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A theoretical study complemented with published experimental data of proton acceleration from

sub-micron (thickness< 1 lm) foils irradiated by ultra-high contrast (>1010) short pulse lasers is

presented. The underlying physics issues pertinent to proton acceleration are addressed using two-

dimensional particle-in-cell simulations. For laser energy e � 4 J (intensity I � 5� 1020 W=cm2),

simulation predictions agree with experimental data, both exhibiting scaling superior to Target

Normal Sheath Acceleration’s model. Anomalous behavior was observed for e > 4 J

(I > 5� 1020 W=cm2), for which the measured maximum proton energies were much lower than

predicted by scaling and these simulations. This unexpected behavior could not be explained within

the frame of the model, and we conjecture that pre-pulses preceding the main pulse by picoseconds

may be responsible. If technological issues can be resolved, energetic proton beams could be gener-

ated for a wide range of applications such as nuclear physics, radiography, and medical science.
VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941318]

I. INTRODUCTION

Short pulse lasers at sufficiently high intensities can

function as compact particle accelerators. Ion beams with

particle kinetic energy in the tens and hundreds of MeV can

be generated from thin (0.01–10 lm) foils irradiated by short

pulse lasers with intensity 1019–1022 W=cm2 and duration

30–700 fs. Many applications can benefit from proton beams

with improved quality. Examples include fast ignition

physics,1 laser nuclear physics,2 neutron production,3 proton

radiography,4 and cancer therapy.5 There is an extensive

body of research on proton generation in the Target Normal

Sheath Acceleration (TNSA) regime. High laser intensity

and short timescale dynamics are believed to be the path to

produce proton beams with superior scaling. In addition,

major advancement is expected to come from the utilization

of ultrathin (�1 lm) foils, which can harness the potential

of novel acceleration mechanisms to produce monoenergetic

beams. The successful implementation of these ideas may

lead to widespread applications, which is strong incentive to

continue investigating the production of proton beams.

Owing to the Chirped Pulse Amplification technique,

the laser intensity can now reach unprecedented levels, on

the order of 1022 W=cm2. More recent advances in laser tech-

nology made progress in another direction: cleaning up the

pulse thus reducing the pico- and nanosecond pre-pulse lev-

els below the damage threshold of the material.

Contemporary laser systems equipped with dual plasma mir-

rors (DPM) have contrast levels as high as 1015,6 which

allows the utilization of ultrathin (�1 lm) foils as laser tar-

gets. The combination of high laser intensities, high contrast,

and ultrathin targets made possible the exploration of new

exotic regimes of particle acceleration.

Depending on foil thickness and to some extent laser

pulse duration, the ion acceleration mechanisms fall into

three general categories:7 Coulomb explosion,8 volumetric

acceleration, and TNSA.9 In the case of the first category, if

the foil is too thin (<10 nm), the laser field can completely

remove all electrons in the central laser spot and the ions left

behind Coulomb explode on their own. In the opposite

extreme of thick foils (>200 nm), only a thin layer of ions on

the back surface of the foil is accelerated. This is essentially

surface acceleration, also characterized by poor coupling of

laser energy to ions. Both regimes have been thoroughly

investigated and the ion acceleration mechanisms are well

known. In the intermediate regime (10<L< 200 nm), when

the foil thickness is comparable to the relativistic skin depth,

the laser field can reach all the way to the back of the foil

(hole-boring) and the whole volume of the plasma in front of

the laser is pushed forward, maximizing the energy absorp-

tion.7 This is better known as relativistic transparency re-

gime, which is rich in physics and is by far the most

challenging for exploration and interpretation. For example,

numerous acceleration mechanisms such as radiation pres-

sure acceleration (RPA),10–12 breakout afterburner,13 laser-

piston,14 and shock acceleration15 have been identified. We

refrain from discussing specific ion acceleration mecha-

nisms; instead, we provide an up-to-date collection of experi-

mental data and comparison to particle-in-cell (PIC)

simulations.

The present study is a natural extension of previous

work on proton acceleration. It is motivated by their signifi-

cance for both fundamental research and applications. The

goals set forth include: (i) assemble and analyzea)george.petrov@nrl.navy.mil

0021-8979/2016/119(5)/053302/5/$30.00 VC 2016 AIP Publishing LLC119, 053302-1

JOURNAL OF APPLIED PHYSICS 119, 053302 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  141.213.18.93 On: Mon, 31 Oct 2016

16:27:11

http://dx.doi.org/10.1063/1.4941318
http://dx.doi.org/10.1063/1.4941318
http://dx.doi.org/10.1063/1.4941318
mailto:george.petrov@nrl.navy.mil
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4941318&domain=pdf&date_stamp=2016-02-04


experimental data on proton acceleration from ultrathin foils

(20–500 nm), (ii) compare measured maximum proton ener-

gies to simulation results, and (iii) develop scaling laws for

proton acceleration from ultrathin foils in the high-contrast

regime. In Section II, we review available experimental

data on maximum proton energy and construct appropriate

scaling versus foil thickness, laser intensity, and energy.

The monotonous increase of maximum proton energy ver-

sus laser intensity and energy unexpectedly halts, which

prompted to consider the impact of picosecond pre-pulses,

as discussed in Section III. A summary of the paper is

presented in Section IV.

II. MAXIMUM PROTON ENERGY SCALING

A. Maximum proton energy versus foil thickness

Available experimental data6,16–32 for proton accelera-

tion from sub-micron foils are listed in Table I. What these

laser systems have in common is the large nanosecond pre-

pulse contrast (1010 and better), allowing interaction with

sub-micron foils. The foil thickness plays a crucial role in

the process of proton acceleration. Foils that are either too

thin (a few nm) or too thick (a few microns) do not couple

laser energy efficiently. Best coupling is achieved when the

foil thickness is between the two extremes. A rough estimate

for the optimum foil thickness Lopt assuming that it extends a

few relativistic skin depths,7 ‘skin ¼ c1=2c=xp, yields

Lopt ffi 20� 100 nm. The parameters c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

0

p
and xp ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nee2
0=ðe0meÞ

p
are the relativistic parameter and electron

plasma frequency, respectively; a0 ¼ e0E0=ðmex0cÞ is the

normalized laser field amplitude; E0 and x0 are the ampli-

tude and frequency of the laser field; e0, ne, and me are the

electron charge, number density, and mass; e0 is the permit-

tivity of free space; and c is the speed of light. The energy

coupling also depends on other factors such as pre-plasma

generated by nanosecond and picosecond pre-pulses.

According to the experimental data listed in Table I, the

maximum proton energy was found to decrease with foil

thickness increasing.6,16–22 These findings are consistent

with 2D PIC simulations33 shown in Figure 1. Specifically,

we used the Hercules laser parameters (peak intensity

I0 ¼ 2:75� 1020 W=cm2, pulse duration sFWHM ¼ 40 fs, spot

size DFWHM ¼ 4:5 lm, wavelength k0 ¼ 0:8 lm, and energy

e ¼ 2:5 J) to investigate foil thickness effect. The target is a

98 lm wide flat Si3N4 foil (density 3.2 g/cm3) with various

thicknesses (10–1000 nm), having a 5 nm H2O contamination

layer on the back. The simulation box is a square with

dimensions 100� 100 lm2, the cell size is 20� 20 nm2, and

the time step is Dt ¼ 0:01k0=c.

TABLE I. Maximum proton energy from ultrathin foils measured at various laser facilities. Laser parameters: peak intensity, duration (FWHM), spot size

(FWHM), energy on target as reported by authors, laser fluence, and laser wavelength. Foil parameters: material and thickness. The laser fluence, calculated

according to F ¼ I0sFWHM may not match the one calculated from laser energy and spot size, F ¼ 4e=ðpD2
FWHMÞ.

Laser facility I0 (W/cm2) s (fs) D (lm) E (J) F (J/lm2) k (lm) Foil L (nm) Emax (MeV) Ref.

Trident 7� 1019 700 10 40 4.9� 10�1 1.05 DLC 50 25 24

Trident 2� 1020 500 9.4 90 1.0� 100 1.05 DLC 42 37 26

LULI 1� 1018 320 18 1 3.2� 10�3 1.06 SiN 30 7.3 29,30

Saclay 5� 1018 65 8 0.2 3.3� 10�3 0.8 Mylar 80 5 19,20

Astra-Gemini 7� 1020 50 2.5 5.8 3.0� 10�1 0.8 Al 100 8.2 18

Astra-Gemini 7� 1020 50 2.5 5.8 3.0� 10�1 0.8 C 100 7.5 18

Astra-Gemini 2� 1020 50 2.5 6 1.0� 10�1 0.8 Al 50 12 16

Max Born Institute 5� 1019 45 3.6 0.7 2.3� 10�2 0.8 DLC 5–50 8 25

Max Born Institute 5� 1019 45 3.6 0.7 2.3� 10�2 0.8 DLC 5 12 27

Max Born Institute 2� 1019 40 6 0.2 8.0� 10�3 0.8 SiN 30 3.5 23

Hercules 2� 1021 40 1.2 1.3 8.0� 10�1 0.8 SiN 30–500 12 6

Hercules 2� 1021 40 1.2 1.1 8.0� 10�1 0.8 CH2 100 20 32

Lund 1� 1019 33 10 0.3 3.3� 10�3 0.8 Al 30 3.5 22

Scarlet 5� 1020 30 5 4 1.5� 10�1 0.8 SiN 100 10 28

Pulser I 3� 1020 30 5.8 8 1.0� 10�1 0.8 F8BT 10 45 31

ALLS 1� 1020 30 5.6 1.8 3.0� 10�2 0.8 Al 120 10 17

Salle Jaune 4� 1019 30 5 0.25 1.2� 10�2 0.8 Al 400 3.7 21

FIG. 1. PIC calculated proton spectra from Si3N4 foil for thicknesses

between 10 nm and 1 lm. Laser parameters: I0 ¼ 2:75� 1020 W=cm2,

sFWHM ¼ 40 fs, DFWHM ¼ 4:5 lm, k0 ¼ 0:8 lm, and e ¼ 2:5 J. Inset: calcu-

lated maximum proton energy versus foil thicknesses (solid line) and data

from the experiment with the closest laser parameters: intensity 3�
1020 W=cm2 and pulse duration 30 fs (open symbols).31
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B. Maximum proton energy versus laser intensity

In Figure 2, the maximum proton energy is plotted ver-

sus peak laser intensity spanning from 1018 W=cm2 to

2� 1021 W=cm2. The data are separated into two groups:

“ultra-short” (30–65 fs) and “short” (500–700 fs) laser

pulses. The rationale behind these two classifications for

pulse lengths is that the first group contains a large number

of laser systems, mostly at universities around the globe,

while the second group contains laser systems that are lim-

ited in numbers but have significantly higher laser energies.

More importantly, the pulse duration of the two groups differ

by one order of magnitude, which entails different accelera-

tion mechanisms (for example, RPA for the first group,10–12

BoA for the second13,14). For this reason, two sets of simula-

tion results are presented, one for “ultra-short” (40 fs) and

one for “short” (400 fs) pulses, using a 50 nm Si3N4 foil.

Experimental data come from a variety of foil materials (see

Table I), and in order to study the impact of the material, we

performed an additional set of simulations with a 50 nm

diamond-like carbon foil (density 2.7 g/cm3). The calculated

maximum proton energies were comparable to those of

Si3N4 and the trends were akin. The experimental data from

“short” laser pulses fall into two distinct categories. The first

one follows the expected trend and increases with laser in-

tensity. However, at I ffi 3� 1020 W=cm2, this trend abruptly

changes. The maximum proton energies measured in three

separate experiments did not exceed �12 MeV. Such behav-

ior was completely unexpected. In contrast, the simulations

show a clear trend of increasing the maximum proton energy

with laser intensity and no saturation.

Much work has been devoted to the maximum proton

energy scaling for thick foils (>1lm) in the TNSA regime.34–36

Though it depends on the particular laser and foil conditions, it

is typically between Emax � I1=334 and Emax � I1=2.36 Our sim-

ulations show that for sub-micron foils the maximum proton

energy scales as �I2=3 (short pulse) and �I4=5 (long pulse),

both stronger than TNSA. The different scaling laws for thick

(>1lm) and ultrathin (�1lm) foils can be explained qualita-

tively by noting that for TNSA, the laser cannot interact directly

with the protons on the back of the foil and fast electrons origi-

nating from the front side must go through the foil and form a

space-charge sheath on the back surface in order to mediate the

proton acceleration, while for ultrathin foils the laser field inter-

acts directly with the proton layer on the back surface of the

foil. The direct interaction, sometimes called enhanced TNSA,

naturally leads to higher power dependence.

C. Maximum proton energy versus laser energy

The short pulse experimental data have been obtained for

laser pulses operating at different conditions, specifically, laser

intensity and spot size. To assess the impact of the latter,

additional simulations were performed varying the spot size

from 1.5 to 10 lm. It was established that for

DFWHM < 5� 6 lm, Emax scales linearly with DFWHM, and

only for DFWHM > 6 lm, the maximum proton energy is inde-

pendent of the focal spot size (Figure 3, inset). Due to the

strong dependence of Emax on both the intensity and focal spot

size, it would be more appropriate to compare the data plotted

in Figure 2 as a function of laser energy.37 Except for three

points, the short pulse data agree well with the simulations.

Moreover, they follow a power dependence of the form

Emax � e3=5, identical to that predicted by the PIC simulations.

But for laser energy on target e � 4 J, roughly corresponding

to power P � 100 TW, there is a set of “anomalous” data that

do not follow this scaling.16,18,28 In all three experiments, the

measured maximum proton energy remains limited to only

�12 MeV. We conjecture that in these experiments, pre-pulses

on picosecond-to-nanosecond timescale may be the limiting

factor. This issue will be discussed next in detail.

III. THE IMPACT OF PRE-PULSES ON MAXIMUM
PROTON ENERGY

The most likely explanation for the drop of maximum

proton energy at large laser energy is that the thinnest foils

FIG. 2. Maximum proton energy versus laser intensity. Symbols: experi-

mental data with varied laser parameters and target thickness, open squares

are for 30 nm foil.31 Lines: simulations for a 50 nm Si3N4 foil with 5 nm

H2O contaminants. Back solid line sFWHM ¼ 40 fs, DFWHM ¼ 4:5 lm, red

solid line: sFWHM ¼ 400 fs, DFWHM ¼ 4:5 lm. The shaded area contains the

experimental data for long pulse.

FIG. 3. Maximum proton energy versus laser energy. The shaded area con-

tains the anomalous data region. Inset: calculated maximum proton energy

versus focal spot size.
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(<100 nm) are susceptible to low-intensity picosecond pre-

pulses having fluence comparable to the damage threshold of

the material. The pre-pulse conditions for the “anomalous”

data are, indeed, close to or slightly exceed the material dam-

age threshold (Table II). The pre-pulse launches a high ve-

locity (a few km/s) shock wave which propagates through

the target.38 For thick targets and/or low pedestal intensities,

the shock is weak and attenuates inside. The foil is mildly

disturbed and remains flat (scenario #1). For thin targets and/

or high pre-pulse intensities, the shock can break out on the

rear side before the arrival of the main pulse causing severe

foil deformation, e.g., bending it in an ark38,39 (scenario #2).

The two cases are schematically illustrated in Figure 4.

Simultaneously, the whole foil, whose thickness is just one-

two skin depths,40 including the contaminant layer, is heated

to temperature of several eV causing ablation of the proton

layer. A 5 nm layer moving with the sound speed, which is

on the order of ð2� 3Þ � 106 cm=s, would expand to

�500 nm for the duration of the pre-pulse (�20 ps (Refs. 16

and 18)). The main pulse will interact with low density pro-

ton/oxygen plasma spread over a large volume. For thick tar-

gets and/or low pedestal intensities (scenario #1), the

expansion length (�0.5 lm) is much smaller than the trans-

verse dimension (4–5 lm focal spot size) and the expansion

is close to one-dimensional. In the opposite case, the expan-

sion is multi-dimensional. The outcome for the two scenarios

is demonstrated by PIC simulations. One-dimensional expan-

sion of the proton layer (scenario #1) yields a proton spec-

trum in the forward direction, which is very close to that

from an unperturbed layer (Figure 5). Expansion in 2D from

a deformed target (scenario #2) yields lower maximum pro-

ton energies and smaller number of energetic protons. This is

the most likely outcome for the targets listed in Table II.

Shock wave with velocity �5 km/s (5 nm/ps) will reach the

rear of the foil by the end of the pre-pulse, causing target de-

formation (Figure 4, right). The reduced number of energetic

protons is particularly detrimental for detection, since the

proton number may drop below the detection level. For the

experimental conditions of Ref. 16, a Thompson parabola

with opening angle 9� 10�9 sr will collect only a few ener-

getic protons.

A similar scenario was previously investigated on the

Hercules laser.6 Two cases were examined, one where only

the inherent laser pulse cleaning capabilities were used

(XPW) and the pre-pulse pedestal level was above the dam-

age threshold, and another in which DPM configuration was

used reducing the pre-pulse level below the damage thresh-

old ((Ref. 6), Figure 2). The clean (below damage threshold)

DPM pulses interacting with 30–50 nm SiN foils produced

much higher maximum proton energies (�10 MeV) com-

pared to the low-contrast XPW case, which produced only

2 MeV protons ((Ref. 6), Figure 4). Numerical simulations

performed for both cases also showed lower maximum pro-

ton energies from deformed targets compared to targets that

remain intact.

IV. SUMMARY AND CONCLUSIONS

Published experimental data on maximum proton energy

from ultrathin foils generated by short pulse lasers in the

high-contrast regime have been compared to 2D PIC simula-

tions. The experimental data agree with the simulations up to

laser energy on target 4 J (intensity 3� 1020 W=cm2).

Beyond this energy/intensity, the measured maximum proton

energies are lower than predicted and saturate at �12 MeV.

By comparing pre-pulse conditions to material damage

threshold, we conjecture that picosecond pre-pulses

TABLE II. Target parameters, pre-pulse parameters, and damage threshold

fluence for metal and dielectrics.39 The reported pre-pulse contrast is 1010.

Laser facility Target

IASE

(W/cm2)

sASE

(ps)

FASE

(J/cm2)

Fthr

(J/cm2) Ref.

Astra-Gemini 100 nm Al 7� 1010 20 1.4 0.4 18

Astra-Gemini 100 nm C 7� 1010 20 1.4 6.0 18

Astra-Gemini 50 nm Al 2� 1010 20 0.4 0.4 16

Scarlet 100 nm SiN 5� 1010 103 50 40 28

FIG. 4. A schematics of weakly perturbed foil for thick targets and/or low

pedestal intensities (scenario #1) and target deformation for thin targets and/

or high pedestal intensities (scenario #2). The contaminants blow-off in 1D

(left) and 2D (right) are shown in receding gradient red.

FIG. 5. Calculated proton spectra d2N
dEdX in the forward direction from a 50 nm

Si3N4 foil having an intact 5 nm contaminant layer at liquid density (black

solid line) and 500 nm expanded contaminants layer densities (dashed lines)

in 1D (scenario #1) and 2D (scenario #2). Blue dashed line: 1D expansion

model. The density is equal to 1/100 the original density, and the number of

protons/oxygen ions is equal to that in the pre-expanded layer. Red dashed

line: 2D expansion model. The density and number are reduced by a factor

of 1/104 and 1/100, respectively. The laser parameters are the same as in

Figure 1.
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inherently present in laser systems may be responsible.

Therefore, the effect of picosecond pre-pulses on ultrathin

targets needs to be critically evaluated. It should be noted,

however, that in the above-mentioned experiments, the pre-

pulse conditions were actually not far from what may be con-

sidered as “clean pre-pulse” and minor improvements can

dramatically improve the beam energy. At least in one case,

the pre-pulse technical issues at laser intensities around

�1021 W=cm2 have been resolved31 and the proton beam

properties follow the expected trend. With laser technology

constantly advancing and progress made in improving pre-

pulse conditions, ultra-thin targets and ultra-high contrast

lasers promise compact high repetition rate energetic particle

sources for applications such as nuclear physics, radiogra-

phy, and medical science.
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