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3
The electric force on ions in plasma and the momentum*flux carried by the mixed
ion-neutral flow were measured and found equal. The‘exp i,me\nt as performed in a
direct-current gas discharge of cylindrical geometry fvith applied radial electric field and
axial magnetic field. The unmagnetized plasma ior}§, tralaed by magnetized electrons,
were accelerated radially outward transferring part-of-the gained momentum to neutrals.

Measurements were taken for various argon gas'flow tates between 13-100 Standard Cubic

Centimeter per Minute (SCCM), for a d% oe current of 1.9 A and a magnetic field
&

intensity of 136 G. The plasma den wn temperature and plasma potential were
measured at various locations alo S‘:%\These measurements were used to determine
the local electric force on the 'o&tﬁml electric force on the plasma ions was then
determined by integrating r. iam

the mixed ion-neutral flow w. Mined by measuring the force exerted by the flow on a
H%The aximal plasma density was between 6x10'° cm™ and

al electron temperature was between 8 eV and 25eV and the

1 electric force. In parallel, the momentum flux of

balance force meter

5x10'" ¢cm?, the maxi
deduced maxi cleétric field between 2200 V/m and 5800 V/m. The force exerted by the
mixed ion-nZ 1 flowson the BFM agreed with the total electric force on the plasma ions.
This agreém :%ued that it is the electric force on the plasma ions that is the source of

the m@men acquired by the mixed ion-neutral flow.
£
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LIntroduction

Quasi-neutral plasma can be accelerated by magnetic pressure, when a current flows
across a magnetic field and the net force per unit volume on the plasma is j X B, the cross

product of the current density j and the magnetic field B (ina crosseg/electric and magnetic

field configuration). Indeed, the j x B force is used for acceler@!;i?&utral plasmas
[

in electromagnetic thrusters, such as the Hall thruster (HT) [1], e Highly Efficient

Multistage Plasma Thruster (HEMP-T) [4], the Helicon hruster (HHT) [5], [6] and

—-—

the Magneto-Plasma Dynamics (MPD) thruster [7]. lectrdjieless thrusters also employ
magnetic pressure, [8], [9] [10], [11]. Magn@p sure is also used for materials

modification (for example, magnetron spltt\rh;@ stems and vacuum arc sources) [12],

[13], [14], [15], in radiation sources e.hiqc [16], in MHD generators [17] and in
\

plasma opening switches [18]. lofi-neutral collisions can affect thrust generation, either
™

through gas heating [19] or thr&%(entum enhancement as is explored here.

The momentum del%s\eb\m\a mixed ion-neutral flow by an electric force can be

enhanced if ions co de'VNS neutrals during the acceleration. That enhancement, known

for un-magnetiz n(y-n ral ion flow [20], [21], [22], [23], [24], has been demonstrated

and measur{ in r 111/ years for partially-ionized quasi-neutral magnetized plasma

accelera%fx configuration in a Radial Plasma Source (RPS) [25], [26] [27], a
on |

configuration in“which plasma acceleration has been studied in the past [28]. Later, similar
ﬂ / . . . .
hancegle of force on a surface in plasma due to ion-neutral collisions was also

" meas [29], [30]. In the RPS, shown in Figure 1 and described in detail in the next

S ions, plasma is generated between two parallel coaxial circular discs. The plasma ions
-

are accelerated radially outward by an applied electric field, while the electron motion is
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Publishing impeded by a magnetic field which is applied in the axial direction, perpendicular to the

electric field. If the neutrals density is high enough, the ions collide with neutrals during
their acceleration by the electric field. In the experiments [25], [26] [27], the momentum
flux, carried by the mixed ion-neutral flow after the flow has crosse?ﬂhe electric potential
drop, was determined by measuring the force that the flow ex %Nalance Force

Meter (BFM). The momentum flux was so determined becauge the force exerted on the

BFM should be equal to the momentum flux carried t@ﬂow. he momentum flux
T~

carried by the flow was expected to result from t electric force on the plasma ions.
Therefore, by measuring the force exerted on the/BFM, t ctric force on flow, in fact on
the ion flow, was expected to be found. This sure&?issumed electric) force on the ion
flow was found in [25], [26] [27], to be é@ ative to the electric force on the same
ion flow that would have crossed the Mdrop without collisions with neutrals. The

enhancement of the (assumed Qc i¢) foree was shown to be proportional to the square

root of the calculated numbgr of mn with neutrals an ion experiences as it crosses the

potential drop. \

In these pr V@es [25], [26] [27], only the total assumed-electric force was
evaluated b}?ﬁ%ﬁas rements. The main objective of the present work was to show

it Nlectric force on the plasma ions that delivers the momentum to the

>

utrals flow. This is shown here by measuring the local electric force on the

that indee

a umed¥lectric force that was evaluated by the force on the BFM.

_—

5 For finding the local electric force on the ions in the RPS, the radial profiles of the

S .Qlasma potential and the plasma density along the acceleration have been deduced from

measurements by a planar Langmuir probe and an emissive probe. A method for deducing

3
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is based on our theoretical model [31]. The method is presented in the Appendix. That
method and the deduced plasma potential and plasma density were briefly reported
previously [32]. Here, the radial profiles of the deduced plasma(;{otential and plasma
density are presented in more detail. The local electric force is t elﬁhﬂgted employing

those radial profiles, as follows. Using the profiles of the plasﬂs%‘;ial, the electric field
use

is evaluated. The evaluated electric field and plasma densi % determine the local

——
electric force per unit volume on the ions. By integra ng}his loeal electric force across the
volume where the electric field was applied, th té‘tal e ic force on the plasma ions is
calculated. This total electric force agrees wi the ?/l measurements. This agreement
shows that it is the electric force on the i that is the source of the momentum
acquired by the mixed ion-neutral flow.

Because of the azimuthal s }et‘ry of the RPS, the net thrust delivered by the
ejected plasma is zero. Howeyver \Qh ncement of the local electric force by ion-neutral

collisions in the RPS is the sa as in a thruster configuration. In addition, diagnostics

using probes is easie (n%ment in a RPS configuration, being our reason for choosing
the RPS for th cé%

In ectlo I, th¢ method of deducing from the measured quantities the local and

total electn

£

electro ressfire is explained. In Section III, the experimental setup and measurements
—

force, the momentum flux carried by the mixed ion-neutral flow and the

p cedurss are described. These include the RPS, the diagnostic system and the
—

meé’urements procedure. The way the probe measurements are used to deduce the plasma

S parameters and the plasma potential is explained. In Section IV, the measurements of the

plasma parameters are described. In Section V, the deduced-from-measurements radial

4
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profiles of the plasma potential, the electron temperature and the plasma density are
presented. In Section VI, the evaluated radial profiles of the electron pressure and of the
electric field are shown. In Section VII, the total electric force is obtained by the radial
integration of the local electric force. This obtained total electric f;o)ée is shown to agree
with the momentum flux carried by the mixed ion-neutral flow, An;s)}eﬂ{m flux that is
evaluated from the BFM measurements. The enhancement o&&:tric force relative to

the electric force on collisionless ions is discussed. Finally, we summarize in Section VIII.
—

_—

II. The method of deducing the electric for
In this section the method of deducing from ﬁur ents'the electric force on ion flow

in the RPS is explained. The RPS, shown in

igure1, ;s)explained in detail in Section III.
! -

Here, a brief description of the physical :r()e\{si given. The RPS is composed of two

parallel coaxial disks, separated by a di . A partially - ionized plasma fills the space
between the disks. The volume bet&\ gtwo coaxial disks is the acceleration channel. A
radial electric field E,., applied a\g{h acceleration channel between r =1, andr =1y,
accelerates ions radially outwh@re, r denotes the distance from the RPS axis, 7, and 73,
are the distances o@e and of the BFM from the RPS axis, respectively (these
distances are a % /1 igure 1). An axial magnetic field B, is applied perpendicular
to the elecé\% f such intensity that electrons are magnetized while ions are
unmagneti Q The electric force on the ions delivers to them momentum, a part of that
momentum iyransferred to the neutrals through ion-neutral collisions. The distributions of

-
e eleclsic field and of the ion density in the plasma are determined by the coupled

—
%;‘ mics of ions and electrons. A full analysis of both ion and electron dynamics
1

ization, recombination, and different kind of collisions) that determines the electric
.

field and the plasma density distributions, is not made here. Instead, in the calculations in
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paper, the local electric field and plasma density are deduced from the measurements.
The local electric force on the ions, dFg, is
dFg = neE,.dv, / (1)
where n; is the (singly-charged) ion density, e is the elementa rge and dV is a unit

volume. The electric force per a small azimuthal angle A@ alodgzh& eleration channel is

VLI & @
Fg(r,A0) = ABh | n;eE, r'dr'. —~
Ta .

Cylindrical coordinates have been used. The tocl::le ic f)rce on the plasma ions that

together with neutrals compose the mixed 4ion- utr‘a) flow hitting the BFM is now

Ao
calculated. The small angle of the flow W M is AB = c/ 1y, c is the width of the
BFM (in the azimuthal direction of t%{herefore,ﬂ;, the total electric force on the

plasma ions, is &.\
c b 3
Fp = Fgidn —X f n;eE,rdr. ®)

Tb Tq

The radial electric field E, was determined in the experiment as the derivative with respect
tor of the ured e}: ric potential. The plasma density n; was also measured.
Therefore, tZWI Equation (3) can be evaluated based on the measured E, and n;
and the e Dc force can be deduced.

e t(yal electric force F can be evaluated by its relation to Fgzgy,, the force that the

-

ixed id&—neutral flow exerts on the BFM. This evaluation is now described.

-

The momentum flux carried by the mixed ion-neutral flow reaching the end of the

w &cceleration channel that hits the BFM is
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Fp = mil00Uprn- 4)
Here, Ty, is the particle flux of the mixed ion-neutral flow and vgpy is the average
velocity of the flow, both upon hitting the BFM, and m; is the ion mass. The measured
force on the BFM by that mixed ion-neutral flow, Fggy, equals thls entum flux (which
was not measured) Q
Fpey = Fny- .)\ (5)
The momentum flux F,; of ions and neutrals in he%\ﬁtnerated by the above
analysed Fp, the electric force on the ions while they arédn the)ﬂasma Therefore,
Fop = Fg. & (6)
From Equations (5) and (6) it is expected h\Q
ﬁ% (7)
Our purpose in the paper is to veri that>in d Equation (7) is satisfied.
.
III. Experimental setup \\
A. Plasma source \

The RPS was ed at the center of a vacuum chamber, which was pumped to a
base pressure of 0401 monbrior to the experiment [25]. As is shown in Figure 1, the RPS
was made ()[Al cy '/drigﬁl body and a cathode. The body consisted of an iron core, a
magneti 1&3}(hgating solenoid, a gas distributor, a ceramic insulator, and a
mol der}lm ode, and. The iron core consisted of a central rod and two outer parts of a

sk<sha upper part and a lower part in Figure 1). The central rod was of 5 mm in
wuradi was connected with the two outer parts of radius 7;,, = 40 mm, thus the edge of

the S body was located at 1, = 40 mm as well. The solenoid was wrapped around the
“central rod of the iron core. The ceramic insulator was composed of two coaxial annular flat

disks and an axial segment glued together to form a discharge chamber. The ceramic
7
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Publishing insulator was prepared from ALOs ceramic parts that were glued together by a mixture of

AlO3 powder and silicate glue. The outer diameters of the two coaxial annular flat disks
were 77 mm, and the inner diameters were 30 mm. The length of the axial segment which
established the distance between the two disks was h = 5 mm. The molybdenum
cylindrical anode was placed between the two disks; it was of aSN in diameter,
4.5 mm in width, and 0.25 mm in thickness. The solenoid wds.co sed of 600 windings

of copper wire of 0.5 mm in diameter. The generated ma etic‘)i‘g]ij the central plane, the

plane that is at equal distances from the two ceramic aximal near the edges of
the iron core. As is seen in Figure 1, the cerami@sulat ««the solenoid, and the iron core

had the same axis of symmetry. The empty cylindrical:volume between those three parts

(see Figure 1) distributed the working W

holes in the ceramic insulator. There%ﬁ?’&"ﬁdes, 2 mm in diameter each, which were

equally spaced azimuthally at 45 degrees'between each two neighbouring holes.

A cathode, located%ﬁ\ﬁo. mm from the RPS axis, supplied electrons for

neutralizing the ion current. The“glectrons were thermionically emitted from the cathode,

as injected into this volume through

which was heated by % coil comprised of five-turns of 0.5 mm diameter of tungsten
wire, 10 mm in di rf(eter/and 15 mm in height. The heating coil was energized by a dc
current o N reducing the heating of other parts of the source, the loop was

e ide a molybdenum cylinder of 25 mm diameter, 45 mm height, and 0.25 mm

t ig_l:n . Thefcathode was also supplied by working gas with a flow rate of 4 SCCM.

ﬁe RPS operates in the following manner. An iron core generates an axial

_—

maéjletic field B, between the anode and the cathode. A gas distributor introduces gas into

S «the region between the anode and the cathode. When a voltage is applied between the anode

and the cathode, the magnetic field impedes the motion of the electrons along E, towards

8
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Publishing the anode. The electrons drift azimuthally around the axis, carrying an azimuthal

<

)

current jg. The electron flow is then axisymmetric, even though the cathode itself is not
axisymmetric. The outward radial electric field E, accelerates the unmagnetized ions
outward. The ions collide with neutrals during their acceleration b}?ﬁe electric field. The
discharge is ignited through gas ionization by electrons emitt ﬁS}ﬂﬁcathode. The
cathode also provides electrons that neutralize the ion curren(~<it\the PRS, after being
accelerated. ‘)
~

The measurements were taken for fixed di cﬁ;;ge curcent of 1.9 A, and fixed

magnetic field, the maximum on the middle pl@of 1 . Argon was used in all the

experiments. The gas flow rates for which measyrementS were taken were 13, 30, 50, and

100 SCCM and the corresponding press&%be\ cuum chamber was 2.5, 4.3, 6.6, and

11.5 mTorr, respectively. s\
B. Diagnostic system S -~
The diagnostic sgwcluded probes (shown in Figure 2) and the above

mentioned BFM (shown in&‘g\K&D‘A planar probe, P1, and an emissive probe were used
to measure the plas p?mi
RPS measurements ,\}Ver

eters and the plasma potential inside the RPS. All these inner
t
approximate@ aéimuthally to the cathode location). Probe P1, a tantalum planar

en along the same radial line on the central plane (and

probe o dir@nsions 2.5x7mm? and thickness of 0.25 mm, was used to measure the ion

saturation/ current in the plasma. The collecting surface of P1 was in the (r,6) plane,

4

arallel to the radial ion flow.
e emissive probe consisted of a filament that was connected at both its ends to

o copper wires isolated from the plasma by two alumina tubes. The filament was a

tungsten wire of diameter d,,,= 0.01 cm and of length l,,,, =1 cm. The axis of the filament
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Publishing was placed on the middle plane of the RPS, so that a line perpendicular to that axis on that

plane intersected both the filament center and the RPS axis. The filament was heated by a
DC current and the probe floating potential reached saturation at a heating current of 2.0 -
2.5 A, while the voltage along the filament was 3 - 4 V. The measurezdents by the emissive
probe were taken along the same radial line where the P1 measur e%%taken.

For the influence of the magnetic field on the emissiv% be small, the probe
s, th

radius should be much smaller than the electron Larmo ra‘cb , ondition for that to

happen is that 1 < 4.8\/T3/(demB) [33], [34], (B i inqe}auss, e 1s In eV, and d,, 1s in
cm). In our experiment, the measured parameter@:re B <136 G., T, =5 eV, so that the
above condition was satisfied. \ L=

A cylindrical Langmuir probe, a tﬁ%ﬁg\mre of 0.25 mm diameter and of 5 mm
length, was positioned 5 mm down treamme emissive probe, as shown in Figure 2. In
all experiments, no change wa foun the floating potential measured by the cylindrical
Langmuir probe due to the \é

51on from the emissive probe.

The momentum ﬂux ca d by the flow was evaluated by measuring the force

exerted by that fl a se 1ng plate of the BFM. Similar to other impact force meters
[29], 37,]( [38], [39], [40], [41], the BFM measures the force by balancing
its torque que of some other measured force. The design and the calibration of
the B described previously in more detail [27].

fo re€ is exerted on the BFM by the neutral gas that flows out of the RPS even
n the e is no discharge [26]. The change in the force exerted by the mixed ion-flow due

to tlbe discharge, Fgrp, was found as the difference between two forces

\ Fyen = Fon — Fopy » )

10
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measured when the discharge is turned off. The BFM was positioned at 1, = 70 mm, on the
radial line along which all measurements were taken. From the inaccuracies of F,,, as 5%
and of F, ¢ s as 3.5%, we determine the inaccuracy of Fggpyas 6%. /

In addition, another planar probe, called here P2, wa uﬁhRef [26], to

measure the radially outward ion current outside the RPS¢ (at7&= 13), therefore its

collecting surface was perpendicular to the radial ion flo

—
current was used to evaluate the force enhancement relative \s) the case without collisions,

ee/Higure 2). The measured ion

the effect studied in Refs [25], [26] [27]. C ‘)

IV. Measurements in the plasma

f -
In this section we describe the W inside the RPS. Three measurements

were taken at each radial location. Mg potential of the emissive probe was
measured twice. The floating potentia n the probe was cold and non-emitting was
denoted V. The floating po entia\hﬁg e probe was sufficiently heated for space-charge
limited emission was denoted V,p This V. (which is higher than V) is a rough estimate of

the plasma potenti l@re accurate evaluation of Vj, is presented in Section V. The
{/\
as o

n ?the ion saturation current of P1, denoted ;5.
s

third measur?ﬁe
Fi 3\&«5 the measured Vy and V¢ (relative to the grounded cathode, V; = 0)

% a)d Ver generally decreased from the anode towards the edge of the RPS body. In a

?peciﬁc mode of the emissive probe operation, either cold or hot probe, the floating

potential was higher for a lower gas flow rate.
11
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Figure 4 shows the ion saturation current I;; of P1 for the four different gas flow
rates mentioned above, 13, 30, 50, and 100 SCCM, at various distances from the RPS axis
of symmetry. As is seen in Figure 4, for 30, 50, 100 SCCM, the ion saturation current was
much larger near the anode than near the edge of the RPS body. F?/these three gas flow
rates, there was a maximum of the ion saturation current at r %}e\about halfway
between the anode and the edge of the RPS body. For the S gas flow rate, the

maximum of the ion saturation current was at the edge ofi he‘hPS body. The ion saturation

current increased with the gas flow rate. KS

V. Deducing the plasma potential, electrongrynp ature and plasma density
Following the method described in \)j)f— ix, the plasma potential V,, the
n;

electron temperature T, and the plasma M ere deduced using the measured V; ,
Ver and I;s. Maxwellian energy dlstrlb ion Was-assumed for the electrons, although it may
not be accurate when the gas S‘l'QW The radial profiles of V},, T, and n; for the
four gas flow rates, found uatlons (A1), are shown in Figures 5, 6, and 7. Also

shown is the anode potentlal Vi, thh was equal to the discharge voltage, V; =V, — 1V,

since \

The 75 ote )xal V5, shown in Figure 5, decreased from the anode towards the

cathode as isthe range from 22 V to 105 V. At the nearest point to the anode where
the as1}re nts were taken, the plasma potential was found to be equal, within the error

Iyato anéde potential (presented as separate points in the figure at r = r,, = 24 mm).
A disénce of r =1, = 70 mm from the RPS axis, where the BFM was later positioned,

the blasma potential was about 25 V.

S -~ Figure 5 also shows the effect of the gas flow rate on the plasma potential when, as

in our experiment, the discharge current and the magnetic field intensity are kept constant.
12
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It is seen in the figure that Vj,decreases at all locations, as the gas flow rate increases. The

measured potential drop across the plasma, V,(r = 28 mm) — V,,(r = 70 mm), decreases
with the gas flow rate. The discharge voltage (here,V,) decreases with the gas flow rate as
well. The discharge voltage was 106, 82, 74, and 62 V for the gas ﬂoz/ rates 13, 30, 50, and
100 SCCM respectively. 3

It is seen in Figure 5 that for all four gas flow rates, most ofithe plasma potential

drop is between r = 28 mm and r = 46 mm, away frm(hi)ankde nd the cathode. The

—
potential drop at the vicinity of the anode and outside the RﬁS, seem to be small (except

possibly in a cathode sheath). Most of the disc@e voltage falls across the plasma. The

electric field, derived from the potential pr()lg;"g:ishwsed in Section VI.

The electron temperature,T,, shownsin Figure 6, decreased from the anode towards

\
the cathode. In the various experiments, electron temperature varied between 3 eV and
'&

25 eV. At the anode vicinity, thé h ehperature was T, = 25 eV for 13 SCCM and the
lowest temperature at the K&\XN was 8 eV for 100 SCCM. Most of the measured
temperature drop was.between r'= 28 mm and r = 46 mm, approximately in the same
region where mos, oté\&te tial drop was, as was shown in Figure 5.

The ?dial ,(;ﬁle/of the plasma density n; is shown in Figure 7. In the various
experime tasw plagsma density varied between 2x10'° cm™ and 5x10'! cm?. For 30, 50
and 100 S , the plasma density decreased from the anode towards the cathode. The

£
asma sié for the 13 SCCM gas flow rate was different; it increased from the anode

l}r gas flow rate, the plasma density was higher.

_.towards the cathode, reaching a maximum outside the RPS body near its outer edge. For a

X

=~

13


http://dx.doi.org/10.1063/1.5007817

AllP

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishing VI. Radial profiles of the electric field and the electron pressure

As explained in detail in Section II, in order to calculate dFg;, the local electric
force on the ions, the ion density n; and the radial electric field E,. have to be known. Using
the deduced plasma potential (Figure 5), the radial electric field E, was determined as
minus the derivative of the plasma potential with respect tor. As GW in Section V
and presented in Figure 5, the potential was deduced in five Q locations inside the
plasma and was also known at the anode, a total of six r iablo ions. The electric field
was therefore specified at five radial locations, gach the “middle between two
neighbouring radial locations where the potential was own)The deduced electric field is

between - 500V/m to 5800 V/m (500 V. ectric field increased with » from the

presented in Figure 8 for the four gas flow atgs.lt 1'-s)seen in the figure that E, varies
o
The

anode, reached a maximum at r = %then decreased toward the cathode. The
sim

dependence of the electric field on Was i
-

field was lower when the gas ﬂ&@ s higher. The deduced maximal electric field was

r for different gas flow rates, but the electric

5800, 3900, 3100 and 220 Mr the gas flow rates 13, 30, 50, and 100 SCCM

respectively. Near the anode the electric field was very small, possibly even pointing

towards the anode (fO} the'gas flow rate 100 SCCM).
Figu( also és the measured radial profile of the axial magnetic field (dashed

line). It Sal that the profiles of the electric field and of the magnetic field have some

ityd The electric field is higher in regions where the magnetic field is higher and the

cationg

e maximum of the electric field is close to the location of the maximum of the

* magnéti field, similar to what was measured for the Hall thruster [42] [2]. As mentioned

S wve, the intensity of the magnetic field was not varied in the experiment.
.y

14
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The Larmor radius of a collisionless ion accelerated by the electric field across the
magnetic field of intensities as presented above is much larger than the anode-cathode
distance. If the ion collides with neutrals, as in the experiments here, then its mean free path
between collisions is much smaller than its Larmor radius. ]32)(11 collisionless and
collisional ions are unmagnetized in our experiment and they géi rMmm from the

electric force only.

From the measured profiles of the electron temperaturé in Figure 6 and of the ion
—

density in Figure 7, profiles of the electron pre u‘r?, Pe.—%kpn,T,, were calculated,
assuming n, = n; (kg is Boltzmann constant). T@adia file of the electron pressure is
shown in Figure 9. In the various experiments, eleq‘gg_gl pressure varied between 0.03 Pa
and 0.6 Pa. The electron pressure was hig&Kn the anode than it was near the edge of the

RPS body, except for the gas flow rateKbQSGCM, for which p, hardly varied along the

acceleration channel. The electron bﬂm was higher for a higher gas flow rate. The
A\

maximal p, for the gas Vs\\ﬂ SCCM was 0.1 Pa only, much lower than the
maximal p, for the three higher flow rates. The higher p, for a higher gas flow rate was

aresult of n, being hi %H though T, was lower.
£

icforce on the plasma ions and the force on the BFM
forces as a function of gas flow rate. Two of the forces are

VIL The tcr/l ele

Figu sho
Fgrm )k:scribed in Section II. As stated in Section II, our purpose is to examine
whet t{le t)vo forces, Fgpy and Fg, are equal. Two other forces that are shown in Figure

-

will bﬁ discussed later.

_—

5 The force exerted by the mixed ion-neutral flow, Fgpy,, was measured as described

S {1 Section IIIB. The force Fggy, was found to be 0.039, 0.046, 0.056 and 0.087 mN for the

15
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Publishing gas flow rates of 13, 30, 50 and 100 SCCM, respectively. Incidentally, the force F,; was

0.008, 0.017, 0.025, and 0.042 mN, respectively.
The total electric force on the plasma ions, Fg, was calculated using Equation (3).
The plasma potential and ion density in the plasma, obtained at /= 1, j =2,..,6, for

various gas flow rates, were used for the calculation. At the an dw I/;,(rl) =V,

and the ion density was assumed zero,n;(r;) =0. In e 1 al between two

neighbouring radial locations where measurements we ‘t}@n\the electric field was
_—

assumed constant and the ion density was assumed to Varygin arly withr. Forry <r <
Tit1s whenj = 1,...,5, the constant electric ﬁeld% taksn as

[V, (o) Vol ©)

and the ion density as

\ ~ (T _ T‘-) (10)
n;i(r) =n(r;) + T; - ()] —L~.
ij (1) 1(1)&( l(])] (7‘]-+1—rj)

Note that in Equation (10) j onlyis an index. With these electric field and ion density, the

electric force in ea h@as evaluated as
4 (an
b

Tj+1
/ ; 7/— hE,;(r) J en;;(rrdr,
Ty

NN\

e sensing plate of the BFM in the azimuthal direction was ¢ = 20 mm. The

(12)

5
3 Fgp = ZFEj-
j=1

16
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Publishing The total electric force Fz was found to be 0.032, 0.062, 0.073 and 0.095 mN for gas flow

rates of 13, 30, 50 and 100 SCCM, respectively. Taking into account the inaccuracy in the
measured V},, n;, and r, we determine the inaccuracy of Fg as 15%.

Both forces, Fgpy and Fy, are shown in Figure 10 to incre?é with gas flow rate.
The two forces are of a similar magnitude. Nevertheless, it look rij\lng 10 as though

there is still a noticeable difference between the two forces. thesthree higher gas flow

@lﬂth n , Fgpy, the force

rates, the total electric force on the ions, Fy, is clea

—

measured by BFM, while for gas flow rate of 13 SCCM, FESiS ightly smaller than Fgpy,.
Let us discuss possible explanations for these dif@nces.
It is reasonable that the momentum flux«of the‘mixed ion-neutral flow is smaller

than the electric force on the ions. ThlS 1s some of momentum acquired by the flow

in the radial direction may be lost upon lhslons of energetic ions or electrons with the

disks. The measured lower FB e\a result of this momentum loss. As mentioned
above, for gas flow rate 0\“ s«Fzwas not higher than Fgpy,, rather it was slightly
smaller. However, if .the gas sity is small, the number of scattering ion-neutrals

collisions is smallf and, the momentum loss at wall collisions is expected to be small.

£
Therefore, F, %ﬂh IS no}/smaller than Fy for the lower gas flow rate is not surprising.

W. skﬁ)h\{)te in calculating F; in Equation (11), it was assumed that the ion

w/as iform axially between the disks. The value of the ion density was deduced

omn; télt was obtained from the Langmuir probe that was placed at the middle plane

“between‘the disks. However, the plasma density is expected to be lower near the walls.

\J

Therefore, the actual electric force on the plasma ions should be somewhat smaller than

\FE deduced from Equation (12). This effect should hold though for all four gas flow rates.

17
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We showed that there is a good agreement between Fgpgy and Fg, which was our
purpose in this paper. Therefore, the measured Fgry, equals the total force on the plasma
ions, confirming our assumption in Refs [25], [26], [27].

The electric force on the ions should be approximately eql?}’ in the quasi-neutral

plasma to the electric force on the electrons. As stated in Section U, electric force on the

magnetized electrons should be balanced by the magnetic forge. contribution of the

electron pressure in our experiment is expected to SQL e, we estimate the

contribution of the electron pressure. Thus, in addition to evagla g Fgry and Fg, the force

due to electron pressure, denoted as F,

he» Was @ eva d. This force was estimated

as Fye = Pemax ribrsh, where 1, is the distance fgom#he RPS axis, different for different

\
that F,, was 0.004, 0.019, 0.019 HES

gas flow rates, at which the electron re@ﬁha its maximal value pg;q,. It was found
%25\

mN for gas flow rates of 13, 30, 50 and 100

™
SCCM, respectively. Taking i&) t the inaccuracy in the measured T,, n;, and rg, we

determine the inaccuracy o 5%. The evaluated F,, is also presented in Figure 10.

It is seen in Figure tﬁz?h{i was significantly lower than Fgppy, F,e < 0.25Fpgy, so that

¢ main source of Fgpy,. Thus, we conclude that, as expected,

the electron presSure }'s n
the force d l!&ee tron pressure does not balance the electric force on the electrons

rather it 4§ the magnetic force on the electrons.

Thie agreement between the force deduced from the BFM measurements and the

—
rce degu d from the local plasma density and electric field shows that the dominant

_—

mechanism for delivering momentum to the mixed ion-neutrals flow is the electric force.

S We now discuss the relation between the electric force, the ion current and the
~

discharge voltage. In our previous studies [25], [26], [27], the electric force on the ions was

18
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Publishing found to be enhanced by collisions with neutrals relative to the electric force on the same

\ <

ion flow that would have crossed the potential drop without such collisions. Enhancement
was also found in experiments in which force exerted on a surface in a plasma was
determined [29], [30]. The mechanism of enhancement was explaine?/m [25], [26], [27]. If
ions are slowed down by collisions with neutrals, their residenc BSNG: acceleration
region is increased the electric force is felt by the ions for a dengeritime, thus the electric
force on the ion flow is larger. The momentum delivered tl;;éh product of force and
residence (or transit) time, is larger than without coll sions. A Second explanation was that
when a certain kinetic energy is delivered to aflarger not only to ions but also to

neutrals, the momentum is larger. This enhancement tf}‘le electric force is examined also

here. For that, the maximal electric fohgé\th can be exerted by the plasma ions

accelerated by the electric field, if the}%;\mﬁsionless, is evaluated. The maximal electric
force for collisionless ions isi‘—ﬁ“;vb, where [ = (AF /Apz) I;/eis the radially-
(

outward ion flux onto the FQ&(] Ap, are the RPS-facing areas of the BFM and of

the Langmuir probe Lﬁecti ly, and Ap/Ap; =1.2). Also, vy = +/2eVyc/my, Voo =
nti

| difference between the anode and the BFM. The radial ion

Vd - I/p(rb) being’the p
£
current, [;, r& ‘eh/e probe P2, was 4.2, 4.5, 5.2, and 5.0 mA, and the corresponding

.0413,0.037,40.040 and 0.034 mN, for gas flow rates of 13, 30, 50 and 100 SCCM,

ing into account the inaccuracies in the measured V,,, I;, A and Ay, we

e inaccuracy in F, as 12%. The evaluated F; is also presented in Figure 10.

imal electric force for collisionless ions, F;, was approximately the same for 13,

p

nd 50 SCCM and somewhat smaller for 100 SCCM. For 13 SCCM, Fgppwas similar

to F,;, while for the three higher gas flow rates, Fgpy was larger than F,;. Thus, it looks as

19
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Publishing though the electric force was enhanced for the higher gas flow rates relative to the force on

collisionless ions.

We now examine the suggestion that the enhancement of the electric force here
observed was due to ion-neutrals collisions. The mean free path (%on-neutral collision
isA =1/(oN). Here, o is the total collision cross section, the u-rs}txgss sections of
elastic and charge exchange collisions (with a characteristic value o =80x102°m? for argon
[43]) and N is the neutrals density. Charge-exchange col i(;;bzirﬂ}ﬁcient in transferring
momentum from ions to neutrals. Using the calculated ‘I-V\for 25.mTorr (corresponding to
13 SCCM) and assuming (for all gas flow rates) fhat the emperature is 300 K, we find
that A =0.015 m. Examining Figure 5, we find that for all gas flow rates, the radial length
of the region in the acceleration channél\w e most of the applied voltage drops, is

a =0.015 m, about the same as A. Therefore, 10ns rarely collide with neutrals as they are

accelerated and it is reasonab t}mt%,w\_ F,; for this gas flow rate. It is also seen in
Figure 10 that Fgpp/Fe in@the gas flow rate (and with the gas pressure). If ion-

neutrals collisions are.the sourcewof electric force enhancement, this observed increase

of Fgry /Fs with reg@xpected, as ions collide more often when the gas pressure is
£
ow, rate

higher. For gg;( fl }If 100 SCCM and a corresponding pressure 11.5 mTorr, the force

enhance reSwas v/ F = 2.5. For that pressure, the mean free path is smaller,

A= 03/m d a/A = 5. The enhancement is expected to be proportional to /a/A = 2.3,

hich ¢ é the calculated Fgpy,/ F.;, mentioned above. The measured enhancement of

“uthe ect}c force is thus consistent with the enhancement by ion-neutrals collisions. The

\J

enh;wement of the electric force was already described in a model and checked
“experimentally systematically [27]. Here, for the first time the electric force was further

evaluated by local measurements.
20
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Publishing' VIII. Summary

In this paper we showed that in a configuration typical to plasma thrusters in which
ions are unmagnetized, it is the electric force on the ions that delivers the momentum to a
mixed ion-neutrals flow exiting a discharge. Two forces were comlyd in experiments in
our radial plasma source (RPS). The first force was the electric rce\o%: plasma ions,
evaluated by the measured electric potential and plasma density a the RPS accelerating
channel. The second force was that exerted on a Balanc (‘)‘:)e%(h\er (BFM) outside the
RPS by the mixed ion-neutral flow outward of the plasma Seurce. The two forces were

discharge was extracted). Since the force mea BFM equals the momentum flux

approximately equal for various gas flow rates (when foke by the gas flow without a
r(g"by &1)
o
carried by the mixed ion-neutral flow il&{?@'\ngo the BFM, it was concluded that the
electric force was the source of the mo ained by the flow.

For local measurements of t @ ity, the electron temperature and the plasma
potential, we used a Langmuir%\qbq an emissive probe, applying an analysis of the
emissive probe. The force due%lectron pressure was found to be considerably smaller
than the electric fo ,hjting, as expected, that the electric force on the electrons is
balanced by the fnagnétic e.

As ifvourprevious experiments about the RPS [25], [26], [27], the electric force on

the io vhras also shown here to be enhanced by ion-neutrals collisions. It has been

ed’ in}’z 1, [44], that this enhancement can be used for developing a high thrust-

wer rasio hruster. The RPS geometry is not suitable for a thruster, since, because of the

_—

azilgut al symmetry, the net thrust by the radial flow is zero. A modified configuration in

S ich a net thrust is delivered, and in which the electric force enhancement is implemented,
.

is currently under investigation.
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Appendix: The method for deducing the plasma potential,
electron temperature and plasma density

This subsection describes how the plasma potential V,, electron temperature T,, and
plasma density n; were deduced using V¢, V,rand I;; measured by ?d emissive probe and

planar Langmuir probe P1 (see Section IV). The method used eesMucing plasma

parameters was described in Ref. [45]. The measured and the dequamtities are related

through:
e Q‘“
—
eVr = eV, + kpT P, (8)

)

eVor = eV, + kgT, P . (6) (AD)

Iy = 0.6eniAp1mD
Here, 6 = Ap/a, Apis the Debye length Ixm the emissive probe radius. The first
-
relation (for a cold, non-emitting Qb%i)%&derived in Refs. [46], [45] where y,(5) was
calculated. In Figure 2 in Ref. U} w; denoted as —7y and was shown as a function
of§ =1/8, and in Figure 1%45] P, (86) was denoted ased_./T,. The second
relation (for an emittin obe at the space-charge limit) was derived in Ref. [31], and
P.(8) was show, t&gure 4. The functions Y, (6) and P.(8) denote the potential
drop betwee/ \ / and a floating probe over the electron temperature for cold and

e p
respectively as a function of 8. A detailed theoretical model is presented in

emitting rc@
Refs{ [31) [45% We note that Ap and therefore also & are functions of the unknowns n;
sg)

ndT,, £

at there are three unknowns in Equations (Al): V,, n;, and T,,. We solved here

ree unknowns at several locations and for several gas flow rates. In solving the

S tions, Figure 3 and Figure 4 from Ref. [45] were used to calculate Y, (8) and y5.(8)
.y

respectively.
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To accurately measure the floating potential, the voltmeter resistance has to be
much larger than the sheath resistance Ry, = dV /dl, [47], where V is the potential of the
emissive probe and I, is the electron current from the emissive probe to the plasma. The
electron current from the probe to the plasma is [47] /

ell, =V \ (A2)
Iezlesexp _M, ‘)
kgT,
where I, is the electron saturation current. Taking the deriwa \o\with respect to I, the
sheath resistance is obtained as
5 (A3)
Rgp =
The sheath resistance of the emissive prob%a‘c"fg potential, when I, = I, is
k (A4)
The floating potential was measur whetc T, < 30 eV and I;; > 50 pA so that the
maximal sheath resistance i I& This value is much smaller than the resistance of
the digital voltmeter (~10 hk\requlred
£
~

26


http://dx.doi.org/10.1063/1.5007817

AllP

Publishing

&4

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record.

Figure captions

Fig.1: The Radial Plasma Source and Balance Force Meter. Here, 7,=24 mm, 1, = 70 mm,
1, = 80 mm, 73, = 40 mm, h = 5mm, and ¢ = 20 mm.

Fig.2: The planar Langmuir probes P1 and P2 and the emissive(/ e with the probes

orientation relative to the ion flow. Q
Fig. 3: Radial profiles of the floating potentials of the emi "\}p{m V¢ (cold probe, no

§1)
electron emission) and Vs (hot probe, electron emi s_i_gp(@a‘ce charge limit), for 13

SCCM and 100 SCCM. In Figures 3 — 10, the dischar h was 1.9 A and the maximal

magnetic field intensity on the middle plane was G.‘)
o

Fig. 4: Radial profiles of the ion saturation w , for various gas flow rates (13, 30, 50

=

30, 50 and 100 SCCM). \\
Fig. 6: Radial profiles of théﬂd electron temperature, T,, for various gas flow rates

(13, 30, 50 and 100 SCCM):
Fig. 7: radial prafiles /of the.deduced plasma density, n;, for various gas flow rates (13, 30,

4

50 and 100 %

Fig. 8: d@proﬁles of the deduced radial electric field, E,., (solid line) for various gas

and 100 SCCM).
| e
Fig. 5: Radial profiles of the dedu&Qas potential, V,, for various gas flow rates (13,

flow' sates’ (13’/, , 50 and 100 SCCM) and of the axial magnetic field, B,, (dashed line).

ﬁ
ig 9: Rgdl | profiles of the deduced electron pressure, p,, for various gas flow rates (13,

and 100 SCCM).
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Publishin g Fig 10: The force measured by the BFM, Fgpy,, the total electric force, Fg, [see Equation

(14)], the force due to electron pressure, F,,, and the maximal electric force for collisionless

ions, F;, all versus the gas flow rate.
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