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The plasma heating mechanism during magnetic reconnection in the presence of guide magnetic field is
investigated by means of particle simulations and test particle simulations. Particle simulations demonstrate that
ring-like structures of ion velocity distributions are formed in the downstream, where a large percentage of ions
are effectively heated. Furthermore, a single ion motion is focused upon by using test particle simulations. The
ion moves in the downstream direction owing to the E × B drift while in gyromotion. Finally, it is reported that
the profile of the ion temperature obtained by the particle simulation fits well with the profile observed in the
TS-3 experiment.
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1. Introduction
It is widely believed that magnetic reconnection plays

an important role in explosive activities such as sawtooth
disruptions in a tokamak, solar flares, and geomagneto-
spheric substorms. In addition, magnetic reconnection has
the interesting aspect that energy stored in the magnetic
field is rapidly converted to particle kinetic and thermal
energies. Plasma heating during magnetic reconnection is
observed in laboratory plasmas such as in TS-3 and TS-4
at the University of Tokyo [1, 2], in MRX at the Prince-
ton Plasma Physics Laboratory [3], and in MAST at the
Culham Centre for Fusion Energy [4].

In this work, we address this important issue of mag-
netic reconnection, that is, the heating mechanism of ions
(protons). For this purpose, we use tools of particle sim-
ulation and test particle simulation based on the particle
simulation, since kinetic physics originating from nongy-
rotropic motions of plasma particles, which can not be
treated by fluid models, play predominant roles in the heat-
ing process.

The paper is organized as follows. In Sec. 2, we high-
light particle simulation results and briefly review how ions
are effectively heated in the downstream. In Sec. 3, we fo-
cus on the motion of an ion particle by means of test par-
ticle simulations. In Sec. 4, we compare our simulation re-
sults with results reported in TS-3 experiments. Section 5
provides a summary of this work.
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2. Review of the Effective Heating
Process
Let us review the mechanism of the ion effective heat-

ing [5]. In order to study the mechanism of ion heat-
ing, we have carried out two-dimensional particle simu-
lations by using the PASMO code [6, 7]. Figure 1 is the
schematic diagram of plasma merging experiments in a
spherical tokamak (ST) device. The simulation model by
the PASMO mimics the boxed area drawn by the dotted
line, which is the region near the contact point of the merg-
ing torus plasmas in an ST device, because the model im-
plements the following features of plasma merging exper-
iments in STs. First, the guide (toroidal) magnetic field
exists as Horiuchi and Sato first applied [8]. That is, as
the initial condition, we take a one-dimensional Harris-
type equilibrium with a uniform guide field as Bx(y) =
Bx0 tanh(y/L) and Bz(y) = Bz0 for the magnetic field and
P(y) = P0 + B2

x0/(8π)sech2(y/L) for the plasma pressure,
where Bx0, Bz0, and P0 are constants and L is the spatial
scale. Here, the ST device is displayed in the Fig. 1 by us-
ing the (R,Z) coordinate, which corresponds to the (x, y)
coordinate used in the PASMO simulations. Next, plas-
mas are pushed by the driving electric field imposed on
the upstream boundary in order to express plasmas pushed
by the poloidal field coil current in experiments. On the
other hand, the downstream boundary is free. Finally, the
simulation domain covers the kinetic region including the
contact point (the reconnection point).

The parameters of the particle simulation are as fol-
lows. The simulation domain size is 10.54(c/ωpi) ×
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Fig. 1 Schematic diagram of a plasma merging experiment in a
spherical tokamak (ST) device. The boxed area drawn by
the dotted line is assumed to be simulated by the PASMO.
The (R,Z) plane in the ST device corresponds to the (x, y)
plane in the simulation.

2.63(c/ωpi), where c is the speed of light and ωpi is the ion
plasma frequency. The initial number of particles (elec-
trons and ions) is 14,090,240. The ion-to-electron mass
ratio is mi/me = 100. The ratio of the electron plasma fre-
quency to the electron gyrofrequency is ωpe/ωce = 6.0.
The Alfvén speed is vA/c = 0.037. The time step is
ωpiΔt = 0.0052, and the grid spacing is Δg/(c/ωpi) =
0.010.

As described above, let us note that the reduced ion-
to-electron mass ratio mi/me = 100 is employed because of
limited computer resources such as memory and CPU time.
It is known that the global structure of magnetic reconnec-
tion does not depend on mi/me. In contrast, the formation
of the separatrix is associated with the electrostatic field
originating from the charge separation. Thus, the width of
the separatrix δ changes depending on mi/me. The pro-
cess of the ion effective heating described in this paper re-
quires that ions are nonadiabatic across the separatrix. This
condition is expressed as δ < ρi, which is satisfied in the
simulations, where ρi is the ion Larmor radius. Accord-
ing to Guo et al. [9], it is estimated that δ ∝ (mi/me)(1/4).
The ion Larmor radius is ρi ∝ (mi/me)(1/2) because the ion
thermal velocity is vTi ∝ (mi/me)(−1/2), assuming that the
electron temperature is equal to the ion temperature. Thus,
δ < ρi is better satisfied for the real ion-to-electron mass
ratio mi/me.

We show simulation results in the case of Bz0/Bx0 = 2,
L/(c/ωpi) = 0.66, and P0/(B2

x0/8π) = 0.35. In Fig. 2, we
show the spatial profiles of the magnetic field lines and the
ion temperature perpendicular to the magnetic field as the
color contours in the (x, y) plane at ωpit = 780. Magnetic
reconnection is driven at almost the center of the simula-
tion domain, and the ion temperature grows mainly in the

Fig. 2 Spatial profiles of the ion temperature perpendicular to
the magnetic field (the color contours) and the magnetic
field lines. The ion temperature rises mainly in the down-
stream.

Fig. 3 Ion velocity distributions in the boxed areas (A) and (B)
of Fig. 2. The panel (a) shows a ring-like structure and
the panel (b) displays a two-peak structure.

downstream. In order to investigate the ion heating mech-
anism, we observe ion velocity distributions in the down-
stream. In Fig. 3 (a), we show an ion velocity distribution
integrated over the boxed area (A) of Fig. 2. The ring-like
structure of the velocity distribution is formed. That is,
the distribution spreads [5]. In addition, Fig. 3 (a) indicates
that a large percentage of ions are effectively heated in the
downstream. Here it can be generally said that the main
component ion in a plasma is responsible for the effective
heating mechanism. In the simulation, the ions are usually
regarded as protons. However, we can regard the ions as
heavy ions so that the simulation mimics an experiment in
which heavy ion plasmas such as helium ions are used.

The formation process of the ring-like velocity distri-
bution, i.e., the mechanism of the ion effective heating is
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explained as follows. We consider behaviors of ions en-
tering the downstream across the separatrix from the up-
stream. In some cases, ions behave as nonadiabatic [10].
Upon crossing the separatrix, the electromagnetic field
which ions feel rapidly changes. In addition, the ions do
not gain enough kinetic energy from the electrostatic field
on the separatrix, and thus the ion entry speed is much
lower than the outflow speed. Now we take the following
ideal case in order to avoid complicated considerations. In
the downstream, the electromagnetic field is uniform and
consists of the out-of-plane magnetic field Bz and the elec-
tric field perpendicular to the magnetic field Ey. Assuming
that an ion with the initial velocity v = 0 is located in the
downstream, let us calculate the motion of the ion. The
ion moves in the x direction with the velocity vx = cEy/Bz

(the E × B drift) while rotating around Bz with the speed
cEy/Bz (the gyromotion). The ion orbit is drawn as a cy-
cloid. In the velocity space, the orbit is a circle whose cen-
ter is (cEy/Bz, 0) and whose radius is cEy/Bz. The ring-like
structure of the velocity distribution is formed by such ions
with different phases of the gyromotion.

3. Motion of an Ion Particle
We investigate motions of ion particles responsible

for this effective heating process by means of test parti-
cle simulations. The equations of motion for test ion par-
ticles are calculated in the electromagnetic field given by
the PASMO simulation. It is confirmed that magnetic re-
connection is under the quasi-steady state, and the electro-
magnetic field does not significantly vary with time.

We plot the orbit, velocity, and kinetic energy of a
typical ion particle responsible for the formation of the
ring-like velocity distribution. The initial position of the
test ion is taken to be on the upper upstream boundary
(x, y) = (1.37, 1.31)(c/ωpi). The ion has the initial velocity
(vx, vy) = (0.00663,−0.0124)c, which is equal to the ion
fluid velocity at the local position. For distinguishing the
time in the test particle simulation from the time in parti-
cle simulations by the PASMO code, we use τ as the time
in the test particle simulation. Figure 4 (a) shows the or-
bit of the ion particle, where the color contours indicate
the electric field Ey. After the ion enters the downstream
at ωpiτ � 60, it returns to the separatrix, gyrates once in-
side the separatrix region, and then enters the downstream
at ωpiτ � 100 again [11]. After the re-entry to the down-
stream, this ion moves in the x direction with oscillating.
The orbit is drawn as a cycloid-like curve due to the gyro-
motion and the E × B drift as described in Sec. 2.

In Fig. 4 (b), we plot the ion orbit in the velocity space
(vx, vy). The part ωpiτ � 60 − 100 of the first small circle
indicates the gyromotion inside the separatrix region. The
next circle (ωpiτ � 140 − 200) corresponds to the gyromo-
tion and the E × B drift in the downstream. In Sec. 2, the
electromagnetic field is assumed to be uniform. In actual
simulations as shown by the color contours in Fig. 4 (a), the

Fig. 4 Motion of an ion particle calculated by a test particle sim-
ulation. The panels (a), (b), (c), and (d) depict the orbit
in the (x, y) plane, the orbit in the (vx, vy) plane, the time
evolution of vx, and time evolution of the kinetic energy,
respectively.

electric field, however, is observed to become larger in the
deeper downstream (as x is larger). Thus, the radius of the
velocity circle becomes larger and the center of the circle
moves in the vx direction.

Figure 4 (c) demonstrates the time evolution of vx. At
ωpiτ � 140, when the ion is in the downstream, vx is much
smaller than the outflow speed uout � 0.03c. The velocity
vx rapidly increases because the increment in vy caused by
the Ey acceleration transforms to the increment in vx owing
to the gyromotion.

Lastly, we plot the time development of the kinetic
energy of the ion in Fig. 4 (d). At ωpiτ � 140, the kinetic
energy can be regarded as almost zero. We can find that
the ion gains kinetic energy in the downstream. If the elec-
tromagnetic field were uniform, the kinetic energy would
return to zero (the value at ωpiτ � 140) after the one gy-
ration. However, the electric field becomes higher in the
deeper downstream, and thus the ion does not lose all the
kinetic energy after the one gyration.

3401025-3



Plasma and Fusion Research: Regular Articles Volume 13, 3401025 (2018)

4. Comparison with Experimental
Results
In this section, we compare the ion temperature ob-

tained by PASMO simulations with the ion temperature
observed by TS-3 experiments. It is noted that in Fig. 5
the temperature is normalized to the initial ion temperature
in the upstream Ti0 and the length is normalized to the ion
Larmor radius ρi, where ρi is defined by using the initial
thermal speed and the initial reconnecting field.

As simulation results, in Figs. 5 (a) - (c) we display the
x-axis profiles of the ion temperature perpendicular to the
magnetic field along y = 0. The x-axis is in the down-
stream direction. In the case of Bz0/Bx0 = 2 as shown
in Fig. 5 (a), the ion temperature is increased in the down-
stream. In addition, we can see that the profile has a sharp
peak in the vicinity of the reconnection point (x = 0).
This is an apparent increment in the temperature originat-
ing from the meandering motion of ions [12]. The ion ve-
locity distribution in the vicinity of the reconnection point
(the boxed area (B) of Fig. 2) is shown in Fig. 3 (b). There
are two peaks in the distribution. This is because nongy-
rotropic ions move back and forth across the reconnection
point. In the simulations, we define the temperature as
mi〈v − 〈v〉〉2, where v is the velocity of a particle locat-

Fig. 5 Profiles of the ion temperature. The panels (a) - (c) are
obtained by the PASMO and the panel (d) is observed by
the TS-3 experiment.

ing at a local point and 〈〉 denotes the ensemble average.
Therefore, the two-peak structure in the velocity distribu-
tion leads to the apparent rising of the temperature. In
contrast, in the cases of larger guide fields as shown in
Figs. 5 (b) and (c), the apparent rising of the temperature
at the reconnection point becomes unclear. It would also
be a quite interesting and important topic to clarify what
mechanism causes the apparent temperature increment de-
pending on the strength of the guide field. However, this
issue is beyond this work and thus is not discussed in this
paper, but will be discussed in the future paper.

Figure 5 (d) shows the radial profile of the ion tem-
perature on the mid-plane observed by the TS-3 experi-
ment [2], in which the ratio of the guide field to the recon-
necting field is � 5. The R-axis is in the downstream direc-
tion. Here, we estimate that ρi � 1.1 cm and Ti0 � 10 eV.

Comparing Figs. 5 (c) and (d), we can see that the pro-
files are in agreement with each other. Described quantita-
tively, both profiles demonstrate that the temperature near
the reconnection point is 2 - 3 times higher than the initial
temperature and the temperature in the downstream is 4 - 5
times higher than the initial temperature.

5. Summary
By means of particle simulations we have studied the

proton heating mechanism during magnetic reconnection
in the presence of guide magnetic field. It has been found
that the ion temperature rises mainly in the downstream,
where ring-like structures of ion velocity distributions are
formed. A large percentage of ions are effectively heated
in the downstream. We have carried out test particle sim-
ulations and investigated the motion of a single particle of
the ions effectively heated. It has been confirmed that the
ion particle rotates around the out-of-plane magnetic field
and moves in the outflow direction owing to the E×B drift.
Lastly, we have compared the ion temperature profiles ob-
tained by our particle simulations and by the TS-3 experi-
ment. The profile in the simulation case of the high guide
field is similar to the profile in the experiment.
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