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Laser-solid interactions at the intensity range 10%...10*° W ¢cm™ and the plasma density about 10** cm™ are stud-
ied by means of numerical simulations. This range of parameters is extremely important for various laser applica-
tions such as fast ignition, gamma-ray generation and ion acceleration, and will be reached by the next generation of
intense laser facilities. An overview of the interaction regimes is given.
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INTRODUCTION

Generation of high-energy particles in laser-matter
interactions attracts a lot of attention for many years.
The interest to this topic has been warmed up recently
by plans on construction of extremely intense laser fa-
cilities such as ELI [1] and XCELS [2]. A plenty of
novel effects are expected to be observed at the corre-
sponding intensity level, among them efficient ion ac-
celeration [3], electron acceleration [4, 5], gamma-ray
generation [6, 7], domination of radiation reaction [§8]
and production of electron-positron pairs [9 - 12]. In
order to observe these effects some certain conditions
should be met. For instance, efficient ion generation
implies utilization of a quite wide supergaussian laser
beam [3] and prolific production of electron-positron
pairs also requires special field configuration [12].
However, some traits of these phenomena can reveal
itself in quite simple experimental setups.

In this paper normal incidence of an extremely in-
tense laser pulse on a solid-density foil is investigated
by means of 3D numerical simulations. The simulations
utilize particle-in-cell (PIC) and Monte Carlo (MC)
techniques and take into account ion motion, photon
emission (that readily lets to describe radiation reaction)
and electron-positron pair production via decay of hard
photons in strong laser-plasma fields.

Despite the considered problem statement is elemen-
tary, the interference of key effects leads to challenging
laser-plasma dynamics. A number of specific intensity
levels can be highlighted. Namely, at relativistic, but
low intensities the foil reflects the laser pulse that slight-
ly heats foil electrons; at higher intensities ions are ac-
celerated to relativistic velocities. Then gamma-ray
generation becomes efficient, at the same time ion mo-
tion significantly affects photon emission and the result-
ing radiation pattern. Finally, at intensity level about
10%...10° W em™ prolific generation of electron-
positron plasma and generation of hard photons become
dominating. In this case ion acceleration is highly inef-
ficient, however, collimated gamma-ray beams as well
as a big number of ultrarelativistic electrons and posi-
trons are produced.

Since relativistic ions, ultrarelativistic electrons, pos-
itrons and hard photons have sufficiently different en-
ergy transport characteristics, the efficiency of laser-
based fast ignition schemes should strongly depend on
the laser-matter interaction regime.
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1. KEY INTENSITY LEVELS

The key effects of laser-matter interaction in the
considered range of parameters are the following: ion
acceleration, radiation losses and pair production. In
order to estimate the intensity levels in which the corre-
sponding effects become important, we adopt the fol-
lowing assumptions. First, the electric field normal to the
foil surface is supposed to be the order of the incident
field. Second, the Lorentz factor of the laser-irradiated
electrons is estimated as a, =eE, /mcw , where E, is

the amplitude of the laser field, ¢ is the speed of light,
e >0 and m are the magnitude of the electron charge and
the electron mass, respectively. Third, we assume that
the angle between the force acting on the electrons and
the electron velocity is about unity. We also neglect
here the effect of the reflected field gain [13].

The above mentioned assumptions lead to the fol-
lowing values of the key intensity levels:

I, =1.6x10” 27" [um]W/cm®;
Lip, =2.3%x107 277 [um]W/em?;
Tppre. =1.1x10%* W/em?;

e =2.5x10" 27" [um]W/cm” .

Where [p; is the intensity level corresponds to sig-
nificant radiation losses, /p, is the radiation-pressure-
acceleration regime, /,,,_ is the occasional e e -pair pro-
duction and /,,,,_ is the abundant e’e-pair production,
respectively, A[pum] is the laser wavelength in microme-

ters. The significance of the radiation losses means that
the electrons emit a substantial portion of their energy
during the motion that can noticeably cools the plasma
electrons. Radiation pressure acceleration regime (laser-
piston regime) is a regime of laser-foil interaction that is
characterized by co-directional motion of the laser pulse
and the irradiated piece of the foil [3]. In this regime ions
quickly becomes relativistic and ion acceleration can be
very efficient. The intensity levels for occasional and
abundant e’e’-pair production [14] was estimated in the
framework of the electromagnetic cascade model in rotat-
ing electric field [9]. Here occasional pair production
means that only a small fraction of plasma electrons emits
photons that are capable to decay and produce pairs, oth-
erwise, abundant pair production means that intense elec-
tromagnetic cascade is developing, hence, a substantial
fraction of the electrons emits hard photons that decay
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and produce next generation of electrons and positrons,
that can also be accelerated and emit hard photons.

2. RESULTS OF NUMERICAL
SIMULATIONS

The results of 3D PIC+MC simulations of the nor-
mal incidence of the laser pulses with different intensi-
ties on a fully ionized Ti foil (the corresponding unper-
turbed electron density is 1.25:10* ¢cm™) are shown in
Figs. 1-5. The duration of the laser pulses is 9 fs, and
their radius is 3 pm, the laser wavelength is 1 pm. The
dependency of the energy of the emitted hard photons,
the electron energy, the ion energy and the positron en-
ergy on initial laser pulse intensity is depicted in Fig. 1.
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Fig. 1. The absorbed laser energy (dotted line),
the fraction of absorbed laser energy transmitted into
the gamma-ray energy (solid line), into the ion energy
(dashed line) and the positron energy (dash-dotted line)
obtained in numerical simulation of normal incidence

of a laser pulse on a Ti foil (see text for details)
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Fig. 2. The trajectories of test foil electrons lying
initially on the laser pulse axis, t is the current time
normalized on the laser period and x is the coordinate
directed into the foil and normalized on the laser

wavelength

It should be mentioned that the intensity levels com-
puted in Sec. 2 agree reasonably with the dependencies
in Fig. 1. Namely, significant part of absorbed laser
energy goes to the ion energy at intensities higher than
2:10% W em™; the threshold intensity for positron pro-
duction is about 10** W cm™. The efficiently of the ion
acceleration abruptly falls at intensities higher than
10 W cm’?, that is explained by abundant e+e- plasma
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generation (see Sec. 4) and agrees fairly good with the
value of [ ,,,,_ from Sec. 2.

Nevertheless, the portion of absorbed laser energy
that is converted into gamma-ray energy dominates over
the electron energy at intensities higher than
2.10* W em™ that looks contradictory to the value of
Iy, from Sec. 2. The explanation of this discrepancy lies
possibly in the closeness of Iz, and Izp, values, as well
as in some features of electron heating. The trajectories
of the test foil electrons shown in Fig. 2 clearly demon-
strates that at moderate intensity (310 W cm™) the
electrons interacts with strong laser field only on a shot
time interval and are injected into the foil. This process
leads to efficient conversion of laser energy into elec-
tron energy, however, electrons have no time to gain
high energy and emit it in hard photons.

3. HIGH-INTENSITY LIMIT

The energy density of the laser field, the electron
density and the positron density in successive time in-
stances are shown in Figs. 3-4 for the initial laser inten-
sity 10°®* W cm™ and other parameters the same as in
Sec. 3. The laser pulse is spaced initially from the foil
by 5 laser wavelengths.

It is seen from Fig. 3 that the laser pulse signifi-
cantly pushes plasma electrons. This leads to the gen-
eration of strong longitudinal (in the direction of the
laser pulse propagation) electric field that accelerates
ions up to relativistic velocities in a time less than the
laser period. Hence, ions and electrons move co-
directionally with the laser pulse. Electrons, however,
moves along the complicated trajectories and only in the
average move together with the ions and the laser pulse.
Hence, since the electron trajectories are bended, elec-
trons emit hard photons that decay in the laser-plasma
field and produce positrons.
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Fig. 3. The laser energy density, the electron density
and the positron density at the time instance normalized

on laser period t=4. See text for details

In Fig. 4 the final stage of laser-plasma interaction in
high-intensity limit is shown. The bulb of electron-
positron plasma is generated and the number of elec-
tron-positron pairs becomes much greater than the num-
ber of the accelerated ions, because of this ion accelera-
tion becomes inefficient (see Fig. 1). Despite of abun-
dant production of electron-positron pairs, gamma-ray
emission remains the dominating process at high-
intensity limit.
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Fig. 4. The laser energy density, the electron density
and the positron density at the time instance normalized

on laser period t=12. See text for details
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Fig. 5. The gamma-ray distribution in the phasespace u,-
u,, at the final stage of the laser-foil interaction depicted
in Fig. 4. Here u, and u, are the longitudinal and trans-
verse photon momenta, respectively, normalized on mc

CONCLUSIONS

Results of 3D numerical simulations of normal inci-
dence of laser pulses on a plasma slab (foil) reveal a
number of specific interaction regimes. The characteris-
tic intensity levels that correspond to these regimes are
estimated and compared with the results of numerical
simulations. It is shown that up to intensity 10 W cm™
ion acceleration remains efficient, and at higher intensi-
ties emission of gamma-rays and production of electron-
positron pairs in a co-propagated with a laser pulse bulb
of particles becomes the dominating process. The con-
sidered regimes of laser-plasma interaction could be
important for future laser-based positron and gamma-
ray sources, as well as for fast ignition experiments.
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TEHEPALIMSI ITYYKOB YACTHIL ITPU B3AMMO/IEICTBUAMA JIASEPHOI'O U3J1YYEHUS
CBEPXBBICOKOW HHTEHCUBHOCTH C TBEPJIOTEJbHBIMHA MUAIIEHSIMHA
E.H. Hepyw, U.10. Kocmiokos
C HCIIONB30BAHMEM YHCICHHOTO MOJACIHPOBAHUS PACCMOTPEHO B3aMMOJACHCTBHE JIa3ePHBIX HMITYJIbCOB MHTCHCHBHOCTBIO
10%...10% Br-em™ ¢ mmasmMeHHBIM clioeM mioTHocTsio0 10** eM™. PaceMoTpeHHast 0611acTh mapaMeTpoB Upe3BbIYaifHO BaKHA s
Oy IyIInX NPHUIOKEHUH CBEPXMOIIHBIX Ja3ePHBIX CHCTEM, HAIPHMEp, VISl CXeM «OBICTPOTO ITODKUra», JJIsl TeHepaluy raMMa-
KBaHTOB, ITO3UTPOHOB ¥ YCKOPEHHBIX HOHOB. J[aH 0030p pa3IMYHBIX PEKXUMOB B3aUMOJICUCTBHUS, OTBEUAIONINX PA3IMIHBIM 3HA-
YEeHHUSIM MHTEHCUBHOCTH JIA3E€PHOTO TIOJIS.
TEHEPAIIA IYUYKIB YACTUHOK ITPU B3AEMO/IIi JIASEPHOI'O BUITPOMIHIOBAHH S
HAJIBUCOKOI THTEHCUBHOCTI 3 TBEPAOTIIbHUMHA MITIEHAMM
€.H. Hepyw, 1.IO. Kocmiokos
3 BUKOPHCTAHHAM JHCETHHOrO MOJETIOBAHHS POSIIHYTO B3AEMOJIIIO JIA3epHUX iMITyIIheiB inTeHcHBHicTI0 10%...10% Br-em™ 3
ITa3MOBHM IapoM TycTuHOo 107! cm™. PosrisHyTa 061acTh TapaMeTpiB Hag3BHYAITHO BaXKIHBA s MAHOyTHIX 3aCTOCYBAHb HAll-
MOTY)KHHUX JIA3CPHUX CHCTEM, HANPHKIAJ, I CXEM LIBHIKOTO Miaay», I TeHepalil raMa-KBaHTiB, HO3UTPOHIB Ta MPHUCKOpE-
HUX 10HIB. HaBeieHO OrIIsiz pi3HUX PEXUMIB B3a€MO/IiT, IO BiIMOBIIAOTH PI3HUM 3HAYCHHSIM IHTCHCHBHOCTI JIA3€PHOTO MOJIA.
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