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Influence of Ion Mass on Laser-Energy Absorption and Synchrotron Radiation
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The role of ions in the energy absorption of a short and ultraintense laser pulse and in the synchrotron
radiation generated by accelerated electrons is revisited. For laser intensities above 10?> W/cm? and
plasma densities more than 10 times the critical density, the ion-to-electron mass ratio strongly affects the
energy repartition between the electrons, ions, and radiation. This phenomenon is studied with a one-
dimensional relativistic particle-in-cell code, taking into account the radiation reaction force. The choice
of the ion mass strongly affects the energy and angular distribution of the photon emission and the electron
energy distribution. This effect may be important for laboratory modeling of radiation dominated
relativistic astrophysical events. It can be verified in experiments with solid hydrogen targets.
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The growing interest in the physics of high intensity
electromagnetic fields and relativistic plasmas is motivated
by the progress in design and construction of ultrahigh
power laser systems that might reach the intensity of the
order of 10** W/cm? [1]. This will provide access to new
physical processes such as the radiation reaction, relativistic
electron dynamics, electron-positron pair production, gen-
eration of relativistic ions, etc. [2]. The electron synchrotron
radiation at the laser intensities above 10?2 W/cm? gives
rise to the radiation reaction force [3] that strongly affects
the photon emission spectrum [4] and the overall plasma
dynamics [5,6]. The effect of radiation losses depends
strongly on the target density, thickness, and the laser
polarization. Laboratory experiments could play a funda-
mental role in corroborating theoretical and numerical
studies of the radiation reaction on plasma dynamics [7].

It is often suggested that the interaction of a short laser
pulse with overdense plasmas is dominated by the electron
dynamics and the ions are playing a secondary role.
Although this may be true for low laser intensities, the
situation becomes more complicated in the case of ultra-
relativistic laser pulses for which the quiver electron
energy could be comparable with the ion rest mass. In
this Letter, we demonstrate for the first time a strong
influence of the ion mass on the laser-energy absorption
and on the emitted synchrotron radiation in the interaction
of an intense laser pulse with an overdense plasma layer.
We use in this study a one-dimensional relativistic particle-
in-cell code PICLS [8] that has been upgraded by taking into
account the radiation reaction force and the synchrotron
radiation [6].

The radiation reaction effects are described using the
model developed by Sokolov [9]. The Lorentz-Abraham-
Dirac equation is renormalized in order to avoid nonphys-
ical solutions, by using a quantum electrodynamics
perturbative approach. It is assumed that the characteristic
electron acceleration time f,.. = 1/y,w; is much larger

0031-9007/13/110(21)/215003(6)

215003-1

PACS numbers: 52.38.—r, 41.60.—m, 52.65.Rr

than the radiation time 7, = 2¢%/3m,c> =~ 6.2 X 107 s.
Here, e and m, are the electron charge and mass, c is the
light velocity, w; is the laser frequency, and vy, is the
electron relativistic factor. The model conserves the four-
vector of the energy momentum of the electron. At the
second order in 7,/t,., the equations of electron motion
are given by

dpe/dt = FLe - 68:86 X B - yz(FLe : 6B6)B€’ (1)

dx,/cdt = B, + 88, (2
where
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is the radiation correction to the electron velocity, w, is the
electron acceleration, and F;, = —e(E + B8, X B) is the
Lorentz force. This model is close to the Landau-Lifshitz
equation [10] if the dominant term in the radiation force (1)
proportional to y2 >> 1 is retained. The main difference is
in the electron trajectory equation (2), where the particle
position is affected by the recoil momemtum of photons
created during the time of acceleration (3). Equation (1)
describes the electron dynamics, whereas Eq. (2) is related
to a kinematic phenomenon. It shows that the electron
velocity is not ¢fB, but ¢(B, + 68,) because this is the
parameter which could be experimentally measured.
Moreover, Sokolov’s model (1) and (2) presents an advan-
tage in the implementation of particle-in-cell codes by its
compactness compared to the Landau-Lifshitz equation.

In the domain where the quantum electrodynamical
effects are weak, the additional term in Eq. (2) has a small
influence on the electron trajectory in the laser field.
However, it might play a more important role in astrophys-
ical applications, where the magnetic fields could be very
strong.
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For each electron accelerated in strong electromagnetic
fields, the spectral intensity of the radiated field writes

d*l 3 ( pe) ( w )
ro= 37, (Fp, - w)8(Q —=¢)s(—), @
dwdﬂ Y L Pe Wer

where S(r) = 3%2(87) ' [* Ks/3(')dr’ describes the
normalized spectral shape and K is a modified second-
order Bessel function. The radiation is emitted in a narrow
cone with the angle ~1/v, < 1 with respect to the elec-
tron propagation direction. It is modeled by a Dirac &
function in Eq. (4). In our simulations, the radiation is
computed from the macroparticle trajectories, assuming
the emission to be incoherent. That requires the emitted
photon wavelength to be much shorter than the character-

istic distance between the plasma electrons n, 173, depend-
ing on the electron density n,. This condition imposes a
limitation on the critical frequency w. = (3/2)y.w, of
the continuous radiation:
W > cnel/3. (®)]

Here, w, = |p, X F,,|/p? is the instantaneous electron
rotation frequency. The total photon spectrum is calculated
via postprocessing of the electron trajectories in order
to save computation time. Only electrons with energies

= 10 have been considered in the photon spectrum
calculation in order to separate the radiation from the
coherent electromagnetic fields described by Maxwell’s
equations and to satisfy the condition (5). This limitation
has no effect on the electron self-force calculations, as the
recoil effect of photons at these low electron energies is
completely negligible.

The simulations presented in this Letter are performed in
the classical regime where the electron invariant quantum
parameter

h
Xe =S (B + BXBP—(B-EF (6

is small, y, < 1. In the case of a plane laser wave, y, =
¥.(1 = Boparhwy /m,c* depends on the dimensionless
laser amplitude a; = e¢E; /m,w;c and on the projection
of the electron velocity on the laser wave vector direction
B.- It is necessary to account for the quantum effects for
a; = 400 when the parameter y, becomes larger than 1. In
the first approximation, they may be described in the
classical approach by multiplying the characteristic radia-
tion time 7, by the form factor ¢(x,) = (1 + x,)~*3 [11].

In order to demonstrate the influence of the ion mass on
the radiation effects in laser plasma interaction, we con-
sider a circularly polarized laser pulse with the dimension-
less vector potential

a; (1, x) = ay()Re(y — iz)e wrt=x/)

normally incident on a plasma layer of the thickness [ =
1002, surrounded by 100A; long vacuum regions from

both sides of the simulations box. The time is measured in
laser periods T, = 27/ w; and lengths in laser wavelengths
A = Trc. Two temporal laser profiles are considered: a
Gaussian profile with a full width at half maximum equal to
9.2T; and a trapezoidal profile with linear intensity ramps
over one laser period and a 167 long plateau. The maximal
amplitudes were chosen in such a way that the total laser-
energy fluence £, = [¢™ adt/Ty is the same. The electron
density was varied from 1073 to 50n., where n, =
m,w? /4mre? is the critical density and the laser amplitude
ap—in the range from 60 to 600. Each plasma cell had the
size of A; /80 containing 60 macroparticles, electrons, and
ions. The laser pulse interacts with the target at = 0. The
total simulation time f.,q = 10077;.

In the simulations presented below, three ions species
were considered: protons, deuterons, and infinitely massive
ions; the electron density is equal to 10n., and laser
pulse amplitudes are ay = 200 (Gaussian) and ay = 180
(trapeziodal), corresponding to the energy fluence
5 % 10° J/cm? at the wavelength of 1 wm. The exception
are Figs. 5 and 6, where a summary of simulations with
other parameters is presented.

The energetics of laser plasma interaction is defined by
the parameters 1, = £,/&,, where k stands for photons
(), electrons (e), and ions (i): that is, £,(¢) is the energy
fluence of the photons radiated up to the time ¢, £,(¢) is the
electron areal energy, and &;(f) is the ion areal energy at
the time z. In a similar way, {;, = dn,/dt/T; defines the
instantaneous relative radiation intensity and the energy
absorption rate by the electrons and ions.

The radiated energy and the radiated power presented in
Fig. 1 demonstrate a clear difference between the plasmas
made of protons and deuterons. The radiated energy
decreases from more than 80% for the case of immobile
ions to 1, = 50% for the case of deuterons and to less than
30% for the case of protons. This difference appears very
early in the interaction, after 3—4 laser periods, and achieves
the maximum at the time of 20-30. This is an unexpected
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FIG. 1 (color online). Time dependence of (a) the radiated
energy fluence and (b) the radiated power for the case of a
Gaussian temporal profile: dash-dotted blue lines represent pro-
ton plasma, dashed orange lines represent a deuteron plasma, and
solid green lines represent a plasma of immobile ions. The laser
and plasma parameters are given in the text.
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effect; other authors reported no evident dependence of the
laser-energy absorption on the ion mass [12].

The observed effect can be explained as follows. At the
beginning of the interaction, the electrons are accelerated.
The ion response time depends on the ion mass. It can be
estimated as T; = 27/w,; = (n.m;/m,n,)"*T;. In the
case of a plasma density of 10n, and ay = 200, the
response time of protons and deuterons does not exceed
15-20 laser periods, as it can been seen in Fig. 1(b). Two
effects contribute to this fast ion reaction. First, in such
intense laser fields, the effective electron mass ~aym, is
already comparable with the ion mass. Second, the radiated
energy is comparable with the electron kinetic energy, and,
as it has been shown in [6], the ion dynamics could be
implicitly affected by the radiation reaction via the self-
consistent fields. The influence of ion mass on the radiation
is thus a collective effect. It increases with the plasma
density. The amplitude of the charge separation electric
field is comparable to the maximum amplitude of the laser
field, and it increases with the ion mass. Indeed, the elec-
trons are displaced under the action of the laser radiation
pressure, and the electrostatic field increases until the ions
start moving. The charge separation field amplitude thus
determines the electron and the ion dynamics. The crite-
rion that the ion motion becomes important for the radia-
tion process may be formulated as

Ti = tmax’ (7)

where t,,,, is the time of the maximum of radiation emis-
sion. The necessary condition (7) is clearly related to the
collective effects occurring in the plasma due the strong
dependence of f,,, on the ion-to-electron mass ratio:
tmax = 40T; for protons, and ., = 227T; for immobile

60l @ ] T ‘ ]

40

c

r i 1 e OF -
- 201~ it .
r 1

E/E
EJE

20— ! 1

15 20

FIG. 2 (color online). Spatial distribution of the longitudinal
electric field at the time of maximum absorption =t
when the radiation power is maximal for (a) a proton plasma,
(b) a deuteron plasma, (c) a plasma of immobile ions. Here, the
laser has a trapezoidal temporal profile. The field is normalized
by the Compton field eE. = m,cw;.

ions. The charge separation field can be assimilated to
the elastic spring attached to a large mass. It needs to be
stretched before forcing the mass to move. This is what
happens at the plasma boundary when the laser pulse
arrives. Figure 2 shows the longitudinal field at the time
t = tnax When the radiated power is maximal. The larger
the ion mass is, and the shorter time it takes to generate the
charge separation field, the stronger this electric field is.
In the case of immobile ions, the charge separation field
attains its maximum value E,/E-=a,. The lighter
the ions are, already moving at the time shown in Fig. 2,
the smaller the electrostatic field is. The electrons that are
accelerated in this electrostatic field toward the laser are
the source of the most intense radiation. Therefore, as the
ion mass is reduced, the electron kinetic energy goes down,
thus reducing the radiation efficiency. Moreover, as the
light ions are moving in the laser propagation direction,
the electrons are dragged with them. Thus, fewer electrons
can escape toward the laser, reducing the radiation even
more.

The ion mass effect on the angular distribution of photon
emission confirms the scenario described above. Each
picture shown in Fig. 3 is taken at the time of maximum
photon emission ,,,,,. In the latter case, the emission in the
direction opposite to the laser propagation dominates. It is
due to the electrons accelerated in the longitudinal field
and escaping from the plasma toward the laser. This is
evident from Fig. 3(d), where the electron distribution
function is shifted to the negative velocities in the parallel
direction and it is symmetric in the perpendicular plane.
The electron distribution functions in the case of light ions
shown in Figs. 3(c) and 3(d) are significantly different.
They are shifted in the forward direction and in the per-
pendicular plane. Such a distribution function corresponds
to the electrons moving as an helix along with the laser
pulse. This can be also seen in the angular distribution of
the radiation: the maximum of emission is in the forward
direction in the case of the protons, while in the deuteron
plasma there is still a significant emission in the backward
direction. For the case of a proton plasma, about 84% of
electrons contributing to the radiation are moving in the
direction of laser propagation, whereas, for the case of
immobile ions, about 60% of the emitting electrons propa-
gate in the opposite direction.

The electron and photon energy spectra are shown in
Fig. 4 for the time near the maximum of radiation emission
(tmax = 22T, for the protons plasma and 407; for immo-
bile ions). These results are obtained for a Gaussian laser
temporal profile. The laser trapezoidal temporal profile
gives essentially the same result. The ion mass does not
affect the shape of the photon energy spectrum, but, as the
spectrum presents the total contribution of all radiating
electrons, it just reduces the total photon number and
downshifts the position of the maximum to the smaller
energy. The position of the maximum hw,,/m,c? = 30 can
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FIG. 3 (color online). (a) Angular distribution of the photon
emission with respect to the laser propagation direction (x axis)
at the time of maximum emission. (b)—(d) Snapshots of the
electron distribution function. Only the electrons with energies
exceeding 5 MeV are presented. Color code: (b) blue dots, proton
plasma; (c) orange dots, deuteron plasma; (d) green dots, plasma
of immobile ions. Here, the laser has a trapezoidal temporal
profile.

be readily estimated by knowing y, ~ p,/m,c ~ ay = 200
and F;, ~ meca)LaO\/i.

In contrast, the modifications of the electron spectrum
are rather noticeable. The most significant difference
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FIG. 4 (color online). Energy distribution of (a) the photon
emission and (b) the electron energy distribution at the time of
maximum absorption ¢t = t,,,,. Color code: dashed blue lines,
proton plasma; solid green lines, plasma of immobile ions. Here,
the laser has a Gaussian temporal profile.

resides in the peak of the electron spectrum at y, ~ g =
200 for the case of immobile ions. These are the electrons
that have escaped from the plasma and are moving toward
the laser. In the case of the proton plasma, the average
electron energy is lower, but a small fraction of electrons is
accelerated to energies higher than the quiver energy in the
laser field. This is due to the electron stochastic accelera-
tion in the front of the laser pulse [13]. There, the electro-
static field and the laser ponderomotive force are acting in
opposite directions, thus permitting the electrons to return
several times in the acceleration zone and to gain a higher
energy.

The laser-energy absorption dependence on the ion mass
is a rather general effect. Our particular choice of parame-
ters n,/n, = 10 and ay = 200 illustrates it in detail, but it
was also observed for other interaction conditions.
Figures 5 and 6 show the dependence of the absorbed
laser-energy repartition between the photons 7, electrons
1., and protons 7); on the laser amplitude and the plasma
density. The total absorption 7, = 7, + 1, + 7; depends
on the ion mass rather weakly. A noticeable difference can
be seen in Fig. 5(d) only for extremely high laser intensities
corresponding to ag = 300. However, at these intensities,
the quantum effects are not negligible anymore. This is
demonstrated in Figs. 5(a) and 5(d), where the simulations
without the quantum correction ¢(y,) are shown with
the dotted blue and green lines. The quantum effects lead
to the saturation of the radiation efficiency at the level of
90% for the laser amplitudes ay, = 200 for the case of
immobile ions. In contrast, for the case of light ions, the
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FIG. 5 (color online). Dependence of the laser-energy conver-
sion into photons 7,, (a), into electrons 7, (b), into ions n; and
the total conversion 7, (d) on the laser amplitude a, for the
plasma density n, = 10n,.. Color code: dashed blue lines, proton
plasma; solid green lines, plasma with immobile ions. The red
circles, yellow triangles, and blue squares denote the photons,
electrons, and ions, respectively. Here, the laser has a Gaussian
temporal profile. The dotted blue and green curves show the
simulations without the quantum correction.
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FIG. 6 (color online). Dependence of the laser-energy conver-
sion into photons 7,, (a), into electrons 7, (b), into ions 1; and the
total conversion 7,y (d) on the plasma density n, for the laser
amplitude ay = 200. Color code: dashed blue lines, proton
plasma; solid green lines, plasma with immobile ions. The red
circles, yellow triangles, and blue squares denote the photons,
electrons, and ions, respectively. Here, the laser has a Gaussian
temporal profile.

quantum correction has a rather small effect on the photon
emission, even for the incident laser amplitudes ay, = 425
and 600. This is explained by the fact that the electrons are
moving preferentially in the direction of the laser pulse and
therefore their quantum parameter y, (6) is much smaller
in the plasmas with light ions.

The high energy photon emission starts to contribute
significantly to the laser-energy absorption for the laser
amplitudes a, = 80 in the proton plasma and for even
smaller laser amplitudes for the case of heavy ions. For
lower laser intensities, the radiation emission does not
contribute much to the energy balance, while the laser
plasma interaction could still be an efficient source of
high energy photons.

It is also interesting to discuss the energy repartition
between the electrons and ions. The comparison with the
case of immobile ions is not pertinent in this case. This
explains a significant difference in the electron absorption
at low intensities in Fig. 5(b). The important observation is
that the absorbed laser energy is effectively stored in pro-
tons and much less in electrons for the laser intensities
ag = 60 considered in this Letter. It is expected that more
than 50% of the incident laser energy can be transferred to
ions for the laser amplitudes ay, = 100. This fact agrees
with the results of previous publications [3,5,6,14], and it
could be rather interesting for fast ion applications in
fusion science and medicine [15].

The dependence of the laser-energy absorption on the
plasma density in Fig. 6 shows that the density range n,/n,
between 1 and 20 marks the change of regimes in the case
of ag = 200. For the lower densities, the plasma is trans-
parent for the laser radiation, and the absorption rate

increases with the density. In a very underdense plasma,
the amplitude of the charge separation field is small, the
ions have no influence on the emitted radiation, and the
electrons are taking most of the energy from the laser.
In contrast, for a proton plasma with a density higher
than 20n,, the laser piston is formed, and the radiation
emission drops down because the electrons are spatially
well separated from the laser field [3,6]. The ion accelera-
tion is most efficient in that case. The transition between
these two regimes, the induced transparency and the piston,
takes place for the electron densities n,/n,. =~ 10-20. This
is comparable with the density of solid hydrogen
(100 mg/cc), which corresponds to n,/n, = 50 for a laser
wavelength of 1 pum.

For the laser amplitude ay, = 200 in Fig. 6, the total
absorbed laser energy does not significatively depend on
the ion mass, even when the quantum effects are negligible.
The ion mass mainly affects the laser-energy repartition
between photons, electrons, and ions, privileging the elec-
tron absorption in the low density plasma and the ion and
photon absorption at higher densities.

In conclusion, we have demonstrated that the ion mass
strongly affects the radiation generated by accelerated
electrons in a high intensity laser plasma interaction.
This effect takes place in a limited interval of plasma
densities. This is a collective effect that appears due to a
stochastic electron motion in the combined laser field and
the electrostatic field of charge separation. The ion mass
contributes to the spectral composition of the radiation, its
angular distribution, and its duration. In the case of light
ions (protons or deuterons), the energy of photons is about
10-20 MeV; the pulse duration is 20-30 laser periods,
shorter then the laser pulse duration; and the photons are
emitted preferentially in the laser propagation direction.
The classical electrodynamics is appropriate for describing
laser plasma interaction at the dimensionless laser ampli-
tudes as high as 200-300. The electron quantum parameter
is not increasing too much with the laser amplitude because
the fast electron population is trapped and dragged forward
with the laser pulse. It is important to keep the realistic ion-
to-electron mass ratio in the numerical simulations in order
to describe quantitatively the plasma dynamics and the
radiation effects in the strongly relativistic laser fields.
The theoretical findings of this Letter can be tested in
experiments with solid hydrogen and deuterium targets.
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