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Abstract: In this study, we have investigated carbon ions, fast electrons and gamma-ray energy spectra and the corre-

sponding temperatures when next-generation 10 petawatt (PW) lasers (irradiances of 5 � 1022 W cm�2) hit solid targets

with a preformed plasma at the front surface. We employed 2D particle-in-cell (PIC) code with the presence of quantum

electrodynamics (QED) effects. The maximum energy reached by the accelerated particles, and the corresponding tem-

perature due to nonlinear plasma processes can be affected by varied plasma scale lengths. Here, we show the effects of

varied plasma scale lengths on particle acceleration at irradiances on the order of 1022 W cm�2, which is a new devel-

opment for laser technology. We have observed that fully ionized carbon ions can reach up to 2.5 GeV energies with an

optimum plasma scale length of 1 lm and the corresponding temperature of 40 MeV. Accelerated electron energies reach

up to 1.5 GeV with the temperatures of 50 MeV for 10 PW laser–plasma interactions with the presence of QED effects. We

have demonstrated that by varying plasma scale length, heavy ion energy and temperature can be controlled, which is

important for various applications such as hadron therapy and X-ray imaging.
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1. Introduction

Developing technology of high-power lasers will allow us to

reach the power of 10 PW laser systems in the foreseeable

future and such high-power laser systems are currently under

construction in ELI projects [1]. 10 PW ultra-intense high-

power lasers will give us the opportunity to investigate

particle acceleration with the presence of quantum electro-

dynamic (QED) effects. Ultra-intense high-power laser

pulses have strong electromagnetic fields which rapidly

ionize matter to produce a plasma. The generated electro-

magnetic fields in this plasma can accelerate charged parti-

cles (electrons and ions) to high energies over very short

distances [2, 3]. High-power laser–plasma interactions

therefore have potential application ranging from hadron

therapy [4] and X-ray imaging [5] to next-generation particle

accelerators [6–8]. With the development of multi-petawatt-

class lasers, intensities of � 1023 W cm�2 will be reachable,

giving rise to a new regime in which interesting new physics

becomes accessible. This includes the acceleration of ions to

GeV energies by the light pressure of the laser [9] and the

onset of nonlinear QED effects which produce emitted

photons created by electron–positron pairs on interaction

with the laser fields (multi-photon Briet–Wheeler pair pro-

duction) [10–12]. The dynamics of plasmas generated by

next-generation 10 PW lasers will be dominated by these

emission processes [13–15]. Recent computational studies

have shown that quantum radiation reaction and multi-pho-

ton Briet–Wheeler pair production have a strong influence on

particle acceleration in multi-petawatt laser–solid interac-

tions [16, 17]. In this study, the generation of carbon ions, hot

electrons and photons in ultra-intense ([ 1022 W cm�2)

laser–plasma interactions for different preformed plasma

scale lengths and at the presence of QED effects has been

investigated.

We have used 2D EPOCH particle-in-cell (PIC) code to

simulate 10 PW laser–solid interactions with an
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exponential preformed density profile [18, 19]. Here, we

have investigated the effect of varied plasma scale length

(L) from 0 to 10 lm on particle acceleration in multi-

petawatt laser–plasma interactions (I� 1022 Wcm �2)

when the QED effect is present.

2. EPOCH 2D PIC code simulations

We performed 2D EPOCH PIC simulations of laser–solid

interactions with a preformed plasma in front of the target.

The system size was varying from 13 lm � 74 lm with a

mesh resolution of 20 nm cell size and 100 particles in each

cell, comprising of electrons and carbon ions.

The simulated laser irradiance was 5 � 1022 W cm�2

with a linear polarized beam focused to a 3 lm focal spot

with an incidence angle of 0�. The laser wavelength and

pulse duration were 0:82 lm and 25 fs, respectively. The

peak electron density was limited to 7 � 1029 m�3. The

target was assumed to be fully ionized carbons with a

thickness of 0:5 lm. For pre-plasma, the density profile can

be defined as ne ¼ nsexpð�x=LÞ where, ne is the electron

number density, ns is solid density, and L is the plasma

scale length. The plasma scale length (L) was varied from

L ¼ 0 to L ¼ 10 lm with a cutoff to zero density at 0.1 nc,

where nc is the critical density.

For irradiances greater than � 1022 W cm�2, we expect

radiation pressure ion acceleration (RPA) [16, 20, 21] to

dominate the acceleration of protons and heavy ions. Fig-

ure 1 shows the average kinetic energy of the simulated

carbon ions at different time steps for 1 and 5 lm pre-

formed plasma scale lengths in front of the target. Initially,

the carbon ions are accelerated at the front surface of tar-

get, indicating that RPA is the accelerating mechanism.

Later, accelerated electrons at the front surface set up a

shield field behind the target and lead the second acceler-

ation mechanism at the rear surface which is called target

normal sheath acceleration (TNSA) mechanism. The ions

are accelerated at the front surface of the target, indicating

that RPA is the accelerating mechanism initially, then

TNSA effect was present which shows that ions are

accelerated at the back of the target which is called hybrid

mechanism [22].Therefore, electrons accelerated by the

laser set up a sheath field and other particles are accelerated

by this sheath field in the target normal direction to higher

energies as shown in Fig. 1.

Figure 2 shows the laser behavior at different time steps

for 1 and 5 lm preformed plasma scale length. It shows that

the laser is transferring its energy to the particles and

reflects backward at the critical density, meaning it can

accelerate higher energetic electrons. However, for the case

of 5 lm, the laser starts filamenting inside the plasma

Fig. 1 Average kinetic energy of carbon ions for (a) 1lm scale length at 75 fs and (b) 1lm scale length at 100 fs, (c) 5 lm plasma scale length

at 200 fs and (d) 5lm scale length at 250 fs time steps, respectively
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causing a loss of initial laser irradiance. Thus, the laser

employed for particle acceleration behaves like a laser with

less power and therefore is not efficient at accelerating the

particles if it is not totally absorbed inside the plasma as in

the 10 lm case. The temperature of generated particles

follows the same trend as their maximum energy at the

same plasma scale lengths with QED effects.

3. Results and discussion

To understand the effect of plasma density scale length on

particle acceleration, electrons, carbon ions and gamma-ray

energy spectra were examined. At these irradiances,

observation of positron generation with QED effect is not

possible. The energy spectra of electrons, ions and gamma

rays with preformed plasma at the front surface are shown

in Fig. 3 for the plasma scale length of L ¼ 0; 3; 5 and

10 lm, respectively. It is seen that adding preformed

plasma in front of the target affects the energy of accel-

erated particles.

From our simulations, we found that there is an opti-

mum scale length for the simulation setup. By controlling

the preformed plasma, we can control the energy and

temperature of accelerated particles and photons. The

results with the absence of QED effect with relatively

Fig. 2 Laser electric field on the y-direction extracted from 2D PIC

simulations for (a) 1 lm scale length at 50 fs, (b) 5 lm scale length at

100 fs, (c) 1 lm scale length at 75 fs, (d) 5 lm scale length at 150 fs,

(e) 1 lm scale length at 100 fs and (f) 5 lm scale length at 200 fs

when the laser starts reflecting from the critical density
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lower laser irradiances show more efficient laser absorp-

tion, and thus, more energetic particles are produced

[23–26] as scale length increases. In this research, it is seen

that smaller scale lengths (� 1 lm) generate more ener-

getic particles. However, increasing scale length reduces

Fig. 3 Kinetic energy spectra of accelerated carbon ions (a),

electrons (b) and photons (c) at various plasma scale lengths

including QED effects

Fig. 4 Average energy of generated electrons as a function of time.

Black circle (�), red squares ( ) and blue diamond ( ) represent

the average energy at 0, 1 and 3 lm preformed plasma scale lengths,

respectively

Fig. 5 Average energy of generated Cþ6 ions as a function of time.

Black circle (�), red square ( ) and blue diamond ( ) represent the

average carbon ion energies at 0, 1 and 3lm preformed plasma scale

lengths, respectively

Fig. 6 Average energy of generated gamma beams as a function of

time. Black circle (�), red square ( ) and blue diamond ( ) represent

the average photon energy at 0, 1 and 3lm preformed plasma scale

lengths, respectively

Fig. 7 Maximum energy of generated particles as a function of

preformed plasma scale length. Black circle (�) , red square ( ) and

blue diamond ( ) represent the electron, carbon ion and photon

energies, respectively
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the energy of particles. Additionally, if the plasma scale

length is more than 7 lm, particles start gaining energy

again with increasing scale length. These results are related

to the laser absorption processes in the preformed plasma.

Figure 4 shows the average energy of accelerated elec-

trons inside the plasma for different preformed plasma

scale lengths as a function of laser interaction time. We see

that adding a preformed plasma results in a higher number

of accelerated electrons with less average energy. The laser

interaction time at which the maximum average energy is

reached changes due to the laser’s path to reach the critical

density.

Figure 5 shows the average energy of accelerated Cþ6

ions for different preformed plasma scale lengths as a

function of laser interaction time. For all plasma scale

lengths, the laser first transfers its energy to electrons (the

time to reach the maximum average energy is shorter for

electrons than carbon ions); then, it accelerates the carbon

ions with sheath electric field setup by the TNSA

mechanism.

Figure 6 shows the average energy of generated photons

as a function of time for different preformed plasma scale

lengths. It is seen that preformed plasma in front of the

target has a significant impact on number and energy of

generated gamma beams. Mainly, increasing scale length

reduces the maximum energy up to 7 lm scale length.

However, the number and the average energy of generated

gamma beams increase with increasing scale length.

The maximum energy and temperature of generated

particles with QED effects are summarized as a function of

plasma scale length in Figs. 7 and 8, respectively. Since

particle energy spectra change for different plasma scale

lengths with the presence of QED effects, we determine the

particle temperature (kT) by fitting the particle energy

spectra with an exponential of the form expð�E=kTÞ. The

generated particle energy and temperature depend on

plasma scale length, as shown in Figs. 7 and 8. For the

L ¼ 1 lm plasma scale length, we see a clear increase in

both measured energy and temperature. This trend on

accelerated particle energy is reversed with increasing

plasma scale length until L ¼ 7 lm, after which the particle

energy and temperature start to increase again for all three

particle types. The general trend is for plasma scale length

effects with the presence of QED effects to decrease the

temperature of particles when the preformed plasma is

present.

One of the possible explanations for this behavior is that

the laser is efficiently absorbed and transfers its energy to

electrons. This leads to the acceleration of fast electrons

when the plasma scale length is about 1 lm. As the plasma

scale length is increased, the laser self-focusing and fila-

mentations inside the plasma reduce the laser intensity.

However, if we continue increasing the plasma scale

length, all the laser‘s energy gets absorbed inside the

plasma with insignificant amount of back reflection and the

laser transfers all its energy to the particles which generate

higher energy particles, when compared to lower plasma

scale length cases.

For the next-generation laser–solid interactions, adding

a preformed plasma in front of the target leads to the

generation of more energetic particles compared to the

interactions without preformed plasma [27]. With a slight

increase in plasma scale length, the energy of generated

particles increases, which results in particles with higher

temperatures. However, adding more plasma in front of the

target can reduce the energy and temperature of the gen-

erated particles due to laser filamentations which diminish

the laser energy up to some certain scale length where all

the laser is absorbed inside the plasma without any back

reflection. Thus, higher energy carbon ions up to 2.5 GeV

can be produced easily for the new-generation 10 PW

laser–plasma interactions.

4. Conclusions

In conclusion, we investigated the effect of plasma scale

length with the presence of QED processes on particle

acceleration in the next-generation laser–matter interac-

tions with the laser intensity of 5 � 1022 W cm�2. On

simulating the case with a preformed plasma at various

plasma scale lengths, we found that increasing laser irra-

diances and adding QED effects to our simulations have

similar physical mechanisms to lower laser irradiances.

Particle acceleration depends on laser absorption inside the

plasma. We showed that increasing plasma scale length can

reduce the energy and temperature of accelerated particles

up to a certain length due to laser back reflection, self-

focusing and filamentation. However, adding a small

Fig. 8 Extracted temperature of generated particles as a function of

preformed plasma scale length. Black circle (�) represents the hot

electron temperature, red square ( ) represents the carbon ion

temperature per nucleon, and blue diamond ( ) represents the photon

temperature
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amount of preformed plasma in front of the target produces

higher energy particles which are important for many

applications. We pointed out that the particle energy was

reduced due to laser filamentations inside the plasma but in

the case of lower scale lengths (� 1 lm), and the laser

transfers its energy to particles without filamenting and

reflects backward at the critical density. Finally, we also

showed that the created gamma-ray photons with the QED

effect also depend on the preformed plasma scale length.
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