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We present model calculations of high-order harmonic generation in benzene, aligned in the
polarization plane of circular polarized laser field. The resonance states of the system are obtained
using complex scaling Floquet approdgcke., within non-Hermitian quantum mechanic®mbined

with (t,t") time propagation method. Our results show that the photo-induced dynamics of the
model benzene molecule at the laser wavelength of 800 nm is dominated by a single long-lived
resonance state up to the intensity of about 90 TW&nThe high-order harmonics emitted by the
system obey the selection rules derived Rhys. Rev. Lett80, 3743(1998] on the basis of the
dynamical symmetry of the system, namely the emitted harmonics possess the frequencies (6
+*1)w,(12+1)w,..., Wherew is the incident laser frequency. These symmetry-allowed harmonics
are found to be the dominant ones in the spectrum also when the laser polarization deviates from the
“ideal” circular one by about 5%. The nonlinear response of the model benzene molecule is found
to originate mainly from the field-induced transitions between the bound states, in accordance with
the earlier analytical theory. The cut-off position in the calculated high-order harmonic generation
spectra depends linearly on the field strength in the studied intensity interval. Our numerical
calculations reveal the enhancements of particular high-order harmonics in the plateau region of the
spectrum at certain field intensities. We show that these enhancements occur under conditions of
avoided crossing of two or several resonance quasi-energies in the complex energy plade3 ©
American Institute of Physics[DOI: 10.1063/1.1566737

I. INTRODUCTION These ideas, though, still await their experimental realization
(see Ref. 9 for the very recent experiment on HHG by dis-
agociating ioding
The experiments with medium-size organic molecules,

majority of these experiments diatomic, e.gy & N,, or  Such as k())uggne, butadiene, benzene, cyclohexane, and
other small molecular species were used. One of the maifaphtalené’~** have already revealed several specific fea-
questions asked by the researchers was: “Do molecules b&res of molecular HHG. For example, the length of the laser
have as atoms, or are there additional effects induced biulse was found to be the key parameter defining whether it
molecular structure?® However, the molecular HHG spec- IS the parent molecule or its dissociation products that are
tra were found to be generally similar to the atomic ones. Ifesponsible for the HHG process. The drop in the intensities
particular, there has been no indication that the mechanis®f the high-order harmonics emitted by organic molecules
of the generation of high-order harmonics by molecules igvith increasing ellipticity of the incident field was found to
different from the well-known three-step mechanism ofbe smaller than in the atomic caseThis weaker ellipticity
atomic HHG due to Corkum and Kulandi.This mecha- dependence was attributed by the authors to the larger cross
nism based on the recollision of the ionized electron with thesection for the recollision of the ionized electron with the
core explains the cutoff in atomic HHG spectra occurring atmolecular ion.

the photon energy oE;,,+3.2U,, whereE;y,, andU, are The investigation of the dependence of HHG in molecu-
the ionization energy of the atom and the ponderomotivélar gases on the orientation of the molecules could reveal
energy of the ionized electron, respectively. Several theoreimore of the distinctive features of molecular HHG. The ex-
ical works(see, e.g., Refs. 7 and Bredict that dissociating perimental studies of this kind have become feasible since
diatomic and linear triatomic molecules with Iarge internU'the the molecular a"gnment in gas phase was achieved by
clear separations are capable of producing high-order hagne application of nonresonant laser pul¥&§he molecular
monics with energies far beyond the atomic HHG cutoff. grientation dependence of the HHG spectra was the subject
of two theoretical work$®>!® The authors used two-center
dElectronic mail: nimrod@tx.technion.ac.il zero-range potentidl and soft Coulomb potentifl models

High-order harmonic generatiotHHG) by molecular
gases interacting with strong linear polarized laser fields h
been studied experimentally since mid-ninefies.in the
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to calculate the single-molecule response to the highformation of the interaction energy into the energy of the
intensity field. However, their conclusions concerning theemitted photons. Such a mechanism was proposed earlier for
relative efficiency of HHG by molecules aligned parallel or HHG by two-center systemS:?? It is qualitatively different
perpendicular to the field polarization axis, were qualita-from the one responsible for the atomic HHG at linear
tively different. Very recently, the HHG by the laser-aligned polarization>® where the cutoff scales quadratically with the
linear molecules has been investigated experimentally bfield amplitude.
Hay et al!’ In these experiments, the best alignment was  The analytical theory of Refs. 18 and 20 allows us to
achieved for Cgmolecules. It has been found that the align- understand the basic features of selective HHG by symmetric
ment of this species leads to more efficient HHG than theyclic molecules interacting with circular polarized field.
one observed in the gas of randomly oriented CBut con-  However, it is not sufficient in order to draw quantitative
trary to the earlier theoretical predictiots,’the HHG effi-  conclusions concerning the intensities of the emitted high-
Ciency was found to be independent of the direction of thQ)rder harmonics. The reason is that the Simp|e n‘?adhjes
molecular alignment. This result is consistent with the Proponoet take into account the dep|eti0n of the bound states popu-
sition that the phase matching effects play a dominant role ifation due to the ionization. Moreover, it uses an idealized
the enhancement of HHG by molecular alignmént. Hukkel structure of the lower-energy molecular bound states
The difference between atomic and molecular HHG isang does not take into account at all Rydberg states of the
predicted to be the most striking in the case of interactionygecule. It is, therefore, desirable to verify the conclusions
with circular polarized laser field. For symmetry reasons, atyf Refs. 18 and 20 by numerical calculations of HHG spectra
oms interacting with circular polarized field do not generatesy; 4 realistic model potential representing a symmetric mol-
harmonics of the incident radiation frequency. On the othegee, e g., benzene. Numerical studies of this kind were very

hand, the interaction of aligned molecules possessingemfm for understanding the dynamics of HHG by rare
Nth-order rotational symmetry with circular polarized field gases, see for example, Ref. 23. In the case of selective mo-

brings about HHG with unusual selection rule, as shown by, jar HHG, the model numerical calculations are a neces-

Alon, Averbukh, and Moiseyet If the molecular symmetry sary step on the way to experimental observation of the phe-

axis is aligned with the propagation direction of the Iasernomenon
field, the emitted high-order harmonic frequencies &re Recently, Ceccherini and Bauer proposed a two-
=w, (IN*1)o, 1=1.2,.., wherew is the fundamental fre- o ional model potential for the study of HHG by ben-
?huee?ncgiagr:te ]!?;llg 1&;]?}'2?;2?&"551;? ﬁg:ﬂgzneigscgfslagé ES zene aligned in the polarization plane of the |#8éfhe au-

' P thors studied the interaction of a single active electron

. ; . ; N :
|zed_C|rcuIarIy in the opp_osne way. ThéN_l). selection initially confined by the model potential with short laser
rule is a result of the spatio-temporal or dynamical symmetry

(DS) of the time-dependent Hamiltonian of the SymmetricpuI:ses. Taking into account the finite pulse duration made it
molecule in the laser fielt? possible to study the appearance of the side bands in the

- pHG spectra of the systefsee also Ref. 25The positions
Of course, symmetry arguments alone are not suff|C|enOf h tellite lines are related 1o the ac Stark shifts of th
in order to predict the relative intensities of the symmetry- ese sate S clated o the ac Stark snitts of the

. . . . . _molecular in the laser field. Their intensiti r r-
allowed harmonics. Dynamical considerations has to be in- olecular states in the laser field. Their intensities are dete

volved in order to elucidate the mechanism of HHG by sym—mined by the nonadiabatic trapsitions between the quasi-
metric molecules interacting with circular polarized field angSneray states of the system during the piflsmd cannot be

to predict the efficiency of the process. A simple model ofoPtained from the Floguet analysis of the type of the one
HHG by the symmetridN-center molecules aligned in the presented in Ref. 18. Nevertheless, the key questions con-

plane of circular polarized field has been proposed in RefC€MiNg the selective HHG by benzene are still open for nu-
20. The studied model is a generalization of the strong-field"€rical analysis. For instance, the calculation of Ref. 24
approximation of Lewenstein and co-work&r® the case of does not p'rowde a systematic study of _the cut-pﬁ position in
N bound states forming the minimal-size basis for the reprelh® numerical HHG spectra, nor does it contain an analysis
sentation of the symmetry of the problem. The transition°f the relative importance of the bound-bound and bound—
between theN bound states were described using “inverse” continuum transitions for the HHG process. Consequently,
perturbation theor$? This perturbational approach is basedthe results of Ceccherini and Bauer do not explain the
on the assumption that the energy differences between tHB€chanism of HHG by symmetric species interacting with
bound states of the system are significantly smaller than thgircular polarized field. Another point worthy a systematic
energy of the interaction of the system with the fiefit} numerical analysis is the effect of the deviation of the field
= uyEo, Where u, is a typical transition dipole moment polarization from the “ideal” circular one on intensities of
between two bound states afyg is the field amplitude. It the DS-forbidden harmonics. The nonunity ellipticity of the
was found that the dominant contribution to the HHG spec{rojection of the electric field on the molecular plane can
trum of the model system comes from the bound—boundlso result from the nonideal alignment of the molecule. The
transitions. The cutoff was shown to be located at the maxistability of the selection rules with respect to the ellipticity of
mal variation of the interaction energy, .= 2Eouy/fw.  the incident field has been studied in Ref. 18 qualitatively
Since the the energy of the highest-order harmonic in theising perturbation theory for Floquet states and was illus-
plateau is related to the maximal changé&jp, the HHG by  trated by means of HHG spectra of a bound one-dimensional
the considered class of systems can be interpreted as a tramsedel. A quantitative analysis of the behavior of HHG spec-
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tra of imperfectly oriented molecules requires the inclusionover a wide range of laser intensities. Focus is on the depen-

of the ionization effect. dence of the spectrum cutoff on the laser intensity, and the
In the present work we use the two-dimensional modeletailed structure of dependence of the HHG intensities on

proposed by Ceccherini and Bauer in order to study thehe laser intensity. Finally, the full range calculations of

mechanism of HHG by benzene molecule aligned in the poHHG spectra are compared with the HHG spectra of the

larization plane of the 800 nm laser. The model reproducebound twelve-state model to explain the mechanism of the

correctly the realistic benzene ionization potential, which al-process. In Sec. V we address the issue of stability of

lows us to consider quantitatively the influence of the ionizathe dynamical selection rules with respect to the deviation

tion on benzene HHG spectra. The calculations are perfrom laser circular polarization and/or with respect to the

formed within the framework of Floquet theory, i.e., imperfect molecular alignment. We present our conclusions

neglecting the finite pulse length. We use complex scalingn Sec. VI.

techni((]}gé7’28 combined with ¢,t’) time propagation

method® in order to obtain the resonance and continuum

guasi-energy solutions of the problem in the interval of field”' MODEL FOR BENZENE DRIVEN IN THE STRONG

. o . ELECTRO-MAGNETIC FIELD

intensities. Our results show that the photo-induced dynam-

ics of the model is dominated by a single long-lived reso-A. Single active electron two-dimensional  (2D) model

hance state up to the intensity of about 90 TWémWe In the present work, the harmonic generation of benzene
study the intensity dependence of the HHG spectra of thes siydied within the single active electron approximation.
system being described by the narrow resonance. We indegghe gescription of the system consisting of the planar ben-
find the linear dependence of the cut-off energy on the incizene molecule which is aligned in-plane with the driving
dent field strength, however, the proportionality factor isg|ectric field requires at least a two-dimensional model. The

found to be larger than the one predicted for teevel  tyo-dimensional potential for the active electron of aligned
model of Ref. 20. The HHG spectra of the ionizing systeMpenzene has been proposed by Ceccherini  and

are compared with those of the bound model in which onlyco.orkers?#2>within this model, the driven electron can be
the model potential are allowed. The results of our numerica}egmarized “carbon” Coulomb wells distributed symmetri-

calculations support the conclusion of the earlier analyticakajly on a ring. The potential of Ceccheriei al. reads
work?® concerning the dominant role of the bound—bound

g . . . . _ A
:irsg'smons in the selective HHG process at circular polariza V(p, )= — — )2+ﬁ[acos(6¢>)+2—a],
We calculate the dependences of the high-order harmon- 8 -po _
ics in the plateau region of the HHG spectrum of the modelVN€répo=2.64 a.u., is the radius of the molecule. The regu-
benzene on the intensity of the incident laser field. Thesé?rization parameteg is related to the screening of positive
intensity dependences are shown to be characterized by &harged carbon nuclei by the core electroAsgives the
almost periodic pattern of enhancements. We show that fieldh@gnitude of the potential ana adjusts the hight of the
dependent avoided crossings of the resonance quasi-energl¥dential barriers between the separate Coulomb wells. In
of the system in the complex energy plane are responsible fgrder to reduce thg rjumerlcal effort of the actualicalculatlons
this effect (see Refs. 30—32 for the effect of the avoidedOf HHG, Qegchgrlnlet al. modmed their potential model .
crossings of this type on nonlinear phenomerighe en- such that ionization potential ex_ceedzid the benzene experi-
hancements predicted here for the molecular HHG spectrfi€ntal value by three or four imé8? We, on the other

are analogical to the resonance enhancements of high-orddgnd. choose the values of the paramefgrs0.38 a.u.,A

harmonics observed in the atomic cdsésurthermore, we _ 0-37° 8..2=0.99, S0 as to reproduce the ionization po-

extend our numerical calculations to the case of nonunit ent!al of real penzeneEQonfg.Z_S ev):" The effective po-

ellipticity to analyze the behavior of the DS-allowed and tential [Eq. (1)] is depicted in Fig. 1.

DS-forbidden harmonics at nonideal laser polarization and/or

nonideal molecular alignment. It turns out that at 5% devia-g, complex scaled field-free electronic states

tion from the circular polarization of the incident field, the of benzene

DS-based selection rules still hold to a good approximation.
The present paper is organized as follows: Section Il

contains the description of the numerical methods which ar t . . . }

used in the present study to calculate resonance states ﬁnzene interacting W'_th laser fiefske the ne>ft Subsectipn

HHG spectrum of the benzene molecule in circular polarized e complex-scaled f|e|d-free.stat.es fﬂoe eigenstates of the

laser field. Section 11l is devoted to the discussion of resofield-free complex-scaled HamiltonighA (>,

nance lifetimes over a wide range of laser intensities, and the HO—F 4V

appearance of avoided crossings in the complex-energy o o

@

We employ the complex-scaled field-free electronic
ates of benzenel?) as a suitable basis set to describe

plane for certain values of laser intensities. We show thatthe v, =v/(pé?, ¢), 2)
appearance of avoided crossings is accompanied by the en-

hancement of the ionization rate and HHG. Section IV pre- = _ i, h* f7_z+ 1o, 1

sents HHG spectra of benzene in circular polarized laser field ¢ € 2mgl dp®  pdp  p? a¢?)’
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Each one of the blocks represents coupling between the an-
gular quantum numbersn’ and m, where mod’,6)
=mod(m,6).

The converged calculations of the complex scaled field-
free electronic states of benzenel”, require extent of the
angular quantum number 12<m=<12 and of the radial
wave numbek=12 a.u. The need for using high values of
the momentafik and2m, is a consequence of the nearly
singular character of the effective potential in the vicinity of
the nuclei centergEq. (1)]. The box sizepax, Necessary for
the convergence of the driven electron wave functitsee
the next Subsectionis py.~16 A. This box size allows us

to resolve 17 bound states of the model potential, which are
- ~4 2 x(/)A 2 4 B mostly the Rydberg states. The field free complex scaled

electronic states of benzene are constructed typically from
FIG. 1. One-electron effective potential used to model benzene driven bgn00 to 3500 primitive basis functions.
strong laser field. The potential is formed by six Coulomb wells in place of
carbon atoms. The contours shown for the benzene ground state energy
=—E;o;n=—9.25 eV (thick line), its multiple 2, and its fractionsy/2,v/
4,/8, demonstrate the long-range character of the model potential.

C. Quasi-energy Floquet resonance states
by the (t,t’)-method

where 6 is the complex scaling parameter ang, is the The interaction of the laser field with the benzene mol-
electron mass. The eigenfunctions BK? are obtained ecule is described within the dipole approximation. The
within the finite basis set approach. To this end, Bg complex-scaled Hamiltonian in the reduced momentum
symmetry-adapted “primitive” basis functiongyy}, are ~9auge is given by

employed o it e. -
Hg:H%O)—'— - ‘Vu (8)
_vakJ ko) dme 2mg C
Xmk= 2 jmi(kp ' wherec is the speed of light and is the electronic charge.
) e (3)  The vector potential of the electric field, is given by
_ max 2
Nm’k_Uo dpplJjm|(kp)] - A,=c E; o lsinwtcosa,
_ . 9
wherem is the angular quantum numbéris the radial wave Ay=—C Ey o ! coswt sine, ©

number, anth .« IS the box size. The box quantization cri-

. ) ) where w is the laser frequency«(=0.057 a.u., correspond-
terion for this basis set,

ing to wave-lengthh =800 nm);E, is the laser field ampli-
Jjm|(Kpmax) =0, (4)  tude, 0.005E<0.06 a.u., which implies that the laser in-
tensity, 1y, is varied within the interval, <l
<125 TWcem 2. The ellipticity of the electric fieldye, is
determined by the parametey e=tanc. In our calculations,
the ellipticity varies within the interval of, 0.9de<1.

The Hamiltoniar ¢ LEQ. (8)] with the vector potentia&
[Eqg. (9)] can be represented as

implies that different sets of discrete valueslofarise for
every value oflm|. The kinetic-energy operator is diagonal
in the y,  basis set. The elements of the kinetic-energy ma
trix are given by

21,2

~ - h
<Xm,k|T0|Xm,k>:e_2|0ﬁ- 5

Ho= AP+ fup e+ fuy_e'e, (10
The potential matrix elements are given by

Whereﬂ(ao) is the field free complex scaled HamiltonigEg.

<Xm’,k'|vo|Xm,k> (2)], and 1, are the transition dipole moment operators
p given by
— max ’ 10 '
—fo dppJjm (K" p) v(p €%,m" —m)J |y (Kp), (6) Eqe
,&9:=2m w(iiﬁgxcomﬂ@aysina). (11
e

wherev is defined as the Fourier transform of the potential
V(p,¢) [Eq. (1)] in the angular degree of freedom Here py, py are the complex-scaled momentum operators,
Pox=—if e '%9/dx, poy=—ifi e '%9ldy. The meta-stable

v(p€?m’ —m) . .
(resonancequasi-energy states of driven benzesbe,, are
1 (2= ) , o eigenfunctions of the complex scaled Floquet operator which
=2, dexd-ie(m =m V(e ¢). (M s defined as

The potential energy matrix is block-diagonal, according to

R 9.
the irreducible representations of tky, symmetry group. Folp.¢:0)= _'hEJFHa' (12

Downloaded 19 Aug 2003 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



8730  J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 Zdanska, Averbukh, and Moiseyev

The Floquet operator is represented in the basis set of the Ni
field free complex scaled electronic states of benz@r{é’,, Ugt—t—7)= > expl—iwnt)
and N;+1 time-dependent Fourier basis functioftfre- n=-Ne
quency channel9; expfwnt), n=0,=1,...,=N,. The ma- i
trix representation of the Floquet operatby,, is a super- X exn( - gﬁﬂ')] . (18)
matrix which consists the of elementg,},  ,, coupling n.o
between frequency channels The eigenvector€, of the Floquet matrix, [Eq. (13)], are
{Foburn= S o+ EO) + 6y e aM g M, OV DY
10 27w
{n,n"}=—=N;...N;, (13 {C(,}np:EJ cy(t)explinwt) dt, (19
0

where E(eo) is the diagonal matrix of the complex eigen-

energies of the field-free HamiltoniaR"). The transition

dipole matrices My, represent the operator,. [Eg. SUDt_?rrr-]intcr)I;(\./er ed calculations of quasi-energy resonances
(1] in the basis set of the eigenstates of the field free g q gy

Hamiltonian. ¥ ©  The numerical evaluation of the transi- &€ performed using the basis set of 650 field-free states of
Jer PT0 . e o benzene¥ ("), which implies that the basis for the electron
tion dipole matrix elements is described in detail in the Ap- ans th'e oen'er intervpal UD 10 4 a.u. above the ionization
pendix. The eigenvalues and eigenfunctions of the Floqueﬁqp 9y P y ,
. . . threshold. The converged number of frequency channels is
operator are calculated using the time-evolution approach. o ) .

The diagonalization of the time-evolution matrix,, for the varied within the interval, 1% N,=< 23, according to the laser
time period of one optical cycle, provides the eigenvalues',ntenSIty lo- Th? converged number of “”.‘e St?p.SMS‘

A,, and eigen-vectors;,, where the right eigenvectors of _=1000. The optimal scaling parametéy,, varies within the

the non-Hermitian nonsymmetric matrix, are used. The interval 0.02< 6,<0.2 rad.

matrix u, is calculated by the means of the
(t,t")-method?®34

where the curly brackets denote the sub-matrices of the

D. Calculation of high-order harmonic generation

My N i spectrum
u0=n1_:[l n:E_Nt exp(—uonmr):ex;{ h %F”)]no’ The benzene molecule interacting with the strong laser
’ field of the frequencyw, generates high-order harmonic fre-
=27l wM, (14)  quencieshw, wheren is an integer. The intensities of the

whereM, is the number of the propagation time steps and generated h_igh-or_d_er harmor_1id_$nw), are calculated as a
is the time step. The curly brackets denote the sub-matriceeiM Of the intensities of radiation polarized alongindy
of the super-matrix for the specified frequency channels. Th8%€S

eigenvalues of the Floquet operator are obtained from the |(nw)=I(nw)+I/(Nw). (20)
eigenvalues of the time-evolution matrix for one optical
cycle, A 4. The complex eigenvalues of the Floquet operator
Ey— (i/2)T"y, are given by

In the following we describe only the calculation of the
X-contribution to the intensity,, since the calculation of the
other contribution,l,, is analogous.,(nw) is obtained

_ ﬁw~| At P within the dipole approximation, from the induced dipole
Et9_ - EJ Og 0+ whn, n—O,_l, ey moment,/.Lx(t)
(15 270 o puy (1) 2
I = iogA,. | (Nw)= — % exp(— inot)ct
aa
The convergence criterion for the resonance quasi-engrgy, «n? 9 (nw)|?, (21

and width, I", with respect to the scaling parameter is
given by the stationarity conditiéh
IEg| Il

a0 6, a0

where 7, (nw) is the Fourier transform of the induced dipole
moment

— — _ w 27l o
=0 E=Eols, T'=Tdlo, (16) nx(nw)=zfo L (Dexp —inot) dt. 22)

Floquet resonance stateB,=® y(p,¢,t), are time-periodic  The molecule which occupies the resonadeg possesses
with the periodT =27/w. The eigenvectors;,, of the time-  the complex-scaled¢-dependentinduced dipole moment
evolution matrixu, represent the Floguet statestatnT, ox(1)

n=0,+1,..., in thebasis set of#{"). The vectorsc, are
evolyed in time along one optical cycle using the recursive ,U«ox(t)=J f <I>(9'j)(p,¢>,t)f)gx®(9rj)(p,¢,t) pdpde,
relation
(23)
Cot) = Upr(Lemt=T)Cy(t=7),  Co(t=0)=Cy, 17 where the upper indexes$)(and () specify the left and right
where the one step propagation matuy. is given by the eigenfunction®,; of the complex scalednon-Hermitian
transform to the frequency representation Floquet operatofEq. (12)] and g is the complex scaled

Downloaded 19 Aug 2003 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 High harmonic generation 8731

momentum operator. The matrix representation of the Flo-
quet stated ; in the basis of the field free complex scaled
electronic states of benzen&?), and time dependent Fou-
rier basis functions, expgnt), is given by thejth column of
the sub-matrice$Cy}, o in the super-matrixC,. We specify
the column index of the sub-matrix by putting the super-
script, {C(,}Jnyo. The frequency representation of the
complex-scaled induced dipole momenp,(nw), [EQ.
(22)] is calculated using the equation

t/fs

Nt . .
nnw)= 2 ({Cgtl,_ 0" Pox {Clhig, (29

n’=—N;

where P,, represents the operatdr,, in the basis set of
{¥O. The evaluation of the matriR,, with the use of the
primitive basis set is described in the Appendix. The

6-converged values of,(nw) are obtained as the ones sat- £ O ) 10
isfying the stationarity condition for every value of B P
IRngx(Nw) _IIn(nw)| 0
a6 6n) a0 o)

N(Nw) = n4(Nw) (25

0o(n)

Ill. RESONANCE QUASI-ENERGY STATES
OF BENZENE IN STRONG CIRCULAR POLARIZED
LASER FIELD

A. lonization rate

|A0— Al| /au.

The Floquet calculations of the type presented in this
work are especially useful when the strong-field dynamics is
dominated by a single resonance quasi-energy state. Assum-
ing that the laser field has a form of a pulse, e.g., a Gaussian

l FIG.2. (@R idthE; for th d stat je<0), and
one, one can formulate the necessary conditions for the adl% () Resonance width, for the ground state resonande<0), an

: . . r the resonances with relatively small widths<(1,2,3). The correspond-
batic transfer of the pquIat'on from an electronic grounding jife-time 7= 1/T is given by the right axis(b) The saturation intensity
state to the corresponding resonance Stege Refs. 30 and |, for the parallel Gaussian bearh £800 nm) is given by the solid line.
31). In particular, it is required that the pulse includes The dashed line shows the intenslty, where 50% of molecules are
enough optical Cycles of the driving field for its envelope to |on|;ed wh_en the pulse reaches its maximum. The _dot—dashed line shows
h lowl ithi ical le. Tvoicall | the intensitylsy,, where 5% of molecules are ionized when the pulse

¢ ange slowly within one (_)ptlca C_yC e ypically, a pUlS€ yeaches its maximum. The optimum adiabatic pulse is delimitet, pand
covering several tens of field oscillations=60 fs for A I'59,. Small panel provides an example of the ion signal dependence on the
=800 nm) can be thought of as |ong enough, In addition, thaeak intensity of the Gaussian beam for the pulse length 60 fs. The defini-
lifetime of the ground-state resonance must remain Signiﬁlion of 1., is illustrated.(c) The distance of resonancgs 2, 3, 4 from the

iy | than the lifeti f the oth longest-lived resonance within the unit circld,,— A;|, shows a number of
cantly larger : an e e |me§ Ol the other resonances. avoided crossings between the resonances, concentrated in regions where

The quasi-energies and widths of the Floquet resonancee laser intensity,~25, 38, 58, 75 TW cm?.
are calculated using complex scaling approach and the
(t,t")-method, as described in Sec. IIC. The resonance
widths,T’;, provide the ionization rate of driven benzeheg.
are calculated for the range of the laser intensitiesl 1 ) ) o
<90 TWcnt 2, see Fig. 23). The corresponding resonance Nance remains the longest-lived one for the studied interval
lifetime is 7= 1/, see the right axis in Fig.(8). The width ~ Of intensities 11,<90 TWem %, thus the second condi-
of the ground-state resonance is negligilfig~0, for the  tion for the pulse adiabaticity is satisfied.
range of small laser intensities<ll,<39 TWcm 2. The I’y can be converted to saturation intensity for a parallel
corresponding resonance life-time exceeds 100 fs. On th@aussian beamg,, which is defined by the linear onset of
other hand, for a large laser intensity=90 TWecm 2, I',  ion signal in logarithmic scal& The ion signalS, produced
reaches the value of 0.0, where the corresponding reso- by a parallel Gaussian beam of peak intensityis given
nance lifetime is as short as=6 fs. The ground-state reso- by*®
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| —
sup)ocf pwdlm, (26)
0 m
where X is the survival probability of the neutral charged
system after the pulse completion. The integration is per-
formed over the pulse intensity at the maximurg, all the
way from sides to the center of the laser beam. Using the
adiabatic pulse approximatiol, is given by

. (27)

N 1 .
}«(lm)=exp( - %J:wl“[lo(t)]dt

[o(t) is the intensity of the Gaussian laser pulse given by

Lo(t) =1 mexp( —In 2t%/t2 ) (28)

wheretgywum IS the pulse duratioffull width at half maxi-
mum) (see, e.g., Ref. 36The values of ., are presented in
Fig. 2(b) for the range of pulse durations 40<f$rym
<300 fs. The sub-panel of Fig(l® demonstrates a typical
ion signal dependence on the peak beam intensitywhere

the pulse length is chosen to bgyy=160 fs. It illustrates

the definition oflg,. The relative portion of neutral mol-
ecules when the laser pulse reaches its maximum intensity is
given by

40 60 80 100
| o /TW cem™

20

1 (o
P(Im):ex%—%J' F[Io(t)]dt). (29
- FIG. 3. (a) Selective high-order harmonic generation spectra of aligned

_ _ benzene in circular polarized laser field for different laser intensities,
The contours folP (I 500,) =0.5, andP(l5e,) =0.05, are plot- | _7 1w (solid line), 1,= 14 TW cmi 2 (dashed ling 1,=40.5 TW crm 2

ted on Fig. 2b) side by side with ¢,.. Clearly, the saturation (dot-dashed ling andl,=68 TW cm 2 (dotted line. (b) The intensities of
intensity for a parallel Gaussian beam implies approximatelyhe symmetry allowed high-order harmonies5w, 7w, ..., 19, as func-
that 50% of molecules are ionized when the pulse reaches ifg"ns of the intensity of the laser field.

maximum. The optimum choice for an adiabatic pulse is de-

limited by the saturation intensity. In principle, the HHG oo recognized previously for a one-dimensional model of
should be observable even at higher intensity, €.9ls@!  {he Xe atom® A strong effect of multiple avoided crossings
but the efficiency is supposed to be trimmed down by th‘:‘]eading to a creation of HHG plateau has been reported for

lonization. the case of the He atof The effect of avoided crossing on

B. Field-dependent avoided crossings the Floquet wave functions has been studied in detail for a
one-dimensional sinusoidally driven square wWelA peri-

odic enhancement of HHG, similar to the one which is to be
discussed in the next Section of our study, has been observed
?{1 atoms and assigned to the interaction of the ground-state
Sesonance with atomic Rydberg resonantes.

The resonance width of the ground-state resonalige,
shows a step-wise structureig. 2(a)]. The sudden enhance-
ments of the ionization rate for the specific laser intensitie
correspond to the increased interaction between the longe
lived resonance and the short-lived resonances. The interac-
tion between resonances takes place when their quasi-
energies approach one another in the complex energ
plane® Since the Floquet energies form a periodic patternP
[Eq.(15)], it is convenient to search avoided crossings within
the unit circle, whereA; represents the resonance quasi-A. High-order harmonic generation spectrum
energyE; and width[’;

. SELECTIVE HIGH-ORDER HARMONIC
ENERATION IN BENZENE BY CIRCULAR
OLARIZED LASER FIELD

The high-order harmonic generation spectrum of the
o - benzene molecule interacting with the circular polarized field
Aj:exl{ -y Ej)exp( - %F,) (30)  is presented in Fig.(d). Four spectra are plotted, each ob-
tained for a different laser intensity,. The high-order har-
In Fig. 2(c) we plot the distance between the resonancesnonic frequenciesiw, ne{1,5,7,11,13,17,19,. }, appear
within the unit circle,|/Ao—A;|, as a function of the laser in the HHG spectrum, while the other frequencies are forbid-
intensity. The ground-state resonance is approached by ses#ten according to the DS-based selection rules for Gge
eral other resonances for the laser intensitigs25+5,38  symmetry molecules in the circular polarized lightThe
+5, 58+5, 75+5 TWcm 2. These are exactly the regions selected set of HHG spectra for the different laser intensities,
of the increased ionization rate. The association of nonlineak,=7, 14, 40.5, 68 TW cm?, demonstrates the increase of
effects with field-dependent multiple avoided crossings hashe length of the HHG plateau. The more detailed Fidp) 3
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I{nw) / arb. u.

ncutoff

I(nw) / arb. u.

20 40 60 80
lo/ TWem™

FIG. 4. The cut-off position dependence on the amplitude of the circular

polarized laser fieldE,. The symbols show the cut-off position at the al- F!G: 5- The intensities(nw) of the plateau high-order harmonics are plot-
lowed 5th, 7th, ... 17th high-order harmonics. The solid line is a linear fit t€d in the linear scale with respect to the incident laser inter{sitithe Sth

for the dependence of the cut-off position on the laser amplitude. The estifarmonic(solid line) manifestszthe factor of 2 to SZenhancements for the
mate of the cut-off positioxdashed lingusing the simple approximation for ~1aSer intensitieso=25 TW cm “ andlo=40 TW cm™*. The 7th harmonic
the typical transition dipole momenj, =ep, [see Eq(3L)]. (dashed ling manifests the factor of two enhancement for
1,=67 TWcm 2. (b) The 11th harmonidsolid line joins the plateau at
1,=30 TWcm 2, and manifests factor of four enhancement for

. L . 1,=58 TWcm 2. The 13th harmoniddashed ling joins the plateau at
shows the growth of high harmonic intensitidg, n 1,0=55 TWcnm 2, and manifests the factor of two enhancement for

€{1,5,7,11,13,17,19, . }, as functions of the laser intensity, | —g3 Twcm2
lo. The intensitied,, of the separate high-order harmonics
grow roughly exponentially with the increasing laser inten-

sity |y, until they join the plateau. At the intensities, where .

the high-order harmonics join the plateau, the length of thd"9s of the ground state resonance with other resonances in
plateau is well defined. The plateau lengt", is plotted complex energy plane occur for the very same incident laser

with respect to the laser amplitudgy, in Fig. 4, giving an intensities as the enhancements of the high-order harmonic
(VK] . )

evidence that the growth of the plateau is linear with themtensmes(see Sec. Il

laser strength parameter. This is in agreement with the pre-
dictions based on a simplified bound state mdfekhich
predicts the following dependence of the cutoff on the lase

amplitude: The detailed data on the intensity dependences of the
2Eou emitted high-order harmonics presented in Sec. IV A allow
n°”t°“=ﬁ—r. (31)  us to investigate the mechanism of the selective HHG. The
@ observed linear growth of the benzene HHG plateau with the
In Ref. 20 it has been assumed that the typical transitiohaser field amplitude represents one evidence suggesting that
dipole momentuy,, is given byep,, wherep, is the mo-  the transitions between the bound states of the molecule are
lecular radius[Eq. (1)]. The theoretical prediction for the mainly responsible for the generation of the high-order har-
plateau length using this assumption is shown in Fig. 4 bymonics. This proposition has been substantiated in Ref. 20
the dashed line. It turns out that the length of the plateau iy the fact that the bound-continuum contribution to the mo-
underestimated by the simple theory approximately by a faclecular HHG at circular polarization is quite small due to the
tor of four. The reason is that the transition dipole momentdack of the “rescattering” trajectories of the ionized electrons
to diffuse benzene states, whegg,>epy, play a non- returning to the vicinity of the molecule with high kinetic
negligible role in the HHG process. energy.

The intensities of high-order harmonid§nw), do not Further evidence for the dominance of the bound—bound
depend monotonically on the laser intensity, but embody transitions in the molecular HHG process comes from the
a spiked structurgsee Fig. 8)]. Figures %a) and 8b) show  comparison of the numerically converged intensity depen-
the intensities of the plateau harmonics on the linear scaldences of the high-order harmonics with the results of the
[the 5th and 7th harmonics are plotted in Figa)5the 11th  truncated twelve-state model calculations. In Fig. 6 we
and 13th harmonics are plotted in Fighp. The enhance- present the intensity dependences of the high-order harmon-
ments of the HHG by one order of magnitude are observedts resulting both from the full calculation including the con-
for the 5th harmonic at laser intensitiesly  tinuum and from the truncated calculation in which only the
=22,39 TWcm 2, for the 7th harmonic at laser intensities transitions between twelve low-energy bound states of the
lo0=75 TWcm 2, for 11th harmonic al ;=57 TWcm 2,  model potentiallEq. (1)] are allowed. One can observe a
and the 13th harmonic is enhanced @82 TWcm 2. The  reasonable qualitative agreement between the two results.
enhancement of the high-order harmonic generation is diThe general similarity between the correct and the bound
rectly correlated with the increased interaction of the longestmodel intensity dependences clearly shows that the bound—
lived resonance with other resonances. The avoided crosbound transitions play the dominant role in the emission of

IB. The mechanism of the selective HHG
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PO the low-intensity harmonics in the cutoff region of the HHG
= AN spectrum. Apparently, the 11th and the 13th harmonics which
10 are well reproduced on average by the bound model, consti-
10_5—'\ tute the intermediate case where both the depletion of the

low-energy states and the population of the high-energy
(b) states affect the HHG process.

Our calculations reveal that the mechanism of the mo-
lecular HHG in circular polarized field is dramatically differ-
ent from the well-know rescattering mechantsheharacter-
istic of atomic HHG in linear polarized field. It is clear, on
the other hand, that as the field ellipticity decreases from one
to zero, the rescattering of the ionized electron on the mo-
lecular ion becomes more and more probable and as a con-
sequence, the bound—continuum transitions start to play a
major role in the HHG process. Eventually, at zero ellipticity
the familiar atomic plateau extending up to abdgy,,
+3.2U, is expected to be formed. For the field frequency
and the moderate intensities considered in this work, the
length of this rescattering plateau is of the same order of
magnitude as the length of the bound—bound plateau appear-
FIG. 6. High-order harmonics intensities as functions of the laser intensityiNd at the corresponding field parameters at circular polariza-
(a) 5th harmonic,(b) 7th harmonic,(c) 11th harmonic(d) 13th harmonic,  tion. One can speculate thus, that both bound—bound and

(e) 17th harmonic, andf) 19th harmonic. The solid lines represent the pound—continuum transitions are important for the benzene
numerically exact result, while the dashed lines are obtained by the approxi

mation using 12 bound field-free states of benzene for representing Floqul,'_t"_'G at Iln'ea'r pOIar'Zat'Qn' Th's. scenarlo, if indeed true,
states. The qualitative agreement between the two results explains thyould be similar to the situation in alkali atoms, where the

mechanism of molecular HHG in circular polarized field. non-negligible contribution of the first excited state to the
atomic HHG has been identifiéd The actual verification of

this conjecture as well as the numerical determination of the
ellipticity dependences of the high-order harmonics in the
entire ellipticity range is beyond the scope of the present
work. However, two more considerations of the qualitative

tween the results of the full and the bound model calcula"@!"® can be brought here. First, the DS-based selection
tions (see Fig. 6. First of all, the bound model does not rules holding at circular polarization break down at nonunity

reproduce correctly the pattern of oscillations in the high-e_”'p_t'c'ty'_ Their gtablhty_wnh respect to _smaII ellipticity de- ,
iations is considered in the next section. Second, the effi-

order harmonic intensities. This would be quite natural to”! . ) .
ency of the rescattering process is determined not only by

expect since the enhancements of the particular harmoni field polarization. but also by th lecul entat
correspond to the avoided crossings of various resonandg@® field polarization, but also y the mojecular orienmation
nd the nodal structure of the ionized molecular orbital.

states in complex quasi-energy plane. The bound model i h h lative | f the bound—bound and
unable to reproduce correctly the ac Stark shifts defining th us, the relative importance of the bound—bound an
ound-—continuum transitions for the HHG of oriented ben-

intensity dependence of the real parts of the quasi-energies. tthe I larizati t int "
Moreover, it cannot in principle predict the life-times of the zene even at the finear polarization represents an interesting
rRgoblem for future studies.

relevant resonance states. Thus, the avoided crossing eve
and with them the enhancements of the high-order harmon-

ics, cannot be reliably predicted by a bound model. Despit% I?LASI'ELS'LES_FTT(')'"_EI_ﬁEELDEE(i/TllA?_'I\'OEgLES

the noncompatible oscillation patterns in the numencallyo ELLIPTICITY AND MOLECULAR ALIGNMENT

converged and the bound model results, one can observe tha

the exact average intensities of the 5th and the 7th harmonics The selection rules for the harmonic generation in ben-
in the plateau regionl §=25 TW cni 2) are at least one or- zene, hold under the conditions of the ideal benzene align-
der of magnitude lower than their twelve-state counterpartsnent and the exact circular polarization of the laser. In this
This occurs due to the depletion of the bound state populaSection we discuss the stability of the selection rules for
tions by ionization. Indeed, the ionized electrons do not conbenzene provided that the laser polarization and the molecu-
tribute significantly to the HHG proce$3,thus the bound lar alignment are not ideal. The deviation from the circular
model which does not take the ionization into account, tendpolarization of the field is given by the nonunity ellipticigy

to overestimate the HHG efficiency. On the other hand, th¢Eg. (9) and text belowW. The polarization axis bisects the
exact intensities of the higher-order 17th and 19th harmonearbon atoms in our calculation. The emission amplitudes
ics, barely reaching the plateau at the considered field interdepend on the ellipticity, as illustrated in Fig. (b) for the
sities, are higher than those predicted by the bound modeincident laser intensityl ;=56 TWcm 2. The high-order
This shows that the high-energy Rydberg states and the coirarmonics which are allowed for the elliptic polarization
tinuum states are of some importance for the generation afubdivide into two classes: the “circular allowed” class,

(e}

50 100 50 100
1,/ TW om™

the high-order harmonics by benzene interacting with circu
lar polarized field.
It is easy to notice a few characteristic differences be
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€
1 0.9 0.82 0.74
35
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025
)
<20

315 . .
1o -

0 0.05 0.1 0.15

ho FIG. 8. The ellipticity(e, solid lineg and the degree of alignmer(tcpg 0),
z dashed lineswhich are necessary to achieve in order to observe the factor
of fifty suppression ofa) the 3rd harmonics with respect to 5th harmonics,
(b) the 9th harmonics with respect to 7th harmonics, due to selection rules
for aligned benzene in circular polarized field.

The specific choice for the value of the facfodepends on

the overall character of the HHG spectrum. The plateau har-
monics usually oscillate in their intensities by a factor of four
due to avoided crossings of resonances which are unrelated
to the selection rules. Therefore, the selection rules are ob-
FIG. 7. (8) Amplitudes of high-order harmonics for a small deviation of the Served whenever the suppression of circular forbidden har-
field ellipticity from unity. The intensity of the 3rd harmonics, representing monics reaches the factée4. Here, we a_dopt the value of
the class of circularly forbidden harmonics! (63)w, grows linearly with f=50. The maximum permissible eIIipticities are found us-

(7l4— ) (solid line). The intensity of the 5th harmonics, representing the ina the approximative perturbative dependence of intensities
class of circularly allowed harmonics (& 1)w, acquires zero first deriva- Ing Pproxi Ive pertu v p I i

tive ate=1. (b) The deviation from alignment as given in molecular frame ON the ellipticity parametewy
X,Y,z by angles®,0 and is transformed into the deviation from ellipticity I[(61+1);a]=I[(6l =1):a=0]=const.,

(see Sec. V.
T 2
77« |
=6l*1, and the “circular forbidden” classn=61+3, (I
=1,2,...). Thesymmetry analysis of the first-order pertur- where the small deviation from the circular polarizatian
bation correction to the Floquet state provides the functiona=0.017 is used, which corresponds to the ellipticity
dependence of the HHG amplitudes on the ellipticity param—=0.94. The values of the maximum permissible ellipticities,
etera for the small deviation from the circular polarizatith. €53, €779, for different laser intensities, 22,
It can be shown that the emission amplitudes of circular for<84 TW cm 2 are presented in Figs(& and &b). The se-
bidden harmonicsE[ (61 =3)w], increase linearly with the |ection rules are best observed for the incident laser intensi-
ellipticity parametera, while the amplitudes of the circular ties 1,<30 TWcm 2, where the required accuracy of the
allowed harmonicsk[ (61 = 1)w], are constant witlw in the  circular polarization is less than 5%.
linear approximation_. Figure(d) demonstrates th?s rule fqr The deviation from the ideal alignment can be approxi-
benzene. The amplitude of the symmetry forbidden third-mately transformed to the deviation from the circular polar-
order harmonics is linear for 0s8e<1. The amplitude of the ization. The molecular alignment with respect to the propa-
fifth-order harmonics remains constant to a good approximagation axis of the field is given by the angl@s®, see Fig.
tion for 0.95<e<1. 7(a). The imperfectly aligned molecule is driven by the cir-
The selection rules are observed in the HHG spectrungular polarized electric field, described by the following vec-
whenever the circular forbidden harmonics are considerablyor potential:
less pronounced than the circular allowed harmonics. Sup- B 1
pose factorf of depletion of circular forbidden harmonics is Aw =V2CEw " sinwt coso,
needed in order to demonstrate selection rules. Than, the Ay,z_\/chwalcOSwt, (34)
maximum permissible ellipticitiesss;3, €79 can be defined

by

X

(33

1 T
I[(6Ii3);a]=p (6Ii3);a=(Z—A

A,=—V2cEyw ! coswtsin®.

The effect of theA, component of the vector potential cannot

| (5w) (7o) be described using the two-dimensional model. Howe&er,
GBw)| " Gwy) & (32)  can be neglected for a small deviation from the ideal align-
€5/3 €719 ment,® — 0, which is considered here. The in-plane compo-
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nents create the elliptic polarized electric field, characterizederms of a set of resonance quasi-energies and the respective
by the® dependent effective intensilﬁgﬁ, and parameter of wave functions. Our results show that up to the intensity of
ellipticity, « about 90 TW cm?, the photo-induced dynamics of the mol-
ecule is dominated by a single long-lived resonance. The
investigation of the dependence of the system lifetime on the
A, =—V2c ngfwfl coswt sina, intensity of the incident field allows us to estimate the degree
(35) of molecular ionization induced by the adiabatic laser pulse

Ay =vV2cES"w ! sinwt cosa,

_ 1 and the saturation intensity. The maximum intensity for an

a=arcta cos®’ efficient HHG by the short laser pulses is limited by the

saturation intensity. For example, the saturation intensity for

Eef_ g /1+C°52 ®_ a pulse supporting 15 optical cycles is calculated within the
0 0 2 adiabatic approximation to be 55 TW cr

Using the Eq.(35) one can calculate the HHG by an The calculated HHG spectra of aligned benzene driven
imperfectly aligned molecule, using the two—dimensionalin circular polarized field obey the DS-based selection rules,

model. The molecules aligned by low intensity laser field"@mely the (&= 1)th harmonics of the incident laser fre-
obey the statistical distribution given By quency are emittetf The benzene HHG spectra are found to

consist of a plateau followed by an abrupt cutoff, in similar-
sin” © ity to the paradigm case of atomic interaction with low-
((0,D)=exp — 5 S o . i

20 frequency, high-intensity linear polarized field. However, un-

like in the atomic case, the length of the molecular HHG
plateau grows linearly with the incident field amplitude. The
distinct behavior of the molecular system has its origin in the
27 (7 ) completely different mechanism of the generation of the

"(")ZL JO £,(0,®)cos @ sin®dOddD. (30 high-order harmonics. While the bound—continuum transi-

_ tions are of paramount importance for the HHG in atoms

The average harmonics emission intensitynw), of a interacting with the linear polarized field, it is the transitions
sample which is characterized by the distributigp, is  between the low-energy bound states which make the domi-

: (36)

where the width of the distributionr, is directly related to
the degree of alignmeni=(cog ®), given by

given by nant contribution to the molecular HHG at circular polariza-
. om o tion. The importance of the bound—bound transitions for the
I[nw;o(k)]= f f {,(0,0)] [nw;ESﬂ(®),a(®)] selective molecular HHG has been demonstrated by the com-
o Jo parison of the converged numerical results with those of a
X sin®dedd. (3g)  twelve-state bound model.

) ) The efficient coupling of the molecular bound states are
(The interference phenomena between different benzenggq responsible for the significant enhancements of the high-
molecules in the sample are not taken into accouMe  rger harmonics at specific field intensities. As demonstrated
stability of the selection rules with respect to the degree of,y, oyr numerical calculations, this exciting effect has its ori-
alignment is characterized by s and k7o which are defined  in in the avoided crossings of the resonance states in the

by complex energy plane. The enhancements predicted here
— — theoretically in the case of molecular HHG possess an ex-
I (5w) 1 (7Tw) . v ob d . Itis th _called
— =f, — =f. (399  perimentally observed atomic counterpart. It is the so-calle
I(3w) [(9w) “resonance enhancement” of atomic HHG due to the strong

"5i3 “719 (resonant coupling between the ground and (ac Stark
The values of the maximum permissible alignmerig and  shifted Rydberg staté®
k7,9 are demonstrated for the range of intensities<Pg Finally, we have considered the effect of the deviations

<84 TWcm 2 in Figs. 8a) and 8b). It can be concluded from either the perfect circular polarization of the field or

that the dynamical symmetry rules derived for circular polar-from the exact alignment of the benzene molecule on the
ized laser fields are feasible for significant deviations fromstability of the DS-based selection rules. It has been found
circular polarization and/or from the perfect alignment ofthat 5% deviations from the ideal polarization or interaction

benzene. geometry leave the DS-allowed harmonics strongly domi-
nant in the HHG spectra. Our extensive model calculations
VI. CONCLUSIONS allow us to conclude that the selective HHG in a sample of

oriented gas-phase benzene molecules is a well-pronounced,
stable effect, the observation of which should not be beyond
the present-day experimental capabilities.

We have provided quantitative calculations of the selec
tive HHG in aligned benzene molecule interacting with cir-
cular or nearly circular polarized laser field of 800 nm wave-
length. Our results cover a wide range of the incident field
intensities and offer a comprehensive picture of the strongACKNOWLEDGMENTS
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APPENDIX: TRANSITION DIPOLE MOMENT MATRIX
ELEMENTS

rmax
X k’f dr rJ|m|(kr)J"m,‘(k’r)
0

rmaX
im’fo dr.J|m|(kr)J|m,|(k’r) . (A9)

The evaluation of Bessel functiah,(z) and its derivative
J/(2) is performed using computational routines of Numeri-

The transition dipole moment matrices for the benzeng,g, Recipes’

electronic statedMl 5., are calculated using the momentum
matrices. From Eq(11) one obtains immediately

Eqe

- 2mew (A1)

o+ (%1 Pgecosa+Py sina),
where the momentum matricé,, and Py, , represent the
operatorspg, and py,, respectively, in the basis set of
{wP. Py, are given by unitary transformation of the
“primitive” momentum matricesPy,

ngyyzcg‘))tpgxyycsf), (A2)

where matrixc?) contains the coefficients in the primitive
basis set expansion of the electronic states of benzene

p0)= c - A3
o, {mZk}Xm,k o{m,k},i (A3)

Plx.y IS the matrix representation of operatdrg , in terms

of the primitive basis sefxn «},

ng’y{m’k}’{m”k’}:<Xm,k|@0X,y|Xm’,k’>' (A4)
It is convenient to define operators
S i R A (A5)
Po==—1R€ "5 1 ar "1 99/
where the following relations hold:
Pox=Po+ + Py,
(A6)

r)oy:i(f)w_ Po-).
The matrix representatioR}. of p,. is defined by
P)ét{m,k}{m’,k’}:<Xm,k|ﬁf)t|Xm’,k’>

Mmax

2
:fo fo X:mkpat)(m',k/rdl’dd), (A7)

We express the functiong, ,, using Eq.(3) and obtain

. N N ! r
o —ip YmkINm’ k
Pgi{m,k}{m,,k,}——me ! — o quﬁ dr rdjm(kr)
_im¢e1‘¢’ g i d
xXe 2 &_r+F%

X[ Iy (K'T)E™ 4T, (A8)

The working expression foP}. obtained after a few alge-
braical manipulations reads
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