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The laser-induced vibrational state-selectivity of product HF in photoassociation reaction H+F—HF is theoret-

ically investigated by using the time-dependent quantum wave packet method. The population transfer process from

the continuum state down to the bound vibrational states can be controlled by the driving laser. The effects of laser

pulse parameters and the initial momentum of the two collision atoms on the vibrational population of the product HF

are discussed in detail. Photodissociation accompanied with the photoassociation process is also described.
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1. Introduction

With the development of the ultrashort pulse
laser techniques, many new phenomena of laser—
molecule interaction have been observed and
investigated,! =16l such as ac-Stark shift,["2 mul-

laser-induced continuum
[9—13]

tiphoton ionization, 5!

structure6—3!

and photoassociation reaction.
The photoassociation dynamics induced by laser
pulse has been studied both experimentally and
theoretically.l'7=28] Marvet and Dantus investigated
experimentally the formation of Hgo molecule with
ultrashort laser pulse.!”) Javanainen and Matt de-
scribed free-bound-bound photoassociation using the
quasicontinuum approach.l?1:22l Korolkov et al stud-
ied the photoassociation reaction induced by laser

pulse with optimal parameters.[23—28]

In the present work, the photoassociation reaction
F+H—HF steered by ultrashort laser pulse is theoret-
ically studied by employing the quantum wave packet
method. The relationship between the population, the
laser pulse parameters and the initial collision momen-
tum is described. The effect of the laser pulse intensity
on the transitions from the continuum state to the
bound vibrational states is discussed in detail. The
photodissociation accompanied with photoassociation
reaction is also described.

2. Theoretical treatment

The dynamic process of the photoassociation re-
action F(?P)+H(%S) — HF(X'ET) can be described
by the time-dependent Schrédinger equation

m% W(r,t) = (ot + Fing) W (r). (1)

Initially, at ¢ = 0, the wavefunction with the coherent
Gaussian type wave packet is given by

o(r) = ( 2 )1/4exp {iker - (r;re)?’ (2)

7Td0 0

where the parameter dy denotes the width of the wave
packet, and 7 is the average initial distance of the two
atoms.

When F and H are close to each other, they can
combine into a HF molecule. The molecular Hamilto-

nian is given by
Hmol = p_m + U(T)7 (3)
with
U(r) = Doexpl—28(r — ro)]
— 2exp[—f(r — ro)] — Do, (4)

where m = 1744.63207m, (m. is the electron rest
mass) is the reduced mass of the HF molecule and
U(r) denotes the Morse potential. In Eq.(4), the well
depth Dy = 0.225009Fy and the Morse parameter
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8 = 1.174014@617 where Fy is the Hartree energy
and ag is the Bohr radius.[?"

In Eq.(1), H;,: denotes the interaction of the
molecule with the linearly polarized laser field. In the
electric dipole moment approximation, the interaction

Hamiltonian can be written as

Hing = —p(r)e(t), (5)

where p(r) is the dipole moment of the HF molecule
and £(t) represents the laser electric field. The molec-

ular dipole moment function is given by![2”!

1(r) = qrexp(—yr?), (6)

where ¢ = 0.454141 e (e is the elementary charge),
and v = 0.0064a, . The dipole moment is shown in
Fig.1(b).
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Fig.1.
(b) The electric dipole moment curve.

(a) The potential energy curve of HF molecule.

The electric field with a sin®t pulse shape is given
by
e(t) = epsin? (ﬂ-—t)cos(wpt), (7)
T
where ¢g is the electric field amplitude; 7, and wp
are the duration and the carrier frequency of the laser
pulse, respectively.

In the interaction picture, the time-dependent
wavefunction is composed of terms of the continuum
state |e) and the bound state |v), and can be written

a5(20,24]

U(r,t) = Uy(r) + Wo(r,t), (8)
with
N-1
Uy (r) = > Avexp(—iE,t/h)|v) 9)
v=0

Uo(r,t) = /dcx\cexp(—iEct/ﬁ)|e>, (10)

where E, is the vibrational level of the HF molecule,
and FE, is the collision energy, )\, and ). are the
expanding coeflicients for the bound and continuum
states, respectively. According to the expression!30:31]
2D0

o

N= —0.5, (11)

one can obtain the maximal vibrational quantum
number N = 23. The bound vibrational level is given
by

By = hwe(v + 0.5)[1 — ye(v +0.5)] — Do, (12)

where w, = 4/2Dg/m and X, = hwy/4Dy.
When the laser intensity is not very strong, the
bound-bound transitions can be neglected. The ex-

panding coefficient \,, can be expressed as!??l

A = _%)‘0<V|N(T)|e> /OTP dt'e(t)expliwpt),  (13)

where A\g = Ae(t = 0), wp=(Ee — E,)/h is the laser
pulse carrier frequency.

The populations of the vibrational state |v) and
all the bound vibrational states are calculated by
P, = |\J? and Py = Ef,v:_ol P,, respectively. The
selectivity of the bound vibrational state is described
by the ratio R = P,/ Piot.

3. Results and discussions

In the photoassociation reaction, H4F— HF, the
laser pulse causes H and F atoms to form HF molecule
via a transition from the continuum state |e) down to
the bound vibrational state |v). The continuum state
le) and the bound vibrational state |v) correspond to
the reagents H+F and the product HF, respectively.
For a given initial collision momentum, the laser pulse
parameters can be optimized. The laser pulse fre-
quency is determined by wpy=(Ee — E,)/k. The op-
timal pulse duration 7, is approximately equal to the
time of scattering process.2923] When the pulse fre-
quency and duration are fixed, the pulse amplitude
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can be adjusted until the final population of selective
vibrational state reaches its maximal value.

We first study the laser-induced photoassociation
transition from the continuum state |e) down to a se-
lective vibrational state |[v = 16). Figure 2 shows the
final populations P,—16 and P versus |ke|. The curve
of P,_1¢ almost overlaps that of P;o¢, which means
that there is no other transition to occur and the
vibrational state-selectivity is highly efficient (nearly
100%). In the region of |ke| = 0.5 — 3.0ay ', the two
overlapped curves increase with the increase of |ke|.
At |ke| = 3.0ay ", the two curves reach their maximal
values, and then decrease with the increase of |ke|.

0.9

0.8 1

0.7 1

0.6 1

Population

05
04 4 o

0 1 2 3 4 5
kel /ag *

Fig.2. The populations P,—16 (solid curve) and Piot (dot
curve) versus |ke|.

We then discuss the transitions from the contin-
uum state down to the different vibrational states
when the initial momentum is fixed at |ko| = 3.0ay .
For each vibrational state, in order to obtain the
maximal population, the laser intensity must be opti-
mized. Figure 3 shows the evolutions of populations
for v = 16, 15 and 14 vibrational levels with time.
When v = 16, 15 and 14, the amplitudes of optimal
laser pulses are g = 19.532, 25.186 and 51.914 GV /m,
respectively. This shows that the stronger laser pulse
can transfer the population of the continuum state to
the lower vibrational level. This may be interpreted
as follows. With the decrease of the vibrational quan-
tum number v, the dipole coupling matrix element
(v|u(r)|e) in Eq.(13) decreases rapidly.[?3l In order to
obtain a larger population, we must increase the inten-
sity (i.e., amplitude €g) of the laser pulse. We notice
that, however, when the laser intensity is very strong,
other transitions may occur. In Fig.3(c), there is a
separation between the two curves P,—14 and Piut.
The separation indicates that the multiphoton transi-
tion and the dissociation process HF—H+F may take

place along with the association reaction.
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Fig.3. The population distributions of vibrational states
v = 16, 15 and 14 for |ke| = 3.0a;'. (a) v = 16 and
o = 19.532 GV/m. (b) v = 15 and e¢g = 25.186 GV /m.
(¢) v =14 and ep = 51.914 GV /m.

The multiphoton transitions are illustrated in
Figs.1(a) and 4(a). When |ko| = 3.0a;" and gy =
17.99 GV/m, the one-, two- and three-photon tran-
sitions take place from the continuum state to the
bound vibrational levels v = 17, 14 and 10, as shown

in Fig.1(a). The transition processes can be ex-
pressed as |e) LER v = 17), |e) 2, |v = 14) and
le) 3w o= 10). In Fig.4(a), the maximal values

of P,—14 and P,—1p appear at t = 0.399 and 0.387
ps, respectively. The ratios at ¢t = 0.399 and 0.387 ps
are P,_14/Piot = 20.55% and P,—10/Piot = 6.34%,
respectively. This indicates that when the laser pulse
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carrier frequency satisfies the resonant transition con-
dition, (Ee — E,)/h = n(Ee— E,=17)/h (where n is an
integer), the multiphoton transitions will take place.
Figure 4(b) shows the process of two-photon transition
from the state |e) to the vibrational state |[v = 14).
The maximal multiphoton transition rate, Rpyax, in-
creases with the increase of the pulse amplitude (from
€0 = 5.14 to 35.98 GV/m). This shows that the larger
pulse amplitude can induce a higher probability of the
multiphoton transition. In Fig.4(a), the P,—14 and

P,_10 decrease with time after they reach the maximal
values, and the final ratios are P,—14/Piot = 6.23%
and P,—10/Piot = 1.20%. It can be seen that the
population of the vibrational states for v = 14 and
10 are very small when the pulse is over. Thus, ex-
17),
there exist other transition processes, including the

cept the dominating transition |e) LCR v

bound — bound state transitions, v = 17 — 14 and
v = 17 — 10, and bound — continuum state transi-
tion (dissociation process).
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Fig.4. (a) Evolutions of populations of vibrational states with v = 17, 14 and 10 for |k| = 3.0(181 and gg =
17.99 GV/m. (b) The maximal rate Rmax of two-photon transition |e) 2he, |[v = 14) versus the laser pulse
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Fig.5. Evolutions of the wavepacket with |k| at different times in the momentum space.
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The dissociation process can be described in the
momentum space. Figure 5 shows the wave packet dy-
namics in the momentum space representation at dif-
ferent times, where v = 16 and |k| = 3.0ay*. It can
be seen from Fig.5 that the peaks of initial wavefunc-
tion | ¥ (k)| appear at t = 0.242, 0.557 and 0.678 ps. In
the calculation, we find that the energy difference be-
tween two neighbouring peaks equals one-photon en-
ergy. These peaks indicate that the product HF of
association reaction may be dissociated by the multi-
photon absorption.

In the present work, we do not consider the prac-
tical linewidth of the driving laser pulse. In fact,
with an ultrashort laser pulse, the linewidth (fre-
quency spread) is quite large. Especially for the laser
pulse with several optical cycles, the linewidth can be
100 — 200 nm. The efficiency of the vibrational state-
selectivity in the photoassociation reaction will be in-
fluenced to a certain extent. However, our work here is
just an exploratory study to show that it is possible to
control the photoassociation reaction H+F—HF with
an ultrashort laser pulse. Thus, the conclusions drawn
above are of certain practical meaning. In the future
work, we will improve our model to study the effect

of the linewidth of laser pulse on the photoassociation
dynamics.

4. Conclusion

In summary, the photoassociation reaction
H+F— HF induced by the ultrashort laser pulse has
been studied theoretically. For a given initial collision
momentum, the laser pulse parameters are optimized
in order to obtain the maximal selective vibrational
population in the product HF. Using the optimal laser
parameters, we can efficiently control the product HF
molecule in a selective vibrational state |v = 16). A
stronger laser pulse can transfer the population of the
continuum state to the lower vibrational state. When
the laser pulse carrier frequency meets the resonant
transition condition and the laser intensity is very
strong, the multiphoton transitions and dissociation
process will take place along with the one-photon tran-
sition. The multiphoton transition rate increases with
the increase of the pulse amplitude. Although we take
a simple model, the results may serve as a guideline for
controlling the product of photoassociation reaction.
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