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Laser beam-profile impression and target thickness impact
on laser-accelerated protons
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Experimental results on the influence of the laser focal spot shape onto the beam profile of
laser-accelerated protons from gold foils are reported. The targets’ microgrooved rear side, together
with a stack of radiochromic films, allowed us to deduce the energy-dependent proton source-shape
and size, respectively. The experiments show, that shape and size of the proton source depend only
weakly on target thickness as well as shape of the laser focus, although they strongly influence the
proton’s intensity distribution. It was shown that the laser creates an electron beam that closely
follows the laser beam topology, which is maintained during the propagation through the target.
Protons are then accelerated from the rear side with an electron created electric field of a similar
shape. Simulations with the Sheath-Accelerated Beam Ray-tracing for [oN Analysis code SABRINA,
which calculates the proton distribution in the detector for a given laser-beam profile, show that the
electron distribution during the transport through a thick target (50 wm Au) is only modified due to
multiple small angle scattering. Thin targets (10 wm) show large source sizes of over 100 um
diameter for 5 MeV protons, which cannot be explained by multiple scattering only and are most

likely the result of refluxing electrons. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2912451]

I. INTRODUCTION

The irradiation of thin foils with modern ultraintense
short-pulse lasers leads to—among other phenomena—the
generation of MeV-ion beams.'™ These beams contain par-
ticle numbers above 10'° in the MeV range, are short pulsed
(~ps) and, despite their use as a diagnostic (e.g., proton
radiographysf7 or nuclear physicss) they could have applica-
tions as compact particle accelerators’ or for proton fast
ignition.

Without special target cleaning techniques the pre-
dominantly accelerated ion species are protons from con-
tamination layers on the target surface.”” These protons get
accelerated because of the buildup of a dense sheath of en-
ergetic electrons at the nonirradiated rear surface of the tar-
get. The dense sheath results in an electric field on the order
of TV/m, which ionizes and accelerates the atoms at the rear
side. This acceleration scheme is known as the target normal
sheath acceleration (TNSA).'®

Recently it was shown that target thickness, target com-
position or laser pulse duration dramatically influence the
maximum beam energy and the spectrum.”_21 The ion beam
is always directed normal to the local rear surface of the
target with an emittance that is superior compared to conven-
tional accelerator beams.””** The protons are emitted in a
laminar fashion with a cone or parabolalike, decreasing angle
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of beam-spread with energy.”**>*

ion-beam quality is a smooth and hot electron sheath.

The hot MeV electrons are created in the laser focus at
the front side and were pushed inwards by the laser. The
copious amount of MeV electrons results in mega-ampere
electron currents that were transported from the front to the
rear side of the target. Two- and three-dimensional integrated
particle-in-cell simulations of laser-interaction with thin foils
(10 wm) show that the electrons propagate nearly ballisti-
cally through the target.28 However, some of them get a
transverse velocity and drift out of the direction given by the
laser incidence angle.29 Experimentally the transport full-
cone angle of the electron distribution was determined to be
dependent on laser energy intensity as well as target
thickness.*>! For rather thick targets (d>40 um) this value
is around 30° full width at half maximum (FWHM) (Refs.
32-34) at the laser intensities used in this article, whereas for
thin targets published values are in the range of 16° (indi-
rectly obtained by a fit, considering only the maximum pro-
ton energy35’36) and ~150° at most.”**® Just recently, it was
shown that different diagnostics lead to different electron
transport cone angles,30 so the question about the “true” cone
angle dependence with laser and target parameters still re-
mains unsolved.

The influence of the laser beam profile on proton accel-

A prerequisite for the high
2227
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eration was discussed in Ref. 34. There a uniform electron
transport in gold foils was experimentally found by using
laser-accelerated protons as a diagnostics. The authors as-
sumed that the bulk of the hot electrons follows the laser
focal spot topology and builds a sheath with the same topol-
ogy at the rear side. With a simple electrostatic model the
proton beam spatial profile, as detected by a film detector,
was simulated. The authors took the laser beam profile as an
input parameter and assumed the electron transport to be
homogeneous, with a characteristic opening angle that
needed to be fit to match the measured data. The unknown
source size of the protons was fit to best match the experi-
mental results. It was shown, that for their specific target
thickness and laser parameters, the fitted broadening angle of
the electrons’ sheath at the rear side closely matches the
broadening angle expected by multiple Coulomb small-angle
scattering. However, they could only fit the most intense part
of the measured beam and have neglected the lower intense
part that originates from rear-side accelerated protons as
well. Additionally, there is no information on the dependence
of these findings on target thickness.

In this article we therefore did further studies that con-
centrated on the influence of the transverse laser beam profile
on laser-accelerated protons. In one experiment the laser
beam profile was stepwise changed from the round, best fo-
cused spot to an astigmatic line focus. The influence of the
target thickness was probed in another experiment by keep-
ing the laser beam profile constant and by changing the target
thickness. In contrast to the experiments described in Ref.
34, we simultaneously measured the source size of the pro-
tons by using microgrooved targets similar to those used in
Ref. 22. The rear-side microgrooved targets allow, in combi-
nation with RCF imaging spectroscopy (RIS),” the energy
resolved measurement of the transverse beam profile and its
source size in one shot.”>*>%°

The article is organized as follows: Sec. II describes the
experimental setup. We show in Sec. III that for rather thick
targets (50 wm) the electron transport can be modeled by
assuming only multiple small-angle scattering. However,
thin targets (10 um) show a much larger source size than
expected, which cannot be explained by scattering only. A
discussion of the different broadening mechanisms leads to a
conclusion and outlook written in Sec. I'V.

Il. EXPERIMENTS

The experiments were performed with the TRIDENT la-
ser system at Los Alamos National Laboratory, NM, USA
and the Laboratoire pour 1’Utilisation des Lasers Intenses
(LULI) 100 TW laser at Ecole Polytechnique, Paris, France.
The 30 TW beamline of TRIDENT delivered 25 J in 800 fs
on target. The contrast ratio was measured to be 107 in 2 ns
before the main pulse. The laser with a wavelength of
1.054 pm was incident at a compound (i.e., tip 19.6° and tilt
22.5°) incident angle of =44° with respect to the target nor-
mal. An f/3 off-axis parabolic mirror focused the pulse to a
FWHM focal spot of 12 um, leading to an intensity above
10" W/cm?. The focal spot was measured with a high res-
olution, windowless active pixel sensor (APS) in comple-
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FIG. 1. (Color online) Photography and SEM images of the 50 um Au
target rear side. Whereas the front surface of the foil is flat, the rear surface
was micromachined with a diamond planer to obtain concave lines with a
distance of 5 wm and submicrometer groove depth.

mentary metal oxide semiconductor (CMOS) technology
without any optical imaging to avoid misinterpretation of the
beam profile due to aberrations. The pixel size of the detector
was 3.5 um with zero interpixel spacing and allowed to re-
solve the best focus. The position of the APS surface was
accurately controlled with a commercial interferometer to be
in the plane of the target surface.

The LULI 100 TW delivered up to 20 J in 300 fs on
target at a wavelength of 1.057 um. The contrast ratio is
1076 in 500 ps before the main pulse. The laser pulse was
focused at normal incidence with an f/3 off-axis parabolic
mirror to a FWHM focal spot of 6 um, that lead to intensi-
ties above 5 10" W/cm?. The image of the focus was re-
corded with a microscope system and a charge coupled de-
vice (CCD) camera. In both experiments the laser focus was
either best focused or—to measure the influence of its beam
profile on the proton beam profile—deformed to an elon-
gated ellipse by tilting the parabolic mirror.

The targets were thin (13-50) um gold foils with cham-
fered, equidistant grooves at the rear side. Due to manufac-
turing issues, the 13 wm and 20 um thick targets had a rear-
side line-spacing of 10 um, whereas the 50 um thick targets
had a line spacing of 5 wm. All targets had grooves with a
depth of less than 1 um. Figure 1 shows a photography and
scanning electron microscope (SEM) images of the rear side
of a 50 um thick foil. The microstructure of the rear surface
leads to a so called microfocusing of the ions that follow the
local surface normal in the initial phase of the acceleration.”
Later on the ion beam expansion follows the global target
normal. The microfocusing causes perturbations in the trans-
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FIG. 2. (Color online) Proton energy deposition response functions of a
RadioChromic Film (RCF) stack consisting of one layer of HD-810 and
seven layers of MD-55, covered with 25.4 um aluminum. Due to the unique
energy loss characteristics of ions in matter with the Bragg peak at the end
of the range, each RCF layer can be attributed to a small energy interval of
0.5 MeV for HD-810 and 1 MeV for MD-55, respectively.

verse proton flow and those in turn lead to density modula-
tions in the detector.”>*

This method of imaging the target surface can be used to
directly determine beam properties like real source size, di-
vergence angle, and transverse emittance in a single shot.
Additionally, it is possible to reconstruct the shape of the
accelerating electron sheath. In order to measure the change
of the proton beam-profile with the target thickness, the
thickness was systematically increased from 13 to 50 um
while keeping the laser parameters constant. For probing the
influence of the laser beam profile the target thickness was
kept constant at 50 um and the laser beam was changed as
described above.

The accelerated protons were detected with a Radio-
Chromic Film (RCF) stack’® that was placed behind the tar-
get at either (23.5+ 1) mm at the TRIDENT or (42*+ 1) mm
at the LULI. The stacks consisted of one layer of type HD-
810 and seven layers of MD-55 at the TRIDENT; and one
layer of HD-810 and ten layers of MD-55 at the LULI, re-
spectively. Since during the laser-target interaction parasitic
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radiation and target debris is created, the RCF stacks were
wrapped in 25.4 um (TRIDENT) or 17.8 um (LULI) Al-foil
for shielding. A RCF is sensitive to all ionizing radiation, but
it is most sensitive to protons due to their higher stopping-
power compared to electrons or x rays. Heavy ions only
penetrate the first layer.

The ions deposit most of their energy at the end of their
range in the Bragg-peak, so a stack of RCF layers can be
used as a two-dimensionally imaging spectrometer. The
energy-loss response functions of protons for the stacks used
in these experiments were calculated with a ray-tracing algo-
rithm that uses tabulated energy-loss values from the SRIM-
2006 code package.39 The algorithm divides the whole energy
range to be calculated [here (0-15) MeV] into 0.01 keV en-
ergy bins. Those energies are then used as initial energies.
For each initial energy the code subsequently calculates the
stopping in every RCF, taking into account the different
compositions of the different types. The deposited energy in
the active layers is then plotted versus the initial energy. This
is shown in Fig. 2. Each layer has a lower detection threshold
where the energy deposition quickly rises and then slowly
falls off, representing an “inverse” Bragg-curve. MD-55 has
two maxima because of the two active layers in the film. Due
to this peaked energy deposition profile, every RCF layer can
be attributed to a small energy interval with a width of
1 MeV for MD-55 and 0.5 MeV for HD-810, respectively.

lll. EXPERIMENTAL RESULTS

First we show the results obtained with a round, best
focused laser-beam spot. The laser system was the LULI
100 TW. With a nearly diffraction limited laser focal spot,
shown in Fig. 3(a), with FWHM=6 um, laser energy E;
=15.4 J, intensity I=5.6 X 10" W/cm?, and a target thick-
ness of 50 um with 5 wm grooves at the rear side, the re-
sulting proton beam is round and smooth; see Fig. 3(b). This
is a result of the uniform laser focus as well as a smooth
electron transport, first demonstrated by Fuchs et al** The
microstructured grooves on the target surface were imprinted
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FIG. 3. (Color online) (a) Round laser focus profile (LULI No. 25, FWHM=6 um, E;=15.4 J) that was used to irradiate a 50 um Au foil. Its rear side
grooves with 5 um distance could be imaged into the RCF that was placed at 42 mm distance. (b) The resulting proton beam profile (5 MeV) is round, and

the source size is 75 pm.
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FIG. 4. (LULI No. 25) Source-size dependent energy distribution (O) from
a 50 um Au foil, see Fig. 3 for the laser parameters. The plot shows the
energies normalized to the maximum energy of 16 MeV. The contrast of the
lines did not allow us to deduce the source size of the most energetic pro-
tons. The highest resolvable energies were emitted from a source size
<20 wm. The increasing source size with decreasing energy can be fitted by
a Gaussian (- - - -) with 60 um FWHM.

in the beam and result in vertical lines with higher dose in
the RCF image. The real source size can be derived by
counting the lines and by multiplying with the known dis-
tance of the surface grooves. This was done for every RCF
layer, hence it lead to an energy-dependent source size deter-
mination. Figure 4 shows the source-size dependent energy
distribution (O), with the energies normalized to the maxi-
mum energy of 16 MeV of this shot. The highest energies
were emitted from the smallest source. The decrease of the
source size with energy exhibits a Gaussian distribution with
a FWHM of 60 um. These data are comparable to results
published in Ref. 22.

Next the laser focus was changed from best focus to a
line focus, while the target thickness was kept unchanged.
When the laser was defocused to form an elliptical line [Fig.
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5(a)], the proton beam profile followed; see Fig. 5(b) of the
RCF image of 5 MeV protons. The most intense part of the
beam in Fig. 5(b) roughly resembles an ellipse like the laser
beam. Note that the orientation of the proton beam ellipse is
perpendicular to the laser beam ellipse. This can be under-
stood by following the argument in Ref. 34; the divergence
angle of the protons is largest where the gradient of the elec-
tron sheath is strongest, that in turn has a similar shape as the
laser beam profile. Therefore the transverse acceleration is
strongest along the short half-axis of the sheath ellipse and
weaker along the long half-axis.

The elliptical part (in one direction) of the 5 MeV pro-
tons has four to seven lines, depending on which part of the
dark area is assigned to the ellipse. The corresponding source
size is then (20-35) wm, that is very close to the size of the
laser focus. Note that even the lower intensity part of the
beam shows lines. The visibility of the lines demonstrates
that these protons originate from the rear side and have to be
considered in an analysis, in contrast to Ref. 34. Addition-
ally, the full-beam envelope is relatively round. The source
size of the full beam is deduced to be (85 5) um for these
5 MeV protons. This analysis was done for all RCF layers to
obtain the full-beam source-size dependent energy distribu-
tion shown in Fig. 6. It can again be fitted to a Gaussian as in
the case with a round laser focus. The FWHM of the source
is 92 um, that is larger than the source size with a round
focus. The targets were made out of the same foil, so the
increase in source size can only be a result of the larger laser
focus. Larger absolute values of the source size were ex-
pected due to the larger laser focus. However, the round en-
velope, similar angle of beam-spread and “Gaussian-type”
decrease with increasing energy as in the case with round
foci shows, that the electron sheath envelope and accelera-
tion was the same in both cases, independent of the laser
beam profile. The laser beam profile nevertheless had an in-
fluence on the spatial beam profile, but it seems to have the
character of an initial perturbation, bending the lines inside
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FIG. 5. (Color online) (a) Line laser focus profile with (80X 10) um axes length that was used to irradiate a 50 um Au foil. The laser energy was 15.3 J
(LULI No. 26). (b) The resulting proton beam profile shows the laser imprinted ellipse and a relatively round beam with lines. The source size is 75 um, and

the size of the elliptical region is 35 um in one direction.
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FIG. 6. (LULI No. 26) Source-size dependent energy distribution (O) from
the shot of Fig. 5. The energies are normalized to the current maximum
energy of 11 MeV. Although the laser was shaped to a line focus, the proton
beam was relatively round. A Gaussian fit (- - - -) similar to Fig. 4 can be
applied with a FWHM of 92 um.
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due to a central nonradially symmetric part in a radially sym-
metric sheath.

We now examine the change of the proton beam profile
with target thickness. The experiments were performed at the
TRIDENT laser facility. The resulting proton beam profiles
with an elliptical laser focus are shown in Fig. 7. The laser
beam profile is shown in Fig. 7(a) with (108.5 X 28) um axes
length and was the same for all shots, as well as the laser
energy and pulse duration. For comparison we only show
RCF images of 5 MeV protons. Figures 7(b)-7(d) show the
results with the target thickness increasing from 13 um (b)
via 20 um (c) to 50 wm (d). The color map was optimized
for maximum contrast of each film individually. For an en-
hanced visibility of the grooves imaged in the RCF, semi-
transparent lines have been overlapped in (b)—(d). In (d) the
target was rotated as in Fig. 8. Whereas for thin targets
(13 wm) the elliptical laser beam profile is the most domi-
nant part of the proton beam [see Fig. 7(b)], for thicker tar-
gets the elliptical part becomes less pronounced and the en-
velope becomes rounder. The source sizes of all 5 MeV
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FIG. 7. (Color online) Influence of target thickness on proton beam profile. (a) The laser was defocused to an ellipse with eccentricity 4 and an intensity of
2.5 10" W/cm?. (b) For a 13 um thick target the ellipse in the proton beam profile is clearly visible, and the image shows 5 MeV protons. The beam profile
of the 5 MeV protons becomes more symmetric with increasing target thickness from 20 um (c) to 50 wm (d), and the elliptical part moves to the center. In
all three cases the laser focus was kept unchanged. For an enhanced visibility of the grooves imaged in the RCF, semitransparent lines have been overlapped

in (b)—(d). In (d) the target was rotated as in Fig. 8.

Downloaded 29 Jun 2010 to 130.183.91.154. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



053101-6 Schollmeier et al.

150

140

130
£120
&
=110

100

L -
b

81010 120 130 140 150 160 170 180 190

X (nm) a)

90

\

angle (°)

f/

-15
-20

5
-25-20-15-10 -5 0 5 10 15 20 25

angle (°) C)

y (um)

angle (°)

Phys. Plasmas 15, 053101 (2008)

120
100
80

60

height (p m)

40

20

Be
4
2

150

b)

0
30 50 70 90

X (um)

110 130

5
-25-20-15-10-5 0 5 10 15 20 25

angle (°) d)

FIG. 8. (Color online) Simulated proton beam profile for a 50 wm thick Au target. The laser focus (a) is taken as an input parameter, and the intensity of this
shot was 7.3 X 10'® W/cm?, resulting in hot electrons with a temperature of 1 MeV. The broadening due to small-angle scattering leads to a smooth rear side
electron distribution (b), which in turn shows a smooth simulated proton image (c) that closely reproduces the measured 5 MeV proton image (d). The 15 um
height of the sheath was fit so that the divergence of the simulated and measured beam overlaps. The ring visible in (d) is a result of the transmission scan

through the two active layers in MD-55.

protons are (130*=10) wm, (110%=30) wm, and (90 = 20)
pm for the 13, 20, and 50 wm targets, respectively. It is
interesting to note that the 5 MeV proton’s source size de-
creases with target thickness. The divergent electron
transport30’31 should lead to an increasing source size with
target thickness. The maximum energy was approximately
7 MeV in all three cases, but with weaker and smaller beam
imprints of the maximum energy protons with target thick-
ness. We cannot determine the maximum energy accurately,
since the RCF stack’s energy resolution of =1 MeV is weak
and therefore is rather subject to error. We know from the
experiments described above, that protons have a decreasing
source size with increasing energy. In the case here the beam
spot of protons slightly decreased with target thickness.
Since we have only considered 5 MeV protons, independent
of the maximum energy, we assume that the data for thicker
targets represents protons closer to the maximum energy,
therefore their source size must decrease with target thick-
ness. The RCF stack’s energy resolution was not sufficient to
fit a Gaussian to the measured data, therefore we cannot
deduce a FWHM source size as in the cases above. We can
estimate it, however, since we know the source size of the

5 MeV protons and we know the maximum energy is be-
tween 6 and 8 MeV. Therefore 5 MeV energy represents
protons between 62.5% and 83% of the maximum. We know
their source size, so this allows us to calculate the FWHM
source size. It is =(140%30) wm for the 50 wm target and
~(200=45) pwm for the 13 wm thin foil. Therefore we can
conclude that the whole source size decreased with increas-
ing target thickness, although the electrons have divergently
propagated through the target, which resulted in a larger area
of electron presence. Since there is no difference on the front
side for all three cases, i.e., laser parameters as well as the
target’s front side were not changed, we can assume that the
same amount of energy was transported from the laser to the
rear side. However, for thicker targets the volume occupied
by the electrons is larger, hence the electric field strength
became less with increasing target thickness. Therefore
5 MeV energy was closer to the maximum with increasing
thickness, which explains the decreasing source size with
increasing thickness.

Additionally, the increasing target thickness results in a
smoother proton beam profile with less impact of the laser
beam profile, i.e., the elliptical part of the beam becomes less
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pronounced, moves more to the center of the beam profile
and the background becomes more symmetric with target
thickness.

In summary, we have observed that the shape of the laser
beam profile influences the intense part of laser-accelerated
proton beam profiles, while the beam envelope stays rela-
tively round. In addition to that, the resulting beam is
smoothed and more symmetric the thicker the targets are. For
an explanation of these findings we have developed a model
that is described in the next section.

A. Model

A full 3D model of the electron generation and transport
in our experiments is beyond the capacity of current com-
puter codes and needs a more simplified approach. We de-
veloped the Sheath-Accelerated Beam Ray-tracing for IoN
Analysis code SABRINA, which calculates the shape of the
proton distribution in the detector for a given laser beam
profile. The physical picture is as follows.

The laser interacts with the electrons of the preplasma
formed by the prepulse and transfers a large fraction of its
energy to hot electrons.*’ The hot electrons are approximated
by a Boltzmann distribution with a temperature (i.e., average
kinetic energy) of

12
kBThm=mc2(1 +2—U§> . (1)
mc
In this equation the following laser ponderomotive potential
U, is used:'® U,=9.33X 1071 [W/cm*]\* [um?] eV.
Since for the elongated astigmatic foci there is no simple
way to obtain the intensity by taking just the FWHM, the
intensity of the laser pulse was calculated by counting all
pixels above 50% of the maximum. This value was used as
the area of the focus. The intensity is then just the laser
energy divided by the pulse duration and this area. It was
assumed that the spatial distribution of the hot electrons
closely follows the laser beam profile, with an average elec-
tron energy that was calculated with Eq. (1). The huge
amount of MeV electrons results in a MA electron current
that is transported through the target. Integrated 3D hybrid
particle-in-cell (PIC) simulations of laser interaction and
electron transport with thin foils (10 wm) show that the elec-
trons propagate nearly ballistically through the target,28
whereas 3D simulations by hybrid-PIC without laser-
interaction and thicker foils*’ indicate a collimated transport
guided by magnetic fields and possible filamentation of the
electron current into beamlets. However, most of the experi-
mental results (see Refs. 30 and 31 for a short summary)
show a divergent electron transport. Therefore, and for sim-
plicity, we neglect a possible collimation by a magnetic field.
Nevertheless, due to the solid-state density of the cold target
there will be collisions by the electrons with the background
material that tend to broaden the electron current distribu-
tion. This contribution of multiple small-angle scattering
leads to an angular broadening of the electrons. In this article
we have used Moliéres theory of multiple scattering by
Bethe*' to calculate the broadening of the electrons. After
passing the target the electrons form the dense sheath at the
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rear side that accelerates the protons. In the framework of an
electrostatic, quasineutral ideal two-fluid model* the electric
field driving the expansion only depends on the gradient of
the electron pressure tensor
-V V(nnoksT,
E.= Pe _ (nhotkp hot). )

€Npot €Npot

The angular direction of the protons therefore depends on the
gradient of the electron sheath,

V}’lh t
Qprot * = (3)
Mpot

The algorithm takes the laser beam profile as an input. The
broadening due to small-angle scattering is represented by
convolving the electron distribution (i.e., the laser focus im-
age) with a Gaussian angular distribution with a FWHM
angle from Moliére’s theory at an energy that corresponds to
T}o- The result represents the electron sheath at the rear side;
this is then divided into a grid. For each grid element the
normal direction is then calculated. In our approximation of
a quasineutral plasma the longitudinal electric field is propor-
tional to the height of the sheath. Therefore the higher energy
protons originate from the outer region (in longitudinal di-
rection) of the sheath.

Similar to the model of Ruhl ef a the effect of the
grooves at the rear side was included as a sinusoidal pertur-
bation S« in the angle of expansion,

25
L,

| 2mx
Sa=A sm(T), (4)

with a periodicity N of 5 um or 10 wm and an amplitude A
fit to the data (the amplitude just controls the visibility of the
lines). Depending on the initial line orientation at the target
the perturbation was taken either in the x- or y-direction.
The height of the sheath cannot be calculated by taking
the laser beam profile measurements. Since the protons ex-
pand in the direction of the sheath normal, we use the mea-
sured angle of beam spread to adjust the height of the sheath
until the simulated beam fits the measured one. The model
therefore allows us to reconstruct the shape of the plasma
sheath that determines the proton’s angular expansion.

B. Application

Figure 8 shows the application of our model to an ex-
periment with a 50 um Au foil that had 5 um grooves at the
rear side. Figure 8(a) shows the measured laser focus with an
intensity of 7.3 X 10'"® W/cm?. The ponderomotive potential
is 0.75 MeV, that results in a hot-electron temperature of
1 MeV. The full angular broadening of the hot electrons with
a kinetic energy of 1 MeV then is 68° FWHM. We have
assumed that only the upper 70% of the sheath contribute to
the 5 MeV protons that were measured in the experiments.
This value is motivated by the argument that protons above
5 MeV are between 62.5% and 83% of the maximum energy.
It is worth noting that below 60% of the sheath, it has—due
to the Gaussian shape—a reflection point that leads to rings
in the image as pointed out by Brambrink e? al.”® Those rings
were not seen in our experimental data.
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The resulting distribution at the rear side is shown in
Fig. 8(b). A best fit with SABRINA to the experiment is ob-
tained by adjusting the height of this sheath to 15 um; see
Figs. 8(c) and 8(d) for a comparison of 5 MeV protons. The
height of 15 um is comparable to values already published
in the literature’ and leads to an acceleration time on the
order of a ps. In both model and experiment the source size
can be deduced to be (95 = 15) um. Although the broaden-
ing angle calculated by small-angle scattering reproduces
this experimental data point, this value does not fit for dif-
ferent energies of the protons. The maximum proton energy
was =7 MeV with a source size of 65 um. As mentioned
before, there could have been higher energy protons, above
7 MeV and below the detection threshold of the next RCEF,
with less source size. The 7 MeV protons’ source size im-
plies an electron transport cone angle of 24°, that is close to
the value reported in Ref. 34 with a similar target but for a
lower proton energy. However, a SABRINA simulation with
this small angle does not reproduce the measured beam pro-
file. The measured profile instead can be reproduced by tak-
ing the broadening of 68° FWHM and only the upper 5% of
the resulting rear side sheath. A test with different shots in-
deed shows that beam profiles for the highest-energy protons
can be reproduced by taking only the upper few percent of
the simulated sheath profile. The profiles for lower energetic
protons then can be simulated by subsequently taking more
of the sheath.

This leads to the following physical picture: The electron
sheath is fully developed before significant expansion of the
protons occurs. The protons with the highest energy are ac-
celerated by the strongest part of the electric field that has its
maximum in the center. The accelerating electric field ampli-
tude decays like a Gaussian in the transverse direction, there-
fore lower energy protons originate from larger sources, see
Fig. 4. The height of the sheath determines the angular
expansion.

Next we compare this model with data from experiments
with 13 um thick Au foils. We try to reproduce an experi-
mental result from TRIDENT (/=2.5X 10" W/cm?, Upona
=0.26 MeV, T;,=0.7 MeV). The angular broadening due to
multiple small-angle scattering is 42° FWHM. Figure 9(a)
shows the measured laser beam profile. The proton beam
profile is shown in Fig. 9(b). Despite the ellipse due to the
laser beam profile the lower part of the image shows vertical
lines from the grooved target surface. The source size of this
part is 130 wm. In the upper part the former vertical lines
were bent to the left, and they have less contrast than the
lines in the lower part. The large source size would imply a
very large electron transport cone angle of 148° FWHM, that
is more than two times the angle by small-angle scattering.
Indeed, neither a SABRINA simulation with broadening due to
small-angle scattering only [see Fig. 9(c)] nor a simulation
with 148° broadening [Fig. 9(d)] coincide with the measured
data. The shape of the image produced by the small-angle
scattering calculation roughly fits the intense elliptical part of
the measured data. The round part is reasonably reproduced
by the calculation with the large cone angle.

This could imply that two different proton beams over-
lap in the temporally integrating detector. If there had been

Phys. Plasmas 15, 053101 (2008)

two temporally separated populations however, the straight
lines from the large angle part should overlap with the ellip-
tical part and should be visible everywhere in the measured
data. A close inspection does not show any lines in the ellip-
tical part, although the RCF was not saturated. Instead, there
is a slight bending of the lines, that was even more visible in
different shots. Therefore we conclude that the image was
not produced by two different proton beams.

The measurements can be approximated however, by
keeping the broadening of 42° by small-angle scattering and
additionally by magnifying (interpolating) the laser focus im-
age up to the measured source size. This results in a rear-side
sheath that follows the laser beam topology. Figure 9(e)
shows the sheath, the height of 200 um was fit to result in a
beam divergence that matches the measured data. The result-
ing proton beam profile is shown in Fig. 9(f) and shows a
reasonable agreement with the experiment. For this repro-
duction of the beam profile the source size had to be in-
creased by a factor of 3. The most energetic protons of this
shot had an energy of 7 MeV with a source size of 80 um.
Again a SABRINA simulation shows that only the case where
we take the upper 5% of the sheath that was fit to the 5 MeV
protons shows good agreement. We find the same for thin
targets compared to thick ones for the experiments at LULI:
Our model can be used to reproduce the shape and source
size of laser-accelerated protons for thick targets. For thin
targets we can estimate the shape of the sheath by the as-
sumption of multiple small-angle scattering, too. However,
the size of the resulting sheath must be increased several
times (up to a factor 5) to match the measured source sizes.

IV. DISCUSSION

There are several physical mechanisms that can be re-
sponsible for the large source sizes that were measured with
thin targets. First there could be some transverse spreading of
the electrons at the rear side, as reported recently by McK-
enna ef al.** The velocity of the spreading observed there is
constant with =~3/4c¢ (where ¢ is the speed of light in
vacuum). The sheath for TRIDENT in the section above, is
about twice the size of the laser focus. This would corre-
spond to a time duration of the electron spreading of
50 um/2.25 % 10% m/s=222 fs if we assume a uniform elec-
tron velocity. This is a factor of 4 less than the laser pulse
duration, so it seems to have no relation with the laser. Ad-
ditionally, a constant spread velocity of the sheath would
result in an isotropization of the elongated sheath, since the
thin side will—relatively to its initial size—expand much
more than the long side, leading to a decrease in aspect ratio.
The SABRINA simulation from above, however, shows that
the aspect ratio of the sheath closely follows the laser beam.
Therefore a transverse spread as reported in Ref. 44 seems to
not explain the results in this work.

Another possibility could be the existence of two differ-
ent electron populations like those measured by Gremillet ef
al.® and just recently by Santos et al.*® They report about a
fast, strongly collimated (jetlike) hot MeV-electron beam and
a second, much broader electron bulk component. Although
their measurements were either done with insulating glass
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FIG. 9. (Color online) Simulated images for a thin 13 wm Au target. (a) The laser focus was taken as an input, and (b) shows the measured beam profile for
5 MeV protons. Semitransparent lines have been overlapped to enhance the visibility of the grooves imaged in the RCF. (¢) The simulation with broadening
due to small-angle scattering only shows a strongly deformed proton beam profile, (d) whereas a broadening with @=148° up to the measured source size of
130 wm shows a beam without ellipse. (¢) The measurements can be simulated, however, by magnifying (interpolating) the laser focus image to the measured
source size and by taking a broadening due to small-angle scattering for homogenization. This results in a rear-side sheath that closely follows the laser beam
topology. The height of 200 wm was fit to result in a beam divergence that fits to the measured data. (f) The resulting proton beam profile shows a reasonable

agreement with the experiment.

targets at high laser energy45 or aluminum foils at low laser
energy,% two electron populations could exist in our experi-
ments at high laser energy and gold foils, too. Both electron
populations expand fast enough to overlap at the rear side
and could contribute to the proton acceleration. However, as

stated by Ref. 46 the collimated feature contains only very
little energy around 1% of the laser energy, compared to the
35% energy contained in the bulk part. In addition to that is
the bulk’s divergence angle of 35° = 5° determined there too
small to explain the findings in our experiments.
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In this discussion we should not forget the influence of
the front-side injection and recirculation of the hot electrons.
Since the sheath field at the rear side is convex (e.g., like a
Gaussian), it can act as a weak focusing lens for the reflected
electrons. At the front side they can either enter the area of
the laser focus again or they will be pushed back into the
target by the charge-separation field at the front side. This
can lead to an increase of the sheath density and temperature,
hence to an increase of the electric field. Electrons with a
velocity close to the speed of light can travel back and forth
(reflux) of the thin target for about 10 times during the laser
pulse duration of =1 ps. The range of 1 MeV electrons in
(cold) gold is =150 um,*® so the electrons keep refluxing
when the laser is off until their energy is lost. Recirculation
effects are much less important for the thick targets where
the electrons travel only 3 times through a 50 um foil while
the laser is on. Measurements and modeling of Cu K, x-ray
emission and electron transport by irradiating copper foils
with similar intensities as in this article support this
argument.49’50 Additionally it is possible that the electrons
were injected with a certain angular distribution. The injec-
tion depends on the preplasma profile as well as on the laser
beam topology and therefore is hard to estimate and needs a
fully detailed three-dimensional computer simulation.

V. CONCLUSION AND OUTLOOK

In summary, we reported about protons accelerated from
thin, microstructured gold foils with nonaxially symmetric
laser-beam foci. The asymmetric laser beam results in asym-
metric proton beam profiles. The energy resolved source size
of the protons was deduced by imaging the beam perturba-
tions from the microgrooved surface into a RCF detector
stack. It was shown that the protons with the highest energies
were emitted from the smallest source. When the laser focus
size was increased, the proton source size increased as well.
For symmetric as well as asymmetric laser beam profiles, the
source-size dependent energy distribution in both cases could
be fit to a Gaussian. This lead to the conclusion that the laser
beam profile has no significant contribution to the general
expansion characteristics of laser-accelerated protons, but it
can strongly modify the transverse beam profile without
changing the angle of the beam spread.

For a more detailed analysis of the experimental results
we developed the Sheath-Accelerated Beam Ray-tracing for
IoN Analysis code SABRINA, which takes the laser beam pa-
rameters as input and calculates the shape of the proton dis-
tribution in the detector. The electron transport was modeled
to closely follow the laser beam profile topology and a
broadening due to small-angle collisions was assumed. It
was shown that broadening due to small-angle collisions is
the major effect to describe the source size of protons for
thick target foils (50 wm). In contrast to that, thin target foils
(13 wm) show much larger sources than expected due to
small-angle collisions. The physical reason behind this ob-
servation stays unclear and is most likely the result of elec-
tron refluxing.

We conclude that the shape of the sheath at the rear side
of the thick targets can be estimated by a simple model of
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broadening due to multiple small-angle scattering, but it fails
for the description of the sheath broadening in thin targets.
However, a clear answer of the physical mechanism behind
the large source sizes and sheath profiles can only be ob-
tained by a full-scale integrated three-dimensional computer
simulation that contains the laser-plasma interaction as well
as the electron transport, which is beyond the possibilities of
this work and is left for the future.

The results obtained in this work are useful for optimi-
zation of applications as, e.g., proton radiography or proton
fast-ignition (PFI). In proton radiography a homogeneous
smooth beam profile without modulations is necessary. Thick
targets lead to homogenization of the proton beam profile,
but the sheath becomes weaker and therefore the maximum
obtainable energy is reduced, hence the temporal resolution
due to the time-of-flight of the proton beam radiography be-
comes worse. Thin targets however increase the maximum
proton energy, but the influence of the laser beam focus on
the proton beam profile is much stronger and sheath broad-
ening leads to source sizes that are comparable to source
sizes of thick foils.

We have shown that the imprint of the laser beam profile
affects the intense part of the proton beam profile. This effect
must be present in cases with a round focal spot, too. There-
fore a focal spot with a sharp peaked laser beam profile will
result in a strongly divergent proton beam as observed in the
experiments. The findings also explain that in cases where a
collimation of the proton beam is required, e.g., PFI or the
injection of the beam into a postaccelerator, not only a
curved target surface®™? is necessary, but a large, flattop
laser focal spot is indispensable to produce a flat proton-
accelerating sheath.
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