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Dissociation of HD* molecular ion by intense femtosecond laser pulses is studied theoretically using quan-
tum propagation of nuclear vibrational wave packets. Radiative pulses of peak intensity in the range of
10'%-10"> W/cm? with carrier wavelength of 800 nm are applied on the system. In our calculation we have
used a four component wave packet in two spatial regions for studying the dynamics of dissociated fragments
and the nondissociated molecules simultaneously. This technique enables us to investigate the dynamics by
varying the pulse duration (15-75 fs) and the peak amplitude of the field for the initial vibrational state v;
=0. The effect of permanent dipole moments and nonadiabatic mixing coefficients of the system on dissocia-
tion probability and the branching ratio of photofragments between two outgoing channels are also discussed.
Studies of kinetic energy spectra help us to estimate the number of photon absorption and shift of the field
induced resonances from the field free levels. The dissociation spectrum at high intensity has been compared

with available experimental results.
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I. INTRODUCTION

Study of behavior of the simplest molecules in intense
laser fields began in earnest in the late 1980s and early
1990s. It was soon discovered that the nonperturbative inter-
action of both the electronic and nuclear degrees of freedom
with the incident light, and their interplay, can lead to a rich
set of phenomena. In two pioneering papers He and co-
workers [1,2] indicated the importance of above threshold
dissociation channels through time-independent nonperturba-
tive calculations. Further work led to the understanding of
bond-softening, vibrational trapping [3], laser induced align-
ment [4], and zero photon dissociation [5] processes. The
early workers could focus on some very general features of
molecular dynamics related to fundamental issues in laser-
molecule interaction through study of the simplest species
H,*. A review of basic processes involved in strong field
dissociations was made in 1995 [6]. A brief discussion of the
works in this field up to 1996 was given by Datta et al. [7].

Also, parallel advances in the generation and control of
ultrashort and ultraintense laser pulses triggered searches for
specific phenomena where the large intensity and its rapid
variation (within the time scale of nuclear motion) play cru-
cial roles. The simulation of the molecular dynamics with
pulses containing only a few cycles and with intensities of
the order of 10'*~10"> W/cm?, mainly in the near-ir range,
is now a very active area of laser science. A thorough review
of the laser-molecule interactions, particularly for H,*, with a
discussion of the physics involved, can be found in [8].
However, in each case, even rough estimates of the main
features of a process require detailed computation of the evo-
lution of the molecular states under specific conditions. Tak-
ing advantage of the very different time scales of the elec-
tronic and nuclear motions (in the attosecond and
femtosecond regimes, respectively), many workers invoked
the Born-Oppenheimer (BO) separation of the electronic and
nuclear degrees of freedom to understand the dissociative
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multiphoton processes that may occur. The principles under-
lying this approach were discussed in detail in [9]. In his
review Posthumus [8] interpreted the salient features of the
experimental results in terms of the electronic potential en-
ergy surfaces. It was also shown that for ir excitations of
H,*, the electronic Born-Oppenheimer basis may be limited
to the ground 1so, and the next dissociative electronic state
2po, if the field molecule interactions are taken in length
gauge [10]. Early works of Jolicard and Atabek [11] derived
and physically explained the positions, widths, shifts, and
relative heights of kinetic energy peaks of protons due to
multiphoton dissociation of H," by femtosecond pulses
within this framework. In recent work this two-state model
has been used by Lefebvre er al. [12] to find the parameters
for effective control of dissociation of H," and a very de-
tailed study of dissociation of H," by femtosecond ir pulse
has been made by Peng et al. [13] within the same manifold
of electronic states.

Authors going beyond the Born-Oppenheimer separation
at first used a collinear model of the electronic structure of
H,* to investigate the relative importance of ionization and
dissociation from a vibrationally excited state [14]. More re-
cent calculation on H," by Rotenberg er al. [15] has also
concentrated on the influence of nuclear motion (treated clas-
sically). Similar electronic structure model of H," has also
been adopted to illustrate dynamical effects when both ion-
ization and dissociation occur [16]. For H,* and D,* Serov er
al. [17] used the multidimensional time-dependent wave-
packet propagation for detailed comparisons of the angle-
resolved dissociation probability with experiments in which
H,* was prepared by electric discharge.

More recently, the polar one electron diatomic molecule
HD" has also become the focus of interest. It was shown that
the breaking of the g-u symmetry in HD* and its attendant
presence of permanent dipole moments could be used for
controlling the angular distribution of the dissociation prod-
ucts [18]. Further, the resonant nature of the ir photon ab-
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sorption can lead to very interesting changes in the line
shapes and branching ratios [19].

However, studies on the dynamics of fragmentation of
HD*, in short intense pulses in detail comparable to that for
H,*, have started only very recently. Roudnev et al. [20-22],
in a series of papers, computed the propagation of the elec-
tronuclear wave packet for conditions where pure dissocia-
tion and dissociative ionization compete. They used both a
linear model in which the motion of the electron can take
place only along the direction of the molecular axis (aligned
along the direction of polarization) and also a nonlinear
structure model in which the electron can be away from the
axis and must be described in a cylindrical coordinate sys-
tem. Pulses with different durations and peak intensities were
employed. As the peak intensity is increased, keeping the
shape of the pulse constant, the importance of ionization
steadily increases.

In spite of all these advances the predictive power of the
computation intensive eletronuclear wave-packet propaga-
tion seems to be rather limited because different models of
electronic structure may give very different results. On the
other hand, a lot of understanding can still be obtained by the
study of the dissociative decay of the nuclei on the coupled
Born-Oppenheimer potential surfaces for conditions where
ionization is not significant, as the work of Peng et al. [13]
for H," amply demonstrates.

In the present work we concentrate on the dissociation
mechanism and the distribution of the fragments of HD* for
very intense femtosecond near ir pulses at a typical laser
frequency. We have computed the distribution of the disso-
ciation products between the possible fragmentation chan-
nels, their kinetic energy distribution, and the vibrational ex-
citation of the residual molecules using the usual Born-
Oppenheimer separation with the two lowest electronic
states, thus neglecting the ionization channel. We also make
the common assumption that the molecular axes are aligned
along the electric field and the rotational motion, which oc-
curs on a much larger time scale compared to the pulse
lengths used, can be neglected. In spite of its limitations, this
model is of interest for HD™. It gives a preliminary physical
understanding of the branching of the fragments to different
channels, with different numbers of absorbed photons, and
the role of the permanent dipole moments and nonadiabatic
couplings in determining the branching between different
ionic states of the dissociation products. This model also
helps us to understand the photon absorption pattern at dif-
ferent intensities in terms of evolution of the wave packets in
severely distorted and rapidly changing molecular potentials.
We have extended our calculation to some regimes of inten-
sity and pulse duration where the results are not expected to
be completely realistic. But this extension has enabled us to
compare our results with some recent experimental observa-
tions and to meaningfully relate those results to our other
results, where the assumptions are more acceptable.

II. THEORY

Investigation of photodissociation dynamics of HD*
within the framework of the BO separation essentially in-
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volves the solution of the Schrodinger equation for the
nuclear coordinate R in the basis of the two lowest electronic
states,

IV (R,t
ih# =H(R,))V(R,1), (1)
where
n: &
H=-——+V(R.1), 2
2moR: (R.1) @

m is the reduced mass of the HD* molecule and the potential
V(R,1) includes both the interatomic potential and the inter-
action of the molecule with the laser pulse. This interaction
is a function of the nuclear separation R and is given by

V(R,1) = p(R) - E(1), A3)

where u is the dipole moment operator of the molecule op-
erating on the states of nuclear motion through its matrix
elements between different electronic states. The BO separa-
tion depends on the fact that the motion of the electrons is on
a much shorter time scale compared to the time scale of the
oscillation of the electronic field vector, E. We also note that
the rotational time period of the molecule is orders of mag-
nitude higher than both the pulse time and the characteristic
dissociation time, and so we can neglect the rotational degree
of freedom. This is a very good approximation and is nor-
mally used when femtosecond pulses are involved. The di-
pole interaction matrix elements with the laser field are taken
in the length gauge.

Following the work of Charron et al. [23] we have sepa-
rated all possible states of motion of nuclei within each elec-
tronic manifold into two groups (e,0) having even and odd
parities, respectively. Thus the radial nuclear wave function
has four components, two in each electronic state (G, E) with
different parities. The parities of the nuclear wave function
arise due to rotation and though rotational motion is ne-
glected, the effective selection rules for radiative coupling
are thus taken into account. The radiative interaction couples
the components of the wave function with different parities
either on the same potential (through the permanent dipole
moment operator, g and pmgg) or on different potentials
(through the transition dipole moment operator, pg). Thus
we have

q,Ge(R9t)
‘PGO(R’I)
W(R,1) = v, (k) | (4)

‘I,EO(R7 t)

The matrix representation of V(R,t) in the four-component
basis is
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Vs(R) - MGG(R) - E(1) 0 - peG(R) - E(2)
|- MGG(R) - E(1) Vs(R) - peG(R) - E(7) 0
ViR = 0 —me®ED ViR - pgo(R)E() o
- peG(R) - E(1) 0 - pee(R) - E(r) VE(R)

If the initial state is arbitrarily defined to be of even parity,
odd (even) parity components of the wave function arise
from the net absorption of an odd (even) number of photons.
This helps in the interpretation of the dynamics of the system
in terms of adiabatic energy curves arising from the interac-
tion of molecular states dressed by different photon numbers.
When HD™ is obtained by ionization of neutral HD, a variety
of states with both odd and even parities of nuclear motion
can be excited. However, if the gross dynamical features of
the dissociation process are not affected by rotational mo-
tion, then we can arbitrarily define the initial state to be of
either parity. For the alternative choice of the parity of the
initial state, the wave packets in the odd and even channels
will be interchanged without in any way affecting the final
interpretation.

We use the split operator Fourier transform method for
solution of the time dependant Schrodinger equation to
propagate an initial stationary wave packet on the ground
state to a sufficiently large time. Thus the wave packet at a
time 7+ At can be obtained from the wave packet at time 7 by
the operation

W(R,t+ Ar) = e AP (R ). (6)

The proper Born-Oppenheimer states are the electronic
states of H," with designations 1so, and 2po, because the
nuclear kinetic energy operator ¢*/JR> has a diagonal repre-
sentation in this basis only. However the asymptotic behavior
of the fragments is correctly described by the nuclear states
whose degeneracy is removed by the incorporation of the
nonadiabatic coupling between two asymptotically degener-
ate nuclear states corresponding to the homonuclear case
[24].

At each step of propagation the kinetic energy operator is
applied in the basis of the proper Born-Oppenheimer states.
The wave-packet components are then transformed to the
basis (G, E) with correct asymptotic limits [D(1s)+H* for G
and H(1s)+D"* for E] before applying the operator V(R,1).
The wave function components in the basis of the states G
and E can be written as [24,25]

Ws(r,R) =a(R)®,(r,R) + b(R)P,(r,R), (7a)

We(r,R) == b(R)D,(r,R) +a(R)D,(r,R), (7b)

where a(R) and b(R) are the mixing coefficients satisfying
the normalization condition a?(R)+b*(R)=1. The potential
energies V5(R) and Vg(R) of two electronic states W(r,R)
and W(r,R), respectively, and the mixing coefficients a and
b are taken from the works of Carrington and Kennedy [24]
and Moss and Sadler [25].

The dipole moment functions u,, of H," are taken from
[26] and from these, the matrix elements of transition and
permanent dipole moments of HD* between the asymptoti-
cally correct states are evaluated as follows:

we(R) =(Vg(r,R)| — er — eR/6|W(r,R))
= e[a’(R) - b*(R)Ju,,(R) = O(R — ),  (8a)

MGG(R) = <q’G(r,R)| —er— eR/6|‘I’G(r,R))
=—¢eR/6 - 2a(R)b(R),uug(R) ~ —e2R/3(R — x),
(8b)

tep(R) = <‘I’E(1"R)| —er-— eR/6|\I’E(1',R)>
=—eR/6 +2a(R)b(R) pu,y(R) = eRI3(R — ).
(8¢c)

A distinctive feature of this system is the occurrence of
diverging nonzero dipole moment matrix elements between
odd and even parity nuclear states of the same electronic
state (G or E). These interactions cause redistribution of the
particle fluxes between the various photon number channels
as shown earlier through time-independent calculations [7].
The influence of these moments on the dynamics has been
investigated.

A linearly polarized electric field E(t)=E cos(wr)f(¢)é is
used. The pulse shape function f(t) is taken as sin?(3) with
the pulse duration 20.

For computing the exponential operator e involving
the sum of the two noncommuting kinetic and potential op-
erators separately, we use the approximation eA+B)
~e"2eBeA2 ) where A and B are any two noncommuting
operators. This method is accurate up to second order. As in
[23], the potential matrix is expressed as a linear combina-
tion of a diagonal matrix and a number of noncommuting
symmetric off diagonal matrices each with two off diagonal
elements.

As usual, the exponential of the kinetic energy operator
becomes a multiplicative operator with the Fourier transform
of the components in the Born-Oppenheimer basis. The
wave-packet components are transformed back into the co-
ordinate representation through an inverse Fourier transfor-
mation of the coupled state (G, E) basis by Egs. (7a) and (7b)
for application of potential operator. We have adopted the
momentum grid rearrangement from Balint-Kurti’s program
[27] taking the total number of points to be 1024 and we
have kept this number the same for both coordinate and mo-
mentum representations.

—iHAt/h
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FIG. 1. (Color online) Variation in total dissociation probability
with peak intensity for four different pulse durations with wave-
length of 800 nm for initial vibrational level »;=0.

For finding the energy spectrum of the photofragments,
following Heather and Metiu [28], the wave-packet compo-
nents are expressed as sum of the wave packets in the inter-
action and asymptotic regions as W(R,1)=W/(R,r)
+W,(R,1) from the very beginning of its time evolution. The
boundary between the two regions is taken to be 40 a.u. Any
part of the wave packet crossing the boundary from the in-
teraction region is incorporated in the momentum space rep-
resentation of the asymptotic part which undergoes a free
propagation. This method accurately calculates the kinetic
energy spectrum when no significant portion of the wave
packet crosses into the asymptotic region during the pulse.
The total extent of internuclear distance R is taken to be
from 0.2 to 50 a.u. Splitting functions F(R)={1+exp[c(R
—Ry)]}7! and A(R)=1-F(R) are used for smooth transition
of the wave packet between the interaction and asymptotic
regions with ¢=5.0 (a.u.)™! and Ry=38.0 a.u. Use of these
parameters gives satisfactory and converged results. The
time propagations have been continued up to 50 000 a.u. of
time (206.755 ps) during which all parts of the dissociated
wave packet reach the asymptotic region and the momentum
distribution becomes stable. We have optimized our time grid
(Ar) following Kosloff [29] and all results are smoothly con-
verged by taking Ar=0.6 a.u.

The wave packet in the interaction region is projected on
different vibratrional levels of the ground electronic state to
get the vibrational distribution of nondissociated molecules.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the total dissociation probability per pulse
from the initial state =0 for 800 nm sin> pulses of four
different total pulse durations as functions of peak intensi-
ties. This probability is seen to increase steeply with the peak
intensity for a fixed pulse duration and with pulse duration
when the peak intensity is held fixed. We have continued our
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calculation to very high intensities in the regime of signifi-
cant ionization to see how our results compare with some
recent experimental data.

For intensities up to about (5-6) X 10'* W/cm?, where
dissociation remains the dominant decay mechanism, our
one-dimensional (1D) calculation gives very reasonable val-
ues for the total dissociation probabilities and the branching
between the two ion+atom channels (D+p) and (H+d). Our
dissociation probabilities for 15 fs pulses give a remarkable
agreement with the two-dimensional (2D) calculation of
Roudnev and Esry [21] for a 10 fs full width at half maxi-
mum (FWHM) pulse of the same frequency with peak inten-
sities up to 6 X 10" W/cm?. For a FWHM of 12.5 fs, some-
what higher than that used by Roudnev and Esry [21] the
probabilities in our calculation are higher by a factor of
10-30 in the range of (2—5) X 10'* W/cm?. However, three-
dimensional (3D) calculation of Roudnev and Esry [21], go-
ing beyond the linear electronic structure, also gives 10-20
times higher probability for a 10 fs FWHM pulse in the
range of (1-3.5)X 10" W/cm?, the proportional increase
being higher in the higher intensity range in both calcula-
tions. At a higher peak intensity of 7 X 10'* W/cm?, when
ionization becomes important, their 2D calculation gives a
dissociation probability of 2.5-2.6% for a 10 fs FWHM
pulse while we get 10% probability for a 7.5 fs FWHM pulse
of the same peak intensity. The later calculation of Roudnev
and Esry [22] gives a probability of about 10% for a 7.1 fs
FWHM pulse with peak intensity of 4 X 10'* W/cm? while
we get a 13% probability with a pulse of 12.5 fs FWHM.
Thus our results lie between their 2D and 3D results without
the Born-Oppenheimer separation when ionization is unim-
portant. Just like Roudnev and Esry [22] we get almost the
same flux in the H+d and D+p channels (E and G) in all
cases. The total dissociation probability for H,*, estimated
from the kinetic energy distribution patterns in the work of
Peng er al. [13], is also similar to our calculated results for
HD* when the same intensity and pulse duration are used.
Feuerstein and Thumm [30] also calculated the fragmenta-
tion of H," taking into account the non-Born-Oppenheimer
terms through a linear electronic structure. Here also their
results qualitatively agree with our calculations for an 800
nm pulse of 25 fs FWHM for ;=0 and peak intensity of 2
X 10" W/cm? (0.65%) where the Coulomb explosion chan-
nel is not important, as explained in their paper.

We have found that as far the total dissociation probability
per pulse is concerned the permanent dipole moments t;g
and ugp and the nonadiabatic coupling terms, a and b, aris-
ing from the breaking of g-u symmetry do not have any
effect on the total dissociation probability.

The results of our studies on the effect of these terms on
the branching ratio of the dissociation products are summa-
rized in Table I for 800 nm pulses and initial state v;=0.
From studying the four columns of the table for three differ-
ent pulse times and two extreme peak intensities, it is clear
that for a 25 fs pulse the permanent dipole moments have no
influence at all on the distribution of the fragments between
the two product channels. However the nonadiabatic cou-
plings tend to equalize them. For shorter pulse times while
the pulse is on, the wave packets are confined to a region
where the effects of the permanent moments are small. They
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TABLE 1. Effects of permanent dipole moments and nonadiabatic mixing coefficients on distribution of dissociated photofragments

between two channels (G and E) for A=800 nm and »;=0.

Branching ratios of dissociated fragments in two channels for A=800 nm, ;=0

(%)
HecF 0, upp#0, #66=0, ppp=0, a=1, re6# 0, pugp#0, a=1, #66=0, ppp=0,

20 Iy a and b are present b=0 b=0 a and b are present
(fs) (W/cm?) G E G—o, E— o, G—o, E—o, G E
25 10 50.73 49.27 72.48 27.52 72.47 27.53 50.78 49.22

5x 10 50.26 49.74 40.88 59.11 40.88 59.11 50.12 49.87
40 10 54.68 45.31 71.01 28.98 68.95 31.04 54.58 4541

5x10M 42.35 57.65 19.71 80.29 20.15 79.84 45.82 54.16
75 1014 50.56 49.43 53.02 46.98 50.80 49.19 52.67 47.33

5x10M" 45.59 54.41 2.17 97.82 47.68 5221 3.05 96.95

also have lower strengths when the intensity is low enough.
The nonadiabatic coupling will cause a sufficiently different
distribution from that expected for g-u symmetry only when
different components of the wave packet move through the
region of this coupling (which increases with R) after the
pulse is over. For larger pulse times and higher intensities the
wave packet gets sufficient time to reach large distance dur-
ing the pulse and radiative coupling due to permanent dipole
moments (which increase with R) which act for a long time
with large strengths, tending to equalize the populations in
the two product channels. The symmetry breaking effects are
overwhelmed in such cases. Thus redistributions of dissoci-
ated molecules between two states are determined by both
the nonadiabatic coupling and the permanent dipole mo-
ments but differently at different regimes of intensity and
pulse length.

Our calculations also give the kinetic energy distributions
of the photofragments. As an example, Fig. 2 shows the cen-
ter of mass kinetic energy distributions of the photrofrag-
ments with 75 fs pulses for different peak intensities. At the
highest intensity, the three photon and four photon peaks are
displaced by about one-photon energy from the expected un-
perturbed values. Substantial two-photon dissociation is only
obtained over a narrow range of intermediate intensities
(~3.5%10"™ W/cm?) with kinetic energy shift toward
higher values. For other pulse times also the dissociation
peak with the minimum number of photon absorption occurs
only over a range of intermediate intensities. For shorter
pulses the peaks, arising from different numbers of photon
absorption, overlap considerably in energy.

In a recent experiment, Orr ef al. [31] counted the neutral
fragments ejected from a cold HD* ion beam by an 800 nm
laser of 40 fs duration with a peak intensity of 10> W/cm?
in the direction of polarization for several discrete changes in
the time of flight of the neutral fragments from the center of
mass system due to kinetic energy released to the dissocia-
tion products. They found largest counts in the expected po-
sitions for neutral D fragments due to four-photon dissocia-
tion, calculated from the unperturbed ground state
vibrational energy (4w peak). In addition, 2w, 3w, and 5w
peaks were observed with somewhat lower counts and also
weaker 3w and 4w peaks for H. Figure 3 shows the plots of

squared wave packets in momentum space as functions of
the center of mass kinetic energy in the four channels ob-
tained by us for a pulse of 40 fs total duration with the same
peak intensity of 10'> W/cm? and the same central wave-
length. The branching ratios are given in Table II. Here the
odd or even channel peaks with the kinetic energy expected
from two- or three-photon absorption from unperturbed v;
=0 level are actually generated by net absorption of three or
four photons.

Some trends can be clearly established from the reported
experimental data without detailed disentanglement of the
contribution of various channels. Adjusting the raw data with
the calculated shifts of the odd and even peaks (about one-
photon redshift) we see that in the experiment [31] about
40% of the dissociation occurs through three-photon absorp-
tion in which neutral fragments D and H contribute almost
equally. In our calculation we get 70% dissociation through
the three-photon absorption channel of which 40% occurs
through the neutral H channel. In the experiment, four-
photon and five-photon dissociations seem to be almost
equal, each contributing 30% of the total dissociation. How-
ever, the neutral H channel contributes only about 7-8% in
each of these photon absorption channels. The neutral D
channel contributes 20-25% in each case. However, in our
calculation we could not find signature of any significant
dissociation by five-photon absorption. On the other hand,
we do get four-photon absorption leading to neutral D and
this gives 28% of the total dissociation, in reasonable agree-
ment with the presented experimental data. We get 2% dis-
sociation by four-photon absorption to neutral H, which,
though somewhat less than the experimental value, is not
grossly different.

This particular aspect of the result is interesting because
both in experiment and in our calculation the production of
neutral D at the higher energies seems to be favored over the
production of neutral H, for similar pulse parameters, though
to a smaller extent in the experiment. On the other hand, our
calculation does not show such a trend for much shorter and
larger pulses (15, 25, and 75 fs) and at lower intensities.
Calculation of Roudnev and Esry [21] also gives similar ve-
locity distribution for both neutral and ionized fragments for
very short pulses with high intensities (10 fs pulse with a
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FIG. 2. (Color online) Kinetic energy distribution of dissociated
fragments for 75 fs pulse of three different peak intensities.

peak of 7X 10" W/cm?). Thus preponderance of neutral D
over neutral H at high kinetic energies corresponding to four-
photon absorption occurs only with intermediate duration
pulses and increases with intensity. This feature is deter-
mined by the motion of the different components of wave
packets during the pulse. Our computation demonstrates that
for intermediate pulse times as the intensity increases, only
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FIG. 3. (Color online) Kinetic energy distribution of dissociated
fragments for 40 fs pulse with peak intensity of 10> W/cm? and
wavelength of 800 nm.

the component with an even G character is accelerated and
moves to large R during the pulse and no further transition
takes place. This has been discussed in [8]. For other cases
such isolated component at large distances are not found.

A qualitative understanding of the branching ratio of the
photofragments to different absorbed photon number chan-
nels can be obtained by looking at the adiabatic potential
curves drawn with the central frequency only and changing
with time. Figure 4 shows the adiabatic potential curves for
three different intensities along with the diabatic potentials
dressed by various numbers of absorbed photons. We note
that adiabatic curves are considerably more complex than
those usually drawn. This is because at high intensities and
the frequency used, the n photon couplings cannot be iso-
lated and their effects on the adiabatic potentials overlap
throughout an extended region. We have used an exponential
cutoff for the dipole moments beyond R=R_,=5 a.u. so that
the curves converge with the dressed diabatic ones at the
proper asymptotic limit. Also for short pulses, when the
wave packet reaches large values of R, the intensity will start
falling so that the adiabatic potential experienced by the
packet as it progresses toward large R would certainly tend
toward the field free potential.

It is clear that for a peak intensity of 10" W/cm? only
small portions of the wave-packet tail can be released into
the continuum through the five photon avoided crossing (A)
at a time only when the intensity approaches its peak value.
However, near the six-photon crossing (B) at R=2.4 a.u.,
where the gap is smaller, the initial wave packet tends to
have a larger magnitude, and portions of the wave packet
released through this path may end up with a net four-photon
absorption. Thus for a peak intensity of 10'* W/cm? there
will be competition between net three- and four-photon dis-
sociations. This is clearly seen from Table II which gives the
branching ratio between even and odd components of the
wave packet in the asymptotic region. This even or odd ratio
increases as the pulse time is increased reflecting the impor-
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FIG. 4. (Color online) Several relevant adiabatic (solid lines)
and dressed diabatic (dashed lines) potentials for HD* in a laser
field with wavelength of 800 nm for three different intensities. At
large and small internuclear separations the number of absorbed
photons dressing the diabatic potentials has been indicated for sev-
eral curves. The horizontal solid line indicates unperturbed ground
vibrational level (v=0).

tance of the next crossing (C) where a diabatic path to the
four-photon channel tends to be followed if the intensity falls
fast enough. This picture can be confirmed by plotting the
magnitude of the wave packets in all the four channels
against R at various times for different pulses.

At a higher peak intensity of 5X 10'* W/cm? the avoided
crossing at R=2.9 a.u. (M) would lead to a three-photon
absorption. The seven-photon crossing at R=2.1 a.u. (N) is
not appreciably opened up to allow adiabatic passage
through this crossing to the final four-photon absorption

PHYSICAL REVIEW A 79, 043415 (2009)

channel. Table II shows that the odd component has a larger
norm in the asymptotic region. However there is an appre-
ciable magnitude of the even component at this intensity
which seems to arise from a net two-photon absorption par-
ticularly at shorter pulse times. This may be caused by trap-
ping of a portion of the wave packet in the well during the
rising pulse and its later release into the continuum. The
kinetic energy is increased in the process.

Finally, it is seen that at the highest intensity the compe-
tition between the diabatic and adiabatic paths at the seven-
photon avoided crossing (P) would lead to both three- and
four-photon dissociations. For large pulse time the three-
photon dissociation channel has a larger contribution because
during the rising portion of the pulse, when the seven-photon
gap has not sufficiently opened up, but the adiabatic curves
are well separated at larger distances, the wave packet gets
enough time to escape through the diabatic path at this cross-
ing point and end up in the net three-photon channel by
adiabatic passage.

IV. CONCLUSION

Our 1D wave-packet calculations for the dissociation of
HD* by 800 nm femtosecond pulses with peak intensities of
10"#-10" W/cm? and four different durations (15, 25, 40,
and 75 fs) give the dissociation probability per pulse, the
branching ratio of two asymptotic product channels, and the
kinetic energy distributions of the fragments in each channel.
The vibrational distributions of the nondissociated molecules
after the pulse can also be obtained.

The role of Coulomb explosion at the higher intensities
cannot be assessed with the present model, but our calcula-
tions provide qualitative but convincing agreement with re-
sults from more sophisticated models, where simple disso-
ciation is not overwhelmed by Coulomb explosion processes.

The present study nicely illustrates the gradual downward
shift through the shift of the fragment energy peaks to lower
values. Further, the broadening of each peak as the pulse
time is decreased due to the increased bandwidth of the laser
field also becomes apparent.

The peaks in the kinetic energy distributions of photofrag-
ments can be identified as arising from the net absorption of
a particular number of photons. This allows a preliminary
comparison with experimental data for branching of the dif-
ferent fragments to different photon absorption channels ob-
tained with vibrationally cold molecules. Indications of the
above threshold dissociation process at the higher intensities
are thus obtained in agreement with recent experimental
works.

The effect of both permanent dipole moments and the
nonadiabatic coupling between Born-Oppenheimer states on
the dissociation dynamics have been investigated and the
results show that the permanent dipole moments change the
dissociation branching ratios between the two outgoing chan-
nels significantly at large intensities and pulse times. For
short pulses and low intensities the nonadiabatic coupling
plays a determining role as far as the branching ratios of the
dissociation products are concerned.

Our study seems to indicate, in agreement with other cal-
culations, that in general the ratio of total H/D production
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TABLE II. Branching ratios of dissociated photofragments for three different pulse durations and four

peak intensities.

Branching ratios of dissociated fragments

20 Iy )

(fs) (W/em?) G, G, E, E,
25 10 37.30 13.43 35.29 13.98
3.5x 10" 30.44 20.33 27.91 21.31
5x 10 21.21 29.05 19.66 30.08
101 26.06 24.79 23.96 25.17
40 10 44.86 9.83 26.02 19.29
3.5% 10 33.08 16.89 30.68 19.41
5% 10 10.18 32.17 9.53 48.12
101 27.66 30.76 1.98 39.58
75 10 24.07 26.49 27.85 21.58
3.5%x 10 37.35 13.97 25.98 22.69
5% 104 1.35 44.24 0.83 53.58
105 7.90 37.47 7.98 46.64

would be nearly 1. There may be some small deviations at
the highest intensities but we were unable to find any precise
condition which can lead to a far from 50:50 H/D branching
ratio in single frequency strong field photodissociation.
However, the energy distribution of the neutral H and D
fragments can sometimes be very different, particularly at
high intensities and intermediate pulse times. This can be

justified from the picture of the spatial propagation but per-
haps is not predictable from some general theoretical consid-
eration.

We have also demonstrated how to interpret our results
for branching to different photon absorption channels for dif-
ferent intensities and pulse durations using the temporally
changing full adiabatic potentials.
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