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Abstract:  

Evolution of collimated plasma jets and ion acceleration 

from micron to sub-micron thickness foils following the 

interaction of ultra intense (up to 3 ×1020 W/cm2) laser 

pulses is investigated. We characterized the correlation 

between laser intensity and target areal density for the 

formation of a supersonic dense plasma jet. With the 

maximum achievable intensity on target, jets with Mach 

number up to 10 have been observed from few microns 

thick Cu foils expanding longitudinally with a speed of 

2×106 m/s. With circular polarization, the uniformity of 

jet density profile has improved significantly as 

compared to the jets observed from interaction of a 

linearly polarized laser. While the moderate energy 

(KeV) overdense plasma jets are formed efficiently for 

micron thickness target irradiated at 1020 W/cm2 

intensity, decreasing the target areal density or increasing 

irradiance on target leads to so-called light-sail RPA [1] 

regime in which the ions, independent of their charge to 

mass ratio, are accelerated to tens of MeV/nucleon 

energies.    

 

Introduction:  One of the main applications of high 

power lasers is to simulate various astrophysical 

phenomena in laboratories. Jets and collimated outflows 

are omnipresent in the universe associated with the 

formation of young stars, planetary nebulae, X-ray 

binaries and active galactic nuclei (AGNs) [2]. Although 

the experimental jets driven by high power lasers are of 

much smaller scales compared to stellar or extragalactic 

objects, they may provide an excellent opportunity to 

study in the laboratory the underlying mechanisms.  

 

 

 

In laboratory experiments, plasma jets relevant to 

astrophysics have been generated typically by employing 

nsec long laser pulses of hundreds of joules energy [3-5]. 

In this Letter, we have characterised the conditions for 

the formation of supersonic jets driven by pico-second 

laser pulses of similar energies, as observed previously 

by Kar et. al [6]. At such high irradiance (around 1020 

W/cm2), jets can be produced by the strong 

ponderomotive pressure exerted on thin targets by the 

laser. Via parametric scans (laser intensity, target areal 

density) we have identified the suitable conditions for the 

formation of a sustained supersonic jet. The temporal 

evolution of the jets up to ns time is studied by time 

resolved optical interferometry. Apparently, beyond the 

parameter ranges required for sustained plasma jet, strong 

modulation in MeV proton/ion spectra is observed as we 

increase the laser irradiance or decrease the target areal 

density. Preliminary analysis of the ion spectra will be 

discussed.  

 

Experiment:  

                              

 

     Fig 1.  Schematic of the experimental set up. 



The experiment was carried out in the Vulcan Nd: glass 

laser of Rutherford Appleton Laboratory, U.K., operating 

in chirped pulse amplification (CPA) mode. An  f=4:5 

(f=3) off-axis parabola was used to focus the laser down 

to a 10 µm full width at half maximum (FWHM) spot, 

attaining peak intensity of 3×1020  W/cm2 on the target. A 

plasma mirror was used in order to suppress the intensity 

of amplified spontaneous emission and prepulses. The 

laser was irradiating the target at nearly 0 degree 

incidence angle. The polarisation of the laser on target 

was varied by using a quarter wave plate. The intensity 

on the target was varied, as required by the interaction 

intensity scans, by increasing the laser spot size on the 

target by translating the parabola along the focussing 

axis. Targets of various materials and thicknesses (free 

standing thin foils, 10 µm to 100 nm) were used in this 

experiment. The plasma outflow from the target was 

probed by employing a transverse Nomarsky 

interferometer [7] and shadowgraphy with high spatial 

(few microns) and temporal (ps) resolution. Figure 1 

shows a schematic of the experimental arrangement. The 

probe beam was frequency doubled from a portion of the 

main CPA pulse to a wavelength 527 nm. The converted 

beam was splitted into two parts and projected onto the 

target, transverse to the interaction axis, from two 

different angles. The time of arrival of each beam on the 

target was controlled separately by delaying their path 

length. The setup was designed to achieve two ps 

snapshots of the interaction at different times in a single 

shot. The interferograms were recorded by 12 bit 

dynamic range CCD cameras. The plasma electron 

density profile from the interferogram was reconstructed 

by retrieving the phase map using fast Fourier transform 

of the fringe pattern in the interfeogram, followed by 

Abel inversion of the phase map assuming a cylindrical 

symmetry [8]. 

 

The main diagnostic for multi Mev proton emission was 

Thomson Parabola Spectrometer (TP –Spec). Two high 

resolutions TP –Spec were fielded, one along the target 

normal direction and the other looking at 220 off axis to 

the target normal. Image plates (IP) were used to record 

the ion spectra. By using differential filtering the 

response of the image plate to different energy ions was 

calibrated which will be discussed in another report.                                         

Result and Discussions: The temporal evolution of the 

collimated plasma jets at the target rear side was 

observed from 150 ps to 1.1 ns, after the arrival of the 

CPA on the target, over many shots. 1 µm thick Cu foil 

was used for this temporal scan and the laser intensity on 

target was kept at its maximum (2-3×1020 W/cm2). The 

plasma jets maintained their degree of collimation over 

ns time scales as shown in the fig. 2(a). From the 

temporal scan, the transverse and longitudinal 

dimensions of the jets were inferred at different probing 

time, as shown in the Fig. 2(b). Over this probing time 

period, the results suggest a non-linear (a power law) 

time dependent velocity for the longitudinal expansion of 

the jets, whereas an almost constant expansion velocity is 

observed for the transverse direction. Consequently, the 

Mach number of the jets, estimated as a ratio between the 

longitudinal to transverse velocities, has a strong time 

dependence during the first few hundreds of ps after the 

interaction. 

                                                                             

 
Fig 2. (a) Plasma jet at 850 ps after the interaction with 1 

µm Cu target. (b) Temporal evolution of the plasma jets 

produced from 1 um thick Cu target irradiated at 2-

3x1020 W/cm2.  



 
Fig 3(a) and (b). Velocity of jet for different target areal 

densities (at given laser intensity) 

 

In order to parametrise the underlying mechanism behind 

the collimated jet formation, scans were made observing 

the rear side plasma jets at different laser intensity for 

same target and at same intensity for different target areal 

density (thickness x density). For a given laser intensity, 

the  jet velocity increases as we decrease the areal density 

(moving to thinner targets or lower Z targets) and attains 

maximum at a certain value of areal density. As we 

decrease the areal density further, the jet velocity drops 

sharply. In fact for the lower areal density targets the 

interferograms shows plasma density profiles, which one 

would expect from a blow-off target. However in this 

regime, the ion spectrum shows features which suggest  

the onset of the so called light sail radiation pressure 

acceleration mechanism [1], which will be discussed 

later. A similar trend of jet velocity variation with areal 

density is observed for two different laser intensities and 

the areal density for which the jet velocity is maximum is 

lower, as expected, for lower irradiance [see fig 3(a) and 

(b)]. This behavious is also observed for circular 

polarisation of the interaction laser. As shown in the Fig, 

4(b) a sustained high mach number plasma jet from 

thinner targets can be produced by lowering the laser 

intensity commensurately. For example, a factor of 10 

less intense laser produces jet of similar mach number 

from 100 nm target than that required in case of 1 um 

thick target.  

 

However, there is a distinct difference between the 

plasma jets produced from a laser at linearly polarised to 

circularly polarised. It can be seen pedagogically by 

comparing the raw images of the jets shown in Fig. 2(a) 

and 4(a) that the plasma front of the jets in case of 

circular polarisaiton (Fig. 4(a)) is flat and uncorrupted as 

compared to the one in linear polarisation (Fig. 2(a)).  

 

      
Fig 4(a) Plasma jet at 600 ps after the interaction with 1 

µm Cu target at circular polarisation of laser. (b) 

Thickness scan for 1 um target at circular polarisation of 

laser for the density of 1019 el/cc, for 0.1 µm target the 

laser intensity was comparatively lower than other two 

targets. 

 

Increasing the laser intensity on target, or by lowering the 

target areal density beyond the values required for the 

formation of a sustained plasma jets, the MeV proton and 

ion energy spectra observed by thompson parabolas  



 

 

 
Fig. 5: (a) Ion spectra obtained from the interaction of 

100 nm target at 3× 10 20 W/cm2 intensity. (b) Peak 

energy of proton and (c) carbon bunch  at areal density of 

target 0.00005- 0.0009 g/cm2 for different laser intensity.  

Here data points show the peak energy of bunch and error 

bars show the width of the bunch 

 

become pronouncely modulated. Instread of a quasi 

maxwellian energy spectra for protons and carbon ions 

observed in the case of stable plasma jet formation 

regime, the spectra contains a peaked feature towards the 

higher energy side (fig. 5(a)). Moreover, the peaked 

feature in both carbon and proton spectrum lies almost 

close to each other over the energy/nucleon axis. Further 

decreasing in the target areal density or increase in laser 

intensity lead the bunched feature in barbon and proton 

spectra shifting towards higher energy (fig. 5 (b) and (c)). 

Priliminary 1D particle in siumulation with multiple 

target layers (bulk target layer with thin contaminat 

layers on the both sides) suggest the peaked feature in the 

spectra originates from the radiation pressure acceleration 

of contamination layer present at the laser side of the 

target, whereas, the exponetial low energy part in the 

spectrum orinates from TNSA acceleration of the target 

rear surface contaminant layer.        

 

Conclusion: The dynamics and characterization of 

highly collimated supersonic plasma jets produced from 

thin targets irradiated by ultra-intense laser pulses is 

reported. Preliminary analysis suggests a role of the 

radiation pressure of the intense laser beam in the jet 

formation. In case of stronger drive on mass density leads 

the plasma jets loosing its significance and acceleration 

of narrow band proton and carbon spectra upto 10s of 

MeV per nucleon.  
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Introduction 
  Laser facilities that will explore the Fast Ignitor (FI) 
concept [1] are planned to comprise many bundled laser beams 
to produce the electron or ion beams required to achieve 
ignition of the pre-compressed core. For example, present 
planning for the HIPER FI facility [ 2 ] includes up to 42 
bundled beams to reach the energy levels required for ignition. 
Similarly, (i) the FIREX-I laser facility in Japan, a test-bed for a 
planned full FI facility, will be composed of 4 bundled beams 
and (ii) the Omega EP facility is composed of two kJ, ps beams 
[3]. Up to now, most of theoretical and experimental studies of 
FI [4] have been performed using a single beam. For example, 
studies of the electron transport of GA currents using hybrid 
codes [5] assume that a single beam of electrons is generated. 
This is also the case for laser-cone FI studies, see e.g. Ref. [6]. 
Having multiple beams overlapping on the target could however 
significantly modify the end result of the interaction. Regarding 
electron-driven FI, the overlapping of the beams at the critical 
density interface could impact the generation and the potentially 
unstable propagation of the ultra-high current electron beams, in 
which the greatest uncertainties of FI still lie. Regarding ion-
driven FI [7], the mixing of the hot electron sheaths emerging 
from the solid could be detrimental, modifying the ion 
acceleration process and creating spatial modulations in the 
global sheath that lead to unwanted caustics in the ion beam [8

Experiment  

]. 
All these issues involving bundled beams need to be clarified 
for the FI studies to progress quantitatively. We therefore 
performed an experiment using two different setups addressing 
two topics in this context. In the first, we used two temporally 
separated co-linear laser beams to study the influence of having 
a delay between them on the plasma interaction. In the second, 
we used two spatially separated, quasi-orthogonal, beams to 
study the influence of a spatial and temporal separation 
between, on the plasma interaction. All these configurations 
were used irradiating solid (metal) targets. 

 The experiment was conducted on the Vulcan TAW 
laser facility at the Rutherford Appleton Laboratory. This 
facility provided up to two independent high-energy laser pulses 
at the fundamental frequency (i.e. of 1053.5 nm central 
wavelength with a 2 nm band width). After stretching and 

amplification, the main Vulcan laser pulse was split into these 
two individual pulses (CPA#7 and CPA#8). Each laser pulse 
contained approximately 50 J of energy (after compression, 
with a pulse duration down to 1.2 ps) and was focused onto the 
targets using, for each, an f/3 off-axis parabolic mirror (OAP) 
(Fig. 1 (a)). The focal spot for each was measured to be 6.5 µm  
+/- 2 µm (full width half maximum) and ~35% of the energy 
was contained between the peak of the spot and 1/e of that peak 
(Fig. 1(b)). The corresponding peak intensity on target was thus 
~2x1019 W/cm2. To detect the ions and electrons resulting for 
the laser interaction, we employed stacked detectors as shown 
in Fig. 2(a) and magnetic spectrometers, equipped with imaging 
plates (IPs) as detectors, placed in the forward and backward 
direction (with respect to the laser irradiation direction), along 
the target normal. For protons, we used stacked calibrated 
radiochromic films (RCF) (of HD-810 and MD-V2-55 type). 
They detected the laser-accelerated multi-MeV protons that are 
electrostatically accelerated by the laser-produced energetic 
electrons [9

RCFs measured the spatial distribution of proton beam at 
discrete energies corresponding to the proton deposited energy 
in the form of Bragg peaks. As also shown in Fig.2(a), for the 
electrons, behind the RCFs, we positioned a stack of 5 IPs 
separated by 1.5 mm thick Al plates (type TR2025) to resolve in 

]. The stack was placed ~35 mm behind the target 
foil in the normal direction and a hole was drilled through to let 
the particles reach freely the rear side magnetic spectrometer.  

Influence of overlapping high-intensity laser beams on electron  
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Fig. 1 (a) General layout of the experiment and CPA laser 
beams configuration. (b) Azimuthally averaged radial 
profile of a measured focal spot. (inset) Image of the focal 
spot.



energy and angle the hot electrons [10

 In order to have a basis of comparison when we used 
a dual beam irradiation configuration, we first assessed the 
result of a single beam irradiation on target. Fig. 2(b) shows 
typical RCF images of the proton beam obtained in the 
configuration when a single laser beam interacted with a 30 µm 
thick Au foil. The typical maximum proton energy was 8 - 10 
MeV. The divergence of the 7 MeV proton beam was around 30 
degrees full angle. For the same shot, the measure of the fast 
electron beam divergence is shown in Fig. 2(c). The color bar 
here represents a logarithmic scale (QL value). In addition to 
these diagnostics, to assess the level of preplasma in front of the 
target at the time of the main laser pulse irradiation due to the 
laser pedestal, the plasma expansion profile of the laser-
irradiated targets was diagnosed using an optical probe that was 
passed transversely across the target surface (as shown in Fig. 
3(a) and Fig.1(a)). The probe beam was picked up from a small 
part of the CPA#7 that was then frequency-doubled to 2ω (527 
nm). The target images were obtained with 16 bit Andor 
technology CCD camera (type: DX420-BN, pixel-size: 26 µm), 
using a 10 times magnification. To minimize the plasma self-
emission signal, (I) an iris (opened ~φ 1mm) was placed in the 
imaging line at the first probe beam focal point using a f = 950 
mm collecting lens. Then, (II) the signal was filtered with a 
ω fundamental frequency−cut filter (BG38) as well as a 2ω 
band pass filter (CVI Melles Griot: F10-527-4-2) that were put 
in front of the CCD. A typical image taken by this diagnostic 
for the same shot as Fig. 2(b) is shown in Fig. 3(b). The probe 
was timed to cross the target 10 ps after the main interaction 
pulse hit it. The image shows a large plasma expansion on the 
laser-irradiated surface of the target with extent of 
approximately 410 µm (transverse) and 220 µm (longitudinal). 
We observe that, contrary to the target front, the target rear does 
not exhibit any expansion, which is consistent with the high-
energy proton acceleration that is observed [

].  

11

  The experimental setup of the first experiment 
investigating the energetic electron beam propagation when 
using two temporally separated collinear laser pulses is shown 
in Fig. 3(a). To achieve such irradiation configuration, the 
CPA#7 was spatially divided in two half-beams that could have 
a temporal delay between them but that were nonetheless 
focused on same location on the same interaction target surface 
(20 µm Au foils) as they both used the same focusing OAP. The 
relative timing of the two separated beams was adjusted by 
altering the path delays with ~1 ps precision using an 
interferometric technique. As illustrated in Fig.3(a), to diagnose 

the result of this interaction, we used a probing proton beam 
that acted as a transverse charged particle probe for the fields 
associated with the electrons emerging from the rear of the 
interaction target [

]. The reference 
image taken just before the shot is also shown in Fig. 3(c).    

12

12

]. To produce this probing beam, we used 
the CPA#8 that was focused onto a 25 µm thick gold foil to 
generate the adequate protons. The interaction targets were bent 
in order to minimize the deflections due to global target charge-
up which would have otherwise prevented sampling of the 
accelerating fields. The probing proton virtual source size was 
small enough, so that the images can have excellent spatial 
resolution (~ a few µms). The multilayer arrangement of the 
RCF stack detector, providing a spectral resolution, allows a 
temporal multiframe capability. The magnification of the 
arrangement is given by M ~ (L + 1)/l, where l = 3 - 4 mm was 
the distance between the proton target and the interaction area, 
while L ~ 35 mm was the distance between the interaction 
target and the RCFs. This gives M equal to 8 – 10 in our 
experimental conditions. This technique is mainly sensitive to 
field gradients, which are detected via proton density 
modulations in the probe beam cross section. Figure 3(b) shows 
typical proton probing data obtained when the CPA#7 
interaction beam was full and not split in two halves. Darker 
regions correspond to higher proton densities in the proton 
beam cross section. Each frame corresponds to a different 
probing time. The piling up of the probe protons with bubble-
like structure appearing at later times is due to the sudden drop 
of the electric field ahead of the acceleration front. Such 
structures are similar to the ones described in [ ]. When we 
divided temporally the CPA#7 pulse into two, the expansion 
velocity of the sheath was slightly decreased compare to the full 
beam configuration. This corresponds to the expected reduction 
of focal intensity of each laser by reduction of energy by half, 
as well as the increase of the focal spot size. The latter is 
because of the f-number doubling linked to the near field size 
reduction. However, one striking difference compared to the 
single laser interaction is that only in the split beam 
configuration did we observe, shortly after the interaction, a jet-
like proton deflection pattern. Such jet had an extent of > 500 
µm, and were observed reproducibly when there was a small 
delay (1.5 and 3 ps) between the two beams. One should note 
that the fast plasma expansion front from the interaction target 
cannot reach such a far region (> 500µm) during such a short 
time (< 5 ps after laser irradiation). A detailed analysis is still 
under way.  
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Fig. 2 (a) Setup for ions and electrons detection. (b) Typical
proton beam distribution images obtained with RCFs. (c)
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  Figure 5 shows the other experimental setup we used 
to investigate the energetic electron beam propagation when 
using two laser pulses irradiating the targets with a large 
angular difference. CPA#7 and #8 then irradiated the target 
surface with a 72 degrees angular difference. The laser beams 
were synchronized such that they arrived at the surface of the 
gold 30 µm thick target simultaneously. In this setup, we 
changed the spatial separation between the laser beams over a 
series of shots such that the mutual separation between the 
laser-accelerated energetic electron beams created by each laser 
beam and arriving at the rear surface was comprised between -
45 µm (i.e. when the lasers overlap at the target front) to ~ +150 
µm. Here, as a first approximation, we assumed that the major 
part of electrons propagate geometrically straight along the laser 
axis [13]. The proton beams accelerated from the target were 
recorded on a stack of RCFs as well as dispersed by the 
magnetic spectrometer. One can expect that the sheath 
electrostatic fields, which have an extent of typically 100 µm 
[ 14 ], would overlap or partially overlap at the target rear 
(depending on δx) and influence the proton acceleration. 
Indeed, when the sheath overlapped constructively (i.e. for |δx| 
≤ 50 µm), we observed a clear enhancement of the accelerated 
proton energy by a factor of ~1.5 compared to the energy 
obtained in the single beam configuration. Such enhancement 
disappeared when we spatially separated the beams too much, 
as expected. Another striking feature was that we observed, in 
the dual beam interaction, on the RCFs a strongly collimated 
energetic proton beams on top of the usual diverging proton 
beams (see Fig. 5). As observed in all previous experiments 
using single-beam irradiation, the diverging proton beams 
showed a decrease of their divergence angle with proton energy 
[15

14

], as is also seen in Fig. 1(a). Such a variation of divergence 
angle is expected for a transversally bell-shaped electron 
density distribution [ ]: the highest energy protons are 
accelerated in the central, high-density portion of the sheath, 
whereas lower energies come from the wings of the sheath 
distribution and thus are emitted at larger angles. In contrast, a 
strongly collimated beam appeared in the case of dual 
overlapping beams. It exhibited an almost constant divergence 
angle (~17° full angle) when varying the proton energy. Such 
structure is observed repeatedly when δd is sufficiently small   

(i.e. |δd| ≤ 100µm). Such collimated beam could be attributed to 
the overlapping of bell-shaped electrostatic sheaths. This would 
result in creating a plateau in the electron density profile 
between the two electrostatic sheathes at the target rear surface 
created by each laser pulse, as illustrated in Fig. 5.  
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Fig. 4 (a) Experimental setup for investigating the energetic
electron beam propagation when using two temporally
separated collinear laser pulses. (b) Typical proton probing
data obtained when the CPA#7 interaction beam was full and
not split in two halves. The scale bar corresponds to 500µm in
the interaction target plane. The time 0 corresponds the time
when the CPA#7 arrives at the interaction target.
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Fig. 5 (a) Experimental setup for investigating the
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Introduction 

Opacity measurements at EUV wavelengths of high energy 

density plasmas are difficult to undertake as the probe has to 

overcome the high self emission of the opaque plasma and it is 

difficult to create sufficiently uniform and well characterized 

plasma for accurate measurements.  Laser produced EUV and 

x-ray back-lighters have been used previously to perform 

opacity measurements [1,2] when the flux of x-rays generated is 

sufficient to ‘outshine’ the plasma self emission.  More 

recently, much brighter plasma based EUV lasers have been 

employed to probe an iron plasma [3].  In the present 

experiment, we set out to use a short duration (3ps) Ne-like Ge 

laser at 19.6nm to probe the opacity of laser heated iron. 

Information regarding opacity is relevant to a number of 

different fields including solar and astrophysical modelling [4], 

inertial confinement fusion [5,6], and free-electron laser 

experiments [7] and there exist a number of different computer 

codes for simulating opacity [8,9,10,11,12].  In order to test the 

accuracy of these codes and solve discrepancies between them, 

experimental benchmark data is required. 

This experiment ultimately generated an EUV back-lighter in a 

set-up similar to that used to create a plasma based x-ray laser, 

without lasing being observed.  A line focus back-lighter can 

produce bright emission over a broad spectral range as the more 

intense spectral lines approach black-body intensities due to the 

high optical depth along the plasma line.  This emission comes 

from a small area and can be pointed at a sample.  This paper is 

primarily concerned with the characterisation of the back-

lighter with the aim of improving our understanding of the line 

focus EUV back-lighter and to investigate why lasing was not 

observed.  Accurate information regarding the plasma 

conditions within the EUV source is required for accurate 

opacity measurements.  Transmission measurements through 

iron plasma from this experiment using EUV radiation are 

reported elsewhere [13]. 

 

Experiment 

The back-lighter was created using two optical pulses from the 

VULCAN Nd:Glass laser system at the Rutherford Appleton 

Laboratory to irradiate a germanium target of thickness 500nm 

deposited onto a glass slab of 6mm width.  A pre-pulse of 

duration 300 ps and energy of 20J was focused into a line 

100µm x 6mm, using a refracting lens and a spherical mirror, 

giving an irradiance of ~ 8 x 1012 W cm-2.  A main (CPA) pulse 

of 3ps duration had an energy of 35J and was focused into a line 

of similar dimensions using a single f/3 off-axis parabola, 

giving an irradiance of ~ 1 x 1015 W cm-2.  The line foci of both 

beams were overlapped on the target, with a delay between the 

pulses of ∆t=400ps. 

A 50nm thick iron foil, tamped with 100nm thick parylene-N 

(C8H8) on both sides, was heated using another CPA beam from 

the VULCAN laser and the plasma created probed with the 

EUV back-lighter.  The second CPA beam contained 25J 

energy in a duration of 1ps and was focused to a spot size of 

about 200µm in diameter on the opacity target.  The delay 

between the heating pulse and the main CPA pulse was varied 

between 5 and 20 ps to allow probing at different stages of iron 

plasma evolution.  Probing results have been presented 

elsewhere [13]. 

In order to characterise the line focus Ge back-lighter, a 

crossed-slit camera with an Andor CCD was positioned at an 

angle of 22 degrees with respect to the plane of the target 

normal.  A front 15µm horizontal slit provided a vertical 

magnification of 3.56 with the back 100 µm vertical slit giving 

a horizontal magnification of 1.20.  The vertical and horizontal 

resolution was 19µm and 180µm respectively.  The crossed-slit 

camera was filtered using 3µm aluminium and 25µm beryllium 

so that emission in the range 0.5 to 5 keV was recorded.  The 

CCD had an exposure time of 500ms so we record time 

integrated Ge emission over the laser plasma lifetime. 

 

Figure 1. Spectrally integrated emission transmitted 

through filters of 3µµµµm Al and 25µµµµm Be as a function of 

temperature for Ge as determined with the FLYCHK code 

[14] and using filter transmission data from Henke et 

al.[15].  The electron density assumed is that seen in the 

region of highest gain as predicted by Ehybrid (5x1021 cm-3). 

 

Germanium Back-lighter Characterisation 

The crossed-slit images provide an ‘emission map’ of the Ge 

back-lighter and have been characterized using simulated data 

from the spectral modelling code FLYCHK [14].  The code was 

used to evaluate total emission from the Ge plasma as a 

function of photon energy and temperature for the density in the 

region of highest gain and emission as predicted by the Ehybrid 

code [16] (ne = 5 x 1021 cm-3).  Multiplying the photon energy 

dependant transmission [15] of the filter with the total emission 

and integrating over frequency gives the total emission as seen 

by the crossed-slit camera per unit volume (see figure 1).  For 

our filter combination, the relationship between the transmitted 

emission and temperature is approximately linear in the 

Characterization of a line focus back-lighter 
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temperature range of 150 – 500eV, with a threshold for 

significant emission at ≈ 120eV. 

We assume that the plasma emission through the crossed

filter combination (3µm Al, 25µm Be) is dominated both 

spatially and temporally by the hottest temperature and highest 

density (5 x 1021 cm-3) plasma.  The area of plasma viewed by 

each pixel on the CCD is calculated using the geometry of the 

crossed-slit camera.  A thickness of emitting plasma can be

determined by calculating the plasma expansion 

turning point density by calculating the ion sound speed

each temperature and considering a characteristic 

vs∆t (where ∆t = 400ps, is the time between the pre

the main pulse).  The time of emission of the plasma (1

found from simulations using the 1D hydrodynamic code 

Ehybrid [16] (figure 2). 

Figure 2.Emission of radiation from a Ge plasma 

transmitted through the filter combination for our crossed

slit camera as a function of time calculated by 

[16] code. 

 

A calibration factor for the CCD (8eV/count)

the absolute number of counts per pixel associated with the 

transmitted emissivity.  Figure 1 then enables the crossed

images of recorded emission to be converted to a spatial 

variation of electron temperature (figure 3, 

of CCD counts to temperature is reasonably accurate

due to the rapid linear increase of emission with temperature 

and the threshold temperature for any significant emission (see 

figure 1).  Our error estimate for the temperature measurement 

of ±10% does not include the error associated with our 

assumption of a spatially and temporally constant density and 

temperature.  The incident laser intensity profile

100µm and comparing this with the deduced tempera

profile width of 150µm, the relationship Te

0.44±0.05 in agreement with temperature scaling results 

Simulations using Ehybrid demonstrate peak ionisation levels in 

agreement with the FLYCHK model used to determine the 

temperature profile of the back-lighter.  The peak temperature 

for the pre-pulse only back-lighter was found to be 1

less.  A peak temperature of 155±20eV is found

pulse set-up is used.  These temperatures explain the presence 

of spectral lines from Ge XX to GeXXIII 

seen in the spectrum shown in figure 5 

change in emission between the pre-pulse and double pulse 

plasma.  The figure 5 spectrum was recorded with a flat field 

spectrometer viewing down the line focus axis.

Although the experimental set-up was similar to that used to 

generate a plasma based x-ray laser, no x

observed and one of the motives of the present characterization 

of the back-lighter was to investigate why x

seen.  A temperature analysis of the pre-pulse 

the temperature to be < 120eV, and according to ionisation 

curves simulated using the collisional-radiati

, with a threshold for any 

We assume that the plasma emission through the crossed-slit 

m Be) is dominated both 

mperature and highest 

The area of plasma viewed by 

each pixel on the CCD is calculated using the geometry of the 

hickness of emitting plasma can be 

determined by calculating the plasma expansion from the 

the ion sound speed, vs, for 

and considering a characteristic length scale, 

= 400ps, is the time between the pre-pulse and 

e of emission of the plasma (100ps) is 

hydrodynamic code 

 

Emission of radiation from a Ge plasma 

transmitted through the filter combination for our crossed-

slit camera as a function of time calculated by the Ehybrid 

(8eV/count) is used to deduce 

the absolute number of counts per pixel associated with the 

enables the crossed-slit 

images of recorded emission to be converted to a spatial 

 4).  This conversion 

of CCD counts to temperature is reasonably accurate (±10%) 

linear increase of emission with temperature 

threshold temperature for any significant emission (see 

temperature measurement 

of ±10% does not include the error associated with our 

assumption of a spatially and temporally constant density and 

profile has a width of 

e deduced temperature 

e α Iβ, results in β = 

in agreement with temperature scaling results [17]. 

Simulations using Ehybrid demonstrate peak ionisation levels in 

model used to determine the 

lighter.  The peak temperature 

lighter was found to be 120eV or 

is found when the two 

up is used.  These temperatures explain the presence 

ral lines from Ge XX to GeXXIII [18,19,20,21,22] as 

 and the significant 

pulse and double pulse 

figure 5 spectrum was recorded with a flat field 

spectrometer viewing down the line focus axis. 

up was similar to that used to 

ray laser, no x-ray lasing was 

esent characterization 

lighter was to investigate why x-ray lasing was not 

pulse only shots shows 

0eV, and according to ionisation 

radiative code FLYCHK, 

the plasma then consists mainly of Ge

stages.  This ionisation is consistent with the peak ionisation 

determined via simulations using Ehybrid.  

pulse has to couple enough energy into the 

ionisation level up to the Ne-like

provide the population inversion necessary for lasing

3ps pulse length.   

Figure 3. Emission cross-section over the line profile and the 

resulting temperature profile deduced as discussed in the 

text.

Figure 4. 2D temperature profile

 

Due to the short pulse duration (3ps)

energy is largely coupled at higher densities, meaning any x

laser photons produced may be refracted out of the gain 

medium, reducing amplification.  This effect has been reported 

previously by Smith et al. [23] and

through simulations with Ehybrid (see figure 6).

Ehybrid demonstrates that the experiment produces the 

maximum gain within the Ge plasma at a density of 5 x 10

cm-3.  The region of gain as simulated by Ehybrid has widt

≈ 4µm (figure 6) and has a peak gain value of G=200 cm

Refraction at such high densities is significant.  We can write 

that the refraction angle θ is related to the density scale length 

∆x and electron density ne by [24] 

� � �
∆��

where nc is the x-ray laser critical density.  Setting the 

maximum refraction angle θ=∆s/L

propagation distance L in the gain region is such that

� � �∆	∆

consists mainly of Ge19+ or lower ionisation 

consistent with the peak ionisation 

determined via simulations using Ehybrid.  For lasing the main 

pulse has to couple enough energy into the plasma to raise the 

like ionisation stage (Ge22+) and 

provide the population inversion necessary for lasing, within the 

 

section over the line profile and the 

resulting temperature profile deduced as discussed in the 

text. 

 

emperature profile of the Ge back-lighter. 

Due to the short pulse duration (3ps) of the laser, the main pulse 

argely coupled at higher densities, meaning any x-ray 

be refracted out of the gain 

medium, reducing amplification.  This effect has been reported 

and so has been investigated 

through simulations with Ehybrid (see figure 6). 

Ehybrid demonstrates that the experiment produces the 

maximum gain within the Ge plasma at a density of 5 x 1021 

.  The region of gain as simulated by Ehybrid has width ∆s 

m (figure 6) and has a peak gain value of G=200 cm-1.  

Refraction at such high densities is significant.  We can write 

is related to the density scale length 

  


�
�
� 

ray laser critical density.  Setting the 

s/L, gives that the x-ray laser 

in the gain region is such that 

∆� �
�
� . 



For ∆s = 4µm, ne = 5 x 1021 cm-3 and density gradient as shown 

in figure 6, we obtain L ≤ 100 µm, implying maximum gain 

length product GL ≤ 2 which would not be observable. 

 

Figure 5. Ge spectrum as recorded by a flat field 

spectrometer.  The red line demonstrates the spectrum 

originating from a back-lighter created using the two-pulse 

setup and the black line shows the spectrum from a back-

lighter created using only the pre-pulse.  The drop in 

intensity at 18nm is due to the CCD chip being partially 

covered with aluminium.  The intensity drop at 17nm is the 

aluminium K edge. 

 

 

Figure 6. Density and small signal gain profile at the time of 

peak gain, t=409ps, 6ps after the end of the main CPA pulse 

as simulated by Ehybrid for the conditions of the 

experiment. 

Conclusions 

This experiment has demonstrated how a plasma back-lighter 

can be well characterized through imaging the time and 

spectrally integrated emission profile of the plasma using a 

crossed-slit camera.  By applying a detailed model of emission 

to the back-lighter images, a spatially dependant electron 

temperature profile can be inferred and used as a useful 

diagnostic of the plasma.  Further study has shown the pulse 

duration of the main CPA pulse not to be ideal for lasing.  

Simulations using Ehybrid demonstrate that the short pulse 

duration and other conditions of the experiment result in energy 

coupling at higher densities where the increased refraction 

deflects lasing photons out of the gain region inhibiting 

amplification. 
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Abstract

The experimental study of the behavior of deuterium
plasma with densities between 2×1018 and 2×1020cm−3,
subjected to a 6 TW, 30 ps, 3× 1018Wcm−2 laser pulse,
is presented. Conclusive experimental proof is provided
that a single straight channel is generated when the
laser pulse interacts only with the lowest densities. This
channel shows no small-scale longitudinal density modu-
lations, extends up to 2 mm in length and persists for up
to 150 ps after the peak of the interaction. Bifurcation of
the channel after 1 mm propagation distance is observed
for the first time. For higher density interactions,
above the relativistic self-focusing threshold, bubble-like
structures are observed to form at late times. These
observations have implications for both laser wakefield
accelerators and fast ignition inertial fusion studies.

Introduction

There are a number of applications of intense
laser pulses that require the formation of a stable
channel in an underdense plasma [1, 2]. These include
quality control of multi-MeV electron bunches generated
in laser wakefield accelerators [3–5], particularly the
reproducibility and selection of the bunch energy [6], as
well as high brightness X-ray generation in these chan-
nels by betratron oscillations [7] and fast ignition inertial
confinement fusion (FI) [8]. In the latter case, Tabak et
al. [8] proposed to add a hundred of picoseconds scale
pedestal to the ignition pulse, in order to generate a
channel through the underdense plasma and to push
the critical surface close to the pre-compressed fuel.
Such a channel would then allow the ignition pulse to
propagate practically undisturbed through the mm-scale
coronal plasma surrounding the dense fuel. This scheme
has several advantages compared to the alternative
cone-guided concept which has already demonstrated,
in small-scale experiments, efficient coupling between

petawatt pulses and the core [9]. Firstly, it promises
less complex target manufacture, allowing low-cost mass
production for inertial fusion energy purposes. Secondly,
it allows targets with a higher degree of spherical
symmetry to be compressed.

In the past few years, channeling driven by high
intensity laser pulses has been extensively studied in a
number of experiments (e.g. [10–13]) mainly by optical
interferometric techniques, as well as X-UV radiography
[14]. These experiments concerned either short duration
laser pulses (≤ 1 ps) or relatively small observation
distances (≤ 0.2 mm). All these interactions, however,
employed relativistic laser pulses; in this regime, detri-
mental instabilities such as longitudinal modulations
induced by relativistic self-focusing [13], long wavelength
hosing [13] and self modulation [10] have been seen to
occur.

Li et al. [15] have shown, with the aid of 2D
Particle-In-Cell (PIC) simulations, that stable channels
can be generated when a pulse of sufficiently long
duration is used; the sustained ponderomotive pressure
eventually wins over the instabilities. These simulations
were run with regard to a plasma density in the range
0.1nc ≥ ne ≥ 1.02nc. However, a directly driven,
ignition scale implosion will generate a large region of
less dense plasma ahead of the compressed fuel.

Therefore, as part of the HiPER project [16], an
experiment was conducted on the Vulcan laser facility
at the Rutherford Appleton Laboratory [17] whose
specific aim was to study laser channeling in underdense
plasma. The experiment used a laser pulse, emulating
the one proposed by Li et al. [15], focused onto a
supersonic deuterium gasjet with variable density. Here,
the results of this experiment are presented. It is
demonstrated that, when the power of the laser pulse is
below the threshold for relativistic self-focusing, the sole



ponderomotive force is able to create a longitudinally
smooth channel extending for the whole gasjet extension
(i.e. 2 mm) and persisiting for up to 150ps. The channel
formation has been reproduced in matching 2D PIC
simulations of this experiment.

Experimental setup and raw data

Figure 1: a. Schematic top-view of the experimental setup.
b. ne = 2 × 10−3

nc, tprob = 100ps. c. ne = 2 × 10−3
nc,

tprob = 150ps. d. ne = 2 × 10−1
nc, tprob = 100ps. b.

ne = 2× 10−2
nc, tprob = 100ps. All the radiographs refer to

a probing proton energy of 4 MeV

.

The gasjet backing pressures chosen were to be
in the range 1 - 100 bars corresponding, once fully
ionised, to ne = 2 × 1018cm−3 - 2 × 1020cm−3

(i.e. 2 × 10−3 − 2 × 10−1nc). The laser param-
eter were as follows: τL = 30ps, PL = 6 TW,
Iλ2 = 3 × 1018Wcm−2µm−2. The laser power
was sufficient to study conditions below and above
the threshold for relativistic self-focusing, given by
Pcr = 17(nc/ne)GW [18]. The interaction was probed
in the transverse direction via the proton radiography
technique [19] by the use of a high fidelity proton beam
created during the interaction of a second laser beam
(pulse duration 1 ps, energy E = 60 J and intensity 1019

Wcm−2) with a 20 µm thick metallic foil (see Fig.1.a
for a sketch of the setup). The proton beam, after
having probed the plasma, was recorded on a stack of
dosimetrically calibrated RadioChromic Films (RCF),
[20] geometrically magnified by a factor of M ≈ L/l ≈ 6
(Fig. 1.a). The proton probe was timed to traverse the
plasma at tprob = 100 − 150 ps after the peak of the
30-ps duration interaction pulse.

Typical data showing the features observed by
proton imaging for ne = 2 × 10−3nc are displayed
in Figs. 1.b and 1.c Fig. 1.b shows that, at 100
ps after the peak of the interaction, a channel, 300
µm wide, is present with sharp edges for the entire
length of the gas jet itself and no longitudinal modu-
lations can be seen within the channel, in contrast to
previous experimental observations [10, 11, 13]. The
channels starts to deteriorate only after 150 ps (Fig. 1.c).

For densities laying above the threshold for rela-
tivistic self-focussing, persistent bubble-like structures
were observed both outside and within the channel (see
Fig. 1.d and 1.e). In this regime, the channel does not
survive unperturbed during the time when the proton
beam traversed the plasma at late times.

An interesting feature arising directly from the
observation of the raw data for the smooth channel is its
apparent bifurcation in the center of the gas jet in Fig.
1.b.
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Figure 2: a. 1D profile of the electric field distribution used
as the input for the PT simulations. b. Related electron den-
sity normalized to 2 × 1018cm−3. c. Red line: experimental
proton modulation across the channel (solid line in Fig.1.b).
Blue line: PT simulated proton density modulation. d. Green
triangles: experimental optical density modulation across the
bifurcated region (dashed line in Fig.1.b). Red line: optical
density from the related PT simulation. Blue line: experi-
mental electric field distribution.

In order to estimate the electron density modu-
lation across the channel associated with the proton
modulation recorded by the RCFs, Particle Tracing
(PT) simulations of the propagation of the probing
proton beam through the plasma have been performed
for both the bifurcated and single channel regions. This
code tracks proton trajectories of specified energies
(4 MeV in the present work) from a point-like source
through a time-dependent 3D electric field distribution
up to the proton detector. This provides a 2D proton
density mapping at the detector plane. For the case of
the single channel region, the simulation is only able
to reproduce the relevant features of its radiographic
image provided that an electric field, symmetric along
the laser propagation axis, (shown in Fig 2.a with the
related electron density distribution shown in Fig 2.b)
is assumed. This is consistent with a piling up of the
plasma density up to 2-3 times the background density



at the channel walls and an inner density depletion of
≈ 70%. A comparison between the measured proton
probe beam modulation at the RCF plane (along the
lineout highlighted in Fig. 1.b) and the simulation is
shown in Fig. 2.c, revealing close agreement. For the
bifurcated channel, the code reproduces the features
visible in Fig. 1.b only if two different cylindrically
symmetric sub-channels, similar in shape to the single
channel, are assumed (see Fig 2.d for a comparison
between the experimental and simulated optical density
results). This confirms that the channel does split into
two cylindrically symmetric sub-channels.

Two-dimensional particle-in-cell (PIC) simula-
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Figure 3: Simulated ion density and laser electric field distri-
bution for both the single (images a. and e.) and bifurcated
regions (images b. and f.). Images c. and d. show transverse
crosscuts of images a. and b. respectively.

tions have been carried out using the code OSIRIS
[21]. A fully ionised deuteron-electron plasma has been
assumed; its density profile is exponential with 50 µm
scalelength until it reaches 1% of the critical density,
and constant after that. Laser parameters are as follows:
amplitude a0 = 1.0, corresponding to 1018 Wcm−2, 10
µm spot diameter, 20 ps FWHM duration; the laser is
polarised along the x2 axis.

Simulation reveals that a plasma channel is formed
with steep walls (2-2.5 times the background density nb)
and a low density near its axis (0.1-0.2 times nb). This
is similar to the experimental results, apart from the
widening of the experimental channel and the dulling of
its walls, brought about by its evolution in time (100 ps
versus 16 ps). It has to be noted that a slightly higher
initial density is needed as a simulation parameter in
order to match the experimental data basically due to
geometrical reasons: a 2D geometry in fact confines
less the laser. We repeated in fact the simulation at a
lower density of 0.002nc, matching the density used in
the experiments more closely. The channel formation
process was basically identical, but the self-focusing was
less prominent, leading to a creation of 4 rather than 2
parallel beamlets.

Conclusions

In conclusion, the experimental study of channel-
ing driven by a 6 TW, 30 ps laser pulse through an
underdense deuterium plasma has been presented.
Below the regime of relativistic self-focussing, the sole
classical ponderomotive force is able to drill a stable
and smooth channel, ideal for subsequent pulse guiding
through the large regions of tenuous plasma in a direct
drive fast ignition scenario. Multi-dimensional PIC and
particle tracing simulations of the laser-driven channel
formation show good agreement with the experimental
observations.
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Abstract

The expansion of electromagnetic post-solitons emerging
from the interaction of an intense laser pulse with an
underdense plasma has been observed up to 100 ps
after the pulse propagation, when large numbers of
post-solitons were seen to remain in the plasma. The
temporal evolution of the post-solitons has been accu-
rately characterized with a high spatial and temporal
resolution. The observed expansion is compared to
analytical models and three dimensional particle-in-cell
results providing indication of the polarisation depen-
dence of the post-soliton dynamics.

The experimental characterization of such struc-
tures is of fundamental importance for high intensity
laser-plasma physics studies since they are the major
responsible for the dissipation of the laser energy.

Introduction

During its propagation through an underdense
plasma, the laser experiences a significant energy loss.
Being this energy loss fully adiabatic, it is mostly
translated into a red shift of the laser light [6]. In
the case of initial plasma densities close to the critical
density, this frequency decrease may eventually lead the
laser to locally experience an overcritical plasma, thus
being trapped in plasma cavities. These cavities, whose
radius is of the order of the electron collisionless skin
depth (le = c/ωpe, where ωpe is the Langmuir plasma
frequency) are usually referred as electromagnetic (e.m.)
sub-cycle solitons [4]. These structures tend to be
accelerated along plasma density gradients [3, 7] and,
therefore, are slowly propagating, if not steady, in a
homogeneous plasma. For times longer than the ion
plasma period, the Coulomb repulsion of the ions left
inside the cavity causes it to radially expand, and the
soliton nature is lost: such late-time evolution of a

soliton is thus commonly referred as a post-soliton [8].
This mechanism is similar to the Coulomb explosion
that occurs inside laser channels following relativistic
self-focussing [1].

Post-soliton expansion has been analytically studied
[8, 9], using the so-called snowplow model [10] and the
isolated spherical resonator model [11], and numerically,
using Particle-In-Cell (PIC) codes [8]. Experimental
observation of post-soliton structures was first reported
in [12], where soliton remnants were observed in the
dense region of a plasma resulting from the laser-driven
explosion of a thin foil. Due to the nature of the
plasma employed, clouds of bubble-like structures were
detected thus preventing a precise characterisation of
the temporal evolution of the post-solitons.

Here, we report the first experimental observa-
tion of well isolated post-soliton structures. This allows
their evolution to be resolved and followed over a
significant temporal window. The experimental results
are compared to analytical and three dimensional (3D)
PIC code models.

Experimental setup and raw data

The experiment was carried out at the Ruther-
ford Appleton Laboratory employing the VULCAN
Nd:glass laser operating in the chirped pulse amplifi-
cation mode [13]. A sketch of the set up is given in
Fig. 1: 200 J of 1 µm laser light contained in a 30 ps
Full Width Half Maximum pulse (“Int” in Fig. 1) were
focussed to a peak intensity of 3 × 1018 W cm−2 at the
edge of a supersonic deuterium gas jet with a backing
pressure ranging from 1 to 100 bar. This resulted, once
fully ionized, in an electron density of 1018–1020 cm−3,
which is 0.001–0.1 times the non-relativistic critical
density nc. The interaction was diagnosed via the
proton radiography technique [12, 14], which uses, as a
particle probe, a laser accelerated proton beam, arising
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Figure 1: a) Top view of the experimental arrangement. b),
c) Radiographs of two different shots: outlined with dark
circles are the density bubbles interpreted to be post-solitons.

from the interaction of a secondary laser pulse (τ ≈ 1
ps, E ≈ 100 J, I ≥ 1019 W cm−2, “Bl” in Fig. 1) with
a 20µm thick aluminium foil. The virtual point-like
source [15] allows imaging of the interaction area with
a geometrical magnification M ≈ (l + L)/l ≈ 6, where
l ≈ 6 mm and L ≈ 3 cm, see Fig. 1.a. The probe beam,
after having passed through the gas jet, was recorded by
a stack of RadioChromic Films (RCF) [16].

The data set comprised about 30 shots in which
both the deuterium density and the probe time were
varied. Two typical proton radiographs obtained at a
density of 0.1nc are shown in Fig. 1. These images were
obtained with protons of energy ≈ 4 MeV, 100 ps after
the beginning of the interaction. As a rule of thumb,
the electric fields are directed from the regions of lighter
blue color (reduced proton flux) towards the regions of
darker blue color (increased flux). In both images, a
channel created by the laser pulse is visible in the low
density region at the edge of the gas jet. In the dense
region inside the gas jet a strongly modulated deflection
pattern is visible along the laser propagation axis. This
scaly region highlights the presence of a cloud of bubbles
that appear merged or overlying one another in this
2D projection, possibly surrounding the laser-driven
channel. Such a region visually resembles the cloud
of solitons that was experimentally and numerically
observed in [12]. Ahead of and around this region,
isolated bubble-like structures are visible (black circles
in Fig. 1), most of them located at the end of laser
filaments, as numerically predicted in [3]. These bubbles
are associated with strong probe proton depletion with
sharp edges. We note that bubble-like structures were
never seen at electron densities of 0.01nc or less. We
ascribe these bubbles to post-solitons.

Discussion

Considering the isolated bubbles allows following
the fundamental properties of the post-solitons temporal
evolution. Thanks to the multi-frame capability of
proton radiography [14], it is possible to follow their
temporal evolution of these bubbles in the range 80–130

Figure 2: Zoom in on the bubble structure outlined in Fig.
1 in different layers of the RCF stack corresponding to 84 ps
(a)), 100 ps (b)) and 132 ps (c)). d) Bubble diameter as
a function of time and fits using results from the snowplow
model for cylindrical and spherical post-solitons.

ps after the beginning of the interaction, i.e. 40–90
ps after the laser has left the gas jet. Both bubbles
analyzed were found to be effectively stationary in the
laboratory reference frame and to expand preserving a
roughly circular shape (Fig. 2).

Bulanov and Pegoraro [9] give analytical results
for the expansion of 1D planar, 2D cylindrical and 3D
spherical post-solitons using the snowplow model. In 3D
the diameter of the sphere is given by d0(33/2t/ts)1/3 for
t À ts, where ts is given by

√
2πd2

0n0mi/ 〈E2
0〉, d0 is the

initial diameter, n0 is the initial ion density, mi is the
ion mass and

〈
E2

0

〉
is the time average of the square of

the initial oscillating electric field inside the post-soliton.
We fitted the experimental results with this function
taking the initial diameter d0 and the time of creation of
the soliton t0 as free parameters and

〈
E2

0

〉1/2 = 2× 1012

V m−1, which is roughly the average value of 40% of the
initial laser field. Even though this function was able
to fit the experimental data (see Fig. 2), it implied a
creation time at the end of, if not after, the laser pulse
duration, which is not physically sensible. We therefore
tried the 2D cylindrical result d0(5t/ts)2/5: this gave
a more physically meaningful fit with a creation time
close to the peak of the laser pulse in both cases. The
initial diameters from the cylindrical fits are also more
reasonable than those from the spherical fits, being ≈ 1
µm instead of ≈ 3 µm, since we have c/ωpe ≈ 0.53 µm
(see Fig. 2 for the fits result). Other bubbles in Fig. 1
and in different shots (not shown) have been found to
expand in a similar fashion.
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In order to understand why a 3D structure fol-
lows predictions for 2 rather than 3 dimensions, we
carried out a 3D run with the PIC code OSIRIS [17].
We considered a linearly polarized laser pulse with a
wavelength of 1 µm, Gaussian spatial and temporal
profiles with FWHM of 6 µm and 1 ps, respectively,
and a peak intensity of 3 × 1018 W cm−2 incident on a
fully ionized deuterium plasma with a density of 0.1nc.
The interaction was followed for 5 ps. The simulation
box was 350 × 50 × 50 µm, divided into 2.4 × 108 cells
each having 2 particles for electrons and 2 for deuterium
ions, the time step was 0.196 fs. A number of longer
2D runs, with a larger number of particles per cell and
a range of plasma densities, were also carried out for
s-polarization (laser electric field out of the plane) and
p-polarization (laser electric field in the plane). The ion

Figure 3: a) Ion density at 3ps from 2D PIC modeling for
s-polarized light. b) Iso-surfaces of the ion density at 4.11 ps
from 3D PIC modeling. Sub-channels are formed in the s-
plane (perpendicular to the laser electric field) following leak-
age of the laser from the channel formed. Several post-solitons
are located in these sub-channels.

density in Fig. 3.b shows prolate spheroid post-solitons,

with an aspect ratio of 5:3, lying outside the channel
formed by the laser in the plane perpendicular to the
laser electric field. In the 2D runs solitons were only
ever formed for s-polarized light (see, for instance Fig.
3.a). This dependence of soliton creation upon the laser
polarization is in line with the PIC code results reported
in [3]. The solitons were formed as the result of laser
leakage due to its breaking-up in filaments that led to
the creation of sub-channels departing from the main
channel (as visible in both Figs 3.a and 3.b).

The non-spherical shape of the post-solitons gives
a first indication as to why the spherical scaling may
not apply. The observed polarization dependence of
soliton formation suggests why the spherical scaling
does not apply. The snowplow model assumes in fact
total reflection of the trapped light at the overcritical
soliton wall and therefore no plasma heating. This is a
good approximation only for s-polarized light, since a
p-polarized wave will be indeed absorbed by the over-
critical walls [18]. This might explain why p-polarized
light is not able to excite stable e.m. solitons [3].

Conclusions

In conclusion, we have reported the first experi-
mental measurements of the late time expansion of
post-solitons following the propagation of a relativisti-
cally intense laser pulse through an underdense plasma.
The post-soliton expansion has been temporally resolved
with high temporal and spatial resolution. The post-
soliton expansion is best described by the analytical
prediction for cylindrical, not spherical, post-solitons.
3D and 2D PIC code results suggest that this is due to
polarization effects.
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Introduction 

The continuous growth in scale of laser systems has enabled the 

study of material behaviour under increasingly extreme 

conditions. In the 1990’s this capability led to the inception of 

laboratory astrophysics, in which researchers perform well 

characterised experiments and use hydrodynamic scaling 

arguments to explain and predict what occurs in astrophysical 

phenomena[1-4]. The experiments also provide important data for 

verification and validation of various aspects of numerical 

codes such as atomic physics, equation of state, radiative 

transfer and hydrodynamics. Many of these investigations have 

been performed with very large facilities such as the Omega 

laser and the Z z-pinch because of the large laser energies or x-

ray fluxes required to drive materials into regimes of interest. 

Laboratory astrophysics studies are core objectives for the NIF 

and HiPER fusion projects and could also be applied to Space 

Science projects. In this report we discuss an alternative method 

to create a high energy density environment which takes 

advantage of the remarkable absorption of short pulse laser light 

exhibited by clustered gases[5-7]. This allows us to conduct 

laboratory astrophysics experiments with smaller scale chirped 

pulse amplification lasers[5-18]. 

Regimes of radiative shock 

One particular area of interest is that of radiative shocks, which 

are common in astrophysics. These cause complicated 

structures, such as those seen in supernova remnants, because 

the polytropic index is lowered through radiation and ionisation 

making the gas more compressible and so more susceptible to 

instabilities. For a strong shock the compression can be related 

to the polytropic index using the energy conservation jump 

condition to be c = (γ + 1)/(γ - 1). This gives an ideal gas limit 

of c=4 for γ=5/3 and c=7 for γ=4/3, the value for a radiation 

dominated gas. In general, the calculation of a shock 

compression is more complicated because the terms for 

ionization and radiation energy flux in the jump condition 

cannot be ignored[19]. 

The ultimate goal for experiments is to drive shocks into the 

radiation dominated regime when the radiation energy density 

(or pressure) exceeds the thermal energy density (or pressure). 

More realistically the shocks fall into the radiative flux regime 

so that radiative effects are evident but the pressure is still 

dominated by the thermal contribution. This is shown in Fig. 1 

where these thresholds are shown by the red and cyan lines[2]. 

For the shock to be affected the plasma must be optically thin to 

the radiation emitted by the shocked material and also the 

timescale for this loss must be faster than the time taken for 

convective heat transport. This gives us two additional limits in 

Fig. 1[1]: that the photon mean free path is larger than the scale 

size of the system (green), and that the radiative cooling time is 

shorter than the ratio of sound speed to scale size (blue). 

These conditions are easily met in low density astrophysical 

environments such as supernova remnants[1], but it is 

challenging to reach such a regime in the laboratory. We show  
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Figure 1. Plot representing the transitions between the 

various shock regimes described in the text. Cyan and red 

lines indicate the temperatures at which the radiative flux 

(Frad) and pressure (Prad) become dominant over the 

material quantities. Green and blue lines indicate when the 

photon mean free path is larger than the characteristic size 

of the system and the radiative cooling time (ττττrad) is shorter 

than the gas convection time (ττττconv) including only 

bremsstrahlung. In (b) the condition indicated by the 

dashed blue line is calculated using a radiative cooling 

function. The black circles mark the approximate properties 

of shocks created in (a) plastic and (b) clustered gases. 
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Figure 2. Methods to create radiative shocks (a) Piston driven shock, (b) solid target blast wave, (c) cluster blast wave. 

 

this in Fig. 1(a) which corresponds to a typical experiment in a 

solid or foam target (represented by fully ionised carbon with a 

scale size h=100µm). Here we have followed the method of 

Ryutov et al.[1] and Drake[2] and used the blackbody expression 

for radiative flux and bremsstrahlung calculations for the 

radiation mean free path and cooling rate, which do not account 

for line radiation. The desired regime is tightly constrained and 

the high temperatures necessary mean that the shock speed must 

be very high (~100kms-1). This is the reason that these 

experiments require kJ drive energies and correspondingly large 

laser systems. We can alleviate this requirement by launching 

shocks in gases. Because the density is so much lower (~10-4 

gcm-3), the shock speed needed to enter the radiative flux 

regime reduces to ~10kms-1.  

For the partially ionised gas, line radiation is the dominant 

energy transport mechanism meaning that the approximations 

used for the solid target are poor ones. To correctly categorize 

cluster shocks involves a complicated calculation of the 

radiative properties of the plasma considering line emission and 

without any assumption of equilibrium. We have recently 

started to apply the RAPCAL code[21] to the problem and the 

resulting calculation will be of great use to the laboratory 

astrophysics community. Until this is complete, we consider the 

plot shown in Fig. 1(b) for partially ionised xenon (Z* = 0.63 

(TeV)½ [2]). The green, cyan and red lines are still calculated as 

in Fig. 1(a) so may not be accurate. For the blue line, we have 

used the (astrophysical) cooling rate from Post et al.[20] which is 

more appropriate than using the bremsstralung rate but may still 

be incorrect for the densities used in laboratory experiments. 

Nevertheless, the rapid cooling of the gas suggests that a wide 

range of densities and temperatures will fall into the radiative 

flux regime.  

Creating radiative shocks 

Three methods have been used to create radiative shocks in the 

laboratory (See Fig. 2). The first is to make a “shock tube”[22] 

by driving a solid density plastic or beryllium piston into a 

xenon gas cell. These experiments have been conducted at 

Omega[3,23] and LULI[3,24,25] using kJ lasers at a moderate 

intensity of ~1014 Wcm-2 in a large smooth focal spot (~500µm 

diameter) to create a planar geometry. Because the laser pulse is 

long (~ns) there is a continuous injection of energy to the shock, 

creating a stationary structure. Shock speeds are very high 

(>50kms-1) and because of the strong radiative losses the 

shocked gas is highly compressed (c>30). 

A different type of shock is created following a sudden release 

of energy in a zero-extension, instantaneous explosion. In this 

case, a shock moves into the surrounding medium sweeping up 

material into a thin dense shell called a blast wave. The shock 

decelerates and decays as it expands and, if the shocked 

material is hot, radiative losses cause the collapse of the shell to 

very high density and the onset of thin shell instabilities[26-29]. 

This is the situation encountered in supernova remnants, which 

are some of the most spectacular objects we observe. Radiative 

blast waves can be generated experimentally by using a kJ laser 

to irradiate a pin or foil within a moderate to high Z background 

gas[3,30,31]. The high laser energy is required to maintain a strong 

shock over relatively large spatial scales (~few mm). 

Alternatively the laser energy can be deposited directly into the 

gas to launch shocks[5-18,32,33]. Ordinarily a gas absorbs only a 

small fraction of the laser light, but if clusters form then the 

absorption is dramatically increased and a hot (Te~keV), high 

energy density plasma (up to 108 Jcm-3) is created. This plasma 

filament subsequently explodes into the ambient gas quickly 

forming a cylindrical blast wave[5]. In this way high Mach 

number shocks can be launched using high intensity (>1017 

Wcm-2) lasers with energies as low as 100mJ provided that the 

pulse duration is short enough to couple energy into clusters 

before they explode (sub-picosecond timescale).  

Radiative shocks can be categorized according to the optical 

depth of the gas ahead of (upstream) and behind (downstream) 

the shock. This is important to determine the suitability of a 

laboratory experiment for astrophysical scaling[2] as shown in 

Fig. 3. Shocks in a supernova evolve from the top-right to the 

bottom-left of this plot. Initially, in the core of the supernova, 

both regions are optically thick. As the shock breaks out at the 

surface the precursor becomes optically thin and later, as the 

explosion forms a supernova remnant, the postshock region also 

becomes optically thin. The Omega and LULI experiments 

performed with solid density pistons fall into the ‘thick-thin’ 

regime. The low density gas blast wave experiments are 

expected to be ‘thin-thin’, although Drake suggests that because 

of the large volume of gas ahead of the shock, these conditions 

could actually be ‘thin-thick’. From our calculations we 

estimate the photon mean free path to be very similar to the 

scale size of the cluster blast waves so this differentiation is not 

so well defined. 
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Figure 3. Categorising radiative shocks by upstream and 

downstream optical depth. Adapted from Ref. 2.  

 



Characterising cluster blast waves 

In order to assess the suitability of cluster shocks for scaling to 

astrophysical conditions we must be able to accurately define 

our experimental conditions. We have previously made some 

estimates of the plasma properties[13] and here we further 

consider the morphology of our blast waves. The structure of a 

typical blast wave launched in xenon clusters with a laser 

energy of 350mJ is shown in Fig. 4.  This is taken at 17ns when 

the material has been swept up into a thin shell behind a steep 

shock front. Ahead of this, a large precursor with a peak 

electron density about half of the post-shock value extends 

almost 1000µm into the ambient gas. This precursor is less 

prominent with lower laser energies and lower gas densities. 

Additionally, when the gas density is decreased the shock 

decelerates more quickly and the thickness of the shock shell is 

reduced. These three effects are consistent with a lowering of 

the opacity of the gas, meaning that less energy is deposited in 

the precursor and there is a higher energy loss from the system. 

A measurement of the shock front trajectory in low density 

xenon (radius ~ t0.39) suggests that the blast waves are fully 

radiative i.e. 100% of the incoming kinetic energy is radiated 

away[10]. 

From the electron density measurement shown in Fig. 4, we can 

attain some properties of the plasma. The ambient density in 

this case was ρ = 0.25 kgm-3 (1018 atoms cm-3) so in the 

precursor we have a direct measurement of the average 

ionization <Z>~6. From the shell thickness, and assuming all 

the material lies within this shell, we obtain a compression of 

~2. Using the postshock electron density of 14 x 10
18

 cm
-3

 we 

find that the postshock <Z> is similar at ~6. If we assume that 

the plasma is in local thermal equilibrium (LTE) we can then 

estimate the pre- and post-shock temperature using <Z> and ρ 

to be ~8eV. The constant temperature across the shock front 

implies that we have driven a shock in the supercritical (SC) 

regime. This is feasible since the threshold velocity for a SC 

shock at this relatively low density is ~7kms-1 [34], less than our 

measured shock velocity of ~10kms-1. Further evidence comes 

from the shape of the precursor on some of our shots which 

have a plateau in the electron density profile which is 

commonly associated with SC shock formation. However, the 

assumption of LTE is a poor one since the plasma is not 

optically thick to the radiation.  

The low compression we observe is a consequence of the high 

temperature of the precursor, which results in the pre-shock 

Mach number being drastically reduced (M~1.6) and so 

negating the strong shock approximation. In fact a calculation 

of the compression is further complicated because the gas is 

partially ionized, affecting the polytropic index. The energy 

conservation jump condition across the shock can be 

generalized to take into account both the ionization and the 

radiation flux[19]. However, the calculation of these fluxes is 

very complicated because the plasma is non-LTE and 

dominated by line emission. In addition, energy is not 

necessarily conserved across the shock because both pre- and 

post shock regions radiate energy in all directions. 

To address these issues sophisticated numerical codes are 

necessary. There has been some success comparing 

experimental data to simulation results from hydrocodes which 

use the LTE approximation[8-10,17]. Edwards et al.[9] matched the 

trajectory of a xenon blast wave and identified the switch 

between a radiative phase, lasting from shock formation until 

several tens of nanoseconds, and an energy recovery phase 

when the blast wave sweeps up energy it has previously 

deposited in the precursor. We have observed this transition, at 

about the same time in the shock evolution, in several 

experiments since then[17]. We find reasonable agreement of 

simulation results with the shock shell electron density profile 

(Fig 4(a), Ref. 17) but the code overestimates the length of the 

precursor. Keilty et al.[10] compared the radiative cooling rates 

given by a non-LTE calculation by Post et al.[20] and those 

given by the LTE HYADES hydrocode[35] and found a large 

discrepancy for xenon. This highlights the need for a non-LTE 

approach to the simulations but as yet we have been unable to 

apply non-LTE versions of the hydrocodes.  

Recently we have started investigations using the RAPCAL 

code[21]. This code can calculate radiative properties for 

optically thin and thick plasmas for both low and high Z over a 

wide range of density and temperature. This will enable us to 

more accurately determine gas opacities and radiative cooling 

rates without the assumption of LTE. Initial calculations were 

performed for a xenon plasma at a density of 2 x 10-4 gcm-3 and 

a temperature of 10eV which is similar to our experimental 

conditions. From Table 1 it would appear that the plasma is in 

LTE, but this is a consequence of using the LTE temperature 

value as an initial condition, which is a crude approximation. 

We are currently working to resolve this by using direct 

measurements to create the inputs for simulations.  
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Figure 4. Electron density profiles measured in cluster blast 

waves at 17ns with a simulation using the NYM code (red). 
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Figure 5. Radiative cooling rate for xenon calculated using 

RAPCAL (1 – 20eV) and the cooling rates from Ref. 20 (80 

– 2000eV). The radiative power loss (ergs cm-3s-1) is 

obtained by multiplying the cooling rate by <Z>ni
2.  

 

With this caveat in mind, we draw some conclusions from the 

values in Table 1. Immediately clear is that the radiative 

emission is completely dominated by line emission (bound-

bound). Therefore, any use of the bremsstrahlung cooling rates 

used by Ryutov et al.[1] or a blackbody treatment of radiative 

flux[19] is wholly inappropriate. It also highlights the need for 

temporally and spatially resolved line emission measurements 

in future experiments. The radiative cooling time is extremely 

short so fulfils the condition of being shorter than convective 

timescales. However, the photon mean free path using the 

Planck mean opacity is ~100µm, similar to the scale of the shell 



thickness and the precursor length, so the plasma cannot clearly 

be identified as either optically thin or thick. We also compare 

(per unit length) the radiated power loss to the kinetic energy 

entering the blast wave per unit time[10] and find values of 3 x 

109 Jm-1s-1 and 2 x 108 Jm-1s-1 respectively. This agrees with our 

experimental conclusion that the blast waves are fully radiative. 

In fact, the radiative flux is larger than the kinetic flux, possible 

in a blast wave because there is an initial energy provided in the 

explosion. 

Shock instabilities 

One of the main motivations for launching strongly radiative 

blast waves in xenon clusters is to drive a collapse of the shell 

and so spontaneously trigger shock instabilities. The first 

experiments at the Lawrence Livermore National Laboratory 

hoped to observe the Vishniac overstability[26,27] which causes 

oscillating ripples on the shock front and is thought to be the 

origin of complex structure in supernova remnants. In fact the 

shock shell collapse was prevented by electron heat conduction 

thickening the shell and also heating of the precursor lowering 

the strength of the shock. Furthermore, in a theoretical study[29] 

Laming showed a threshold velocity for the Vishniac 

overstability in xenon to be 25kms-1, higher than that attained in 

the Livermore experiment. This is somewhat of a catch-22 since 

to drive stronger shocks requires higher laser energies but this 

leads to more preheat which prevents high compression. In our 

recent campaign using Vulcan TAW we did see shock 

compressions which exceeded the non-radiative limit (c=4)[36] 

but were probably still insufficient for the shock to be unstable 

to the Vishniac mechanism. The solution may be to lower the 

density of the target so that the gas is less opaque to the 

radiation. We already have evidence[17] that this leads to higher 

energy loss and higher shell compression while reducing the 

size of the precursor. 

Another instability associated with thin shell blast waves is the 

thermal cooling instability (TCI)[28]. This arises when a shock 

enters a cycle of stall and recovery as it repeatedly loses energy 

through radiative losses but then rebuilds as it sweeps up the hot 

preshock gas. In astrophysical shocks unstable to the TCI it is 

predicted that the shock velocity will oscillate as it decays with 

a timescale of order 1000 years. To recreate this situation in the 

laboratory we must have energy exchange between the shocked 

material and its precursor. So the higher density cluster blast 

waves with very prominent precursors are ideal and the 

observation of an energy recovery phase indicates that the first 

stage of the process occurs even when we use low energy drive 

lasers (~100mJ)[9]. With the high drive energies used in the 

Vulcan TAW experiment, we measured full trajectories on a 

single shot[16] and observed oscillations which we attribute to  

NLTE LTE

<Z> 6.627 6.734

Fractional population 

of most abundant ions

Xe VII 0.356 0.312

Xe VIII 0.518 0.529

Xe IX 0.079 0.121

Rosseland mean 

opacity (cm2/g)

1.987e3

Planck mean opacity 

(cm2/g)

1.27e5

Radiative power loss 

(erg cm-3s-1)

Bound-

bound

5.61e17 8.86e17

Bound-

free

4.32e13 -

Free-

free

1.20e14 -

Total 5.61e17 8.86e17
 

Table 1. Calculations of radiative properties using the 

RAPCAL code 

this mechanism. For the TCI to occur, the cooling rate of the 

gas must be falling as the temperature increases (the cooling 

function Λ(T) ∝ Tβ has an exponent β<1). The radiative cooling 

rate for xenon is plotted against temperature in Fig. 5. The 

values up to 20eV are from a RAPCAL calculation and those 

above 80eV were obtained using the method of Post et al.[20]. 

For astrophysical conditions, β is commonly less than 1 but in 

the laboratory this is more difficult to achieve. This calculation 

suggests that if we could drive xenon blast waves to 

temperatures above 17eV then β < 1. The observation of the 

velocity instability on Vulcan was in krypton and these cooling 

rates are currently being calculated. 

Conclusions 

Since the potential of clustered gases for laboratory astrophysics 

experiments was recognized[8], we have explored avenues to 

exploit the versatility of the method. We have demonstrated 

techniques which are relatively simple to perform in clusters for 

single-shot trajectory measurements[16,36], creating shock 

collisions[12,15], imprinting periodic shock front modulations 
[15,18] and controlled pre-ionization of the upstream gas[7]. 

Spatial shock front instabilities are difficult to initiate in cluster 

blast waves because of low compression[9] but we have 

measured a velocity oscillation in krypton blast waves launched 

with high laser energy[36]. Unlike the Vishniac overstability, the 

velocity instability cannot be studied using the stationary shock 

piston approach as it involves a decaying shock. 

We have made progress in understanding the plasma conditions 

in the cluster blast waves. The system is complicated because it 

is not in equilibrium and cannot easily be classified as either 

optically thin or thick. We therefore have employed the 

RAPCAL atomic physics code which does not rely on these 

approximations. Ideally this will be coupled to simulations with 

non-LTE, multi-dimensional radiation-hydrocodes but this 

presents a difficult challenge. 
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