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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. We observed the
presence of gold ions across the entire field of view in the vacuum case. Once Helium is added, the
two plasmas remain separated. The dramatic difference in ionic temperature is consistent with a
reduction of the maximum flow velocity from M=7 to M=4 due to the presence of helium. The
presence a small amount of helium is enough to transition from an interpenetrating regime to a
regime in better agreement with a hydrodynamic description of the system.

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

Plasma collisions are present in a large range of con-
ditions which impact the characteristics of the collision.
At low-density, plasma collision can lead to the forma-
tion of collisioneless shocks [1],[2] that are thought to be
the source of magnetic fields and particle acceleration to
cosmic ray energies. At higher ion density, it can lead
to the formation of a hot dense plasma used to generate
X-ray lasers [3]. Colliding plasma are also a key feature
in fusion chambers where the chamber walls are exposed
to extreme flux that are expected to generate stagnation
of plasma clouds that could limit the lifetime of fusion
chambers [4], [5]. In Inertial Confinement Fusion (ICF),
inside a hohlraum the ablated gold can stagnate on the
ablated low density plasma from the capsule leading to
impaired propagation on the laser beams [6].

Stagnation from the hohlraum walls has been pre-
vented in ICF plasma by adding up to 1.6 mg/cm−3 of
helium in hohlraums [7], due to the helium back pres-
sure on the expanding gold. But the presence of helium
is not without negative impact on the hohlraum perfor-
mance [8],[9],[10]. Lowering the helium density (down
to 0.03 mg/cm−3), enabled by the use of shorter laser
pulses, has been a successful strategy to increase laser
to hohlraum coupling and reduce Laser Plasma Inter-
action (LPI) [11],[12]. It has also revealed a surprising
transition in plasma conditions, going from 0.3 to 0.03
mg/cm−3 of helium density. At 0.3 mg/cm−3, radia-
tion hydrodynamic simulations are a good description of
the plasma conditions and energy deposition inside the
hohlraum [13],[14]. At 0.03 mg/cm−3, the same model
does not reflect the changes in plasma conditions implied
by the changes in the energy spatial repartition inside
the hohlraum [15]. Indirect observable have shown that
kinetic effects might apply in the near vacuum case. In a
reduced scale vacuum hohlraum on Omega, a gold wall-
gas diffusion layer have been observed using proton radio-
graphy [16] suggesting gold mixing into the helium gas,

DD ions accelerated by an electrostatic shock formed in
the gold/carbon mix layer have been observed in vacuum
hohlraums [17] but no direct measurement of the plasma
conditions have been made so far.

In this paper, we have studied the impact of adding
helium gas on the collision of two laser driven plasmas
using imaging optical Thomson Scattering. Adding 0.15
mg/cc of helium, a density equals to 0.5% of the critical
density at 3ω, has a dramatic effect on the plasma colli-
sion. In the absence of helium (vacuum case), gold ions
can be observed to travel up to hundreds of microns in
the ablated carbon. Adding helium, the mixed zone is re-
duced to ∼ 50µm. The plasma conditions resulting from
the collision are also greatly different; the vacuum case
result in a hot (tens of keV) mixed plasma, when the case
with helium result in a < 2keV plasma. The presence of
ambient helium between the two plasma limits the peak
velocity reached by the gold ions, reducing their peak ve-
locities from a Mach number M = 7 in vacuum to ∼ 4
when helium is present. This reduction of a factor 1.75
in peak velocity implies a reduction by a factor of ∼ 10
of the mean free path of gold ions into ablated carbon.

An experiment was carried out on the Omega laser fa-
cility [18] to measure the plasma conditions using Optical
Thomson Scattering in a relevant reduced scale experi-
ment. Nineteen, λ3ω=351-nm, laser beams were focused
using 300 µm phase plates on the inside of a gold ring
to produce a gold blow-off plasma. Nine beams were fo-
cused onto a High Density Carbon (HDC) ring inside the
gold ring to produce carbon blow-off plasma with flow ve-
locities relevant to the NIF conditions, the two rings are
separated by a 1-mm gap (figure 1-a). To study the im-
pact of Helium on plasma conditions, the two ring/rod
were placed inside a gas bag filled with ∼ 0.15mg/cc of
He4. For the vacuum shot, i.e no gas bag, each beam had
300 J in a 1-ns flat top pulse (figure 1-c). When a gas bag
was used each beam has ∼ 370 J in a stepped pulse with
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FIG. 1. a) Schematic of the target for the Gold/Carbon case,
the blue rectangle represents where the area where the Thom-
son measurement is made. b) Geometry of the Thomson
probe. c) blue: laser pulse shape used without the helium
gas bag, red: laser pulse shape used with the helium gas bag.

300 J in a 1-ns flat top pulse. The Thomson-scattering
diagnostic [19] consisted of a 40-J,1-ns-long,λ4ω=263.23-
nm probe beam with a best-focus diameter of ∼ 50µm
[20]. The light scattered from a 60µm× 60µm× 1000µm
volume was imaged through a 1/3-m spectrometer onto a
CCD camera. The spectral dispersion was 0.411 nm/pxl,
the scattering angle 60 degree (figure 1-b). The Thom-
son scattering data is taken at the end on the main laser
pulse (figure 1-c) for a ∼ 300ps duration.

Spatially resolved Thomson scattering (TS) spectra are
shown on the figure 2-a for the gold/carbon case and fig-
ure 2-e for the gold/helium/carbon case. Figures 2-b,c,d
and 2-f,g,h show line-outs for the two cases. The flow ve-
locity can be measured from the Doppler shift of the mid-
point of the Thomson scattered signal, ∆ω = ωa+ka.vf ,
where vf is the flow velocity. The velocities of the car-
bon and gold flow have opposite directions [21] (figure
4-b) leading to red-shifted or blue-shifted spectra. The
wavelength separation of the two ionic peak is roughly

proportional to

√
ZTe + 3Ti

Mi
, we assumed fully ionized

carbon Z=6 and Z=45 for gold. The ionic peak sepa-
ration allows the determination of the electron temper-

ature (Te) when
Ti
ZTe

is small. Ionic Landau damping,

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.

In the vacuum case, the entire plasma at the time of
the measurement is a hot mix of Au and C ions, the two

counter-streaming plasmas having interpenetrated (Fig.
2-a). When a low density (0.15 mg/cc) ambient Helium
gas is added, a narrow (∼ 50µm) cold mix layer separate
the Au plasma from the Carbon plasma (Fig. 2-e), with
the He ions diffusing across the boundary. From the line-
outs on figure 2 more detailed data on the plasma con-
ditions can be extracted. At the 200µm position (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. The blue-shifted tail and
peak asymmetry is indicative of fast carbon ions having
reached this position. In the gold/helium/carbon case,
only one gold peak is observed. The presence of light he-
lium ions is responsible of the Laundau damping of the
gold ion wave [22],[23]. A similar effect is observed in the
carbon/gold case but the plasma conditions are such that
it leads only to an asymmetry of the gold ion peaks. At
the 400µm position (figure 2 c,g), the gold/carbon case
shows a broad single peak while the gold/helium/carbon
case shows two separated carbon peaks. The broad ionic
peak observed is due to the presence of hot (> 20keV )
gold and carbon ions in the same region. The two asym-
metric carbon ion peaks observed are due to the presence
of cold (< 1keV ) carbon mixed with cold (< 1keV ) he-
lium ion. At the 650µm position (figure 2 d,h), in the
gold/carbon case, two carbon 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 C plasma with a trace of He.

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 a fraction ranging from 5 × 10−2, 200µm away
from the gold wall to ∼ 10−3, 300µm away from the car-
bon puck. In the Au/He/C case, gold is only present in
the first 300µm from the gold wall, along with helium
at about 50/50 ratio. From 350µm to the carbon puck,
only carbon and helium are present, with a helium frac-
tion ranging from 0.5 to about zero next to the carbon
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) at the 400µm spatial position
are shown on figure 4 for the Au/C case using the same
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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
figure 2-a at various positions along the spatial axis. Black
curve: theoretical fits to experimental data f) Spatially re-
solved Thomson scattering spectra in the Gold/helium Car-
bon case. f,g,h) blue curves: Line outs over figure 2-e at var-
ious positions along the spatial axis. Black curve: theoretical
fits to experimental data

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. Figure 4-b shows that the flow
velocities of the two species decrease in time as the ion
temperature of the two species increases (figure 4-a) im-
plying a transfer from the kinetic energy of the counter-
streaming flows into thermal energy through Coulomb
collisions[24]. Time resolved and spatially resolved data
are in good agreement (spatial data are taken at 1 ns for
300 ps). Carbon ion temperature is already at ∼ 10keV
at 0.9 ns which is within a factor of two of the ion tem-
perature measured at the same location later in time.
Figure 4-c shows the ion concentration of the two species
as a function of time. At 300 ps the gold and carbon are
already mixed, which explained the high gold ion tem-
perature (∼ 20keV ). By 600 ps, the gold starts to push
the carbon away from the probed zone leading to a de-

crease of the carbon ion density (figure 4-c). At all times
the plasma is mostly composed of carbon ions with a
small fraction(< 1%) of Au 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, ∼ 1keV
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
[25] 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 [26] due
to charge separation effects. The maximum ion front ve-
locity is then given by [27] 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 following
the same description is ∼ 3.5 × 1013, well below the de-
tection threshold of our diagnostic. Experimentally, from
the data shown on figure 4-c, the fastest detected gold
ions have reached the Thomson volume located 400µm
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 ex-
pansion at M=7 (ne ∼ 6× 1018). Figure 4-a shows that
the ion temperature at 300ps is already high (> 2keV ),
suggesting that the gold ions have already slowed down
on the carbon leading to a higher ion density.

In the Gold/Helium/Carbon case, the ion front ve-
locity is not limited by space charge effects but by the
density of the helium at the Gold/Helium interface [28].
This interface is a contact discontinuity, where pressure
and velocity are continuous. The laser will maintain a
continuous electron temperature. Assuming fully ion-
ized He, Z = 45 for Au and TAu ∼ THe ∼ Te near
the interface as measured (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 Au expansion, and one can finally assume for this
estimate that Ne(Au) ∼ 1 × 1020 cm−3, roughly twice
the initial gas density.

Less than 1% helium density is transparent for the
laser, one can then assume that the self-similar expan-
sion is comparable for both the helium and the vacuum
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case. The peak gold ion velocity, set by the heliun 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 the mean free path on the gold ions
in Carbon. The ion-ion mean free path of a supersonic
flow into a counter propagating flow scales as v4 where
v is the relative velocity of the two flows[29]. From the
vacuum to the helium case, the velocity of the gold flow
decreases by a factor 1.75 which is a factor of ∼ 10 in
mean free path. From the conditions 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.

The impact of the presence of gold or helium ions
mixed with the ablated carbon is also significant know-
ing that in a hohlraum laser beams mostly propagate
through ablated carbon. The Inverse-Bremstrahlung co-

efficient for a multi species plasma follows: κ ∝ n2
eZeff

T
3/2
e

where Zeff = Z2

Z
where Z2 =

∑
j Z

2
j fj [30] and fi ≡ nj

NI
.

For the plasma conditions described on figure 4, where
the gold ion represents 2% of the total ion population,
the effective charge state goes from 6 for a pure carbon
plasma fully ionized to ∼ 14 in the gold/carbon case.
This results in an increase by a factor of 3 of the Inverse-
Bremstrahlung coefficient in the mixed case assuming the
same electron density and electron temperature. The
higher initial laser absorption in the mixed gold carbon
region than in the carbon/helium did result in an higher
electron temperature (figure 3-c,d), but as the electron
temperature increases the plasma becomes more trans-
parent, assuming an isobaric condition where an increase
in temperature would result in a decrease in electron den-
sity. The electron-ion equilibration time is the order of
∼ 10ns in these conditions is too long to explain the
higher measured electron temperature.

This experiment was designed to emulate at reduced
scale plasma conditions of a NIF hohlraum. The laser
intensity on the wall of the Omega target is in the same
range (low 1014W/cm2) as the intensity reached on the
NIF. We can now explain the surprising transition ob-
served on the NIF when the helium density was lowered
below 0.3 mg/cc. In the vacuum case, gold and carbon
are fully mixed when the slowdown of the gold and carbon
ions caused by 0.15 mg/cc of helium prevents gold from
mixing into the carbon plasma. These changes in plasma
conditions with helium density can explain the disagree-
ment between Radiation-hydrodynamic simulations [31]
and experimental data [32] observed in the vacuum case
and the overall good agreement at 0.3 mg/cc[33],[13].

In conclusion, we report on a direct measurement of
the impact of a gas atmosphere on the collision of two
counter-propagating plasmas. Spatially and time re-
solved Optical Thomson scattering data show that the
presence of helium, by limiting the peak velocity achieved
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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
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FIG. 4. all three plots are for the gold/carbon case. a) Tem-
perature (ion and election) as a function of time.b) Flow ve-
locities as a function of time. c) Ion density as a function of
time.

by the gold ions, prevents gold from mixing into the ab-
lated carbon. The impact of gold ions interpenatrating
into the ablated carbon on plasma conditions is signif-
icant: the ion temperatures measured (gold of carbon)
are in the 10’s of keV when it is less than 2 keV for the
Carbon/helium/gold case. The possibility of controlling
the intensity of the collision by adding a small density
of ambient gas is a key feature in environments such as
fusion reactors of ICF hohlraums.
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