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Collective energy-spectrum broadening of a proton beam in a gas-discharge plasma
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An accurate understanding of ion-beam transport in plasmas is crucial for applications in inertial fusion energy
and high-energy-density physics. We present an experimental measurement on the energy spectrum of a proton
beam at 270 keV propagating through a gas-discharge hydrogen plasma. We observe the energies of the beam
protons changing as a function of the plasma density and spectrum broadening due to a collective beam-plasma
interaction. Supported by linear theory and three-dimensional particle-in-cell simulations, we attribute this
energy modulation to a two-stream instability excitation and further saturation by beam ion trapping in the
wave. The widths of the energy spectrum from both experiment and simulation agree with the theory.
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I. INTRODUCTION

Ion-beam pulses are commonly used in a variety of re-
search fields, such as ion-driven inertial fusion [1,2] and
high-energy-density physics research [3,4]. An intense ion
beam is proposed to be a new solution to produce large vol-
ume high-energy density matter with a homogeneous state
because of its long penetration range and a relative constant
stopping power along the trajectory. With the development of
high-intensity lasers, the required ion beams can be produced
from laser-plasma interactions, in which the beam usually
has a large divergence and needs to be focused before it is
delivered to the target [5]. The ion beam from conventional
accelerators also needs to be focused transversely for applica-
tions in high-energy-density physics. Simulations [6-9] and
experiments [10—15] have proven that a background plasma
can be provided as an effective medium for the transport and
focusing of intense charged particle beams, due to the effec-
tive neutralization of beam space charge by plasma electrons.

However, it should be noted that the ion-beam propagation
in a background plasma can be subject to collective instabili-
ties, which have important impacts on the beam transport and
final beam energy spectrum. For nonrelativistic beam ions,
a longitudinal modulation effect driven by the two-stream
instability between beam ions and plasma electrons highlights
the main feature [16—18]. The result of the instability is
to produce short-wavelength electrostatic wave perturbations
with a frequency close to the plasma frequency w ~ wp.
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The unstable wave has a phase velocity which is close to
the beam velocity and saturates either by the longitudinal
trapping of plasma electrons in the wave, which happens
when the electron’s amplitude of the velocity oscillation in the
wave becomes of order of the phase velocity of the wave, or
by the trapping of beam ions, which happens when the beam
ion’s amplitude of the velocity oscillation in the wave be-
comes of order of the difference between the beam velocity
and the phase velocity of the wave. If the saturation is caused
by beam ion trapping, the beam density becomes highly
modulated in the longitudinal direction and the beam splits
longitudinally into short bunches with length ~v;/wp, < Ip,
where v, and [, are the initial beam velocity and length.

It is shown that for long, nonrelativistic beams, the charge
neutralization is very good even for a tenuous background
plasma with a density much smaller than the beam density [7].
The electrostatic two-stream instability for a cold, longitudi-
nally compressing charged particle beam propagating through
a background plasma has been investigated both analytically
and numerically [19]. In addition, simulations [16,18,20]
show that the two-stream instability can play a significant
role in the ion-beam dynamics and leads to a transverse de-
focusing of the beam ions. The long-time evolution of the
two-stream instability and generation of a forerunner electron
beam during beam-plasma interactions are also investigated in
detail using large-scale one-dimensional electrostatic kinetic
simulations [21]. Although a growing body of literature has
been dedicated to studying collective beam-plasma interac-
tions, little experimental work has been performed at present
to investigate the ion-beam excited two-stream instability, es-
pecially the instability saturation due to beam ion trapping. In
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FIG. 1. Experimental layout. The proton beams from the ECR ion source were accelerated and delivered to a radio-frequency inductively
coupled plasma target. After the plasma device, a bending magnet with 45° deflection over a 0.5 m radius and a position-sensitive detector

were employed to measure the beam energy.

this paper, with a specially designed 2.2-m-long low-density
gas-discharge plasma device, we perform an experimental
study of proton-beam excited two-stream instability. With
properly selected beam and plasma parameters, a collective
broadening of the beam energy spectrum at the plasma exit is
clearly observed due to the beam ion trapping in the wave,
which is confirmed by linear theory and three-dimensional
particle-in-cell (3D PIC) simulations. The paper is organized
as follows: In Sec. II the experimental setup is described, and
the results are discussed in Sec. III. Finally, conclusions are
given in Sec. IV.

II. EXPERIMENTAL SETUP

The ion-plasma interaction experimental setup was con-
structed at the 320-kV high-voltage platform at the Institute
of Modern Physics, Chinese Academy of Sciences IMPCAS)
in Lanzhou [22] as indicated in Fig. 1. Proton- and heavy-ion
beams with currents from 100 enA to 100 e A can be pro-
duced by the electron cyclotron resonance (ECR) ion source.
After two 90° bending magnets, the X -Y deflectors and several
quadrupole magnets were used to deliver the beams to the
plasma target. The energy spread of the beam is less than
0.3%. A 2.2-m-long radio-frequency (rf) inductively coupled
plasma target (the small inset figure in Fig. 1) was installed
and the homogenous plasma was generated by the 13.56 MHz
rf power varying from 100 to 1000 W. Pure (99.999%) hy-
drogen gas was filled into the quartz tubes, each 1.0 m long,
through a metallic needle valve in the middle of target, where
a capacitance diaphragm vacuum gauge of CDG 500 was used
to monitor the interior gas density. The working pressure can
be changed from 5 to 50 Pa. The plasma electron density can
be changed from 10" to 10" m~— and temperature from 4
to 9 eV. Figure 2 shows the density and temperature of the
hydrogen plasma as a function of the rf power in different
pressure conditions. In the experiment, the plasma parameters
were diagnosed offline by the dual-Langmuir probe. Consid-
ering the long distance of the rf plasma itself, a specially
designed alignment and positioning system was developed. A
collimating laser from a second bending magnet to the straight
end of the beamline was used to align the plasma device.

In order to retain the high vacuum condition in both
external ends of the plasma, a two-stage differential pump-
ing system consisting of two turbopumps (evacuation rate
300 1/s) and a roof pump (evacuation rate 8 1/s) were em-
ployed, where the beamline and the plasma target were
separated by four apertures with a diameter of 2 mm and a
length of 20 mm. Each stage can reduce the pressure by a
factor of 100, and the base pressure along the beamline stays
at 107> Pa when the gas pressure in the rf plasma target is
about 5 Pa. The ion beams windowlessly penetrate through
the plasma, which ensures a low beam energy spread before
the ion beam-plasma interaction. After the plasma device,
a bending magnet with 45° deflection over a 0.5 m radius
and a position-sensitive detector (PSD) were employed to
measure the energy of protons. The maximum of magnetic
field intensity is about 0.3 T and the current instability is less
than 0.03%. The PSD consists of a gated microchannel plate
(MCP) detector, a phosphor screen, and a rear CCD camera,
which has a spatial resolution of about 70 um. A four-slit
diaphragm in front of the bending magnet gives the up limit
of beam size less than 0.2 x 0.2 mm? and the high-energy
resolution can be achieved.

III. RESULTS

Figure 3 shows the energy spectrum of beam protons
with an initial energy 270 keV for the following cases: (a)
plasma off (i.e., neutral hydrogen gas of pressure 5 Pa), (b)
plasma on with rf power 900 W and free-electron density
5.2 x 10" m™3, and (c) plasma on with rf power 1000 W
and free-electron density 5.8 x 10'® m=3. It is obviously
the beam energy moves to the “loss” side when the target
is filled with hydrogen gas of pressure 5 Pa and the energy
loss is about 1.0 keV. Once the hydrogen gas is ignited to the
plasma state, the energy spread of the proton beam increases
significantly and a two-peak structure in the energy spectrum
can be observed, as indicated in Fig. 3(c). The width of the
two-peak structure is shown to be 1.0 keV, with one peak
located at 269 keV, which is the position of beam energy in
the cold gas [Fig. 3(a)], and the other one located at 270 keV.
This energy-spectrum broadening cannot be explained by the
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FIG. 2. (a) Hydrogen plasma density and (b) electron tempera-
ture as a function of the rf power in different pressure conditions.
The plasma parameters were diagnosed offline by the dual-Langmuir
probe. (c) The ionization degree of the plasma target is also shown in
the figure.

collision model, i.e., the collision between beam protons and
plasma electrons. With a plasma density of 5.8 x 10 m~3,
the collisions between beam protons of energy 270 keV and
plasma electrons can be neglected and the collective beam-
plasma interactions need to be considered.

For the beam and plasma parameters in the experiment,
the wakefield and two-stream instability (between the beam
protons and plasma electrons) can be excited and becomes
saturated, as indicated below. The dispersion relation of the
two-stream instability of a monoenergetic beam interacting
with a plasma, neglecting the beam’s own magnetic field, is
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FIG. 3. Experimental result. Energy spectrum of beam protons
with an initial energy 270 keV for the following cases: (a) plasma
off (i.e., neutral hydrogen gas of pressure 5 Pa), (b) plasma on
with rf power 900 W and free-electron density 5.2 x 10'¢ m~3
and (c) plasma on with rf power 1000 W and free-electron density
5.8 x 10'® m~3. The error bars in the figure are undistinguishable
and the measurement error range is below 10%.

given by
1_¢__—(F2sm ¢ + cos’ ¢) = (D

where wj, is the ion-beam frequency, Q2 = w — k- w, is the
Doppler-shifted wave frequency, I" the Lorentz factor of beam
protons, and ¢ is the angle between the wave vector k and
the beam velocity v, i.e., k- U = kvpcos ¢ = kjv,. With a
plasma density of 5.8 x 10'® m—3, the plasma electron colli-
sion frequency v and oscillation frequency w,, are estimated
tobe 4 x 108 s~!and 1.3 x 10" s7!, respectively. Therefore,
the plasma can be considered to be collisionless with v < @pe.
The peak growth occurs at kjv, = wp. and is given by

wpe (T2 sin® ¢ + cos? ¢))1/3. @

= Im = —_—
y=rme @ <2wb I

For the beam energy in this work, the Lorentz factor I' & 1
and the growth rate of the two-stream instability is y /w,. =
0.69(% e )1/ 3, where ny, and n, are the density of the proton
beam and plasma electrons, respectively. The beam density
ny, in our experiments is estimated to be 2.8 x 10! m~3 with
a current of 1 uA and radius 1 mm. With a plasma electron
density of 5.8 x 10'® m~3, the growth rate is shown to be
Y/ Wpe 9.5 x 10~* and the characteristic plasma length for
the two-stream instability to grow is L. = v,y ' ~ 0.56 m.
Therefore, it is expected that an instability develops and satu-
rates after a travel distance of 2.2 m in the background plasma.

For the beam and plasma parameters in the experi-
ments, we have [(m;/m,)(ny/n.)*]"/> < 1 and the saturation
is caused by beam ion trapping, in which the beam ion’s
amplitude of velocity oscillation in the wave becomes of order
of the difference between the beam velocity and the phase
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velocity of the wave v2 ~ v, — w/ky ~ y /kj & (¥ /@pe)vp.

Here, we used the fact that w — kjv, ~ y. From this, the width
of the two-peak structure in the beam energy spectrum can
be estimated as AE = my (v, + vZ)Z/Z — mp(vp — vfn)2/2 =
2mpupv? A 1.026 keV, which shows good agreement with the
experiment result. It should be noted that the beam proton
stopping and energy transfer to plasma electrons and ions are
not significant in this case due to the trapping of beam protons,
not plasma electrons. In addition, with a plasma density of
about 5.8 x 10'® m~3 the plasma skin depth is about 2.2 cm,
which is much larger than the radius of the proton beam
(1 mm). Therefore, the excitation of the current filamentation
instability [23,24] between beam protons and plasma elec-
trons can be neglected.

Three-dimensional electrostatic PIC simulations with the
code BPVLAB [25] are also performed here to show this mod-
ulation effect. The dimensional effect (2D vs 3D) in PIC
simulations is a well-known issue that affects the quantitative
results significantly. Especially for beam-plasma interactions,
the magnitudes of the longitudinal and transverse wakefields
excited by the beam in plasmas will change a lot from 2D
to 3D simulations, and therefore the magnitude of beam
modulation. With this consideration, full 3D PIC simulations
are performed. The beam and plasma parameters adopted
in the simulation are the same as in the experiment, except
for the beam density 71, which is set to be 10> m~ to reduce
the numerical noise and simulation length. Although the beam
density is higher than that in the experiment, the parame-
ter [(my/m,)(ny/n.)*]"/? ~ 0.8 < 1 and the saturation is still
caused by beam ion trapping. The 3D simulation has a total
of 64 x 64 x 4096 cells, with a grid cell of hy = h, = h, =
6.17 x 107 m and a time step of At = 4.29 x 10-12 5. In the
simulation the beam propagates along the z-axis direction. For
the beam and plasma parameters in the simulation, the growth
rate is y /wpe ~ 1.46 x 102 and the characteristic length for
the instability to grow is L. = v,y ~! & 3.6 cm. With a plasma
length L = 4096 x h, = 25.3 cm, the instability develops and
becomes saturated as indicated in Fig. 4, in which the beam
density and longitudinal phase space distribution (z — v,) after
a travel distance of 25 cm are displayed. From Fig. 4(a),
the continuous proton beam is highly modulated and splits
longitudinally into short bunches. The density of the short
bunches reaches 3.5 x 10'® m~3 and is 35 times higher than
the initial beam density. The instability saturation due to beam
ion trapping in the wave can also be observed in Fig. 4(b). As
indicated previously, the beam proton’s amplitude of velocity
oscillation in the wave is v2 ~ (v /wpe)vp = 1.05 x 10° m/s.
From Fig. 4(b), the difference between the maximum (about
7.25 x 10° m/s) and minimum (about 7.05 x 10® m/s) beam
velocity is 2 x 103 m/s (i.e., ~2v?), showing agreement with
the theory. It should be noted here that we also perform sim-
ulations with a higher beam density (i.e., 10'® m~3), in which
the parameter [(mp/m,)(n, /n.)?1'/3 > 1 and the saturation is
due to plasma electron trapping. In this case, the beam density
modulation is weaker and the magnitude of the beam velocity
oscillation is smaller.

The corresponding energy spectrum of beam protons at
the plasma exit is shown in Fig. 5, in which the initial spec-
trum is also displayed for comparison. The broadening of the
spectrum due to a collective beam-plasma interaction and the
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FIG. 4. Simulation result. (a) Beam density and (b) longitudinal
phase space distributions (z — v,) after a travel distance of 25 cm in
the plasma. In the figure the proton beam propagates along the z-axis
direction. The dotted line in (b) indicates the initial beam velocity.

resulting two-peak structure can be clearly observed in the
figure. The widths of the two peaks from simulation and the-
ory estimation are 16 keV and AE = 2mbvbvfn ~ 15.8 keV,
respectively, showing agreement with each other.
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FIG. 5. Energy spectrum of beam protons at the plasma exit from
a 3D PIC simulation. The initial beam energy spectrum is also shown
in the figure for comparison.
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IV. CONCLUSION

In summary, with properly selected beam parameters and a
long-living well-characterized plasma device, we show exper-
imentally, supported by linear theory and three-dimensional
particle-in-cell simulations, the collective energy-spectrum
broadening due to the two-stream instability excitation and
saturation by beam ion trapping in the wave. This col-
lective spectrum broadening also confirms the wakefield
excitation by the proton beam in the plasma. In the re-
lated experiments, the detection of the energy spectrum is
an important diagnostic tool. Our results provide an impor-
tant reference for the experimental investigation of collective
beam-plasma interactions. Especially, nowadays the current
and energy of ion beams increase significantly with the de-
velopment of high-intensity lasers (e.g., proton beams from
laser-plasma interactions), and beam-plasma instability (e.g.,

the two-stream instability for ion beams) diagnosis is an im-
portant issue for actual beam applications. Although with a
higher beam and plasma density in this case, the parameter
[(mp/me)(nyp /ne)z]l/ 3 may be similar to the low plasma den-
sity case in this work and therefore collective energy-spectrum
broadening due to beam ion trapping can still be observed.
However, the width of the beam energy spectrum AE may
be different due to collisions in high-density plasmas, which
should be investigated in detail.
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