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Photodissociation of H2
¿ in intense chirped laser fields
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Regarding an experimental measurement of proton kinetic energy spectra of H2
1 with a chirped pulse@L. J.

Frasinski, J. H. Posthumus, J. Plumridge, and K. Colding, Phys. Rev. Lett.83, 3625 ~1999!#, we present a
nonperturbative, time-dependent calculation for the photodissociation of H2

1 in intense laser fields by com-
bining three numerical techniques. The results show a finer kinetic-energy distribution structure of a proton due
to the intrapulse pump-dump mechanism between two electronic states as the pulse duration and intensity
change. Higher-energy peaks are also suppressed by frequency chirping of the laser field. The dissociation
probabilities show that a positively chirped pulse is always more efficient for population inversion than no
chirping or negatively chirped pulses, and a slight coordinate shift of the initial state could result in a signifi-
cant increase of dissociation probability.

DOI: 10.1103/PhysRevA.63.013408 PACS number~s!: 42.50.Hz, 33.80.Gj, 33.80.Wz
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I. INTRODUCTION

Molecular dissociation in strong laser fields has been
tively investigated in the past few years, both experimenta
and theoretically. At intensities above 10 TW/cm2, atoms
exhibit multiphoton ionization~MPI! and above-threshold
ionization ~ATI !, where they absorb more photons than t
minimum requirement to ionize@2#. Molecules have addi-
tional rotational and vibrational degrees of freedom that le
to other interesting phenomena as well as ATI, such as
sociative ionization, above-threshold dissociation~ATD!,
bond softening and hardening, etc.@3–12#. For ATD, the
internuclear electronic potentials are mixed by the laser fi
at points of multiphoton resonance, causing the molecule
dissociate via several possible channels corresponding to
absorption of one, two, or more photons. A closely rela
phenomenon is bond softening, where the potential cur
flattened or ‘‘softened’’ in the vicinity of a multiphoton reso
nance. And bond hardening occurs when the molecules
trapped in the dressed potential curves@1,4–6#.

On the other hand, laser control of quantum system
one of the interesting themes of modern atomic and mole
lar physics. The use of chirped pulses has been demonst
to be a possible method of efficient vibrational ladder clim
ing within a single pulse both experimentally and theore
cally @13–15#. Because the frequency sweeps in time,
chirped pulse could be tailored to match the anharmoni
of vibrational energy levels during the excitation proce
But there have been only a few studies done on the chirp
transition between different electronic states of molecu
Cao et al. @16# showed the robustness of population inve
sion of LiH electronic states under positive chirped puls
where frequency varying becomes off resonance with
wave packet moving downward on the potential cur
Meyer et al. @17# proposed that by using a second chirp
probe pulse, the motion of the wave packet can be dis
guished by the appropriately chirped electric field. Frasin
et al. reported the first experiment of bond hardening by
1050-2947/2000/63~1!/013408~10!/$15.00 63 0134
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ing 100-200 TW/cm2 femtosecond chirped pulses of 792 n
@1#. They explored the dynamics of an ion trap during t
dissociation process and found that the released proton
netic energy depends on the speed of the intensity decre
They also used chirped pulses to test if the wavelength va
tion affects the one-photon peak in the leading and trail
edges of the pulse. Their results revealed that the pro
kinetic-energy spectra~PKES! are symmetric in positive and
negative chirping, and that the dynamics of the bond ha
ening is independent of the chirping direction.

Although H2
1 is the simplest molecule, under strong las

fields it still shows surprisingly complicated phenomena a
reveals rich dynamical characteristics that are absent in
atomic equivalent. Therefore, it is worthwhile to choose H2

1

for the study of dissociation dynamics from the fragme
kinetic-energy spectra because of its simplicity and its pot
tial for rich insight. In this paper, we apply the splitting wav
method@18,19# to the H2

1 2Sg and 2Su states by using the
Pauli matrices@20#, which allows us to extract PKES from
the asymptotic region and avoid the boundary problem. T
rotational degrees of freedom will be neglected without lo
ing physical insight within these field parameters@4,16#. The
paper is organized as follows. The numerical methods
described in Sec. II, where these methods are readily app
to more than two-levels systems. In Sec. III, computatio
results of various laser-field parameters are presented.
PKES are investigated for different intensities, pulse du
tions, and chirping parameters. The influence of initial sta
on dissociation dynamics by shifting the wave function
spatial and momentum coordinates is also explored ther
Finally, a conclusion is given in Sec. IV.

II. THEORY

We assume that only two charge-resonant electro
states (2Sg ,2Su) are coupled by the laser fieldE(t) within
the Born-Oppenheimer approximation. The equations
©2000 The American Physical Society08-1
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scribing the nuclear motion of a diatomic molecule intera
ing with the laser pulse are

i\
]c j~R,t !

]t
52

\2

2m

]2c j~R,t !

]R2
1Vj~R!c j~R,t !

2m12~R!E~ t !ck~R,t !, ~1!

where j ,k51,2 and j Þk. The ground-state~excited-state!
wave function isc1(R,t) @c2(R,t)#, which describes the
nuclear motion of the molecule in the ground~excited! elec-
tronic state potential curveV1(R) @V2(R)#. m12(R) is the
transition dipole moment andm is the reduced mass of th
system.

A. Time propagation and space splitting

In this section, we briefly describe how to calculate t
time propagation of the two-state wave functions by us
the split operator~SPO! method with fast Fourier transform
~FFT! @21,22#. It is straightforward to extend this method
cases of more than two states with the generalized Pauli
trix @20#. The Schro¨dinger equation to be solved is of th
form ~atomic units are used throughout, unless otherw
stated!

i
]

]t S c1~R,t !

c2~R,t ! D 5S H1 m12~R!

m12~R! H2
D S c1~R,t !

c2~R,t ! D . ~2!

Here,Hi(5Ki1Vi) is the Hamiltonian consisting of the ki
netic operatorTi and the potential-energy operatorVi for the
i th electronic state. In the SPO method, the formula for ti
evolution of a total wave function from timet to t1Dt is
expressed as follows:

C~ t1Dt !' exp@2 iK̂Dt/2#exp@2 iV̂oDt/2#exp@2 iV̂dDt#

3exp@2 iV̂oDt/2#exp@2 iK̂Dt/2#C~ t !, ~3!

whereV̂d and V̂o are the diagonal and off-diagonal matri
respectively,

V̂d5S V1~R! 0

0 V2~R!
D ,

V̂o5S 0 m12~R!E~ t !

m12~R!E~ t ! 0 D . ~4!

Using the identity exp@2isxu/2#51cos(u/2)
2 isx sin(u/2), wheresx5(1

0
0
1) and1 is the identity matrix,

the propagation becomes

C~ t1Dt !' exp@2 iK̂Dt/2#Ẑ~R,t !exp@2 iV̂dDt#

3Ẑ~R,t !exp@2 iK̂Dt/2#C~ t !, ~5!

with

Ẑ(R,t)51cos@m12(R)E(t)Dt/2#2 isx sin@m12(R)E(t)Dt/2#,
01340
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which is a unitary operator and will preserve the wav
function norm. By substituting the generalized Pauli mat
for the Pauli matrix in the exp@2iV̂oDt/2# expansion, the ex-
tension of this method to more than two states is straight
ward.

Although the SPO method is very efficient with FFT
there is a troublesome boundary problem due to the spr
ing of the wave function under the stretching of an exter
field. This would make the calculation time-consuming,
the grid points would have to be increased to a large num
to compensate. To avoid this difficulty, we divide the gr
space into two regions: one is theasymptotic region(A),
where the nuclei are widely separated and the potential
ergiesVj (R) are constants, and the other is theinteraction
region (I ), where the interaction potential plays a part. T
wave functions are split intoc j

I (R,t) andc j
A(R,t) by a filter

function f (R), which is essentially equal to 1 in the intera
tion region and decays gradually to zero in the asympto
region:

c j~R,t !5c j
I~R,t !1c j

A~R,t ! ~6!

and

c j
I~R,t !5 f ~R!c j~R,t !, c j

A~R,t !5@12 f ~R!#c j~R,t !.
~7!

In contrast to the conventional method, which drops
asymptotic wave function and keeps only the interaction
gion wave function, this technique can maintain t
asymptotic wave function without losing the informatio
from the fragmentations@18,19#.

B. Propagation of c j
A
„R,t… in momentum space

The linearity of the Schro¨dinger equation allows us to
propagatec j

I (R,t) and c j
A(R,t) separately. For the H2

1

homonuclear molecule, the transition dipole moment
verges aseR/2 asymptotically. It enables us to manipula
the wave functions easily in momentum space by Volk
states@23,24# or a plane wave in the asymptotic region,
described below. The coupling equation describing the e
lution of the asymptotic wave function is then

i\
]c j

A~R,t !

]t
52

\2

2m

]2c j
A~R,t !

]R2
2

eRE~ t !

2
ck

A~R,t !,

~8!

wherej ,k51,2 andj Þk. This equation can be decoupled b
introducing the following new wave function:

x j~R,t !5
1

A2
@c1

A~R,t !6c2
A~R,t !#, j 51,2 ~9!

and the time evolution of the new wave function is det
mined by the following equation:
8-2
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i\
]x j~R,t !

]t
52

\2

2m

]2x j~R,t !

]R2
7

eRE~ t !

2
x j~R,t !.

~10!

In the above equation, we can see that the equation of mo
is the same forx1 andx2 other than the sign of the electri
field being opposite. Therefore, the following discussion
applicable to eitherx1 or x2. Obviously, these equations a
formally analogous to the equation of motion of a free el
tron moving in the electric fieldE(t). The solutions are the
well-known Volkov states. For this reason, it is a go
choice to use the Volkov states as the basis set to expan
asymptotic wave function in the momentum space like
Fourier expansion of the motion for a free-particle wa
packet. Letfk(R,t,t i) be the time-dependent Volkov stat
which reduces to plane waves at timet i :

fk~R,t,t i !5 exp$ i @k1A~ t,t i !#R%

3expF2 i E
t i

t

dt8
\

2m
@k1A~ t,t8!#2G , ~11!

where

A~ t,t i !5
e

2\Et i

t

dt8E~ t8!. ~12!

If we know the expansion coefficientsx̂ j (k,t i) such that the
expression ofx j (R,t i) at time t i is

x j~R,t i !5
1

A2p
E dk x̂ j~k,t i !fk~R,t i ,t i !, ~13!

then x j (R,t) (t>t i) is simply determined by the time evo
lution of the basis set$fk(R,t,t i)%:

x j~R,t !5
1

A2p
E dkx̂ j~k,t i !fk~R,t,t i !. ~14!

Another way of showing this is to propagate th
asymptotic wave function in momentum space, thus defin
the Fourier transform ofx j (R,t) at time t:

x̂ j~k,t !5
1

A2p
E dRx j~R,t !e2 ikR. ~15!

Using Eq.~14! and the definition offk(R,t,t i), we obtain

x̂ j~k,t !5x̂ j„k7D~ t,t i !,t i…expF2 i
\

2mEt i

t

dt8@k7A~ t,t8!#2G .
~16!

We see that the time evolution of thex̂ j (k,t) ( j 51,2) func-
tions is very simple in the momentum space. To obt
x̂ j (k,t) at any timet>t i , we just have to shift ink space the
initial x̂ j (k,t i) by the laser pulse area and multiply by
phase factor. Finally, the asymptotic wave functions in m
mentum space can be recovered by using Eq.~9!.
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on

s

-

the
e

g

n

-

III. NUMERICAL RESULTS AND DISCUSSION

The theory presented in the preceding section will be
plied to photodissociation of the H2

1 molecule. It is well
known that dissociation fragments of H2

1 reveal multipho-
ton behavior under intense-field–above-threshold disso
tion ~ATD!, which is observed experimentally for proto
kinetic-energy spectra~PKES!. As a calibration, we use the
method described above and obtain exactly the same en
spectra of proton fragments as Keller did@19#. Classically,
the transition frequency varies with nuclear separation d
tanceR of H2

1 when the molecule is driven by the extern
field and moves on the potential curve. Thus we use a
quency sweeping pulse~chirped pulse! to excite the mol-
ecule and study its dissociation and fragment spectrum. F
thermore, since the moving direction of the molecule in t
potential could decide the excitation dynamics, we will pr
pare the initial states of the system at different nuclear se
ration distance and velocity to investigate their influence
the excitation of the molecule.

A. Propagation algorithm and the calculation of the PKES

The propagation scheme was discussed in detail in@19#
and we just give a brief description here. An initial wav
packet is chosen and propagated in the coordinate sp
which will be separated intoc j

I (R,t) andc j
A(R,t) whenever

the wave functionc j
I (R,t) accumulates to a small valuee

(;1025) at the grid boundary. The asymptotic wave fun
tions are then propagated in the momentum space v
Volkov state basis. During the field-matter interaction, t
pulse areaA(t,t8) has to be calculated as well as its integr
At each moment of the wave-packet splitting, the ne
asymptotic part of the wave functions is added to the pre
ous ones. The pulse area and its integral are calculated
the previous splitting timet i to the latest splitting timet i 11.
It will save the computational time that we do not have
calculate the integrals fromt i to the time pulse turned off a
each step, and we can extract the information we need f
the wave function at any time during the propagation.

The fragment probability distribution is given by

P~k!5 lim
t→`

@ uĉ1
A~k,t !u21ĉ2

A~k,t !u2# ~17!

and the kinetic-energy spectrum can be written as

S~E!5
1

\
A m

2E
P~A2mE/\!. ~18!

We have seen in Sec. II that the propagation of
asymptotic part is done in the momentum space, there
we obtain directly the needed wave function ink space. Fi-
nally, the total photodissociation probability may be obtain
by integratingP(k) over k:

Pd5E dk P~k!5 lim
t→`

S 12E dRuc1
I ~R,t !u2D . ~19!
8-3
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B. Computational features

The calculations are based on a mesh of 512 grid po
extending forR50 to Rmax532 a.u. The H2

1 molecule is
subject to a Gaussian pulse with an extent ofA2 ln 2t full
width at half maximum~FWHM!:

E~ t !5Em expF2S t24t

t D 2Gcos~vLt !,

vL5H v0S 11
act

8t D for t<8t,

v0~11ac! for t.8t,

~20!

whereEm and v0 are the peak field strength and laser fr
quency, respectively. Thev0 is chosen to be 330 nm and th
propagation time stepDt50.8 a.u.ac is the chirping param-
eter, which specifies the frequency sweeping rate and is p
tive ~negative! if frequency increases~decreases! with time.
Figure 1 shows the simplified two-potential-curves diagr
of H2

1 excited by a 330-nm laser pulse that is just a lit
above the dissociation threshold of H2

1 and was used to
study the multiphoton dissociation processes and ATD
namics of this molecular ion by many authors, both expe
mentally and theoretically@3–7,10,19#. Today most of the
pulse chirping is produced in the visible and infrared ran
by controlling such parameters as the distance between
gratings in the compressor of the optical system@25,26#. It is
believed that the chirping of an ultraviolet and soft x r
generated from harmonic up-conversion will not be diffic
to achieve in the future@27,28#. To get an idea about th
relation between the pulse duration andac , we follow the

FIG. 1. Simplified potential-energy curves for the electron
ground and excited states of H2

1 with the vibrational ground-state
wave function at the bottom of the2Sg potential curve. The ground
state is excited to the upper electronic state by a 330-nm laser p
via the multiphoton process. The insets show the vibrational s
distributions when the H2

1 ground state is shifted from its equilib
rium position by210DR or 10DR, whereDR50.0625 a.u.
01340
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derivation presented by Ballinget al. @25# and compare with
Eq. ~20! to give some results. As an example, a 300-nm a
5.5-fs bandwidth-limited pulse would be stretched to 100
for ac560.3, andac560.1100 fs pulses result from
16.3-fs chirping-free pulse.

The transition dipole momentm(R) is fitted to Ref.@29#
in the R→0 andR→` regions,

m~R!5
R

2~12S2!1/2
2

1

211.4R
, ~21!

where the overlapping integralS5e2R(11R1R2/3). The
filter function is taken as

f ~R!5$11exp@s~R2R0!#%22, ~22!

where R0 is the point dividing the interaction and th
asymptotic regions, ands controls the extension of the tran
sition zone between these two regions. In our calculation,
chooseR050.75Rmax ands5120/Rmax.

In our calculation, the initial states are chosen to be
2Sg vibrational ground state with its initial velocity and po
sition being shifted by an amount^R& and^k& from the equi-
librium values. To prepare these initial states with differe
initial velocity and position, we can just multiply the groun
state by a phase factor exp@i^k&R# and shift the coordinate o
the wave function bŷ R&, that is, we can do the following
Fourier transform~FT! in the coordinate and momentum
dual spaces:

C0~R2^R&!exp@ i ^k&R#↔
FT

Ĉ0~k2^k&!exp@2 ik^R&#.
~23!

The shifts ^R& and ^k& are equal tomDR and nDk with
integers(m,n), whereDR50.0625 a.u. andDk50.196 35
a.u. are the grid sizes of the coordinate and momen
spaces. This kind of initial state could be produced by app
ing a dc electric field to the H2

1 molecules. The shifted
ground state then consists of several vibrational eigensta
Under the chirped pulses, the excitation dynamics from e
state can be explored.

C. Dissociation and PKES of H2
¿ under chirped pulses

First, we explore the dissociation of H2
1 under pulses

from low intensity to high intensity, from negative to pos
tive chirping constants, and from a few femtoseconds~the
order of the vibrational period! up to subpicosecond puls
duration. The results are shown in Figs. 2~a!–2~d!. In Fig.
2~a!, the intensity is 5 TW/cm2. The maximum dissociation
probabilities Pd of H2

1 at ac50.3 are 1.1531026,
5.2831026, 5.2831025, 1.0531025, 2.6331025, and
5.2631025 for pulse durations of 10, 50, 100, 250 and 5
fs, respectively. For visualization purposes, we normal
each curve withPd at ac50.3. After the scaling, all results
of the five different pulse durations show the same behav
That is, the dissociation is much more efficient for positi
chirping than negative chirping. When the wave packet
excited to the2Su state, it gains momentum and accelera

lse
te
8-4
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downward such that the resonant frequencyV22V1 de-
creases with time. For the case of a positively chirped pu
the pulse becomes off resonant with the moving wave pa
before the Rabi oscillation starts to deexcite the popula
back to the ground surface, and can only pump more am
tude up to the excited state. In contrast, the negative chirp
can follow the motion of the wave packet and hence cy
the population back to the ground surface. Also, the d
show that the transition probability is proportional to t
pulse duration at this field intensity. This is the typical Fer
golden rule characteristics in the perturbation regime.

Figure 2~b! shows results at a field intensity 100 TW/cm2.
The behavior is again perturbative except in the case o
10-fs pulse. In our previous study@14#, we showed that
population inversion is determined by the adiabatic criter
udvL /dtu!uE(t)m(R)u2, therefore the longer pulse duratio
implies the slower frequency sweeping in Fig. 3, hence
longer duration pulse is more efficient than the shorter du
tion pulse in excitation. Due to the fast frequency sweep
rate of the shortest pulse, the 10-fs case is the first to
beyond the adiabatic approximation and behaves differe
from the other cases. As the field intensity increases fur

FIG. 2. Dissociation probabilitiesPd of H2
1 vs chirping param-

eterac for different pulse intensity and durationt. Dashed-dotted
line: t510 fs, dotted line:t550 fs, short dashed line:t5100 fs,
long dashed line:t5250 fs, and solid line:t5500 fs. All thePd

are scaled by the dissociation probabilityPd (ac50.3,t) in each
case. In~a!, Pd (ac50.3,t510 fs)51.1631026, Pd (ac50.3,t
550 fs)55.2831026, Pd (ac50.3,t5100 fs)51.0531025, Pd

(ac50.3,t5250 fs)52.6331025, Pd (ac50.3,t5500 fs)55.26
31025; ~b! Pd (ac50.3) are 6.9531024, 1.3931023, 2.74
31023, 6.7931023, and 1.3531022 for t510 fs, 50 fs, 100 fs,
250 fs and 500 fs, respectively;~c! Pd (ac50.3) are 6.4031022,
0.141, 0.252, 0.511, and 0.761 fort510 fs, 50 fs, 100 fs, 250 fs
and 500 fs, respectively;~d! Pd (ac50.3) are 0.106, 0.259, 0.435
0.765, and 0.940 fort5 10 fs, 50 fs, 100 fs, 250 fs, and 500 f
respectively.
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in Figs. 2~c! and 2~d!, the criterion difference among a
pulse durations of the same chirping parameterac is signifi-
cant, which makes the dissociation probability distinguis
able even after scaling. We can also see that there is a
oscillatory behavior ofPd againstac in Fig. 2. This could be
due to the interference pathways in the dissociation proc
as shown in@14,15#.

The PKES are depicted in Fig. 3 for five different pul
intensities of duration 500 fs with chirping constantac5
20.3, 0, and10.3. This PKES describes the kinetic ener
of the relative motion of dissociation fragments, proton a
hydrogen atom, of H2

1 in the center-of-mass~CM! frame.
Therefore, each dissociation fragment shares nearly the s
kinetic energy in the asymptotic region, that is, one-half
the relative kinetic energy in the CM frame. Figure 3~b! con-
tains PKES for theac50 case with intensity at 1, 5, 30
87.5, and 100 TW/cm2. From this figure, we can see tha
there is a negligible dissociation signal at 1 TW/cm2. The
three-photon absorption peak appears first at 5 TW/cm2. At
30 TW/cm2, there are two groups of subpeaks correspond
to the three-photon absorption–one-photon emission
photon absorption process. At an intensity of 100 TW/cm2,
there remains only one group of subpeaks correspondin
the three-photon absorption two-photon emission proc
Comparing to Fig. 5 of Ref.@19#, we know that the spectra

FIG. 3. Proton kinetic-energy spectra~PKES! of pulse duration
500 fs, with various chirping. In each plot, the intensities fro
bottom to top for each PKES are 131012 W/cm2, 531012 W/cm2,
331013 W/cm2, 8.7531013 W/cm2, and 131014 W/cm2, respec-
tively. All the PKES have been enlarged such that there is no
solute relation between the peak intensity in this figure. Note a
that there is no PKES forac50.0 and intensityI 5131012 W/cm2

in plot ~b!.
8-5
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J. T. LIN AND T. F. JIANG PHYSICAL REVIEW A63 013408
structure is complicated as field intensity goes above
31013 W/cm2 with longer pulse duration, such that the wa
packet can be excited to and deexcited from the2Su state
and produces other excited vibrational components in
H2

1 ground electronic state@5,16#. The results confirm the
multiphoton processes against field intensity, as shown
Fig. 1 of Ref.@9#.

Besides, the three-photon peaks are well located at 3vL as
expected and the two-photon peaks are slightly redshif
This is because the photon-exchange mechanism domin
in the three-photon process for lower intensity without ph
ton emission during the dissociation process, while the tw
photon process has one photon emitted when the w
packet moves away from the molecular center. The o
photon peak dominates at high intensity, corresponding
three-photon mechanism of the absorption-emissi
emission process that can also be interpreted as a tunn
through an adiabatic barrier after reflection, resulting in
blueshift in the PKES.

When H2
1 is irradiated by chirped pulses, the PKES a

quite different from the chirping-free cases even with t
same field intensity. Figure 3~a! are the results of negativ
chirping. We find that the three-photon absorption peak d
appeared and the two-photon~three-photon absorption–one
photon emission! peaks shift from blue to red around 2vL as
the intensity increases. Similar behavior is observed for

FIG. 4. PKES of different̂ R& shifts at chirping-free pulse in
tensity 531012 W/cm2 with durationt5250 fs. The shifts are in
units of DR, whereDR is 0.0625 a.u. in the present calculation.
~a! the 210DR shift results in a broadened vibrational state dis
bution up tov59, while v distribution is only at ground state in
~b!. The distribution in~c! is intermediate between~a! and~b! with
populations up tov53. The PKES have been offset from zero
the vertical direction for clarity. In~b!, a three-photon absorptio
peak that is one order of magnitude larger than a two-photon pe
not shown in this plot.
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one-photon~three-photon absorption–two-photon emissio!
peaks. The shifts tell us that the multiphoton processes o
sequentially at a different moment for each intensity, or
photon exchange happens frequently during the excita
process, and the negative chirping causes the redshifts.

On the other hand, there is only one photon peak in
positive chirping PKES, and the peak width and structu
increase with intensity. The peak shift is absent in posit
chirping, a plausible reason being that there is no more p
ton exchange after H2

1 absorbs one photon at some mome
during the excitation process because it is hard to be de
cited from a 2Su state for a positive chirped pulse@16#.
Therefore, we know that high-energy PKES could be s
pressed by pulse chirping.

Comparing the results above with Figs. 1 and 3 of R
@1#, we can see that the dynamics studied in this work is
independent of chirping direction as it was in Ref.@1#. The
lack of symmetry about the chirping direction in our wo
may be due to the following reasons.~i! The chirping param-
eter of Ref.@1#, in the bandwidth limit, varies from20.09 to
0.09 therein. In this small range of chirping value, the d
namics does not change significantly and is nearly symme
in both directions of chirping. In our case, the chirping p
rameter changes from20.3 to 0.3, about three times large
than 0.09. ~ii ! In Ref. @1#, the intensity is above 100
TW/cm2, which may be strong enough to saturate the dis
ciation probability, and has no effect on the positive a
negative chirping in the chirping excitation of rubidium@30#.
On the other hand, the intensity used in this paper is in
mediate and the dissociation probabilitydoes not saturate.
~iii ! Since the frequency used in Ref.@1# is 792 nm, well
below the dissociation limit, and the PKES is the one-pho
peak, there is no reason to deduce the dissociation me

is

FIG. 5. Same as Fig. 4 except the intensityI is 8.7531013. The
three-photon peak not shown here is about one order of magni
smaller than the two-photon peak in~b!.
8-6
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nism dominated by the multiphoton process. Instead, the
neling process becomes the only possibility in contrast to
330 nm, which is a little larger than the dissociation thre
old. The initial states starting atv53 and 4 also enchance th
tunneling dissociation for the intense field 100–2
TW/cm2. The strong peak field and small frequency pre
this diabatic~tunneling! dissociation mechanism rather tha
the adiabatic passage~multiphoton! process because th
Keldysh parameterg (}v0 /Em) is smaller and the adiabati
passage criterion@ udvL /dtu!uE(t)m(R)u2# is more unsatis-
fied in Ref. @1# than in this paper. To sum up, the ma
difference between Ref.@1# and our results is the intensity
pulse frequency, and chirping parameter.

In Figs. 4 and 5, we show the PKES of initial states w
the same shape but shifted to a different position^R& for I

FIG. 6. Dissociation probabilitiesPd as functions ofac and
momentum shift̂ k& at t510 fs andI 58.7531013 W/cm2. From
top to bottom, the spatial shift̂R& is 8DR, 0DR, and 28DR in
each plot, respectively. The contour level increased by a ste
0.02.
01340
n-
e
-

r

5531012 W/cm2 and 8.7531013 W/cm2, respectively. The
pulse durationt is 250 fs andac50 in both figures. In Fig.
4~b!, the inset shows that the initial wave packet conta
only the vibrational ground state of H2

1 2Sg , while the
distribution in Fig. 4~c! is up tov53 and it extends tov59
in Fig. 4~a!. The vibrational energy difference ofv51 and
v50, DE1,0, is 2239 cm21 and decreases stepwise 6% f
neighboring states toDE9,851247 cm21. Therefore, at
weaker intensity there is a blueshift one-photon peak t
broadens about 23104 cm21 to include H2

1 ten vibrational
levels in Fig. 4~a!, and the vibrational distributions of Figs
4~b! and 4~c! are reflected by the one-photon peaks that
sult from the absorption of one photon without emissio
while the structure of the subpeaks corresponds to the t
photon peak coming from the absorption-emission proce

As the intensity increases, the one-photon PKES may
sult from the tunneling of high vibrational levels or photo
exchange, i.e., absorption of three photons and emissio

of

FIG. 7. Same as Fig. 6 except pulse durationt5250 fs.
8-7
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FIG. 8. Pd vs ac and ^R& at I
58.7531013. ~a! t510 fs and
^k&58DP; ~b! t510 fs and^k&
50; ~c! t5250 fs and ^k&
58DP; ~d! t5250 fs and ^k&
50. The contour level is in-
creased by a step of 0.02.
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two photons of lower vibrational levels. In Fig. 5~a!, the high
vibrational state tunneling dominates in the PKES beca
the vibrational distribution is up tov59 and the multiphoton
absorption signal of low vibrational levels is about one
two orders of magnitude smaller than the tunneling PKES
contrast to Fig. 5~a!, the PKES in Fig. 5~b! is located around
the one-, two-, and three-photon position due to its distri
tion being only onv50, which is below the potential barrie
formed by the potential curve and the laser field. Figure 5~c!
has a vibrational distribution betweenv50 and 3 resulting
in PKES of one-photon absorption at about 13104 cm21.
The results of Figs. 4 and 5 can be summarized as follo
for weaker field, the dominant process is via photon abso
tion, especially for the one-photon peak without any pho
emission. On the other hand, tunneling or absorpti
emission becomes important in the strong field regime. I
evident by comparing Figs. 4~a! and 5~a! that there is a sharp
peak in Fig. 5~a! and those subpeaks appearing in Fig. 4~a!
almost disappear in Fig. 5~a!.
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The dissociation probabilitiesPd as a function of chirping
parameterac and the initial wave function’s shifted coord
nates are shown in Figs. 6–9 with a pulse intensity of 8
31013 W/cm2 at various pulse durations. The dissociati
probabilities are nearly symmetric about^k&50 in each plot
and increase asu^k&u increases in Figs. 6 and 7. This is po
sibly due to the short vibrational period of the wave pac
such that the pulse duration could cover many vibratio
periods when the wave packet moves in the ground poten
surface. Therefore, the excitation relation between the wa
packet motion and the chirping direction is averaged out
we have to use an ultrashort chirped pulse to explore
short time dynamics whenever we want to observe this r
tion. For ^R&Þ0, it seems that dissociation probabilities i
crease with positiveac and decrease at negative chirpin
parameter, but they do not have the similar behavior of F
6~b! and 7~b!. In addition, the features of the dissociatio
probabilitiesPd are different in Figs. 6~a! and 6~c! for a short
pulse duration of 10 fs, but they look very similar in Fig
f

FIG. 9. Pd as a function of̂ R&
and ^k& for different pulse dura-
tions and chirping parameters.~a!
ac50.1, t510 fs; ~b! ac50.0, t
510 fs; ~c! ac50.1, t5250 fs;
~d! ac50.0, t5250 fs. The con-
tour level is increased by a step o
0.02.
8-8
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7~a! and 7~c!. Figure 8 is thePd as a function ofac and^R&,
from which we can see that H2

1 has a large dissociation a
negative shift^R& and positive chirpingac . As the pulse
duration increases, the positive^R& shift increasesPd sig-
nificantly and the dissociation of negativêR& does not
change much. Finally, Fig. 9 shows that the dissociat
probability depends weakly on the^k& shift, and an increased
pulse duration will increasePd , too.

Thus, we can infer the following.~i! For short pulse du-
ration, the effect of increasingPd by the ^k& shift is weak.
Positive chirping and̂R& shift are more able to achieve dis
sociation than negative chirping.~ii ! The dissociation prob-
ability of the positivê R& shift can be changed drastically b
applying a long pulse laser, but the negative^R& shift Pd is
not able to do that due to its saturation at short pulse d
tion.

IV. CONCLUSION

We have shown the possibility of combining a split o
erator, the generalized Pauli matrix, and splitting wave me
ods to the time-dependent quantum-mechanical calcula
of H2

1 in an intense laser field. This approach is very use
for an intense external field with general field frequency a
pulse shape. The higher-energy peaks of PKES with the
sorption of many photons would be suppressed by
chirped pulse compared to the chirping-free cases. Bes
ing

sh
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u-

u-
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tt

ev

ev
.
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the dissociation probability will increase by about one ord
of magnitude more for the chirping excitation than for t
chirping-free one, and positive chirping is more efficient th
negative chirping. By slightly shifting the initial state pos
tion and/or momentum, the dissociation probability increa
prominently with a chirped pulse.

However, because the frequency is sweeping in time,
difficult to analyze the matter-field interaction via the simp
photon-exchange mechanism. In addition, the excitati
deexcitation process is be complicated and more signific
as the pulse duration becomes longer~250–500 fs! than for
the ultrashort pulse~10–20 fs!. Therefore, we propose
plausible way to combine the three methods mention
above to calculate the transition between multipotential s
faces of molecules and to explore the dissociation dynam
including the dissociation probability and PKES. Detail
dissociation dynamics and extension to three-dimensio
systems with an intraband rovibrational transition and ex
tation control will be investigated in future works.
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