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Suppression of diamagnetism in partially ionized plasma with Eigh betaayas’ experimentally investigated by the use of
Langmuir and Hall sensor probes, focusing on a neutrals pressur ecf.'jhe plasma beta, which is the ratio of plasma to

vacuum magnetic pressures, varied from ~ 1 % to > 100 % whileithe magnetic field varied from ~ 120 G to 1 G. Here, a

uniform magnetized argon plasma was operated mostly 4n an“inductive mode, using a helicon plasma source of the Large

Helicon Plasma Device (LHPD) [S. Shinohara et al., hwas 16, 057104 (2009)] with a diameter of 738 mm and an
axial length of 4,860 mm. Electron density varied ror;%\@ m”to < 3% 10" m?, while an argon fill pressure was varied
from ~ 0.02 Pa to 0.75 Pa as well as the magnetic field mentioned above, with the fixed radio frequency (rf) and power of 7

etie field reduction ratio, a decrease of the magnetic field divided by the

MHz and ~ 3.5 kW, respectively. The observe:&'l
vacuum one, was up to 18 %. However, i Wa meter regime, where the product of ion and electron Hall terms is a

key parameter, the measured diamagnetic ct was smaller than expected by the plasma beta. This suppressed
diamagnetism is explained by the deutralsspressure replacing magnetic pressure in balancing plasma pressure. Diamagnetism
is weakened if neutrals pressur isg\:;ﬁe to the plasma pressure and if the coupling of plasma and neutrals pressures by
ion-neutral collisions is st?| ofgh. /

N

Diamagnétism 46 a fuidamental characteristic of plasmas. When the plasma is of high 4, defined here as 2up/B,’ (p

I. INTRODUCTIO

=
being the plasma pressure, and here, the maximal plasma pressure, B, vacuum magnetic field, uo vacuum permeability),

diamagnetism s the interaction of the plasma with magnetic fields by modifying the fields inherently. Examples

lude agnaic fusion and propulsion devices, e.g., the MagnetoPlasmaDynamics (MPD) thruster. A high

}é'x'hibits nonlinear interesting behaviors in various equilibria and instabilities such as mirror and firehose

instabilities.'" Wave phenomena also can change when fis more than a mass ratio of electron to ion.” Thus the high /3 affects
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ss field transport, sometimes showing a complex combination of electromagnetic and electrostatic characteristics with
Pu b“él&nag] slitudes. In nuclear fusion mirror machines, Alfvén Ion Cyclotron Instabilities (AIC) were observed® for a relatively
low S of a few %. In space, magnetic field dip or peak types in the magnetic mirror structures can be found in a shock sheath

layer as well as a magnetic hole in a solar wind.*

Although high fvalue could be achieved in magnetic fusion tokamaks such as spkzical tokamaks, it is still limited by

Me other hand, the electron

density . in helicon plasma sources’ can be high (typically 7, ~ 10" m™) even for. a Dagnetic field with a few kW radio

less than several tens of % except for Field Reversal Configuration (FRC) of having ~ 10

frequency (rf) power, so that high £ plasma can be easily reached. Therefore, eliS(m ma sources allow experiments with
high beta plasma and can contribute to the understanding of the importa p_}lf:n ena that are hard to explore experimentally
otherwise. Note that when helicon plasma sources are used with a weak agnetic#‘leld, their mode of operation often is that
of inductively coupled, weakly magnetized, rf discharges. C

Here, we will discuss the diamagnetic effect, which is onewof characteristics of a high beta plasma, from a balance
between various pressures. In the ideal Magnetohydrodw HDP) conditions with a fully ionized plasma, a complete

expulsion of the magnetic field from the plasma interi m‘bevexpected when g = 1. Here, in this discussion, the MHD

ﬁiﬂqd electron Larmor radii, p; and p., respectively, are much less

than the plasma radius a and (ii) the Hal paraN

frequency, 7: collision time). Here, conce \tﬂb«collisions, we must take note of ion-neutral collisions for ions and

conditions may be considered as follows: (i) both

= w. T >> 1 for both ions and electrons (w.: angular cyclotron

electron-neutral and electron-ion gbllisions, for electrons. This complete expulsion comes from pressure balance: By*/2py =
B*2py+ pe + pi (total pressureds coysta oss the plasmaregion).' Here, p. (p;) is an electron (ion) pressure in the presence

of plasmas, and total pla ress = p. + p;. In other words, the magnetic field reduction rate R = | 4 B/B| is expressed

as R;=1-,/1- 3 fro th%mve pressure balance, where 4 B <0 is a decrease of the magnetic field relative to B,.

Contrary 4@ thisexpected diamagnetism, a few publications”® on high beta helicon plasma sources reported magnetic

)

reduction r@;hit {nuch smaller than R. Scime et al.® have shown very weak diamagnetic effect with observed low
frequercy;«electigmagnetic waves, which are consistent with the AIC instabilities. Here, R was < 10 % in a range of By ~ a
few tenswof G)\/en though high electron beta £, of 1,000 % was achieved. Note that an electron temperature 7, is much
hig ﬁaﬁ*an ion temperature 7} in helicon/rf discharges, and thus 3, >> ion beta of 3, where 8= £, + 3. Corr and Boswell’
also observed a very small value of R ~ 2 % (B, ~ 34 G) in spite of high f3, of ~ 200 %. Shinohara et al.® have also shown a

small value of R ~ 4.5 % (By ~ 50 G) with high £, of <80 % even though R; ~ 50 % is expected. Concerning the dc plasma
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Al; ction method’ instead of using helicon sources, a magnetic hole was formed in the plasma interior with 4, ~ 500 %
PUb“l%legn very weak field By ~ 5 G, where ions are not magnetized with the relatively high electron density (n. < 10"* m™).
However, R was only ~ 15 % with £, = 100 %, which again deviates from the above prediction of the diamagnetic effect R,
(R should have been 1 in this case). Although the above reports suggested explanations for the measured low diamagnetism,
magnetic field penetration’ or an excitation of a radial electric field,” the suppressed dh?agnetism is still an important and

not sufficiently understood phenomenon.
Here, it is suggested that neutrals pressure could play a dominant role in diamagnetism suppression. Neutrals depletion

10-12

that is often predicted for high-density helicon plasmas results in a finit€.gradient of neutrals pressure. In contrast to

MHD conditions with fully ionized plasmas mentioned above, in such partiallyionized<plasmas, neutrals pressure cannot be

_—

neglected in the total pressure balance. A total pressure balance w/ and, w/o pléjmas is then expressed in a universal form,

ie., By’/ 2Uo+ Poo = B*/ 20+ pe + p; + pu. Here, pyoand p, are ne@ pre;%ures w/o and w/ plasmas, respectively. This leads

B, =Wa- Py (B’ / 2m0) = B,— B, (B, and g, are neutrals

to the magnetic reduction rate Ry = 1— [1— B—AB, s where

ative value in the plasma core. From this formula, a

—~

neutrals pressure decrease in plasmas, neutrals depletion,syeakens the diamagnetic effect. Note that the MHD equilibrium

beta w/ and w/o the plasma, respectively), which is @;RX a

shows Vp = jxB ,! and this p of p. + p; can be eplacwr Dot pi + pn in the presence of the neutrals pressure. Therefore, the

effect of a relatively large neutrals depletign Q@ma diamagnetism must be considered.

In the present work, noting the possible of neutrals pressure, we have investigated the diamagnetic effect in high-

beta rf plasmas by the use of a he

n%a source, mostly operated in an inductive mode, varying systematically an argon
fill pressure and the axial magnetic field. Simple model analysis of the diamagnetic field has been also executed to elucidate a
neutrals pressure effect J iment <bserved. The outline of the present paper is as follows: First, in Sec. II, formulation
of the model analysi onﬁtrals effect is presented. In Sec. III, the experimental setup of the Large Diameter Helicon Device

(LHPD)" is de ribey briefly. In Sec. IV, experimental results of high beta plasma characteristics with a comparison to

results by ndodel ana ‘iAn neutrals effect is presented, focusing on plasma diamagnetic effect. Finally, conclusions with

discussions a ivebﬁn Sec. V.
—
II.FORMULARTION OF ANALYSIS

e &ume azimuthally-symmetric partially-ionized cylindrical plasma that is immersed in a magnetic field parallel to
the axis of symmetry denoted z axis. The length of the cylindrical plasma is much larger than its radius, so that radial

ambipolar cross-field transport is dominant. As motion along magnetic field lines is neglected, the problem becomes one-
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sional where all variables depend on the distance from the axis r only. The plasma is described by fluid equations
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Publ I@L‘e‘rg g’. is assumed much smaller than T,.

The steady-state governing equation for the quasi-neutral plasma is the continuity equation,

10(T)
r or BionNNe, (H
and the momentum equation, neglecting both electron and ion inertia, /\
one (ech ) 3
T, P v + m;v; ) T. )
Here, /s the ambipolar plasma particle flux density towards the radial wa an&%(fg is the neutrals density (T, being
~—
_ .. . . . ) _ N 14 — 1/2 ;
the neutral-gas temperature). The ionization rate coefficient is B;o,, = odVzc€xp( T.)," where v, = (8T, /mm,)"/? is the

electron thermal velocity (m, being the electron mass) and g, = nfef,{4n -)2,10 being the vacuum permittivity and €; the

10 Zad €; = 15.6 eV. The electron cyclotron angular

L -

= k;yN, while the electron collision frequency, v, =

ionization energy. For argon, the parameters are oy = 2.67

frequency is w, = eB/m,, the ion-neutrals collision frequency is v;

\

koyN + kgin,, is the sum of the electron collision frequencieswyith neutrals and with ions. The electron-neutral collision rate
constant for argon is k,y = 1.28 X 10713 m3s~1, T%XQHJOH Coulomb collision rate constant is taken as k,; = 2.9 X
.

10" 2In AT, %2(eV)32 m3s~1,"> where In 10 is\used. Neutrals depletion is caused by the drag on neutrals by ion
collisions. Since the cross section for io e@on depends on their relative velocity and has some uncertainty, we

present here numerical calculations with two setswf values of k;y. In one calculation, the ion-neutral collision rate constant

for argon was taken as k;y = 1071%m3s~1,"* while in another calculation we used a value that is 3.5 larger for
comparison. /
The momentum eqéﬁ\ eutrals is
T, = 0.
9for 3)

Neutral-gas ressu rad}[nt is balanced by the drag by the ions. It is assumed here that the total number of neutrals per unit

length, N =\@a?pp, Ty, is not changed by that drag. Here a is the radius of the discharge chamber. Since p, is the gas
ﬁ

witho% discharge, Ny = ppo/Tj is the neutrals density without the discharge. It is also assumed that the ionization is
n mg$enoug as to reduce Ny during the discharge, although the plasma pressure p. = n. T, can be comparable to the gas
S

pressure (it is assumed that T, is much higher than the T; so that p. >> p;).

The electron azimuthal diamagnetic current results, by Ampere's law, in a gradient of the magnetic field, 0B/dr =

(uoew,/v.)T (U is the vacuum permeability and e elementary charge). Combining this expression for the magnetic field

4
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nt with Egs. (2) and (3), we obtain the total pressure balance (the ion pressure is neglected),
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It is assumed that at the walln, = 0, N = Ny, and B = B,,. Both T, and T are assumed uniform.
From Eq. (4), the diamagnetism is expressed as R = Ry, where, because T is assu?d uniform and constant, R;; = 1 —
1— B + BnoD. Here, D = 1 — N(0)/N, is defined as the neutrals depletion, which was}&s;qed in the introduction. It is
clear that the diamagnetism is determined by § — ,0D, and a significant neutrals Qre relative to the plasma pressure
combined with significant neutrals depletion suppresses the diamagnetism.

Equations (1) - (4) are the governing equations for I',n,, N an as functions of r € [0,a]. The boundary
conditions are I'(0) = 0,n,(0) = n, and n.(a) = 0, foa 2nrNdr = Ny \and B@) = By, where ng, Nz, and B, (and Ty) are
specified. Since n, is specified both on axis and at the wall, T, is a(@enwﬁle of the problem.

When § is small enough, so that the neutrals depletion D tﬁ@diamagnetic effect R;; are small, we write R;; =
(B — BnoD)/2. We can solve the equations in this cas%ﬂ.y in a perturbative way. To zeroth order, the neutrals

density and the magnetic field are assumed constant, SO~TEHS‘. (1) and (2) are combined in a standard way to (1/7)(d/
/&oﬁ/n and

or)(ron,/or) = —[a(C + 1)/a*]n,, where ay=
c=—SB E\\

. 5
mimeViVe \ ( )

The coefficients ¢ and C are takenfa stant (in calculating v, the electron density is taken as ng). Using the boundary
as

density and particle flux density as n, = ng Jo(p;r/a) and T = (nyT,/

condition n,(a) =0, we write the
£
[myv;a(C+ DD pi 1 (p% a). Here, M and J; are the Bessel functions of the zeroth and the first order, respectively, and

p1 = 2.4048 is the rsj%ﬂ[o. The resulting solvability condition,/a(C + 1) = p,, determines the value of the

eigenvalue T,. The perturbed neutrals density and magnetic field are obtained using the zeroth order expressions for n, and

/
for I'. To the firs rde;/ the neutrals density is N = Ny — [(noTe/Tg)/ (C + 1)] Jo(pyr/a), while the magnetic field is

—

S 1 8 o __cs
L (c+1)ﬁn0’R”_(c+1)2' (6)
\

It is seen that when C > 1, the diamagnetic effect is noticeable, R;; = AB/By = /2 > BnoD, while D = AN /Ny < B/Bno-
Conversely, when € < 1, the diamagnetic effect is small, R;; = AB/B, < /2, while the neutrals pressure-gradient due to

neutrals depletion is large and balances the plasma pressure, D = AN /Ny = B/no-
5
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or the calculation in this paper, we specify By, Ny, ng, and the radius a . The total number of neutrals Ny is specified
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Pu b“éh)l[&g‘ no and Ty, and we assume that Ny and T are not changed by the discharge. The peak plasma density n, is deduced
from the probe measurements. We then use the above equations to find B(r), N(r),n(r), and a uniform T, although the
measured T, has a small variation with . The amounts of diamagnetism and of neutrals depletion are obtained from B(r)

and N(r). As concluded from the linear analysis, the parameter C indicates whetl?diamagnetism is expected to be

suppressed by neutrals depletion. \

We should note that due to various approximate assumptions, such as reta ’?radial transport only, the model is

expected to recover the experimental results approximately only. ‘)
—
lll. EXPERIMENTAL SETUP —

In the LHPD experiment, a large-diameter (738 mm) chapmber with, an }xial length of 4,860 mm was used, at the

-

Institute of Space and Astronautical Science (ISAS), Japan4Aer ace)xploration Agency (JAXA), where the plasma
production efficiency is very high.'® In typical experimentsydon and“electron Hall parameters, H; and H., are much smaller

—

radius p, is much smaller than a (electrons are . Note that with low magnetic field the source operates in
™
inductive mode instead of helicon mode.

Figure 1 shows a schematic view ‘H.% ich a high-density plasma is produced by a spiral antenna,"® with 4

than 1, and much larger than 1, respectively, and B ~10.G coeiresponds to ion Larmor radius p; ~ @ while electron Larmor
M

turns and a 430 mm in outer diameter, located on'the RHS of this device in this figure. The typical rf power and its frequency

are Py~ 3.5kW and /=7 MH cct%, with a pulsed duration of 40 ms with a repetition rate of one pulse per second

by a mass flow controller and a needle valve, located in the central region of the

(pps). An argon fill press?
a)

device, in a low (< 0.13 d high"¢> 0.13 Pa) pressure regions, respectively, and a neutral pressure before discharges are

measured by an ion
magnetic field by Hall'sensorprobes (A1324, Allegro Micro Systems), which are inserted from side ports at z (axial direction
from the end flange, faeifg a spiral antenna through a quartz window) = 1,480 mm, as shown in this figure. Figure 2 shows a

detailed struc of'Hall sensor probes with a sensitivity of 5 mV/G (effective Least Square Bit (LSB) in the present

tion' gauge on the RHS of the device. Here, n. and T, are measured by a Langmuir probe and the

experiment is 0}02 G) and a frequency response of 17 kHz. Two channels of the Hall sensor inside a SUS316 pipe with
oppesite'pelarities can measure the axial component of the magnetic field, which can check the common mode noise.
ta were averaged over the later half of an rf discharge, i.e., for 20 ms, with four shots. The axial magnetic field less

than 120 G was applied in this experiment, and the measuring position is in a nearly uniform magnetic-field region.'®
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4

Hall sensor element and (b) completed Hall sensor probes.

IV. EXPERIMENTAL LT

First, we will ;)Ipical data of T, and n, by taking current-voltage characteristics before showing high-beta plasma

characteristics, gnetism. Figure 3 shows 7 and #,. as a function of radius, at different fill pressure P, (before a
discharge) W and By = 7.6 G. Note that the inner radius of the chamber is 369 mm. There was a tendency that
T, decreased adius gradually and also with Py, from the maximum value of ~ 5.3 eV near the center with P, = 0.02 Pa

to,the 'murbone to ~ 1.2 eV near the edge with P, = 0.75 Pa, in the pressure range of 0.02-0.75 Pa. Concerning 7., which
is sh inva logarithmic scale in (b), it also decreased with radius and it was higher with the lower P, except for 0.02 Pa.
In some cases, we took data of ion saturation current /5 only. In these cases, we have derived n., interpolating 7, data

which we have taken. Note that this procedure is considered to make a small deviation from a real central value of 7. as well
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A L:Band\ also f: If T, is larger than a real value by 15 (30) %, n. is expected to be smaller than a real one by 7.2 (14) %, since

PUbIIISm rt'&usured experimentally and it is proportional to the product of n. and square root of 7.. Plasma pressure, which is

almost the same as the electron pressure p., is thus only 7.2 (14) % increase. Since [ is proportional to p., it also increases by

72  (14) %.
Hereafter, 6 : & 19t ] unless
[ . 0.02Pa . (a) | (b)
. [ O— =" Typical Error Bar 0.05 Pa ]
otherwise 5 S 005 ]
0 005Pa TN L
specified, 4 T ey, -__ﬂj‘\\ 0.02 Pa
o b e _
@ [ iy i - 4
i 2 " 0.12Pa ~ 8 |
= B D_l) ]3 Ed_, \
i ‘--—B-‘-"— N .
21 X__Q:?,ﬁfi‘. ................ Mo " a ] Typlui/l’ Error Bar 4
T TT—— o -
i ; ] %075 Pa

0 1 1 0'0 - " .
0 150 30 150 300
r [mm] r [mm]
measurements of 7, and 7, have been carried out atar diﬂ\pl;g&::n r =20 mm, which is near the plasma center.

~

£

EIG. 3% adi}r profiles of (a) T, and (b) n. at different P,. Here, curves are written for an eye guide.

ext wegyill )ww ne and Fas a function of By at different Py. As shown in Fig. 4 (a), with an increase in B, and
decrease, in PO,)e increased, and it was in a range of ~ (0.5-2.5) X 10" m™ and ~ (2-3)X 10" m™ in the cases of By< 1 G and

12 \,e@ectively. Figure 4 (b) shows that £ (in the central plasma region where the maximum value is expected) ~ £,

(since 7i'is much smaller than 7;) mostly decreased with increasing By. This is because n. increased slower than By’ as By

i

increased, as shown in Fig. 4 (a), and £ was larger than unity in the very weak B region of < 1-2 G. Here, £ was higher in a
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Figure 5 (a) shows R =| 4B/By| as a function of t

o- Large error bars in low B, cases come partly from

the very small change (absolute value) of the magneti be clearly seen that R increased with lowering P, and/or

By, and it was up to 18 % in the low P, and B, valugs. I.I&l ing data of Fig. 4 (b) and 5 (a), a dependence of R on P, was

derived, as shown in Fig. 5 (b), along with a ‘&N\Q% urve R;= 1-,/1- 3, neglecting a neutrals pressure effect discussed

above. For the low P, and/or low S (it means\hlgher B, region), there is a good agreement between experimental data and

the curve of R;. However, there i§ a deviation from this curve in the higher S region (low magnetic field region), and a

deviation region of £ increas¢d with theshigher Py, which will be discussed later from a viewpoint of the neutrals pressure

effect.
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Field reductlon ratio of R experimentally obtained (a) as a function of Py, changing B, and (b) as a function of £,
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Publ Iélgllgl& Py. Here, a theoretical curve of R}, neglecting a neutrals pressure, is also shown in (b).

It has to be noted that the high beta region in Fig. 5 (b) is the region of low plasma density, as can be seen in Fig. 4.
Reducing the magnetic field results in a decrease of the n.; however, n. decreases slow?(han B>, therefore [ increases, as

SN pressure p is low and is

was mentioned. The region of high beta in Fig. 5 (b) is therefore a region where.t
Dn the suppression of diamagnetism

comparable or even smaller than the neutrals pressure p,. This shows that p, plays a
if it is comparable to the plasma pressure, and this is further supported by ccurtence of the suppression for specified
magnetic field at a lower beta (and a higher plasma pressure) when the g?-i pregSure ts<higher. The neutrals effect is further
demonstrated in Fig. 6. 5

For comparison, here, a model for neutrals depletion in pla@in a uniform magnetic field'® was extended to allow a
nonuniform field due to the diamagnetic effect, as was describe the forimer section of I, and the more detailed discussion
will be published elsewhere. The model was used to estimate d aneutral depletion in the plasma core in order to make a

comparison to the experimental results. We have used ¢ Jations-ef total pressure balance mentioned above and Ampere’s law

in addition to continuity, momentum, and mag Ml&‘ nservation. By linearizing these equations, the following

governing parameter C is derived: C = &* B, %(0\ '

parameters. The diamagnetic effect express is dominant when C >> 1 (it means fewer collisions and higher field),

v v,) from Eq. (5), which is also written as H. H;, using Hall

while in the opposite limit the use Rﬁﬂs‘tead of Ry is necessary. This comes from the relation of Ry = (£/2) C/ (1 + C)
from Eq. (6).
Figure 6 shows a epen ce yff R on By, changing P,, along with two calculation results by the use of R; =

1-/1-B—AB, , sho ve c s1ng a standard ion-neutral collision frequency v; from ref. 14 and an enhanced frequency

by a factor of 3.5, as yas ntioned, while other collision data v, are also from ref. 14. Moreover, a theoretical curve of R; =

—,J1-p isfshown c@éparison. Note that large error bars in low By cases in (b)-(d) partly come from the very small

changerofi th agn)tic field, as was mentioned. Despite certain simplifying assumptions in the model, there is a good

agreement, esp&ially in a lower P, condition, between experiments and calculated Ry, using two values of v; in almost all B,

valuegs dowa to weak By of ~ 3 G. In the lower and higher P, regions, this agreement is better based on the enhanced and
standardVion-neutral collisions v, respectively. Note that a theoretical R, neglecting a neutrals pressure effect, can describe

the experimentally obtained diamagnetic effect only in the higher B, region of more than a few tens of G. Although the

10
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pressure was not obtained experimentally, the calculated results describe well the characteristics of the

Pu bli(ﬁmg,&ctism. The model is nonlinear; nevertheless the value of C, a parameter that results from a linear analysis, provides a

good indication as to how strong the neutrals pressure effect is. As is seen in the figure, C increases with the increase of B,

and decreases with the decrease of Py; C =1 when By = 5.5 (35) G for Py = (0.12) 0.75 Pa, denotes well where the deviation
occurs between curves of experimental values of R and curves of R;.

In Fig. 6, for a large By, the diamagnetic effect is caused as expected by the plasé sure. As the magnetic field is
reduced, R increases following the increase of . However, R reaches a maximum ‘Qr lower B, R decreases despite the
increase of f, reflecting suppression of the diamagnetic effect. The value o where R 15' maximal roughly separates the
regions of diamagnetism and suppressed diamagnetism. Using Fig. 4, we 1151:1 B?tmmmal R occurs at p of ~ (0.10-0.12)

Pa for Py = 0.05, 0.12, 0.3, and 0.75 Pa. As expected, p, suppresses magne&sm once it is approaching p. This p, being

p—_—
comparable to p is a necessary but not sufficient condition. The @n between the plasma and the neutrals gas has to be

strong enough, so that depletion of neutrals is large enough to s@b‘%‘r 1amagnetism.
60 Py N \\Ml T
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FIG. 6. Dependence of R from experiments on B, in the case of Py = (a) 0.05, (b) 0.12, (c¢) 0.30, and (d) 0.75 Pa. Ry =

1—,/1-B—Ap, found by a theoretical model that includes neutrals pressure is shown for two different values of the ion-
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A LRI collision frequency, the second larger by 3.5 than the first frequency. R, = 1—,/1— # for measured £ is shown as well.
Publishing

For comparison, curves of C are also shown.

Next, we will examine the spatial profiles of the diamagnetic effect. Figure 7 shows two examples of radial profiles of

AB with Py = 0.05 Pa, showing that R in the plasma center were ~ 12 % and ~ 14 % i?ﬁe cases of By =3.3 G and 5.0 G,

respectively. Here, n. in the center were ~ 0.98 X 10" m?and ~ 0.63 x 10" m?, spﬁh,\qnd fin the center were ~

100 % and 67 %, respectively, for By = 3.3 G and 5.0 G. Note that while A4 B"is_negatiye in an inner plasma region, it is

n‘s.alation
—~——

¢ used in deriving calculated curves for

the total magnetic flux inside the

positive outside the plasma (inner vacuum wall radius is 369 mm) due to a
region of the magnetic coils. For comparison, a standard and an enhancgd v; value
both cases. Again, we can see a good agreement between expeuiiments and_a fnodel, which includes p, by the use of an

enhanced v; values. Note that it is found that a neutrals density“is dep et@ the center by this calculation (not shown in this

figure).
0.0 :
! \ 1
— -0.5 c &K 1
&) L e
; e Io........ M” 50G
< .0l 47 (Cal.35) ]
Vi ]
rea 4
7/
‘B 5.0 G (Cal.) +2733G(Cal) ]
g wall |
1 1 1 1 | 1

/ Y =200 0 200 400
) r [mm]

FIG. 7. Radial profiles ofithe diamagnetic effect 4 B in the cases of By = 3.3 (open blue squares) and 5.0 (closed red circles) G

£
with Py = 0.05 Pa ths%:xperiments. Here, a calculation conditions including a neutral effect were the same as in Fig. 6.

ﬂ
V. DI SIONSAND CONCLUSIONS

density (up to ~ 10" m™) rf source in the weak field region (from ~ 1 to 120 G). The weakening of the

g i e)per, we have investigated the diamagnetic effect (R < 20 %) in low ~ high beta (up to > 100 %) plasmas,
usin hm—

diamagnetism from the MHD expectation of R; can be interpreted by the use of a simple equilibrium model (Ry) from a total

pressure balance including a neutrals pressure in addition to magnetic and plasma pressures, regardless of the £ value and an

12
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Namely, a low diamagnetic effect can be understood in terms of a neutrals pressure change (control

I | This manuscript was accepted by Phys. Plasmas. Click here to see the version of record. |
A s '(Qtio 1 ratio.

Publ IPSMH& ris C), during a discharge.

Note that this diamagnetic effect was also investigated by the Large Mirror Device (LMD)'® (inner diameter of 445
mm with 1,700 mm axial length). Under the conditions of By = 25 and 50 G with Py = 0.2 Pa, we have injected P, of ~ 2 kW

with an f'of 7 MHz. The experimentally obtained R was ~ 6.0 % and ~ 3.2 % in the case?{ By =25 G and 50 G, respectively.

Here, n. near the central region were ~ 1.1X10"® m™ and ~ 2.5x10" m™, respecti\q,zd ar the central region were ~

20 % and ~ 12 %, respectively, in the cases of By = 25 G and 50 G. While the expected R; was ~ 7.8 % and ~ 4.6 %,

respectively, for the above two sets of the magnetic field, R; was ~ 6.7 A)?’i ~ 38 %, respectively, from the simple

~—
calculation using the standard 14 value. Here, we have assumed the typieal 7."ef 3-5 eV in this experiment. Although R,
Q{“b

values are relatively close to the experimental values, again Ry curyes close to the experimental data, showing a
neutrals pressure effect is important. ‘)

In order to have a further analysis, concerning a neuttals (de ti&) density profile, which is a key to understand the
diamagnetic effect in high-density, high-beta plasma tudikecessary to measure this pressure directly using, e.g., a

manometer'® and Two Photon Absorption Laser Induced Flyorescence (TALIF)', or developing a Collisional Radiative (CR)

model® to estimate this indirectly. Needless to say, hle‘d,\ spatial profiles of basic data of n, T, and B in addition to the

plasma potential are also important. \
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