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Abstract

We report results from a combined optical interferometric and spectrally resolved imaging
study on colliding laser produced aluminium plasmas. A Nomarski interferometer was used to
probe the spatio-temporal distribution of electron densities at the collision front. Analysis of
the resulting interferograms reveals the formation and evolution of a localized electron density
feature with a well-defined profile reminiscent of a stagnation layer. Electron stagnation
begins at a time delay of 10 ns after the peak of the plasma generating laser pulse. The peak
electron density was found to exceed 10'° cm~3 and the layer remained well defined up to a
time delay of ca 100 ns. Temporally and spectrally resolved optical imaging was also
undertaken, to compare the Al* ion distribution with that of the 2D electron density profile.
This revealed nascent stagnation of singly charged ions at a delay time of 20 ns. We attribute
these results to the effects of space charge separation in the seed plasma plumes.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Laser produced plasmas, formed when a high power pulsed
laser is focused onto a solid density target, have been the
subject of considerable attention since their discovery in
1960s [1]. Applications include pulsed laser deposition
(PLD) [2], extreme ultraviolet (EUV) light sources [3] and
ion accelerators [4]. Colliding laser produced plasmas have
been a largely unexplored and an especially unexploited
research domain until quite recent times despite the fact that
first experiments can be traced back to the early 1970s [5].
Furthermore, most experiments to date have focused on very
high energy density plasmas in large scale experiments [6—8]
rather than on table-top scale experiments which are more
likely to impact routine and wide scale applications in materials
science, analytical science, EUV and x-ray light sources. For
example, it is already known from experiments on double
pulse plasma generation that preheated plasmas, formed by
one laser pulse, can be engineered to optimize absorption
of a second delayed pulse and yield radiation gain [9-11].
As the stagnation layer is itself a low temperature plasma, it
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could act as an optimal target for these and other applications.
Much of the motivation for the study of energetic colliding
plasmas comes from experiments on indirect drive fusion
where multiple plasma x-ray sources are used to drive fuel
cell implosion with much reduced losses due to instabilities.
Clearly the hohlraum target cavity hosts multiple colliding
plasmas [12] and so the elucidation of the fundamental physics
underlying their interactions (using, e.g., time resolved optical
and x-ray diagnostics [13]) is critically important. Another
domain where colliding plasmas are having an impact is that
of shock wave physics, especially in laboratory simulation of
astrophysical plasmas [14].

When two plasmas collide, the outcome usually lies
somewhere between two extreme scenarios where the plasmas
can either completely interpenetrate or decelerate rapidly at the
collision front, i.e. they can stagnate. In the interpenetration
phase the plasmas stream through each other, the main
interaction amounting to binary collisions. In the case of
hard stagnation, rapid accumulation of plasma material at
the collision front leads to the formation of a dense layer of
material between the two plasmas, the so-called stagnation
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Figure 1. Setup to create the colliding laser produced plasmas. The
incoming laser beam from a Surelite III Nd : YAG laser is split into
two beams by a wedge prism and focused to two points using a
plano-convex lens. The target is orientated at 45° to the laser pulse.

layer [15]. However, even in experiments where well-defined
stagnation layers are formed, Bosch et al [16] have shown
that the stagnation phase can be preceded by interpenetration
as the prompt dilute plasma fronts have not reached the
critical density needed to initiate stagnation. For this reason,
although some work has already been conducted on colliding
plasmas [17], there is still much to be learned regarding the
stagnation process itself. Therefore, the study of plasma plume
constituents and their interactions before as well as during the
early stages of stagnation layer formation is critical to obtaining
a more complete picture of the myriad of physical processes
underpinning the plasma—plasma collisions [18]. This is the
primary motivation for our experimental investigation.

In this paper we report a study of the interaction
region between two colliding laser produced plasma plumes
employing both spectrally resolved imaging and spatially
resolved interferometry to help us to track both singly
charged ions and electrons respectively. We have also
obtained broadband images, covering the 350-900 nm range,
representative of whole plasma species emission. By these
combined means we can map the different constituents
(electrons and ions and plasma) in space and time. Our
motivation here is to elucidate the plasma conditions which
pertain just before and during stagnation layer formation. Our
focus is on small scale nanosecond laser systems with energies
<17, which are most likely to have the greatest impact in laser
ablation and short wavelength light sources. We are especially
interested in the electron distribution at the collision front since
electrons from the rapidly expanding seed plasma plumes are
known to lead the ions very slightly [19], at least within the
limits set by ambipolar diffusion, and so will be the first to
interact at the collision front and potentially impact subsequent
plasma—plasma interactions in that vicinity. We note here that
EUV and optical interferometry have been used in the past
in the study of colliding plasmas [20] and blast waves in low
density cluster sources [21]. In these cases the seeds were
formed at very high energy density in contrast to the relatively
low temperature seed plasmas that are the subject of this study.

2. Experiment

The optical system used to split and focus the single laser
beam is similar to that used by Harilal et al [22]. This is
shown schematically in figure 1. The seed plasma plumes
were created by dividing a 1064 nm wavelength, 600 mJ, 6 ns
full width at half max (FWHM) laser pulse into two parts with
the aid of a 0.5° wedge prism and focusing it onto two spots,

each of 100 um diameter, by means of a f/6 plano-convex
lens located at 45° to the target normal. The peak irradiance
at each spot was 6 x 10'' Wem™2. The seed plasmas had a
separation of 1.3 mm and the target was a flat slab 0of 99.9% pure
aluminium which was mounted on a high precision in-vacuum
motorized X—Z stage so that the target could be moved to reveal
a new surface after each shot. The pressure in the interaction
chamber was maintained at better than 1 x 10~> mbar during
all experiments reported here.

Under appropriate conditions, a stagnation layer forms
at the interface between the two laterally colliding plasmas.
Spectrally resolved optical imaging of the colliding plasmas
reveals the 2D spatial and temporal evolution of singly charged
ions in the seed plasmas and stagnation layer. We imaged the
A" distribution with the aid of a framing camera with a shutter
time of 3 ns and the electron distribution using time resolved
interferometry. The framing camera setup used was the same
as that described by Doria et al [23] and so we give only salient
details here. The camera, an intensified charged coupled
device (or ICCD), comprised a gated intensifier coupled to
a front illuminated (CCD) camera via a high quality relay
lens system. It was supplied by Andor Technology Ltd
(Model No DH5H7) and had 512 x 512 pixels with a pixel area
of 24 um x 24 um yielding an active area of 12.3 x 12.3 mm?.
Using a telephoto lens system, the camera was able to capture a
field of view (FOV) of ~3.8 x 3.8 mm?. The magnification was
measured by placing a graduated target at the plasma position
which resulted in a value of 3.2X. The temporal resolution was
determined by the minimum gate width of 3ns. The ICCD
was synchronized with a Surelite III laser using a Stanford
DG 535 delay-gate generator with a total trigger jitter of less
than 1ns which was verified using a fast sampling digital
oscilloscope. For all experiments we define the time delay to
be the time interval following the peak of the plasma producing
laser pulse. Emission from Al* ions was selected by means of
a narrow bandpass filter (FWHM 10nm) centred at 460 nm
which isolated line emission due to transitions from Al* ions
only. An edge pass filter was used to select radiation extending
from 300 to 950 nm for the broadband imaging measurements
and which also served to block emission above 950 nm, and
hence any stray 1064 nm laser light. Images of the spectrally
resolved Al* ions were obtained by averaging 10 laser shots
whereas broadband images comprised single shots only, in
order to avoid saturation of the ICCD camera.

The interferometer was of the Nomarski type [24] based
on the manipulation of the polarization of the probe laser beam.
The experimental setup is shown in figure 2. It is composed
of two synchronized neodymium-doped yttrium aluminium
garnet (Nd: YAG) lasers, one to generate the seed plasmas
and the other to probe either the colliding (seed) plumes or the
stagnation layer (as here) at any time after plasma or layer
formation. The probe laser was operated at 532nm and a
4 ns FWHM.

For Nomarski interferometry the two lasers and a
complimentary metal-oxide semiconductor (CMOS) camera
(C Cam Ltd, Model: BCi4) were synchronized using two
Stanford DGS535 delay generators which resulted in a
maximum temporal jitter of 1ns. This was verified and
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Figure 2. Schematic diagram of interferometer experimental setup.
A 1064 nm wavelength laser pulse with an energy of 600 mJ
(FWHM 6 ns) is used to create the colliding laser produced plasma
plumes. A frequency doubled (532 nm) Nd-YAG laser (FWHM

4 ns) is used as the light source for the interferometer. The
interferometer is of the Nomarski polarization type. Inset (a):
definition of plasma coordinate system.

monitored online during the experiment using fast photodiodes
and a fast sampling digital oscilloscope. A TTL master
pulse was sent to trigger the Surelite III laser to create the
seed plasmas. The probe laser delay was scanned using the
delay generators to interrogate the stagnation layer at different
times before, during and after its formation. The camera was
triggered synchronously with the probe laser beam and the
shutter was left open for 1 us during which time it captured
the 4 ns duration interferogram. A 532 nm bandpass filter was
placed in front of the camera to ensure that only the light from
the interferometer laser was detected by the CMOS chip.

3. Results and discussions

3.1. Time and spectrally resolved fast photography

Time resolved optical imaging of laser produced plasmas with
fast framing cameras has been a widely used diagnostic for
several years [23, 25]. Our focus here is specifically to compare
the spatio-temporal evolution of ions, here Al* (spectrally
resolved), and the broader plasma evolution (broadband
emission), at and beyond stagnation, with that of the electrons.

The strongest transitions lying within the bandwidth of
the 460 nm filter belong to the 3s4d (’D)-3s7f (°F) transition
array of the Al* spectrum. The upper *F and *D levels lie
17.76 and 15.06eV above the ground 3s2 (1S) state of Al*,
respectively. A recurring issue in spectroscopy and spectrally
resolved imaging of laser produced plasmas is opacity, which
in extreme cases, can result in self-reversal of the emission
line or lines under consideration [26]. The images presented
here are free from such effects and we have verified this
in a separate experiment where we have measured the time
and space resolved spectra. We have measured here the Al*
luminous front expansion with time along paths normal, at
45° and parallel to the flat target surface in order to obtain an
appropriately representative range of the singly charged ion
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Figure 3. Top: Al* image for one time delay showing trajectories
chosen to determine seed plume expansion velocities. Bottom:
plume front positions as a function of time, parallel and at 45° to the
target surface.

velocities in the expanding seed plasmas. The luminous front
is defined to be the position of the plasma front where the
emission is measured to be 10% of the peak plasma emission.
These paths are drawn in figure 3(top) for the image recorded
some 30ns after the peak of the laser pulse. The plume
expansion in all three directions is shown in figure 3(bottom).
The values we obtain are 2.2 + 0.1 x 10°cms~!, 1.5 +
0.1 x 10°cms™" and 1.2 £ 0.1 x 10°cms™', respectively.
The fastest singly charged ions reach the collision front more
quickly and their velocity can be estimated by noting that the
stagnation layer starts to form and heat up ~20ns after the
seed plasmas begin to glow. As the ions travel a distance
(to the centre of the layer) of ca 1 mm, this group of ions has a
peak velocity of 4.0 x 10% cms~!. However, interrogating the
broadband images, it seems that the broader plasma stagnation
is observed to begin at a time delay of 15ns which is likely
evidence of stagnation of more highly charged ions which
are known to have higher velocities than lowly charged ions
and neutral atoms ( [27], see figure 4, early times). Thus
some of the emission from the Al* ions at time delays 20 ns
may be due to recombination processes. Nevertheless, we do
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Figure 4. Sequence of optical interferograms showing the temporal and spatial evolution of the electron density in the stagnation layer
created at the interface between two colliding laser produced plasma plumes.

observe space charge separation where fast electrons released
promptly from the seed plasmas create an ambipolar electric
field which consequently accelerates the more highly charged
ions first followed by more lowly charged ions. This electron—
ion separation is the main point of interest for us.

3.2. Nomarski interferometry

For comparison with the spatio-temporal distributions of the
singly charged ions and the broader plasma plume species
at stagnation we were particularly interested in tracking the
behaviour of the electrons since they could have an important
role to play as progenitors in ion stagnation layer formation.
Before discussing the results we outline the basic operation of
the Nomarski interferometer and how it may be used to extract
electron density maps.

The electron density in a laser produced plasma induces
a fringe shift, &, in the interferograms which is recorded
by a CCD camera. The phase shift reconstructions were
obtained from the raw interferograms using a home made
software package based on the Interferogram Analysis by
Continuous wavelet transform Ridge Extraction JACRE) [28].
The electron density profile of the plasma can therefore be
calculated using the widely accepted standard method of Abel
analysis. To extract the electron density profile for a relative
fringe shift ® we use the Abel equation [29]:

~
Ne = _)Lumnc/
,

where n is the electron density, A, is the wavelength of the
probe laser in micrometres, n. is the critical electron density
and x and r are the plasma coordinates as defined in inset (a)

Tmax ch

1 (x2 — rz)_% dx,
x

ey

of figure 2. The Abel inversion was performed using a home
made software package using an algorithm based on Fourier
analysis [30]. Both the phase extraction software and Abel
inversion software were extensively tested and benchmarked
using various published interferograms and analysis in the
literature.

In figure 4 we show a series of stagnation layer
interferograms and corresponding 2D electron density maps
for six time delays ranging from 20 to 80ns. In performing
this analysis we have assumed that the plasma is distributed
uniformly around an axis normal to the target. We believe
that we are justified in this assumption having performed fast
photography in the broadband regime at angles of 0°, 45° and
90° to the axis normal to the target surface. The results show
the plasma emission to be symmetric to a high degree about
this axis. We also assume left-right symmetry about a plane
perpendicular to both the target surface and the probe beam
axis. We believe this assumption is justified since we have
extracted the raw phase shift map from the interferograms
and taken lineouts at different points in the phase shift map
which displays no significant departure from axial symmetry.
In addition, we have assumed that only free electrons contribute
to the refractive index of the plasma. This assumption is
justified by the fact that there are no transitions in Al atoms or
ions within +0.4 nm of the probe laser beam wavelength [31].
Finally, the density scales on each image are chosen to best
illustrate the general features of each frame. Comparisons
on an absolute scale are made later. We determine the error
associated with the electron density by finding the minimum
detectable fringe shift and extracting its corresponding electron
density. We have obtained a total value of 0.44 x 10" cm™3
for the minimum detectable fringe shift.
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Figure 5. Evolution of the stagnation layer electron density profile
at a distance of 0.4 mm from the target surface for different time
delays.

What is immediately clear from the image sequence is
that the electrons form tightly confined structures reminiscent
of ion stagnation layers at the collision front between the
two seed plasma plumes and are observed to first form at
a time delay of 10ns. At 20ns the fringe shift pattern and
corresponding electron density distribution are quite confined
but also reasonably uniform. One can see that the fringe
pattern is pinched close to the target at a position where it
is sandwiched directly between the two seed plasmas. The
electron density is greatest at a distance of approximately
0.4 mm from the target surface where it reaches a peak value
in excess of 4 £0.22 x 10! cm ™3 at a time delay of 40 ns (see
figure 5). The electron density subsequently begins to diminish
from that point on, so that by 80 ns its peak value has dropped
significantly and the distribution has flattened somewhat.

In figure 5 we plot the evolution of the electron density
profile at a distance of 0.4 mm from the target surface for
delay times ranging from 10 to 80ns after the peak of the
seed plasma laser. The first detectable fringe shift occurs at a
delay time of 10 ns following the creation of the seed plasmas.
As time proceeds, a soft electron stagnation (e.g. 10 ns frame)
followed by rapid further stagnation, which peaks at 40 ns or
S0, is observed. After that the electron layer becomes broader
and more damped. As noted above, by 80 ns the peak electron
density has dropped to a value in the low 10'® cm~3 range and
soon after that drops further to leave a residual density below
our minimum detectable value. Itis instructive to make a direct
comparison of the ion spatial distribution with the electron
distribution and we do so in figure 6, where we show a 2D
spatially and temporally resolved montage of electron density,
Al* ionic and broadband optical emission distributions. The
density (upper row) and intensity (lower rows) scales are the
same for each panel to aid direct comparison. One can see a
broad, long and weakly stagnating layer in the electron density
distribution at 10 ns resulting from a fringe shift induced by
electron localization at this time delay.

The broadband images display evidence of nascent
stagnation at 15ns. The singly charged ions are observed to
stagnate in the vicinity of the collision front at a delay time
of 20 ns or approximately 10 ns after that of the electrons and
5 ns after the epoch of first broadband plasma emission from the
collision front. The broadband images comprise superposed
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Figure 6. 2D temporally and spatially resolved electron density and
ion distribution maps. The top panels show the 2D electron density
profile in the stagnation region between the two seed plasmas at
time delays of 10, 15 and 20 ns. The centre panels show the Al* ion
emission in the corresponding region at the same times and the
bottom panel shows the corresponding broadband emission.

emission from arange of ion stages and so will be characteristic
of the plasma as a whole. We attribute these observations to
charge separation in the seed plasma plumes. Immediately
after the seed plasmas are formed, the fast electrons try to
move towards the mid-plane leaving behind the heavier ions,
thus creating a space charge potential (otherwise know as an
ambipolar potential and associated field). This field impresses
a corresponding acceleration on each ion depending on its
charge. For this reason more highly charged ions will acquire
a higher velocity at early times. There is already some
corroborating evidence that space charge separation occurs
in expanding plasma plumes produced by ‘long’ laser pulses
(>100ps). For example, Okano et al) [19] infer space charge
separation to explain the results of a time resolved electron
shadowgraphy measurements on an expanding copper plasma
plume. In our case, by causing these plumes to collide and
using both ‘ion and electron imaging’, we have shown this
separation optically.

Coming back to our results, as the electron front leads
the ion front one expects stagnation of the electrons to occur
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before that of the ions and indeed the stagnation of more highly
charged ions before that of the lower charged ions. Of course
any electron—ion separation is mediated by the ambipolar field
which will limit it to a dimension less than the Deybe length,
Ap, which will be on average ~100 um in our case. Ap for the
stagnated plasma can be expected to change somewhat in space
and time as it evolves but this variation will be significantly
smaller than in the case of an expanding laser plasma plumes.
The time delay of 10 ns between electron and singly charged
ion stagnation is consistent with the transit time obtained by
dividing the Debye length by the average ion velocity. The time
delay of 5 ns between electron stagnation and broader plasma
stagnation is also well within the limits set by the Deybe length.

We can speculate further that the early stagnation of the
electrons at the mid-plane collision front induces a significant
‘screening’ effect which permits the ions (especially more
highly charged ions) to approach each other quite closely
leading to a tight ion stagnation layer, especially at 40 ns where
the electron density reaches quite a high value (~4.5 £0.22 x
10" cm™3). However, as noted by Wan et al [6], a multifluid
code, for example [15] including an electric field solver, is
needed to model this situation properly.

4. Conclusions

We investigated electron and ion distribution of the stagnation
layer formed at the interface of two laterally colliding laser
produced plasmas. The plasmas were created by splitting a
6ns, 600 mJ pulse from a Nd: YAG laser into two parts and
focusing them onto two spots on a flat slab of aluminum.
2D spatially and temporally resolved interferograms of the
stagnation layer were obtained, revealing the evolution of its
electron density. Optical imaging with an ICCD provided 2D
maps of the spatial distribution of the ions in the stagnation
layer. The electron stagnation layer is observed to have a
peak electron density of 4.5 x 10" cm™ at a delay time of
40 ns after the peak of the seed plasma laser pulse. Significant
stagnation of the electrons is observed to occur at a probe delay
time of 10ns, while stagnation of the broader plasma occurs
at a time delay of 15 ns and the Al* ions are found to stagnate
somewhat later at a time delay of 20ns after the peak of the
seed plasmas. This is attributed to the effects of space charge
separation that has already been inferred to occur in at least
one other experiment. The data will be very useful in helping
to build up a more complete picture of the physics of colliding
plasmas and especially the role of ambipolar diffusion and
electron stagnation in ion layer formation.
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