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Abstract

The radiation pressure of next generation ultra-high intensity (>1023Wcm−2) lasers could efficiently

accelerate ions toGeV energies. However, nonlinear quantum-electrodynamic effects play an

important role in the interaction of these laser pulses withmatter. Herewe show that these effectsmay

lead to the production of an extremely dense (∼1024 cm−3) pair-plasmawhich absorbs the laser pulse

consequently reducing the accelerated ion energy and laser to ion conversion efficiency by up to 30%–

50%and 50%–65%, respectively. Thuswe identify the regimes of laser-matter interaction, where

either ions are efficiently accelerated to high energy or dense pair-plasmas are produced as a guide for

future experiments.

1. Introduction

Ultra-high intensity lasers accelerate ions overmuch shorter distances than conventional accelerators (microns

compared tomanymeters)with potential applications inmedical physics [1] aswell as in fundamental physics

[2]. Next generation lasers, such as those comprising the soon to be completed Extreme Light Infrastructure [3],

could accelerate ions toGeV energies with 100% efficiency in principle [4, 5]. However, at the intensities

expected to be reached in these laser-matter interactions (I>1023Wcm−2), the laser very rapidly ionizes the

target to form a plasma inwhich nonlinear quantum-electrodynamic (QED) effects play a crucial role [6–8].

Energetic electrons radiateMeV energy gamma-ray photons by nonlinear Compton scattering. The radiated

gamma-ray photons can generate electron–positron pairs in the laser-fields [9]which can radiate further

photons. A cascade of pair production ensues, similar to that thought to occur in extreme astrophysical

environments such as pulsar [10] and black hole [11]magnetospheres. Pair-plasmasmore than eight orders of

magnitude denser than currently achievable with ultra-high intensity lasers could be produced [12–14], enabling

the study of collective behavior in relativistic pair-plasmas [15].

At intensities soon to be reached (I>1022Wcm−2), the radiation pressure ion accelerationmechanism

dominates [16] (with amore favorable scaling of ion energywith laser intensity ò∝ I compared to current

experiments in the target normal sheath acceleration regime I µ [17–20]). In this acceleration scheme, the

electromagneticmomentum carried by the laser pushes forwards the electrons at the front of the target, leaving a

charge separation layer and creating an electrostatic field that in turn acts on the ions and leads to their

acceleration. There are two regimes of radiation pressure ion acceleration depending onwhether the target is

thicker or thinner than the relativistic skin depth cs e ped g w= ( ), where γe is the average Lorentz factor of

electrons in the plasma and c the speed of light. n e m4pe e e
2w p= - is the electron plasma frequency inwhich

ne
- is the electron density, e is the elementary charge andme is the electronmass. The case where the target is

thicker than δs is known as hole-boring (HB), because the intense radiation pressure of the laser punches a hole

in the target, snowploughing ions forwards at an approximately constant speed [21–23]. The case where the
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target thickness isℓ�δs is known as the light-sail (LS) acceleration [24]. Here the target is sufficiently thin that

the ions do not need to snowplough through the undisturbed target and so continuously accelerate [5]; the

dynamics of the target are then exactly analogous to the LS proposed for spacecraft propulsion [25]. Experiments

have been performed in both regimes indicating the expected scaling of ion energywith laser intensity (although

complicated by electron heating and the break up of very thin targets) [16, 26–33].

In this article we use 3Dparticle-in-cell (PIC) simulations to demonstrate thatQED effects can reduce the

energy of radiation pressure accelerated ions by up to 50%.We show that the key role is played by an electron–

positron plasma, created by a pair cascade between the laser and the target. This pair-plasma can reach the

relativistically corrected critical density n n m e4c e c e e pe
rel 2 2g g w p= = ( ), i.e. the density at which its dynamics

will strongly affect the propagation of the laser pulse [34, 35]. In fact this pair-plasmamay absorb the laser pulse

[36–38]. Consequently, the energy of the accelerated ions is strongly reduced. Depending on the laser intensity

and target density, we identify two regimes of next generation laser-plasma interactions: a regimewhere laser

energy is efficiently converted to pairs and gamma-rays and consequently the opposite regimewhere laser energy

is efficiently converted to ion energy. The identification of the different regimes of ultra-high intensity laser-solid

interactionwill be crucial to the choice of parameters for experiments aiming at either ion acceleration or pair-

plasma creation.

This article is organized as follows. In section 2we demonstrate the quenching ofHB ion acceleration due to

QEDemissions by performing 3DPIC simulations. In section 3we derive a predictive 1Dmodel for this

phenomenon. In section 4we use the derivedmodel to identify the different regimes of quenchedHB ion

acceleration. In section 5we extend our analysis to the scheme of LS ion acceleration. A discussion about the

phenomenon studied is performed in section 6. Finally, in section 7we draw conclusions.

2.Quenching ofHB ion acceleration by a self-generated pair-plasma

Simulations are performedwith the PIC code EPOCH [39], which includes both plasma physics and nonlinear

QED interactions [40, 41], the latter according to [42]. Spin polarization effects [7] are neglected.

Figure 1 shows 3D simulation results ofHB ion acceleration in the regimewhereQED effects are important,

at time t=6TL (whereTL≈3.33 fs is the laser period). In this simulation the target is initialized as a

10 μm×8 μm×8 μmpre-ionized aluminum slabwith front surface in the plane x=0, i.e. the target ismuch

thicker than δc so that the ion acceleration is in theHB regime. The initial electron density in the target is

n0=1024 cm−3 and the target is represented by 1.44×109macroions and 1.6×108macroelectrons (fifth

order particle weight functions are used). It is illuminated by a circularly polarized 1 μmwavelength laser of

intensity 5×1024Wcm−2. The laser spot spatial profile is afifth-order supergaussianwith 3.3 μmfull width

halfmaximumand a constant temporal profile, with duration 30 fs. The simulation is performedwith

250×200×200 spatial cells corresponding to spatial dimensions of 10.5 μm× 8 μm× 8 μm.Absorbing

Figure 1.QEDHBacceleration at t=6TL. The laser is shown in yellowwhile the 3D target is shown as 2D slices of ionsZni/n0 (blue),
electrons n ne 0

- (red) and positrons n ne 0+ (green), withZ as the ionization number. Line-outs of particle densities at y=z=0 μm
are also present. They are computed averaging over 12×12 cells.
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boundaries have been used in the direction of laser propagation and periodic boundaries have been used in

directions transverse to this. Doubling the vacuum space between the target and the laser did not affect the

results. Convergence testingwas performed by doubling the number ofmacroparticles, spatial gridding and

time step. The results have not been significantly affected by this.

The simulation can be summarized as follows: for t<3.4TL, QED effects do not play a significant role in the

ion acceleration. As the simulation proceeds, a pair cascade develops, with the number of pairs initially growing

exponentially. After t≈3.4TL, the pair cascade results in the production of an electron–positron pair-plasma

with density equal to the relativistically corrected critical density. This pair-plasma grows between the laser and

the aluminum ions, forming a pair cushion similar to that described in [43]. This pair cushion absorbs the laser,

reducing the energy of the accelerated ions and the efficiency of the acceleration. Bymodifying the absorption,

the pair-plasma generated in front of the target reduces both the average ion energy and the efficiency of

conversion of laser energy to ion energy.We can determine the energy reduction by analyzing the ratio between

the average ion energy in the simulation described above to that in the equivalent simulationwhere theQED

effects are artificially switched off. At t=6TL this ratio is≈0.67. The equivalent ratio comparing the efficiency of

the ion acceleration, i.e. the total amount of laser energy coupled to the ions, is≈ 0.5.

3.One-dimensionalmomentumbalancemodel

Wewill nowdetermine the laser intensities and target densities at whichQED effects quenchHB ion

acceleration by deriving a simple one-dimensionalmodel for circularly polarized lasers [16].We assume that the

HBproceeds such that the front surface of the targetmoves at quasi-constant speed, i.e. ions instantaneously

neutralize the charge separation due to electronmovement at each time step. In the reference frame of the

targetʼs front surface (whichwewill refer to as the ‘HB frame’), p 0xá ñ » [44] (p

is the electronmomentum and

x as the incident laser direction) due to rapid force balance between the v B´
 

force from the laser and the

electrostatic force from charge separation. Thus, gamma-ray photons are emitted transversely to the plasma

surface and their contribution can be omitted in theHB frame longitudinal, i.e. in the direction of propagation

of the laser,momentumbalance:

I

c
R c1 2 ,HB

2 2
HB
2g r b

¢
+ ¢ =( )

ρ is the initial targetmass density,βHB=vHB/c and γHB are, respectively, the normalized speed and the Lorentz

factor of the front surface of the target, i.e.of theHB frame. The primed quantities are computed in theHB

frame, while, when omitted, quantities are computed in the laboratory frame. I I1 1HB HBb b¢ = - +( ) ( ) is

therefore the laser intensity in theHB frame andR′ is the reflection coefficient in this frame.R′ determines the

absorption coefficientA′ in theHB frame because transmission is negligible:A′=1−R′ [16]
From theHB frame longitudinalmomentumbalance, the ion energy in the laboratory frame is [16, 21, 45]
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The efficiency of laser conversion into ion energy,f, is given by the ratio between accelerated ion energy per unit

of surface and the laser energy per unit of surface, i.e.

Zn v

I
.

P

0 HB HB
f

t
t

=

Here τP is the laser pulse duration and τHB=cτL/(c−vHB) is the interval betweenwhen the pulsefirst strikes the

slab andwhen the trailing edge of the pulse strikes theHB surface.f can bewritten in terms ofΠ as

R2

1 2

1

2
. 2f =

P
+ P

+ ¢
( )

QED radiation losses can cause almost complete laser absorption, i.e.A′≈1 andR′≈0. In this case, for

strong radiation pressure ion acceleration (Π?1), equations (1) and (2) show that the ion energy is reduced by
amaximumof 2 and the efficiency of ion acceleration by amaximumof 2; for weak acceleration (Π=1),

i.e.when ions are non-relativistic (although electrons remains ultrarelativistic), the ion energy and efficiency of
acceleration are reduced by factors of 2 and 2 2 respectively. These results are consistent with a similar analysis,

limited to the classical radiation reaction force [46].

The scaling laws given in equations (1) and (2) require a prediction for the laser absorption caused byQED

radiation losses. Several scaling laws forQED-mediated laser absorption have been discussed in the literature

[47], for linear [48, 49] and circular [4, 50] laser polarization. In the simulation discussed above (and those

discussed later) the laser absorption occurs almost entirely in the self-generated pair plasma. Therefore, QED
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effects only start to cause significant laser absorptionwhen the density of the pair-plasma generated at the front

surface of the target also approaches the relativistically corrected critical density. This occurs at a timewe define

as the absorption time ta. As in [38], we assume that the absorption in theHB frame is negligible for τP<ta and
is

A
t

1 , 3
a

P
HB t
¢ = -

⎛

⎝
⎜

⎞

⎠
⎟ ( )

for τP>ta.

It can be shown that, in the laboratory frame, the time required for the pair-plasma to reach the

relativistically corrected critical density is

t
n

n
ln

2
1 , 4a

e cHB

HB 0

g
h

g
g

=
G

+
⎛

⎝
⎜

⎞

⎠
⎟

( )
( )

with the electron Lorentz factor γe and theQEDparameter η (the electric field strength in the electronʼs rest

frame relative to the criticalfield ofQED Ecrit=4.3×1013G [51]) assumed constant in time and computed as

described in equation (6) of [52], accounting for theGaunt factor associatedwithQEDphoton emission.Γ(η) is

the rate of the exponential density growth as given in equation(10) of [37]. In additionwe account for the fact
that the field inside the target is reduced due to the skin effect in the relativistically overcritical plasma by

correcting the intensity as follows: ISD=I γenc/(γHBn0) [44].

The derived expression for ta gives amodel which uniquely determines the laser absorption, ion energy and

efficiency of ion acceleration for a given laser intensity and target density. To determine the accuracy of this

model we compared its prediction to a 1D simulation, with equivalent parameters to the 3D simulation

presented above. 10240 cells were used to discretize a domain of 20 μm, initializedwith 1.31072×106

macroelectrons andmacroions per cell. Figure 2 shows the temporal evolution of the ion energy as predicted by

themomentumbalancemodel includingQED effects (two curves labeled ‘QED, ta from sim.’ and ‘QED, dens.

compr.’) and excluding them (labeled ‘Class’). These are seen to be in good agreement with the 1D simulations

results (shown as dots), whereQED effects were included and artificially switched off.We see that, as predicted

by themodel develpoed above, after a certain absorption time ta≈4.5TL≈15 fsQED effects cause the ion

energy to decrease. Figure 2 shows that ion energy from themodel, equation (1) agrees well with the simulation

results if ta is taken directly from the simulation itself (labeled ‘QED ta from sim.’).

Although describing the qualitative behavior of the ion energy, themodel gives, from equation (4),

ta=7.1 fs. The discrepancywith ta from the simulation ismainly due to the compression of the electron

density as the laser strikes the target (which affects the skin layer). In the simulation considered infigure 2, this

electron density compression is of approximately a factor of two. The result of refining ta to include this density

compression is shown infigure 2, as the dashed red line (‘QED, dens. compr.’). Although improving comparison

with simulation, this density compression has been observed to depend on the target density and laser intensity

in a complicatedway and so a full treatment of it is beyond the scope of this article. However, on comparison to

Figure 2.Average ion energy as a function of time, for classical andQED simulations of aHB acceleration. Dots refers to simulation
results while lines to theoretical predictions. In the continuous red line, ta=15 fs is provided from simulation, while in the dashed red
line electron density increases due to laser compression are considered, according to simulation results.
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simulations, themodel prediction from equation (4) has been observed to be accurate enough to predict the

general regime of the interaction, i.e. underwhat conditionsQED effects will quench ion acceleration and thus

the simplemodel is useful. This is discussed further in section 4 below. An additional improvement was to delay

ta by one laser period, to account for the time taken to settle to a stationary configuration.On the contrary, in

section 4 this did notmake any significant difference to the predictions of themodel.

In developing themodel, we assumed that photons are emitted parallel to the target surface in theHB frame.

This is consistent with the angle of photon emission seen in the 1D simulation

p parccos 47xq = á ñ á ñ » 


( ∣∣ ∣∣ ) —on transformation to the laboratory frame the angle should be

arccos HBq b» ( ) [44]which gives θ≈46° for an average ion energy 10 GeVá ñ ~ .

4. The two regimes of ultra-high intensity laser-solid interaction: efficient ion acceleration
or pair-plasma creation

Having determined an accuratemodel forHB ion acceleration includingQEDeffects we can perform a

systematic quantitative analysis ofQED effects onHB.We limit the simulations used to verify themodel to 1D

(with identical spatial gridding and number ofmacroparticles to the 1D simulation described above) andwe

chose aluminum targets for whichQEDeffects aremaximized, according to equation (1) (Π=1). Infigure 3

we plot the ratio of the average ion energy includingQEDeffects (bywhichwemean laser absorption in the self-

generated pair-plasma) to that neglectingQED effects, as a function of the initial electron density and of the laser

intensity. The color scale gives the prediction of themodel defined above, for a circularly polarized 1 μm

wavelength laser pulsewith τP=t=30 fs.We can identify three distinct regimes. Regime I: here the absorption

is negligible and the acceleration can be explained using a classicalHBmodel. This is because the initial target

density is too low to initiate a pair cascade (given the probability of pair creation at that laser intensity). Regime

II: as the density increases then a pair cascade can be initiated, resulting in the generation of a critical density

pair-plasma and the quenching of ion acceleration. This is coherent with the prediction of efficient gamma-ray

emission in near critical plasmas [53]. Regime III: if the initial target density is too high then the skin effect

screens the laser fields and the cascade does not occur. In regimes I and III laser energy is efficiently (up to 100%)

coupled to ion energy. In regime II laser energy is efficiently (up to 50%) coupled to electron–positron pairs and

gamma-ray photons and a critical density pair-plasma is generated. Asmentioned in section 3, the absorption

time has been delayed by one laser period to account for the time the plasma takes to settle to a stationary state.

However, this did not significantly change the predictions of themodel. Figure 3 also shows 1D simulation

results as colored dots for comparison to themodel. The simulations fall into broadly the same regimes as those

predicted by themodel.

Although regime I is characterized as an initially relativistically underdense targets, as the target is

illuminated by the laser, the electron compressed to relativistically overcritical densities. Therefore, for densities

considered, regime I can be described by classical HB [21].

In [54] it has been shown that, inmultidimensional simulations, the laser screening due to skin effects in

regime IIImay be prevented by lasermodulations of the target surface. This effect has the potential to lead to

efficient absorption in regime III, which is not seen in 1D simulations. However, this process is expected to

Figure 3.Ratio ofQED to classical ion energy , as a function of both laser intensity (5×1023 W cm−2�I�1025 W cm−2) and
initial electron density (2.3×1023 cm−3�n0�8×1024 cm−3). Dots represents simulation results, while the color-plot in the
background represents the analyticalmodel. Three regimes are identified: (I) relativistically underdense plasma, (II)QED-plasma
regime and (III) relativistically overcritical plasma.
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happen on a timescale an order ofmagnitude longer than those considered.Moreover, in [55], the screening has

been and resulting low absorption due toQEDeffects has been seen in simulationswith similar parameters to

those explored here. As a test, we have conducted a 2D simulation for initial target and laser parameters in

regime III. The simulation is initialized using 600×600 spatial grid-cells to describe a 13μm× 16 μmdomain

where a 10 μm× 16 μmpre-ionized aluminum target of initial electron density n0=3×1023 cm−3 is

illuminated by a 1 μmwavelength laser of peak intensity 2.75×1024Wcm−2. The laser spot spatial profile is a

gaussian (tomaximize the effect of the target front-surface deformation)with 3.3 μmfull width halfmaximum

and a constant temporal profile, with duration 30 fs. Initially the target is composed by 1.04×106macroions

and 1.35×107macroelectrons, absorbing boundaries have been used in the direction of laser propagation (x-

axis) and periodic in directions transverse to this. The results, at t=30 fs are shown infigure 4: for the timescale

considered, the screening is still effective, the laser is reflected at the relativistically corrected critical density, no

significant absorption is seen and no pairs are created.

The three regimes identified infigure 3 could be equivalently identified by analyzing equation (2) instead of

equation (1) because they appear as R 1¢ ¹ , that is the same in the two cases.

5. The effect ofQEDprocesses on LS ion acceleration

Another target-parameter which can be varied is the thickness. By decreasing it, we can enter the LS scenario of

radiation pressure ion acceleration. LS ion acceleration is particularly efficient [5]: accelerated targets can easily

reach the ultrarelativistic limit (βLS≈1). For this reason, theQEDparameter 1 LS
2h bµ - [52] is strongly

reduced and consequently so areQED effects when compared to theHB cases considered above. This is

supported by 1D simulations similar to those described above, butwith the target thickness set by the condition

for optimal LS ( a n nc L0
rel

0l p=ℓ whereλL is the laser wavelength [24]). In these simulations the target was

acceleratedmuchmore efficiently than in the equivalentHB simulations (for I≈5×1024Wcm−2 and

n0≈10
24 cm−3we foundβLS≈1 as compared toβHB≈0.7). As predicted, in simulations of LS ion

accelerationQEDeffects were indeed negligible for all laser intensities considered here, for example no

absorptionwas seen for the LS simulationwith I∼1024Wcm−2 compared to 70% for the equivalentHB

simulation.

6.Discussion

In the interactions of ultra-high intensity laser pulses withmatter we can expect particle acceleration over

compact,micron-scale, regions [16], extremely intense bursts of γ-ray emission [44] and the creation of dense

pair-plasmas [37]. Herewe have shown that it is possible to select intowhich species the laser energy is coupled

by the choice of target density and thickness. By doing so it will be possible to select, in an experiment, which

regime onewishes to access: onewhere ions are predominantly accelerated or onewhere a dense pair plasma and

burst of gamma-rays is generated. These two regimeswere identified in section 4 as follows: (i) if the target

Figure 4.Electron density and laserfield profiles at t=30 fs for a 2D simulation ofHB acceleration for laser and target parameters in
the regime III defined in section 3. The electron density, normalized to the initial target density, is shown as a red-yellow color plot.
The thick green line highlights the relativistically corrected critical density. The laser electric fieldmagnitude is plotted normalized to
themaximum incoming fieldmagnitude as blue isolines.

6

New J. Phys. 20 (2018) 033014 DDel Sorbo et al



density ismuch above or below the relativistically corrected critical density a cascade of pair production cannot

be initiated. In thefirst,more important case (the densitymust be sufficient to reflect the laser pulse to efficiently

accelerate ions), the electron density in the target is sufficient to effectively screen the laser fields by the skin

effect. This curtails gamma-ray emission from the electrons in the target and thus inhibits the pair cascade. In

this case laser energy is efficiently coupled to ions (in theHB regime of radiation pressure ion acceleration). (ii) If,

on the other hand, the target density is close to the relativistically corrected critical density (as is in fact the case

formany solidswhen the laser intensity is>1023Wcm−2) then the laser fields are not so effectively screened by

the target, the electrons feel these fields and initiate a cascade. In this case a large fraction of the laser energy is

absorbed; in principle up to 100%, although thismay place impractical constraints on the target density and

laser intensity. This energy is primarily emitted as gamma-rays from the self-generated pair plasma, which

escape the interaction as an ultra-intense (of the same order as the laser-intensity) burst. A small fraction of these

gamma-ray photons are converted to electron–positron pairs, sustaining the pair plasma at the relativistically

corrected critical density, which in this case is approximately solid density.

Here we have focused on the effect of the produced pair plasma on the ion energy but ourmodel also predicts

the efficiency of laser energy converted to ion energy or gamma-rays (the later via the absorption coefficientA).

Radiation pressure ion acceleration is in principle a very efficient scheme and evenwith themaximumpredicted

efficiency reduction of 65% it is still relatively efficient, whereas the predicted 50% reduction in ion energy is

very significant for potential applications such as hadron therapy.

We have also identified another target parameter which could enable the selection of the required regime in

experiments: the target thickness. If the target is sufficiently thin, i.e. less than the relativistic skin depth, then the

ion acceleration enters themore efficient LS regime.Here the target is accelerated to sufficiently high speeds

compared to theHB regime thatQED effects are negligible (due to theDoppler down shift of the laser intensity

in the instantaneous rest frame of the target). However, the ultimate choice of ion acceleration regimemay

depend on considerations beyond those investigated here, for example the stability, or lack thereof, of the thin

target in the LS regime and pre-pulse effects on the very thin targets required.

In this article we have limited our simulations and scaling laws to the consideration of circularly polarized

laser pulses. In reality next generation high intensity lasers will primarily use linear polarization [27]. This is

expected to lead to substantiallymore electron heating than the cases considered here [28, 29]. This complicates

the simple picturewe have presented here of the energy partition in the interaction of ultra-high intensity laser

pulses withmatter, but is not expected to qualitatively change the picture. The radiation pressure of the pulse is

still expected to efficiently accelerate ions and pair plasma creation is still expected to be curtailedwhen the target

density exceeds the relativistically corrected critical density.

Another limitation of thework presented here is the consideration of a very simple target geometry—i.e. a

slab. In reality the high-intensity part of the laser pulsewill be preceded by a longer, lower intensity pre-pulse

whichwill pre-heat and so pre-expand the front of the target. The high-intensity part of the pulsewill then have

to propagate through a pre-expanded plasma to reach the solid surface of the target. Instabilities in this plasma

could affect the propagation of the pulse. In simulations of laser-matter interactions at intensities

>1023Wcm−2, including a pre-plasma in front of the target, such instabilities have not been observed [27],

perhaps due to the increased strength of the ponderomotive force. This leads to significant profile steepening as

the plasma is pushed forwards by the pulse, with the target geometry reverting to the simple sharp-edged slab-

like profile considered here. In fact even for the case of a target with a density profile which is initially slab-like,

the v B´
 

force pushes the electrons into the target (and later pushes electrons and positrons into the pair

plasma), leading to a locally enhanced density, as shown infigures 1 and 4. This enhancement in the density

affects the absorption through the skin effect and is not accounted for in themomentumbalancemodel

presented here, limiting the accuracy of thismodel. Indeed, in order to obtain accordance between themodel

described in section 3 and PIC simulations, infigure 2 it was necessary tofix the absorption time ta post-hoc

from simulation results, while the prediction from equation (4)was not sufficiently accurate.However, the

prediction of ta excluding the density enhancement was shown to yield good agreementwith PIC simulations for

predicting the general regimes of the laser-matter interaction laid out in section 3. As demonstrated infigure 2,

an inclusion of the local enhancement to the electron (and positron) density from simulationswould improve

the estimate for ta presented here. Due to the observed complicated dependence on laser and target parameters,

the compression physics cannot be captured in a simplemodel. Nevertheless, the current analyticalmodel works

sufficiently well tomake realistic predictions of the different regimes ofmulti-PW laser-solid interaction and has

the advantage of relative simplicity. Indeed neglecting the electron density compression for the sake of simplicity

is amethod previously employed in the description ofHB ion acceleration [21].
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7. Conclusions

In conclusion,QED effects, specifically the creation of a critical density pair-plasma in front of the target, can

quenchHB radiation pressure ion acceleration, strongly reducing both the average ion energy (by up to 50%)

and the efficiency of conversion of laser energy to ion energy (by up to 65%).We have developed a practical

model in order to estimate these reductions. Thismodel demonstrates the regimewhere laser energy is

efficiently converted to pairs and gamma-rays but also the regimeswhere this is not the case and laser energy is

efficiently converted to ion energy.We have also found thatQED effects do not affect LS radiation pressure ion

acceleration, when using circular polarization. These observations will be useful for the design of experiments as

they inform the choice of laser and target parameters depending onwhether the generation of energetic ion

beams or critical density pair-plasmas is the desired aim.Consequently, identifying these regimes of laser-

plasma interaction is crucial to the application of next generation lasers as a source of high energy ions, to enable

the investigation of dense pair-plasmas in the laboratory, and to produce a very bright source of gamma-rays.

Acknowledgments

Thisworkwas funded by theUKEngineering and Physical Sciences ResearchCouncil (EP/K504178/1, EP/

M018091/1, EP/M018156/1, EP/M018555/1 and EP/P007082/1). Computing resources have been provided

by STFC ScientificComputingDepartmentʼs SCARF cluster. The data required to reproduce the results

presented here is available at doi:10.15124/65561ffe-049d-4cee-8d79-a8cf590a039e.

ORCID iDs

DDel Sorbo https://orcid.org/0000-0003-0390-7540

M JDuff https://orcid.org/0000-0002-0745-0157

PMcKenna https://orcid.org/0000-0001-8061-7091

References

[1] Caron J et al 2015Phys.Med. 31 912

[2] Catani S andGrazziniM2007Phys. Rev. Lett. 98 222002

[3] KornG, LeGarrec B andRus B 2013CLEO: Science and Innovations (San Jose, CA:OSAPublishing) ppCTu2D–7

[4] Capdessus R andMcKenna P 2015Phys. Rev.E 91 053105

[5] Esirkepov T, BorghesiM, Bulanov S,MourouG andTajimaT 2004Phys. Rev. Lett. 92 175003

[6] Bell A andKirk JG 2008Phys. Rev. Lett. 101 200403

[7] Del SorboD, SeiptD, BlackburnTG, Thomas AG,MurphyCD,Kirk J G andRidgers C 2017Phys. Rev.A 96 043407

[8] Ridgers C et al 2017 J. Plasma Phys. 83 715830502

[9] Breit G andWheeler J A 1934Phys. Rev. 46 1087

[10] Goldreich P and JulianWH1969Astrophys. J. 157 869

[11] Blandford RDandZnajek R L 1977Mon.Not. R. Astron. Soc. 179 433

[12] ChenH,Wilks SC, Bonlie J D, Liang E P,Myatt J, PriceDF,MeyerhoferDDandBeiersdorfer P 2009 Phys. Rev. Lett. 102 105001

[13] Sarri G et al 2015Nat. Commun. 6 6747

[14] ZhuX-L, YuT-P, Sheng Z-M, Yin Y, Turcu I CE and PukhovA 2016Nat. Commun. 7 13686

[15] ChenH et al 2015Phys. Rev. Lett. 114 215001

[16] Macchi A, BorghesiM and PassoniM2013Rev.Mod. Phys. 85 751

[17] Clark E L et al 2000Phys. Rev. Lett. 84 670

[18] MaksimchukA,Gu S, FlippoK,UmstadterD andBychenkovVY 2000Phys. Rev. Lett. 84 4108

[19] Snavely RA et al 2000Phys. Rev. Lett. 85 2945

[20] Wilks S, LangdonA, CowanT, RothM, SinghM,Hatchett S, KeyM, PenningtonD,MacKinnonA and Snavely R 2001 Phys. Plasmas

8 542

[21] RobinsonA,Gibbon P, ZepfM,Kar S, Evans R andBellei C 2009Plasma Phys. Control. Fusion 51 024004

[22] Weng S,MurakamiM,Mulser P and Sheng Z 2012New J. Phys. 14 063026

[23] TamburiniM, Pegoraro F,Di Piazza A, Keitel CH andMacchi A 2010New J. Phys. 12 123005

[24] Macchi A, Veghini S and Pegoraro F 2009Phys. Rev. Lett. 103 085003

[25] ForwardR L 1984 J. Spacecr. Rockets 21 187

[26] PalmerCA J et al 2011Phys. Rev. Lett. 106 014801

[27] Badziak J, Glowacz S, Jablonski S, Parys P,Wolowski J andHoraH 2004Appl. Phys. Lett. 85 3041

[28] Akli KU et al 2008Phys. Rev. Lett. 100 165002

[29] HenigA et al 2009aPhys. Rev. Lett. 102 095002

[30] Kar S et al 2012Phys. Rev. Lett. 109 185006

[31] HenigA et al 2009bPhys. Rev. Lett. 103 245003

[32] Dollar F et al 2012Phys. Rev. Lett. 108 175005

[33] PalmerCA J et al 2012Phys. Rev. Lett. 108 225002

[34] KawP andDawson J 1970Phys. Fluids 13 472

[35] Palaniyappan S et al 2012Nat. Phys. 8 763

8

New J. Phys. 20 (2018) 033014 DDel Sorbo et al

https://doi.org/10.15124/65561ffe-049d-4cee-8d79-a8cf590a039e
https://orcid.org/0000-0003-0390-7540
https://orcid.org/0000-0003-0390-7540
https://orcid.org/0000-0003-0390-7540
https://orcid.org/0000-0003-0390-7540
https://orcid.org/0000-0002-0745-0157
https://orcid.org/0000-0002-0745-0157
https://orcid.org/0000-0002-0745-0157
https://orcid.org/0000-0002-0745-0157
https://orcid.org/0000-0001-8061-7091
https://orcid.org/0000-0001-8061-7091
https://orcid.org/0000-0001-8061-7091
https://orcid.org/0000-0001-8061-7091
https://doi.org/10.1016/j.ejmp.2015.07.148
https://doi.org/10.1103/PhysRevLett.98.222002
https://doi.org/10.1103/PhysRevE.91.053105
https://doi.org/10.1103/PhysRevLett.92.175003
https://doi.org/10.1103/PhysRevLett.101.200403
https://doi.org/10.1103/PhysRevA.96.043407
https://doi.org/10.1017/S0022377817000642
https://doi.org/10.1103/PhysRev.46.1087
https://doi.org/10.1086/150119
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1103/PhysRevLett.102.105001
https://doi.org/10.1038/ncomms7747
https://doi.org/10.1038/ncomms13686
https://doi.org/10.1103/PhysRevLett.114.215001
https://doi.org/10.1103/RevModPhys.85.751
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.1063/1.1333697
https://doi.org/10.1088/0741-3335/51/2/024004
https://doi.org/10.1088/1367-2630/14/6/063026
https://doi.org/10.1088/1367-2630/12/12/123005
https://doi.org/10.1103/PhysRevLett.103.085003
https://doi.org/10.2514/3.8632
https://doi.org/10.1103/PhysRevLett.106.014801
https://doi.org/10.1063/1.1797557
https://doi.org/10.1103/PhysRevLett.100.165002
https://doi.org/10.1103/PhysRevLett.102.095002
https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.108.175005
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1063/1.1692942
https://doi.org/10.1038/nphys2390


[36] Nerush E, Kostyukov I Y, Fedotov A,NarozhnyN, ElkinaN andRuhlH2011Phys. Rev. Lett. 106 035001

[37] Grismayer T, VranicM,Martins J L, Fonseca R and Silva LO2017Phys. Rev.E 95 023210

[38] Grismayer T, VranicM,Martins J, Fonseca R and Silva L 2016Phys. Plasmas 23 056706

[39] Arber T et al 2015Plasma Phys. Control. Fusion 57 113001

[40] FurryW1951Phys. Rev. 81 115

[41] Di Piazza A,Müller C,HatsagortsyanK andKeitel C 2012Rev.Mod. Phys. 84 1177

[42] Ridgers C, Kirk J G,Duclous R, Blackburn T, BradyC, Bennett K, Arber T andBell A 2014 J. Comput. Phys. 260 273

[43] Kirk J, Bell A andRidgers C 2013Plasma Phys. Control. Fusion 55 095016

[44] Ridgers C, BradyC S,Duclous R, Kirk J, Bennett K, Arber T, RobinsonA andBell A 2012Phys. Rev. Lett. 108 165006

[45] Schlegel T,NaumovaN, TikhonchukV, LabauneC, Sokolov I andMourouG 2009 Phys. Plasmas 16 083103

[46] BashinovA andKimA2013Phys. Plasmas 20 113111

[47] Ji L, PukhovA,Nerush E, Kostyukov I Y, Shen B andAkli K 2014Phys. Plasmas 21 023109

[48] BradyC S, Ridgers C, Arber T, Bell A andKirk J 2012Phys. Rev. Lett. 109 245006

[49] LevyM et al 2016 arXiv:1609.00389

[50] Nerush E andKostyukov I Y 2015Plasma Phys. Control. Fusion 57 035007

[51] HeisenbergWandEulerH 1936Z. Phys. 98 714

[52] Zhang P, Ridgers C andThomas A 2015New J. Phys. 17 043051

[53] BradyC S, Ridgers C, Arber T andBell AR 2013Plasma Phys. Control. Fusion 55 124016

[54] May J, Tonge J, Fiuza F, Fonseca R, Silva L, RenC andMoriW2011Phys. Rev.E 84 025401

[55] BradyC, Ridgers C, Arber T andBell A 2014Phys. Plasmas 21 033108

9

New J. Phys. 20 (2018) 033014 DDel Sorbo et al

https://doi.org/10.1103/PhysRevLett.106.035001
https://doi.org/10.1103/PhysRevE.95.023210
https://doi.org/10.1063/1.4950841
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1103/PhysRev.81.115
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1016/j.jcp.2013.12.007
https://doi.org/10.1088/0741-3335/55/9/095016
https://doi.org/10.1103/PhysRevLett.108.165006
https://doi.org/10.1063/1.3196845
https://doi.org/10.1063/1.4835215
https://doi.org/10.1063/1.4866014
https://doi.org/10.1103/PhysRevLett.109.245006
http://arxiv.org/abs/1609.00389
https://doi.org/10.1088/0741-3335/57/3/035007
https://doi.org/10.1007/BF01343663
https://doi.org/10.1088/1367-2630/17/4/043051
https://doi.org/10.1088/0741-3335/55/12/124016
https://doi.org/10.1103/PhysRevE.84.025401
https://doi.org/10.1063/1.4869245

	1. Introduction
	2. Quenching of HB ion acceleration by a self-generated pair-plasma
	3. One-dimensional momentum balance model
	4. The two regimes of ultra-high intensity laser-solid interaction: efficient ion acceleration or pair-plasma creation
	5. The effect of QED processes on LS ion acceleration
	6. Discussion
	7. Conclusions
	Acknowledgments
	References

