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Direct Measurement of Reconnection Outflow Profile
by Glass-Tube-Pair Type Doppler Probes
in Tokamak Merging Experiments
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The reconnection outflow velocity under high guide field was directly measured using the 1D array of ion
Doppler probes and was compared with the £ x B, gradient B, and curvature drift velocity calculated from 2D profile
measurements of electric and magnetic fields for the first time. It was found that the measured ion velocity profile
agrees well with the profile of £ x B drift velocity which is much larger than the other drift velocities. The poloidal
flux-line velocity is almost equal to the £ x B drift and ion flow velocities, probably because magnetic flux is almost

frozen into ions due to its large Lundquist number of 10
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1. Introduction

Magnetic reconnection is attractive as ion heating method
in fusion plasmas. University of Tokyo and Tokamak Energy
Inc. have been using merging spherical tokamak plasmas for
startup and heating for future fusion plasma ignition [1-3]. In
general, magnetic reconnection effectively converts recon-
necting magnetic energy into the particle energy and are
observed also in solar flares, magnetopause and sawtooth
crashes in tokamaks [4-6]. Since most of the released mag-
netic energy are transferred to ion energy [7], ion accelera-
tion mechanisms are crucial for understanding the physics of
reconnection. According to recent studies, ions are heated
mainly by fast shock or viscous damping of the reconnection
outflow in the downstream areas, while electrons are heated
inside the current sheet mainly by the Ohmic heating [8]. The
ion heating energy is proportional to B; and ion outflow
speed is about 70% of poloidal Alfvén speed [8, 9]. The ion
outflow should be ion drift motion, because ions are fully
magnetized in merging tokamaks whose toroidal magnetic field
about 10 times larger than the reconnecting magnetic field.
Then an important question arise as to which drift velocity
causes the reconnection outflow. Direct acceleration of ions
by reconnection electric field around X-point also exists and
substantial toroidal ion flow had been observed [10], but the
significant ion heating of 50-70 eV is observed mainly in the
downstream region, and since this structure is consistent with
the ion outflow structure [8], the outflow is considered as the
primary cause for the ion heating. For ion velocity measure-
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ments, ion Doppler spectroscopy is one of the most reliable
methods in both laboratory experiments and space observa-
tions [11, 12]. Since the measured line spectral emission from
bulk plasma is integrated along the viewing line, direct
Doppler probe measurement [13] or Doppler tomographic
reconstruction [14] is required for spatial profile measure-
ments. The Doppler probe can directly measure local ion flow
[13], but the large probe size causes large plasma perturbation.
The reconstruction methods can measure ion temperature
profile successfully [14], but it is still difficult to reconstruct
local ion flow. It is because the vector tomography, which
has been established in theory and numerical simulations
[15], requires high spatial resolution spectroscopy from mul-
tiple directions. However, the current resolution of spec-
troscopy is not sufficient to detect the line-averaged Doppler
shift, which is too small to reconstruct outflow profile in
experiments. Using a glass-tube-pair type Doppler probes,
we realized a direct 1D/two-component measurement of ion
flow profile with low plasma perturbation, and it revealed
that ion outflow of two merging spherical tokamak plasmas
is about 70% of poloidal Alfvén speed in agreement with
recent reconnection experiments and theory [9, 16].

To clarify the mechanisms of the ion outflow formation
in merging tokamaks reconnection, we focused on ion drift
motion under high toroidal magnetic field—about 10 times
larger than the reconnection magnetic field. The ion mean
velocity v, is expected to be equal to ion drift velocity v, .,
described as follows:

B
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where F, B and g, are drift force, magnetic field, and charge
of ion, respectively [17]. The drift force F is mainly
expressed as

2

2
mv; M;Vi gc
3B VB>+ R g, 2)

where E, m;, v,;, V., R, and ng_ are electric field, ion mass,
ion Larmor orbit velocity, ion guiding center velocity, curva-
ture radius of magnetic field lines and unit vector of R,
respectively [17]. The first term is electrostatic force, the sec-
ond term is magnetic gradient force, and the third term is
magnetic centrifugal force. Therefore, using measurements
of ion mean velocity, electric field and magnetic field mea-
surement, ion outflow profile can be compared with ion drift
velocity profile. In this article, we used three types of probe
measurements which can measure 1D profile of ion velocity
v,, and v,., and 2D profile of electric and magnetic field and
compared the ion outflow profile with ion drift velocity pro-
file to study the mechanisms for ion outflow formation in
two merging tokamaks reconnection. Particle drifts do not
directly mean ion outflow, but our ion velocity measurement
measures all of ion velocities using the line-spectrum emis-
sion. We estimated all of ion drifts velocities and compared
the measured ion velocity with them as candidates for the
reconnection outflow.

2. Glass-Tube-Pair Type Doppler Probes

Figure 1(a) shows the internal structure of our glass-
tube-pair type Doppler probes which we have developed [9,
16]. Just a pair of straight glass tubes with an outer diameter
of 10 mm are inserted into two merging plasmas for ion out-
flow profile measurement of the rectangular area between the
two parallel tubes. By scanning the probes in the r direction,
the interval between measurement points can be shortened.
Each measurement volume (32 mm x 25 mm % 10 mm) is
surrounded by 4 first surface mirrors (3 mm x 3 mm X 1 mm)
and 4 optical fibers with a clad diameter of 500 pm, which
are installed with mirror holders made by stereolithography
(SLA) 3D printer. Numerical aperture of the optical system is
measured as 0.10 in preliminary experiments with a light
source in front of the probe. This means that the structure in
the opposing glass tube can completely block the emission
from the ions behind the opposing tube. Our probes measure
line spectra emitted from ions along a pair of viewing lines:
1-A & 1-B and the other two viewing lines which are
inclined to 1-A by the angle of 30° (1-C) or 150° (1-D). For
1D profile measurement, 7 sets of mirrors and optical fibers
are aligned in the two parallel glass tubes. All 4 x 7 optical
fibers are led in a row to a Czerny-Turner spectrometer and
finally to an Intensified Charge Coupled Devices (ICCD)
camera for Doppler spectra measurements with an exposure
time of 4 us [11]. Using Doppler shift measurements from
bi-directional viewing lines 1-A & 1-B, we can significantly
decrease the calibration error of the Doppler shifts [9, 16].
From Doppler shifts in viewing lines 1-C & 1-D, Ad¢ and
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Fig. 1. (a) Schematic view of ion flow profile measurement system com-
posed of glass-tube-pair type Doppler probes and the optical
system [16], (b) schematic view of magnetic field lines of two
merging tokamak plasmas and Doppler probes in TS-6 [18].

Alp, viewing direction (orange and green arrows) components
of ion mean velocity v, and v, , are calculated as follows:

A AL
Vic= —%c, Uip = __AODC’ 3)

where ¢, and A, are light speed and spectral line wavelength,
respectively. By use of two velocity components in two dif-
ferent directions, ion mean velocity vectors in r-z plane v,,
and v, can be calculated for each measurement volume as
follows:

Vic) c0s30° —sin30°\/V; ; @
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The Doppler probes system was installed in the TS-6
device [18], whose cylindrical vacuum vessel with a diame-
ter of 0.75 m and axial length of 1.44 m, has two internal
Poloidal Field (PF) coils at z = + 0.2135 m. Two tokamak
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plasmas are produced by induction of those PF coils. When
the coil currents reverse, the two tokamaks are fully pinched
off from them and move toward the mid-plane to merge
together. Figure 1(b) shows the experimental setups of the
probes in a TS-6 device. Two glass tubes were inserted into
the vacuum vessel radially at z = 0 and 0.042 m to measure
the radial profile (» = 0.1, 0.125, 0.15, 0.175, 0.2, 0.225, and
0.25 m) of ion velocity at z = 0.021 m.

3. 2D Electric and Magnetic Fields
Measurements by Probes

For 2D profile of magnetic field measurement, we used
printed-circuit board (PCB) coil probe array [19]. Each coil
printed on a circuit board had a cross-sectional area of 3 mm X
5 mm and 19 turns. Each probe array composed of ten printed
coils was installed in a straight glass tube with outer diameter
of 5 mm. They were located at 0.03 m intervals from » = 0.06
to 0.33 m. Those probe arrays were inserted into the r-z
planes different from Doppler probes and their positions
were at z = + 0.01, £ 0.03, £ 0.085, £ 0.128 and = 0.17 m
respectively. Time evolutions of dB./dt signals measured by
those probe arrays were led to integral amplifier circuits and
were transformed into time evolution of B, at the coil posi-
tions. With these data and the cylindrical symmetry assump-
tion, 2D profile of magnetic field B, and poloidal flux ¥ can
be calculated as follows:

Y= f 27rB,dr, (6)
—__1o¥
"7 2mrdz @

As the CS + TF coils provide a good conductor surface, ¥ on
7=0.055 m can be assumed to be zero. Also, toroidal current
density jg and toroidal electric field Eg were calculated using
the following Ampere’s law and Faraday’s law respectively:

. _1[9B, aBz]
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EQ(R,Z)— 27TR at r=R' (9)

Our pick-up coil measurement indicates that the toroidal field
produced by the plasma is less than 3% of that produced by
the external Toroidal Field (TF) coil during merging toka-
maks. Therefore, the toroidal field in merging experiments
By was almost equal to vacuum field as follows:

[
B(R,2) = L0, (10)

where 7 is TF coil current. Figure 2(a) shows time evolution
of 2D profile of toroidal current density (colormap) and polo-
idal magnetic flux (lines) in Argon tokamak merging experi-
ments with electron density of 2 ~ 5 x 10" m measured by
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Fig. 2. (a) 2D profiles of toroidal current density (color) and poloidal magnetic flux (lines) with measurement points of PCB magnetic probes (magenta
crosses), (b) 2D profiles of floating potential (color), poloidal electrostatic field (black arrows), and poloidal flux (lines) with measurement
points of electrostatic potential probe (green crosses).
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the triple probe [20]. TF coil current, maximum PF coil
current and gas fill pressure were set to 2.1 x 10* kA x Turn,
1.1 x 10> kA x Turn, 1.1 mTorr respectively and upstream
reconnecting field was about 30 mT. We did not use Center
Solenoid (CS) coil current drive in this experiment. The
magenta crosses indicate measurement points of PCB mag-
netic probes. The outflow region where ion outflows are gen-
erated is distributed around the X-point with a width larger
than the current sheet width in the z direction [21]. To generate
the outflow region in the measurement volume of Doppler
probes around z = 0.021 m, discharge times of PF1 and PF2
coils were set to 400 and 405 ps, respectively and the center
of the outflow region was successfully moved to z=0.015 m
while confirming that the merging surface was not tilted. As
shown in Fig. 2(a), the reversed PF coil current push two
tokamak plasmas together in the vertical direction, forming
current sheet on the midplane.

For 2D profile of electric field measurement, we used
1D array of electrostatic probes in the z direction [22, 23].
There are 21 probes covered by insulation tubes at intervals
of 0.015 m from z = —0.15 to 0.15 m and can measure the
axial (z) profile of floating potential in single shot using the
following formula:

kT,

m<
¢f = ¢plasma - Tln -

Adm,’

(11)

where ¢, @pigsma> I, and m, are floating potential, plasma
potential, electron temperature and electron mass, respectively
[22]. Using radial scan of the probe array from » = 0.105 to
0.285 m, we measured 2D profile of floating potential. Since
Thomson scattering system has observed electron tempera-
ture gradient only in the vicinity of the X-point [24], poloidal
electrostatic field E, approximates as follows:

E, = _V¢plasma = _V¢f- (12)

The inductive poloidal electric field measured by pick-up
coil is negligibly small in comparison with the poloidal elec-
trostatic field. Figure 2(b) shows time evolution of 2D profile
of floating potential (colormap), poloidal electrostatic field
(black arrows), poloidal magnetic field lines (contour plot)
and measurement points of electrostatic potential probe (green
crosses) in the same experiments as Fig. 2(a). It is observed
that quadrupole electrostatic potential is formed as the two
tokamaks merge. This result is consistent with the results of
previous studies [22, 25-27].

In addition to the measured electromagnetic field results
presented above, ion Larmor orbit velocity v;, and ion guid-
ing center velocity v, were required for the calculation of
drift forces. Since typical toroidal magnetic field strength is
about 0.2 T, singly charged Argon ions with temperature of
10 eV have about 1 cm Larmor radius, which is small enough
to use guiding center assumption. The ion thermal velocity
was obtained from ion temperature of 10 eV, which is a typi-
cal value estimated from the Doppler tomography system [18]
measurement results under similar condition. Theoretically,
the guiding center velocity should be calculated from the elec-

tric field parallel to the total magnetic field, but under condi-
tions where the toroidal field is sufficiently large compared to
the poloidal field, the guiding center velocity can be approxi-
mated as almost parallel to toroidal direction and accelerated
by a toroidal electric field. From the above discussion, the
toroidal component of guiding center velocity v; g9 Was
approximated as follows:

1
Ui,gc’e ~ ﬁ/%Eedt . (13)

The integration time starts at 460 ps, when toroidal electro-
static field appears and ends at 470 ps. Since the ion-electron
collision frequency in our case is about 10* Hz, ion-electron
collision term can be negligible during toroidal acceleration
by reconnection electric field. Also, since the guiding center
velocity is parallel to the magnetic field, the total guiding
center velocity was calculated as follows:

B
Uige = Ui,gc,GXFQ- (14)

4. Comparison of Ion Velocity and Ion Drift
Velocity during Merging Tokamaks
Reconnection

Using measured 2D profile of electromagnetic field and
these assumptions above, we obtained poloidal component
of drift force profile in the downstream region as shown in
Fig. 3(a) (470 ps). Focusing on the slope of the arrow in
Fig. 3(b), the » component of electrostatic force in the upstream
region, is about three times larger than the z component, while
the z component in the downstream is about ten times larger
than the » component, which is related with the characteristics
of quadrupole electrostatic potential. As shown in Figs. 3(c)
and (d), the magnetic gradient and the magnetic centrifugal
force is almost parallel to 7 direction and the » component of
magnetic gradient force is determined mostly by the gradient
of toroidal magnetic field, which increases inversely with 7.
On the other hand, the » component of the magnetic curva-
ture force is zonally highly distributed between » = 0.14 and
0.18 m, presumably due to the high curvature of toroidal
magnetic field and the high guide center velocity here. Also,
there are larger z components in the upstream region, where
the z directional gradient and curvature of the reconnection
magnetic field are larger than in the downstream region.
Comparing absolute values of the three forces, electrostatic
forces are about two orders of magnitude larger than the other
two forces. Therefore, the E X B drift is the dominant ion
drift velocity in this high guide field reconnection of two
merging tokamak plasmas.

Figure 4 shows radial profile of ion velocity measured
by the Doppler probe array and ion drift velocity calculated
from the drift forces at z = 0.021 m and 470 ps. The interval
between measurement points of ion flow was shortened by
scanning the Doppler probe in the r direction under identical
conditions. No adrupt change in z component of ion mean
velocity were observed around » = 0.20 m, where » component

1402041-4



Plasma and Fusion Research: Regular Articles

Volume 20, 1402041 (2025)

(a) | 470 us\.‘.\u-'«-..
0.10 l “ (I
0.05
— 'm I
g o “1" il X-point
X 0.05 "| U
- H\ Drift Force
ALY
Plot Area
0.10 Downstream :

r[m]
(b) 5%10-16
0.06
0.04 | —
Z,
E‘0.0Z ,f Wl‘) iy
u | il Ip gl &
0 WP' "'\"‘I‘
002l i M
NI \‘ \,‘ LTI
)% ¢l| ‘M'Unmmm‘l
0.04 T -16
0.10 0.14 0.18 022 o026 1X10
r[m]
() 15X 1017
0.06
0.04 =
m
g 002 | 1
oy YIS
0.02 "W‘ “w'f.‘lf:::‘u =
,M i
20.04 u!tmmﬂﬂ” 3
0.10 014 o018 02 02 0.5X10°1
7 [m]
() — 13%10-17
0.06 ‘ wv I]UHHHM\.H
- “||\llxl"‘, —
04 44 H‘ii r“’ ||“l |‘1” E
5002 LHJ\ ’:'HL "l"}}‘il‘“‘""‘m g
E, : ,‘ 'ﬁyuw ‘-pl\Lﬁ“ g
u ]ll
0 ‘ [ I RS
S|
-0.02 ,n‘ g
0.04
0<1o 014 018 022 02  0.1X10-17

r[m]

Fig. 3. (a) Global poloidal flux contour of two merging tokamak plasmas
on r-z plane at 470 ps, 2D profiles of (b) electrostatic forces, (c)
magnetic gradient forces, and (d) magnetic centrifugal forces at
470 ps.

of the velocity decreased rapidly, and was considered to be
fast-shock. In addition to confirming that the main compo-
nent of ion drift is E X B drift, the profile of E X B drift is in
good agreement with the profile of ion flow. The poloidal
flux-line velocity vy profiles, shown in the green curve, were
estimated from the time variation of the position of poloidal
flux ¥ contours in the downstream area based on zero resis-
tivity assumption. The specific calculation method of vy is as
follows. The time variation of the radial profile of polo-
idal flux ¥(r,t) on z = 0.021 m is known. To calculate the
velocity at (r, t) = (r,, ,), 7, and r, satisfying ¥(ro, ty) =
Y(ry, to — At) = W(ry, to + At) are identified, where At is the
time resolution of magnetic field measurement of 1 ps. Then
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Fig. 4. (a) and (b) Radial profiles of radial ion flow, E X B drift, gradi-
ent B drift, curvature drift velocities and ¥ contour velocity at
z =0.021 m and 470 ps, (c) and (d) radial profile of axial ion
flow, E X B drift, gradient B drift and curvature drift velocities
atz=0.021 m and 470 ps.

vy can be calculated as follows:

—r
vy(ro, to) = 2At L. (15)

This profile also agrees well with the E X B drift and ion
flow profiles, because magnetic flux lines are almost frozen
into ions. Lundquist number S is the ratio of magnetic diffu-
sion time to the Alfvén time and defined as follows:

s = Hobal (16)

7
where v,, L and 7 are Alfvén speed, typical scale length and
magnetic diffusivity [17]. In our experiments, with large
Lundquist number of 10% the effect of magnetic diffusion is
so small that magnetic flux lines are almost frozen into ions.
The magnetic dissipation time calculated from maximum psi
damping ratio, is about 3 x 10 ps, which is much longer than
flux transfer time scale. On z = 0.021 m, normalised density
gradient Vn/n can be estimated to be less than 1/0.1 m™ in
the r direction, and the ion diamagnetic drift velocity is esti-
mated to be less than 0.3 km/s in the z direction. This value
is comparable to the gradient B and curvature drift, but is
much smaller than the measured E X B drift. The diamag-
netic drift does not affect the conclusion that the ion flow is
caused by the E X B drift. When the convective derivative of
the drift velocity is sufficiently large, ion polarization drift
should be taken into account. However, the ion polarization
drift velocity is calculated to be as negligibly small as 3 x
107 km/s in the downstream region at 470 ps.
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5. Conclusion

In summary, we have studied the mechanisms for ion
outflow formation during magnetic reconnection of two merg-
ing tokamaks with B,/B, ~ 10 by comparing ion outflow
velocity profile with ion drift velocity profiles under fully
magnetized condition. We measured the reconnection outflow
characteristics using three direct measurements by the 1D
array of ion Doppler probes, the 2D array of PCB magnetic
probes and the 1D array of electrostatic probes. Using 1D
profile of ion flow and 2D profiles of electric and magnetic
field, we compared the measured ion outflow profile with the
ion drift velocity profiles in downstream region for the first
time. We calculated the drift forces in downstream region
and found that E X B drift is the dominant ion drift velocity
in this high guide field reconnection of two merging tokamak
plasmas. Furthermore, we compared ion flow profile with
ion drift velocity profile and discovered that the measured ion
velocity profile agrees well with the profiles of E X B drift
velocity. The poloidal flux-line velocity estimated from the
time variation of the position of poloidal flux contours, also
agrees well with the E X B drift and ion flow profiles, proba-
bly because magnetic flux is almost frozen into ions due to
large Lundquist number of 10°.
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