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ABSTRACT: Due to their particular properties, the beams of multi-MeV protons
generated during the ‘interaction of ultraintense (I >10" W/cm?) short pulses with thin
éolid targets are most suited for use as a particle probe in laser-plasma experiments. The
recently developed proton imaging technique employs the beams, in a point-projection
imaging schefne, as a diagnostic tool for the detection of electric fields in laser-plasrﬁa
interaction experiments. In recent investigations carried out at the Rutherford Appletdn
Laboratory (RAL, UK), a wide range of laser-plasma interaction conditions of relevance
for Inertial Confinemenf Fusion (ICF)/Fast Ignition has been explored. Among the results
obtained we will discuss: the electric fielci distributipn in laser-produced long-scale
plasmas of ICF interest; the measurement of highly transient electric _fields related to the
generation and dynamics of hot electron currents following ultraintense laser irradiation
of targets; the obseryation ibn .underdense plasmas, after the propagation of ultfaiﬁtense
laser pulseé, of structures identified as the remnants of solitons produced in the wake of

the pulse.



- INTRODUCTION

The research aimed to Inertial Confinement Fusion (ICF), has on one hand driven the
study of many importanf' physical _phenomssa; on the ofher haﬁd has led to the
develo_pmeht of sophisticated diagnostics’able to detect such procésses. Diagnostic
development is fundamental in order ts face the continuous challenges prese’nted‘by these
studies. New diagnostics may lead to novel interpretatidns of known and unexplained-
physical phenomena, demonstrate phenomena predicted theoretically but not possible to
observe with prsviously available diagﬁostics, or even highlight processés not predicted
by present theory. :This paper.v will presen; a novel diagnostic, proton ‘imaging {11,
providing for the first time the possibility of diagnosing eléctric fields in dense plasmas
and laser-irradiated targets, andv therefore sf contributing significantly fo the advance of
ICF studies. For example, the possibility of accessing directly electric field distribuﬁons
in dense plasmas may shed new light onbissucs as hydrodynamic and _eiectromagrietic '
instabilities highly detrimental for ICF. The technique has great potential for access to the v
complex and yet unexplored electromagnetic field distributions in indirect drive target
assemblies. In a Fast Ignitor context, it can contribute to the study of the electron
dynamics and transport following ulfraintense laseréplasma interactions, via detection of
the ultralarge e.m. fields associated to the electron motion. |
This paper will illustrate how the proton imaging diagnostic has been employed for the first
time to study a number of dense plasms processes of intefest to ICF, and in particular, to
achieve the first electric field measuremshts in'dehse plasmas. The experiments have been

carried out mainly using the VULCAN laser at the Rutherford Appleton Laboratory (UK), but .



some tests have also been performed employing the JanUSP laser at the Lawrence Livermore

National Laboratory (CA).

EXPERIMENTAL PRINCIPLE AND PROTON PROBE PARAMETERS

This technique employs protons produced during ultraintense interactions’ [2] >to
probe, in a point projection imaging S_cheme, dense plasmas and laser-irradiated targets.
The proton beam cross-section profile and spectfal content will in general undergo |
variations due to collisional stoppiﬁg/scattéring [3] and to deflection/slowing-down due
to electromagnetic fields. Therefore proton pfobing can be us‘ed' as a diagnostic of the

| density variations encountered along the propagation directibn of the beam. This type of
diagnosis, generally cailed proton radiography [4], has been pursued sinqe the lﬁte '60s

' employing prdtons accelerated via conventional means (linear or cyclotron accelerators).

Laser-produced .protons have certainly gréat ﬁotential as a density diagnostic in thick -

targets, but this is nqt the subject of this paper. In the limit of thin targets (i.e. when

probing target assemblies with thickness much smaller than the collisional stopping

distance for the protons employed), probe beam perturbafion Will be mainly dﬁe to the

e.m. fields present in or éround the targeté, The results presented in this -pap.er have been

obtained in tﬁis limit, and therefore the technique has been named proton imaging, both

- to distinguish it ffbm what is conventionally called proton radiography and to indicate the k

intrinsic imaging properties of this d_iagnosti_c. As a matter of fact, the techniqﬁe exploits

* the favourable characteristics of the muiti-Mev proton beams emerging from the back of

thin foils irradiated by high-intensity, short laser pulses [2]. There is presently a



- widespread "interest in the study of the properties of these beams and the mechanisms
originating them, and several récent papers deal with these issues both from an
experimental and theoretical point of view [2, 5-7]. Although the precise accelerating
mechanisms are still object of scientific debate, there is conimon agreement on the fact
that the protons are accelerated by the electrostatic field set up‘byvfast elclacltrons
. propagating into or leaving the target.. |

_ Althdugh some. general characteristics are common to all experimentél 6bservations,
the detailed properties of the beams depend bpth from the parameters of the laser used t0 
produce ﬁem énd'tﬁc;' chéracteristigs of the targets employed, and careful programs of
beam optimizatioh are presently pursued by various groups. In the following, unless
specifically declared, we will refer to the parameters of the proton beams obtained in the
VULCAN laser éxpériments.‘ This 1aser [8], operating in the Chirped Pulse Amplibﬁcation
mode (CPA), provides 1.054 um, 1 ps pﬁlses with enérgy up to 100 J . When focused by
a an F/3.5 off-axis parabola (OAP), the focal spot varied between 8 and 10 pm in
diameter at‘full width at half maximum (FWHM), containing 30-40 % of the energy, and
giving intensities up to 5-7x10" W/em?. The targets used .for broton beam production
were Al foils, 1-2 mm wide and -3 - 25 pm thick. It should be remembered here thét
proton beams are observed even from metallic targets (in this case they originate frorri
impurity layers on the target's surfaces [9]). The CPA interaction pulse, was focuged
onto the centre of the main target, at an éhgle of incidence of 15° with the target normal.

The proton beams produced under tvhese‘conditions were bright, typically containing

more than 10" protons with energy above 3 MeV per shot [7]. The energy of the protons

typically reached about 25 MeV and their spectrum could be approximated by a



Boltzmann exponential with T ~ 3- 4 MeV. The beams were highly directional,
propagating along the normal to the back surface of the target with small angulér
divergénbe (the collimation increaseé with the energy, and the divergence is less than 10';
above l.O’MéV). |
During the expériments the source size of the proton béam has been estiméted using
van'oué methods, including penumbral edgé féchniques. The source size is smailer at the
highest enefgies; at present we estimate that the source is smaller than 5 gm diameter for
~ energies above 10 MeV. As we will also see in the next section there is the issue if the
observed source is real or rather a virtual one (with the pr_otons emitted from a larger
area, but with finite ang‘ularvdivergence and spread). In any case, the measured source
size is small enough to permit the iniplementation of point-projection imaging schemes,
and sets the spatial resolution of the diagnostic. |
The duration of the proton pulse at the source is predicted by the theory to be of the
order of the pulse duration. Experimental evidence that it was below 5 ps_has been
obtained [10]. |
All these properties ‘are-highly desirable if the pfoton beam is employed as a probe
pulse. The idea of proton imaging is simple (see figl): as the proton beam origingtes ‘(or
appears to) from a smallvsource, when a thiﬁ object is placed between the source and a.
detector, there will be a one-to-one correspondence between the points of the object blane
and of fhe détectof plane (we aséume purely geometrical propagation for(tvh‘e protons). -
Distortions t‘olthis one-to-one. correspondence can be ascribed to deflections undergone
by the protons when crossing the object plane, and ultimately correlated to e.m.fields

present ‘in the object plane. The small source size and short duration ensure an



intrinsically high spatial and temporal resoiiifibn of the diagngééié. It should be noted
that, while obtaining comparable spatial resolution with proton beams from conventional
accelerators ‘requires sophisticated ﬁharged particle optics, a ps temporal resolution is
deﬁn_itély beyond the possibilities of applications employing such pulses (typicaily with
duration in the ns range). | |

The detector employed in the whole campaign consisted of a stack of several layers of
raciiochromic (RC) film [11]. The film used (Gafchromic MDSS) consists of 270 um
thick plastic containing a double layer of organic dye, which reacts to ‘ionizing radiation.
The equivalent dose of energetic protons stopped in the ﬁlm can be measured from the
changes in optical density undergone by the ﬁlm, yielding. information on the numbér and
energy of the protons. By using them in a stack, each lajrer of film acts as a ﬁl{er for the.
following layers. Since pro.tonsv deposit énergy mainly in the Bragg peak at the end of
their range, each RC ﬁlm ‘layer spectrally sélects a narrow range of proton energies.
25um A_l filters were placed in front of the first layer of film giving a minimum
detectable proton energy of about 3 MeV. Nuclear traék detectors such as CR 39 [12]
were also 'ﬁsed to insure that the signal observed on RC film was effectively due to
protons (and not to electrons or x-rays).

As the detector can provide 2-D; spectrélly resolved information about the proton
intensity distribution across the beam cross-section, the broad spectrai content of the
beam does not ‘represent a problem. It is actually be an advantage when probing evolving
field distributions, aS, due to the differeht propagation velocity of thé variqus energy
- components, the protons will be spread temporaily when they reach the object plane. As

the detector performs spectral selection, each layer will convey information pertaining to



different stages of the target evolution. Therefore, as it will be seen later, the technique is

intrinsically multiframe.
STATIC IMAGING AND SOURCE INVESTIGATION

If thick solid obstacles are plac:d in the beam a shadow of the object is obviously
produced in the proton beam, due to collisional stopping in the target. However, it was
observed that a shadow forms even when objects with thickness much smaller than the
proton penetration depth were used, for example 5 to 25 um diémeter Cu and Au wires.
In particular, mesh arrays of wires were employed for a number of tests. The meshes
were parallel to the main target, i.e. perpendicular to the proton beam.

The shadow of a mesh formed By 25 pm wires spaced by 100 um is. shown in fig.2(a),
obtained with 20 MeV protons. The distance between the proton source and the mesh was
d=1_ mm, while the first of the radiochromic film layers was positioned at L=22 mm from
the source. The optical density modulation observed is of the order of 0.2 (fig. 2(b)). The
collisional stopping distance of 20 MeV protons in Cu is about 800 pm, and the
collisional energy loss for such energetic protons in 25 um of Cu is just AE/E ~2 10'4.
Such a variation is too sfnall to produce any detectable effect on our diagnostic. Under
these conditions scatterihg is also unimportant, therefore the shadov; observed must be
due to some different effect. Our present interpretafion is that the mesh charges up
positively, under the effect (via impact ionization or charge polarization) of electrons

_ejected from the main target during the CPA interaction, reaching the grid ahead of the

protons. The protons are then deflected by the electric field at the surface of the wire,



piling-up beside the region of minimum transmission (see fig.2(b)). An estimate of the
linear charge A on'the mesh has been obtained from the deflection, giQing A~ 10 C/m.
The obécfvatiOn of the mesh nﬁagniﬁcation on the detector provides important
informétion on the nature of the source. If the source were locatg:d-at the plane of the
target, the magnification would be given by Mg=1+L/d, with d and L respectively the
source-to-object and object-to-detectﬁr distances. However, the magniﬁcati§n is
consistently /lower than this value, both in the VULCAN measurements thén in more
recent JanUSP measuréments. We believe that this may be due to the fact that the source
is virtual and placéd a distance x befor’e the target. In this case the magnification would
be given by Megp=1+L/(d+x) < Mg. The deviation of the magniﬁ_caﬁon .observed
experimentally from Mg is consistent with x~ 400 pm. This .implies that the protons are
emitted from a regioh of the target significantly larger fhan th¢ source size, but With a
~ fixed divergence. For example, taking an emittance angle of 10° the diameter of the

region emitting the protons would be around 70 pm.
TRANSIENT FIELD MEASUREMENTS

The high temporal resolution of the diagnoétic makes it ideal to study‘ highly transient
fields, such as, for example, the ones arising from the electroh dynamics following
intense, short pulse interactions. Such measurements were carried out by exploiting the
possibility of splitting the VULCAN CPA pulse in two beams (CPA; an.d CPAZ),
focusable with separate optics along separate lines. Due to set-up constrains, the energy

content of each pulse had to be limited to 20 J, giving intensities of about 10" W/em®.



The temporal separation of the two pulses could be varied shot-to-shot. The CPA; pulse
was used to produce a proton beafn from an Al fdil, and the proton beam was used to
probe, transversely, the interaction of the CPA; pulse with solid targets or preformed
plasmas. |

Particularly dramatic.éffects were observed probing the interaction of the CPA, pulse
with small diameter metal wires.b Fig.3 shows proton images of the interaction with a 50
pm Ta wire. The RCF layers shown (second layers of the RCF stacks, corresponding to
proton energies of 6-7 MeV) have been obtained in separate shots for different CPA,-
CPA, delays. When the. proton probe arrived on target before the CPA, interaction pulse
(e.g., t=-10 ps, first image in fig.3), only the shadow of the Ta wire, thick enough to slow
down the protons is visible, with some small effect visible in the interaction regioﬁ due to
preplasma present ahead of the interactio.n. However wheh the probe is coincident with
the interaction (2™ image of fig.3) a dramatic effect is observed, With the protons being
| deﬁected away from the wiré surface, which charges up due to hot electron expulsion.
The chargé is seen to decay in a few teﬁs of picoseconds, as filamentary structures
(horizontal striations) are seen to appear. The onset of pronounced symmetrical
horizontal features above and below the interaction axis is also detected. Such structures
may be reiated to the rédial expansion of shocks fol]oWing the interaction, likely

presenting non-neutral regions at their leading front.

From the proton deflection, quantitative information on the charging-up and-
discharge processes can be obtained. This is more easily done in an even simpler

geometry. In fig. 4 proton images tak_én after the ultraintense irradiation of a 150 um



glass micro-balloon are shown. The three imégés are obtained on three consg:cutiye layers
of RC film in a single shot, and provide én example of the multiffame property of the
diagnostic. In coincidence with the interaction, a shadow, much larger than the target,
| appearé in the image, due to the proton deﬂ‘ection by the othardly directed electric field.
By matching the deflection to the calculated deflection for protons propagating in a
Coulomb field [13], we have obtained the first mc_aasurement of positivc whole target
charge-up dﬁe to the expulsion of fast electrons during the interaction [14]. Tﬁe charge at
t=0 was esﬁmated to be Q~ 2 10°® C. The corresponding electric field at the taréet surface
is E ~ 10" V/m. A rapid discharge was obsefved, likely to be due to the retum.into the

target of some of the hot electrons previously expelled.

}

Oﬁ a comparable timescaie, the onset of filamentary structures at the target
éurface after the intefaction is observed. The filamentary structures are first seen 10-20 ps
after the inte’raction, and appear as striations extending outwards along the normal to the
target surface, even far away from the interaction region. This is clear iﬁ fig 4(b) where
the filaments start to appear, and in fig.34(c), where they have fully grown. In ﬁguré4 (c)
the filaments are seen Both side-on and face-on (as a speckled pattern inside the shadow).
The transverse wavelength of the modulation is aboﬁt 10 um and is more or less const;int

over the whole field of observation.

The observations are consistent with the growth, at the surface of the target, of an
electromagnetic heat-flow instability [15], arising in presence of two counterstreaming
~currents. The electrothermal instability [16], which takes place in presence of counter-

streaming flows of collisionless hot electrons and cold collisional electrons is particularly



relevant to our experimental conditions. In fact, such a situation will take place at the
surface df the laser-irradiated targef When'the fast electrons ejecfed dufing the interaction
flow back into the solid away from the focal spot region ("fountain effect" [17]), and an .
opposite hot electron current is drawn from the target to maintain neutrality. As the
| instability causes magnetized filamentation of both hot and cold cufrents, the effect is
imprinted on the prc;to'n beam via the associated electric ﬁelds, transverse to the
filaments. The instability grows at the target surface and the perturbations are transported
out by the expanding plasma. Essentially the magnetic fields are frozen into the ablating
plasma. Ref.16 provides order of magnitude scaling laws (which are iﬁdependent from

the intensity of the hot electron flux) for the growth rate o and the transverse wavelength
. L ;
A of  the modulation,  i.e. Ot[s"l]=2.8-1_0 8nOZ/ATe/2,

Alm]=241- 1010 7;2 \/Z/nOZ ng and T, are density and témllneraturelof the cold
electrons, Z and A charge and atomic number of the tafget material. For examﬁle,,by
using‘ the density of solid glass (ng~ 5 102 m™), Z and A for Si (main constituent of the
glass target) and Te= 500 eV, one obtains o' ~ 15 ps and A ~ 5 um, of the order o‘f the

observations.

Proton probing of the field structurés arising after the interaction of the ulfraintense CPA,
pulse with preformed plésmas was also carried out. the plasmas were produced by
exploding thin plastic foils (0.3 um thick) wifh two 1 hs , 0.527 pm laser pulses ata
total irradiance of about 5 10'* W/cm?® The delay between plasma formation and

interaction was typically 1 ns.



The main feature observed in the proton images was the onset of several bubble-like
structures fo.llowing closely the intefaétion. A proton image of the plasma recorded 50 ps
éfter the CPA, interaction, and obtained with 8 MeV protons, is shown in Fig. 5. 4-5
bubble-like structures are clearly visible at the centre of the.plasma'. A large structure
with radius of appro_ximately 50 pm is séen at the centre of the picture, W_ith other 5
smaller str‘uctureé tightly packed around it. The structures are first observed in |
coincidence with the interaction. No structures have been clearly observed at later times. |
The "bubbles” corrésponds to unexposed regions of the RCF, i.e. regions of the proton
beam cross section from which protons have been evacuated. As the aerial density of the
matter crossed by the beam is ihsignificant compared to the stopping range of the protons
employed, it is reasonable to aséume.that the bubbles are obsefved in correspondence of
plasma regions wheré localized electric field, with a component transvéfse to the proton
. propagation direction, are present. The regibn where the bubbles are present extgnd for
about 300 um in the transverse direction and for about 150 pm in the longitudinal
direction. They are theréfore observed eQen 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 héé been observed [18]. |
This causes fractions of the laser energy to be spread as far as' 150 pm from the
propagation axis in the piasma central plane. It is therefore ‘reasona_ble to assume that the
spatial scale of the area occupied 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.



Spherical structures, which we believe can explain our observations, hévé been predicted
by recently published Particle in Cell simulations. The simulations, studying the
propagation of ultraintense laser pulses through underdense plasmas, h‘ave shown the
appearance of a number of solitons in the wake of the laser pulse [19]. By solitons, here
we mean small cavitated regions of plasmas in which part df the e.m. radiation is trapped
as an effect of frequency downshifting of fhe energy-depleted e,m. wave. These
structures, originally with size of the order of the collisionless electron skin depth,‘ tend to
expand and merge together, originating "bubbles" substantially larger than the initial size -
(postfsolitons) [20]. The post-solitons contain a radial, outwardly directed, electrostatic
field. The effect of this field on protons propagating trough the bubbles -will_ be to deflect
them and create circularly shaped shédo'ws in the proton .density distribuﬁon as observed
in the experiment. Analytical calculations, PIC and particle tracing simulations have been -
used to support this interpretation , and will be the subject of a forthcoming paper. A first
estimate, baseci on s.imple proton tracing arguments, of the maximuni- field inside the

central bubble of fig. 5 yields E ~ 2 10° V/m.

FIELD MAPPING IN LONG-SCALE PLASMAS

Proton probing can be employed an important and novel diagnostic in conventio_'nal
Direct Drive ICF. In order to investigate its potentialities, proton imaging of long-scale
laser-produced plasmas of interest to ICF was also performed. The proton beam was

produced as usual from a 25 pm Al foil, and the secondary target also consisted of a 25



um Al foil. The plasma was formed by irradiating a 25um Al foil with a 527nm laser

pulse. The pulse had a flat-top inténsity profile and duration of 600ps. The pulse was

| ~ focussed with an /10 lens and the focal spot was modified from shot to shot in size and

intensity profile by changing the focussing of the lens and by inserting Phase Zone Plates '

in the beam [21]. Typical irradiances on target were of the order of 10'-10' W/cm?
Probing was performed both face-on and side-on (i.e. respectively with the proton
propagation axis parallel or perpendicular to the plasma symmetry axis). Additional
information on the plasma was obtained via transverse interferqmetry measmementé
‘using a 266hm laser beam with 1ps duratioﬁ. Figure 5 pr,esents. two RCF layers
corresponding to a proton energy of 17.6 MeV. Figure 5(a) shows a face-on image of a
solid target with no plasma: the foldiﬁg structures are due to the internal dynamics of the
. accelerating processes [22]. The presence of the target in the line of s'ight is not detected
because the areal density of a 25um Al foil is too low to affect signiﬁéantly the ion beam.
Figure 5(b) presents a face-on image taken at the peak of the plasma-forming laser pulse:
in this c’aée the protons going through the plasma are displaged ér scattered by the e.m.
fields preseht in the plasma. The récofded image clearly shows the footprint of these

procésses on the proton cross section. C,ompérison of these images with interferograms
taken in similar conditions indicates that geometrical magni'fivclation holds for our imaging
technique (within the_ limits pointed out in section 2). The structures and modulations
imprinted on the ion beam must reflect the electromagnetic field distribution present in
the plasma during the interaction, set-up‘ by electron motion under the effect of the laser |
,pulse; | |

The temporal evolution of the observed structures was recorded by changing the delay
between the plasma forming pulse and the CPA pulse. Images taken at the early stages of

the laser interaction show the formation of these structures, which become fully



developed towards the end of the pulse. Soon after the laser pulse is gone, the structures
disappear and the image closely resembles the one when no plasma is present. Side-on
images show that the structures extend from the solid density far out into the coronal

region. Wheﬁ the irradiation conditions of the target were changed, distinct modifications
on the recorded ion pattern were observed, indicating a close relations between the fields
experienced by the protons and the laser intensity profile. Face-on images show a fine
structure made of cells, the size of which varies with the properties of the focal spot. The
presence of a PZP introduces a fine-scale regular modulation on the laser profile, which
is transferred to the e.m.fields structures inside the plasma, and subsequently detected by
the ion beairi. A.s a matfer of fact, side-on shots reveal a regular modulation in image
intensity when PZPs are used.

Although several processes (laser impﬁnt, heat-flow instébilities, pa'rametric‘ insfabilities).
can in principle be responsvib'le for structures such as those mapped by the proton 'prbbe, it
is presently unclear which amongst these is the dominant process. Mbodelling‘is presently
undergoing with th»e aim of reconstructing the field distribution producing the. structures
observed, and individuate the dominant process céusing them. Preliminary analysis using
a 2-D charged-partiéle tracer, has been carried out. By assuming tubular E-field
structures, like the ones that could be induced by laser hot spots, it has been found that E-
fields of the order of 5 10° V/m are required to reproduce patterns similar to those

observed.

CONCLUSION

Proton imaging is a diagnostic with enormoﬂs potehtial for the investigation of
‘fundamental plasma physics problems, which were difficult (or even impossible) to

explore up to now. By using this diagnostic, for the first time measurements of transient



electric fields in dense plasmas has been obtained, determining their evolution on a
picosecond scale with micrometric spatial resolution. While extracting the field
generating the proton pattern is relatively straightforward in simple geometrievs,l the

interpretation of more complex patterns, as those caused by propagation through long-

scale laser-driven plasmas, will require use of numerical tools, including particle tracing,

PIC and hydrodynamic codes. Detailed analysis and modelling is presently undergoing.
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Figure Captions:

Fig.1. Experimental set-up imaging set-up for proton imaging. The CP.A1 laser j)u_lse was
used to produced the profon beam. In part of the campaign a second CPA pulse (CPA;)
was available and focused on the object target in ordgr to produced highly transient
fields.

Fig.2 - (a) Shadow of a 25 pum wires mesh with 100 pni separation, obtained wifh 20
‘MeV protons onto RC film. (b) Lineout of optical density across the mesh shadow.

Fig.3 - Temporal evolution of proton images of the interaction zone for  different
interaction-probing delays. The target was a 50 pm Ta wire and the eﬁergy of the protons
employed was 6-7 MeV. The delay between CPA, interaction and probing is indicated
above ¢ach of the pictureg. Spatial scales for both the target and the image plane (betWeen
brackét) are indicated. | |

Fig.4 - Proton images taken following CPA-irradiation of a 150 pm glass micro-balloon.
The original size énd position of the target are indicated by the black circle in fig 4(c);
Each picture refers to subsequent RCF layers (i.e. different proton energy Ep and
different probing delay Dt from the interacti'on); (a) Ep~ 8 MeV, At~ 0; (b) Ep~ 6-7

MeV, At~10 ps; (c) Ep~ 3-5 MeV, At~20-35 ps.



Fig.5 - a) Proton image taken (using 8 MeV protons) 50 ps after the CPA, interaction
with an underdense preformed plasma. b) Sketch explaining the main féatures of a).

Fig.6 - Beam cross section for 17.6 MeV protons éfter propagation: (a) through a 25 uni
Al cold foil (b) through a long scale plasma formed by long pulse laser irradiation of the

25 um Al foil.
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