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ABSTRACT. In this paper we theoretically analyze the inflieeraf the perturbated
ionization potential and the component of the mégrfeeld on the transition rate, in a
relativistic, linearly polarized laser field. Thbtained results indicate that both effect play
important roles during the ionization process uefice the rate, and must be considered. It
is shown that a laser field influences the ion@atpotential of an electron strongly and
causes that the rate curve shows significanthedffit behavior compared to the case with
considered non-perturbated ionization potential.
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INTRODUCTION

Photoionization under intense laser irradiatioa fsndamentally important process in
interaction of atoms and molecules with strongdfi@leEuREN et al, 2016; ®NG et al, 2016).
The current attosecond streaking technologies adlog/to study the photoionization process,
both experimentally and theoretically AMTINI et al, 2017;YU et al, 2017;SERKEZ et al,
2018.

The theory of photoionization processes originatgl the work byKELDYSH (1965)
who showed for the first time that the tunnelingl anultiphoton ionization of atoms are two
limiting cases of nonlinear photoionization, whab@aracter depends strongly on the value of
the adiabaticity parameter. This parameter, introduced by Keldysh, is defiasdthe ratio
between the “tunneling time%,,, and laser oscillation periof}, (KELDYSH, 1965),y = fT—’; or,
expressed in frequency, the ration of the fieldjfiency,w and the tunneling frequency;,

y = wﬂt The tunneling frequency is estimated by = eF /,/2mlI,, wheree is electron charge,

F is the laser field strengthn is the electron masand I, is the unperturbed ionization
potential. In atomic units (BMWEENY, 1973) e = m = h = 4mne, = 1), adiabaticity parameter

P

1, corresponds to the tunneling ionization limit,ilhin the multiphoton regime > 1.
Several theories resembling Keldysh’s original msgd have been extended through the
PPT theoryPERELOMOV et al, 1966), the ADK theory (Mmosov et al, 1986), and the KFR

v has the following formy = w /ZIT” whereU,, is ponderomotive potential. The range <
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theory (KELDYSH, 1965 FAISAL, 1973; Reiss 1980; Reiss 1992]. According to strong-field
theories an atom subjected to a specific strorey fadd isentirely determined by its ionization
potential energy.

With increasing laser field intensity also incresaige ionization potential of an atom.
It has been shown EgPrROVIC and MLADINOVI ¢, 2015) that the influence of the ponderomotive
potential and the Stark effect shifts up the ionarathreshold of an atom. Ponderomotive

potential is the mean energy stored in the quivetion of a free electron in an external

2 —_ 2 . - - .
alternating electric field. This energy is definad U, =4%%, where € is ellipticity

(MiLADINOVI ¢ and ETROVIC, 2016), for non-relativistic domain. For a linggplolarized laser

2
field ellipticity is € = 0, andU, becomesU, = 4%. The influence of the ponderomotive

potential on the field free ionization potentialcbees larger and more significant with
increasing laser field intensitypELONE and KrRAINOV, 1998) For relativistic intensities the
ponderomotive potential may be written in the falilog form (GHEBREGZIABHER 2008):

2
Uyt = /C4+2C2Up—62= /c4+202%—cz 1)

wherec = 137.02 is the speed of light in atomic units.

Atom’s energy levels are altered in laser field tnsl effect is known as the Stark effect.
This displacement of the energy level is determimgédxpression:
E,, = aF*/4 (VoLkova et al, 2011) where a is the static polarizability of the atom
(http://ctcp.massey.ac.nz/Tablepol2014.p@he Starkeffect has the same formiy,, as in the
non-relativistic domainBearing all this in mind, the perturbated ionizatipotential can be
expressed asy orr = I, + U, + Eg¢ = I, + F?/4w® 4+ aF?/4 (VOLKOVA et al, 2011)

As the field intensity increases indefinitely, deatron in a laser field would exhibit
relativistic behavior KRAINOV, 1998; Popov, 2009. It was found that the ADK theory
(GHEBREGZIABHER, 2008)fits the experimental data very well. Also, MI(OSEviC et al,
2002; ReIss 200§ in shown that, for these laser field intensitig® electric and magnetic
fields become equally important in describing plhat@ation process.

In this paper, we observed and discussed the infi@fthe magnetic componeah
relativistic tunneling transition rate in linearly polarizeddadield and how theelativistic
ponderomotive and the Stark shift efféot rate.

INFLUENCE OF THE MAGNETIC FIELD COMPONENT
ON THE TRANSITION RATE

Accordingly (LANDSMAN et al, 2014 with increasing the laser intensity, it should be
expected that the height of the tunneling barremrdases and the shape of the barrier changes
gualitatively. In intense laser fields an electreaches relativistic velocities already within one
laser period, the magnetic component of the Lorémtze becomes of the same order of
magnitude of the electric one, and the electroréon becomes highly nonlinear as a function
of the laser’s electromagnetic field. The magnetmponent of the linearly polarized laser
field induces a drift of the electron in the lapespagation direction. Such strong lasers can no
longer be treated as pure electric fields and #serl magnetic field component must be
considered, tooZHAKENOVICH et al, 2015) Described processes become significant for the
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electron dynamics during the ionization processieTielativistic effects do not set in before
about10'” W/cm? (Reiss, 2000; Reiss, 2001; Krainov and SFRONOY, 2008).

It was shown in(MiLADINOVI ¢ and FEETROVIC, 2015)that relativistic ionization rate
along the field strength decreases exponentialth whe electron kinetic energy, but more
quickly than in the non-relativistic case. Critetiimt characterize the onset of magnetic field
effects as well as the onset for relativistic tneatit of the ionization process have been
formulated (Riss 2014; dACHAIN et al, 2012). The onset of the influence of the magnetic
field effects, becomes noticeable already at dSigpmitly smaller intensities and higher
frequencies than those required to achieve thiditon. In order to the widespread deployment
of Ti:sapphire laser systems, the majority of expents in strong field science are performed
at wavelengths aroun800 nm, where the onset of magnetic field effects caruoet about
10 W/cm? (VOLKOVA et al, 2011).

Under the frame diunneling theorythe magnetic effects set a lower limit on Keldysh
adiabaticity parameter (Reiss 2010. According to Reiss (Rss, 2018) they — 0 limit is
an extreme relativistic limit. In that case, thiateistic Keldysh parameter must be introduced
(PETROVIC, 2015)

2 2
Yyl = 2 ] 1—((c2—2)/c?) 2)

whereZis the ion charge.
To include relativistic treatment, we replacedgheund bound staté, with the shifted

energy for the relativistic domaitf,"’l =c2 —+c* —Z*c2 (YAKABOYLU et al, 2013).
Now, we can express effective ionization poteritiathe relativistic laser field intensity
Igifff as(GHEBREGZIABHER, 2008):

2 2
=D+ U + Eg = 2 =Vt — Z%c2 + /64 + 262%— c? +% (3)

For the relativistic intensities, the ADK expressidV/,.;, with the correction for non-
zero initial momentum of the photoelectron hasftmm (DELONE et al,, 1993):

2Ee ’ Eg re
Wiet = WhonrelEXp [—A _ Zel¥ l] @

3w Zw

where E, is the relativistic kinetic energy of ejected pielectrons,E, = /p2c? + c* — ¢?
(KRAINOV, 1998) and W, is the non-relativistic total tunneling ionizatiorate

4\ 223 Py
Wnom’el = (Fn*4) EXp - 3Fn*3 - 3w

(AMMoOsov et al, 1986), wheren* is the effective

principal quantum numben* = 2 andp denotes the longitudinal component of the initial
21,
momentum (BUER, 2006).

For purpose of incorporating the magnetic componétite laser field in the relativistic
transition rate, we shall extend Eq. (4). One efgbmi-analytical analyses of tunneling process
that examine how the magnetic component of the fasdd influences the relativistic transition
rate is formulated as the Lorentz ionizati@rAKENOVICH et al, 2015)

Wy, =(1-v2)"’ s W,y (5)
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where, W, is already defined (Eq.4) relativistic transiti@te of the atom under the influence
of an electric field only (BLONE et al, 1993), v is the electron velocity and is the
stabilization factor{HAKENOVICH et al, 2015) To express electron velocity, we focused on
the momentum of ejected photoelectrons in the fg¢rninov, 1998)

3c 3c 2w2 4c

ret 2
p = _ Zlperr _ _i(lgel + U+ Eg,) = 2(‘/cz — 72 _ |c2 +F_2_ﬂ> (6)

By definition, relativistic momentunp is classical momentum multiplied by the
2 1/2
relativistic factory,, p=mvy,=(m=1)=vy,, where y, =1/ (1 - Z—Z) is the
relativistic factor (also known as Lorentz factitprenTz et al, 1952).
For the sake of performing necessary calculationkdrentz transition rate, we needed
an expression for the electron velocityWe obtained it by combining the expression fa th
momentum of the ejected photoelectron, E@rél the electron moment definition:

4c

vt = NG (7)
<9c2+4<\/ c2—7%~ /CZ+%—%> )

Finally, substituting Eq. 4 and Eq. 7 into Eq. & thllowing expression is obtained:

2
2 2
4c? (\/ c2—7%— |2 +F—2—£>
2w
2

2 172 :
4 (el 473 n 273 4w3p?
WLCOTT — (1 — (:)'—effl)z> x S X (Fn*j> X Exp[_ 3FTL*3 - F(:/Zp—z +
re
9c2+5( 1) ‘
n 2Ee¥rel® _ Eezyrel] (8)
w ccw

i.e. in developed form:

*

/ 4c2<\/ c2—7%— |2 +i—£>

WLCOTT — 1 _ >
2 2
9c2+4<\/ c2—7%- /CZ+ZF—2—%>
o)

273 4w3p? 2( p2C2+C4—C2)Vre13 (\/p26‘2+C4—CZ)2Vrell

3Fg(p)n*3  F3/2¢2 2w cCw

\ X S % (@)n
) Fn*4

x Exp l— (9)

Corr

From Eg. 9 we concluded that the tunneling rdtg, among other, strongly
depends on the field intensity, the initial momentump and effective ionization potential
I;felff. The minimal change of those parameters strorfiggta changes in the tunneling signal.

A common standard for an ideal laser is one witkingle Gaussian spatial mode.
Because of that, we assumed the Gaussian shagegldse which is the simplest and often
the most desirable type tdserbeam provided by a laser source which allows tlgbdst
concentration of light in the following fornBAUER and MULSER, 1999:
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Fo(p) = F x Exp|- &, (10)
where t, = Nm/w (N is number of laser cycles, we supposld=1) and o = t,2/
(41n(20)) (BAUER and MULSER, 1999. By implementing this dependence into the equatio
for Lorentz transition rate (Eq. 9) we obtained:

FG(p)Z aF(;(p)Z \

4Z3e "
) F n*4

/ 4Cz<m_

1-
9c2+4<\/ 272 |24Ta@’
2w

Corr __

aFG(p)Z

% Ex 273 4w3p? b C2+C4 )Vrel (\/ p262+04—02)27re1
p 3Fg(p)n*3  Fg(p)3/2c2 Cw Cw

(11)

Eq. 11 presents the corrected formula for a Loréramsition rate. It describes the
exponential dependence of the amplitude of the Sansshaped laser pulgg;(p), the
effective quantum numbert*, as well as a relativistic Keldysh parameter,. Additional
terms, which can be seen in Eq.11, compared tetdredard ADK formula (BLONE et al,
1993), are directly related to the contributiomtdgnetic field component and relativistically
correctedonization potential

DISCUSSION

In this paper, we performed the analysis of theehtr relativistic transition rate of
ejected photoelectrons and the influence of theive$tic ponderomotive and the Stark shift on
it, in a linearly polarized laser field. We assuntieel Gaussian beam profile with included fully
corrected ionization potential. The laser fieldeimgity variedwithin the rangel = 10° —
101 Wem™2. According to (laANDSMAN et al, 2019 in this range it can expect the influence
of the relativistic effect in photoionization prese We considered the noble, single ionized,
Z =1, atoms. In the regime of very low Keldysh paramete< 1 and the wavelength of the
incident lightA = 800 nm (w = 0.05696 a.u.), tunneling is a highly successful concept used
to understand the ionization process.
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Figure 1. Comparative review of the transition mattea) W,..,;, and W, (the dotted curve represents calculations
by the formulas of (DELIBASI et al, 2018)), bW, “™ and c)W ™, W, and W,.,.

The laser intensity is within the range= 0.5 x 10% —

3 x 10 Wem™2.

In Fig 1, we gave comparative review of the thaoattcurves, obtained based on
relativistic ADK formula,W,.; (EQ. 4), uncorrected Lorentz transition raté; (DELIBASIC
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et al, 2018)and our corrected formula for the Lorentz transitiate,W,“”’" (Eq. 11). The
analysis was performed for the argon atasm) (

From Fig. 1 is obvious that curve which representiarrected Lorentz transition rate,
w . °™, differ strongly from the curve without any cortiea, W, and relativistic ADK curve,
W..;. One can observe (Fig. 1(a)) that cur¥és and IW,.,; have almost the same “flow”. Both
curves on some definite intensity range increapemantially (in this range all curves have the
same behavior), reach the maximum and then apprmagttensity axis but with different
asymptotic slopes. This rate’s behavior is in adance with (DCHIARA et al, 2008). The
differences betweenl;, and W,, appears to be larger for laser field intensities
approximatelyl ~ 1.2 x 10 Wem™2. For corrected Lorentz transition rat,“°" (Fig.
1(b)), the maximum is shifted to the left, i.ettie lower field intensity. In addition, shift ofeh
transition rate to the lower value is also obvikig. 1(c)). This shift could be due to thi@eet
of the influence of the incorporated Stark shiftisTis in accordance with prediction result in
(DELONE and KrRAINOV, 1998). Fewer theoretical and experimental resuisavailable fordr
and the other noble gases and our theoreticalbirodd results can be compared with them. In
[30] it is clearly shown that besides the lasespuihtensity and shape, the magnetic component
is an important parameter with respect how an aiion process occurs. The laser field
intensity of the maximum is comparable to the@QmRARA et al, 2008) and the shape of the
curve (slope) is the same as inAMTY and $RiINzI, 2015).

To obtain a more complete analysis, we gave cortipareeview ofthe relativistic
transition rates with included correction of thaigation potentialfor the helium He), neon
(Ne) and argon4r) atoms, respectively. We plotted the Lorentz iation rateW,“°"" (Eq.

11) as function of the field intensity], (2D graph) and the field intensity,, and the
stabilization factors (3D graph). Fig. 2 illustrates obtained results.
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Figure 2. a) 3D graph fo/, ™" as a function of the field intensity, and the stabilization factc#,
for noble, single ionizedZ = 1, Ar, Ne and He atoms. The stabilization factor is within the
ranged < § < 1, b) 2D graph W, °"" as a function of the field intensity, For both graphs

intensity varies within the range= 1 x 1018 — 8 x 10'® Wem 2.

Fig. 2(a) (3D) shows how the correctetativistic Lorentz transition ratéy,“°"", depends on
field intensity,I whenthe stabilization factof varied in the rang® < S < 1, for different
noble atoms. It can be seen thit,“"" decreasegoing from Ar to He atom. This order is
completely expected since the static polarizabiiag different values for corresponding noble
atoms: ¢ ~ 11 for Ar atom, a« ~ 2.6 for Ne atom anda ~ 1.3 for He atom
(http://ctcp.massey.ac.nz/Tablepol2014.pdBecause of that it appears natural that Alre
atom ionization curves are more strongly influenitech theHe atom ionization curves. Also,
there is a shift of the plot's maxima to the loviietd intensity, going fromAr to He atom.
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Fig. 2(b) (2D) shows how the correctedativistic Lorentz transition ratéy,“°"", depends on
field intensity, I, for fixed value of the stabilization facta$ = 1, for different noble atoms.
All plotted curves exhibit more or less similar bglor. They do not have prominent peaks, but
have maxima, which is for thér atomshifted to the lower field intensity. The corresgmny
maximal value for thedr atom appears dt~ 3,6 X 10'® Wem™2, for the Ne atom maximum

is achieved af~ 4,8 x 10 Wem™2 and in the case afle atom I~ 5,3 x 10'® Wem™2.
After reaching maximal intensities curves decreagtapproach the intensity axis.

CONCLUSION

In this paper, we reported our calculations of dzetransition rate in frame of the
relativistic ADK theory with inclusion of the magie component of laser field as well as
perturbated ionization potential. The influencelef perturbated ionization potential is caused
by the relativistically corrected the ponderomotigad the Stark shift. We performed
calculations with supposed the Gaussian spatial laofile. We found that incorporation of
these effects significant influence the transitiate of ejected photoelectrons.

Acknowledgments

This work was supported by the Serbian Ministry Bdflucation, Science and
Technological Development for financial supporotigh Projects 171020.

References:

[1] AmMOsov, M.V., DELONE, N.B.,KRraAiNOV, V.P. (1986): Tunnel lonization of Complex
Atoms and of Atomic lons in an Alternating ElectField.Soviet Physics JET&4 (6):
1191-1194.

[2] BAUER, D. (2006):Theory of Intense Laser—Matter Interactiaviax-Planck-Institut
Heidelberg, Germany: 58p.

[3] BAUER, D., MULSER, P. (1999): Exact field ionization rates in therbe-suppression
regime from numerical time-dependent Schrédingeraéign calculationsPhysical
Review A59 (1): 569. d0i:10.1103/PhysRevA.59.569

[4] DELIBASIC, H., IsAKoVIC, K., PETROVIC, V., MILADINOVI ¢, T. (2018): Estimation of the
Influence of the Magnetic Component on the TraosiRate in a Linearly Polarized Laser
Field.International Journal of Theoretical Physigg (2): 406-413doi: 10.1007/s10773-
017-3572-7

[5] DELONE, N.B., Kivan, LY., KrRAaINOV, V.P. (1993): lonization of atoms by a strong
low-frequency fieldLaser PhysicS (2): 312-322.

[6] DELONE, N.B.,KRAINOV, V.P. (1998): Tunneling and barrier-suppressianzation of
atoms and ions in a laser radiation fieRhysics-Uspekhidl (5): 469-485. doi:
10.1070/PU1998v041n05ABEHO000393

[7] FaisAL, F.H. (1973): Multiple absorption of laser photdrysatomsJournal of Physics
B: Atomic and Molecular Physi@s(4): L89.doi: 10.1088/0022-3700/6/4/011



30

[8] GHEBREGZIABHER |. (2008): Radiation and photoelectron dynamics in ultrastrong
laser fields University of Delaware

[9] JoAcHAIN, C.J.,KYLSTRA, N.J.,POTVLIEGE, R.M. (2012): Atoms in intense ladezlds.
Cambridge University Press.

[10] KELDYSH, L.V. (1965): lonization in the field of a stromyectromagnetic wavéoviet
Physics JETR20 (5): 1307-1314.

[11] KrAINOV, V.P. (1998): Energy distribution of relativist@lectrons in the tunneling
ionization of atoms by super-intense laser radiaf@ptics expres? (7): 268-270. doi:
10.1364/0OE.2.000268

[12] KRrAINOV, V.P., SoFrRONOV, A.V. (2008): Landau-Dykhne approach for relatiiis
electron momentum and angular distributions foritmezation of multicharged atomic
ions by superintense laser field®hysical Review A77 (6): 063418. doi:
10.1103/PhysRevA.77.063418

[13] LANDSMAN, A.S.,WEGER M., MAURER, J.,BOGE, R.,LUDWIG, A., HEUSER S.,KELLER,
U. (2014): Ultrafast resolution of tunneling delagne. Optica 1 (5), 343-349.doi:
10.1364/OPTICA.1.000343

[14] LORENTZ H.A., EINSTEIN, A., MINKOWSKI, H., WEYL, H., SOMMERFELD, A. (1952):The
principle of relativity: a collection of original emoirs on the special and general
theory of relativity Courier Corporation

[15] MAJETY, V.P.,ScrRINZI, A. (2015): Static field ionization rates for medtiectron atoms
and small moleculegournal of Physics B: Atomic, Molecular and Opti€dlysics48
(24): 245603 10ppdoi: 10.1088/0953-4075/48/24/245603

[16] MARTINI, L., BoLL, D. I., FOJON O.A. (2017): Photoionization of water moleculgs b
a train of attosecond pulses assisted by a nearad laser: delay and polarization
control. Proceedings Volume 10347, Optical Trapping and €gtMicromanipulation
XIV. International Society for Optics and Photonics: 41BX. doi:
10.1117/12.2273198

[17] MCWEENY, R. (1973): Natural units in atomic and molecutdnysics.Nature 243
(5404): 196-198doi: 10.1038/243196a0

[18] MEUREN, S.,KEITEL, C.H., DI PiaAzza, A. (2016): Semiclassical picture for electron-
positron photoproduction in strong laser fielBhysical Review @3 (8): 085028doi:
10.1103/PhysRevD.93.085028

[19] MiLaDiNovi ¢, T.B., PETROVIC, V.M. (2015): Relativistic Angular Distribution of
Photoelectrons in the Tunneling lonization of Atdnysa Linearly Polarized Laser Field.
Brazilian Journal of Physic45 (2): 251-257doi: 10.1007/s13538-015-0303-5

[20] MiLADINOVI ¢, T.B., PETROVIC, V.M. (2016): Behaviour of tunnelling transitioate of
argon atom exposed to strong low-frequency ellgdtiaser field Pramana86 (3): 565-
573.doi: 10.1007/s12043-015-1023-7

[21] MiLosEevic, N., KrRaINov, V.P., BRABEC, T. (2002): Relativistic theory of tunnel
ionization.Journal of Physics B: Atomic, Molecular and Opti€ddysics35(16): 3515.

[22] PERELOMOV, M., PopPov, V.S., TERENTEV, M.V. (1966): lonization of atoms in an
alternating electric fieldSoviet Physics JETE3 (5): 924-934.



31

[23] PeETROVIC, V.M., MiLADINOVIC, T.B. (2015): Photoelectrons Angular and Energy
Distributions from Laser-lonized Argon AtonRomanian Journal of Physi®&0 (9-
10): 1450-1461.

[24] Popov, V.S. (2004): Tunnel and multiphoton ionizationatbms and ions in a strong
laser field (Keldysh theory). Physics-Uspekhi 47 (9): 855-885. doi:
10.1070/PU2004v047n09ABEH001812

[25] REIss H.R. (1980): Effect of an intense electromagnfiid on a weakly bound
systemPhys. Rev. A22 (5): 1786. doi: 10.1103/PhysRevA.22.1786

[26] ReEIss H.R. (1992): Theoretical methods in quantum aptig-matrix and Keldysh
techniques for strong-field process@sogress in Quantum electronids$ (1): 1-71.
doi: 10.1016/0079-6727(92)90008-J

[27] ReiIss H.R. (2000): Dipole-approximation magnetic fields inostg laser beams.
Physical Review A3 (1): 013409doi: 10.1103/PhysRevA.63.013409

[28] ReIss H.R. (2001): Dependence on frequency of stroefgifiatomic stabilization.
Optics Express$ (2): 99-105doi: 10.1364/0OE.8.000099

[29] Reiss H.R. (2008): Limits on tunneling theories of strong-fiebnization.Physical
review letters101(4): 043002doi: 10.1103/PhysRevLett.101.043002

[30] Reiss H.R. (2010): Unsuitability of the Keldysh paramefor laser fieldsPhysical
Review A82 (2): 023418doi: 10.1103/PhysRevA.82.023418

[31] ReIss H.R. (2014): The tunnelling model of laser-inddéenization and its failure at
low frequenciesJournal of Physics B: Atomic, Molecular and Opti€ddysics47 (20):
204006.doi: 10.1088/0953-40787/20/204006

[32] SERKEZ S.,GELONI, G., TOMIN, S.,FENG, G., GRYZLOVA, E.V., GRUM-GRZHIMAILO,
A.N., MEYER, M. (2018): Overview of options for generating tgrightness
attosecond x-ray pulses at free-electron lasersapptications at thEuropean XFEL.
Journal of Optic20 (2): 024005. doi10.1088/2040-8986/aa9f4f/meta

[33] SMEENK, C.T.L., ARISSIAN, L., ZHOU, B., MYSYROwICZ, A., VILLENEUVE, D. M.,
STAUDTE, A., CORKUM, P. B. (2011): Partitioning of the linear photomentum in
multiphoton ionization. Physical review letters 106 (19): 193002. doi:
10.1103/PhysRevLett.106.193002

[34] SONG, X., LIN, C., SHENG, Z., LIu, P.,CHEN, Z., YANG, W., CHEN, J. (2016): Unraveling
nonadiabatic ionization and Coulomb potential dffet strong-field photoelectron
holography Scientific report$: 28392, 10 pp. doil0.1038/srep28392

[35] VoLkovA, E.A., PoPov, A.M., TIKHONOVA, O.V. (2011): lonization and stabilization
of atoms in a high-intensity, low-frequency laseid. Journal of Experimental and
Theoretical Physic413(3): 394.doi: 10.1134/S1063776111080127

[36] DICHIARA, A.D., GHEBREGZIABHER l., SAUER, R., WAESCHE, J.,PALANIYAPPAN, S.,
WEN, B.L.,WALKER, B. C. (2008): Relativistic MeV Photoelectronsrrahe Single
Atom Response of Argon to a*f0N/cn? Laser FieldPhysical review letterd01
(17): 173002. doi: 10.1103/PHYSREVLETT.101.173002

[37] YAakaBoYLU, E., KLAIBER, M., BAUKE, H., HATSAGORTSYAN, K.Z., KEITEL, C.H.
(2013): Relativistic features and time delay otlasyduced tunnel ionizatioRhysical
Review A88(6): 063421 doi: 10.1103/PhysRevA.88.063421



32

[38] Yu,H.M., YuAaN, K.J. (2017): Interference of electron wave pasketphotoionization
of by attosecond ultraviolet laser pulsésurnal of Modern Optic64(14): 1411-1418.
doi: 10.1080/09500340.2017.1291862

[39] ZHAKENOVICH, A.E.,VALENTINA, Y., NESSIPBAY, T., TATYANA, S.,ZHADYRA, Y. (2015):
Effect of Magnetic Field on the lonization Poteht& the Atoms and lonslournal of
Chemistry and Chemical Engineeriig299-302doi: 10.17265/1934-7375/2015.04.009

[40] http://ctcp.massey.ac.nz/Tablepol2014.pdf Asesl 26 March 2018.



