT.

In spite of the fact that first SPT was in spacel@Y1 [1], researches carry out very intensive wdik its
investigation and improvement until now. The mosteworthy is that the works are fulfilled not orthy 3-5
organizations, as it was during USSR times [2],yutmany scientific organizations from all the vebrl
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SPT is a complex system, efficiency of which degeod many factors, and seeming simplicity of SP3igte
does not solve this problem. Investigation of SBEtill complicated by absence of reliable inforimaton some
factors influence, which can act either individyall in common with other factors.

In general SPT consists of two parts: anode blado(rce of accelerated ions) and cathode-newrghzsource
of electrons). There are a lot of factors whichedwsine efficiency of SPT operation; particularlygsigion of
cathode relative to anode block does not havestteplace in it. Cathode position has influencéhenfollowing:

= Life time of SPT. The cathode is one of the mail'SRlements which undergoes erosion. The reason of
cathode scattering is ion flow escaping the disghahamber (DCh) under high angles. Thus, posafocathode
relative to anode block and leaving it ion beanl ddfine the life time of the cathode and corresjiogly of the
SPT [3].

= Reliability of thruster firing.

= Performance of SPT (see in detail paragraph II).

There exist two scheme of cathode position reldtivanode block: when a cathode is placed on atedithe
anode block, at its periphery (external cathodae)l when a cathode is located on the axis of SPfEr(ially-
mounted cathode). In the last case inner coreeofttiuster is hollow and cathode is placed insfdb@hole.

Scheme with external cathode is «traditional» aasl the greatest spreading. In all space applicatérSPT
exactly this scheme is implemented. However, these with central cathode has a variety of weiglityantages.
[4,5,6,7]:
increased performance characteristics up to 5%;
absence of thrust vector deviation in the sidepafrating cathode;
absence of cathode erosion by ions escaping thedD@igh angles;
uniform erosion of DCh walls;
lower angle of ion beam and as a result lower megatfluence upon satellite elements;
increased vibration strength and resistance;
lower mass and higher compactness of SPT,;
more simple positioning of SPT on satellites.

ONoghrwNE

Then we have logical question: “why not use scheiitie central cathode in all cases?” The fact oftedter is
that only organizations who have high-power SPTrénban 5 kW of consumable power) could afford e this
scheme. They are Busek (thruster BHT-8000, 8 kW), [Shecma (thruster PPS-20k, 20 kW, Fig. 1), ODBkel»
(7 kW SPT-140 and 30 kW SPT-290) and others. Infitlsé instance this is connected with fact thalaw and
middle power SPT it is physically impossible to mba cathode in the center because of large sibodas from
one side, and from another side because of relatveall sizes of the thrusters.

Due to developed in KhAl miniature selfheated cd#®(Fig. 2) there was realized a possibility t@lement
the scheme with central cathode in middle power SRi€h asM70 and M100 type (0.7 and 1.5 kW
correspondingly) and even in lower ones.

Figure 1. Snecma’s high-power HET PPS-20k ML Figure 2. KhAl's miniature selfheated cathodes:
with KhAl's cathode [8]. from left to the right:
SHC-0.3A for SPT-20M; SHC-2A.6 for M70
SHC-2A.10 for M70; SHC-5A for 100M.
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[I.  Criterions for choice of cathode location

As a rule, exact place of external cathode positiwreach thruster is determined experimentallyyéner the
main trends and criterions are well seen.

From the point of view of total SPT efficiency thmin criterion is minimal cathode-to-ground potaehti.g at
maximal thrusfT. There are two places near the anode block wheream achieve it. In the first case the cathode
(hereinafter we mean an orifice from which electrane ejected) should be near the DCh exit seatidhe place
where magnetic field lines are closed between piple In the second case the cathode should béfisagrily
moved off from the anode block [5], but this casaat acceptable because of well-known reasonto@atiocation
in first case can also be critical, since cathogpr@aching to DCh exit means its approaching to fitv of
accelerated ions. That is why the final choice xtemal cathode location should be determined \aitbount of
these factors.

When cathode is located in the place where magrietoe lines (MFL) are not closed on tips (regioh o
magnetic field leakage) 44 increases because of increased energy lossedeftroa transportation from the
cathode to plasma beam. Electron transportationrbes hampered. At the beginning electrons drifthatally in
magnetic field with negative gradient with slowdowirhis takes place in the region of magnetic filddkage.
When electrons reach the region where MFL are dlosetips they are forced to change direction ahathal drift
to the opposite and to move in the magnetic fielth wositive gradient with acceleration. All thigads to
increasing of energy losses in SPT [9].

It is possible to decreasecd) without cathode approaching to DCh exit using smpecial methods and
solutions, for example, extending of outer magnpbte [10], and using additional solenoids [11] &hifting of
separatrix line which divides two regions with diffnt magnetic field behavior, or using additioclznnels with
“0” magnetic field [12].

Scheme with central cathode is deprived of thisvbexck, since the place of electron ejection is ted¢an the
right place initially. W is found to be really lower than in all externatlmde positions [6].

If to talk about SPT efficiency, central cathodeslencreasey; up to 3-7 % [6, 13]. However during tests of
BHT-1500 it was noticed efficiency decreasing ufy t& for central cathode [14]. Probably the reases that the
thruster operated on not nominal regime 0.7 kWeiadtof 1.5 kW.

During tests of low-power SPT [15] in front of cealtcore there was discovered a region with lowectdc
field. Involved in it ions led to decreasing of ikt and erosion of inner magnetic pole tip. Propalpplication of
central cathode will solve this problem by incregsa pressure from cathode gas flow and redistabudf electric
field profile.

Using of central cathode leads to better focusifigpe beam [5]. Divergence angle is at least 8 %eoin
comparison with external cathode. Authors suppbsé the effect could be due to decreasing of rgoliessure
gradient in near axis region, which tries to paiis to the axis, thus worsening beam focusing.

All this confirms the reasonability of using theneme with centrally located cathode.

lll.  Cathode mounting in the central core of SPT

Installation of cathode in the center of SPT isgiayg only if outer diameter of inner corenR core IS bigger
than outer diameter of cathode. However, even ufuliliment of this condition there can be problenThe hole in
the core decreases cross-section of the magnetiductor and this can cause its saturation and #ittster
operation in anomalous mode.

Let's analyze a possibility of cathode installation the [ ——— 30
center of middle power SPT M70 and M100 type, whielve 25
inner cores with outer diameters 18 mm and 26 n
correspondingly.

Analysis of hole size influence on magnetic fiel “u
distribution in DCh was carried out in software kege Ansoft 10
Maxwell 14.0. Figure 3 presents the dependence rofiak 5
along DCh midline on cross-section of magnetic cot 0
Decreasing of the cross-section lower than critiedlle causes 600 500 400 300 200 100 0
saturation of the core (in this case it was madeesmendur Cross-section ofinner core, mm?2
with ¢ Bsa=2,35 Tl [16]) and magnetic field profile deviate§igure 3. Cross-section of inner core oM100
from optimal configuration (Fig. 4-5). versus Brmax along midline of DCh.

Critical diameters of the holes in inner cores af0@ and (Dinner core = 26mm, parameters of magnetic
M70 types are 13 mm and 18 mm. With suckssize can System are taken from [17]).
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neglect changes in magnetic field in view of thegignificance.
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Inner core Thruster axis

Figure 4. Normal MFL profile, when inner core is Figure 5. Degradation of magnetic field as a result
out of saturation. of inner core saturation.

On the basis of what was said, maximal dimensidreathodes (with account of gaps between the catlaod
inner surface of the core) are 11 mm for SPT Mp@tgnd 18 mm for SPT M100 type. Analysis of flymgdels of
cathode-neutralizers (for example, from ODB “Faldl8]) shows that none of the cathodes in its oagischeme
can be used as a central cathode because of thelimbensions. If to apply laboratory model of aadbs as it was
in works [5, 14] it becomes possible, but only ¥6t00 type, not for M70.

During magnetic system calculations we noticed ater cors has low influence on magnetic field in DCh
(sure for Duner core=20—28 mm). The principal is to keep cross-seatibthe core constant. So in fact it is possible
to increase a little diameter of the hole sacrificihe place intended to inner solenoid. Howeveiillitbe necessary
to increase current density in the solenoid to lkaapere-turns constant.

Developed in KhAI parametric series of selfheatathades (Table 1) can give several standard sthedes for
SPT M70 and M100 types. Notably, that dimensionsatifiode SHC-5A let us insert two cathodes in M@0 7)
and thus increase the total reliability.

Table 1. Parametric series of selfheated cathodegrew generation in “KhAI”

Cathode type g1 g3a| SHC-2A6| SHC2A10 SHCS5A  SHC-20A  SHC-50A SHC-200A
Parameter
Current, A 0,2-1 1-25 1-3 2 -1 10-30 00-7 25-200
Life time, hours 17000 20000 20000 20000 20000 A70(¢ 30000
Mass, g 7 10 15 30 41 77 180
Dimensions DxL, mm 840 &40 148 148 1&50 2566 2%110

IV. Tests of SPT M70 type with centrally located cathoel

A. Vacuum facility

Experiments were carried out in the vacuum chambelectric propulsion laboratory of National Aepase
University “KhAI”. The chamber is stainless, 2 nmadieter and 3.5 m long. It is equipped with twodiffusion
pump which can provide pumping speed of 40000Ulémate background pressure is 1.0%1Dorr (at air) and
during experiments with Xenon flow rate of 2.5 migisas 1.5x1d Torr.
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Figure 6. Operation of KhAl's SPT-M70.CHC with Figure 7. SPT-M100.CHC with 2 cathodes in the
centrally located cathode SHC-2A.10. center.

B. Supporting systems

Specially developed two-channel system of gas suaptl storage was used. The system provides fltes ra
with 3% accuracy (verified using gas flow contrdl&ronkhorst F-201CV).

SPT thrust was measured using torsion balancelag#r pointer. Mistake was less than 1.4 mN.

Thruster was electrically supplied with standatablatory power supply unit 600V10A. For cathodeitign it
was used the power supply 1kV200mA. Main power Bupfas protected from oscillations in dischargegit by
LC-filter 40 mH, 200 puF.

Coils of magnetic system were electrically supphbgcurrent stabilizer PS30V15A.

Electric parameters were registered using digitillmscope Tektronix DPO 3052 and appropriate psob
Tektronix P5200 High Voltage Differential Probe ahdPA3000 AC/DC Current probe.

C. Thruster and cathode

Thruster SPT-M70.CHC was specially designed andufaatured for realization of two schemes of cathode
position. Nominal power of the thruster is 600 W380 V and 1.9A. On the nominal regime (Fig. 6) it produces
thrust of 38 mN and specific impulse of 1650 s.alohrust efficiency is 54%. Thruster operates $5i0\&/-1100W
with specific impulse 1100-2200 s and thrust 20+60

Cathodes for internal and external schemes arsaime type SHC-2A.10. Those selfheated cathode2(1 21,
22] provide fast start (2025 ms after giving ignit voltage to the cathode [19]) and reach statipriaermal
condition after 1 min. At all tests cathode floweravas 0.13 mg/s.

D. Tests description

After firing the thruster operated during one hbafore reaching stable thermal condition and stphtameters.
Also after each change of operating regime thesteruoperated 20 minutes before following datasteging.
Currents in solenoids were chosen to provide themal discharge current.

There were conducted two separate experiments:

In the first experiment the influence of cathodesition Py
along the thruster axis was defined. Cathode wasetho S nr |
along thruster centerline by motion system. Theratpey i ‘ H( o surf
regime was nominal. Thruster was not installedhentorsion A A A A v g?;rn?rwpzfg
balance, so only electric parameters were regibtere /EJ cathode
Figure 8 presents binding of cathode to elementmotle *ﬁ i i th}lis}er axis

block. Zero position was matching of cathode diaght and |

\

outer surface of inner magnetic pole tip in onepleCathode =\ cathode

motion was £ 7 mm from zero position. TN H L diaphragm
During the second experiment both schemes of cath Resvevevceesiid

position we investigated. Cathodes were switchirithout — 7

opening the vacuum chamber however with turning 1 _. - 0

thruster off. Thruster was installed on torsion apak. "'9ure 8. Cathode binding to anode block

Regimes with anode mass flow rates lower than nahviere elements.

investigated.
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E. Test results
1) Influence of cathode position alon¢ 19

thruster axis. R N .
Figure 9 presents dependence ofgUon 3 - \‘\»\‘ .
cathode position along thruster  axic F '\o\\ .
Notwithstanding cathode moving at sma § !¢ U S A
distances, it is clear tracked that moving-out t/ < 15 *
cathode downstream leads to decreasing«ef b 14 T
energy losses for electron transportation are a |, ¢ e f_\.;
decreasing.
2) Internal cathode versus external one. 12 3 P 4 5 0 5 . 6 i

At all operating points for central cathode w Axial position, mm

observed increasing in performance characteristiFigyre 9. Ues versus cathode position along thruster axis.
Figures 10-13 shows obtained characteristics tor

both schemes of cathode positiotVgi=2.0 mg/s.

2,0
- 3 _z
é‘ 1.9 - 36 : ’—._/—“
) _ —_ 3y el
E 1*8 e —. -—_: ------------- Eﬁ i ,/.?“
------- - D — -
: 1.7 E 3 ," . -
2 1.0 = 28 — ”_,. ==
215 206 I
Z 24 o
= 14 2 I
200 230 300 330 200 250 300 350
Discharge voltage, V Discharge voltage, V
-8-Central position -4-Side position -a-Side position  --Central position
Figure 10. V-A characteristics of SPT-M70.CHC Figure 11. Thrust versus discharge voltage
with central and external cathodes
55
» 1800 i
g 1700 ,ﬁ o 50
= 1600 R roate g 45 =T
g 1500 — 2 T TR
= 1400 > o U s e
& 1300 s L M a
g 1200 ——"—= z 2
T = -
& 1100 T _____ 30
1000 # )
200 250 300 350 25
. e . 200 250 300 350
. N Discharge ‘Olt‘]gé’ A Discharge voltage, V
w4 Side position & Central position -4 Side position -8 Central position
Figure 12. Specific impulse versus discharge voltag Figure 13. Total efficiency versus discharge

voltage

As it can be noticed thruster with central cathbds higher at 3.5 % discharge current at the sandlgw rate
through cathode and anode. Positive incrementrimsttand specific impulse were obtained with cdiyttacated
cathode. Total efficiency was 2-5 % also higheteriestingly enough that positive effect of cent@hode declines
with increasing of discharge voltage and paramegetsbecome equal. Difference between parametebdir
schemes is in error borders of measurement oralesg to it, thus for precise determination ofuefice of cathode
position scheme it will be necessary to increasasmement precision.

Figure 14 shows behavior ofcl) for both schemes. At all operating pointgcUs 6-8 V lower for central
cathode.

6
The 33st International Electric Propulsion ConfecenThe George Washington University, USA
October 6 — 10, 2013



The same behavior of thruster characteristics veasrved foMa= 1.7 mg/s.

V. Conclusion and future works - 24
Initial tests of middle power SP¥W70CHC have T; 2 —
shown: £ B — — e ——
1. The minimal loses of electron transportation frot ‘g 20 +
cathode to plasma beam are received wh: 18
cathode is located on the thruster axis al & 16 .
shifted along this axis downstream. A S R ST S
2. Scheme with centrally located cathode provide & R T —— J{'"
better performance characteristics than tl _; 12 ‘ .
scheme when cathode is at periphery. = 200 250 300 350 400
Presented results are the first step in investgatf =~ Discharge voltage, V

middle power SPT with centrally located cathodethie
period ahead we plan to fulfill full-featured teststh
using of far-field and near-field diagnostics. Miis is Figure 14. U versus discharge voltage
necessary for further optimization and improvemeint

Stationary Plasma Thrusters.

-#- Central position -8 Side position
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