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Classical dynamics of ionization, dissociation, and harmonic generation
of a hydrogen molecular ion in intense laser fields: A collinear model
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We use the classical trajectory method to study the dynamics of a hydrogen molecular ion interacting with
intense laser fields employing a collinear model. We have calculated the probabilities of ionization and disso-
ciation as functions of time and obtained the photoelectron and the nuclear fragmentation kinetic energy
distribution spectra for various laser parameters. We have included a preliminary calculation of the harmonic
generation spectra of a hydrogen molecular ion. In many cases, the classical results reproduce the qualitative
features of the corresponding quantum-mechanical calculations.

PACS numbe(s): 33.80.Rv

[. INTRODUCTION bound-state motion exhibits both regular and chaotic dynam-
ics [15,16. The corresponding scattering problem of collin-
The development of high power femtosecond lasers havear electron-helium ion collisions has also been analyzed
stimulated many studies of multiphoton phenomena in atomslassically[17]. For molecular systems, Strand and Rein-
and molecules [1-3]. Recently extensive quantum- hardt[18] carried out a detailed analysis of the classical elec-
mechanical calculations have been performEd on the hyerroniC motion of |—b+ within the Born_Oppenheimer approxi_
gen molecular ion B" by numerically solving the time- mation(BOA), and showed that the BOA electronic surfaces
dependent Schdinger equation to obtain the ionization ysing the uniform quantization conditions agree very well

rates, dissociation probabilities, the kinetic energy spectra ofith the guantum results. The full dynamics of both the elec-
the outgoing protons, and the harmonic generation Specti@ynic and nuclear motion, beyond the BOA, has recently
[4-8]. The H,* was chosen because it is the simplest MOYeen studied19—21]
lecular ion, consisting .Of two protons anq one glectron. The Classical mechanics has been used routinely in the non-
exact three-body Hamiltonian with one-dimensional nUCIeaﬁinear dynamical analysis of multiphoton dissociation
motion _and_ three-dlmen5|pnal electronic mot(a_PrBD) was [22,23. The response of atoms to strong laser fields has also
empl_o_ymg in Refs[5,6] using the gsgal absorbl_n_g_ bounde_lry been studied using classical mechanics. Examples include
conditions to calculate the dissociation probabilities and ion- ! S S

strong-field ionizatior{ 24—-27), laser stabilizatior}28], and

ization rates. To avoid the loss of information about the dy-h . . v classical simulat
namics of the ionization and dissociation spectra, a wavell2monic generatiof29—-33. Recently, classical simulations

function splitting technique was developed to calculate thef the ionization and dissociation of,H and multielectron
complete Coulomb explosion spectra, using a collineafliatomic molecules have been carried {88,34.
model with one-dimensional nuclear and electronic motion N this paper, we study the classical dynamics of multi-
(1+1D) [8]. This collinear model has recently been used tophoton ionization, dissociation, and harmonic generation by
simulate the Coulomb explosion of,Hinder a 150 fs Tizsap- intense laser fields using a collineat-1D model for H*
phire laser pulse, and agreement with experiment is founwvithout making the Born-Oppenheimer approximation. This
when the proper preparation of, His taken into accourf®].  collinear model is expected to reproduce the essential fea-
An alternative quantum-mechanical approach employed thtures of a full 3D model at least qualitatively7,33], and
Floquet theory, resulting in a set of time-independentallows us to illustrate the details of the electron-nuclear dy-
coupled equationgl0-12, and together with the powerful namics clearly. A particular new feature in our work is that
technique of complex rotation, this method has been appliethe initial conditions of our calculation is selected according
to the calculations of photodissociation raféd$] and har- to the semiclassical quantization of the initial state of the
monic generatiofl14] of H,* . system. Furthermore, the kinetic energy spectra and the har-
While quantum calculations, in principle, provide exactmonic generation of K" are calculated classically.
solutions to the multiphoton dynamics, they are computa- We present our model in Sec. Il and discuss the field-free
tionally extremely demanding. On the other hand, classicatlynamics of our system. The choice of initial conditions in
trajectory calculation of the same problem, which is nonperour simulations is also described. In Sec. Ill, we present
turbative in nature, can readily be performed. Furthermoreresults of the ionization and dissociation of Hby lasers of
classical analysis provides valuable insight into the dynamicsvavelengthsh =300 nm, 600 nm, and 900 nm, each at in-
of the systems, and often gives results in good agreemenensities ofl =3.4x 10'3, 2.1x 10" and 8.5<10'* W/cn?.
with quantum calculations. For atomic systems, classical mefhe kinetic energy spectra of the ionized electrons and the
chanical studies of two-electron atoms showed that thewuclear fragments are discussed, and some preliminary re-
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sults of harmonic generation are given. We summarize our 1r
results in Sec. IV. g

Il. MODEL
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In this paper, we use a collinear model for the hydrogen

molecular ion in which the electron and the two protons are =2
restricted on a straight line. The Hamiltonian for the hydro- &
gen molecular ion in an external intense laser is then given in >
atomic units by
PR . P’
X, Pit)= o—+ — +V(X,R)+ Ve (X,t),
H(RlPRyxup!t) 2Mp 2Me C( ) eX( )
()
where R is the separation between the protons d&hd its 10
conjugate momentunx is the distance of the electron from X
the center-of-mass of the protons wiphits conjugate mo- FIG. 1. Interation potential between the electron and the protons
mentum, separated by in H," . Solid line: Coulomb potential of Eq2).
1 1 1 Dotted lines: screened potential of Hg) with g,=0.1.
Ve(x,R)= 2

R |x-Ri2 [x+Ri2] potentials are very similar. With the screened potential of Eq.

is the Coulomb interaction between the electron and the prd#), the Hamilton's equations fox, p, R, and Pr can be
tons, and integrated numerically, using the fourth-order variable-step
Runge-Kutta and the Bulirsch-Stoer meth¢@s].
Vex(X,t) = — ox&(t) )

is the interaction potential with the external electric fig{d) A. Classical dynamics in the field-free case
of the laser. The reduced masses arg=my/2 and wu,

One advantage of using the collinear model is that its
=2mgm,/(2m,+me), wherem,, mg(= 1 a.u) are the pro-

el Poincaresurface of sectiorfPSS is only two dimensional.
ton and electron masses, respectively, aot=2(M,  Thjg fact facilitates the numerical study of its dynamical be-
+me)/(.2mp,+me). . . . . havior in phase space. Details of the PSS can be found in
Hamilton's equations of motion can readily be obtainedget 120] and will not be repeated here. We found that the
from Eq. (1). Because of the singularities of the bare Cou-pggrs for the screened potential were very similar to those
lomb potentialV whenever the electron collides with either for the bare Coulomb potential. For example, when thé H
proton, numerical integration becomes unstable. Such singuz ;- its ground vibrational state=0, the center of the PSS

larities can be removed by using the regularized coordinatel%r the screened potential B=3.182 a.u. is very close to
[16]. Even though the regularized coordinates allow us 9 hat for the bare Coulomb potential B =3.166 a.u., and

integrate the eqL_Jations of motion numerically, with the bare[he region of the PSS at larg®is slightly distorted in the
Coulomb potential the electron is always trapped betweel qqneq potential case. When the system is in its vibra-

the twq protons if it is initially p.'ac‘?d between them, .andtionally excited state» =6, the PSS’s for both the screened
hence it cannot simulate the ionization process realistically '

: Yand the bare Coulomb potential consist of a stable
The usual remedy is to use a screened Coulomb pmem'%olmogorov-Arnold-Moser(KAM) zone surrounded by an-

[7.8,34,33 other stable but irregular region, which is itself surrounded
1 1 1 by an unstable region, in which the,Hion dissociates. The
Ve(X,R)= — — fact that the KAM zone is quasiperiodic and the surrounding
S L]

R J(r—-R2%+q, V(r+ R/2)2+qe, region is chaotic is consistent with the results obtained from
(4)  aLyapunov exponent calculatig@0].

The periodic orbit in the middle of the KAM zone turns
with the justification that for larg¢x|, V. has the correct out to be the antisymmetric stretching orbit, which is stable
Coulomb behavior near the ionization thresh¢86]. The  here, in contrast to that of atomic helium. The antisymmetric
parameterg, is somewhat arbitrary, and in our study, we stretching periodic orbit corresponds to a periodic orbit in
chooseg=0.1 a.u. with reasons given below. No screeningwhich the electron bounces between the two protons, and the
parameter is introduced in the Coulomb repulsion betweewlistanceR between the two protons remains almost constant.
the two protons since they never come close together in ousing the classification scheme of Reféd8-20, we can
study. We show in Fig. 1 the bare Coulomb potenifgl  identify the trajectories inside the KAM zone as belonging to
(solid curve$ and the screened potentidl, (dotted lines  the P2 type. In this case, the electron bounces rapidly be-
with g.=0.1 as functions of for fixed values oR. Itis clear  tween the two protons, while the latter vibrate slowly relative
that when the electron-proton separations are large, the twim each other, making a breathing type of motion. An ex-
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FIG. 2. Field-free trajectories using the screened potential. Solid lines: electronic coorditjatdot-dashed lines: nuclear separation
R(t). The upper trajectory is of the P2 type, while the lower one belongs to the P2/P3 hybrid motion.

ample of the P2 type of trajectory is shown in the upper plotgodicity of the system. Study of the PSS shows that for small
of Fig. 2. vibrational excitation, the phase space of the system is
Another type of the trajectories shown in the lower plot of mostly quasiperiodic, and the proper initial conditions for
Fig. 2 is a one-dimensional equivalence of the P2/P3 hybridjuasi-classical calculations should be based on the semiclas-
motion[20]: it is clear from Fig. 1 that when the interproton sical quantization conditions of the syst¢8,20,2]. How
distance is small, the potential barrier between two protonshis can be done exactly remains to be solved; for our pur-
remains low, and the electron bounces between the two prgose, we propose to use the following approximate proce-
tons. As the interproton distance increases, the interprotodure based on the BOA, which is the semiclassical analog of
barrier rises, and now the electron becomes trapped betwedne initial wave function used in Ref8].
one proton and the interproton barrier. This motion therefore We first solve for the electronic energy, treating the
represents a strong correlation between the nuclear and eleadclear separatioR as a parameter, for our collinear,H
tronic motions and cannot be described adequately using theystem using the bare Coulomb potential of E2). While
BOA, which ignores the proton motion. Although the P2/P3the semiclassical method of R¢f.8] can be used, we have
hybrid motion is aperiodic, the motion is still bound and employed an exact quantum-mechanical procedl8839.
therefore represents a type of chemical bonding differentWe then fit the ground-state potential to the Morse form
from that of a P2 orbit. The fact that the net change of the
interproton distance in the hybrid motion is much larger than Viorsd R)=D (e 2P(R"Po) — 2= AR=Po)) v, - (5)
that of the P2 type of motion suggests this to be a classical
manifestation of the nonadiabatic electronic transition. Fi-and obtain the paramete=0.3307 a.u.,8=0.5 a.u.,bg
nally, we note that the transition from the regular to chaotic=2.6 a.u., and/y,=0.5 a.u. When the action-angle variables
motion appears to be sudden and the correlation between tiien,.©) are used, the total energy of the system in the elec-
electron and nuclear motions is very similar to that betweerironic ground state
the light and heavy atoms in a heavy-light-heavy triatomic
system[37,20). P2

21 +Vmorsd R)=E, (6)

B. The BOA and the initial conditions P

In previous classical studies of multiphoton ionization andtakes the simple forrE=—D(1—1,,)?~ V), where classi-
dissociation of moleculel83,34], the initial conditions were cally the actionl ,, can take any value between 0 and 1 for
generated from a single trajectory in the field-free case athe bound-state motion. The action-angle variables are re-
random time intervals. The justification is based on the erdated to R,Pr) by [22]
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Reb Jr1I 1—J1— w?cos®
= —_ n ,
° B w2
— (7
w\1l—wsInE
PR: \/2#

D ,
P 1— J1— w2cos®

where w=1-1,,. For a given nuclear vibration quantum
numbero, the action is given by the semiclassical quantiza-.

tion condition

| ( + ! h h hB (8)
=|v — £ ff=—-
n 2)"° € \/ZMpD

The angle® will be selected uniformly from O to 2. Then
each (,,,0) will be substituted into Eq(7) to obtain the
initial values for R,PRg).
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2\21R
i— —':[E(p,qr/Z)—(l— P F(p,7/2)], (15

v

m( F(p,n)—E(p,7n)
9= 2\ F(p.#2)—E(p.7/2))" (16)

wherep=1/k and sinp=ksina. For givenE, the angled
is chosen uniformly between 0 antl Next Eq.(14) or (16)
is inverted numerically to yield the corresponding values of
a and hencex. Then Eq.(11) is used to give a pair gb of
opposite signs, and we obtain a pair of initial conditions for
the electron symmetric about tixeaxis in phase space.
Strictly speaking the above procedure applies only to the
bare Coulomb potential case. As we note before, the dynam-
ics of the system using the bare Coulomb potential and using
the screened potential witlp,=0.1 is quite similar, and the
same procedure of choosing the initial conditions is applied

After the nuclear separation and momentum are detefi the |atter case also. For the case of the screened potential

mined, we then consider the electronic Hamiltonian

’ P 1 i
P =S TR XFRZ

Ee, (9

whereEq = E— P3/2u,— 1/R, and bothPg andR are treated

with v =6, a small fraction of the initial conditions gives rise
to dissociation even in the absence of an external field. Such
trajectories are not counted in the study of the interaction of
intense laser field interaction with,H in the following sec-
tions. It should be emphasized that the BOA is used only in
finding the initial conditions. Once these are determined, the

as constants. The action-angle variables for the electronig, dynamics involving both the electronic and nuclear mo-

motion under the BOA can now be calculated from

I—lﬁd 0_0fd_f&pl?He|d
=5, P POX 0= ) PO | on g ¢
(10
where from Eq(9),
He )=+ \/2 Hot ————|. (11
P(Hel,X) Me| Mel (R/2)2—x2) (11

These action-angle variables can be expressed in term of t

elliptic integrals

E(k,d)= J:\/l— x%sin6dé,

(12
F(x, ) ’ a0 2<1
K, = a—— K .
0 V1— k2sing

Defining k?= —E4R/4, it can be shown thak?<1 corre-

sponds to the P2-type motion in which the electron bounces

between the two protons. In this case,

2\211R

IeFTeE(k,w/Z), (13)

oo F(k,a)—E(k,a)
0= S\ Ek 72— Ek.7/2)|*

14

wherex=(R/2)cosa. On the other hand, &?>1, we have

tion is considered, unless otherwise stated.
I1l. RESULTS AND INTERPRETATION

In this section, we present results of our classical trajec-
tory calculation of the interaction of the laser with, H
Hamilton’s equations of motion for the Hamiltonian of Eq.
(1) with the Coulomb potentiaV/ replaced by the screened
potential of Eq.(4) are integrated numerically, with initial
conditions chosen according to the procedure described in
r%ec. I B (see the discussion in the subsection on harmonic
generation, howevgrThe electric field of the laser pulse is
represented by

£ S Sinwdt,  0<t<20T
SIN® ——SINwql,
gty=4 07 20T ° @

0, otherwise,

whereTy,=2m/w, is the period of laser oscillation.

A. lonization and dissociation

Under the action of an intense laser field, the electron of
the H,* may leave both nuclei, giving rise to ionization, or
the two nuclei of the B" may separate from each other with
positive relative velocity, and the ion dissociates. Following
Ref. [34], we distinguish the following four dynamical pro-
cesses:

(1) Survival: R<10 a.u.,r,<20 a.u.

(2) lonization:R<10 a.u.,r,>20 a.u., anddr,,/dt>0.

(3) Dissociation:R>10 a.u.,dR/dt>0, andr,<20 a.u.

the P3-type motion where the electron oscillates between a (4) Dissociative ionization:R>10 a.u.,dR/dt>0, r,

proton and the internuclear barrier. Then

>20 a.u., andir,,/dt>0.
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FIG. 3. Trajectories for different types of classical moti&(t) is the total energy given by the value of the Hamiltonian of @g(with
V. replaced by,,) at timet.

Here r,=min(x—R/2|,|x+ R/2|) is the separation of the acting with the laser, the system can lose or gain some en-
electron from the closest proton of thg H. The ionization ergy and settle into the P2/P3 or P2 type of motion.
process defined above is a transient process: eventually the The probabilities of survivalRy), ionization (P;), disso-
nuclei will move apart due to Coulomb explosion, resultingCiation (P4), and dissociative ionizatiorP;) when the H*
in dissociative ionization. is initially in the v =6 level are plotted in Fig. 4 for three

In Fig. 3, we present trajectories illustrating these dynamidifferent wavelengths of excitatici800, 600, and 900 nyrat
cal processes. The i is initially in the v=6 vibrational ~ high (1=8.5x10'* W/cnf) and moderate I(=2.1x 10
level of the ground electronic sta6,8]. For ionization, we Wi/cn¥) laser intensities. A total of 2400 trajectories are used
see that the electron leaves the nuclei rapidly when [0 generate these probabilities. As expected, the survival
>12.5T,, while the nuclei drift apart much more slowly, probabilities decrease whilé; and Pg; increase as the laser
reaching 10 a.u. at abotit- 15T, after which the ion disso- intensity increases. However, the dissociation probabiity

ciates. As for the dissociation process, the electron can ha\)tg not sensitive td; in fact, for the shorter wavelength exci-

large displacement from the center-of-mass of the protons i tions, it becomes smaller at the higher laser intensity be-
9 P P ause ionization dominates. The dissociation process occurs

the duration of the_laser. pulsg, bUt. it comes back to stay NeUarlier for the longer wavelength excitation; at the shortest
a proton as the 5 ion dissociates into a hydrogen atom a”dwavelength of 300 nm, it appears when the laser pulse is
a proton. This indicates that the dissociation process takegmost over. Al = 2.1x 104 Wicn®, Py is slightly larger for
place via intermediate electronic excitation. The total energynhe excitation wavelength of 300 nm, while lat 8.5x 10

of the system for both cases oscillates when the laser igy/cn? it is the 900 nm laser that gives a slightly higty.
turned on, and there is a net gain in energy after the passage |n all cases that we studied, ionization occurs first, reach-
of the laser pulse. When the,H remains bound after inter- ing a maximum inP; within the duration of the laser pulse.
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FIG. 4. The probabilities of survivalsolid lineg, dissociation(dashed lines ionization (dotted line$, and dissociative ionization
(dot-dashed lingsas functions of time. The i is initially in the v =6 vibrational level.

For a fixed laser intensity, the peak Bf occurs earlier for When we lower the laser intensity tb=3.4x10%

the longer wavelength excitation, while for the same laseM/cn?, the ionization process stops, and only dissociation is
wavelengthP; peaks sooner at the higher laser intendity. observed(results not shown At this intensity,Py is larger
then decreases rapidly as the laser pulse cannot ionize aigr the longer wavelength excitation.

more H", and Coulomb explosion turns the process into We have also studied these dynamical processes when the
dissociative ionization. At the same timy; appears a®; H,™ is initially in its ground vibrational leveb =0 (results
begins to decrease from it peak value, and the gaRyjrcan  not shown. At the high laser intensity=8.5x 10 W/cn?,

be observed to be about the same as the decreaBg.in the results are very similar to those shown in Fig. 4, showing
Hence virtually all the dissociative ionization events origi- that the dynamics is not sensitive to the initial state of the
nate from the ionization process, and at least for the lasemolecular ion. At the lower intensity=2.1x 10'* W/cn?,
pulse we use, simultaneous ionization and dissociation dfiowever, the values &, P;, andPy; are lower than those
H,*, or subsequent ionization of the hydrogen atom afteiin Fig. 4, even though the qualitative features are similar.
dissociation, seldom occurs. Our results are qualitativelyrhus at this lower intensity, initial vibrational excitation of
similar to the quantum-mechanical calculations of Rgfs8]  the molecular ions helps to promote the ionization and dis-
and the classical results of R¢B4] where a 3-1D model of  sociation processes.

H," with different screening parameters and different laser

characteristics were used. At the highest intensity 10

x 10 W/cn?) used in Ref.[34], however, P, decreases B. Kinetic energy spectra
slightly after reaching a peak, indicating some of the hydro- The classical trajectory method yields the electronic and
gen atoms were ionized after dissociating frogiH nuclear kinetic energy distributions readily. In Fig. 5 we
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present the photoelectron kinetic energy spectranfel600  energy peaks are due to the Coulomb explosion process
nm at two laser intensities, and compare the results for thel; —p+p+e. Furthermore, at the higher intensity, the
H, " in the initial vibrational levels =0 andv=6. We use  Coulomb explosion process dominates over the dissociation
4900 trajectories to generate these spectra. At the high inteprocess, and as expected, the high-energy peaks shift to
sity 1 =8.5x 10" W/cn¥, the results between the=0 and  higher energy compared with those at the lower laser inten-
v=6 cases are qualitatively similar, while at the lower in-sity. This is consistent with the observation of Fig. 4. Figure
tensity | =2.1x 10" W/cn?, the ionization probability for  6(c) has the same qualitative features as those in Fay.d

v=0 is smaller and has a lower energy cutoff value than thehe quantum results of Rd8], although the intensities used

v =6 case. Thus at the higher intensity, thg"Htan readily  in the present study are higher. Note that there is a difference
be ionized irrespective of its initial vibrational state. At the in scale between these figures. In our figures, we plot the
lower intensity, however, initial vibrational excitation of the probability density in units of probability per 0.1 eV.

H,* enhances the ionization process. At A=600 nm, with the laser intensity at the lower value
At both intensities, the photoelectron spectra exhibit cutof |=2.1x10* W/cn?, the Coulomb explosion process
off at the electronic kinetic energy of aboutJ3, where gives rise to a more predominant fragmentation distribution

U,=e’Ej/dm.wj is the electron ponderomotive energy. when the B is initially in its ground vibrational level, and
(For \=600 nm,U,=3.42% wy when|=2.1x 10" W/cn?,  very few dissociation events are observed. However, when
and U,=13.8%w, when |=8.5x10" W/cn?) Recent the H, isinitially in its v =6 vibrational level, a sharp peak
quantum-mechanical calculatid] also showed that the appears at lower energy, corresponding to thé HH+p
probability distribution dropped below 18 when the elec- dissociation process, along with a broad distribution at high
tron energy is larger thanlB,, but there was a second pla- energy from Coulomb explosion. Hence under these excita-
teau which fell below 10° only when the electron energy is tion conditions, initial vibrational excitation enhances the
larger than 14 ,. Because of the relatively small number of dissociation process. At the higher laser intendity8.5
trajectories we use, we are not able to compute such smak 10 W/cn?, the low-energy distributions from the disso-
probabilities although, in principle, there is no inherent dif- ciation process for both the=0 and thev=6 cases are
ficulty to increase the number of trajectories, except the dealmost completely washed out, leaving broadened peaks at

mand of computer time. higher energies from the i — p+ p+ e Coulomb explosion
In Fig. 6 we show the kinetic energy spectra of the dissofprocess.
ciating nuclear fragments for= 600 nm and\= 900 nm, When a laser with the longer wavelength o900 nm

at the laser intensities=2.1x10* W/cn? and 1=8.5 and the lower intensity of =2.1x 10" W/cn? is used to

x 10" W/cm?. We consider both the cases when the' Hs  excite the H™ , a sharp peak due to,Hi—H-+ p appears at
initially in the v=0 and thev =6 vibrational levels. In all lower energy for bothh=0 and thev =6 initial levels, al-
cases, the dissociation process,"™H-H+p contributes though the peak intensity is slightly higher for=6. Again,
mainly to the low-energy part of the spectra, while the high-broad peaks are observed at higher energies, and the quali-
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tative features for these different initial states are quite simiaverage over an ensemble of trajectories. The harmonic gen-
lar. At the higher laser intensity, the,H—H+p low-energy  eration spectrum is then proportional | w)|?.

peaks are much suppressed, and the high-eneggy—+p Experimentally, only the odd harmonics are observed in
+p+e peaks shift to higher energies and are broadenedhe emission spectra because of the inversion symmetry of
especially for they=6 case. the system. As pointed out in Ref29], even harmonics

From Fig. 6, we can conclude that the strength of theappears if we compute the power spectrum of a single tra-
low-energy dissociation peaks is very sensitive to the lasejectory since it does not possess an inversion center. The
intensity, and also depends on the initial vibrational excitagoa initial conditions described in Sec. 11 B do not satisfy
tion, especially for =600 nm. The locations of both the {nis symmetry requirement either, and hence the power spec-

low-energy H"—H+p peaks and the high-energy,H  ym of an ensemble averagexft) using these initial con-
—p+p-+e peaks are rather insensitive to the exciting waveyitions will produce both odd and even harmonics. It has
length. However, the locations of the higher energy peaksgeen emphasized in Refi29] that in order to remove the

depend strongly on the laser intensity. unphysical even harmonics, the inversion symmetry of the
_ _ system must be built in from the initial conditions. Thus,
C. Harmonic generation instead of using the initial conditions of Sec. Il B, we choose

High-order harmonic generation under irradiation bythe initial nuclear coordinate and momentum to Re R,

high-intensity lasers has been observed for rare-gas aton#!d Pr=0. Then we use the same procedure described in

[40], and recently for molecular gasgsJ. For the case of a Egs.(10)—(14) to generate an ensemble of electronic initial

hydrogen atom, the classical trajectory method proved to beonditions symmetric abolR=R.

a practical means for calculating the harmonic generation In Fig. 7, we show the ensemble-averaged electronic co-

spectra[29]. This method can be applied to the present cas@rdinates and their power spectra far=900 nm andl

of Hy* . =8.5x 10" W/cn? and the H at an initial energy corre-
Similar to the case of atomic hydrogen, the emission specsponding to its ground vibrational level. Figureg)7and

trum of H is proportional to the power spectrum of the 7(c) are generated with the initial conditions described above

electronic dipole moment. From the classical trajectories, w@&nd the full nuclear and electronic equations of motion are

can compute the Fourier transform of the average electrofttegrated numerically, while Figs.() and 7d) are pro-

coordinate by the fast-Fourier transform meta6] duced by freezing the nuclear separatiofRgtand only the
electronic equations of motion are computed. 10000 trajec-

T - tories are employed in these calculations, and if the system
d(w)= fo (x()e'“dt, (18) ionizes, the ionizing part of the trajectory which would pro-
duce a dominant backgrouf@9], is excluded from the cal-
culation of the spectrum. Note that &0, (x(0))=0 as
whereT is total time of integration, an¢- - -) represents an required by the inversion symmetry. For the frozen-nuclei
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case, lower order even harmonics are suppressed, and oddn be conveniently analyzed in terms of the two-
harmonics of up to the 11th order can be observed. Theimensional Poincarsurfaces of section. Since the motion
power spectrum using the full dynamics is much noiser, an@f the low-lying states of the 5 is quasiperiodic, initial
only up to the fifth-order odd harmonics is distinguishable.conditions based on the ergodic hypothesis may not be suf-
We have also computed the spectra at the lower intensity dfcient to properly characterize the initial quantum state of

| =3.4x 10" W/cn? (not shown. Again, odd harmonics of the system in the classical trajectory simulation. Hence we
|OWer OrderS readily appear in the frozen-nudei case, but thgropose an approximate Semic'assica' procedure based on
spectrum from the full dynamics is even noisier. the Born-Oppenheimer approximation and using action-

Our results are less satisfactory than those of atomic hyyngie variables to choose the initial conditions for the trajec-
drogen[29] since only a few of the lower-order odd harmon- tory calculations.

ics are generated. Experimeni@] and quantum-mechanical 1y ;/ing the interaction with the laser field, the electronic

emitied from molecties nteracting with nense 1aser e NUCISar moton becomes strongly coupled, and e have
The initial conditions we choose % hoceven though tﬂey studied the probabilities of ionization, dissociation, dissocia-
satisfy the inversion symmetry requirement. The spectra oIfMta |(_)r:!zat|on, ar:ld sumva_l ‘.TS Ia ftur:c'uonf ct)rf1 ﬂla Izser char-
the frozen-nuclei case may not be too meaningful physicallyaC erstics as well as the initial states of g 't AS ex-

especially for high-intensity excitation where considerablgP€Ctéd. ~the ionization ~and dissociative  ionization
dissociation occurs, but are included to illustrate the imporprobabmtles increase with increasing laser intensity, but the

tance of using an ensemble with the proper inversion symdissociation probability is not sensitive to the laser intensity.

metry. Further work on the classical calculation of molecularThe peak of the ionization process occurs sooner for longer
harmonic generation remains to be done. laser wavelength and higher laser intensity. Once ionized,

the nuclei(protons of the H,™ will eventually fly apart by

Coulomb explosion. We find almost all the dissociative ion-

ization events come from Coulomb explosion, indicating that
In this paper, we have presented a classical trajectorgimultaneous ionization and dissociation, or subsequent ion-

study of the dynamical processes when a hydrogen molecuzation of the hydrogen atom after dissociation, is highly

lar ion interacts with intense laser fields. A collinear modelunlikely. By comparing the results for the,H initially at the

of H," is used, with the bare Coulomb potential replaced byv =0 and thev=6 levels, we conclude that initial vibra-

a screened potential to avoid the singularities at clos¢ional excitation enhances the ionization and dissociation

electron-proton encounters. The collinear model has the agrocesses only at the lower laser intensity. The qualitative

vantage that the phase-space dynamics in the field-free cabehavior of these probabilities is very similar to those from

IV. SUMMARY AND CONCLUSION
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guantum-mechanical calculations. is reasonable as long as the screening parameter, which we
We have calculated the photoelectron kinetic energy disehoose to be,=0.1, is small, and as already discussed, our
tributions, and found that there is a cutoff at an energy ofionization and dissociation results agree qualitatively with
about 3J,, whereU,, is the ponderomotive energy. Due to quantum calculations.
the relative small number of trajectories used, we cannot However, our procedure for choosing the initial condi-
detect a second plateau in the spectra which were observedtions, or perhaps any procedure that depends on the BOA,
guantum-mechanical calculations. We have also studied theay not be adequate for the calculation of harmonic genera-
energy spectra of the dissociating nuclear fragments, antion, as suggested by the results of Sec. Ill C. We believe that
found that the dissociating process™H-H+ p gives rise to  the proper initial conditions based on the semiclassical quan-
a low-energy sharp peak, while the Coulomb explosiontization of the full electron-nuclei dynamics obH, with the
H,"—p+p+e produces broad high-energy peaks. At theproper inversion symmetry built-in, are required for accurate
lower intensity, both the low-energy dissociation peak andcalculation of the harmonic generation spectra. Work on
the high-energy Coulomb explosion peaks are clearly dissuch semiclassical quantization has appeared recgifky
played, but at high laser intensity, the Coulomb explosior21], and we are considering various methods to implement
peaks become dominant, broadened, and shifted to highénese ideas for the spectral calculation. Finally, it should be
energy. mentioned that while quantum-mechanical calculations
Finally, we have carried out a preliminary classical calcu-based on the £1D model are in reasonable agreement with
lation of the harmonic generation spectra gf'H In orderto  experiments when proper initial conditions are used, for
suppress the unphysical even harmonics, the initial condiguantitative comparison a full three-dimensional study
tions must satisfy the inversion symmetry of the system, anghould be carried out. Work on higher dimensional models is
we have introduced aad hocprocedure for the choice of the in progress.
initial conditions. While the spectra generated under the
frozen-nuclei condition produces odd harmonics up to order
11, only a few odd harmonics show up in the spectra when
the full nuclear and electronic dynamics is included, in con- This work is partially supported by Grant No. 19874019
trast to experimental finding and quantum-mechanical calcufrom the National Natural Science Foundation of China
lations. (Y.W.D.) and a research grant from the Natural Sciences and
We believe that the initial conditions based on the BOAEngineering Research CouncilNSERQ of Canada
should be a reliable procedure for low-lying states of the(W.K.L.). J.M.Y. would like to acknowledge the partial sup-
H," since quantum-mechanical calculations based on thport by the National Science Foundation through a grant for
BOA agree very well with experimenid1]. In addition, we the Institute for Theoretical Atomic and Molecular Physics at
have used the electronic ground-state potential readily avaiHarvard University and Smithsonian Astrophysical Observa-
able to us for the bare Coulomb potential to generate initiatory. W.K.L. would like to thank the Institute of Atomic and
conditions which are subsequently used for the modgl H Molecular Sciences, Academia Sinica, Taipei, and Hunan
with the screened potential. This last approximation is nofNormal University for their hospitality during his visits when
essential but is done for expediency. Our present procedungart of this work was undertaken.
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