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Amplification due to two-stream instability of self-electric and magnetic
fields of an ion beam propagating in background plasma

Erinc K. Tokluoglu, Igor D. Kaganovich, Johan A. Carlsson, Kentaro Hara,
and Edward A. Startsev
Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543, USA

(Received 3 May 2017; accepted 15 March 2018; published online 24 May 2018)

Propagation of charged particle beams in background plasma as a method of space charge
neutralization has been shown to achieve a high degree of charge and current neutralization and
therefore enables nearly ballistic propagation and focusing of charged particle beams.
Correspondingly, the use of plasmas for propagation of charged particle beams has important
applications for transport and focusing of intense particle beams in inertial fusion and high energy
density laboratory plasma physics. However, the streaming of beam ions through a background
plasma can lead to the development of two-stream instability between the beam ions and the
plasma electrons. The beam electric and magnetic fields enhanced by the two-stream instability can
lead to defocusing of the ion beam. Using particle-in-cell simulations, we study the scaling of the
instability-driven self-electromagnetic fields and consequent defocusing forces with the back-
ground plasma density and beam ion mass. We identify plasma parameters where the defocusing

forces can be reduced. Published by AIP Publishing. https://doi.org/10.1063/1.5038878

I. INTRODUCTION

Beam-plasma systems have a wide range of applications
in Inertial Confinement Fusion (ICF),'™ including fast ignition
fusion for ICF,” high energy density physics,*'® astrophys-
ics,"'™'? atomic physics,'* and basic physical phenomena.' "
The background plasma presents a means of current and
charge neutralization for charged particle beams, enabling the
ballistic propagation of the intense beam pulse.'®® However,
beam streaming through the background plasma can lead
to the development of many different instabilities,””** from
which the two-stream instability is the fastest.””

This paper reviews previous theoretical and experimen-
tal studies of effects of the two-stream instability on ion
beam propagation in background plasma. We also investi-
gate scaling of deleterious effects of two stream instability
on the ion beam propagation in background plasma with the
beam and plasma parameters and determine optimum condi-
tions where these deleterious effects can be minimized.

The theory of the nonlinear development of the two-
stream instability for the ion beam pulse propagating in
plasma was developed initially in Ref. 23. In the case of an
electron beam propagating in background plasma, the current
driven by the two-stream instability can result in the
enhancement of the total current (beam and plasma return
currents) and the self-magnetic field. This was demonstrated
using a particle-in-cell (PIC) code® and was experimentally
observed in Refs. 26 and 28. In the case of an ion beam prop-
agating in background plasma, it has been shown that the
two-stream instability between beam ions and electrons can

Note: Paper submitted as part of the Special Topic on “Collective Effects in
Particle Beams and Nonneutral Plasmas” (Guest Editors: Erik P. Gilson and
Hong Qin). This was originally presented at the 57th Annual Meeting of the
APS Division of Plasma Physics, November 16-20, 2015, Savannah,
Georgia.
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also strongly affect the electron return current in the
plasma.>*?>273132 Iy the case of an intense ion beam, the
non-linear time-averaged current driven by the two-stream
instability between the beam ions and the plasma electrons
has been shown to reverse the direction of the total current
and the self-magnetic field. Because of the self-magnetic
field reversal, in the presence of two-stream instability, the
self-magnetic field causes defocusing of the ion beam. Note
that in the absence of two-stream instability, the self-
magnetic field causes focusing of the ion beam.*

The electric field of plasma waves driven by the two-
stream instability can set up a time-averaged radial electric
field (similar to the ponderomotive field). This radial electric
field defocuses the propagating ion beam> similar to the
radial electric field produced by electron pressure.

Therefore, in the case of an ion beam propagating in back-
ground plasma in the presence of the two-stream instability,
both the radial electric field and the reversal of the self-
magnetic field act together to defocus the beam as it propa-
gates. Furthermore, high intensity longitudinal electric fields of
plasma waves generated by two-stream instability can strongly
modulate the density of the propagating ion beam longitudi-
nally—producing bunch of initially long beam pulses.>*>’

However, for short propagation in the plasma, the dele-
terious effects of the instabilities were shown to be small
experimentally and theoretically for the Neutralized Drift
Compression eXperiments (NDCX): NDCX-1*°*32 and
NDCX-II.>**° The established level of self-electromagnetic
fields in the presence of the ion-beam driven two-stream
instability strongly depends on the instability saturation
mechanism.*>*” It has been shown both in the presence and
the absence of the external magnetic field that ion-beam-
driven two-stream instability saturates by the wave-particle
trapping of either beam ions or plasma electrons depending
on the beam and plasma parameters: beam density, plasma

Published by AIP Publishing.
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density, and ion mass.>”3237 Therefore, these parameters
determine the peak self-electric and magnetic fields pro-
duced by the instability.

Moreover, the value of the ratio of the beam radius to
the plasma skin depth also influences both the self-electric
and self-magnetic fields. For NDCX-II parameters, it was
shown previously3’2’3'4’37 that the two-stream instability does
not significantly distort the beam radial profile during propa-
gation and compression. A diagnostic approach tracking the
spot size of an extracted beamlet of small radius was pro-
posed in Ref. 34 to detect the presence of the instability in
the case of a Li* beam for NDCX-IL.>**

We have performed a range of particle-in-cell (PIC) sim-
ulations using the PIC code LSP (Large Scale Plasma)40 to
investigate general scaling of saturation mechanisms of two-
stream instability, the corresponding self-electromagnetic
fields, and the defocusing force acting on beam ions as a func-
tion of background plasma density. In the first part of this
paper, a proton beam with a beam velocity of v, = ¢/2, where
c is the speed of light in vacuum, propagating in a cold carbon
plasma has been simulated. We have varied the ratio of beam
density, n,, and plasma density, n,, investigated the magni-
tudes of the self-electromagnetic fields at instability satura-
tion, and have determined the defocusing forces that the
intense beam pulse experiences during propagation.

We have also studied the instability saturation mechanism
for different beam ion masses and verified previously proposed
scaling for two-stream instability saturation and defocusing
force with the ion mass and beam and plasma density.**’

Finally, for the NDCX-II Li" ion beam, we have also
performed simulations in the two limits: the beam radius, 7},
large or small relative to the plasma skin depth,
Oskin, T > Ogin, and rp, < dgin. These results demonstrate
the effect that the ratio of the beam radius to the plasma skin
depth has on the self-electromagnetic fields and, conse-
quently, defocusing of the ion beam pulse during propaga-
tion in the background plasma.

This paper is organized as follows: In Sec. II, we give a
brief description of the simulation set-up and the particle-in-
cell code LSP used for the simulations. In Sec. III, we present
a theoretical description of the non-linear self-electromagnetic
fields generated by the ion beam driven two-stream instability
and how the magnitude of self-electromagnetic fields depends
on the beam and plasma parameters, including the ratio of
beam density to plasma density, the beam ion mass, and the
beam radius. In Sec. IV, we compare the results of the PIC
simulations with an analytical model for instability-driven
electron current and discuss scaling of the self-electric and
self-magnetic field at the saturation of the two-stream instabil-
ity with the ratio of the beam and plasma densities. In Sec. V,
we demonstrate the dependence of the radial defocusing force
on the beam ion mass and present the simulation results for the
Li" ion beam pulse of the NDCX-II and the potential implica-
tions for future heavy-ion fusion experiments. In Sec. VI, we
discuss the two-stream instability for a flat-top beam radial
profile, which is more relevant than a Gaussian for intense
beams. In Sec. VII, we present simulation results of two-
stream instability for a proton beam generated by a laser.

Phys. Plasmas 25, 052122 (2018)

Finally, in Sec. VIII, we summarize key results from Secs.
II-VII and draw conclusions.

Il. SIMULATION SETUP

As a base case, an intense proton (H") beam pulse is
injected into plasma; the beam pulse radial and longitudinal
profile is a Gaussian

22
np(7,z) = Npp Xp _%_E .

Here, the maximum beam density 7,0 = 2 X 10'%cm™3, the
beam radius r, = 2cm, the beam velocity v, =c/2, where
¢ is the speed of light in vacuum, characteristic pulse dura-
tion #5 = I/vy, = 4.44 ns, and the total pulse duration was
limited to 12 ns (that is, no beam ions are present in the
pulse outside this duration). The background plasma den-
sity, n,, was varied in the simulations to investigate its
effect on self-electromagnetic fields of the ion beam pulse
propagating in the background plasmas, and further details
are given in Sec. I'V. The simulations were performed using
particle-in-cell code LSP.** Collisions are not taken into
account; therefore, any effects leading to the radial beam
expansion observed in the simulations are solely due to col-
lisionless processes of ion beam defocusing by the self-
electromagnetic fields.

We have simulated beam propagation in a 2D slab or
cylindrical geometry. In the following, x denotes the trans-
verse or radial direction and z denotes the direction of beam
propagation; 3D velocity space was resolved with y denoting
the azimuthal direction for cylindrical geometry. The field
solver used for the simulation is implicit and electro-
magnetic with the time step , At¢, chosen to give an accept-
able dispersion error and to resolve the plasma frequency,
At < 1/w,,, where w,, is the electron plasma frequency of
the background plasma. The axial grid size, Az, is chosen to
satisfy Az ~ 1/(30k;), where k, = wp,/v, is the resonant
wave number of the plasma waves. This fine resolution is
needed to fully resolve the axial structure of the plasma
waves, which are excited by the beam. The radial grid size is
fixed at Ax = 0.1 cm. This spatial grid provides sufficient
resolution to observe changes in the beam radius and the
radial displacement of beam ions. The domain size for the
simulation is x: [—11, 11] cm and z: [0, 240] cm. We also
employ the moving-frame algorithm. Initially, the ion beam
pulse is simulated in the laboratory frame, as soon as the cen-
ter of the ion beam pulse reaches the center of the simulation
domain (which takes 15.5ns), the moving frame algorithm
starts and the beam pulse remains always in the center of the
moving frame.

To study the scaling of the self-electromagnetic field
with the beam mass, we have simulated several cases for a
fixed plasma density but varied the beam mass. For each
simulation, the axial grid size and the time step have been
adjusted following the same procedure described previously.
In addition, we have varied the plasma and beam parameters
to modify the ratio of beam radius and skin depth. This ratio
affects the generation of the return current and,
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correspondingly, the self-electromagnetic field of the ion
beam pulse propagating in the background plasma.

lll. THEORETICAL OVERVIEW OF THE BEAM
SELF-ELECTROMAGNETIC FIELDS IN THE
PRESENCE OF TWO-STREAM INSTABILITY

An ion beam propagating in background plasma may
induce the two-stream instability. For a cold plasma and
beam in the one dimensional limit, the initial instability
growth can be determined from the local dispersion function
D(k, »)"

o’ 2
Dlkyw) =1 ——L& - b
0] (w — kvp)

=0. 1

Here, w, wp., wyp, k, and v, are the mode frequency, the back-
ground electron plasma frequency, the beam ion plasma den-
sity, the wave number, and the axial directed beam velocity,
respectively. Solving for the complex roots of Eq. (1) yields the
oscillation frequency and the growth rate of the instability.*' In
the limit where the plasma density is significantly larger
than the beam density, n, > ny,, the maximum growth rate of
instability for the resonant wave number, k = @ /vy, is

p = 0.7(wpew?) ", where wp, = \/mn,e/m, is the electron
plasma frequency, e denotes the unit charge, m, is the electron
mass, and @, = /4mnye?/m; is the beam ion plasma fre-
quency, where m; denotes the beam ion mass. If the beam prop-
agation time through the plasma, Ty, 1S sufficiently long,
YT yransic > 1, the two-stream instability develops.

The two-stream instability generates a spectrum of
plasma waves, oscillating with frequencies close to the
plasma frequency, w,,, but with different wavelengths with a
spectrum peaked around the resonant wavelength,
2nvy/ a),,(,.23 2> The instability grows linearly from the noise
starting from the beam head. Because the group velocity of
the growing waves is comparable with but less than the
beam velocity (in the laboratory frame of background
plasma), the maximum of instability growth moves from the
beam head towards the beam tail*>** until instability reaches
saturation due to nonlinear effects of particle trapping in the
wave electric field.

There are two effects that are responsible for ion beam
radial defocusing: the radial self-electric field, E,, and the
azimuthal self-magnetic field, B,. In the presence of the
beam-driven two-stream instability, large-amplitude plasma
waves produce sufficiently strong axial electric fields, E..
Due to the transverse variation in the beam profile, the axial
electric field strength has a transverse gradient, VX<E22>.
This gradient creates a ponderomotive force in the radial
direction acting on plasma electrons; this, in turn, generates
a radial ambipolar electric field produced to counteract the
ponderomotive force.*****” The ambipolar radial electric
field generated this way defocuses the ion beam. The radial

temporally and spatially averaged electric field, E,, is given
323437

€ 2
E ~— 5 V. |E,
4mewy,,

1 o
=1 m,V, (vm) ) )
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Here, v7, is the amplitude of the axial electron velocity oscil-
lation due to the instability. The radial electric field given by
Eq. (2) represents a non-linear effect because it is a quadratic
function of v{,. Furthermore, because v¢, vanishes away from
the beam pulse, the radial electric field is positive and is
defocusing for the ion beam pulse.

The two-stream instability also significantly affects the
electron return current, and, correspondingly, the azimuthal
magnetic field, By. The two-stream instability provides cou-
pling between the beam ions and plasma electrons, and this
effective “friction” between ion beams and electrons “drags”
background plasma electrons along the beam path. Increased
plasma electron flow causes an increase in the electron cur-
rent and yields reversal and significant enhancement of the
total axial current and, consequently, the self-magnetic
field. 23323437 (Note that in the case of an electron beam
pulse instead of ion beam, the current, modified by two-
stream instability, is in the same direction® ’28).

In the presence of the ion beam-driven two-stream insta-
bility, the total electron return current density can be calcu-
lated by the time-averaged cross product of <dn, 6v¢, > of
the perturbations in electron density and electron axial veloc-
ity generated by the instability”’

1 /e)?
(on, ov°) zin,, (v’”) Vp. 3)

Vb

Here, we use the estimate for the perturbation of the electron
density. From the electron continuity equation, it follows
that on, =~ 0V’nyk./w,. = 0v°n,/vp, for the plasma waves
that are resonant with the beam, k. ~ @), /Vp.

The self-magnetic field is determined by the Ampere
law

0 4me
—rB=— (nbv;, — NeVer —
ror c

(0n, 0v°)), “4)

and conservation of the electron vorticity or canonical
momentum. Here, v, is the time-averaged over plasma wave
time scale electron flow velocity. For long beam pulses, the
beam pulse length, /,, is much longer than the beam radius,
rp, Ip > 13, and conservation of the electron vorticity gives33

0
eA; = — — MV, (5)

eB:_E or

where eA, ~ cm,v,, is the vector potential. Substituting Eq.
(5) into Eq. (4) gives

o 0 4ne?
TV = ——
ror or ¢ 2m,

(on, 5\1“)) . (6)

(nhvb — NeVez —

The second term on the right-hand side describes the return
current density caused by electron response to the inductive
electric field driven by the time dependent beam self-magnetic
field.*® If the beam radius is small compared to the skin depth,
1, < ¢/ wpe, the return current density can be neglected and
the total current, which is the sum of the beam current J' ” and
total electron current density, J¢, and can be approximately cal-
culated using the following relation:>’
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e 2
Jm~J5+r—J?1—1@(ﬂ) <m<ei).(ﬂ
- : - 2np \vp Wpe

The second term on the right-hand side in the brackets comes
from the time and space averaged term (dn, ov°). It is impor-
tant to note that in the limit n, > n;, (which is typically the
case for neutralization applications), the non-linear term

2
1% (ﬁ) can exceed unity and the total current will be

2 ny, \vp
reversed and significantly amplified.?*-3**37

Because current is reversed, the azimuthal self-magnetic
field also becomes reversed, and the resulting v, x B mag-
netic force on the beam ions becomes defocusing.>’ As dis-
cussed above, the radial electric field is also defocusing, and
therefore, both forces lead to defocusing of the ion beam
pulse and the ion beam radial profile can become signifi-
cantly distorted. Figure 1 shows the beam profile evolution
due to two-stream instability. Figure 1(a) shows the initial
Gaussian density profile of an ion beam pulse prior to the
development of the instability (the beam has traveled to the
center of the simulation domain propagating in the back-
ground plasma for t=16ns, being injected at the boundary
at t=0). Figure 1(b) shows the same beam pulse at t =40ns,
after nearly 6 m of propagation in plasma after the develop-
ment and saturation of the two-stream instability. An
increase in the beam radius and the distortion of the radial
beam profile due to the non-linear defocusing forces is
evident.

In the opposite limit, r, > ¢/wp,, the return current
nearly compensates the beam current (n,v.. = npvy
—(0n, 0v%)) and the remaining current can be determined
from the left-hand side of Eq. (6), which gives

20 9

- =z
2 1 or
w, ror Or

b Ln, (v, 2 c
xJ2|1—=L2 (2 rp>—. )
Zl’l}, Vp Wpe

Depending on the parameters of the beam-plasma system,
the two-stream instability can be saturated by two different

Jor =2 J? +J = —

(2) (b)
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saturation mechanisms: either due to trapping in the wave of
plasma electrons or beam ions.***’~**7 According to Egs.
(2) and (4), the defocusing electric and magnetic forces cre-
ated by the two-stream instability depend on the amplitude
of axial electron velocity oscillations, v¢,.

In the case of the electron trapping saturation mecha-
nism, saturation of the instability occurs when the electron
oscillation amplitude reaches the phase velocity of the reso-
nant mode?’*%’

ve, = ofk, &~ v, 9)
which is approximately equal to the beam velocity.

In the case of ion trapping, the beam ion oscillating axial
velocity at saturation is given in>*=7-32-37

V},:, <V — w/kz ~ (V/kz) ~ (V/wpe)vb ~ (wb/wpe)2/3vh;
(10)

where 7y is the growth rate of the resonant mode. The ratio of
electron and ion oscillating velocities can be determined
from the momentum balance, which gives

mev®, ~ my(@ — kvp)v5.

. . . 27,32,37
Solving for v¢, and assuming @ — k.v, ~ 7y give™"""

" 2
- EE QR o
me Wpe me Wpe

Depending on the condition which of the species reaches
their respective saturation level oscillation amplitude first,
the instability is saturated by the particle trapping of either
beam ions or plasma electrons. The saturation value of the
electron velocity oscillation amplitude normalized by beam
velocity is given in>37

Ve Ty z mp 1/3
(’”) ~ minfa, 1], « = () () . (12)
Vp np me

The first limit in Eq. (12) corresponds to the case if the
instability is saturated by the ion trapping mechanism, and

i FIG. 1. Color plot of the ion beam den-

sity profile obtained in the two-
] dimensional PIC simulations in Cartesian
coordinates; an intense proton (H')
beam pulse is injected into plasma; the
initial beam pulse radial and longitudinal
profile is a Gaussian, n,(x,z) = nyy
] xexp(—x?/r? — 22 /2), where n, = 1.0
x10%em™3, np,=2x10"cm™3, ry
=2cm, characteristic pulse duration
tpulse = l},/l’}, =444ns, v,=c/2 (a)
prior to instability, and t= 16 ns; (b) after
3 6 m of propagation (t=40ns) in plasma

Propagation direction

when instability develops and distorts the
initial beam profile.
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the second limit corresponds to the case if the instability is
saturated by the electron trapping mechanism. Note that the
dimensionless parameter, «, in Eq. (12) predicts the mecha-
nisms of two-stream instability saturation depending on the
beam and plasma parameters, such as the beam density,
plasma density, and beam ion mass. If

2 1/3
% = ("”) (m”) >, (13)
np m,

the saturation mechanism of the two-stream instability is due
to electron trapping, and if o < 1, the saturation mechanism
of the two-stream instability is due to the ion trapping.
Therefore, for a given beam density and beam ion mass,
decreasing the plasma density below some critical value, n,,

1/2
Moo = 1y <m”> , (14)

me

results in the instability saturation by electron trapping for
n, < npe, in which case, the electron oscillation velocity
amplitude at saturation is approximately equal to the beam
velocity vy,. In the dense background plasma limit, n, > n,,
the instability is saturated by the beam ion trapping satura-
tion mechanism, and the electron velocity oscillation ampli-
tude normalized by beam velocity is given by the scaling
parameter o itself, according to Eq. (12).

Similarly, for fixed beam and plasma densities, for a
heavier beam ion species such that the beam ion mass is
above the value given in

o\ 172
mb>me(—p> , (15)

np

the two-stream instability will be saturated by electrons, and
for a lighter beam ion species, the instability is saturated by
the trapping of beam ions. Figure 2 presents an example of
the change in saturation mechanisms by decreasing the
plasma density in such a manner that the scaling parameter o
increases from 0.5 to 3.

Figure 2(a) shows the simulated phase space for the case
of a relatively high background plasma density,
n, = 2.4 x 102 /em?, corresponding to o = 0.5. Notice that
the electron oscillation amplitude is roughly half of the beam
velocity as expected according to Eq. (12). Figure 2(b)
shows the phase space for a lower background density,

(a) , (b)

nstability Phase Space

Instability Phase Space
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n, = 1.66 x 10" cm~3, corresponding to o = 3. Because the
parameter o is greater than unity, the electron velocity oscil-
lation amplitude is comparable to v,. A significant popula-
tion of plasma electrons is trapped by the wave (distinct
islands in phase space appear); this creates wave breaking
and saturation of instability.

Longer evolution of the instability is studied in Ref. 44.
In this paper, it is shown that a portion of the initially trapped
electrons becomes detrapped and moves ahead of the ion
beam pulse forming a forerunner electron beam. The self-
consistent nonlinear driven turbulent state with a quasi-
stationary plasma wave is set up at the head of the ion beam
pulse, which lasts until the final stage when the beam ions
become trapped by the plasma wave and become heated by
it. The ion heating eventually extinguishes the instability.
For the beam parameters discussed in that paper, these pro-
cesses occur 200 ns after the beam injection into the plasma,
well after initial saturation of the two-stream instability
when the plasma wave is strongest.

IV. SCALING OF SELF-ELECTRIC AND MAGNETIC
FIELDS AT SATURATION OF THE TWO-STREAM
INSTABILITY WITH THE RATIO OF THE BEAM AND
PLASMA DENSITIES

Equation (12) shows that the ratio of ion beam density to
plasma density is important in determining the saturation mech-
anism of the two-stream instability and, consequently, the mag-
nitude of the defocusing force acting on the beam ions.**”’ In
order to study this effect, we simulate the interaction of the
same proton beam pulse with various background plasma den-
sities in the range 7, € [8 x 10'°,5 x 10'2]cm~3, which cor-
responds to o € [0.3, 5]. Figure 3 shows the obtained scaling
of the electron velocity oscillation amplitude and radial electric
field at the saturation of the instability as a function of parame-
ter o.

Figure 3(a) demonstrates that the electron velocity oscil-
lation amplitude at saturation behaves as described in Eq.
(12). That is, if « < 1, the axial electron velocity oscillation
amplitude at saturation of instability increases linearly with
o. Once o becomes greater than unity, o > 1, the two-stream
instability is saturated by the electron trapping mechanism,
and, consequently, the electron velocity oscillation ampli-
tude remains constant and on the order of the beam velocity.
Reference 44 further reports on the study of long time evolu-
tion of the two-stream instability after saturation.

FIG. 2. Phase space P./m,c =yV./c

a—-beta)

z (gammc

vs z of electrons and ions (blue dots rep-
resent the plasma electrons, red dots rep-
resent the plasma ions, and green dots
represent the beam ions) at the time
of instability saturation. (a) n, = 2.4
x102em=3, which corresponds to the
ion trapping regime (o = 0.5); (b) n,
= 1.66 x 10" cm™3, which corresponds
to the electron trapping regime (o0 = 3).
Beam parameters are the same as in
Fig. 1, the beam ion is H', n, =2
%10 em™, 1, = 2cm, fye = 1218,

and v, =¢/2.
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(a) of the mid plane and (b) at » = 1 cm, which corresponds to the maximum
field strength; solid lines correspond to the analytical estimate obtained
using (a) Eq. (12) and (b) Eq. (2).

Figure 3(b) shows the scaling of the radial electric field
with respect to «. Notice that in the electron trapped region
(o0 > 1), the radial electric field does not depend on the back-
ground density, E, ~ V, (vfn)2 ~ v,%/rh.

Figure 4 shows the maximum value of the self-magnetic
field (located at around x = 1 cm) obtained using (1) the par-
ticle-in-cell code, (2) the numerical solution of modified
Ampere’s law, which includes the instability driven time-
averaged non-linear electron current, Eq. (6), as well as (3)
an estimate

2ty By 1-—1’%(V3>2 (16)

e,/ 2 ny

which was proposed in Refs. 32 and 37 for a Gaussian beam
profile.

The data obtained from the PIC simulations, the analyti-
cal estimate, Eq. (16), and the numerical solution for
Ampere’s law, Eq. (6), are in good agreement, each showing
the same dependence on o. In the transition region, where
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FIG. 4. Maximum value of the azimuthal magnetic field as a function of o
(22)'/* ~ 12.24 for the H' beam. Note
that the maximum magnetic field strength is attained in the transition region.
Crosses correspond to the PIC simulation results, stars correspond to the
solution of Egs. (6), (8), and (12), and lines correspond to the analytical esti-
mate obtained using Eq. (16).

parameter o = C| (111,/11,,)2/3, C, =

o~ 1 and the saturation mechanism of the instability
changes, and the azimuthal magnetic field strength has a
maximum as a function of «.

Recall that in the electron trapping regime, the electron
velocity oscillation amplitude has a maximum and is approx-
imately equal to the beam velocity, v,. Correspondingly,

By ~ %%, and decreases with alpha due to the
decrease in the plasma density as soon as the skin depth
becomes comparable with the beam radius. Similarly, in the
ion trapping regime, o < 1, the plasma density is high and
the skin depth is small compared to the beam radius, and cor-
respondingly, B, ~ by 1y (‘_>2 ~ o2,

2.2
e Mb \ Vb

The azimuthal magnetic field produced due to the two-
stream instability has a defocusing effect on the ion beam
because the electric currents of ion beam and electron
plasma flow driven by the two-stream instability are in oppo-
site directions. As stated earlier, the radial electric field pro-
duced due to two-stream instability also has a defocusing
effect on the ion beam as well. The total defocusing force
acting on ions is the sum of the electric and magnetic forces
and is given in*>?’

F:<&+E&>
.

2 2
L v (v el (L <V_m)

4 " Iy 2]’[}, Vb

Q

7)

Here, we used Eq. (2) for the electric field and Eq. (16) for
the self-magnetic field. In the limit when the second term in
the parentheses is large compared to the first, Eq. (17) can be
simplified to become (for a Gaussian beam profile)
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Figure 5 compares the Lorentz force in the presence and the
absence of the instability. The no-instability case can corre-
spond to, for example, propagation in short plasma, such that
instability does not have time and space to grow. When com-
paring the Lorentz forces for the two cases, we first note the
difference in the sign of the Lorentz forces. Without instabil-
ity, the Lorentz force yields beam focusing'® in contrast to
the case with instability. As can be seen from Fig. 5, the
magnitude of the Lorentz force can be significantly enhanced
due to instability.

The strong dependence of the defocusing Lorentz force
acting on beam ions on the background density reveal a
potential issue for ballistic propagation of the ion beam in
plasma at high plasma density. Without instability, the com-
mon assumption is that the higher the plasma density, the
better the neutralization,* because to improve the neutraliza-
tion, it is intuitive to introduce more background plasma,
i.e., increase np; after all, the purpose of the plasma is to
reduce the beam space charge and the total current and there-
fore to reduce the self-fields. However, in the presence of the
instability, increasing the plasma density results in the
increase in the defocusing force until 7, ~ n (%) 1/ 2 where
the maximum defocusing force is attained.

On the other hand, using tenuous plasma with the
plasma density comparable or even small compared to the
beam density can provide good neutralization as was
recently demonstrated theoretically*® and experimentally.*’

V. SCALING OF DEFOCUSING FORCE WITH ION
MASS

It is important to note that the saturation mechanism of
the two-stream instability and, consequently, the defocusing
forces that the beam experiences in plasma also depend on
the mass of the ion species, especially in the ion trapping
regime. In addition to affecting self-electromagnetic fields,

Lorentz Force Scaling
6 H » HE o ¥ ™

* Fxtotal PIC

—— Fxno-inst

*

Sl anghoasiie
% Transition

lo £
‘trapping: +

10° 10t 102 10°
n,/ ny

FIG. 5. Lorentz Force (radial) F, as a function of n,/n,. The points corre-
spond to the PIC code results at the time when the instability is saturated;
the continuous curve corresponds to the analytical estimate of the total defo-
cusing force for the case without instability.
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changing the beam ion mass affects the evolution of the
transverse beam profile due to the inertia effects. Reference
37 gives estimates at which plasma length the beam defocus-
ing becomes noticeable.

We noted earlier that the scaling parameter, «, depends
on the ratio of beam ion to electron mass and on the ratio of
beam and plasma densities. Therefore, it is possible to
change the saturation mechanism of the two-stream instabil-
ity by varying the beam ion mass while keeping the beam
and plasma densities constant. In order to study the beam ion
mass effect on the saturation mechanism, we simulated a
beam-plasma system with fixed beam and plasma densities,
np =2 x 10'°/em® and n, = 1.46 x 10" /em?, respectively,
and ion mass in the range mj, /m, € [250, 2 x 10°]. We used
artificially light ions to better demonstrate the scaling in the
ion trapping regime. The ion-beam parameters are v, = ¢/2
and a pulse duration of 12ns as before, but with the beam
radius of 5cm. Figure 6 shows the scaling of the electron
velocity oscillation amplitude with the ion beam mass.

Figure 6 shows that in the ion trapping regime, increas-
ing the beam ion mass results in an increase in the amplitude
of axial electron oscillation and, consequently, enhances the
self-electromagnetic fields, which again will be maximized
in the transition region corresponding to o = 1.

As discussed earlier in the electron trapping regime, the
electron velocity oscillation amplitude reaches the maximum
at the beam velocity, vy, = v;,, and defocusing force does not
depend on the ion mass, see Eq. (18).

To estimate the effect of the defocusing force on the ion
beam, we introduce the characteristic defocusing time,
Tyefocus, and the defocusing distance, Lgefoeus, Which are
defined as the time and axial distance that the ion beam prop-
agates before the beam radius doubles due to the action of the
Lorentz force.”*?” In the limit of the large beam radius

Scaling of Electron Response
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FIG. 6. Scaling of the normalized electron velocity oscillation amplitude
with the parameter, & = C (m;,/me)m, Cy, = (nb/np)z/3 for different beam
ion masses and n;, =2 x 10'°/cm? and n, = 1.46 x 10'?/em®. Individual
points are results from the PIC simulation, and the straight line is the theo-

retical estimate obtained using Eq. (12). The two-stream instability simu-
lated in all these cases saturates due to the ion trapping mechanism.
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compared to the skin depth, the Lorentz force is F
~ m,(v¢,)* /2r;, according to Eq. (18); in the electron trapping
regime, ~ mev,z7 /2rp, defocusing force does not depend on the
ion mass. Correspondingly, the characteristic defocusing
time, Tgefocus, and the defocusing distance, Lgefocus, Scaling

. . . .3
with the ion mass are given in’’

1 1

rp mp\ 2 mp\ 2

Tdeﬂ)cus ~ T — 1> Ldefocus = Vdeefucus ~TIpl— ) -
Vb me me

To demonstrate the defocusing effect, we simulated two
cases with identical beam and plasma parameters but two
different ion beam species. In these simulations, the back-
ground carbon plasma density was n, = 2.08 x 10'em=3
and other beam parameters were identical to the ones in
Figs. 1-4, except for the beam-ion species we used Li* and
K™ instead of H". Figure 7 shows evolution of the ion beam

4| Libeam at 30 ns a)‘:‘féiii‘

.| Li beam at 60 ns b) |

) orensagnpsmmnmnanroe| i

. Kbeamat60ns  d) | oo

FIG. 7. The beam profile evolution for Li* (top) and K™ beams (bottom) for
times 30 and 60 ns after injection into plasma, the background carbon plasma
with n, = 2.08 x 10" em™3. Beam parameters are identical to the ones in
Fig. 1-4, except that the beam-ion species are Li* and K™ instead of H'.
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density profile for both cases. It is evident from Fig. 7 that
the ion beam density perturbation due to the two-stream
instability occurs much faster for the lithium beam than for
the potassium beam.

The evolution of the self-magnetic field is shown in
Fig. 8. The self-magnetic field changes sign after the devel-
opment of instability; the magnetic field profiles for t=15ns
are compared with those for t =30ns in Figs. 8 and 9.

VI. EFFECTS OF THE BEAM RADIUS RELATIVE TO
THE SKIN DEPTH ON THE SELF-ELECTRIC AND
MAGNETIC FIELDS AT THE SATURATION OF THE
TWO-STREAM INSTABILITY

We have simulated ion beam transport in background
plasma with parameters of the NDCX-II**: a Li" ion beam
with the beam velocity of v, =c/30 corresponding to a
directed axial kinetic energy of 3.66 MeV and the beam den-
sity of n, = 2 x 10° cm~3, which propagates in a background
carbon plasma with the density of n, = 1.0 x 10"?cm 3. The
axial beam profile was a Gaussian pulse with a pulse width
duration of At=20ns. The simulation results for the beam
radius of r, = 2.5 cm are already reported in Refs. 34 and 37.
In this section, we vary the beam radius from 1 mm to 5cm,
which corresponds to the transition from the beam radius
small to large relative to the skin depth. We study a flat top
beam profile because the ion beam radial profile tends to be
flat for high-intensity beams rather than a Gaussian.*® The
beam can also be intentionally transported through an aperture
in order to reduce the beam radius®* and form a flat top beam
profile.

Figures 10 and 11 show evolution of the ion beam den-
sity and current density after saturation of the two-stream
instability, which corresponds to t =200 ns after beam injec-
tion into the plasma or after 2 m of propagation in plasma.
As already discussed in Ref. 34, for these beam and plasma
parameters, the defocusing forces only affect the ion beam
apertured to a very small radius of 1 mm and do not change
the beam radial profile for the large beam radius.
Longitudinal bunching of the ion beam density is high of the
order of 100%,*?” see Fig. 10. The color plots of the total
current density profiles are shown in Fig. 11. Interestingly,
plasma waves are excited radially even outside of the ion
beam pulse at 7 > 7.

Comparison of the PIC simulation results for the self-
magnetic field with the analytical theory obtained using Eq.
(6) is shown in Fig. 12. For the flat-top beam radial profile,
the self-magnetic field is proportional to the current flowing
in the skin layer outside of the beam,lﬁ’45 and making use of
Eq. (4), this gives

dnng,vy, Ln, (v, 2
B, = 1———[-*% . (19)
w, 2np \vp
The value of the generated self-magnetic field does not
depend on the beam radius as evident from Fig. 12 and Eq.
(19). Similarly, the defocusing force becomes independent

of the beam radius for the flat-top beam profile because the
relevant scale of radial inhomogeneity corresponds to the
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FIG. 8. Left: The color plot of the azi-
muthal self-magnetic field for the Li"
beam 15 ns and 30ns after injection

into the plasma. Right: Phase space
(axial speed vs. radial location) (green

for the beam ions, blue for the elec-
trons, and red for the C ions). The
beam and plasma parameters are the
same as in Fig. 7.
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skin depth rather than the beam radius. For the beam parame-
ters shown in Fig. 12, « ~ 1 and the enhancement of the
magnetic field due to instability is a factor of 20. For
rp = 0.1 cm, the beam radius is small compared to the skin
depth, and the self-magnetic field is very small.

Note that our simulations do not show any development
of electromagnetic instabilities, neither transverse two-
stream nor hose instability.?***>* The hose instability does
not have time to develop because the beam is not relativistic.
The transverse two-stream instability can develop for the
two electron streams with a discontinuous radial profile.***
However, for the self-consistent profile of the return current
that is a smooth radial function on the distances of the order
of the skin depth, the instability growth rate is strongly
reduced. It was also shown in Ref. 51 that for a finite trans-
verse beam size, there are no eigenmodes associated with the
two-stream instability. Interestingly, if the self-magnetic
field of the beam is also taken into account, the transverse
two-stream instability does not develop at all.>* Similar

Li beam at 30 ns
40+

20t i Z-=150-cm

azimuthal magnetic field (Gauss)

-5 0 5
radial location (cm)

FIG. 9. The radial profile of the azimuthal self-magnetic field for the
Li+beam 30ns after injection into the plasma at two axial locations
(Z=150cm, green graph) (Z =120 cm, blue graph).
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FIG. 10. Color plot of the ion beam density profile obtained in PIC simula-
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top (with rounded edges) with three values of the beam radius (a) r, = 5cm,
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FIG. 11. Color plot of the axial current density for the same simulation
parameters as in Fig. 10. Current is in A/cm?.

conclusions were drawn in the experimental study of Ref.
28. Our particle-in-cell simulation results also confirm that.

VIl. TWO-STREAM INSTABILITY FOR A PROTON
BEAM GENERATED BY A LASER

In this section, we simulate another ion beam pulse interac-
tion with background plasma. The beam and plasma parameters

Phys. Plasmas 25, 052122 (2018)

azimuthal magnetic field (Gauss)
o

2L

—20 -15 -1.0 -05 00 05 1.0 15 2.0
location / beam radius

FIG. 12. Radial profile of the self-magnetic field obtained in the PIC simula-
tion (solid lines) with the analytical theory obtained using Eq. (6) (dashed
lines) is shown for the same conditions as in Figs. 10 and 11 for cases (a)
rp, = 5cm (blue) and (b) 1, = 2 cm (green) and for case (c) r, = 0.1 cm, the
self-magnetic field is much smaller.

correspond to the experiments performed at GSI Helmholtz
Center for Heavy Ion Research.>® A proton beam with the peak
ion beam energy of 7.8 MeV was reported in Ref. 53. This cor-
responds to approximately v, = (4/30) c. After compression of
the beam via focusing, the observed pulse length was
7= (462 * 40) ps, the peak particle current was 170mA, and
the minimum transverse beam size at the longitudinal focus
position was measured to be 3 x 18 mm?, resulting in an ion
beam current density of approximately 0.32 A/cm®.

In order to demonstrate the possible effect of the two-
stream instability for future experiments with proton beams
generated by the laser, we employ the following assumptions:
(1) the pulse length is larger than the observed value and (2) the
background plasma density is chosen to be two or three orders
larger than the ion beam density so that the plasma wave with
multiple wavelengths (L = 27v;,/),) can develop due to two-
stream instability. Hence, we chose a beam pulse duration of
touse = 9ns and a plasma density of n, = 5.0 x 10''em=3. A
moving window algorithm was used: the moving window starts
11 ns after the ion beam injection and the speed of the moving
window is approximately 3.8 x 10° cm/s, which is slightly
slower than the ion beam velocity of v, = 4 x 10° cm/s. This
is due to the phase velocity of the plasma wave being smaller
than the ion beam velocity as shown in Eq. (10).

Figure 13 shows the electron phase space in the axial
direction (Z vs. V,) as well as the ion beam density profiles
before and after the two-stream instability develops. The ini-
tial beam profile is a Gaussian pulse in the longitudinal
direction and has a flattop distribution in the transverse direc-
tion in a slab geometry. Note that the electrons are slightly
accelerated initially to neutralize the charge and current of
the ion beam ¥ = #’7%% ~ 7.5 x 107>, which can also be
seen in the simulation results. As the instability develops, the
electrons are perturbed and plasma waves are generated.
From Eq. (13), « = (1 x 107)7” 1836!/* = 0.122 < 1, and
therefore, the saturation mechanism of the instability is due
to ion beam trapping. It can be seen from Fig. 13(d) that
electron acceleration is moderate and the maximum electron
velocity is an order of magnitude smaller than the ion beam
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velocity. The simulation results show that the two-stream
instability can play an important role in the beam quality if
the pulse length is long and if the background plasma density
is large enough that the instability can develop within the ion
beam pulse.

VIil. CONCLUSION

In this review, we described the effects of beam-driven
two-stream instability on propagation of the ion beam pulse
in background plasma. The self-electromagnetic field gener-
ated by the ion beam pulse during propagation in plasma
before the two-stream instability develops focuses the ion
beam. In contrast to this, we showed that the non-linear elec-
tromagnetic fields generated by the two-stream instability
can result in significant defocusing of the beam.

The magnitude of the self-electromagnetic fields
depends strongly on the saturation amplitude of axial

electron velocity oscillations. By identifying a scaling
2
parameter, o = (:’7’)3 ("mi) 1 3 which is a function of the ratio
p e

of the beam to plasma densities and beam ion to electron
masses, we studied the scaling of the non-linear self-electro-
magnetic fields in a wide range of plasma densities and ion
masses. We showed that in the limit of low plasma density,

n, < np ("mi)l/ 2, the instability is saturated by the electron
@)1 /2

trapping mechanism. In the opposite limit, n, > n (m

the instability is saturated by the ion beam trapping mecha-
nism. The azimuthal self-magnetic field and the total defo-
cusing force have a maximum in the transition region,
()
least favorable for a neutralized ballistic propagation of the
ion beam in background plasma due to deleterious effects of
the two-stream instability. We also showed that in the elec-

. We identified this transition region as the

tron trapping regime (1, < np(},*) 1/2) increasing the plasma

me
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density causes an increase in the total defocusing force and
can strongly affect ballistic propagation in background
plasma. This finding is in contrast to previous neutralization
studies where the effect of the two stream instability was not
taken into account, and it was assumed that denser plasma is
better for neutralization of the ion beam pulse.
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