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Figure 2. PPIs of the interaction region at different times obtained in two

different laser shots. The x and y coordinates refer to the object (interaction)

plane, which intersects the probe axis at (x, y) = (0, 0). The images (a) and
(b) have been obtained from the same shot at an intensity I = 4.0! 1018 W cm"2,
while (c) and (d) correspond to a shot with I = 1.5! 1019 W cm"2. The signal in
the frames is mainly due to protons (of energies E = 13, 12.5, 13 and 12MeV

in (a)–(d), respectively) reaching the Bragg peak within their active layers. The

time labels give the probing time of the protons propagating along the probe axis

[t0(E)], relative to the time of arrival of the peak of interaction pulse at the plane
x = 0µm. White (dark) regions correspond to lower (higher) proton flux than
the background. The labels indicate the most prominent features: (I) the bullet-

shaped leading edge and (II) the central region of the ‘white’, positively charged

channel; (III) the ‘black’ line along the axis, indicating a region of field inversion

inside the channel.

the propagation axis before the high-intensity interaction (see figure 1(b)), broadly consistent

with the neutral density profile of the gas jet [24] suggests complete ionization of the gas by the

ASE prepulse.

3. Experimental results

Figures 2(a)–(d) show four sequential PPIs of the interaction region. The laser pulse propagates

from left to right. A ‘white’ channel with ‘dark’ boundaries is visible at early times (figures 2(a)

and (b)). The leading, ‘bullet’ shaped edge of the channel, indicated by the label I in figures 2(a)

and (b), is seen moving along the laser axis. In the trail of the channel, the proton flux

distribution changes qualitatively (figures 2(c) and (d)), showing a dark line along the axis
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conditions in terms of CPA2 intensity and pulse duration
and wire material and diameter. The wire itself, however,
was modified so as to lie an angle ! ! 30" 0:5# to the
vertical. As a result, the protons forming the bulk of the
signal on a given RCF layer, all traveling at the same
velocity, will have probed different points along the wire
at different times based on their initial elevation angle
relative to the zero level ". In this way, continuous obser-
vation of the target is provided.

As shown in Fig. 3, the motion of such an electric field
front up the wire is easily resolved on shot B. It moves
away from the CPA2 interaction point at vf !
$0:95" 0:05%c. The data presented here, hence, represent
the first experimental measurement of the velocity at which
field spreads over a target in an intense laser-solid interac-
tion. With its single-shot, multiframe capabilities, proton
radiography is arguably the only diagnostic currently avail-
able with which this measurement could have been made.

The observation of the propagation of this field front
away from the CPA2 interaction point at &c enables the
result of shot A, in describing the evolution of the magni-
tude of the radial electric field at the wire surface Es$t%, to
be interpreted as being caused by the flow of a transient
current past the zero level, the magnitude of which may be
shown by application of Gauss’s law and the continuity

equation to be given by I$t% ! 2#$0rwvfEs$t%. This cur-
rent, then, is calculated to rise to its peak value of 8.1 kA
before falling to below measurable levels (&1 kA) over a
temporal window of some 20 ps. At later times, I$t% will
relax further as laser-driven hot electrons recombine with
the wire plasma; ultimately, though, global neutralization
of the target is facilitated by the flow of negative charge
from the effectively infinite electron reservoir of the target
mount [6].
Integration of I$t% over time reveals the net total number

of electrons moving downwards past the zero level to be
N0 ’ 3' 1011. This contrasts starkly with the total number
of hot electrons predicted to have been accelerated by
CPA2 at the beam focus. The total number of hot electrons
accelerated can be estimated by the energy balance relation
Ntotal ! fE$kBTh%(1 [14], where f is the fraction of laser
energy absorbed by hot electrons, E the pulse energy, and
kBTh the hot electron temperature which is predicted by
I%2 scaling to be 1.4 MeV [15]. By assuming 20% ab-
sorption of laser energy into hot electrons, then [16], the
30 J CPA2 pulse is estimated to accelerate some 3' 1013

hot electrons at its focus. A large positive electrostatic
potential, however, will develop in the region of the inter-
action as the laser-accelerated hot electron population
streams to vacuum. Only the most energetic electrons
will escape the developing potential well of the target,
with the remainder returning to the wire under space-
charge separation.
An estimation of the number of electrons escaping to

vacuum may be made by developing a simple model of the
electrostatic forces at work in this system. If a Maxwellian
electron population is released from an initially neutral
sphere of radius r0, the sphere will develop a progressively
larger electrostatic potential as more electrons stream to
vacuum. By equating the minimum electron energy re-
quired for permanent escape to the depth of the electro-
static potential energy well at the sphere surface, the
fraction &1 of the Ntotal laser-accelerated electrons lost to
vacuum may be estimated by

ln&1
&1

! ( rc
r0

mec
2

kBTh
Ntotal;

where rc ! 2:82' 10(15 m is the classical electron radius
[17,18]. The main source of error in the calculation of &1
comes from the choice for r0. With this in mind, by setting
the value of r0 to the average of its maximum and mini-
mum possible values (the 62:5 'm wire radius and 5 'm
CPA2 spot radius, respectively), the total number of elec-
trons escaping to vacuum is estimated to be &1011. In
agreement with measurements performed under similar
experimental conditions [19], the model predicts that
&1% of the hot electrons accelerated at the CPA2 focus
are subsequently lost to vacuum. At 3' 1011, then, the
total number of electrons measured to have flowed past the
zero level toward the interaction point is consistent with

FIG. 3 (color online). (a) Selection of experimental (top) and
simulated (bottom) RCF data detailing the propagation of the
charging front away from interaction point on shot B. The front
position is indicated by the red arrows. The CPA2 interaction
plasma is visible to the bottom right of each experimental image
as a circular area of proton depletion. (b) Measurement of
distance from interaction point (d2) as a function of absolute
probing time (relative to the acceleration of the proton beam at
the source). The velocity at which the charging front moves
along the wire is measured to be $0:95" 0:05%c.
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brated radiochromic films (RCFs). The multilayer arrange-
ment of the detector together with the broad spectral con-
tent of the proton beam provided temporal multiframe
capabilities for the proton probing line within a single laser
shot.

Data exemplifying the typology of features observed in
proton images are shown in Fig. 1(a). As a rule of thumb
the electric fields are directed from the regions of a lighter
blue color compared to the background (zones of reduced
probe proton flux) towards the regions of darker blue color
(increased flux). A region of pronounced modulation in the
probe proton density, revealing a strongly modulated field
distribution, is observed to extend from the irradiated
target surface up to a distance !200–300 !m from the
laser focal spot (region I). Comparisons with optical inter-
ferometry data taken in dedicated shots and 2D hydro-
dynamic (POLLUX) simulations indicate that such a field
distribution is associated with the dense region (ne >
1018 cm"3) of the blow-off plasma produced by direct
laser ablation of the target (see also [7]). Away from the
target, in the low density background plasma (ne &
1015 cm"3), several different structures are observed (re-
gions II and III) which we interpret as shock waves prop-
agating ahead of the ablating plasma. Such structures
exhibit a spherical symmetry and appear to be radially
expanding from the laser focal spot. In the equatorial
region they are interrupted by the plasma channel created
by the laser beam propagation, which is likely to alter the
background plasma conditions therefore affecting the
shock formation and propagation in this region. At a
distance !500 !m from the target, a series of 4-5 very
localized arc-shaped modulations can be distinguished
[region II and detail 1(b)]. Each modulation has a thickness

of & 10 !m, while their relative distance ranges from !30
to !70 !m increasing in the outgoing radial direction.
Further away, at a distance of !1 mm from the focal
spot, a clear modulation is observed, which has on the
whole a semiannular shape with an average radius of
curvature R! 750 !m and a thickness "R! 50 !m [re-
gion III and detail 1(d)]. Both the localized arc-shaped and
the larger annular-shaped modulations consist of an annu-
lus of proton depletion delimited by two thin rings of
proton accumulation. This pattern reveals an electric field
distribution characterized by a first region where the field
points in the inward radial direction followed by a region
where the field points in the outward direction. In some
shots the annular-shaped modulation consisted of a peri-
odic succession of regions of proton accumulation and
depletion, revealing an oscillatory field distribution [region
III, detail 1(h)]. Typically such an oscillatory packet had a
width of !80–90 !m with a characteristic oscillation
length of !30–40 !m, and therefore 2-3 oscillation peri-
ods could be distinguished. All these structures were ob-
served to expand at a velocity V ! 2–4# 105 ms"1, with
the larger amplitude modulations moving at a larger ve-
locity. The shock velocity was measured within single
laser shots, as the shock front position appeared to be
different in different RCF layers corresponding to different
probing times. Note also that if we take the ratio between
the shock front width and the shock velocity as a char-
acteristic time for the shock motion "R=V > 102 ps, its
value well exceeds the time of flight of the probe protons
through the shock front, b=vp ! 10 ps (where b ’
2

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$R% "R=2&2 " R2

p
! 390 !m is the average extension

of the electric field distribution along the probe proton path
and vp is the probe proton velocity), implying that the

FIG. 1 (color online). (a) Typical proton imaging data taken at the peak of the interaction pulse with protons of 7 MeV energy. Note
the strong modulation associated with the ablating plasma in the region I and the modulated pattern ahead of the shock front possibly
associated with a reflected ion bunch in the region IV. The arrow indicates the laser beam direction. (b)–(c) Detail and RCF optical
density lineout corresponding to the region II showing modulations associated with a train of solitons. (d)–(k) Details of the region III
and correspondent lineouts of the probe proton density "np=npu, reconstructed electric field E, and reconstructed normalized ion
velocity u=cia in the case of an ion acoustic soliton (d)–(g) and of a collisionless shock wave (h)–(k) (the collisionless shock detail
corresponds to a different shot not shown here for brevity).
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length. The interaction targets were bent in order to mini-
mize the deflections due to global target charge-up [7],
which would have prevented sampling of the accelerating
fields. The time delay between CPA1 and CPA2, and there-
fore the proton probing time, could be optically adjusted
with picosecond precision.

Proton probing techniques exploit the fact that the pro-
ton source, while being physically extended, is highly
laminar and hence equivalent to a virtual point source
[4,5]. In proton imaging, a point projection of the probed
region is obtained [7,8] with a spatial resolution set by the
virtual source size, which is typically of the order of a few
!m [4,5], and a magnification given by M ’ !L" l#=l [see
Fig. 1(a)]. In the experiment l was either 1 or 2 mm, while
L was $30 mm, giving M equal to either $30 or $15.
This technique is mainly sensitive to field gradients, which
are detected via proton density modulations in the probe
beam cross section. In proton deflectometry [8] a mesh is
additionally inserted between the proton target and the
interaction target in order to preimprint a periodical pattern
on the proton beam cross section. Proton deflections can be
measured from the mesh imprint deformation, providing a
direct measurement of the fields. The mesh employed in
the experiment was a 16:5 !m pitch, 5 !m bar width,
7 !m thick Cu grid placed at 1 mm from the proton target
(with l % 2 mm). The proton beams emitted from the two
targets were detected employing stacks of radiochromic
films (RCFs) [19]. The multilayer arrangement of the
detector provided a spectral and temporal multiframe ca-
pability [7], with a temporal resolution in the range 1–
10 ps, as set by the finite transit time of the protons through
the observed field structures.

In Figs. 1(b)–1(g) typical proton imaging data are
shown. In the images darker regions correspond to higher
proton densities in the probe beam cross section. Each
frame corresponds to a different probing time. Two quali-
tatively different structures can be seen developing in time.
Around the peak of the interaction of CPA1 with the bent
foil (t % 0) a transient, pronounced deflection of the probe
protons is observed [Fig. 1(c)]. The probing protons are
deflected away from the interaction target rear surface and

are redistributed over a bell-shaped extended region [dark
region indicated by arrow in Fig. 1(c)]. This deflection
vanishes after a few ps, as can be seen by comparing
Figs. 1(c) and 1(d). At later times a front expanding from
the back of the interaction target is observed. The front is
delimited by a bell-shaped thin region of proton accumu-
lation [dark region indicated by the arrow in Fig. 1(e)],
which becomes fainter as time goes on. Behind the front
the probe proton density is not significantly perturbed.

We interpret these data in the framework of the TNSA
model [14–18]. The initial transient deflection can be
attributed to the predicted strong electric field associated
with the initial dense and hot electron sheath. Under the
assumption of small angular deflections, an estimate of the
peak electric field can be obtained from the formula hEi ’
2Ep"x=eLb, where Ep is the proton energy, "x is the
proton displacement in the detector plane, and b is the
length of the path traveled by the protons through the field.
The maximum deflection is experienced by the protons
which are displaced from the interaction target rear surface
to the apex of the bell, that is, referring to Fig. 1(c), "x$
4 mm. Taking into account that Ep $ 10 MeV, b$
100 !m (as roughly given by the curvature of the target),
and L % 29 mm, the peak electric field on axis can be
estimated as $3& 1010 V=m. Note that this value is spa-
tially and temporally averaged over the proton path, im-
plying that the maximum field is much larger, as predicted
by numerical simulations of thin plasma expansion into a
vacuum (see below). In the same framework the pattern
observed at later times [Figs. 1(e)–1(g)] relates to the
predicted expanding proton front [16–18]. The piling up
of the probe protons is due to the sudden drop of the
electric field ahead of the front. The fact that the dark
line delimiting the front becomes less marked at later
time is consistent with the expected increase of the field
gradient scale length. Finally, the fact that the probe proton
density behind the front is not significantly perturbed
suggests the absence of strong field gradients in this region
[16–18].

These results were confirmed and set in a more quanti-
tative form with the use of proton deflectometry measure-
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FIG. 1. (a) Experimental setup. (b)–(g) Typical proton imaging data at probing times $' 4, 0, 3, 7, 13, and 25 ps, respectively, and
(h) proton deflectometry data. The magnification was 30 in (b)–(d) and 15 in (e)–(h). The scales refer to the interaction target plane
(scale on detector is M times the scale given in the figure).
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Fig. 3 RCF images of foam targets following CPA interaction. The
density of the foam is indicated in figure. Timing relative to the inter-
action is indicated below the figures. The hemi-circular shadow on the
right side of the images is due to the half-washer enclosing the foam
(see Fig. 2), while the vertical white band at the centre of the images

corresponds to the foam-vacuum interface. Beside plasma expansion
from the interface into the vacuum, the images clearly show filamen-
tary structures appearing inside the bulk of the target. The cone con-
taining the filaments expanding from the interaction point is indicated
by the red lines on the right of the figure

Fig. 4 Comparison between the
experimental data and
preliminary particle trace
simulation. (a) RCF image
shows the evolution of the
filamentation inside the foam,
!5 ps after the interaction. The
density of the foam target is
100 mg/cc. (b) A particle
tracing simulation attempting to
reproduce the features observed
in the experimental data. These
simulations use peak electric
field (radial inside the
filaments), !109 V m"1 and
peak magnetic field (azimuthal
around the filaments) !103 T
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employed in some experiments to study the response of
plasmas and solid targets to ultraintense, ps irradiation
[12]. For a schematic of the experimental arrangement
see Fig. 1 of Ref. [10]. The distance between the proton
foil and the interaction axis was d ! 1:5 mm, while the
detector was placed at L ! 21 mm from the proton foil,
yielding a point projection magnification M " 14. CPA1
had energy up to 1.2 J, and was focused to intensities of
about I ! 5# 1019 W=cm2 onto a 6 !m Al foil. CPA2
had 0.5 J energy, and was focused with an f=3 off-axis
parabola (I at focus " 5# 1019 W=cm2) on a second
target. The delay between the two CPA pulses could be
controlled with ps precision. The LOA high-intensity pulse
is preceded by an amplified spontaneous emission (ASE)
pedestal starting about 4 ns before the pulse peak, with a
main-to-prepulse contrast ratio better than 107. Because of
the effect of the ASE forming a cold plasma atmosphere
ahead of the high-intensity laser pulse, the main pulse
interacts with a preformed plasma rather than with a solid
target [13]. The experiment was performed in a vacuum
chamber evacuated down to a pressure in the range 0.1–1#
10$3 bar. Under these conditions, the laser pulses propa-
gate through a tenuous air gas on their way to the intended
targets. The proton beam produced using the CPA1 pulse
contained energies up to about 5 MeV. The detector em-
ployed to reveal the proton beam intensity cross section
and the modulations imprinted after propagation through
the plasma was the CR-39 nuclear track detector [14]. The
detector was shielded with a 75 !m Al foil, in order to
select protons with energy around 3 MeV. The tracks
produced on the CR39 by the single protons can be re-
vealed by etching it in a NaOH solution under controlled
conditions after exposure. As a result, one can map on the

detector surface the track density, yielding the proton
density distribution across the beam cross section. The
CPA2 beam was focused onto the surface of Al or CH foils
of variable thickness. The interaction region was probed
with the proton beam at different times before and after the
arrival of CPA2 on target, with the aim of identifying the
signature of plasma structures induced by the high-
intensity propagation. Distortions in the proton density
profile can be ascribed to EM field structures present in
the plasma traversed by the interaction pulse. The spatial
resolution (typically a few !m) with which the small scale
EM structures can be mapped is related to the source
emittance [15], while the temporal resolution (typically a
few ps) is given by the transit time of the protons across the
region where the fields are present. Several structures were
observed in the data. In this letter we concentrate our
attention on a striking feature observed for tens of ps after
the pulse propagation in the tenuous plasma preceding the
target in the wake of the focusing pulse. In Fig. 1(a) a
proton projection image of the region in front of the target
taken 20 ps after the interaction is shown. Frame (a) is a
reflection scan of the etched CR39 (darker regions corre-
spond to higher proton densities). The spatial scale used in
Fig. 1(a) refers to the dimensions in the interaction plane.
A clear modulated pattern is observed within the cone of
the focusing laser pulse along the propagation direction.
The pattern extends for several hundred of microns and
terminates at a distance of about 300 !m from the in-
tended focus, when it encounters a circular structure sur-
rounding the focal position on the target. The period of the
pattern varies slowly along the propagation axis and is of
the order of " 25–30 !m. The modulation in proton den-
sity corresponding to two peaks of the quasiperiodic struc-

FIG. 1. (a) Proton projection image of the region in front of the laser-irradiated target, taken 20 ps after the interaction. The picture is
a reflection scan of the exposed CR 39; (b) Detail of the image in frame (a), (c) Profile of the proton track density along the direction
indicated by the arrow in (a); (d) Detail of the pattern observed at the back of a 0:9 !m Mylar target 20 ps after the interaction. The
detail shown was located at a distance of about 200 !m from the original target plane.
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This ex-

periment was carried out on the femtosecond LULI laser at

Ecole Polytechnique, France, Fig. 1(a) shows a schematic of
the experimental arrangement. In this experiment a 300 ps

duration interaction beam with 1 mm wavelength and 50 J

energy was focused at an irradiance of 5!1015 W cm!2

onto the surface of a 125 "m tungsten wire target. The fields
produced during this interaction were diagnosed by passing a

million electron volt protons through the plasma region at

90° to the interaction beam onto a multilayer film pack

(side-on imaging). The proton beam was produced by focus-
ing a 20 J pulse, of duration 300 fs and 1.054 "m wave-

length at a solid tungsten target at an irradiance of 1

!1019 W cm!2. Protons, which were accelerated from con-

taminants on the rear surface of the target passed through a

grid before passing through the interaction plasma. By track-

ing the deviations of these grid elements small angular pro-

ton beam deflections can be quantitatively evaluated. Com-

parison of these deflections with simple proton ray tracing

models allows the field structure to be extracted from the

deflectograms.

Figure 1(b) shows a proton deflectogram obtained from

10 MeV protons passing through the plasma, 150 ps before

the peak of the interaction pulse. The laser is incident from

the right and the plasma is the semispherical object roughly

200 "m in diameter in the center of the image. Electromag-

netic fields inside the plasma have deflected the protons in a

radially symmetric manner, away from the center of the

plasma. These deflections lead to apparent enlargement of

the periodicity of the mesh, by roughly a factor of two. In

essence the plasma is acting like a negative lens by providing

a magnified image of the mesh. Another striking feature of

this image is the large pile up in proton signal just on the

outer boundary of the plasma. These features are both con-

sistent with a radial electric field deflecting protons away

from the center of the plasma, as will be shown in the next

section.

III. (LSP) AND LASNEX SIMULATIONS

The experimental images were interpreted with the aid

of two-dimensional (2D) Lasnex hydrocode14 and (LSP) hy-
brid fluid-(PIC) code simulations.15 Lasnex was used to

model the evolution of the plasma density and temperature

conditions with self consistent B fields while LSP was used

to trace the proton beam through the plasma to post process

the electric and magnetic field profiles to compare directly

with the experimental images. The utility of proton ray trac-

ing as an interpretation tool for deflectometry was tested us-

ing an analytic electric field geometry. Figure 2(a) shows a
schematic of a LSP simulation of a point source of 7 MeV

protons propagating through a spherically symmetric region

containing a radial E field with constant magnitude of 1

!109 Vm!1 and with the same transverse dimension as in
the experiment. After traversing through this simulated

plasma region, the protons were transported to a film pack

5 cm away-as in the experiment. A simulated image at the

film pack, shown in Fig. 2(b), closely reproduces the data
with both the pile-up effect of protons at the edge of the

FIG. 1. (Color) (a) Schematic of deflectometry experiment undertaken on
the LULI laser at Ecole Polytechnique, France. The interaction beam creates

a plasma which is then probed by protons created by a second femtosecond

laser pulse focused onto a surrogate target. The proton beam is broken up

into hundreds of small beamlets as it passes through a 1500 lpi mesh before

traversing the plasma. (b) 7 MeV Proton image showing distortions of the
mesh as the protons pass through the plasma region.

FIG. 2. (Color) Hybrid PIC code simulations of protons traversing a spheri-
cally symmetric region containing a radial electric field. (a) Geometry of the
simulation, the region has the same transverse dimensions as the experimen-

tal plasma and the relative positions of the proton source and detector match

the experiment. (b) Simulated Image on film pack. The distortions in the

mesh closely match the experimental data shown in (c), in terms of the
radially symmetric increase in effective magnification of the mesh elements

inside the plasma, the pile up in proton signal at the outer edges of the

plasma, and the barrel type distortion of the mesh elements inside the

plasma. (c) Experimental data.
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FIG. 1. (a) Experimental arrangement. (b), (c), (d) Proton images of the preformed plasma taken with 6 7 MeV protons, respec-
tively: (b) 25 ps; (c) 45 ps; (d) 95 ps after the CPA1 interaction. The scale refers to dimensions in the object plane. The dashed line
indicates the dimensions of the preformed plasma defined by n ! 0.01ncr (at l ! 1 mm).

irradiation conditions proton bursts are emitted (in this
particular case with energies up to 10 MeV and tempera-
ture 1.5 MeV) normal to the back surface of the target
with small angular divergence and with ps duration [4–6].
As the proton source is small, the proton probe could be
used in a point-projection imaging arrangement with the
magnification determined by 1 1 Z"Zs, where Z ! 2 cm
and Zs ! 2 mm are, respectively, the object-to-detector
and object-to-source distances [3]. The spatial resolu-
tion was determined by the apparent size of the proton
source, which has been found to be smaller than 10 mm
via penumbral edge measurements, while the temporal
resolution was found to be better than 5 ps [7].

The proton detector employed consisted of a stack
of several layers of radiochromic (RC) film [8], namely
MD-55 GafChromic, with a 25 mm Al filter placed in
front of the first layer of film. The RC film (RCF) con-
sisted of 270 mm thick plastic containing a double layer
of organic dye, which reacts to ionizing radiation. The
diagnostic use of stacks of RCF for obtaining spectrally
selected information on the equivalent dose of the protons
stopped is described in Refs. [3,6]. Basically each RC film
layer of the stack contains information relating mainly to
a particular, narrow range of proton energies. A further,
low energy fraction of the CPA pulse was frequency
quadrupled and used as a transverse optical probe, alterna-
tively to the particle probe. Interferometry was performed
along this line using a modified Nomarsky interferometer,
which allowed density characterization of the preformed
plasma. The peak density of the plasma was inferred to be
#0.1 0.2$ncrit at l ! 1 mm from self-consistent plasma
expansion models [9] and its longitudinal extension was
of the order of a mm. By adjusting the delay between
the CPA1 and CPA2 pulses, it was possible to probe the
plasma with the proton beam at different times following
the interaction. The main feature observed in the proton
images (i.e., the proton-beam intensity cross section after
propagation through the plasma) was the onset of several
bubblelike structures following the interaction. Proton

images of the plasma obtained with 6–7 MeV protons
and recorded, in different shots, at various delays after
the interaction are also shown in Fig. 1: 5–6 bubblelike
structures are clearly visible at the center of the plasma in
Figs. 1b and 1c corresponding to delays of 25 and 45 ps
after the CPA1 interaction. In particular, a large structure
with radius of approximately 50 mm is seen at the center
of Fig. 1c, with the other 5 smaller structures tightly
packed around it. The structures are first observed in
coincidence with the interaction. No structures have been
clearly observed at later times, as can be seen in Fig. 1d
taken 100 ps after the CPA1 interaction. The “bubbles”
correspond 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 insignificant compared to the
stopping range of the protons employed, it is reasonable
to assume that the bubbles are observed in correspondence
of plasma regions where localized electric field, with a
component transverse to the proton propagation direction,
are present. The region where the bubbles are present
extend for about 300 mm in the transverse direction and
for about 150 mm in the longitudinal direction. They are
therefore observed even far away from the interaction
axis and the vacuum focal spot region. It should be noted
that in similar interaction conditions, breakup of the laser
beam in several filaments diverging at wide angles has
been observed [10]. This causes fractions of the laser
energy to be spread as far as 150 mm from the propaga-
tion axis in the plasma central plane. In the presence of
this filamentary behavior, no efficient channel formation
process via Coulomb explosion following the interaction
was observed. It is therefore reasonable 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. The horizontal striations seen in Fig. 1b
are likely to be due to a different phenomenon, namely
electromagnetic instabilities initiated by the return current

135002-2 135002-2

Soliton formation 
M Borghesi et al, 
PRL, 88, 135002 
(2002) 



Proton source and propagation 

Backligher 
250 J, 700 fs 

Proton beam accelerated via TNSA 
-  laminar acceleration  good spatial resolution 
-  temporal resolution ~ pulse length 
- approx maxwellian spectra 

Copper or gold target 
50 µm x 2 mm x 2 mm 

Main 
interaction 

Film
 stack 

Proton probing with Omega EP 

M Borghesi et al, Rev Sci Inst, 74, 1688 (2003) 
M Borghesi et al, Laser and Part Beams, 20, 269 (2002) 



Proton beam detection 

Film layer Proton energy (MeV) time to reach interaction (ps) temporal spacing (ps) 
1 9 121.19 
2 10.6 111.82 9.4 
3 12 105.21 6.6 
4 13.4 99.67 5.5 
5 15.2 93.71 6.0 
6 17 88.74 5.0 
7 18.6 84.94 3.8 
8 20.6 80.84 4.1 
9 22.4 77.63 3.2 
10 25.1 73.49 4.1 
11 29.5 68.02 5.5 
12 33.5 64.03 4.0 
13 40.3 58.68 5.3 
14 46.3 55.00 3.7 
15 54.6 50.96 4.0 
16 61.9 48.12 2.8 

Temporal imaging window = 73 ps 
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•  Each film in the stack 
corresponds to a well defined 
proton energy 

•  High energy protons are traveling 
fast  arrive earlier 

•  Low energy protons are traveling 
slower  arrive later 

•  Proton images for a ‘movie’ of the 
interaction 

Proton probing with Omega EP 



Temporal considerations 

•  Relative short-pulse beam timings in Omega EP are assessed using 
UFXRSC (Ultra-Fast X-Ray Streak Camera) 

•  Relative long to short pulse timings can be assessed using PJX and 
XMON 

•  Protons take some time to travel from the source foil to the 
interaction (i.e. proton generation laser pulse needs to arrive before 
the main interaction) 

•  Jitter between backlighter and sidelighter pulses (due to different 
seed pulses) appears to be ≈ ± 20 ps 

–  Can be largely absorbed by the large temporal window of the film pack 
(73 ps) 

Proton probing with Omega EP 



50 µm thick

gold foil

Omega EP sidelighter beam

1000 J, 10 ps, 20µm radius spot

Omega EP backlighter beam

250 J, 0.7 ps, 20µm radius spot

Proton beam

aluminum

half-washer

5 mg/cc foam

Proton beam images inter-

action and is detected

using a radiochromic film

stack

Near-critical density plasma 

(b) (c)

5 µm(a) 5 µm

Foam structure 



Raw data

Enhanced image
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