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ABSTRACT. The influence of the ponderomotive and the Staitsson the tunneling
transition rate was observed, for non-relativisitiearly polarized laser field for alkali
atoms, with three different theoretical models, Kieédysh theory, the Perelomov, Popov,
Terent'ev (PPT) theory, and the Ammosov, Delongitov (ADK) theory. We showed
that aforementioned shifts affect the transitiote rdifferently for different approaches.
Finally, we presented a simple expert system falyais of photoionization theories.
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INTRODUCTION

Non-linear ionization of atoms and molecules inragense laser field is a currently of
interest problem in atomic physics. Theoretical lamation of ionization processes begun
with Keldysh, who showed in his papergli©oysH, 1964) that the nature of multiphoton and
tunneling ionization is essentially the same, ares@nted the two limiting cases of non-linear
photoionization. These two mechanisms are distsiggd by the value of what today is
widely known as Keldysh parameter= mwfz_f?,fF, where 1, is unperturbed ionization

potential for considered system,is laser frequency and is the field strength ifwem™2.
Atomic units(m_, = h = e = 1) were used throughout this paper unless otherwidieated.
If = 1 the multiphoton ionization takes place, while theneling ionization prevails when
y <= 1. After the appearance of the Keldysh work, itsultsswere refined by Perelomov,

Popov and Terent'ev inBRELOMOV et al. (1966). Next, Ammosov, Delone and Krainov,
based on BRELOMOV et al. (1966), derived the ADK theory (Aosov et al. 1986) for the
case of the tunneling ionization for arbitrary céexpatoms and atomic ions.

The intent of this paper was to compare an infleeoicthe ponderomotive potential
and the Stark shift of the initial binding stateaditali atoms on the transition rate, as well as
the influence of the spatial distribution of theda beam shape. This was accomplished by
analyzing three commonly used theoretical modetsfitdd ionization, Keldysh, PPT and
ADK.
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THEORETICAL FRAMEWORK
The Keldysh theory provides a commonly acceptethéwsork for a quantitative
analysis of ionization processes. With the expaakatcuracy on the incident laser field, the
Keldysh transition rate (BLDYSH, 1964)has the form:
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where Z is the charge of the atomic residue Brd(27.5/5.1  10%)4/Tnt.

Perelomov, Popov and Terent’e\eELOMOV et al. 1966) suggested a more accurate
model for calculating the photoionization rate for atom and atomic residual ions. This
model takes into account the Coulomb interactiotwben outgoing photoelectron and ion.
The PPT theory is valid for arbitrary values of theldysh parametey. It agrees quite well
with the experimental results in both ionizatioginees, multiphoton and tunnelingiLet al.
2004). Based on the PPT theory, the ionizationiratmear laser field is given (M.KOvVA et
al. 2006) by the formula:
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The most often used tunneling theory is the ADKotlge which is in excellent
agreement with experiments in noble gases and smalécules. The ADK theory has
extended the PPT theory for the tunneling ionizatiate of arbitrary complex atoms and
atomic ions. Transition rate formula for linearlplarized laser field in cases of zero

momentum is:
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In the case of non-zero initial momentum of theckgd photoelectrons, the ADK
formula has the following form (BTiC et al.2009):
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where ns is the effective principal quantum numbper., = Z/{2I,) and p is the initial

momentum of the ejected photoelectronsNbau and LFSHITZ, 1991;BAUER, 2006).

In all of these theories the exponential dependenckeld strength and the ionization
potential is emphasized. However, at higher intesssithe atomic level structure and the
ionization process become increasingly influencedhe laser irradiation through two well-
known effects, the ponderomotive potential and Skegk shifts. In process of laser induced
ionization, a bound electron must acquire energyaktp its ionization potential increased by
two additional terms, one which corresponds to gbaderomotive potentiell, = F2/4w?

(DELONE and KrAINOV, 1998) and second to the Stark shdil, = « F2/4 (DELONE and
KRrRAINOV, 2000), wherez is the static polarizability of the atomqiS~VERDTFEGER 2014).
Accordingly, the field free ionization potentig| has the following form (@Lkova et al.
2011):E.pp =1, + U, + Es. = I, + F2/4w® + aF* /4, whereE, .. denotes the shifted, effective
ionization potential.

Puttingﬁﬂﬁ in EQ. 1, the Keldysh tunneling ionization ratédand to be:
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where superscriptff denotes both the ponderomotive and the Starksshifépeating the
same proceduréy,Z, andw.7/ were obtained:
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Additionally, the laser beam shape is regarded @®ritzian (BCHATSININ IHAR,
2009; $SEALLY and FOFFNAGLE, 2006;PETROVIC and MLADINOVI ¢, 2014)
Fp)= (8)

where p is the axial coordinate that is normal to the cimn of the light ray,
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p = RyJ1+ (Az/mR?)? (ZHANG, 2010) ancR is called the laser beam waist, which represents
the smallest spot size realized at= 0. PETROVIC and MLADINOVI ¢ (2014) have used

Lorentzian and Gaussian beam shape and showedbdtiagive satisfying results. Here we
have chosen Lorentzian.
Based on Eq. 8, the effective ionization potertaal be written in the following form:

Eperr=1,+ (F/(L+(p/R)? }} ,’4m +a(F/(1+ (p/R)?) /4. According to Eqg. 12 and the
inline equation folg, Egs. 5, 6, and 7 can be rewritten in the follgyiorm:
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whereL indicates the Lorentzian distribution.

RESULT AND DISCUSSION

In this paper were theoretically analyzed the tlingdransition rates, foy = 0.3, in
the field of intensityl = 10 — 10 Wem™2, for linearly polarized Ti:sapphire laser,
A =800nm, (w = 0.05696 a.w.). The single ionizedZ = 1, alkali atom of potassium, K is

studied. The obtained results were compared faethlifferent ionization models. Also, the
influence of spatial distribution on the transiti@te is discussed.

We started from the transition rat€ldy,,;;.n, Wepr and W, for the field-free
ionization potential (see Eqs. 1, 2 and 4), foragalty assumed laser beam shape, without any
specifications. As a result, the following theacaticurves were obtained (see Fig. 1).
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Figure 1. The ionization rateW,g. s, Weer, Wapx VS laser field intensity, = 10 — 10%Wem 2.

As can readily be seen, the field-free transitiate rcurves exhibit a significantly
different behavior for the Keldysh, PPT and ADK dhe Keldysh curve almost linearly
increases, while the other two reach some maximlalevand then decrease. It is also obvious
that PPT curve has the higher values of the tiansiaite compared to the ADK curve, for the
same field intensity.

In order to perform a detailed analysis, the poodh&tive potential and the Stark shift
were included in the equations for the transitiate (Egs. 5, 6, 7). Here and in the following
we used the notation: superscriptp” denotes an included ponderomotive potential, while

"UpS" - ponderomotive potential and Stark shift. FigdeéZnonstrates the dependence of the
transition rates (with corrected ionization potehincluded) on the field intensity.
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Figure 2. a) Left, the ionization ratét, ;... Weea, Wink Vs laser field intensity,

Ups

I=10% —2x10%Wem™?; b) Right, the ionization ratel iz, , Warr , Winis Vs laser field intensity
I=10" —2x10%.

All curves on Fig. 2 have the lower magnitude tbarFig. 1. The physical reason for
this is the inclusion of the ponderomotive potdnéiad the Stark effect which affect the
ground state. In the intensity range under conatdesr, PPT curve is several orders of
magnitude above the ADK, while Keldysh curve consjaincreases in whole intensity range
and so at the higher intensities have the highleregahen PPT and ADK rates. It can be seen,
by comparing left and right plot, that all curves/g similar shape, but at different values of

intensity. PPT and ADK curves have the maximum whscfor thew,”., i.e. W, shifted

to the lower field intensity when compared Wi, >, i.e. Wt

e - Also, the corresponding
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o Up .
= wor are reduced compared 13, andW, which can be

expected because the ionization energy is shiftethigher values. Based on everything
mentioned, it follows that inclusion of the addited parameters into formulas for the
transition rates leads to the significant changdbe physical picture.

Next were plotted the curves for the Keldysh are@RFT transition rates, first without
any corrections and then when all corrections @kert into account, respectively.

maximal values fow“?* andw’?*
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Figure 3: a) Left, the ionization ratMsgeidy.sh Wiiigen+ Wienayer VS laser field intensity;

b)Right, the ionization ratei ppy WLE., Wi vs laser field intensity.
. Un UpS
From Fig. 3, left plot, follows that all Keldysh mes, Wy, 4y Wyaiaysn» Wiaiaysn

have the same shape. Inclusion of the ponderompbitential and the Stark shift decreases
only the transition rate at the same field intgnsine would expect that the K transition rate
curve is significantly influenced by the Stark shifut the graph shows that the decreasing is
very low, which isn’t quite in accordance with tihetical prediction. Oppositely, right plot in
Fig. 3 shows just the expected behavior of the BlRVe, aswplﬁf is significantly influenced

by polarizability. Also, it is obvious that corredtW;;";, W;;f differ strongly from the

uncorrectedW,,,, and that with increasing laser field intensitye trates Wpgr, Whse

approach zero. If the ponderomotive potential dredStark shift of the energy of the ground
state of an atom are both taken into account, timees are shifted to the right, i.e. in the
direction of lower field intensities.

Laser interaction with atoms depends on severanpaiers related with laser sources.
One of these parameters is a spatial distributioa taser beam. So, it is of interest how
exactly the distribution influences the transiticates. In Fig. 4 are shown the compared

results for Keldysh ratew; 7% . andwys7* . (see Eq. 1 and Eq. 9), and PPT raig§/

and W;;’,;ﬁ (see Eqg. 2 and Eq. 10). Mark “L” in the superdciilicates the Lorentzian
spatial distribution. This was accomplished for tioerections included. For the ADK theory

the spatial dependence can be found gmrRBVIC and MLADINOVI ¢ (2014). The following
figures were obtained.
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Figure 4. a) Left]-tfi‘f;‘;}.s-ﬂ and ”‘f?;érirsr vslaser field intensity I = 10" — 6 x 10 Wem™7;

b) Right,l-ﬂf,_f andl-t;fg,_f"-"- vs laser field intensity = 10** — 3 = 10%¥Wem™2.

From Fig. 4 the influence of the spatial dependeiscebvious. Both of Keldysh
curves increase with increasing of the laser fietdnsity but this increase is much significant

for w527, . As a consequendd, 37/ has higher values at= 10'® Wem™2, compared to
wTr. . for the same field intensity.

The main conclusion that follows from the compamis® the curvestj;f andef;;”

is that the maximum for both transition rates is #mme, but the cuni¥,..’ ’ reaches the
maximum on the higher field intensity i.e. the nmaxm is shifted to the right. Both curves

are asymmetric around the value of the field iritgnen which Wi/ and W’

respectively, have the maximum value, but this asginy is much more prominent for

W;J;?f 7. Both curves then approach zero with further iasireg of the laser field intensity.

From aforementioned can be readily concluded that ttansition rates are quite
sensitive on the correction of the field free ptEnpotential without any corrections) and
the laser beam shape, so the both effects muakba tnto account.

Many useful data and interesting relations and dégeces could be obtained from
observed transition rates (on which field intensitg transition rate has the maximal value,
how the Keldysh parameter influences on the tremmsiate, etc.)In order to provide a more
detailed outlook on obtained results, an expertesyslogic was implemented on the
aforementioned analyses, which resulted in a devedmt of an expert system.

EXPERT SYSTEM

In this section we give a short review about thpegxsystem developed for analysis
of photoionization theories with respect on theuéss described above. An expert system
(sometimes referred to as knowledge-based systemlomputer software that emulates the
decision-making ability of a human expertANbAL et al 2013). Beside the specific expert
systems building tools, such as 12, CLIPS, PROLQISP, an expert system can also be
developed by writing programs using certain prograng languages, such as Fortran, Pascal,
C++ and Visual Basic (MQUEEM, 2014). The expert system was built on Visual Basltle
the accuracy of ES reasoning was partially chetkezigh ESBT 12+. For testing of ES the
available theoretical and experimental results wese.

We imitated the backward chaining logic where ty&team starts from a specific goal

and attempts to satisfy the preconditions necedsargbtaining it (TLOTMA SHARMA et al.
2012).
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Interactions between the users and the system wppoded through a friendly
graphical user interface running under Windows mmment. The system starts by
initializing the first interface screen and prep#re “questions” for the user who must input
some necessary, initial data such as laser wavwlednghemical element observed, range of

laser field intensity, the ion charge Z, and Keldysh parameterAll the listed data must be
entered. Fig. 5 (left plot) shows the initial foohGUI.

[y Initial form
Inital data

Wavelength [nm] ||
Element eormessge

Ion charge, Z

8 The value of the Keldysh parameter must be less than 0.5
Beggining intensity
(Wem-2] Clear Al “

[ ok
Ending intensity L

'Wem-2]

Keldysh parameter

Figure 5: a) Left, the initial form, b) Right, arrer message

After the user fills appropriate boxes, the ES thkacks the data entered. If all data
are valid, the ES continues to work. In an opposétse the “Error message” appears (right
side on Fig. 5), so the user should re-enter avaatedata. For example, a valid value of the
Keldysh parameter is less th&b as the observed ionization process is that of elimg

ionization. The button “Clear all” deletes all emt® data. The initial form completely
corresponds to the structure and has the funcfitimeanitial rule. Initial rule is first activated

rule in an ES. In characteristic “if then” logitiet corresponding initial rule has the following
form:

RULE Initial ELSE Repeated input

IF Initial conditions AND FORGET Wavelength

AND Wavelength AND FORGET Element

AND Element AND FORGET lon charge

AND lon charge AND FORGET Intensity range
AND Intensity range AND FORGET Keldysh parameter
AND Keldysh parameter AND CYCLE

THEN Initial data

The “IF* part of the initial rule contains premisé®und with the logic operator
“AND”. In order to activate the rule all premisesist be true (Lcas and VAN DER GAAG,
1991).

It should be noted that we restricted ourselveyg onlabove described issues. Otherwise, the
ES can, based on the value of Keldysh parameteinggnsity range conclude what ionization
process is dominant and, based on that, performopppte analysis.

The “Next” button loads the form “Transition ratelith displayed various options,
Fig. 6 (on left side):
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Field intensity for maxinum transition rate :
Keldysh theory Maxk MaxKUp MasKUpSt
PPT MaxPPT MaxPPTUp MaxPPTUpST
ADK MaxADK MaxADKUp MaxADKUpSt
Initial form Back End

Active buttons enable a calculation of transiti@tes by different theories, without or with

Figure 6. The form “Transition rate”

corrections (see Section 2). Obtained resultstae written in the table “Transition rates” thasha
following structure:

Table 1. The structure of table for writing data.

Intensity

Transition rates without correction

Transition rates with correction

[Wem?)

Keldyshl PPT |

ADK

KeldyshUp | PPTUp | ADKUp [KeldyshUpst | PPTUpSt | ADKUpSt

Additionally, the form contains the button “Analg&ithat calls a form Analysis shown on right
side of Fig. 6, that offers the procedures necgsadetermine on which laser field intensities the
maximal values of the transition rates appear. KBaption enables a return to the previous formspal
the user can select some other options. Each battdhe form activates a subroutine for the analysi
of that particular transition rate. Obtained resudre then written in appropriate columns of the

“Transition rates” table.

If the case when all of the transition rates atewated, the following, completely filled table,

is obtained:

Table 2. A filled table, with fields that are givappropriate values during the work of the ES.

Intensity Transition rates without correction Transition rates with corrections

[Wem-2] Keldysh PPT ADK KeldyshUp PPTUp ADKUp KeldyshUpSt PPTUpST ADKUpST
SE+13]| 5,20478E-09| 9,26985E-09  2,62715E-10| 5,09141E-09| 1,49514E-11| 4,77238E-13| 5,08808E-09| 1,17562E-11| 3,76608E-13
6E+13] 2,46988E-08| 5.81753E-08 1,66435E-09| 2,41284E-08| 4,82734E-11] 1,59615E-12| 2,41122E-08| 3,69449E-11{ 1,22683E-12
TE+13]  8,3105E-08| 2,41731E-07 6,9595E-09( 8,10962E-08| 1,07449E-10[ 3,606649E-12| 8,10409E-08| 8,01369E-11| 2,74805E-12
8E+13]| 2,21513E-07| 7,60255E-07[  2,19814E-08| 2,1596E-07| 1,86738E-10] 6,55836E-12| 2,15812E-07| 1,35844E-10| 4,79742E-12
9E+13]| 4,99861E-07| 1,96052E-06  5,68464E-08| 4,86957E-07| 2,72767E-10] 9,83947E-12| 7,02924E-12| 1,93679E-10| 4,86623E-07
LIE+14] 9,96505E-07] 4,36309E-06 1,26742E-07| 9,70153E-07| 3,50845E-10] 1,29777E-11| 9,69491E-07| 2.43295E-10{ 9,05904E-12
2E+14] 4,30719E-05] 0,000321848 9,3063E-06/ 4,18143E-05]  2,0159E-10[ 9,06025E-12| 4,17897E-05] 1,11886E-10] 5,09089E-12
3E+14] 0,000234167[ 0,00211086[  6,00454E-05] 0,000227293| 1,74199E-11| 9,03807E-13] 0,000227183| 7,86587E-12| 4,12973E-13
4E+14] 0,000649923] 0,00640299]  0,000178871] 0,000631232] 8,72133E-13[ 5,04752E-14] 0,00063098| 3,21068E-13| 1,88154E-14]
SE+14] 0,00131317] 0,0135639[ 0,000372118| 0,0012765| 3,43905E-14| 2,17185E-15] 0,00127607| 1,03428E-14| 6,61385E-16,




61

There is not the only given return from the ES. Tker also can decide in which moment he
wants an analysis to finish. The ending rule gikelow illustrates that.

RULE End OR Analysis
IF Initial data THEN Analysis completed
AND Transition rates

The rule will be activated if all of needed prensis@ked through the logic “AND” operator are
satisfied and also if at least one premise linkedugh the logic “OR” operator is satisfied.

CONCLUSION

The ionization rates of alkali atoms by three thexrKeldysh, PPT and ADK for the case of
non-relativistic linearly polarized laser field weeistudied. It was shown that the ponderomotive
potential and the Stark shift influence the traasitrates, even in the case of alkali atoms with
relatively small polarizability. It was also showmat an expert system can be used for an analfsis o
the transition rate. The described system can hgowed in several ways and this will be further
pursued in forthcoming papers.
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