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High electron density discharge mode was observed in the downstream of a magnetic beach, so called test
region in a linear plasma device with an electron cyclotron resonance source. A model for formation of the high
density phase based on electron motion along the field line was proposed. The model reproduced the tendency
that the duration of the high density phase was longer for the higher magnetic field in the test region in the
experiment. Some discrepancies between the experiment and the model were newly found in the experiment with
detailed scan in the magnetic field in the test region with the modified time evolution of the magnetic field.
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1. Introduction

Cylindrical laboratory plasmas are widely utilized
for studies on divertor plasma physics [1-4] and wave-
particle interaction physics [5]. These studies are some-
times performed with high density plasmas of the order of
~ 10" m=3. In Nagoya University, a magnetoplasma ba-
sic experiment device, NUMBER, was developed for such
purposes with the aid of electron cyclotron resonance by
a microwave injected along the external magnetic field.
Then an overdense plasma [6] is suitably produced. While
the external magnetic field for plasma production is con-
strained under the resonance condition, arbitrary strength
of magnetic field is applicable in the downstream of a mag-
netic beach, so called the test region. Then, a high den-
sity plasma in magnetic field up to 0.3 T is supplied for the
study of basic plasma physics described above.

In previous research [7], an increase/decrease of the
ion saturation current was observed with a Langmuir
probe. The changes in the ion saturation current was
caused by the changes in electron density while the elec-
tron temperature was unchanged. Formation of the high
electron density phase depended on magnetic field in the
test region and on the gas pressure. Recently, a simple
model describing the high electron density phase was pro-
posed [8], where a temporal evolution of the ion saturation
current observed in the experiment was reproduced by the
model. On the other hand, systematic comparison between
experiments and the model in wide ranges of parameters
is needed for better understanding of this phenomenon and
for utilizing it for higher density plasma environment.

Toward this goal, we investigated the ion saturation
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current dependence on the magnetic field in this study.
Conditions for transition between the high and low den-
sity phases were compared between experiments and the
model. For that reasons, new time evolution of magnetic
field in the test region was developed to create a quasi-
steady state. Experimental setup is explained in Sec.2,
followed by a brief description of the simple model of the
high density phase formation in Sec. 3. Results are shown
and discussed in Sec. 4. The paper is summarized in Sec. 5.

2. Experimental Setup

The experimental device NUMBER consists of the
production region (0 < z < 0.7m) and the test region
(1.1 m < z <1.8m) as shown in Fig. 1 (a), where z is a dis-
tance from the microwave injection window. A vacuum
chamber made of stainless steel has dimensions of 0.2 m
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Fig. 1 Schematic of (a) experimental setup and (b) magnetic
field strength on the axis in NUMBER at times ¢ = 20 ms
and 40 ms from the pulse magnetic field in the test region
turns on. The horizontal orange broken line indicates the
magnetic field, Bgcg = 0.0875T.
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in diameter and 1.8 m in axial length. Helium gas is used
in the experiments. Operation gas pressure is about 0.2 Pa.
In Fig. 1 (b), the red solid curve indicates the magnetic field
generated by a DC power supply, the blue solid curve indi-
cates the magnetic field generated by a capacitor bank at ¢
=20 ms and the horizontal orange broken line indicates the
magnetic field for the electron cyclotron resonance (ECR)
with 2.45 GHz microwave, Bgcg = 0.0875T.

Power supply for generating magnetic field in the pro-
duction region is in steady state operation. As shown
in Fig. 1 (b), the magnetic field configuration is so called
magnetic beach; the magnetic field strength is maximum
at an end, where the microwave is injected, then it is grad-
ually decreases along the chamber axis. The plasma is pro-
duced by ECR with a microwave, which is injected along
the magnetic field through a quartz window from the end
of the device. The frequency and injection power of a mi-
crowave power source are 2.45 GHz and 6.0 kW, respec-
tively. Because Bgcr = 0.0875 T is the resonance magnetic
field strength, the magnetic field at the injection window,
Byrod.» should satisfy a condition Bpog, > Bgcr for the over-
dense plasma production. The resonance magnetic field
Bgcr arises at about z = 0.6 m from the injection window.

The magnetic field in the test region By is uniform
and is applied up to 0.3 T. Then a local minimum of mag-
netic field exists between these two regions making a mag-
netic mirror.

The magnetic coil current for the test region is sup-
plied by a two-stage capacitor bank network. In the present
experiment, two discharge waveforms for the capacitor
bank are used. One is a normal operation. Waveform is
shown in Fig. 2. The magnetic field strength reaches maxi-
mum about ¢ = 12 ms after the circuit is turned on. Then it
gradually decreases. In Fig. 1 (b), the black solid and dot-
ted curves indicate the total magnetic field at r = 20 ms and
40 ms, respectively.

The other discharge waveform is labeled “new” in
Fig. 2. The magnetic field strength has a quasi-steady state
or a flat section in time evolution. By adjusting the mag-
netic field strength in flat section, Bg,, we can obtain slow
variation of the magnetic field in the test region. We de-
fined magnetic field in the test region at = 40 ms as Byy.
We got a flat duration of 7ms which was defined as the
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Fig. 2 Time evolution of the magnetic field in the test region for
normal operation (black) and new operation (red). An
orange hatch indicates a flat duration of 7 ms.

period that magnetic field changed within + 1% around the
value at r = 40 ms.

A Langmuir probe is inserted in the test region (z =
1.53 m) to measure the ion saturation current. Typical elec-
tron density and temperature are n, = 5 - 10 x 107 m~ and
T. = 4eV in the test region for high density phase, while
ne < 1x 10" m™3 and T, = 4eV for low density phase.

3. A Simple Model

Here a simple model for formation of the high density
phase [8] is briefly described. In this model that estimate
electron influx from electrons motion in the direction of
magnetic field, the electron influx in the test region is eval-
uated considering effects of the magnetic mirror between
the production region and the test region. We categorized
electron orbits in the magnetic field into case (i) to case
(vi) as shown in Fig.3. The horizontal red, orange and
blue broken lines indicate the magnetic field Bpoq., Becr
and By, respectively. The vertical black broken line indi-
cates Langmuir probe position in the test region.

Definition of each case of electron orbit is shown in
Table 1. We classify whether electrons can pass through
magnetic mirrors in the production region and in the test re-
gion. The second column of Table 1 shows whether or not
electrons contribute to ionization. The third column shows
whether or not magnetic mirror in the production region
reflects the electron. The fourth column shows whether or
not magnetic mirror in the test region reflects the electron.

The cases (i) - (vi) represent a characteristic pitch an-
gle y of electron at a minimum magnetic field Bpin,
where cosy = v/ /v and v, is the parallel velocity of
the electron. Electrons in case (i) correspond to sin’y <
Brin / max(Bprod, Brest) and are neither reflected by mag-
netic mirror in the production region nor by magnetic mir-
ror in the test region. So, electrons in the case (i) freely es-
cape to the end of the production region and that of the test
region. Electrons in case (ii) correspond to Bpin / Biest <
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Fig. 3 Magnetic field strength and behavior of electron orbits in
normal discharge operation at (a) 40 ms and (b) 75 ms.
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Table 1 Classification of electron orbits from case (i) to case

(vi).
case  Contribute Reflection Reflection
to ionization (prod. region) (test region)
1) No No No
(i1) No No Yes
(1ii) Yes Yes Yes
(iv) No Yes Yes
) Yes Yes No
(vi) No Yes No

sin® X < Buin/ Bproa and are not reflected by magnetic mir-
ror in the production region but reflected by magnetic mir-
ror in the test region. So, electrons in the case (ii) are pro-
hibited to enter into the test region due to the magnetic
mirror in front of the test region. Electrons in case (iii)
(Bumin/ Bprod < sin® ¥ < Buin/ Brcr) and case (iv) (sin?y >
Brin / min(Bgcr, Biest)) are trapped both by magnetic mir-
ror in the production region and by magnetic mirror in the
test region. So, the electrons of case (iv) are mirror trapped
without resonance condition, which does not contribute to
particle supplying to the test region nor to ionization. Elec-
trons in case (V) (Bumin/Becr < sin’ X < Bmin/ Brest) and
case (vi) (sin2X > Bmin/ Becr) are reflected by magnetic
mirror in the production region but not reflected by mag-
netic mirror in the test region. So, electrons in the case (vi)
escape only to the test region, and no resonance condition.

Electrons in case (iv) and case (vi) do not satisfy the
ECR condition. Electrons in other cases satisfy the ECR
condition. In the latter electrons, those in case (iii) are
confined by mirrors. Hence the electrons in case (iii) ef-
ficiently gain energy from the microwave and contribute to
ionization. Electrons in case (i) and case (ii) are quickly
lost at the microwave injection window and hence they are
considered to contribute little to ionization. Electrons in
case (v), which does not reach the microwave injection
window and reach the wall at the end of the test region, are
considered to gain energy from the microwave but smaller
efficiency on ionization than electrons in case (iii). The
electrons of cases (iii) and (v) contribute to plasma pro-
duction or electron collision ionization. Figure 4 shows
time evolution of fractions of electron orbits for the mag-
netic field at the test regions with Bp,x = 0.23 T of the nor-
mal operation. We obtain a temporal variation of those
fractions at the minimum magnetic field position under the
assumption of the isotropic distribution.

Considering the properties of the electron orbits de-
scribed above we calculated electron influx in the test re-
gion by (f(iii) + 0.1f(v)) X (0.5f@1) + f(v) + f(vi)) in the
model [8], where f(e) denotes the fractions of electrons
included in each case. The former term indicates electrons
that contribute to ionization. Electrons that contribute to
ionization are case (iii) and case (v); 100% and 10% ion-
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Fig. 4 Cumulative fraction of electron orbits based on the mag-
netic field variation in the experiment (B, = 0.23 T).
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Fig. 5 Time evolution of electron influx in the test region.

ization probabilities are assumed. In the latter term, case
(v), case (vi) and half of case (i) are transported into the
test region [8]. Then, we can obtain the time evolution of
electron influx as shown in Fig. 5.

4. Results and Discussion
4.1 Dependence of the ion saturation cur-
rent on magnetic field in the test region

We investigated dependence of ion saturation current
Iis on the magnetic field By for various maximum mag-
netic fields. Figure 6 shows time evolution of By and I
in the test region. By Was scanned by changing the charg-
ing voltage of the capacitor bank. The maximum value of
Bies during the pulse is denoted by B, in this article. Be-
fore the circuit for the magnetic field in the test region is
turned on (¢ = 0), [j5 is nearly zero, which indicates negligi-
bly low density plasma exists in the test region. [ began to
rise at t = 0. For two cases with By,x = 0.23 T and 0.15T,
the rising rate of ;s was largely increased around ¢ = 7 ms
and [j; reached a high level and was kept nearly constant
before dropping toward the lower level. The duration that
Iis was kept at a higher level is called the high electron
density phase.

The duration of the high density phase is longer at
Binax = 0.23T than at By = 0.15 T. A short high den-
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Fig. 6 Time evolution of (a) By and (b) [i.

sity phase was observed at Bpax = 0.09 T, but not at Byax
= 0.08 T. So, it seems that a threshold exists in B for
formation of the high density phase.

4.2 Model for the high density phase consid-
ering magnetic mirror effect

We compared electron influx in the test region in the
model shown in Fig.5 and measurement of [ in the ex-
periment shown in Fig.6(b). The latter is a good mea-
sure of the electron influx because of the quasi-neutrality.
We defined the time at a rapid decrease of electron influx
(t20d!) and I (7;,)) in the test region as shown in Fig.5
and Fig. 6 (b) for Byax = 0.23 T. It is found that the model
agrees with the experiment on the high density phase for-
mation and tendency of the duration. The electron influxes
are almost the same during the high density phase both for
Biax = 0.15 and 0.23 T cases in Fig. 5. This is similar to
behavior of [;; observed in Fig. 6 (b). For a marginal con-
dition Byax = 0.09 T, a smaller peak with short duration is
observed both in the model and the experiment. On the
other hand, quantitative difference is shown between 7"
and t;‘;ﬁdel. We defined By at a rapid decrease of elec-
tron influx in the test region as Bo®®! and that at a rapid
decrease of I as By, as shown in Fig.7. In the experi-
ment B depends weakly on the Bpy while in the model
Brodel qaeg not depend on the Byax. Bray is different in the

fall
experiment and in the model.

4.3 Measurement of the ion saturation cur-
rent in the modified magnetic field in the
test region

In order to observe small changes of By, the new time
evolution of By to create a flat section was applied. We
measured [j; in the test region for various magnetic field
strength in the test region.

Figure 8 shows the fall time of [ (t:ﬁ ") and that of
the electron influx in the test region (#10%!) as functions
of By, for magnetic field at the end of the production re-

gion Bpog. = 0.100T and 0.103 T. The fall time is later
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Fig. 7 A rapid decrease of (a) [;; and (b) particle flux in the test

region as a function of Bye.
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Fig. 8 The fall time of (a) I in the experiment and (b) electron
influx in the test region in the model as functions of Byy.

for larger Bgy both in the experiment and in the model.
In the experiment, tg‘lll)' exists during the flat section (or-

ange hatch) but #70%! does not exist during the flat section.

This seems because the fall time is solely determined by
the magnetic field profile in the model while it is also re-
lated to other conditions in the experiment. Figure 8 (a)
also shows small difference in By, results in large differ-

. CXp. SXP. g .
ence in 7, ". When Byoq. Was larger, 7, " of [;; was earlier.

In contrast, as shown in Fig. 8 (b), tgﬁdd does not depend on

Byroa.- Except for the behavior in flat section gmodel agrees

> Ty
with t?;f' when Bpyoq. is 0.100 T.

Figure 9 shows the magnetic field at the fall time of
I (B:;If ") and electron influx in the test region (B‘f‘;ﬁdel) as
functions of Bgy. As shown in Fig. 9 (a), B:;‘l}l" seems to
be proportional to By, and is nearly equal to Bg, when
Biroa. = 0.103 T. When Byeq. = 0.100T, B[ seems to be
proportional to Bgy for smaller By, (<0.10T) but does
not increase but rather decreases with By, for larger Bgy
(>0.10T). In contrast, as shown in Fig.9(b), BEo®! is
nearly equal to Bgcr without depending on By, Disagree-
ment on By at the end of the high I phase between the
model and the experiment was clearly shown in the new

operation.

2401042-4



Plasma and Fusion Research: Regular Articles

Volume 15, 2401042 (2020)

01211 +—7012

— (@) 1 [

E S

s 0.1 e 1 0.1 .

g 0.1p ° 12

f}. P Becr N.f.___, 5__'§§c_R_ _______

£ 0.08F ) ep . 0.081 d

= - s | [

B st

5 0.06 @10.06[ 4

4 [

° 1 F

< 0,04 Jo.0al 1

ke 1

© 1 F

570_02, e B,,,=0.100T, exp. |-10.02} O By =0-100T, model |

g [ ® B,,,=0103T exp. [] [ O B,y =0.103T, model
0 0y

Il Il 1 Il
0.04 0.08 0.12 70 0.04 0.08 0.12
magnetic field in test region during flat section, By [T]

o
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5. Summary

The time of beginning and end of the high density
phase depended on the maximum magnetic field (Bpax)
applied in the downstream of a magnetic beach, so called
the test region. When the By.x was higher, the duration
of the high density phase was longer. In the model for
the electron influx in the test region considering the mag-
netic mirror effect, the same tendency of the duration of the
high density phase was obtained as in the experiment, but
the magnetic field at decrease of the ion saturation current
(Bran) was different.

To observe dependence on the magnetic field in the
test region in detail, a new time evolution of magnetic field
in the test region was developed to create a quasi-steady
state or a flat section, Bg,. We investigated By, depen-
dence of the time () and magnetic field (Bg,) at the end
of the high density phase for different magnetic field in the
production region (Bpqa.). Both in the experiment and in
the model, #z; was later when Bg, was larger. In the ex-

periment, small difference in Bprq. with only a few percent,
0.100 T and 0.103 T, resulted in large differences in #g,); and
By, for larger By, (>0.10T). For smaller By, (<0.107T),
By seems to be proportional to Bgy in both By, cases.
For larger Bg, (>0.10T), Bgy still seems to be propor-
tional to Bpy in the Bpg. = 0.103 T case, but rather de-
creases with By in the Bpyoq. = 0.100 T case. In the model,
dependence of tg); on Bgy agrees roughly to the experi-
ment, but By, was nearly equal to the value satisfying the
electron cyclotron resonance condition.

Some discrepancies between the experiment and the
model were newly found in the experiment with detailed
scan in the magnetic field in the test region and in the pro-
duction region with modified time evolution of the mag-
netic field in the test region. These findings suggest that
there are some factors for formation of the high density
phase that are not included in the present model. In the
future, we will improve the model to reproduce the exper-
iment and identify the formation mechanism of the high
density phase. High density plasma supplied during this
phase will enable us to study divertor plasma physics in an
electron cyclotron plasma device.
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