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Abstract

Strong-field quantum electrodynamics predicts electron-seeded electron—positron pair cascades
when the electric field in the rest-frame of the seed electron approaches the Sauter—Schwinger field, i.e.
1 = Erp/Es ~ 1.Electrons in the focus of next generation multi-PW lasers are expected to reach this
threshold. We identify three distinct cascading regimes in the interaction of counter-propagating,
circularly-polarised laser pulses with a thin foil by performing a comprehensive scan over the laser
intensity (from 102 to 5 x 10** W cm ™~ ?) and initial foil target density (from 10*° to 10> m ). For
low densities and intensities the number of pairs grows exponentially. If the intensity and target
density are high enough the number density of created pairs reaches the relativistically-corrected
critical density, the pair plasma efficiently absorbs the laser energy (through radiation reaction) and
the cascade saturates. If the initial density is too high, such that the initial target is overdense, the
cascade is suppressed by the skin effect. We derive a semi-analytical model which predicts that dense
pair plasmas are endemic features of these interactions for intensities above 10** W cm ™2 provided the
target’s relativistic skin-depth is longer than the laser wavelength. Further, it shows that pair
production is maximised in near-critical-density targets, providing a guide for near-term
experiments.

1. Introduction

To correctly describe the interaction of strong electromagnetic fields with matter requires strong-field quantum
electrodynamics (QED). The well-known ‘break down’ of the vacuum via pair production is predicted to occur
at the critical Sauter-Schwinger field Eg = m?c®/e/i ~ 1.32 x 10'® V. m~1, Strong-field QED processes can
occur in fields far weaker than this critical field. Nonlinear Compton scattering of photons in the quantum
regime and pair production via the Trident process can occur if the electric field in the rest-frame of the electron
(or positron), Exp, is equal to the critical field, i.e. the quantum efficiency parameter 7 = Epg/Es ~ 1. We can
reach 7 ~ 1 for laser fields much weaker than Egas the fields themselves can rapidly accelerate electrons to high
Lorentz factor, resulting in a strong Lorentz boost to Egg. Pair production by the multi-photon Breit—-Wheeler
process can occur if the photons emitted during Compton scattering satisfy a similar condition on their
quantum efficiency parameter (defined below) y ~ 1. An electromagnetic cascade can ensue if many
generations of electrons and positrons can be generated by the fields. Usually this occurs via a two-step process
whereby the electrons and positrons produced by the Breit—-Wheeler process radiate photons by nonlinear
Compton scattering which subsequently decay to further pairs and so on.

Upcoming facilities, like several of those comprising the extreme light infrastructure (ELI) [, 2], are
expected to reach laser intensities of I > 10> W cm ™2, and will be capable of accelerating electrons in the
plasma generated at the laser focus such that 77 ~ 1. The possibility of the experimental realisation of this regime,
has stimulated investigation of the above QED processes in laser-matter interactions. In particular, the
prediction that strong-field QED processes might lead to the prolific production of photons and pairs has led to
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various studies of laser-induced electromagnetic cascades and their requirements [3—11]. These studies suggest
that cascades should be possible once laser intensities reach I ~ 10%*~2* W ¢cm~2, as expected from upcoming
facilities. A direct consequence of a pair cascade is the formation of a dense electron—positron pair plasma [6,
12—18]. Pair plasmas generated by cascades are believed to play an important role in extreme astrophysical
contexts such as pulsar magnetospheres and active black holes [19-21]. Pair plasmas created during a cascade in
alaser-plasma interaction are predicted to couple strongly with the field of a laser leading to near-total
absorption of the laser pulse [6, 22, 23], with consequences for applications of these lasers, for example
quenching radiation pressure ion acceleration [24—26]. Hence, the experimental realisation of laser-induced
cascades will mark the transition to a regime, as yet only inferred in astrophysical environments, where strong-
field QED and plasma effects are coupled [12, 13]. This is in contrast to experiments where nonlinear Compton
scattering [27-30] and multi-photon Breit—-Wheeler pair production [31] have previously been observed in the
interaction of electron beams with intense lasers, i.e. not in a plasma environment.

The coupling between plasma and QED effects suggests that pair cascades will be sensitive to the initial target
density, plasma effects being far less significant in very low density targets [25]. In this paper we show that this is
indeed the case and that there are three cascade regimes defined by the initial target density (and laser intensity).
This is in contrast to previous work which has usually considered cascades from a small number of seed electrons
or very low density plasma [6, 10] or cascades from targets with a narrow range of higher densities, for examples
of the latter see [14, 17]. Specifically, we investigate the case of two counter-propagating circularly-polarised
laser pulses interacting with a thin foil. Here cascades are seeded by electrons in a plasma target with electron
number density 1y € [10%°, 10°!] m~2 for laser pulses each of intensity Ly = (I/(10%* W cm~2)) € [0.1, 5].
We have simulated cascades using the particle-in-cell (PIC) code EPOCH, [32], which includes the strong-field
QED processes described above [33]. 1D and 2D simulations have been performed in order to show where in
L4-ny space cascades and dense pair plasmas will develop, as has previously been done for gamma-ray emission
by nonlinear Compton scattering only [34]. In doing so, we outline expectations for future experiments using
ultra-high intensity lasers and provide an approximate model for predicting the production of a dense pair
plasma over a wide range of possible experimental conditions.

2. Semi-analytical scaling for the pair plasma density

In order to interpret the cascade simulations presented later, it is useful to derive a simple scaling for the number
of pairs produced. This will also allow us to identify the cascading regimes and their dependence on target
density. Similar scalings have been presented previously for cascading from a very low initial electron density
[10] and for a cascade in in initially underdense plasma [25, 35]. Here we extend this to include the case of an
initially near-critical density or overdense plasma to enable us to explore density space fully. We begin by
discussing the electromagnetic fields.

2.1. Counter-propagating circularly-polarised laser fields
The electric field of a circularly-polarised plane-wave propagating in the x-direction is
E = Eyf(t)(0, sin ¢, £cos @), where ¢ = w;t — kx,w; and k are the laser frequency and wavenumber,
respectively, f(¢) is a function determining the slowly varying temporal profile of the laser pulse, and E, is the
amplitude of the wave. The =+ sign on the cosine determines the sense of the field rotation. We can further define
the laser strength parameter a, = eE, /mwy c for later use [36]. For circular-polarisation, ay = 600(I4 )\im)l /2,
A counter-propagating wave is introduced by letting k — —k. Adding these positive (+k) and negative (—k)
moving components, for same-sense combinations (i.e. the sign on the z-component of each beam is (+, £)),
the resultant electric field (for ease we set f(t) = 1)is E = 2E cos kx (0, sinwy ¢, +-coswyt) and describes a
standing wave in x rotating about the beam-axis, with electric (magnetic) nodes at kx = nw/2, for odd (even) n,
ie forx = n\/4.

If the wavelength is long relative to length scales of processes involved, we can approximate the field by a
rotating electric field, given simply by the time-dependent portion of the equation for E above. In this case,
electron motion and pair production can be treated as in [3] to fairly good approximation.

2.2. Relativistic transparency

If we consider a plasma placed between the two circularly-polarised waves, then for laser intensities such that

ap > 1, the motion of electrons becomes sufficiently relativistic that their average Lorentz factor

5 ~ (1 + ag)'/? (neglecting radiation reaction—discussed below) must be accounted for in the effective
plasma frequency w, //¥. Since 4 >> 1, this means the plasma frequency is dramatically reduced relative to the
laser frequency and a plasma which was overdense at lower intensity becomes underdense, allowing the laser to
propagate through the plasma. As the plasma frequency is related to the plasma density by w, o n!/2,and given
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that the non-relativistic critical density is ncy = mecow? /e?, the relativistically corrected critical density
becomes nc = Jncy. At the intensities considered in this work, ay > 1 andso § & a( and using the value for a,
given above the relativistically-corrected critical density is n¢c & 6001 (I4 /\im 22,

A further correction is due to the strong radiation reaction experienced by electrons at intensities sufficient
for quantum effects to become apparent, thus requiring the introduction of a damping correction which reduces
4 below aq [3, 22, 37]. When radiation damping is weak the critical density is the same as the undamped value
given above, that s ¢ . However, for intensities I,4, > 1, damping becomes strong and the critical density
becomes n3 ~ 2aqnc,. Here we use the undamped classical value ne = n = agng, for simplicity, and here

on when discussing under/overdense plasma we mean relativistically under/overdense.

2.3. Strong-field effects

The important strong-field QED effects in laser matter interactions have been discussed extensively in the
literature (see, for example [4, 33, 38]), we review them here for convenience. The characteristic field of strong-
field QED is the Sauter—Schwinger field Es = m2c3/e/s ~ 1.32 x 10'® V. m~. For electrons and positrons, the
importance of QED effects is governed by the dimensionless, Lorentz-invariant parameter

e Ere

n=—lBup'l = —= = LIE +v x B, M
m, ¢

S S

where the last equality is valid when the electron (positron) is ultra-relativistic. p* is the four-momentum of an
electron travelling in a background electromagnetic field with field tensor F*¥, «yis the Lorentz factor of an
electron travelling at velocity v, E | is the component of the electric field perpendicular to the electrons motion
(i.e. perpendicular to v) and B is the magnetic field.

An electron at a magnetic node of the standing wave formed by counter-propagating circularly-polarised
laser pulses performs circular motion with the centripetal force provided by the component of the laser’s electric
field perpendicular to its motion E, . In this case 7 & ~E, /Es. Athigh intensities the average value for the
Lorentz factor of an electron ¥ = (1 + ag)'/? ~ a, (again neglecting radiation reaction—see [3, 22] for the
equivalent discussion including radiation reaction), meaning the average nvalue  ~ aoE| /Es ~ 1.755L4 A, for
counter-propagating circularly-polarised beams (assuming E, = 2Ej). For pair production to become
important we require that the electromagnetic field strength approaches the Sauter—Schwinger field, i.e. 77 ~ 1,
from which it can be seen that for counter-propagating lasers of A, = 1 we require the intensity be I,4 ~ 0.57.

Forn ~ 1, three quantum effects predominantly affect the behaviour of electrons, positrons, and y-ray
photons interacting with an intense laser. These are nonlinear Compton scattering and pair production via the
Trident and multi-photon Breit—-Wheeler processes. The first, nonlinear Compton Scattering, is the scattering of n
laser photons 7w, by an electron resulting in a single high-energy y-ray photon fiw., i.e. ™ + nfw;, — e~ + hw,,.
It governs the emission of high-energy y-ray photons by an electron or positron accelerated by the laser fields. The
average energy of the emitted gamma-ray photon is (74w, ), ~ 0.447 times the emitting electrons energy [4] and
soforn ~ 1 each emission leads to alarge change in the electrons energy and the electron’s motion becomes
stochastic [39, 40]. However, it has recently been shown that a modified-classical approach to radiation
reaction using the ultra-relativistic form of the Landau-Lifshitz equation [41] including the Gaunt factor g(1)
for synchrotron emission [42] describes the average motion of the electron population to good
approximation [43, 44].

The trident process occurs when a virtual photon decays into an electron—positron pair which is
subsequently separated by an external electromagnetic field. The rate of this process increases relatively slowly
with intensity [3] and as such it is typically ignored as it will be here.

The final process of multi-photon Breit—~Wheeler pair production is similar to the Trident process but
results from a real photon, rather than virtual, interacting with laser photons to produce a pair, i.e.

Javy + nlawp — e~ + et This process is dependent on a second Lorentz-invariant quantum parameter for the
photon Aw,,
e/’ faw.,

X = —lpu,z/ky| - >

E, + ck x B, )
P |E. |

mec?

where /ik” is the four-momentum of the photon interacting with a background (laser) field, /. is its energy and
kis its three-wavevector. In the case of photons emitted by an electron performing circular motion at the
magnetic node, the average value of y is given by ¥ & [(/av, )ay /2m,.c*](E, /Es).

Rates for nonlinear Compton scattering and multi-photon Breit—~Wheeler pair production are known and
are conveniently reviewed in, for example [45]. These rates were calculated under the assumptions of a quasi-
static and weak external field. The first requires that the formation length of processes be short relative to the
characteristic length-scale for change of the external field so that the rates may be calculated for a constant field.
In general the rates depend not only on 77 and x (as defined in equations (1) and (2)) but also the parameters
F = |E* — ¢*B|/E2and G = |E - ¢B|/EZ. However, provided the weak-field approximation applies, i.e. that
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Ey < Es (F, G < land n? > max(F, G)), the rates can be treated using the constant crossed-field
configuration (as a function of 7, x only). In this case the rate that an electron with energy ymc? emits a photon
and a photon with energy Aw., decays to an electron—positron pair are [8, 45]

A X Wy = XTL(X). 3)

\/gozfc n fn/2 F(n, X) 2masc m,c?
v Jo X Ae  Tw,

Acand asare the Compton wavelength and fine-structure constant. F(n, ) is the quantum synchrotron function
(whose form s givenin [33])and Ty ~ 0.16K; /3[2/(3x)]/x (K13 is a Bessel function of the second kind). When
developing the semi-analytical model we will assume that 7 = 7 and y = Y in these equations for the rates.

2.4. Identifying the cascade regimes
We now have the formulae required to develop our semi-analytical model of dense pair plasma production.
Laser-induced electron—positron cascades have been previously investigated for various laser intensities, targets
and laser pulse shapes (e.g. [3, 4, 7, 10]). The dynamics of cascades are complicated and in general analytical
solutions are unattainable. Recently Grismayer et al [ 10] derived semi-analytical scalings for the growth of the
cascade from a small number of seed electrons. This has been extended to include cascades from an initially
underdense plasma by Luo et al [35] and Del Sorbo et al [25]. The latter cases, where the seed is an initially
present electron—ion plasma, is far more likely to be realised in experiments. We extend the analysis of this case
to include the case where this electron—ion plasma has density close to or above the critical density.

We can write the coupled rate equations for the number of pairs Ny and the number of photons N, [8]:

N = WiN,, 4)
N, = 2W,N. — W.N,. )

Here we have neglected photon emission from the electrons in the initially present electron—ion plasma.
Recently it has been shown that the generated electron—positron plasma radiates more energy [25].
These equations have solutions of the form N, . (t) oc exp I't, where the cascade growth rate is

W,
F:%71+ 1+ —| (6)
2 W,

If the time between emissions is small, i.e. if W_ ! <« wy', then the distance a particle can travel from its
parent before emitting itselfis short (< \). Hence, if the initial density of electrons in the field region is 71, the
density of electron—positron pairs will evolve in a manner similar to N.. or according to

ny = no(exp (I't) — 1). 7)

This assumes that the plasma formed of the original electron ion plasma and the generated pair plasma is
everywhere underdense (i.e. the plasma frequency of the plasma is less than the laser frequency) so that the lasers
are perfectly transmitted and the standing wave may form without disturbance.

The previous assumption breaks down if the number density of electrons in the original electron—ion plasma
or the self-generated pair plasma approaches the relativistically-corrected critical density for the laser light
ne = Jnco = Jmecows /€. In this case the plasma can shield the electrons and positrons from the laser fields by
the skin effect and pair production is curtailed [ 12, 13]. To account for the skin effect we propose the following
heuristic modification to equation (7) (which we will see works well when compared to simulation results):

ny = no(exp (I't) — 1) exp(—éi). (8)
S

The factor exp(— \/8s) for constant wavelength \ and relativistic skin depth 65 = (/5 ¢/w, € (0, 0c0)—w, is the

electron plasma frequency in the originally present electron—ion plasma. That is, in the limit that the relativistic

skin depth égislarge (i.e. 65 > ) the exponential factor goes over to unity, giving the original underdense case

in equation (7), and as the skin depth becomes small (65 < \) the number of pairs approaches zero as expected

due to the reduced interaction volume of the strong laser-fields with the plasma.

As the cascade progresses the number density of pairs can continue to grow until it reaches the
relativistically-corrected critical density nc = Jnco = Jmeeow? /€2, at which point the laser energy is fully
absorbed by the pair plasma [10, 22], depleting the field—the cascade saturates. We can estimate the saturation
time (tc) by setting n. = ncin equation (8), which gives

1 nc A
C T I’fl(nO eXp((SS) ] ( )

provided the laser pulse length 7pis longer than # the cascade can saturate resulting in the formation of a
relativistic-critical density pair plasma.
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Using equation (8) for n and equation (9) for tc, we can discern three regimes for the cascade, depending on
the initial target density and the laser intensity:

1. Exponential growth: if the laser intensity is sufficiently high and the plasma is relativistically underdense, i.e.
the skin-depth is larger than the laser wavelength, then the interaction volume of the laser with the plasma is
large enough that a cascade can be initiated, generating a pair plasma whose density grows exponentially
according to (8).

2. Saturation: tc is less than the laser pulse duration 7, and the cascade develops until a critical density pair
plasma forms and the cascade saturates. Once this occurs the plasma partially absorbs (and partially reflects)
the remainder of the laser pulse. Therefore for 7, > t-we would expect appreciable laser absorption caused
by nonlinear Compton scattering and the resulting radiation reaction in the generated critical density pair
plasma[10, 22, 25].If 7, < 7 the cascade remains in the exponential growth phase, so the density of pairs
remains low and thus there will not be appreciable laser absorption.

3. Cascade suppressed: if the electron number density in the initially present electron—ion plasma is higher than
the relativistically-corrected critical density the laser-plasma interaction region is severely limited by the
small skin depth. In this case equation (8) predicts a progressively lower number density of pairs produced
scaling inversely with the target density, i.e. the cascade is suppressed even if the laser intensity high enough
to cause a cascade in an initially underdense plasma.

3. Verifying the cascade regimes with PIC simulations

3.1. Simulation set-up

To investigate the semi-analytical scaling for pair plasma number density given in equation (8) and the cascade
regimes predicted in section 2.4, we performed 1D and 2D PIC simulations using the QED-PIC code EPOCH
[32]. EPOCH includes strong-field QED processes using a now standard Monte-Carlo model, described in [33].
We simulated the specific case of two counter-propagating circularly-polarised lasers interacting with a

I = 1 pm thick hydrogen plasma target. The peak intensity I (of one of the counter-propagating laser pulses)
and the initial electron number density in the target n, were varied between Ly = I1/(10** W cm ~2) €[0.1, 5]
and ny € [10%°, 10°']m >, respectively.

Each laser had a continuous flat temporal-profile, with a Gaussian ramp-up (with time-scale \/2c), in order
to reduce numerical artefacts due to discontinuities. The laser wavelength was chosentobe A = 1 um to be
close to expected values from future multi-PW laser facilities. In the 2D simulations, the beam was given a
Gaussian profile in the transverse direction, with focal spot size 2.5 ym.

For simplicity, the target was a fully-ionised Hydrogen plasma (with mobile ions). The target was initialised
with density given by a top-hat profile in the x-direction (the direction of laser propagation), so that
n(x, t = 0) = npfor x| < 0.5 um and zero elsewhere. In the 2D simulations, the target was simply extended
infinitely in the transverse (y) direction to form a foil.

In the 1D simulations the spatial domain was 8 yim in length and discretised with 1024 cells. A reflecting
boundary was placed at x = 0 in order to reduce computational load (this is reasonable when considering the
longitudinal symmetry of the physical set-up). A total of 100 x 1024 ~ 10> macroparticles were used to
initialise the target plasma, split equally between protons and electrons. While in the 2D simulations a domain
sizeof 6 um x 12 pm was used, discretised with 600 cells in the x-direction and 1200 cells in the y-direction.
The target was represented by 64 x 600 x 1200 ~ 4.6 x 10’ macroparticles again split evenly between
electrons and protons.

Examination of the evolution of pair and plasma densities as well as the laser absorption for the case Ly = 1
and varying ny showed satisfactory convergence for the above number of cells and macroparticles. Further
increases in spatial resolution or particles per cell produced no substantial changes to the generation of a dense
pair plasma, and would have been prohibitively computationally expensive for I, > 1. We have neglected
collisions.

3.2.1D simulation results

Figure 1 shows the time evolution of the number of pairs N and the production rate N for selected 1D
simulations. As previously seen by Grismayer et al [10] two distinct phases of the cascade are observed: (1) an
exponential growth phase where the plasma remains sufficiently underdense that the standing wave pattern is
not disturbed; (2) a saturation phase where the pair plasma density reaches the relativistic critical density and the
laser energy is absorbed and the rate of pair production levels off. The dynamics of the cascade is as follows: at

t = 0, the laser hits and begins to bore through the target, compressing the electron density. In the cases
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Figure 1. (Left) The number of positrons N, generated in a cascade for I,, = 1and #y = 107, 10* and 10 m 3 (corresponding to
the colours denoted by the legend). (Right) Positron production rate dN,,/dt.
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Figure 2. Positron densities at time t = 30 fs for the same parameters as the those in figure 1.

considered in figure 1, the target is initially underdense and the laser propagates mostly unhindered by the
plasma, forming a standing wave in the plasma volume after a time [/c &~ 3.33 fs. If the laser intensity is such that
1 ~ 1, then y-ray photons radiated by the electrons (and positrons) can decay to form electron—positron pairs
within the laser-plasma interaction volume, initiating the cascade.

From figure 1, we note that increasing the target density does not change the overall behaviour of the cascade
in the exponential growth phase; that is, the functional dependence of the number of pairs produced and the
production rates on time remain similar as we vary the target density, but are offset temporally as the cascade
must develop from fewer seed electrons in a lower density target.

Figure 2 shows the density of positrons produced at t = 30 fs. This supports the description of the temporal
evolution of the cascade given above. For the lowest target density the cascade has just begun to to saturate and
the standing wave in the electromagnetic fields has yet to be disrupted by the generated pair plasma. As a result
the created positrons congregate in the nodes of electric field (the magnetic nodes are unconditionally unstable).
For higher density targets the cascade has saturated at the critical density, disrupting the standing wave and so the
periodicity in positron density is lost.
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Figure 3. The normalised pair plasma density n./nc = ny/nco from equation (8) at time t = 40 fs (capped at n/nc = 1). Dots
are the results of 1D simulations with the specified parameters (the pair density is capped at the critical density). Illustrated are the
cascading regimes 1—exponential growth, 2—saturation and 3—cascade suppressed, identified in section 2.4.

3.2.1. Pair plasma generation for varying laser intensity and target density

Figure 3 shows the maximum, over the spatial domain, of n, /ncat time t = 40 fs” as a function of the intensity
of each laser pulse and the initial electron number density in the target. For both the predictions of the semi-
analytical results presented in section 2.4 and the simulations, the density is capped at n¢ to show the different
regimes clearly. The model predictions are shown by the colour plot and the 1D simulation results by the
coloured dots. The theory and simulation results are qualitatively well-matched, we can see the demarcation of
the regimes predicted by the model are borne out by the simulation results. Both the model and the simulations
predict that the region where a dense pair plasma is created extends to lowest intensity when the initial density of
the target is close to the critical density. In the simulations a dense pair plasma forms at intensity

>5 x 102> W cm~2. This is in line with Zhu et al [17], who observe a similar effect using structured plasma to
strongly focus two ~ 1022 W cm~2 pulses (to > 10> W cm™?) incident on a near-critical hydrogen plasma. Note
that there is some discrepancy between the simulations and the simple model when the target density close the
critical density. At this density we expect very complex plasma behaviour, not easy to capture in a simple scaling
law, and so would not expect perfect agreement.

3.2.2. Absorption due to pair generation

We now consider the impact of the generated dense pair plasma on laser absorption. As described in section 2.3,
the processes of nonlinear Compton scattering and multi-photon Breit~-Wheeler pair production both resultin
the absorption of photons from the background field. In addition energy can be absorbed from the laser pulse as
the laser-fields accelerate the generated pairs against the radiation reaction force. The latter classical absorption
dominates over the former quantum effect [46] which is neglected in the simulations.

A model for absorption has been derived by Grismayer et al [23] and developed for dense targets by Del
Sorbo et al[25]. In this model it is assumed that strong absorption will occur once the pair plasma density
reaches the critical density. The time for this to occur is given by equation (9) above, which results in a new
adaptation of the model to include the skin effect in dense targets. The laser absorption is then the ratio of the
energy absorbed to the laser energy which, for ¢ < 7p,is

S (1 - t—C)@(Tp ~ 1), (10)
5L Tp

where the Heaviside function ©(7p — t¢) accounts for the model assumption that the absorption is negligible,
i.e. zero, for tc > 7p. For continuous beams, as considered in this paper, the pulse duration is taken to be the
time from when the laser pulses collide to the time at which the absorption is measured.

Figure 4 shows the percentage of laser energy absorbed as predicted by the above model, i.e. equation (10),
and obtained from the 1D simulations 42 fs after the laser hits the target. Again the simple model predicts the
simulations results qualitatively very well, although discrepancies at around the critical density are again seen.

This can be above the critical density even before saturation has occurred (see the density spikes in figure 2), potentially leading to the
spurious identification of a critical density pair plasma in figure 3. However, this is only a problem late in the exponential growth phase,
which is reached after 40 fs for a narrow range of initial densities and laser intensities.
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Figure 4. Predicted absorption fraction of the laser energy (colour scale) and 1D simulation results (dots) at t = 42 fs, highlighting the
impact of the generation of a dense pair plasma.
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Figure 5. 2D simulations results showing: (left) the number of positrons N, generated in a cascade for I, = 1and 19 = 10%? and 10 m~?
(corresponding to the colours denoted by the legend). (Right) Positron production rate dN,,/dt. The behaviour is qualitatively the same as in
the 1D simulations, the results of which were shown in figure 1.

The agreement with the simple model and a comparison with figure 3, demonstrates that strong laser absorption
is strongly correlated with the generation of a dense pair plasma. Recently it has been shown that the dense pair
plasma generated in cascades radiates the laser energy effectively and it is this which results in the laser
absorption and thus ignoring absorption until the onset of a cascade is justified [ 10, 25]. However, absorption
caused by the electrons in the original near critical plasma may be a cause of the enhanced absorption in the
simulations at the critical density when compared to the model (as seen by Bashinovand Kim [37] using a
classical radiation reaction model and Zhang et al [22] using a quantum model). Note that this would be in
addition to enhanced absorption due to more pair creation in the simulations of near-critical targets than the
model predicts due to complex plasma processes.

3.3.2D simulation results

In order to test the robustness of the identified cascading regimes in a more realistic scenario, 2D simulations
were performed (with parameters described in section 3.1). Figure 5 shows that, as in the 1D case, the cascade
exhibits an exponential growth phase followed by saturation.

The qualitative similarity of the cascade development between the 1D and 2D simulations, as demonstrated
by figures 1 and 5 suggests that the simple model presented in section 2.4 may also work well for describing the
pair density and absorption in 2D simulations. In figure 6 we see the 2D equivalents to figures 3 and 4, i.e. a
comparison to the model predictions for average pair density and laser absorption. Qualitative agreement is
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Figure 6. Left: the normalised pair plasma density n./nc = ny/vynco from equation (8) at time t =40 fs (capped at ny. /nc = 1).
Dots are the results of 2D simulations with the specified parameters (the pair density is capped at the critical density). Right: predicted
absorption fraction of the laser energy (colour scale) and 2D simulation results (dots) at t = 42 fs.

again seen between the model and the simulations, demonstrating the usefulness of the model in more
experimentally applicable 2D simulations.

4. Discussion

We have investigated the case of two counter-propagating circularly-polarised laser pulses interacting with a
thin fully-ionised hydrogen plasma. Electron—positron cascades in these interactions can lead to the formation
of dense pair plasmas dependent on the target density and laser intensity. We have identified several regimes of
laser-plasma interaction based on whether or not a cascade can develop. We have shown, by developing a simple
model that for intensities I, > 1 the growth rate in the number of pairs is sufficient for the production of a
relativistic-critical density pair plasma in a time comparable to a typical laser-pulse duration ~40 fs. The cascade
saturates and the produced pair plasma absorbs a substantial fraction of the laser energy. The optimum initial
hydrogen target density for this to occur is close to the relativistic critical density with the intensity required to
develop a cascade to saturation increasing as the density decreases (figure 3). We showed in figure 1 that as the
initial target density decreases below the relativistically-corrected critical density the temporal evolution of the
number of pairs looks similar (exponential growth followed by saturation) but is shifted to later time as the
cascade must grow from fewer particles and the growth rate per particle is the same. Thus for a given intensity the
production of a dense pair plasma depends simply on whether the initial density of the target is sufficient for the
density of pairs to reach the relativistic critical density in time ¢ given by equation (9) which must be less than
the laser pulse duration. Most previous studies have considered cascades seeded by targets of much lower density
[6, 10], in which case a higher intensity is required to initiate the cascade. In addition many previous studies
considered linearly-polarised lasers which are favourable to cascades but make comparison to simplified
analytical theory more difficult, suggesting that we may be underestimating the reduction in the intensity
required to initiate a cascade by the use of near-critical density targets.

As the initial target density increases beyond the relativistic critical density pair cascades are rapidly
suppressed due to the shielding of the laser fields by the skin effect in the dense initially present electron—ion
plasma and the laser pulses are reflected. We found that a hard cut-offin the number of pairs produced at the
relativistic critical density does not match the simulations as well as a heuristically introduced exponential fall-
off proportional to exp(— A/ &.). We have seen that the inclusion of a transverse direction in the simulations
reduces the generation of pairs (as seen for tighter focusing [47]), although near-critical targets are still optimum
for pair plasma production, as has previously been shown for gamma-ray emission [48—50]. This reduction can
be attributed to transverse spreading of pairs from laser focus due to ponderomotive and thermal pressure.

Recent work has shown that photon polarisation [51] and electron spin [52-54] could affect the
development of the cascade. These effects are not considered here. These effects should change the cascade
growth rate and so may affect the intensity required for saturation. The fact that cascade saturation and
suppression depend entirely on plasma processes suggests that these electron spin and photon polarisation
processes will not change the various phases of the cascade identified in section 2.4 and so will not qualitatively
change the cascade regimes presented here. In addition we only consider a very simple counter-propagating laser
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geometry, recent work has shown that more complicated laser pulses and geometries or high atomic number
targets could be favourable to cascades [55—58]. Again we would not expect a more complicated laser pulse
geometry to qualitatively change the cascade regimes. The largest difference would be expected for a single laser
illuminating the target from one side. By comparing the results from a recent paper considering this case [25] we
see that the regimes are broadly similar but that the cascade occurs at much lower intensity in the counter-
propagating laser case considered here—for single-sided illumination the target is accelerated to relativistic
speeds by the laser’s radiation pressure, reducing the intensity in its rest-frame [25, 59] (although Doppler
boosting can increase the degree of collimation of the emitted gamma-ray photons [60] and perhaps also the
produced pairs, which may be advantageous for some applications). Comparison to this work suggests that if
dense pair plasma production is the desired outcome of an experiment then two-sided illumination of a near-
critical density plasma is the ideal choice. If cascade suppression is required then the choice should be single
sided illumination of a significantly under-dense or over-dense target and in the over-dense case ions will be
accelerated efficiently without laser energy loss to a cascade-produced pair plasma.

5. Conclusions

We have simulated QED cascades in the case of two counter-propagating circularly-polarised lasers of intensity
I € [0.1, 5] W cm ™ * interacting with a hydrogen plasma foil of thickness 1 ym and initial density

ny € [10%, 10’ ]m . We found that above a threshold intensity ~102* W cm~2 the cascade saturates
producing a pair plasma with density equal to or greater than the relativistically-corrected critical density. The
optimum target density for this was found to be the relativistic critical density at which substantial absorption of
the laser by the created pair plasma occurs (250%). For densities lower than this there are too few electrons in
the in target to initiate a cascade (the number of pairs grows exponentially but does not reach saturation), at
higher density the skin effect screens the laser fields and the cascade is suppressed. This provides a guide for pair
plasma production experiments with next generation multi-PW lasers.

Acknowledgments

This work was funded by the UK Engineering and Physical Sciences Research Council (EP/M018156/1).
Computing resources have been provided by the York Advanced Research Computing Cluster. The data
required to reproduce the results presented here is available at doi:10.151 24 /5c9be63a-25e0-4e8b-b8ee-
2781cc40b6fa.

ORCID iDs

D Del Sorbo ® https://orcid.org/0000-0003-0390-7540

References

[1] Turcul CE etal2016 Rom. Rep. Phys. 68 S145
[2] Weber S et al 2017 Matter Radiat. Extremes 2 149
[3] Bell AR and Kirk ] G 2008 Phys. Rev. Lett. 101 200403
[4] Kirk] G, Bell AR and ArkaI2009 Plasma Phys. Control. Fusion 51 085008
[5] Fedotov A M, Narozhny N B, Mourou G and Korn G 2010 Phys. Rev. Lett. 105 080402
[6] Nerush E N, Kostyukov1Y, Fedotov A M, Narozhny N B, Elkina NV and Ruhl H2011 Phys. Rev. Lett. 106 035001
[7] Elkina NV, Fedotov A M, Kostyukov1Y, Legkov M V, Narozhny N B, Nerush E N and Ruhl H 2011 Phys. Rev. ST Accel. Beams 14
054401
[8] Bashmakov V F, Nerush E N, Kostyukov1Y, Fedotov A M and Narozhny N B 2014 Phys. Plasmas 21 013105
[9] TangS, Bake M A, Wang HY and Xie B S 2014 Phys. Rev. A 89 022105
[10] Grismayer T, Vranic M, Martins J L, Fonseca R A and SilvaL O 2017 Phys. Rev. E95 023210
[11] Narozhny N and Fedotov A M 2015 Phys.—Usp. 58 95
[12] Ridgers CP, Brady CS, Duclous R, Kirk ] G, Bennett K, Arber T D, Robinson A P L and Bell AR 2012 Phys. Rev. Lett. 108 165006
[13] Ridgers CP, Brady CS, Duclous R, Kirk] G, Bennett K and Arber T D 2013 Phys. Plasmas 20 056701
[14] JiLL, Pukhov A, Nerush E N, Kostyukov1Y, Shen B Fand Akli K U 2014 Phys. Plasmas 21 023109
[15] LuoW,ZhuY B,ZhuoHB,MaYY, SongY M, Zhu Z C, Wang X D, Li X H, Turcu I C E and Chen M 2015 Phys. Plasmas 22 063112
[16] LiuJJ,YuTP,YinY, Zhu X Land Shao FQ 2016 Opt. Express 24 15978
[17] ZhuXL,YuTP, ShengZM, YinY, TurcuI C E and Pukhov A 2016 Nat. Commun. 7 13686
[18] LiuWY,Luo W, Yuan T, YuJ Y, Chen M and Sheng Z M 2017 Phys. Plasmas 24 103130
[19] Goldreich P and Julian W H 1969 Astrophys. J. 157 869
[20] Blandford R D and Znajek R L 1977 Mon. Not. R. Astron. Soc. 179 433
[21] Timokhin AN 2010 Mon. Not. R. Astron. Soc. 408 2092
[22] ZhangP, Ridgers C P and Thomas A G R 2015 New J. Phys. 17 043051

10



I0P Publishing

NewJ. Phys. 21(2019) 013028 C Slade-Lowther et al

[23] Grismayer T, Vranic M, Martins J L, Fonseca R A and Silva L O 2016 Phys. Plasmas 23 056706

[24] Kirk] G, Bell AR and Ridgers C P 2013 Plasma Phys. Control. Fusion 55095016

[25] Del Sorbo D etal2018 New J. Phys. 20 033014

[26] DuffM], Capdessus R, Del Sorbo D, Ridgers C P, King M and McKenna P 2018 Plasma Phys. Control. Fusion 60 064006

[27] BulaCetal 1996 Phys. Rev. Lett. 76 3116

[28] Sarri G etal2014 Phys. Rev. Lett. 113 224801

[29] ColeJM etal 2018 Phys. Rev. X 8011020

[30] Poder K etal 2018 Phys. Rev. X 8 031004

[31] Burke D Letal 1997 Phys. Rev. Lett. 79 1626

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

[33] Ridgers CP,Kirk] G, Duclous R, Blackburn T G, Brady C S, Bennett K, Arber T D and Bell A R 2014 J. Comput. Phys. 260 273

[34] Brady CS, Ridgers CP, Arber T D and Bell A R 2014 Phys. Plasmas 21 033108

[35] LuoW,LiuWY, Yuan T, Chen M, YuJ Y, Li F Y, Del Sorbo D, Ridgers C P and Sheng Z M 2018 Sci. Rep. 8 8400

[36] Gibbon P 2005 Short Pulse Laser Interactions with Matter (London: Imperial College Press)

[37] Bashinov AV and Kim A V 2013 Phys. Plasmas20 113111

[38] Gonoskov A, Bastrakov S, Efimenko E, Ilderton A, Marklund M, Meyerov I, Muraviev A, Sergeev A, Surmin I and Wallin E 2015 Phys.
Rev. E92 023305

[39] Duclous R, Kirk ] Gand Bell A R 2011 Plasma Phys. Control. Fusion 53 015009

[40] Shen CSand White D 1972 Phys. Rev. Lett. 28 455

[41] Landau L D and Lifshitz E M 1975 The Classical Theory of Fields (Course of Theoretical Physics) (Oxford: Pergamon)

[42] Baier V N, Katkov V M and Strakhovenko V M 1991 Radiat. Eff. Defects Solids 122—123 527

[43] Ridgers CP etal2017 J. Plasma Phys. 83 715830502

[44] Niel F, Riconda C, Amiranoff F, Duclous R and Grech M 2018 Phys. Rev. E 97 043209

[45] Ritus V11985 ]J. Sov. Laser Res. 6 497

[46] Seipt D, Heinzl T, Marklund M and Bulanov S S 2017 Phys. Rev. Lett. 118 154803

[47] Jirka M, Klimo O, Vranic M, Weber S and Korn G 2018 Sci. Rep. 7 15302

[48] Nakamura T, Koga ] K, Esirkepov T Z, Kando M, Korn G and Bulanov S V 2012 Phys. Rev. Lett. 108 195001

[49] Brady CS, Ridgers CP, Arber T D, Bell AR and Kirk ] G 2012 Phys. Rev. Lett. 109 245006

[50] Brady CS, Ridgers CP, Arber T D and Bell A R 2013 Plasma Phys. Control. Fusion 55 124016

[51] KingB, Elkina N and Ruhl H2013 Phys. Rev. A87 042117

[52] Del Sorbo D, Seipt D, Blackburn T G, Thomas A G R, Murphy C D, Kirk ] G and Ridgers C P 2017 Phys. Rev. A 96 043407

[53] Del Sorbo D, Seipt D, Thomas A G R and Ridgers C P 2018 Plasima Phys. Control. Fusion 60 064003

[54] Seipt D, Del Sorbo D, Ridgers C P and Thomas A G R 2018 Phys. Rev. A98 023417

[55] Gonoskov A, Bashinov A, Gonoskov I, Harvey C, Ilderton A, Kim A, Marklund M, Mourou G and Sergeev A 2014 Phys. Rev. Lett. 113
014801

[56] Vranic M, Grismayer T, Fonseca R A and Silva L O 2017 Plasma Phys. Control. Fusion 59 014040

[57] Gonoskov A, Bashinov A, Bastrakov S, Efimenko E, Ilderton A, Kim A, Marklund M, Meyerov I, Muraviev A and Sergeev A 2017 Phys.
Rev. X7041003

[58] Tamburini M, Di Piazza A and Keitel CH 2017 Sci. Rep. 7 5694

[59] KostyukovIY and Nerush EN 2016 Phys. Plasmas 23 093119

[60] Capdessus R, King M, Del Sorbo D, Duff M, Ridgers C P and McKenna P 2018 Sci. Rep. 8 9155

11



	1. Introduction
	2. Semi-analytical scaling for the pair plasma density
	2.1. Counter-propagating circularly-polarised laser fields
	2.2. Relativistic transparency
	2.3. Strong-field effects
	2.4. Identifying the cascade regimes

	3. Verifying the cascade regimes with PIC simulations
	3.1. Simulation set-up
	3.2.1D simulation results
	3.2.1. Pair plasma generation for varying laser intensity and target density
	3.2.2. Absorption due to pair generation

	3.3.2D simulation results

	4. Discussion
	5. Conclusions
	Acknowledgments
	References

