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High harmonic generation spectra of aligned benzene
in circular polarized laser field
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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 approach~i.e., within non-Hermitian quantum mechanics! combined
with (t,t8) 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 cm22. The high-order harmonics emitted by the
system obey the selection rules derived in@Phys. Rev. Lett.80, 3743 ~1998!# on the basis of the
dynamical symmetry of the system, namely the emitted harmonics possess the frequencies (6
61)v,(1261)v,..., wherev 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 plane. ©2003
American Institute of Physics.@DOI: 10.1063/1.1566737#
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I. INTRODUCTION

High-order harmonic generation~HHG! by molecular
gases interacting with strong linear polarized laser fields
been studied experimentally since mid-nineties.1–4 In the
majority of these experiments diatomic, e.g., O2 or N2 , or
other small molecular species were used. One of the m
questions asked by the researchers was: ‘‘Do molecules
have as atoms, or are there additional effects induced
molecular structure?’’3 However, the molecular HHG spec
tra were found to be generally similar to the atomic ones
particular, there has been no indication that the mechan
of the generation of high-order harmonics by molecules
different from the well-known three-step mechanism
atomic HHG due to Corkum and Kulander.5,6 This mecha-
nism based on the recollision of the ionized electron with
core explains the cutoff in atomic HHG spectra occurring
the photon energy ofEion13.2Up , whereEion and Up are
the ionization energy of the atom and the ponderomo
energy of the ionized electron, respectively. Several theo
ical works ~see, e.g., Refs. 7 and 8! predict that dissociating
diatomic and linear triatomic molecules with large intern
clear separations are capable of producing high-order
monics with energies far beyond the atomic HHG cuto

a!Electronic mail: nimrod@tx.technion.ac.il
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These ideas, though, still await their experimental realizat
~see Ref. 9 for the very recent experiment on HHG by d
sociating iodine!.

The experiments with medium-size organic molecul
such as butane, butadiene, benzene, cyclohexane,
naphtalene,10–13 have already revealed several specific fe
tures of molecular HHG. For example, the length of the la
pulse was found to be the key parameter defining whethe
is the parent molecule or its dissociation products that
responsible for the HHG process. The drop in the intensi
of the high-order harmonics emitted by organic molecu
with increasing ellipticity of the incident field was found t
be smaller than in the atomic case.13 This weaker ellipticity
dependence was attributed by the authors to the larger c
section for the recollision of the ionized electron with th
molecular ion.

The investigation of the dependence of HHG in molec
lar gases on the orientation of the molecules could rev
more of the distinctive features of molecular HHG. The e
perimental studies of this kind have become feasible si
the the molecular alignment in gas phase was achieved
the application of nonresonant laser pulses.14 The molecular
orientation dependence of the HHG spectra was the sub
of two theoretical works.15,16 The authors used two-cente
zero-range potential15 and soft Coulomb potential16 models
6 © 2003 American Institute of Physics
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8727J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 High harmonic generation
to calculate the single-molecule response to the hi
intensity field. However, their conclusions concerning t
relative efficiency of HHG by molecules aligned parallel
perpendicular to the field polarization axis, were quali
tively different. Very recently, the HHG by the laser-aligne
linear molecules has been investigated experimentally
Hay et al.17 In these experiments, the best alignment w
achieved for CS2 molecules. It has been found that the alig
ment of this species leads to more efficient HHG than
one observed in the gas of randomly oriented CS2. But con-
trary to the earlier theoretical predictions,15,16 the HHG effi-
ciency was found to be independent of the direction of
molecular alignment. This result is consistent with the pro
sition that the phase matching effects play a dominant rol
the enhancement of HHG by molecular alignment.17

The difference between atomic and molecular HHG
predicted to be the most striking in the case of interact
with circular polarized laser field. For symmetry reasons,
oms interacting with circular polarized field do not gener
harmonics of the incident radiation frequency. On the ot
hand, the interaction of aligned molecules possess
Nth-order rotational symmetry with circular polarized fie
brings about HHG with unusual selection rule, as shown
Alon, Averbukh, and Moiseyev.18 If the molecular symmetry
axis is aligned with the propagation direction of the las
field, the emitted high-order harmonic frequencies areV
5v, (lN61)v, l 51,2,..., wherev is the fundamental fre-
quency. The (lN11)th harmonics are polarized circularly a
the incident field, while the (lN21)th harmonics are polar
ized circularly in the opposite way. The (lN61) selection
rule is a result of the spatio-temporal or dynamical symme
~DS! of the time-dependent Hamiltonian of the symmet
molecule in the laser field.19

Of course, symmetry arguments alone are not suffic
in order to predict the relative intensities of the symmet
allowed harmonics. Dynamical considerations has to be
volved in order to elucidate the mechanism of HHG by sy
metric molecules interacting with circular polarized field a
to predict the efficiency of the process. A simple model
HHG by the symmetricN-center molecules aligned in th
plane of circular polarized field has been proposed in R
20. The studied model is a generalization of the strong-fi
approximation of Lewenstein and co-workers21 to the case of
N bound states forming the minimal-size basis for the rep
sentation of the symmetry of the problem. The transitio
between theN bound states were described using ‘‘invers
perturbation theory.22 This perturbational approach is bas
on the assumption that the energy differences between
bound states of the system are significantly smaller than
energy of the interaction of the system with the field,Eint

5m trE0 , where m tr is a typical transition dipole momen
between two bound states andE0 is the field amplitude. It
was found that the dominant contribution to the HHG sp
trum of the model system comes from the bound–bou
transitions. The cutoff was shown to be located at the ma
mal variation of the interaction energy,ncutoff52E0m tr /\v.
Since the the energy of the highest-order harmonic in
plateau is related to the maximal change inEint , the HHG by
the considered class of systems can be interpreted as a t
Downloaded 19 Aug 2003 to 132.68.1.29. Redistribution subject to AIP
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formation of the interaction energy into the energy of t
emitted photons. Such a mechanism was proposed earlie
HHG by two-center systems.15,22 It is qualitatively different
from the one responsible for the atomic HHG at line
polarization,5,6 where the cutoff scales quadratically with th
field amplitude.

The analytical theory of Refs. 18 and 20 allows us
understand the basic features of selective HHG by symme
cyclic molecules interacting with circular polarized fiel
However, it is not sufficient in order to draw quantitativ
conclusions concerning the intensities of the emitted hi
order harmonics. The reason is that the simple model20 does
not take into account the depletion of the bound states po
lation due to the ionization. Moreover, it uses an idealiz
Hükkel structure of the lower-energy molecular bound sta
and does not take into account at all Rydberg states of
molecule. It is, therefore, desirable to verify the conclusio
of Refs. 18 and 20 by numerical calculations of HHG spec
for a realistic model potential representing a symmetric m
ecule, e.g., benzene. Numerical studies of this kind were v
helpful for understanding the dynamics of HHG by ra
gases, see for example, Ref. 23. In the case of selective
lecular HHG, the model numerical calculations are a nec
sary step on the way to experimental observation of the p
nomenon.

Recently, Ceccherini and Bauer proposed a tw
dimensional model potential for the study of HHG by be
zene aligned in the polarization plane of the laser.24 The au-
thors studied the interaction of a single active electr
initially confined by the model potential with short las
pulses. Taking into account the finite pulse duration mad
possible to study the appearance of the side bands in
HHG spectra of the system~see also Ref. 25!. The positions
of these satellite lines are related to the ac Stark shifts of
molecular states in the laser field. Their intensities are de
mined by the nonadiabatic transitions between the qu
energy states of the system during the pulse26 and cannot be
obtained from the Floquet analysis of the type of the o
presented in Ref. 18. Nevertheless, the key questions
cerning the selective HHG by benzene are still open for
merical analysis. For instance, the calculation of Ref.
does not provide a systematic study of the cut-off position
the numerical HHG spectra, nor does it contain an analy
of the relative importance of the bound–bound and boun
continuum transitions for the HHG process. Consequen
the results of Ceccherini and Bauer do not explain
mechanism of HHG by symmetric species interacting w
circular polarized field. Another point worthy a systema
numerical analysis is the effect of the deviation of the fie
polarization from the ‘‘ideal’’ circular one on intensities o
the DS-forbidden harmonics. The nonunity ellipticity of th
projection of the electric field on the molecular plane c
also result from the nonideal alignment of the molecule. T
stability of the selection rules with respect to the ellipticity
the incident field has been studied in Ref. 18 qualitativ
using perturbation theory for Floquet states and was ill
trated by means of HHG spectra of a bound one-dimensio
model. A quantitative analysis of the behavior of HHG spe
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tra of imperfectly oriented molecules requires the inclus
of the ionization effect.

In the present work we use the two-dimensional mo
proposed by Ceccherini and Bauer in order to study
mechanism of HHG by benzene molecule aligned in the
larization plane of the 800 nm laser. The model reprodu
correctly the realistic benzene ionization potential, which
lows us to consider quantitatively the influence of the ioni
tion on benzene HHG spectra. The calculations are
formed within the framework of Floquet theory, i.e
neglecting the finite pulse length. We use complex sca
technique27,28 combined with (t,t8) time propagation
method29 in order to obtain the resonance and continu
quasi-energy solutions of the problem in the interval of fie
intensities. Our results show that the photo-induced dyn
ics of the model is dominated by a single long-lived res
nance state up to the intensity of about 90 TW cm22. We
study the intensity dependence of the HHG spectra of
system being described by the narrow resonance. We ind
find the linear dependence of the cut-off energy on the in
dent field strength, however, the proportionality factor
found to be larger than the one predicted for theN-level
model of Ref. 20. The HHG spectra of the ionizing syste
are compared with those of the bound model in which o
the field-induced transitions between twelve bound state
the model potential are allowed. The results of our numer
calculations support the conclusion of the earlier analyt
work20 concerning the dominant role of the bound–bou
transitions in the selective HHG process at circular polari
tion.

We calculate the dependences of the high-order harm
ics in the plateau region of the HHG spectrum of the mo
benzene on the intensity of the incident laser field. Th
intensity dependences are shown to be characterized b
almost periodic pattern of enhancements. We show that fi
dependent avoided crossings of the resonance quasi-ene
of the system in the complex energy plane are responsible
this effect ~see Refs. 30–32 for the effect of the avoid
crossings of this type on nonlinear phenomena!. The en-
hancements predicted here for the molecular HHG spe
are analogical to the resonance enhancements of high-o
harmonics observed in the atomic case.33 Furthermore, we
extend our numerical calculations to the case of nonu
ellipticity to analyze the behavior of the DS-allowed a
DS-forbidden harmonics at nonideal laser polarization and
nonideal molecular alignment. It turns out that at 5% dev
tion from the circular polarization of the incident field, th
DS-based selection rules still hold to a good approximati

The present paper is organized as follows: Section
contains the description of the numerical methods which
used in the present study to calculate resonance states
HHG spectrum of the benzene molecule in circular polariz
laser field. Section III is devoted to the discussion of re
nance lifetimes over a wide range of laser intensities, and
appearance of avoided crossings in the complex-ene
plane for certain values of laser intensities. We show that
appearance of avoided crossings is accompanied by the
hancement of the ionization rate and HHG. Section IV p
sents HHG spectra of benzene in circular polarized laser fi
Downloaded 19 Aug 2003 to 132.68.1.29. Redistribution subject to AIP
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over a wide range of laser intensities. Focus is on the dep
dence of the spectrum cutoff on the laser intensity, and
detailed structure of dependence of the HHG intensities
the laser intensity. Finally, the full range calculations
HHG spectra are compared with the HHG spectra of
bound twelve-state model to explain the mechanism of
process. In Sec. V we address the issue of stability
the dynamical selection rules with respect to the deviat
from laser circular polarization and/or with respect to t
imperfect molecular alignment. We present our conclusio
in Sec. VI.

II. MODEL FOR BENZENE DRIVEN IN THE STRONG
ELECTRO-MAGNETIC FIELD

A. Single active electron two-dimensional „2D… model

In the present work, the harmonic generation of benz
is studied within the single active electron approximatio
The description of the system consisting of the planar b
zene molecule which is aligned in-plane with the drivin
electric field requires at least a two-dimensional model. T
two-dimensional potential for the active electron of align
benzene has been proposed by Ceccherini
co-workers.24,25Within this model, the driven electron can b
ionized from one of the carbon atoms represented by
regularized ‘‘carbon’’ Coulomb wells distributed symmetr
cally on a ring. The potential of Ceccheriniet al. reads

V~r,f!52
A

A~r2r0!21b
@a cos~6f!122a#, ~1!

wherer052.64 a.u., is the radius of the molecule. The reg
larization parameterb is related to the screening of positiv
charged carbon nuclei by the core electrons;A gives the
magnitude of the potential anda adjusts the hight of the
potential barriers between the separate Coulomb wells
order to reduce the numerical effort of the actual calculatio
of HHG, Ceccheriniet al. modified their potential mode
such that ionization potential exceeded the benzene exp
mental value by three or four times.24,25 We, on the other
hand, choose the values of the parametersb50.38 a.u.,A
50.375 a.u.,a50.99, so as to reproduce the ionization p
tential of real benzene (Eion59.25 eV).24 The effective po-
tential @Eq. ~1!# is depicted in Fig. 1.

B. Complex scaled field-free electronic states
of benzene

We employ the complex-scaled field-free electron
states of benzene,Cu

(0) as a suitable basis set to descri
benzene interacting with laser field~see the next Subsection!.
The complex-scaled field-free states are eigenstates of
field-free complex-scaled Hamiltonian,28 Ĥu

(0) ,

Ĥu
(0)5T̂u1V̂u ,

V̂u5V~reiu,f!, ~2!

T̂u52e22iu
\2

2me
S ]2

]r2 1
1

r

]

]r
1

1

r2

]2

]f2D ,
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8729J. Chem. Phys., Vol. 118, No. 19, 15 May 2003 High harmonic generation
where u is the complex scaling parameter andme is the
electron mass. The eigenfunctions ofĤu

(0) are obtained
within the finite basis set approach. To this end, theC6

symmetry-adapted ‘‘primitive’’ basis functions,$xm,k%, are
employed

xm,k5
Nm,k

A2p
Jumu~kr! eimf,

~3!

Nm,k5H E
0

rmax
drr@Jumu~kr!#2J 21/2

,

wherem is the angular quantum number;k is the radial wave
number, andrmax is the box size. The box quantization cr
terion for this basis set,

Jumu~krmax!50, ~4!

implies that different sets of discrete values ofk arise for
every value ofumu. The kinetic-energy operator is diagon
in thexm,k basis set. The elements of the kinetic-energy m
trix are given by

^xm,kuT̂uuxm,k&5e22iu
\2k2

2m
. ~5!

The potential matrix elements are given by

^xm8,k8uV̂uuxm,k&

5E
0

rmax
drrJum8u~k8r! v~r eiu,m82m!Jumu~kr!, ~6!

wherev is defined as the Fourier transform of the poten
V(r,f) @Eq. ~1!# in the angular degree of freedom

v~reiu,m82m!

5
1

2p E
0

2p

df exp@2 if~m82m!#V~reiu,f!. ~7!

The potential energy matrix is block-diagonal, according
the irreducible representations of theC6v symmetry group.

FIG. 1. One-electron effective potential used to model benzene drive
strong laser field. The potential is formed by six Coulomb wells in place
carbon atoms. The contours shown for the benzene ground state enen
52Eion529.25 eV ~thick line!, its multiple 2n, and its fractions,n/2,n/
4,n/8, demonstrate the long-range character of the model potential.
Downloaded 19 Aug 2003 to 132.68.1.29. Redistribution subject to AIP
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Each one of the blocks represents coupling between the
gular quantum numbersm8 and m, where mod(m8,6)
5mod(m,6).

The converged calculations of the complex scaled fie
free electronic states of benzene,Cu

(0) , require extent of the
angular quantum number212<m<12 and of the radial
wave numberk<12 a.u. The need for using high values
the momenta,\k and \m, is a consequence of the near
singular character of the effective potential in the vicinity
the nuclei centers@Eq. ~1!#. The box size,rmax, necessary for
the convergence of the driven electron wave functions~see
the next Subsection!, is rmax'16 Å. This box size allows us
to resolve 17 bound states of the model potential, which
mostly the Rydberg states. The field free complex sca
electronic states of benzene are constructed typically fr
3000 to 3500 primitive basis functions.

C. Quasi-energy Floquet resonance states
by the „t ,t 8…-method

The interaction of the laser field with the benzene m
ecule is described within the dipole approximation. T
complex-scaled Hamiltonian in the reduced moment
gauge is given by

Ĥu5Ĥu
(0)1

i\

2me

e

c
AW •¹Ŵ , ~8!

wherec is the speed of light ande is the electronic charge
The vector potential of the electric field,AW , is given by

Ax5c E0 v21 sinvt cosa,
~9!

Ay52c E0 v21 cosvt sina,

wherev is the laser frequency (v50.057 a.u., correspond
ing to wave-lengthl5800 nm);E0 is the laser field ampli-
tude, 0.005,E0,0.06 a.u., which implies that the laser in
tensity, I 0 , is varied within the interval, 1,I 0

,125 TW cm22. The ellipticity of the electric field,e, is
determined by the parametera, e5tana. In our calculations,
the ellipticity varies within the interval of, 0.94<e<1.

The HamiltonianĤu @Eq. ~8!# with the vector potentialAW

@Eq. ~9!# can be represented as

Ĥu5Ĥu
(0)1m̂u1eivt1m̂u2e2 ivt, ~10!

whereĤu
(0) is the field free complex scaled Hamiltonian@Eq.

~2!#, and m̂u6 are the transition dipole moment operato
given by

m̂u65
E0e

2mev
~6 i p̂ux cosa1 p̂uy sina!. ~11!

Here p̂x , p̂y are the complex-scaled momentum operato
p̂ux52 i\ e2 iu]/]x, p̂uy52 i\ e2 iu]/]y. The meta-stable
~resonance! quasi-energy states of driven benzene,Fu , are
eigenfunctions of the complex scaled Floquet operator wh
is defined as

F̂u~r,f,t !52 i\
]

]t
1Ĥu . ~12!

y
f
y
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The Floquet operator is represented in the basis set of
field free complex scaled electronic states of benzene,Cu

(0) ,
and 2Nt11 time-dependent Fourier basis functions~‘‘fre-
quency channels’’!, exp(ivnt), n50,61, . . . ,6Nt . The ma-
trix representation of the Floquet operator,Fu , is a super-
matrix which consists the of elements,$Fu%n8,n , coupling
between frequency channels

$Fu%n8,n5dn8,n~n\v1Eu
(0)!1dn8,n11M u11dn8,n21M u2 ,

$n,n8%52Nt . . . Nt , ~13!

where Eu
(0) is the diagonal matrix of the complex eige

energies of the field-free Hamiltonian,Ĥu
(0) . The transition

dipole matrices,M u6 , represent the operatorsm̂u6 @Eq.
~11!# in the basis set of the eigenstates of the field f
Hamiltonian,Cu

(0) . The numerical evaluation of the trans
tion dipole matrix elements is described in detail in the A
pendix. The eigenvalues and eigenfunctions of the Floq
operator are calculated using the time-evolution approa
The diagonalization of the time-evolution matrix,uu , for the
time period of one optical cycle, provides the eigenvalu
Lu , and eigen-vectors,cu , where the right eigenvectors o
the non-Hermitian nonsymmetric matrixuu are used. The
matrix uu is calculated by the means of th
(t,t8)-method,29,34

uu5 )
m51

Mt

(
n52Nt

Nt

exp~2 ivnmt!H expS 2
i

\
Fut D J

n,0

,

t52p/vMt , ~14!

whereMt is the number of the propagation time steps ant
is the time step. The curly brackets denote the sub-matr
of the super-matrix for the specified frequency channels.
eigenvalues of the Floquet operator are obtained from
eigenvalues of the time-evolution matrix for one optic
cycle,Lu . The complex eigenvalues of the Floquet opera
Eu2 ( i /2) Gu , are given by

Eu52
\v

2p
I logLu1\vn, n50,61, . . . ,

~15!

Gu52
\v

p
R logLu .

The convergence criterion for the resonance quasi-energyE,
and width, G, with respect to the scaling parameteru, is
given by the stationarity condition28

]Eu

]u U
uo

5
]Gu

]u U
uo

50, E5Euuuo
, G5Guuuo

. ~16!

Floquet resonance states,Fu5Fu(r,f,t), are time-periodic
with the periodT52p/v. The eigenvectors,cu , of the time-
evolution matrixuu represent the Floquet states att5nT,
n50,61, . . . , in thebasis set ofCu

(0) . The vectorscu are
evolved in time along one optical cycle using the recurs
relation

cu~ t !5uut~ t←t2t!cu~ t2t!, cu~ t50!5cu , ~17!

where the one step propagation matrixuut is given by the
transform to the frequency representation
Downloaded 19 Aug 2003 to 132.68.1.29. Redistribution subject to AIP
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uut~ t←t2t!5 (
n52Nt

Nt

exp~2 ivnt!

3H expS 2
i

\
Fut D J

n,0

. ~18!

The eigenvectorsCu of the Floquet matrixFu @Eq. ~13!#, are
given by

$Cu%n,05
v

2p E
0

2p/v

cu~ t !exp~ invt ! dt, ~19!

where the curly brackets denote the sub-matrices of
super-matrix.

The converged calculations of quasi-energy resonan
are performed using the basis set of 650 field-free state
benzene,Cu

(0) , which implies that the basis for the electro
spans the energy interval up to 4 a.u. above the ioniza
threshold. The converged number of frequency channel
varied within the interval, 17<Nt<23, according to the lase
intensity I 0 . The converged number of time steps isMt

51000. The optimal scaling parameter,uo , varies within the
interval 0.02<uo<0.2 rad.

D. Calculation of high-order harmonic generation
spectrum

The benzene molecule interacting with the strong la
field of the frequencyv, generates high-order harmonic fre
quencies,nv, wheren is an integer. The intensities of th
generated high-order harmonics,I (nv), are calculated as a
sum of the intensities of radiation polarized alongx and y
axes

I ~nv!5I x~nv!1I y~nv!. ~20!

In the following we describe only the calculation of th
x-contribution to the intensityI x , since the calculation of the
other contribution,I y , is analogous.I x(nv) is obtained
within the dipole approximation, from the induced dipo
moment,mx(t):

I x~nv!}U E
0

2p/v d2mx~ t !

dt2 exp~2 invt !dtU2

}n4uhx~nv!u2, ~21!

wherehx(nv) is the Fourier transform of the induced dipo
moment

hx~nv!5
v

2p E
0

2p/v

mx~ t !exp~2 invt ! dt. ~22!

The molecule which occupies the resonanceFu j possesses
the complex-scaled~u-dependent! induced dipole momen
mux(t)

mux~ t !5E E Fu j
( l )~r,f,t ! p̂uxFu j

(r )~r,f,t ! rdrdf,

~23!

where the upper indexes (l ) and (r ) specify the left and right
eigenfunctionFu j of the complex scaled~non-Hermitian!
Floquet operator@Eq. ~12!# and p̂ux is the complex scaled
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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momentum operator. The matrix representation of the F
quet stateFu j in the basis of the field free complex scale
electronic states of benzene,Cu

(0) , and time dependent Fou
rier basis functions, exp(ivnt), is given by thej th column of
the sub-matrices$Cu%n,0 in the super-matrixCu . We specify
the column index of the sub-matrix by putting the sup
script, $Cu%n,0

j . The frequency representation of th
complex-scaled induced dipole moment,hux(nv), @Eq.
~22!# is calculated using the equation

hux~nv!5 (
n852Nt

Nt

~$Cu%n82n,0
j

! t Pux $Cu%n8,0
j , ~24!

where Pux represents the operatorp̂ux in the basis set of
$Cu

(0)%. The evaluation of the matrixPux with the use of the
primitive basis set is described in the Appendix. T
u-converged values ofhx(nv) are obtained as the ones sa
isfying the stationarity condition for every value ofn

]Rhux~nv!

]u U
uo(n)

5
]Ihux~nv!

]u U
uo(n)

50,

hx~nv!5hux~nv!U
uo(n)

. ~25!

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

A. Ionization rate

The Floquet calculations of the type presented in t
work are especially useful when the strong-field dynamic
dominated by a single resonance quasi-energy state. As
ing that the laser field has a form of a pulse, e.g., a Gaus
one, one can formulate the necessary conditions for the a
batic transfer of the population from an electronic grou
state to the corresponding resonance state~see Refs. 30 and
31!. In particular, it is required that the pulse includ
enough optical cycles of the driving field for its envelope
change slowly within one optical cycle. Typically, a pul
covering several tens of field oscillations (>50 fs for l
5800 nm) can be thought of as long enough. In addition,
lifetime of the ground-state resonance must remain sign
cantly larger than the lifetimes of the other resonances.

The quasi-energies and widths of the Floquet resonan
are calculated using complex scaling approach and
(t,t8)-method, as described in Sec. II C. The resona
widths,G j , provide the ionization rate of driven benzene.G j

are calculated for the range of the laser intensities 1,I 0

,90 TW cm22, see Fig. 2~a!. The corresponding resonanc
lifetime is t51/G, see the right axis in Fig. 2~a!. The width
of the ground-state resonance is negligible,G0'0, for the
range of small laser intensities, 1,I 0,39 TW cm22. The
corresponding resonance life-time exceeds 100 fs. On
other hand, for a large laser intensity,I 0590 TW cm22, G0

reaches the value of 0.07v, where the corresponding reso
nance lifetime is as short ast56 fs. The ground-state reso
Downloaded 19 Aug 2003 to 132.68.1.29. Redistribution subject to AIP
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nance remains the longest-lived one for the studied inte
of intensities 1,I 0,90 TW cm22, thus the second condi
tion for the pulse adiabaticity is satisfied.

G0 can be converted to saturation intensity for a para
Gaussian beam,I sat, which is defined by the linear onset o
ion signal in logarithmic scale.35 The ion signal,S, produced
by a parallel Gaussian beam of peak intensityI p is given
by35

FIG. 2. ~a! Resonance widthsG j for the ground state resonance (j 50), and
for the resonances with relatively small widths (j 51,2,3). The correspond-
ing life-time t51/G is given by the right axis.~b! The saturation intensity
I sat for the parallel Gaussian beam (l5800 nm) is given by the solid line.
The dashed line shows the intensityI 50% , where 50% of molecules are
ionized when the pulse reaches its maximum. The dot–dashed line s
the intensity I 5% , where 5% of molecules are ionized when the pu
reaches its maximum. The optimum adiabatic pulse is delimited byI sat and
I 5% . Small panel provides an example of the ion signal dependence on
peak intensity of the Gaussian beam for the pulse length 60 fs. The de
tion of I sat is illustrated.~c! The distance of resonancesj 52, 3, 4 from the
longest-lived resonance within the unit circle,uL02L j u, shows a number of
avoided crossings between the resonances, concentrated in regions
the laser intensityI 0'25, 38, 58, 75 TW cm22.
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S~ I p!}E
0

I p 12:~ I m!

I m
dI m , ~26!

where : is the survival probability of the neutral charge
system after the pulse completion. The integration is p
formed over the pulse intensity at the maximum,I m , all the
way from sides to the center of the laser beam. Using
adiabatic pulse approximation,: is given by

:~ I m!5expS 2
1

\ E
2`

`

G@ I 0~ t !#dt D . ~27!

I 0(t) is the intensity of the Gaussian laser pulse given by

I 0~ t !5I m exp~2 ln 2t2/tFWHM
2 !, ~28!

where tFWHM is the pulse duration~full width at half maxi-
mum! ~see, e.g., Ref. 36!. The values ofI sat are presented in
Fig. 2~b! for the range of pulse durations 40 fs,tFWHM

,300 fs. The sub-panel of Fig. 2~b! demonstrates a typica
ion signal dependence on the peak beam intensityI p , where
the pulse length is chosen to betFWHM560 fs. It illustrates
the definition of I sat. The relative portion of neutral mol
ecules when the laser pulse reaches its maximum intens
given by

P~ I m!5expS 2
1

\ E
2`

0

G@ I 0~ t !#dt D . ~29!

The contours forP(I 50%)50.5, andP(I 5%)50.05, are plot-
ted on Fig. 2~b! side by side withI sat. Clearly, the saturation
intensity for a parallel Gaussian beam implies approxima
that 50% of molecules are ionized when the pulse reache
maximum. The optimum choice for an adiabatic pulse is
limited by the saturation intensity. In principle, the HH
should be observable even at higher intensity, e.g., atI 5% ,
but the efficiency is supposed to be trimmed down by
ionization.

B. Field-dependent avoided crossings

The resonance width of the ground-state resonance,G0 ,
shows a step-wise structure@Fig. 2~a!#. The sudden enhance
ments of the ionization rate for the specific laser intensi
correspond to the increased interaction between the long
lived resonance and the short-lived resonances. The inte
tion between resonances takes place when their qu
energies approach one another in the complex ene
plane.30 Since the Floquet energies form a periodic patt
@Eq. ~15!#, it is convenient to search avoided crossings with
the unit circle, whereL j represents the resonance qua
energyEj and widthG j

L j5expS 2 i
2p

\v
Ej DexpS 2

p

\v
G j D . ~30!

In Fig. 2~c! we plot the distance between the resonan
within the unit circle,uL02L j u, as a function of the lase
intensity. The ground-state resonance is approached by
eral other resonances for the laser intensitiesI 052565, 38
65, 5865, 7565 TW cm22. These are exactly the region
of the increased ionization rate. The association of nonlin
effects with field-dependent multiple avoided crossings
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been recognized previously for a one-dimensional mode
the Xe atom.30 A strong effect of multiple avoided crossing
leading to a creation of HHG plateau has been reported
the case of the He atom.31 The effect of avoided crossing o
the Floquet wave functions has been studied in detail fo
one-dimensional sinusoidally driven square well.32 A peri-
odic enhancement of HHG, similar to the one which is to
discussed in the next Section of our study, has been obse
in atoms and assigned to the interaction of the ground-s
resonance with atomic Rydberg resonances.33

IV. SELECTIVE HIGH-ORDER HARMONIC
GENERATION IN BENZENE BY CIRCULAR
POLARIZED LASER FIELD

A. High-order harmonic generation spectrum

The high-order harmonic generation spectrum of
benzene molecule interacting with the circular polarized fi
is presented in Fig. 3~a!. Four spectra are plotted, each o
tained for a different laser intensity,I 0 . The high-order har-
monic frequenciesnv, nP$1,5,7,11,13,17,19, . . .%, appear
in the HHG spectrum, while the other frequencies are forb
den according to the DS-based selection rules for theC6

symmetry molecules in the circular polarized light.18 The
selected set of HHG spectra for the different laser intensit
I 057, 14, 40.5, 68 TW cm22, demonstrates the increase
the length of the HHG plateau. The more detailed Fig. 3~b!

FIG. 3. ~a! Selective high-order harmonic generation spectra of align
benzene in circular polarized laser field for different laser intensit
I 057 TW ~solid line!, I 0514 TW cm22 ~dashed line!, I 0540.5 TW cm22

~dot-dashed line!, andI 0568 TW cm22 ~dotted line!. ~b! The intensities of
the symmetry allowed high-order harmonicsv, 5v, 7v, . . . , 19v, as func-
tions of the intensity of the laser field.
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shows the growth of high harmonic intensitiesI n , n
P$1,5,7,11,13,17,19, . . .%, as functions of the laser intensit
I 0 . The intensitiesI n of the separate high-order harmoni
grow roughly exponentially with the increasing laser inte
sity I 0 , until they join the plateau. At the intensities, whe
the high-order harmonics join the plateau, the length of
plateau is well defined. The plateau length,ncutoff, is plotted
with respect to the laser amplitude,E0 , in Fig. 4, giving an
evidence that the growth of the plateau is linear with
laser strength parameter. This is in agreement with the
dictions based on a simplified bound state model,20 which
predicts the following dependence of the cutoff on the la
amplitude:

ncutoff5
2E0m tr

\v
. ~31!

In Ref. 20 it has been assumed that the typical transi
dipole moment,m tr , is given byer0 , wherer0 is the mo-
lecular radius@Eq. ~1!#. The theoretical prediction for the
plateau length using this assumption is shown in Fig. 4
the dashed line. It turns out that the length of the platea
underestimated by the simple theory approximately by a
tor of four. The reason is that the transition dipole mome
to diffuse benzene states, wherem tr.er0 , play a non-
negligible role in the HHG process.

The intensities of high-order harmonics,I (nv), do not
depend monotonically on the laser intensity,I 0 , but embody
a spiked structure@see Fig. 3~b!#. Figures 5~a! and 5~b! show
the intensities of the plateau harmonics on the linear s
@the 5th and 7th harmonics are plotted in Fig. 5~a!, the 11th
and 13th harmonics are plotted in Fig. 5~b!#. The enhance-
ments of the HHG by one order of magnitude are obser
for the 5th harmonic at laser intensitiesI 0

522,39 TW cm22, for the 7th harmonic at laser intensitie
I 0575 TW cm22, for 11th harmonic atI 0557 TW cm22,
and the 13th harmonic is enhanced atI 0582 TW cm22. The
enhancement of the high-order harmonic generation is
rectly correlated with the increased interaction of the longe
lived resonance with other resonances. The avoided cr

FIG. 4. The cut-off position dependence on the amplitude of the circ
polarized laser field,E0 . The symbols show the cut-off position at the a
lowed 5th, 7th, . . . ,17th high-order harmonics. The solid line is a linear
for the dependence of the cut-off position on the laser amplitude. The
mate of the cut-off position~dashed line! using the simple approximation fo
the typical transition dipole moment,m tr5er0 @see Eq.~31!#.
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ings of the ground state resonance with other resonance
complex energy plane occur for the very same incident la
intensities as the enhancements of the high-order harm
intensities~see Sec. III!.

B. The mechanism of the selective HHG

The detailed data on the intensity dependences of
emitted high-order harmonics presented in Sec. IV A all
us to investigate the mechanism of the selective HHG. T
observed linear growth of the benzene HHG plateau with
laser field amplitude represents one evidence suggesting
the transitions between the bound states of the molecule
mainly responsible for the generation of the high-order h
monics. This proposition has been substantiated in Ref.
by the fact that the bound-continuum contribution to the m
lecular HHG at circular polarization is quite small due to t
lack of the ‘‘rescattering’’ trajectories of the ionized electro
returning to the vicinity of the molecule with high kineti
energy.

Further evidence for the dominance of the bound–bou
transitions in the molecular HHG process comes from
comparison of the numerically converged intensity dep
dences of the high-order harmonics with the results of
truncated twelve-state model calculations. In Fig. 6
present the intensity dependences of the high-order harm
ics resulting both from the full calculation including the co
tinuum and from the truncated calculation in which only t
transitions between twelve low-energy bound states of
model potential@Eq. ~1!# are allowed. One can observe
reasonable qualitative agreement between the two res
The general similarity between the correct and the bou
model intensity dependences clearly shows that the bou
bound transitions play the dominant role in the emission

r

ti-

FIG. 5. The intensitiesI (nv) of the plateau high-order harmonics are plo
ted in the linear scale with respect to the incident laser intensity.~a! The 5th
harmonic~solid line! manifests the factor of 2 to 3 enhancements for t
laser intensitiesI 0525 TW cm22 and I 0540 TW cm22. The 7th harmonic
~dashed line! manifests the factor of two enhancement f
I 0567 TW cm22. ~b! The 11th harmonic~solid line! joins the plateau at
I 0530 TW cm22, and manifests factor of four enhancement f
I 0558 TW cm22. The 13th harmonic~dashed line! joins the plateau at
I 0555 TW cm22, and manifests the factor of two enhancement
I 0583 TW cm22.
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the high-order harmonics by benzene interacting with cir
lar polarized field.

It is easy to notice a few characteristic differences
tween the results of the full and the bound model calcu
tions ~see Fig. 6!. First of all, the bound model does no
reproduce correctly the pattern of oscillations in the hig
order harmonic intensities. This would be quite natural
expect since the enhancements of the particular harmo
correspond to the avoided crossings of various resona
states in complex quasi-energy plane. The bound mode
unable to reproduce correctly the ac Stark shifts defining
intensity dependence of the real parts of the quasi-energ
Moreover, it cannot in principle predict the life-times of th
relevant resonance states. Thus, the avoided crossing ev
and with them the enhancements of the high-order harm
ics, cannot be reliably predicted by a bound model. Des
the noncompatible oscillation patterns in the numerica
converged and the bound model results, one can observe
the exact average intensities of the 5th and the 7th harmo
in the plateau region (I 0>25 TW cm22) are at least one or
der of magnitude lower than their twelve-state counterpa
This occurs due to the depletion of the bound state pop
tions by ionization. Indeed, the ionized electrons do not c
tribute significantly to the HHG process,20 thus the bound
model which does not take the ionization into account, te
to overestimate the HHG efficiency. On the other hand,
exact intensities of the higher-order 17th and 19th harm
ics, barely reaching the plateau at the considered field in
sities, are higher than those predicted by the bound mo
This shows that the high-energy Rydberg states and the
tinuum states are of some importance for the generatio

FIG. 6. High-order harmonics intensities as functions of the laser inten
~a! 5th harmonic,~b! 7th harmonic,~c! 11th harmonic,~d! 13th harmonic,
~e! 17th harmonic, and~f! 19th harmonic. The solid lines represent th
numerically exact result, while the dashed lines are obtained by the app
mation using 12 bound field-free states of benzene for representing Flo
states. The qualitative agreement between the two results explains
mechanism of molecular HHG in circular polarized field.
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the low-intensity harmonics in the cutoff region of the HH
spectrum. Apparently, the 11th and the 13th harmonics wh
are well reproduced on average by the bound model, con
tute the intermediate case where both the depletion of
low-energy states and the population of the high-ene
states affect the HHG process.

Our calculations reveal that the mechanism of the m
lecular HHG in circular polarized field is dramatically diffe
ent from the well-know rescattering mechanism5,6 character-
istic of atomic HHG in linear polarized field. It is clear, o
the other hand, that as the field ellipticity decreases from
to zero, the rescattering of the ionized electron on the m
lecular ion becomes more and more probable and as a
sequence, the bound–continuum transitions start to pla
major role in the HHG process. Eventually, at zero elliptic
the familiar atomic plateau extending up to aboutEion

13.2Up is expected to be formed. For the field frequen
and the moderate intensities considered in this work,
length of this rescattering plateau is of the same order
magnitude as the length of the bound–bound plateau app
ing at the corresponding field parameters at circular polar
tion. One can speculate thus, that both bound–bound
bound–continuum transitions are important for the benz
HHG at linear polarization. This scenario, if indeed tru
would be similar to the situation in alkali atoms, where t
non-negligible contribution of the first excited state to t
atomic HHG has been identified.38 The actual verification of
this conjecture as well as the numerical determination of
ellipticity dependences of the high-order harmonics in
entire ellipticity range is beyond the scope of the pres
work. However, two more considerations of the qualitati
nature can be brought here. First, the DS-based selec
rules holding at circular polarization break down at nonun
ellipticity. Their stability with respect to small ellipticity de
viations is considered in the next section. Second, the e
ciency of the rescattering process is determined not only
the field polarization, but also by the molecular orientati
and the nodal structure of the ionized molecular orbita39

Thus, the relative importance of the bound–bound a
bound–continuum transitions for the HHG of oriented be
zene even at the linear polarization represents an interes
problem for future studies.

V. STABILITY OF THE SELECTION RULES
WITH RESPECT TO THE DEVIATIONS
OF ELLIPTICITY AND MOLECULAR ALIGNMENT

The selection rules for the harmonic generation in b
zene, hold under the conditions of the ideal benzene al
ment and the exact circular polarization of the laser. In t
Section we discuss the stability of the selection rules
benzene provided that the laser polarization and the mole
lar alignment are not ideal. The deviation from the circu
polarization of the field is given by the nonunity ellipticitye
@Eq. ~9! and text below#. The polarization axis bisects th
carbon atoms in our calculation. The emission amplitud
depend on the ellipticitye, as illustrated in Fig. 7~b! for the
incident laser intensityI 0556 TW cm22. The high-order
harmonics which are allowed for the elliptic polarizatio
subdivide into two classes: the ‘‘circular allowed’’ class,n
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56l61, and the ‘‘circular forbidden’’ class,n56l 63, (l
51,2,. . . ). Thesymmetry analysis of the first-order pertu
bation correction to the Floquet state provides the functio
dependence of the HHG amplitudes on the ellipticity para
etera for the small deviation from the circular polarization.18

It can be shown that the emission amplitudes of circular f
bidden harmonics,E@(6l 63)v#, increase linearly with the
ellipticity parametera, while the amplitudes of the circula
allowed harmonics,E@(6l 61)v#, are constant witha in the
linear approximation. Figure 7~b! demonstrates this rule fo
benzene. The amplitude of the symmetry forbidden thi
order harmonics is linear for 0.8<e<1. The amplitude of the
fifth-order harmonics remains constant to a good approxi
tion for 0.95<e<1.

The selection rules are observed in the HHG spectr
whenever the circular forbidden harmonics are considera
less pronounced than the circular allowed harmonics. S
pose factorf of depletion of circular forbidden harmonics
needed in order to demonstrate selection rules. Than,
maximum permissible ellipticities,e5/3, e7/9 can be defined
by

I ~5v!

I ~3v!
U

e5/3

5 f ,
I ~7v!

I ~9v!
U

e7/9

5 f . ~32!

FIG. 7. ~a! Amplitudes of high-order harmonics for a small deviation of t
field ellipticity from unity. The intensity of the 3rd harmonics, representi
the class of circularly forbidden harmonics (6l 63)v, grows linearly with
(p/42a) ~solid line!. The intensity of the 5th harmonics, representing t
class of circularly allowed harmonics (6l 61)v, acquires zero first deriva
tive at e51. ~b! The deviation from alignment as given in molecular fram
x,y,z by anglesF,Q and is transformed into the deviation from ellipticit
~see Sec. V!.
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The specific choice for the value of the factorf depends on
the overall character of the HHG spectrum. The plateau h
monics usually oscillate in their intensities by a factor of fo
due to avoided crossings of resonances which are unrel
to the selection rules. Therefore, the selection rules are
served whenever the suppression of circular forbidden h
monics reaches the factorf @4. Here, we adopt the value o
f 550. The maximum permissible ellipticities are found u
ing the approximative perturbative dependence of intensi
on the ellipticity parameter,a

I @~6l 61!;a#5I @~6l 61!;a50#5const.,
~33!

I @~6l 63!;a#5
1

D2 S p

4
2a D 2

I F ~6l 63!;a5S p

4
2D D G ,

where the small deviation from the circular polarizationD
50.01p is used, which corresponds to the ellipticitye
50.94. The values of the maximum permissible ellipticitie
e5/3, e7/9, for different laser intensities, 22<I 0

<84 TW cm22 are presented in Figs. 8~a! and 8~b!. The se-
lection rules are best observed for the incident laser inte
ties I 0,30 TW cm22, where the required accuracy of th
circular polarization is less than 5%.

The deviation from the ideal alignment can be appro
mately transformed to the deviation from the circular pol
ization. The molecular alignment with respect to the prop
gation axis of the field is given by the anglesQ,F, see Fig.
7~a!. The imperfectly aligned molecule is driven by the c
cular polarized electric field, described by the following ve
tor potential:

Ax85&cE0v21 sinvt cosQ,

Ay852&cE0v21 cosvt, ~34!

Az52&cE0v21 cosvt sinQ.

The effect of theAz component of the vector potential cann
be described using the two-dimensional model. However,Az

can be neglected for a small deviation from the ideal alig
ment,Q→0, which is considered here. The in-plane comp

FIG. 8. The ellipticity~«, solid lines! and the degree of alignment (^cos2 Q&,
dashed lines! which are necessary to achieve in order to observe the fa
of fifty suppression of~a! the 3rd harmonics with respect to 5th harmonic
~b! the 9th harmonics with respect to 7th harmonics, due to selection r
for aligned benzene in circular polarized field.
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nents create the elliptic polarized electric field, characteri
by theQ dependent effective intensity,E0

eff , and parameter o
ellipticity, a

Ax85&cE0
effv21 sinvt cosa,

Ay852&cE0
effv21 cosvt sina,

~35!

a5arctan
1

cosQ
,

E0
eff5E0A11cos2 Q

2
.

Using the Eq.~35! one can calculate the HHG by a
imperfectly aligned molecule, using the two-dimension
model. The molecules aligned by low intensity laser fie
obey the statistical distribution given by14

zs~Q,F!5expS 2
sin2 Q

2s2 D , ~36!

where the width of the distribution,s, is directly related to
the degree of alignment,k5^cos2 Q&, given by

k~s!5E
0

2pE
0

p

zs~Q,F!cos2 Q sinQdQdF. ~37!

The average harmonics emission intensity,Ī (nv), of a
sample which is characterized by the distributionzs , is
given by

Ī @nv;s~k!#5E
0

2pE
0

p

zs~Q,F!I @nv;E0
eff~Q!,a~Q!#

3sinQdQdF. ~38!

~The interference phenomena between different benz
molecules in the sample are not taken into account.! The
stability of the selection rules with respect to the degree
alignment is characterized byk5/3 andk7/9 which are defined
by

Ī ~5v!

Ī ~3v!
U

k5/3

5 f ,
Ī ~7v!

Ī ~9v!
U

k7/9

5 f . ~39!

The values of the maximum permissible alignmentsk5/3 and
k7/9 are demonstrated for the range of intensities 22<I 0

<84 TW cm22 in Figs. 8~a! and 8~b!. It can be concluded
that the dynamical symmetry rules derived for circular pol
ized laser fields are feasible for significant deviations fr
circular polarization and/or from the perfect alignment
benzene.

VI. CONCLUSIONS

We have provided quantitative calculations of the sel
tive HHG in aligned benzene molecule interacting with c
cular or nearly circular polarized laser field of 800 nm wav
length. Our results cover a wide range of the incident fi
intensities and offer a comprehensive picture of the str
field dynamics of the system. The use of the complex sca
technique in conjunction with Floquet theory allowed us
obtain the general solution of the time-dependent problem
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terms of a set of resonance quasi-energies and the respe
wave functions. Our results show that up to the intensity
about 90 TW cm22, the photo-induced dynamics of the mo
ecule is dominated by a single long-lived resonance. T
investigation of the dependence of the system lifetime on
intensity of the incident field allows us to estimate the deg
of molecular ionization induced by the adiabatic laser pu
and the saturation intensity. The maximum intensity for
efficient HHG by the short laser pulses is limited by t
saturation intensity. For example, the saturation intensity
a pulse supporting 15 optical cycles is calculated within
adiabatic approximation to be 55 TW cm22.

The calculated HHG spectra of aligned benzene driv
in circular polarized field obey the DS-based selection ru
namely the (6n61)th harmonics of the incident laser fre
quency are emitted.18 The benzene HHG spectra are found
consist of a plateau followed by an abrupt cutoff, in simila
ity to the paradigm case of atomic interaction with low
frequency, high-intensity linear polarized field. However, u
like in the atomic case, the length of the molecular HH
plateau grows linearly with the incident field amplitude. T
distinct behavior of the molecular system has its origin in
completely different mechanism of the generation of t
high-order harmonics. While the bound–continuum tran
tions are of paramount importance for the HHG in ato
interacting with the linear polarized field, it is the transitio
between the low-energy bound states which make the do
nant contribution to the molecular HHG at circular polariz
tion. The importance of the bound–bound transitions for
selective molecular HHG has been demonstrated by the c
parison of the converged numerical results with those o
twelve-state bound model.

The efficient coupling of the molecular bound states
also responsible for the significant enhancements of the h
order harmonics at specific field intensities. As demonstra
by our numerical calculations, this exciting effect has its o
gin in the avoided crossings of the resonance states in
complex energy plane. The enhancements predicted
theoretically in the case of molecular HHG possess an
perimentally observed atomic counterpart. It is the so-ca
‘‘resonance enhancement’’ of atomic HHG due to the stro
~resonant! coupling between the ground and a~ac Stark
shifted! Rydberg state.33

Finally, we have considered the effect of the deviatio
from either the perfect circular polarization of the field
from the exact alignment of the benzene molecule on
stability of the DS-based selection rules. It has been fou
that 5% deviations from the ideal polarization or interacti
geometry leave the DS-allowed harmonics strongly do
nant in the HHG spectra. Our extensive model calculatio
allow us to conclude that the selective HHG in a sample
oriented gas-phase benzene molecules is a well-pronoun
stable effect, the observation of which should not be beyo
the present-day experimental capabilities.
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APPENDIX: TRANSITION DIPOLE MOMENT MATRIX
ELEMENTS

The transition dipole moment matrices for the benze
electronic states,M u6 , are calculated using the momentu
matrices. From Eq.~11! one obtains immediately

M u65
E0e

2mev
~6 i Pux cosa1Puy sina!, ~A1!

where the momentum matricesPux and Puy , represent the
operators p̂ux and p̂uy , respectively, in the basis set o
$Cu

(0)%. Pux,y are given by unitary transformation of th
‘‘primitive’’ momentum matricesPux,y

x

Pux,y5cu
(0)tPux,y

x cu
(0) , ~A2!

where matrixcu
(0) contains the coefficients in the primitiv

basis set expansion of the electronic states of benzene

Cu,i
(0)5 (

$m,k%
xm,k cu$m,k%,i . ~A3!

Pux,y
x is the matrix representation of operatorsp̂ux,y in terms

of the primitive basis set$xm,k%,

Pux,y$m,k%,$m8,k8%
x

5^xm,ku p̂ux,yuxm8,k8&. ~A4!

It is convenient to define operators

p̂u652 i\e2 iu
e7 if

2 S ]

]r
7

i

r

]

]f D , ~A5!

where the following relations hold:

p̂ux5 p̂u11 p̂u2 ,
~A6!

p̂uy5 i ~ p̂u12 p̂u2!.

The matrix representationPu6
x of p̂u6 is defined by

Pu6$m,k%$m8,k8%
x

5^xm,ku p̂u6uxm8,k8&

5E
0

2pE
0

r max
xm,k* p̂u6xm8,k8rdr df. ~A7!

We express the functionsx$m,k% using Eq.~3! and obtain

Pu6$m,k%$m8,k8%
x

52 i\e2 iu
Nm,kNm8,k8

2p E df dr rJ umu~kr !

3e2 imf
e7 if

2 S ]

]r
7

i

r

]

]f D
3@Jum8u~k8r !eim8f#. ~A8!

The working expression forPu6
x obtained after a few alge

braical manipulations reads
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sh
s
f

e

Pu6$m,k%$m8,k8%
x

5dm82m,61

2 i\e2 iu

2
Nm,kNm8,k8

3Fk8E
0

r max
dr rJ umu~kr !Jum8u8 ~k8r !

6m8E
0

r max
drJ umu~kr !Jum8u~k8r !G . ~A9!

The evaluation of Bessel functionJm(z) and its derivative
Jm8 (z) is performed using computational routines of Nume
cal Recipes.37
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