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Laser-driven proton acceleration from a micron-sized cryogenic hydrogen microjet target is investi-

gated using multi-dimensional particle-in-cell simulations. With few-cycle (20-fs) ultraintense

(2-PW) laser pulses, high-energy quasi-monoenergetic proton acceleration is predicted in a new

regime. A collisionless shock-wave acceleration mechanism influenced by Weibel instability

results in a maximum proton energy as high as 160 MeV and a quasi-monoenergetic peak at

80 MeV for 1022 W/cm2 laser intensity with controlled prepulses. A self-generated strong quasi-

static magnetic field is also observed in the plasma, which modifies the spatial distribution of the

proton beam. Published by AIP Publishing. https://doi.org/10.1063/1.5003353

I. INTRODUCTION

Monoenergetic ion beams play an essential role in many

important applications such as fast ignition fusion and cancer

therapy.1 Laser-driven ion acceleration attracts increasing

attention nowadays since the acceleration gradient is at least

four orders of magnitude higher than that of conventional

methods. A number of novel mechanisms have been pro-

posed for accelerating protons or heavier ions to high ener-

gies using the recently available high-intensity short-pulse

lasers. The relativistically intense lasers can accelerate ion

beams from plasmas to high energies (>MeV) in extremely

short distances. Recent development has demonstrated the

laser-driven acceleration of protons via different mecha-

nisms, e.g., target normal sheath acceleration (TNSA),2–9

radiation pressure acceleration (RPA),10–14 shock wave

acceleration (SWA),15–18 and acceleration in a relativistic

transparency regime,19–22 which are the centre of experi-

ments and theoretical investigations.

Acceleration of protons to high energy by the laser-

plasma interaction is possible due to the production of hot

electrons and the generation of very strong ambipolar fields.

Hot electron sheath production requires a large value of

I � k2
L and steep plasma density gradients. The ion energy

scales approximately with the irradiance ’ ðI � k2
LÞ

1=2
,

where I and kL are the laser intensity and wavelength, respec-

tively.7 Despite significant progress, the requirements for

applications in terms of ion energy, conversion efficiency,

spectral width, brilliance, and suitability for high-repetition

rate operations have not been achieved yet. To overcome the

limitations of TNSA, recent studies using particle-in-cell

(PIC) simulations have shown that using higher laser intensi-

ties and tailored high-density targets can access more favour-

able regimes of laser-driven ion acceleration.16,21,23

The maximum energies obtained under various experi-

mental conditions are well understood. Low energy protons

are produced in the outer regions around the focused laser

beam with a lower electric field and a typical transversal

diameter of several 100 lm. This enormous lateral extension

is attributed to recirculating electrons which spread around

the target, thus causing a decay of the acceleration field.

Confining recirculating hot electrons by using mass-limited

targets (MLTs), i.e., targets with transverse dimensions com-

parable to the laser focus (10–20 lm), can enhance the elec-

tric fields and result in increased ion energies.

MLTs, such as cryogenic hydrogen microjets (CHMs),

are highly appropriate to study alternative acceleration

mechanisms. Cryogenic targets can also be better alterna-

tives to solid foils because of their operation at high repeti-

tion rates. In a recent experiment with a CHM target using

700-fs frequency-doubled pulses from the Titan laser system

at the Jupiter Laser Facility (Lawrence Livermore National

Laboratory), the generation of a pure proton beam was dem-

onstrated with a maximum energy of 2 MeV.24 Protons

exhibiting a semi-Maxwellian spectrum were present in a

higher number in the target surface normal direction, which

is typical for TNSA. In the laser forward direction, a signifi-

cantly modulated proton spectrum was observed in the high-

energy part, showing a strong quasi-monoenergetic peak at

1.1 MeV, with an energy spread of 4% full width at half

maximum (FWHM). This clearly indicated a non-TNSA

acceleration mechanism. The laser-to-proton energy conver-

sion was predicted to be most efficient when the target

gets closer to the relativistic critical density cnc.
14 Here,

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ a2

LÞ
p

is the relativistic factor of the laser with the

normalised electric field aL¼ eEL/(mexLc), where EL is the

electric field. nc is the critical density corresponding to the

laser frequency xL, c is the speed of light, and e and me are

the electronic charge and mass, respectively. Another recent

investigation26 reported the experimental and simulation evi-

dence for multi-MeV proton acceleration where the solid

density CHM target has been deployed and the role of pre-

plasma was also investigated. Recently, Gauthier et al.27a)Email: ashutosh.sharma@eli-alps.hu
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reported the high repetition rate (1 Hz) 6.5 MeV proton

source from a CHM target, irradiated by 100 TW laser pulses

delivering 1013 protons/MeV/sr/min. Obst et al.28 reported

efficient proton acceleration from the CHM target of cylin-

drical and planar shapes in an experiment with the 150 TW

Draco laser. In this experiment, protons up to 20 MeV energy

were produced with 109 protons/MeV/sr. This result illus-

trated for the first time that proton acceleration from CHM

targets are of comparable performance to solid foil targets of

micrometer range.

In this article, we investigate the proton acceleration by

the interaction of high-intensity short laser pulses with a

near-solid-density CHM of cylindrical shape, employing

fully relativistic multi-dimensional particle-in-cell (PIC)

simulations. The theoretical framework of previous studies26

is applied for ultra-relativistic laser intensities. Simulation

results are in close agreement with the experiment and simu-

lation evidence of Ref. 26. The validity of the model is justi-

fied by reproducing the experimental results of Gauthier

et al.24 A new regime of the interaction is proposed which

utilises few-cycle (20 fs) high power (2 PW) laser pulses for

high-energy proton acceleration with a quasi-monoenergetic

feature. Such pulses will be available at ELI-ALPS25 in the

near future. The proton acceleration mechanism is dominated

by collisionless shock wave acceleration influenced by

Weibel instability. The dependence of proton energy distri-

bution on the preplasma scale length is also investigated and

illustrated through numerical simulation.

II. THEORETICAL MODEL

In order to investigate the proton acceleration mecha-

nism in CHM, we numerically model the interaction of an

ultrashort-ultraintense laser field with near-solid-density

plasma with the aid of multidimensional PIC simulations

using the PIConGPU code.29 Figure 1(a) shows the scheme

of the simulation model, which is similar to that used in the

experiment of Gauthier et al.24 An intense laser pulse, propa-

gating along the y-axis, is focused onto the CHM target with

normal incidence. The laser is linearly polarized along the

x-direction. A laser pulse of 800 nm wavelength is consid-

ered which is Gaussian in space and time. The focused beam

diameter at the target is 2r0¼ 5.0 lm, the laser pulse duration

is 20 fs, the peak laser intensity is about 1022 W/cm2, and

correspondingly, the normalised laser field is aL¼ 68. The

proposed CHM plasma target is of cylindrical shape with a

diameter of dt¼ 2.5 lm. It was assumed to be non-

magnetised preionized with an initial density of the fully ion-

ised plasma to be 6.96� 1022 cm�3 (’40nc), where nc is the

critical density for 800 nm light. The computational domain

is 10� 10� 10 lm3 with a cell size of 10 nm (in longitudinal

and transverse directions), and the time step is 16.7 As. Two

particles per cell are considered for each species (electrons

and protons). Periodic boundary conditions were used in the

simulations in the transverse directions (along x- and z-axes).

The open/absorbing boundary conditions were used along

the laser propagation direction (y-axis) to reduce the compu-

tational time. The peak density in simulation increases up to

2–3 times the initial plasma density so the grid size and time

step are chosen carefully to resolve the electron dynamics

within the relativistic collisionless skin depth (’c1=2c/xpe),

where xpe is the electron plasma frequency.

When an intense laser field (aL� 1) interacts with the

preionised plasma, the electrons acquire an exponential

energy distribution with a mean energy of kBTe

¼ mec2ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ a2

LÞ
p

� 1Þ due to ponderomotive acceleration.10

Here, kB is the Boltzmann constant and Te is the bulk electron

temperature. With intensities of I ¼ 1018 � 1021 W=cm2 avail-

able today, the ions hardly move in the electric field of the

laser. As soon as the laser starts to tear off the electrons, its

e(v�B) force pushes electrons forward and the longitudinal

electric field evolves due to the charge separation. This station-

ary (quasi-static) electric field can be as high as the electric field

of the laser itself. The laser ponderomotive force fL responsible

for the laser-matter interaction can be expressed as14

fLðrÞ ¼ �
e2

Að4mex2
LÞ
rELðrÞ2 1� Bðcos 2xLtÞ½ � : (1)

For a linearly polarised pulse, A¼B¼ 1, whereas in the case

of circular polarization, A¼ 2, B¼ 0, and t is the time.

According to Eq. (1), the laser ponderomotive force fL cou-

ples the incident photon flux into two primary kinetic modes:

(i) hole boring of ions accelerated by the space-charge force

associated with electrons under excursion caused by the

time-averaged field energy gradients fL / rE2
L and (ii) rela-

tivistic hot electrons excited by the oscillatory component of

fL at a frequency of 2 xL.

Formation of collisionless shocks may happen when

the piston velocity exceeds the ion sound speed cS

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZkBTe=mi

p
, where mi is the ion mass and Z is the charge

state. The shock velocity can be estimated by comparing the

momentum flux of the incoming mass flow with the laser-

light pressure. The normalised shock velocity can be written

as14

vshock=c ¼ aLffiffiffi
2
p nc

ni

� �1=2 me

mi

� �1=2

; (2)

where ni is the ion density. The condition for shock forma-

tion in terms of the laser-plasma parameter can be expressed

as aL > 2aðne=ncÞ,14 where a¼ 0.3–0.5 is the typical
FIG. 1. Scheme of the setup for the interaction of a laser pulse with a preion-

ised CHM target of cylindrical shape.
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fraction of laser energy converted to ponderomotive heating

of electrons. For our case of aL ¼ 68 and ne ¼ 40nc, this con-

dition is clearly met. On the other hand, according to Eq. (1),

the intense laser field pushes the front of the target and gen-

erates hot electrons which prevent the Mach number

M¼ vshock/cs from exceeding the critical value of about 6.5

above which RPA dominates without the formation of a

shock. For the laser-plasma parameters considered in this

study, M ’ 2 which excludes the possibility of the RPA

dominated interaction.

III. RESULTS

A. Long driver pulses

In order to verify the validity and predictive power of

our model, first we performed a simulation study with long

driver pulses with similar laser-plasma parameters to those

of the experiment of Gauthier et al.24 The aim of this experi-

ment was the realisation of a proton source with potential for

enhanced emittance, flux, and energy. The linearly polarised

laser pulse contained 30–50 J energy, the wavelength was

527 nm, and the pulse duration was �700 fs (intensity

FWHM). After wavefront optimization with a deformable

mirror, the pulses were focused by an f/3 off-axis parabola to

a spot of 10 to 13 lm FWHM. The estimated peak intensity

on the target was 3 to 5� 1019W=cm2. The CHM target was

produced by a liquid hydrogen jet, cooled down to a temper-

ature of �17 K, which then frozen with minimal mass loss

by evaporation. The result was a continuous 10 lm diameter

cylinder of solid density (0.08 g/cm3) hydrogen.

To investigate the ion acceleration mechanism in the

cryogenic hydrogen target in view of the experiment of

Gauthier et al.,24 2D PIC simulations were performed with

the PIConGPU code29 by using laser and target parameters

from the experiment (see above). We show the schematic of

the simulation set-up in Figure 1(a) which is similar to that

of the experiment.24 In the simulation model, 5000 cells

along the y-axis and 2048 cells transversely along the x-axis

constituted the simulation box.

Figure 2(a) shows the calculated energy distribution of

accelerated protons at 2.9 ps after the incidence of laser on

the front side of the target. We observe a peak at ’1.8 MeV

in the proton energy spectrum. The density of the peaked

proton beam is 0.1nc which is obtained for protons in the

1.5–2.0 MeV energy range. We considered protons in the

energy spectrum [shown in Fig. 2(a)], which propagate close

to the laser axis (diverging at an angle of�10�). Here, the

particle number dN/dE is about 1010/MeV, which is close to

the proton numbers obtained in the experiment, by the

enhanced TNSA scheme for monoenergetic ion beam pro-

duction.24 The broadening of the energy spectrum can be

seen due to the TNSA mechanism at the rear side of the tar-

get. A spatial density profile of the proton beam is shown in

Fig. 2(b). These simulation results, especially the presence

of a quasi-monoenergetic peak in the spectrum, support the

reasonably good predictive power of our model.

B. Few cycle driver pulses

To investigate the mechanism of proton acceleration

and the involved laser-plasma dynamics with a few-cycle

ultraintense laser pulse, we carried out 3D PIC simulations

of the interaction of a 20-fs, 2-PW laser pulse with a CHM

target. The assumed laser parameters correspond to the PW

laser facility at ELI-ALPS which is currently in the develop-

ment phase.25 The scheme of the laser interaction with the

CHM target is shown in Fig. 1, as before.

A summary of simulation results is shown in Fig. 3

where the evolution of the longitudinal electric field

[(a)–(c)], the electric field of the laser [(d)–(f)], and the ion

phase space distribution [(g)–(i)] is illustrated at different

time instants of t¼ 50 fs, 87 fs, and 100 fs. Time instant

t¼ 0 corresponds to the arrival (1/e2 of peak intensity) of the

laser pulse at the front surface of CHM. Initially, the laser

pulse drives the front surface due to radiation pressure. The

critical density surface pushed forward at the hole boring

velocity, causing the buildup of an ion density spike (see

below). Initially, electrons (followed by protons) are pressed

inwards by the radial ponderomotive force of the laser along

the laser propagation direction. Thus, the plasma compres-

sion due to the radiation pressure provides the required con-

ditions for the shock wave field. As the laser is stopped

around the critical density and steepens the plasma profile,

FIG. 2. Simulation results for a long driver pulse interacting with a CHM plasma target. (a) The proton energy distribution for 700 fs driver pulses at 2.9 ps;

(b) the spatial distribution of proton energy density with� 10� of angular divergence. The ion density is normalised with the critical density.
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the heated electrons propagate through the back side of the

target, where they find unperturbed plasma at a similar den-

sity, driving a return current that pulls the background elec-

trons to the laser region where they are accelerated.

Therefore, thin targets with peak density around the critical

density allow for an efficient heating of the entire plasma.

The initial build-up of the return current together with the

quick recirculation of the heated electrons due to the space

charge fields at the front and at the back of the target will

lead to a uniform temperature profile, which is crucial in

order to have a uniform shock velocity and a uniform ion

reflection. The temperature of the electron is consistent with

the ponderomotive scaling for the hot electrons, kBThot

¼ 25:0MeV. Here, in the case of the intense laser interaction

with the target when ne=cnc w 0:5, the strong shock wave

field accelerates the ions originating from the front side of

the target.

Figure 4 illustrates the evolution of ion density (a) and

(c) and magnetic field distribution (b) and (d) at time instant

before (a) and (b) and after (c) and (d) shock formation. A

strong compression in plasma density is observed between

the laser-plasma interface and the shock front and strong

filamentation in the upstream region [Figs. 4(a) and 4(b)].

We observe a sharp density modulation of protons near to

the front surface of the target. Such a strong density modula-

tion is due to the self-generated electromagnetic field in the

plasma. The magnetic field (Bx) distribution in the YZ plane

also shows the filamentary structure [Fig. 4(b)], which seems

to be generated at the front surface of the target.

Filamentation in plasma density and magnetic field can be

understood on the basis of counterstreaming currents as men-

tioned before. In order to observe the propagation of laser

accelerated relativistic electrons within the target, local

charge neutrality must be maintained. It can be achieved

when a much larger return current involving a much larger

number of slowly moving electrons is driven by beam to

neutralise the fast current density such that jfþ jr¼ 0, where

jf is the fast electron current density and jr is the return cur-

rent density. The two counterstreaming currents are suscepti-

ble for the Weibel unstability.30 Since the laser generated

electrons are too hot to filament in the background plasma, it

is the cold return current which filaments.

Figure 4(c) shows the shock field driven proton density

distribution driven by the shock field at t¼ 87 fs, when the

FIG. 3. Simulation results for the few cycle-driver pulse interacting with the CHM plasma target. Evolution of longitudinal electric field (a)–(c), laser field

(d)–(f), and ion phase space distribution (g)–(i) for the cylindrical target (length lt¼ 9 lm and diameter dt¼ 2.5 lm) driven by 20 fs pulses at time instant

t¼ 50 fs (a), (d), and (g), 87 fs (b), (e), and (h), and 100 fs (c), (f), and (i). The colour bar shows the ion number density.
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shock has been formed and propagates in background plasma.

A very strong quasistatic magnetic field of 0.1 G is observed

[Fig. 4(d)]. The simulation results agree well with the theoreti-

cal estimation of B ¼ ð1=2pÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcrnc=nrÞ

p
ðmecxL=eÞ for the

magnetic field [26]. Here, nr is the density of return current

electrons and cr is the relativistic Lorentz factor of return cur-

rent electrons, which can be obtained by calculating the

Larmor radius of the electrons to the filament wavelength.31

In order to understand the evolution of self-generated

electric and magnetic fields, we numerically observe the

energy associated with these fields as well as the energy

absorbed by the plasma particles. Figure 5 shows the tempo-

ral evolution of the energy associated with the quasistatic

longitudinal electric field Ey [Fig. 5(a)], the quasistatic mag-

netic field Bx [Fig. 5(b)], and the plasma particles (electrons

and protons) [Fig. 5(c)]. As it can be seen from Fig. 5(a), the

energy associated with the electric field is the largest around

50 fs. This electric field is associated with the shock wave

and reflects a large fraction of the ion population. As the

reflected protons propagate further in the plasma while being

counterstreamed with the background plasma, a strong

magnetic field builds up, as shown in Fig. 5(b). This

self-generated quasi-static magnetic field is an important

finding in this study, because it deflects the proton beam

towards the laser propagation axis and spatially modifies the

proton beam distribution. Figure 5(c) depicts the temporal

evolution of kinetic energy of electrons and protons.

Figure 6(a) shows the spatial distribution of the proton

energy density of the proton beam at time of peak acceleration

(t¼ 100 fs). The spatial profile of the proton beam is close to

a Gaussian distribution. The beam is collimated due to the

magnetic field (Bx) along the laser propagation direction.

Figure 6(b) shows the energy spectrum of protons which prop-

agate close to the y-axis within a half divergence angle of 10�.
The maximum (cut-off) energy obtained in this case is about

160 MeV. We also observed a peak at 80 MeV in proton

energy distribution which is a characteristic of collisionless

shock wave acceleration of protons. The maximum proton

energy mainly depends on ions reflected from the shock field,

and it can be estimated using Eq. (2) for the shock velocity

as16 EProtonðMeVÞ ’ 74Ið1021W=cm2Þ=neð1022cm�3Þ. The

maximum proton energy obtained from this formula is

about 125 MeV, which is less than the simulation results

of 160 MeV. The enhancement in maximum proton energy

FIG. 4. Evolution of the ion density (a) and (c) and magnetic field distribution (b) and (d) for a few-cycle driver pulse interacting with a CHM plasma target.

(a) and (b) refer to the when the peak laser field interacts with the front surface of the target (t¼ 50 fs), and (c) and (d) refer to t¼ 87 fs. The colour bars show

the variation in ion density (a) and (c) and magnetic field distribution (b) and (d). The ion density (ni) is expressed in units of critical plasma density (nc), and

the magnetic field (Bx) is in units of Gauss.
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observed in the simulation can be seen as an additional accel-

eration at the rear surface of the target due to quasi-static elec-

tric and magnetic field [as shown in Figs. 3(c) and 4(d)]. It is

interesting to note that the analytical formula given above pre-

dicts a maximum proton energy up to 250 MeV for a focused

laser intensity of 2� 1022W=cm2 on the target, which is very

promising for medical applications.

The spatial distribution of proton energy density shows

that high-energy protons are collimated along the laser prop-

agation direction within a small area. Besides peak proton

energy, another important point in terms of applications is

the conversion efficiency of laser energy to the proton beam.

This can be estimated from the ratio of the total proton

energy to the laser energy. For the target size of dt¼ 2.5 lm,

we observed a conversion efficiency of ’1% for 1010 pro-

tons with energy higher than 10 MeV, accelerated along the

laser propagation direction.

Figure 7 shows the temporal evolution of laser pulse

energy (dashed lines) and the kinetic energy of accelerated

protons (solid lines). The 3D simulations performed for differ-

ent target diameters of 1 lm, 2.5 lm, and 5 lm (with the same

laser-plasma parameters as before) clearly show a sensitive

dependence of the total proton energy on the target size (Fig.

7). Therefore, the optimal choice of the laser beam size and

target diameter is critical for transporting maximum energy

from the laser field to the protons. We found that a laser beam

size slightly larger than the target diameter resulted in a higher

proton energy. For our 5-lm diameter laser beam, the highest

efficiency was achieved with the 2.5-lm diameter target.

It shall be noted that the presence of a preplasma can

influence the laser-plasma interaction dynamics. 2D3V PIC

simulations were performed to estimate the preplasma

effects on proton acceleration. We numerically varied the

preplasma scale length between 0 and 10 lm to investigate

its relevance for proton energy distributions. The results

show that for a preplasma of about the critical scale length

0:13kLa0:5
0 ¼ 0:88 lm or shorter, there is only a small and

smooth variation of the proton density at the rear surface.

FIG. 5. Temporal evolution of the energy of the quasistatic electric field (Ey) (a), magnetic field (Bx) (b), and of the kinetic energy associated with the electrons

and protons.
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These findings are in agreement with the recent experimental

and simulation studies.26 The dependence of the maximum

(cut-off) proton energy on the preplasma length is shown in

Fig. 8. We find that a preplasma up to about the critical

length does not show a significant effect on the peak proton

energy. However, a preplasma over the critical length can

significantly reduce the proton energy.

Recent experimental results28 with the CHM target have

achieved a maximum proton energy of 20 MeV with 2.6 J of

laser energy, where it has also been observed that the proton

energy was limited by the preplasma effect. This is in good

agreement with our simulation results (as shown by Fig. 8).

Thus, based on the most recent experiment results27,28 and

the results illustrated in this study, we can expect that future

experiments with higher pulse energies and precisely con-

trolled prepulses can deliver higher proton energies.

IV. CONCLUSION

Laser-driven proton acceleration from mass-limited

cryogenic hydrogen microjet targets was numerically

investigated for long (700 fs) and few-cycle (20 fs) laser

pulses. For long pulses, we numerically observed a quasi-

monoenergetic proton peak at 1.8 MeV, in reasonable accor-

dance with the experimental finding of Gauthier et al.24 In

order to achieve higher proton energy, a new regime of pro-

ton acceleration was numerically investigated by using 20-fs

pulses with a 2-PW peak power and 1022 W/cm2 focused

intensity with controlled prepulses. Such a high-power few-

cycle laser will be available in the near future, for example,

at ELI-ALPS.25 Proton energies as high as 160 MeV were

predicted by simulations with a quasi-monoenergetic peak

around 80 MeV. This peak is characteristic for collisionless

shock-wave acceleration. It is observed that the proton

energy can be maximised when the laser beam size becomes

slightly larger than the target diameter. A very strong quasi-

static magnetic field of a few Gauss was observed, which

modulates the spatial density profile of the proton beam

along the laser propagation direction. Such strong quasi-

static magnetic fields may allow us to study the astrophysical

process at advanced laser facilities. A preplasma of length

over the critical value26 can reduce the proton energy, but

FIG. 6. Spatial distribution of proton

energy density and proton energy dis-

tribution. (a) Spatial distribution of

proton energy density for target diame-

ter dt¼ 2.5 lm; (b) energy spectrum at

t¼ 100 fs of protons accelerated along

the laser propagation direction within a

divergence angle of 10�.
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the use of a double plasma mirror can mitigate such effects.

Even higher maximum proton energies up to 250 MeV and

beyond can be expected on the basis of simulation results in

this work and analytical estimations16 by focusing the laser

to still higher intensities of 2� 1022 W/cm2 on the target.

Such high proton energies are required for cancer therapy to

treat deep-seated tumors.1
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