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abstract

The drift-kink instability in field-reversed configurations with a beam compcnent is investigated by means
of a three-dimensional particle simulation. The unstable mode with the toroidal mode number n = 4 grows
with the rate v ~ 0.1 — 1.0w,, for a strong beam current and deforms the plasma profile along the beam
orbit in the vicinity of the field-null line. This mode 1s nonlinearly saturated as a result of the relaxation
of current profile. Both the saturation level and the growth rate tend to increase as the ratio of the beam
current t¢ the plasma current fp/f, increases. It is also found that there is a threshold value of the beam
velocity vy ~ v7, (lon thermal velocity) for the excitation of the instability.
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1 Introduction

The compact torus is attractive for a fusion re-
actor because it has some superior features com-
pared with the representative nominated reactor.
e.g., tokamak. Since the diamagnetic toroidal cur-
rent creates the poloidal magnetic field, it does not
need the toroidal coil inherently, then the size of the
compact torus reactor tends to be smaller. Fur-
thermore, since there is no structure intersecting
plasma torus, it is easy to transfer the plasma along
the axial direction for the additional heating or the
fuel supply. A field-reversed configuration (FRC) is
grouped into the compact tori. Since the pressure
of plasmas confined within the separatrix reaches
its maximum value in the vicinity of the O-point
(the field-null line) and the toroidal magnetic field
does not exist ideally, the averaged plasma beta {§)
tends to be high in FRC plasmas ({3) ~ 1).

Tiit instability is known as one of the most dan-
gerous instabilities to disrupt FRC plasmas com-
pletely. The analysis based on the ideal magne-
tohydrodynamic (MHD) theory predicts that FRC
plasmas will be unstable against the tilt mode if the
shape of its magnetic separatrix is prolate.’ % How-
ever, many experimental observations show that
FRC plasmas remain stable much longer than the
tilt growth time.*~® Until now, many physical ef-
fects which are not taken into account in an ideal
MHD theory have been studied in order to ex-
plain this contradiction.” 12 Recent studies!®!* by
means of the three-dimensional particle simulation
have revealed that the tilt mode is stabilized for a
large plasma beta value at the magnetic separatrix

{Bsp = 0.2) by the anchoring ions which play a role
to hold the unstable internal plasma to the stable
external plasma. The value of f;, is observed to
be around 0.5 in actual experiments.!> This may
give an explanation why the tilt instability has not
been chserved in many experiments.

In order to apply FRC plasmas for nuclear fu-
sion device, not only stability but also confinement
should be improved to be better. The particle con-
finement is generally improved to be better as the
Bsp decreases, while it becomes impossible to sup-
press the instability only by decreasing 5,,. Then
the other stabilizing method is needed for future
devices. Over the last few decades, the beam injec-
tion into FRC plasmas is considered to be utilized
for suppressing the unstable mode.'®~1® Horiuchi et
all* carried out the three-dimensional macroscale
electromagnetic particle simulation to investigate
the ion beam effect in the stability of FRC plasmas
and found that the beam injection is effective 1o
keep FRC plasmas stable.

Recently, we have found from the detailed anai-
ysis of the simulation data'? that a low frequency
electromagnetic instability grows in the vicinity of
the field-null line for a peaked current profile with a
localized ion beam and saturates in the early phase
of the simulation. This kink-like mode locally de-
forms the plasma profile on the midplane. The
detailed analysis leads us to the counclusion that
this mode can be the drift-kink instability (DKI)
excited in the FRC plasmas. In a field of space
plasma physics, the stability of a current sheet has
been an interesting subject in connection with the
energy release of substorms. The DK is a represen-



tative instability of a current sheet and is thought
to be one of the candidates of the origin for the on-
set of substorms. Several theoretical analyses (e.g.,
kinetic theory*®?° and two-fluid theory®!??) and
simulation studies?!:23? concerning the DK in the
Harris equilibrium® have been made. According to
these analyses, the DKI is triggered in the encugh
thin current sheet and the low frequency electro-
magnetic mode is excited at the center of the neu-
tral sheet. The drift motion of ions along the cur-
rent sheet is important for the development of the
DXI. Tt has been shown that the growth rate of the
DKT tends to decrease as the ratio p; /L decreases,
where py is the typical ion gyroradius and L is the
sheet thickness. The critical thickness has been es-
timated to be p,0/L ~ 1.2 The plasma profile on
the midplane of the FRC plasmas considered in our
simulation model is very similar to the Harris equi-
librium. That is, the strong antiparallel magnetic
field exists at the both sides of the peaked beam
current, the width of which is comparable to the
typical ion Larmor radius.

The purpose of this paper is to examine the
properties of this new instability appeared in FRC
plasmas with a beam component. The cutline of
this paper is as follows. We describe in detail our
simulation model and method in Sec. 2. Simula-
tion results are discussed in Sec. 3. Summary and
discussion are given in Sec. 4.

2 Simulation Model

We consider FRC plasmas confined by a uni-
form external magnetic field By within the cylin-
drical conducting vessel. The height of this ves-
sel Z, is fixed to 6 times the vessel radivs R,
in this paper. The time development of all par-
ticles (thermal ion, thermal electron, and beam
ion) and field quantities are solved with using the
three-dimensional electromagnetic particle simula-
tion code.® It is assumed that the physical quanti-
ties are periodic at the boundary of 2 axis and the
vessel wall is a rigid perfect conductor. The parti-
cles are elastically reflected at the vessel wall. The
equations to be solved are the equations of motion

div,v,) _ g v,

i mJ(E-I- 2xB), (1)
dz

?ti = 'Uj‘ T (2)

and the Maxwell equations
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V-E = dmp, {3)
V-B = 0, (6

where (%), v,(t), m, and g, are the position, the
velocity, the rest mass and the charge of the jth
particle, and the relativistic v-factor of the jth par-
ticle is defined by

o= 1=y, v5)/c?. (7)

The current density j(z, t) is obtained by summing
over all the particles, namely,

Ntot

i@ty =" qu,(t) Sz —z,(8)], (8
1=1

where Ny, is the total number of particles and S(x)
is the form function of particles.27-28

Particle pusher and gather processes are carried
out in the rectangular coordinates (x,y, z) where
the simulation domain is implemented on a (49 x
49x 32) point grid and its volume is given by (2R, x
2Ry x 2Z5). On the other hand, the electromag-
netic field is solved in the cvlindrical coordinates
(r,6, z} so that the boundary condition on the con-
ducting wall can be satisfied with a high precision.
The cylindrical vessel is embedded inside the rect-
angular simulation box so as to contact its sur-
face with four sides of the rectangular box. The
(33 % 32 x 32) space grids are used in this calcu-
lation. We have examined the numerical stability
and accuracy of this scheme by changing the sim-
ulation parameters such as the number of space
grids, number of particles, and so on, and have cho-
sen their values. It is found that one of the most
effective methods to reduce a numerical noise and
obtain physically reliable results is to increase the
number of particles in a cell. The total number
of thermal particles is fixed to 10% in the present
simulation.

Two-dimensional MHD equilibrium solution is
used for an initial profile of the simulation. In the
case where the beam ions exists, we adopt the MHD
equilibrium including a beam component,

1.
~VP+ s x B=0, (9)

i .
VxB==(jy+3), (10)

with the Cobb’s pressure model', which can con-
trol both the current profile and the beta value at
the separatrix easily,

_ [ Po(Eo~x—3Dx*) forx<0
P(®) = { PyKge X/ %o for x > 0,
(11)



where j, is the diamagnetic current density, 7, 1s
the beam current density, P(= P, + P,) s the total
pressure, x = ¥/|¥, .|, ¥, is the value of ¥ at the
field-null {(x = —1), and P, is constant. The pa-
rameter Ky is represented by two important param-
eters, 3y, and D as Ky == Fep{l — D/ (1 = Bsp).
The parameter J,, 1s the normalized pressure value
at the magnetic separatrix on the midplane and
also represents roughly the plasma beta value at the
separatrix, D is the hollowness parameter which
controls the current distribution. That is to say,
the current profile of the equilibrium state. jq /7.
becomes peaked for D < 0, flat for D = 0. and
hollow for I > 0. If the beam current density is
determined, the set of these equations can be solved
numerically under the assumption that the number
density of beam ions is much smaller than that of
thermal ions. The spatial distribution of beam cur-
rent is assumed to be in a Gaussian form, of which
the standard deviation is given by 0.23(r,, — R) for
the radial direction, where 7, and R is the sep-
aratrix radius and the radius of the field-null on
the midplane, respectively, and 0.23{ry — R} x E
for the z-direction, where E is the separatrix elon-
gation. For an initial condition, we assume that
the beam ions are injected along the azimuthal di-
rection with the toroidal velocity v, and the tem-
perature T, = 0. The velocity v; and the center
position r, of beam distribution are determined so
as to satisfy the force balance equation. Figure 1
shows (a) the contour plots of thermal ion density
and (b} that of beam ion density in the poloidal
cross section in the initial equilibrium state. The
outer curved line represents the magnetic separa-
trix in each figure. As the figure indicates, the den-
sity distribution of beam ions is concentrated in the
vicinity of the field-null line on the midplane.

In this calculation, all the physical variables
are normalized by the following four fundamen-
tal quantities : ¢ (speed of Hght), gn (elementary
charge), my (electron mass), and wy (electron cy-
clotron frequency defined as gqnBy/mwc). The
number of beam ions can be changed freely as one
of the controlled parameters in this simulation. It
is also assumed that the beam ions are the same
kind of thermal ions, i.e., g = ¢, where g; is the
charge of the beam ion and g, is that of the thermal
ion.

The profile control parameters are fixed to 5, =
0.02 and D = —0.6 for all cases. The particle con-
finement should be improved to be better in order
to apply FRC plasmas for nuclear fusion device,
as we have mentioned in Sec. 1. For that rea-
son, the low value of 3, is desirable. On the other
hand, it has been shown that the profile specified

by these values (3, = 0.02,D = —06) becomes
unstable against the tilt instability if a heam com

ponent does not exist.’* Qur original amn of inyec

ing ion beams into FRC plasmas is to examine the
ionl beam effect on the tilt instabilitv. Thus we
have chosen these values as a typical example of
the unstable profile for the tilt mode and carred
out simulation runs.

b Z

Y
@ (] (b)

i

()

Fig. 1. Contour plois of {a) the thermal ion density and
{b} the beam 1on density in the poloidal cross section at the
initial period The columns represent the conducting vessel

and the magnetic separatrnx 1s also depicted 1 each figure

3 Simulation Result

The typical parameiers are as follows : the
mass ratio is m,/m. = 50, the lon cyclotron fre-
quency defined by the vacuum magnetic field By
is wy, = 0.02%wp . the ion thermal velocity is vy, =
0.015¢, the ratio of thermal ion temperature to
thermal electron temperature is T,/7, = 1. the
radius of the cylindrical vessel is R, = 5.63c/wx
(= 7.5vy,/we ), and the toroidal current of thermal
plasma is I, = 8.9gywy. The Alfvén transit time
ta (= Ry/vs where v, is the Alfvén velocity de-
fined by the ion density at the field-null line and
the magnetic field at the wall on the midplane) 15
nearly equal to 20{}w;-1. The other important pa-
rameters used for the simulation are listed in Table
1

Figure 2 shows the radial distributions of the
current density on the midplane at three different
time periods for the case RA5. The typical pro-
file of the current density with a beam component



has a sharp peak in the vicinity of the field-null
line at the initial stage. The sharpness of the ini-
tial current distribution generally tends to be large
as the current ratio Iy/I, increases. One can see
in Fig. 2 that the peaked current profile relaxes
to the smoothed profile as time elapses. This re-
laxation is followed by both the decrement of the
beam velocity v, and the spread of the distribution
of beam ions in the radial direction.
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Fig. 2.

density on the midplane at three different time periods for

Radial profile of the averaged toroidal current

the case RA5, where ryp and R is the separatrix radius and
the radius of the field-null on the midplane, respectively.

th=1

Fig. 3.

(left) the # —r space and (right) the 8 — z space for the same

Time sequential plots of beam ions projected on

case as Fig. 2.

Fig. 4. Time sequential color-coded plots of (a) the mag-
netic field B. contours and (b) the perturbed magnetic field
AB; contours on the midplane for the same case as Fig. 2.
(i) ¢/ta = 1.0, (ii) 1.5, (iii) 2.0, (iv) 2.5.

In order to make clear the behavior of beam
ions, we plot the distribution of all beam ions in
Fig. 3 for the same case as Fig. 2. The left and
right panels show the time evolution of the distri-
bution of beam ions in the # — r space and that
in the 8 — z space, respectively. The wavy struc-
ture is generated in the @ — r space as time elapses,
thus the beam ion distribution changes dramati-
cally from the initial distribution. On the other




hand. the ion distribution in the 8 — z space hardly
changes. Since the magnetic field is dominated by
the z-component on the midplane, the deviation
of the beam profile develops in the perpendicular
direction of the magnetic field.

Figure 4 shows (a) the time development of the
color-coded contour plots of the z-component of the
magnetic field B, and (b) that of the perturbed
magnetic field AB, on the midplane. where AB,
is defined by B,{#)— (B, (t); (the bracket stands for
the average in the toroidal direction). The strong
deformation of the magnetic profile occurs in the
vicinity of the field-null line, where the current den-
sity with a beam component steepens. It is also
found that the mode pattern slowly rotates in the
toroidal direction with the real frequency w, =
0.13w,, for this case. This value is much smaller
than the rotation frequency € (= w /7 ~ 1.10w,,),
the drift frequency w. (= kgvy ~ 4.4w,,), and the
betatron frequency in the radial direction ws, (~
1.47w,). This mode propagates in the same direc-
tion as the beam circular motion. Judging from
the mode pattern of the perturbed magnetic field,
it seems reasonable to suppose that this unstable
mode corresponds to the DKI driven by the peaked
current. The real frequency of our simulation re-
sults, however, is a little smaller than that obtained
from the previous analyses,'®~#* which is roughly
within the range from 0.1w,, 0 we,. The difference
may be explained in terms of both the geometry
and the equilibrium profile.
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Fig. 5. Time history of the mode amplitude ABL™ for
different values of toroidal mode rnumber n for the same
case as Fig. 2.

The time histories of the amplitude ABY of
each toroidal mode (n = 1 ~ 7) are shown in Fig.
5, where the magnetic field is measured at the ini-

tial position of the beam ion ry on the midplane.
The n = 4 mode grows dominantly and its ampli-
tude is saturated 1n the early phase of the simu-
latlon {t/t4 = 2) Ths period corresponds to the
time when the initizl peaked current profile with
the half-width L & p,p relaxes to the smoothed
profile of L > p,y (see Fig. 2). This suggests the
instability is nonlinearlv saturated as a result of the
relaxation of the current profile. In other words.
the ion beam which is localized in an unmagne-
tized narrow region (L < pyp) spreads over the
magnetized wide region (L > p,;) as a result of the
nonlinear evolution of the DKL Thus, the ion mag-
netization effect may stabilize the DKl for L > py.
The growth rate of this mode can be estimated to
1.14w,, from Fig. 5. The toroidal mode number n
of the most unstable mode is found to be 4 for all
cases in our simulation. Both the real frequency
w, and the growth rate v of the n = 4 mode are
summarized in Table L.

In Fig. 6 (a), the maximum saturation ampli-
tude of the perturbed magnetic field is shown as a
function of the beam velocity v, /v, for the cases
of Ny/N, = 0.01 and Ny/N, = 0.02. Although the
maximum amplitude increases with the beam ve-
locity v;/vr, for both cases, one can see that the
amplitudes for Ny/N, = 0.02 become larger than
that for N, /N, = (.01 in the case of the same beam
velocity. It is interesting to notice that the growth
rate is negligibly small for vy, < wr, and it starts
to increase with v, as soon as v, becomes larger
than vr,, regardless of the value of Ny/N,. This
phenomena can be explained in the followings. We
have a rough relation vg/vr, ~ pyp/L for an MHD
equilibrium, where vy 18 the average drift velociry,
p.0 is the typical ion Larmor radius and L is the
scale length of an equilibrium profile. For a weak
beam (vs < vr,), the scale length L is given by
rsp— R (> pw). Le. vg/vr, ~ po/L < 1. The DKI
is stable for p,o/L < 1.2® Because the beam is in-
jected in a narrow region (L ~ (rs — R)/5 < pig).
the scale length decreases with the beam velocity
or the beam current. We have the relations as
va/vr, ~ Ww/vr, ~ po/L > 1 for a strong beam
(vy > vr,)- Thus, the strong beam of vy /vy, > 1
destabilizes the DKI because pp/L > 1. In Fig.
6 {b), the maximum amplitude of the perturbed
magnetic field are shown as a function of the num-
ber ratioc N; /N, for the cases of v /vy, = 2.00 and
vy /vr, = 4.00. The maximum amplitudes hardly
increase with the number ratio for v/vp, = 2.00.
On the other hand, the amplitudes dramatically
increase with the number ratio for v /v, = 4.00.



(A5
N w ——
..‘-‘..-u-........
....
©

| i q
s 9
1r /,@I 001 -
.
"";@’ ' 1 1 i 1
0
0 2 4 : !
(a) o
6 . | |
5| P _
velvri=4.00
4t |
S _
a il vplvr=2.00
1 c""" PRI o
o L& |
0 001 002 003 004
© Ny/N;

Fig. 6. Dependence of the saturation levels of the n = 4
DKI on (a) the beam velocity v /vy; for two different values
of Np/N; : Ny/N; = 0.01 {open circles) and Ny/N, = 0.02
(closed circles), and (b} the number ratio Np/N, for two
different values of v e, ¢ vg/vr; = 2.00 (open circles) and
vy [y, = 4.00 (closed circles).

Figure 7 shows the dependences of the growth
rate of the n = 4 drift-kink mode on v, /vy, and
Nj/N, for the same cases as Fig. 6. The growth
rate is evaluated by the time development of the
perturbed magnetic field, as we have seen in Fig. 5.
1t is clear that the growth rate v tends to increase
as either the beamn velocity vp/vr, or the number
ratio N3 /N; becomes larger. On the other hand,
Fig. 7 indicates that there exists the lower limit of
the beam current to excite the DKL
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Fig. 7. Dependence of the growth rates of the n — 4 DKI
on (a) the beam velocity v, /v, for two different values of
Ny/N; : Np/N; = 0.01 {open circles) and Np/N, = 0.02
{closed circles), and (b) the number ratio Np/N, for two
different values of vy /vy, : vp/vg, = 2.00 (open circles) and
vy for, = 4.00 {closed circles).

From these results it is concluded that the new
instability excited in the vicinity of the field-null
is the drift-kink instability driven by the peaked
beam current.

4  Summary and Discussion

We have investigated the new electromagnetic
instability excited in the vicinity of the field-null
line of FRC plasmas by means of a three-dimensional
electromagnetic particle simulation. The detailed



analysis leads to the conclusion that this instabil-
itv corresponds to the drift-kink instability {DKI)
driven by the peaked beam current. The important
results are summarized in the followings :

(i) In FRC plasmas with a beam component. the
DXKI is locally generated along the orbit of
beam ions in the vicinity of the fleld-null line
and saturates in the early phase (0 < t/is <
2). The deviation of the profile mainly de-
velops in the perpendicular direction of the
magnetic fieid B, on the midplane.

{(ii) The toroidal mode number of the most unsta-
ble drifi-kink mode s n = 4 in our simu-
lation. The real frequency w. of this mode
is observed within the rapge from 0.02.,, to
G.15w,,.

(i} The saturation level of the amplitude and the
growth rate 4 of the drift-kink mode tend to
increase as the number ratio N,/N, or the
velocity of beam lons v, /vy, increases.

The first result, (i), means that the DKI grows
faster than the tilt instability. The tilt mode has
been observed tc grow prominently during 2 <
t/ta < 4 for the no beam cases.'®* The DKI which
deforms the local structure of an equilibrium cur-
rent density may have an influence on the global tilt
instability. The correlation between the growth of
the DKI and the tilt suppressior is an important
issue in the future research.

We comment on the rapid growth and the satu-
ration of the DKI. In case of the particle simulation,
the initial profile consisting of particles does not
exactly coincide with the MHD equilibrium pro-
file because the Larmor radii of particles are finite.
Therefore, the initial profile relaxes into the par-
ticle equilibrium profile in one ion gyration period
(2wfwy ~ 0.4t4). On the other hand, the DKI
takes a longer time {(t/t4 ~ 2.0 — 3.5) reaching to
the saturation level. Thus, it is always possible
to distinguish the initial relaxation phase from the
growing phase of the DKL

The second result, (i), suggests that the real
frequency of our simulation results is a little smaller
than that obtained from the previous analyses con-
cerning the DKI in the Harris equilibrium, as we
described in Sec. 3. However, one may expect
that the difference concerning the real frequency
is caused by the difference of the profile between
FRC plasmas and the Harris equilibrium.

Let us consider why the n = 4 mode is domi-
nant in all simulation runs. According to the lin-
ear analysis,?? the maximum growth rate depends
on the parameter k.Ly ~ nLy/R, ie., the half-
width of the beam profile L,. For all cases discussed

above the half-width L, is approximately given by
{rp — B)/53 In order to confirm this point. we
carry out another simulation run with a different
value of Ly. Shown in Fig. 8 is the temporal evolu-
tion of the mode amplitudes for L, = 0.099R5. It
is clearly seen in Fig. 8 that the dominant mode is
not n = 4 but n = 5, and the FRC plasma relaxes
into a nonlinear saturation state in a relatively long
time (t ~ 3.5¢4). This problem should be discussed
in detail elsewhere.

101 - T T T T T T 3

= [T =

r n=2 ————— ]

- P o By .

0 o in=4 ——| |

EN 10 é FI=5 =

3 F n=6 - ]

< - n=7 - 4

107 ;
10'2 L 1 ] 1 I 1
0 1 2 3 4 & B

s

Fig. 8. Time history of the mode amplitude AB™ tor
different values of toroida! mode number n for the case
Ny /N, = 0.01,wp/vpr, = 5.77, and the half-width of the
beam profile L, = 0.095Rp.
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