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Electrostatic two-stream instabilities play essential roles in an electrostatic collisionless shock formation. They
are a key dissipation mechanism and result in ion heating and acceleration. Since the number and energy of the
shock-accelerated ions depend on the instabilities, precise identification of the active instabilities is important.
Two-dimensional particle-in-cell simulations in a multicomponent plasma reveal ion reflection and acceleration
at the shock front, excitation of a longitudinally propagating electrostatic instability due to a nonoscillating
component of the electrostatic field in the upstream region of the shock, and generation of up- and down-shifted
velocity components within the expanding-ion components. A linear analysis of the instabilities for a C2H3Cl
plasma using the one-dimensional electrostatic plasma dispersion function, which includes electron and ion
temperature effects, shows that the most unstable mode is the electrostatic ion-beam two-stream instability
(IBTI), which is weakly dependent on the existence of electrons. The IBTI is excited by velocity differences
between the expanding protons and carbon-ion populations. There is an electrostatic electron-ion two-stream
instability with a much smaller growth rate associated with a population of protons reflecting at the shock. The
excitation of the fast-growing IBTI associated with laser-driven collisionless shock increases the brightness of a
quasimonoenergetic ion beam.

DOI: 10.1103/PhysRevE.104.055202

I. INTRODUCTION

In unmagnetized plasmas, a relative drift between two
plasma populations results in the excitation of electrostatic
two-stream instabilities. In the case of cold ion beams, the
electrostatic ion-beam two-stream instability (IBTI), which
is a resonant instability driven by slow- and fast-ion beams,
is excited [1]. When a relative drift exists between electrons
and ions, the Buneman instability is excited [2]. By adding
electrons with Maxwellian velocity-distribution function
to the cold drifting-ions, the system is possibly unstable to
the electrostatic ion-ion acoustic instability (ion-ion AI) and
the electrostatic electron-ion acoustic instability (electron-ion
AI) [1,3,4], in addition to IBTI and Buneman instability [1].
The electron-ion AI and ion-ion AI are excited in the electron
background. Whereas the electron-ion AI is excited by the
relative drift between electrons and ions, the ion-ion AI is
excited when the relative drift between ion species is present.
Therefore, in a multispecies ion plasma with relative drifts
between ion species, both the electron-ion AI and ion-ion AI
can be excited in addition to IBTI. It is well known that the
growth rates of the electron-ion AI and ion-ion AI are much
smaller than that of IBTI [1,3].
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Akimoto and Omidi [5] have conducted a linear analysis
to study a broad-band electrostatic noise excited by an ion
beam in the Earth’s magnetotail, and shown that the broad-
band electrostatic noise can be explained by the presence
of the ion-ion AI and electron-ion AI. Wahlund et al. [6]
have revealed that the observation of enhanced ion-acoustic
line spectra in the topside aurolar ionosphere results from the
ion-ion AI or IBTI in a multicomponent (H+, O+, and NO+)
plasma. The ion-ion AI and IBTI have been observed in ion
beam-plasma [7–9] and laser-plasma [10–13] experiments.

Electrostatic two-stream instabilities play essential roles
in collisionless shock formation as a dissipation mechanism,
which results in ion acceleration and heating mechanism.
Two-dimensional (2D) particle-in-cell (PIC) simulations were
conducted to investigate the ion-ion AI and IBTI in colli-
sionless shocks [1,4,14–16]. Ohira and Takahara [1] have
investigated at the foot region of a collisionless shock with
a very high Mach-number over 100, the fastest-growing mode
is not the electron-ion AI but the highly oblique ion-ion AI
and IBTI excited by the shock-reflected ions. Sarri et al. [15]
have shown that the nearly transverse ion-ion AI is excited
by the reflected protons from the laser-driven electrostatic
collisionless shock. This work provides details of electrostatic
two-stream instabilities associated with laser-driven collision-
less shocks that occur in a multicomponent plasma.

Recently, we reported a laser-driven electrostatic collision-
less shock acceleration [17–19] of ions in multicomponent
plasmas and excitation of electrostatic ion two-stream insta-

2470-0045/2021/104(5)/055202(13) 055202-1 ©2021 American Physical Society

https://orcid.org/0000-0002-2387-0151
https://orcid.org/0000-0002-3532-1635
https://orcid.org/0000-0002-2444-9027
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.104.055202&domain=pdf&date_stamp=2021-11-04
https://doi.org/10.1103/PhysRevE.104.055202


YOUICHI SAKAWA et al. PHYSICAL REVIEW E 104, 055202 (2021)

bilities [20]. Hereafter, we refer to this work as Paper I. The
electrostatic collisionless shock acceleration has been demon-
strated in the laboratory using a 10-μm wavelength CO2 laser
and a near-critical density gas target [21]. Several experiments
on collisionless shock acceleration have been carried out in
the last few years [22–27]. For medical applications, such as
cancer therapies [28], quasimonoenergetic ions are preferred.
A laser-driven collisionless-shock-acceleration is a candidate
ion source as the weak sheath field results in a quasimonoen-
ergetic ion beam [29].

In Paper I, Kumar et al. demonstrated using PIC sim-
ulations the possibility of producing high-flux and low
energy-spread proton beams in a multicomponent C2H3Cl
plasma. The target consists of a tailored density profile with
an exponentially decreasing density with 30-μm scale length
on the rear side. This results in a uniform electrostatic sheath
field ETNSA ahead, upstream, of the shock. Expansion of ions
under ETNSA results in relative drifts between slower-moving
C ions with lower average charge-to-mass ratio 〈Z〉/〈A〉 =
0.5 and faster-moving protons with higher 〈Z〉/〈A〉 = 1. It
was shown that the development of the longitudinal elec-
trostatic ion two-stream instabilities play important roles in
multicomponent plasmas and the associated ion acceleration
process. By using the cold-ion approximation and ignoring
the electrons, it was shown that two electrostatic ion two-
stream instabilities or two IBTIs can be excited: One is the
heavy-ion electrostatic ion two-stream instability, which is
excited between the expanding proton and C-ion populations.
This instability occurs in a multicomponent plasma as ion
components have different 〈Z〉/〈A〉 ratios, such as in a CCl2

plasma with fully ionized C6+ (〈Z〉/〈A〉 = 0.5) and Cl10+

(〈Z〉/〈A〉 = 0.28) ions as shown in Fig. 7(b) of Paper I. The
other is reflected-proton electrostatic ion two-stream insta-
bility, which is excited between the reflected and expanding
proton populations associated with the shock. In this analysis,
the growth rate and the wave number of the most unstable
modes of the instabilities are derived from an analytical model
with two cold-ion populations without a treatment of the elec-
tron population.

In Ref. [30], we observed two electrostatic collisionless
shocks at two distinct longitudinal positions when driven with
laser at normalized laser vector potential a0 > 10. Moreover,
these shocks, associated with protons and carbon ions acceler-
ate ions to different velocities in an expanding upstream with
higher flux than in a single-component hydrogen or carbon
plasma. A broadening upwards of the C6+-ion velocity dis-
tribution, which is important to increase the number of the
accelerated C6+ ions, is predicted to result from the heavy-ion
electrostatic ion two-stream instability [30].

In this paper, we report on the identification of electro-
static two-stream instabilities associated with laser driven
electrostatic collisionless shocks in a multicomponent C2H3Cl
plasma investigated using 2D PIC simulations. These PIC
simulations use the normalized laser vector potential a0 =
3.35, as discussed in Paper I, to investigate the electrostatic
ion two-stream instability. At this laser intensity, only a proton
shock is excited. A linear analysis of the instabilities for a
C2H3Cl plasma, with electrons, protons, C and Cl ions, is
carried out using the one-dimensional electrostatic plasma
dispersion function for unmagnetized collisionless plasmas

including ion temperature effect to identify the electrostatic
ion two-stream instability. We use plasma parameters, such as
temperatures, densities, and drift velocities for all the species
of particles, obtained from the PIC simulations. To identify the
instabilities, we start the linear analysis from the case of cold
ions and ignoring the role of electrons, in which IBTI can be
excited, and artificially removing some ion species. This is ex-
tended to cold ions and hot electrons, in which the electron-ion
AI and ion-ion AI are excited. Finally, finite-temperature ions
are included to understand the influence of the ion Landau
damping.

The paper is structured as follows: In Sec. II, we discuss
the EPOCH [31] 2D PIC calculations in a multicompo-
nent C2H3Cl plasma. We describe the temporal evolution
of the proton phase space and the broadening of upstream
expanding-proton distribution. Section III outlines a linear
instability analysis using data from the numerical simulations.
This section is divided into four parts and examines the insta-
bilities for cold ions without electrons (Sec. III A), cold ions
with hot electrons (Sec. III B), warm ions with hot electrons
(Sec. III C), and in Sec. III D we identify the observed insta-
bilities. The results of the numerical simulations and the linear
analysis are discussed in Sec. IV and summarized in Sec. V.

II. PARTICLE-IN-CELL SIMULATION IN A
MULTICOMPONENT PLASMA

The EPOCH calculations are conducted with the same
parameters as described in Paper I. The simulation box is 300
μm × 6 μm in size and composed of 9000 × 180 cells along
the x and y axis, respectively, with 30 particles per cell. The
skin depth is resolved by 2.7 cells, and the electron-proton
mass ratio of 1836 is used. The boundary conditions are
open in the x direction and periodic in the y direction for
both fields and particles. The laser pulse is modeled as the
electromagnetic plane wave with linear p-polarization along
the y axis and propagates in the x direction. The normally
incident laser pulse with infinite spot size has a Gaussian
temporal profile with 1.5-ps full width at half-maximum. The
peak intensity is 1.4 × 1019 W/cm2 (a0 = 3.35). The laser
pulse interacts with a fully ionized plasma density at x = 40
μm. We use a C2H3Cl plasma with a longitudinal (x direction)
density profile consisting of an exponentially increasing 5-
μm scale length laser-irradiated front region, 5-μm uniform
central region, and an exponentially decreasing profile with
30-μm scale-length rear region as the back of the target. To
avoid boundary effects, the simulations use 40-μm (x = 0–
40 μm) and 100-μm (x = 200–300 μm) vacuum regions at
the front and rear of the target, respectively. Details of the
simulations including the target density profiles at a0 = 3.35
are given in Kumar et al. [20,30]. The maximum electron
density is fixed at the relativistic critical density a0ncr, where
ncr = 1.12 × 1021 cm−3 is the critical plasma density for
the 1.053-μm wavelength laser used in these simulations.
The charge states Z of protons, C ions, and Cl ions are 1,
6, and 15, respectively. Cl (atomic number 17) is ionized
to the He-like ion state, Cl15+. The three ions have average
charge-to-mass ratios 〈Z〉/〈A〉 of 1, 0.5, and 0.42, respectively.
The corresponding ion density for each material is calculated
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from the quasineutral plasma condition. Initial temperatures
of particles are 500 eV for all species.

To accelerate the ions via the collisionless shock accel-
eration mechanism, the potential energy at the shock front
must be larger than the kinetic energy of the upstream ex-
panding ions in the shock rest frame. In other words, the
electrostatic potential at the shock front must satisfy the
following conditions [32], Zeφ � 1

2 Amp(V i
sh − vi

0)2. Here φ,
V i

sh, and vi
0 are the electrostatic potential, the shock veloc-

ity, and the particle velocity, superscript i represents the
different ion species. The lower threshold (vi

L) in vi
0 for

ion reflection via the collisionless shock acceleration mech-
anism is vi

L = V i
sh − √

2(Zi/Ai )eφ/mp. Namely the reflection
condition is given by vi

L � vi
0 � V i

sh [20,30]. This equa-
tion represents the lower vi

L and upper V i
sh bounds in vi

0
for ion reflection. Therefore, all ions with a velocity com-
ponent in between vi

L and V i
sh are reflected by the shock

potential to a velocity V i
sh + √

2(Zi/Ai )eφ/mp = 2V i
sh − vi

L.
For protons Zi = Ai = 1 and neglecting the superscript i,
vL = Vsh − √

2eφ/mp.
Figure 1 represents the temporal evolution of the proton

phase space and the corresponding velocity spectrum taken at
�x = 3 μm shown by the vertical lines on the phase space.
A significantly large number of protons satisfy the reflection
condition at all times. Therefore, a large fraction of protons
is accelerated via the collisionless shock acceleration mecha-
nism.

Figure 2 shows the temporal evolution of the upstream
expanding-proton velocity distribution taken at �x = 3
μm in the upstream region of a C2H3Cl plasma, which
is replotted from Fig. 1. The broadening of the upstream
expanding-protons in a multicomponent plasma is caused by
the two-stream instability as explained previously and in Pa-
per I. The width of the velocity distribution in the x direction
increases with time as shown in Figs. 2(a)–2(c). The shape
of the velocity spectrum can be described by using three 1D
shifted-Maxwellian distributions for all times, and examples
are shown in Fig. 2 at t = 2.0, 3.0, and 4.0 ps.

Temporal evolution of the peak number density dN/dv,
velocity v at the peak number density, and the proton temper-
ature TP of the three fitted-Maxwellian distributions of the up-
stream expanding protons are represented in Figs. 3(a), 3(b),
and 3(c), respectively. In Fig. 3(a), the dN/dvL , dN/dvM ,
and dN/dvH denote number densities at the peaks of the
fitted-Maxwellian distributions for the low-, medium-, and
high-velocity components of the distributions in the upstream
region. It is clear from Fig. 3, at t = 1.50 ps of the laser peak, a
large number of protons are in the low-velocity component, a
small number of protons are in the high-velocity component,
and their temperatures are nearly the same (T H

P � T L
P � 0.01

MeV). After the laser peak has passed, protons in the up-
stream region are accelerated by a uniform sheath electric field
ETNSA, and the peak velocities of three Maxwellian compo-
nents keep increasing with time as shown in Fig. 3(b). At t =
1.75 ps, the third Maxwellian distribution component with a
very low number density and low temperature starts to appear.
Temperatures of three velocity components start increasing at
t = 2.0 ps, and T L

P and T H
P remain the same with 0.06 and

0.048 MeV, respectively, after t = 2.75 ps, while T M
P keeps
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FIG. 1. The temporal evolution of (a)–(g) proton phase space and
(h)–(n) their corresponding velocity spectrum taken at �x = 3 μm in
the upstream region (shown by vertical dotted lines in phase space)
in a C2H3Cl plasma. The color scale shows the number of ions in a
log scale.

increasing as shown in Fig. 3(c). These increments in T L
P and

T H
P show a similar trend as that in the electron temperature

Te, this is illustrated in Fig. 12(c) of the Appendix, with a
delay of � 1 ps, that is Te and TP start increasing at 1 and
2 ps, respectively. By t = 2.75 ps peak values of dN/dvL ,
dN/dvM , and dN/dvH become nearly equal, and they are
nearly constant later as shown in Fig. 3(a).

Paper I reports on the formation of a high-energy tail in
expanding C6+ ions in addition to the heating of expanding
protons. This heating of expanding protons and C6+ ions
result from the excitation of longitudinally propagating elec-
trostatic two-stream instabilities.

III. LINEAR ANALYSIS OF INSTABILITIES

In Paper I, using an approximated dispersion relation we
have shown that the excitation of electrostatic instability leads
to the broadening of upstream expanding-proton distribu-
tion in the multicomponent plasma. The PIC simulations in
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FIG. 2. The velocity spectrum (open circles) of the upstream
expanding protons taken at �x = 3 μm of the upstream region in
a C2H3Cl plasma at (a) t = 2.0, (b) 3.0, and (c) 4.0 ps, which is
replotted from Fig. 1. Note that the y axis is in the linear scale. A
sum (black line) of the three 1D shifted-Maxwellian distributions
[low (green line), medium (red line), and high (blue line) velocity
components] are used to fit the upstream expanding protons.

Paper I show that the propagation direction of the electrostatic
instability is longitudinal to the flow direction (x direction).
However, the previous analysis did not take into account ther-
mal effects. In this section, to clarify the physical picture of
the instability, we carry out a linear analysis of the longitu-
dinal electrostatic instability for a C2H3Cl plasma using the
one-dimensional electrostatic plasma dispersion function [1].

For unmagnetized collisionless plasmas, the electrostatic
dispersion relation is expressed as [1]

1 +
∑

s=e+i

2ω2
ps

k2v2
ths

[1 + ξsZ (ξs)] = 0, (1)

Z (ξs) = 1√
π

∫ +∞

−∞

e−z2

z − ξs
dz, (2)

ξs = ω − kvs

kvths
, (3)

where s is electron (e) and ion species (i); ω is the fre-
quency; k is the wave number in the x direction; ωps, vs,
and vths = √

2Ts/ms are the plasma frequency, drift veloc-
ity, and thermal velocity of particle species s; and Z (ξs) is
the plasma dispersion function [33]. In the calculation, elec-
trons (s = e), expanding C6+ ions (s = C), expanding Cl15+

ions (s = Cl), expanding protons (s = P-exp), and reflected

FIG. 3. Temporal evolution of the upstream expanding protons
taken at �x = 3 μm of the upstream region in a C2H3Cl plasma.
(a) Peak number density dN/dv, (b) velocities v/c at the peak num-
ber density, and (c) proton temperature TP of the low (L), medium
(M), and high (H) velocity components of the fitted 1D shifted-
Maxwellian distributions.

protons (s = P-ref) are included. The electrostatic dispersion
relation [Eq. (1)] can be numerically solved.

When Ti = 0, ve = 0, and ξe � 1, Eq. (1) is reduced to

1 − ω2
pe

ω2 − k2v2
the

=
∑

i

ω2
pi

(ω − kvi )2
. (4)

On the other hand, when Ti = 0, ve = 0, and ξe � 1, Eq. (1)
is reduced to

1 + 1

k2λ2
De

=
∑

i

ω2
pi

(ω − kvi )2
, (5)

where, λDe is the electron Debye length. Equation (5) is
rewritten as,

1 =
∑

i

1

1 + k2λ2
De

(ni/ne)k2(Te/mi )

(ω − kvi )2
. (6)

When 1/(k2λ2
De) = 0, that is equivalent to no electron effect

or ne = 0, Eq. (5) is reduced to

1 =
∑

i

ω2
pi

(ω − kvi )2
. (7)

Table I summarizes all the plasma parameters used in the
analysis. For electrons, relativistic plasma frequency of ωpe
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TABLE I. Densities, plasma frequencies, temperatures, drift ve-
locities, and relative drift velocities to Cl15+ of particle species s
used in the linear analysis of the electrostatic two-stream instability
for a C2H3Cl plasma. Electrons (s = e), expanding C6+ ions (s =
C), expanding Cl15+ ions (s = Cl), expanding protons (s = P-exp),
and reflected protons (s = P-ref) are included. These parameters are
derived from the 2D PIC simulations at t = 4.0 ps shown in the
previous section.

Definition

Density: ns

Electron ne (7.00 ± 0.15) × 1020 cm−3

Expanding proton nP−exp (9.40 ± 0.22) × 1019 cm−3

Reflected proton nP−ref (3.10 ± 0.08) × 1019 cm−3

Expanding C6+ nC (4.50 ± 0.03) × 1019 cm−3

Expanding Cl15+ nCl (2.10 ± 0.07) × 1019 cm−3

Plasma frequency: ωps

Electron ωpe 4.3 × 1014 s−1

Expanding proton ωpP−exp 1.3 × 1013 s−1

Reflected proton ωpP−ref 7.4 × 1012 s−1

Expanding C6+ ωpC 1.5 × 1013 s−1

Expanding Cl15+ ωpCl 1.5 × 1013 s−1

Temperature: Ts

Electron Te 2.0 MeV
Ion Ti 2 × 10−5

–0.4 MeV
Drift velocity: vs

Electron ve 0.042c
Expanding proton vP−exp 0.075c
Reflected proton vP−ref 0.139c
Expanding C6+ vC 0.033c
Expanding Cl15+ vCl 0.03c
Relative drift velocity
to Cl15+: vds

Expanding proton vdP−exp 0.42v0 = 0.045c
Reflected proton vdP−ref v0 = 0.109c
Expanding C6+ vdC 0.028v0 = 0.003c

=
√

nee2/ε0γ me, vthe = √
2Te/γ me, and γ = 3Te/mec2 = 12

are used, where ε0 is the vacuum permittivity and c is the
speed of light.

In the following, we show the results of linear analysis
of the electrostatic instability excited in a multicomponent
C2H3Cl plasma by solving the dispersion relation [Eq. (1)].
We represent three cases from the simplest to something more
realistic: (A) cold ions without electrons, (B) cold ions with
hot electrons, and (C) finite-temperature ions. In case A, the
dispersion relation is approximated by Eq. (7), which corre-
sponds to the cold ion-beam interaction, and the excitation
of the electrostatic ion-beam two-stream instability (IBTI)
is shown. In case B, the dispersion relation is approximated
by Eqs. (5) and (6), and the excitation of the electrostatic
electron-ion acoustic instability (electron-ion AI) and the
electrostatic ion-ion acoustic instability (ion-ion AI) is dis-
played. In case C, the full dispersion relation [Eq. (1)] is used,
and the ion Landau damping effect and the ion-temperature
dependence of the instability threshold are displayed. Finally,
we identify the instabilities observed in the PIC simulation.

FIG. 4. Results of the linear analysis of the electrostatic two-
stream instability for a C2H3Cl plasma when ne = 0 and Ti = 2 ×
10−5 MeV. [(a) and (c)] The imaginary part (Im [ω]/ωpe) and
[(b) and (d)] real part (Re [ω]/ωpe) of normalized frequencies versus
the normalized wave number in the x direction (kv0/ωpe, where
v0 = vP−ref − vCl). Panels (a) and (b) [(c) and (d)] are plotted for
kv0/ωpe < 5 [kv0/ωpe < 0.35]. The thin red, blue, green, and orange
lines in (b) and (d) are the fast and slow Ref-P, Exp-P, Exp-C, and Cl
modes, respectively.

The dispersion relations are expressed in a rest frame where
the drift velocity of expanding Cl15+ ions (vCl) is zero.

A. Cold (Ti = 2 × 10−5 MeV) ions and without electrons:
Excitation of the electrostatic IBTI

First, we show the results of linear analysis for cold
ions and no electron effects. By applying this approximation
[1/(k2λ2

De) = 0 or equivalent to ne = 0], the dispersion re-
lation is reduced to Eq. (7). The resultant instability is the
IBTI [1]. This is a resonance instability driven by slow- and
fast-ion beams with relative drifts between ion species. The
electron effect is negligible because of the large electron De-
bye length.

Figures 4(a) and 4(b) show, respectively, normalized imag-
inary part or growth rate (Im [ω]/ωpe) and real part (Re
[ω]/ωpe) of the instability frequency versus normalized wave
number in the x direction (kv0/ωpe) when Ti = 2 × 10−5 MeV
and ne = 0. Here ωpe is the electron plasma frequency, and v0

is the drift velocity vP−ref of reflected protons in a rest frame
where the drift velocity vCl of expanding Cl15+ ions is zero
(v0 = vdP−ref = vP−ref − vCl = 0.109c). When Ti = 2 × 10−5

MeV, the ion temperature effect is negligible, and the disper-
sion relation is reduced to Eq. (7). Figures 4(c) and 4(d) are
replotted from Figs. 4(a) and 4(b), respectively, for kv0/ωpe <

0.35. As shown in Figs. 4(b) and 4(d), when no interactions
occur among these modes, i.e., at kv0/ωpe > 4, we find no
imaginary roots and eight real roots; the slow and fast modes
of the reflected protons (ω = kvdP−ref ± ωpP−ref , where + and
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− correspond to the fast and slow modes, respectively), the
expanding protons (ω = kvdP−exp ± ωpP−exp), the expanding
C-ions (ω = kvdC ± ωpC), and Cl-ions (ω = ±ωpCl, where
vdCl = 0). The plasma frequencies (ωps), drift velocities (vs),
and relative drift velocities to Cl15+ ions (vds) are summarized
in Table I. We used ωpe value shown in Table 1 for the
normalization.

Two-stream instabilities become unstable when the slow
and fast modes interact with each other, and two com-
plex roots appear. In other words, we have solutions of
ω = Re[ω] ± iIm[ω]. This is clearly shown in Fig. 4 where
three unstable roots with the maximum growth rate γm at
kmv0/ωpe � 0.085, 0.17, and 2.2 are excited. Here, the km

represents the k value at the maximum growth rate γm. They
are unstable slow modes excited between the slow reflected-
proton (Ref-P) and fast expanding-proton (Exp-P) modes, the
slow Exp-P and fast expanding-C-ion (Exp-C) modes, and the
slow Exp-C and fast Cl-ion (Cl) modes from the small to large
k, and we call these three unstable modes as Ref-P, Exp-P, and
Exp-C modes, respectively.

To clarify that the interaction between the fast and slow
modes mentioned above occurs and that the slow modes are
destabilized, we have carried out the linear analysis of the
electrostatic two-stream instability for a C2H3Cl plasma by
artificially removing some ion species. Figure 5 shows the
imaginary and real parts of instability frequency for ne = 0
and Ti = 2 × 10−5 MeV, which are the same parameters as
Fig. 4, but now by neglecting one of the ion species. Note that
in all the cases, only two unstable modes are excited.

When reflected protons are removed (nP−ref = 0)
[Figs. 5(a)–5(d)], the unstable modes with γm at kmv0/ωpe �
0.17 (Exp-P mode) and 2.2 (Exp-C mode) remain and are
identical to that with the reflected protons (Fig. 4), whereas
the mode at kmv0/ωpe � 0.085 (Ref-P mode) disappears. This
is because the slow Ref-P mode is removed and no interaction
between the fast Exp-P mode occurs.

Next, when expanding protons are removed (nP−exp = 0)
[Figs. 5(e)–5(h)], whereas the unstable mode at kmv0/ωpe �
2.2 (Exp-C mode) remains and is identical to that with the
expanding protons (Fig. 4), the unstable mode at kmv0/ωpe �
0.17 (Exp-P mode) disappears and the mode at kmv0/ωpe �
0.085 (Ref-P mode) down-shifts to kmv0/ωpe � 0.06. This is
because the slow Exp-P mode is removed and no interaction
between the fast Exp-C mode occurs. As a result, the Exp-P
mode is not excited. Furthermore, since the fast Exp-P mode
is removed, the slow Ref-P mode interacts with the fast Exp-C
mode, and excite Ref-P mode at a down-shifted wavelength of
kmv0/ωpe � 0.06.

Finally, when expanding C-ions are removed (nC = 0)
[Figs. 5(i)–5(l)], the unstable mode at kmv0/ωpe � 0.085 (Ref-
P mode) is identical to that with the expanding-C-ions (Fig. 4),
the mode at kmv0/ωpe � 2.2 (Exp-C mode) disappears and
the mode at kmv0/ωpe � 0.17 (Exp-P mode) down-shifts to
kmv0/ωpe � 0.14. This is because Exp-C mode is not excited,
and since the slow Exp-P mode interacts with the fast Cl
mode, Exp-P mode is excited at a down-shifted wavelength
of kmv0/ωpe � 0.14.

From these results, we conclude that three unstable roots
at kmv0/ωpe � 0.085, 0.17, and 2.2 for ne = 0 and Ti =
2 × 10−5 MeV are unstable modes of Ref-P mode (reflected-

FIG. 5. Ion species effect of the electrostatic two-stream instabil-
ity for a C2H3Cl plasma when ne = 0 and Ti = 2 × 10−5 MeV. [(a),
(c), (e), (g), (i), and (k)] The imaginary part (Im [ω]/ωpe) and [(b),
(d), (f), (h), (j), and (l)] real part (Re [ω]/ωpe) of normalized frequen-
cies versus the normalized wave number in the x direction (kv0/ωpe).
The thin red, blue, green, and orange lines in (b) and (d) are the fast
and slow Ref-P, Exp-P, Exp-C, and Cl modes, respectively. Panels
(a), (b), (e), (f), (i), and (j) [(c), (d), (g), (h), (k), and (l)] are plotted
for kv0/ωpe < 5 [kv0/ωpe < 0.35]. [(a), (b), (c), and (d)] nP−ref = 0;
[(e), (f), (g), and (h)] nP−exp = 0; and [(i), (j), (k), and (l)] nC = 0.
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proton IBTI), Exp-P mode (heavy-ion IBTI), and Exp-C mode
(heavy-ion IBTI), respectively, as shown in Fig. 4.

B. Cold ions with hot electrons: Excitation of the electron-ion
acoustic instability (electron-ion AI) and the ion-ion acoustic

instability (ion-ion AI)

Now we consider the effect of the electrons with ne =
7.0 × 1020 cm−3 [1/(k2λ2

De) 	= 0] and Te = 2 MeV in addi-
tion to all four species of cold ions (Ti = 2 × 10−5 MeV).
By adding electrons with Maxwellian velocity-distribution
function to the cold drifting-ions, the system is possibly un-
stable to the electron-ion acoustic instability (electron-ion AI)
as well as the ion-ion acoustic instability (ion-ion AI) [1,3–
6,11,13,14,16], addition to the IBTI [1]. The electron-ion
AI and ion-ion AI are excited in the electron background.
Whereas the electron-ion AI is excited with the relative drift
between electrons and ions, the ion-ion AI is excited when
there is a relative drift between ion species. Therefore, in
the multispecies ion plasma with relative drifts between ion
species, both the electron-ion AI and ion-ion AI can be excited
in addition to IBTI.

The instability condition for the ion-ion AI is expressed as
vdscosθ � 2cs, where vds is relative ion drift velocities among
ion species, cs is the ion-acoustic velocity, and θ is the angle
between the propagation direction of the ion-ion AI and the
x direction [4,5]. Therefore, when vds/2cs � 1, θ = 0 and the
ion-ion AI occurs for k = kx and ky = 0, which applies to our
PIC results.

When hot electrons are added, 10 solutions appear.
Two new modes result from Langmuir waves, ω2 = ω2

pe +
3k2Te/me. These modes, which are obtained from Eq. (4), are
high-frequency solutions compared with other eight solutions
and are not discussed further other than to state that this is
equivalent to approximating Eq. (1) as Eqs. (5) and (6).

Figure 6 shows the imaginary and real parts of instability
frequency for ne = 7.0 × 1020 cm−3 and Ti = 2 × 10−5 MeV.
We use the relativistic plasma frequency ωpe =

√
nee2/ε0γ me,

with a Lorentz factor of γ = 3Te/mec2 = 12. Note that three
unstable roots appear at kmv0/ωpe � 0.12 (Ref-P mode), 0.14
(Exp-P mode), and 2.2 (Exp-C mode). Compared to the ne =
0 case shown in Fig. 4, the km value and amplitude of γm

are identical for Exp-C mode. Furthermore, for Exp-P mode,
km and γm are slightly smaller (by factors of 1.2 and 2.0,
respectively) than the ne = 0 case. However, for Ref-P mode,
whereas km is slightly larger (by a factor of 1.4), γm is much
smaller (by a factor of 17) than the ne = 0 case. This large
reduction in γm for Ref-P mode suggests that this mode is
either the electron-ion AI or ion-ion AI. We explain the details
below.

When hot electrons are added to the cold ion dispersion
relation, the 1/(k2λ2

De) term in Eq. (5) is important. The real
part of the dispersion relation is identical to that derived from
Eq. (7) when k → ∞ or when 1/(k2λ2

De) = 0. However, when
k → 0, the fast and slow modes become Re [ω]/ωpe → 0
instead of being ±ωds. In our calculation, the Debye length
is λDe = 4.0 × 10−7 m/s and kλDe > 1 is satisfied when
kv0/ωpe > 0.19. For Ref-P and Exp-P modes, γm occurs at
kmv0/ωpe � 0.12 and 0.14, respectively, and the electrons are

FIG. 6. Results of the linear analysis of the electrostatic two-
stream instability for a C2H3Cl plasma when ne = 7.0 × 1020 cm−3

and Ti = 2 × 10−5 MeV. [(a) and (c)] The imaginary part (Im
[ω]/ωpe) and [(b) and (d)] real part (Re [ω]/ωpe) of the normal-
ized frequencies versus normalized wave number in the x direction
(kv0/ωpe. Panels (a) and (b) [(c) and (d)] are plotted for kv0/ωpe < 5
[kv0/ωpe < 0.35]. The thin red, blue, green, and orange lines in
(b) and (d) are the fast and slow Ref-P, Exp-P, Exp-C, and Cl modes,
respectively.

non-negligible. The real parts of the unstable modes shown
in Figs. 6(b) and 6(d) reveal that, whereas γm for Exp-P
mode occurs roughly at the interaction point of the fast Exp-C
and the slow Exp-P modes, that for Ref-P mode occurs on
the slow reflected-proton ion-acoustic mode [ω = kvdP−ref −√

nP−ref/ne

√
k2/(1 + k2λ2

De)
√

Te/mp] [see Eq. (6)].
These results indicate that Ref-P mode is either the

electron-ion AI or ion-ion AI; whereas IBTI is dominant for
Exp-P mode, small modification in the real and imaginary
parts of the instability frequency appears due to the electron
effect; and Exp-C mode is IBTI, since the condition for the
excitation of IBTI kmλDe � 1 is satisfied. Further discussion
is given below.

C. Finite-temperature ions

To extend the linear analysis to warm ions and hot electrons
we solve Eq. (1) numerically with Ti = 0.02 MeV for all ion
species, this includes the reflected protons, expanding protons,
C6+ ions, and Cl15+ ions.

1. Ti = 0.02 MeV and ne = 0: Ion Landau damping effect

Figure 7 shows the imaginary and real parts of the instabil-
ities versus normalized wave number when 1/(k2λ2

De) = 0 or
ne = 0 and Ti = 0.02 MeV. Three unstable solutions, Ref-P,
Exp-P, and Exp-C modes, appear. The km and γm result for
Ref-P and Exp-P are similar to cold-ion case (Fig. 4) discussed
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FIG. 7. Results of the linear analysis of the electrostatic two-
stream instability for a C2H3Cl plasma when ne = 0 and Ti = 0.02
MeV. [(a) and (c)] The imaginary part (Im [ω]/ωpe) and (b), (d) real
part (Re [ω]/ωpe) of normalized frequency versus the normalized
wave number in the x direction (kv0/ωpe). Panels (a) and (b) [(c) and
(d)] are plotted for kv0/ωpe < 3 [kv0/ωpe < 0.35]. The thin red, blue,
green, and orange lines in (b) and (d) are the fast and slow Ref-P,
Exp-P, Exp-C, and Cl modes, respectively.

in Sec. III A. However, for Exp-C mode, γm is a factor of 7.2
smaller and kmv0/ωpe is downshifted by a factor of 2.0.

The reduction in γm and km in Exp-C mode results from
the ion Landau damping. When Ti = 2 × 10−5 MeV as shown
in Fig. 4, the γm appears at the real part of ω (ωm) and
km below the resonance condition between the slow Exp-C
mode (ω = kvdC − ωpC) and the fast Cl mode (ω = ωpCl), that
is, ωm < ωpCl and km < (ωpC + ωpCl )/vdC. When Ti = 0.02
MeV, i.e., Ti > 0 as shown in Fig. 7, the larger-k part of the
instability is stabilized by the ion Landau damping in the
region where kλDC � 1 is satisfied [1]. Here, λDC is the ion
Debye length for C6+ ions. For Ti = 0.02 MeV, the condition
of kλDC = 1 corresponds to kv0/ωpe = 2.9. Since the smaller-
k (k < 1/λDC) part of the instability is still unstable, both km

and γm are reduced.

2. Ti = 0.02 MeV and ne = 7.0 × 1020 cm−3: Stabilization of the
reflected-proton mode

Figure 8 shows the imaginary and real parts of the in-
stability frequency versus normalized wave number, when
ne = 7.0 × 1020 cm−3 and Ti = 0.02 MeV. Note that only two
unstable roots appear at kmv0/ωpe � 0.15, Exp-P mode, and
kmv0/ωpe � 1.1, Exp-C mode, and Ref-P mode disappears.
In comparison with cold-ion and hot-electron case (Fig. 6)
discussed in Sec. III B, we find that whereas Exp-P mode is
nearly identical, the maximum growth rate γm for Exp-C mode
is reduced by a factor of 7.2 at a downshifted wavelength,
kmv0/ωpe by a factor of 2.0. These Ti effects are similar to
the ne = 0 case.

FIG. 8. Results of the linear analysis of the electrostatic two-
stream instability for a C2H3Cl plasma when ne = 7.0 × 1020 cm−3

and Ti = 0.02 MeV. [(a) and (c)] The imaginary part (Im [ω]/ωpe)
and [(b) and (d)] real part (Re [ω]/ωpe) of normalized frequency
versus the normalized wave number in the x direction (kv0/ωpe). Pan-
els (a) and (b) [(c) and (d)] are plotted for kv0/ωpe < 3 [kv0/ωpe <

0.35]. The thin red, blue, green, and orange lines in (b) and (d) are
the fast and slow Ref-P, Exp-P, Exp-C, and Cl modes, respectively.

The reduction in γm occurs for Exp-C mode when Ti =
0.02 MeV even for the ne = 0 case (Fig. 7). This implies
the ion Landau damping is important. On the other hand, the
stabilization of Ref-P mode is shown in Fig. 8 when Ti = 0.02
MeV and electrons are included. Again, this suggests that
Ref-P mode is either electron-ion AI or ion-ion AI because
the stability condition of the two instabilities is sensitive to
the ion temperature.

D. Identification of the instabilities

Figure 9(a) shows the variation of the normalized growth
rate versus the normalized wave number by changing Ti for
ne = 0. When Ti = 2 × 10−5 MeV [red marks in Fig. 9(a)],
which is the same parameters as Fig. 4, three unstable modes,
Ref-P, Exp-P, and Exp-C modes at kmv0/ωpe � 0.085, 0.17,
and 2.17, respectively, are seen. When Ti = 0.01 and 0.02
MeV, Ref-P, and Exp-P modes are similar, however, for Exp-C
mode km and γm become smaller. This results from the ion
Landau damping when kλDi � 1 is satisfied, which corre-
sponds to kv0/ωpe � 4.0 and 2.9, respectively, for Ti = 0.01
and 0.02 MeV. Therefore, the larger-k part of the unstable
Exp-C mode is stabilized by the ion Landau damping when
Ti is increased. Figure 9(b) displays the variation of the nor-
malized growth rate versus the normalized wave number for 4
values of Ti and ne = 7.0 × 1020 cm−3.

Figure 5(b) in Paper I and Fig. 2(c) illustrate how the Ti

are inferred from the PIC calculations of the velocity distri-
butions. At 4 ps, these are ∼0.3, ∼0.1, and ∼0.1 MeV for
the expanding protons, C6+ and Cl15+ ions, respectively. In
Fig. 9, results for Ti = 0.4 MeV are shown with black marks.
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FIG. 9. Results of the linear analysis of the electrostatic two-
stream instability for a C2H3Cl plasma including expanding C6+

ions, Cl15+ ions, protons, and reflected protons. The normalized
growth rate (Im [ω]/ωpe) versus the wave number in the x direc-
tion (kv0/ωpe). Ion temperature effect of the unstable modes for
(a) ne = 0 and (b) ne = 7.0 × 1020 cm−3 for Ti = 2 × 10−5 MeV (red
marks), Ti = 0.01 MeV (blue marks), Ti = 0.02 MeV (green marks),
and Ti = 0.4 MeV (black marks). Ref-P mode (small-k roots, filled
circles), Exp-P mode (medium-k roots, filled triangles), and Exp-C
mode (large-k roots, filled diamonds) are shown. Arrows are guide to
eyes.

A large reduction in γm for Ref-P and Exp-P modes when
ne = 0 [Fig. 9(a)] and for Exp-P mode when ne = 7.0 × 1020

cm−3 [Fig. 9(b)] results from the ion Landau damping. Exp-C
mode is also stabilized via the ion Landau damping from a
lower temperature of Ti � 0.03 MeV and there are no unstable
roots.

By comparing Figs. 9(a) and 9(b), we find the following
effects of including hot electrons. (i) For Ref-P mode, the
maximum growth rate γm is reduced more than an order of
magnitude at slightly (by a factor of 1.4) up-shifted kmv0/ωpe.
The upshift depends on Ti; this mode is stabilized (γm/ωpe �
6 × 10−6) when Ti = 0.02 MeV as shown in Fig. 8. Ref-P
mode is either the electron-ion AI or ion-ion AI. (ii) For Exp-P
mode, γm is reduced by a factor of 2 when including hot
electrons, and independent of Ti at Ti < 0.1 MeV. Exp-P mode
is IBTI. (iii) For Exp-C mode, γm is independent of the hot
electrons and strongly depends on Ti, so Exp-C mode is IBTI.

For Ref-P mode, the observed reduction of γm and upshift
of km, which are observed by including hot-electrons, suggest
that this mode is either the ion-ion AI or electron-ion AI. For
the ion-ion AI, when the relative drift velocity between the
different populations of ions is larger than the ion thermal
velocity vthi, Ti = 0 can be assumed. When Ti = 0.02 MeV,
the relative drift velocity between the reflected and expand-
ing protons (vP−ref − vP−exp = 6.4 × 10−2c) is larger than the
thermal velocity of protons (vthP = 6.5 × 10−3c). This im-
plies that Ti effects are negligible for Ref-P mode so that this
is not likely to be the ion-ion AI. In contrast, the growth rate
of the electron-ion AI has Ti dependence as a result of the
ion Landau damping [34]. Therefore, we conclude that Ref-P
mode is the electron-ion AI.

FIG. 10. The temporal evolution of (a) the peak amplitude of the
electrostatic fluctuation Ex,k and (b) the dominant kx in the PIC from
the power spectrum of Ex taken at the width of �x = 10 μm in a
few μm upstream region of a shock in a C2H3Cl plasma. Solid and
dotted lines in (a) represent growth rates of Ex , γ = 1.0 × 1012 s−1

and 2.4 × 1011 s−1, derived from the exponential fits to the data at
t = 2.25–2.75 ps and 2.75–4.0 ps, respectively.

IV. DISCUSSION

From the results shown in Sec. III, we conclude that the
most unstable mode with the largest growth rate is Exp-P
mode, which is IBTI with a small modification in both the real
and imaginary parts of the frequency due to the hot electrons.
Ref-P mode is the electron-ion AI (kλDe < 1), whose growth
rate strongly depends on Ti. Exp-C mode is IBTI (kmλDe � 1),
which is stable because of the large ion Landau damping.

Now, we compare the results of the linear analysis
with the PIC simulations. Figures 10(a) and 10(b) repre-
sent the temporal variation of the peak amplitude of the
electrostatic fluctuation Ex,k and the dominant kx, respec-
tively, obtained from the PIC simulations, where Ex,k =
(1/

√
2π )

∫
Ex(x)e−ikxxdx is the Fourier component of electric

field. These values are derived from the power spectrum E2
x,k

versus kx, as shown in Figs. 4(d) and 4(e) of Paper I. We find
that Ex shows the fast growth early in time at t = 2.25–2.75
ps and the slower growth later in time at t = 2.75–4.0 ps. The
growth rate γ PIC and the dominant kPIC

x values at 4.0 ps are
γ PIC = 2.4 × 1011 s−1 and kPIC

x = 4.8 μm−1, respectively.
As described in Sec. III D, proton temperature TP derived

from the velocity spread obtained by PIC at 4 ps is TP ∼
0.3 MeV. The maximum growth rate (γ Exp−P

m ) and the kx

value at the maximum growth rate (kExp−P
m ) for the most un-

stable mode, Exp-P mode, derived from the linear analysis
for Ti = 0.4 MeV shown in Fig. 9(b) are γ

Exp−P
m = 1.1 ×

1012 s−1 (γ Exp−P
m /ωpe = 2.5 × 10−3) and kExp−P

m = 1.8 μm−1

(kExp−P
m v0/ωpe = 0.14), respectively. We find that kExp−P

m and
kPIC

x (kPIC
x v0/ωpe = 0.37) agree relatively well with each

other, while γ
Exp−P
m is more than a factor of 4 larger than γ PIC

(γ PIC/ωpe = 5.6 × 10−4).
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FIG. 11. Proton temperature TP dependence of (a) the normal-
ized maximum growth rate (γ Exp−P

m /ωpe) and (b) the normalized
wave number in the x direction (kExp−P

m v0/ωpe) of Exp-P mode ob-
tained from the linear analysis for ne = 7.0 × 1020 cm−3 at 4.0 ps.
The drift velocity of the expanding protons vP−exp used in the linear
analysis is 0.075c (filled circles) and 0.060c (open circles). The
normalized growth rate (γ PIC/ωpe) and the wave number in the x
direction (kPIC

x v0/ωpe) obtained from the PIC simulation at 4.0 ps
are 5.6 × 10−4 [horizontal solid line in (a)] and 0.37, respectively.

One of the possible explanations for γ
Exp−P
m > γ PIC is the

difference in the proton temperature TP. We inferred TP from
the velocity spread of the expanding protons from the PIC
simulation, where the velocity distribution is far from a simple
Maxwell distribution as shown in Fig. 2. Therefore, it is not
easy to derive an accurate TP. Figures 11(a) and 11(b) show
the normalized maximum growth rate (γ Exp−P

m /ωpe) and the
normalized wave number in the x direction (kExp−P

m v0/ωpe) of
Exp-P mode, respectively, as a function of the proton temper-
ature TP for ne = 7.0 × 1020 cm−3 at 4.0 ps. The drift velocity
of the expanding protons vP−exp is 0.075c (filled circles) as
shown in Table I. We see that to achieve the growth rate
obtained by PIC at 4 ps, γ PIC/ωpe = 5.6 × 10−4, TP � 0.7
MeV is required. This value is more than a factor of 2 larger
than the TP obtained by PIC calculations.

A second possible explanation for γ
Exp−P
m > γ PIC is the

difference in the drift velocity of the protons vP−exp. Table II
summarizes drift velocities of expanding protons, C6+ and
Cl15+ ions derived from the 2D PIC simulations at t = 4.0
ps for a C2H3Cl plasma. In our linear analysis, we used
vP−exp = 0.075c, which is the peak value of the expanding
proton distribution function or the drift velocity of the high-
velocity component vH

P as shown in Fig. 2(c). In comparison,
using a medium-velocity component vM

P = 0.06c for vP−exp,
there is reasonable agreement with theory. In Figs. 11(a)
and 11(b), γ

Exp−P
m /ωpe and kExp−P

m v0/ωpe, respectively, for
vH

P = 0.06c case are represented in open circles. We find
that γ PIC/ωpe = 5.5 × 10−4 agrees well with γ

Exp−P
m /ωpe =

4.3 × 10−4 at TP = 0.4 MeV. In this case kPIC
x v0/ωpe = 0.36

TABLE II. Drift velocities of expanding protons, C6+ and Cl15+

ions derived from the 2D PIC simulations at t = 4.0 ps for a C2H3Cl
plasma. The expanding velocities estimated from ETNSA at 4 ps are
also shown. These velocities are taken from Figs. 5 and 6 of Paper I.

Definition

Proton velocities
Low-velocity component vL

P/c 0.042
Medium-velocity component vM

P /c 0.060
High-velocity component vH

P /c 0.075
TNSA velocity vTNSA

P /c 0.067
C6+-ion velocities
Low-velocity component vL

C/c 0.033
High-velocity component vH

C /c 0.044
TNSA velocity vTNSA

C /c 0.03
Cl15+-ion velocities

vCl/c 0.030
TNSA velocity vTNSA

Cl /c 0.030

agree within a factor of 3 with kExp−P
m v0/ωpe = 0.12 at TP =

0.4 MeV. These results indicate that Exp-P mode, which is an
IBTI, is in the nonlinear regime at 4.0 ps. This nonlinearity
occurs later in time and results in the saturation in the growth
of the wave amplitude, the broadening of the proton velocity
distribution, and the larger wave number compared with that
for the resonant mode. We discuss this in the following.

We have also conducted the linear analysis using the
plasma densities, drift velocities, and temperatures obtained
from the PIC calculation at 2.5 ps. The temperatures of the
expanding protons, C6+ and Cl15+ ions are ∼0.07, ∼0.07,
and ∼0.14 MeV, respectively. When Ti = 0.07 MeV, only
Exp-P mode is excited and γ

Exp−P
m /ωpe = 1.9 × 10−3 and

kExp−P
m v0/ωpe = 0.40 are obtained. Compared with the growth

rate and kx values derived from the PIC at 2.5 ps (shown in
Fig. 10), γ PIC/ωpe = 1.5 × 10−3 (γ PIC = 1.0 × 1012 s−1) and
kPIC

x v0/ωpe = 0.51 (kPIC
x = 12 μm−1), those from the linear

analysis agree well within a factor of 1.3.
A better agreement between the results from the PIC and

linear analysis is achieved when the plasma parameters at 2.5
ps are used compared with those at 4.0 ps. This might result
from the fact that the velocity distribution of the expanding
protons shown in Fig. 2 is close to a Maxwellian distribution
at early time, similar to the distributions assumed by theory.
In other words, at 2.5 ps Exp-P mode or IBTI is in the linear
regime, and by 4.0 ps this instability has entered a nonlinear
regime. Therefore, Exp-P mode is clearly observed in the PIC
at 2.5 ps as the linear analysis predicts.

In Table II, the expanding velocities estimated from ETNSA

at 4 ps are also shown. These velocities are taken from
Figs. 5 and 6 of Paper I. We find that, vL

C � vTNSA
P = 0.034c,

vH
C � vL

P = 0.042c, vM
P = 0.90 vTNSA

P = 0.060c, and vH
P =

1.1 vTNSA
P = 0.075c. These results suggest that Exp-P mode,

which is IBTI between expanding protons and C6+ ions, heats
C6+ ions and generates the high-velocity component of vH

C ; at
the same time, heats protons, generates the low-velocity com-
ponent of vL

P, and down-shifts vM
P from vTNSA

P . The velocity
spectrum of C6+ ions at 2.0 and 4.0 ps is shown in Fig. 5
of Paper I, and the temporal variation of the low- and high-
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velocity components of C6+ ions, vL
C and vH

C respectively, is
shown in Fig. 6 of Paper I.

Possible explanations for the up-shift of vH
P from vTNSA

P are
either by Exp-P mode or Ref-P mode. Ref-P mode, which is
the electron-ion AI between electrons and reflected protons,
can up-shift expanding protons and down-shift reflected pro-
tons. However, since the calculated γm for Ref-P mode is more
than an order of magnitude smaller than that of Exp-P mode,
the contribution of Ref-P mode should be negligible. There-
fore, we conclude the up-shift of vH

P from vTNSA
P also results

from Exp-P mode. Furthermore, vCl = vTNSA
Cl = 0.030c and

no heating occurs for Cl15+ ions. This is consistent with the
stabilization of Exp-C mode, which is BTI but a finite ion
temperature causes the ion Landau damping.

To enhance the number of reflected and accelerated ions in
a collisionless shock, it is important to have a large number
of expanding ions with velocities above vi

L. Excitation of
electrostatic two-stream instabilities is a possible solution to
increase the number of the reflected ions since ions are heated
by them. In a multicomponent C2H3Cl plasma, excitation
of the electrostatic two-stream instability between expanding
protons and C6+ ions, which is Exp-P mode, results in heating
of expanding protons and C6+ ions, and the number of the ex-
panding ions with velocities above vi

L increases. Furthermore,
excitation of the electrostatic two-stream instability between
expanding and reflected protons, which is Ref-P mode, results
in heating of the expanding and reflected protons. The heating
of expanding protons increases the number of the expand-
ing protons with velocities above vi

L, and results in a larger
number of reflected protons. As a consequence, Ref-P mode
is enhanced, and the energy spread of the reflected protons
increases. Therefore, exciting Exp-P mode, while stabiliz-
ing Ref-P mode, is an ideal condition for generating a large
number of quasimonoenergetic ions. In this study, we have
highlighted that a large growth rate of Ref-P mode occurs
when electrons are neglected, but a more realistic treatment
including hot electrons suppresses this growth by more than
an order of magnitude. This results from the suppression of
IBTI and the excitation of the low growth-rate electron-ion
AI for Ref-P mode. Furthermore, by using a multicomponent
C2H3Cl plasma, IBTI between expanding protons and C6+
ions is excited, and the temperature of the expanding protons
increases. This results in the ion Landau damping and further
stabilization of Ref-P mode.

V. SUMMARY

In summary, 2D PIC simulations are used to study the for-
mation of the laser-driven electrostatic collisionless shock in
a multicomponent C2H3Cl plasma. The upstream expanding
ion populations are accelerated by the nonoscillating electric
field, which accelerates the heavier and lighter ions to dif-
ferent velocities. Furthermore, part of the ion populations in
the upstream region is reflected and accelerated at the shock.
These relative drifts between two ion populations result in
the excitation of an electrostatic two-stream instability, which
leads to the broadening of the upstream expanding-proton
distribution.

A linear analysis of the instabilities for a C2H3Cl plasma
is carried out using the one-dimensional electrostatic plasma

dispersion function for unmagnetized collisionless plasmas
to identify the instability. The most unstable mode is the
expanding-proton mode, which is the electrostatic ion-beam
two-stream instability excited between the expanding pro-
tons and C ions. The reflected-proton mode, which is the
electrostatic electron-ion acoustic instability excited between
the reflected protons and electrons, is also unstable with
the smaller growth rate compared with the expanding-proton
mode, and the growth rate depends on the ion temperature.
The expanding-C-ion mode, which is the electrostatic ion-
beam two-stream instability excited between the expanding
C and Cl ions, is stable results from the large ion Landau
damping.

In a multicomponent, near critical-density plasma, the
fast-growing electrostatic ion-beam two-stream instability is
excited. This increases the number of reflecting and acceler-
ating ions at an electrostatic collisionless shock, leading to
brighter quasimonoenergetic ion beams.
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APPENDIX: TEMPORAL EVOLUTION OF THE
ELECTRON TERMPERATURE AND A DC

ELECTRIC FIELD

The interaction of high-intensity laser with a relativis-
tic near critical-density plasma results in uniform electron
heating via �J × �B mechanism [35]. Figure 12(a) shows the
electron phase space in a C2H3Cl plasma at t = 4.0 ps, where
the vertical axis shows the four velocity γ v/c (γ is the Lorentz
factor) in the x direction. Figure 12(b) represents the electron
energy spectrum taken at �x = 20 μm in the upstream region
just ahead of the shock front, this is shown by a vertical
box in Fig. 12(a). To estimate the electron temperature (Te) a
2D-relativistic Maxwellian f (E ) ∝ Eexp(−E/Te) is used to
fit the electron energy spectrum as shown in Fig. 12(b). The
extracted electron temperature is Te � 2.0 MeV. The temporal
evolution of Te is represented in Fig. 12(c). Early in time, at t
= 1.0 ps, Te is nearly equal to the initial temperature of 500 eV.
After the interaction of the laser peak at t = 1.0 ps, Te rises
sharply and reached � 2.0 MeV at t = 2.50 ps and remain the
same throughout the simulations. The time evolution of Te is
very well fitted with a Sigmoid function, S(t ) = 1/(1 + e−at ),
where a is a fitting constant, and the derivative of this function
peaks at t = 1.75 ps as shown in Fig. 12(c).

The ions in the upstream expanding plasma are acceler-
ated by a uniform sheath electric field ETNSA. Figure 13(a)
shows the temporal evolution of ETNSA measured from the
PIC simulation (open circles). ETNSA peaks at t � 2.5 ps.
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FIG. 12. (a) The electron phase space γ v/c versus x, in a C2H3Cl
plasma at t = 4.0 ps. The color scale shows the number of electrons
in a log scale. (b) The electron energy spectrum taken at �x = 20
μm in the upstream region of the shock front in a C2H3Cl (circles)
plasma at t = 4.0 ps. The electron energy spectrum is fitted with
a 2D-relativistic Maxwellian f (E ) = aEexp(−E/Te) (solid line),
where a is constant, E is the energy of electrons, Te gives the electron
temperature in the upstream region. (c) The temporal evolution of
Te (open triangles) calculated by fitting a 2D-relativistic Maxwellian
at each time. The Te is very well fitted with a sigmoid function,
S(t ) = 1/(1 + e−at ) (blue solid line), and the derivative (dTe/dt) of
S(t ) (dot-dashed line), which peaks at t = 1.75 ps. Here a is a fitting
constant. Normalized temporal evolution of the laser intensity (black
solid line), which peaks at t = 1.5 ps, is also shown as a reference.

To qualify ETNSA obtained from PIC, we estimate it by the
temporal evolution of the expanding ion velocity in the up-
stream region. Figure 13(b) presents the velocity of Cl15+ ions
(vCl, open triangles) taken at �x = 3 μm in the upstream
region of a C2H3Cl plasma. The temporal variation of vCl at

FIG. 13. (a) The temporal evolution of ETNSA measured from the
PIC (open circles, red line is guide to eyes) and derived from the
vCl (blue lines) shown in (b). (b) The velocity of Cl15+ ions vCl

(open triangles) derived from the peak of velocity spectrum dN/dvCl

taken at �x = 3 μm in the upstream region. The vCl is fitted to the
2nd order polynomial from t = 1.0 to 2.75 ps (green line), and a
logarithmic curve from t = 2.25 to 4.0 ps (blue line). In (a), ETNSA

derived from the vCl follows a ∝ t from t = 1.0 to 2.75 ps (blue dotted
line) and a 1/t dependences from t = 2.25 to 4.0 ps (blue solid line).
Note that the x axis is in the log scale.

t = 1.0–2.75 ps shows a t2 dependence on time, and a 2nd
order polynomial is used to fit the vCl as shown in Fig. 13(b).
Later in time, t = 2.25–4.0 ps, the vCl follows logarithmic
dependence on time, and we use it to fit vCl. ETNSA can
be estimated by equating the electrostatic forces (ZeETNSA)
with the acceleration (Ampdv/dt) in the upstream region,
where Z is the charge state, A is the mass number of the ion,
mp is the mass of the proton, e is the electron charge, and
dv/dt is the acceleration. Therefore, ETNSA is expressed as
ETNSA = (A/Z )(mp/e)(dv/dt ). A derivative of the fitted vCl

with Z/A = 0.429 for Cl ions shows that the ETNSA ∝ t at t =
1.0–2.75 ps and a 1/t dependence at t = 2.25–4.0 ps as shown
in Fig. 13(a). ETNSA obtained from the PIC simulations and
estimated from vCl show the same trend and agree relatively
well with each other. Therefore, it is verified that Cl15+ ions
are accelerated by ETNSA. The logarithmic dependence of vCl

and 1/t dependence of ETNSA are predicted by Mora [36]. This
temporally changing ETNSA field accelerates the upstream ions
to a uniform velocity over time.
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