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The interference between two dissociating wave packets of the I molecule driven by femtosecond laser pulses is

theoretically studied by using the time-dependent quantum wave packet method. Both the internuclear distance- and

velocity-dependent density functions are calculated and discussed. It is demonstrated that the interference pattern is

determined by the phase difference and the delay time between two pump pulses. With two identical pulses with a

delay time of 305 fs and a FWHM of 20 fs, more interference fringes can be observed, while with two pump pulses with

a delay time of 80 fs and a FWHM of 20 fs, only a few interference fringes can be observed.
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1. Introduction

With the rapid development of ultrashort and ul-
trastrong laser pulse technology, the laser control of
atomic or molecular dynamics has attracted a great
deal of interest from researchers.['l Many interest-
ing phenomena have been observed and studied.[>—1!
Most of them can be described by using the time-
dependent wave packet method.

The wave packet interferences in bound states of
an atomic or molecular system have been widely stud-
ied during the last decade. Scherer et al ' reported
the time-resolved fluorescence spectroscopy of inter-
fering wave packets in a bound excited state of the I
molecule. They demonstrated that constructive and
destructive interferences can be detected from the flu-
orescence by controlling the time delay and the rela-
tive phase between two laser pulses. Blanchet et al 12
studied the interfering wave packets in the photoion-
ization of Csy. They pointed out that the ionization
probability is related to the interference of wave pack-
ets and can be controlled by adjusting the laser param-
eters. Cinal'3 developed a theoretical model used for
describing wave packet interferometry. He and Hum-
ble demonstrated that time- and phase-resolved non-
linear wave packet interferometry can be used to study
the molecular reconstruction.!'* Recently, molecular
wave packet interferometry with high spatiotemporal
resolution was studied experimentally by Ohmori et

al.1%:16] Based on wave packet interference, various
schemes have been devised to prepare special quan-
tum states, detect wave packets and control the angu-
lar momentum of Rydberg atoms.

Unlike the wave packet interference in a bound
atomic or molecular system, the wave packet interfer-
ence in a free electron or dissociating molecule system
provides new scope for research. The interferences of
electronic wave packets have been investigated exper-
imentally with femtosecond laser pulses,'”) few-cycle

sl18 (191 Based on the ion

pulses!'® and soft-x-ray pulses.
imaging technique, Skovsen et al [?°) and Petersen et
al P11 demonstrated that with two identical 110 fs op-
tical pulses separated by 310 fs, the interference pat-
terns of dissociating wave packets of the I molecule
can be observed. The interference patterns of the in-
ternuclear density function and the internuclear veloc-
ity density function can be measured at large internu-
clear distances (R > 10 A). In our recent work, we
demonstrated that the branching ratio of products in
the photodissociation of the Bry molecule can be con-
trolled by utilizing wave packet interference.?? In the
present work, we study theoretically the dissociation
dynamics of the I molecule driven by femtosecond
laser pulses. The relationships between interference
patterns and the laser parameters are studied based
on the calculation of 2-dimension wave packet dynam-

ics.
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2. Theoretical treatments field—molecule interaction is given by
The relevant potential energy curves (PECs)[23:24] . 0 —u(R)e(t) cos 0
and the transition pathways of the Iy molecule are de- Hi(R,0,1) = ’
—u(R)e(t) cos b 0
picted in Fig.1. For convenience, we refer to Xlﬂg‘ (3)

and B?II} as X and B, respectively. Two time-
delayed pump pulses excite the I molecule from the
ground X state to the dissociation continuum of the
B state.
on the B state, and then overlap and interfere. In the

The two dissociating wave packets evolve

Born—-Oppenheimer approximation, the wavefunctions
W(R) are obtained by solving the time-dependent
Schrodinger equation

1h%¢(R, t) = (Ho + H,)¥(R,1), (1)

where E[o is the molecular Hamiltonian in the absence
of laser fields, and H; the field-molecule interaction.

0.30
5 0201
<
~
) L
=
¢ 3.0 ps
= 0.10r ANNANAN
| +
X5
5 15 25 35
Internuclear separation/A
Fig.1. The potential energy curves and the transition

pathways of the Is molecule.

In the present work, a linearly polarized laser field
is used and hence the magnetic quantum number M
of the molecule is conserved. We assume the ini-
tial M = 0, which is equivalent to ignoring the J¢
term (p azimuthal angle) in a full three-dimension
Hamiltonian.[?>26] The molecule is described by the
azimuthally symmetric molecular Hamiltonian

Hy(R,0) =Tr + Ty + V(R)

_ ,Ti 0? _ n’ 1 ﬂ(s‘ 92) I
omOR?  2mRZsinf00 90
+V(R), (2)

with the volume element d{2 = sinfdRd6, where m
is the reduced mass, R is the internuclear distance and
I denotes a unit matrix. 6 is the angle between the
laser electric field direction and the molecular axis.
V(R) denotes the molecular potential matrix. The

where p(R) is the transition dipole moment between
two electronic states. The laser field €(t) is given by

e(t) = e1(t) +e2(t)
= E()f(t — t01) COS[OJ()(t — t()l)]
+eof(t — toz) coslwo(t — to2) + 6],  (4)

with the Gaussian pulse envelope

£(t) = exp [—41112 (;ﬂ , (5)

where T is the full width at half maximum (FWHM)
of the laser pulse. In Eq.(4), wp specifies the central
frequency and g is the laser field amplitude. § and
T = tga —to1 denote the phase difference and the delay
time between two pump pulses, respectively.

The initial wavefunction is taken to be the eigen-
function of the lowest rovibrational level (Jv = 0,5 =
0)) of the X state. The rovibrational eigenfunction
|v,j) is a direct product of P;(§) and ¢,;(R). The
Legendre polynomial, P;(§), is the eigenfunction of
the angular kinetic energy operator:

i(j + 1)n?

P;(§), &= cosé. (6)
¢,;(R) is a j-dependent radial vibrational function
which can be obtained by solving numerically the fol-
lowing radial Schrodinger equation using the Fourier
grid Hamiltonian method,?7-28]

K2 92 i(j+ 1)h2
{ 2m OR2 ](JQ;Rl +Vx(R)|6u; (F)
- 6uj(bl/j (R)7 (7)

where €,; is the eigenenergy of the |v, j) state. The
time propagation is accomplished by using the split

operator method with the short-time propagator[?”!

U(At) o e~ AR o= gr ATy o= F AUV +HL)

% efﬁAtTQ efﬁAtTﬁg’ (8)

where At is a short time step. To avoid the unphysi-
cal reflection of the wave packets at the edge, in each
time step, the wavefunctions are multiplied by an ab-

sorption function,
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Vabs(R) = {1 + exp[b(R — Rabsn}_lv 9)

where the parameters R,ps and b should be appropri-
ately chosen to ensure that the wavefunction can be
absorbed at large internuclear distances. In the calcu-
lation we set R,ps = 55.0 A and b= 1.0 Bohr .

The internuclear distance- and velocity-depend-
ent density functions at time ¢ are calculated by

TR(R. 1) = / Wr(R,& )2,
Ty (0, )2 = / W, (0, &, 1) 2de, (10)

where ¥, (v,&,t) is the velocity-dependent wavefunc-
tion and is calculated by using the Flourier trans-
form of the R-dependent wavefunction ¥g(R,¢&,t).
The velocity-dependent density function |, (v,t)|? in
the flat part of the B state is determined by laser
pulses.?%22] ¢(¢) in the time domain can be trans-
formed to £(w) in the energy domain:

T?(w — wp)?
161n2:| T[COS(L{)tO])

+ cos(wtga — 0)]. (11)

2(w) o exp [—

£(w) presents the two-pump pulse spectrum. Defining
the delay time as 7 = tg2 — to1, Eq.(11) can be written

as
- T?(w — wp)?
€(w) x exp |:_161I12 T[1+ cos(wr —4§)]. (12)
|
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g(w) is related to the phase difference §, the delay time
7 and the FWHM T of the two pump pulses.

3. Results and discussions

The laser-driven time-dependent Schrodinger
equation (1) has been numerically solved for different
laser parameters. Two pump pulses with a delay time
of 305 fs are utilized to create two dissociating wave
packets in the B state of the Iy molecule. The inter-
nuclear distance-dependent density functions of the B
state at t = 0.1,0.4 and 5.0 ps are shown in Figs.2(a)—
2(c), respectively. In Fig.2, the laser pulses are 460 nm
with intensities 1.5 TW-cm~2 and FWHMSs 20 fs. The
central times of two pump pulses are tp; = —305 fs and
too = 0, respectively. The phase difference § between
the two pump pulses is taken as zero. At ¢ = 0.1 ps, as
shown in Fig.2(a), the second pulse is switched off and
the second wave packet is just created. Hence, the two
wave packets are clearly separated at 0.1 ps. When the
two wave packets propagate towards the large internu-
clear distance, they will spread and overlap. As shown
in Fig.2(b), the second wave packet overlaps with part
of the first wave packet, and an interference pattern
appears. At t = 5.0 ps, the interference fringes of the
two wave packets clearly emerge in a large region of
internuclear distance, as shown in Fig.2(c).
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Fig.2. Snapshots of internuclear distance (R)- and velocity (v)-dependent density functions of the B
state. The wavelengths of two laser pulses are 460 nm with intensities 1.5 TW -cm~2 and FWHM:s 20 fs.
The central times of two laser pulses tg1 = —305 fs and tg2 = 0, respectively, and the phase difference

6=0.

The internuclear velocity-dependent density func-
tions at t = 0.1,0.8 and 5.0 ps are shown in Figs.2(d)-
2(f), respectively. In the Condon approximation, the
wave packet is formed in the B state at about 2.6 A
which is the equilibrium internuclear distance of the
X state. The dissociating wave packet is initially lo-
cated in the inner potential well of the B state. It will
quickly move towards the equilibrium internuclear dis-
tance of the B state and then its velocity decreases.
When it arrives in the flat region of the B state, its
velocity maintains an invariable value. As a result,
the interference pattern of the velocity density func-
tion is not completely formed at ¢ = 0.1 ps when the
two wave packets lie in the well of the B state. After
the two wave packets arrive in the flat region of the B
state, the interference fringes display a similar pattern,
as shown in Figs.2(e) and 2(f). The velocities of the
two wave packets are finally centred at about 5 A /ps.
With the evolution of the wave packets, the peaks of
the R-dependent density function grow broader due
to the dispersion of the wave packets, while those of
the velocity-dependent density function are almost in-
variable because the wave packet evolves in the same
velocity in the flat region of the B state.

In order to study the effect of the phase difference
on the interference patterns, we calculate the internu-
clear distance- and velocity-dependent density func-
tions at § = 0,90° and 180°, respectively. Apart from
the phase difference ¢, the other pulse parameters are
the same as those used in Fig.2. With the increase of
d, as shown in Fig.3(a), the peaks of the fringes shift
in the direction of large internuclear distance. It can
be expected that the fringes at 6 = 360° will be the

same as those at § = 0. A similar pattern is found in
the velocity-dependent density function, as shown in
Fig.3(b).
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Fig.3. (a) The internuclear distance- and (b) velocity-
dependent density functions at 6 = 0,90° and 180°. The
laser parameters are the same as those used in Fig.2, ex-
cept the phase difference §.

In Fig.4, we illustrate the distributions of the R-
dependent density functions at different delay times.
The laser parameters are the same as those used
in Fig.2, except the delay time 7 =305, 305.5 and
306 fs. We can find from Fig.4 that when the de-
lay time 7 increases, in contrast with that in Fig.3(a),
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the peaks of the fringes shift towards the small in-
ternuclear distance. From Eq.(4) we can see that
—wolo1(02) can be treated as the phase factor of the
first (second) pulse, and hence the ‘phase’ difference is
—woT. Thus when the two different delay times satisfy
woT] —weTe = n2w,n = 0,1,2,..., the corresponding
interference patterns are nearly the same. We then
set tg2 = 0, and change step by step the central time
to1 of the first pulse from —305 to —307 fs in steps of
0.02 fs. We find that the interference at 7 = 306.64 fs
displays the same pattern as that at 7 = 305 fs. The
time difference between the two delay times is about
1.64 fs, which is just equal to the optical period at
460 nm.
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Fig.4. The internuclear distance-dependent density func-
tions at different delay times. The laser parameters are
the same as those in Fig.2, except the delay time 7.

Another kind of interference pattern emerges,
when 7 is equal to a relatively smaller value. The pulse
parameters are taken as tg; = —80 fs and tgo = 0.
The laser intensities, wavelengths and FWHMs are
the same as those used in Fig.2. When 7 decreases,
as shown in Fig.5, the number of interference fringes
decreases. Three peaks can be observed in the distri-
butions of the R- and v-dependent density functions
at 4.0 ps. From Eq.(14), we see that 7 can be treated
as the frequency parameter. That is to say, the num-
ber of the interference fringes will be in proportion to
the parameter 7. Thus, when the delay time is large,
more interference fringes can be observed; when the
delay time is small, fewer interference fringes can be
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Fig.5. The R- and v-dependent density functions at

t = 4.0 ps. The pulses parameter are chosen as follows,
T =20fs, tggr = —80fs, tgo =0, I = 1.5 TW -cm~2 and
the wavelengths are 460 nm.

4. Conclusions

In this paper, the interference between two dis-
sociating wave packets in the Iy molecule driven by
femtosecond laser pulses is studied by using the 2-
dimension wave packet dynamics method. It is found
that the number of interference fringes is related to
the delay time. With two identical pump pulses with
a delay time of 305 fs and a FWHM of 20 fs, many in-
terference fringes can be observed. However, with two
pump pulses with a delay time of 80 fs and a FWHM
of 20 fs, only a few interference fringes can be seen.
The phase difference between the two pulses can af-
fect the interference pattern to varying degrees. In
order to obtain steady-going interference fringes, the
two factors, the delay time and the phase difference,
should be precisely controlled.
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