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Abstract

The expansion dynamics of ion and neutral specidaterally colliding laser produced
aluminium plasmas have been investigated using tand space resolved optical
emission spectroscopy and spectrally and angutadglved fast imaging. The emission
results highlight a difference in neutral atom aonl distributions in the stagnation layer
where, at a time delay of 80 ns, the neutral ataradocalised in the vicinity of the target
surface (< 1 mm from the target surface) while lsirgnd doubly charged ions lie
predominantly at larger distances, < 1.5 mm and rmr2 respectively. The imaging
results show that the ions were found to form d defined, but compressed, stagnation
layer at the collision front between the two setbmas at early time®{ < 80 ns). On

the other hand the excited neutrals were observéarin a V shaped emission feature at



the outer regions of the collision front with enbad neutral emission in the less dense,

cooler regions of the stagnation layer.

Introduction

Laser-produced plasmas (LPP) have been the focashstantial research interest since
their discovery in the 1960’s [1] and have spawa&dde range of applications including
material composition analysis (Laser Induced Breakd Spectroscopy, LIBS) [2],
Pulsed Laser Deposition (PLD) [3] and tabletop sesirof short wavelength light [4].
Indeed new and emerging areas of applicationsaiertproduced plasmas including ion
accelerators [5], high harmonic generation [6] Edmbratory simulations of astrophysical
plasmas [7] have provided an even greater impetugdearch into the area in recent
years. A long established but yet to be fully explb sub-domain of laser-plasma
research concerns colliding laser-produced plashasows much promise for the future
in areas such as thin film deposition. For exampéeently droplet free films were
successfully fabricated using colliding laser proghl plasmas [8]. It has also been shown
[9, 10] that heating of a preformed plasma withirgense laser pulse has the ability to
increase laser absorption and consequently pranassion intensity enhancement. This
has led to benefits in the area of LIBS for exanyaleere prepulsing has been shown to
enhance analyte line emissions [11]. Since thenstamn layer is itself a preheated slab
of plasma it can at least be speculated that itdcbe used as a source for similar
applications.

Significant work has been carried out on high-epegjliding plasmas with laser

intensities ~18 W cm? [12], especially, but not exclusively on indiredtive fusion



[13]. In indirect fusion devices a hollow hohlradmasts multiple colliding plasmas as X-
ray sources which are used to drive fusion in d éedl located at the centre of the
hohlraum [14]. Colliding plasmas have also showncmpotential as laboratory scale
models of astronomical interactions between ceolidshock waves where, for example,
Gregory et al. [15] and Smith et al. [16] have shdwow they can be used as a scaled
model of astrophysical colliding shocks.

When two plasmas collide, under appropriate comuiétj as outlined by Rambo et
al. [17], a layer of stagnated plasma is formedhat collision front between the two
counter-propagating plasmas. Outside these condittbe colliding plasmas undergo
interpenetration where the plasmas pass througha&her without stagnating. Rambo et
al. introduced the so called “collisionality paraerg’ x, to determine whether stagnation
or interpenetration will dominate in colliding ptaas. The collisionality parameter is

given by

wherelL is the typical plasma dimension (i.e. the sepandbetween the two colliding

plasmas) and; is the ion-ion mean free path given by [18]

_ Mg
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wherem is the ion massy is the relative collision velocity is the chardetlwe electron,
Z is the average ionization state of the plasmé&s the average plasma ion density, and
InL 12 is the so-called Coulomb logarithm [19] for cathiss between seed plasma 1 and

seed plasma 2. Inserting values of plasma parasgtpical of our experimentsy(=



10 em® Z = 2, vi, = 4x10 cms') we obtain a value of 27 for the collisionality
parameter and so our plasmas are firmly in the umedi low collisionality regime [17].

The physical process of stagnation layer formatias been found to be very
complex. For example, Pollaine et al. [20] havevaihdhat plasma stagnation can be
preceded by a phase of interpenetration where ldmm@s initially pass through each
other. Rancu et al [21] have also found how integbetion and stagnation in colliding
laser exploded Al/Al and Al/Mg foils is highly dep@ent on the collisionality parameter.
We have previously shown [22] that separation @lrgh in space can play a significant
role in stagnation of various plasma constituents.

With many simultaneous and complex processes iedolit is critical that
comprehensive diagnostics of the plasmas and dgaation layer are performed in order
to obtain a more complete picture of the physicature of colliding plasmas.
Comprehensive diagnostics can also provide extyeosaful reference data for colliding
plasma modelling efforts [23] especially for coitig plasmas in the medium to low
collisionality regime. There is thus a great need éxperimental data on both the
structure and dynamics of colliding laser produp&kmas and we aim to address this
issue here by employing angularly resolved fast gimg and optical emission
spectroscopy to extract more detailed informatiarttee atom and ion distributions and
evolution in the stagnation layer.

In an earlier paper we concentrated on the timeetairon between electron and
ion stagnation using interferometric and fixed anglptical imaging as the relevant
diagnostic techniques [22]. Our emphasis was om#seent phase of stagnation layer

formation (i.e. < 20 ns). The present study is fs&a on imaging the stagnation layer at



relatively early ( 80 ns) and late (150 ns) times in its lifecycle (relative to theeosll
lifetime of the stagnation layer). In addition, twur knowledge, angle resolved
measurements of the interaction occurring at thésmm plane have only been the
subject of interferometric studies to date [24].this report we focus on obtaining
information about the distribution of atoms andsidn the stagnation layer using the
angularly resolved optical imaging technique. A thollision plane between two counter
propagating plasmas, a new brightly emitting redion the stagnation layer) is created
whose characteristic volume or shape depends $yramy the original seed plasma
properties. Our results indeed show that the eonisdgatures vary with angle of view for
certain plasma species. Such data reveals thdede&tructure of the layer in multiple
expansion axes and the diagnostic technique walvgmuseful for the study of systems
using other colliding plasma geometries. We hawo amployed optical emission
spectroscopy (OES) as a complementary tool for yamgj the spatio-temporal
distributions of various plasma constituents.

Experiment

The optical system used to split the laser beam @aedte colliding laser produced
plasmas is similar to that used by Harilal et &][2 A 0.5° wedge prism used in
combination with a 30 cm focal length plano-convers split a Nd:YAG laser beam
(1064 nm, 600 mJ, 6 ns full width at half max) itae parts. The two foci created at the
target plane with spot diameters of ~1 were separated by a distance of 1.3 mm. The
laser beam was incident normal to the target serféhbe target was a flat slab of 99.99%

pure aluminium mounted on a high precision in vacuZ motorised stage which was



used to reveal a fresh surface after each lasdr $he pressure in the chamber was
maintained at better than 1 x1Mbar for all experiments presented here.

The optical system used to perform the OES studiesmilar to that used by
Doria et al. [26]. An Intensified Charged Coupleévize (ICCD, Andor Technology,
1024 x 1024 pixels with pixel size of 13 x 18n?) was employed to perform the
spatially and temporally resolved optical emissgpectroscopy measurements. The
camera was mounted on a Chromex 0.5 m opticalmabing spectrometer with a 1200
I/mm grating resulting in a wavelength resolutiadnOol nm. The plasma was imaged
onto the slit of the spectrograph using achromataging lenses with a magnification of
2X. Figure 1 illustrates the orientation of thd sli the spectrometer with respect to the
stagnation layer. The spectrometer was used tysméhe emission from neutral, singly
and doubly charged aluminium. The slit width waisteea width of 60rm and all spectra
were averaged over 10 laser shots. The shuttehviedieach shot was set to 3 ns.

The ICCD camera was also employed to perform fastqgraphy. A telephoto
lens, located at right angles to the target surfaees used to image the plasmas onto the
ICCD. A gate width of 3 ns was used for obtaining alages. To observe the colliding
plasmas with angular resolution we rotated the wegdgsm in order to rotate the
colliding plasmas on the target surface, effecyivdlanging our camera'’s angle of view
but without having to adjust the cameras positiomny way. In figure 2 we define the
two angles of view (0 degrees and 90 degrees) insedr fast photography study. The 0
degree angle of view observed the stagnation liawytre lateral expansion plane whereas

the 90 degree angle of view observed the stagnkty@n in the vertical expansion plane.



Narrow band spectral filters have been used tatt#ie emission distributions of
various plasma species in the stagnation layers&on from Al was selected with the
aid of a bandpass filter centred at 460 nm whidh ddull width at half maximum of 10
nm, placed in front of the ICCD camera. For capigirthe excited Al neutral species
distribution a narrow bandpass filter centred & 86 was used. An edge pass filter was
employed to select broadband emission from 300+880and also served to block any
stray 1064 nm laser radiation. The camera was sgnided with the laser using a
Stanford DG535 delay generator which resulted maximum temporal jitter of £ 1 ns.
Images for neutral and singly charged aluminiumratovere averaged for 3 and 5 laser
shots respectively while the broadband image cpomds to emission from a single laser

shot to avoid saturating the camera.

Results and Discussion

Spatially Resolved Optical Emission SpectroscQ®S).

Spatially resolved OES provides the intensityrdistions of the various species
in the stagnation layer. Our spectral studies m#i¢hat the emission features within the
stagnation layer mainly comprise of excited nestralong with singly and doubly
charged ions. Corresponding spectra are showngurdi 3 where we compare line
emission for neutral, singly and doubly chargedrahium as a function of distance from
the target for two different time delays (80 an@® bs). In these plasma regimes, the birth
of the stagnation layer occurs at a time delay®B@ ns or so and it usually dissipates

into the surrounding environment at a time delay~@00 ns. Thus observing the



stagnation layer at a time delay of 80 ns and 1b®itl reveal the structure of the layer
at relatively early and late times respectively.

Spectra in the region of 365 nm capture line eimisfom both singly charged
and doubly charged ions. The line at 358.7 nm & & 5-3d D3 transition in singly
charged aluminium. The other lines present in {pecsa originate from transitions in
doubly charged ions at 360.19 nm (&, — 4p°Ps), 361.23 nm (3dDs2 — 4p°Pup),
370.2 nm (4P — 55°Sy5) and 371.31 nm (4fPs, — 55°Syy) [27]. This wavelength
region is well suited to the task of making a congmm of the spatial distributions of
singly and doubly charged ions. From figure 3 itlsar that at a time delay of 80 ns (top
left panel), the spatial extent of singly chargeasiis limited to a region extending out to
1.5 mm from the target surface with the peak of éh@ssion centred around a region
lying 0.7 mm from the target. The doubly chargedsitowever can be seen at much
larger distances (up to 2 mm) from the target vaithemission distribution which peaks
at a distance of 1 mm.

The emission from neutral aluminium comprisesdit@ams at 394.4 nm (4?§1,2
— 3p?Py,) and 396.15 nm (£S,/, — 3p°Psy). At 80 ns, again looking along the direction
normal to the target surface, the neutral atonribigion is found to be less extended
than either the singly or doubly charged ions.dat fneutral species reach a maximum
distance of only 1 mm from the target with the peak emission oagimg from a region
lying at a distance of 0.5 mm from the target.

Figure 4 shows a comparison of the spatial distidim of the line emission from

Al° (396.15 nm), Al (358.65 nm) and Al (360.19 nm) at a time delay of 80 ns and



clearly highlights the spatial distribution of phaa atomic species along the stagnation
layer.

Ursu et al. [28] have shown how the expansionacriés of the ionised species in
single laser produced plasmas are found to incredtbethe degree of ionisation. Not
unexpectedly then, excited neutral species weradda be the slowest moving particles
[28 - figure 4]. In their experiment they also eoy#d an ICCD camera coupled to an
optical spectrometer to identify and track overdjriine emission for neutral, singly and
doubly charged ions emitted from a single lasedpeced aluminium plasma. We have
already observed [22] the spatial separation aftedas and singly charged ions in the
collision plane at very early times (<20 ns) jusbpto and during the early phase of
stagnation. By utilizing a Nomarski laser interfm@ter [29] and comparing with results
from fast imaging, we found that electrons, whialke &nown to be the first plasma
constituents to leave the seed plasmas as obsbyw@kano et al. [30], are the first to
stagnate at the interface between two collidingmplas, followed very closely by the ions
[22]. We have also found that ion stagnation preseteutral atom stagnation [31]. In the
present experiment, however, we see how the deweop of the stagnation layer, at
later times (~80 ns), is most definitely influendgdthe mechanisms of expansion in the
seed plasmas. Specifically we see emission intdmgnation layer from doubly charged
ions lying at the furthest distances from the tgrdae to the fact that they expand away
from the seed plasmas with a larger velocity thimee singly charged or neutral atomic
species. Similarly emission in the stagnation ldg@mn singly charged ions predominates

at greater distances from the target than theexkcieutral species.



At relatively later times (150 ns- figure 3 - battganel) most of the emission
originates from neutral atoms and singly charges isuggesting that the number density
of doubly charged ions have declined through regoation processes by this time. The
Al atoms and Al ions are observed to emit from very similar regidgat later times)
implying that the stagnation layer has developéadl &@more uniform plasma with neutral
atom and ion emission distributed more isotropycall

Figure 5 shows stagnation layer expansion tracgtgice vs. time) of neutral,
singly and doubly charged aluminium emission oladinfrom optical emission
spectroscopy. The selected emission lines are 89611, 358.65 nm and 360.19 nm for
Al°, Al* and AF* respectively. The luminous front is defined tothe position of the
plasma front where the emission is measured tdbe df the peak plasma emission. An
important note for one to bear in mind is that thrce is indicative of thepatial
developmentnormal to the target — see figure 2) of variousc&gsin the stagnation
layer. lons leaving the seed plasmas can travel alongy rdédferent trajectories and so
will reach the stagnation layer in different pasiis and different times. Hence inferring
an ‘expansion velocity’ for any one species in stagnation layer or indeed the
stagnation layer as a whole would be somewhat atshe.

It can be clearly seen from figure 5 that the emrs§ont for the neutrals and the
two ion stages differ spatially by a substantialoant. The emission front from doubly
charged Al extends furthest from the target surf&omilarly the emission front of singly
charged aluminium extends farther from the targathtneutral aluminium radiation and
this observation is maintained over time. To comat these studies we have employed

spectrally resolved ICCD imaging; results are shawthe following section.
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Angularly, Temporally and Spectrally Resolved Gyitieast Photography.

Based on the results from the optical emissiontspsmopy study we have chosen
two narrow bandpass filters to select line emisdimm neutral and singly charged
aluminium thus allowing us to track their individudevelopment in the stagnation
region. An optical filter centred at 390 nm (FWHN fim) was chosen to select neutral
atomic aluminium emission (394.4 nm (&, — 3p°P1) and 396.15 nm (455, — 3p
?P4/2)) while a narrow bandpass filter centred at 460(RVHM 10 nm) was utilised to
isolate Al line emission (466.3 nm (3s4p, — 3 'D)).

Images of colliding plasmas were obtained at twthagonal camera angles
(defined in figure 2). The 0° angle of view is th@ndard viewing angle for studying
colliding laser produced plasmas [25, 32] but timisthod is limited in that it only
exposes the emission features of the stagnatiar iaythe lateral expansion plane (see
figure 2). Viewing the stagnation layer from the® @gle of view reveals the structure of
neutral atoms, singly charged ions and whole plasroadband emission in the vertical
plane. The results of this imaging study are shawfigure 6. The time delay for each
image was 90 ns, by which time the emission fromgbed plasmas has faded and so
they do not occlude the view of the stagnation dayken observing at the 90 degree
viewing angle. Also included are the normalisededints to compare the spatial
distributions (parallel to the target) of the ateonins and broadband emission at a
distance of 1 mm from the target for the two déf@rviewing angles. The white lines in
the images serve to illustrate the locations witeedineouts were taken.

The most prominent feature in figure 6 is the asgtmynof the emission from Al

in the stagnation layer when looking from the twthogonal viewing angles. The singly
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charged ions form a narrow elongated layer of paasinthe interface between the two
seed plasmas. Pressure from the two seed plasmdse ilateral expansion plane (0°
angle of view), pinches the stagnation layer alyeime delays (<80 ns) when plasma
expansion from the seed plasmas is very strongvhen a good deal of plasma material
is expanding from the laser produced plasma. Irefbee serves to enhance Al
expansion in the orthogonal direction (along thdival expansion axis observed at the
90° angle of view). This is illustrated by the @sponding lineouts (right panel) for the
Al" emission in figure 6. The broadband emission, attaristic of the relevant range of
ion stages emitting in the 300 — 950 nm spectraddawv indicate the overall stagnation
layer to be quite cylindrically symmetric.

Emission from the neutral atoms display a somewkgatmetric profile with the
lineouts from both viewing angles having similaofdes. There is, however, evidence of
a nascent V shaped profile in the image recorddteazero degree viewing angle (see
central dip in blue lineout in top right panel). i shaped profile is much more
prominent at relatively later times (> 100ns) as ba seen in figure 7 where the emission
images (all taken at 0° angle of view — the latesgdansion axis) of A] Al* and whole
plasma are given for two delay times (80 and 150 Sisnilar structures were noticed in
laterally colliding plasmas previously with X-ra$J] diagnostics. In that study Farley et
al. have observed high energy colliding plasmas®(#0 cm) in the X- ray region and
found that large radiative losses in the densetrakenegion give rise to a V-shaped
emission feature just after plasma formation (2).1ns

In our case the colliding plasmas are in a verfed#t parameter regime and at

much later times (80 ns) and so the same reasarangot be employed here. We
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propose that the bifurcation of the neutral emissio figure 7 can be explained as
follows. The ion stagnation, as already discusggdcedes the arrival of the slower
neutral species and hence they do not penetratéothstagnation layer to any great
degree. Rather they collide preferentially with theeer region of the pinched layer where
they emit strongly giving rise to a V-shaped nduiature — in effect the preformed ion
layer acts as a wedge preventing neutral-neutiésioms and the emission observed is

due, at least in part, to neutral-atom collisions.

Conclusions

We have investigated the emission features of eédaitutrals and ions in the stagnation
layer of a laterally colliding laser produced plasmngularly, spectrally and temporally
resolved optical imaging and spatially and tempypraksolved optical emission
spectroscopy were used to diagnose the stagnatiper.| The optical emission
spectroscopy shows clear differences in the spaxi@int of atoms with respect to that of
singly and doubly charged ions. Atoms are founcetoain closer to the target than ions
and doubly charged ions are found to extend furitten the target than singly charged
ions.

Emission from neutral atoms appeared as a V shdig&tibution extending from the
target surface. Angularly and spectrally resolveakt f photography revealed an
asymmetric layer of ions in the stagnation laydrisTayer is formed very early (< 80 ns)
in contrast to the atoms (~ 150 ns) at a time wthenseed plasma are very prominent,
thereby causing compression of the layer. In cehttlae broadband and atomic layer

emission is quite cylindrically symmetric aboutais normal to the target however with
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a dip in the atomic emission observable at theredntthe lateral expansion plane. The
study should be very useful in building up a mooenplete picture of the mechanisms
involved in stagnation layer formation and struetfor relatively low energy colliding

laser plasma experiments and apposite applicatiergs, pulsed laser deposition. It
should also provide a useful reference datasdegting models in this parameter regime

of colliding plasmas with a mid — low collisiongliparameter.
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Figure 1: lllustration of the orientation of theegfrometer slit with respect to the
stagnation layer. This arrangement provided 1Diglp@solution normal to the target

along the stagnation layer.
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Figure 2: Definition of the viewing angles used floe angularly resolved fast

photography with respect to the orientation of¢bliding plasmas.
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Figure 3: Comparison of the optical spectra obthst®wing line emission from neutral,
singly and doubly charged aluminium as a functibdistance from the target at two
different delay times (80 and 150 ns). The blankdiserve to highlight the distances of

0.5, 1 and 1.5 mm from the target surface.
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Figure 4: AP (396.15 nm), Al (358.65 nm) and Al (360.19 nm) emission as a function
of distance from the target at a delay time of 8@roviding evidence of the space

charge effects.
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Figure 5: Expansion traces for the luminous frasgitions of AP (396.15 nm), Al
(358.65 nm) and Af (360.19 nm) emission emphasising the differenceke spatial

evolution of the three ion stages. The smooth @iare best fitted spline curves.
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Figure 6: Comparison of the angularly resolvedigpatmission from neutral Al atoms
with that of singly charged Al ions and broadbandssion for the two angles (0 degrees
— left panels and 90 degrees — centre panels)etkimfigure 2 (recorded at a delay time
of 90 ns). The right hand panel shows the compamgahe emission distribution
(lineouts) from the two viewing angles along a Ipaallel to, but separated from, the
target surface by a distance of 1 mm. The whiteslim the images show where the

lineouts were taken for comparison.
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Figure 7: Comparison of emission from’ A\l and broadband imaging for a fixed
viewing angle (0 Degrees) for two different delages (80 ns — left panels and 150 ns —

right panels).
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