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Abstra€

Recent experimental and theoretical findings [Phygics gf flasmas 23, 122108 (2016)] regarding
the pressure balance between a cylindrical M xial magnetic field and neutral gas, are
explored further theoretically. The lengt @linder is assumed much larger than its radius,
so that axial losses are small and cross ddvtra ort is dominant. Conditions for either magnetic

-
pressure or neutrals pressure balan the'plasma pressure, and an associated coupling parameter,

that were identified in the rec &t& e examined further. In addition, a second coupling
parameter is identified that de:ehwi which is larger, the relative change in the magnetic field
or the relative change in‘neutrals, density. An unexpected nonmonotonic variation of the plasma
density with the plagma parti flux is demonstrated. It is shown that for plasma beta close
to unity, as plas ener 0‘( and plasma particle flux increase, the plasma density surprisingly
decreases. T atyreas ollows a decrease of plasma confinement due to an increased plasma
diamagnetism. e effect of the magnetic field on neutrals depletion is examined. It is shown

£

e of/’che magnetic field as the plasma density is kept constant, results in a decrease

als d%)letion, while an increase of the magnetic field as the plasma particle flux is kept

ﬁ
constant, results in constant neutrals depletion.

)
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Publishihg INTRODUCTION

Interesting nonlinear phenomena are observed in plasmas of high beta (the ratio of plasma
pressure to magnetic pressure). Examples include, in laboratory plasmas, mirror and firehose
instabilities [1], modified waves [2], and Alfven Ion Cyclotron (AI@) instabilities [3], and,
in space, magnetic hole in a solar wind [4]. Diamagnetism is gtzl arly a fundamental
characteristic of high beta plasmas. A large diamagnetic curren }Qw modifies the magnetic
field is expected to arise.

High temperature/energy plasmas in magnetic fusi ‘&z'ckes and in certain plasma
thrusters are candidates for reaching high beta. Sfich are the spherical tokamak, Field
Reversed Configuration, and the MagnetoPlas Dy&kﬂcs thruster. However, often the
magnetic pressure in high temperature plasmas ig@o that the plasma beta turns out
not to be high. Low temperature magnetized plas < which the magnetic field is low can
be of a high beta, especially in plasma sou}wis as the helicon where the plasma density
is relatively high [5]. Such low temperat \p'Iasrnas are expected to be diamagnetic.

Diamagnetic currents and the ass \ﬁyeckm gnetic field modification in low temperature
plasmas have indeed been measurgﬁg ample, in [6-13]). Roberson et. al. [10] measured
a large modification of the \&Kﬁeld in the plasma plume of a high power helicon.

Takahashi and his colleagues described in several publications [11-13] measurements of the

magnetic field modifi in & helicon plasma thruster. From the modified magnetic field

they evaluated the dzimuthal diamagnetic current and calculated the thrust delivered by the
magnetic press 1]. o{vever, a few publications on high beta helicon plasma sources
[6-9] reporte H@medmtion that was much smaller than expected by the plasma beta.
Scime et. Al. claimed that because their plasma is not in magnetohydrodynamic equilibrium,

the m gLe field is only slightly reduced by the high-beta plasma [6]. Stenzel suggested

that radialSelectric field is excited that suppresses the diamagnetic current [7]. Corr and
swell jdentified magnetic field penetration as the source of low diamagnetism [8]. It is
5&3@ to explore further the causes of the often observed suppressed diamagnetism.
uppression of diamagnetism in a low-temperature partially- ionized plasma was recently
investigated experimentally [14] in the Large Helicon Plasma Device [15] and also in the
Large Mirror Device [16]. The reduction of the magnetic field was measured as a function of

the magnetic field for various argon gas pressures. The measurements were compared with
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Publishitig calculations by use of a theoretical model. It was demonstrated through the experiment
and the theory that the suppression of the diamagnetic field can be caused by neutrals
pressure. Neutrals depletion by the plasma pressure created a gradient of the neutrals
pressure that partially balanced the gradient of the plasma pressure instead of the gradient
of the magnetic field doing so, therefore the diamagnetism became v?eéker. Thus, in partially-

ionized plasma there is a competition between the magnetic pr

SSG and neutrals pressure

in balancing the plasma pressure. This competition is reflegte the relative dominance

of diamagnetism and neutrals depletion. The dominancezdn<bpalancing the plasma pressure
is not determined solely by the magnitudes of magnetic sure<and of neutrals pressure,
—-—

but rather by the strength of the coupling of the plasmagto the magnetic field relative
to the strength of its coupling to the neutrals.f The s ger the coupling is, the larger
is the gradient, and accordingly, the larger ﬁéﬁge across the discharge, either of
the magnetic pressure or of the neutrals présgure. [14], a parameter was identified that
determines which coupling is larger th mthe pressure change that is dominant.
Our purpose here is to explore fur, hmaﬂy the competition between the magnetic
pressure and neutrals pressure irgl;ala cing“the plasma pressure. In Section II, we present

the theoretical model for the plasmajsthe neutrals, and the magnetic field in a cylindrical

configuration. The length of th\hadrical plasma discharge is assumed much larger than

its radius, so that axialnd<losses are assumed small. The discharge described by a one-
dimensional (1D) st d@odel, as radial dynamics is assumed dominant. Therefore,
the model has t liéflﬁe in order to describe helicons in which axial dynamics is
dominant. In Sé:t\S\H \

are identifie 'ﬁy are called here coupling parameters although they vary radially across

two parameters that characterize the interaction, C; and Cj,

thai:_-? he nbutrals, will balance the plasma pressure. The second coupling parameter, Cs,

d termirsfs which is larger, the relative change in the magnetic field or the relative change
~i¢$th utrals density. Section IV presents an analytic solution of the linearized equations
low plasma density.
n Section V we calculate the plasma steady-state in two cases in which the neutrals
pressure and the magnetic pressure are the same. However, the neutrals (gas) temperature

and density are different in the two cases. As a result, the first of the two coupling parameters
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Publishihzg; a different size in the two cases. The calculation shows that, although the pressures
themselves are the same, in one case diamagnetism is dominant, while in the other case
neutrals depletion is dominant.

In Section VI, the role of the second coupling parameter is demonstrated. It is shown how

the relative changes of the magnetic field and of the neutrals densify vary even if magnetic
pressure and neutrals pressure are fixed. For different gases of i é(‘sgch pressures, this

field and of the neutrals density. Also demonstrated here expected effect. It is

second coupling parameter is different, resulting in different r%hanges of the magnetic
expected that as the rate of plasma generation i increases IESma density should increase
as well. It is shown that at a certain regime, an incréase of e Tate of generation results in
a decrease of the plasma density, so that there is@onm onic dependence of the plasma
density on the rate of plasma generation. ‘)

-
In the last two sections, we examine the éﬂ'C\t;d e magnetic field on neutrals depletion,
eutra,

not necessarily related to diamagnetism. N epletion has been investigated theoret-
ically extensively over the years (fo :‘m?M]). It has been recently claimed [24]
that neutrals depletion gets smaller whendhieemagnetic field increases. It is shown in Section

S\b& aller with the magnetic field if the plasma density

VII, that neutrals depletion indee

is kept constant. However, it 1 hown that if the plasma radial particle flux is kept

constant, then neutrals ion is hardly affected by the variation of the magnetic field.
Finally, conclusions afe p sented in Section VIII.

II.

We a; ume a ammuthally—symmetmc partially-ionized cylindrical plasma that is im-
mersediin a Détlc field parallel to the axis of symmetry denoted 2 axis, so that B = é.B.
The length o*s the cylindrical plasma is assumed much larger than its radius, so that radial
c%:‘ii ransport is dominant and axial transport along field lines is negligible. The
hortegirCuit effect of separate transport mechanisms for ions and electrons [23, 25] is also
%uﬁed negligible. The radial transport is ambipolar. As motion along magnetic field
lines is neglected, the problem becomes one-dimensional where all variables depend on r
only. The plasma and the neutral gas are assumed in steady-state, so that the equations are

time-independent.
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Publishing: 3oth plasma and neutrals are described by fluid equations. The plasma is described first.
The momentum equations in the r, ¢ plane exhibit a force balance for the ions and for the
electrons. In the radial direction there is balance between electric force, magnetic force,

pressure gradient and collisions for the electrons:

d(nT,)

—neF — o nevey B — nmevey (v, — V}é\ (1)

and an equivalent force balance for the ions:
nell — + neviy B — nmuv;y (v, —1V,) =0. 2

or 4

In the azimuthal direction there is a balance betwee magnﬁtl force and collisions for the

electrons, g
nev,B — nmeve; (Vey — vig)s 1 e@ (vey — V) =0, (3)
and equivalently for the ions \\
?eﬂs nm;ViN

—nev, B — nm;vi. (Vig
Here, T, and T; are the electro nd? telnperatures (in energy units), n is the density
of the quasi-neutral plasma, ¢, K‘%\\zpe are the elementary charge and ion and electron
masses, Uoy and v;y are the elec and ion azimuthal velocities, v, is the electron or the

(equal) ion radial velocity, aﬁ}‘fr and Vj are the components of the neutrals velocity. Also,
q

(vig — Vi) = 0. (4)

Ve; 18 electron-ion ¢ ency, ;. the ion-electron, v,y the electron-neutral, and v;y

the ion-neutral (?ﬂisi

isi‘(}n
fregfiencies. In solving the equations, it is assumed here that there

is no anomalous. transport due to instabilities.

forcest We included all ion inertia terms in our previous publication [26]. In later publications

=20|Npn z>1d electron inertia were included. Neither diamagnetism nor neutral depletion

3 add&ssed in these previous publications [26-29]. Inertia terms are important near the
W,\W ere the ion velocity approaches the Bohm velocity, but these terms make little

erence in the bulk of the plasma. It was shown in [27] that ignoring the electron inertia
has a large effect on the solution near the wall, but has little effect on the solution of the
problem as a whole. We assume that this holds for the ion inertia as well. Here, we neglect

inertia terms and leave for future studies the inclusion in the model of those terms.


http://dx.doi.org/10.1063/1.4997250

! I P | This manuscript was accepted by Phys. Plasmas. Click here to see the version of record. | 6

PublishingWe turn to the neutrals dynamics. In the radial direction there is a force balance between
the neutrals pressure gradient and their collisions with the plasma,

J0(NT,)

5 (nmivin +nmevey) (v, — V,) = 0. (5)

Here, n is the neutrals density and T, their temperature. There/hould be a momentum

equation for the neutrals in the azimuthal direction. In the mﬁtha irection the drag
by the plasma on the neutrals is balanced by neutral inert&is. We skip writing the
ion ‘ag

momentum equation for the neutrals in the azimuthal di the neutrals velocity in

the azimuthal direction is assumed to be small. ~

—-—

The collision frequencies are now expressed as v;y'& k;n eN = kenN, Ve; = kein, and
Vie = kien, where k;n, ken, ke;, and k;. are COH@ rat nstants. Since the net particle

flux density is zero, the radial plasma particleKe ’S}y, I' = nv,, is related to the radial

neutrals particle flux density, I'y = NV, ﬁ‘\\
“Q‘\éxr. (6)
The drag term in Eq. (5) can e&eﬁ‘as (mikin + meken) T(N +n) and similarly the
t

other drag terms. It is now assume t 1V,| is much smaller than v,., or, equivalently, that
N is much larger than n. The&%ﬁties are not always strictly satisfied but for simplicity
they are used through e?iﬁerical solutions here. The neutrals velocity components Vj

and V. are thus neglécted in _the above equations.

By adding Eqsf (3)%and X4), we obtain that m.venvey + mivinvig = 0. Since mekeny <K
m;k;n, it follows that v,y < v.y. We therefore neglect v;y relative to v.y. We also neglect

meken relativetorm;k;y.

the abeve momentum equations for F, v.y, and v, and obtain the relations for

the plasma p iée flux density I’

3 T 4T
3 mivi (Wewei /Vive + 1) Or
‘amﬁl f&r he ambipolar electric field

((wewei /Vive) Ty — Te] On

nekr = (Wewei /Vive + 1) or’ (8)

We assumed that 7, and 7; are uniform across the discharge. Here, w. = eB/m. and

we; = eB/m; are the electron and ion cyclotron frequencies, v, = key N + kein, and v; = v;y.
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Publishimgc electron-ion collision rate constant is taken as k.; = 2.9x10~121n A T, >/ ( eV)3/ > m3s,

where In A = 10. The components of the electron velocity are v, = I'/n, where I is expressed
through Eq. (7), and
We
w=1—]v. 9
o= ()0 ©

Note that the polarity of the electric field can reverse, even / ly, depending on the
sign of the numerator of Eq. (8). We assume here that T;4< %, moreover, that
(wWewei JVive) Ty < T, so that the electric field points radial utward, namely pushes the
ions towards the wall, the same direction as without e‘)l-i%ri ic field. However, the
electric field is expected to be weaker when electronsfare magnetized, as it is the magnetic

field instead of the electric field that impedes their radial mbtion.
The momentum equations turn out therefore (0 be ,-)

on We ‘Z-L"'
Lo = m@ + 1) T, (10)
and \\’:_

~
To the momentum equations, Wew continuity equation for the plasma,

(rT)

= BionNn‘ (12)

or
The volume source t @plasma is ionization, which is the sink term for the neutrals.
e

The ionization ra is B,,, = oovie exp (—€;/T%) [30], where vy = (8T, /mm.)"? is
the electron theﬁwm y and 0o = 7 (€2/ 471'6062')2, €0 being the vacuum permittivity and
¢; the ionizafti r&iergy.

We tugn now tosghe magnetic field. Employing Ampere’s law, we write

ﬂ /
0B
KS E = Hp€NVey, (13)

—
W(wbis the permeability of the vacuum. The contribution of the ions to the diamagnetic
Hpregt has been neglected since the ion azimuthal velocity is much smaller than the electron
azimuthal velocity, as explained above. Using Eq. (9), the gradient of the magnetic field is
expressed as
0B We
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PublishingSumming the four equations, while Eq. (14) is multiplied by B/, we obtain a total

pressure balance:

T+BQ+NT B%V+N T (15)
nly + — = — wT.
2410 T 2 !

Here, By, and ny, are the magnetic field and neutrals density at 2{ radial wall, where the
plasma density is assumed to vanish, n = 0. Equation (15) c %{e one of the four

other governing equations

Equations (10), (11), (12) and (14) [or, equivalently:. 1‘5%‘he governing equations
ndar onditions are needed. Two of
the boundary conditions are I'(0) = 0 and n(a) = 0N For t‘ye neutrals density, either Ny,
. o 2mrNdr, is specified. For the

for T', n, N and B as functions of r € [0, a]. Four bo

or Nr, the total number of neutrals per unit 1en th

magnetic field, either By, or the total magnehﬁ> ‘;B, is specified. The total magnetic

flux is &5 = fo 2nrBdr + By ( R? — ¢? ‘}he\R is the radius of the magnetic coil.

In certain experiments it can be assu d%e magnetic flux does not change when the

discharge is ignited, thus &5 = 2 whe Bl is the magnetic field in the absence of the

plasma. The temperatures T, a\:g?e}etermmed by heat equations for the electrons
h

and for the neutrals. Neutra a\# has been addressed (for example, [31, 32]). Here,
T, is speciﬁed Also, since upon‘sglving the equations we also specify either ng = n(0) or
'y = ), the electrod temperature 7, becomes an eigenvalue that is determined through

the solutions of theé):zl quations. In the solutions in this paper, Ny and By, are

specified (not NN /Thus, the followmg relation is also available,

2

No 2#0
The ma@ nd the neutrals density on axis, By = B (r =0) and Ng = N(r = 0)
in the

are fotind calculatlon while ng is also specified (or found if, as stated above, 'y is
specifi S

)

‘H.b MINANCE OF THE DIAMAGNETIC EFFECT
.

e identify here two parameters that determine the dominance of the diamagnetic effect.

Equation (15) can be written as

P, + Pg + Py = Ppw + Pnw, (17)
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Publishiwgcre P, = nT., Pp = B?/2u, and Py = NT, are the plasma, magnetic, and neutrals
pressures, respectively, while Ppy = Pp(r = a) = B3, /24, and Pyw = Py(r = a) = Ny'T,.

We write equivalently the pressure balance as

AP, = APy + APy, (18)

where AP, = ngT. (the plasma pressure at the wall is as %\V&nish), APg =

(B3, — BR) /219, APy = T,AN, and AN = Ny, — Np. The change of the plasma pres-
sure radially across the discharge is balanced by the s \t’m\change of the magnetic
pressure due to the plasma diamagnetic current and of Lth h@'e of the neutrals pressure
due to neutrals depletion. The dominance of neutrals preﬁfure in balancing the electron

. As demonstrated in [14], the
diamagnetic effect is expressed by the first t&\in}\@ (10), while neutrals depletion is

expressed by the second term in that e N
dominant when O\
\
%DB APy. (19)
Y

pressure was shown in [27] to lead to Boltzmann{ equilibri

e change of the magnetic pressure is

N
netic pressure or neutrals pressure themselves that

We emphasize that these are not(\%n
determine which one of the m'ua ce the plasma pressure, but rather these are the

changes of these pressures across discharge. The last equation can be written as

\ AB _ AN By (20)
o

4 By = Ny 1+ By/By’

Here AB = Bw@ e neutrals beta is defined here as
D 210N T,

BN BI%V )

(21)
/

méiximal neutrals pressure to maximal magnetic pressure. If inequality (19)

the rafio o
is satisfied Sd)that APg > APy, magnetic pressure only balances the plasma pressure, and

R AB _
&3 EZF 1—=5,. (22)

\

erasma beta is defined here as

2ponole
Bz,

B

the ratio of the maximal plasma density to the maximal magnetic pressure.
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Publishinginequality (19) is satisfied, namely the magnetic pressure is dominant, if the first term
on the right hand side (RHS) of Eq. (10) is larger than the second term. This happens if

the parameter

is larger than unity, C; > 1. In that case, the contribution of t@:gnetic current to

the pressure balance is dominant. When C < 1, the change 6f ﬁautra pressure radially

across the discharge is dominant. The changes (or gradienkgwe pressures depend on
di

the coupling of the plasma to the magnetic field throuq

agnetic current and to
the neutrals through neutrals depletion. The parameéter ‘eh;ﬁ}esses the relative size of
these couplings [14], the ratio of the coupling to the rng gnetﬁ)z field over the coupling to the

neutrals. We note that C is not uniform acros§ the-discharge since it is a function of B,

N, and n, which vary with r. Therefore ine%@ ) may hold in part of the plasma
only. The competition between the magni&: neutrals pressure in balancing the plasma
C

pressure is described through calculations« . VL.
The electric field is also affected Q;) Eq. (8) it is seen that when 7; is negligible,

the electric field in the bulk of ti&ﬂ&a is B~ T./ (ea) for Cy < 1, and is suppressed to

E~T./(eaCy) for Cy > 1.

It is interesting to comparmmagnetism, the relative change of the magnetic field,
to the neutrals depletio t?le\hiative change of the neutrals density. This is important since
if neutrals are deple d;}g\ bulk of the discharge, the discharge may not be sustained.

In particular, W%OU. ikeAo find out when

AB _ AN
3\ AB , AN )
Bw — Nw
We note%:? agnetic pressure can be dominant, so that inequality (19) [or in its
is sati

form %sa sfied, but, as B /(1 + By/Byw) is smaller than unity, inequality (25) is not
H

eutrals are completely depleted. In order to examine the relation between the

safisfie
relative awanges [Eq. (25)], We note that Egs. (11) and (14) can be written as

\ ~ dlnN mikZ-NF dlnB fo€?
or T, or  me,

r. (26)

In order for inequality (25) to be satisfied, the parameter

02 = M062Tg

Mmel/eny; kiN


http://dx.doi.org/10.1063/1.4997250

! I P | This manuscript was accepted by Phys. Plasmas. Click here to see the version of record. 11

Publishihgs to be larger than unity. Note that

_ By By
Gy = (-2 (28)

The effect of varying Cs will be discussed in Sec. VII.

IV. LINEAR ANALYSIS 3\

Before presenting a full numerical solution of the govermi ations, we present a sim-
plified linear analysis (which was first presented in [14]). L%"‘-\

We assume that the plasma pressure is small, so t‘aale rals depletion and the diamag-
netic effect are small, and the variations of the fnagne Id and of the neutrals density
are small. We solve the equations iteratively. gmt@rder, we assume that the magnetic
field and the neutrals density are constant.“Che e atL?E)ns are not linear since the electron
collision frequency v, depends on the plasma,density that varies radially. We nevertheless

substitute n(r) = ng in the expression forw,, so that it is constant as well across the dis-

7%

charge. The equations in zeroth orde } thus linear with constant coefficients. Equations
(12) and (10) are combined in S%N ay to (1/r)9/dr (ron/or) = — [« (Cy + 1) /a*]n,
where o = f3,,,m;v;Nwa?/T, a

on

232
e“B
Q. Cp=—"W (29)
MeMiVile
The coefficients Zan 1 aze aken as constant and for v, the electron density is taken as
u

ng. Using the b WC ndition n(a) = 0, we write the plasma density and particle flux

X

p S (). v [ () 0

re the Bessel functions of zeroth and first order, and p; = 2.4048 is the first

density as

—
Here,|{.Jy and .Jy

zefo-of e resulting solvability condition, v/« (Cy + 1) = p;, determines the value of

thi eigeryalue T.. It was shown in [23], that if v, varies with n, the density profile is more

€}

comvex than the Bessel function Jo (p17/a) is.
The perturbed first-order neutrals density and magnetic field are obtained using the
zeroth order expressions for n and for I'. The neutrals density is approximately

o [t ()
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B =By — [( G ”OnoTe} o (7%) . (32)

We therefore write

AN 1 nol. AB G é\ (33)

Nw  (Ci+1)NyI,  Bw (Ci+

Substituting these expressions into Eq. (20), with 1+ By/ByA& 2,e find that, as expected,

70

inequalities (19) and (20) hold when C; > 1. Also accor n‘gﬁo , the relative change in
B is larger than the relative change in N if — -
Cl%N > A &3 (34)

It is easy to verify that Co = C13y/2, so the M is
C. 5}%& 1, (35)
\\\
as expected.
\

When C; > 1, the diamagne&& is noticeable, AB/By = 3,/ /2, while AN/Ny, <
noT./NwT,, and when C} <¢\;ia agnetic effect is small, AB/By < (3,,/2, while the

ss the discharge due to neutrals depletion is large and

al
balances the plasma pr@%]\f /Nw = nogT, /NwT,.
£
IS

V. DIAMAGQ/K ERSUS NEUTRALS DEPLETION
In this sec )\r

e present two cases, case A and case B. The magnetic pressure is the same

change in the neutrals pressure

in the t lasma,_Steady-states of the two cases and so is the neutrals pressure. However,
the nglzit perature in case A is lower than it is in case B, and correspondingly, since
cutals

)ressure is the same, the neutrals density is higher in case A. As a result of the

theag
higher ngltrals density, ion-neutrals collisions are more frequent in case A. This is expressed
}77 lawer (1 in case A. The calculation shows that, as expected, neutrals depletion is more
pronounced in case A than in case B, while diamagnetism is more pronounced in case B.
Let us describe the plasma in cases A and B. An argon plasma in a cylindrical tube of
radius @ = 0.1 m is confined by a magnetic field of By, = 50 G, so that Pg(r = a) = 9.95 Pa,
while the gas pressure at the wall is Py (r = a) = NyT, = 4Pa. Therefore, 5 = 0.4.
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n/n0

FIG. 1: Case A (argon, Ty, = 300K, Pyw = 4Pa,

density profiles n/ng for three plasma densities, 1) g = 0¥ m =3, 2) ng = 6.5 x 101¥m=3, and 3)

no = 1.3 x 10" m~3. For the lowest density, N (blue - online), the profile coincides with
the linear solution (dashed line) [Eq. (30\
convex.

}siﬁg profiles (N/Nyw) due to neutrals depletion for the three plasma densities as in Fig. 1.
The dotted lines show the approximated expression, Eq. (31), where 11, 12 and 13 denote neutrals
density profiles for the three plasma densities in an increasing order. The higher ng is, the lower is

the neutrals density.
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PublishiRg argon, ¢; = 15.6eV and key = 1.3 x 107 m?s™! [30]. We also use in the calculation
for argon k;y = 6.3 x 107 m?/s [30], although in order to reach an agreement with the
experiment, we sometimes used in our previous publication [14] a larger value for k;y .

Case A is discussed first. In case A, presented in Figs. 1 - 4, the gas temperature is
T, = 300K and the full equations are solved for three plasma ?{nsities, ny = 10¥m=3
no = 6.5x10"¥m=3, and ny = 1.3 x 10 m=3. It is found that 7, 1 with ng, and 7., is

the normalized plasma density for the three plasma densiti

1.8eV, 1.9eV, and 2.7 eV for the three plasma densities. Figur ows the radial profiles of
\ igher plasma density,

the plasma profile is more convex. The dashed line denoteg H‘e-i:adlal profile of the linear

solution [Eq. (30)]. Figure 2 shows the radial proﬁleﬁ}:glo alized neutrals density for

the three plasma densities. As expected, for a higher p a density, neutrals depletion is

larger. Figure 3 shows the radial profiles of th agneicic)ﬁeld for the three plasma densities.

As expected also here, for a higher plasma:\i\ns‘} the diamagnetic effect is larger. The
1

neutrals density and the magnetic field ta solving the linearized equations are also

shown for the three densities in Fig res 2 d 3. It is seen in these figures (and in Fig. 1),
that Egs. (30), (31), and ( a?pnprommatlon for the profiles of n, N and B for
the lowest plasma density but are c a good approximation for the two higher plasma
densities.

In Figures 2 and 3, it/ that AB/By < AN/Ny . For example, for the case of the
highest plasma densit§ o S-SZBl"ee cases shown, AB/By = 0.1, while AN/N = 0.95. This
larger neutrals depleti & /m agreement with Eqgs. (25) and (27), as Cy is much smaller
than unity. Let Z:s w that Cy is smaller than unity. Since § = 0.4, and since B/ By ~ 1
ties, it follows from Eq. (35) that Cy ~ 0.2C;. The values of C, defined

and N = Ny, for the three different plasma densities are 0.13,0.09,and

for the three“den:

Con‘si\d ably‘smaﬂer than the value predicted by Eq. (22), which is 1 — m = 0.19
re, 6,}): 0.57).

w examine the competition between magnetic pressure and neutrals pressure in

lan\cing the plasma pressure in case A. As described above, 'y < 1 for all three plasma

densities of case A, and, therefore, following Eqgs. (19) - (24), the plasma pressure gradient is

mostly balanced by the neutrals pressure gradient; neutrals depletion is dominant. Figure 4

shows the profiles of the various pressures for the highest plasma density, ng = 1.3 x 10 m3.
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FIG. 3: Case A (argon, Ty = 300K, Pyw = 4Pa, By = ,a = 0.1m). Normalized magnetic

field profiles (B/Byy ) due to diamagnetic currents for thettliree plasma densities as in Fig. 1. The
dotted lines show the approximated expressi w , where 11, 12 and 13 denote magnetic field
ks

profiles for the three plasma densities in\
magnetic field. \

~
It is seen that APg < 2Pa w ilem Pa.

In case B, shown in Figs. 5 —\tﬂ&gas pressure is Py (r = a) = Ny/T, = 4Pa, the same

ing order. The higher ng is, the lower is the

as in case A shown in - 4. However, the gas temperature is T, = 1800 K, 6 times
%s0 that the neutrals density is 6 times smaller. Characteristic
values of C are 3.7, {,an} 1.1 for the three different plasma densities, ng = 10®¥m=3,

Ng = 8 X 1018

higher than in the case

3%and ng'= 1.6 x 101 m=3. The electron temperature 7, increases with

DV, 2.7eV, and 3.3eV for the three plasma densities, higher than in the

ng, and T, i
previous€ase Figures 5 and 6 show the radial profiles of the normalized neutrals density
and magneti elé intensity for the three plasma densities in case B (equivalently to Figures
2 n_\d of c}se A). Also shown in the figures are those radial profiles as found from the
linear apj)roximations, which are a good approximation for the lower plasma densities. As

ected, and similarly to Figures 2 and 3 of case A, Neutrals depletion and diamagnetism
are larger for a higher plasma density. As is seen in Figures 5 and 6, in case B, AB/By is
smaller than AN/Ny, as well. However, (AB/By/) / (AN/Ny) in case B is not as small as

it is in case A. Moreover, as C'; > 1 in case B, the plasma pressure is mostly balanced by the

magnetic pressure. This is demonstrated in Fig. 7, where APg = 6 Pa, while APy < 3 Pa.
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FIG. 4: Case A (argon, T, = 300K, Pny = 4Pa

Pp, Neutrals pressure Py and plasma pressure \%LQ__ 1.3 x 10" m~3. Neutrals pressure is

dominant over magnetic pressure: APy > A \

Figures 1 - 7, and especially Figs. N 7, in which cases A and B are compared,
demonstrate that it is the coupli g bwem the plasma and the neutrals that determines

,a = 0.1m). Magnetic pressure

the role of neutrals in suppre SlOIl iamagnetism, rather than the sizes of the magnetic
pressure and neutrals pressure es. Although the magnetic pressure and the neutrals
pressure are the same i cases in case A, neutral pressure is dominant, while in case

1nt

v,

DENSITY DEPENDENCE

B, magnetic pressur

se(}io a nonmonotonic dependence of the plasma density ny on the particle

' #a) is demonstrated. A physical explanation is provided to this somewhat
unexpected thavior. In addition, we examine what is larger, the relative change of neutrals
d ngay Ny or the relative change in the magnetic field AB/By,. As mentioned above,
the patameter Cy [defined in Eq. (27)] determines which of the two is dominant. For a larger

; (AB/Bw) / (AN/Ny,) is expected to be larger. The parameter Cy is larger when the
gas'temperature is higher or when the ion mass is smaller. We calculate the steady states
for three different discharges, for which C} is different. Case C is of argon discharge with

gas at room temperature. Case D is of the lighter helium at room temperature, and case E
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0.6

N/NW

0.2r

FIG. 5: Case B (argon, T, = 1800K, Pyw = 4Pa,@=‘%) ,a = 0.1m). Normalized neutrals
density profiles (N/Ny) due to neutrals depletionfor threé plasma densities, 1) ng = 1018 m=3,
2) ng = 8 x 10¥m=3, and 3) ng = 1.6 x 40" m_3. JAs in Fig. 2, the dotted lines show the

approximated expression, Eq. (31), Whe\n'ifagd 13 denote neutrals density profiles for the

three plasma densities in an increasing Pdg} higher ng is, the lower is the neutrals density.

N
is of helium of a higher gas t pe%\xQ It is shown that indeed (AB/Bw)/(AN/Ny) is
largest in case E and smallest im.

In all three cases, C, E, the discharge is in a cylindrical tube of radius ¢ = 0.1 m,
and the plasma is confine n axial magnetic field, as in the cases A and B. In cases C,
D and E, howevers t /ag?etic field is By = 150 G, higher than in cases A and B, so that
the magnetic Ié(s}r\her is Pgw = 90Pa. The gas pressure is Py = Ny'1, = 0.5Pa,
lower than i Qs A and B. Therefore, Pg > Py and 5 = 0.0056. Moreover, for these
parametef values iwcases C, D, and E, it turns out that C; > 1, so that the plasma pressure
is expécted t ! balanced mostly by the gradient of the magnetic pressure. Therefore, it
fo oW hat )1 cases C, D, and E presented in Figs. 8 - 14, AB/By =1 — m (this
T ationijz not shown in the figures). Although C; > 1, it is not clear whether Cj is large as

1. eed, Cy is different for cases C, D, and E, and, as a result, (AB/Byw) / (AN/Nw)

i8.also different in the three cases.
We start with case C, an argon discharge with 7, = 300 K. Figures 8 - 10 describe the
calculations for case C. The above-mentioned unexpected nonmonotonic variation of the

plasma density with the plasma particle flux density is seen in Fig. 8. We note that I'y,, the
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FIG. 6: Case B (argon, T, = 1800K, Py = 4Pa,
field profiles (B/By) due to diamagnetic currents™or thethree argon plasma densities and the

same parameters as in Fig. 5. As in Fig. 3&the“dotted lines show the approximated expression,

Eq. (32), where 11, 12 and 13 denote ma, d profiles for the three plasma densities in an

increasing order. The higher ng is, the magnetic field.

3 0 0.02 0.04 0.06 0.08 0.1
r(m)

“9\7 Case B (argon, Ty, = 1800K, Pyw = 4Pa, By = 50G,a = 0.1m). Magnetic pressure
Neutrals pressure Py and plasma pressure P, for ng = 1.6 x 10 m™3. The same magnetic

pressure and neutrals pressure at the wall as in Fig. 4, but magnetic pressure is dominant here

over neutrals pressure, APg > APy.


http://dx.doi.org/10.1063/1.4997250

| This manuscript was accepted by Phys. Plasmas. Click here to see the version of record. 19

AllP

Publishing | | | | | | | | |
1F gupssdEsEsNEEENEEEEEEEEEEE EEENEEEENEE NN RN EEE NN RN L ne
‘-"‘ - =y
..‘ - ”~
0.8f & - -’ 1
* L 4
: Pg
0.6 P e _ 1
n " -
H - ~
. g - —
0.4 o -
N - n. (5% 10"°m9)
o’ - - 0
02f .7 Sy A _
’ amm
1 1 1 1 1 /I'.\ INW

0 : -
0 01 02 03 04 05 06 7408 09 1
T, (10%m2s =

,a = 0.1m). Electron temperature

FIG. 8: Case C (argon, T, = 300K, Pyw = 0.5 Pa, Q: L%]
0

onatohic, blue), plasma beta (3, (dashed -

T. (solid, magenta), plasma density ng (solid, no
dotted, black), AB/By (dashed, green) and N tted, red) versus plasma flux density 'y .
Nonmonotonic variation of ng due to the@f cross-field transport with T'y; AN/Ny >
AB/Byy.

.~

plasma particle flux density, so&sgn s the rate of plasma generation through Eq. (12).

At lower values of I'y, an incremw results in an increase of ng, the plasma density, as
expected. However, for/igher ['y,, the plasma density decreases with the increase of 'y .
This unexpected no &lzb dependence of the plasma density on the plasma particle
flux density is a Zs% )rarying cross-field transport. The plasma density is determined
by both the generatign rate (expressed in the flux density I'yy) and by the residence time
of the plas 'ane dischrge volume. The residence time is shorter as cross-field transport
is faster.€At low values of I'yy and when the diamagnetic effect is small, an increase of the
genergtion ra é the plasma (and of T'y) results in a higher plasma density. However,

when t pla}ma generation rate is high, the significant diamagnetic effect results in a lower

gnetigﬁeld and a faster cross-field transport. The residence time of the plasma becomes

Sbsrte ;
~

-‘although more plasma is generated, the plasma density is lower.

As a result, the plasma density decreases. It is somewhat counter-intuitive behavior

A nonmonotonic dependence of the plasma density on the plasma particle flux was also
found in an unmagnetized plasma [22]. The reason for the nonmonotonic dependence was

similar. The plasma residence time was shorter and the transport faster for a high plasma
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FIG. 9: Case C (argon, T, = 300K, Pyw = 0.5 PQW = 150G, a = 0.1 m). Radial profiles of

plasma density n/ng for various plasma particle flux nsiti;s}‘w. The most concave profile is at the

linear limit: 1) Ty = 5 x 1019 m 257! (ng = M =3, T, = 1.9eV, negligible diamagnetism

and neutrals depletion) - solid. The ot rofiles are for : 2) Ty = 2 x 102! m=2s7!
(ng = 2x109m=3 T, = 2.5¢V) - 3w = 6 x 102m2s57! (ng = 4.55 x 10 m=3,
T. = 9.6eV) - dashed-dotted, and@a 1083 m=2s7! (ng = 2 x 109m=3, T, = 28eV) -
dotted. As I'y is larger, the pl sity profile is more convex.

particle flux. Neutrals eﬁ@ﬁs’; decreased the number of neutrals and weakened the drag

on the ions. In that grevious case [22], it was neutrals depletion that allowed faster plasma

4
transport to the /al

hile/in our case here, it is plasma diamagnetism that allows such a
fast transport,

As is see ag 8, the plasma beta, [3,,, increases with I'y,. As I'y increases, the plasma
and the temperature 7, increases, so that 3,, which is proportional to
to unity.

. i&reases, both diamagnetism and neutrals depletion increase; AB/By, and

A
A(%;fismcrease and eventually reach unity. However, neutrals depletion is dominant,
[Nw
N

‘Asf

ch smaller I'yy than diamagnetism, AB/By,, does. As is seen in Fig. 8, AN/Ny, is

is much larger than AB/By,. Neutrals density, AN/Ny, gets closer to unity at

nearly unity already for I'yy = 5 x 102! m~2s™!, while AB/By, ~ 0.02 at that flux density,

-1

and becomes nearly unity for I'yy =2 102 m~2s7! only. This larger neutrals depletion is a

result of C5 being smaller than unity everywhere except very close to the wall. This relation
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FIG. 10: Case C (argon, Ty, = 300K, Pyw = 0.5 éa, By = 150G, a = 0.1m). Radial profiles

of AN/Ny (dotted, red) and of AB/By (dashedjgreen)for 1) I'yy = 2 x 102! m=2s71 (ng =
2 x 10¥m=3, T, = 2.5eV), 2) 6 x 1022m M 455 x 109 m=3, T, = 9.6eV), and 3)
1 x108m2s7! (ng =2 x 10¥9m™3, T, %.\As Iy is larger, AN/Ny and AB/By are
larger. AN/Nw > AB/Byy, except e highest I'yy when both AN/Ny, and AB/By are
close to unity. Neutrals depletion iw o; pronounced than the diamagnetic effect.

between neutrals depletion ar%netism in case C can be explained. Often, and also
here, k.;ng > keny Ny, soft o = keing. From Eq. (27), it can be seen that in such a case,
for Cs to be larger t n% that AB/By > AN/Ny, the plasma density has to satisfy
no < pee*T,/ (m%)z /;V) An case C, of argon with gas at room temperature, the inequal-
ity is reduced to N x 1017 m=3 72/? (eV)f?’/ ®. Taking into account electron-neutral
collisions w Qe:an that the plasma density has to be even smaller. For By, = 150 G and
T, of fewdeV the

than @nity so 4 AB/Byw be comparable to AN/Ny,. However, a necessary condition for

uirement on the plasma density means that (3, has to be much smaller

A ‘L to és noticeable is that f3,, is on the order of unity. Therefore, for the parameters
oficase q, when AB/Byy is noticeable, Cy < 1, and AB/Byy is smaller than AN/Ny,, as
onistrated in Fig. 8.
~
The radial profiles of the normalized plasma density n/ny are shown in Fig. 9, and
normalized neutrals density N/Ny, and magnetic field B/By, are shown in Fig. 10, all in
—2 -1

case C, for three plasma particle flux densities, 'y = 2 x 102! m~2s7!, 6 x 102 m ,

and 1 x 102 m~2s7!. The plasma densities that correspond to the three flux densities are
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FIG. 11: Case D (helium, T, = 300K, Pyw = 0.5P&, By = 150G, a = 0.1 m). Electron tempera-
ture T, (solid, magenta), plasma density ng (solid, monmenbtonic, blue), plasma beta [, (dashed

- dotted, black), AB/By (dashed, green) a Ny (dotted, red) versus plasma flux density

I'y. Nonmonotonic variation of ng due t ease of cross-field transport with T'yy; AN/Ny,

and AB/By are similar in magnitude.
o
no = 2 x 10¥m™3, 45 x 1 1911&& again 2 x 10 m~3, respectively. The electron

temperatures are T, = 2.5eV, 9% eV=and 28 eV, respectively. Also shown in Fig. 9 is the
plasma density profile (#he most concave) for Ty (= 5 x 10" m~2s™!) that is so low that
"
3

diamagnetism and tra etion are negligible. For this low 'y, the maximal plasma
density is ng = 2.5 x W™ mz and T, = 1.9eV. For this low I'y, the neutrals density and

magnetic field are uniform and thus are not shown in Fig 10. As 'y, is higher, the plasma

in/Fig. 9 is more convex and the neutrals density and magnetic field are
waé alsoiclear from Fig. 8, neutrals depletion is much more pronounced than
the diantagneti é‘fect, AN/Nyw > AB/By, except for the highest Ty, when both AN/Ny,
and _é BWS are close to unity. Note that, because of the nonmonotonic dependence of the
plasma dfnsity, the first curve (second for n/ng) and the third curve (fourth for n/ng) are
‘h5th me plasma density, ng = 2 x 10 m~3. However, the first curve corresponds to low
temperature, T, = 2.5eV, low beta, and low diamagnetism and neutrals depletion, while the
third curve corresponds to high temperature, 7, = 28eV, 3, = 1, and high diamagnetism
and neutrals depletion. The magnetic field and neutrals are actually expelled by the high

beta plasma when neutrals depletion and diamagnetism are high.
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FIG. 12: Case D (helium, T, = 300K, Pyw = 0.5Pa, B 50G,a = 0.1m). Radial profiles

of AN/Nyy (dotted, red) and of AB/By (dashedjsgreen):” Three plasma particle flux densities:

A'Th
) I'yw = 1.7 x 102m~2s7! (ng = 6 x 10&% = 4.8eV), 2) 'y = 5.8 x 1022m 257!
X

(no = 7.7x101m=3, T, = 6.2eV), and 3) 108 m~2s7! (ng = 6x101¥9m=3, T, = 9.3eV).

AB/By is comparable here to AN/Nyr«Neutrals depletion is comparable to the diamagnetic

effect. ] /\Q\

l

5 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
23 -2 -1
FW(1O m“s™)

,% Case E (helium, T, = 1800K, Pyw = 0.5Pa,By = 150G,a = 0.1m). Electron
p?ature T. (solid, magenta), plasma density ng (solid, nonmonotonic, blue), plasma beta 3,
(dashed - dotted, black), AB/By (dashed, green) and AN/Ny, (dotted, red) versus plasma flux

density I'yy. Nonmonotonic variation of ng due to the increase of cross-field transport with I'yy.

AB/By > AN/Ny.
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FIG. 14: Case E (helium, T, = 1800K, Pyw = O.E‘Pa,B 50G,a = 0.1m). Radial profiles

of AN/Nyy (dotted, red) and of AB/By (dashedjsgreen):” Three plasma particle flux densities:
DTy =98 x102'm 257! (ng =5 x 104 2 =6eV), 2) I'y = 3.5 x 102m 2571 (ng =
6.65 x 1019 m™3, T, = 7.5eV), and 3) FW%:O% m 257! (ng=5x10m™3, T, = 11.2eV).
AB/Bw > AN/Ny,. The diamagneti éﬂest i ronger than neutrals depletion.

We should note that when hemi field and neutrals are expelled almost completely
from the plasma, our model for%netized plasma ceases to be valid. Nevertheless, the

general behavior is still aﬁ!‘ﬁ(f by the model.

In cases D and E the gas is helium. For helium, ¢; = 24.6eV, koy = 4.54 x 107 m3s!

(page 62 in [30] /e; polarizabilities from https://www.britannica.com/science/noble-
gas), and k;y = Nl “m3/s (estimate from page 77 in [30]). As said above, the
magnetic and the gas pressure are the same for the three cases C, D, and E. The
magneticfield/is = 150 G, so that Pgy = 90 Pa, and the helium gas pressure is Pyy =

0.5 Paf there e,/as in C, Pg > Py and By = 0.0056. The parameter C in the helium

)
di (il‘a is hkely to be larger than in the argon discharge, since the ion mass is ten times
S@ld kin is about twice smaller. Therefore, C; > 1 and the plasma pressure in cases
‘Dﬁn\ is expected to be balanced mostly by the gradient of the magnetic pressure, as it

s in case C. The relation AB/By = 1— /1 — 3, also hold in Figs. 11 - 14, that describe
the calculations for cases D and E of helium. The parameter C5 in the helium discharge is
also likely to be larger than in the argon discharge, therefore AB /By, is not likely to be

that much smaller than AN/Ny,, as it was for argon plasma of case C.
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PublishingThe calculations of case D, helium discharge where the gas is at room temperature (T, =
300K), are described in Figures 11 and 12. It is seen in Fig. 11 that, as I'y, increases, both
diamagnetism and neutrals depletion increase; both AB/By, and AN/Ny, increase and
eventually reach unity. However, contrary to the argon discharge of case C, in the helium

discharge diamagnetism and neutrals depletion are comparable. This is a result of C5 being

about unity. A nonmonotonic dependence of ny on I'y, also S helium. For high

3,, gets closer to unity.

It is noted that T, is generally higher in the helium disc in the argon discharge

'y, as 'y increases ngy decreases while T, keeps increasing go t
e n

'E)‘?f‘frcgligible diamagnetism and

because of the higher ionization energy. Indeed, at the li
—~

neutrals depletion, T, = 2.89€eV for helium and only 1.9e¢ r argon. However, neutral

depletion is larger in argon than in helium, and ifi order aintain high ionization despite
the lower neutrals density, 7. in argon turns A%)iagher.

Figure 12 shows the radial profiles of A - and of AN/Ny, in case D for three plasma
particle flux densities, I'yy = 1.7 x 10% mB?X‘d x 1022m~2s7!, and 1.5 x 102 m 257!,
The plasma densities that correspo t<§\three flux densities are ng = 6 x 101 m=3, 7.7 x
101 m=3, and again 6 x 10 m~ ;&Vﬂy The electron temperatures are 7, = 4.8¢eV,

trals

3
6.2eV and 9.3 eV, respectively. N

&N epletion is comparable to the diamagnetic effect,

AN/Ny ~ AB/By. Note tha%use of the nonmonotonic dependence of the plasma

density, the first curve agd the third curve (fourth for n/ng) are for the same plasma density,
ng = 6 x 1019 m=3. ov%e first curve corresponds to low temperature, T, = 4.8 eV,
low beta, and lo dg%?ism and neutrals depletion, while the third curve corresponds
to high tempera(% .3 eV, high beta, and high diamagnetism and neutrals depletion.
Such two di "eD steady state plasmas with the same plasma density ng, that are shown
here for ¢ase D, e also pointed out in Figs. 8 - 10 for argon (case C). The radial profiles

of thefplasm eésity for the three 'y, are not shown for case D, since they are similar to

thoge own}n Fig. 9 for case C.

FigurSs 13 and 14 describe the calculations for case E, helium discharge where the gas is
'ﬂl})& tgher temperature of 1800 K (and a lower neutral gas density to keep neutrals pressure
the s;me as in cases C and D). From Eq. (27), it is seen that C; is larger for a higher gas
temperature. This leads, as is shown in the figures, to the diamagnetic effect being more
pronounced than in the previous examples of argon and helium at room temperature (cases

C and D). Moreover, the diamagnetic effect is actually stronger than neutrals depletion in
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increases, both diamagnetism and neutrals depletion increase. A nonmonotonic dependence
of ng on I'y also occurs for helium at this higher gas temperature. For high 'y, as 'y
increases ny decreases while 7, keeps increasing, and 3, gets closer to unity.
Figure 14 shows the radial profiles of the normalized neutrals dedsity N/Ny and of mag-
netic field B/ By in case E. Three plasma particle flux densities afel'y =9.8 x 102! m—2s71,
3.5 x 1022m~2s7! and 1.0 x 102 m2s~!. The corresponding 9j‘sma densities are ng =
5x 10¥m™3, 6.65 x 10" m~2 and again 5 x 10 m™3, re dN he electron tempera-
tures are T, = 6eV, 7.5eV and 11eV. The plasma density profiles are not shown as they
are similar to those of case C shown in Fig. 9. Here, 57 BW)>> AN/Ny. The diamagnetic
effect is stronger than neutrals depletion. -
In this section, a nonmonotonic variation ofithe pliaéaa density with the plasma particle
flux density was demonstrated and explain Neutrals depletion and diamagnetism were
compared for three different cases. A di enm‘parameter was identified that determines

which of the two processes is dominant.

<

VII. THE EFFECT OF T Em\ TIC FIELD INTENSITY

Y

In this section we examine how diamagnetism and neutrals depletion vary with the in-

tensity of the applied anaguetic field. The variation depends on the plasma parameters that
are varied or are ki coﬁsta) » If the plasma density ng is kept constant when the magnetic
field increases, ij ikelythat diamagnetism, AB/Byy, decreases, because the plasma beta
B, decrease@epletion, AN/Ny, is also expected to decrease with an increase
t

of the magne }C d in that case, as was explained in [24]. Here, we examine the effect of

the variationwof tHe magnetic field in two cases. In the first case, case F, the magnetic field

By is ariedyvhile the maximal plasma density nq is indeed kept constant, as was discussed
e@z[éél n the second case, case G, By is varied while I'y, is kept constant. It is shown
ere f in case G, neutrals depletion, AN/Ny,, does not decrease with the magnetic field
#’, but rather it is approximately constant. We comment that case G, in which I'yy is kept
constant, corresponds roughly to keeping the deposited power in the plasma constant (this
is only approximate, since as 7, changes, the energy cost changes [33, 34], and, therefore, for

the same power, I'yy does change). Our purpose in this section is therefore to demonstrate
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Publishi:nlgr werically the different behavior of neutrals depletion in the two cases, F and G, and to
explain the different behavior qualitatively.

The dependence of diamagnetism on the magnetic field intensity was studied experi-
mentally and modelled theoretically in [14]. However, it was difficult in the experiment to
vary the magnetic field while keeping either plasma density or pl?{na particle flux density
constant. We study this issue theoretically here.

We choose to model an argon discharge in both cases, \ The gas pressure is
i r

taken as Py = 4 Pa, so that the neutrals pressure is not elative to the magnetic

pressure. In addition, following the examples in Figs. 1 - ESBS A and B), it is assumed
-

that T, = 1800 K. As in all the examples, the radius'of the ¢yl

We start by examining the effect of varying @ ma, ic field intensity By while the

maximal plasma density ng is kept constant (CX F‘igures 15 - 17 show the results of the

drical tube is ¢ = 0.1 m.

calculation, in which the plasma maximal deusity iSyspecified as ng = 1.6 x 10! m=3

Figure 15 shows the electron temp e plasma particle flux density 'y , the
relative change of the magnetic fiel AS;KTEI‘Id the relative change in the neutrals den-
sity AN/Ny, versus the magneti w-«All these quantities indeed decrease with the
magnetic field. In particular, ne&{ depletion, AN/Ny,, decreases with By, as claimed

in [24]. \\

Some of the depende 'emStshe magnetic field in Fig. 15 can be understood by examining

the governing equati cause of the decrease of T, with By, 'y, decreases for a fixed

ng, following qul
Egs. (11) and (13).

Radial pr IQ)f normalized plasma density n/ng are shown in Fig. 16 and of normalized

neutrals density w and magnetic field B/By, are shown in Fig. 17 for case F. As in
6/>< 10 m~3. The profiles are for four magnetic field intensities: By, = 50 G

3x102m 251, T, = 3.3¢V), 60G (T = 7.2 x 102 m 251, 7, = 2.90V) , 70G
43) x 102 m=2s7 1, T, =2.7eV) , and 400G (T'yy = 1.8 x 10 m 2571, T, = 1.7eV) .

~
is concluded that neutrals depletion indeed decreases with the magnetic field, as claimed
in [24].
We note that the case of By, = 50 G is also included in the examples of Figs. 5 -7. We

also note that for a lower By, in which case neutrals depletion is larger, n/ng is slightly
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FIG. 15: Case F (argon, T, = 1800K, Pyw = 4Pa, Byy= 150G,a = 0.1m). Plasma density is
fixed: ng = 1.6 x 10 m~3. Electron temperature 7% sohd_,_magenta) plasma particle flux density
w (solid, blue), AB/By (dashed, green) (dotted, red) versus the magnetic field

Byy. Neutrals depletion decreases with thi ic ﬁeld

more convex. The reasons for n ﬂ'rg more or less convex require further study.
We turn now to examine th V ying the magnetic field intensity while the plasma
particle flux density at the wa ept constant (case G). Figure 18 shows the electron

temperature T,, the pl ensity ng the relative changes in the magnetic field AB/Bw

and in the neutrals sity" A N/ Ny versus the magnetic field By,. The plasma particle flux

density at the WZ is
neutrals depletion hagdly

field AB/B )T decrease, while n( increases approximately linearly with By .

ndence.on the magnetic field can be understood by examining the governing
equatc\al re, for case G. From Eq. (11), it is seen that the relative change of the
de

t cynstant Iy =1.3x102m 25!, while By varies. In this case,

ries with the magnetic field. The relative change of the magnetic

eutra ty is determined by the integral of m;k;nI"/T,. If 'y is kept constant, it is
(q;that neutrals depletion will be approximately constant as well. The plasma density
ined by Eq. (10), in which we assume that the first term on the RHS is dominant

d that electrons collide mostly with ions so that v, oc n. If I'yy is kept constant, it is seen
that n o« B, although diamagnetism and variation of 7, make the dependence less obvious.
The numerical calculations include all these effects. Finally, From Eq. (14), we see that

AB/ By varies as the integral of v_! for a constant I'y. Since v, is roughly proportional to
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n/nO

0.4r

0.2r

0
0 0.01 0.02 0.03 0.04 0.05

FIG. 16: Case F (argon, T, = 1800K, Pyw = 4Pa, By = 150G,a = 0.1m). Maximal plasma
density is fixed: ng = 1.6 x 10! m~3. Radial profileg of nofmalized plasma density n/ng for four

magnetic field intensities: 1) By = 50G (T @ x 102m~2s71 T, = 3.3eV) - solid, 2) By =

60G (T'yw = 7.2 x 102!m~2s71, T, = 2.9 hed, 3) By = 70G (I'y = 4.5 x 102! m~2s71,

T. = 2.7eV) - dashed - dotted, and 39\$ 0G Ty = 1.8 x10°m2s71, T, = 1.7eV) -

=

dotted. The plasma density proﬁlé\:\\ﬁkchanges with Byy. For a lower By, n/ng is slightly
more convex (for a lower By, s\depletion is larger - see Fig. 17).

n, it follows that AB/ By —!. Thus, n o< B results in AB/By, o< B~!. Indeed, the the
dependence seen in Fig. 1?~bughly AB/By x By

Radial profilegfof nermalized plasma density n/ng are shown in Fig. 19, and neutrals
density N/Nyand netic field B/By are shown in Fig. 20, for the same parameters as
in Fig. 18 forfow’ magnetic field intensities: By = 10G (ng = 4.3 x 10®¥ m™3, T, = 4.6eV),
50G (no‘e 16 x W¥m=3, T, = 3.3eV) , 150G (ng = 5.2 x 10 m=3, T, = 2.7¢V) and
350 Gf(ng = 1° ></1020 m~3, T, = 2.3eV). We note again that the case of By = 50G is also

in the examples of Figs. 5 -7. Neutrals depletion is almost constant. The profile
0 1eutr% density is almost the same for all magnetic field intensities. The neutrals density
‘bﬁn& ightly higher for a higher By,. Also, the reduction of B/Byy, is smaller and n/ng
isumore convex for a higher By,. As written above, the reasons for n/ng becoming more or

less convex require further study.
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FIG. 17: Case F (argon, T, = 1800K, Pyw = 4P@ =1

w
density is fixed: ng = 1.6 x 101 m~3. Radial profiles'ef normélized neutrals density N/Ny (dotted,

red) and magnetic field B/By (dashed, greew agnetic field intensities, as in Fig. 16: 1)
By = 50G (T'y = 1.3 x 1022m2s71, /ﬁ%::__) ,2) By = 60G (I'y = 7.2 x 102! m~2s7 1,
1 1

T, = 2.9eV), 3) By = 710G (Ty = 4~5~5 m—2s7! T, = 2.7eV) , and 4) By = 400G
~
(Tw =1.8x10°m2s71, T, = 1.7\F a higher By, the decrease of both B/By and N/Ny
s

are smaller - diamagnetism andK-t\ letion are smaller.
VIII. CONCLUSIOQ
In this pape %ﬁ?n ed our previous study [14] of diamagnetism and neutrals de-
ed plasma. Both phenomena result from the plasma pressure. We have

I Wi
pletion in a ma elix
explored wheh either magnetic pressure or neutrals pressure balances the plasma pressure.

We also teryli

G,a = 0.1m). Maximal plasma

the condition for either the relative change in the magnetic field (due to
diamagneti or the relative change in the neutrals density (due to neutrals depletion) to
be moxe pro@ounced. Two coupling parameters, C; and C5, that indicate which pressure is
d Ir.l?na t 1 the pressure balance and which relative change is more pronounced, were iden-
tifie nonmonotonic dependence of the plasma maximal density on the plasma particle
}\a'ensity has been identified and explained. Finally, the effect of the magnetic field on
neutrals depletion was examined and it was shown that neutral depletion either decreases or
does not vary, depending on whether the plasma density of the plasma particle flux density

is kept constant while the magnetic field is varied.
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FIG. 18: Case G (argon, T, = 1800K, Pnw = 4@W 0G,a = 0.1m). Plasma particle

flux density is fixed: I'yy = 1.3 x 1022 m 2571, Ek&% mperature T, (solid, magenta), plasma
he

particle flux density I'yy (solid, blue), AB/ Nﬁx green) and AN/Ny (dotted, red) versus

the magnetic field Byy. Neutrals depletio mries with the magnetic field.

AN

g

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
/ r(m)
-~ V.

FIG. 19; Case G (argon, T, = 1800K, Pyw = 4Pa, By = 150G,a = 0.1m). Plasma particle
fl x?ensScy is fixed: I'yy = 1.3 x 1022 m~2s~!. Radial profiles of normalized plasma density n/ng
%fo agnetic field intensities: 1) By = 10G (ng = 4.3 x 10¥m™3, T, = 4.6eV) - solid, 2)

. —50G (np = 1.6 x 101 m=3, T, = 3.3eV) - dashed, 3) By = 150G (ng = 5.2 x 101 m~3,
T, = 2.7¢eV) - dashed - dotted, and 4) By = 350G (ng = 1.2 x 102°m =3, T, = 2.3eV) - dotted.
The plasma density profile hardly changes with Byy. For a higher By, n/ng is slightly more

convex.
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FIG. 20: Case G (argon, T, = 1800K, Pyw = 4Pa,@=‘550 ,a =0.1m). Plasma particle flux
€s (

density is fixed: T'yy = 1.3 x 1022 m~2s~!. Radial'profiles:6f normalized neutrals density N/Ny,
n)

(dotted, red) and magnetic field B/ By, (dasﬁ}&
2

19: 1) By = 10G (ng = 4.3 x 1018 m~3, Q\V ,2) 50G (ng = 1.6 x 101 m=3, T, = 3.3eV)

, 3) 150G (ng = 5.2 x 10¥m=3, T, = T‘T‘-SV), d 4) 350G (np = 1.2 x 10*m=3, T, = 2.3eV).
-

For a higher By, the decrease of 18,smaller (smaller diamagnetism). N/Ny hardly varies

with Byy, and the decrease of iswery slightly smaller (a slightly smaller neutrals depletion)
when Byy is increased.

Various assumptigns hlen made in formulating the model. For various cases, it
£

r four magnetic field intensities, as in Fig.

is needed to relax'some of /Vhese assumptions. As an example, when neutral depletion is

intense, neutrals densify may become smaller than the plasma density and the model should

be modifie Qount for that.
We s hat for certain applications, it is important that plasma mostly flow
ng

axially alo gnetic field lines. This is true for helicons used in electric propulsion, for

)
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e@x 35]§Such cylindrical plasmas with flow mostly axial should be modeled differently.
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Fig. 1. Case A (argon, T, = 300K, Py = 4Pa, By = 50G,a = 0.1m). Normalized
plasma density profiles n/ng for three plasma densities, 1) ng = 10 m=3, 2) ny = 6.5 x
10¥m3, and 3) ng = 1.3 x 10 m~3. For the lowest density, denoged as 1 (blue - online),
the profile coincides with the linear solution (dashed line) [Eq. (3 \&\he plasma density

is higher, the profile is more convex.

Fig. 2. Case A (argon, T, = 300K, Py = 4Pa, By =
neutrals density profiles (N/Ny/) due to neutrals depleti Qi&t ree plasma densities as
in Fig. 1. The dotted lines show the approximated eﬁi@:io wLq. (31), where 11, 12 and 13

,a%s 0.1m). Normalized

denote neutrals density profiles for the three plz@a sitiés in an increasing order. The

Fig. 3. Case A (argon, T, = 300K, PN& By =50G,a = 0.1 m). Normalized
onegi

magnetic field profiles (B/By) due to dl\K
as in Fig. 1. The dotted lines show the approsimated expression, Eq. (32), where 11, 12 and

higher ng is, the lower is the neutrals density.
ic‘currents for the three plasma densities

13 denote magnetic field profiles for e ree ‘plasma densities in an increasing order. The

higher ng is, the lower is the maé\: d\

Fig. 4. Case A (argon, T, —SQU"I\QN>]\ = 4Pa, By = 50G,a = 0.1 m). Magnetic pressure
Pg, Neutrals pressure Py.and plas pressure P, for ng = 1.3 x 101 m~3. Neutrals pressure
pre ure: APy > APg.

Fig. 5. Case B ond T, = 1800K, Py = 4Pa, Byy = 50G,a = 0.1m). Normalized
neutrals density/ files

ng = 10¥ m7? ’Z))pn;‘x% x 10¥ m™3, and 3) ng = 1.6 x 10" m™3. As in Fig. 2, the dotted

lines show; he approximated expression, Eq. (31), where 11, 12 and 13 denote neutrals density

is dominant over ma,

/Nw ) due to neutrals depletion for three plasma densities, 1)

profileg for e thfee plasma densities in an increasing order. The higher ny is, the lower is
the n trals ensfcy
g. 6. e B (argon, T, = 1800K, Py = 4Pa, By = 50G,a = 0.1m). Normalized
ma etie' field profiles (B/By) due to diamagnetic currents for the three argon plasma
Sﬂﬂ.es and the same parameters as in Fig. 5. As in Fig. 3, the dotted lines show the
approximated expression, Eq. (32), where 11, 12 and 13 denote magnetic field profiles for the
three plasma densities in an increasing order. The higher nq is, the lower is the magnetic

field.
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PublishiRge. 7. Case B (argon, T, = 1800K, Pyw = 4Pa, By = 50G,a = 0.1m). Magnetic
pressure Pp, Neutrals pressure Py and plasma pressure P, for ng = 1.6 x 10 m™3. The
same magnetic pressure and neutrals pressure at the wall as in Fig. 4, but magnetic pressure

is dominant here over neutrals pressure, APg > APy.

Fig. 8. Case C (argon, T, = 300K, Pyw = 0.5Pa, By = 15()(é,a = 0.1m). Electron

temperature 7T, (solid, magenta), plasma density 7 (solid, nonm onicyblue), plasma beta
(dotted, red) versus

he increase of cross-field

B, (dashed - dotted, black), AB/By (dashed, green) andgA W
plasma flux density I'y;y. Nonmonotonic variation of ng mj\\
transport with I'y; AN/Ny > AB/By. —~~
Fig. 9. Case C (argon, T, = 300K, Pyw = 0.5Pa, {;ﬁ) ,a = 0.1m). Radial profiles
of plasma density n/ng for various plasma particle flu sities I'yy.  The most concave
profile is at the linear limit: 1) I'yy = 5 x 10 no = 2.5 x10¥m=3, T, = 1.9V,
%ﬂ The other three profiles are for : 2)
Iy =2x102m2s7! (ng =2 x 10" - dashed, 3) Ty = 6 x 102 m2s7!
(ng = 4.55 x 10 m™=3 T, = 9.6eV dasmted and 4) Ty = 1 x 10 m2s™! (ng =
2 x 10Ym™3, T, = 28eV) dotid vm is larger, the plasma density profile is more
N
Fig. 10. Case C (argon, \GQK Pyw = 0.5Pa, By = 150G, a = 0.1m). Radial
profiles of AN/Ny, (dottéd; red) and of AB/By (dashed, green) for 1) I'yy = 2x102! m—2 571
(ng =2 x 10¥m™3 dlw%), 2) 6 x 1022m 25! (ng = 4.55 x 10 m™3, T, = 9.6eV),
and 3) 1 x 10?3 = 2 x 10¥m™3, T, = 28¢eV). As I'yy is larger, AN/Ny, and
AB/By are largli N/Nyw > AB/Byw, except for the highest I'y, when both AN/Ny,

negligible diamagnetism and neutrals deple

convex.

and AB/B EQ close to unity. Neutrals depletion is much more pronounced than the

diamagnefic effect:

Fig. A1« f{ (helium, T, = 300K, Pyw = 0.5Pa, Byy = 150G, a = 0.1m). Electron

temRe turesj“e (solid, magenta), plasma density ng (solid, nonmonotonic, blue), plasma beta
(dashfd - dotted, black), AB/By (dashed, green) and AN/Ny, (dotted, red) versus
s ux density I'yy. Nonmonotonic variation of ny due to the increase of cross-field

t ns?ort with I'y; AN/Ny and AB/By are similar in magnitude.

Fig. 12. Case D (helium, 7, = 300K, Pyw = 0.5Pa, By = 150G, = 0.1m). Radial

profiles of AN/Ny, (dotted, red) and of AB/By (dashed, green). Three plasma particle

flux densities: 1) T'yy = 1.7 x 1022m 257! (ng = 6 x 10 m™3, T, = 4.8¢eV), 2) I'y =
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Publishing x 102m2s7! (ng = 7.7 x 10 m™3, T, = 6.2eV), and 3) I'y = 1.5 x 10%®m™?s~!
(ng = 6 x 10°m=3, T, = 9.3eV). AB/By is comparable here to AN/Ny,. Neutrals
depletion is comparable to the diamagnetic effect.

Fig. 13. Case E (helium, 7, = 1800K, Pyw = 0.5Pa, Byy = 150G, a = 0.1 m). Electron
temperature 7, (solid, magenta), plasma density nq (solid, nonmon?(/onic, blue), plasma beta

B, (dashed - dotted, black), AB/By (dashed, green) and A /-$W tted, red) versus

transport with T'yy. AB/By > AN/Ny.
Fig. 14. Case E (helium, 7, = 1800K, Pyw = 0.5 Pa, ‘)}450 G,a = 0.1m). Radial
profiles of AN/Ny, (dotted, red) and of AB/By ( S-lr:ed,fr n). Three plasma particle
flux densities: 1) Ty = 9.8 x 102! m~2s7! (n(:; 5 3, T, = 6eV), 2) Ty =

3.5 x 1022m~2s7! (n0—665><1019 -3 T‘Xﬂe\a and 3) Ty = 1.0 x 10¥m—2s7!

(7L0:5X1019 _1126V AB/BK\

than neutrals depletlon

Fig. 15. Case F (argon, 7, = 1800 NW = 4Pa, By = 150G,a = 0.1m). Plasma

plasma flux density I'yy. Nonmonotonic variation of ng du\e increase of cross-field

Nyy. The diamagnetic effect is stronger

, b /Bw (dashed, green) and AN/Ny, (dotted, red)

density is fixed: ng = 1.6 x 10'%m =\ _Eléetron temperature 7, (solid, magenta), plasma
particle flux density 'y, (soli m

utrals depletion decreases with the magnetic field.

L, = 18300K, Pyw = 4Pa, By = 150G, a = 0.1m). Maximal
710\-‘:%6 x 10 m—3. Radial profiles of normalized plasma density
eld}'ntensities: 1) By =50G Ty = 1.3x10#2m 2571 T, = 3.3eV)
=72 x102'm~2s7!, T, = 2.9¢eV) - dashed, 3) By = 70G
2571 T, = 2.7eV) - dashed - dotted, and 4) By = 400G (T'y =

versus the magnetic field Byy.

Fig. 16. Case F (a

plasma density is fixed:

n/ng for four magz(et

=1 7eV) dotted. The plasma density profile hardly changes with

ce Fs)g. 17).

Fig. 517. Case F (argon, T, = 1800K, Pyw = 4Pa, By = 150G,a = 0.1m). Max-

—3. Radial profiles of normalized neutrals

ma density is fixed: ng = 1.6 x 10 m

ns?y N/Ny, (dotted, red) and magnetic field B/By (dashed, green) for four magnetic
field intensities, as in Fig. 16: 1) By = 50G (T'w = 1.3 x 102 m~2s7!, T, = 3.3¢eV) , 2)
By =60G (I'y =72x 102 m™2s71, T, =29eV), 3) By =70G (I'y = 4.5x 102 m 2571,

T,=27eV),and 4) By = 400G (T'yy = 1.8 x10*m2s~!, T, = 1.7eV). For a higher By,
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Publishitig decrease of both B/By, and N/Ny are smaller - diamagnetism and neutrals depletion
are smaller.

Fig. 18. Case G (argon, T, = 1800K, Pyw = 4Pa, By = 150G, a = 0.1m). Plasma

particle flux density is fixed: Ty = 1.3 x 1022 m~2s~!. Electron temperature 7T, (solid, ma-

genta), plasma particle flux density Iy, (solid, blue), AB/Bw (da?{ed, green) and AN/Ny,

(dotted, red) versus the magnetic field By . Neutrals depletion @assly ies with the mag-

netic field.
Fig. 19. Case G (argon, 7, = 1800K, Pyw = 4Pa, =
particle flux density is fixed: T'yy = 1.3 x 1022 m~2s~!. Radi

,a = 0.1m). Plasma
profiles of normalized plasma
(no = 4.3 x 10¥m=3, T, =
4.6eV) - solid, 2) By = 50G (ng = 1.6 x 1019\'rgTe =33eV) - dashed, 3) By = 150G
(no = 5.2x10m™3, T, = 2.7¢eV) - dashed - dobte an(i‘)) By = 350G (ng = 1.2x10%m

T. = 2.3eV) - dotted. The plasma densit f@ardly changes with By,. For a hlgher

By, n/ng is slightly more convex.

density n/ng for four magnetic field intensities: 1)

Fig. 20. Case G (argon, T, = 800 NW = 4Pa, By = 150G,a = 0.1m). Plasma

2

particle flux density is fixed: FW ~1. Radial profiles of normalized neutrals

density N/Ny, (dotted, red) a etic field B/By, (dashed, green) for four magnetic
field intensities, as in Fig. 19: = 10G (ng = 4.3 x 108¥m=3, T, = 4.6eV) , 2) 50G
(no = 1.6 x 10" m~? 3eV ) 150G (ng = 5.2 x 109m™3, T, = 2.7¢V), and 4)
350G (ng = 1.2 x 10¥'m 2 3eV) For a higher By, the decrease of B/Byy is smaller

(smaller diamagnetis N /NW hardly varies with By, and the decrease of N/Ny, is very
slightly smaller ightly ‘smaller neutrals depletion) when By is increased.

.Q
NS


http://dx.doi.org/10.1063/1.4997250

n)’n0

1 1 1 1 1 1 [] 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
r(m)


http://dx.doi.org/10.1063/1.4997250

N/N,,

S\

)
O9F \ “‘ .’
* 5 Pl

0.8} o & -
* @
Q ““ o

0.7F ® A

&
0.6F .0 o
mmu s —1 &
05F / "R Ik 0’ .

0.4}
TR ®
0 'b 0. -

v, F—: ¢
~ ..
02} "Eu3 . y
&
&
01F .
&
&
0 L .

0 0.02 0.04 0.06 0.08 0.1
r(m)


http://dx.doi.org/10.1063/1.4997250

B/BW

0.98

0.97F

0.96 f

0.95F

0.94F

0.92F

0.91F

0.9

0 0.02 0.04 0.06 0.08 0.1
r(m)


http://dx.doi.org/10.1063/1.4997250

pressure (Pa)

10

1F

0 0.02 0.04 0.06
r(m)

0.1


http://dx.doi.org/10.1063/1.4997250

N/NW

<,
09F \\ ”0 .
¢

"'. &
0.8 “!‘ @ 1
®
y "‘l“ ”
0-7- 2 'f ’ =
hemuns ¢

06 F Q ’0 =
)/

05F -\Q/ 1 =

K- ‘"X NIk

& — O

4

0’ =Eu2
. .

0‘ K]
0‘ i

‘0 EEu3

*
01} o’ -
“
O ‘ ‘ 'l B '] ']
0 0.02 0.04 0.06 0.08 0.1

r(m)


http://dx.doi.org/10.1063/1.4997250

B/BW

0.95

0.9

0.85

0.8

0.75

0.7

r(m)

'--I »
gut®
5 L -
\-\---'----‘
T TR LLLL “t“ '
“
- / 1“" 1
)
i ')\-"' .
"ER LD s N
! 4 .
b N R Ik
: LR N 1V |
N
b _3 J
=mu3
0 0.02 0.04 0.06 0.08 0.1


http://dx.doi.org/10.1063/1.4997250

pressure (Pa)

0.02 0.04 0.06 0.08 0.1


http://dx.doi.org/10.1063/1.4997250

08F

0.6

N Te (25 eV)

A B.-’BW

EmaA NINW

0.3

0.4 0.5 0.6
23 -2 -1
PW CI"m =g )

07

0.8

0.9



http://dx.doi.org/10.1063/1.4997250

nJ’n0

o

N\

_—

~

lll.lll..........lll..
--.
e
.hI“

08F y.
/\Q/

06} /&

~ £

U

04

9
L=
0.2 -\

O 1 1 [ [ 1 1 1 [ [
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

r(m)

0.1


http://dx.doi.org/10.1063/1.4997250

=
o

N/N,,. B/B,,

o
A =

o
N}

0.01 002 003 004 005 0.06
r(m)


http://dx.doi.org/10.1063/1.4997250

1.4

12F

— (1 020m'3)

mm— Te (10 eV)

mm A BIBW

mmmEiA NINW
O L 1] L 1]
0 0.5 1 1.5 2

23 _-2_-1
FW(‘IO m=<s ')


http://dx.doi.org/10.1063/1.4997250

N/NW, BJ’BW

&
08k 4 o S ’.,l
AN/ - O
fe==o
o - \ _— “---I‘ ’ ”./5,
©
ogEmuns Q...-li" ’.3’ : |
' V. «* P
— / ". o ’
- ¢” o
-_— ) w— pe “‘ o I
0.4 — ““ .0. .
-"“‘ 9. /
N Il-‘--. \d
ﬁhll-lll-.. ‘0’ /
L
0.2- "“‘ -
gunt® ik - ”’
susuunt®

EEEEEEEEENERE
=== === e — T

0
0 001 002 003 004 005 006 007 008 009 0.1
r(m)



http://dx.doi.org/10.1063/1.4997250

—
m— D (10°m")
 Te (10 eV)
| AB!BW

EEERA N!NW y

0.8

0.6

0.4



http://dx.doi.org/10.1063/1.4997250

N/N,,, B/B,,

F-.&‘Ig'-\;"/"""—"}

R

08F

o
o

Sa

0.2

S
\}\

ununt .
| | ““‘ /
Jo*® o
“‘.:i - l
s ot

*

Illl-IlllllllllIlll:.l-l;}‘ﬁ



http://dx.doi.org/10.1063/1.4997250

0.9

0.8

0.7

0.6

0.5

0.4

0.2

0.1

\& = m m1ANN,,
.\ == AB/B,,
Q — (1022m'2s'1)

\ e T_ (5 €V)

100 150 200 250 300 350 400
B, (G)


http://dx.doi.org/10.1063/1.4997250

n/n0

0

0.01

0.02

0.03

0.04

0.05
r(m)

0.06

0.07

0.08

0.09

0.1


http://dx.doi.org/10.1063/1.4997250

N/N,,. B/B,,

0.2

0.1

FIIIHIII

0 0.01 0.02

0.03

0.04

0.05
r(m)

0.06

0.07

0.08

0.09

0.1


http://dx.doi.org/10.1063/1.4997250

0.9F

0.8F

0.7

06F

0.5F

04F

. 2LbAc

=nns AN/N,
== ABB,,
s 1 (10°%m %)
R e T_ (5 €V
- -~ Sy — _ _
0 50 100 150 200 250 300 350


http://dx.doi.org/10.1063/1.4997250

n/n0

1

09F

08F

0.7F

06 F

05F

04F

&-

0.2F

01F

0

0

0.01

0.02 0.03 0.04

0.05 0.6 007 008 0.9
r(m)

0.1


http://dx.doi.org/10.1063/1.4997250

N/N,,. B/B,,

=
™

—
|
|
/'\
N
{
\
\
\
\

A

o
(6)]
T

o
»

0.1

0 ] ] ] ] ] ]

0 001 002 003 004 005 0.06
r(m)

0.07 0.08

0.09

0.1


http://dx.doi.org/10.1063/1.4997250

	Article File
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20

