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Abstract

The meeting to summarize the collaboration activities for FY2003 on the Large Scale
Computer Simulation Research was held January 15-16, 2004 at Theory and Computer
Simulation Research Center, National Institute for Fusion Science. Recent simulation

results, methodologies and other related topics were presented.
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Two-scale structure of current layer in a steady state of collisionless driven
reconnection in a two-dimensional open system

A. Ishizawa
Nagtional Institute for Fusion Science, Toki 509-5292, Japan

A steady two-scale structure of current layer is demonstrated in the collisionless driven reconnec-
tion without a guide field by means of two-dimensional full-particle simulations in an open system.
The current density profile along the inflow direction consists of two parts. One is a low shoulder
contralled by the ion-meandering motion, which is a bouncing motion in a field reversal region. The
other is a sharp peak caused mainly by the electron-meandering motion. The separation of the
shoulder from the sharp peak is revealed by virtue of a large mass ratio calculation mn;/m, = 200
because the ratio of the ion-meandering orbit amplitude to the electron-meandering orbit amplitude
is proportional to (m/me)!/*.

1. INTRODUCTION

The collisionless magnetic reconnection is a fundamental mechanism of the rapid release of magnetic energy in the
solar corona, the high temperature tokamak discharge, the magnetospheric substorm, and reconnection experiments
[1-3]. Recent computer simulations reveal that a small scale current layer, where the frozen-in condition of the
plasma is violated, adjusts its structure so as to realize a large reconnection rate demanded by a large scale ideal
magnetohydrodynamics (MHD) evolution [4]- [14]. The simplest physical model of the violation necessary to generate
the large reconnection rate, i.e. the large reconnection electric field, is the Hall- MHD model which includes the
Hall-term characterized by the ion skin depth [4]- [9].

A plasma is frozen in magnetic field lines in the ideal MHD, and thus reconnection does not occur. This circumstance
is related to the fact that there is no typical scale length that characterizes a small scale current layer profile. When we
introduce non-ideal effects leading to violation of the frozen-in constraint, the width of the current layer is determined
by typical scale lengths of non-ideal effects. The plasma profile in the kinetic approach is characterized by the spatial
scale lengths such as the electron skin depth due to the electron inertia effect, the ion skin depth due to the ion inertia
effect, the electron Larmor radius, and the ion Larmor radius.

The current layer structure is studied using hybrid simulations and full particle simulations [4]- [14]. Most of
these simulations present time dependent reconnections in closed systems [6]- [12]. In the time dependent magnetic
reconnection, two structures related to the current layer are found [5,6]. One is out-of-plane electron flow characterized
by the electron skin depth, the other is out-of-plane ion flow characterized by the ion skin depth [5,6].

On the other hand, steady states of the reconnection are found in the long-time scale dynamics of the driven
reconnection in an open system [13,14]. In the steady reconnection, the reconnection rate is controlled only by an
external driving flow due to an applied electric field because the Faraday’s law requires that the out-of-plane electric
field should be uniform in the steady state [11] [14] The current layer profile adjusts itself to accommodate the
uniform electric field.

In the steady reconnection, it is found that ‘the current layer w1dth is controlled only by ion dynamws [13,14],
although the current is dominated by the out-of-plane electron flow. It is claimed that the ion-meandering motion-
controls the current layer which adjusts itself to sustain the uniform out-of-plane component of the electric field.
These studies are, however, limited by the small mass ratio of ion and electron m;/m, = 25. The significance of the
ion dynamics should be clarified by examining a dependence on the mass ratio.

In this paper, we will invesiigate steady states of the collisionless driven reconnection in an open system for
several cases with different mass ratio, namely: m;/m, =25, 50, 100 and 200. The large mass ratio leads to a clear
separation of the ion-meandering orbit amplitude from the electron-meandering orbit amplitude because the ratio of
these amplitudes is proportional to (m;/m,)'/4. We reveal a two-scale structure of the current layer, a sharp peak
and low shoulders. The sharp peak is mainly controlled by the electron-meandering motion. The half-width of the
current layer is determined by this sharp peak. The ion dynamics forms low shoulders of the current layer, and thereby
resulting in a two-scale structure of the layer. The structure is mainly caused by the meandering motion of ions and
electrons because they strongly violate the frozen-in constraint.



I1I. SIMULATION MODEL

We consider a square open region in zy-plane, the size of which is 2y, in height and 2z, in width. We use a
two-and-a-half-dimensional explicit electromagnetic particle simulation code developed in the previous wark [11]- [14].

Boundary conditions are as follows. At upstream boundary, ions and electrons are frozen in magnetic field lines, and
thus plasma inflow is driven by ExB drift due to an external electric field E.4(x,t) applied in z direction at y = .
The condition for the incoming particle distribution is a shifted Maxwellian with the averaged velocity given by ExB
drift. The boundary conditions for remaining field quantities are following: E; = 0 and 8,Ey = 0 at y = +y. The
external field E,s(z,t) evolves from zero, so as to induce a steady reconnection. To excite magnetic reconnection at
the center of simulation domain, the external field is assumed to be strong within the input window size z4 around
2 = 0 at early phase, then the field profile becomes uniform Ey after one Alfvén time 74 = y»/Va, where V, is the
initial average Alfvén velocity. This uniform field Fy plays a role to maintain deformed magnetic field lines within
the input window at the inflow boundary, and correspondingly the system relaxes to a steady state [13,14].

At the downstream boundary z = £z, the plasma can freely flow in or out. The boundary condition for particles
is determined by both the charge neutrality condition and the condition of the net number flux, which is associated
with the fluid velocity in the vicinity of the boundary [14].

1II. CURRENT LAYER STRUCTURE

Here we examine a spatial profile of out-of plane current density when the system is relaxed into a steady state.

We show current density profiles along the vertical line passing the X-point in Fig. 1 for m;/m, =25, 50, 100, and
200. Far m;fm, = 200 we observe clear shoulders at y =z =354 and a sharp peak that has a size nearly equal to 10)y
in width. On the other hand, the profile consists of one wide peak for m; /m. =25 becanse ion-scale and electron-scale
are not well separated. We, therefore, conclude that the current density profile has a two-scale structure consists of
a sharp peak and low shoulders for a large mass ratio. ’

Next, we consider the two-scale structure of the current layer more quantitatively, and then reveal that the mean-
dering motions of ions and electrons play crucial roles in the formation of the structure. We introduce several spatial
gcale lengths describing the layer structure, and consider the time evolution of the spatial scale lengths, namely:
the half-width of the distance of shoulders, the half-width of a sharp peak, the half-width of a eurrent layer, the
ion-meandering orbit amplitude {m;, the ion skin depth d; = ¢/w;, the electron-meandering orbit amplitude I,,,., and
electron skin depth de = ¢/w,.. These scales are normalized by the Debye length and are evaluated from the spatial
profile of plasma along the vertical line passing the X-point. The meandering orbit amplitude of species s is defined
by the distance ¥ which satisfies the condition p,(y)/y = 1 [7,14], where p;(y}, and p.(y) are the local jon Larmor
radius, and the local electron Larmor radius, respectively. The half-widths of the shoulder and of the sharp peak
are defined by the half-widths at 20 % and 80 % of maximum value of the current density, respectively. Figure 2
shows that the scales are relaxed into the following values: L,; = 35Xy, Lyne & 5hq, d; = 80A4, and d, = 7A;. The
width of the shoulder closes to the ion-meandering orbit amplitude, while the width of the sharp peak closes to the
electron-meandering orbit amplitude in the steady state. The half-width of the current layer is dominated by the
sharp peak, and correspondingly the half-width of the layer relaxes into the electron scale < 10A4. The current layer
width is, therefore, mainly controlled by the electron dynamics. The ton dynamics generates low shoulders which
are characterized by the ion-meandering orbit amplitude l;; 7 35A4. Therefore, the meandering motion of ions and
electrons is the dominant mechanism of the two-scale structure formation of the out-of plane current density in the
gteady state of the driven reconnection. :

IV. SUMMARY

We have newly found a steady two-scale structure of the current layer, a sharp peak and low shoulders, in the
collisionless driven reconnection. This two-scale structure is significantly different from that characterized by the ion
skin depth and the electron skin depth in previous simulations of the time dependent recannection [5,6).

The sharp peak is mainly controlled by the electron-meandering motion because the motion strongly violates the
electron frozen-in constraint. In spite of the fact that the electron inertia also violates the frozen-in constraint at
a scale below the electron skin depth, the meandering motion dominantly violates the frozen-in constraint near the
X-point. The sharp peak structure dominates the current layer profile, and thus the half-width of current layer is
controlled by the electron dynamica.



The ion-meandering motion creates shoulders of the current layer. The shoulder structure corresponds to the current
layer found in Refs. [13,14]. The shoulder structure is controlled by the jon-meandering orbit amplitude because the
ion frozen-in constraint is strongly broken by the meandering motion. Although the ion inertia also violates the
frozen-in constraint at a scale below the ion skin depth ¢/wgi, the violation due to the ion inertia is weak compared
to the violation caused by the ion-meandering motion. The mechanism of current layer formation and its relation to
the violation by the meandering motion will be discussed in details elsewhere [15].
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FIG. 1. The current density profile along the vertical line passing through the X-point. The profile consists of a ysharp peak
and shoulders for large mass ratio.
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Dynamical Evolution of Thin Current Sheets in a Three-Dimensional
Microscopic Open System
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Abstract

Dynamical behavior of thin current sheets under the influence of collisionless reconnection in an open system
is investigated by using newly developed electromagnetic (EM) particle simulation codes. In a three-dimensional
open system collisionless driven reconnection evolves dynamically under the influence of an external driving flow
and three different types of plasma, instabilities excited in a thin current sheet. Driving electric field imposed at
the boundary penetrates into the current sheet in accordance with the propagation of the lower hybrid drift, wave
excited in the periphery. When the electric ficld reaches the neutral sheet, collisionless reconnection is triggered.
The current sheet. is split as a result of collisionless reconnection, and thus small islands appear in the downstream.
The accumulation of current density inside the islands excites the kink instability leading to the destruction of
the istand structure. A low frequency EM instability is triggered in the current sheet after the island structure

disappears in the system.

Keywords:

collisionless reconnection, epen system, thin current layer, plasma instabilities, particle kinetic effects

1.Introduction

Collisionless magnetic reconnection plays a cru-
cial role in a number of interesting phenomena
with fast magnetic encrgy release, plasma accel-
eration and heating both in space plasmas [1] and
in laboratory plasmas [2]. Magnetic reconnection
dynamically evolves in an open system in which
both plasma inflow and outflow exist through the
boundary. Steady recomnection is realized ouly
when the flux input rate into the system is bal-
anced with the reconnection rate. However, this
balance condition is not always assured because
magnetic reconnection is controlled by two differ-
ent processes with-different time scales, i.e., an ex-
ternal giobal process and an internal microscopic
Process.

In order to study the dynamical evolution of
collisionless reconnection in the presence of an
external driving source we have developed a new
open boundary model, in which a frec condition is
used at the downstream boundary (£ = %z} and
an input condition is used at the upstream bound-

ary (y = Zw) [3.4,5]. The plasma inflows are
symmetrically driven from two upstream bound-
aries by the external electric field imposed in the z
direction. The amplitude of driving field E,4(z, t)
is initialized to zero at t=0, and increases with
time while keebing a bell-shaped profile near the
center and a flat profile in the periphery for an
initial short time. After then a constant profile is
kept with maximum flux input rate Ey. The spa-
tial size of initial bell-shaped profile z4 is named
input window size, because the inflow velocity is
locally enhanced within this region. The distri-
bution function of incoming particles at the input
boundary is assumed to be a shifted Maxwellian
with a constant temperature and the average ve-
locity equal to the E x B drift velocity.

As an initial condition we adopt 2 one-dimensional
equilibrium with the Harris-type anti-parallel mag-
netic configuration, in which physical quantities
depends only on the y coordinate and the mag-
netic field is parallel to the x axis. The initial
particle distribution is assumed to be a shifted



Maxwellian with spatially constant temperature
and average particle velocity, which is equal to
the diamagnetic drift velocity.

2. Dynamical evolution of the current. sheet

2.1 Two types of dynamic evolution
We have examined the relationship betweéen
the dynamical behavior of kinetic plasmas and the

driving field by carrying out several two-dimensional

particle simulations with different values of the
input window size z4 and the flux input rate Ep
(4,5). As a result, it is found that there are two
dynamic regimes in the temporal behavior of colli-
sionless reconnection, which is strongly dependent
on the value of z4, but insensitive to the value of
Eg. The steady collisionless reconnection is real-
izcd when the input window size is small, while
an intermittent regime appears as the window size
increases.

2.2 Plasma instabilities in non-driven case

In three-dimensional case the spatial structure
of current sheet is dynamically modified by plasma
instabilities excited through wave-particle inter-
action. In the absence of an external driving source
the lower hybrid drift instability {(LHDI) [6,7] is
observed to grow in the periphery of current layer
in an early period, while a drift-kink instabil-
ity (DKI) [8,9} is triggered at the neutral sheet
as a second instability after the current sheet is
modified through nonlinear evolution of the LHDI
and its width becomes less than ion Larmor ra-
dius[3,10]. In this way, the LHDI is not a direct
cause of an anomalous resistivity at the neutral
sheet, but collisionless reconnection is triggered
by the DKI in the non-driven case.

2.3 Effect of an external driving flow in
three dimensions . .
How does an external driving flow affect col-
lisionless reconnection in three dimensions? Fig-
ure 1 shows the temporal cvolution of the inte-
grated energies in the case of the driving field
Fp = —0.04B; and the mass ratio m;/m, = 100,
where the solid, dotted, dashed, and dot-dashed
lines stand for the magnetic field, electric field,
ion, and electron energies, respectively. There
are three typical phases in the evolution of the
energirs, i.e., (1) the initial ramp-up phase, (2)

the intermediate phase in which the energies drop
suddenly, and (3) the late quasi-steady phase. We
can see three different plasma instabilities in these
temporal phases,
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Figure 1. Temporal evolution of volume-integral
values of magnetic field, electric field, ion, and
electron energies.

Figure 2 illustrates the spatiotemporal struc-
ture of the n = 7 mode of the electric field E. in
the (t,y) plane, where n is the Fourier mode num-
ber in the z-direction, the neutral sheet is located
at the mid-point of y-axis (vertical axis) at the ini-
tial stage. The LHDI is excited in the periphery
at the relatively early period in the same way as
in the non-driven case. This mode has an electro-
magnetic feature as well as an electrostatic feature
[f1]. The driving electric field imposed at the up-
stream boundary carries. the plasma towards the
current sheet and compresses it. The anomalous
resistivity generated through the interaction be-
tween particles and the LHD wave leads to the
penetration of the driving electric field into the
current sheet. Figure 3 shows the temporal evolu-
tion of two Fourier modes of the electric field E,
at the midpoint. Figures 2 and 3 indicate that
the LHD wave (n = 7 mode) itself propagates
towards the center of the current sheet together



with the driving field (n = 0 mode)} and triggers
collisionless reconnection at the neutral sheet.
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Figure 2: Spatiotemporal structure of the n =
7 mode of the clectric field E; in the (t,y) plane.
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Figure 3: Temporal evolution of two Fourier
modes the electric field B, at the midpoint, where
the solid and dashed lines correspond to the n =0
and n = 7 modes, respectively.

Magnetic reconnection generates the fast diver-
gent flow which carries the magnetic flux towards
the downstream region, thus leading to the change
in the spatial structure of the current sheet. Fig-
ure 4 illustrates the perspective view of magnetic
field strength B2 + B; at weet = 456 in three-
dimensional space, where the weak field region is
plotted by an isosurface. The weak field region is

split into three pieces as a result of magnetic re-
connection, i.e., the central region aroind a mag-
netic "x”-point, and two islands in the downstream
which include a magnetic ”0”-point. The recon-
nected magnetic flux accumulates inside the mag-
netic islands and increases the current density
there. When the current density exceeds some
critical value, a kink instability is triggered re-
sulting in the destruction of the island structures,
as is shown in Fig. 4.

Figure 4: Perspective view of the magnetic
field B2 + Bg at weet = 456, where the weak field -
region is plotted by an isosurface.

When the magnetic islands move out though
the boundary, the extra energy is suddenly ex-
pelled from the system together with the mag-
netic islands (see Fig. 1). After this event, the
system relaxes into a quasi-steady state. How-
ever, it is also found that a low-frequency EM in-
stability is excited near the central region in this
late phase. Spatiotemporal structure of the n = 1
mode of the magnetic field B, is plotted in Fig.
5. This EM mode is excited in the late phase and
has a frequency comparable to the ion cyclotren
frequency which is much lower than the lower hy-
brid frequency. The detailed examination leads to
the conclusion that this mode is nothing but the
drift-kink instability and is a possible candidate
for anomalous resistivity in the neutral sheet.
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Figure 5: Spatiotemporal structure of the (n =
1) mode of the magnetic field B, in the (t,y)
_plane. . C

3. Summary
. Dynamical behavior of thin current sheets con-

trolled by collisionless reconnection has been ex--

amined by means of three-dimensional EM parti-
_cle simulation in an open system which is subject
to an external driving source. Collisionless driven

reconnection evolves dynamically under the influ-

ence of three different types of plasma instabili-

ties excited in a thin current.sheet. Driving ‘elec- -

'ti*i_c'ﬁcld imposed at the b()ﬁndar_y'penetratcs into
the current sheet in-accordance with the propa-
gation of the lower hybrid drift wave cxcited.in

the periphery. When the electricfi¢ld reaches the

neutral sheet, collisionless reconnection is trig-

gered. Small islands, which are generated in the

downstream as a result of collisionless reconnec-
tion, suffer from the kink instability leading to
the destruction of the island structure. A low
frequency EM instability is also triggered in the
current sheet in the late phase when there is no
island structure in the system.
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Scaling behavior of a passive scalar with Sc =1 at small scales convected by turbulence is studied
by using high resolution direct numerical simulation. Obukhov-Corrsin constant of the scalar
spectrum in the inertial-convective range is found to be 0.66 + 0.04. The asymptotic 4/3law
for the scalar-velocity triple correlation is approached with increase of Péclet number. Structure
functions of the passive scalar increment are computed and their scaling exponents and dependency
on the Péclet numbers are examined. It is found that the scalar scaling exponent in the inertial-
convective range is a linear function of the order ¢ for large g, while that in the viscous-convective
range tends to a constant about 1.5. ‘ '
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Abstract

Stimulated Raman scattering and Cascade-into-Condensate mechanism induced by intense laser in underdense uniform
plasmas are studied by particle simulations {1D-PIC). Standing, backward-accelerated and forward-accelerated relativistic
electromagnetic {EM) solitons are observed after multiple interactions. In addition to the inhomogeneity of plasma density,
we found that the acceleration of solitons depends upon both the laser intensity and the plasma length. The backward
and forward solitons are accelerated towards the plasma-vacuum interface radiating energy in the form of low-frequency
EM bursts. The soliton frequency is about one-half of the unperturbed electron plasma frequency. The transverse electric,
magnetic and electrostatic field have half-, one- and one-cycle structure in space, respectively.

1. Introduction

Ultraintense laser-plasma interactions is a source of
various electronic instabilities [1-2]. When ultraintense
laser propagates in underdense plasma, electron para-
metric instabilities, such as, forward and backward stim-
ulated Raman scattering (F-SRS/B-SRS), and relativis-

tic modulational instability (RMI), can'develop [3]. They

do not appear isolated but are often interconnected.
A nonlinear inteiplay between B-SRS and F-SRS pro-
duces a strong spatial modulation of the laser pulse and
the cascade in its frequency spectrum. The continu-
ing instability growth through SRS cascade downshifts
the pulse frequency from the fundamental to the bot-
tom of the light spectra. The spectra of F-SRS clearly
reveal the Raman cascade containing the first anti-
Stokes, first-, second- and higher-order Stokes modes.
It gets saturated by the photon condensation mecha-
nism, related to strong depletion and possible break-up
of the laser beam. In the final stage of the cascade-into-
condensate mechanism, the depleted downshifted laser
pulse gradually transforms. into a train of ultra-short
relativistic EM solitons {3].

When a ultraintense laser pulse propagates in plasma,
dispersion effects come into play due to the finite inertia
with which plasma particles respond to the electromag-
netic (EM) field, while the nonlinearity appears due to
the plasma. density redistribution under the action of
the ponderomative force that pushes the plasma parti-
cles away from the region of maximum EM field. These
effects lead to well-known nonlinear phenomena such
as relativistic self-focusing, relativistic transparency of
an overdense plasma, and relativistic EM solitary wave
generation. Relativistic solitons are EM structures self-
trapped by locally modified plasma refractive index
through the relativistic electron mass increase and the
electron density depletion by the ponderomotive force
of an intense laser. They are generated behind the
front of the laser pulse and are made of nonlinear,
spatially localized low-frequency EM fields. A fairly
large part of the laser energy can be transformed into
solitons. The generation and structure of EM sclitons
were analytically investigated and observed by parti-

cle simulation in intense laser interaction with under-
dense and overdense plasmas [4-6]. The solitons found
in 1D and 2D particle simulations consist of slowly or
non-propagating electron density cavities with EM feld
trapped inside and oscillate coherently with a frequency
below the unperturbed plasma frequency and with the
spatial structure corresponding to half a cycle (sub-
cycle soliton) [5]. In a homogeneous plasma, solitons
were found to exist for a long time, close to the re-
gions where they were generated, and eventually decay
by transforming the soliton energy into fast partictes.
While,.in inhomogeneous plasmas, solitons move with
the acceleration proportional to the density gradient
toward the low density side. When a soliton reaches
the plasma-vacuum interface, it radiates away its en-
ergy in the form of a short burst of low-frequency EM
radiation [5-6].

In this paper, we present particle simulation results
on SRS, cascade-into-condensate and large relativistic
EM solitons created by linearly polarized intense laser
in underdense homogeneous plasmas. We found that,
in addition to the plasma inhomogeneity, soliton accel-
eration is controlled by, both the laser intensity and
the plasma length. In the rest, we just focus on the
laser intensity effect.” The frequency of the EM wave
trapped inside the soliton is about one half of the un-
perturbed plasma frequency. The soliton electric field
has the half-cycle structure in space, while:the mag-
netic field and corresponding electrostatic (ES) field
have the one-cycle structure.

2. Simulation Model

In our simulations, fully relativistic EM 1D3V-PIC
(particle-in-cell) code is used. Simulation system length
is 2700 ¢/wp in z direction, where ¢ and wy are the vac-
uum speed of light and the laser frequency, respectively.
Plasma length of 900 ¢/wy begins at x=0 and ends at
900¢/wy; in the front and rear side of the plasma there
are two 900c¢/wg long vacuum regions. Ions.are kept
immobile as a neutralizing background. The plasma
density and its initial electron temperature are n =
0.032n, and T, = 350eV, where ne = wim./ine?



is the critical density. The number of cells is 10 per
1 ¢/wy and 80 particles in each ceil. Laser is linearly-
polarized with the electric field £y along the y-direction
and the normalized amplitude 3 = eEy/mqwpc, where
e and m, are the electron mass and charge, respectively.
The electrons which enter vacuum region build a po-
tential barrier that prevents more electrons of leaving
the plasma. For these electrons as well as for outgoing
EM waves, two additional damping regions are used.
The time, electric field and magnetic field are normal-
ized to the laser period 2m/wy, muwoc/e and muyg/e,
respectively; the time is taken zerc, ¢ = 0, when the
laser arrives at the vacuum-plasma boundary.
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Fig.1: Spectra {a.u.} of reflected (left) and transmitted
(right} EM waves for 3 = 0.3.

3. Stimulated Raman Cascade and the Photon
Condensation Process

When laser pulse enters and propagates in under-
dense plasma, the first stage is dominated by B-SRS
process; matching conditions wy = w, + wex and kg =
ks + ky are well-zatisfied, where wy, w, and w.y are
the frequency of incident EM wave, scattered EM wave
and electron plasma wave (EPW), while, ko, k, and k,
are the corresponding wave number, respectively. For
example, for laser amplitude 8 = 0.3, the dominant
"ES wave is excited EPW with frequency wpe = 018wy,
and the corresponding backscattered Stokes wave with
frequency w, = 0.82wq (see Fig.1). As time goes on, fol-
lowing the B-SRS, complex nonlinear processes involv-
ing F-SRS and RMI develop, such as, spectral cascade
and broadening, which effectively transfer the laser pulse
energy to higher order scattering modes. A nenlin-
- ear interplay between B-SRS and F-SRS produces a
strong spatial modulation of the laser pulse and the
down cascade-in its frequency spectrum. Along the
propagation beam, there is typically the Raman cas-
cade in the light spectrum from fundamental laser fre-
quency toward lower frequencies. The first Stokes line
is significant, further along the propagation, the Stokes
mode becomes a new pump, which decays via a sec-
ondary Raman scattering, and so on. As shown in
Fig.1, the continuing instability growth through stim-
ulated Raman cascade downshifts the frequency spec-
trum from the fundamental to close to the perturbed

electron plasma frequency. The spectrum of the F-
SRS clearly reveals the linear Raman cascade contain-
ing not only the first anti-Stokes mode, but also the
first-, second- and higher-order Stokes modes. Para-
metric down-cascade of the laser pulse into the higher-
order B-SRS and F-SRS harmonics saturates into the
Photon Condensate at the bottom of the light spec-
trum, related to strong depletion and possible break-
up of the laser beam and relativistic electron heating
[4]. The process is eventually halted bellow the plasma
frequency, which is the cutoff for a laser propagation.
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Fig.2. Plasma density n/ny and EM energy density
E? + B? snapshots (averaged over X) for laser pulse,
A =0.3.

4. Standing, Backward- and Forward- Accelerated
Large Amplitude Relativistic EM Solitons

For laser amplitude 4 = 0.3 case, when SRS through
cascade-into-condensate is saturated, as shown in Fig.2;
a spatially localized, non-propagating electron density
cavity is created. Inside, the EM field is trapped and
oscillates coherently; that is, a large amplitude local-
jzed standing relativistic EM soliton comes into form.
In Fig.3 (top), the frequency spectra of EM and ES
waves trapped inside the soliton region are plotted. In
addition to the laser fundamental and the excited per-
turbed EPW, EM component with the frequency close
to 0.13wy, and corresponding ES component with the
frequency near to 0.87wyq are observed, one can see this
phenomenon roughly as a 3-wave resonant coupling.
The size of the soliton is about 5Xg (A is laser wave-
lengih in vacuum), close to the electron plasma wave-
length A, [5]. Fig.3 shows the structure of the soliton,
ES field E, (averaged over ), ) is the one-cycle struc-
ture, and the corresponding transverse electric field E,
(averaged over Mg ) is the half-cycle and the magnetic
field B, is the one-cycle strncture. The spatial EM
structure is oscillatory in time, but the ES structure
is not. The explanation comes directly from Maxwell’s
equations. The Faraday law gives B, ~ 9E,/dr; in-
deed, the z-derivative of the Gaussian soliton profile
E, gives B; in Fig.3. Similarly, from the Poisson equa-
tion, integration over -z of the Gaussian density cavity
(Fig.2) leads to the ES field E, in Fig.3. Moreover,
PIC data and analytics e.g. eqs (4-7) of [6], show that
zero-harmonic term dominates the electron density per-
turbation (ponderomotive term). Therefore, the Pois-
son equation gives the corresponding non-oscillatory



ES field, like E, in Fig.3.
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Fig.3. Spectra (a.u.) of EM and ES waves inside the
soliton, and profiles of ES field, E_, transverse electric
E, and magnetic field B;, for 3 = 0.3.

However, by increasing the laser amplitude to § =
0.5, as shown in Fig.4, the soliton dynamics appears
different to that in the standing soliton g = 0.3 case.
The observed, large localized EM soliton is backward-

accelerated towards the plasma-vacuum interface, where

it radiates its energy away in the form of low-frequency
EM burst, due to a non-adiabatic interaction with the
plasma boundary. As a result, one observes a very
high transient reflectivity. As we further increase the
amplitude to 8 = 0.7, as shown in Fig.4, large-local-
ized EM soliton can be still detected. However, the
interesting feature is that the soliton is now forward-
accelerated. Again, the soliton at the plasma-vacuum
(rear)} interface irradiates its energy away in the form
of low-frequency EM waves. During the solitary wave
radiation very high transient transmittivity can be de-

tected.
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Fig4. The EM energy density E2 + B2 snapsfmts for
B = 0.5 {top) and for 8 = 0.7 (bottom).

The frequency of backward and forward accelerated
solitons was measured close to 0.5wye; the size and
the structure were similar to the standing soliton 8 =
0.3 case. Furthermore, the EM energy density profile
shows that the front value is larger than at the rear
side of the soliton; still, for large amplitudes, the dif-
ference is greater than that in the 3 = 0.3 case. The

difference in EM energy appears to be mainly trans-
ferred to the soliton, also partly to other processes
{(e.g. heating). The steep EM energy gradient over
the short transition layer of the soliton length (c/w, -
classical skin depth) corresponds to the ponderomotive
force acting on plasma electrons. The resulting accel-
eration will push the electron cavity with the soliton in
the forward direction. Basically, the longitudinal elec-
tron motion is determined by the balance of the ES
field and the ponderomotive force terms [6] . The large
flow of relativistic electrons in forward direction due
to SRS, which drives ES fields, gets compensated by
a cold (bulk) return current which moves plasma elec-
trons backwards. Possibly, this is why at moderate in-
tensity. solitons are found to move backwards. At larger
amplitudes, the ponderomotive term prevails, the ac-
celeration is reversed. and solitons are pushed forwards.

5. Discussions and Conclusions

Our other results do not comply with some of the
earlier explanations apart from the standing soliton
case [3-6]. Solitons move with an acceleration propor-
tional to the density gradient towards the low density
side due to the inhomogeneity of plasma density {3].
However, we found that in underdense homogeneous
plasmas, apart from standing solitons, by varying the
laser intensity, we could also detect the backward and
forward accelerated solitons. Different plasma length
and laser amplitude can change the complex details of
the relativistic laser-plasma interaction. For example,

‘the SRS cascade, photon condensation, electron accel-

eration and heating, and so on; can largely affect the
soliton formation, its structure, acceleration and dy-
namics. To our knowledge, our results on acceleration
of large relativistic EM solitons in the underdense ho-
mogeneous plasma layer have not been presented in
the past theoretical and simulation studies [5]. Fur-
thermore, despite a large number of earlier works, a
clear interpretation of the nature of the acceleration of
soliton in uniform plasmas appears to be lacking.
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LHD Equilibrium with Zero Rotational Transform Surface
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In the Large Helical Device (LHD) [1}, an MHD equilibrium with both deep magnetic
well and high magnetic shear in the plasma core region attracts much attention from a
point of view of improved MHD stability and plasma confinement. In the LHD, such an
equilibrium can be realized by a large Ohkawa current [2-4] induced by counter neutral
beam injection. In a plasma with a net subtractive toroidal current of about -100 kA/T,
the rotational transform is expected to be below zero around the magnetic axis.

A helical equilibrium with a zero rotational transform surface was studied in the He-
liotron E experiment [5]. When a rotational transform at the center was below zero, ‘strong
MHD activities were observed and were guessed to be explained by an m/n = 1/0 resistive
tearing mode, where m is a poloidal mode number and n is a toroidal mode number. The
result seemed to be understood by a numerical analysis employing a low beta resistive
MHD model for a straight heliotron-like configuration [6]. The numerical study of Ref.
[6] also showed that when the resonant surface existed near the axis, the m/n = 1/0 tear-
ing instability was weak and the magnetic island width saturated. This result Sﬁggests
the possibility of existence of the equilibrium having a zero rotational transform surface.
From these previous studies [5,6], at first we should investigate whether or not an LHD
equilibrium having a zero rotational transform surface can be allowed.

Numerical analysis of the equilibrium is carried out by using the HINT code [7-10]. A
relaxation process computed by the HINT code starts from the vacuum configuration with
By = 1.5'T and Ry = 3.75 m, and the initial pressure profile given as p = po(1—s*)(1-s),
where By is the magnetic field strength at the magnetic axis, Ry is the major radius of the
axis, pg is pressure at the axis, and s is the normalized toroidal flux. As shown in Fig. 1,
we find that an LHD equilibrium having a zero rotational transform surface is possible to
exist. Here the equilibrium beta value 3 is 0.56 %, and the total net toroidal current I, is
-100 kA/T. We assume that a net toroidal current density modeling the Ohkawa current
is given as j oc —(p/po)?. Profiles of rotational transforms and pressure are plotted in
Fig. 2. In the field line structure of Fig. 1, we see two islands. The central island has
a negative ¢/27, and the other island with the n = 0 mode, located around the central
one, has a zero rotational transform around an O-point of the central island, as shown in
Fig. 2. The LHD equilibrium maintains a homoclinic-type structure [9} composed by the
islands near the center, when 3 increases. We can consider that this field line structure



is general for both helical and tokamak plasmas, because the toroidal mode number of
the islands is zero. The magnetic axis and the central rotational transform are plotted
with an absolute value of the total net toroidal current |;| in Fig. 3. As || increases, the
axis shift to the outside of the torus increases and the rotational transform around the
center decreases to zero. When the central rotational transform crosses zero, however,
the Shafranov shift of the axis reduces. This is because of the topological change of the
field line structure around the center.
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Figure 1. Poincaré plots of field lines at the horizontally elongated poloidal'cross section
in the LHD equilibrium with 3 = 0.56 %. The total net toroidal current I, is -100 kA/T.
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Figure 2: Profiles of rotational transform :/27 (solid circle) and pressure (open circle)
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Figure 3: The Shafranov shift of the axis for 1) open circle: 3 =~ 0.56 %, 2) open square:
3 = 1.7 %, and 3) open triangle: 3 ~ 3.8 %. A dotted line represents the positions of the
axis in the vacuum. The central rotational transforms for 1) cross (x): § = 0.56 %, 2)
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module
real (kind=kreal},save,dimension(npm,npe):: XY.2Z,VX, VY, V2
c-----work arrays

real (kind=kreal), save,

& dlmensmn(() ‘ngXmx, 0: ngymx 0:ngzmzx,lr,npe)
& . :: workp
Thpf$ processors p(nhi)ﬁ

thpf$ distribute (*,block) orit.(l) pix _;,rz VX,VY,VZ
Thpf$ align workp(* *;*,* i) with x(*,i) -
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FHESET, & HPF 7ot ATHE LHEAEERIT I,

charge

thpf$ independent, new(ipe j kk,il,iu,nl,nl Ir1,ist,
Thpf$& jx,jy.jz.ddx,ddy,ddz nadd)
do ipe=1,npe

ledir novector
‘do j=1,nl
ledir nodep
do kk=1, Ir1 -
i =1st + kk
ix =x(ii,ipe)

workp(jx,jy,jz.kk,ipe)
& . = workp(ix,jy,jz.kk,ipe)
& +(1.0d0-ddx)*(1.040-ddy)*(1.040-ddz2)

'hpf$ independent, new(ipe,lk,j,i),reduction(rho)

do ipe = L,npe
'edir select{ CONCUR') -
. do k=0,ngz
do 1=1,lr,4
do j=0,ngy
ledir nodep _
cio 1=0,ngx
rho(i,j k)= rho(ij k)
& 4 qdxdydz*(workp(i,j k] ipe)
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Excitation of Polar Thermal Convection in a Rotating
Spherical Shell

Norio ISHIHARA !
Theory and Computer Simulation Center,

National Institute for Fusion Science,
Oroshi-cho 322-6, Toki, 509-5292, Japan

The thermal convection in a rotating spherical shell or a rotating sphere with a spherically
' symmetric gravity force has been studied extensively as a fundamental problem in geophysics
and astrophysics. The convective flow in the outer core of the Earth composed of liquid
metals is a typical e_j;ample. It is believed that this flow causes generation and reversals of
the geomagnetic field. However, the dynamical relationship between the fluid motion and
these geomagnetic phenomena has not been well understood yet because high Taylor number
and high Rayleigh number make the flow very complicated in both space and time.

The purpose of this study is to clarify the dyna.mlcal relatlonshlp We performed direct
numerical simulations of thermal convection in a rotating spherical shell which is driven
by temperature dlfference between the inner and the outer bound.mes against a grav:ty
force pointed to the system center. Here, we erort thc physmdl properl;les of convection
when the convective state is far from the onset, at a relatively high Tdylor number such
that the convection c¢olumns extend to the outer bounddry along the rotation axis. There
are four control” parameters in this system; the radius ratio 71 of the inner sphere to the
outer, the Taylor number Tq, the Rayleigh number Ra, and the Prandt] number Pr. The
Rayleigh number characterizes the onset of convection of the system. Here, we investigate a
qualitative change of thermal convection depending on Re up to 90 times the critical value
Ra, (=122 x 10%), while the ather parameters are fixed such as Ta=1.6x10°, Pr = 1 and
7= 0.5. o

Simlation results are sumﬁmrized as follows. thn thL Rayleigh number is near the
cntlca,l a convective flow is active only outside the tangent cylinder (Flgurt, 1). It is induced
by aeverdl convection vortlces which are elongated in parallel to the rotation axis. This
convection is steady or quasi-steady. For the Raylelgh numbers exceeding around 5 t1mes
the critical, the convection is excited also 11151dc the tangent cyhnder ie. in the polar region.
For the Rayleigh number beyond 10 times the critical, the convection in the tangent cylmder
is more active than that in the outside. It is turbulent and accompamed by high- temperature
blobs which extend toward the outer boundary, contrlbutmg high heat transport. The ra.tm

! E-mail address: ishihara@toki.theory.nifs.ac.jp
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Figure 1. Division of a spherical shell. The tangent cylinder indicated by two dotted lines
cuts the spherical shell into three domains, Vi, V4, and V3, whose boundaries on the outer
sphere are denoted by S|, Sz, and Sj, respectively. The domains V) and V; are called the
polar regions and V; the equatorial region. Likewise, S; and Sg are called the polar surfaces
and S; the equatorial surface.

Figure 2. Rayleigh number dependence of the local Nusselt numbers. Solid and open circles
represent the polar and the equatorial Nusselt numbers, Vo' and Nu'® ' respectively.
A solid and a dotted line represent the poveer | ]aws Na® x Ra®9 and Nu'® x Ra®%
,respectively.

of strengfh of convection inside and outside the tangent cylinder takes the largest value when
the Rayleigh number is around 20 times the critical (Figure 2). At further high Raylelgh
numbers, the convection field tends to be isotropic over the sphere.

The more active convective motion in the polar regions excited at a range of Rayleigh
numbers observed above is expected to play some important roles in the thermally driven
MHD dynamo in a rotating spherical shell (Glatzma.iér and Roberts, 1997; Christensen,
Olson and Glatzmaier, 1998; Kitauchi and Kida, 1998). The random and intermittent
reversal of the dipole axis observed in the geomagnetic field is one of most relevant examples.
It is an important difference between the polar and the equatorial regions that the latter is
connected across the equator whereas the former is not. That is, the fluid motions in the
northern and southern hemispheres tend to be strongly coupled in the equatorial fcgion (n.b.



the Taylor-Proudman theorem), whereas those in the polar regions are independent of each
other. This suggests that the north-south symmetry is less robust in the polar regions than
in the equatorial region. Therefore, if a strong magnetic field of dipole tyi)e is generated in
the polar reg'ions then it is more likely for the axis of the dipole to reverse its direction. The
MHD dynamo s1mulat10n to mvestigate this phenomenon is now under way, a,nd the results ‘
will be reported elsewhere in the near future
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