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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 probabiliti€S1050-29479)04508-4

PACS numbeps): 33.80.Rv, 31.70.Hq

I. INTRODUCTION quantum calculations. Since classical and quantum results
have been found to agree wgll2], we employ the classical

The study of laser-induced excitation and dissociation ofmethod in this paper to further study the excitation and dis-
molecules has been a subject of interest in the past decadesciation dynamics of the NO molecule by chirped lasers.
[1]. While experiments using a single monochromatic infra-ldeally, a 3D study should be carried out. However, in the
red laser have only been successfully performed for polygquantum mechanical comparison of the 1D and 3D models
atomic molecules, diatomic molecules are the simplest syf HF [17], it was found that the 1D model still provides
tems to analyze theoretically. Recent developments irvaluable information about the dissociation dynamics. Fur-
femtosecond pulse shapifiz—4] and optimal control theory thermore, the classical dynamics of the chirped pulse excita-
[5] suggest that multiphoton dissociation of diatomic mol-tion can be readily described by the bucket dynamics for a
ecules is possible using either amplitude and frequenciD model, which provides valuable physical insight into the
modulation or multiple overlapping laser pulses. On the exdynamical process. Thus we shall employ the 1D model in
perimental side, chirped pulses have been employed in tH&is study. In Sec. Il we extend our previous derivation of the
studies of quantum ladder climbiri@] and harmonic gen- bucket dynamics to the general case of nonlinear chirping
eration[7]. Chirped pulse amplification was invented over aand realistic dipole moment function. In Sec. Ill, we first
decade agp8], and is now used routinely in the compressionstudy the excitation and dissociation characteristics under a
and amplification of high intensity femtosecond lasers.single chirped laser, and investigate the effects of varying the
Based on a quantum mechanical calculation of a onelaser intensity, frequency, pulse length, and the chirping rate.
dimensional (1D) model, Chelkowskiet al. [9] first sug- We then consider the influence of a second fixed-frequency
gested that the dissociation threshold of a diatomic molecultaser to the dissociation process. Finally, we present a sum-
can be lowered by two orders of magnitude by using amary and discussion in Sec. IV,
frequency-chirped laser, and hence dissociation without ion-
izat?on_of neutral diatomic molecgles should be possible. The Il. BUCKET DYNAMICS
excitation of a 1D model diatomic molecule by a laser with
linear frequency sweep was analyzed classically using a lin- The vibrations of a general diatomic molecule can be rea-
ear dipole momeritL0], and the reduction of the dissociation Sonably modeled by the Morse potentiab]
threshold can be understood in term of bucket dynamics
[11]. Good agreement between the quantum mechanical and V(r)=D[e 2(~fd —2e (=T, 1)
classical calculation of the dissocation probabilities has been
found, and the idea of bucket dynamics was shown to bavherer is the diatomic bond length andg its equilibrium
equally applicable to the case of a realistic dipole momenvalue,D is the dissociation energy, and characterizes the
function and a laser with nonlinear frequency chjdg®]. steepness of the potential. In order to treat all diatomic mol-
Further quantum mechanical studies of the dissociation oécules in a unified fashion, it is convenient to use dimension-
the diatomic molecule HF, both 1[13-15 and 3D[16,17, less unitg§10,12,2] so that the total time-dependent Hamil-
and the triatomic molecule HCN18] have demonstrated tonian for a diatomic molecule coupling with the classical
again that chirped lasers are effective. radiation field of the laser by the electric dipole interaction is

Classical calculations are of course much easier thagiven by
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TABLE I. Physical constants for NO and HF. ae [\
D(t)=Qpt| 1— —) , n,=1,2, (6)
NO HF Npt11Tp P
a 277 A1 292 A1 so that the instantaneous frequency can be writterl Bls
D 6.614 eV 6.125 eV £\
Qe 0.43 a.i 0.31 a.u. Qind1)=00[1— ac(_ (7)
Mo 7.466 amu 0.959 amu Tp
=1 =1
wol2me 1921 cm 4138 cm Note thatQ;,(T,) = Qo(1— a;) and hencex. represents the
1wy 2.76 fs 1.28 fs . P .
% 0.018 0.042 fractional decrease of the instantaneous frequency at the end
| eff 95 01X 1'015 Wicn? 102.1x 1(')15 Wiem? of the pulse();,{(t) is assumed to be a slowly varying func-
0 ] ¢ ) c tion of time compared ta&E(t). We will study mainly the
aReferencd 20]. linear chirping case witm,= 1, which can be produced ex-
perimentally by a pulse shaper consisting of two parallel
1 1 gratings|[6].
H(x,p,t)= §p2+ E(e*ZX—Ze*X)—M(x)é‘(t). (2 In previous studie$10,12,15, the laser phase is written

as ¢(t1)=Q(t)t. Q(t) is treated as the driving frequency

about which we expanded the equations of mofibd,12,

and the derivation was restricted only to the case of linear

chirpingn,=1. As discussed by Chelkowski and Bandrauk

[18,14, it is the instantaneous driving frequen@y,(t) that

is physically meaningful, and in the original derivation of the

bucket dynamicg11], expansion was made usir Here

we provide a more direct derivation of the bucket dynamics.
For bound state motion, the total Hamiltonian can be ex-

Here energy is measured in units dD2x=a(r—r.), and
n(x) is the reduced dipole moment function of the molecule
normalized todu(0)/dx=1 at the equilibrium bond dis-
tance. Time is measured in units of wl, where wg

= a+/2D/meqis the harmonic frequency of the Morse oscil-
lator, andm,q is the reduced mass of the molecuf$t) is
the reduced electric field of the laser pulse,

£(t)=BU(t:T,)cosd(t) 3) pressed in term of the action-angle variableg) [12,21]]
TP ' and expanded in a Fourier series as
where®(t) is the phase of the electric field, abd(t;T) is o
the envelope function. The dimensionless amplitBds re- H(O.i t)=H(i)+B G.(i
lated to the actual electric field strength of the laBdvy B (0.1,6)=Ho(l) nZO ()

=0.E/(2aD) whereq, is the effective charge of the mol-
ecule, and hence the laser intenditis given in terms o8 X{cognd—(t)]+cogno+d(t)]}, (8

by whereH(i)=—3(1—i)? is the unperturbed Hamiltonian of

I=1,B2, where |y=(c/8m)(2aD/qy)> (4) the Morse oscillator, and thg5 (i)} are the Fourier compo-
’ “ nents of u(x(i, #)). Since;,s is slowly varying, by adia-
in Gaussian units. We list in Table | the physical constantdatic invariancei will also be slowly varying. The dynamics
for the molecules NO and HF, which are commonly em-Will then be dominated by theth resonance term satisfying
ployed in the study of multiphoton excitation. Also listed in mé—®(t)=const or m¢—d=0. Using the unperturbed
Table | is the effective Planck’s constalf;, which is de- equation of motion fom, the resonant condition is given by
scribed in Sec. lll. Notice that at the laser intensities of in-

terest in this studyl,~10°-10"* W/cn?, the values oB are mo(i)-®=0, m=1,2,..., 9
rather small, being~0.01-0.05 for both the NO and HF ) ) )
molecules. where the unperturbed frequency of the oscillator is obtained
=H,. For the Morse oscillatore(i)=1—1i, and hence the
(&t instantaneous resonance action can be obtained explicitly
smzz—tr, 0<t<t, from Eq. (9):
1, t,<t<T,—t,, My 1
U(tT,) = T r ptr 5) i (t)=1—d(t)/m. (10
m(t—
co§+, Tp—t,<t<Tp, Near themth resonance, we expect that the motion is ap-
' proximately determined by the resonant Hamiltonian
| 0, otherwise,

H"=Hy(i)+BGnLcodmo—P(t)]. (11
and we assume the rise time of the pulse totbe62.8,
which corresponds to about ten cycles of the natural freWWe next carry out a canonical transformation to the new
quency of the oscillator. The instantaneous frequency of th&ariables ¢,1) in the moving frame,
chirped laser is given by the time derivative of its phase by
[18,16 Qi,(t)=dd(t)/dt. We model the phase of the

)
., %
chirped laser by p=0——, i=I+ir(), (12)
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using the generator T T T | T T T T T

05 i
Fo(6,1,t)=I 6_5 +i(t) 0+ h(t). (13 _
N \:_:‘:ﬁ‘ -}
If h(t) is chosen to satisfy X
. ® diM(t) . 0.8 i
h(t)+ - —g +Holr(1)=0, (14

0.2
the new resonant Hamiltonian becomes

_ oF, 1 di™(t) .
—_pgm — Tgreimyg2 r
+BGy(i™cogme), 15 NS o 05 o085 1 105 14 115 12

Qo
where an expansion ¢,(i) abouti™ up to second order in . . . . -
P (i) r up FIG. 1. Final dissociation probabilitP4 (solid lineg and aver-

H H n__ m
s ,made' For t-he Morse OSCIIIaFOHO_ 1. di; (t[)/dt age action(iy) (dashed linesas functions of the initial frequency
=—®, and making a final canonical transformation 3o Q, of the chirped laser wit,=0.5 andT,=1000. The NO mol-

=1 and = — ¢ [12], we obtain ecule is initially in then=6 state.
- 7 wherea’=1.29 A™!, a=0.1058,b=0.6017, andk is cho-
K(¢’J)__H(_¢’J)_E+Vm(¢)’ (16 sen to satisfydu(0)/dx=1.
For the NO molecule, results from classical calculations
where have been found to agree well with the quantum mechanical

results, and the classical trajectory method will be used in

b this study. The vibrational quantum number of the molecule

V(¢)=—BGpcosmy— — . (17) s related to its classical action by the semiclassical quanti-
m zation condition

When &(t) is slowly varying, ® is approximately constant ) 1

over the time scale of a period of the laser oscillation, and Ih=|n+5/fherr, n=012..., (20
K(#,J) can be treated as time independent over this time

scale. If the laser intensity is high enough to satisfy where the effective Planck’s constant is given in terms of the

Morse parameters byq;i=Aa/2MD. From Table |,714¢¢

=0.018 for the NO molecule. Here 1000 trajectories are gen-
<1, (18 erated with initial angle® uniformly distributed between 0
and 2w, and the initial action corresponding to an initial
é@ration guantum numben using Eg. (18). Hamilton’s
equations corresponding to the Hamiltonian of ER. are
integrated numerically. The dissociation probabilyt) is

en given by the fraction of trajectories which by tirhe

ﬂﬂave already attained energies greater than 0 and interatomic

a realistic dipole moment for NO have been demonstrate eparations greater than 10. The excitation is measured by

[12]. The Hamiltonian governing the bucket dynamics as . e average actiofi(t)) at timet. (For dissociated trajecto-

: : . . _ries, the action is assigned the valug¢ The final values of
given by Eqs.(14) and (19 differs from the one derived in the dissociation probability and the average action after the

Refs.[10,19 only in that® takes the place of) for np=1,  |aser pulses are switched off are denotedRyand (iy),
a general Fourier coefficie@, is used instead of the ana- regpectively.

lytic expression for the linear dipole moment, aifit) is
denoted byig(t) there.

m’BG,

buckets exist and the system can be trapped and oscillat
abouti"(t). For negatively chirped laser pulsé$y(t) in-

creases with time, and the system can be excited to high
values of the action by this convective process. Examples
such bucket dynamics for the case of nonlinear chirping wit

A. Single-pulse excitation

We first study the excitation characteristics of the NO
molecule by a single chirped pulse of E¢5)—(7). In all of
In this section, we study the excitation and dissociationour studies, the motion of the molecular system is followed
probabilities of the diatomic molecule NO as functions offor a time period of 100 units after the laser pulses are ter-
various laser characteristics. The dipole moment function fominated. In Fig. 1, we plot as a function of the initial fre-
NO used here is the same as in R¢iD,12: quency(), the final dissociation probabiliti?4y and the final
average action(iy) after the laser pulse is completely
uw(x)=kye V? y=(a'la)x+a, (29 switched off. Initially the molecule is assumed to be in the

Ill. RESULTS
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FIG. 2. Time evolution of the dissociation probabilify(t) FIG. 3. Final dissociation probabilitp4 (solid lineg and aver-
(lower curves and average actiofi(t)) (upper oscillatory curves — 5q0 action(iy) (dashed linesas functions of the chirped pulse

The chirped laser parameters afg=1000, B=0.05, and(, durationT,,. The NO molecule is initially in the=6 state.
=0.79. The NO molecule is initially in the=6 state.

o ) ability P(t) and the excitatiori(t)) during the interaction
vibrational staten= 6, whose action corresponds to the reso-ith the laser for pulses with duratioh,=1000 and differ-
nant action of Eq(8) for (1,=0.88. At the field strengtB ¢ yalues ofy, . The oscillations in(i(t)) are signatures of
=0.0?, corresponding to a laser intensity %238 e pycket dynamics where the system is trapped in the po-
X 10" Wfcn?, excitation and dissociation are abruptly tential of Eq.(17) in the moving frame. It is interesting to
turned on neaf,=0.74, at which the primary resonant zone gpserve that for the smaller values @f=0.1, 0.2, and 0.3,
(bucke) begins to overlap with the initial action. The disso- the excitation(i(t)) increases with increasing value of the
ciation prpbabﬂmes rise rapidly with increase 1, and chirping constanix, (which is proportional to the chirping
reach their peaks af,=0.79 and 0.75 fomy,=1 and 2, (a6 for fixedT,), as expected from bucket dynamics analy-
respectively, and then fall off more gradually, with full is For the larger values,=0.4 and 0.6, this trend is ob-
WIthS of the order of 10% of the ngtural frgqgency of thegerved only initially, up tot~300, after which(i(t)) falls
oscillator. The peak oP4 for the nonlinear chirping case of pgjow some of those with smallez.. This could be an
np=2 is about 50% higher than that of the linear chirpingngication that the adiabaticity required for bucket dynamics
case ofn,=1, butit falls off faster as), is increased. Atthe s |ess well satisfied for these valuesaf. The dissociation
beginning of the excitation, the chirping raf&,s for n, probabilities reflect the same trend, and we obtain the largest
=2 is smaller than that fan,= 1, and hence the adiabaticity values ofP4 for a.=0.3.
requirement is better satisfied initially for nonlinear chirping.  Figure 3 shows the excitation as a function of the pulse
This appears to give rise to a more efficient initial excitationdurationT, for a,=0.5. Note that for a fixed value af,,
and, hence, a higher dissociation probability. When the fieldhe chirping rate decreases with increasifg and the ex-
strengthB is lowered to 0.04 I(=1.52x<10** Wi/cn?), the  citation becomes more adiabatic. We observe that for the
dissociation probability is dramatically reduced. smaller values off,, the excitation increases wiffy,, but

The excitation(iy) is also turned on abruptly ned, levels off to an asympototic value for largd@t, when the
=0.74 and rises rapidly &3, is increased. Unlik®,, how-  adiabaticity requirement is fully satisfied. However, experi-
ever, it falls off much more slowly, showing that the systemmental considerations would limit the pulse duration em-
still attain a high level of excitation at blue shifted frequen- ployed, and we shall study pulses of shorter durations.
cies even when the dissociation probability becomes negligi- In the above studies, the electric field strength of the laser
bly small. At B=0.05, (iy) rises a litle more rapidly for for appreciable dissociation is very high and one might have
n,=2 than forn,=1, but it also falls off slightly faster. The to worry about the molecule being ionized before dissocia-
peak values ofiy) for linear and nonlinear chirping are quite tion, a process we have not taken into account. Furthermore,
similar. ForB=0.04, (i4) rises somewhat more slowly than the initial vibrational state of the NO molecule is assumed to
for B=0.05, but the peak value is similar to that of the be n=6, while usually the molecule is in its ground state
higher intensity case. Thus, in contrastRg, (iy) is less =0. At lower laser intensities with the molecule in its
sensitive to the field strengtB, and the molecular system ground state, dissociation hardly occurs, but we can still
can attain similar level of exciation as measured({kyy at  study its excitation. Figure 4 represents one of such investi-
lower intensities. gation, where we use.=0.3. The field strengths used in the

Next we study the excitation process as a function of thecalculation are insufficient to dissociate the NO molecule
chirping parameter., which represents the fractional de- initially in its ground vibrational state. However, the mol-
crease of the laser frequency at the end of the pulse. Wecule can easily be excited, and the amplitudes of the oscil-
show in Fig. 2 the time dependence of the dissociation problation of {i(t)) increase withB initially. Substantial excita-
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FIG. 4. Time evolution of the average actigi(t)) for «c FIG. 5. Final dissociation probability as a function of the initial
=0.3, T,=1000, and2,=1.0. The NO molecule is initially in the  frequency), of the first chirped laser with field strengBw=0.01,
ground staten=0. in the presence of a second laser with fixed frequefigy- 1.80,

field strengthB,=0.02, and time delayy=500. Pulse durations
tion is observed at the end of the laser pulses, but the finat,=T1,,=750.

values of the average actidiy) become almost independent

of the field intensityB. tively, neither laser by itself can dissociate the molecule.
When the molecule is initially in the vibrationally excited
B. Two-laser excitation staten= 6, dissociation is turned on rather abruptly similar

It is clear from Sec. Il A that it is difficult to dissociate @ the single laser case of Fig. 1, except around the larger
the molecule by a single short laser pulse without using tod/@lue of o~0.85. This is due to the fact that Bt=0.01,
high an intensity. In our earlier study of classical and quanin€ resonance zone is smaller than that of Fig. 1, gd
tum dynamics of chirped pulse dissociatift?], we have must get closer to the molecglar freq_ugr_wcy of _0.88 bef(_)re the
used a somewhat unrealistic chirping scheme in which fref€Sonance zone o_verlaps with the initial action. Again the
quency chirping is terminated &, and the driving fre- peaks have full wu:jths about 10% of the fundam.enFaI fre-
quency is kept constant &€,. In many cases, the dissocia- duency of the oscillator, and decay slowly & is in-
tion probability P(t) exhibited a double-plateau behavior: créased, with minor peaks occurring at higher frequencies.
P(t) reached the first plateau during the chirping period, bu_pnh!(e the single-laser case, the peak d|ssomat|orj probablhty
it rose again, sometimes substantially, after chirping was terS Nigher for «c=0.5 than fore=0.3, but now it is the
minated, eventually reaching a second plateau under thgEcond laser that promotes dissociation. When the molecule
fixed-frequency excitation. Such a chirping scheme isS initially in its ground vibrational state=0, dlssomatlor_l is
equivalent to an excitation by two lasers: first a chirped pulsdurned on when(), approaches the fundamental oscillator
for a periodT,, then a fixed frequency laser with the samefrequency of 1.0. It is surprising that far.= 0.5, the disso-
intensity and matching phase. This scheme suggests that tfEtion probabilities could become larger than those when
use of two lasers, one chirped and one fixed frequency, witf® molecule is initially at the excited state=6, and the
different intensities and frequencies, may provide a more efP€ak is much broader. Far.=0.3, the peak is sharper and
ficient method for dissociation. Thus, in the calculation be-Smaller, but still reaching®q=0.09 at{},=0.98. Thus it is
low, we include the additional interaction in the Hamiltonian clear that with two lasers, it is possible to dissociate the

of Eq. (2): molecule NO in its ground state, without using too high in-
tensities.
Vo(X, 1) = — w(X)BoU(t—ty; Tpp)cosot, (21) In Fig. 6(a) we study the time development of the excita-

tion (i(t)) and the dissociation probabilit®?(t) when the

wheret, is the time delay between the turning on the firstNO molecule is initially in then=6 state, fora;=0.5 and
chirped laser and the switching on of the second fixedvarious time delayty between the switching on of the first
frequency laser3, andT,, are the field strengtfin reduced and second lasers. From the behavioKi¢t)), we observe
unit) and the duration of the second laser, respectively, anthat before the second laser is switched on, the system oscil-
U(t;Tp) is the envelope function of E¢3). We assume that lates about the resonance action which slowly increases, as
both lasers have the same rise titpesince the dynamics is described by the bucket dynamics, but it remains bound. Dis-
found to be insensitive to this parameter. sociation occurs after the application of the second laser, and

In Fig. 5, we show the dissociation probabilities as a func-P(t) reaches its asymptotic value before the second laser is
tion of the initial frequency, of the chirped laser, while the turned off. While dissociation appears earlier whignis
frequency of the second laser is kept constanflgt=1.8.  shorter, the asymptotic value Bft) at the end of the second
Note that atB=0.01 andB,=0.02, corresponding to inten- laser pulse,Py4, generally increases with increasing.
sities of 0.95x 10'® W/cn? and 3.8 10** W/cn?, respec- Whenty is increased beyond the duration of the first pulse
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FIG. 7. Final dissociation probability as a function of the fre-
quency (), of the second laser with field strengBy=0.02 and
time delayty=500. The parameters for the first chirped laser are
a;=0.3 andB=0.01. Pulse duration$,=T,=750.

laser with duration ,,=5000, P4 is maximun at 4= 400. It
is interesting to observe that for such lohg,, the molecule
' can dissociate even fag=0. In fact, the finalP, is not too
0 i A . . A sensitive taty, lying between 0.3 and 0.43 fog between 0
0 1000 2000 3000 4000 5000 and 1000. However, for shortéf,,, the behavior ofP, is

¢ similar to thea.= 0.5 case. This is demonstrated in Figc)6
in which the final dissociation probabilit ; and excitation
(i4) are plotted as a function of the time delgy when both
laser pulses have the same durafigy T,,=750. For short
laser pulses, substantial excitation will be observed wiijen
falls in the range between 300 and 1000.

We have studied the dependence on the chirped pulse
duration by setting the chirping parameter ¢g=0.3, and
switching on the second laser of duratidp,=750 at the
end of the first pulse. FoF,=500, 750, and 1000, we obtain
the final dissociation probabilitie®4=0.092, 0.127, and
0.093, respectively, for the NO molecule initially in tme
=0 state. Hence, while a short chirped pulse would not be
etk very effective in exciting the molecul@as we expect from
0 200 400 600 800 1000 Fig. 4), too long a pulse may not necessarily enhance the

ta dissoication probability.

FIG. 6. Excitation of the NO molecule by two lasers with field V& next study in Fig. 7 the dependence on the frequency
strengthsB=0.01 andB,=0.02 for different time delay,. (@  Of the second lasef), with a.=0.3 andty=500, when the
Time evolution of the dissociation probabilig(t) (lower curves ~ NO molecule is in the initial states=0 and 6. For both
and average actiofi(t)) (upper oscillatory curvesfor Q,=0.94,  initial states, three broad peaks are observednFo8, these
Q,=1.80,a.=0.5 with the molecule initially in the=6 state(p)  occur at(),=1.2, 1.8, and 2.3, and there is some overlapping
Same aga) except that),=0.98,,=1.20,2.=0.3, andn=0.  among them, especially between the second and third peaks.
(c) Final dissociation probability?y (solid lineg and average ac- For n=0, the peaks are more isolated, with the first two
tions (ig) (dotted curvepas functions ofty when the two lasers peaks also appearing &,=1.2 and 1.8, while the third is
have pulse duration§,=T,=750. located at 2.5(Note the difference in scale of thecoordi-

nates of Figs. 5 and ’ln both cases, there is a wide range of
T,, Pq4 levels off. There is no advantage of choosi)g (), for which dissociation is detectable.
>T, since other relaxation mechanism not included in the We have also studied the dependence of the dissociation
present model will further reduce the excitation before theon the field strength of the two lasers. We sgt=0.3, tg4
second laser becomes effective. =500, 2,=0.98, Q,=1.2, andT,=T,,=750. The mol-

The ty; dependence fow.=0.3 is shown in Fig. ®). ecule is assumed to be initially in tine= 0 state. We first fix
While the short time behavior is similar to tlig=0.5 case, B=0.01 and varyB,. Then we seB,=0.02 and chang8.

P(t) and(i(t)) for «.=0.3 take much longer to reach their Our results are summarized in Table Il. As expected, the
asymtoptic values. Furthermore, at the end of the secondissociation probability decreases with a decrease in either
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TABLE II. Dependence oPy4 and(iy) on B andB, for n=0, the second fixed-frequency laser then sends the system into a

a=0.3,,=0.98,0,=1.20. chaotic state which diffuses to dissociation.
B B, Py (ig)
0.010 0.025 0.276 0.436 IV. SUMMARY AND DISCUSSION
0.020 0.104 0.331
0.015 0.003 0.250 In this paper, we have studied the excitation and dissocia-
0.010 0.000 0.225 tion dynamics of the molecule NO as a function of various
0.015 0.020 0.167 0.480 laser parameters. We have employed the classical trajectory
0.008 0.080 0.247 method, which has been proven to give reliable results for
0.006 0.004 0.079 this molecule when compared with quantum mechanical cal-

culations. Although we use the NO molecule as a specific
example in our study, it should be pointed out that, classi-
laser field strength. It appears that a higher intensity is recally, the reduced Hamiltonian of E(R) applies universally
quired for the second fixed-frequency laser than the chirpetp all diatomic molecules in the linear dipole approximation
pulse, although dissociation can be detected for relativelyt(X)=Xx. There are only two parameters which are system
low field strengths. Finally, we show in Fig. 8 the PoincarespecifiC:iq;, which determines the initial action correspond-
map for a dissociating trajectory, i.e., a plot(@t,),i(t,))  Ing to a given vibrational state via the semiclassical quanti-
at each period of the second fixed-frequency laster the  zation rule of Eq.(20), andl, in Eq. (4), which gives the
first chirped laser has been completely switched off, Bor constant of proportionality between the square of the driving
=0.008, a,=0.3, T,=750, t4=700, andB,=0.015 with ~amplitude and the laser intensity.

the molecule initially inn=0. The intensities of the firstand =~ While it has been demonstrated previously that a
second lasers are thus 0610 W/cm? and 2.14 frequency-chirped laser can reduce the dissociation thresh-
X 10" Wicn?, respectively. Although the remnant ofra old, the use of a single chirped laser still requires rather high
=2 resonant zone is still discernible, the motion is chaotidhtensity for direct dissociation. The dissociation probability
and the molecule dissociates when the action approach&ows resonant structure, with the optimal initial frequency
unity. At such low field strengths, the second laser must bé&ear but redshifted from the initial molecular frequency. For
turned on for a longer period to achieve dissociation, andhe same fractional decrease in frequency at the end of the
with T,,=6000, we obtairP4=0.053. We have also shown chirped pulse, a slow chirping rate is preferable so that adia-
in Fig. 8 the Poincarenap in theabsenceof the first chirped ~ baticity can be maintained throughout the excitation process.
laser, which shows up as minute oscillations around the iniHHowever, experimental considerations would limit the length
tial actioni ;=0.01. The motion is obvious quasiperiodic and Of & pulse, and for the same pulse duration, there is an opti-
no dissociation is possible at such low field strengths. Thughal chirping rate for dissociation. While dissociation is ab-
it is clear that the two-laser dissociation process is achievegent at lower laser intensities, substantial molecular excita-
in two stages: the first chirped laser promotes the molecule tBon by the chirped laser is still achieved, even when the

a highly excited vibrational state by bucket dynamics, andmolecule is initially in its vibrational ground state.
When a second laser of fixed frequency is applied to the

1 T , , T T Y T T , molecular system with suitable time delay from the first
chirped pulse, appreciable dissociation is observed even
though each laser by itself could not dissociate the molecule.
08 - ' ' ‘ ' ' - While the dissociation probability is not too sensitive to the

: i ) ' ' time delay between the two lasers, for short laser pulses,
S more efficient excitation and dissociation are obtained when
DO the second laser is turned on at the end of the first laser pulse.
- Similar to the dissociation by a single chirped laser, the
two-laser dissociation process is sensitive to the initial
chirped laser frequenc§},, peaking at a value near the mo-
lecular frequency. While there are optimal values of the fre-
quency of the second fixed-frequency laser for this dynami-
cal process, dissociation is effective over a wide range of
blueshifted from the molecular frequency. This has the im-
0 ; - L L L L : portant experimental implication that selectivity is provided
0 0z 04 06 08 1 12 14 16 18 2 by the first chirped laser, and enhancement of dissociation
bt/ can be obtained by using a wide range of fixed-frequency

FIG. 8. Poincaremap of a trajectory with initial actiori,  1@Sers. _ o
=0.0089 (ground staten=0 of NO) and initial angle #=1.6x It is also clear that the dynamics of the excitation of the

when excited by two relatively weak lasers wiB=0.008, Q0 molecule by the chirped laser is quite different from that of

=0.98, T,=750, a.=0.3; B,=0.015, Q,=1.20, andT,,=6000 dissociation by the second fixed-frequency laser. Chirped
(upper scattered plptShown also as small oscillations about the pulse excitation to a highly excited state is well described by
initial actioni,=0.0089 is the Poincammap in the absence of the bucket dynamics which is a convective process and is non-
first chirped laser. chaotic. Subsequent application of a fixed frequency laser

okl

i(ta)

04
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then induces chaos, as shown in Fig. 8, and the system difliscussed in Sec. Il B, dissociation without ionization of NO
fuses to dissociation. is possible. Furthermore, the envelope functioft;T;) of

In this paper, we have neglected the possibility of ioniza-Eq. (5) and the frequency variation of E¢) are chosen for
tion of the molecule by the high intensity lasers. It has beersimplicity. The laser intensities could be reduced and the
shown that the ionization rates for atofiz2] and molecules dissociation probabilities enhanced{t; T,) and/or{)ing(t)
[23,24 can be adequately described by the quasistatic turean be optimized9,13,14,16,26 In conclusion, we have
neling mechanism25], and based on the barrier suppressiondemonstrated theoretically that a second fixed-frequency la-
model, the threshold intensity for ionization of a neutral mol-ser can greatly enhance the photodissociation of a molecule.
ecule can be estimated by the simple form{@a,23 It would be interesting to see if experiments can be designed

to demonstrate this result.
lih=4.00< 1O°XEZ? Wicn?,
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