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Abstract. The effects of the radiation reaction (RR) force on thin foils undergoing
radiation pressure acceleration (RPA) are investigated. Using QED-particle-in-cell
simulations, the influence of the RR force on the collective electron dynamics within
the target can be examined. The magnitude of the RR force is found to be strongly
dependent on the target thickness, leading to effects which can be observed on a
macroscopic scale, such as changes to the distribution of the emitted radiation and the
target dynamics. This suggests that such parameters may be controlled in experiments
at multi-PW laser facilities. In addition, the effects of the RR force are characterized
in terms of an average radiation emission angle. We present an analytical model which,
for the first time, describes the effect of the RR force on the collective electron dynamics
within the ‘light-sail’ regime of RPA. The predictions of this model can be tested in
future experiments with ultra-high intensity lasers interacting with solid targets.

Keywords: Radiation reaction force; Radiation pressure acceleration; Relativistic laser-
plasma interactions
Submitted to: Plasma Phys. Control. Fusion

1. Introduction

The multi-petawatt (PW) laser facilities currently under construction, such as the Ex-
treme Light Infrastructure (ELI) [1] and APOLLON [2], will produce peak laser intensi-
ties exceeding 102 Wem™2. It is expected that this will result in the acceleration of ions
to energies of the order of hundreds of MeV per nucleon [3, 4, 5|. These high energies
are expected to be produced by the radiation pressure of the ultra-intense laser light
on the thin foil target; the so-called radiation pressure acceleration (RPA) mechanism
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[6]. The transfer of momentum to the target as the laser reflects off its front surface
can accelerate the target ions to high energies in quasi-monoenergetic bunches. The
potential applications of the resulting beams of energetic ions include oncology [7] and
the fast ignition approach to inertial confinement fusion [8, 9]. The effectiveness of the
RPA mechanism is highest for targets which are just above the critical density (at which
the plasma frequency is equal to the laser frequency) and is greatly reduced if the target
undergoes relativistic self induced transparency (RSIT; caused by a reduction in the
plasma frequency to below the laser frequency, due to the relativistic increase in the
mass of the oscillating target electrons). Not only does the resultant laser propagation
into the target volume reduce the radiation pressure on the surface, but it also heats
the electrons in the bulk of the target, which enhances other acceleration mechanisms
[10, 11, 12, 13]. The maximum ion energies which can be achieved using multi-PW laser
systems may however be restricted by the onset of the radiation reaction (RR) force and
QED effects (such as electron positron pair-production and stochastic photon emission),
which become important at laser intensities exceeding 10**> Wem™2 [14].

RR is the process by which electrons accelerating in ultra-intense laser fields expe-
rience a recoil force, due to momentum loss during radiation emission [15, 16, 17, 18].
This classical view of RR as a frictional force acting on the electrons has recently been
demonstrated experimentally [19, 20, 21]. Above intensities of the order of 10*> Wem ™2
however, RR cannot be described classically, but instead must be described in the con-
text of strong field QED. The importance of these QED effects are parameterized by
Xe, the ratio of the electric field strength experienced by the electron in its rest frame,
to the QED field limit [22]. Quantum processes become important for y. 2 0.1, with
prolific pair production occuring at x. =~ 1. This parameter is strongly dependent
on the interaction geometry; electrons which counter-propagate against a laser pulse
experience Doppler-upshifted fields, leading to a higher y. and stronger RR. Radiation
reaction has important consequences for experiments at future multi-PW laser facilities,
as it not only affects the target electron dynamics, but also impacts on ion acceleration
through modification to the self-consistent charge-separation fields within the plasma
23, 24]. The effects of RR on ion acceleration in the light-sail (LS) regime of RPA
[25, 26] have been investigated in references [27, 28, 29, 30]. These studies indicate that
it is the electrons which counter-propagate with respect to the laser pulse (and which
are therefore subjected to the highest y. values) which experience significant RR effects
in this regime.

In this article, we demonstrate via an analytical model that radiative cooling and
reflection of electrons by the laser pulse changes the collective dynamics of the system.
These RR effects manifest themselves in the distribution of radiation emitted from the
target, in the energy partition between plasma species, and in the target dynamics. The
model presented enables the photon conversion efficiency and the target velocity, which
is reduced due to the influence of the RR force, to be calculated and verified against the
predictions of QED-PIC (Particle-In-Cell) code simulations. To our knowledge, this is
the first model describing such effects in the LS regime.
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The remainder of the article is organized as follows. A brief overview of the un-
derpinning theory of ultra-intense laser plasma interactions is presented in section 2.
An analytical model which describes LS acceleration in the presence of the RR force
is introduced in section 3. In section 4, a brief overview of the theory underpinning
QED-PIC code simulations of high field interactions is provided, including the imple-
mentation of RR effects. The results of a series of 1D(3P) QED-PIC code simulations,
investigating the radiation distribution, energy partition and target dynamics in the LS
regime, are discussed in section 5. The simulation results are compared with predictions
of the analytical model. The article concludes with a brief discussion of how the model
predictions could be tested experimentally at multi-PW laser facilities.

2. Underpinning theory

2.1. FElectron motion in strong fields

Electrons oscillating in ultra-intense laser fields can acquire relativistic velocities. The
electron motion becomes relativistic when the dimensionless laser vector potential ag > 1
[31], where:

el

mecwy,’

(1)

e and m, are the electron charge and mass, respectively, F is the electric field strength, ¢

ag =

is the speed of light and wy, is the laser frequency. Accelerating electrons in ultra-intense
laser fields produce photons of radiation, which carry away momentum. This loss of
momentum can be interpreted in the classical framework as a frictional force acting on
the electrons, which is the RR force. The equation of motion for a radiating electron
therefore depends on both the force from the external laser fields and the back-reaction
force exerted due to the emission of high energy radiation from the relativistic electrons.
For ag > 1, the photon formation length is small, in which case the emitted radiation is
synchrotron-like. The spectrum can be described by the quantum synchrotron spectrum,
with the radiation emitted into a narrow cone along the direction of electron momentum
[32].

Provided that the magnitude of the RR force acting on the electron in its rest
frame is much weaker than that of the Lorentz force, then the Landau-Lifshitz (LL)
[16] model, which has been shown to be consistent with the classical limit of strong-field
QED [33, 34], is sufficient to describe the electron dynamics. Treating RR as a frictional
force, the LL equation can be expressed in vectorial form, as:

d

P = Fre+Frag (2)

where, Fy . is the Lorentz force, due to the external laser fields, and F,,4 is the force

exerted on the electron due to photon emission, which is related to the electron radiated
P’Y

power, P,, through the expression F,,q = ——0,.
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We can write the electron radiated power in terms of the Lorentz force and a
characteristic angle, such that:

Tr%? 2 2 .2
P = T0eRs (1 - B cost ) glxe). 3)
Here, 7. = GWEO&ﬁ ~ 6.2 x 1072* s is the classical radiation time scale, corresponding to

2/3 times the light crossing time of the classical electron radius, and 7, = (1 — 32)~1/2
is the Lorentz factor. The characteristic angle, ¢, which appears in equation (3) is the
angle between the perpendicular component of the Lorentz force and the electron mo-
tion. Y. is a Lorentz invariant parameter which describes the importance of quantum
effects. These effects lead to an over-estimation of the electron radiated power in the
semi-classical regime, and are accounted for through the introduction of a scaling factor,
g(Xe). Further details are provided in the Appendix. The quantum parameter is defined
as follows:

Xe = /Pl — (Fue B (4)

el

where, Ey, is the Schwinger limit for electric field strength, such that Ey, = m?2c®/eh
22].

It is convenient to re-write the Lorentz force term in terms of the laser ag, which is
proportional to the intensity, and in terms of a characteristic angle, 8, which represents
the projection of the electron velocity along the direction of laser propagation. We
assume that the laser electric field has a larger magnitude than that of the charge
separation field, such that F, > FE,. This leads to the following expression for the
Lorentz force:

er = a2(mecwr)*(1 — B, cosf)? (5)

We stress that the angles # and ¢ are not independent, as both depend on the
electron momentum. Assuming that FE. is negligible, the relation between the angles is
written:
acosf + sin 6 6

Vit )
where a = E,/E,, such that when E, > E,, ¢ ~ 2 — . Using these equations, it is
now possible to evaluate the force exerted on an electron due to photon emission:

cosY =

Frad = g(Xe)g<0)IBeTerﬁy@2agmech' (7)

We have introduced a function, G(#), into equation (7) which gathers the terms
relating to the angular dependence of the electron radiated power. This function is
written explicitly below.

Ggo) = <11_—|—C—(i26) (1 +a® — (acos® + sin 9)2> (8)
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3. Modelling the radiation losses

Radiation reaction effects are typically overlooked in the LS regime of radiation pressure
acceleration; since the targets can acquire relativistic velocities, the laser fields are
strongly Doppler shifted, reducing the intensity which arrives at the target in its
reference frame. This effect has been observed in a recent study by Del Sorbo et al [35],
in which quantum effects are found to be quenched due to the high target velocity which
can be obtained in the LS regime. That study used circularly polarized laser pulses, in
which case electron heating via the oscillating component of the ponderomotive force
is suppressed, and the targets undergo highly efficient acceleration. By contrast, here
we consider linear polarization such that the electron heating effects are still present,
allowing RR to influence the collective electron dynamics.

Whilst RR effects are negligible when the target acts as a perfectly reflecting mirror,
as previously described, it is not the case for this study, where the target can instead
absorb laser energy. Ionization of the target front surface produces a plasma, in which
the electrons gain energy from the laser, and subsequently experience radiative cooling
as they oscillate in the strong electromagnetic fields. These radiating electrons are
found to be localized to within the target charge depletion zone. The cooling of electrons
through the RR force changes the dynamics of the self-consistent fields within the target,
therefore impacting the ion dynamics [36, 28, 29]. As the target continues to absorb
laser energy it will expand, resulting in a decrease in the electron density. When the
target areal density, &, reaches the same order of magnitude as the laser ag, it can
undergo relativistic self induced transparency (RSIT), at which point the electrons in
the bulk of the target are strongly heated and the efficiency of target acceleration is
greatly reduced. The normalized areal density for a target of thickness, [, and with a
critical density n.., is given by & = W;L—iﬁ[%, 25].

We have outlined various scenarios in which the RR force can have a significant
effect on the collective electron dynamics within the LS regime. In order to model these
effects, we present a modification to an existing LS model, which is detailed in Macchi
et al [25].

An intense laser pulse interating with a solid target can be reflected, absorbed, or
transmitted (if the target undergoes transparency during the interaction). The relative
probabilities of these outcomes are related as follows:

R+T+A=1 9)

where R, 7T and A represent, respectively, the reflection, transmission and absorption
coefficients. The existing LS equation of motion accounts only for reflection of laser
light off the target. However, the case which we present here allows for laser light to
be absorbed. We begin by assuming no transmission, such that 7 = 0, since the target
is initially overdense and we only consider the collective electron dynamics up until
the time of transparency. The target reflectivity can then be expressed uniquely as a
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function of absorption (R =1 — A), leading to the following equation of motion:
d I 1— 5
— = 2—A .

The absorption term is obtained by normalizing the intensity of radiation emitted

by the electrons, up until the target undergoes transparency (at time ¢t = t;.), to the

laser intensity

Nyaa Jy'" (Py)dt

A=~ 11
[y Ipdt (1)
where,
JeP,dpe
(P = JmJDrpe, (12)

is the total radiated power of the electrons of the plasma, such that n, = fRS fedpe
defines the electron number density.

In order to evaluate the total radiated power, we require knowledge of the radiating
electron distribution function. Assuming that electrons are strongly heated by the
oscillating component of the ponderomotive force, which is particularly true in our
study due to the use of linear laser polarization, the electron distribution is modelled
using an isotropic Maxwell Juttner distribution such that

fe(ve) = Nexp (—u) (13)

©
where, N = Mw is the normalization coefficient and © = mTC 5. oince ag > 1
we may assume 1, ~ agm.c®> which yields
(P,) = 12a5G (0) g (Xe) wrTrmecwr. (14)

We have used that K, (1/0) ~ 20? for © > 1 and assumed (B, =~ 1 in
the functions G (#) and g(x.). Comparison with electron spectra obtained from
simulations, however, indicates that whilst the Maxwell Juttner distribution is a
reasonable approximation (further details are provided in the Appendix), it over-
estimates the electron temperature. To account for this, we introduce a scaling function
analogous to that described in reference [37], which describes the cooling of the electrons.

¢
$(6.6) = 1+ w1r.G(0)a} [ (a0 (19

0
where ¢ is a function describing the pulse shape and ¢ = kx — wyt is the phase. This

scaling is applied in the evaluation of equation (11).

The number of radiating electrons per unit surface, N,.q, can be estimated from
the dynamic hole boring picture of RPA. Here, the laser radiation pressure accelerates a
compressed layer of electrons, leaving behind a region of charge depletion. This results
in the formation of a charge separation field, which subsequently accelerates the target
ions until they catch up to the electrons. At this point, charge balance is restored
and the electrons can propagate back into the depletion zone. These electrons counter-
propagate with respect to the laser and therefore experience strong RR. The physics
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described in this picture is similar to the physics of the radiating electrons in the LS
regime. Figure 4 further illustrates the similarities, and demonstrates how, in this study,
radiation emission is localized to the target depletion zone, i.e. the distance over which
the charge separation field extends.

Liseykina et al [38] derive an expression for the number of radiating electrons in the
hole boring regime, under the assumption that agn./ny > 1, with n. = \/'yeeomew% /e?
representing the critical density. This leads to an expression for N,,; which is
independent of the target thickness. This is not the case for the simulations presented
here; instead we derive an expression for N,.4 which is dependent on the size of the charge
depletion zone, and therefore on the overall target thickness. Following the method
outlined in reference [38], we balance the electrostatic pressure with laser radiation
pressure, in this case eliminating the skin depth from the resulting equations to derive
the following expression:

Zn. 1 1 1 d 2312 1
g L (G )" o
T ngred\\4 4\ n.cag 2

Here, r. = €?/m.c? is the classical electron radius, ng is the initial electron density

Nrad =

in the target skin depth, and d is the size of the charge depletion zone, indicating the
region where radiation production is localized. In the case where agn./ny > 1, the
scaling derived in reference [38] is obtained, namely

ag
Nrad =

. 17
. (17)

Equation (17) assumes that the target, in the hole boring regime, is infinitely
thick. A return current can therefore be drawn to cancel the charge separation field,
allowing electrons to return to the charge depletion zone and produce radiation as they
counter-propagate with respect to the laser. In the LS regime however, the targets are
significantly thinner, meaning that a smaller return current is drawn and therefore the
number of radiating electrons is reduced. The size of the depletion zone clearly impacts
the number of radiating electrons. Equation (16) accounts for this target thickness
dependence, predicting a smaller number of radiating electrons compared to (17) in the
range of thickness considered here.

Finally, using equation (17), an estimate of the absorption can be obtained:

3
Qg

A~

(18)

TeAL
In our case however, the absorption remains a more complicated function of aq,
obtained by substituting equations (12) and (16) into (11). The absorption, equivalent
to the photon conversion efficiency, calculated by this model is plotted in figure 5. It
can be seen that there is good qualitative agreement with the values calculated from
the simulations.
The target velocity can subsequently be re-derived, by substituting the
approximation for the absorption into the modified equation of motion and integrating
with respect to time. Following the method of reference [39], we change variable to the
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phase, ¢, and integrate up to the time of transparency, at which point the efficiency of
the RPA will be greatly reduced. This leads to an expression for the target velocity of
the following form:

(€(¢) —a(g) +1)* —1
(e(¢) —a(¢) +1)* + 1
where €(¢) = 2F(¢)/plc?® is the normalized laser fluence, such that F(¢) = f0¢ I(¢")dg'
and a(¢ = ¢y) is the radiative correction evaluated at the time at which the target

B = (19)

undergoes transparency, given by

wiTmec® [ ad(¢')de!

a(¢ = éu) = 12G(0)g(x) reApplc?

When the conversion of laser energy to photons is negligible, i.e. for a model which

(20)

neglects RR, the expression for the target velocity derived in reference [25] is recovered.

4. Numerical approach

4.1. Numerical model

PIC codes offer a good description of collisionless plasmas where collective effects dom-
inate. Within the plasma, the emission of synchrotron radiation from relativistic elec-
trons is handled stochastically, using a Monte-Carlo algorithm to compute the proba-
bility of photon emission. The synchrotron photons correspond to high-frequency radi-
ation, in which case the interaction of photons, electrons and positrons is handled using
the method of Baier and Katkov [40]. The emitted photons carry away momentum,
which is subtracted from the classical momentum of the radiating particle. The parti-
cles therefore follow a classical trajectory between photon emission events. Stochastic
effects (described in detail in the Appendix) are accounted for in this way, rather than
through the damping of the RR term in the LL equation.

In the simulations presented in this paper, we isolate effects which arise purely due
to RR by running simulations with and without RR. In the cases with RR off, photons
of synchrotron radiation are still produced, however there is no subsequent recoil force
on the electrons. This situation is unphysical, and is only used as a tool to extract the
physics which arises due to purely RR effects.

4.2. Simulation parameters

We present the results of 1D(3P) simulations using the fully relativistic EPOCH QED
PIC code [41]. 1D simulations have been used to scan over a wide range of parameters
with high resolution. We investigate the interaction of solid density (777n., which is also
initially relativistically overdense, such that n., > yn.) aluminium targets, in a charge
state of 13", with an ultra-intense Gaussian laser pulse with a peak intensity of 2x10%
Wem™2 (corresponding to a peak ag = 382). The pulse has a wavelength of 1um and
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a FWHM pulse duration of 60 fs. Initially the simulations have 1000 particles-per-cell
and a spatial resolution of 2 nm, leading to a high spatial convergence.

At the intensity considered, the RR force will play a role in the electron dynamics
whilst higher order QED effects such as pair-production can be neglected [42]. The
quantum parameter, Y., is small in this regime however we re-iterate that the stochastic
effects associated with a small but non-negligible value of y. are accounted for in the
Monte-Carlo algorithm for photon emission.

The targets are varied in thickness in the range [=50-400 nm, such that during the
interaction they are accelerated in a LS like regime. In order to be rigorous, we refer in
this paper to a LS like regime, as some of the assumptions used in the derivation of the
LS model presented in reference [25] do not hold. For example, in this case the target
does not act like a perfect mirror as some of the laser energy is absorbed, and the RR
force will change the dynamics of the system.

We consider only linear polarization here, in contrast to the recent study by Del
Sorbo et al [35]. This choice accentuates the RR effects, due to an enhancement in the
electron heating through the oscillating component of the laser ponderomotive force.
The enhancement to RR effects in linear polarization has been reported in references
6, 29]. In addition, the use of linearly polarized light makes this study more relevant
for the guidance of future experiments. The first experiments on ELI-NP, for example,
are likely to use linear polarization as only one of the two 10 PW beams will be initially
commissioned with control over the laser polarization [43].

5. Numerical simulations results

5.1. Distribution of emitted radiation

The effect of the RR force acting on the collective electron dynamics can be quantified
through changes in the distribution of the emitted radiation from the target. In order to
characterize these changes, we define a first average emission angle by taking the ratio
of the electron transverse to longitudinal momentum and averaging over the electron
distribution function, as follows:

o fRs 0f.dp,
O = e fudp, 2y
6 = arctan (pey/Pex) - (22)

Here, the output angles are in the range (#) € [—m, x|, with 7/2 the direction
perpendicular to target normal. In this section, radiation emitted in the ‘backwards’
direction is taken to mean emission at angles | (0) |€ [r/2, 7.

In the calculation of the average emission angles, it is possible to use the electron
momentum to infer information about the distribution of radiation. This is due to the
high average electron energies involved. As discussed in equation (A.1), the synchrotron
radiation is oriented along the direction of electron momentum and emitted into a cone
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Figure 1. Average emission angle (f) as a function of target thickness, calculated
at the time of maximum synchrotron emission. The solid red line represents the case
with RR on, whilst the dashed black line is the case with RR off.

with an opening angle equal to 1/7.. Therefore the direction of an emitted photon is
assumed to be the same as that of the emitting electron, correlating the electron and
photon average emission angle and allowing these to be used interchangably.

Figure 1 shows the first average emission angle as a function of target thickness,
with and without RR. We remind the reader that without RR, photons of synchrotron
radiation are still produced, however their momentum is not accounted for and the
electron does not experience a recoil force. This case is included only to give an
indication of how the RR force changes the collective electron dynamics. Each point in
figure 1 is calculated at the time of maximum synchrotron emission for the corresponding
target thickness.

Figure 1 shows a decrease in the average emission angle for the case with RR on,
caused by radiative cooling and reflection of the electron population which moves against
the laser. As discussed in section 3, this electron population is formed as the target front
surface ionizes, producing an expanding plasma. The plasma electrons which propagate
in the backwards direction then experience the strongest RR effects due to a Doppler
upshift of the laser fields, to the point where they can be reflected by the pulse. These
electrons can no longer contribute radiation in the backwards direction, therefore causing
a decrease in the average emission angle.

From figure 1, it can be seen that the average emission angle depends on the target
thickness. For the thinnest targets, transparency occurs early during the interaction,
producing an expanding plasma. The plasma electrons within the laser focal spot
are ejected by the ponderomotive force and therefore interact with a lower intensity,
resulting in weak RR effects. As the target thickness increases, RR significantly changes
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the charge separation fields within the plasma, leading to a reduction in the average
emission angle with RR on. For these target thicknesses, there is a higher number
of radiating electrons, meaning that more will be cooled and reflected by the laser.
These electrons bunch up at the laser plasma interface, producing a region of high
electron density and therefore increasing the strength of the charge separation fields
within the target. This allows the electrons to acquire a larger longitudinal momentum
and therefore, as p, increases, the average emission angle decreases. This increase in
the magnitude of the charge separation fields only occurs with RR on, since it is related
to the cooling and reflection of the electrons by radiation emission. The number of
radiating electrons is maximized for a target thickness of 200 nm, in agreement with
the N,q calculated using equation (16). This is also the thickness which corresponds to
the largest reduction in average emission angle, with and without RR. For the thickest
targets however, the areal density is sufficiently high that the laser drives a strong
electrostatic shock. The electrons therefore experience shock driven acceleration, leading
to weaker RR effects.

The reduction in the average emission angle can be related to a change in the target
velocity. Since the radiation is more forwards directed when RR effects are included, the
emission of synchrotron photons will induce a larger recoil force on the target compared
to the case with RR off. This occurs due to the smaller average emission angle, as there
will be a larger component of the RR force along the direction of target propagation
since this varies with the cosine of the emission angle.

An important point to consider here is that the model presented in section 3 applies
only to targets where the electrons have radiated the majority of their energy before
the target undergoes transparency, i.e. t,.q < t;.. If this is not the case, then the effects
of the RR force on the collective electron dynamics are washed out by the onset of
transparency and RR effects are negligible. For the 50 nm case, this condition is not
satisfied, and instead the maximum synchrotron emission time occurs after transparency.
This explains why the average emission angle is > /2, there are no significant RR effects
to reflect the electrons and reduce the radiation emission in the backwards direction.
We point out that whilst the average emission angle can be obtained from the photon
spectra, and could potentially be measured in future experiments, that the condition
traqa <ty may be necessary before macroscopic RR effects can be observed.

The effect of the RR force on the collective electron dynamics can be observed in the
angular photon distribution. The angular distributions for a 50 nm target and a 200 nm
target are compared in figures 2 (a) and (b) respectively. Both of these distributions are
measured at the time of maximum synchrotron emission for the corresponding target.
This figure further illustrates how the magnitude of the RR force is sensitive to the
target thickness, therefore leading to significant changes in the photon distributions.
Again, we stress that in the 50 nm case, transparency occurs before the maximum
radiation emission time and therefore we can observe radiation emitted predominantly
in the backwards direction. For thicker targets, in the regime where t,,4 < t;., distinct
lobes can be seen in the photon distributions.
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The analysis of the emitted radiation has thus far shown that radiative cooling of

4
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Figure 2. Photon angular distributions for (a) 50 nm target and (b) 200 nm target.
These distributions are compared at the time of maximum synchrotron emission,
corresponding to times ¢t = 13 T, and t = 31 T, respectively.

electrons leads to a decrease in the average emission angle of the emitted radiation, an
effect which can be observed in the photon distribution. We can develop this analysis
further by defining a second average emission angle, 66, which quantifies differences in
the distributions with and without RR. This angle is defined as follows:

<5py>
06 = arct — 23
arctan <<5px>> (23)
where,
t
(0Dz) = Po.RR on — Pu,RR of f = /Frad,:v (t") dt’ (24)
0
t
<5py> = py,RR on — py,RR of f — /Frad,y (t,) dt/ (25)
0
leading to:

I a%(t')ﬂe,ygw)dt’)
Jy ad(#)B..G(0)dt )

The brackets () indicate that we are subtracting the entire distribution with RR
off from that with RR on. The argument of the arctan in equation (26) is the ratio
of the impulse exerted by the RR force in the transverse direction compared to the
longitudinal. The angle 00 therefore gives an indication of the partition of the RR
force into each of these directions, and the subsequent contraction of phase space in
each direction resulting from radiative cooling. For the target parameters considered in
this article (i.e. strongly overdense targets), the contraction is too small to report any
significant changes in the phase space distribution. This is confirmed by estimating the

06 = arctan ( (26)
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Figure 3. Variation of the second average emission angle, 6, with target thickness.
This angle provides information on the partition of the RR force into the longitudinal
and transverse directions.

amplitude of the contraction using equation (15). For the target parameters used in
this study, the reduction in phase space volume is approximately a factor of 1.5.

An interesting feature of this second emission angle is that it is deterministic rather
than stochastic. This can be seen in equation (26), where 06 is seen to depend on the
integration over time of the laser intensity and the target velocity. It therefore maps
out the history of the RR force during the interaction, rather than being a stochastic
variable. It is found that §6 is the average emission angle which should be used to
define G(), since this angle quantifies the differences in the electron populations with
and without RR. It is implied that after averaging over the distribution, (#) — §6.

The variation of the second average emission angle with target thickness is plotted
in figure 3. For targets between 50-200 nm thick, we can see that the large values
of the average emission angle (660 2 7/2) implies that dp, > dp, and so there is
more contraction of phase space in the transverse direction compared to that of the
longitudinal. This difference again is an effect of the onset of transparency; as the
targets undergo RSIT, an expanding plasma is produced in which the electrons are
heated as they expand in the longitudinal and transverse directions. The comparatively
thicker targets are not subject to this effect, and so the radiative cooling predominantly
occurs for electrons returning to the charge depletion zone (i.e. a longitudinal effect).

The key point of these results is that the collective electron response to the RR force
is sensitive to the target thickness, such that the collective effects can be quantified from
the distribution of emitted radiation through an appropriate choice of average emission
angle.
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5.2. Energy partition and target dynamics

The dynamics of the target as it accelerates in the LS like regime are investigated
in more detail in this section. Futher details of this regime are provided in figure 4.
Radiation pressure from the laser pushes electrons in the target into the skin depth, the
distance over which the laser fields evanescently decay within an overdense target. This
forms a compressed layer of electrons, which is then pushed into the bulk of the target by
radiation pressure. The charge imbalance as the electrons accelerate away from the ions
produces a charge separation field, which subsequently accelerates the ions. The region
of high electron density, and the resulting charge separation field, are plotted from a
sample simulation in figure 4. As discussed in section 2, it is the counter-propagating
electrons which experience the strongest RR; this effect is further illustrated in figure
4, where the spatial distribution of the electron radiated power is overlaid with the
spatial distribution of the charge separation field. This figure indicates that radiation
production is localized to within the charge separation field, enabling calculation of the
number of radiating electrons using our analytical model.

The conversion efficiency of laser energy into plasma species has been investigated

| 4=192um

50 52 54 56 58 60

XIA,

Figure 4. Diagram showing the dynamics of the LS like regime. This plot corresponds
to the 150 nm target at the time of maximum radiation emission (¢,qq¢ = 23 Tp). The
blue line corresponds to the ratio of the magnitudes of the charge separation field to
the laser field, such that a(t) = E,(t)/E,. The spatial distribution of the electron
radiated power is plotted in black, indicating that radiation is produced in the charge
depletion zone. The ratio n./ven., normalized to its maximum value, is plotted in red,
showing that the charge separation field is generated in the electron depletion zone.
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as a function of target thickness, with and without RR, in figure 5. We compare our
results to a similar 1D(3P) simulation study by Tamburini et al [29], in which the energy
partition was investigated as a function of time for a fixed target thickness. Similar laser
and target parameters were used in the aforementioned study (I = 2.33 x 10?* Wem ™2
and n, = 100n,.).

A key feature of figure 5 is that the electron conversion efficiency remains relatively
unchanged, with and without RR. Since RR causes the electrons to radiatively cool, it
would be expected that the electron conversion efficiency would subsequently decrease.
This effect can again be related back to the counter-propagating electrons, which are
cooled and reflected by the laser and subsequently trapped at the laser plasma interface.
Here, they can continue absorbing laser energy, approximately balancing the radiation

losses.

Figure 5 shows that the ion conversion efficiency in ultra-intense laser solid
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Figure 5. Conversion efficiency of laser energy to electrons (blue), ions (red) and
photons (black). Dashed lines represent the cases with RR off, whilst solid lines indicate
the cases with RR on. The photon conversion efficiency with RR off is omitted, as this
does not conserve energy and therefore has no influence on the energy partition. The
solid black line refers to the absorption calculated using our model, whilst the dot-dash
black line is the photon conversion efficiency measured from simulations.

interactions is high (peaking around 60%), due to ion acceleration in the strong
electrostatic fields within the target. In addition, the limitation of the simulations
to 1D will result in an overestimation of the ion conversion efficiency, since the target
does not undergo transverse expansion and the ions are pushed only along the laser axis.
The ion conversion efficiency exhibits different behaviour throughout the range of target
thicknesses investigated. For the thinnest targets, there is little difference between the
cases with and without RR, due to early onset transparency reducing the impact of
RR on the charge separation fields. However, for target thickness beyond 150 nm, a
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reduction in the ion conversion efficiency occurs for the case with RR on. This is because
more of the laser energy is converted into photons of synchrotron radiation. Since the
electron conversion efficiency remains the same with and without RR, differences in
the energy partition are a result of laser energy being coupled preferably into radiation
as opposed to ions. With RR off, we do not consider the laser energy coupled into
radiation, since this case does not conserve energy. The ion conversion efficiency is
therefore higher as laser energy can only be shared between the ions and electrons, and
as discussed earlier, the electron conversion efficiency is relatively unchanged with and
without RR.

The photon conversion efficiency is shown in figure 5 for the case with RR on (dot-
dashed black line). The magnitude of the photon conversion efficiency, as calculated
from the simulations, is of the of order 10% and therefore in agreement with the
results reported in reference [29]. The black solid line in figure 5 represents the photon
conversion efficiency, calculated using our analytical model. There is good agreement
with the simulation results, showing the same peak in photon conversion efficiency for
a target thickness of 200 nm. This is the same case for which the number of radiating
electrons is maximized, as predicted using our analytical model, equation (16). This
model however tends to overestimate the photon conversion efficiency, as it does not
account for transparency of the target and therefore the ‘loss’ of laser energy transmitted
through the target.

Finally, we can use the simulations to verify the predictions of the target velocity
from our analytical model. The target velocity is obtained from simulations by tracking
the position of maximum electron density as a function of time. This maximum density
surface indicates the interface at which RPA occurs.

Figure 6 compares the target velocity measured from the simulations (solid blue
line) to the predictions of our analytical model (solid black line) using equation (19). We
also compare our results to an existing LS model, which assumes the target is perfectly
reflective (solid red line) as derived in reference [25]. This model acts as an upper
bound for the target velocity; it is found to overestimate the target velocity in all cases,
since many of the targets used in this study undergo transparency and therefore are not
efficiently accelerated. It should be noted that LS acceleration is an idealized scenario,
and in reality the target velocity can deviate from the LS predictions at various points
in the interaction. We have compared the target velocity with the predictions of the
hole-boring (HB) model [44], to ensure that we are operating close to perfect LS. The
simulations show that for these targets, on average, the target velocity is close to the HB
velocity for only the first 15 laser periods, after which point the target velocity rapidly
increases beyond the predictions of the HB model and closely approximates LS. The
target velocities from the models are calculated at the time of maximum synchrotron
emission, in keeping with the assumptions made in our analytical model. The target
velocity in the simulations increases more slowly with time, compared to the predictions
of the models, finally tending towards the model predictions at later times. This is due
to heating mechanisms which are important in the early stages of the interaction and
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Figure 6. A plot comparing the target velocity predicted by our model (solid black
line) to measurements from simulations (solid blue line) and an existing LS model (red
solid line) which assumes the reflectivity of the target, R, is unity.

which complicate the dynamics of the RPA process. For this reason, we measure the
target velocity at the end of the simulation, when it has reached a constant value.

For the cases where the radiated power is high, we can obtain radiative corrections
which are larger than the normalized fluence. This arises from the assumption that
the electron temperature scales according to the ponderomotive potential. In order to
correct for this, the radiative correction is scaled by the ratio T.(¢req)/Te(o). Here,
T.(¢raq) is the electron temperature at the time of maximum synchrotron emission, and
T.(¢o) is the electron temperature associated with the laser ap measured at this same
time.

From figure 6, we see relatively good agreement between the velocity calculated
using our RR model and the simulations. The agreement is better for thicker targets
(& > agp), where transparency is not as important in the dynamics. As our model does not
account for transparency (only RR effects), this is to be expected. Our model tends to
overestimate the reduction in target velocity, particularly in the cases where the radiated
power is high (i.e. the 150 nm target, for which the function G(0) is maximized). The
possibility remains that a model could be developed which produces better agreement
for ultra~thin targets (<100 nm) by accounting for both RR and transparency effects.
The reduction in target velocity reported here leads to lower ion energies, and may
point towards less efficient RPA than predicted for future experiments. Understanding
the underlying processes could however result in control over the radiation production,
energy partition and target dynamics.
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5.3. Experimental prospectives

We have presented a 1D analytical model which describes the effects of the RR force
on collective electron dynamics within the LS regime. This enables calculation of the
laser energy absorption and the velocity of the target as it undergoes radiation pressure
acceleration. In deriving this model, we assume that the charge separation field, whilst
not negligible, is weaker than the laser field, although it enhances the production of
high energy radiation [45]. The role of the charge separation field is an important
aspect of the model and one which could be investigated experimentally (for example,
via measurements of ion acceleration).

The model can also be used to make qualitative predictions about the distribution
of the emitted radiation, which could be tested in future experiments. A key feature,
described in section 5.1, is that the angular emission decreases as a function of
target thickness and that the rate of decrease changes due to RR. Experiments at
multi-PW facilities could test this dependency (for example, by making angularly-
resolved measurements of radiation emission, using arrays of scintillators, X-ray
film or ImagePlate detector). Cyrogenic hydrogen targets could be used to reduce
Bremsstrahlung emission, as discussed for example in references [43, 45].

Finally, in section 5.1 it is shown that the distribution of emitted radiation changes
depending on the time at which relativistic transparency occurs during the interaction.
In particular, we note the disappearance of lobe-like structures from the photon
distribution if the interaction is transparency dominated. If this effect is experimentally
verified, it may act as a diagnostic for the onset of the transparency process.

6. Conclusions

Building upon the work presented in references [28, 29], we have further demonstrated
that semi-classical RR effects can be significant in the LS regime of RPA if the absorption
of laser energy by target electrons is considered, rather than assuming the target acts
as a perfect relativistic mirror, i.e when ay > £. By defining an average emission
angle, the magnitude of the RR force effects on the collective electron dynamics can be
characterized. We show that the amplitude of the RR force is determined by the target
thickness, and investigate this effect over a wider range of target parameters than those
presented in reference [24].

We present, for the first time, an analytical model that describes the response of
the collective electron dynamics to the RR force in the LS regime. By accounting for
the emitted radiation within the absorption coefficient (implying that the target acts
as a non-perfect mirror), the model predicts the absorption of laser energy to photons
and the resulting target velocity. Changes in the angular emission of radiation enable
characterization of the transition into the relativistic self induced transparency regime.

The predictions of this model have been verified using QED PIC code simulations.
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We have also outlined aspects of the model which can be experimentally tested at multi-
PW laser facilities. This study indicates that the distribution of radiation from thin foils
in ultra-intense laser solid interactions will provide fundamental insights into high-field
plasma physics, where the collective plasma physics effects are intertwined with strong
field QED effects.
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Appendiz A.1. The synchrotron radiation

In the case of an ultra-relativistic electron oscillating in a strong laser field, the
synchrotron radiation is emitted into a narrow cone, pointing along the direction of the
electron momentum[46]. For a single electron, the spectral intensity of the synchrotron

radiation, per unit solid angle, is:
I, P, w
= 25— (=) Al
oda =~ 0@ e/ e DF( (A.1)

cr

The delta function in equation (A.1) ensures that the radiation is primarily emitted
along the direction of the electron momentum, p,. The critical frequency, w,, is defined
by the electron oscillation frequency in the external fields. Synchrotron radiation is
typically described in terms of the motion of an electron in a constant magnetic field,
in which case the critical frequency is related to the electron oscillation frequency,
w, =| p, X Fr. | /p?, by the expression w,, = %wr’yf. In the case of electron motion in
strong fields, this oscillation frequency is replaced with the laser frequency. F(w/we)

is the MacDonald function which describes the shape of the emitted spectrum and is
defined as F(w/we) = %gw":r :;wcr Ks/3(x)dx, where Kj /3 is a modified Bessel function
(16, 17).

Appendiz A.2. Accounting for quantum effects

The Landau-Lifshitz (LL) equation provides a classical description of RR, in which
quantum corrections to the electron trajectory, and pair-production, are neglected. The
importance of such quantum effects are quantified by the Lorentz invariant parameter,

Xe:

\/F — (F.- B)? (A.2)

Esh
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where Eg, is the Schwinger limit for electric field strength, such that E, = m?2c®/eh [22].
The x. parameter is the ratio of the electric field strength experienced by an electron
in its rest frame compared to the Schwinger limit. Hence, when y. =~ 1, the electron
experiences an electric field strength in its rest frame which is comparable to that of the
Schwinger field, leading to a non-negligible pair production rate.

The classical approach described by the LL equation overestimates the electron
radiated power, as it does not account for the probabilistic nature of photon emission.
The resulting stochastic effects are described in further detail in references [47, 48, 49, 50|
and can be accounted for by introducing a scaling function, g(x.), to the RR term in
the LL equation. This scaling reduces the electron radiated power and consequently
the amplitude of the RR force. The appropriate scaling function is defined in references
51, 52] as g(xe) = (3.7x2 + 31x2 + 12y + 1)~%/°.

The stochastic effects described here become important for values of x. 2 0.1, where
the radiated power is reduced by a factor of 2/3. However, it has been demonstrated
in references [51, 53, 54] that the stochastic effects do not affect the average energy loss
of the electrons, which is the most important consideration for the model presented in
this paper.

In ultra-intense laser solid interactions, the electrons which obtain the highest
Xe values and therefore experience the strongest RR force, are those which counter-
propagate against the laser pulse [55]. Since the electron velocity is oriented opposite
to the laser propagation direction, the electron experiences Doppler upshifting of the
laser fields in its rest frame and consequently a higher ., stimulating strong radiation
emission. The radiative cooling of these electrons prevents them from propagating
against the laser pulse and they are reflected, becoming trapped at the laser plasma
interface. The effects of the trapped electron population have been investigated in
references [28, 29, 24, 56, 57].

Appendiz A.3. The Maxwell Juttner distribution

In section 3, we assume that the electron distribution function can be modelled using
a Maxwell Juttner (or relativistic Maxwell) distribution. Although this distribution
is collisional, whilst the simulations we present are collisionless, it is found to be a
good fit to the electron spectra. This is demonstrated in figure A1, where the electron
energy spectra are compared for a 400 nm target, with and without RR. The spectra are
measured at times ¢t = 40 T}, which is the maximum radiation emission time, ¢t = 45 T},
and ¢t = 50 T}.

Figure A1 demonstrates that RR causes cooling of the electron spectra, relaxing
the system towards an equilibrium distribution. This is analogous to the cooling of
electrons through binary collisions in a collisional system. Finally, a Maxwell Juttner
distribution is required as opposed to a pure Maxwell distribution, since the electrons are
heated to relativistic velocities by the oscillating component of the laser ponderomotive
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Figure A1l. Electron energy spectra measured from a 400 nm target at times t = 40 T},
(blue line, corresponding to the maximum radiation emission time), t = 45 T, (green
line) and ¢ = 50 T7, (red line). The top panel is the case with RR on, whilst the bottom
panel has RR off.

force.
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