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Introduction

Experiments studying the interaction of ultraintense, ultrashort
laser pulses with plasmas provide unique laboratory conditions
for the study of the collective nonlinear dynamics of a
macroscopic system in the relativistic regime. In addition,
investigating the structure of the nonlinear coherent modes in
the wake of a short laser pulseis of great practica interest as
it shows how the laser pulse energy can be transferred to the
electromagnetic fields in the plasma and to fast particles.
Coherent structures, such as solitons and vortices are
fundamental features of this nonlinear interaction. Indeed,
analytical and numerical results*® have shown that low-
frequency, dowly propagating, sub-cycle solitons can be
generated in the interaction of ultra short ultraintense laser
pulses with underdense plasmas.

A significant fraction of the laser pulse energy can be trapped in
these structures in the form of electromagnetic energy
oscillating at a frequency smaller than the Langmuir frequency
wpe Of the surrounding plasma.  The typical size of these
solitons is of the order of the collisionless electron skin depth
de=c/mpe. The fields inside the solitons consist of synchronously
oscillating electric and magnetic fields plus a steady
electrostatic field which arises from the charge separation as
electrons are pushed outwards by the ponderomotive force of
the oscillating fields.

As yet no direct experimental proof of soliton generation in the
laser plasma interaction has been obtained. Indeed the
experimental detection of such structures poses phenomenal
challenges due to their microscopic scale and to their transient
nature.

Here we report the experimental observation of bubble-like
structures in proton images® of laser-produced plasmas, which
we interpret as the macroscopic remnants of solitons formed
during the interaction with the ultraintense pulse. The
observed structures correspond to localized depletion regions in
the cross section of a transverse-propagating proton probe
beam. We believe that these are the first experimenta
observations of quasi-neutral cavitated post-solitons. The
bubbles appear as the protons are deflected away by the
localized electric field at the edges of the cavitated areas. This
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interpretation is supported by computational and analytical
results.

Experimental arrangement

The experiment was carried out employing the VULCAN
Nd:glass laser operating in the Chirped Pulse Amplification

mode (CPA). The VULCAN CPA pulse was split in two
separate 1 ps, 1 pm, 20 J pulses (C&#l CPA) which were
focussed onto separate targets in a 10-15 um FWHM focal spot
giving an average intensity of about 10W/cn?.  The
experimental arrangement is shown schematically in Figure 1.
The CPA pulse was used as the main interaction pulse and
focused into a preformed plasma. The plasmas were produced
by exploding thin plastic foils (0.3 um thick) with two 1 ns,
0.527 pm laser pulses at a total irradiance of about
5.104 Wicn?. The delay between plasma formation and
interaction was typically 1 ns. The CPAulse was focussed
onto a 3 um Al foil in order to produce a beam of multi-MeV
protons, which were used as a transverse particle probe of the
interaction region. This is a diagnostic scheme for detection of
electric fields in plasmas recentlyoposed as proton imaging.
The delay between the two CPA pulses could be varied
optically.

Detector

Preformed
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CPAq

Proton
beam
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Figure 1. Experimental arrangement.
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Figure 2. @) Proton image of the preformed plasmataken 20 ps after the CPA; interaction with 8 MeV protons. b) Sketch

explaining the main features of a).

As the proton source is small, the proton probe could be used in
a point-projection imaging arrangement with the magnification
determined by the ratio of detector-to-object and object-to-
source distances. In our experiment these distances were
respectively 2.5 and 22 mm, giving a magnification of about 9.

The proton detector employed consisted of a stack of severa
layers of radiochromic film (RCF), namely MD-55
GafChromic. The diagnostic use of stacks of RCF for obtaining
spectrally selected information on the equivalent dose of the

They are therefore observed even far away from the interaction
axis and the vacuum focal spot region. It should be noted that,
in similar interaction conditions, break-up of the laser beam in
several filaments diverging at wide angles has been obskrved
This causes fractions of the laser energy to be spread as far as
150 pm (radially) from the propagation axis in the plasma
central plane. In presence of this filamentary behaviour, no
efficient channel formation process via Coulomb expldsion
following the interaction was observed. It is therefore
reasonable to assume that the spatial scale of the area occupied

protons stopped is described in Reference 3. by the bubbles in the proton images is consistent with the

dimension of the turbulent region left by the laser pulse in the
central part of the plasma.

A further, low energy fraction of the CPA pulse was frequency
quadrupled and used as a transverse optical probe, aternatively
to the particle probe. Interferometry was performed along this
line using a modified Nomarsky interferometer, which allowed
density characterization of the preformed plasma. The peak

Data inter pretation and modelling

We believe that the observations are consistent with structures
density of the plasma was inferred to be 0.1-0.2 n. @ 1 um  (post-solitons) deriving by merging of several solitons, and we
from self-consistent plasma expansion moteland its have supported this assumption with analytical and
longitudinal extension was of the order of a mm. By adjustingcomputational modelling. Detection of solitary structures on
the delay between the CPAnd CPA pulses, it was possible to time scales longer than the ion motion time brings into play
probe the plasma with the proton beam at different timesheir dynamics under the action of the electrostatic field due to
following the interaction. charge separation. As shown in Reference 2, on time scales

longer than m/mew; the nature of the slow propagating

Experimental results - ;
P subcycle solitons changes because ions start to expand. As a

The main feature observed in the proton images (i.e. the protqiynsequence, a void forms in the ion density and the soliton is
beam intensity cross section after propagation through thgnanged into a radially expanding post-soliton structure that is
plasma) was the onset of several bubble-like structures closefy;gely quasineutral. The void in the plasma forms a resonator

following the interaction. A proton image of the plasmaty the trapped electromagnetic field with frequency
ée&oésedroztgngsigféﬁwneinCEiAﬁr.'amzergﬁté,%Té_ﬁEg SC:PJ?[E?SS V;'rtgnversely proportional to the post-soliton radius R. As the hole

pro ' 9 : - expands, the amplitude and the frequency of the
clearly visible at the centre of the plasma. In particular, a larg

structure with radius of approximately 50 um is seen at thg lectromagnetic field decrease adiabatically.
centre of the picture, with five other smaller structures tightlysrom the adiabatic invariar]thdV /w, = constant we see that

packed around it. The structures are first observed 'i?he electromagnetic field amplitude decreasesEER. Using

coincidence with the_lnterac_tlon and_ appear (o survive untii, snow-plough model of the ion expansion the characteristic
about 50 ps after the interaction. At this time the contrast of thgxpansion time of the post-soliton is found to be given by

bubble structures is much worse than in Figure 2a), and after” 2, 20305 ;
this time no such structures are clearly observed. The "bubbles” (67R oNomy /<Ey™>) ° with 1y the plasma density ancy Rl

X - f <E> initi i i i
correspond to unexposed regions of the RCF, i.e. regions of thend E>/8z the initial soliton radius and electromagnetic

proton beam cross section from which protons have beeRNeray densityﬁ3 Forw/>>1, the post—soliton radius increase_s
evacuated. The area density of the matter crossed by the bean®®R= Ro(2t/7)™, and the amplitude of the electromagnetic
insignificant compared to the stopping range of the protondields and its frequency decrease as®-~and we~t3. Their
employed. Therefore it is reasonable to assume that the bubblespansiof makes the post-solitons merge after a certain time,
are observed in correspondence with plasma regions wheend eventually they form a bubble much larger than the
localized electric fields, with a component transverse to théndividual solitons. The bubble can even be larger than the
proton propagation direction, are present. The region where thelume traced by the laser pulse due to the soliton motion and
bubbles are present extends for about 300 um in the transversethe expansion of the plasma as a whole.

direction and for about 150 pm in the longitudinal direction.
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Figure 3. 2-D PIC simulation results: ion density distribution in
acloud of merging post-solitons at t = 140.

A laser pulse, wider than a few times d ¢, generates a cloud of
solitons with conversion efficiency as high as 20% according to
the Particle-In-Cell (PIC) results presented in Reference 1. The
number N of post-solitons depends both on the laser and on the
plasma parameters. Figure 3 shows 2-D PIC simulation results,
in which a cloud of merging solitons is seen in the wake of a
laser pulse. Distances are measured in laser wavelengths A and
times in laser periods 21w. The laser parameters for these
simulations are: dimensionless amplitude a = 3, pulse length
I, =154 and width I;=7.51. The laser propagates in an
underdense plasma with n=0.3n,. The figure shows a snapshot
of the ion density at t=140. About 30 post-solitons can be seen
formed following laser pulse filamentation.

Thisisaresult typically observed in PIC simulations: where the
density is not too small compared to the critical density, clouds
of solitons are formed, evolve into expanding post-solitons and
eventually merge into bigger structures. This process can occur
separately at  different locations leading to separate
macrobubbles. In other words, bubbles appear around each
filament if the laser pulse undergoes filamentation inside the
plasma. The process of soliton merging is presented in Figure
4, where predictions for an s-polarized pulse with a = 3, length
I, =154 and width 7.5\ in a plasma with density n = 0.3n,.

The pulse was initidized in such a way as to produce two
spatially close solitons, as shown in Figure 4ain the ion density
distribution at t = 80. As the ions start to move and the two
post-solitons expand, their walls intersect going through a
transient merging phase that leads to the formation of a new
almost circular shell on atime scale of the order of t = 480, as
shown in Figure 4b.

Similar results appear in the evolution of the ion density patter
shown in Figure 3. At later times than shown in Figure 3, a
macrobubble starts to form with a size of the order of the pulse
depletion length i.e., of the order of the size of the region inside
which the solitons originally formed.

Conclusion

In conclusion the stahility, persistence and geometric structure
of the "bubbles’ observed in the experiment lead naturally to
their interpretation in terms of long lived remnants of coherent
structures such as solitons, as supported by analytical and PIC
modelling. Their "macroscopic” size however is much bigger
than the electron skin depth and the time scale over which they
are observed implies that the ion dynamics must be accounted
for. Post-solitons, and the bubbles formed by their merging, can
indeed account for scales much larger than the skin depth and
for long expansion times, compatible with the observation time.
In addition the values of the electric field that is required in
order to account for the proton beam deflection seems to be
consistent with the relatively weak electrostatic fields that are
expected to occur in the almost quasineutral post-solitons. This
field is of the order of the oscillating electromagnetic fields

inside the cavity, E, = E,a, (de/ R)4 and the thickness of the
non-quasineutral shell 3R is 3R /R ~ & (dJ/R)°.
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Figure 4. lon density distributions of two merging post-solitons
during (a) and after (b) the merging process, as obtained from
2-D PIC simulations, at t=80 and t=480.

Further modelling is underway in order to support our
interpretation, which will include proton tracing through the
electric field structures produced by the PIC simulation.

Finaly we would like to thank the staff of the CLF for their
help and assistance during the experiment.
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