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Abstract

With the aid of large-scale three-dimensional quantum electrodynamics (QED)-particle-in-cell
simulations, we describe a potential experimental configuration to measure collective effects that
couple strong field QED to plasma kinetics and develop a simple analytic model that describes the
absorption due to radiation emission. For two counter propagating lasers interacting with a foil at
intensities exceeding 1022 W cm 2, a near-binary result occurs; when quantum effects are included, a
foil that classically would effectively transmit the laser pulse becomes opaque. This is a dramatic
change in plasma behavior, directly as a consequence of the coupling of radiation reaction and pair
production to plasma dynamics.

1. Introduction

When the next generation of 10 PW lasers currently under construction are built [ 1-5], there are likely to be a
few surprises in the way that they interact with matter. At the extreme intensities expected to be reached in the
laser focus (>10?2 W cm™?) matter is rapidly ionised and the electrons in the resulting plasma are accelerated to
such ultra-relativistic energies that the electric field they experience in their rest frame may reach the critical or
Schwinger field of quantum electrodynamics (QED), E; = 1.3 x 10'® V. m~! [6]. This field is the threshold at
which strong-field QED effects start to become important [7—10]. The new plasma state that is created is similar
to that thought to exist in extreme astrophysical environments including the magnetospheres of pulsars and
active black holes [11, 12]. Here, collective plasma processes are strongly affected by pair creation and radiation
reaction [10, 13—17]. For brevity we will describe the resulting state as a ‘QED plasma’.

In non-relativistic plasma, electromagnetic waves with frequency @, lower than the plasma frequency

Wpe = (neeZ/meeo)I/Z

, where 1, s the electron number density, cannot propagate through the plasma. The
critical density n, is the density at which the plasma frequency equals the wave frequency and above which the
plasma is described as ‘overdense’. In the ultra-relativistic regime, electrons in the plasma are accelerated by the
laser fields to such high energy that their effective mass is much greater than their rest mass. Consequently the
plasma frequency is reduced by a factor 1 / \/m , where (y) is the average Lorentz factor of the electrons. An
opaque (and nominally overdense) plasma may therefore be expected to become transmissive if the laser
intensity, and therefore (y), is sufficiently high. This ‘relativistically induced’ transparency [18, 19] optically
switches the plasma from opaque to transparent and enables light propagation.

However, as the electromagnetic fields increase and we enter the QED-plasma regime, radiation reaction
becomes significant, the electron motion is damped and hence (y) may be expected to be reduced. Furthermore,
radiation reaction leads to absorption of the electromagnetic wave [20] and as we will show, this is the more
important effect. At even greater intensities, pair plasma may be produced by two step process [7] that is
sufficiently dense to shield the laser fields. For greater intensities still, exceeding I > 10*> W cm™2 for 1 yum
lasers, higher order processes will start to become important [21]. As a result of these processes, a classical

© 2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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prediction that a plasma is transmissive can be erroneous when QED effects are introduced. For 10 PW laser
systems currently under development, understanding the interplay between QED effects and relativistic
transparency will be important.

Consider a potential experiment with two counter propagating laser pulses of intensity in the range
102 W cm™ < I < 10*> W cm™? with orthogonal linear polarizations impinging normally on both surfaces of a
solid density foil, similar to the scenario of [22]. The radiation can be measured after the interaction with a
calorimeter to determine the energy of the pulse after the interaction and because of the orthogonal
polarizations, it can be determined what proportion of the radiation is reflected or transmitted. In this paper, we
will show that, for an appropriate density/thickness foil, the laser radiation should be efficiently absorbed
provided strong-field QED effects are considered in the plasma model, but if they are neglected the foil will be
completely transmissive.

The structure of the paper is as follows. First we describe three-dimensional (3D) QED-particle-in-cell
(QED-PIC) simulations of the interaction of two laser pulses with a thin foil target, demonstrating this dramatic
effect. Then we use a series of 1D simulations to understand the scaling of the physics with laser/target
parameters. Finally we develop a simple analytic model that captures accurately the overall trend with laser
intensity of the absorption. Lastly we conclude and discuss the relevance to current and new future laser systems.

2. Numerical model

To model this experiment, we performed large-scale 3D numerical simulations using the QED-PIC code
EPOCH [23-28], as shown in figure 1. EPOCH extends the Vlasov—Maxwell system to include the important
QED processes in next generation laser-plasma interactions and is detailed in [24]. The electromagnetic field is
splitinto high (i.e. gammaray) and low (i.e. optical/plasma) frequency components. The low frequency
components are coherent states that are unchanged in QED interactions [29]. The evolution of these
macroscopic fields is determined by solving Maxwell’s equations. Electron and positron basis states are ‘dressed’
by these low-frequency fields, which are treated as a classical background that interacts with the charged particles
and the high frequency component of the field, i.e. using the strong-field QED or ‘Furry’ representation [30]. We
include the dominant first-order processes: gamma-ray photon emission by electrons and positrons and pair
production by gamma-ray photons. Electron and positron motion is described by the ‘quasi-classical’ model of
Baier and Katkov [31], i.e. the particles move subject to the Lorentz force on classical trajectories between point-
like QED interaction events. Our model averages over photon polarization states, which has been shown to
introduce a small error to the predicted pair-production rates [32].

3. Results

3.1.3D QED-PIC simulation

Simulations were performed for two conditions: (1) ‘QED-off’, by which we mean no gamma-ray photons or
pairs are generated and (2) ‘QED-on’, by which we mean that the QED-PIC code produces gamma-ray photons,
tracks the photon’s dynamics and generates electron—positron pairs. The target is a 4 um thick slab, with an
initial density of 150 #.. The ion mass to charge ratio relative to the electron mass to charge ratio is taken as
(mi/q;)/(m,./|q,]) = 3674. Thelasers propagate in the +x direction, as shown in figure 1(a). The left-hand side
laser pulse is polarized in y direction and the right-hand side laser pulse is polarized in z direction. Both the laser
pulses are of intensity I = 4.5 X 102> W cm 2, which is within the range expected to be reached by next-
generation 10 PW lasers, with a gaussian profile of FWHM radius 4 ym. Both laser pulses are 25 fs in duration
(FWHM of temporal gaussian profile). The grid cell sizes (Ax, Ay, Az) was A/25, 1/10, A/10, where A is the laser
wavelength. The time step was 0.99 of the Courant condition. 24 particles-per-cell were used. The boundaries
were absorbing in the x direction and periodic in the y, z directions.

The radiation pressures of the laser pulses from opposite sides balance, such that the target is expected to be
confined and centered around its initial position. However, it is compressed until the thermal pressure balances
the ponderomotive pressure. After the laser pulses reached the surfaces of target foil, the foil was compressed
inwards from both sides. For the QED-off simulation, when the peaks of the laser pulses arrived, both pulses
started penetrating through the foil and eventually were transmitted. However, for the QED-on simulation, the
laser pulses were blocked by the foil during the entire course of the simulation, indicating that relativistic
transparency was suppressed by the QED effects. The magnitude of electric field E, and the electron density
profile are plotted at a time of 347, where 7 is the laser period, in figures 1(b) and (c), for the QED-off and QED-
on simulations, respectively.

Figure 2 displays the slice plots for the electron density in figures 1(b) and (c) through the center of the foil in
both x — zand y — z planes. The electric field E, along the x-axis (y = 0 and z = 0, i.e. the laser propagation
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Figure 1. 3D QED-PIC simulation (a) two laser pulses illuminate a thin foil from both sides. The left pulse is linearly polarized in the y-
direction, and the right pulse is linearly polarized in the z-direction. (b)—(c) The red isocontours show the magnitude of left pulse
electric field, | E, | and the blue isocontours show the electron number density, all at t = 34, for the QED-off and QED-on
simulations, respectively. Side panels display slices of E yz (o) through the planes that bisect the center of the box. The isocontours are
taken at 33% of the maximum value.

direction) is plotted as a function of time t and position x, for both classical and QED-on simulations, as shown
in figure 3. For both cases, the laser pulses initially pushed the target inwards. While the laser fronts moved
inwards as a function of time, part of light was reflected. From ¢ = 18 Laser period onwards, strong transmission
occurred for the classical simulation. In contrast, the transmission is significantly suppressed for the QED-on
simulation. It is interesting to note that though there are striking differences between the transmission of the
pulse for the classical and QED simulations, the reflection of the pulses is quite similar, indicating that there is a
strong absorption of the laser power in the QED case.

3.2. One-dimensional (1D) QED-PIC simulation

To facilitate comparison to the analytical scaling we develop later in this paper, we repeated the above simulation
with circularly-polarized laser pulses, using 1D QED-PIC code calculations. For these, the grid cell size was

Ax = 2/100 and the time step was 0.99 of the Courant condition. 960 particles-per-cell were used. The
boundaries were absorbing. 3D and 1D behaviors are similar but not identical. In the 3D case, the tightly focused
pulse slightly pushes the ions away from the axis, resulting in an effectively lower plasma density. Thus, to obtain
equivalent results in the 1D simulation, the initial electron density is set to a lower value of ny = 60n,, while all
other parameters (except the polarization) are kept the same as the 3D case. The transmission behavior was
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Figure 2. Electron density of three-dimensional QED-PIC simulation. (a)-(d), the slice plots for the electron density in figures 1(b)
and (c) through the center of the foil inboth x — zand y — z planes. (a) and (c) are for the classical case, figures 1(b); (b) and (d) are
for the QED-on case, figure 1(c).
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Figure 3. Laser field E, along the x-axis as a function of time t and position x from 3D QED-PIC simulation. (a) QED-off, (b) QED-on
activated.
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Figure 4. Magnitude of laser field E, and electron density n./1. as a function of time ¢t and position x from 1D QED-PIC simulation.
(a)—(c) Magnitude oflaser field E| , (d)—(f) electron density #./n.. Also plotted are the contours for ion density n;/n. (black lines) and
positron density 7, /e (green contour lines).(a) and (d) QED is switched off, (b) and (e) QED is switched on but with photon
emission only, so that the (quantum corrected) radiation reaction effects are included, and (c) and (f) QED is fully activated to include
both photon emission and pair production.

similar to the above 3D case. This is because the superposition of linear polarizations is similar to circular
polarization in certain locations, in particular in the center of the domain where the plasma is located. The
simulations were performed under three conditions: (1) QED-off; (2) QED-on with y-ray photon generation
only (the code is allowed to produce photons and calculates the recoil due to emitting photons, which gives the
radiation reaction effect, but the photon is not tracked and thus no pair production occurs); and (3) QED-on
with both gamma-ray photon and pair production.

The magnitude of the laser electric field and the plasma density are plotted as a function of time tand
position x, as shown in figure 4, for all the three conditions. For all the three conditions, the laser plasma
interaction process may be characterized by three distinct stages: an initial piston-like forward push of electrons
by the laser illumination, followed by stagnation at the center between the two lasers and finally electron re-
injection in the backward direction.

During the initial push, both electrons and ions are continuously compressed inwards until 40z, as shown in
figures 4(d)—(f). This compression process is almost identical under all the three conditions, implying that
radiation reaction and QED effects are not important at this stage. This is because, in the case of a single laser
beam hitting a charged particle at rest, the zero momentum frame of reference (ZMF), in which the charged
particle has a periodic trajectory, does not coincide with the laboratory frame due to particle recoil. The ZMF
moves in the direction of propagation of the laser beam with a velocity corresponding to a Lorentz factor equal to
a[7,33], where a = eE/mcwy is the normalized field strength. The laser frequency in the ZMF is thus redshifted
compared to the laboratory frame. Because the strength parameter a is a Lorentz invariant, the reduced wave
frequency in the ZMF implies a reduced amplitude of the wave field: Egxr &~ E/a and hence the effects of
radiation reaction and QED become reduced.

After the piston-like push of the electrons by laser, the bulk plasma stagnates when the ponderomotive
pressure of the laser is balanced by the thermal pressure of the compressed plasma slab. We find that in this
quasi-static phase of the two sided illumination only the electron motion needs to be considered since there is
little bulk ion motion.

There was always a small portion of the electrons at the edge of the electron layer being accelerated back into
the laser fields, regardless of whether QED effects are included or not. This is simply because hotter electrons can
drift through the laser where the ponderomotive force and the force due to charge separation approximately
balance. However, radiation reaction dramatically changes the dynamics of these back-injected electrons to
radiatively cool them such that they get trapped in the nulls of the ponderomotive potential. These electrons
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form equally spaced ultra-high-density thin electron and (for pair production switched on) positron layers, of
approximately equal density, in the nodes of the standing wave formed by the incident and reflected wave, as
shown in figures 4(e) and (f). These cause the plasma to become further optically opaque compared to the QED-
off case, where the layers are not present and the plasma is transmissive. This is shown in figures 4(a)—(c).

4. Analytic model for absorption

The situation of electrons circulating in an electric field in the presence of a fixed ion background—which is
similar to the stagnated layer discussed previously since bulk ion motion is prevented by the colliding geometry
—readily lends itself to analytical solution. The force balance in the longitudinal direction (between the
electrostatic force and ponderomotive force) means that to good approximation the bulk of the electrons
circulate in the transverse direction under the influence of the transverse laser fields. Thus, the more
straightforward, ‘zero-dimensional’, solution for a wave propagating in a homogeneous plasma is of relevance.

4.1. Dispersion relation in radiation damped, near critical density plasma
An equilibrium solution can be found for the wave equation for the laser
0’A P
— - VA= =(vi—- W),
ot? €0
with the electrons and ions co-rotating with constant y transverse to the propagation.
Classically, the electron equation of motion in an electromagnetic field, including radiation reaction
according to the Landau-Lifshitz prescription [34], is

2
meCM=FL—TRM |FL2; (D
dt mec L
where
FLzei—j:—e(VA)-v+eng (2)

is the force on a single electron expressed in terms of the vector and scalar potentials,

tr = e*/(4megm,c®) = 6.245 X 107** sand terms of order 1/y? and higher have been omitted [7]. In the
radiation reaction expression, the second term on the right-hand side, only the force perpendicular to
contributes.

For a circularly polarized plane wave propagating in the +Z direction with polarization direction unit vector
givenbyé = R { ei(@ot=k2) }x +1 { ei(@ot=k2) }y such that A = (Ao/wg)0é/0t, for an appropriate choice of
initial conditions, there are two components of the force on the electron. In the é direction F; ; = ewAo, where
® = @, — kv, and in the z direction F; ; = ev - dA/0z. The small forward force is due to radiation reaction
rotating the particle velocity away from parallel to the magnetic field.

We can therefore write the equation of motion for an electron in the circularly polarized plane wave as [7, 35]

dg;ﬂ) = wa{é - aa)TRyzﬂ[l - (ﬂ : é)z]}' (3)

In the more realistic situation of a plane wave incident on a foil, there will be a reflected component of the
field also. For the superposition of 2 plane waves propagating in the +2 and —z directions with polarization
direction unit vector givenby € = R {ei‘”t cos kz}fc +7 {ei‘”t cos kz}fr such that A = (Ay/w)0é/ot, the
situation is more complicated than before and there are three components of the force on the electron F;. In the
e direction Fy ; = ewyAq cos kz,inthe z X é direction F ;yx: = ekv, Ay sin kz and in the Z direction

0A o

Fr; =—e— v+ e—. 4
Lz Jz oz ()

Itis areasonable assumption that the longitudinal forces cancel at the point of reflection. That is to say the
effective ponderomotive force and the force from charge separation between the electrons and ions cancel (we
consider bulk ion motion effects in section 4.3). Otherwise, on the vacuum side of the interface electrons will be
accelerated towards the bottom of the ‘ponderomotive potential wells’ in the standing wave pattern, i.e. nullsin
the vector potential. For a particle traveling with velocity v, =~ ¢ in the wave in the vacuum region, such that

kv, ~ wy, the total transverse force on the particleis F; | ~ ewyAy. In this case, radiation emission will lead to
energy loss that means the electron slows down and drops into the ponderomotive potential well to form the
observed spikes.
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Figure 5. Effects of radiation reaction on single electron dynamics. (a) y and (b) cos 6 asafunctionofafor 4 = 1 um, under three
conditions: classical, i.e. no radiation reaction force, y = (1 + a%)!/?; RR, with classical radiation reaction force, equation (6); and
QED corrected RR, with quantum corrected radiation reaction force.

Finally, in plasma at close to critical density, the wavenumber is small k < @, and hence the only significant
forceis Fy s = ewgAq cos kz ~ ewoAy whether there is a reflected wave present or not. These considerations are
to show that for a circulating field, equation (3) is a reasonable approximation even in scenarios more
complicated than the infinite plane wave in homogenous plasma.

An equilibrium solution to equation (3) exists where the component of the force parallel to f precisely
compensates for the radiative momentum losses, while the perpendicular component provides the centripetal
force for circular motion of the electrons. Setting the left-hand side of equation (3) to 0 [7], we find, by
neglecting terms of order 2 or smaller

y=a sin §, I sin*> §— cos =0, (5)
where I' = tzway?. Combining with equation (5) and eliminating #, we obtain a relation between y and a
iyt + y? = a’. (6)

Forions, it is reasonable to assume no radiation reaction effects occur within the limits explored here and so
vi = qA/y;m;, where y, = |1 + a’Z*m}/m] .

Itis well known [25, 36—38] that the classical description of an electron radiating in a strong electromagnetic
field overestimates the total emitted power. This is connected to the fact that, in the quantum description, the
emitted photon energy may not exceed the electron energy, whereas the classical approach does not have such a
restriction. This effect may be approximately taken into account as follows. The total power of emitted radiation
can be expressed as the power calculated from the classical description of radiation reaction, times a reducing
factor g (1) thataccounts for truncation of the emitted spectrum [25, 37, 38], where
n = 1.286 X 107*wa® sin® @ is the field strength relative to the critical field of QED in the particle rest frame.
Equation (5) still holds, except thatnow I" = g (1) wzray?. Figure 5 shows the effect of this quantum-corrected
radiation reaction force on both the electron Lorentz factor y and the angle it makes with the laser polarization
direction.

The significance of this expression can be seen by considering the resulting wave equation, which including
the ion and electron current contributions yields a dispersion relation

2

[0}

? = k2t + 22 a+,;, (7)
Y 1 — ig (n)rey’

where a = Zym, [y, m; represents the ion contribution to the current. Without radiation reaction, as the vector
potential is increased this ion contribution eventually equals the electron contribution (i.e. @ — 1). However, the
effect of radiation damping reduces the electron y factor (and rotates the current vector) such that the ion contribution
generally remains negligible compared with the electron contribution unless the laser wavelength islong (A > 1 ym).

4.2. Asymptotic limits for ~1 ym lasers
We can examine the behavior of dispersion relation equation (7) in two asymptotic limits for approximately
1 pm lasers, which is typical of current laser systems. Under these conditions, the ion contribution can be neglected

7
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for the reasons given in section 4.1. For trwy® < 1,1.e. weak (W) damping, the dispersion relation has a real

component wy") = \[k*? + w ;0 / y and an imaginary component, i.e. representing absorption of the wave, of

o) = w ;30 TRY? / 2, with y the Lorentz factor given by equation (6). Since in this limit the Lorentz factor is

y =~ a, therefore the real part of the dispersion relation can be expressed as

2
@ po
o) = (K3 + —: (8)

and the imaginary part, representing wave absorption, is

1
of") 2 Zwpg () 7ra’. (9)
The real part yields a critical density for the threshold for wave propagation in the weak damping limit, i.e. where
k=0,of

(W)

nge" ~ ang, (10)

where ny, = @ pzo M€ / e? is the critical density of the plasma for very weak fields. This critical density is the same
as that obtained in the absence of radiation reaction effects. In this limit the effect of radiation damping is only
absorption of the electromagnetic wave.

In the strong (S) damping limit, zgwy? > 1, the dispersion relation yields an imaginary component

2
@ po

o ~ — (11)

2wog (n) TRy

and since @ 50 / (ywd) > 1, the real part of the dispersion relation is

4

@50
w}gs):\/k262+74 2p R (12)

dwog” (M) Ty

/
In this limit, equation (6) reduces to the Lorentz factor y ~ [a / (wog () 7R) ]1 ! such that the absorption rate

becomes
2
L)
w0~ (13)
2wpa
And from the expression for @, the critical density for wave propagation with frequency @ in the strong
damping limit is
nS ~ 2an, (14)

which is a factor of 2 larger than that of weak damping limit, so it may be expected that radiation reaction lowers
the threshold for relativistic transparency. However, for a laser at this critical frequency (w, = ©%) the wave is
critically damped, i.e. > = @ = wg, and will therefore be attenuated in a single cycle. Hence, effectively no
relativistic transparency occurs as absorption dominates.

In figure 6(a), we plot the fraction of laser energy absorption L as a function of the laser intensity I, calculated

from L = ( / j - EdV)/I = 4zw; /@y, where j is the current density, and w; is obtained from the full dispersion

relation, equation (7). Itis clear that when I < 1 x 10%* W cm 2, Lincreases with intensity I. Around 1 x 10%*
W cm 2, L reached its maximum. L subsequently decreases as I increases further. This is strikingly different from
the classical radiation reaction calculation (i.e. no quantum correction), which predicts L increases continuously
with I. The two asymptotic limits given above are also shown in the graph.

Figure 6(b) shows the absorption of the laser energy calculated directly from a series of 1D PIC simulations.
In these simulations, the target density is ny = 100#,, and square shaped laser pulses with length of 30 laser
cycles are used. When QED effects are included but pair production is not allowed, the scaling of L from
simulation is very similar to that of theory, showing a maximum around 1 X 10** W ¢cm™2. The analytical curve
fits the simulation the best when a density of 1.3n is used, which may be partially explained by the fact that the
plasma density is compressed during the laser plasma interaction. The functional shape of equation (7) is well
reproduced. However, when pair production is activated, L increases continuously with I. For I > 5 x 10%
W cm 2, L exceeded 90%. Note that L is calculated from the simulations relative to the total laser light, but the
reflected fraction is not significantly changed by the addition of QED effects. Due to the extremely large
absorption fraction, the effective laser field strength (therefore the Lorentz factor y) is significantly reduced,
resulting in the loss of relativistic transparency for the plasma. In addition, this absorption into electron—
positron pairs may be of interest for the efficient production of dense laboratory pair-plasma [39, 40].

8
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Figure 6. Fraction of laser power absorption L as a function of laser intensity I. (a) Theory based on equation (7). Also plotted are the
asymptotes for 7woy® < 1and oy’ > 1,and for classical radiation reaction, calculated by setting ¢ = 1 in equation (7). (b)
Absorption of laser light in 1D PIC simulations for three cases: purely classical, QED (with photon only), and full QED with pair
production. The gray area indicates the absorption in the purely classical simulation. The net absorption due to quantum effect is

obtained by subtracting the gray area from the total absorption. Solid lines are for analytical calculation, with #, (red) and a modified
1.3n¢ (green).

4.3. Absorption for one-sided illumination
Within the framework of our simple model for fixed target, equations (3)—(7), we may also evaluate the laser
absorption properties for the case of single sided laser illumination of an dense plasma target. Under single sided
illumination, the bulk target will be accelerated in the forward direction by light pressure. We can use our model
for fixed ions in the instantaneous rest frame of the bulk plasma, assuming that the acceleration timescale is
small compared with the laser period. The main effect will be that the laser frequency will be Doppler red-shifted
in this frame. Since the laser strength parameter a is a Lorentz invariant, the reduced frequency implies a reduced
amplitude of the wave electric field. Hence, QED effects are reduced such that the absorbed laser power fraction
is also expected to decrease.

Consider the accelerating ion front to be moving in the z direction with velocity v;, = f,, ¢, corresponding to
aLorentz factor y;,. In the instantaneous rest frame, the plasma frequency is w ;o = @0/, /7> thelaser frequency

iswg = wo/[(1 + )7, ], the QED strength parameter is ' = #/y,, and a is a Lorentz invariant. The damping
rates @; W) @ i ) can be obtained from equations (9)—(13) in the instantaneous rest frame. Transforming these

rates back to the laboratory frame, we obtain

1
of") ~ —w g (nr,)tra’, (15)
2}/iz
2
@ 1+ p
wI(S) ~ _POM (16)

B 2wpa iz

These equations clearly show that the absorption will be greatly reduced by ion motion in the direction of the
laser pulse propagation. The velocity of the ion front could be, for example, the hole boring velocity v;, = vy for
athick target (i.e., much larger than the skin layer in which ion acceleration by the space-charge field occurs) and
is the light sail velocity v;, = v for a thin target [41-43]. The significance for ion acceleration is that the
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absorption will cause a reduction of the laser piston velocity, which will affect the maximum ion energies in
radiation pressure acceleration [44, 45].

5. Conclusion

In summary, we have studied the interplay of QED effects and collective processes in plasmas generated by next-
generation 10 PW lasers for critical density plasma. In particular we have derived a dispersion relation for
electromagnetic wave propagation and shown that the damping of collective electron oscillations leads to strong
absorption of the wave. This has dramatic consequences for relativistic transparency. QED-PIC simulations are
performed to demonstrate that the relativistically transparent plasma may be converted to become optically
opaque if QED effects become important in a colliding pulse geometry. Under experimental conditions, the two
pulses may have intensity fluctuations that mean the center of momentum frame where the layer is stabilized is
not the laboratory frame. However, reflected light will be Doppler shifted in this case. Measurements of the
backscattered spectrum will enable diagnosis of intensity miss-match and allow correction of the resulting
difference in transmission.

Our expressions should also apply to single sided illumination, provided the Doppler shift of the incident
radiation due to plasma motion is taken into account. It should be noted that for very overdense targets the
analysis in this paper is likely to greatly overestimate the absorption, since the field strength that interacts with
the bulk of electrons at the target surface will be greatly lowered by the skin effect. We also note that 3D
simulations were performed to provide experimental framework to test the relativistic transparency with strong
radiation reaction and QED effects. These predictions may be tested using high-power lasers in the next few
years.
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