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We present a study on the impact of a gas atmosphere on the collision of two counter propagating
plasmas (gold and carbon). Imaging optical Thomson scattering data of the plasma collision with
and without helium in between have been obtained on the Omega laser facility. Without gas, we
observed large scale mixing of colliding gold and carbon ions. Once ambient helium is added, the
two plasmas remain separated. The difference in ionic temperature is consistent with a reduction
of the maximum Mach number of the flow from M=7 to M=4. It results in a reduction of a factor
∼10 of the counter-streaming ion-ion mean free path. By adding a low density ambient gas, it is
possible to control the collision of two high velocity counter streaming plasma, transitioning from
an interpenetrating regime to a regime in agreement with a hydrodynamic description.

PACS numbers: 52.50.Jm, 52.25.Os, 52.27.Gr, 52.65.Yy

Plasma collisions can have very different characteristics
depending on conditions. At low-density, a plasma col-
lision can lead to the formation of collisioneless shocks
[1],[2] that are thought to be the source of magnetic
fields and particle acceleration to cosmic ray energies. At
higher density, it can lead to the formation of a hot dense
plasma used to generate X-ray lasers [3],[4]. Colliding
plasma are also a key feature in inertial fusion chambers
where the chamber walls are exposed to extreme flux, ex-
pected to generate stagnation of plasma clouds that could
limit the lifetime of inertial fusion chambers [5], [6]. In
Inertial Confinement Fusion (ICF), a low Z capsule con-
taining the DT fuel is ablatively driven by X ray emanat-
ing from the interaction of a high Z cylinder (hohlraum)
and a high energy laser. The ablated hohlraum wall can
collide with the expanding plasma from the compressed
capsule[7]. Controlling this collision is important for sus-
taining laser ignition pulses.

Previous studies of high velocity plasma colli-
sions in vacuum have shown ballistic or diffusive
interpenatration[8],[9]. The mixing of the counterstream-
ing plasma species was only limited by the size of the
system or by electrostatic/magnetic instabilities[10],[2].
On the other hand, the back pressure provided by a high
density ambient gas can slow down the expansion of a
laser driven plasma, allowing control of stagnation in ICF
systems, but restricting the laser propagation and cou-
pling to the target [11],[12]. In addition, proton radiogra-
phy of the gas interface have shown a wide mixing layer
attributed to Rayleigh-Taylor (RT) instabilities growth
seeded by non-uniformity in laser illumination as the ex-
panding plasma slows down in the gas[13].

In this paper, we report on the successful control of
plasma expansions and stagnation by using a low den-
sity/low Z ambient gas. Imaging Thomson Scattering
(TS) is used to fully characterize the collision of laser

driven gold and carbon plasmas. In the vacuum case,
we observe mixing of the ions over the entire field of
view, along with strong ion heating, consistent with pre-
vious studies[8]. When an ambient helium density of
0.15 mg/cm3 (ne=0.003% of the laser critical density)
is added, the carbon and gold ions remains separated
with an interface mix width < 50µm (instrumental res-
olution of the TS diagnostic) and much less ion heating.
At this low density, the helium plasma does not provide
much back pressure that could lead to RT instabilities
(as it is measured to diffuse through the gold and car-
bon plasmas), but limits the electrostatic potential and
acceleration of the front of the plasma expansions. Para-
doxically the presence of a kinetic agent (a low density
helium plasma) keeps the system amenable to an hydro-
dynamic description. This regime, where the helium gas
does not alter the laser beam propagation, is the regime
of choice for current attempts at controlling ICF implo-
sions on the NIF.

An experiment was carried out on the Omega laser fa-
cility [15] to measure the plasma conditions using Optical
Thomson Scattering. The target (figure 1-a) is composed
of a gold band, 1.6 mm in radius, 800 µm in length and
25 µm thick, and a High Density Carbon puck (HDC,
ρ= 3.45 g/cm3) 600 µm in radius and 800 µm in length
positioned at the gold band center. To study the impact
of helium on the plasma collision, the target is placed
inside a gasbag filled with 0.15 mg/cm3 of He4. A gas-
bag consists of an aluminum washer of inner diameter 4
mm with a thin polyimide (C22H10N2O4) skin bonded
to each end. When inflated, a gasbag forms an oblate
ellipsoid ∼ 5.5mm long, with a skin thickness of 0.35-0.4
µm (figure 1-b). Omega laser beams are focused on the
gold and HDC surfaces using phase plates resulting in
a 300 µm focal spot. Nineteen laser beans at λ3ω=351-
nm were focused on the inside of the gold surface, nine
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FIG. 1. a) Schematic of the target for the Gold/Carbon
case. On the target surfaces the laser intensity is shown as
calculated by a 3-D thermal radiation and CAD code (VIS-
RAD [14]), only a subset of laser beams are shown for clarity.
b)Schematic of the gasbag target. c)Geometry of the Thom-
son probe. d) blue: laser pulse shape used without the helium
gas bag, red: laser pulse shape used with the helium gas bag.

beams were focused on the surface of the HDC puck. The
beam pointing was optimized to reduce intensity varia-
tion on the target surface preventing the apparition of
pronounced jets emanating from the space between two
cluster of laser spots [16].

For the vacuum shot, i.e no gas bag, each beam had
300 J in a 1-ns flat top pulse (figure 1-d) leading to
an intensity on the target surfaces of 4 × 1014W/cm2.
When a gas bag was used each beam has 370 J in a
stepped pulse with 300 J in a 1-ns flat top pulse (figure 1-
d). The Thomson-scattering diagnostic [17],[18],[19],[20]
consisted of a 40-J,1-ns-long,λ4ω=263.23-nm probe beam
with a best-focus diameter of ∼ 50µm [21]. The inten-
sity of the probe beam, reached at its best focus, is low
enough to stay below the Filamentation Figure of Merit
(FFOM)defined in [22] in our plasma (1 keV electron
temperature at 4ω) and focusing conditions (fnumber =
10).

The light scattered from a 50µm × 50µm × 1000µm
volume was imaged through a 1/3-m spectrometer. Spa-
tially resolved Thomson-scattering measurements are
made by aligning the image of the probe beam parallel
to the spectrometer input slit (100µm wide) and record-
ing the spectraly dispersed image on a CCD. The spec-
tral dispersion was 0.411 nm/pxl, the scattering angle
60 degree (figure 1-c). The Thomson scattering data is
taken at the end on the main laser pulse (figure 1-d) for
a ∼ 300ps duration.

Spatially resolved Thomson Scattering (TS) spectra

are shown on the figure 2-a for the gold/carbon case
and figure 2-e for the gold/helium/carbon case. Fig-
ures 2-b,c,d and 2-f,g,h show spectral line-outs for the
two cases. The flow velocity can be measured from the
Doppler shift of the midpoint of the Thomson scattered
signal. The velocities of the carbon and gold flow have
opposite directions [23] (figure 4-b) leading to red-shifted
or blue-shifted spectra. The wavelength separation of
the two ionic peaks is related to the sound speed which

is proportional to

√
ZTe + 3Ti

Mi
, where Te is the electron

temperature, Ti the ion temperature and Mi the ion mass
and Z the ionization state. Here we assumed fully ion-
ized carbon Z=6 and Z=45 [24] for gold and the ionic
peak separation allows the determination of the elec-

tron temperature (Te) when
Ti
ZTe

is small. Ionic Landau

damping[25, 26], when
Ti
ZTe

is sizable, broadens the ionic

peak enabling the determination of the ion temperature.
Throughout this paper the TS spectra are fitted using
a multi-species, multi-flow kinetic model for the plasma
dispersion, which usually allows a determination of the
temperature and average flow velocity for each species
[27]. The TS power is expressed by using the spectral
density function with two ion species i:

S(k, ω) = (2π/k)|χe/ε|2
∑
i(Z

2
i n/ne)fi0((ω+k.vd)/k)),

where ω = ωs-ω0, ωs and ω0 are the frequency of the
scattered light and TS probe, respectively, n is the den-
sity of each ion species, vd is the drift velocity, ε is the
dielectric function and χe the electron susceptibility, fi0
is the ion velocity distribution function and Zi is the av-
erage charge state.

In the vacuum case, the entire plasma at the time of
the measurement is a hot mix of gold and carbon ions, the
two counter-streaming plasmas having interpenetrated
(Fig. 2-a). When a low density (0.15 mg/cm3) ambi-
ent helium gas is added, a narrow (∼ 50µm) cold mix
layer separates the gold plasma from the carbon plasma
(Fig. 2-e), with the He ions diffusing across the bound-
ary. From the line-outs on figure 2 more detailed data on
the plasma conditions can be extracted. At the 200 µm
position near the gold wall (figure 2-b,f), ion gold peaks
are observed in both cases. In the gold/carbon case, a
blue-shifted tail and an asymmetry of the ionic peak can
be observed, indicative of fast carbon ions having reached
this position. In the gold/helium/carbon case, only one
gold peak is observed. In the gold plasma (figure 2 d-
f) the symmetry of the ion peaks is affected by Landau
damping induced by light ions mixing (helium of car-
bon). The blue shifted peak is totally suppressed in the
gold helium case. At the 400 µm position (figure 2 c,g),
the gold/carbon case shows a broad single peak while
the gold/helium/carbon case shows two separated car-
bon peaks. The broad ionic peak observed is due to the
presence of hot (> 20keV ) gold and carbon ions in the
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FIG. 2. a) Spatially resolved Thomson scattering spectra in
the Gold/Carbon case.b,c,d) blue curves: Line outs over fig-
ure 2-a at various positions along the spatial axis, distances
are measured from the Au surface. Black curve: theoretical
fits to experimental data e) Spatially resolved Thomson scat-
tering spectra in the Gold/helium Carbon case. f,g,h) blue
curves: Line outs over figure 2-e at various positions along
the spatial axis, distances are measured from the Au surface.
Black curve: theoretical fits to experimental data

same region. The two asymmetric carbon ion peaks ob-
served are due to the presence of cold (< 1keV ) carbon
mixed with cold (< 1keV ) helium ion. At the 650µm
position (figure 2 d,h), in the gold/carbon case, two car-
bon peaks are observed with a blue-shifted tail indicative
of the presence of fast gold ions. At the same position
in the gold/helium/carbon case, no tail is observed with
almost symmetric carbon peaks, indicative of a pure car-
bon plasma with a trace of helium.

From similar fits at various positions along the space
axis, the temperature (ion and electron) and species frac-
tion profile can be inferred (figure 3). Figure 3-a-b shows
the ion species fraction for the two cases, where the tran-
sition from a sharp separation of the two fluids by a nar-
row mixing layer when ambient He is added to a uni-
formly hot mixed plasma in the vacuum case is clear.
In the Au/C case, gold is present throughout the field of
view, at an atomic fraction ranging from 5×10−2, 200µm
away from the gold wall to ∼ 10−3, 300µm away from the
carbon puck. In the Au/He/C case, gold is only present
in the first 300 µm from the gold wall, along with he-
lium at about 50/50 ratio. From 350 µm to the carbon
puck, only carbon and helium are present, with a helium
fraction ranging from 0.5 to about zero next to the car-
bon puck. Figure 3-c,d show the temperature profile for
the two cases. In the Au/C case the ion temperature of
the carbon is ∼ 20 keV where the gold species fraction is
above 10−3, while it stays below 1 keV everywhere when
ambient He is added. Very close to the carbon puck, the
carbon temperature is similar in both cases, around 1
keV, as the ablation physics is dominated by laser ab-
sorption.

Time resolved data (the scattered signal is imaged onto

a optical streak camera) over a 50 µm cube volume at
the 400 µm spatial position are shown on figure 4 for
the Au/C case using the same laser drive (300J per laser
beam). The Thomson probe was on for 1 ns, starting 300
ps after the beginning of the main laser driver. The flow
velocities of the two species decrease in time as the ion
temperature of the two species increases implying a trans-
fer from the kinetic energy of the counter-streaming flows
into thermal energy through Coulomb collisions[8]. Time
resolved and spatially resolved data are consistent (spa-
tial data are taken at 1 ns for 300 ps). Carbon ion tem-
perature is already at ∼ 10keV at 0.9 ns. The ion con-
centration of the two species is also measured as a func-
tion of time. At 300 ps the gold and carbon are already
mixed, which explains the high gold ion temperature (∼
20 keV). By 600 ps, the gold starts to push the carbon
away from the probed zone leading to a decrease in the
carbon ion density. At all times the plasma is mostly
composed of carbon ions with a small fraction(< 1%) of
gold ions, similar to the late-time spatially resolved data
at this probed position.

The large differences in ion temperature reached for
the two cases (tens of keV for the Au/C case, ∼ 1 keV
for the Au/He/C), in mix layer width and composition
can be explained by the strong slowdown of the front of
a plasma expansion in vacuum in the presence of a low
density ambient plasma. For the Au/C case, the early
laser driven expansion of the gold (and carbon) can be
approximated by a self-similar isothermal expansion [9]
for the electron density Ne = N0 ∗ exp(−(ξ + 1)) and
flow velocity vi = Cs(ξ + 1), where ξ = x

Cst
, N0 is the

critical density for a 32 degree angle of incidence and

Cs =
√

γZKbTe

Mi
is the ion sound speed (here the ion

sound speed is calculated for Te = 1keV , Z=45 for gold
ions cf fig 4.a, CS ∼ 1.9 × 107cm/s). In a self-similar
description, the flow velocity increases indefinitely with
time and space. This description breaks down when the
Debye length equals the density scale length CSt [28] due
to charge separation effects. The maximum ion front ve-
locity is then given by [29] vfront = 2CSln(2τ), where

τ =
ωpit√
2e

, ωpi being the ion plasma frequency at N0 ; at

300 ps we calculate τ = 7.5 × 103 which gives a peak
velocity of the gold ions vfront ∼ 3.6× 108cm/s, a Mach
number M ∼ 19. The electron density at M=19 follow-
ing the same description is ∼ 3.5 × 1013, well below the
detection threshold of our diagnostic. Experimentally,
from time resolved data, the fastest detected gold ions
have reached the Thomson volume located 400 µm from
their initial position is 300ps. It corresponds to a velocity
of ∼ 1.3× 108cm/s, which is about M=7 at a measured
electron density of 2×1019cm−3, which is higher than the
density inferred from the self-similar expansion at M=7
(ne ∼ 6 × 1018). Figure 4 shows that the ion tempera-
ture at 300ps is already high (> 2 keV), suggesting that
the gold ions have already slowed down on the carbon
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leading to a higher ion density.

In the gold/helium/carbon case, the ion front velocity
is not limited by space charge effects but by the density of
the helium at the gold/helium interface [30]. This inter-
face is a contact discontinuity, where pressure and veloc-
ity are continuous. The laser will maintain a continuous
electron temperature. Assuming fully ionized He, Z = 45
for Au and TAu ∼ THe ∼ Te near the interface as mea-
sured (Fig.3-d), equating pressures P = Ne(Te + Ti/Z)
on both sides leads to Ne(Au) = 3/2Ne(He). Laser-
heated helium is weakly shocked by the gold expan-
sion, and one can finally assume for this estimate that
Ne(Au) ∼ 1 × 1020 cm−3, roughly twice the initial gas
density. 0.15 mg/cm3 of helium is transparent for the
laser, one can then assume that the self-similar expan-
sion near the ablation front is comparable for both the
helium and the vacuum case. The peak gold ion velocity,
set by the helium density at the Au/He interface, would
have then a Mach number ∼ M = 4, much less than in
the vacuum case.

This difference in peak velocity of the gold ions has
a significant impact on their mean free path through
counter streaming carbon. The ion-ion mean free path of
a supersonic flow into a counter propagating flow scales
as the fourth power of the relative velocity of the two
flows[31]. From the vacuum to the helium case, the peak
velocity of the gold ions decreases by a factor 1.75 which
is a factor of ∼ 10 in mean free path. From the condi-
tions measured at 300 ps in the vacuum case (cf fig 4),
the relative flow velocity is ∼ 108cm/s, the ion density is
∼ 5 × 1019cm−3 , the mean free path of a gold ion into
carbon is about ∼ 500µm for the vacuum case reduced
to 50µm with ambient helium. This is consistent with
the observed thickness of the mix layer in that case. The
origin of a gold/helium mix layer in high ambient gas fill
density experiment was hypothesized to be the growth
of Rayleigh-Taylor instabilities at the gold helium inter-
face. In this experiment, the initial gas electron density
is ∼20 times less than the gas electron density used in
previous experiments[13], resulting in an helium fully mix
with carbon and gold thus not slowing down the expand-
ing gold. In addition RT seeds were strongly reduced
by optimizing the geometry of irradiation. In addition,
in the vacuum case, we can observe the presence of gold
mixed with carbon over hundred‘s of microns which is in-
compatible with RT growth rate (too early). We cannot
completely rule out RT instabilities as the cause of the
∼ 50µm mix layer observed in the helium case, but the
physical differences of the two systems as well as our ex-
perimental observations do not point to RT instabilities
as the source of the observed mix.

This experiment was designed to emulate the plasma
conditions of a near vacuum to low gas fill He-filled
hohlraum used on the National Ignition Facility (NIF).
The laser intensity on the wall of the Omega target is in
the same range (4×1014W/cm2) as the intensity reached
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FIG. 3. Zero is the initial position of the gold ring, thousand
is the initial position of the carbon puck for all four plots.
a) species fraction for the gold/carbon case as a function of
space. b) species fraction for the gold/helium/carbon case
as a function of space.c) Temperature (ion and electron) the
gold/carbon case as a function of space. d) Temperature (ion
and electron) the gold/helium/carbon case as a function of
space.

on the NIF hohlraum walls. We can now explain the sur-
prising transition observed on the NIF when the helium
density was lowered below 0.3 mg/cm3 to 0.03 mg/cm3.
Our Omega results suggest that at 0.3 mg/cm3 helium
fill, the plasma ablated from the hohlraum gold wall and
the carbon capsule remain mostly separated while they
would mixed over large scale length in the near vacuum
case. These changes in plasma conditions with helium fill
density can explain the disagreement between Radiation-
hydrodynamic simulations [32] and experimental data
[33] observed in the NVH case and the overall good agree-
ment at 0.3 g/cm3[34],[35].

In conclusion, we report on a direct measurement of
the impact of a gas atmosphere on the collision of two
laser ablated counter-propagating plasmas. Spatially and
time resolved optical Thomson scattering data show that
the presence of a low density helium (0.003% of the laser
critical density) limits the peak velocity of the expand-
ing ion flows. A clear transition is observed when gas is
added, from large scale ion mixing to two plasmas sepa-
rated by a narrow mixing layer. This drastically changes
plasma parameters throughout the system as observed in
this letter. The strong impact of a low density gas fill on
plasma collisions should enable control of implosion in
low gas fill ICF hohlraums.
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[13] C. K. Li, F. H. Séguin, J. A. Frenje, M. Rosen-

berg, R. D. Petrasso, P. A. Amendt, J. A.
Koch, O. L. Landen, H. S. Park, H. F. Robey,
et al., Science 327, 1231 (2010), ISSN 0036-8075,
http://science.sciencemag.org/content/327/5970/1231.full.pdf,
URL http://science.sciencemag.org/content/327/

5970/1231.
[14] J. MacFarlane, Journal of Quantitative Spectroscopy

and Radiative Transfer 81, 287 (2003), ISSN
0022-4073, radiative Properties of Hot Dense Mat-
ter, URL http://www.sciencedirect.com/science/

article/pii/S0022407303000815.
[15] T. R. Boehly, R. S. Craxton, T. H. Hinterman, P. A.

Jaanimagi, J. H. Kelly, T. J. Kessler, R. L. KREMENS,
S. A. Kumpan, S. A. Letzring, R. L. McCrory, et al.,
Fusion Technology 26, 722 (1994).

[16] G. Huser, C. Courtois, and M.-C. Mon-
teil, Physics of Plasmas 16, 032703 (2009),
https://doi.org/10.1063/1.3099054, URL https:

//doi.org/10.1063/1.3099054.
[17] J. Katz, R. Boni, C. Sorce, R. Follett, M. J. Shoup,

and D. H. Froula, Review of Scientific Instruments 83,
10E349 (2012), https://doi.org/10.1063/1.4733551, URL
https://doi.org/10.1063/1.4733551.

[18] J. Katz, J. S. Ross, C. Sorce, and D. H. Froula, Journal of
Instrumentation 8, C12009 (2013), URL https://doi.

org/10.1088%2F1748-0221%2F8%2F12%2Fc12009.
[19] D. Montgomery, B. J. Albright, D. Barnak, P.-Y. Chang,

J. Davies, G. Fiksel, D. Froula, J. Kline, M. MacDonald,
A. Sefkow, et al., Physics of Plasmas 22, 010703 (2015).

[20] D. Froula, L. Divol, R. London, R. Berger, T. Döppner,
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