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In this work, simulations of multipetawatt lasers at irradiances ∼1023 W cm−2, striking
solid targets and implementing two-dimensional particle-in-cell code was used to study
particle acceleration. Preformed plasma at the front surface of a solid target increases
both the efficiency of particle acceleration and the reached maximum energy by the
accelerated charged particles via nonlinear plasma processes. Here, we have investigated
the preformed plasma scale length effects on particle acceleration in the presence and
absence of nonlinear quantum electrodynamic (QED) effects, including quantum radiation
reaction and multiphoton Breit–Wheeler pair production, which become important at
irradiances ∼1023 W cm−2. Our results show that QED effects help particles gain higher
energies with the presence of preformed plasma. In the results for all cases, preplasma
leads to more efficient laser absorption and produces more energetic charged particles,
as expected. In the case where QED is included, however, physical mechanisms changed
and generated secondary particles (γ -rays and positrons) reversing this trend. That is,
the hot electrons cool down due to QED effects, while ions gain more energy due to
different acceleration methods. It is found that more energetic γ -rays and positrons are
created with increasing scale length due to high laser conversion efficiency (∼24 %
for γ -rays and ∼4 % for positrons at L = 7 μm scale length), which affects the ion
and electron acceleration mechanisms. It is also observed that the QED effect reduces
the collimation of angular distribution of accelerated ions because the dominant ion
acceleration mechanism is changing when QED is involved in the process.
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1. Introduction

The strong electromagnetic fields in the focus of high-intensity laser pulses ionize matter
to produce a plasma in a very short time. Charged particles can be accelerated to very high
energies in short distances by the electromagnetic fields generated in this plasma (Daido,
Nishiuchi & Pirozhkov 2012; Macchi, Borghesi & Passoni 2013). Therefore, laser–plasma
interactions have many potential applications varying from hadron therapy (Bulanov et al.
2014) and radiation generation for femtosecond time scale imaging (Blaga et al. 2011),
to next-generation particle accelerators (if they can be staged) (Tajima & Dawson 1979;
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Esarey, Schroeder & Leemans 2009; Steinke et al. 2016). Recent theoretical studies with
high intensity laser–solid interactions (>1020 W cm−2) show that monoenergetic ions can
be accelerated to GeV energy levels (Xu et al. 2018), and by altering the target, maximum
ion energies can be increased (Sadighi-Bonabi et al. 2010; Yazdani et al. 2014). At the
extreme intensities reaching laser irradiances >1022 W cm−2, the solid target is ionized
rapidly and the electrons in the generated plasma are accelerated to such ultrarelativistic
energies that the electric field they experience in their rest frame may reach the critical or
Schwinger field of quantum electrodynamics (QED), Es = 1.3 × 1018 V m−1 (Schwinger
1951). This field is the threshold where QED effects start to become important (Bell &
Kirk 2008; Kirk, Bell & Arka 2009). The radiation-dominant regime starts at a0 � 400
where a0 is the dimensionless laser amplitude given by

a0 =
√

IW cm−2λ2
μm

1.37 × 1018
, (1.1)

where I is the intensity (in W cm−2) and λ (in microns) is the wavelength of the incident
laser. Furthermore, quantum physics effects begin to present at a0 � 2500 (I � 1.38 ×
1026 W cm−2). When a0 = 5 × 105 and I � 3 × 1029 W cm−2, the laser pulse electric field
becomes equal to the Schwinger electric field Es = m2

ec3/e� and nonlinear QED effects
are present, creating electron–positron pairs in the vacuum (Mourou, Tajima & Bulanov
2006).

The development of multipetawatt class lasers (up to 100 PW) mean that intensities of
∼1023 W cm−2 will be achievable (Piazza, Muller & Hatsagortsyan 2012; Danson et al.
2019), raising a new regime in physics which includes the ion acceleration to GeV energies
by the radiation pressure of the laser (Shen et al. 2007; Zhang et al. 2010; Qiao et al. 2012)
and the onset of nonlinear QED effects. In this paper, the acceleration of protons, fast
electrons, positrons and photons in extreme laser irradiances (>1023 W cm−2) have been
studied in the presence of QED effects and defined preformed plasma scale lengths.

Particle acceleration with high irradiance laser plasma interactions has been extensively
investigated with current PW-class lasers (up to ∼1021 W cm−2) (Wilks et al. 2001;
McKenna et al. 2008; Culfa et al. 2016, 2017). Hot electrons can reach GeV energies
when interacting with gas targets (Leemans et al. 2006; Kneip et al. 2009) and 150 MeV
with solid targets (Culfa et al. 2014, 2016, 2017). Moreover, these generated electrons also
lead to the acceleration of protons inside the plasma via several mechanisms (Wilks et al.
2001; Albright et al. 2007; Yin et al. 2007; Jung et al. 2013). It is well known that laser
absorption and electron acceleration mechanisms have a strong dependence on preformed
plasma scale length L and electron number density ne given by

ne = ω2
pmeε0

e2
(1.2)

where ωp is the plasma frequency, me and e is the electron mass and charge, respectively.
Recent simulations with different foil thicknesses between 0.1 and 0.9 μm showed that a

110 nm preformed plasma scale length is optimum for proton acceleration at the relatively
lower intensities (∼1022 W cm−2) possible with 10 PW laser systems (Hadjisolomou
et al. 2020). For thicker targets with foil thicknesses of a few μm, it is seen that the
optimum preformed plasma scale length is around 8 μm for proton acceleration with
similar laser intensities (∼1021–1022 W cm−2) (Esirkepov et al. 2014). The interaction of
a laser pulse with an overdense plasma (ne > nc), depends on the plasma scale length L.
When the scale length is much larger than the electron quiver radius, r = eE/mω2 � L,
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the main laser absorption mechanism is due to nonlinear processes in the plasma resonance
region where ne � nc. Varying density scale length enables an optimum absorption by the
resonance absorption mechanism (Kruer 1988). For the case of L � r, the mechanism of
electron vacuum heating (Brunel 1987) is the process. The vacuum heating mechanism
vanishes when the plasma scale length surpasses the electromagnetic field skin depth.
The J × B (Wilks et al. 1992) electron acceleration mechanism dominates with longer
underdense pulse propagation. Self-focusing (Max, Arons & Langdon 1974) and other
factors, including channel formation (Najmudin et al. 2003) which affects the energy
coupling to electrons, modifies the laser pulse propagation in longer scale lengths.
Recent simulations with a0 � 1 and ne � nc showed that ultraintense (>1023 W cm−2)
laser–solid interactions generate a new electron acceleration mechanism called the
zero-vector-potential (ZVP) absorption mechanism, which produces electrons with higher
temperatures (Savin et al. 2019). The qualitative evidence of the ZVP mechanism can
be seen graphically through high momentum spikes on the laser propagation axis. These
spikes can verify that the high momentum of the electrons only occur for pulses where the
vector potential passes through zero (Savin et al. 2017).

Such high laser irradiances of I > 1023 W cm−2 generate extremely strong
electromagnetic fields (EL � 1015 V m−1). These electromagnetic fields can accelerate
electrons significantly, such that a large fraction of their energy is radiated as γ -rays,
by nonlinear Compton scattering, within a single laser cycle, resulting in the radiation
reaction (RR) force becoming vital in determining the electron trajectories (Dirac 1938).
Thus, quantum aspects of the radiation emission are important (Kirk et al. 2009; Sokolov
et al. 2010; Duclous, Kirk & Bell 2011) and electron–positron pairs can be generated by
the emitted photons on interaction with the laser fields via multiphoton Breit–Wheeler pair
production (Breit & Wheeler 1934; Bell & Kirk 2008; Fedotov et al. 2010). The plasma
dynamics created by next generation 10 and 100 PW lasers will be dominated by these
emission processes (Nerush et al. 2011; Sokolov, Naumova & Nees 2011; Ridgers et al.
2012). Quantum RR and multiphoton Breit–Wheeler pair production have a strong effect
on particle acceleration in multipetawatt laser–solid interactions as shown in recent studies
(Tamburini et al. 2010; Zhang, Ridgers & Thomas 2015). Current theoretical studies show
that γ -ray and pair production can be done experimentally by using the flying mirror
technique, which increases the laser pulse power up to the level where the laser electric
field reaches the Schwinger limit at which electron positron pairs are produced (Bulanov
et al. 2011).

Another important process in the interaction of lasers having a0 � 1 with plasmas is
relativistically induced transparency (RIT). In the ultrarelativistic regime, the effective
mass of electrons in the plasma with high energies is much greater than the their rest
mass. Therefore, the plasma frequency is reduced by a factor of 1/

√〈γ 〉, where 〈γ 〉 is the
average Lorentz factor of the electrons and the electron number density ne is reduced
by 1/〈γ 〉. Consequently, an opaque plasma can be expected to become transparent if
the 〈γ 〉 is sufficiently high. This RIT (Palaniyappan et al. 2012) optically switches the
plasma from opaque to transparent and enables light propagation. Thus, when the plasma
frequency drops lower than the laser frequency, the laser propagates far behind the target
because the light is no longer reflected at the critical surface (Lefebvre & Bonnaud 1995).
Reaching this state with currently developed lasers requires foils thinner than a micron.
These extreme laser intensities (>1021 W cm−2) turn the initially defined plasma into
relativistically defined plasma and increases the mass of the electrons by the Lorentz
factor 〈γ 〉 =

√
(1 + a2

0/2); subsequently, the critical plasma density turns to relativistic
critical density (nrc = γ nc) which is far greater than our initially defined plasma density.
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Critical plasma density nc can be defined as

nrc = γ nc, nc = 4π2meε0c2

e2

1
λ2

� 1.11 × 1021

λ2
μm

cm−3, (1.3a,b)

where e and me are the electrical charge and rest mass of the electron, ε0 is the free space
permittivity and c is the speed of light. The measure of transparency or opaqueness of the
plasma can be given with the equation (Vshivkov et al. 1998)

ζ = ω2
pl

2ωLc
= λl

4πδ2
, (1.4)

where l is the plasma thickness, ωp and ωL are the plasma and laser frequency,
respectively, and δ is the plasma skin depth (δ = c/ωp). The plasma is transparent when
the dimensionless parameter ζ � 1, but when ζ � 1, the plasma is opaque. When the
laser intensities a0 � 1, a foil with ζ �1 is transparent as long as a0 � ζ . Our initial
case before the interaction, a0 � 483, ζ � 112, shows that our plasma is transparent for
the relativistic case which can be expressed as ωL � ω2

pl/2a0c.
However, if we enter the QED-plasma regime as the electromagnetic fields increase, RR

becomes important, the electron motion is damped and thus 〈γ 〉 is expected to be reduced.
Furthermore, RR leads to absorption of the electromagnetic wave (Mourou et al. 2006;
Bashinov & Kim 2013).

Such high intensity lasers can accelerate ions with light pressure, known as radiation
pressure acceleration (RPA) (Esirkepov et al. 2004; Robinson et al. 2008; Sorbo et al.
2018). The related radiation pressure can go up to 2I/c, where I is the laser intensity and
c is the speed of light. In this mechanism, the charge separation field leads the transfer of
the radiation momentum to the accelerated ions. The electrons are pushed forward into the
target (via radiation pressure) which causes a charge separation behind and generates an
electrostatic field which accelerates background ions. In our simulations, we find that the
laser bores a hole in the plasma due to the ponderomotive force as the laser pushes away
electrons from the underdense region. This helps to create a dense local build-up of the
electrons just beyond the critical layer, referred to as a snowplough (Sahai et al. 2013) as
seen in figure 1. The electron snowplough forms only when the transparency conditions
are valid and its speed is less than the laser group velocity vg/c = √

1 − ne/ncγ . For
short laser pulses, ions stay undisturbed and effectively stationary by the ponderomotive
force. In long scale length plasmas, this leads to a new ion acceleration mechanism,
called relativistically induced transparency acceleration (RITA) (Sahai et al. 2013; Powell
et al. 2015). The RITA mechanism is different than previously described laser–plasma
ion acceleration mechanisms in several aspects. The background ions are mainly stable
over the RITA time scales, whereas the ion motion is critical in other schemes (Gibbon
2000; Silva et al. 2004). In this mechanism, femtosecond relativistic laser pulses accelerate
protons to produce quasimonoenergetic clusters with peak energies.

Recent studies have shown that QED effects reduce the energy of laser pulses in
relativistically underdense plasmas with short-scale preplasma (1 μm), which is in
disagreement with previous studies (plasmas without QED effects) where the preplasma
actually becomes more transparent with increasing laser intensity (Wang et al. 2017).

To the best of our knowledge, in previous studies with QED particle-in-cell (PIC)
simulations investigating the laser–plasma interactions at the multipetawatt level, a
significant preplasma (up to 7 μm) has not been included and laser absorption mechanisms
for protons and electrons with and without QED effects have not been compared at
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(a)

(b)

FIGURE 1. (a) Electron and (b) proton number densities for 5 μm scale length at several time
steps, including QED effects.

different scale lengths (Brady, Ridgers & Arber 2012; Ridgers et al. 2012; Zhang et al.
2015; Kostyukov & Nerush 2016; Wang et al. 2017; Levy et al. 2019). We have employed
the two-dimensional (2-D) EPOCH PIC code with the aforementioned QED effects
(Ridgers et al. 2014; Arber et al. 2015). In reality, the laser prepulse will create a preplasma
at the front surface of the target which dramatically increases electron acceleration
efficiency (Culfa et al. 2014, 2016, 2017). Here, we investigate the effects of preformed
plasma and nonlinear QED processes on particle acceleration in extreme laser plasma
interactions (I ∼ 1023 W cm−2).

2. EPOCH 2-D PIC code simulations

We used a 2-D EPOCH PIC code to simulate the laser–solid interactions with preformed
plasma and QED effects on particle acceleration. The system size was 220 μm × 30 μm
with a mesh resolution of 6875 × 1000 cells with each cell containing 100 electrons and
25 protons. The simulated laser irradiance was 5 × 1023 W cm−2 in a p-polarized beam
with a 5 μm full width at half maximum (FWHM) focal spot and a laser incident angle
of 0◦. The laser wavelength and pulse duration were 0.8 μm and 30 fs, respectively. The
solid hydrogen foil was chosen as a target and peak electron density was limited to 29nc
initially (Polz et al. 2019), where nc is the critical density. In the case of preplasma, an
exponential density profile was assumed with a maximum scale length of L = 7 μm and
a cutoff to zero density at 0.001 nc in front of a 1 μm foil. Plasma scale length L can be
defined as [−(∂ne/∂x)/ne]−1 where ne is the electron number density.

We have performed simulations with QED, without QED and only with RR (where
positron generation is artificially turned off) for several scale lengths ranging between 0
and 7 μm. Our simulations suggest particle acceleration mechanisms change when QED
or RR is implemented. For irradiances greater than 1022 W cm−2, we expect radiation
pressure ion acceleration (RPA) (Esirkepov et al. 2004; Robinson et al. 2008; Tamburini
et al. 2010) to be the dominating acceleration type mechanism of protons. However, in our
simulations, we observed two different acceleration mechanisms – with and without QED
– which impacted the plasma transparency.
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(a)

(b)

FIGURE 2. (a) Electron and (b) proton average kinetic energies for 5 μm scale length at
several time steps, without QED effects.

(a)

(b)

FIGURE 3. (a) Electron and (b) proton average kinetic energies for 5 μm scale length at
several time steps, including QED effects.

Figure 2 shows the electron and ion average kinetic energy for L = 5 μm without QED
effects. It can be seen that the ponderomotive force first pushes the electrons away and
then the ions start gaining energy by light pressure (RPA mechanism). Figure 3 shows the
electron, ion, photon and positron average kinetic energy for L = 5 μm with QED effects.
It can be seen that, similar to figure 2, the initial acceleration mechanism and ion behaviour
is similar to cases without QED effects. The accelerated electrons cause the acceleration
of ions because of a moving electrostatic potential formed by an increase in the local
electron density (RITA mechanism) at the later stage of the simulations. It can be seen
that, especially for the RR case, there are monoenergetic ion beams produced for longer
scale length cases (L > 3 μm). Figure 3 shows that initially ions and electrons accelerate
and behave similarly to non-QED cases; however, with increasing time, their behaviours
are changing due to the RITA mechanism, and monoenergetic ions are created. In the
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(a)

(b)

(c)

FIGURE 4. Longitudinal laser electric field (Ex) and proton number density for no QED, QED
and only RR cases at different simulation time steps for L = 5 μm scale length.

electron-depleted region before the snowplough, a propagating electrostatic potential Φsp
that follows the snowplough is set up due to the spatial charge separation between protons
and electrons. If the potential difference is large enough, then protons can be picked up
and accelerated to speeds twice that of the snowplough. Figure 4 shows the Ex longitudinal
electric field due to charge separation which results in RITA acceleration when QED and
RR is the process and the ions are moving with the longitudinal electric field. Figure 5
shows the proton longitudinal phase space on the x-axis for all three cases and all scale
lengths at 400 fs time, where reflected RITA accelerated protons can be seen for the QED
and RR-only cases. Similar to ions, we observed that electron acceleration mechanisms
also have dependence on QED (or RR) effects. Figure 6 shows the longitudinal electron
momentum on the x-axis (Px − x) for all three cases and all plasma scale lengths at
400 fs time. One of the well known and proposed acceleration mechanisms when QED
is implemented is J × B where electron oscillation frequency by the ponderomotive force
is 2ωL, where ωL is the laser frequency (Wilks et al. 1992; Jiao et al. 2017). It is seen
in figure 6 that the electron oscillation frequency is 2ωL (d = λ/2) which suggests that
J × B is the main mechanism accelerating the electrons (see figure 6). However, we
also noticed that without QED, there is another electron acceleration method involved in
addition to the J × B electron acceleration mechanism. The observed momentum spikes
of the electrons on the x-axis suggest that the ZVP acceleration mechanism is involved
(see figure 6) (Savin et al. 2017). In the ZVP mechanism case, electrons are not directly
accelerated by the J × B force, instead they are confined in a ‘plasma capacitor’ and
perform finite oscillations which are much higher than the frequency of the relativistic
electron oscillations caused by the ponderomotive force. The spatial duration of the
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(a)

(b)

(c)

FIGURE 5. Proton phase space (Px − x) distributions at different scale lengths for the cases of
without (a) and with (b) the effects of QED and RR-only (c). Colourbar shows the weight of
protons in arbitrary units.

electron cluster is given as Δeb ∝ λS/a2
0, where S = ne/nca0 which indicates that the fast

electron clusters’ spatial duration is much shorter than the period of the laser pulse (Baeva
et al. 2011).

3. Energy spectra of accelerated particles

Electron, proton, γ -ray and positron energy spectra were examined in order to study
the effects of both QED and plasma density scale length on particle acceleration. The
energy spectra of electrons and protons at different time steps with a preformed plasma
scale length L of 5 μm at the front surface are shown in figure 7 when QED effects are
artificially switched off, switched on and when only RR effects are included (the laser
is focused on 29nc plasma slab at t = 240 fs for L = 5 μm case). It is seen that the
accelerated particles’ energy increased with time. Proton energy spectra shows that protons
have a monoenergetic beam with increasing time and indicates that, the laser absorption
mechanism changed during the simulation for the QED and RR cases. Figure 8 shows the
energy spectra of electrons and protons with varied preformed plasma – extracted at the
end of the simulation time (t = 500 fs) – for when QED effects are artificially switched
off, switched on and when only the RR effect is included. When there is no preplasma
(L = 0 μm), electron and ion energies reach a similar maximum energy for all cases.
While electrons have continuous energy spectra in the cases of QED and RR-only, a peak
is observed in the electron energy spectrum at around 2 GeV when QED is not included.
However, increasing scale length (L > 0 μm) accelerates more energetic electrons for the

https://doi.org/10.1017/S0022377821000982 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377821000982


Scale length and QED effects on particle acceleration 9

(a)

(b)

(c)

FIGURE 6. Electron phase space (Px − x) distributions at different scale lengths for the cases
of without (a) and with (b) the effects of QED and RR-only (c). Colourbar shows the weight of
electrons in arbitrary units.

non-QED case, and higher energetic electrons (>4 GeV) are cooled down when the QED
effect is more dominant. For the ions, it is clear that the QED and RR have a positive
effect on ion acceleration which might be because of the increase in absorbed laser energy
by ions (increase ∼2 % when QED and RR is on) or the change in the dominant ion
acceleration mechanism from RPA to RITA.

For cases without QED effects, the electron energies are higher, while ion energies
are lower when compared with RR and QED effect cases. However, QED effects cause
significant cooling of very hot electrons while accelerating protons, as seen in figure 8.
Results without QED effects show that increasing preplasma scale lengths (L > 0 μm)
leads to more efficient laser absorption and, therefore, generates more energetic electrons
and ions, as expected (Santala et al. 2000; Peebles et al. 2017). In the QED case, we see
even stronger laser absorption as the preplasma scale length increases when compared
with cases without QED effects, due to pair productions.

We have also performed simulations excluding pair production to determine whether RR
or pair production has the stronger effect on particle acceleration. As shown in figure 8,
QED and RR have a negligible effect on particle acceleration without preplasma, while RR
is the key effect with preplasma. Pair production reduces the energy of accelerated ions as
scale length increases. In the QED and RR cases, the energy of the accelerated electrons
is reduced, while ions are accelerated to higher energies due to different dominant
acceleration mechanisms caused by increased plasma opaqueness.

Comparing figures 8(b) and 8(c), one can see that hot electrons are cooled down by
RR, which leads to significant absorption of the laser pulse and, therefore, a drop in
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(a) (b) (c)

(d) (e) ( f )

FIGURE 7. Electron (a–c) and proton (d– f ) energy spectra for the cases of without (a,d) and
with (b,e) the effects of QED and RR-only (c, f ) for the L = 5 μm scale length case at different
time steps.

(a) (b) (c)

(d) (e) ( f )

FIGURE 8. Electron (a–c) and proton (d– f ) energy spectra for the cases of without (a,d) and
with (b,e) the effects of QED and RR-only (c, f ) for different scale lengths varying from 0 to
7 μm at the end of the simulation time.

the radiation pressure available to accelerate the protons by RPA (Sorbo et al. 2018) (see
figures 8d– f and 9). This is due to extremely dense (≈1023 cm−3) pair-plasma when pair
production is present.

In the QED-plasma regime, since the electromagnetic fields increase and RR becomes
important, 〈γ 〉 is expected to be reduced and RR helps to absorb more of the
electromagnetic waves. Calculations for classical, semiclassical and QED plasmas show
that γ is reduced when QED effects are included (Zhang et al. 2015). For the classical
plasma (QED-off), γ =

√
1 + a2

0. For the classical RR, dimensionless laser amplitude is
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FIGURE 9. Radiation reaction effects on single electron dynamics are shown for classical
plasma without RR effect (red line), for classical RR (blue line) and QED and for quantum
corrected RR effect (black line).

given as:

a2
0 = τ 2

Rω2
Lγ

8 + γ 2, (3.1)

where τR is a production rate per electron per laser period and defined as τR =
0.06(I24λ

2
μm)1/2η1/4 exp(−8/

√
3η) and η = γ E sin θ/Es (Bell & Kirk 2008). For the

relativistic plasma with QED effects, γ for the quantum corrected RR effects can be
calculated from

Γ γ 2

a2
0

=
√

1 − γ 2

a2
0

(3.2)

by using the definitions γ = a0 sin θ and Γ sin2 θ − cos θ = 0, where Γ = τRωLa0γ
2. By

using (3.1) for classical RR, (3.2) for QED plasma and γ =
√

1 + a2
0 for classical plasma,

we can obtain the plot given in figure 9 and can show the reduction in γ values for QED
plasmas which affects the plasma opaqueness.

Figure 10 shows the total laser energy (EL) – propagated in the x direction – and plasma
electron number density when QED is off, on and RR-only cases at different simulation
times for L = 5 μm scale length. It is seen that without QED, the ponderomotive force
pushes the particles away but the laser absorption is lower when compared with QED
and RR cases due to RIT. In our simulations, the plasma becomes totally transparent and
there is very little laser reflection (nrc = 5.86 × 1023 cm−3). Laser absorption is around
8 % without QED and 30 % with QED. In particular, for the cases without QED, at the
maximum plasma scale length of L = 7 μm, the laser absorption is only ∼10 % and
the rest of the laser passes through the target. When QED is turned on, laser absorption
increases dramatically, mainly due to RR caused by γ -ray radiation (which is around 24 %
conversion efficiency for the L = 7 μm case).

Figure 11 shows the laser Ey electric field before and after laser focusing for cases
without and with QED effects. It is seen that the laser is self-focused in both cases due to
long plasma scale lengths of up to a few μm FWHM, which increases the initially defined
laser intensity up to ∼1024 W cm−2 for all cases. While laser self-focusing does have an
effect on accelerating particles, because of its very similar character in all cases, we can
neglect this effect in our comparisons.

Figure 12 shows the energy spectra of generated photons for different preformed plasma
scale lengths with QED and RR. Preformed plasma increases the energy of generated
photons. Previous studies showed that there is a threshold limit for the photon energy with

https://doi.org/10.1017/S0022377821000982 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377821000982


12 O. Culfa and Sinan Sagir

(a)

(b)

(c)

FIGURE 10. Laser energy EL and plasma number density without QED, with QED and only
RR cases at different simulation time steps for L = 5 μm scale length.

(a)

(b)

FIGURE 11. The Ey laser electric field for 5 μm scale length at several time steps (a) without
QED and (b) with QED cases.

increasing scale length and that for 30 fs, ∼10 PW laser systems, the gamma conversion
rate is at a maximum when the scale length is around L � 20 μm but if the laser
pulse duration is longer (150 fs), optimum plasma scale length is reduced to L � 10 μm
(Lezhnin et al. 2018). The generated photon energies are slightly higher in the QED cases
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(a) (b)

FIGURE 12. Photon energy spectra with QED (a) and RR (b) effects for several plasma scale
lengths.

(a) (b)

FIGURE 13. Positron energy spectra for (a) several different time steps when L = 3 μm and
(b) for several plasma scale lengths at the end of the simulation (t = 500 fs).

(a) (b) (c)

FIGURE 14. The conversion efficiency of intense laser pulse into energetic particles via
absorption for no QED (a), QED (b) and RR (c) cases at different scale lengths.

due to the density of relativistic plasma and laser conversion efficiency, which is 24 % in
the QED case (21 % for RR cases) when L = 7 μm.

The generated positron energy spectra for different plasma scale lengths are shown
in figure 13. Adding a preformed plasma in next generation laser–solid interactions
leads to the generation of higher energy photons and positrons (Nakamura et al. 2012).
Initially, for all cases, the results are not surprising with preformed plasma, since the
accelerated electrons are more energetic. In the QED cases the positrons can, just as the
electrons, be accelerated in the preformed plasma to higher energies, as seen in figure 13.
Laser–positron conversion efficiency increases with increasing plasma scale length up to
∼4 %.

Figure 14 shows the conversion efficiency of intense laser pulses into energetic
particles – via absorption – for no QED, QED and RR cases at different scale lengths.
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(a) (b) (c)

FIGURE 15. Total laser absorption by the plasma and by the particles inside the plasma as a
function of plasma scale length for the cases with no QED (a), QED (b) and RR (c) at different
scale lengths.

FIGURE 16. Calculated electron temperature Te as a function of plasma scale length with
(�, blue) and without (◦, red) QED cases.

It is seen that QED and RR-only effects increase the plasma opacity and cause higher
laser absorption (up to 40 % when L = 7 μm mainly by γ -rays). We also show the laser
absorption by each particle species and the total conversion efficiency as a function of
plasma scale length in figure 15.

Figure 15 shows the total laser absorption as a function of plasma scale length for the
cases with QED, without QED and RR-only. The results in this work are consistent with
those quoted in Levy et al. (2019), where total laser absorption efficiency is around 40 %
with the laser intensities 1023 W cm−2. Our studies show the importance of target design,
i.e. adding preformed plasma to increase the efficiency of γ -ray generation for the future
laser plasma experiments.

Figure 16 shows the extracted electron temperature with and without QED effects as a
function of plasma scale length. We determined the electron temperature (kTe) by fitting
the hot tail of electron spectra with an exponential function of the form exp(−E/kTe). For
such intensities, if the QED effect is not taken into account, the calculated temperature
has a similar trend in terms of having an optimum temperature, which is at L = 3 μm in
this study, whereas it was measured L � 8 μm experimentally with lower laser irradiances
(∼1020 W cm−2) due to laser filamentation and absorption in longer preformed plasmas
(Culfa et al. 2014, 2016). However, the hot electron temperature Te follows a different
trend when QED effects are present. Our results show that if there is no scale length, the
number of generated hot electrons is lower when compared with L > 0 μm scale length
cases. When there is a preformed plasma with a scale length of L = 1 μm, more electrons
are generated but their temperatures are decreased. However, increasing scale length helps
generate more electrons with higher temperatures due to increased plasma opacity (caused
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(a) (b) (c)

(d ) (e) ( f )

FIGURE 17. Electron (a–c) and proton (d– f ) average energy for the cases without (a–d) and
with (b–e) the effects of QED and RR-only (c– f ) as a function of time for several scale lengths.

by QED effects). Recent studies show that if the QED effect is in the process, electron
temperature (Te) is proportional to normalized laser amplitude (ao). Savin et al. (2019)
claims that Te ∝ a2

o without QED and Te ∝ a5
o with QED effects. Since a small fixed

amount of scale length (L = 0.2 μm) was used in their simulations, Savin et al. did not
take into account the effect of varied preformed plasma scale length, which has a high
impact on electron acceleration calculations. Our studies are in agreement with the Savin
et al. (2019) calculated results for corresponding ao ∼ 483 and L scale length between 0
and 1 μm with and without QED cases.

Figure 17 shows average electron and proton energies as a function of time for non-QED,
QED and RR-only cases. Optimum scale length is found to be around 3 μm for electron
and proton acceleration. Since the average photon energy is nearly the same for QED and
RR cases, as seen in figure 18, it is understood that RR is the effect which accelerates
charged particles to higher energies for extreme laser intensities. When there is an
absence of preplasma (L = 0 μm), no QED, QED and RR have similar trends for ion
acceleration due to the lack of photon and positron generation. Accelerated protons reach
their maximum average energy at ∼150 fs and remain almost constant until the end of the
simulation, indicating that QED and RR effects are very small.

With increasing scale length, QED and RR effects help to accelerate more electrons with
moderate energies (1–4 GeV), while in No-QED cases only a small fraction of electrons
are accelerated to very high energies (>4 GeV). Although very hot electrons are cooled
down with QED effects, the average energy increases due to a larger fraction of electrons
being at moderate energies.

When preplasma is present, QED and RR cases show that ions are accelerated
dramatically up to some point (depending on scale length) then continue to accelerate
with a smaller growth until the end of the simulation due to effects of plasma opacity.
Figure 18 shows that photons gain energy, then start losing their energy before a point at
which the ions have a second acceleration increase which emphasizes that RR has an effect
on ion heating by increasing plasma opacity. The drop in the average energy of photons
indicates that the number of generated γ -rays are increasing with energies below 1 GeV.
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(a) (b)

FIGURE 18. Average photon energy as a function of time with QED (a) and RR-only
(b) effects for several plasma scale lengths.

FIGURE 19. Average positron energy as a function of time for several scale lengths.

Figure 19 shows the average positron energy generated through nonlinear QED effects
during the laser plasma interactions with different preformed plasma scale lengths. When
the number of positrons is increased with increasing scale length, QED effects become
important and the amount of laser absorption inside the plasma starts increasing, while
the energy of accelerated protons decreases (when compared with the RR-only case), as
shown in figures 8, 13 and 19.

4. Angular distribution of ions

The angular distribution of charged particles has significant importance for future
applications. Figure 20 shows the angular distribution of the accelerated ions behind the
target with kinetic energies greater than 0.5 MeV for different plasma scale lengths with
and without QED and RR effects. We see that increasing plasma scale length helps to
accelerate more collimated ion beams with higher energies when there is no QED effect.
It shows that RPA is in the process and accelerates more focused, higher energy ions
without QED effects. However, once the QED (or RR) is introduced to our simulations,
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(a)

(b)

(c)

FIGURE 20. Proton angular distributions at different scale lengths for the cases of without
(a) and with (b) the effects of QED and RR-only (c). Colourbar shows the weight of protons
in arbitrary units.

RPA is changing to RITA acceleration which spreads out the collimated ion beam (proton
reflection). Increasing plasma scale length still helps generate more energetic ions with
QED and RR cases. However, for scale lengths greater than 3 μm, higher laser absorption
is observed due to high photon and positron generation. Ions are heated by the RITA
acceleration mechanism and, therefore, accelerated ions scatter around so their angular
distribution is increased and they are no longer collimated. It is clear that QED or RR-only
will be the more effective case for future laser–plasma experiments with higher laser
intensities in next generation laser facilities. Generating a high energy focused proton
beam is essential for accelerated ion applications. Our study shows that if QED or RR is
in the process for future experimental studies, the optimum plasma scale length L should
be around 3 μm in order to be used in different applications.

5. Conclusion

In conclusion, we investigated the effect of plasma scale length and QED processes on
particle acceleration and the angular distribution of protons in laser–matter interactions
for laser intensities of 5 × 1023 W cm−2. On simulating the case with varied preformed
plasma scale length, we have found that in the case without QED, more efficient laser
absorption occurs due to the preformed plasma and generated electrons and ions having
more energy compared with cases without preplasma. However, in the case where QED
is included, physical mechanisms change and strong laser absorption in the preplasma
reverses this trend. That is, the hot electrons are cooled down due to QED effects, whereas
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ions have more energy due to the new dominant laser absorption mechanism (RITA) and
the increase in laser energy conversion efficiency.

We have also found that the electron energy is reduced due to RR, but in the case of no
scale length, QED processes (RR and pair production from the emitted photons) have no
effect since the generated number of photons and positrons is minimal. For QED processes
with scale lengths, pair production significantly affected the particles’ energy; the increase
in the particles’ energy is mainly because of RR effects which increase plasma opacity.
We have shown that more energetic γ -rays and positrons are created with increasing scale
length due to high laser conversion efficiency (24 % for photons and 4 % for positrons for
L = 7 μm) which affected our ion and electron acceleration mechanisms. The QED effect
also has an important impact on ion angular distribution. We showed that if there is no
QED effect, ions are collimated more, but the QED effect scatters ions due to the different
laser absorption mechanism (RITA) and less collimated angular distribution is obtained.
For the best collimated ion beam, L � 3μ m scale length should be achieved.
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