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Diatomic molecule under pulsed field: One-dimensional versus full-dimensional studies
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This work investigates the dissociation dynamics of a diatomic molecule under the chirped pulse with the
vibrational and rotational degrees of freedom. Results obtained herein are also compared with those of the
conventionally used one-dimensional~1D! model. According to the comparison, the 1D model still provides
valuable information such as dissociation dynamics. Meanwhile, predictions such as harmonic generation
spectrum from the 1D model are impractical.@S1050-2947~98!07009-7#

PACS number~s!: 42.50.Hz, 31.15.Qg, 31.70.Hq
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I. INTRODUCTION

The one-dimensional~1D! model for a diatomic molecule
is frequently employed to examine molecular behavior un
the interaction of a light field. However, a majority of the
studies have neglected the rotational effect and the coup
between rotational and vibrational states. The 1D model a
assumes that the molecular axis is perfectly aligned with
external field throughout the interaction time and is mu
easier to calculate than the full-dimensional study. Theref
the 1D model is occasionally viewed as made for compu
tional convenience only@1#. In addition, relatively few full-
dimensional calculations@1–3# are available in previous lit-
erature. Therefore closely examining the 1D model and
full-dimensional studies involving the interaction of a d
atomic molecule with light pulse is a worthwhile task. In th
study we demonstrate that although rather simplified, the
model occasionally provides valuable information regard
the dissociation behavior.

The coherent control of the molecular photoexcitation h
received increasing interest recently@1,4–10#. The extent to
which chirped pulses excite the 1D model of a diatomic m
ecule has also attracted much attention. A recent study
indicated that the threshold laser intensity for significant d
sociation with chirped pulse has been reduced to around12

W/cm2. Under such a circumstance, the ionization proc
can thus be neglected@4,5,9,10#. Investigations also use
femtosecond chirped pulses to excite the inert gas atoms
produce higher harmonics than expected@11–15#. We have
elucidated the detailed dissociation dynamics of a 1D
atomic molecule recently@16#. We explore herein the promi
nent rotational effects.

The rest of this article is organized as follows. Section
describes the formulation and numerical method propo
herein. Results and discussions are presented in Sec
Conclusions are finally made in Sec. IV.

*Author to whom correspondence should be addressed: U
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III.

II. FORMULATION AND CALCULATION

Initially studied herein are the quantum dynamics of
atomic molecule HF under the interaction of a chirped pul
Under the Born-Oppenheimer approximation, the vibratio
and rotational states in the ground electronic state can
described by the Hamiltonian

Ĥ05
2]2

2m]R2
1

L̂2

2mR2
1De@12e2a~R2R0!#2. ~1!

To model the HF molecule, the potential parametersDe
50.225, a51.1741, m51744.8423 andR051.7329 are
used, whereR denotes the relative coordinate of the atom
nuclei andm represents the reduced mass of atoms H an
The atomic units are used hereafter unless otherwise sta
Omitting the rotational termL̂2/2mR2 reduces the system
into the 1D model. In addition, the unperturbed Hamiltoni
supports 24 vibrational states; rotational levels are associ
with each vibrational state as well.

The electric field of the chirped pulse can be expresse

E~ t !5EmU~ t !sin@Vc~ t !t#, ~2!

where

Vc~ t !5V0F12anS t

T0
D nG . ~3!

We select the initial frequencyV051.1v12, wherev12 is the
resonant frequency of the ground and the first excited vib
tional levels. Also for convenience, 2p/V0 is defined as the
optical cycle. In addition, the fact that the vibrational ener
level spacing gradually decreases from lower to higher lev
accounts for why the blue to red chirping in Eq.~3! provides
a climbing ladder for the pumping process. Our previo
study of chirped excitation in the 1D model@16# demon-
strated that the quadratic chirping@n52 in Eq. ~3!# is more
efficient in dissociation than linear chirping@n51 in Eq.
~3!#. However, using linear chirping to ensure the expe
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mental feasibility@17# is a more practical measure. The e
velope functionU(t) used to model the pulse shape is e
pressed as

U~ t !5 H t/t0 for t<t0

1.0 for t0,t<T02t0

~T02t !/t0 for T02t0,t<T0,

~4!

whereT0 denotes the total pulse duration, and the rising ti
and switching-off timet0 are set to ten optical cycles. For th
field linearly polarized along thez direction, the time-
dependent Schro¨dinger equation is

i\
]

]t
uC&5S P̂2

2m
1V̂l~R!2qeE~ t !•RD uC&, ~5!

where the effective potential isV̂l(R)5De@12e2a(R2R0)#2

1 l ( l 11)/(2mR2). The effective chargeqe is taken to be
0.31. For the 1D calculation, we set the rotational angu
momentuml to zero and takeu50 in the above equation
While comparing our results with those in previous liter
ture, we merely use the linear form of the dipole function
a model study despite the fact that a more practical form
be found@1,18#. In a related study, Yuan and Liu compare
the dissociation behavior of a 1D model NO molecule w
linear and realistic dipole functions@10#.

The above time-dependent system is propagated by
split-operator algorithm@19#:

c~ t1D!5exp@2 i ~ P̂2/4m!D#exp@2 iV̂ l~R!~D/2!#

3exp@ iqeE~ t !RcosuD#exp@2 iV̂ l~R!~D/2!#

3exp@2 i ~ P̂2/4m!D#c~ t !1O~D3!, ~6!

where symbolicallyp̂52 i ]/]R. We expand the state func
tion in partial waves:

c~R,V;t !5(
l 50

l max

Fl~R;t !Yl ,m~V!. ~7!

The state function is transformed alternatively between co
dinate and momentum space by the fast-Fourier-transf
method@20#. For the linearly polarized field, the magnet
quantum number is conserved and hence the system is
ally two dimensional. In addition, the propagation of the
pole coupling term can be analytically solved. Since

e6 ikRcosu5 (
n50

`

~7 i !nA4p~2n11! j n~kR!Yn,0~V!, ~8!

the following expansion can be made:

e6 ikRcosuc~R,V;t !5(
l 50

l max

Gl~R;t !Yl ,m~V!. ~9!

Then, the time-dependent radial part becomes
-

e

r

-
s
n

he

r-
m

tu-

Gl 8~R;t !5 (
n5u l 2 l 8u

n5 l 1 l 8

(
l 50

l max

~21!m~6 i !n~2n11!

A~2l 11!~2l 811! j n~kR!3Fl~R;t !S l 8 n l

0 0 0D
3S l 8 n l

2m 0 mD , ~10!

where

S l 1 l 2 l 3

m1 m2 m3
D

is the Wigner 3-j symbol @21#, V5(u,f), k5uE(t
1D/2)uD and j n(kR) is the spherical Bessel function of o
der n.

During the calculation, an adaptive method is applied
the 1D calculation. A range of 15.7 a.u. and 256 mesh po
are initially used. Whenever the wave function hits the ou
boundary, we increase the coordinate range and grid po
@16#. For the full-dimensional calculation, under the intens
of 1013 W/cm2 and 300 optical cycle pulse studied herein
range of radial coordinate 46 a.u., 1024 grid points, and
partial waves in angular expansion are used. A filter is pla
at the outer coordinate boundary. The portion filtered ou
about 4% at the end of the pulse. Also, the population of
highest angular momentum partial wave is less than 1024. In
the field-free calibration, the norm of wave function is acc
rate to the eighth decimal place during 300 optical cycles

The dissociation probabilityPd(t) is defined as

Pd~ t ![12 (
n51

24

(
l 50

l max

Pn,l~ t !, ~11!

where Pn,l(t)5 z^fn,l(t)uc(t)& z2 denotes the population o
the l th-rotational level of thenth-vibrational state at timet.

The alignment of the molecule with the external field h
received extensive attention. Herein, we calculate the al
ment probability for a certain angleua as

Palign52pE
0

ua

uc~R,u;t !u2dRsinudu

12pE
p2ua

p

uc~R,u;t !u2dRsinudu. ~12!

The time history of alignment probability provides furth
information regarding the rotational motion.

III. RESULTS AND DISCUSSION

In the following, we compare the results of a 1D and
full-dimensional HF under the dipole interaction. Accordin
to the comparison, the external chirped pulse intensity
1013 W/cm2, V051.1v12. The pulse durationT0 is 120 op-
tical cycles (;917 fs) for the 1D model and is 300 optica
cycles (;2.3 ps) for the full-dimensional case. The chirpin
is linear witha150.5 for both cases. In addition, the syste
is initially prepared in the ground staten51, l 50.
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Whether or not the 1D calculation is valid for the importa
rotational degree of freedom having been totally neglecte
of relevant interest. Therefore we compare the dissocia
behaviors of the 1D model and full-dimensional calculati
first. Figures 1~a! and 1~b! depict the population history o
some vibrational states for 1D and full dimension~summed
over all rotational states to each vibration level!, respec-
tively. Although the detailed dissociation dynamics diff
from each other for the two cases, the corresponding exc
states appear at roughly the same position if we scale
time by the total pulse duration, respectively. Conside

FIG. 1. Population history of some vibrational states under
linear chirping pulse of intensity 1013 W/cm2, a150.5, initial fre-
quency is 1.1v12. ~a! One-dimensional results with pulse leng
120 optical cycles.~b! Full-dimensional results with pulse lengt
300 optical cycles.
t
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situation in which the motion of the 1D molecule moves
the field direction only while the real diatomic molecule h
a further degree of rotation; the correspondence is not me
ingless. The time lag of the arising of the 3D excited sta
with respect to the 1D model can be accounted for by
matrix elements described below. The 3D dipole matrix e
ment M n11,l 8;n,l

3D
5^n11,l 8uRcosuun,l& is related to the 1D

matrix through

M n11,l 8;n,l
3D

5S l 11

A~2l 13!~2l 11!
d l 8,l 11

1
l

A~2l 11!~2l 21!
d l 8,l 21D M n11,n

1D , ~13!

whereM n11,n
1D 5^fn11uRufn& denotes the 1D dipole matrix

element between neighboring states. The magnitude
M n11,l 8;n,l

3D is at most 1/A3 of M n11,n
1D . Besides, rotationa

selection rules discourage the transitions. We can thus i
that the effect of the rotational degree of freedom in a
molecule reduces the alignment along the field in comp
son to the 1D model. In addition, a factor of about 3 tim
duration is deemed necessary to arrive at the same vi
tional excited state.

To further understand the dissociation dynamics, we p
the coarse-grained Wigner~CGW! density for both 1D and
real HF under the chirped pulse. The CGW is defined as@22#

rH~^r &,^p&;t !5~1/2p\!z^f^r &,^p&uc& z2, ~14!

wheref^r &,^p& is the minimum uncertainty wave packet

f^r &,^p&~R!5
1

@2p~Dr !2#1/4
expS i

\
^p&R2

~R2^r &!2

4~Dr !2 D .

~15!

The real HF wave function in this study is two dimension
Therefore we take thez-directional wave functionc(R,u
50;t) in the calculation of CGW to compare with the 1
case. Figure 2 displays the CGW of the 1D case at the
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er
FIG. 2. Coarse-grained Wigner density plot
1D model under the chirped pulse. The dens
levels linearly decrease from the inner to out
contour.
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FIG. 3. Coarse-grained Wigner density plot
real HF under a chirped pulse. The density leve
linearly decrease from the inner to outer contou
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ments of 0, 40, 80, and 120 optical cycles. The density lev
decrease linearly from the inner to the outer contours. Fig
3 illustrates the correspondence in the real HF case, but a
moments of 0, 100, 200, and 300 optical cycles. Althou
they are 1D and 2D systems, respectively, their flows
phase space density closely resemble each other if the tim
each case is scaled again by the total pulse duration, res
tively.

Also investigated herein is the alignment of a realistic H
under linear polarized light, wherePalign is defined in Eq.
~12!. For the field-free condition, the angular distribution
probability is spherically symmetric,Palign53.4% for ua
5p/12, andPalign513.4% for ua5p/6. Figure 4 plots the
probability Palign vs time for anglesua5p/12 andp/6, re-
spectively. The alignment of HF molecules under the chirp
pulse ofa150.5, I 51013 W/cm2 is unlike the dissociative
ionization process in that the strong alignment arises fr
the fragmented ions during the interaction with a strong fi
(I 51015 W/cm2 in the experiment of Normandet al. on the
target of CO! @23#. Nevertheless, significant alignment pro
ability Palign is observed. According to Fig. 4, the alignme
probability oscillates at a period of about 554 fs~;1 805 054

FIG. 4. Alignment probability vs time for the real HF under
chirped pulse. Dotted line is forua5p/12 and solid line is forua

5p/6. For a field-free case, the probability is 3.4% and 13.4
respectively.
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MHz!. Comparing the period with the natural rotational fr
quency of HF (;1 255 400 MHz)@24# reveals that the os
cillation frequency is about 1.44 times the rotational fr
quency. The motion is hindered rotating around the fi
polarization axis.

Finally the harmonic generation~HG! spectra are calcu
lated by taking the Fourier transform of the accelerated
pole moment@25# P(v)5u1/2p*2`

` ^z̈&e2 ivtdtu2 where^z̈&
denotes the quantum expectation of the accelerated di
moment in the polarization direction andP(v) represents
the power intensity. Figure 5~a! depicts the HG spectrum o
the 1D model without chirping. Figure 5~b! depicts the HG
spectrum of the 1D model also but with linear chirpinga1
50.5. Figure 5~c! depicts the HG spectrum of a real H
without chirping and Fig. 5~d! illustrates that for a real HF
but with linear chirpinga150.5. All the four plots are unde
intensity I 51013 W/cm2, V051.1v12. The pulse duration
is 120 optical cycles for the 1D model and is 300 optic

,

FIG. 5. Harmonic generation spectra under the field inten
1013 W/cm2, initial frequency is 1.1v12. The pulse length for 1D
is 120 optical cycles and is 300 optical cycles for the fu
dimensional case.~a! The chirping-free 1D case,~b! linear chirped
1D results,~c! chirping-free full-dimensional case, and~d! linear
chirped full-dimensional spectrum.
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cycles for a real HF case. Notably, in the chirping-free ca
the even orders appear in 1D but disappear in 3D due to
spherical symmetry of the 3D potential@26#. There are sat-
ellite lobes located around the principal peaks coming fr
the rotational transition in the real HF case. Figures. 5~b! and
5~d! reveal that the spectra become broadbanded unde
chirped pulse. In addition, the HG spectrum intensity of
real HF case is on the order of a magnitude smaller than
corresponding 1D spectrum. This again reveals that the r
tion weakens the transition probability. Therefore simulat
of the harmonic generation by the 1D model would be i
practical in the molecular photoexcitation.

IV. CONCLUSIONS

This article investigates the photoexcitation of a 1
model and a real HF molecule. According to the photodis
ciation dynamics, although the 1D model still provides qua
tative results, the time scale is about three times faster
J
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the real case. The coarse-grained Wigner density plots
play a similar tendency. Closely examining the rotation
alignment with field reveals that the motion is hindered, a
oscillates along the field axis slightly faster than the ro
tional time scale. From the time history of the alignme
probability, the molecule obviously spends most of its tim
in the z direction on a rotational period scale. From the d
pole matrix element formula, we can conclude that the ro
tional effect decreases the coupling strength among diffe
states in comparing with the 1D matrix elements. Moreov
the harmonic generation spectrum from the 1D simulation
unreliable.
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