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Abstract: In this study, we have presented proton energy spectra produced by such
high irradiance (1020 W/cm2) lasers interacting with a pre formed plasma in front of
the target and with solid targets without a pre formed plasma. The effects of the target
thickness and the generated plasma on the maximum energy and proton numbers are
assessed. It is observed that experimentally measured maximum proton energy and
number of protons have a dependence on target thickness and preformed plasma scale
length produced by prepulse laser with the irradiance of ∼ 1012 W/cm2. 2D EPOCH PIC
code simulation results of the energy spectra of protons are in a good agreement with
measured experimental results.

Ultra Yoğun Lazer-Katı Etkileşimleri Sonucu Üretilen Proton Enerji Spektrumlarının
İncelenmesi

Anahtar Kelimeler
Proton üretimi,
Lazer madde etkileşimleri,
Ultra yoğun lazerler

Özet: Yapılan bu çalışmada,ultra yoğun lazerlerin (1020 W/cm2) farklı kalınlıktaki katı
hedeflerle etkileşimi sonucu üretilen protonlar incelenmiştir. Ayrıca ana lazerden önce
kullanılan ve younluğu ∼ 1012 W/cm2 seviyesinde olan ikincil lazerle önceden oluşturul-
muş plazmaların, üretilen protonların enerji spektrumları üzerindeki etkisi araştırılmıştır.
Ana lazer tarafından ateşlenen katı hedeflerin kalınlığının, üretilen protonların yoğun-
luğu ve maksimum enerjilerine olan etkisi, ayrıca katı maddelerin ön kısmında (lazerle
etkileşimin gerçekleştiği bölge) ikincil lazer tarafından önceden oluşturulan plazmaların
hızlandırılan protonlar üzerindeki etkisi çalışılmıştır. 2 boyutlu EPOCH PIC simülasyon-
larının sonuçları deneysel verilerin sonuçları ile karşılaştırılmış ve elde edilen bulguları
desteklediği gözlemlenmiştir.

1. Introduction

Recent developments on high power lasers enable to reach
irradiances exceeding 1021 W /cm2 helping access to new
physics phenomena [1]. These developments also enable
to access new applications of laser plasmas previously
impossible at lower laser intensities. Ultra-bright pulses
of high energy protons,electrons and x-rays are generated
by laser plasma interactions [2, 3]. Hot electrons and fast
ions generated by ultra intense lasers are able to ignite
fusion reactions by compressing D-T fuel which enables
the ‘fast ignition’approach more feasible [4].

For potential applications of proton beams generated by
high irradiance lasers such as proton radiography [7],
proton accelerators [5], material structure investigations
[6] and fast ignition with proton beams [4], the production
of proton beam with tunable parameters like energy
spectrum, spatial profile and brightness is very important.
In order to investigate the effects of target material
and thickness [8–10], as well as effect of preformed
plasma scale length on generated proton energy [11–13]

systematical studies were carried out.

Laser absorption mechanisms have a dependence on
plasma scale length which are generally determined by
laser pre-pulses. Gradients of the density profile are hard
to drop below the irradiance threshold (< 109 W /cm2)
for plasma generation due to the essential high laser con-
trast (> 1011) related to the high irradiance. In order to
increase the incoming laser contrast, plasma mirrors have
been utilised so as to enable high power laser irradiance
onto initially unperturbed surfaces of solid targets [14, 15].
As an alternative, the production of fast protons, electrons
and x-rays can be increased by deliberately generated pre-
formed plasma scale length [11, 13, 16]. In our previous
study, we have investigated the variations of proton tem-
peratures and the number of protons for different density
gradients generated by a deliberate pre pulse and target
thickness experimentally and therotically [26].
It is well known that laser absorption mechanisms strongly
dependent on the plasma density gradients. Resonance
absorption mechanism [18] presents an optimal absorption
with a range of density scale length, while vacuum heating
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Figure 1. Experimental layout.

[19] terminates when the scale length of the preformed
plasma beats the electromagnetic field skin depth. For
the longer underdense pulse propagation, the J×B
mechanism of electron acceleration in the field of laser
is increased. Self focusing enables the modification of
laser pulse propagation in longer scale lengths [20] and
other effects, including ion channel formation [21] which
impacts the energy coupling to electrons. Target Normal
Sheath Acceleration (TNSA) is on the process for the
laser irradiances of exceeding 1018 W /cm2 by interacting
with such thin solid targets. The ultra intense laser pulse
interactions with the preformed plasma in front of the
solid target forms a source of fast electrons with an energy
spectrum relevant to intensity of laser. This generated
fast electrons at the front surface of the target enable to
get through the target. But the targets capacitance only
allows a small amount of the hot electrons to escape
before the target is sufficiently charged that leaving the
target is almost impossible even for such energetic (MeV)
electrons. The remaining hot electrons are confined to the
target and bounce back and forward through the target
which expands and forms a charge separation field on
both sides over a Debye length. Because of the short time
scales involved and the induced electric fields are of the
order of several TV/m, there is no screening plasma at the
rear side of the target. Such fields are able to ionise and
accelerates ions through the initially unperturbed surface.

Experimental parameter studies showing the effects of tar-
get thickness and the plasma scale-length at the front of
the target are useful in elucidating understanding and in
the development of applications of laser-accelerated pro-
tons arising from the rear side of the target. We present
measurements of the maximum energies of protons accel-
erated from the rear of targets along the target normal in
ultra-intense irradiation at 1020 W cm−2. We have delib-
erately used a pre-pulse to irradiate the target before the

high power laser irradiation in order to establish a plasma
of controlled scale-length into which the high power laser
interacts. The scale-length of the plasma formed by the
pre-pulse at the time of the high power laser irradiance is
measured using transverse probe shadowgraphy. Electron
energy and temperature measurements with the controlled
density scale-length have been reported by [17, 22]. Ex-
perimentally measured proton temperature and number of
generated protons have also been studied depending on
measured plasma scale length and target thickness previ-
ously [26]. This reported study investigates the effects of
the target thickness and plasma scale length on measured
maximum energy of accelerated protons and the number of
protons generated by ultra power lasers through the target
normal at the back of the target. we present ion energy
spectra, measured maximum ion energies and number of
protons depending the plasma density scale-length and
target thickness. Our experimental measurements are in
agreement with 2D particle-in-cell (PIC) code simulations.

2. Material and Method

2.1. Experimental Setup

Rutherford Appleton Laboratory (RAL) gives the oppor-
tunity to access the Vulcan laser system which has been
used for the measurement of proton energies. The petawatt
(PW) laser has the wavelength of 1.054 micron laser
pulses with ∼ 1 picosecond pulse duration and energies
150 ± 20 Joule with an intensity contrast of 108. Laser
irradiance of 1020 W/ cm2 in a p polarized beam was
with an incidence angle of 40◦ to direction of target normal.

A pre-pulse with a pulse duration of 5 ns with an incidence
angle of 17◦ with peak irradiance 1.5 ns before the main
pulse. The PW laser was focused onto target of parylene-
N (CH) in various thicknesses from 6 to 150 µm. The
experiment layout is schematically presented in Figure 1.
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Figure 2. Sequence of RCF films exposed to a proton beam driven by VULCAN Petawatt Laser Facility. The num-
bers,on each layer marked with red label on the top left corner, correspond to the respective endpoint energies and repre-
sent the deposited dose mainly caused by the prominent energy deposition at the end of the particle range (Bragg Peak).
Experimental data obtained from 0.1 µm Al buried by 5 µm CH on the front and 105 µm CH on the rear side, irradiated
with laser intensity of 2.5×1020 W/ cm2 without prepulse.

A 2ω probe beam was produced from the main beam
and used to record the preformed plasma profile at the
time of the interaction pulse. The probe beam was
transverse to the target surface passing through the
plasma generated by the pre pulse laser target interaction.
In previous studies [22], we have discussed in detail
how to measure and analyse plasma scale length from
the shadowgraphy images obtained using the optical probe.

The distrubiton of multi-MeV protons along the target nor-
mal from the rear of the target were measured depending
on energy using passive stacks of dosimetry radiochromic
film (RCF)[23], which were located 5 cm from the back
of the target and centered on the target normal direction.
Number and energy of accelerated protons were measured
as a function of target thickness and the plasma scale length
which varies with the pre-pulse intensity[17].

3. Results

3.1. Experimental Results

The radiograph was saved using a radiochromic film stack
(Gafchromic HD-810) with a 10 µm thick aluminum foil
in front of the stack as a filter to prevent unwanted laser
light and expected plasma thermal emission from the rear
of the target. The high intensity short pulse laser irradiated
a 100 µm CH foil (mentioned above), and by the target
normal sheath acceleration mechanism, a proton beam
with a cutoff energy around 30 MeV was generated.

The produced hot electron flux with the energies up to 200
MeV is accelerated through to the laser axis (40 ◦ to the
target normal and RCF stack) [22]. Protons are attenuated
in the stack of RCF films as they penetrate through the
different films, with the exposure of the films giving the
energy of proton flux sufficient to transmit through the
RCF films.

Figure 2 shows an example of RCF outputs taken during
the experiment for 0.1 µm Al buried by 5 µm CH on the
front and 105 µm CH on the rear side, irradiated with laser
intensity of 2.5×1020 W/ cm2 without prepulse. Each RC
film layer corresponds to a dose distribution at a certain
depth in the RCF material and the Bragg peak energy
of protons stopping in the according layer. Deposited
energy of protons on each layer of RC films are shown on
Figure 2. Deposited dose on films are proportional to the
darkness on images which means that more protons are
detected on the first RC film and less number of protons
are observed with increasing energy.

Each film exposures predominantly at a specific proton
energy due to the Bragg peak. The background RCF film
exposures includes expose due to hard x-ray emission and
is subtracted from exposure measurements. Details of the
RCF measurements and the method of analysis of proton
energies is given by Schollmeier et al[24].
Proton numbers recorded from the back of the target were
found to peak on the target normal axis consistent with
TNSA acceleration. In order to compare maximum proton
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energy and number of protons obtained from CH foils
as a function of plasma scale length and target thickness,
we have used a deliberate prepulse in our experiment to
vary plasma scale length and different target thicknesses
between 10 µm and 140 µm. For each shot, we could
identify a proton beam along target normal direction on
the RCF stack that is produced independently of the target
thickness.

Experimentally measured maximum proton energy as a
function of the measured plasma scale length has been
shown at Figure 3. It is seen that measured maximum
energies increase up to a certain point and start decreases
again which is in agreement with previous studies under-
taken by Ross et al. [13]. We have explained measured hot
electron spectra and showed the decrease on hot electron
temperature which is relevant to the plasma scale length
and laser filamentation in plasmas [17, 22]. These laser
filamentations are also effect generated proton energy and
temperature which explains the decrease on proton energy
and temperature after a certain scale length.
Generated proton maximum energy was investigated pre-
viously. According to the scaling law given by Beg et al
[25] (equation 1), the maximum energy of generated pro-
tons are around 30 MeV which proves our experimental
measurements on maximum proton energy.

Emax = 1.2± (0.3)×10−2[I/(W/cm2)]0.313±0.03 keV
(1)

[25]
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Figure 3. Experimental measurements of maximum
proton energy versus generated plasma scale length for
individual laser shots

The number of fast electrons increases with the density
scale length [17] and this results in a larger number of pro-
tons with increasing scale length [26]. Proton generation in
a laser-produced plasma is relevant to fast electrons which
set up TNSA sheath at the back of the target. Due to high-
energy electrons driven by the laser on the target surface,
the well known effect responsible for the ion acceleration
is charge separation [27–29]. Electron bouncing inside the
target enhance the sheath acceleration so thicker targets
do not allow fast electron circulation as much as thin foils
inside the target. Since fast ions are accelerated inside the
TNSA sheath field, generated ion energies and number of
fast ions decreases with increasing target thickness (see
Figure 4 and 5).
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Figure 4. Experimental measurements of number of
protons per MeV versus the target thickness for a number
of individual laser shots with a front surface scale length
of ∼ 1µm.
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Figure 5. Experimental measurements of maximum
proton energy depending on the target thickness for a
number of individual laser shots

Figure 4 shows experimental measurements of number of
protons per MeV as a function of the target thickness when
there is no deliberate prepulse. During the experiment,
we have not used any pulse cleaning method such as
plasma mirror etc so there were always some preformed
plasma however our measurement techniques were not
accurate enough to measure that scale length and we
are assuming that the plasma scale length generated
by the main pulse between 0 and 1 µm. As a result,
there are some fluctuations on our measurements for the
target thickness. Hownever, general trend is obvious
that generated number of protons are higher for thin
targets but when the target thickness are increased, we
have observed less protons. We know that stopping
power of the target is not effective in that thickness
for such energetic protons. 2D PIC codes were run to
investigate generated number of protons and the TNSA
sheath field effect on accelerated protons. Figure 6 shows
simulated TNSA sheath field set up by hot electrons, red
dashed lines show the TNSA sheath distance. Increasing
thicknesses on targets reduce the TNSA sheath field
as expected and resulting less number of generated protons.

Figure 5 shows experimental measurements of maximum
proton energy when there is no additional prepulse. Ex-
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(a) (b)

Figure 6. An example of proton phase space profile after 0.55 ps with a) 50 µm , b) 100 µm target thickness as simu-
lated by two dimensional PIC code (EPOCH). The dashed horizontal lines indicates TNSA sheath distance.
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Figure 7. Simulation results compared to experimental proton energy spectra for a) 0.3 µm , b) 7 µm scale length. The
continuous black line represents the simulation results, while the red dotted points are the experimental data.

perimentally measured maximum energies of protons are
higher for thin targets (∼ 20µm) but energy of acceler-
ated protons decrease for thicker targets (∼ 100µm). It is
mainly due to the generated sheath field behind the target
since the hot electrons can not sufficiently setup sheath
electric field on thicker targets. Previous theoretical stud-
ies show that maximum energy of generated protons is
inversely proportional to the irradiated target thickness
which proves our experimental measurements [30].

3.2. Comparison of 2D PIC Code Simulations Results
with Experimentally Measured Proton Spectra

In order to understand generated proton behaviour with
varying target thickness and plasma scale length, we have
run 2D EPOCH PC simulations.

The two dimensional PIC code EPOCH [31] was run to
simulate the experimental proton spectra for different
target thicknesses and plasma density scale length. The
simulation box was 90 µm × 90 µm defined by 1000

× 1000 cells with 48 particles which are protons and
electrons per cell. The experimental parameters of proton
energy spectra for varying target thicknesses with the laser
intensity of 3.5× 1020 W/cm−2 focussed on a 7 micron
focal spot. The incidence angle of 40◦ was determined.
The laser pulse duration and wavelength were 1 ps and
1µm, respectively. The maximum electron density was
limited at 50 nc where nc is the critical density.

The proton energy spectra was extracted at time 0.5 ps.
Figure 7 compares the experimental proton energy spectra
to the generated proton spectra from the EPOCH 2D PIC
simulation results for different plasma scale length. The
red dotted line with circles show our experimental measure-
ments and the continuous line represent the EPOCH 2D
PIC code simulation results. Experimentally measured
temperature of generated protons have been compared
to the simulation results which gives a good agreement
[26]. In this work, we are not capable of comparing ex-
perimentally detected maximum energies with simulation
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results since the number of particles inside the simula-
tion can effect the simulated maximum energies. So we
only compared the energy spectra of the experimental and
simulation results in the same plot which is in the good
agreements for varied plasma scale lengths.

4. Discussion and Conclusion

We have presented measurements of number and energy of
protons in high irradiance laser plasma interactions with
a preformed plasma of measured density scale length and
different target thicknesses when there is no additional pre
pulse which generates preplasma before interaction. Pre-
vious studies mainly investigated the plasma scale length
effect on the backside of the target on proton energies and
found that increasing scale length on the back of the target
reduces the generated proton energy and they measured
proton energies around 20 MeV when there is no plasma
scale length at the rear side of the target and for the exis-
tence of plasma scale length, the measured proton energy
dropped down to 5 MeV with similar target thicknesses
and the laser irradiances of 5x1019 W/cm2 [11]. Another
experimental study also measured around 20 MeV ener-
getic protons for the laser irradiance of 5x1019 W/cm2 and
25 µm lead blocks when there is a 10 µm measured scale
length [29].
The experimentally observed maximum proton energies
increase up to a certain scale length and decrease for
longer scale lengths as predicted by a 2D PIC code in
our previous work which is mainly because of the laser
filamentation inside the plasma.

Generated number and energy of protons decreases with
increasing target thickness. Our 2D simulation showed that
fast electrons cannot set up a shied field which accelerates
protons behind the target so thicker targets are not efficient
to use to generate higher proton flux with more energetic
protons. Our experimental and simulation parameter stud-
ies of proton energies from high irradiance laser plasmas
show that the 2D PIC code simulations are accurate and
can be useful in the development of applications for laser
accelerated protons.
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