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The mechanism of plasma heating through magnetic reconnection with a guide magnetic field is
investigated by means of two-dimensional electromagnetic particle simulations. These simulations
mimic the dynamics of two torus plasmas merging through magnetic reconnection in a spherical
tokamak (ST) device. It is found that a large part of protons, which behave as nonadiabatic, are
effectively heated in the downstream because a ring-like structure of proton velocity distribution is
observed at a local point in the downstream. The characteristic features of the velocity distribution
can be explained as the following proton motion. Upon entering the downstream across the separatrix, nonadiabatic protons suddenly feel the strong electromagnetic field in the downstream and
move in the outflow direction while rotating mainly around the guide magnetic field. The protons
gain kinetic energy not only on the separatrix but also in the downstream. This effective heating
process can be interpreted as the “pickup,” which, however, was thought to be responsible for only
heavy ions. In this work, it is demonstrated that the pickup of protons is compatible with the known
pickup theory in the cases in which the plasma beta is much less than 1, which is satisfied in STs.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4997453]

I. INTRODUCTION

The spherical tokamak (ST) attracts attention as a candidate for future fusion reactors because STs enable the confinement of a higher-beta plasma compared with standard
tokamaks.1 In plasma merging experiments of STs, two torus
plasmas are merged together to form a single torus plasma
under magnetic compression. At the contact point of the initial two torus plasmas, magnetic reconnection occurs, and a
single torus plasma with high temperature is formed.2,3
In plasma merging experiments, it is observed that electrons are heated significantly in the vicinity of the contact
point, namely, the reconnection point, whereas ions are
heated mainly in the downstream of reconnection.2–4 The
mechanism of such plasma heating is considered to be crucial
for a complete understanding of high-beta plasma formation.
Clarification of the heating mechanism and control of heating
may lead to higher-performance of STs for realizing economical ST reactors in the future. In previous works, as the
ion heating mechanism, for example, shock or viscosity heating,4 thermalization via remagnetization, collisions, and scattering by wave-particle interactions,5 and phase mixing due
to the finite Larmor radius effect inside secondary magnetic
islands6,7 have been suggested. In this paper, we report the
simple heating mechanism for nonadiabatic ions (protons).
This paper is organized as follows: In Sec. II, we explain
our particle simulation model for collisionless driven reconnection in an open system. We demonstrate that ions are
effectively heated in the downstream and analyze nonadiabatic ion motions in Sec. III. In Sec. IV, we discuss the
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relationships between the heating process and the known
“pickup” theory. Section V provides a summary of this
work.
II. SIMULATION METHOD

We investigate the ion heating mechanism in the downstream by means of two dimensional electromagnetic particle-in-cell (PIC) simulations. Microscopic kinetic effects
originating from stochastic particle motions play essential
roles in the energy transfer process.8 Figure 1 shows the
schematic diagram of our simulation model. The two torus
plasmas in an ST device are depicted in the left part, and the
area simulated by our PIC code “PASMO”9,10 is depicted in
the right part. This PIC area covers the kinetic region including the central reconnection point and thus can mimic the
region near the contact point of merging plasmas.11
The initial condition is one-dimensional equilibrium
with an antiparallel magnetic field in the x direction and a
uniform guide magnetic field in the z direction, that is,
Bx ðyÞ ¼ Bx0 tanhðy=LÞ and Bz ðyÞ ¼ Bz0 for the magnetic field
and PðyÞ ¼ P0 þ B2x0 =ð8pÞsech2 ðy=LÞ for the plasma pressure, where Bx0, Bz0, and P0 are constants and L is the spatial
scale. The initial particle velocity distribution is a shifted
Maxwellian distribution with the averaged velocity equal to
the diamagnetic drift velocity. The temperature is uniform,
and the ion-to-electron temperature ratio is taken to be Ti0/
Te0 ¼ 1.0. The simulation parameters are as follows: The
ion-to-electron mass ratio is mi/me ¼ 100, and the ratio of the
electron plasma frequency to the electron gyrofrequency is
xpe/xce ¼ 6.0. Here, we define that xce ¼ eBx0/mec, where c
is the speed of light. The simulation domain size is
2xb  2yb ¼ 10:54ðc=xpi Þ  2:63ðc=xpi Þ, where xpi is the
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FIG. 1. Schematic diagram of plasma merging experiments in a spherical
tokamak device. The dotted boxed area covering the kinetic region including
the contact point is calculated by our particle simulation code “PASMO.”

ion plasma frequency. The time step is xpiDt ¼ 0.0052. The
grid spacing is Dg =ðc=xpi Þ ¼ 0:010. The initial total number
of particles is 14 090 240.
An open boundary condition is implemented in PASMO.12
At the upstream boundary (y ¼ 6yb), in order to generate
plasma inflows, an external driving electric field Ed is imposed
in the direction perpendicular to the magnetic field. Throughout
this paper, “perpendicular to the magnetic field” indicates
“perpendicular to the local magnetic field at each position.”
Similarly, the phase “parallel to the magnetic field” indicates
“parallel to the local magnetic field at each position.” (In some
explanations below, the uniform magnetic field is supposed.)
The driving field Ed supplies particles which satisfy the shifted
Maxwellian velocity distribution and flow into the simulation
domain from the upstream boundary with the E  B drift velocity. The field Ed, which is set to zero at the initial time, begins
to grow first near the center of the upstream boundary (x ¼ 0
and y ¼ 6yb) and develops so as to reach Edz ¼ –0.04Bx0,
where Edz is the z-component of Ed. On the other hand, the
downstream boundary (x ¼ 6xb) is free, and particles can freely
go in and out through the downstream boundary.
III. RESULTS
A. Ring-like structure formation of velocity
distribution

We performed a particle simulation in the case of Bz0 =
Bx0 ¼ 2:0; L=ðc=xpi Þ ¼ 0:66, and P0 =ðB2x0 =8pÞ ¼ 0:35. The
Alfv
n speedﬃ is vA ¼ 0.037c for the magnetic field B0
peﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ B2x0 þ B2z0 and the plasma density at the neutral sheet. In
Fig. 2, we show simulation results at xcet ¼ 1292, where the
electromagnetic field, the velocity, and the temperature are
normalized to Bx0, c, and mec2, respectively. Figure 2(a) displays the spatial profile of the out-of-plane component of the
magnetic field Bz (the color contours) and the magnetic field
lines. Magnetic reconnection is driven by plasma inflows
supplied from the upstream, and the reconnection point lies
almost at the center. The reconnection electric field is balanced with the driving electric field at the upstream

FIG. 2. Spatial profiles of (a) magnetic field lines and Bz, (b) ion bulk velocity vectors and Ey, (c) ion temperature perpendicular to the local magnetic
field at each position, and (d) average of inversed ion magnetic moments.
The electromagnetic field, the velocity, and the temperature are normalized
to Bx0, c, and mec2, respectively.

boundary,10,13 and the reconnection system is in a quasisteady state. The out-of-plane component of the magnetic
field is composed of the initial uniform Bz0 and the quadrupole structure produced by the Hall current, as is well
known. In addition, the magnetic separatrix is clearly seen.
Figure 2(b) illustrates the vectors of the ion bulk velocity ui
(the arrows) and the y-component of the electric field Ey (the
color contours). We can see that Ey, which is dominantly the
convective electric field, is produced in almost the entire
downstream. The velocity vectors show that bipolar outflows
emanate from the reconnection point. The ions moving from
the upstream into the downstream are classified into two
groups. One group is ions entering the downstream through
the reconnection point, and the other group is ions moving
across the separatrix, which can be effectively heated. We
plot the dotted line as a streamline of averaged ion motions,
along which an element of the ion fluid moves from the
upstream to the downstream. In this work, we mainly consider ion behaviors along the streamline from the upstream
to the immediate downstream [1:0 ⱗ x=ðc=xpi Þ ⱗ 4:0]. In
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contrast, the dynamics in the deep downstream are not discussed. In Fig. 2(c), we show the ion temperature perpendicular to the magnetic field Ti?, which rises in the downstream,
as shown experimentally. The ion temperature in the vicinity
of the reconnection point also increases. However, the
increase comes from the characteristics of the ion meandering motion.14 This process is not discussed in this paper.
In order to investigate the ion heating mechanism in the
downstream, we examine the change in ion velocity distributions at several local points along the streamline. In Figs.
3(a)–3(d), we show the ion velocity distributions integrated
over the boxed areas (A)–(D) designated in Fig. 2, respectively. The boxed areas (A)–(D) are located (A) on the separatrix, (B) and (C) in the immediate downstream, and (D) in
the deep downstream. Figure 3(a) indicates that most ions
have negative vy to enter the downstream. The initial shiftedMaxwellian distribution of ions is nearly maintained without
being effectively heated significantly. In contrast, Figs. 3(b)
and 3(c) demonstrate that the distributions spread mainly in
the vx direction and ring-like structures are formed, that is,
ions are effectively heated in the immediate downstream.
Here, note that not only selected ions are displayed but all the
ions in the boxed area are displayed. We can see that a large
part of the ions are associated with the formation of the ringlike structure. The effective thermal velocities are calculated
to be approximately 0.022c both for Figs. 3(b) and 3(c).

Phys. Plasmas 24, 092101 (2017)

Further out in the downstream, it seems that the ring-like
structure begins to collapse as shown in Fig. 3(d).
Further analyzing the ring-like structure in the velocity
distribution of Fig. 3(c), it is found that the center of the circle
(ring) is located at ðvx ; vy Þ ’ ð0:03; 0:0Þc and its radius is
nearly equal to 0.03c. On the other hand, the outflow speed is
observed to be approximately 0.03c in the boxed area (C), that
is, the ring-like structure has the characteristic features that the
radius and the distance between the center and the origin are
equal to the outflow speed. Here, note that the center position
and the radius in the velocity space are measured directly from
the view of Fig. 3(c). The radius of the velocity circle (0.03c)
does not completely correspond to the effective thermal velocity (0.022c) obtained by assembling ion particle velocities statistically. This is because in the velocity space, ions are not
uniformly distributed on the ring. If the ion distribution were
uniform on the ring, the radius would be equal to the effective
thermal velocity. This result will perform an essential role in
considering what component of the electric field energizes
ions. This issue will be discussed in Sec. III B.
The characteristic features of the velocity distribution
can be explained as follows: The periods of time during
which some ions pass across the separatrix are comparable
to or shorter than their gyroperiods. In order to comprehend
the behaviors of such ions, we cannot employ the guiding
center drift. However, we must take into account the orbits

FIG. 3. Ion velocity distributions in
the local regions (A)–(D) of Fig. 1.
The panels (b) and (c) show ring-like
structures.
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of individual ions. Now, we define such particles as behaving
as “nonadiabatic.” When the nonadiabatic ions enter the
downstream across the separatrix, they suddenly feel the
strong electromagnetic field, which mainly consists of Bz,
the out-of-plane magnetic field, and E?, the electric field
perpendicular to Bz. Their entry speed can be regarded as
much smaller than the outflow speed in the downstream.
The nonadiabatic ions rotate around Bz moving in the x
direction owing to the E  B drift. From Fig. 2(d), in which
the averaged value of the inversed ion magnetic moment l1
¼ B=ðmi hvi?  hvi? ii2 =2Þ ¼ B=Ti? is displayed, we can see
that l sharply increases near the separatrix. Here, vi? is the
ion particle velocity perpendicular to the local magnetic field
at each position and hi denotes the ensemble average. The
behaviors of at least some ions are nonadiabatic when they
cross the separatrix.
In order to understand ion behaviors better, we explain
the orbits of nonadiabatic ion particles in the downstream. In
order to avoid complicated explanations, let us consider the
ion orbits in the following simplified geometry in the downstream, namely, the outflow uout. The perpendicular electric
field E?, and the magnetic field B; these are taken to be in
the x~; y~, and ~
z directions, respectively. (In the strict sense,
the outflow is allowed to have the component parallel to the
magnetic field. However, we suppose that uout has only
the perpendicular component, which produces the convective
electric field in the y~ direction E? ¼ uout  B). Here, we
ignore the presence of the electrostatic field and the electric
field parallel to the local magnetic field at each position,
which are confirmed to be negligibly small compared with
E?. Transforming the coordinate system to the frame moving
in the x~ direction with the velocity uout, in which the downstream plasma does not move, nonadiabatic ions enter the
downstream with the velocity v  ðuout ; 0; 0Þ across the
separatrix, assuming that vy~ and v~z are much smaller than
uout. In this moving frame, the electromagnetic field in the
downstream is expressed as E  ð0; 0; 0Þ and B  ð0; 0; B~z Þ.
In this electromagnetic field, the ions rotate with the speed
uout around B~z , and this is the simple gyromotion in the
ð~
x ; y~Þ plane. Now let us return to the original frame and
observe this ion motion. In the original frame, the ions rotate
with the speed uout moving in the x~ direction with the averaged velocity uout. This trajectory is cycloid due to the E?
 B drift motion.
In order to observe the orbits of nonadiabatic ions effectively heated, we perform test particle simulations by using the
electromagnetic field given in Fig. 2. We plot two typical
orbits of test ion particles in Fig. 4. The color contours indicate
the perpendicular electric field E?. Here, it should be kept in
mind that unlike the simplified geometry, E? has not only the
dominant y-component but also the x- and z-components.
Initially, the test ions are placed on the upper upstream boundary. Their initial velocities are taken to be equal to the ion bulk
velocities at the initial positions. The solid line indicates the
ion orbit with the initial position ðx; yÞ ¼ ð1:2; 1:3Þc=xpi and
the initial velocity ðvx ; vy Þ ¼ ð0:0052; 0:013Þc. The dotted
line denotes the orbit for the case of the initial position
ðx; yÞ ¼ ð0:60; 1:3Þc=xpi and the initial velocity ðvx ; vy Þ
¼ ð0:0019; 0:012Þc. We can see that both the ions move in
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FIG. 4. Trajectories of nonadiabatic ions calculated in the electromagnetic
field given in Fig. 2. The color contours indicate the strength of E? normalized to Bx0.

the x direction with the gyromotion, and these trajectories are
cycloid-like curves. The ring-like structure in the velocity distribution is formed by such ions.
B. Gain of kinetic energy

Furthermore, we investigate where and by what components of the electric field the ions gain kinetic energy through
the effective heating process described above. In Fig. 5(a),
we show the inner product of E and ui , which is normalized
to Bx0c. Ions gain energy not only on the separatrix but also
in the downstream. Ion behaviors are analyzed along the
streamline
represented as the dotted Ðline. In Fig. 5(b), we
Ð
plot ‘ E?  ui? dt (the blue line) and ‘ Ek  uik dt (the black
line), which mean the perpendicular and parallel components
of the integral of E  u along the streamline ‘. We can clearly
see that ions gain kinetic energy dominantly from the perpendicular electric field. At first glance, it seems startling
that the E?  B drifting particle gains energy from E?. In
order to solve this apparent inconsistency, we plot the angle
h between E? and ui? along ‘ in Fig. 5(c). On the separatrix

FIG. 5. (a) Profiles of E  ui , (b) the integral of the perpendicular (the blue
line) and parallel (the black line) components of E  ui , and (c) the angle
between E? and ui? along the streamline ‘ [the dotted line of the panel (a)].
Ions gain kinetic energy from E? not only on the separatrix but also in the
downstream. It is of interest that ui? is nearly parallel to E? on the separatrix and is nearly perpendicular to E? in the downstream. The electric field,
the velocity, and the time are normalized to Bx0, c, and x1
pi , respectively.
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[x=ðc=xpi Þ ’ 1:0], the ion bulk velocity ui? is nearly parallel
to E? , which is dominated by the electrostatic field.8,13 In
contrast, in the downstream ½x=ðc=xpi Þ ⲏ 1:5; ui? is nearly
perpendicular to E? but not completely perpendicular. We
would like to stress that h is nearly 90 and slightly less than
90 , and thereby, ions collectively move also in the parallel
direction to E? and are energized by E? .
The ion bulk motion is oblique to E? , although each ion
particle moves according to the E?  B drift. This outcome
can be consistently interpreted as follows: We show the
schematic diagram of the velocity distribution structure
formed by nonadiabatic ions in the velocity space of Fig. 6,
where we employ the simplified geometry, i.e., the outflow
uout, the electric field E?, and the magnetic field B; these are
taken to be in the x~; y~, and ~z directions, respectively. (To be
exact, the below discussion demonstrates that the ion bulk
motion changes to obtain the y~-component through the heating process. However, we employ the initial outflow as uout,
assuming that the ion heating process does not work yet.)
The center of the circle is located at (uout, 0). A nonadiabatic
ion rotates around B~z moving in the x~ direction owing to the
E  B drift. In the velocity space shown in Fig. 6, an ion
rotates clockwise on the circle according to the gyromotion.
The gyromotion phase differs from particle to particle, and
the difference in the gyromotion phase is likely to be based
on the slight difference of the positions, times, and velocities
at which ions enter the downstream and the fluctuations of
the electromagnetic field. The ion fluid at a location is comprised of ion particles with various velocities owing to the
mixture of ion particles with various gyromotion phases. In
the velocity space, they are distributed on the circle. When
ions are on the upper semicircle (the red curve), they are
energized by E?, whereas on the lower semicircle (the blue
curve), they lose kinetic energy. If the ions are distributed
uniformly on the circle, their energy gain is equal to the
energy loss, and thus, the total kinetic energy of the ions is
the nonadiabatic ions enter the
not changed by E?. However,
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
downstream with v? ¼ v2x~ þ v2y~ small enough compared
with the outflow speed uout. Therefore, the ions are initially
located near the origin O and rotate clockwise on the circle.
The ions pass along the red semicircle at first and then along
the blue semicircle. This leads to the understanding that the

FIG. 6. Schematic diagram of the velocity distribution formed by nonadiabatic ions. The ions gain energy on the red semicircle and lose energy on the
blue semicircle.
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number of the ions on the upper semicircle is always larger
than the number of ions on the lower semicircle, so long as
nonadiabatic ions newly enter the downstream. Therefore,
the collective motion of ions suffering this process is oblique
to E? , and the total energy of the ions is increased.
Figure 7 displays the ion velocity distributions shown in
Fig. 3 in the ðvx~ ; vy~ Þ coordinate, where vx~ ¼ v  ðE?  BÞ=
ðE? BÞ and vy~ ¼ v  E? =E? ðv~z ¼ v  B=BÞ. We can better
understand how the ions gain kinetic energy through the
effective heating process. It is more clearly seen in the boxed
areas (B)–(D) in Fig. 2 that the number of ions with vy~ > 0
(motion in the direction of E? ) is larger than the number of
ions with vy~ < 0 (motion in the opposite direction of E? ).
Thus, it is confirmed that the bulk ion moves also in the
direction parallel to E? , and ions gain kinetic energy from
E? . In contrast, the structure shown in Fig. 7(a) is apparently
different from that in Fig. 3(a), but it indicates that the ions
in the boxed area (A) are mainly comprised of the magnetized particles which are not effectively heated yet and move
in the x~ direction according to the E  B drift.
C. Dependence on guide field strength

The effective heating of nonadiabatic ions is observed in
cases of different strengths (Bz0). In Table I, we summarize
Ti? and uout observed for the cases of various Bz0/Bx0 values,
where the other parameters are the same as those in the case
of Bz0/Bx0 ¼ 2.0 shown above. The ion temperature clearly
tends to decrease as the guide field is increased, which is
consistent with the results reported by experiments.3,15 On
the other hand, the effective heating process discussed in this
paper is not sufficient to explain this tendency presented in
Table I since the increment of the ion perpendicular temperature is theoretically estimated as DTi? ’ mi u2out =2. From
Table I, we can see that as the guide field becomes stronger,
uout becomes rather higher. This result theoretically leads to
the opposite conclusion that DTi? is larger as Bz0 is higher.
This inconsistency between the theory and the simulation results implies that we must discuss the motions of nonadiabatic ions by taking into account finite vy upon crossing
the separatrix, which is regarded as zero in this work. If the
initial vy is finite, the radius of the circle formed by nonadiabatic ions is larger than that in the case of zero vy. (In contrast, the initial positive finite vx causes a decrease in the
radius of the circle.)
Moreover, another phenomenon is also responsible for
this inconsistency. Crescent-like structures of ion velocity
distributions are found in some cases. Figure 8 shows (a) the
spatial profile of magnetic field lines and Bz/Bx0 and (b) and
(c) ion velocity distributions in the case of Bz0/Bx0 ¼ 3.0.
Figures 8(b) and 8(c) correspond to the boxed areas (B) and
(C) of the panel (a), respectively. Comparing Figs. 8(b) and
8(c), we can see that the effective heating process surely
works for ions since the crescent-like structure rotates clockwise about the rotation center (vx, vy)  (0.03, 0.0)c, that is,
ions move in the x direction rotating mainly around the guide
field. Therefore, the formation of the crescent-like structure
is due to essentially the same process as the formation of the
ring-like structure. However, the crescent structure means
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FIG. 7. Ion velocity distributions in the
ðvx~ ; vy~ Þ coordinate, where vx~ ¼ v  ðE?
 BÞ=ðE? BÞ and vy~ ¼ v  E? =E? .

that the ring is not completely formed. The incompletion of
the ring shows that the effective heating has been suppressed
due to a cause not yet identified, compared with the cases of
the complete ring formation. If, in the velocity space, we
consider various sizes of the circular arc with the same
radius, on which particles are distributed uniformly, the case
of the complete circle clearly has the maximum standard
deviation, that is, the maximum effective thermal velocity.
By what mechanism the incomplete ring structure (the circular arc), namely, the crescent-like structure, is formed in
some cases will be discussed in the future paper.
IV. COMPARISON WITH THE PICKUP

Finally, let us note that the behaviors of the nonadiabatic
ions (protons as the main component ion) are similar to the
“the pickup” of heavy ions.
The classic pickup, which was proposed by M€obius
et al. in 1985, is the process in which, if a neutral particle is
TABLE I. Dependence of the ion perpendicular temperature and the outflow
speed on the guide field strength. Ti? tends to decrease and uout has a tendency to become higher as Bz0 is increased.
Bz0/Bx0
Ti? =ðme c2 Þ
uout/c

0.5
0.093
0.020

1.0
0.071
0.021

2.0
0.042
0.029

3.0
0.038
0.031

newly ionized in the solar wind, the newly ionized particle
behaves as nonadiabatic and is energized by the electromagnetic field.16 In 2009, Drake et al. applied the classic pickup
to magnetic reconnection in fully ionized plasmas.17–19
Reviewing the theory of the pickup applied to magnetic
reconnection, entering the downstream across the separatrix,
the heavy ions, which are nonadiabatic, gain a convective
velocity equal to the outflow velocity uout and an effective
thermal velocity uout and form a ring velocity distribution.
The characteristic features of the velocity distribution in Fig.
3(c) fit well with features predicted by the pickup.
For the pickup, the following threshold has been
calculated:18,19
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mi 10 bx;up mp
pﬃﬃﬃ
;
(1)
>
qi
p 2 e
where mp and e are the mass and charge of the proton, mi and
qi denote the mass and charge of the ion targeted for pickup,
and bx;up ¼ 8pnðTe þ Ti Þ=B2x;up is the ratio of the plasma
pressure to the pressure of the antiparallel magnetic field in
the upstream. Drake et al. have also argued that only ions
with a high mass-to-charge ratio (M/Q) to satisfy Eq. (1) can
be treated as nonadiabatic and effectively heated by the
pickup mechanism. In solar flares, where bx;up > 1, this
mechanism can explain the enhanced abundance of energetic
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FIG. 8. Simulation results for the case
of Bz0/Bx0 ¼ 3.0. (a) Spatial profile of
magnetic field lines and Bz/Bx0. (b) Ion
velocity distribution in the boxed area
(B). (c) Ion velocity distribution in the
boxed area (C). Crescent-like structures are formed.

ions with high M/Q in flares. The relation Eq. (1), however,
implies that the threshold M/Q is smaller as bx;up is lower.
We can point out that if bx;up  1, which is satisfied in STs,
the threshold M/Q becomes less than mp/e, and thus, protons
can gain effective thermal velocities by suffering the pickup
mechanism. Indeed, for the simulation of Figs. 2–5, bx;up is
observed to be ’0.14. By substituting this value of bx;up into
Eq. (1), we obtain, as the pickup condition for our simulation, mi =qi > 0:84mp =e, which means that even protons can
suffer the pickup.
However, it is necessary to note that Eq. (1) has been
theoretically introduced under the following assumptions:
the inflow speed is 0:1vAup (vAup is the Alfven speed in the

upstream), the separatrix thickness is nearly equal to the ion
sound Larmor radius, and the guide field is extremely strong.
Under these assumptions, Eq. (1) is equivalent to the relation
that the period of time during which an ion passes across the
separatrix is shorter than its gyroperiod. In cases of driven
magnetic reconnection in our PASMO simulations, the
above assumptions are not fully satisfied. For example, the
guide field is taken to be Bz0 =Bx0 ¼ 0:5  3:0, which is not
extremely strong. Here, let us estimate the separatrix thickness and the plasma inflow speed in the case of our simulation and re-evaluate the nonadiabatic condition instead of
Eq. (1). Figure 9 shows (a) the electric fields Ex and Ey, and
(b) the y-component of the ion bulk velocity uiy along the

FIG. 9. (a) Electric field Ex (the solid
line) and Ey (the dotted line) and (b)
ion bulk velocity uiy along the y-axis at
x=ðc=xpi Þ ¼ 1:53.
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y-axis at x=ðc=xpi Þ ¼ 1:53 in the case shown in Figs. 2–5.
From Fig. 8(a), we can see that Ex (the solid line) and Ey (the
dotted line) are sharply changed in the region between
y=ðc=xpi Þ ’ 0:07 and y=ðc=xpi Þ ’ 0:34, from which we can
estimate that the separatrix thickness is approximately
0:27=ðc=xpi Þ. Figure 9(b) indicates that the inflow speed is
of the order of 0.005c at y=ðc=xpi Þ ’ 0:4, which is the
upstream close to the separatrix. Therefore, the period of
time during which ions pass across the separatrix DT is
obtained as xpi DT ’ 54. On the other hand, the ion gyroperiod Tci in the local magnetic field is given as xpi Tci ’ 110.
Thus, in the case of driven magnetic reconnection shown in
Figs. 2–5, ions pass the separatrix for a shorter time than the
gyroperiod, and ions can be fully regarded as nonadiabatic
particles.
V. SUMMARY AND DISCUSSION

By means of electromagnetic particle simulations, we
have studied the proton effective heating in the downstream
of magnetic reconnection with a guide field. As shown by
experimental results, the increment of the proton temperature
has been found in the downstream of magnetic reconnection.
We have also observed a ring-like structure of the proton
velocity distribution at a local point of the downstream. The
characteristic features of the velocity distribution show that
protons behave as nonadiabatic and are effectively heated
according to the following process. Entering the downstream
across the separatrix, the nonadiabatic protons suddenly feel
the electromagnetic field. The entry speed of such protons is
much smaller than the outflow speed. In the downstream,
each proton particle rotates mainly around the guide magnetic field with E?  B drifting (E? is the electric field perpendicular to the magnetic field), but the protons collectively
move obliquely to E? and gain energy from E?. It is because
that the number of protons moving in the direction of E? is
larger than the number of protons moving in the opposite
direction of E?.
This effective heating mechanism for nonadiabatic protons is similar to the pickup applied to magnetic reconnection. The pickup was thought to be responsible for only
heavy ions above the theoretical threshold of mass-to-charge
as minor ion components. In this work, however, we have
demonstrated that even if the effective heating process of
protons is interpreted as the pickup, the interpretation does
not include inconsistency with the known pickup in the cases
that plasma beta is quite low in the upstream as STs.
Furthermore, it should be noted that in laboratory and in
space and astrophysical plasmas, multiple X-points are present since, for instance, the plasmoid instability arises20,21
and intermittent reconnection is driven.10,22 This implies that
protons suffer the effective heating mechanism reported by
this work every time the protons go through the downstream
of an X-point. As a result, the effective heating may work
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many times for protons to potentially allow quite high heating of protons.
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