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Impact of electron ionization on the generation of high-order harmonics from molecules
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When the laser frequency is tuned to be equal to the molecular electronic excitation, high-order harmonics
are generated due to the electronic dipole transitions between the corresponding two potential-energy surfaces
(PES. A natural, often taken, choice is the PES of the field-free molecular system. In this special choice the
ionization phenomenon is not considered. Only the effect of the dissociation is considered. The method we
developed enables one to remain within the framework of the 2-PES approximation and yet to include also the
ionization effect in the calculations of molecular high-order harmonic generation spectra. In this approach the
coupling between the electronic and nuclear motions is taken into consideration by using coupled complex
adiabatic PES. As an illustrative numerical example, we calculated the high harmonic genériGih
spectra of H* in a 730-nm laser with the intensity of 8.2.0'® W/cn?. The inclusion of the ionization in our
approach not only enables the electrons to tunnel through the effective static potential barrier, but also apply an
asymmetric force which accelerates the electveforeionization takes place. Therefore, indirectly the inclu-
sion of the ionization by the laser field may lead eventually to an enhanced HHG spectra in comparison with
the calculated one when the “natural” choice of the field-free 2PES is taken.
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. BACKGROUND AND MOTIVATION H(R,t)=Hq(R) — £ ou(R)c0S0 cOSwt, 1)

High-order harmonic generatiofHHG) by molecular  whereH, is the field-free molecular Hamiltonian given by
gases interacting with strong linear polarized laser fields has
been studied experimentally during the last deckibe5]. Ho(R)=T(R)+V(R) 2
Most of the experiments were carried out with diatomic mol-
ecules, e.g., Por N,. However, there are also measurementsand V(R) is a diagonal matrix with the two PEC shown
of the HHG spectra taken for organic molecul&s-9]. There  above on the diagonad, is the angle between A molecular
has been no indication that the mechanism of the generaticsxis and the laboratory axis, u(R) is the off-diagonal
of high-order harmonics by molecules is different from the2Xx2 matrix containing the dipole transition moments, and
well-known Corkum-Kulander three-step mechanism ofeq is the maximum field amplitude.
atomic HHG [10,11]. However, several theoretical works  The state vector of the system evolves in time as
(see, e.g.. Refd12,13)) predict that dissociating diatomic

and linear triatomic molecules with large internuclear sepa- i ' ' ' '
rations are capable of producing high-order harmonics with s | X |
energies far beyond the atomic HHG cutoff. These ideas ' ' - ;S%

have not been confirmed yet by experiments. Another mo- 0.4 F ! PG, .
lecular effect on the HHG spectra is the alignment and ori- ;1

entation of the molecules inside the electromagnetic field. _ 03 \ .
The molecular orientation dependence of the HHG spectra 3 X

was the subject of theoreticgl4,15 and experimental stud- 5 02r ¥ .
ies[16]. g .

The theoretical studies and the numerical calculations for 0 F \\ il
molecules in strong laser fields are complicated since both i e
ionization and dissociation may happen simultaneously. Be- '
sides very limited number of calculatiof$7,18, most of 04 | \/——__
the calculations so far have been carried out for the test-case
model of K" in ac field while either the ionization or the -0.2 : . : - : :

0 1 2 3 4 5 6 7

dissociation phenomenon was ignoréske, for example, .
Internuclear distance R(bohr)

Refs.[19-22). For example, only the coupling between the
two lowest electronic states was taken into consideration. In F|G. 1. The field-free potential-energy curvéEQ, 1soy and
Fig. 1 we show the two corresponding potential-energy2po,, of H,* which are coupled by the laser. The PEC are the

curves(PEQ of the field-free H* . electronic energies obtained by solving the time-independent Her-
The laser driven molecular Hamiltonian within the two- mitian Schrainger equation within the framework of the adiabatic
state Born-Oppenheimer approximation is given by (Born-Oppenheimérapproximation.
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order harmonics. However, ionization does occur in such
, (3 strong fields and has an effect on the probability to generate
the high-order harmonics.

V1 (R Yo(R)

d(R,t)= n
(RY Vo (R1Y1o(R)

where the nuclear time-dependent function is the solution of
the Schrdinger equation associated with the eigenfunction
of the Floquet operator,

II. ALTERNATIVE APPROACH WHERE IONIZATION
IS CONSIDERED

Within the framework of the conventional quantum me-

He(RDP (R 1) =€, P (R,1), (4 chanics(QM), it is hard and even often impossible to study

the dynamics of molecular systems where the electronic and

where the nuclear coordinates are strongly coupled. Strong enough
P to break down the Born Oppenheimer approximation. In

HF(R,t)E_iﬁEjLH(R,t). (5)  such a case the non-Hermitian quantum mechanics enables

us to take into consideration the coupling between the chan-

nels that are open for dissociation and ionization in a simple
In order to calculate theesonancestate that controls the way [26,27]

photoinduced dynamics, the complex scaling meff&j24 For the sake of clarity, let us explain it in some detail. In

“onventional(i.e., Hermitian quantum mechanics, a reso-
“nance is associated with a wave packe8]. In non-
Hermitian quantum mechanics, however, each one of the
resonances is associated with a single square-integrable
quasienergy eigenstate of the complex scaled Hamiltonian

The resonanceomplexQE eigenvalues aré, invariant, [23,24. The resonance eigenstates can be counted by their

where the photoionization decay rate is equal to minus twic&©des and are square integrable in a very similar way to the
the imaginary part of the eigenvalue of the complex-scaled®®und states in Hermitian QM. The real parts of the complex
Floquet operator. eigenvalues of the complex-scaled Hamiltonian are the reso-

The resonance photoinduced time-dependent dipole md@NCce energies, whereas the imaginary parts are the reso-
ment amplitudga complex function of timeis given by nance widthgi.e., rates of decay; inverse of lifetimes of the
intermediate complex Using the adiabatic approximation

dres(t) =(d(R,t)| u(R)cosf| ®(R,1)). (77  where the nuclei are held fixed, theomplex adiabatic
potential-energy surface& o(R) — (i/2)I" ;4(R), can be cal-
The high-order harmonic generation spectra are calculateculated. For simplicity of the representatiddistands for the
according to internuclear distance in diatomic molecule. The coupling be-
tween the electronic and the nuclear motions have been in-
troduced into the calculations by solving the nuclear equa-
' (8) tion of motion with complex adiabatic potential-energy
surfaceq26,27). Using this approach the Hamiltonian of the

where Q) is the photon energy of the emitted radiation intermediate complex] A—B]* is described asH(R)
where anw,n=1,3,5,7, .... The HHG spectra are Ob-. :-Ar(R)"'Ead(R)_(i/Z)Fad(R)- By solving the nucleafA
tained from the Fourier transform of the electron acceleration_ B]* Schralinger equation with the complex adiabatic
along thez direction (the electric field oscillates along e potential-energy surface, the resonances associated with the
axis), (z)(t), rather than of the dipoléz)(t). This explains vibrationally bound motion of the autoionizingA—B]*
the multiplication byQ? in Eq. (8). The HHG spectra for complex are obtained.
H," interacting with a laser witlw=0.073 82 a.u. and laser The extension of the complex adiabatic approach de-
intensity up to 8.5k 10" W/cn? were calculated for two scribed above, to-time dependent Hamiltonidesy., when
electronic PEC, while the ionization is neglected by Moi-the molecular system interacts with time periodic electric
seyev, Chrysos, Atabeck, and Lefebyf®] using the com- field) is straightforward when thett’) approach is taken
plex coordinate method. In strong field,[;=9 [29]. Within the framework of the t(t’) approach, time
x 10" Wicn?, the H,* molecule is unstablésee, e.g., the serves as an additional coordinate. Therefore, the resonances
experimental results by Bucksbauet al. [25]). For lower are associated with the eigenstates of the complex-scaled
fields(e.g., we consider hergy,=0.05 a.u. which means that Floquet operator when the system is time periodic. When
lo=8.77x 10" W/cn?) the HHG is less pronounced, yet the short pulsed lasers are used, the time periodic conditions are
ionization phenomenon is not negligible. imposed by considering the duration of the laser pulse as the
The open question is: How can one carry out photointime period. For atoms the HHG spectra were calculated
duced dynamical calculations with two electronic PEC androm the Fourier transform of the time-dependent complex
yet take into consideration the ionization phenomenon whictdipole amplituded(t), assuming that a single resonance
was neglected above? complex-scaled QE wave function controls the photoinduced
It is clear that the oscillations between the two PEC,dynamicg30]. More accurately, the HHG spectra are calcu-
which are coupled by the electric field, generate the highiated from the Fourier transform of the electronic accelera-

guasienergyQE) Floquet states and their corresponding ei
genvalues. That is,

R—Réd s, (6)

2

1T .
UHG(Q)O( ?f QZeIS)tdreS(t)dt
0
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tion expectation valuej(t) [31]. The expectation values are computationally very demanding. Therefore we wish to pro-
calculated by the use of theproduct rather than the usual POse a simple method that will enable to take into consider-
scalar product. See the definition of the inner product in non@tion the ionization effect on the HG spectra within the
Hermitian QM in Ref[24] and references therein and in Ref. framework of the adiabatic approximation. The key point of

[32]. Assuming that the photoinduced dynamics is controlle®Ur Méthod is embedded in the answer to the following ques-

by a single resonance quasienergy state, the harmonic gerfionS: (1) what optimal adiabatic electronic states of a di-

eration spectra can be obtained as follows. atomic molecule should be used as basis functions in the

(@) The electronic coordinates in the adiabatic Ham"_variational calculations?2) Why in the study of the HG

N - . )
tonian are complex scaled. The Hamiltonian includes the |aSPectra of 3™ have the 3o and Do, adiabatic electronic

ser field and is time periodic one. By solving the Floquetwave functions been used to form the basis set?

adiabatic eigenvalue problem, the adiabatic complex reso- V\/the?hweak Iaserts atlque used t"?‘s n spec:rqsc;gfpy meg\sltire—
nance QE surfacefg‘g)(R)—ilzrg‘g)(R), and their corre- Ments, the answers to this questions are straightforward. For

- weak lasers the natural zero-order Hamiltonian is clearly the
spondent complex-scaled Floquet staté(r,t,R) are cal- fig|d-free Hamiltonian. Since thestry and 20, states are

culated. The solutions which are needed for the next step Qigypled by the laser, one should take them as the natural
the calculations are associated with the initial stétee  pasis functions. Therefore these two adiabatic electronic
ground state of the field-free HamiltonjarWhen the laser  states should be used as basis functions. However, this is not
frequency is tuned to be in resonance with the electroniqecessarily so when high intensity lasers are applied. In such
excitation, it is expected to have two QE Floquet electronicy case the perturbation picture breaks down. When the laser
metastabléresonancestates which are populated by the ini- frequency is sufficiently small such that the Keldysh param-
tial state. The QE resonance functiop§2(r.t,R) are also  eter y=T,/2U, (Ref.[33) is less than 1, the ionization
functions of the scaling parameter ex@(), although the dynamics are dominated by tunneling. Héges the ioniza-
resonance QE surfaces afgs independent. The fact that tion energy andJ ,= €3/ (4mw?) is the pondermotive energy.
¢{i). are 0.5 dependent functions is important when expec-n low laser frequency regime, wheseis sufficiently small,
tation values are calculated using the inner product for nonthe mechanism of generation of atomic high-order harmonics
Hermitian QM formalism(so-called thec produci [24,32,. is the well known three-step mechanism due to Corkum and

(b) Using the QE Floquet electronic resonance state®ulander and co-workerg.0,11]. This mechanism, based on
which are populated by the initial state, the nonadiabatighe recollision of the ionized electron with the core, explains
coupling Hamiltonian matrix eIementsHZ‘,’"‘fd(R,t) the cutoff in atomic HHG spectra occurring at the photon
:<¢£:‘LIXE;2:(F'LR'_ 09| d/dR| L (7 1R, + 6.9); are calcu-  ENergy ofl ,+ 3;. Following this discussion_it seems that
lated. The change of sign @k in the bra state is to satisfy n strong IAaser fields wherey<1, the selection ofHee
the definition of thec product. When the complex-scaled +Fqc2jrj- €, Hamiltonian(whereF . is the field amplitude
electronic resonance wave functions are accurately calc@s the “zero-order” time-independent Hamiltonian is prefer-
lated, HZ‘,’”jd(R,t) would be 6. independent although the able on'the selecthn of thg f|eId'—free Hamiltonidag . Tbe
resonance wave functions afie, dependent. stro_ng-flel_d d_ynamlcs_ of diatomic moleculésuch as H")

T ot e dpenien et is g by €hbts it dfreces fom e gas st cue

— non-ad s s non-ad

gI\%(R\;\}%erg IE—‘|d(Fz)RJ)r [i? a diaERéa)mpr?;tﬁ; it the(er;tu)gI/ear states(e.g., the field couples thesiry and Do, states: In a

’ ad 9 \fvay it is similar to the situation of HHG at long wave

kinetic-energy operator qnd the complex adiabatic potemi"‘\engths from alkali-metal atorr{84] where the field couples

surfaces on the diagongtr=—i%d/dR; andM is the re-  the ground electronic state with the first excited state. The

duced mass of the molecutlr simplicity of representation, molecular case is, of course, more complicated due to cou-

we assume that the molecule is a diatomic)one plings between the vibrational and rotational motions to the
(d) By solving the nuclear Schdinger equation with the glectronic one.

time periodic HamiltoniarHy(R,t), the nuclear resonance  On the basis of the above analysis we assumed that the

QE states are obtained. To include the predissociation resgyo adiabatic curves should be associated with the zero-order
nances, the nuclear coordina®eis complex scaled as the Hamiltonian

electronic coordinates in stefp) of the calculations. Using
these resonance complex-scaled nuclear Floquet states, the Fyde —F(H," "BO)+enf.b.-T
: ; ; ' = ; e,r, 9

complex time-dependent dipole is calculated. electron (M2 )+ 2ol ace, ©

(e) By carrying out a Fourier transform of the second time - . :
derivative of the dipole calculated in stég, the HHG spec- wherer is the position vector of the electron in a molecular
trum is obtained. When the basis set is far from being comsystem axis ane, is a unit vector along the axis of the
plete, the scaling parametére., rotational anglé.) would Iabqratory(the_ elect_rlc field oscillates along tlzeaxis). _The
be varied to provide stationary HHG spectra. It may be necdc-field amplitude isFq.=gof4c, where —1<fy.<1 is a
essary to find different optimal values 6f, for every one of f:ontrol parameter. The fact that the static field not .only ion-
the high-order harmonics. That i8g(Q=nw)/d6..=0  izes the molecule but also accelerates the electron is explored

for any value ofn. by carrying out the Kramers-Henneberger transformation
The above procedure of calculating the HG spectra isrvherer*a[eofdcti-r*]tzlz [35].
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The HHG spectra will be calculated as a functionfgf

and will be averaged in a way that will be explained below.
The only reason that the HHG spectra depend on the control
parametef 4. is due to the use of incomplete electronic adia-
batic functions as a basis sét.g., two adiabatic PEC in

H,™*). To simplify the representation of our method, we use

H,* as an illustrative model Hamiltonian.
Let us first sketch our proposed method.

(1) The electronic energies of A in a dc field (i.e., static
field) are calculated as function of &df 4. (assuming that

the transition is between=0 and =1 rotational states

PHYSICAL REVIEW A68, 023402 (2003
ydccontrolleq R ¢ ) =\/[ calculated in step2)]
+eocogwt)Ve o(Ri7), (14

where the 242V, matrix is a matrix with the off-diagonal
elements:

Veup(Ri7)= Mig;gc,jchau(R: 7). (15

The coordinater is scaled by a complex factor as de-
scribed in Eq.(6). In the next step of the calculation, the

The grid points for the control parameter are taken by varyphotoinduced vibrational resonances are obtained via the

ing fyc=cos(r) as is linearly varied from 0 torr/2.

complex scaling oR.

The complex adiabatic PEC are obtained by scaling the The complex eigenvalues and the corresponding vector

electronic coordinates by exj]. In the case of H'" the two
complex adiabatic potential curves, PEC, which érede-
pendent and are given by

[
Ey(R.7)=EjS, “(R7)— 5T, “(R.7),

lSO'g lSa’g

. -
Eo(R7)=E3p, (R~ 5T5,“(R7). (10

The complex permanent dipole moments are

and 35, %R, 7). (1D

iso, (R.7)
The complex transition dipole moment is

3% B (RuT). (12

To calculate the resonance PEC and the correspondi
dipole matrix elements, one does not have to use th
complex-scaling approacf4]. For example, the accurate
algorithms developed by Ilvano\86] can be used for our

illustrative model Hamiltonian of K" .

eigenstates of the complex Floquet matrix operator were cal-
culated by thet(;t’) method developed by Peskin and Moi-
seyeV[ 29]. The resonance solutions are associated with com-
plex eigenvalues that are complex-scaling invariant
(provided the scaling angle is sufficiently lajg®&ot to be
confused witht,t’ notation andr, let us remind that is an
adiabatic controlled dc field parametéf; is the time that
serves as an additional coordinate in the propagation calcu-
lations where the resonance Floquet states are calculated; and
t is time as appears in the,{’) representation of the time-
dependent Schdinger equation with time-dependent
Hamiltonians. The time evolution operator reads now
as expEiHgt/h), where He=—iAad/dt' + Ty
+ yde-controleq g t7- ) and Ty is the complex-scaled nuclear
kinetic-energy operator. The resonance complex-scaled peri-
odic Floquet stated; (R,t;7) are obtained at thE =t cult,
e, @ (Rt =t,t;7) [29].

(4) Calculation of the time-dependent photoinduced reso-
nance dipole moment.

N9 From the results obtained from the calculations described

fh Eq. (3), we select the longest lived resonance stasso-
ciated with the smallest imaginary part of the complex eigen-
value of the Floquet operatoiThe state vector of the system
evolves in time as

(2) Calculation of the two electronic PEC which are
coupled due to the controlled static dc field.
Since we used{3%, ., as the “zero-order” Hamiltonian |‘1’(t;7)>:q’1(R,t;T)|¢?g;gdc>+q)2(R,t;T)| Wapors)-
for calculating of the two adiabatic resonance electronic (16
states which serve as basis functions in our calculations, we
have to subtract the dc term as we calculate the coupled Using this state vector the resonance dipole moment is

PEC:

ViR 7 =E4(R,7) —soc08 ) s, (R, 7),

Voo R,7)=Ea(R, 7) — 80008 7) 35, (R, 7),

ViaR 7 = V(R 7) = = 0008 ) i, 5, (R, 7).

13

calculated:
d"es(t; 7)

= 2’ eiw(n—n/)t<[¢g-n/)(R; ]* |V0up(R; T)| d)(zn)(R; ).
17

Here ¢{"(R;7) and ¢{"(R;7) are the Fourier compo-

(3) Calculation of the resonance Floquet eigenstates ofents of the time-periodic functionsb,(R,t;7) and

the diatomic molecule in the strong laser field.
The Floquet Hamiltonian is as defined above in E.

®,(R,t; 7). The time period i =27/ w. The complex con-
jugate in the integration was taken due to the properties on

The 2x2 time-dependent dc-controlled potential matrix isthe inner product in non-Hermitian quantum mechanics

equal to

[24,32.
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By introducing the dc field in our zero-order Hamiltonian
we break the dynamical symmetry properties of the solutions
(the dynamical symmetry analysis is based on the fact that
time serves as additional coordinate in the Floquet operator,
see Ref.[37] on the dynamical symmetry approacilo
overcome this difficulty, we define a modified photoinduced
resonance dipole moment, which is given by

log,, 6(3)

dmodifiedt my=dres(t; ) +deS(t; 7+ T/2). (18

The modified time-dependent complex dipole amplitude sat-
isfies the dynamical symmetry property of the Floquet opera-
tor since we treat here the adiabatic parametas a time
variable. The physics behind E(L8) is as follows: the rep-
resentation of the photoinduced electric field as a static one
breaks the dynamical symmetry of the Hamiltonian. In the
dc-field representation the electrons are ionized to the
“right” direction when f .= cos(r) gets positive values, and
are ionized to the “left” direction wheriy is negative. Only
when the interference between two cases is taken into con-
sideration, the dynamical symmetry properties are con-
served. The interference between the electrons, which are
ionized to the two different directions, is included by calcu-
lating the time-dependent dipole moments for the two cases
where f4. gets either negative or positive values. Since
cos(+T/2)= —cos(), it is obvious that Eq(18) satisfies the
desired condition ofi™°dfieqt 7)=dmodifieqt r+T1/2).

(5) Calculation of the high-order generation spectra when
ionization by the field is considered

The probability of getting thenth-order harmonidemit-
ted coherent radiation with the photon energyw) is pro-

) . . -17 ‘ . ‘ ‘
portional to the Fourier transform of the acceleration prob- 0.0 0.2 0.4 0.6 0.8 1.0
ability amplitude[defined as the second time derivative of fae
dmOdifieckt, T)],

log,, o(5)

log,, (7)

FIG. 2. lonization effect on the third, fifth, and seventh har-
(nw)2 T N 2 monic generation specti®GS) of H,* . The HGS are calculated
ope(n;m)= J dtenetgmedified s -y (19) as function of the dc-field strength controlled paramefey;
T Jo =0.05f4. a.u. For each value df;., a different set of two adiabatic
L . complex potential-energy curvéBEQ has been used in the calcu-
The variation ofoyg(n,7) with 7 shows of the effect of the |54ions of the HGS. The imaginary parts of the complex PEC is the

inclusion the dc fieldand thereby, the inclusion of the ion- rate of jonization. The adiabatic PEC were obtained by solving the
ization phenomendrin the calculations of the two adiabatic non-Hermitian Schirdinger equation of bi" in a static electric field
PEC on the HHG spectra. within the framework of the adiabatic approximation.

(6) Calculation of the effective averaged HG spectra

‘;V:Ceigtitgr? i?ggr']'g%;eeté‘feen the molecular ionization and disj, | | ;sTRATIVE NUMERICAL APPLICATION TO H  ,*
The probability that the oscillating electric field is in a IN'ASTRONG LASER FIELD

given phaser=wt is proportional tod7/dx, where x o ,

~cos(r) is the position of the electron in scaled timelue to W93 study the HHG by ionic hydrogen molecule in 8.77

the oscillating electric field. Sinagr/dx~ 1/sin(), therefore X 10" W/en? oscillating field with the frequencyw
=0.07382 a.u. The maximum field amplitude in this case is
£0=0.05 a.u. The calculations were carried out following the

(20) method described above. In Fig. 2 the results obtained by the
method described in the preceding section, for the probabil-

o o ity of getting the third-, fifth-, and seventh-order harmonics

The effect of the ionization on the HHG spectra is intro- 55 functions of the strength of the dc fiefd,.= cos@), are

duced indirectly via the widths of the adiabatic 2 PEC andiyyqyced. The probability has been normalized to have
also via the nonzero imaginary parts of the permanent and

transition dipole matrix elements.

2
aiig(n)= o . dropg(n;7).
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FIG. 3. The real parts of theskr, (lower
solid line) and 2o, (upper solid ling electronic
energies of H* in a dc field as a function
of the internuclear distanc® and the dc-field
amplitude F4,=0.054., where fy.=cos().
The dashed lines stand for the ground vibrational
states’ wave functions,|Y0'0<I>15,,g(R)|2 and
~0.68 . . . . |Y1'0<I>2p(,u(R)|2 (are given in arbitrary unijsof
the 1soy and 20, potentials.

-0.38

-0.48

-0.58

4 6 T4 6
R (bohr) R (bohr)

ouce(n=1;7)=1 for any givenr. resonance vibrational QE density probabilities presented in
In these calculations we used two types of effective PECFig. 3 . As the dc field is introduced into the calculations
For f4.=0, the calculations were carried out with the field- beside the electron ionization, the dissociation of the mol-
free 1soy and 2o, potential curves described in Fig. 1. For ecule on the repulsive upper PEC is suppressed. Moreover,
fac=1, the complex adiabatic PEC were obtained by calcuas the static field parameter is increased, the centers of the
lating the electronic resonances of the molecular ion whichwo resonance vibrational wave-function components ap-
interacts with a dc field with the maximum field amplitude of proach one another. On the other hand, the increasing of the
£0=0.05 a.u. In Fig. 3 we represent the shape of the twalc field reduces the amplitude of the ionized vibrational
adiabatic dc-controlled PEQ.e., the real part of the com- component of the wave function, which is localized on the
plex electronic adiabatic resonance eigenvalues as functidower PEC due to the tunnelin@issociation through the
of R) for different values of the dc-controlled parameftgy. potential barrier(induced by the dc field Therefore, the
The two complex electronic adiabatic PEC and the correoverlap between the complex-scaled resonance wave-
sponding wave functions were obtained by solving numerifunction components, which are localized on the two differ-
cally exact the time-independent ScHimger equation for ent PEC, gets a maximal value for a specific dc field inten-
the Stark effect on the three-dimensiof@D) molecular hy-  sity due to these two counteractive effects. As the overlap
drogen ion Coulombic potenti§B6]. between these two components becomes larger, the transition
The results presented in Fig. 2 clearly indicate that includdipole matrix element gets larger values, which implies
ing the static field in the generation of the two PEC has arhigher probabilities of generating high-order harmonics.
enormously strong effect on the probability of generating The final values for the probabilities of generating high-
high-order harmonics. As a matter of fact, when ionization isorder molecular harmonics are obtained by carrying out the
ignored (no static field, the HG probabilities get minimal averaging over the HHG spectra obtained from the different
values. Moreover, there is an optimal valuefgf (around adiabatic dc-controlled PEC. Applying the averaging proce-
0.4) where the HHG spectra are enhancedriany orders of ~ dure given in Eq(20), the HHG spectra presented in Fig. 4
magnitude were obtained. Although E@19) can be used for calculating
An explanation to it can be deduced from the PEC anchlso the very high harmoni¢see, for example, Fig. 1 in Ref.
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1 IV. CONCLUSIONS
1L The ionization occurs in our model due to the introduction
of the dc field (this is, indeed, a good description of the
3| ionization process when the laser frequency is smaller than
the frequency of the motion of the electron in the ground
57 statg. The dc field not only ionizes the molecule but also
% accelerates the electron before ionization take place. The ion-
8 -7 ization (note that free electron in oscillating field does not
produce high harmoni¢sand the acceleratiofaccelerated
s electron emit high frequency radiatiphave two counterac-
11 tive effects on the the generation of high-order harmonics.
Therefore, one should find the optimal dc-field strength con-
_13 . . s trol parametelf 4., at which the harmonic intensity is maxi-
o 1 2 3 4 5 6 7 8 mal. This requires taking into consideration the coupling be-

Harmonic order n tween the nuclear and electron motions in the numerical

FIG. 4. The third, fifth, and seventh harmonic generation spectrsgalcu'at'ons'

of H,* . The dark histograms stand for the results obtained after
averaging over the different complex adiabatic PEC, which were
used to introduce the ionization effect into the calculations of the
HHG spectra. The bright histograms stand for the results obtained This work was supported in part by the U.S.-Israel Bina-
fqr the field-free PEC, whgre ionizqtion has .not be consi(Eiered. BOttEionaI Science Foundation, by the Basic Research Founda-
hlstogra_ms were normalized to give a unit cross section for thqion administered by the Israeli Academy of Sciences and
generation of the fundamental harmonie-1. Humanities, and by the Fund for the Promotion of Research

at Technion. One of u$S.B) acknowledges the Center of
[13]), here we concentrated on the low end of the HHGImmigrant Absorption in Science, Ministry of Immigrant Ab-
spectra. For comparison, we show also the HHG spectra thabrption, State of Israel, for partial support. Dr. Peter
are obtained when the field-free molecular iorso} and  Schmelcher from the University of Heidelberg and Dr. Man-
2po, PEC have been used. As one clearly see, the inclusiofied Lien from the Max Planck Institute for Nonlinear Phys-
of ionization into the HHG calculations enhance the prob-ics of Complex Systems in Dresden are acknowledged for
ability of generating the high-order harmonics. fruitful discussions.
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