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Abstract

The effects of the polarized incident laser pulse on the electrons of the plasma surface and on the reflected pulse in the
relativistic laser-plasma interaction is investigated. Based on the relativistic oscillating mirror and totally reflecting
oscillating mirror (TROM) regimes, the interaction of the intense polarized laser pulses with over-dense plasma is
considered. Based on the effect of ponderomotive force on the characteristic of generated electron nano-bunches,
considerable increasing in the localization and charges of nano-bunches are realized. It is found that the circularly
polarized laser pulse have N,/N., of 1500 which is almost two and seven times more than the amounts for P-polarized

and S-polarized, respectively.
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INTRODUCTION

The recent rapid advances in ultra-intense short pulse lasers
and their numerous applications stimulated the research
activities in this field such as generation of high energy elec-
tron and ion beams and their acceleration (Kawata et al.,
2005; Mangles et al., 2006; Chyla, 2006; Bessonov et al.,
2008; Sadighi-Bonabi et al., 2010sc, 2011) mono-energetic
electron beam (Glinec et al., 2005; Zobdeh et al., 2008;
Sadighi-Bonabi et al., 2009a; 2009b; 2010a; 20105), mono-
energetic ion beam generation (Badziak, 2005), X-ray emis-
sion (Nikzad et al., 2012), high harmonic generation, and
X-ray lasers (L’Huillier et al., 1993). Among all possible
applications of laser, produced X-rays are useful for inertial
confinement fusion (ICF) (Keith Matzen et al., 2005; Yazda-
ni et al., 2009; Sadighi-Bonabi et al., 2010d), which is the
most challenging problem. In these systems, X-rays are em-
ployed not only to diagnose the physical properties of the
plasma, but also to reach the ignition conditions. Recently,
interaction of intense lasers with over-dense plasma and the
reflection of laser pulse from the over-dense plasma electrons
is introduced as one of most powerful and efficient method of
high harmonic x-ray generation (Thaury et al., 2007).

In the process of obtaining intense extreme ultra-violet and
soft X-ray emission by means of high order harmonics

Address correspondence and reprint requests to: R. Sadighi-Bonabi. De-
partment of Physics, Sharif University of Technology, P.O. Box 11365-
9567, Tehran, Iran. E-mail: sadighi @sharif.ir

https://doi.org/10.1017/50263034614000159 Published online by Cambridge University Press

285

generation, in 1981, the first experimental work is reported
by means of mid-infrared nanosecond CO, laser pulses in
the interaction with confined plasma (Carman et al., 1981).
More than 10 years later the dream of reaching the higher
and more efficient harmonics become transparent by means
of implying the femtosecond multi-terawatt power laser
pulses (Wille et al., 2002). The comprehensive theoretical
investigation of generating high harmonics by ultra-fast in-
tense laser pulse interacting with over-dense plasma was pro-
posed by Bulanov et al. (1994). Later, the concept of these
nonlinear phenomena has been developed by means of the
ROM model in the interaction of intense laser pulses with
a step boundary of plane over-dense plasma (Lichters
et al., 1996). The cornerstone of this model was the Doppler
shift of the incident pulse due to the relativistic oscillating
surface of the plasma. Since then, other experimental and
theoretical studies have been reported on the relativistic oscil-
lating mirror (ROM) model (Roso et al., 2000; Gordienko
et al., 2004; Tsakiris et al., 2000).

In 2006, a fresh look at the high order harmonic generation
with intense laser-plasma interaction is presented by Baeva
et al. (2006), which is named after them as BGP theory. In
this model, the high harmonic generation is based on sharp
spikes in the relativistic y-factor of the plasma surface elec-
trons. This is due to eliminating of the tangential momentum
component of the plasma surface electrons and subsequently
the normal component of the electrons velocity approaches
the speed of light in vacuum (c¢) (Pukhov et al., 2009a).
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This model leads to the universal spectrum of in-phase
harmonics. Using a proper frequency filtering a coherent
attosecond (1 as = 1078 s) (Corkum et al., 2007) and even
sub-attosecond X-ray pulse trains (Pukhov et al., 2009b)
can be extracted from the reflected radiation.

In 2010, a new model for relativistic harmonics generation
for the interaction of extremely intense laser pulse with over-
dense plasma surface has been introduced by an der Briigge
and Pukhov (2010). By using the PIC simulation they could
introduce a certain relation between parameters of incoming
laser and plasma slab, which yields different results from
the preceding recognized theories. The exciting distinction
of this model is that electron density distribution at the
moment of the radiation generation experiences a very
narrow &-like peak that manifests the formation of electron
nano-bunches in front of the plasma surface. In this model,
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they have investigated the high relativistic nonlinearity of
the surface electrons and the sensitivity of nano-bunch gen-
eration to the parametric changes of laser and the produced
plasma during the interaction with target. In nano-bunching
regime, this mobile extremely compressed electron bunches
can emit intense coherent synchrotron emission (CSE) as
the attosecond X-ray pulses. The most important character-
istic of this novel regime is the high efficiency of the gener-
ated attosecond pulse in comparison with the predictions of
earlier BGP model. Although very interesting results are ob-
tained by considering some aspects of the incident laser pulse
in this fruitful model, however, many other aspects of this
effect was not presented. Considering the effects of polariz-
ation on electron distribution clarify the significant effects of
laser polarization on nano-bunch generation and has not pre-
sented yet. Substantial difference between the nano-bunches
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Fig. 1. Simulation results for interaction of intense laser with step-like overdense hydrogen plasma in BGP regime. (a) Electron density
distribution at # = 6.56T where T is the incident pulse cycle. The electric field of incident pulse and the reflected pulse is shown in (b) and
(c), respectively. The laser and plasma parameters regarded as a = 15, N,95N,,, P-polarized and normal incidence pulse.
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which are generated in different polarization is observed in
this study and the reasons of these differences are clarified
based on the effect of ponderomotive force and electron vel-
ocities in relativistic regime.

In the present work, the BGP theory and the nano-
bunching regime are discussed and compared with each
other. Then the role of different polarized incident laser
pulses in nano-bunching regime for the formation of the ul-
trathin and dense electron bunches analytically and numeri-
cally presented.

THE MODELS

As an introduction to the models of high harmonic generation
by intense laser and overdense plasma, one can start from the
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obtaining the boundary conditions of the model in Coulomb
gauge (V.A = 0) (Jackson, 1999):
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Fig. 2. The results for interaction of intense laser with pre-plasma ramp n, = 100n.x/L with L = 0.331) in nano-bunching regime. (a)
Electron density distribution at t = 5.437, (b) the electric field of incident pulse, and (c) the reflected pulse. The laser and plasma par-
ameters regarded as a = 55, N,= 100N,,, P-polarized and oblique incidence at angle 6 = 60°.

https://doi.org/10.1017/50263034614000159 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034614000159

288

+00
E:—@jm—imﬁ. 3)
C C

—00

Based on these equations and by using the incident laser elec-
tric field E;(¢) the current density of plasma surface j(¢ + x/
¢,x) can be calculated and consequently, the reflected field
E (t) is obtained. In the BGP model, the normal incident of
intense laser pulse in the range of 10'*~10*° Wem™? onto
the over-dense step-like boundary plasma is reflected at the
points attached to the oscillating plasma surface so called
the apparent reflection point (ARP) (Baeva et al., 2006).
Regarding the property of the apparent point, due to destruc-
tive interference of the tangential components of the electric
field, the boundary condition for this point at the moment of
v-spikes creation can be reached (Baeva et al., 2006):

E;(XARP +ct) + E;(XARP —ct) =0. (@]

The ARP boundary condition Eq. (4) indicates that the magni-
tude of the reflected electric field is the same as the incident
one. The boundary equation is approximately satisfied by
this model.

In Figure 1 the validity of this theory is checked by
numerical 1D PIC simulation for four-cycle intense Ti:
Sapphire laser at A =0.8 um emitting onto the over-
dense step-like plasma layer. The incident pulse supposed
to be P-polarized with the intensity of 10" Wem 2
which corresponds to the normalized intensity parameter of

a= \/ILXi/(l.?ﬂ x 1018W.um?.cm=2) = 15 and the initial
electron density of plasma is regarded as N,= 95N,,. N, =
m, mi/ 4me? is the critical density of the plasma with m,, e
and o, are the electron mass and charge and incident laser
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angular frequency, respectively. Figure la indicates that the
incident laser light pressure generates electron density fluctu-
ations on the plasma slab around the initial electron density
N.= 95N,,. As one can see, there is not any considerable
peak of electron density distribution on the plasma surface
at x = 4\ through 7A. Figures 1b and Ic show the electric
fields of the incident and reflected pulse, respectively. The
obtained results show the conformity with Eq. (4), which
indicates that the magnitude of the reflected electric field is
so close to the incident electric field. The perturbations at
the tail of the reflected pulse are the source of the high
harmonics generation which can be extracted by Fourier
transform.

BGP theory is valid for normal incident pulses of moderate
intensity interacting with step-like plasma profile but the
interaction with extremely intense oblique and ramped
plasma cannot be studied by this approach. The model of to-
tally reflecting oscillating mirror is a suitable regime and it
does not have the limitations of BGP model for ultra-intense
incident laser pulses or for plasma with variable densities. In
this regime, the coherent synchrotron emission at the re-
flected pulse and the universal harmonics generation fre-
quencies can be obtained (an der Briigge et al., 2010). This
radiation are generated by a thin bunch of electrons that per-
fectly localized on the surface as an infinitely narrow layer
and accelerate simultaneously in front of the plasma. Accord-
ingly, the electron current density is supposed as:

J& 1) =0 f& = xa(D) Q)

where }(t) is time dependent current density, x,/(¢) is the elec-
tron position on the surface, and f (x) is the function of loca-
lized electron position. As the f (x) reaches the Dirac delta
function, more coherency of the reflected pulses will be
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Fig. 3. Velocity distribution of the electrons in two regimes: (a) Velocity distribution of the electron at P-polarized laser in ROM model
for the laser and plasma parameters of Figure 1. (b) Velocity distribution of the electron with circular polarization in Nano-bunching
regime at the moment of bunch generation is shown for the laser and plasma parameters as in Figure 2. As mentioned in the text, the
produced dense group of electron cannot reach to the relativistic velocities.
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obtained and generation of single attosecond pulses with
maximum efficiency becomes possible (Pukhov et al., 2010).

The attosecond pulse generation from electron nano-
bunches is verified experimentally (Dromey et al., 2012).
As represented earlier by regarding the current density of
Eq. (5) into Egs. (2) and Eq. (3) the reflected field can be ob-
tained as (an der Briigge, 2010):

1—;
XTROM/CE (t

1 + ¥rrom/C

xtrROM(?)

X t
Er(l‘—|— ; )+ _ TROM()

)=0.  (6)

Evidently, the boundary condition of the nano-bunching
regime is different from the BGP model (Eq. (4)) and the
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reflected field is amplified relative to the incident field by a
positive coefficient as the bunch propagate towards the ob-
server (xtrom < 0). Therefore, the efficient intense single at-
tosecond pulses in the reflected beam can be produced.
Figure 2 shows the result of PIC simulation for the electron
density distribution and the reflected pulse of laser in the
condition that leads to nano-bunching regime. The laser
and plasma parameters in order to reach the recent regime
are regarded as a =55, N, = 100N,, and the linear pre-
plasma of n, = 100n.x / L with L= 0.33\ from x = 4A to
x =4.33)\. As one can see in spite of the homogenous distri-
bution of electron density in BGP conditions, evident Delta
shape peaks in the electron density distribution is performed

300 b)
p-polarized pulse

Fig. 4. (Color online) The Electron density distribution for linear S-polarized incident laser pulse at ¢ = 6.77 (a), P-polarized laser pulse at
t = 6.37T, (b) and Circular polarized laser pulse at f = 6.07 (c) at the moment of harmonic generation in ROM theory is shown. The electron
density (N, /N,,) versus position and time are depicted in (d), (e), and (f) for S, P, and circular polarization, respectively. In the case of
circularly polarized laser pulse, there is no oscillation on the plasma surface. Simulation parameters are: normal incident laser pulse with

field amplitude of @ = 15 and step like plasma with N, = 95N,..
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Fig. 4. (continued)

and the formation of compressed electron nano-bunches is
produced at the plasma surface. This localized distribution
of electron density is the source of reflected electric field in
Figure 2c and eventually coherent synchronizes emission
and generation of isolated attosecond pulses without fre-
quency filtering.

In the following section, the effect of incident pulse polar-
ization on the electron density distribution, nano-bunches
properties and the velocity of the plasma surface electrons
is discussed for ROM model and nano-bunching regime.

RESULTS AND DISCUSSION

Generation of such extreme nano-bunching is highly sensi-
tive to changes in various plasma and laser pulse parameters
including the plasma density profile, laser intensity, duration,
angle of incidence, and even the carrier envelope phase of the
laser and it is does not easily occur in any initial laser and
plasma conditions and an optimum condition is required
(an der Briigge & Pukhov, 2010). In this work, it is found
that another important parameter which affects the process
is the polarization of the incident laser pulse. In the follow-
ing, the role of polarization as one of the important parameter
of the incident pulse on electron density distribution is
presented.

Extremely intense laser pulse is driven the plasma surface
results to high speed electrons close to the speed of light in
BGP model. However, in the nano-bunching regime the
dense nanobunches cannot reach the relativistic velocity at
the moment of radiation generation. Therefore, as depicted
in Figure 3 a main difference between these two models is
the velocity of the plasma surface electrons.

https://doi.org/10.1017/50263034614000159 Published online by Cambridge University Press

In Figure 3a, the velocity distribution of the electrons is
depicted for a P-polarized incident pulse at the moment of
high harmonics generation in ROM regime. In this case,
the electrons oscillate back and forth in front of the plasma
surface and reach near the light speed. Moreover, in
Figure 3b, the velocity distribution of the electrons at the
moment of nano-bunch generation is showed. In this case,
as mentioned before, the formation of heavy nano-bunch is
the reason of velocity distribution in the range of much
lower than the light speed.

The effect of different polarization stage of the incident
laser pulse in interaction with plasma was discussed (Eliezer,
2006). The nonlinear ponderomotive force at the front part of
the incident laser pulse is accountable for nonlinear phenom-
ena of nano-bunch generation. Therefore, we have to investi-
gate the distinction of this force in different polarized laser
pulses. Starting with the related formula in the 1D, the
vector potential A with circular polarization, becomes:

A = Ag[eycos (wf — kx) + e, sin (wf — kx)] exp (— £*/T%).  (7)

The parameters of this pulse propagating in x-direction are ey,
e, and k = nw/c are unit vector in y and z directions and the
wave vector of the pulse with refractive index n = 1, respect-
ively. Therefore, in high intensity regime the fast time-
averaged ponderomotive force of a circularly polarized
laser pulse which exerted on the electrons is given by (Saze-
gari et al., 2006):
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a = eA/m,c is the normalized laser vector potential ampli-
tude. Since for a linearly polarized laser pulse a*/2 should
be substituted with a” in the ponderomotive force equation;
therefore, the magnitude of ponderomotive force in the circu-
lar polarization is larger than in linear case and this leads to
denser nano-bunch generation. It is worth noting that, the
same phenomenon occurs in the electron acceleration process
by a circularly polarized laser pulse in the plasma that pon-
deromotive force plays fundamental role (Singh, 2004).
This is due to the lower threshold of laser intensity needed
for a circularly polarized laser pulse (Sazegari et al., 2000).
These results are confirmed with the PIC simulation pre-
sented in this work.
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In Figure 4 the electron distribution of the plasma in ROM-
regime is denoted. As shown in the Figure 4a for
S-polarization the oscillation in the plasma is higher and
almost comparable to the one from P-polarized as denoted
in Figure 4b. Evidently, the linearly polarized laser drives
oscillation on the plasma surface, but there are no oscillations
on the plasma-vacuum interface in circular polarized incident
laser pulse. In this particular case, the Lorentz force of the in-
cident laser pulse is constant and consequently no attosecond
pulses can be generated (Rykovanov et al., 2008). The elec-
tron density (N, /N.,) versus position and time in different
polarizations of the incident pulse are depicted in Figures
4d, 4e, and 4f. At = 6.7T of Figure 4d for S-polarization,
one can see the oscillation of the surface have its maximum
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Fig. 5. (Color online) The Electron density distribution for linear S-polarized incident laser pulse at r = 4.4T (a), p-polarized laser pulse at
t =4.8T (b), and Circular polarized laser pulse at = 5.2T (c¢) at the moment of harmonic generation in the nano-bunching regime is
shown. The electron density (N, /N,,) versus position and time are depicted in (d), (e), and (f) for S, P, and circular polarization, respect-
ively. The electron density of nanobunch in circular polarization case is far more than that in linear polarization. The laser and plasma

parameters are the same as in Figure 2.
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Fig. 5. (continued)

amplitude with electron density about N, = 220N,,, when the
surface electrons approach to the observer.

Figure 5 denotes the result of PIC simulation for nano-
bunching regime. Figures 5a, 5b, and Sc illustrate the
electrons distribution due to the different incident laser
polarizations including S-polarization, P-polarization, and
the circular polarization, respectively. In addition, the elec-
tron density distribution versus position and time for these
parameters are shown in Figures 5d, 5e, and 5f for S, P,
and circular polarization, respectively. Figure 5 indicates
that circular polarization of the incident pulse has much
better effect on the generation of denser electron bunch in
front of the plasma. As one can notice the electron density
in circular polarization case is far more than that in linear
polarization and it performs N,/N. of 1500, which is
almost two and seven times more than the similar amounts
for P-polarized and S-polarized, respectively.

CONCLUSION

In this study, the effect of incident laser polarization for the
initial laser and plasma parameters of BGP and nano-
bunching models are discussed. The effect of ponderomotive
force on nano-bunch generation, the effect of circularly po-
larized incident pulses on reaching the extreme localized
and high current electron bunches in nano-bunching regime
is discussed. The electrons velocity in BGP and nano-
bunching conditions is also discussed for linear and circular
incident polarization. It is found that due to higher pondero-
motive force of circular polarization much more dense nano-
bunches are generated. The analytical results predict more
localization and high density nano-bunches in nano-
bunching regime. This is verified with the results from pre-
sented PIC simulation.
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