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Rapid electron and ion heating is observed in collisionless counter-streaming plasma flows. Thom-
son scattering measurements show a peak plasma flow velocity of 2,000 km/s, an electron temper-
ature of ∼1.1 keV, an ion temperature of ∼1.7 keV, and a density of ∼1019 cm−3 in the counter-
streaming configuration. Single foil (single plasma stream) and double foils (two counter-streaming
plasmas) have been irradiated with a laser intensity of ∼1016 W/cm2. The laser ablated plasma is
characterized 4 mm from the foil surface using Thomson scattering. Significant increases in electron
and ion temperatures compared to the single foil geometry are observed. Particle-in-cell simulations
including both collisional and collisionless effects are compared to the experimental measurements
and show rapid electron and ion heating consistent with the experimental measurements. Simula-
tions including only collisional or collisionless effects are inconsistent with the observed electron and
ion heating.

High velocity counter-streaming plasma flows are an
active area of research focused on studying collisional [1,
2] and collisionless [3–5] effects in laser produced plas-
mas. The interaction region is a new area for laboratory
astrophysics research to investigate collisionless shocks
relevant to astrophysical observations [6–9]. Particle ac-
celeration at the front of a collisionless shock generated
after a supernova explosion is a possible source of cos-
mic rays [10, 11]. Laboratory astrophysics experiments
present a unique opportunity to study shock generation
mechanisms and directly measure high-energy particle
generation. Modeling of these systems is another impor-
tant aspect of the project and particle-in-cell simulations
are typically used for collisionless systems [12, 13]. In the
case of collision dominated interactions a fluid treatment
is more common [14]. These systems present an ideal
platform for studying plasma evolution in the presence
of electro-static and electro-magnetic instabilities.

In this Letter, we present direct measurements of rapid
ion and electron heating in counter-streaming interpen-
etrating plasma flows. We have measured the ion and
electron temperatures as well as the plasma flow veloc-
ity and electron density using Thomson scattering. We
observe less than a 10% decrease in flow velocity relative
to the single foil free streaming case during the rapid
heating phase observed from 2.5 nm to 4 ns. For the
first time we show direct experimental measurements of
free-streaming counter propagating plasma flows. Unlike
previous experiments [1, 15] it is clear from the flow veloc-
ity and electron density measurements that stagnation, a
rapid decrease in the flow velocity and an increase in the
local density, is not a factor for these conditions. A novel
combination of collisional electron heating and collision-
less ion heating is required to explain the observed tem-
perature measurements. A series of particle-in-cell sim-
ulations have been performed to model the experiment
and both collisional and collisionless effects are required
to generate electron and ion heating consistent with the
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FIG. 1. (Color Online) The experimental setup is shown for
the double foil configuration. Each foil is irradiated with ten
351 nm (3ω), laser beams using 1 ns square pulses with 250
µm focal spots. A 527 nm (2ω) probe beam is focused at the
target chamber center. Thomson scattered light is collected
117◦ relative to the probe. This Thomson scattering geometry
results in a matched k-vector normal to the target surface.

Thomson scattering measurements.

The experiment was performed at the Omega Laser at
the Laboratory for Laser Energetics. Two target con-
figurations are used. A single foil configuration and a
double foil configuration using a pair of CH2 foils (2 mm
in diameter and 0.5 mm thick, Fig. 1) irradiated with
ten 351 nm laser beams each using 1 ns square pulses.
Phase plates were used to produce focal spots of 250 µm
diameter. The foils are separated by 8 mm. Thomson
scattering [16, 17] is used at the center point between
the foils to characterize the plasma conditions. The 1 ns
square 527 nm probe beam timing is varied from 2 ns
to 8.8 ns after the heaters beams to measure the plasma
conditions at different times over 1 ns long intervals.

The Thomson scattered light is collected at an angle
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FIG. 2. (Color Online) The Thomson scattering cross section
is fit to the measured Thomson scattering (a) electron feature
and (b) ion feature at 4.0 ns from a double foil target. The
best fit to the experimental data (black line) is calculated
using an electron temperature of 1.01 keV, an electron density
of Ne = 8.2×1018 cm−3, an ion temperature of 1.68 keV, and
a plasma flow velocity of 1.28 × 108cm/s. (a) The electron
temperature is increased to 1.15 keV (blue dotted line) and
decreased to 0.85 keV (green dashed line) to demonstrate the
sensitivity of the fit. (b) The ion temperature is increased to
2.5 keV (blue dotted line) and decreased to 0.85 keV (green
dashed line) to show sensitivity.

of 116.8◦ from the incident probe beam direction. The
scattered light is imaged onto the entrance slit of a pair of
spectrometers. A 1 m spectrometer with a magnification
of 1.5:1, a 2400 lines/mm grating and a 200 µm entrance
slit provides a spectral resolution of 0.056 nm for mea-
suring the ion feature. A 1/3-meter spectrometer with
a magnification of 0.9:1, a 150 lines/mm grating, and a
100 µm entrance slit is used to measure the electron fea-
ture with a spectral resolution of 3.6 nm. A Hamamatsu
7700 streak camera is coupled to the output of both spec-
trometers resulting in a temporal resolution of 200 ps for
the 1 m system and 100 ps for the 1/3 m system, in both
cases limited by the temporal dispersion of the spectrom-
eter. The Thomson scattering volume is defined by the
overlap of both slit images, the streak camera slit and
the spectrometer slit, in the plasma (150µm×150µm for
the 1-meter system and 110µm×110µm for the 1/3-meter
system) with the probe beam (70µm diameter).

The raw Thomson scattered spectra is shown in Figure
1 (b) and (c). The electron feature [Fig. 1 (b)] measures
the electron temperature and density when fitted with
the Thomson scattering form factor [16]. The electron
temperature (Te) is measured with an accuracy of ±15%
[Fig. 2 (a)] and the electron density (Ne) is measured
to ±15%. The ion temperature (Ti) and plasma flow ve-
locity (U) are then measured from the ion feature [Fig.
1 (c)]. The plasma flow velocity is measured with an
accuracy of ±10%, in the double foil configuration the
Thomson scattering form factor is calculated with a sum
of Maxwellian distributions separated in velocity space
by plus and minus the plasma flow velocity. The ion
temperature uncertainty is determined independently for
each time with an average uncertainty of ±30%, an ex-

ample fit is shown in Fig. 2 (b). The measured plasma
conditions are shown in Figure 3 for a single foil configu-
ration and a double foil configuration. As the two flows
interpenetrate distinct doppler shifted scattering signals
are observed from each foil [9]. A decrease of ∼10% in
the flow velocity is observed between the double and sin-
gle foil configurations a clear indication that stagnation
or fully formed shocks are not present during the experi-
ment. This is also evident in the electron density measure
[Fig. 3 (b)] were the double foil configuration shows an
increase in density of a factor of two compared to the
single foil configuration.

Figure 3 (c) and (d) show the measured ion and elec-
tron temperatures respectively. A rapid increase in both
temperatures in the double foil configuration is observed
compared to the single foil configuration. Purely colli-
sional heating is assessed for these conditions[9] and does
not reproduce the observed increase in ion temperature
[Fig. 3 (c)].

A detailed modeling of these experiments requires the
inclusion of both collisional (fluid) and collisionless (ki-
netic) effects. Taking typical parameters Ne = 4 × 1018

cm−3;Te = 300eV;Ti = 100eV;U/c = 0.005 and assum-
ing fully ionized carbon ions, we have ve/c = 0.024 �
U/c = 0.005 � vi/c = 10−4 (i.e. electrons are mostly
adiabatic while the kinetic energy of the flow is much
greater than the ion internal energy) where ve and vi are
the electron and ion thermal velocities respectively. Col-
lisional effects are evident in the relative rates of trans-
fer of flow energy into electron thermal energy due to
Joule heating (U/ve)

2νe ≈ 0.01ps−1 � (U/vi)
2νi+/i− ≈

0.001ps−1. From a collisional point of view, one can ex-
pect the counterstreaming plasmas to freely interpene-
trate (U � vi), while Te will rise over a few 100 ps due
to friction and Ti will remain cold [9].

Plasma instabilities can dramatically alter this result.
One can estimate the plasma instability growth rates as
ωpe = 113 � γac ≈ ωpi = 2 � γw ≈ ωpiU/c = 0.01 (all
rates are in units of 1012 s−1) where γac is the growth
rate for the electrostatic two-stream instability [18] and
γw for the electromagnetic Weibel instability [3]. The 2-
stream instability will heat the ions over a few ps until
Ti⊥ ≈ Te (Ti⊥ denoted the ion temperature perpendic-
ular to the plasma flow direction and Ti|| denotes the
temperature parallel to the flow), the ions will then relax
into a Maxwellian over tens of ps. This increase in Ti
will further limit the (already slow) growth of the Weibel
instability which should not play an energetically impor-
tant role over less than a nanosecond. As Te keeps in-
creasing due to friction, the 2-stream instability will de-
velop again and keep Ti close to the threshold value. In
this system, a plasma instability provides a new way of
coupling the ion temperature with the electron temper-
ature as the later evolves due to collisional effects. A
fluid modeling will miss this coupling and underestimate
Ti, while a collisionless kinetic treatment will miss the



3

0

0.5

1.0

1.5

2.5 3 3.5 4 4.5
Time (ns)

0

0.5

1.0

1.5

2.0

2.5 3 3.5 4 4.5

T
i 
(k

e
V

)

Time (ns)

c) d)

T
e

 (
k

e
V

)

0

2

4

6

8

10

12

14

2.5 3 3.5 4 4.5

D
e

n
s

it
y

 (
x

1
0

1
8
 c

m
-3
)

Time (ns)

0

5

10

15

20

25

2.5 3 3.5 4 4.5
Time (ns)

F
lo

w
 V

e
lo

c
it

y
 (

x
1

0
7
 c

m
/s

)
a) b)

FIG. 3. (Color Online) The plasma flow velocity (a), electron density (b), ion temperature (c), and electron temperature (d) are
measured using Thomson scattering for the single foil (red circles) and double foil (blue squares) configurations. The electron
and ion temperatures are compared to a simple analytic model [9] assuming equal carbon and hydrogen ion temperatures (grey
line). Temperatures from 2D collisional PIC simulations (black line) are also shown.

increase in Te.
A theoretical calculation of the acoustic-two-stream in-

stability growth rate (γac) and the saturation of the 2-
stream acoustic instability by ion heating is a key to ex-
plaining the evolution of Ti in this experiment where no
stagnation occurs. The acoustic-two-stream instability
growth rate for 2 multi-species counter-streaming plas-
mas is the (real) root γac of,

1 + α2 −
∑
i

α2fiZ
2
i Te

2Z̄Ti
Re[Z ′(

iγac + sin θU√
2vi

)] = 0, (1)

where α = 1/kλD and λD is the debye length. For a
CH2 plasma, the collisionless threshold is mostly set by
the carbon ions (Z=6,A=12) with ∆ ≈ 0.57 − 4Tc

9Te
= 0,

i.e. Ti ∼ 1.18Te. The maximum of Z ′ on the real axis
(≈ 0.57) is reached for sin θ ≈ 2.1vi/U , which is almost
perpendicular to the flow. Trapping of C ions and diffu-
sion in a broad spectrum of acoustic waves will lead to an
increase of the carbon ion temperature (Tc) in the trans-
verse direction [18]. While all collision rates are small
compared to the initial (cold) growth rate γac, the C-C
equilibration rate becomes important for saturation near
threshold. The maximum growth rate near threshold can
be compared to the thermal equilibration rate for carbon
ions [19],

γth
ωpi

=
2

3
∆3/2 =

νcc
ωpi
≈ 6.310−12Nc[cm

−3]1/2 ln ΛZ3
c

T
3/2
c|| [eV ]

.

For the above parameters, ion-ion collisions will reduce
the peak ion temperature by 20 percent compared to the
collisionless estimate (Ti ∼ Te). At higher densities or
for higher Z ions, weak collisions can significantly lower
the final ion temperature and should not be neglected
in simulations. To confirm our theoretical scenario, we
use a particle-in-cell code (PSC [20]) that includes bi-
nary inter and intra species collisions using the method of
[21]. We setup the simulations with 2 counter-streaming
plasmas of C(A = 12, Z = 6)H2(A = 1, Z = 1) start-
ing with Ne = 2 × 1018 cm−3;Te = 300 eV;Ti = 100
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FIG. 4. (Color Online) Evolution of the (a) C6+ ion tem-
perature (starting at 0.1 keV) and (b) electron temperature
(starting at 0.3 keV) . The dash-dotted blue line corresponds
to a 1D collisionless run showing numerical stability; The red
line is a 1D collisional run showing strong resistive heating of
the electrons; the green dotted line is a 2D collisionless run
showing ion heating; the dashed black line is a 2D collisional
run where the two-stream-ion instability strongly couples ion
and electron temperatures.

eV;U/c = 0.005. The simulations box is 24 µm by
36 µm with 24 cells per micron and 1000 particle per
cells. We used third-order splines and nearest-neighbor
current-smoothing. The 1D-PIC is actually performed as
a very narrow 2D simulations that forbid the growth of
transverse modes but allow for statistics similar to full
2D. A careful numerical treatment is required as even
a very small fraction of the flow energy transferred by
scattering on spurious numerical field fluctuations will
overwhelm the energy balance of the cold plasma.

To separate the collisional and kinetic effects, we have
performed a series of one and two dimensional PIC sim-
ulations with and without binary collisions, the initial
parameters listed above. Ne is kept constant at 4× 1018

cm−3. We artificially increase the collisional rates by us-
ing a Coulomb logarithm lnΛ = 32 instead of ≈ 8 for
our parameters to shorten the simulation time to 2× 106

steps on 1200 processors. Fig. 4 compares the evolu-
tion of the electron and ion temperature under various
approximations. The 1D-PIC (collisionless) results con-
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firms that numerical heating is negligible and the sim-
ulation is stable. In this limit, the 2-stream instability
cannot develop and both Te and Ti remains constant.
The 1D-Coll-PIC (Coll denotes collisional) shows a fast
increase in Te (Joule heating) and a small increase in
Ti (small angle scattering), consistent with the estimate
above and Ref. [9]. Fig. 4 (a) shows the evolution of the
ion temperature. The evolution of Te, shown in Fig. 4
(b), is independent of the dimensionality (and of the evo-
lution of Ti) as there is negligible collisional coupling be-
tween ions and electrons. The 2D-PIC simulation shows
a sudden increase in the transverse ion temperature Ti⊥
due to the 2-stream instability, followed by saturation at
the marginal stability threshold Ti⊥ ≈ Te. Ti|| remains
constant in this supersonic regime as well as Te. Finally,
the 2D-Coll-PIC simulations reproduces all the experi-
mentally observed evolutions. While Te increases due to
friction, the 2-stream transfers energy to ions to keep the
system close to the marginal threshold Ti⊥ ≈ Te, and
i-i collisions equilibrate Ti⊥ and Ti||. In all cases, the
conversion of flow energy into electron and ion thermal
energy by collisions and plasma instability, while having
a dramatic effect on the plasma parameters, remains neg-
ligible relative to the total kinetic energy in the flow and
no significant slow down nor stagnation is observed.

In order to model the experiment, the density is in-
creased with time in an adiabatic way following the
measured density evolution, by increasing the particle
weight. This maintains the correct collisional rates, ki-
netic growth rates and heat capacity of the system. The
resulting evolution of Te and Ti, shown in Fig. 3, are in
good agreement with the experiment. One could spec-
ulate that the slightly lower Ti simulated at late times
could be due to the Weibel instability slowly developing
at long wavelength (larger than our simulation box). On
the other hand, the simulation lacks heat conduction and
adiabatic cooling at large scale, hence the slight overes-
timate of Te at late times.

In conclusion, we have accurately measured the plasma
ion and electron temperatures, the flow velocity, and elec-
tron density in the interaction region between two colli-
sionless counter-stream plasmas. A rapid increase in both
ion and electron temperatures are observed. A series of
detailed simulations have been performed and only the
simulation including both collisional and collisionless ef-
fects accurately reproduce the measured ion heating.
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