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The mechanism of above-threshold dissociation (ATD) of both hydrogen and deuterium molecular ions
has theoretically been investigated. A quantum-mechanical, time-dependent nuclear wave-packet theory has
been applied to evaluation of the kinetic energy distributions of Ho* and D2 photodissociations. The time-
dependent shift of the kinetic energy distribution to the low energy side, which is common to both Hy* and Do ™
ATD, is interpreted in terms of dynamic Stark shift. The different behavior in the intensity ratio of the kinetic
energy distribution between Hot and Do ATD is qualitatively explained by applying the Landau—Zener model
to radiative coupling between the ATD channels involved.

Molecules in strong laser fields bring about interest-
ing phenomena which can not be interpreted in ordinary
perturbation theory.!—% Here, “strong” means that the
magnitude of the dynamic Stark shift is the same order
as the vibrational frequency of the molecule of inter-
est. Above-threshold dissociation (ATD) of molecules
is one of such phenomena.®” This consists of photodis-
sociation processes above the dissociation threshold af-
ter bound—free and free—free transitions. In a previous
paper,® referred to as I hereafter, we have presented
a quantum mechanical, time-dependent nuclear wave
packet theory of ATD of hydrogen molecular ions under
femtosecond strong laser-field conditions. The investi-
gation of the ATD processes gives us fundamentals in
understanding the mechanisms of dissociations of poly-
atomic molecules in strong laser fields.”

In Fig. 1 are shown several channels for the photodis-
sociations of hydrogen molecular ions irradiated by laser
with photon energy Aw=30300 cm~!. Two potential
curves of 1so, and 2po, are associated with the pho-
todissociation processes. Channel 1 is the one-photon
dissociation channel. Channel 2 and 4 are related to
the ATD in the ground electronic state, Channel 5 to
the ATD in the excited state. These ATD processes can
be neglected in the weak laser field. Channel 3 which
is the resonant three-photon dissociation is the ATD in
the excited state. This channel is the main photodisso-
ciation channel in the weak laser field. As the laser in-
tensity increases the yield of the photodissociation from
Channel 3 decreases, but on the other hand, that from
Channel 2 increases. This can be qualitatively under-
stood based on the Franck—Condon principle for opti-
cal transitions. As the laser intensity increases, stimu-
lated emission takes place at near R=3.7ag rather than
further photon absorption. At this molecular config-
uration, the kinetic energy in state 2po, is equal to
that in 1sog. The channel coupling induced by radia-
tive interaction brings about the change in the kinetic
energy distribution between Channels 2 and 3. Stimu-
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lated emission takes place as the radiative coupling. In
I, the important contribution of the stimulated emission
has been discussed from the point of view of the nuclear
wave packet propagation. Quite recently, Abou-Rachid
et al. have studied the mechanism for the formation of
fragment kinetic energy spectra of Ho™ in ultra short
pulses.'® The variations in the kinetic energy distribu-
tion reflect the interplay between local induced tran-
sitions and accelerating and decelerating action of the
field-free repulsive and attractive potentials.!®

The purpose of this paper is to investigate ATD mech-
anism, and confirm the important role of the radiative
interaction between Channels 2 and 3. For this purpose,
we consider the photodissociation of deuterium molecu-
lar ions as well as that of hydrogen molecular ions under
strong nonstationary laser field conditions. We evaluate
the kinetic energy distribution of the photodissociation
fragments by using the time-dependent nuclear wave
packet theory. The intensity of the kinetic energy distri-
bution of Channel 2 is stronger than that of Channel 3
in the photodissociation of Do* compared with the case
of Hy*. This is qualitatively explained in terms of the
Landau-Zener model for the dressed potential crossing
near R=3.7ay. Time-dependent kinetic energy shifts to
the low energy side are due to the dynamic Stark effect
taking place during the irradiation of the nonstationary
laser. The model calculation shows a sub-structure in
the kinetic energy distribution of the fragments of both
H,* and D,T photodissociations. The structure for-
mation is discussed on the basis of the creation of the
coherent wave packets during the ATD processes.

In the next section, a theoretical treatment of the
time-dependent wave packet propagation in the strong
nonstationary laser field is described. In the final sec-
tion, similar and different behaviors in the kinetic en-
ergy distributions of Hot and Do* fragments are dis-
cussed on the basis of the time-dependent dynamic
Stark shift and Landau-Zener model.

Theoretical

To treat the molecule-radiation interaction quantum
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Fig. 1. Possible photodissociation channels of hydro-
gen molecular ions excited by photon with wave-
length A=329.7 nm. 1sog and 2po, refer to the
ground and excited states, respectively. Channel 1
denotes the one-photon dissociation from 2po, state.
Channels 2 and 4 are two- and four-photon ATD
processes from lsog state, respectively. Channels 3
and 5 denote three- and five-photon ATD processes,
respectively. The down arrow represents a free—free
transition induced by radiative coupling (stimulated
emission). This transition takes place at R23.7qp on
the basis of the Franck—Condon principle.

mechanically, we adopt the dressed basis set. The to-
tal system Hamiltonian is expressed as the summation
of the Hamiltonian of molecular ion Hy;, the radiation
field Hg, and the time-dependent molecule-radiation
interaction Hyg (1) as

H(t) = Hv + Hr + Hur (). 1)

We consider the wave-packet dynamics on two electronic
states of molecular ions, which are the ground state 1so,
denoted by |g), and the excited state 2po, denoted by
|e). Within the adiabatic approximation the molecular
ion Hamiltonian Hy is given as

Hy = |g) [K + Vo(R)] (gl + le) [K + Ve(R)] (], (2)

where K and R denote the kinetic energy operator and
the position operator of the nuclear motion, respec-
tively, and V,(R) and V,(R) denote the adiabatic po-
tentials on the electronic ground and excited states.
Adiabatic potentials Vg(fi’,) and V.(R) are taken to
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Va(R) = Do {exp [—2,3 (IA? - Re)}
— 2ty exp [—,3 (R - Re)] } , 3)

where Dy=22522.852 cm™!, a={g,e}, 8=0.72, R.=
2.0a9, ty=1.0, and t,=—1.11. The radiation field Hamil-
tonian is expressed as

Hy = hwafa, (4)

here w denotes the frequency of the radiation field, and
aand a' denote the annihilation and creation operators
of photon, respectively. The interaction Hamiltonian
between the molecular ion and radiation field Hyg (1)
is given as

Hur(t) = —iA(t) feg(R) (a + ') (le)(g] — lo)(el),  (5)

where A(t) is the envelope function introduced to ex-
press the time-dependence of the radiation field. In
Eq. 5, feg(R) is defined as

Ve(R) — Vy(R)

2h,€owL3
where € denotes the polarization unit-vector of the ra-
diation field, I? the box quantization volume, and &g
the electric permittivity of free space, and ,&eg(fi’) the
transition dipole moment vector. The matrix element
of the transition dipole moment is assumed to be ex-
pressed as'?

feg(R) = 5'ﬂeg(R)a (6)

oe(R) = p+ % (1-exp By (R— R},  (7)

where u=1.07a9-¢, ;'=0.396¢, and y=—0.055, where e
denotes the elementary electric charge.
The time-dependent Schrodinger equation is given as

d i g
T Y@) = - HOZ (), ®)

where | ¥(¢)) is the state vector of the total system. To
reform Eq. 8 into matrix representation, we introduce
the basis set expressed as'?

{10),11), -+, m), -+ In — 1), |n)}
= {|R:) ®|g) ® N),|Ri) ® |e) @ [N — 1),

|R:) ®19) ® IN —n+1),|R:) ® le) ® [N —n)}, (9)

where |N) denotes the number state of the radiation
field, and {|R;)} denotes the discretized basis set of the
position coordinate of the nuclear motion. It should
be noticed that the dressed state basis set {|m)} is ex-
pressed in terms of the tensor product of molecular elec-
tronic states and radiation number states, and the num-
ber m refers to the number of absorbed photons.



November, 1993]

The nuclear wave packets on the lth basis state |[},
@i(t), is defined as

¢i(t) = ¢ (Ri,t) = (1@ (¢)) (I=0,1,---,n).  (10)

Using the dressed basis set in Eq. 9 and the definition of
the wave packets corresponding to each photon absorp-
tion given in Eq. 10, the time-dependent Schrodinger
equation is given in matrix form as

o1(t)
d| ¢2(t)
de|
én(t)
Hyi Hi(t) - Hin(2) h1(t)
i Hzl(t) Hao . H2n(t) ¢2(t)
R : : :
Hpi(t) Hn2(t) Hun dn(t)
= -z H(t)$(t) (1)

The diagonal matrix elements of H(t) is expressed as

ko h?
Hu (Ri, Bj) = 5—op + Vi (Ri) 6ij + Nhwéij,  (12)
with
. _ 73766 42000 | _ 6000
© = 95200° "' T T 252007 2 25200
1000 125 8
ks = —5e500" ¥ = 25300" ¥ = “25200° (1Y)

where i+u=35(u=0,1,---,5), I={g,e}, and AR denotes
the size of the spatial grid. In the practical calculation
performed in this study, AR is taken to be 0.00567 au.
The first term of Eq. 12 originates from the kinetic en-
ergy term of the molecular Hamiltonian Hy. The off
diagonal matrix element is given as

Hy (Ri, Rj) = —iA(t) feg (Ri) 6ij. (14)

In this work, we utilize a sliced propagator method
to get the time evolution of wave packets.'® The formal
solution of Eq. 11 is given as

o) =Toxp |4 [ at ()| 60) =U0), (1)

where T denotes the time ordering operator, and U(%)
is the time evolution operator. By introducing the in-
finitesimal time step At, and the iteration of the oper-
ation of sliced propagotor U(At) defined as

6 (t+ At) = exp [—%H(t)At] $(t) = UADS(H), (16)
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one can obtain the time evolution of wave packets
{¢:i(t)}. We expand the sliced propagotor in a power

series as

3

U(At) = exp [—EH(t)At]
14 (—z‘H}gt)At) N % (—iHét)At)Q
+ % (——_iH,gt)At)d+--- 17)

The time step At is taken to be small so that it satisfies
the condition |H(t)At|<0.4% at any time.

The time evolution of nuclear wave packets in mo-
mentum space ¢;(k,t) can be obtained by applying
Fourier transform to the wave packets in coordinate
representation as @;(k,t)=F[pi(R,t)], where F de-
notes Fourier transform that is performed as FFT (Fast
Fourier transform) in the numerical calculation. To
compare the ATD dynamics of Ho* and Dy T from the
point of view of the kinetic energy distribution of the
dissociation fragments, we define the kinetic energy dis-
tribution p;(K,t), with the simple relation between mo-
mentum k and kinetic energy K, k=+v2mK /A, as

oK. 1) =1 (VamE /. t)|2+|¢, (~vamE/n1)|". (18)

In the present calculation, dressed state basis is in-
troduced with n=7, in which up to 7 photon absorption
processes are taken into account. The photon number
Nin Eq. 9 is determined from the intensity of radiation
field I (TW cm~2) by using the relation

on L3I

chw ~

Here one photon energy of radiation field Aw is taken to

be 30300 cm ™! as used in I, which is above the dissoci-

ation energy Dy. Initial wave packet is taken to be the

vibrational ground state of the electronic ground state
as shown in Fig. 1.

N =

(19)

Results and Discussion

To investigate the ATD mechanism, we present the
model calculation of the kinetic energy distribution of
both Hyt and Dyt ATD fragments as a function of the
observation time. The pulse shape A(¢) of the nonsta-
tionary laser was assumed to take the form,

A(t) = Aoexp [-2(t—t0)’ /o,"] for t<to
= Ao for t>to.  (20)

Here parameter o, is chosen for the pulse intensity to
become a maximum in 90 fs (=90 fs) with a half max-
imum at 30fs.

Figure 2 shows the kinetic energy distributions of Hy*
dissociation observed at time t=80, 100, and 140 fs.
The intensity of the laser used is I=5.6x10'* W cm~2.
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The kinetic energy distribution consists of two main
energy structures. The structure at the low energy side
originates from the ATD through Channel 2, and that
at the high energy side originates from the ATD through
Channel 3. We can see that each structure has a sub-
structure.

Figure 3 shows the kinetic energy distribution of DT
dissociation at t=100, 120, and 140 fs. The same in-
tensity of the pulsed laser as that in Fig. 2 is used in
calculating the distribution. The common characteris-
tic behavior of the kinetic energy distributions in Figs. 2
and 3 is that first the center of gravity of the each struc-
ture shift to the low kinetic energy side, and, secondly
the manifold of the sub-structure increases in number as
the observation time develops. There is no detectable
shift in both Ho™ and Ds™ ATD processes for longer
time than t=140 fs. This suggests that the kinetic en-
ergy distribution at 140 fs is actually close to the final
dissociated one. The shifts of the center of gravity in
Figs. 2 and 3 are due to the potential energy changes

t=80fs
F .
J\'\ _A
t=100fs
L
._'/\
t =140 fs
2~ L
w Y
C -
§5|
2
581
3 ) M
a . . . L
2 3 4 5 ‘ 61 7
kinetic energy/10cm_
Fig. 2.  Kinetic energy distributions of hydrogen

molecular ions at 80, 100, and 140 fs. Nonstation-
ary laser characterized by Eq. 20 with peak intensity
5.6x10' Wcem™? was assumed.
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Fig. 3. Kinetic energy distributions of deuterium

molécular ions at 100, 120, and 140 fs. The same
nonstationary laser as that in Fig. 2 was assumed.

between 1so, and 2po, states under strong laser fields.
This shift is so-called dynamic Stark shift.!¥) The term
“dynamic Stark shift” is usually used under stationary
radiation field conditions, that is, the shift is taken as a
function of the laser intensity. It should be noted that
the time-dependent shifts in Figs. 2 and 3 reflect the
potential energy change in the nonstationary laser field
used.

Let us discuss the sub-structure formation. There
are possibilities of the sub-structure formation indepen-
dent of the radiative coupling between Channels 2 and
3. One of the main possibilities is due to the creation
of the dressed vibrational states in the excitation proc-
ess. To see the possibility of such a structure formation,
we have performed a calculation of the time-dependent
kinetic energy distribution of the fragments produced
by the direct photodissociation excited by one photon
energy 3fw. We have obtained a structureless, broad
kinetic energy distribution totally different from that
excited by photon energy fiw. This means that the sub-
structure formation is not due to the creation of the
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dressed vibrational states in the excitation process, but
to interactions between Channels 2 and 3. The most
possible origin of the sub-structure formation is due to
the interference between the coherent wave packets pro-
duced by the radiative coupling. For example, consider
the wave packet associated with Channel 2. This wave
packet is expressed by the sum of the wave packet cre-
ated by just two-photon absorption and those produced
by the radiative coupling through Channel 3. The re-
sultant kinetic energy distribution consists of the direct
contribution from each wave packet and of the interfer-
ence between the wave packets. The constructive and
destructive interferences bring about the sub-structure
in the kinetic energy distribution of the ATD fragments.

It should be noted in Figs. 2 and 3 that the inten-
sity ratio of kinetic energy distribution of Channel 3 to
Channel 2 in the Dot ATD processes is larger than that
in the Hy™ ATD process. This difference in the inten-
sity ratio between Do+ and Hy* ATD processes can be
qualitatively explained by applying the Landau—Zener
model to the radiative coupling between Channels 2 and
3.15717 The transition probability from Channel 3 to
Channel 2, P3_,5 is given by

Ps,=1-P, (21)

where P represents the transition probability between
the radiatively coupled states. This probability is ex-
pressed in the Landau-Zener model as

P =exp [-27], (22)

where 'y=hu(7c‘1%}%%—), in which v is the velocity at the

dressed potential crossing point, V3o denotes the magni-
tude of the radiative coupling matrix element between
Channel 3 and Channel 2, and % the difference in
the force between 1so, and 2po, states at the cross-
ing point. The velocity of the relative motion of Ho™,
vy and that of Do, vp at the crossing point satisfy
the relation vg=+/2vp. This results in Pp< Py where
Pp and Py are the transition probability between the
radiatively coupled states of Do* and that of Hyt, re-
spectively. That is the magnitude of the radiative tran-
sition probability from Channel 3 to Channel 2 in Dy™
photodissociation is larger than that in Ho* photodis-
sociation as shown in Figs. 2 and 3. In other words, the
adiabaticity in the Dot ATD process increases com-
pared with that in Hyt.

Figure 4 schematically shows the difference in the
ATD probability between D™ and HoT photodissocia-
tions. The curves denoted by |3) and |2) represent the
dressed potentials of Channels 3 and 2 with photons
N -3 and N -2, respectively. The ability of the tran-
sition induced by the radiative coupling is represented
by the magnitude of the arrow indicated in Fig. 4.

In summary, in this paper we have presented a theo-
retical treatment of the ATD mechanism of both hydro-
gen and deuterium molecular ions excited by a nonsta-
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Fig. 4. Dressed state representation of the radiative
coupling between Channels 2 and 3. a) and b) show
the Ho' and Da%t photodissociations, respectively.
The broken lines refer to the zeroth order dressed po-
tentials. The full lines represent the dressed poten-
tials taken into account the radiative coupling. vg
and vp refer to the velocity of hydrogen molecular
ion fragment and that of deuterium one, respectively.
The arrows represent the magnitudes of the transi-
tion probability from Channel 3 to Channel 2, and
those of the existing probability at the initial chan-
nel.

tionary, strong laser. The radiative interaction between
two-photon and three-photon absorbed states makes an
important contribution to the ATD mechanism. This
has been clarified from the different behavior in the
intensity ratio of the kinetic energy distribution be-
tween Ho* and DT ATD, which can be qualitatively
explained by using the Landau-Zener model.
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