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INFLUENCE OF THE SPATIAL AND TEMPORAL DISTRIBUTIONOF AN INCIDENT LASER BEAM PROFILE ON THE ENERGYDISTRIBUTION OF IONIZED PHOTOELECTRONSV. M. Petrovi¢, T. B. Miladinovi¢ *Department of Physis, Faulty of Siene, Kragujeva University34000, Kragujeva, SerbiaReeived May 29, 2014We disuss the e�ets of two di�erent spatial and temporal laser beam pro�les on the energy distribution ofionized photoeletrons. Two types of pro�les of laser radiation, Gaussian and Lorentzian, are onsidered. Thein�uene of the nonzero initial momentum of ejeted photoeletrons is observed. We �nd that seletion of thelaser beam pro�le in�uenes the maximal energy distribution. It is also shown that the nonzero initial eletronmomentum has a more signi�ant in�uene for the Lorentzian beam pro�le.DOI: 10.7868/S00444510141000831. INTRODUCTIONWhen an intense laser pulse is inident on an atomtarget, it indues ionization via nonlinear proesses. Inthis paper, the tunnel regime of ionization is analyzed.The theoretial approah to the tunneling problem isbased on a single-ative-eletron approximation, wherethe idea is that only one eletron is involved in the ion-ization proess. Tunneling ionization ours when theKeldysh parameter  = !p2Ei=F [1℄ is less or muhless than unity (here, ! and F are the frequeny andthe strength of the laser �eld, and Ei is the ioniza-tion potential of the atom or the ion); here and here-after, we use atomi units (e = ~ = m = 1). TheAmmosov�Delone�Krainov (ADK) theory is one of themost widely used theories in this area [2℄.Consideration of a spatial�temporal distribution ofthe laser beam ontributes to a better understandingof the aforementioned proess. In this paper, the e�etof a spatial�temporal pro�le of the laser beam on theenergy distribution is analyzed. In our previous work,we assumed the Gaussian pro�le of the laser beam foranalyzing the energy distribution of ejeted eletronstaking their initial momentum and the ponderomotiveorretion into aount [3℄. Here, we use a modi�ed for-mula for the Gauss distribution [4℄ and take one moreterm from the exponential series. Our numerial al-*E-mail: tanja.miladinovi�gmail.om

ulations show better agreement with the approxima-tion with a larger number of terms. We also analyzethe energy distribution of the ejeted eletron for theLorenzian beam pro�le.2. THEORYGaussian beams are the simplest and often the mostdesirable type of beam provided by a laser soure andallows the highest onentration of light. But althoughthe Gaussian distribution is frequently assumed, thereare a few other shapes, suh as Lorentzian and �at top,that allow a very uniform distribution of the energyaross a given area.We start with the Gaussian spatial�temporal distri-bution of the laser �eld intensity in the form [4℄F (�; z; t) = F[1 + (z=z0)2℄2 �� exp"� 2(�=R)21 + (z=z0)2 � 2� t� �2# ; (1)where z is the oordinate along the light ray, � is theaxial oordinate that is normal to the light ray, R isthe radius of the laser beam, z0 = �R2=�, � is thelaser wave length, t is the emerging time of the ejetedeletron, � is the laser pulse duration, and F is theamplitude of the laser �eld strength.The Gaussian beam equation given by Eq. (1) as-sumes that the beam omes to its narrowest width741



V. M. Petrovi¢, T. B. Miladinovi¢ ÆÝÒÔ, òîì 146, âûï. 4 (10), 2014(alled the beam waist) at z = 0 [5℄. Based on thesepresumptions, we simplify Eq. (1) toF (�; z; t) = F exp"�2� �R�2 � 2� t� �2# : (2)This equation an be written with the spatial depen-dene part expressed in a more general form,F (�; z; t) = F exp"�2� �R�n � 2� t� �2# :This modi�ation ontains a dimensionless exponent n.It is obvious that the Gaussian is the speial ase n = 2,whereas for larger n, the laser beam pro�le resemblesthe �at-top shape [6℄.We use the expression for the ionization rate in theframework of the ADK theory [2℄. Taking the Gaussiandistribution of the laser beam in Eq. (2) into aount,we obtain the formulaW pG2ADK = WADK exp��3p23! ��� exp ��43 (2Ei)3=2F � �2R2 + t2�2�� ; (3)where p = 12 �pF� � 1 + 1�pF� � 1 � ;p is the initial momentum of an ejeted eletron [7℄, � isa paraboli oordinate, and in the ase where the ele-tron is outside the barrier, � > 1=F [8℄. Equation (3)orresponds to the seond-term expansion of a part ofthe exponential in Eq. (2).Usually, the ionization proess is saturated, whihmeans that photoeletrons our inside some de�nitevolume in the laser beam fousing region. In the satu-rated region, the following ondition is satis�ed [9℄:1Z�1 W dt� 1: (4)The total number of ions produed during the laserpulse grows very rapidly at a ertain value of r (in whatfollows, �), whih an be determined to a high degreeof auray from the ondition given by Eq. (4):1Z�1 W dt = 1: (5)After substituting Eq. (3) into Eq. (5), we obtain �, theradius of the region where saturation of the ionizationprobability ours:

�2G2 = 3FR24(2Ei)3=2 �� "lnWADKs 3�F�24(2Ei)3=2 � 3p23! # : (6)Inside the region de�ned by �, all atoms are ionized,while outside it, none is ionized.But as we already noted, the auray of the ap-proximation inreases if we take more terms from theseries of the exponential in Eq. (2) into aount. Forthe third term of the expansion, we obtainW pG3ADK = WADK exp��3p23! ��� exp(�4(2Ei)3=23F " �2R2+ t2�2+� �2R2+ t2�2�2#) : (7)Using the above-mentioned proedure and the integral1Z�1 exp��a �(x2 + b) + b(b+ 2x2)�	 dx == exp [�ab(1 + b)℄p�pa+ 2ab ;where a = 4(2Ei)3=23F ; b = �2R2 ;we obtain from Eq. (7) that�2G3 = R24(2(2Ei)3=2=3F � 1) �� �lnW 2ADK � 3�F4(2Ei)3=2�� 23p23! � : (8)With the ondition t � �p3F=(2Ei)3=2 � � and a-ording to Refs. [3; 10℄, the �nal energy of the ejetedeletron is Emax = p22 + F 24!2 exp�� �2R2� : (9)For a Gaussian laser beam, substituting �2G2 and �2G3in Eq. (9) yieldsEG2max = p22 + F 24!2 exp(� 1R2 3FR24(2Ei)3=2 �� "lnWADKs 3�F�24(2Ei)3=2 � 3p23! #) ; (10)742



ÆÝÒÔ, òîì 146, âûï. 4 (10), 2014 In�uene of the spatial and temporal distribution : : :
150

100

50

E,eV

2 4 6 8 10

I, 1015 W/cm2

0

100
50

0

5

10

50

100

150

η

I, 10 15
 W/cm 2

E,eV

а

b

Fig. 1. Dependene of the energy distribution EG2max on the �eld intensity I = 1014�1016 W/m2 for a nonzero initialmomentum is shown as (a) a 2D graph for the �xed paraboli oordinate � = 150 and (b ) a 3D graph for the parabolioordinate � = 15�150
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Fig. 2. The same as in Fig. 1 for EG3maxEG3max = p22 + F 24!2 exp(� 1R2 R24[2(2Ei)3=2=3F � 1℄ �� �lnW 2ADK 3�F4(2Ei)3=2 � 23p23! �� : (11)We also studied the energy distribution for aLorentzian laser beam. Just reently, there has beengrowing interest in the Lorentz beam sine it was intro-dued by Gawhary and Severini [11℄. Several temporalpro�les for the Lorentzian distribution an be foundand some of them inlude the Gaussian beam as theore of their spatial pro�le. However, we have hosenthe spatial�temporal distribution of the �eld strengthin the form [12; 13℄F (�; z; t) = F�1+� �R�2�"1+ 41+p2 � t� �2# : (12)

The orresponding ionization rate isW pL2ADK = WADK �1 + �2R2 + t2�2�2n��3=2 �� exp��3p23! � exp"�2(2Ei)3=23F � t� + �R�2# ; (13)where n� denotes the e�etive quantum number. By asimilar proedure, using the integral1Z�1 �1 + x23 � exp ��b(a+ x)2� dx == �1 + 2(3 + a2)b�p�6 ;where a = �R; b = 2(2Ei)3=23F ;we dedue from Eq. (13) that743
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Fig. 3. Comparison of EG2max (solid line) and EG3max (dashed line): (a) a 2D graph and (b ) a 3D graph
�2L2 = R28>>><>>>:266641 + 6exp�3p23! ��2(2Ei)3=23F �3=2�WADK�1=2 37775 �� 3F4(2Ei)3=2 � 39>>>=>>>; : (14)For the Lorenzian beam shape, the �nal energy of theejeted photoeletron has the formEmax = p22 + F 24!2 11 + (�L2=R)2 ; (15)EL2max = p22 + F 24!2 ��8>>><>>>:1 + 266640BBB�1 + 6exp�3p23! ��2(2Ei)3=23F �3=2�WADK�1=2 1CCCA �

� 3F4(2Ei)3=2 � 3377759>>>=>>>;�1 : (16)We used only the seond-term approximation for thisbeam shape beause the alulation is too ompliatedfor more terms. 3. ANALYSISWe analyzed the e�ets of spatial�temporal laserbeam pro�les on the energy distribution of the ejetedphotoeletrons for the tunnel ionization proess with

 = 0:3. We hose the pulse pro�les to be Gaussianand Lorentzian. The laser beam is a linearly polar-ized monohromati plane wave inident along the zdiretion. We observed a single ionized atom of argonexposed to the CO2 laser �eld. The �rst ionizationenergy is Ei = 15:96 eV, i. e., Ei = 0:5791 a. u.The theoretial energy spetrum of the ejeted pho-toeletrons was obtained from Eq. (9) under the as-sumption that all the eletrons were aelerated by theponderomotive potential in the foal plane and the ini-tial kineti energy was nonzero. Figure 1 shows theenergy distribution of these eletrons for the Gaussianlaser beam, based on Eq. (10).Figure 2 presents the result obtained for the third-degree expansion for a Gaussian beam, based onEq. (11). To omplete the piture of the observed ef-fet, we ompare these two expansions and obtain thegraphs in Fig. 3. As an be seen from Fig. 3a, the shapebeomes narrower for EG3max ompared to EG2max. Bothgraphs �rst show a rapid energy derease for some laser�eld intensity interval; after that, the energy onsider-ably inreases up to some maximum value and thendereases for a monotoni inrease in the laser �eld in-tensity. The EG3max urve dereases muh faster thanEG2max, espeially in the higher-energy region, aboveI � 4 � 1015 W/m2. As a result, at higher �eld in-tensities, the photoeletron energy spetrum for EG2maxlies in the energy range muh lower than for EG3max. Themaximum energy of the ejeted photoeletron of an ar-gon atom is higher for EG3max than for EG2max. It is alsoshifted to the lower �eld intensity. The laser �eld in-tensity at whih the maximum energy is ahieved forthe Gaussian laser pro�le is I = 1:91 � 1015 W/m2,EG2max = 170:868 eV and I = 1:83�1015 W/m2, EG3max == 285:911 eV. In Fig. 3b, this dependene is shown as afuntion of the paraboli oordinate �, i. e., the nonzeroinitial momentum.744
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Fig. 4. Dependene of the energy distribution EL2max on the �eld intensity I = 1014�1016 W/m2 for a nonzero initialmomentum shown as (a) a 2D graph for the �xed paraboli oordinate � = 47, and (b ) a 3D graph for the parabolioordinate � = 45�55
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Fig. 5. Comparison of the energy distribution for EG2max and EL2max at the �eld intensity I = 1014�1016 W/m2 shown as(a) a 2D graph for the �xed paraboli oordinate � = 47, with the solid line representing EG2max and the dotted line, EL3max,and (b ) a 3D graph for the paraboli oordinate � = 45�55Next, we analyzed the aforementioned distributionfor the Lorentzian beam. Aording to Eq. (16), the 2Dand 3D graphs shown in Fig. 4 are obtained for EL2max.The harateristi of the maximum energy distri-bution for a Lorentzian laser beam, EL2max, an be pre-sented in omparison with the Gaussian EG2max assum-ing the same laser �eld intensities and values of theparaboli oordinate. Both graphs are shown in Fig. 5.Aording to our observations for Gaussian andLorentzian laser beam pro�les, the energy distribu-tion dependene of the laser �eld intensity is nonlin-ear and the amplitude is higher for the Gaussian pro-�le than for the Lorentzian one. It is obvious thatthe derease orresponding to EG2max is more signi�antthan the one orresponding to EL2max. In Fig. 5a, wealso show that the maximum of the energy distribu-tion for EL2max is shifted to the higher laser �eld inten-sities. As we already noted, the laser �eld intensity atwhih the energy distribution maximum for the Gaus-

sian laser pro�le is attained is I = 1:91 � 1015 W/m2with EG2max = 170:868 eV, while in the ase of aLorentzian pro�le, it is I = 8:19 � 1015 W/m2 withEL2max = 135:417 eV. From Fig. 5b, we an see that thein�uene of the initial momentum of the ejeted photo-eletrons is more signi�ant for the Lorentzian distri-bution. As above, the energy EL2max dereases with aninrease in the paraboli oordinate � more rapidly.4. CONCLUSIONWe onsidered the energy distribution of theejeted photoeletron for the tunnel ionization proessin the framework of the ADK theory. The range oflaser intensities I = 1014�1016 W/m2 was examined.The main results in this work an be summarized asfollows: the onsidered energy distribution depends onthe temporal and spatial distribution of laser beam745
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