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Abstract

The filamentation instability for a light ion beam (LIB) penetrating plasma is
investigated. For the stabilization of the filamentation instability, an external magnetic
field which is parallel to the direction of the light ion beam propagation is applied. From
a dispersion relation, linear growth rates of filamentation instabilities are obtained in a
light ion beam-plasma system with an external magnetic field. Numerical simulations
are carried out using a particle-in-cell (PIC) method. The stabilizing mechanism of the
filamentation instability is described. The theory and simulation comparisons illustrate

the results.
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In the investigation of the inertial confinement fusion by LIB [1-3]. 1t is the cential
problem to propagate the beam stably through the plasma. There are many mvesti-
gations of numerous instabilities in relativistic electron beam [4], heavy ion beam [3]
and light ion beam [6,7] propagations. Filamentation instability [8] is one of the insta-
bilities which is deleterious in the stable propagation of the beam through the plasma.
The rotating light ion beam scheme [9] has been proposed for the stable propagation of
the beam. We have theoretically reported the stability of the filamentation instability
by the application of the external magnetic field which is induced by the rotating ion
beams [10]. In this paper. we report on numerical studies of the stabilization of filamen-
tation instability in a light ion beam-plasma system with an external magnetic field.
In this paper. we only consider the model of spatially infinite collisionless. charge, and
current neutral system with light ion beam propagation velocity V., and hackground
plasma at V., of species s = ¢ (plasma electrons) or 7 (plasma ions) along Bj which is
an external magnetic field in the z-direction. We only consider electiomagnetic modes
with k; normal to V ., induced electric fields S E parallel to V _;, and induced magnetic
fields 8 B normal to both V', and §E. The dispersion relation for the filamentation
instability has been investigated for a beam-plasma system with external magnetic
field. For a monoenergetic beam with Maxwellian thermal spread vy, of transverse
velocities, and a background plasina with a Maxwellian thermal spread v7, {(s=e.i).
assuming that the jon beam density #, is smaller than the background eleciron density

n,, the relativistic linear dispersion relation is given by [11]
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Fiom E.(1). we expect that the maximum growth rate of the Alamentation instabil-
ity 1s stabilized by the external magnetic field and the beams can propagate without
triggerring the filamentation instability or with having sufficiently slow filamentation

growth.



In order to stmulate a filamentation instability, we perform a numerical calculation
using an electromagnetic particle in-cell code [12] for the beam-plasma system. The
code is two-dimensional in space and velocity. respectively. The external magnetic field
B: is in the z-direction and the induced electric and magnetic fields are respectively
indicated by £ = (0,0, E.) and B = (B,. B,,0). The simulation 1s performed under
the conditions that the grid spacing is 020/« .. the time step is 0.1 ", the length
of simulation range is 3.2¢/wy., the number of ion beam simulation particles is 2500.
the number of plasma electron simulation particles is 7506, and the number of plasma
ion simulation particles is 5000. We choose the {ollowing parameters (ensuring current
neutrality); vy = /To/im, = 0.001c, vy, = JT,/m, = 0.01c {j = ¢,2). V., = O.1¢
and V., = 1/302,V., = 0. The induced magnetic fields for Bi/(4xn m.2)}/? =0 are
plotted in Fig.1, from which we can estimate that the maximum growth rate ~ is about
7.1x107%w,,. This growth rate is fairly consistent with ({m wh,.. = 6.4x107%w,,
which is solved in Eq.(1). The induced magnetic fields for B /(4mn m.c%)}/? =0.02 are
plotted in Fig.1, from which we can estimate that the maximum growth rate s is about
5.6x103w,.. This growth rate is fairly consistent with (Im w)y., = 2.4x107%w,,
which is solved in Eq.(1). The induced magnetic fields for B;/{(47n.m.c’)*/? =0.2
are plotted in Fig.1, from which we can estimate that the maximum growth rate ~¢
is about 8.0x107%w,.. We obtain the growth rate (Im w)u,. = 1.2x 1074w, from
Fq.{1). Thereis a disagreement between the growth rates in the theory and simulations
because the theory is in cylindrical symmetric coordinates and simulation is in cartesian
coordinates. In Fig.2,the maximum growth rates, which are obtained by using the PIC
code are plotted versus the external magnetic field B{. In Fig.3, the beam kinetic
energies are plotted versus the time, being separated for external magnetic fields. From
these results, the filamentation instability 1s stabilized by the external magnetic fields.
The three dimensional PIC sirulations will be reported in a future work.

We will discuss the results for an expected experiment. i.e. for a typical beam

of 5MeV (V,=0.1¢) protons.well-pinched ion current of 0.3MA (n, = 10"em™?) and



40nsec beam duration . If we apply an external magnetic field B{=0.2(dmn. m )V =
3.5tesla {n, =3x10*:m ) to the beam-plasma system. the maximum growth rates of
the filamentation instability become ~y=8.0x107%+,, = 2.5 x [07se0™! as seen in Fig. 2.
The largest growih will appear at the tailend of the beam. we estimate the effect at the
tailend to be the value of 7g7. Consequently. the beams can propagate stably through
the plasma by the external magnetic fields with a small growth rate since v, 7=0.498
which Is small « -foldings.

To simphify the stabilization mechanisin of the filamentation instability by apply-
ing the external magnetic field, we limit ourselves to a one-dimensional configuration.
The beam is in the z-direction. If there is no external magnetic field. the imduced mag-
netic field bends the orbits of beam ions. and collects ions in its neutral points. The
perturbed current amplifies the induced magnetic field. On the other hand.the external
magnetic field parallel to the beam direction prevents bending the orbits of beam 1ons.
Consecuently, the filamentation instability may be stabilized by the external magnetic
field.

This work was carried out under the collaborating research program at the Na-

tional Institute for Fusion Science of Japan.
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Figure Captions

FIG. L. Energies of induced magnetic fields at the linear stage with (a) BS /{(dan,m c* )

=0, (b)B; /{d7n,m, 0 =0.02 and () B /(4mn,m, ) =02,

FIG.

L

Maximum growth zates of the filamentation instability versus the external
magnetic fields. Circles represent results as obtained by using PIC simulation

code.

FIG. 3. Beam kinetic energies with (a)B3/(drn.m.ct)i? =0, (b)Bi/(4rn.m. )

=0.02 and (<) B /(4mnm.oH)1? =0.2.
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