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Dissociation and dynamics of the high-vibrational-state HF molecules under intense half-cycle
and few-cycle pulses
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~Received 4 May 1999; published 15 February 2000!

This work explores the dissociation dynamics and angular distribution of the HF molecule interacting with
intense half-cycle and few-cycle pulses, including the rotational degree of freedom. The dependences of the
dissociation probability on both the pulse type and the pulse duration are discussed. Our results indicate that
the angular distribution of the dissociation probability is highly asymmetric to the perpendicular direction of
field polarization, and becomes more symmetric with an increase in the number of field cycles. The spatial
distribution of the wave function demonstrates the feasibility of constructing a molecular wave packet by
interacting with the half-cycle pulse.

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

Strong and short laser pulses have been used in re
decades to examine the light-atom and -molecule dynam
over a wide range of laser frequencies. The experime
investigation of Joneset al. @1,2# ushered in an extensiv
study of the ionization and excitation of the Rydberg ato
using a half-cycle pulse~HCP! @3–10#. The experiments
were performed in the regime where the pulse durationTp is
in the order of the classical electron orbital period (Tn

52pn3) and the peak field strengthEm is in the order of the
nuclear Coulomb field (Fn5n24) of the atom, wheren de-
notes the principal quantum number of the Rydberg ato
~Atomic units are used hereafter unless stated otherw!
This short and unidirectional electric-field pulse leads to s
eral interesting results, such as the creation and probing
wave packet@2#, tracing of wave-packet trajectories, and t
difference betweenn21 scale ionization and microwave ion
ization or ramped dc electric-field ionization@1,4,10#, etc.

The experimental results have led to numerous theore
investigations using either quantum- or classical-mechan
approaches@8–10#. According to those investigations, th
HCP experimental results can be interpreted classically
the interaction of the Rydberg atom with impulse field@1,9#.
The quantum study of ionization correlates with the class
results over a regime where the time scale runs from
adiabatic limit (Tp@Tn) to the sudden (Tp!Tn) limit, and
the ionization behavior changes fromn24 to n21 scaling
characteristics. However, the measured threshold field
ionization expressed as a function of pulse durationTp lies
on a universal, classical scaling invariant curve connec
the adiabatic and sudden regimes. Thus, the impulse
approximation is useful in the analysis of the atomic Ry
berg state under the HCP excitations.

*Present address: National Center for Theoretical Sciences,
Box 2-131, Hsinchu 300, Taiwan.
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In contrast to the extensive amount of attention paid
atomic Rydberg states by the HCPs, corresponding stu
on the molecular species are rare. Although incorporat
rotational effects into the vibrational states complicates
calculation, experimental analogs have already been se
such as field dissociation of molecular ions in the field-i
microscopy~FIM! and its passage through the high-field g
@11–13#. From the perspective of collision physics, HCP a
one-cycle pulses@6# can imitate the interaction of atoms an
molecules with a charged particle. Besides, advances in l
technology have made it possible for the frequent use o
time duration shorter than a single molecular rotational
riod in experiments. As widely anticipated, a pulse with
high intensity and duration comparable to the vibrational
riod will be contributed and controlled in the near futur
Thus, this work elucidates the dynamics of the high-lying H
molecular vibrational states under HCP and few-cycle pul
while including the rotational effects. Results in this stu
provide further insight into such processes.

The rest of this paper is arranged as follows. We brie
introduce in Sec. II the numerical method of solving t
time-dependent Schro¨dinger equation of an HF molecule un
der nonperturbative interaction. For different rotation
states, the pseudospectral method is used to compute th
genvalues and eigenfunctions with a Chebyshev basis
Sec. III we present the results and discussions. The disso
tion of HF by different pulses and duration are investiga
therein. A summary is given finally.

II. MODEL AND CALCULATION

Under the Born-Oppenheimer approximation, the tim
dependent Hamiltonian of light interaction with the molecu
can be written as

H5H02EW ~ t !•dW ~R!,
~1!

H05
P̂R

2

2m
1V̂j~R!,.O.
©2000 The American Physical Society07-1
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V̂j~R!5De@e22a(R2Ro)22e2a(R2Ro)#21 j ~ j 11!/~2mR2!,

where the parameters used areDe50.225,a51.1741, Ro
51.7329, and reduced massm51744.8423 for the HF mol-
ecule. The dipole moment function of HF is written
dW (R)5paR exp(2pbR

4)R̂ with pa50.4541 andpb50.0064
@14,15#. This dipole function has an effective charge 0.31
equilibrium position that was used by many authors in
simpler linear form@16–18#.

The external fieldEW (t)5E(t) ẑ used in this work is cho-
sen to have thesinusoidalform

E~ t !5Em sinS 2p

Ts
t D , 0<t<NpTs , Np50.5,1,2,3, . . . .

~2!

When Np50.5, the field is a half-cycle pulse,Np51 is a
one-cycle pulse, and so on. The total pulse duration isTp
(5NpTs) . In our calculation, the maximum peak fie
strengthEm is fixed at 0.0338~a.u.!, which corresponds to
the intensity of 431013 W/cm2. Beyond this order of inten-
sity, the ionization process will occur and the molecular p
tential with only one surface is inadequate to describe b
dissociative and ionized processes.

The above time-dependent system is solved numeric
by the split-operator algorithm@19–21#. We expand the
wave function into partial waves:

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

l max

Fl~R;t !Ylm~V!. ~3!

For the linearly polarized field, the magnetic quantum nu
berm is conserved unless a magnetic field is added in, he
the system reduced into a two-dimensional one. The w
function is then propagated in time by alternating transf
mations between coordinate and momentum space by
fast-Fourier-transform method@22#. Additionally, the propa-
gation of the dipole coupling term can be calculated throu

e6 ikd(R)cosu5 (
n50

`

~7 i !nA4p~2n11! j n„kd~R!…Yn0~V!.

~4!

By making the expansion

e6 ikd(R)cosuc~R,V;t !5(
l 50

l max

Gl~R;t !Ylm~V!, ~5!

the time-dependent radial part becomes

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)

3A(2l 11)(2l 811) j n„kd(R)…

3Fl(R;t)(21)2(l 82n)2m(2l 11)21/2

3^ l 80;n0u l0&^ l 82m;n0u l 2m&, ~6!
03340
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where ^ l 1m1l 2m2u l 3m3& is the Clebsch-Gordan coefficien
V5(u,f),k5uE@ t1(D/2)#uD, and j n„kd(R)… is the spheri-
cal Bessel function of ordern. During the time evolution, the
population probability of the system lies in thenth vibra-
tional state.Pn(t) is defined as

Pn~ t ![(
j 50

j max

Pn j~ t !, ~7!

where Pn j (t)5u^fn j (t)uc(t)&u2 denotes the population o
the j th rotational level associated with thenth vibrational
bound state at timet andn50,1,2, . . . ,23, j runs from 0 to
diminishing angular momentumj max.

While the rovibrational coupling can be neglected, t
separation of the rotational and vibrational degrees is a g
approximation, and the wave functionfn j can be written as
a product of the radial part and the angular pa
fn(R)Yjm(V), wherefn(R) is the eigenfunction of the one
dimensional HamiltonianP̂R

2/2m1V̂0(R). When the system
is in the highly rotational or vibrational states, this appro
mation is questionable and we have to include the centrifu
force in the potential. Chelkowski and Bandrauk expand
the potential around the minimum of the potentialVj and
fitted them into a new Morse potential. The eigenfunctio
are then solved from this new potential@23#. Instead of their
method, we use the pseudospectral method@24–26# to solve
the eigenfunction ofH0 numerically and normalize the
pseudocontinuous states within a box of length 46.0 a.u..
compute the eigenfunctions, letfn j (R)[Af 8xn j (x) with R
5 f (x), and using Gauss-Chebyshev quadrature, we hav

xn j~x!5(
i 51

N

gi~x!xn j~xi !, ~8!

wheregi(x) is the cardinal function in the Chebyshev bas
and$xi% i 50

i 5N are the collocation points andgi(xk)5d ik .
By choosingf (x)5L(11x1C1)/(12x1C2), whereL,

C1, andC2 are scaling factors which mapR into the interval
@21,1#, the wave function satisfies the following equation

(
i 51

N

~H0!kixn j~xi !5En jxn j~xk!, ~9!

where

~H0!ki52
1

2 S 1

f 8~xk!
D 2

d2gi~xk!

dx2
1Vj~xk!dki , ~10!

with

2
d2gi~xk!

dx2
55

~21! i 1k~2xk
22xixk12!

~12xk
2!~xi2xk!

2
if kÞ i ,

N221

3~12xi
2!

1
1

~12xi
2!2

if k5 i .

~11!
7-2
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The dissociation probabilityPd(Tp) is calculated from the
obtained eigenfunctions by

Pd~ t !512 (
n50

23

Pn~ t !

5E
21

1

Pd~u,t !d cosu

5E
0

`

(
j

Pj~«p ,t !d«p

5E
0

`

P~«p ,t !d«p , ~12!

wherePd(u) is angular distribution of the dissociation pro
ability andP(«p) denotes the fragment energy spectra witj
componentsPj («p)5u^f«pj uc(t)&u2, in which f«p , j is the

eigenstate ofH0 with eigenenergy«p>0.

III. RESULTS AND DISCUSSIONS

In our calculation, radial coordinates of 2048 grid poin
with a range of 46 a.u. and an angular expansion of 10
partial waves are used. The population of the highest r
tional state is less than 1027 at the end of the pulse. In a
cases of calculation, the norm of a wave function is accu

FIG. 1. The dissociation probabilities of the eighteenth vib
tional excited state of HF against the field strengthsEm for different
types of pulses specified by the number of field cyclesNp and
durationsTp . The incident energy is the same for each case. S
line is the HCP pulse (Np50.5); dotted line is the one-cycle (Np

51) pulse; dashed line is the two-cycle (Np52) pulse; and dotted-
dashed line is the four-cycle (Np54) pulse.~a! Tp510 fs for all
types of pulses,~b! Tp520 fs, ~c! Tp540 fs, ~d! Tp580 fs. The
dissociation features changed asTp increased.
03340
5
a-

te

to the sixth decimal place during propagation, thus ensur
the reliability of our computational results even for a ve
small dissociation probability. When computing the eige
functions, all the vibrational bound states ofj 50 are gener-
ated with the eigenenergy accurate up to 1028 in comparison
with the exact eigenenergy of the Morse potential by us
256 grid points. The continuous states are also reprodu
well by imposing only the boundary conditioncn j (x0)50
and allowing the wave function to oscillate at the end po
xN . This approach differs from setting the wave function
zero at both ends,x0 andxN @24#.

Herein, the initial state is prepared in the eighteenth
cited state since the energy-level spacings in high vibratio
states are much more closely spaced than the low-lying
els. Moreover, the linear combination of nearby states
construct a long-life wave packet.

A. Dissociation of HF by different pulse durations
and number of cycles

Since the period of HF vibrational motion is about 10
the dissociation of HF by different pulse durations arou
this time scale is of interest. Initially, calculations are pe
formed for pulse durations ranging from 5 fs up to 300
This pulse duration covers the time scale that is compara
to the vibrational period and the time duration that is lo

-

id

FIG. 2. The dissociation probabilitiesPd(t) as a function of
time during the interaction at intensityI 5431013 W/cm2. ~a! Tp

510 fs, ~b! Tp550 fs, ~c! Tp5100 fs. The line types are the sam
as Fig. 1, i.e., solid line is for HCP and so on.
7-3
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J. T. LIN. S. H. LIN, AND T. F. JIANG PHYSICAL REVIEW A61 033407
enough to smear out the short-time behavior. Figure 1 ill
trates the dependence of dissociation probabilities on
number of field cycles and field strengths, where the pu
durationsTp (5NpTs) are 10, 20, 40, and 80 fs, and fie
cycles are HCP, one-cycle, two-cycle, and four-cycle,
spectively. The total incident energy per unit area isEm

2 Tp/2
for these pulses. Therefore, those pulses have the same
dent energy and intensity as long as their durationsTp and
peak field strengthsEm are equal, although their number o
field cyclesNp and field periodTs may differ from each
other. Figure 1~a! reveals that forTp510 fs, the molecule
has larger dissociation probabilities under HCP than un
other types of pulses. A situation in which the pulse durat
becomes longer, as shown in Figs. 1~c! and 1~d!, suggests
that the molecule becomes more easily dissociates with f
cycle pulses. This result can be understood from the imp
field approximation for short duration pulses, where t
change of molecular energy can be approximated byDE(t)
5(PW •AW 1AW 2/2)/m with AW 52*EW (t)dt and PW is the initial
momentum of molecule@1,2,4#. For a shorter duration pulse
a change in field direction cancels out the impulse integ
and reduces the energy gain of a molecule. Hence, the
sociation probability is low. The unidirectional HCP pro
vides a larger energy gain of the molecule because it d

FIG. 3. The dissociation probabilitiesPd against pulse duration
Tp at intensityI 5431013 W/cm2. ~a! HCP,~b! one-cycle pulse,~c!
two-cycle pulse. Solid line is thePd vs scaled durationTp /Np ,
whereNp50.5 for the HCP pulse,Np51 for the one-cycle pulse
and so on. Filled circles arePd vs pulse durationTp , not scaled.
Note that the extreme dissociation probabilities~solid line! occur
almost at the same position after duration scaling.
03340
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not change the field direction. As the pulse duration becom
longer than the molecular vibrational period, the total ene
gain from the HCP pulse will be averaged out due to
back and forth motions of the system under the driving of
pulse field. On the other hand, for the few-cycle pulses,
periodic change of momentum may correlate with the m
lecular vibration and obtain net energy from each half-cy
of the pulse for longer duration pulses. This resonance
effect does not occur in the HCP case. Consequently,
few-cycle pulses have larger dissociation probabilities th
the HCP pulse for the longer duration pulses. In contras
the anomalous ionization stability against the field stren
of the surface-state electron~SSE! by HCP, the molecular
rotations diminish the possibility of the wave functio
bouncing back and forth in the effective potential we
formed by the external field and the Coulomb force. Inste
of the anomalous stability, Fig. 1 reveals a monotonical
crease of the dissociation probability against the exter
field strength for each fixed duration@27#. This is a distinct
feature of molecular HCP excitations.

Figure 2 describes the dissociation history of differe
pulse types and durations under the same field strength a
Fig. 1. This figure indicates that the dissociation probabi
increases with time for a shorter HCP and, for a longer HC

FIG. 4. Angular distribution of dissociation probabilityPd(u)
for different pulse types and durations at intensityI 54
31013 W/cm2. The symbol for each pulse is the same as Fig. 1.~a!
Tp520 fs for HCP and the one-, two-, and four-cycle pulses ha
the duration of 35 fs. All pulses have almost the same dissocia
probabilitiesPd50.140.~b! All types of pulses have the same puls
duration 50 fs but different dissociation probabilitiesPd . The dis-
tribution Pd(u) has been normalized byPd for comparison such
that *0

pPd(u)du51 .
7-4
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FIG. 5. The changes of fragment dissociation probabilityPj («p) with respect to fragment energy«p and angular momentumj for each
type of pulse in Fig. 4~a!. The dissociation fragment energy«p is scaled byvpulse, wherevpulse52p/Ts and the subscript ‘‘pulse’’ represent
‘‘hcp’’ for Np50.5, ‘‘1cy’’ for one-cycle pulse, etc. All other parameters are the same as Fig. 4~a!.
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the probability initially increases and then decreases la
This phenomenon suggests that a loss of energy occurs a
wave packet bounces back. For the few-cycle pulses,
dissociation shows oscillatory structure over time and
smaller than the HCP case for shorter pulse duration, h
ever it becomes larger than that of the HCP’s as the dura
increases. The above results can be understood in a ma
similar to that in Fig. 1. An increase of intensity does n
imply an increase of dissociation probability, since the d
sociation probability depends on the pulse duration, fi
strength, and the pulse types.

Figure 3 illustrates the change of dissociation probab
ties Pd with respect to the pulse durationTp and field period
Ts of the HCP, one-cycle, and two-cycle pulses. This figu
clearly reveals several local maxima ofPd around some
pulse durations. If the pulse duration is scaled by the num
of field cycles,Np , the local maxima ofPd occur roughly at
the same field periodTs , indicating that the molecule tend
to gain energy and dissociate at some special field per
The transition frequency of the 18th state to the 19th stat
3.84431023 a.u. Although the HCP and few-cycle puls
behave similarly to the quasistatic field, the Keldysh para
eterg5ADe /Up for the HF molecule is substantially large
than 1 in our calculation due to the heavy mass in the p
deromotive potentialUp5qe

2Em
2 /(4mv2), where we choose

qe50.31 andv52p/Ts . This range of Keldysh paramete
implies that the multiphoton process should be viewed a
more important process than tunneling in HF dissociati
03340
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The above results suggest that all pulse types have near
nance frequency at scaled time 50 fs after the electric fiel
transformed into the frequency domain. For example, the
fs HCP has a 3.3331023 FWHM center at 3.4331023 and
the 100 fs two-cycle pulse has a central frequency 3
31023 with 9.131024 bandwidth.

B. The fragment energy spectra and dissociation
angular distribution

In the preceding section, we have demonstrated how
dissociation probability depends on the number of fie
cycles and pulse durations. This section examines the a
lar distribution of the dissociation probability and the fra
ment energy distribution defined in Eq.~12! for various types
of pulses. Figure 4~a! indicates that the angular distributio
of the dissociation probabilityPd predominates when the
molecular axis is in parallel with the field direction. In add
tion, this distribution is much smaller around the perpendi
lar direction than the parallel direction. Figure 4~b! also dis-
plays distributions but with different pulses. Notably, as t
number of cycles increases, the angular distribution ofPd
becomes more symmetric for both cases. This symmetr
due to the following reasons. An HCP drives the molec
around the field direction2 ẑ and dissociates the molecule
the2 ẑ direction during the interaction. Therefore, the diss
ciation probability centers asymmetrically around theẑ di-
rection. On the other hand, the few-cycle pulses drive
wave packet back and forth, and the wave functions m
7-5



J. T. LIN. S. H. LIN, AND T. F. JIANG PHYSICAL REVIEW A61 033407
FIG. 6. Spatial probability density of wave functions in cylindrical coordinates at timeTp for Fig. 4~a!. P(z,r)5uc(z,r,Tp)u2 andz,r
are in atomic units.~a! 20 fs HCP,~b! 20 fs one-cycle pulse,~c! 35 fs two-cycle pulse,~d! 35 fs four-cycle pulse.

FIG. 7. Same as Fig. 6 except all parameters correspond to Fig. 4~b!. ~a! HCP, ~b! one-cycle pulse,~c! two-cycle pulse,~d! four-cycle
pulse. All pulses have the same durationTp550 fs.
033407-6



,
e
i-

e

o
tr
n

th
t

e
er
ou
th
m
it

ve
o-
the

r
ym-
ons
n

n a
es-

of

the
rives
the
the
the

r as
t the
ing
y a
ion
nly

of
is-
s.

ach
so-
the
es,
he
he
ve

the

is
ion
n-
t in
ion
or

il of
8-

as
gs
c

DISSOCIATION AND DYNAMICS OF THE HIGH- . . . PHYSICAL REVIEW A 61 033407
spread over both the1 ẑ and 2 ẑ directions. Consequently
our results reveal a more symmetric distribution around thẑ
direction and the distribution slightly diffuses along the d
rection perpendicular toẑ. Thus, we can infer that the puls
oscillation form affects the angular distribution ofPd and
this should reflect on the angular momentum distribution
the dissociation signal. A higher asymmetric angular dis
bution should lead to higher angular momentum compone
in the dissociation signal. Therefore, Fig. 5 shows that
corresponding angular momentum components have
same field parameters as those in Fig. 4~a!. The significant
angular components of the dissociative fragment decreas
the number of cycles increases, and the fragment en
spectra of each angular component are narrower for the f
cycle case than those for the HCP pulse. This is due to
fact to that the dissociation angular distribution is more sy
metric and the pulse bandwidth is narrower for a pulse w
a larger number of field cycles.

FIG. 8. The energy spectra of dissociation fragmentsP(«p) vs
energy«p , where«p has been scaled byvpulse as in Fig. 5.P(«p)
is summed over allj in Fig. 5. ~a!–~d! have the same parameters
Figs. 4~a!, 5, and 6.~e! and ~f! have the same parameters as Fi
4~b! and 7. The entire spectra signal has been magnified by a fa
103 and the abscissa scale of~d! and ~h! differ from others.
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Figures 6 and 7 present the spatial distribution of wa
functions at the end of the interaction in the cylindrical c
ordinates. The field parameters correspond to those of
cases in Figs. 4~a! and 4~b!, respectively. According to ou
results, the spatial probability also reveals the spatial as
metric effect of the HCP pulse. From the above discussi
we believe thata less oscillatory pulse is preferred whe
constructing a spatial localized wave packet.The less oscil-
latory pulse implies a broader frequency band, resulting i
wider angular momentum population distribution over acc
sible angular components. This enhances the feasibility
constructing a molecular wave packet by on HCP.

Figure 8 shows the energy spectra of fragments. For
HCP case, the spectrum is broad banded and the pulse d
the system away unidirectionally. On the other hand,
four-cycle pulse drives the system back and forth and
fragment spectra show a more complicated structure as in
Pd(t) of Fig. 2. Notably, the energy peaks become cleare
the pulse duration increases. This is due to the fact to tha
system has a longer time to react with the oscillatory driv
field. Consequently, the fragment energy spectra displa
similar pattern to that of the above-threshold dissociat
~ATD! spectra, although the peaks are not totally eve
spaced.

IV. CONCLUSION

This work has studied how the pulse duration, number
field cycles of the HCP, and few-cycle pulses affect the d
sociation of the HF molecule high-lying vibrational state
Our results indicate that the classical impulse appro
should be a good approximation for the HF molecular dis
ciation when the HCP pulse duration is comparable to
order of the vibrational time scale of the molecule. Besid
the angular distribution of the dissociative flux along t
electric-field axis exhibits the molecular alignment with t
field direction. Studying the phenomena of molecular wa
packet dynamics and its dissociation by the HCP with
one-dimensional potential@28,29# is worthwhile. However,
for realistic considerations, full dimensional investigation
necessary. From the localization of the angular distribut
of the dissociation probability, this investigation demo
strates the feasibility of creating a molecular wave packe
three-dimensional form. The exploration of the construct
of such a wave packet and its evolution dynamics with
without external field is currently under investigation.
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