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Review of experimental and theoretical investigation of physical processes in femtosecond laser plasma is presented. Such
effects, as X-ray and electric-magnetic wave emission, high energy electron and ion beams are described. It is shown that ultrashort
laser pulse with duration comparable to period of wave oscillation (less than a few femtoseconds) is absorbing by inner electrons in
contrast to absorption of more lasting laser pulses by outer electrons. The problem of mathematical modelling of these processes
and corresponding computer code development is observed. Technological applications, such as production of high power X-ray
and particles plasmas sources, laser precision shaping and machining of different materials are discussed.
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PROCESSES OF INTERACTION OF LASER
RADIATION WITH SUBSTANCE

The increasing amount of the works devoted to femtosecond
laser plasma physics in last time, indicate to new achievements
in this area, both regarding to theoretical researches, and
regarding to development of applied problems.

Effects of interaction of ultrashort laser radiation with the
condensed environment can be illustrated by following circuit.
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At interaction of a intense (g = 10'°-10* W/cm?)
femtosecond laser pulse with condensed matter, the thin layer
of solid density plasma (~ 0,1-1 mm), cold ions and hot
(more 1 keV) electrons is formed. Therefore it is necessary to
take into account mechanisms of plasma formation and
absorption of laser radiation in this layer of plasma.

PLASMA OPTICAL PROPERTIES

Researches show [1], that absorptive ability formed near-
surface plasmas depends on intensity, length of a wave and
polarization of laser radiation, angle of its falling on a target
and characteristics of the target. The value of absorption
coefficient is from 20 % to 60 % and has the maximum for the
p-polarized laser radiation falling under a angle [ 60°. So, at
fig.1 the dependence of reflection coefficient Al-plasma versus
angle of laser pulse falling is shown.

GENERATION OF X-RAY RADIATION

Fast electrons, due to the big length of free run, are
capable to penetrate into cold target area before front of a
thermal wave. Thus, as bremsstrahlung at collision with
cold ions, as ruled radiation at knocking-out of electrons
from K-shells is formed.

The bremsstrahlung turns out as a continuum in an
interval 0,1 keV — 1 MeV and depends on laser intensity
and parameters of plasma whereas radiation from K- and
other internal nuclear shells can have energy 1 — 100 keV
and depends on nuclear number of a target [2].

Soft X-ray emission occurs both in lines, and in a continuous
spectrum of bremsstrahlung, and can occupy time, much

greater (~ 20 times), than duration of a laser pulse. For
example, in experiments with the XeCl-laser (A = 0.308 pum,
g = 10" W/cm?) and metal targets, X-ray pulses with energy
more than 200 eV and duration about 7 ps have been received,
whereas duration of a laser pulse was equal 500 fs.
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Fig. 1. Reflection coefficient of Al-plasma versus angle of
laser pulse falling (q = 2,5-10" W/cm®, A = 0,248 um,
T, = 200 fs, 1 — s-polarization, 2 — p-polarization, lines —
calculation, points — experiment)

Generation of hard X-ray is carried out during of the
most laser pulse inside of a small angle from a direction of
fast electrons movement. The output of hard X-ray
depends on charging number of target atoms as Z*? (see
figure 2) while the temperature of electronic component
formed in plasma poorly depends on structure of a target
and at intensity of laser radiation and is ~4 keV for g~
10'® W/cm? and various materials: from Si (Z = 14) up to
Te (Z =73).
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Fig. 2. Dependence of X-ray output from charging number
of target atoms
ELECTROMAGNETIC PULSE GENERATION

Taking off from a target fast electrons create
electromagnetic fields which aspire to return them back.
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Electron’s movement in the  self-coordinated
electromagnetic fields outside of a target can lead to dipole
radiation of an electromagnetic wave with ultrashort
duration. In [3] performed calculations for factor of fast
electron energy transformation to electromagnetic wave
10" — 107 and spot radius 7y = 5 — 20 pm. The main part of
electrons is locked by an electric field in area with the
characteristic size about 1 micron near to an irradiated
surface. Most high energy electrons overcome the
specified area and are turned back to a target at the further
movement. Thus the part from them achieves a surface and
is absorbed by it.

Result of such non-uniform (along an axis 0z)
movements of electrons is generation of an
electromagnetic wave. In a considered case there are all
necessary conditions for dipole radiation.

GENERATION OF FAST PARTICLES BEAMS

At laser pulse interaction with the condensed matter the
fast ions beam is formed. The main mechanism is an
acceleration of ions by induced electrostatic fields in plasma
of targets. Thus fast electrons will move into vacuum and
accelerate ions by means of ambipolar fields. The
calculations [1] show, that at increase of femtosecond laser
intensity more than 107 W/cm? the ponderomotive pressure
of a laser beam starts to exceed pressure of plasma, and ions
get a component of speed directed into solid.

ENERGY DISTRIBUTION

The part of the laser energy, expended to formation of
electronic and ionic beams, X-ray and electromagnetic
radiation, is estimated for various parameters of a laser
pulse. It is shown that the factor of transformation of laser
radiation to fast electrons is about 10 % and ~ 1-3 % of
laser energy are capable to be transformed to energy of
ions. The factor of conversion of laser radiation to soft X-
ray can achieve 2 %, and to hard X-ray — 0,1 %. In turn,
the factor of transformation of energy of fast electrons in
dipole electromagnetic wave can achieve 10 %.

It is experimentally established [4], that the ionic beam is
defined at first by atoms of the impurity on a material
surface (the pollution, adsorbed gases: C*, C*?, H").

ULTRAFAST LASER PULSE ABSORPTION

Process of absorption of laser pulses which duration 1,
comparable to the period of a laser electromagnetic wave
(less several femtoseconds) has quantum character. The
main influence in this case, renders such parameter, as the
ratio of laser pulse duration to a cycle time of electron on
an orbit 7,/T. (Fig.3). The value 7,/T. is less, the probability
of absorption of radiation quantum by electron is less.
Therefore practically only nearest to a nucleus electrons
can interact with ultrashort laser pulses. The exhaustive
model of such abnormal absorption of radiation till is not
developed now.
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Fig. 3. Probability of absorption of 1 fs laser pulse by
electrons of carbon

TECHNOLOGY APPLICATIONS

Examples of technology applications are drilling ultra
small apertures, precision processing of surfaces, creation
of ultra-thin films, production of high power X-ray and
particles plasmas sources.
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®EMTOCEKYHJIHASI JIASEPHASI IIJIA3BMA: OB30P UCCJIEJOBAHUM U BBIYMCJIUTEJIBHASI MOJIEJIb
H. Byzpos, C. Xonoo, H. 3axapoe

[IpencraBnen 0630p SKCIIEPUMEHTAIBHBIX M TEOPETHUECKUX MCCIIENOBAHNH (PU3HUECKHX MPOIIECCOB, TPONUCXOIAIINX B
(emTOCEKyHIHON Na3epHO mia3Me. Onucanbl Takue 3(PQPEKTh, KaK PEHTTEHOBCKOE M 3JIEKTPOMArHUTHOE W3IIyYeHHE,
BBICOKOOHEPTE€THUYHBIE DJJIEKTPOHHBbIE M HMOHHbIE @yuku. Iloka3aHo, 4YTO yIBTPAaKOPOTKHH JIa3epHBI HMITYIIBC
JUINTEIBHOCTBIO, CPABHUMOIl C TIEpHOJOM KojieOaHMsl BOJHBI (MEHbBIICH, YeM HECKOJIBKO (PEMTOCEKYHI), MOIIOIIAETCS
BHYTPEHHUMH 3JIEKTPOHAMH, B OTIMYHE OT Oojiee MPOJOJIKUTENBHBIX UMITYJIbCOB, KOTOPhIE IMOIVIOIIAIOTCS BHEITHHUMH
3NEKTpOHaMu. PaccMoTpeHa 3aaua MaTeMaTn4eckoro MOJAECIMPOBAHUS STHX MPOLIECCOB M CO3/1aHHUSA COOTBETCTBYIOIIETO
KOMIBIOTEpHOTO Koma. OOCYXICHBI TEXHOJOTMYECKHE acCIHeKThl, TakhHe, KaK CO3J4aHHEe MOIIHBIX HCTOYHHKOB
PEHTTCHOBCKOTO M3Ty4EHHS U IU1a3Mbl, (GOPMHUPOBAHHUE JTA3EPHOTO ITyUYKa U 00padOTKA Pa3INIHBIX MaTepHAalIOB.

OEMTOCEKYHIHA JIASEPHA IIJIABMA: OIS AOCJIIAKEHDB I OBUNUCJIIOBAJIBHA MOJEJIb
M. Byzpos, C. Xon00, M. 3axapoe

[IpencraBneno omisy eKCIEPUMEHTANBHUX 1 TEOPETHYHHUX JOCTIUKEHb (I3MYHHX IPOIECciB, IO BigOYBAIOTECS Yy
(demrocekyHaHIN sazepHiil mna3mi. OnucaHo Taki edexTH, sSK PEHTTeHIBChbKE i €JIEeKTpPOMarHiTHE BUIIPOMIHIOBaHHS,
BHUCOKOCHEPTeTUYHI €NeKTPOHHI W i1oHHI myuku. [lokazaHo, IO YJABTPAKOPOTKWI J1a3epHUH IMITYJbC TPHBAJIICTIO,
MOPIBHAHHOIO 3 TEpiOJOM KOJMBAHHSA XBWII (MEHIIOI HiX JEKiTbka (DEeMTOCEKyHI), MOIMHHAETHCA BHYTPIIIHIMU
eJIEKTPOHAMH, Ha BIIMIHY BiJi OLIBII TPUBAIUX IMIYJbCIB, IO MONIHHAIOTHCS 30BHIIIHIMH €JIEKTpOHaMH. Po3misHyTO
3a7adyy MareMaTHYHOIO MOJEJFOBAHHS IMX IIPOLECIB i CTBOPEHHS BiIIIOBIIHOIO KOMII'HOTEpPHOro Komy. OOroBopeHo
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TEXHOJIOTIUHI aCleKTH, TaKi, Ik CTBOPEHHS] MOTYTHIX JKepeJl peHTI€HIBCHKOrO BUITPOMIHIOBAaHHS 1 11a3MH, opmyBaHHS
JIa3epHOTO My4Ka i 00poOKa pi3HUX MaTepialis.
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