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Abstract

The collective interaction between intense ion beams and plasmas is studied by simulations and experiments, where an intense proton beam
produced by a short pulse laser is injected into a pre-ionized gas. It is found that, depending on its current density, collective effects can
significantly alter the propagated ion beam and the stopping power. The quantitative agreement that is found between theories and experiments
constitutes the first validation of the collective interaction theory. The effects in the interaction between intense ion beams and background gas
plasmas are of importance for the design of laser fusion reactors as well as for beam physics.
© 2018 Publishing services by Elsevier B.V. on behalf of Science and Technology Information Center, China Academy of Engineering Physics.
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1. Introduction

Proper understanding of collective interaction between ion
beams and plasmas is of prime importance for various fields,
including the alpha particle interaction with gases in a laser
fusion reactor chamber [1], beam propagation in the ion driven
fast ignition scheme of inertial confinement fusion [2], colli-
sion of plasma bursts from super-nova with inter-stellar gases
and collisionless shock wave generation [3—7], and charged
particle beam dumping or scattering by gases [8,9].
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Theoretical and numerical works have been done to predict
collective ion beam-plasma interactions such as the two stream
instability and the Weibel instability [3—5].

There are various ion beam instabilities in un-magnetized
plasmas. Their growth rates depend upon the beam velocity
relative to the ion acoustic velocity, the electron thermal ve-
locity, or the speed of light, the beam velocity spread, the
beam density relative to the ambient plasma density, and so
on. When the ion beam velocity is higher than the electron
thermal velocity, the characteristics of the instabilities are
different whether the beam velocity is (1) non-relativistic, or
(2) relativistic. In case (1), the instability characteristics are
divided into the following two cases: (1)-1 The longitudinal
and oblique electron plasma waves are excited by the coupling
of a beam mode and an electron plasma wave [10], if the beam
velocity spread is smaller than the resonance width of the
coupling. It is the so-called “cold beam two stream
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instability” ; (1)-2 On the other hand, when the ion beam
velocity spread is larger than the resonance width, namely, the
warm beam case, the longitudinal or oblique electron plasma
waves and the Weibel mode are excited by the wave particle
resonance, namely the “inverse Landau damping”. In case (2),
when the beam velocity is finite relatively to the speed of light,
namely, VTb is finite, both electrostatic modes and transverse
electromagnetic modes are excited [2—7,11]. The transverse
electromagnetic mode is called the “lon Weibel Instability”
[3—7]. Case (2) is relevant to the generation of collisionless
shock waves [3—7] where beam density ny is comparable to
plasma electron density ne.

Although the plasma stopping power of the ion beam from
accelerators has been investigated by experiments [12], col-
lective interactions of intense ion beams with hot dense
plasmas have not been well investigated experimentally. It is
mostly due to the fact that the involved phenomena require
extremely large current ion beams such as the alpha particle
stream in burning plasmas, or ion streams in the vicinity
of super-nova or other particle streams related to extreme
events [6].

The generation of intense ion beam by intense short pulse
laser (ISPL), however, offers now the unique possibility to
explore such collective effects in laboratory. Various mecha-
nisms for ion acceleration by ISPL have been demonstrated
experimentally [13—19]. The ion beams emitted as a short
pulse from the target source, have naturally a wide energy
spectrum and a large number (10''—10"%) of particles pro-
duced in a single short bunch (ps at the source). The propa-
gation of the laser produced ion beam in vacuum has been
investigated in order to characterize the beam emittance,
laminarity, and focusability [17,20—22] and to explore its
possible applications [19,22]. Its interaction with matter has
been proposed as a way to produce hot dense matter [19].
However, no work has addressed the issue of collective
interaction of the laser produced ion beams with plasmas.

Here, taking advantage of the unique characteristics of
proton beam produced by ISPL, namely its short duration at
the source and large number of particles per bunch, we provide
the first experimental evidence for the importance of collective
interaction effects. It is indeed found that, depending on the
beam current density, the characteristics of an ISPL produced
high current proton beam could be modified after passing
through a plasma jet. The results are found to be in agreement
with theoretical predictions based on collective instability
theory. In Section 2, we will present the results of our simu-
lations to give the readers a sense of the expected instability
growth behavior and its effects on the propagation of the
beam. Then, we will show the experimental results (in Sec-
tions 3 and 4) as well as an analytical description of the
instability that we have observed (in Section 5).

2. Hybrid simulation of ion beam-plasma instabilities

The previous simulations by Kato et al. [3] and Silva et al.
[4] investigated the two stream instability for counter-

streaming plasmas. In their cases, the growth rate of the
electro-magnetic transverse instability like ion Weibel insta-
bility is comparable to that of the electrostatic instabilities. In
particular, in the nonlinear regime, the magnetic field fluctu-
ations are dominant. On the other hand, in the present labo-
ratory experiments, the proton beam is weakly relativistic,
namely * ~ 0.1 and the beam density is much less than the
ambient plasma density. In this case, the electrostatic or weak
electromagnetic instabilities are dominant and the nonlinear
behavior of the proton beam is different from the previous
cases [3,4]. In order to investigate the linear and nonlinear
developments of the beam instabilities, we carried out large
scale hybrid simulations [23] and compared the results with
the experimental ones.

In our instability analysis, the proton beam density varies
from 10~ to 107> of the ambient plasma electron density and
the beam energy is 4—10 MeV for comparison with the ex-
periments discussed in Section 3. For the same reason, we fix
the ambient plasma electron density to be 4 x 10" cm™>.
When the proton beam propagates from the laser irradiation
target to the gas jet, the proton beam pulse spreads in space
and time. In the beam spreading process, the local velocity
spread of the beam is reduced to be % ~ & 81 where Ad is
the acceleration distance ~10um, d is the distance between the
proton source and the gas plasma ~4 mm, At is the accelera-
tion time ~0.1 ps [24,25], and ¢ is the time-of-flight from the
source to the gas plasma ~50 ps. Then, the beam temperature
in the interaction region is estimated to be
M% ~ 10‘5M%< 100 eV. This is the reason that we as-
sume the beam temperature is 100 eV in the simulation and it
is consistent with the experimental findings [26].

The linear dispersion relation for the ion beam instability
reported in the works [3,27,28] is solved numerically to
observe the longitudinal and oblique mode growth rates. The
growth rates for the ion beam instability of various ion beam
densities are shown in Fig. 1, where the ion beam velocity
spread is assumed to be 0.35%. When the beam density is
higher than 0.1% of the plasma electron density, the growth
rate is proportional to the cubic root of the beam density as
shown by a broken line in Fig. 1(a), which represents the cold
beam instability. On the other hand, when the beam density is
much smaller than 0.1% of the ambient plasma electron
density, the instability is due to the inverse Landau damping
and the growth rate is proportional to the beam density. We
note here that when the Doppler shift frequency due to the
beam velocity spread kAvy, is larger than the cold beam growth
rate which is actually the resonance width of the beam mode
coupling, the instability becomes kinetic, namely, the insta-
bility is due to the inverse Landau damping.

As shown in Fig. 1(a), the maximum growth rate is higher
than 10’40)pe when Z_:> 103 and is finite. For the plasma
density of 4 x 10"”cm™3, the growth length YV—" ~ 0.7 mm.
Therefore, the electron plasma waves could grO\g'/axsigniﬁcantly,
if the plasma length is longer than a few millimeters, which is
the case in our experiment and will be discussed later.
Fig. 1(b) shows that the transverse wave number of the
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Fig. 1. (a) Beam density (normalized by the plasma electron density) dependence of the maximum growth rate (normalized by the plasma frequency) for
the ion beam, where the broken line shows the cubic root of the beam density. Colors in the wave number space indicate the growth rate normalized by wp.

for (b) 2 = 10~* and (c) = 107"

unstable modes is comparable to the longitudinal wave num-
ber. Namely, the transverse electric field is comparable to the
longitudinal fields. So the ion beam not only loses energy but
also scatters. When the beam density is higher, the unstable
region is wider (as shown in Fig. 1(c)) and the transverse wave
number of unstable modes is comparable or larger than the
longitudinal wave number. The frequency of unstable modes
near the k,-axis is much lower than the electron plasma fre-
quency and those modes are Weibel-like.

The two-dimensional electro-magnetic hybrid simulation
code developed by T. Taguchi et al. [23] has been applied to
investigate the nonlinear evolution of the ion beam instability.

The hybrid code is better to simulate long timescale and
large spatial scale phenomena than PIC, because the mesh size
Ax can be larger than the Debye length and the time step
AT<% can be larger. Therefore, we applied the hybrid
code where the electron motion is described by the fluid
equations.

Here, the ambient electrons are described by the fluid
equations and the background ions and beam ions are

described by particles with full Maxwell equations. In Fig. 2,
the ion beam is injected from the left boundary at z = 20 .=
continuously into the uniform plasma of which the electron
density is n, = 4 x 10"’cm™3, and particles and electro-
magnetic fields are absorbed in the right boundary at z =
250 =. Fig. 2(a)—(d) show respectively the spatial distri-
butions of the longitudinal and transverse electric fields, the
ion beam density distributions and magnetic field at the end
of the simulation for the parameters related to the experi-
ments, except for the beam density which was taken as 7 =
0.01. Such higher beam density was selected in order to
investigate the full nonlinear evolution of the instabilities
within the possible simulation box size. Fig. 2(a) and (b)
show that the longitudinal and transverse electric fields grow
spatially from the left boundary, as the beam density fluc-
tuations and the magnetic fields shown in Fig. 2(c) and (d)
respectively.

The ion beam breaks up into small fragments to generate
electron plasma waves in the saturated state. The maximum

longitudinal electric field amplitude reaches 10° V/m for
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Fig. 2. Hybrid simulation of the two stream instability of the ion beam. The right-hand writings are the units of color bars. The plasma electron density is
4 x 10"cm™3 and the proton beam density is 1% of the plasma density. (a) and (b) are the longitudinal and transverse electric field distribution respectively, (c) and
(d) are the proton beam density distribution and B, distribution respectively at 340 ps after starting the proton beam injection from the left.
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Fig. 3. (a) Schematic of experiment. The laser pulse, focused on an Au thin foil, generates a proton beam that probes a He gas jet pressurized at 100 bars. The
distance between the proton source and the jet is varied. Protons are detected on multiple layers of RCFs. (b) Example of a proton radiograph (at 4 MeV) in the

absence of gas in the nozzle. The shadow of the nozzle is clearly visible.

0.1 mm propagation length (see Fig. 2(a)). Note also that the
transverse electric field is comparable to the longitudinal
electric field as shown in Fig. 2(b).

The simulation indicates that the electric fields build-up
distance is about 5 times the e-folding distance, which is
0.05 mm ( ~ 5:-) according to Fig. 2(c), in the case of
0.01. Fig. 2(c) “shows that the proton beam is strongly
modulated by the electric field and there is a density

compression at 100 from the injection point. Fig. 2(d) shows
that modest magnetlc fields are generated due to the transverse
ion current modulation.

For 7 = 10~ > as in the experiments described in the next
section, the fluctuating electnc fields will build up at the dis-
tance of 3.5 mm, where - e 0.7 mm according to Fig. 1(a).
Accordingly, the ion beam may break up into tiny clusters
induced by the instabilities which will saturate. Therefore, the
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electric field growth is expected to be saturated after the beam
propagates for longer than 3.5 mm.

3. Experimental set-up

The beam-plasma interaction experiment was performed
using the 100 TW ISPL at the Laboratoire pour I'Utilisation
des Lasers Intenses (LULI). The concept of the experiment is
shown schematically in Fig. 3(a). The high-current ion beam is
produced by irradiating a metallic thin foil (10 um thick Au)
with a short-pulse, ultra-high intensity laser (~20—30 J of
1 pum light with 350 fs duration, focused to ~10'" W/cm?)
[16—18]. Laser-generated fast electrons set a ~TV/m electro-
static sheath field [16,22] on the target rear surface; the field
ionizes the surface atoms and accelerates the resulting ions,
which are mostly protons originating from the surface
contaminant layers (water vapor and hydrocarbons) [15,19].
The protons are detected using multiple layers of radio-
chromic film (RCF) [15,29]. The spatial distribution of pro-
tons in a given RCF layer gives the angular emission pattern at
a specific interval of proton energy. By carefully preparing the
rear surface of the target foil [16], and by controlling the laser
focal intensity distribution using a deformable mirror [30], the
proton beam can be generated in a laminar fashion [17,20,21]
with a smooth angular distribution [16] and an energy spec-
trum that ranges from 4 to 10 MeV. Approximately 10"
protons are produced in a single laser-shot for energies above
4 MeV. Due to the energy spread of the beam, the proton
current varies from ~1 kA at 1 mm from the plasma source to
~100 A at 1 cm. Due to the beam divergence of ~10° half-
angle, the beam current density also decreases rapidly with
the distance from the target (1 MA/cm? at 1 mm and 1 kA/cm?
at 1 cm). The proton beam is then propagated through a su-
personic jet of He coming from a conical nozzle with 100 bars
backing pressure which is open for ~10 ms before the laser
shot. The equivalent electron density of the fully ionized jet at
this pressure is ~4 x 10" cm ™. We can assume that the gas
jet is ionized first by the front of laser accelerated electrons
injected into the plasma [31]. Indeed, the strong high energy
electron pulse may induce strong electric fields which lead to
gas discharge following which further ionization of the gas
will take place [32].

Distorted mesh

4. Experimental results on ion beam interaction with a
gas target

As shown in Fig. 3(b), the protons in the plasma beam did
not present any noticeable structures without triggering the jet,
and the proton beam profile was smooth. However, when we
injected gas in the nozzle, we observed, depending on the
proton beam current at the gas jet location, strong modulations
in the proton beam after passing through the gas, as shown in
Fig. 4.

Lighter zones on the films correspond to areas where pro-
tons are deflected and defocused by the interaction with the
gas jet. Conversely, darker zones correspond to local focusing
of the beam. It is determined that the modulations are due to
the interaction between the proton beam and the gas jet, and
not to a perturbation of the acceleration on the solid target
surface induced by the gas flowing from the jet. Indeed, when
positioning a fine mesh in between the solid target and the jet
(see Fig. 3(a)), we observed that the image of the mesh was
distorted, indicating that distortions had taken place in the gas
jet (see Fig. 4(b)). If the proton beam was simply modulated at
the source, i.e. before the mesh, and was not perturbed by the
jet, density modulations would appear but the mesh would
impose a regular pattern on the beam. Here, the pattern
imprinted by the mesh is seen to be distorted, indicating that
the distortions took place after the mesh. Consistently, we see
that the mesh distortions followed the proton beam density
modulations very closely. Moreover, we placed a 4 um CH
film in between the target and the gas jet to prevent any
possible contamination of the proton source foil and still
observed the modulations.

As shown in Fig. 5, modulations in the lower energy
proton beam are more pronounced than those in the higher
energy proton beam. Namely, the lower energy part of the
proton beam has a higher density and also crosses the jet at a
later time (at 4 mm from the source, the time-of-flight dif-
ference between 4 MeV and 10 MeV protons is ~53 ps). Also,
as observed in Fig. 4, the modulations are stronger when the
plasma beam source is closer from the jet, in which case the
spread of the beam due to the angular divergence is still small
and the beam density is higher. The modulations are not only
reduced with the beam density but also with the density of the

Fig. 4. Proton beam pattern (at 4 MeV) after passing through the gas jet with the distance from the proton source to the middle of the jet being (a) 1 cm, (b) 7 mm

and (¢) 4 mm.
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Fig. 5. Proton beam patterns after passing through the gas jet and observed at different proton energies as indicated with the distance from the proton source to the
middle of the jet being kept at 4 mm. All films correspond to various proton energies produced and propagated through the gas in a single shot.

jet. When reducing the backing pressure to 35 bars, the
perturbations on the proton beam are virtually suppressed,
even when positioning the proton source at 4 mm from the
gas.

5. Analysis of the experimental results by beam plasma
instabilities

Let us now compare the collective interactions of the pro-
ton beam with the gas jet in the simulations and experiments.
According to the experimentally measured proton beam dis-
tribution, the proton beam density at L (cm), the center of the
gas jet is obtained as

Ly O3x10° B (40-E o] (1)
n =
b nLF 2.6 [MeV] P\2.6MeV]

Note that Eq. (1) is derived by using the relation:

0

r dN
/2TCL2(1 —cosf)ny(L,t) = / dE—-= 10"
Lo 4.0 [MeV]
and

M,L
dE = —2=dL,

t2

where 10'" is the number of the detected total protons with
energy higher than 4.0 MeV.

Here, we note that: dN/dE = (10''/2.6) exp[(4.0 MeV —
E)/2.6 MeV], which is the divergence half angle, E = My(L/
1?12 is the energy of a proton arriving at L, and we assume a
proton of 4.0 MeV arriving at L, at the time ¢ with a proton
mass My. L is the distance from the target rear surface to the
center of the gas jet.

We will consider here the electro-static and electromagnetic
beam instabilities that can take place when an intense ion
beam interacts with gas plasmas. When v,/v,, (electron thermal
velocity) > 1, both ion and electron modes are destabilized
and the ion—ion two stream instability [9] and the Weibel
instability [3,11,29] can take place. As for the Weibel insta-
bility, the maximum growth rate is wyv,/c [11] for ion beam
plasma frequency wy, = (nyZae?leoMy)'2, plasma ion mass M;
and ion charge Z; which is about 2 x 10'® s~'. The corre-
sponding e-folding time is 50 ps, which is comparable to the

proton beam pulse width (53 ps). Therefore, the Weibel
instability is not taken into account hereafter.

For a cold ion beam and low electron temperature plasmas,
the dispersion relation for the electro-static wave [10] is
approximately given by:

w? w?, 2
1,#,&,L:0’ (2)

(w—kym)®

where wpe:(neezleom)”2 and a)pi:(niZiZeZ/EOMi)”2 are the
electron and ion plasma frequencies of the ambient plasma, k|,
is the wave vector parallel to the beam and » is the electron-ion
collision frequency. Here, n. and n; are the densities of elec-
trons and ions, respectively. When ny/n;<1, the frequency of
the unstable mode is close to @ = kjvp. In the case of low
electron temperature, namely, kv, < kjve~ Wpe, the cold elec-
tron approximation (Eq. (2)) is applicable. Then, the disper-
sion relation of the unstable electron plasma wave, Eq. (2), is
reduced to

(wz - ‘*’§> (0= k)" = wjer, (3)

if the collision frequency is small enough, namely,
S (w%wpe)m. When kjvy < wy., the dispersion relation Eq.
(3) yields, @ = kv, + iI', where I' = wpkp|vi/[whe-(kvp)1".
This indicates that the unstable electron wave propagates with
the ion beam velocity and the growth rate I" increases when
kv, approaches wp.. The growth rate becomes maximum
when kv, = Wy, then Eq. (3) yields

i 1/3
1 mny,
w = kHVb + €exp (T) Wpe <m) .

Namely,
T 31/2 1/3 1/3
_<m””> ~6><10'2(nb) . (4)
Wpe 2 2Mbne Nne

In the experiment, the plasma electron temperature may be
~100 eV. Thus, ¥/wpe~10"" and v < T

Using the proton beam density at the center of the jet given by
Eq. (1) and the growth rate given by Eq. (4), we evaluated the
growth rate and the amplification factor of the instability. The
results are summarized in Table 1. The parameters used in Table 1
correspond to the distances employed in the three cases of Fig. 4,
namely (a), (b), and (c) and to the beam energies of Fig. 5. Asitis
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apparent from the growth rate and the amplification factors, we
conclude that the proton beam driven electro-static instability is
effective for a 4.0 MeV beam interacting with the gas jet at the
distance of 4 mm, whereas it becomes marginal when (1) the
beam energy increases to 10 MeV (still for the distance of 4 mm),
or (2) the distance increases to 10 mm, while the energy is kept at
4 MeV. The other cases, i.e. higher beam energies or larger dis-
tances, display even lower growth rates, hence reveal low levels
of beam instabilities. These theoretical estimates are well
consistent with the experimental results of Figs. 4 and 5.

In order to quantitatively compare our estimates to the
experimental data, we now evaluate the possible deflection
angle impaired on the proton beam induced by a well-
developed instability. Let us assume that the ion beam den-
sity is spatially modulated as ‘5"'3 = Acos(kyr + kjz — kyvpt) by
the instability. Then the modulatlons excite wake fields in the
gas jet plasma. The wake fields will subsequently scatter the
proton beam. The wake fields are evaluated as,

2

A
o %pe B
E(kHVb)kthne mvb21 eXp( (klr + kHZ kHVbt))

Ny
ek =K/||k|

+c.c.

)

where £(w) =1 — w<w = o) is the longitudinal dielectric constant
for the cold electron plasma. Since kjvp = wWpe, and v < wpe,
we get

2

eE = K/Hk|| —mvbAcos(klrJrkHz—kHvbt) (5)

When A~0.5, and ne = 4 x 10%em™, 2 =2 x 107 (i.e.
correspondmg to the 7 mm distance), v, = 2 8 x 10° cm/s, and
V/cupe~107 , the electric field of the wake-field reaches
6.0 x 107 V/m. When the distance decreases to 4 mm (resp.
increases to 1 cm), the electric field is 3.0 x 10® V/m (resp.
1.9 x 107 V/m).

Fig. 6 shows the experimental modulation of the ion beam
dose as recorded on the RCF for the 4 mm and 7 mm cases (i.e.
the curve correspond to line outs of the images shown in Fig. 4(b)
and (c)). Fig. 6 indicates that the scattering angle of ions is about
0.02 rad for the 4 mm case. So, the transverse modulation ve-
locity is estimated to be about 10% cm/s for 4 MeV protons. It is
obvious that the shorter the distance, the deeper the modulations,

Table 1

Growth rate (upper) and amplification e-foldings (lower) of the proton beam
driven electrostatic instability, for the proton source target/gas jet distances
and proton energies considered here and that correspond to the experimental
data of Figs. 4 and 5.

Distance Energy
4 (MeV) 7 (MeV) 10 (MeV)

4 (mm) 54 % 10" s7h 48 x 10" (s 3.6 x 10" (s7h
55 (see Fig. 2(c)) 30 (see Fig. 3(c)) 16 (see Fig. 3(a))

7 (mm) 3.1 x 10" s7h 2.7 x 10" (s7h 2.0 x 10" (s7h
26 (see Fig. 2(b)) 17 9.5

10 (mm) 22 x 10" s7H 1.9 x 10" (s7h 1.4 x 10" (s
14 (see Fig. 2(a)) 12 6.8

hence the stronger the E-field that leads to the modulations.
Thus, the trend is already consistent with the theoretical estimate
of Eq. (5). Qualitatively, the beam modulation in the gas jet
plasma is as expected by the simulation (see Fig. 2). We can go
one step further and retrieve quantitative estimates of the electric
fields inducing the observed proton deflections from the lineouts
and knowing that the distance between the gas jet and the RCF is
63.5 mm. This is made using a particle tracing program [33]. In
these simulations, we observe that the depth of the dose modu-
lation depends essentially on the strength of the E-field in the
plasma. We can thus infer the following estimate of the E-fields:
(3—=5)x10% V/m for 4 mm, (4—7) x10® V/m for 7 mm,
(1—4)x10% V/m for 1 cm, in very good agreement with the
theoretical estimates and simulation results given above.

6. Discussions

The presented analysis of the importance of collective effects
in the interaction between an ion beam and a plasma has im-
plications on laser fusion reactor design, since a similar situa-
tion could happen for the burning plasma interaction with
chamber gas contained in a laser fusion reactor. For example, the
3.5 MeV alpha particles produced by D-T reactions escape from
the burning plasma, of about 100 pum radius, with velocity v, =
1.5 x 10° cm/s and their density which drops as they propagate
across the chamber is about n, = 103 cm™ at 1 m from the
center. If the chamber gas pressure (higher than 10 mTorr [1]) is
ionized by strong X-ray radiation, the alpha particles will de-
posit significant energy into the gas. In the case that all or part of
the energy of the ions is transferred to the surrounding gas, the
energy deposition on the first wall would be then more bearable
since the time scale of the energy deposition would be long, due
to the convective and radiative heat transfer between gas and
wall [34]. However, the ion-gas energy transfer could also cause
unwanted effects in the propagation of the laser pulses or of the
targets to the target chamber. For example, deviations from the
selected trajectory of the injected target or excessive heating of
the cryogenically cooled D-T fuel may arise from the hot and
surely turbulent background gas if it has not been cooled down
before the next fusion shot.

3

distance=4 mm
#115

Relative proton dose

0 5 10 15
Location on the RCF film (mm)

Fig. 6. Beam intensity fluctuations as recorded on the RCF. The black solid
curve is for 4 mm and the green curve is for 7 mm distance from the proton
source target to the gas jet.
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