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Classical dynamics of multiphoton excitation and dissociation of diatomic molecules
by infrared laser pulses
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The dynamics of the vibrational excitation and dissociation of a diatomic molecule by infrared laser pulses
is studied classically. The system is modeled by a Morse oscillator interacting with a classical electric field. A
chirped infrared laser pulse with realistic pulse shape and time-dependent frequency is very efficient to pump
the molecule to highly excited states. The addition of a second fixed-frequency laser pulse is found to drasti-
cally enhance the dissociation probabilities.@S1050-2947~99!04508-4#

PACS number~s!: 33.80.Rv, 31.70.Hq
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I. INTRODUCTION

The study of laser-induced excitation and dissociation
molecules has been a subject of interest in the past dec
@1#. While experiments using a single monochromatic inf
red laser have only been successfully performed for po
atomic molecules, diatomic molecules are the simplest s
tems to analyze theoretically. Recent developments
femtosecond pulse shaping@2–4# and optimal control theory
@5# suggest that multiphoton dissociation of diatomic m
ecules is possible using either amplitude and freque
modulation or multiple overlapping laser pulses. On the
perimental side, chirped pulses have been employed in
studies of quantum ladder climbing@6# and harmonic gen-
eration@7#. Chirped pulse amplification was invented over
decade ago@8#, and is now used routinely in the compressi
and amplification of high intensity femtosecond lase
Based on a quantum mechanical calculation of a o
dimensional~1D! model, Chelkowskiet al. @9# first sug-
gested that the dissociation threshold of a diatomic molec
can be lowered by two orders of magnitude by using
frequency-chirped laser, and hence dissociation without
ization of neutral diatomic molecules should be possible. T
excitation of a 1D model diatomic molecule by a laser w
linear frequency sweep was analyzed classically using a
ear dipole moment@10#, and the reduction of the dissociatio
threshold can be understood in term of bucket dynam
@11#. Good agreement between the quantum mechanical
classical calculation of the dissocation probabilities has b
found, and the idea of bucket dynamics was shown to
equally applicable to the case of a realistic dipole mom
function and a laser with nonlinear frequency chirp@12#.
Further quantum mechanical studies of the dissociation
the diatomic molecule HF, both 1D@13–15# and 3D@16,17#,
and the triatomic molecule HCN@18# have demonstrated
again that chirped lasers are effective.

Classical calculations are of course much easier t
PRA 601050-2947/99/60~2!/1363~8!/$15.00
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quantum calculations. Since classical and quantum res
have been found to agree well@12#, we employ the classica
method in this paper to further study the excitation and d
sociation dynamics of the NO molecule by chirped lase
Ideally, a 3D study should be carried out. However, in t
quantum mechanical comparison of the 1D and 3D mod
of HF @17#, it was found that the 1D model still provide
valuable information about the dissociation dynamics. F
thermore, the classical dynamics of the chirped pulse exc
tion can be readily described by the bucket dynamics fo
1D model, which provides valuable physical insight into t
dynamical process. Thus we shall employ the 1D mode
this study. In Sec. II we extend our previous derivation of t
bucket dynamics to the general case of nonlinear chirp
and realistic dipole moment function. In Sec. III, we fir
study the excitation and dissociation characteristics und
single chirped laser, and investigate the effects of varying
laser intensity, frequency, pulse length, and the chirping r
We then consider the influence of a second fixed-freque
laser to the dissociation process. Finally, we present a s
mary and discussion in Sec. IV.

II. BUCKET DYNAMICS

The vibrations of a general diatomic molecule can be r
sonably modeled by the Morse potential@19#

V~r !5D@e22a(r 2r e)22e2a(r 2r e)#, ~1!

where r is the diatomic bond length andr e its equilibrium
value,D is the dissociation energy, anda characterizes the
steepness of the potential. In order to treat all diatomic m
ecules in a unified fashion, it is convenient to use dimensi
less units@10,12,21# so that the total time-dependent Ham
tonian for a diatomic molecule coupling with the classic
radiation field of the laser by the electric dipole interaction
given by
1363 ©1999 The American Physical Society
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H~x,p,t !5
1

2
p21

1

2
~e22x22e2x!2m~x!E~ t !. ~2!

Here energy is measured in units of 2D, x5a(r 2r e), and
m(x) is the reduced dipole moment function of the molec
normalized todm(0)/dx51 at the equilibrium bond dis
tance. Time is measured in units of 1/v0, where v0

5aA2D/mred is the harmonic frequency of the Morse osc
lator, andmred is the reduced mass of the molecule.E(t) is
the reduced electric field of the laser pulse,

E~ t !5BU~ t;Tp!cosF~ t !, ~3!

whereF(t) is the phase of the electric field, andU(t;Tp) is
the envelope function. The dimensionless amplitudeB is re-
lated to the actual electric field strength of the laserE by B
5qeE/(2aD) whereqe is the effective charge of the mo
ecule, and hence the laser intensityI is given in terms ofB
by

I 5I 0B2, where I 05~c/8p!~2aD/qe!
2, ~4!

in Gaussian units. We list in Table I the physical consta
for the molecules NO and HF, which are commonly e
ployed in the study of multiphoton excitation. Also listed
Table I is the effective Planck’s constant\eff , which is de-
scribed in Sec. III. Notice that at the laser intensities of
terest in this study,I;1013–1014 W/cm2, the values ofB are
rather small, being;0.01–0.05 for both the NO and H
molecules.

In our study, we use the envelope function

U~ t;Tp!55
sin2

pt

2t r
, 0,t,t r ,

1, t r,t,Tp2t r ,

cos2
p~ t2Tp1t r !

2t r
, Tp2t r,t,Tp ,

0, otherwise,

~5!

and we assume the rise time of the pulse to bet r562.8,
which corresponds to about ten cycles of the natural
quency of the oscillator. The instantaneous frequency of
chirped laser is given by the time derivative of its phase
@18,16# V ins(t)5dF(t)/dt. We model the phase of th
chirped laser by

TABLE I. Physical constants for NO and HF.

NO HF

a 2.77 Å21 2.22 Å21

D 6.614 eV 6.125 eV
qe 0.43 a.u.a 0.31 a.u.
mred 7.466 amu 0.959 amu
v0/2pc 1921 cm21 4138 cm21

1/v0 2.76 fs 1.28 fs
\eff 0.018 0.042
I 0 95.0131015 W/cm2 102.131015 W/cm2

aReference@20#.
s
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F~ t !5V0tF12
ac

np11 S t

Tp
D npG , np51,2, ~6!

so that the instantaneous frequency can be written as@15#

V ins~ t !5V0F12acS t

Tp
D npG . ~7!

Note thatV ins(Tp)5V0(12ac) and henceac represents the
fractional decrease of the instantaneous frequency at the
of the pulse.V ins(t) is assumed to be a slowly varying func
tion of time compared toE(t). We will study mainly the
linear chirping case withnp51, which can be produced ex
perimentally by a pulse shaper consisting of two para
gratings@6#.

In previous studies@10,12,15#, the laser phase is written
as F(t)5V(t)t. V(t) is treated as the driving frequenc
about which we expanded the equations of motion@10,12#,
and the derivation was restricted only to the case of lin
chirping np51. As discussed by Chelkowski and Bandra
@18,16#, it is the instantaneous driving frequencyV ins(t) that
is physically meaningful, and in the original derivation of th
bucket dynamics@11#, expansion was made usingḞ. Here
we provide a more direct derivation of the bucket dynami

For bound state motion, the total Hamiltonian can be
pressed in term of the action-angle variables (i ,u) @12,21#
and expanded in a Fourier series as

H~u,i ,t !5H0~ i !1B(
n50

`

Gn~ i !

3$cos@nu2F~ t !#1cos@nu1F~ t !#%, ~8!

whereH0( i )52 1
2 (12 i )2 is the unperturbed Hamiltonian o

the Morse oscillator, and the$Gn( i )% are the Fourier compo
nents ofm„x( i ,u)…. SinceV ins is slowly varying, by adia-
batic invariance,i will also be slowly varying. The dynamics
will then be dominated by themth resonance term satisfyin
mu2F(t).const or mu̇2Ḟ.0. Using the unperturbed
equation of motion foru, the resonant condition is given b

mv~ i !2Ḟ50, m51,2, . . . , ~9!

where the unperturbed frequency of the oscillator is obtai
from the derivative ofH0 with respect to the action:v( i )
5H08 . For the Morse oscillator,v( i )512 i , and hence the
instantaneous resonance action can be obtained expli
from Eq. ~9!:

i r
m~ t !512Ḟ~ t !/m. ~10!

Near themth resonance, we expect that the motion is a
proximately determined by the resonant Hamiltonian

Hr
m5H0~ i !1BGmcos@mu2F~ t !#. ~11!

We next carry out a canonical transformation to the n
variables (f,I ) in the moving frame,

f5u2
F

m
, i 5I 1 i r

m~ t !, ~12!
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using the generator

F2~u,I ,t !5I S u2
F

mD1 i r
m~ t !u1h~ t !. ~13!

If h(t) is chosen to satisfy

ḣ~ t !1
F

m

dir
m~ t !

dt
1H0„i r

m~ t !…50, ~14!

the new resonant Hamiltonian becomes

H̄~f,I !5Hr
m1

]F2

]t
5

1

2
H09~ i r

m!I 21
dir

m~ t !

dt
f

1BGm~ i r
m!cos~mf!, ~15!

where an expansion ofH0( i ) abouti r
m up to second order in

I is made. For the Morse oscillator,H09521, dir
m(t)/dt

52F̈, and making a final canonical transformation toJ
5I andc52f @12#, we obtain

K~c,J!52H̄~2c,J!5
J2

2
1Vm~c!, ~16!

where

V~c!52BGmcosmc2
F̈

m
c. ~17!

When Ḟ~t! is slowly varying,F̈ is approximately constan
over the time scale of a period of the laser oscillation, a
K(c,J) can be treated as time independent over this t
scale. If the laser intensity is high enough to satisfy

U F̈

m2BGm
U,1, ~18!

buckets exist and the system can be trapped and oscil
about i r

m(t). For negatively chirped laser pulses,i r
m(t) in-

creases with time, and the system can be excited to hig
values of the action by this convective process. Example
such bucket dynamics for the case of nonlinear chirping w
a realistic dipole moment for NO have been demonstra
@12#. The Hamiltonian governing the bucket dynamics
given by Eqs.~14! and ~15! differs from the one derived in

Refs.@10,12# only in thatF̈ takes the place ofV̇ for np51,
a general Fourier coefficientGm is used instead of the ana
lytic expression for the linear dipole moment, andi r

m(t) is
denoted byi B(t) there.

III. RESULTS

In this section, we study the excitation and dissociat
probabilities of the diatomic molecule NO as functions
various laser characteristics. The dipole moment function
NO used here is the same as in Refs.@10,12#:

m~x!5kye2y/b, y5~a8/a!x1a, ~19!
d
e

tes

er
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h
d
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r

wherea851.29 Å21, a50.1058,b50.6017, andk is cho-
sen to satisfydm(0)/dx51.

For the NO molecule, results from classical calculatio
have been found to agree well with the quantum mechan
results, and the classical trajectory method will be used
this study. The vibrational quantum number of the molec
is related to its classical action by the semiclassical qua
zation condition

i n5S n1
1

2D\e f f , n50,1,2, . . . , ~20!

where the effective Planck’s constant is given in terms of
Morse parameters by\e f f5\a/A2MD. From Table I,\e f f
50.018 for the NO molecule. Here 1000 trajectories are g
erated with initial anglesu uniformly distributed between 0
and 2p, and the initial action corresponding to an initi
vibration quantum numbern using Eq. ~18!. Hamilton’s
equations corresponding to the Hamiltonian of Eq.~1! are
integrated numerically. The dissociation probabilityP(t) is
then given by the fraction of trajectories which by timet
have already attained energies greater than 0 and interat
separations greater than 10. The excitation is measure
the average action̂i (t)& at time t. ~For dissociated trajecto
ries, the action is assigned the value 1.! The final values of
the dissociation probability and the average action after
laser pulses are switched off are denoted byPd and ^ i d&,
respectively.

A. Single-pulse excitation

We first study the excitation characteristics of the N
molecule by a single chirped pulse of Eqs.~5!–~7!. In all of
our studies, the motion of the molecular system is follow
for a time period of 100 units after the laser pulses are
minated. In Fig. 1, we plot as a function of the initial fre
quencyV0 the final dissociation probabilityPd and the final
average action^ i d& after the laser pulse is complete
switched off. Initially the molecule is assumed to be in t

FIG. 1. Final dissociation probabilityPd ~solid lines! and aver-
age action̂ i d& ~dashed lines! as functions of the initial frequency
V0 of the chirped laser withac50.5 andTp51000. The NO mol-
ecule is initially in then56 state.
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1366 PRA 60W.-K. LIU, J.-M. YUAN, AND S. H. LIN
vibrational staten56, whose action corresponds to the res
nant action of Eq.~8! for V050.88. At the field strengthB
50.05, corresponding to a laser intensity ofI 52.38
31014 W/cm2, excitation and dissociation are abrupt
turned on nearV050.74, at which the primary resonant zon
~bucket! begins to overlap with the initial action. The diss
ciation probabilities rise rapidly with increase inV0 and
reach their peaks atV050.79 and 0.75 fornp51 and 2,
respectively, and then fall off more gradually, with fu
widths of the order of 10% of the natural frequency of t
oscillator. The peak ofPd for the nonlinear chirping case o
np52 is about 50% higher than that of the linear chirpi
case ofnp51, but it falls off faster asV0 is increased. At the

beginning of the excitation, the chirping rateV̇ins for np
52 is smaller than that fornp51, and hence the adiabaticit
requirement is better satisfied initially for nonlinear chirpin
This appears to give rise to a more efficient initial excitati
and, hence, a higher dissociation probability. When the fi
strengthB is lowered to 0.04 (I 51.5231014 W/cm2), the
dissociation probability is dramatically reduced.

The excitation^ i d& is also turned on abruptly nearV0
50.74 and rises rapidly asV0 is increased. UnlikePd , how-
ever, it falls off much more slowly, showing that the syste
still attain a high level of excitation at blue shifted freque
cies even when the dissociation probability becomes neg
bly small. At B50.05, ^ i d& rises a little more rapidly for
np52 than fornp51, but it also falls off slightly faster. The
peak values of̂i d& for linear and nonlinear chirping are quit
similar. ForB50.04, ^ i d& rises somewhat more slowly tha
for B50.05, but the peak value is similar to that of th
higher intensity case. Thus, in contrast toPd , ^ i d& is less
sensitive to the field strengthB, and the molecular system
can attain similar level of exciation as measured by^ i d& at
lower intensities.

Next we study the excitation process as a function of
chirping parameterac , which represents the fractional de
crease of the laser frequency at the end of the pulse.
show in Fig. 2 the time dependence of the dissociation pr

FIG. 2. Time evolution of the dissociation probabilityP(t)
~lower curves! and average action̂i (t)& ~upper oscillatory curves!.
The chirped laser parameters areTp51000, B50.05, andV0

50.79. The NO molecule is initially in then56 state.
-
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ability P(t) and the excitation̂ i (t)& during the interaction
with the laser for pulses with durationTp51000 and differ-
ent values ofac . The oscillations in̂ i (t)& are signatures of
the bucket dynamics where the system is trapped in the
tential of Eq.~17! in the moving frame. It is interesting to
observe that for the smaller values ofac50.1, 0.2, and 0.3,
the excitation^ i (t)& increases with increasing value of th
chirping constantac ~which is proportional to the chirping
rate for fixedTp), as expected from bucket dynamics ana
sis. For the larger valuesac50.4 and 0.6, this trend is ob
served only initially, up tot;300, after which^ i (t)& falls
below some of those with smallerac . This could be an
indication that the adiabaticity required for bucket dynam
is less well satisfied for these values ofac . The dissociation
probabilities reflect the same trend, and we obtain the larg
values ofPd for ac50.3.

Figure 3 shows the excitation as a function of the pu
durationTp for ac50.5. Note that for a fixed value ofac ,
the chirping rate decreases with increasingTp , and the ex-
citation becomes more adiabatic. We observe that for
smaller values ofTp , the excitation increases withTp , but
levels off to an asympototic value for largerTp when the
adiabaticity requirement is fully satisfied. However, expe
mental considerations would limit the pulse duration e
ployed, and we shall study pulses of shorter durations.

In the above studies, the electric field strength of the la
for appreciable dissociation is very high and one might ha
to worry about the molecule being ionized before dissoc
tion, a process we have not taken into account. Furtherm
the initial vibrational state of the NO molecule is assumed
be n56, while usually the molecule is in its ground staten
50. At lower laser intensities with the molecule in i
ground state, dissociation hardly occurs, but we can
study its excitation. Figure 4 represents one of such inve
gation, where we useac50.3. The field strengths used in th
calculation are insufficient to dissociate the NO molec
initially in its ground vibrational state. However, the mo
ecule can easily be excited, and the amplitudes of the os
lation of ^ i (t)& increase withB initially. Substantial excita-

FIG. 3. Final dissociation probabilityPd ~solid lines! and aver-
age action^ i d& ~dashed lines! as functions of the chirped puls
durationTp . The NO molecule is initially in then56 state.
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PRA 60 1367CLASSICAL DYNAMICS OF MULTIPHOTON . . .
tion is observed at the end of the laser pulses, but the fi
values of the average action^ i d& become almost independe
of the field intensityB.

B. Two-laser excitation

It is clear from Sec. III A that it is difficult to dissociate
the molecule by a single short laser pulse without using
high an intensity. In our earlier study of classical and qu
tum dynamics of chirped pulse dissociation@12#, we have
used a somewhat unrealistic chirping scheme in which
quency chirping is terminated atTp and the driving fre-
quency is kept constant at1

2 V0. In many cases, the dissocia
tion probability P(t) exhibited a double-plateau behavio
P(t) reached the first plateau during the chirping period,
it rose again, sometimes substantially, after chirping was
minated, eventually reaching a second plateau under
fixed-frequency excitation. Such a chirping scheme
equivalent to an excitation by two lasers: first a chirped pu
for a periodTp , then a fixed frequency laser with the sam
intensity and matching phase. This scheme suggests tha
use of two lasers, one chirped and one fixed frequency, w
different intensities and frequencies, may provide a more
ficient method for dissociation. Thus, in the calculation b
low, we include the additional interaction in the Hamiltonia
of Eq. ~2!:

V2~x,t !52m~x!B2U~ t2td ;Tp2!cosV2t, ~21!

where td is the time delay between the turning on the fi
chirped laser and the switching on of the second fix
frequency laser,B2 andTp2 are the field strength~in reduced
unit! and the duration of the second laser, respectively,
U(t;Tp) is the envelope function of Eq.~3!. We assume tha
both lasers have the same rise timet r since the dynamics is
found to be insensitive to this parameter.

In Fig. 5, we show the dissociation probabilities as a fu
tion of the initial frequencyV0 of the chirped laser, while the
frequency of the second laser is kept constant atV251.8.
Note that atB50.01 andB250.02, corresponding to inten
sities of 0.9531013 W/cm2 and 3.8031013 W/cm2, respec-

FIG. 4. Time evolution of the average action^ i (t)& for ac

50.3, Tp51000, andV051.0. The NO molecule is initially in the
ground staten50.
al
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tively, neither laser by itself can dissociate the molecu
When the molecule is initially in the vibrationally excite
staten56, dissociation is turned on rather abruptly simil
to the single laser case of Fig. 1, except around the la
value of V0;0.85. This is due to the fact that atB50.01,
the resonance zone is smaller than that of Fig. 1, andV0
must get closer to the molecular frequency of 0.88 before
resonance zone overlaps with the initial action. Again
peaks have full widths about 10% of the fundamental f
quency of the oscillator, and decay slowly asV0 is in-
creased, with minor peaks occurring at higher frequenc
Unlike the single-laser case, the peak dissociation probab
is higher for ac50.5 than forac50.3, but now it is the
second laser that promotes dissociation. When the mole
is initially in its ground vibrational staten50, dissociation is
turned on whenV0 approaches the fundamental oscillat
frequency of 1.0. It is surprising that forac50.5, the disso-
ciation probabilities could become larger than those wh
the molecule is initially at the excited staten56, and the
peak is much broader. Forac50.3, the peak is sharper an
smaller, but still reachingPd50.09 atV050.98. Thus it is
clear that with two lasers, it is possible to dissociate
molecule NO in its ground state, without using too high i
tensities.

In Fig. 6~a! we study the time development of the excit
tion ^ i (t)& and the dissociation probabilityP(t) when the
NO molecule is initially in then56 state, forac50.5 and
various time delaytd between the switching on of the firs
and second lasers. From the behavior of^ i (t)&, we observe
that before the second laser is switched on, the system o
lates about the resonance action which slowly increases
described by the bucket dynamics, but it remains bound. D
sociation occurs after the application of the second laser,
P(t) reaches its asymptotic value before the second lase
turned off. While dissociation appears earlier whentd is
shorter, the asymptotic value ofP(t) at the end of the secon
laser pulse,Pd , generally increases with increasingtd .
When td is increased beyond the duration of the first pu

FIG. 5. Final dissociation probability as a function of the initi
frequencyV0 of the first chirped laser with field strengthB50.01,
in the presence of a second laser with fixed frequencyV251.80,
field strengthB250.02, and time delaytd5500. Pulse durations
Tp5Tp25750.
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1368 PRA 60W.-K. LIU, J.-M. YUAN, AND S. H. LIN
Tp , Pd levels off. There is no advantage of choosingtd
.Tp since other relaxation mechanism not included in
present model will further reduce the excitation before
second laser becomes effective.

The td dependence forac50.3 is shown in Fig. 6~b!.
While the short time behavior is similar to theac50.5 case,
P(t) and^ i (t)& for ac50.3 take much longer to reach the
asymtoptic values. Furthermore, at the end of the sec

FIG. 6. Excitation of the NO molecule by two lasers with fie
strengthsB50.01 andB250.02 for different time delaytd . ~a!
Time evolution of the dissociation probabilityP(t) ~lower curves!
and average action̂i (t)& ~upper oscillatory curves! for V050.94,
V251.80,ac50.5 with the molecule initially in then56 state.~b!
Same as~a! except thatV050.98, V251.20, ac50.3, andn50.
~c! Final dissociation probabilityPd ~solid lines! and average ac
tions ^ i d& ~dotted curves! as functions oftd when the two lasers
have pulse durationsTp5Tp25750.
e
e

d

laser with durationTp255000,Pd is maximun attd5400. It
is interesting to observe that for such longTp2, the molecule
can dissociate even fortd50. In fact, the finalPd is not too
sensitive totd , lying between 0.3 and 0.43 fortd between 0
and 1000. However, for shorterTp2, the behavior ofPd is
similar to theac50.5 case. This is demonstrated in Fig. 6~c!,
in which the final dissociation probabilityPd and excitation
^ i d& are plotted as a function of the time delaytd , when both
laser pulses have the same durationTp5Tp25750. For short
laser pulses, substantial excitation will be observed whentd
falls in the range between 300 and 1000.

We have studied the dependence on the chirped p
duration by setting the chirping parameter toac50.3, and
switching on the second laser of durationTp25750 at the
end of the first pulse. ForTp5500, 750, and 1000, we obtai
the final dissociation probabilitiesPd50.092, 0.127, and
0.093, respectively, for the NO molecule initially in then
50 state. Hence, while a short chirped pulse would not
very effective in exciting the molecule~as we expect from
Fig. 4!, too long a pulse may not necessarily enhance
dissoication probability.

We next study in Fig. 7 the dependence on the freque
of the second laser,V2, with ac50.3 andtd5500, when the
NO molecule is in the initial statesn50 and 6. For both
initial states, three broad peaks are observed. Forn56, these
occur atV251.2, 1.8, and 2.3, and there is some overlapp
among them, especially between the second and third pe
For n50, the peaks are more isolated, with the first tw
peaks also appearing atV251.2 and 1.8, while the third is
located at 2.5.~Note the difference in scale of thex coordi-
nates of Figs. 5 and 7.! In both cases, there is a wide range
V2 for which dissociation is detectable.

We have also studied the dependence of the dissocia
on the field strength of the two lasers. We setac50.3, td
5500, V050.98, V251.2, andTp5Tp25750. The mol-
ecule is assumed to be initially in then50 state. We first fix
B50.01 and varyB2. Then we setB250.02 and changeB.
Our results are summarized in Table II. As expected,
dissociation probability decreases with a decrease in ei

FIG. 7. Final dissociation probability as a function of the fr
quencyV2 of the second laser with field strengthB250.02 and
time delaytd5500. The parameters for the first chirped laser a
ac50.3 andB50.01. Pulse durationsTp5Tp25750.
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laser field strength. It appears that a higher intensity is
quired for the second fixed-frequency laser than the chir
pulse, although dissociation can be detected for relativ
low field strengths. Finally, we show in Fig. 8 the Poinca´
map for a dissociating trajectory, i.e., a plot of„u(tn),i (tn)…
at each period of the second fixed-frequency laserafter the
first chirped laser has been completely switched off, forB
50.008, ac50.3, Tp5750, td5700, andB250.015 with
the molecule initially inn50. The intensities of the first an
second lasers are thus 0.6131013 W/cm2 and 2.14
31013 W/cm2, respectively. Although the remnant of am
52 resonant zone is still discernible, the motion is chao
and the molecule dissociates when the action approa
unity. At such low field strengths, the second laser must
turned on for a longer period to achieve dissociation, a
with Tp256000, we obtainPd50.053. We have also show
in Fig. 8 the Poincare´ map in theabsenceof the first chirped
laser, which shows up as minute oscillations around the
tial actioni 0.0.01. The motion is obvious quasiperiodic a
no dissociation is possible at such low field strengths. Th
it is clear that the two-laser dissociation process is achie
in two stages: the first chirped laser promotes the molecul
a highly excited vibrational state by bucket dynamics, a

TABLE II. Dependence ofPd and ^ i d& on B andB2 for n50,
ac50.3,V050.98,V251.20.

B B2 Pd ^ i d&

0.010 0.025 0.276 0.436
0.020 0.104 0.331
0.015 0.003 0.250
0.010 0.000 0.225

0.015 0.020 0.167 0.480
0.008 0.080 0.247
0.006 0.004 0.079

FIG. 8. Poincare´ map of a trajectory with initial actioni 0

50.0089 ~ground staten50 of NO! and initial angleu51.6p
when excited by two relatively weak lasers withB50.008, V0

50.98, Tp5750, ac50.3; B250.015, V251.20, andTp256000
~upper scattered plot!. Shown also as small oscillations about t
initial action i 050.0089 is the Poincare´ map in the absence of th
first chirped laser.
-
d
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the second fixed-frequency laser then sends the system i
chaotic state which diffuses to dissociation.

IV. SUMMARY AND DISCUSSION

In this paper, we have studied the excitation and disso
tion dynamics of the molecule NO as a function of vario
laser parameters. We have employed the classical trajec
method, which has been proven to give reliable results
this molecule when compared with quantum mechanical
culations. Although we use the NO molecule as a spec
example in our study, it should be pointed out that, clas
cally, the reduced Hamiltonian of Eq.~2! applies universally
to all diatomic molecules in the linear dipole approximati
m(x).x. There are only two parameters which are syst
specific:\eff , which determines the initial action correspon
ing to a given vibrational state via the semiclassical qua
zation rule of Eq.~20!, and I 0 in Eq. ~4!, which gives the
constant of proportionality between the square of the driv
amplitude and the laser intensity.

While it has been demonstrated previously that
frequency-chirped laser can reduce the dissociation thr
old, the use of a single chirped laser still requires rather h
intensity for direct dissociation. The dissociation probabil
shows resonant structure, with the optimal initial frequen
near but redshifted from the initial molecular frequency. F
the same fractional decrease in frequency at the end of
chirped pulse, a slow chirping rate is preferable so that a
baticity can be maintained throughout the excitation proce
However, experimental considerations would limit the leng
of a pulse, and for the same pulse duration, there is an o
mal chirping rate for dissociation. While dissociation is a
sent at lower laser intensities, substantial molecular exc
tion by the chirped laser is still achieved, even when
molecule is initially in its vibrational ground state.

When a second laser of fixed frequency is applied to
molecular system with suitable time delay from the fi
chirped pulse, appreciable dissociation is observed e
though each laser by itself could not dissociate the molec
While the dissociation probability is not too sensitive to t
time delay between the two lasers, for short laser puls
more efficient excitation and dissociation are obtained wh
the second laser is turned on at the end of the first laser pu

Similar to the dissociation by a single chirped laser, t
two-laser dissociation process is sensitive to the ini
chirped laser frequencyV0, peaking at a value near the mo
lecular frequency. While there are optimal values of the f
quency of the second fixed-frequency laser for this dyna
cal process, dissociation is effective over a wide range ofV2,
blueshifted from the molecular frequency. This has the i
portant experimental implication that selectivity is provid
by the first chirped laser, and enhancement of dissocia
can be obtained by using a wide range of fixed-freque
lasers.

It is also clear that the dynamics of the excitation of t
molecule by the chirped laser is quite different from that
dissociation by the second fixed-frequency laser. Chirp
pulse excitation to a highly excited state is well described
bucket dynamics which is a convective process and is n
chaotic. Subsequent application of a fixed frequency la
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then induces chaos, as shown in Fig. 8, and the system
fuses to dissociation.

In this paper, we have neglected the possibility of ioniz
tion of the molecule by the high intensity lasers. It has be
shown that the ionization rates for atoms@22# and molecules
@23,24# can be adequately described by the quasistatic
neling mechanism@25#, and based on the barrier suppress
model, the threshold intensity for ionization of a neutral m
ecule can be estimated by the simple formula@22,23#

I th54.0031093Es
4 W/cm2,

whereEs is the ionization potential of the molecule in eV
For NO and HF,Es59.25 eV and 16.0 eV, respectively
yielding the corresponding threshold intensities of 2
31013 W/cm2 and 2.631014 W/cm2. Thus, the results o
Sec. III A show that while dissociation without ionization b
a single chirped laser may still be possible for HF@assuming
its reduced dipole moment function is qualitatively similar
that of NO in Eq.~19!#, this would not be possible for th
NO molecule. On the other hand, by adding a second lase
m

v.

t.

J

,

. P

ev

R

if-

-
n

n-
n
-

as

discussed in Sec. III B, dissociation without ionization of N
is possible. Furthermore, the envelope functionU(t;Tp) of
Eq. ~5! and the frequency variation of Eq.~7! are chosen for
simplicity. The laser intensities could be reduced and
dissociation probabilities enhanced ifU(t;Tp) and/orV ins(t)
can be optimized@9,13,14,16,26#. In conclusion, we have
demonstrated theoretically that a second fixed-frequency
ser can greatly enhance the photodissociation of a molec
It would be interesting to see if experiments can be desig
to demonstrate this result.
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