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We investigated the contribution of magnetic moment conservation to ion energy transport in the divergent
magnetic field region, using the GAMMA 10/PDX end region to simulate scrape-off layer (SOL) plasmas in
DEMO reactors. The averaged parallel energy increments (AE;) were measured by performing energy analyses
at two points: upstream and downstream of the GAMMA 10/PDX end region. A newly developed retarding field
analyzer (RFA) was inserted upstream of the end region to perform energy analyses. Assuming that only effects
of potential difference (AE,;) and magnetic moment conservation (AE(,) affect AE), the contribution of magnetic
moment conservation to ion energy transport was deduced. These results suggested that AE(,, < AE irrespective
of the difference in the diamagnetism at the central cell of GAMMA 10/PDX.
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1. Introduction

Handling a large divertor heat load is a crucial issue
in future fusion reactor DEMO. For example, more than
80% of the radiation fraction is thought required for JA
DEMO, whereas approximately 50% is thought sufficient
for ITER [1,2]. Therefore, a deeper understanding and an
accurate modeling of the transport processes of particles
and energy are required.

Scrape-off layer (SOL) and divertor plasmas are
mainly described using the Braginskii’s plasma fluid model
[3]. At the upstream of SOL plasmas in DEMO reactors,
however, the collisionality is anticipated to not be suffi-
ciently high for plasma fluid models to maintain their va-
lidity. As noted, in JA DEMO, the collisionality at the up-
stream of the SOL will be marginal and kinetic effects play
an important role, particularly in ion energy transport [4].
This indicates that the diagnostics of kinetic information
such as ion velocity distribution functions in SOL plasmas
from experimental and theoretical perspectives will con-
siderably improve of plasma fluid modeling.

Furthermore, in these low-to-marginal collisionality
plasmas, ion temperature anisotropy is expected to be re-
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markable by kinetic particle-in-cell simulations [5]. In ad-
dition, SOL plasmas experience a finite inhomogeneity of
magnetic field B during their parallel flows. The inhomo-
geneity of B in a tokamak SOL can be approximately esti-
mated by Bumas/Bmin ~ (Ro+@)/(Ry—a) = (1+£)/(1-&) by
assuming that the magnetic field is dominated by toroidal
field B and that B is inversely proportional to major radius
coordinate R. Here, the maximum and minimum values of
B are denoted by B, and Bp,, respectively, and the in-
verse aspect ratio is defined by € = a/Ry in terms of major
radius Ry and minor radius a of a tokamak. Even in the
case of a normal aspect ratio tokamak € ~ 0.3 such as JA
DEMO, Bpax/Bmin 1s estimated to be approximately 2. In
this inhomogeneity of B with a remarkable ion tempera-
ture anisotropy, the mirror force term in the equation of
the parallel ion flow, (piy — piL)VB/B, can be compara-
ble with pressure gradient term V p;; [6]. The parallel and
perpendicular ion pressures are denoted as p;; and p;, , re-
spectively. However, in Braginskii’s plasma fluid model,
the ion temperature is described by an effective isotropic
model, and the effects of the ion temperature anisotropy
are addressed by an approximated model. Plasma fluid
modeling with directly incorporating anisotropic ion pres-
sures has demonstrated that the plasma profiles computed
by it are qualitatively different from those computed by
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the Braginskii model in low-collisionality plasmas [7, 8].
Therefore, the ion temperature anisotropy and accompany-
ing mirror force, which originate from magnetic moment
conservation, should be accurately considered in fluid de-
scriptions for SOL plasmas in DEMO reactors.

The effects of magnetic moment conservation also
play an important role in a future plasma thruster,
VASIMR, because it utilizes the ion cyclotron range of fre-
quency (ICRF) heating and a magnetic nozzle to convert
its perpendicular ion energy into fast parallel ion flows [9].
In a linear experimental device, HITOP, with a magneto-
plasma-dynamic arcjet, the heated perpendicular compo-
nent of the ion energy is converted into a parallel compo-
nent from measurements by two electrostatic energy ana-
lyzers (that is, Faraday cups) inserted upstream and down-
stream in the magnetic nozzle region [10]. In conditions
such as tokamak SOL plasmas, where the electron temper-
ature is comparable with the ion temperature, however, the
parallel electric field also has a finite contribution to ion ac-
celeration; thus, the contribution of the magnetic moment
conservation must be distinguished from it.

We developed a retarding field analyzer (RFA) to in-
vestigate the contribution of magnetic moment conserva-
tion to ion energy transport in inhomogeneous magnetic
field systems. In this study, we inserted it upstream,
comparably strong magnetic field position (~ 1.2 T) within
one of the end divergent field regions of a tandem mir-
ror GAMMA 10/PDX [11-16]. In GAMMA 10/PDX, ar-
rays of end-loss ion energy analyzers (ELIEAs) at both
end plates have already been installed [11, 14, 15]. There-
fore, a diagnostic condition similar to that described in
Ref. [10] was reproduced, with an RFA at the upstream
and an ELIEA at the downstream in the divergent magnetic
field region. Because the plasmas in the end regions of
GAMMA 10/PDX are almost collisionless and free from
chemical reactions, they are considered useful when con-
sidering the effects of the divergent magnetic field on ion
energy transport.

In this study, we deduced the contribution of the mag-
netic moment conservation to ion energy transport from
parallel ion energy analyses using RFA and ELIEA. For
a direct and correct evaluation, perpendicular ion energy
analyses are essential; however, this remains as our future
work. To actively alter the contribution of magnetic mo-
ment conservation to ion energy transport, we generated
plasmas with different diamagnetism (DM) at the central
cell (CC) by controlling the ICRF input power.

2. Experimental Device and
Diagnostics

2.1 Development and installation of an RFA

Figure 1(a) shows the newly developed RFA. The
cylindrical chassis of the RFA has a diameter of 43 mm
and a height of 44 mm. The diameter of the aperture is
6.5mm. As shown in Fig. 1 (b), it consists of three grids

440

®) |, o

@ (V)

|
, - - collector

c8 PP
EEEY)

i
- - elec. repel. gr.

o

- -ion repeller gr.

- - entrance grid

Fig. 1 (a) Schematics of the RFA, (b) side view of the RFA and
applied voltages on the grids and collector plate.

(a) 11 West
i Central g Anchor Plug/Barrier™ End
Cell : Cell . Cell | Region
; e i

= (o

| | Retarﬂing Field EAnaIyzer
End Loss lon Energy Analyzer

o ' ; ' 0 Z(m)

Fig. 2 (a) Schematic of the GAMMA 10/PDX tandem mirror
western side with the positions of the RFA and the ELIEA
indicated by arrows, and (b) magnetic field distribution of
the GAMMA 10/PDX western side.

and a collector plate: a negatively biased (-200V) en-
trance grid to repel electrons in the plasma, negative to
positive biased (—150 to 550V) ion repeller grid to dis-
criminate the ion energy collected by the collector, nega-
tively biased (—250 V) secondary electron repeller grid to
return secondary electrons emitted from the collector, and
negatively biased (-9 V) collector plate. The material and
mesh size of the grids are Mo and 150 mesh/inch, respec-
tively. Note that the plasma-facing plate and cover of the
RFA are in floating potential, the absolute value of which
is assumed to be one order of magnitude smaller than that
of the entrance grid potential [15].

The voltage-current (VI) characteristics are obtained
by sweeping the ion repeller voltage at 160 Hz.

Figure 2 shows a schematic of GAMMA 10/PDX and
its magnetic field profile. Here, Z represents the coordi-
nate along the magnetic axis. The RFA is inserted at Z =
10.35m (on-axis B = 1.2T), and the ELIEA is equipped
on the end plate at Z = 13.5 m (on-axis B =~ 0.0097 T).

2.2 Experimental conditions
In the present experiments, plasmas with different DM
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Fig. 3 (a) DMCC and (b) NLCC of the four analyzed dis-
charges. Green and purple double-headed arrows indi-
cate the time periods used for analyses in high and low
DMCC cases, respectively.

are generated using the ICRF heating system, in a manner
similar to that in Ref. [15]. Figure 3 shows the DM and
line density in the CC, denoted as DMCC and NLCC, re-
spectively, for the four plasma discharges analyzed in this
study. Two of these (shot nos. 253769 and 253776) rep-
resent high DMCC (~ 0.5 x 10* Wb) cases and the other
two (shot nos. 253278 and 253730) represent low DMCC
(~ 0.1 x 107" Wb) cases. Note that the main contributor
to the DMCC increase is the ion pressure increase, be-
cause the plasmas were heated only by the ICRF in the
present study, although a finite electron drag exists. RFA
and ELIEA measurements are not performed for a single
plasma discharge because the upstream RFA may affect
the downstream ELIEA measurements. However, Fig.3
shows that the plasmas in the CC are maintained almost the
same in each DMCC case. The RFA and ELIEA data are
analyzed during discharge times of 110-210ms for high
DMCC cases and 80 - 150 ms for low DMCC cases, as in-
dicated by the double-headed arrows in Fig. 3.

2.3 Analyses of the velocity distribution
functions and fluid moment quantities
In both the RFA and ELIEA analyses, the VI charac-
teristics during the rising-voltage phases within the ana-
lyzed time periods are averaged. The parallel-velocity dis-
tribution function, f(v;), can be computed from the aver-
aged VI characteristics using the following equation:

mj d/

foyp = T v (1)

where v and m; denote the parallel ion velocity and mass,
respectively. The collector current and effective area are
denoted by I and S. The sweeping voltage and elementary
charge are denoted by V and e. Negative and positive signs
correspond to the RFA and ELIEA, respectively.

To extract the fluid moment quantities from the aver-
aged VI characteristics, we assume that f(v;) can be ap-
proximated by double-shifted Maxwellians (sM) as fol-
lows:

fop = £+ M), (2)
Mo [ _mi(y) — up)’
fiey) = nie) FETT eXP( T )

3)

Here, the subscripts 1 and 2 represent the components of
f(vy). The ion density, parallel ion flow, and parallel ion
temperature are denoted by n;, uj, and Tj, respectively. In
this study, ion heating is performed similarly to that de-
scribed in Ref. [15], where two different ICRF antennas
(RF1 and RF2) were used. RF2 resonates in the CC and
RF1 resonates in the anchor cells. This generates double-
component ion velocity distribution functions [14]. In ad-
dition, both the RFA and ELIEA observe end-loss ions that
escape mirror confinement and have shifted velocity distri-
butions. These are the physical backgrounds for the use of
the double sM. Based on Egs. (1) and (3), each component
contributes to I(V) as follows:
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where the error function is defined as erf(x)
2/ Vm) fox exp(—2)dt and B is defined as Bip =
m;/(2Tij1(2)). The averaged VI characteristics measured by
the RFA and ELIEA are then fitted using the following for-
mulae:

AW = IFFAW) + RFAW), (6)
IELIEA(v) — IfL[EA(v) +I§L1EA(V). (7)
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Table 1 Six fitting parameters obtained as a result of the fittings of Egs. (6) and (7) to the averaged VI characteristics.

shot 1o nj| uy Ty ) up T2
’ (105 m™3) | (10°m/s) | (V) | (10°m™) | (10°m/s) | (eV)
:12;-1137])713[ (RFA) 1.2 0.99 23 1.1 1.8 70
i12g5h37D613[ (ELIEA) 0.097 1.8 15 0.019 35 64
i)zvisi)z;f (RFA) 1.8 1.1 28 1.1 1.0 94
31#02\?531;3\)/?(ELIEA) 0.087 1.8 18 0.018 1.8 54
Table 2 Fluid moment quantities evaluated by the RFA and x10! VI characteristics

ELIEA. The asterisks indicate that n; by the RFA is
evaluated from Eq. (13).

1 U Ty,
shot no. 10 m=3) | (10°m/s) | (eV)
iizgf 7D7131 (RFA) 2 1.4 62
iizz;?g\%l ELEA) | 012 2.1 61
ﬁi%ﬁg (RFA) 22 1.0 53
?02531;32 @ELies) | 010 1.8 2

The effective values of nj, uj, and T;; are calculated as fol-
lows:

ni = n + nig, ®)

W = ciyp + Uy, 9)

TiH = 2E|| - miuﬁ, (10)

Ej=ciEj + Ep, (11)
1, 1

Ej) = 5 Mty + ETiHl(Z), (12)

where c1(2) = nji(2)/n;. The average parallel ion kinetic en-
ergy is denoted by E;. Because the exact evaluation of n;
by the RFA is difficult owing to the effects of the transmis-
sivity of the grids, we replace n; by the RFA with n} by
assuming particle continuity as follows:

nuy RFA _ (M)ELIEA 13
B B '

The SciPy.optimize.curve_fit function is used to fit
Egs. (6) and (7) for the VI characteristics. For the RFA
analyses, owning to the non-negligible noise in the VI
characteristics, the resulting fitting parameters have a fi-
nite dependency on the initial values. A sensitivity analy-
sis of the initial values shows that a 10% variation in one
of the initial values results in at most a 10% variation in
the fitting parameters (as shown in Table 1). However, the
variations in the effective quantities, as shown in Table 2,
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g.4 Averaged VI characteristics measured by the (a) RFA and
(b) ELIEA, and fitting curves (Egs. (6) and (7)) to them.

that are used to analyze the contribution of magnetic mo-
ment conservation, are maintained less than 5%. In addi-
tion, as demonstrated in Section 3, Eqgs. (6) and (7) fit the
VI characteristics well. Therefore, this initial value depen-
dency does not affect the conclusions, either qualitatively
or semi-quantitatively.

3. Experimental Results

Figure 4 shows the averaged VI characteristics mea-
sured using the RFA and ELIEA. For the RFA results in
the low DMCC case, I < 0 was observed. Notably, a fi-
nite number of electrons reached the collector plate over-
coming the entrance retarding field (-200V). Improv-
ing this aspect is one of our future studies, and we dealt
with this negative current as an offset in this study. Equa-
tions (6) and (7) fitted well to the averaged VI charac-
teristics, indicating that f(v|) was well approximated by
a double sM in the present study. The six fitting param-
eters used in Eqgs.(4) and (5) are presented in Table 1.
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Fig. 5 Parallel ion velocity distribution function f(v;) obtained
from the RFA and ELIEA measurements.

Notably, in the high DMCC cases, the parallel ion flow
of high-temperature component uj, became considerably
faster than that of low-temperature component u;. Ta-
ble 2 lists the fluid moment quantities evaluated using
Eqgs. (8)-(13). Note here that Ty, evaluated by the ELIEA
in this study was one order lower than that in earlier stud-
ies [11, 14, 15] because Tj; evaluated in earlier studies by
linear fittings to single-logarithm VI curves was not local
Ty, but rather related to Tj in the CC [17]. Notably, Tj
decreased from the RFA to the ELIEA positions. This is
believed to be due to adiabatic expansion in the accelerat-
ing flow field. We also evaluated the increments in E}. In
the high DMCC cases, Ej increased by 132¢eV from the
RFA to the ELIEA positions. In the low DMCC cases, Ej
increased by 97 eV from the RFA to the ELIEA positions.

As shown in Table 2, the differences in the fluid mo-
ment quantities between the high and low DMCC cases
were small, despite the remarkable difference in DMCC.
This is visually demonstrated in Fig.5 that shows f(v)
evaluated from the RFA and ELIEA based on Eq. (1). This
showed that f(v)) for the low and high DMCC cases at each
position almost overlapped. Therefore, the contribution of
the parallel electric field almost masked that of the mag-
netic moment conservation in the end region of GAMMA
10/PDX in the present study.

Note here that Fig. 5 shows f(v) evaluated from the
RFA having finite values in the slow range (v; < 0.5 X
10° m/s). We believe that these slow-velocity ions would
not exist in the end-loss ions when the RFA is not in-
serted, but might be produced from recycling neutrals on
the plasma-facing plate of the RFA. Specifying the origin
of these slow-velocity ions is also an issue for future re-
search.

4. Discussion

We assumed here that the increment in E} (AE)) was
caused only by the effects of the parallel electric field
(AE,) and magnetic moment conservation (AE,), that is,
AE, = AEy + AE(,,. As mentioned in Section 1, perpen-
dicular ion energy analyses are essential to evaluate AE,,
but they remain as our future works. To evaluate AEy, we
assumed that the profile of the electrostatic potential, ¢,

s %102 Energy balance

AE(eV)

AE,
AE,
L ]

AE(eV)

AE,
AEy,
1 ]

—03% 5 10 15 20 25 30

Te(eV)

Fig. 6 Contributions of parallel electric field AE, and magnetic
moment conservation AE,, in the increments of average
parallel ion kinetic energy AE; for the (a) high and (b)
low DMCC cases. The vertical broken lines indicate the
maximum possible 7. in the present discussion.

obeys the Boltzmann relationship as follows:

n;
A¢ = —ln(—nEL;EA). (14)

Here, electron temperature 7, was assumed to be isother-
mal. 7. was not measured during the plasma discharges
studied in this research; therefore, we assumed it to be a
variable in this discussion.

Figure 6 shows the balance between AEy and AE(,
for the high and low DMCC cases as functions of T..
Based on the assumptions in this discussion, 7. could not
exceed ~ 25eV and ~ 18eV in the high and low DMCC
cases (indicated in Fig.6 by the vertical broken lines),
respectively. Langmuir probe measurements of 7. per-
formed in the end region in earlier studies [15,16] indicated
that 7. = 20-30eV for DMCC = 0.1-0.5 x 10~* Wb and
had slight parallel gradients. Therefore, T, lay in a side
where AEg was larger than AE,;y in both cases. This sup-
ported the fact, as specified in Section 3, that the difference
in DMCC did not cause large differences in the fluid mo-
ment quantities in the end region. This also indicated that
the potential difference in the end region was on the order
of 100 V. This qualitatively agreed with a recent numerical
simulation result based on a plasma fluid model incorporat-
ing anisotropic ion pressures [18].

5. Summary

Parallel ion energy analyses were performed using the
RFA and ELIEA in the end regions of GAMMA 10/PDX.
The contribution of magnetic moment conservation to ion
energy transport was deduced by assuming that only the
potential difference and magnetic moment conservation af-
fected the parallel energy increment. These results sug-
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gested that the effect of magnetic moment conservation on
energy transport was not as large as the effect of the poten-
tial difference; this supports the fact that no significant dif-
ferences exist in the fluid moment quantities, irrespective
of the difference in DMCC. For a more accurate evaluation
of the contribution of the magnetic moment conservation
to ion energy transport, we plan to perform perpendicular
ion energy analyses. Electron temperature measurements
are necessary to determine the contribution of the parallel
electric field. We also plan to improve the accuracy of the
RFA measurement by addressing the negative current ob-
served in the low DMCC case and evaluating the effective
transmittivity of the grids.
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