PHYSICAL REVIEW A

VOLUME 45, NUMBER 11

1 JUNE 1992

Multiphoton absorption line shapes and branching ratios in intense laser fields:
An application to H, " photodissociation

Salvador Miret-Artés
Instituto de Fisica Fundamental, Consejo Superior de Investigaciones Cientificas,
Serrano 123, 28006 Madrid, Spain

Osman Atabek
Laboratoire de Photophysique Moleculaire du Centre National de la Recherche Scientifique,
Universite Paris—Sud Centre d’Orsay, 91405 Orsay, France

André D. Bandrauk
Deépartement de Chimie, Faculte des Sciences, Universite de Sherbrooke, Sherbrooke, Québec, Canada JIK 2R1
(Received 24 October 1991)

Time-dependent transition amplitudes between bound and continuum states coupled by an intense
laser field are expressed in terms of their energy-dependent analogs maintaining the coherence effects
through the intervention of complex molecular dressed states (field-induced resonances). A coupled-
equation method combined with an artificial-channel technique, properly describing the preparation
step, is used to calculate absorption line shapes and branching ratios of the Floquet states involved in the
multiphoton absorption-emission processes. The formalism is applied to the photodissociation of
H,*( Iso,,v=0,j=1—2po,). The intense-field behavior of laser-induced resonance Fano profiles are
analyzed in relation with the dissociation line shapes. Strong mixings appear for intensities larger than
10" W/cm? and the distribution of higher-energy peaks decreases with increasing intensity, due to

stimulated emissions of the dissociating fragments.

PACS number(s): 42.50.Hz, 33.80.Gj, 33.80.Wz, 34.50.Rk

I. INTRODUCTION

It is now a well-known fact that multiphoton transi-
tions in intense laser fields may radically change the dy-
namics of photodissociation. Nonlinear effects, above-
threshold absorption and dissociation leading to essential
alterations in dynamical properties affecting optical spec-
tra are expected for field intensities above 10!' W/cm?.
Such powerful lasers are currently operational and open
new areas of interest, both experimental and theoretical,
in problems of half collisions [1,2].

The theory of photodissociation puts the emphasis on
different features according to the weak- or strong-field
situations. The weak-field approach concentrates on
complications inherent in the molecular dynamics. The
photon mediates the preparation of the initial state and
the absorption is described by calculating, through the
Fermi golden rule, the cross section of a bound-
state—continuum-state transition. This is the basis of the
Franck-Condon principle which is a first-order perturba-
tive approach. In the strong-field case, interest is rather
focused on the description of the additional field-induced
degrees of freedom (the molecule being generally assumed
to be a simple diatomic). A model describing on an equal
footing photon absorption, emission, and molecular dis-
sociation should be of a nonperturbative nature and in-
clude the field in an appropriate way. In these treat-
ments, the Fock (photon occupation number) representa-
tion is used which leads to dressed molecule or
electronic-field surfaces involving discrete states embed-
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ded in continua to which they are radiatively coupled.
The resulting laser-induced resonances monitor the frag-
mentation dynamics. A proper way to describe such a
process relies on the calculation of resonance features
(position and lifetime). Several methods are available,
among them the solution of coupled equations for the
multiphoton process, subject to Siegert-type boundary
conditions [3].

In this context, it is important to emphasize that in the
weak-field case the imaginary part of the quasienergy ei-
genvalue is directly related to the absorption cross sec-
tion. But this is no longer valid in a strong-field regime,
mainly due to the possible overlapping of resonances. In
a previous work [3], we have shown the nonlinear behav-
ior of the laser-induced resonances as a function of the
field strength. But there is no one-to-one correspondence
between a given resonance lifetime and the absorption
cross section which is the only observable that can exper-
imentally be reached. There remains the possibility to
reconstruct the absorption line shape by combining the
complete set of the resonances in a given energy region,
but this may amount to the calculation of a very large
number of quasienergies. A different, computationally
attractive method is the time-independent full collisional
treatment based on the introduction of two artificial
channels as suggested by Bandrauk [4]. This treatment is
a generalization of Shapiro’s work [S], the first open
artificial channel aiming to transform the otherwise half-
collision situation into a full collision and the second
closed artificial channel being the true initial unperturbed
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(zero-field) molecular state, describing the preparation
step. The power of the method relies on the fact that the
summation over resonances can be carried out in an in-
direct way, the information being extracted from the
scattering amplitude between the artificial entrance chan-
nel and the final physical continuum. As a consequence
of the coupling scheme, the manifestation of the remain-
ing resonances is through Fano’s profiles. This paper is
devoted to an application of the method to the case of
H,* photodissociation to which a great deal of effort is
directed both experimentally and theoretically [6,2,3].
The theory bridging the weak- and strong-field ap-
proaches is recalled in Sec. II. Results concerning the ab-
sorption line shape for several intensities as well as
Fano’s profiles and branching ratios describing different
multiphoton processes are presented in Sec. III.

II. THEORY

A convenient method for calculating multiphoton
cross sections, in intense-field dissociation, is the use of
the S-matrix techniques in a rigorous time-dependent
treatment. This may be done by a generalization of
Shapiro’s artificial-channel method for the calculation of
direct photodissociation cross sections in weak-field situa-
tions. The total Hamiltonian for the molecule plus radia-
tion field is taken in the following as:

H=H,+H_,+V, (1)

where H,, and H 4 are the isolated-molecule plus free-
radiation parts, respectively. ¥ stands for the matter-
field coupling. For the electronic-field (EF) gauge (so-
called length form), we have

VEF(em™1)=1.17X 10 3u(a.u. )[I(W /cm?)]'/? (2a)

1 being the electronic transition moment and I the field
intensity. Analogously, for the radiation-field (RF) gauge
(velocity form), we have [3(b)]

VRE=[(V,—V,)/fiw]VEF (2b)

V, and V, being the bare potential energy surfaces of the
initial, |a ), and final, |c ), electronic states, respectively,
and o the laser frequency. The unperturbed eigenstates
of H,, +H ,, are described by direct products of a molec-
ular state (characterized by its electronic, vibrational, ro-
tational quantum numbers summarized by the label |a )
and energy E,) and a field state (characterized by its pho-

T, . (E)exp(—iEt /#)
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ton occupation number |n ) and energy nfiw), and sym-
bolized by |a,n)=la)|n),

(H, +H_4)la)n)=(E,+nfiw)la}|n) . 3)

For simplicity, the index n will be usually dropped in this
work.

The temporal evolution of some initial state [#(0)) is
formally given by

[W(1)) =exp( —iHt /%)|$(0)) . 4)

Expanding in terms of eigenstates of H,, +H 4 we can
write Eq. (4) as

lw(e) =3 [dElc") [216,,,,(t><a'|¢<0)> . (5)

The discrete ¢’ summation concerns all open continuum
channels, belonging to either the ground-state or the
excited-state manifolds with appropriate photon occupa-
tion numbers, whereas @’ is an index for labeling the lev-
els of the electronic ground state which are bound in
field-free conditions. I,.,.(t) is the time-dependent transi-
tion amplitude between unperturbed bound |a’') and
energy-normalized continuum |¢’) states. Our aim is
now to express this time-dependent amplitude in terms of
matrix elements of the time-independent transition opera-
tor T, which relate to the same states. We have to em-
phasize that, when describing intense-field multiphoton
processes, one cannot refer to any perturbative expression
such as the familiar Born expansion in terms of succes-
sive powers of the matter-field coupling, as the conver-
gency may be questionable. If I..(¢) is given as a
Fourier transform of the resolvent operator G

Log()=2im)"" [ dE exp(—iEt /WG (E*)  (6)
and we use an integral relation between G and T [7]:

G(E*)=Go(E*)+Go(ET)T(E*)G(E™), (7)

where
G(E+)=lirr(1)(E +ie—H)™! (8a)
£E—
and
Go(E™)= lim (E +ie~H, —H,) . (8b)
£E—

Equation (6) results into

Ic,,,,<t)=(2m>—1de(

E*—E.—n#ioE* —E,—n fiw)

©)

Upon complex integration, it can ultimately be shown that, when combining with Eq. (5), and referring to the limit of

radiative lifetimes shorter than pulse lengths [4]:

exp[ —i(E.+n fio)t /#]

lim |9(1))= 3, [dE T, (E,)

[Ec'+nc'ﬁa)_Ea —naha)]

le”) (10)
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provided the initial state |4(0)) is |a ), i.e., one state of
the electronic ground manifold. The total photodissocia-
tion probability P, for a transition from the initial bound
state |a) to a continuum state |c) is then obtained by
projecting [¢(t— o)) on the given |c) and integrating
over all energies of this channel:

P, = [dE |(c|p(t— o)) . (11)
The use of the orthogonality relation
(cle’)=8,8(E.—E,) (12)

cancels the discrete ¢’ summation and the continuum
[ dE.. summation, and leads to

ITca(Ec’)IZ
E,+n fiw—E,—n #iw)

Pm(a))=deC,( (13)

A different presentation of the results is obtained by
referring to branching ratios or partial widths of given
final continua,

- P (w) 14
pCa(w - EPC,a(a)) . ( )

In the dressed-molecule picture limited to a single-
photon exchange that occurs in weak and intermediate
fields where only zero- and one-photon states have to be
taken into account. In strong fields, however, the situa-
tion is much more complicated due to the occurrence of
cascades of absorption-emission processes. A set of
dressed channels corresponding to different photon occu-
pation numbers has to be defined which leads, through
the Floquet Hamiltonian, and after integration over elec-
tronic and field variables, to the close-coupled equations
written in compact form as

[H,,+(n+1)iw—E]la,n +1)
+V, le,n)+le,n +2))=0 (15a)
(H,.+n#io—E)|lc,n)+V,(lan —1)+]a,n +1))=0
(15b)

where H,, and H,, stand for the Hamiltonian of the un-
coupled |a) and |c) states. These equations describe a
half-collision process and may lead to the determination
of the field-induced resonances as has been done recently
[3]. The widths of these resonances are proportional to
the photodissociation cross section when their mutual
overlapping are considered as negligible. Such an as-
sumption is not valid when strong fields are addressed.
In that case, a possibility remains to transform artificially
the process to a full collisional one, by adding an open-
entrance channel |c;) as was first suggested by Shapiro
[5]. T, is then amenable to an indirect numerical evalua-
tion via the element Sccl of the scattering matrix.

As far as the weak-field limit is considered with a single
photon absorbed, following Shapiro, the formalism can
further be simplified by taking the couplings between
lc;) and |a) on one hand and |a ) and |c ) on the other
hand as asymmetric (Vaclsé Ve,a=0 and V7V, =0,
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which means no emission). Then, no radiative shift and
width affect the state |a ) and only the second-order term
of the Born expansion contributes to the S-matrix ele-
ment,

(c|V]a){alVlc,)

Se (E)==2i73, E—F —ha " (16)

a

It is then straightforward to show that for an energy E
close enough to E, +7iw, the sum over all states la) can-
cels such that the residue of See,

E—E,— %0 ~

(clﬂa)z—i— E) (17)

2 {al|Vle,) See,

is a first-order Born approximation to T,, calculated at
the energy (E,+#w). This leads to the well-known
Fermi-golden-rule expression for the photofragmentation
cross section from the initial |a ) to the final |c ) state due
to the absorption of one photon of frequency w:

ogl@)<|{c[VIa)E +h0 - (18)

Implicit in this derivation is that the initial state |a ) is a
well-defined, isolated, and unperturbed state. The photo-
dissociation probability is calculated at the specific ener-
gy E, of state |a) dressed by the photon #iw. Clearly,
this model may be extended to multiphoton transitions to
a final continuum |¢{~’) provided the first radiative tran-
sition from the state |a) is weak, without any further
constraint concerning other couplings involved in the cal-
culation of the incoming wave function |¢.~’) conducted
with physical symmetric radiative couplings (n-photon
simultaneous absorption-emission processes). Such a
model has been used by Bandrauk and later by Shapiro to
calculate the two-photon dissociation cross section IBr
(8,9].

Intense incident fields will however produce coherent
mixing of the eigenstates of H,, +H 4 via the radiative
coupling V. Superposition of these states as well as the
initially prepared state must be incorporated into the cal-
culation. It is interesting to point out that by taking sym-
metric couplings for channels |a ) and |¢) (V_,=V,, the
artificial channel remaining asymmetrically coupled
Vaclsﬁ Vv],z =0) and using the operator relation

T=V+TG,V, (19)
Eq. (16) leads to
i 1

Tca(Ea+ﬁw)=E (a[V!cl)

ﬁ(SCCI(Ea +7#w)) , (20)
where R stands for the residue. This derivation does not
involve any perturbative approximation for T,,, as it is
based upon the implicit relation given by Eq. (19). We
note, however, that the cancellation of the sum over la)
gives T, only at specific energies, i.e., that of the dressed
unperturbed states (E, +#®). Such energies have, con-
trary to the weak-field limit, no physical specificity since
the field-induced resonances resulting from states la)
may be very much altered (shifted and broadened). The
only meaningful information would be the total photodis-
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sociation probability given by Eq. (13) which necessitates
the calculation of T, at any energy. This is why the gen-
eralization of Eq. (16) may not be valid for very strong-
field amplitudes. Bandrauk has recently proposed the in-
troduction of a second bound artificial channel |d ) which
plays the role of the true initial unperturbed (zero-field)
molecular state, weakly coupled to the total molecular-
field manifolds [4]. This approach results in a simple nu-
merical algorithm and has the merit of giving more in-
sight into the dynamics by focusing on the field-induced
resonances. In practice, |d ) is some state |a,n ), a condi-
tion which is achieved using an electronic potential V,
identical to V, ensuring <(ald)=§,;, and V,
=(a|V|ld)=1 (weak coupling), whereas ¥, =0 and
Voe=V,70 (symmetric strong coupling). The two
artificial channels |c,) and |d ) are supposed to be cou-
pled in an asymmetric way, i.e., VdCI# VCl 4=0 so as not

to perturb the initial state |d ) (no shift or width). Use of
the formalism of projection operators leads, after some
algebra, to

) (c|Tla)al|Vld){(d|Vlc,)

SCCI(E)=—2I1T§ (E—E,—nfw) E—E,) ° (21)
where
T..(E)={c|Tla)
(T (clelL){L|a)
(E=Es=nto) X5 E, +ir, /2)
(22)

with t=V + VP(E —PHP) 'PV, P being the projection
operator over all continuum states. |L) corresponds to
field-induced resonances with complex energies E;
—iI'; /2. More precisely, they are eigenstates of
H, +H_,+0tQ,0 being the projection operator over
the discrete states. The overlaps {(L|a) describe the
preparation of the initial state |a) into the complex
dressed states |L ), as would occur in sudden excitation.
The transition operator ¢ connects the dressed states |L )
to the physical final continuum state |c). The
coherenece effects of the intense field is thus maintained
through the |L ) states. Invoking the weak-coupling lim-
it, one has |L)—|a),I'; -0, and E; —E,+n,#io so
that one obtains with t =V

T (E)={(c|V]a) (23)

according to weak-field conditions.

Concerning multiphoton dissociation, T, can, in prin-
ciple, be obtained by the sum of the contributions of all
resonances as indicated by Eq. (22). Such a calculation is
currently under investigation in our group. But it is also
obtainable by the numerical evaluation of the S-matrix
element, S, , from Eq. (21). The sum over |d) can be

canceled by the choice of an energy E close enough to E ,
but as this last energy can be varied at will, T, (E) is ob-
tained at any energy, such that Eq. (13) can now give the
total photodissociation probability for a given final con-
tinuum [c ). Here, again, we emphasize the nonperturba-
tive nature of this treatment for calculating T,,.
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III. RESULTS

The theory which is presented in the preceding section
is illustrated by the example of the multiphoton photodis-
sociation of H," bound in its electronic ground state

H,"(1s0,,0 =0,j =1)+nfio—>H" +H(1s)+e(n) .
4)

Figure 1 displays the collection of dressed channels
(closed and open) described by the model. We only con-
sider dissociation via the repulsive 2po,(H,™) electronic
state which is asymptotically degenerate with lscrg(HzJr ).
The corresponding potential energy curves are given by
Morse-type representations. Any change in the rotation
quantum number due to the interaction with the field is
neglected. The calculations, done in the velocity gauge,
Eq. (2b), are presented by considering three intensity re-
gimes for the electromagnetic field (weak, if the Rabi fre-
quency %~ 'VEF is less than the vibrational frequency o,
of H,"; intermediate if the two frequencies are compara-
ble, strong if the Rabi frequency is larger).

A. Weak-field regime

As has been pointed out previously [3], this regime
(valid for an intensity lower than 10'! W/cm?) corre-
sponds to the linear behavior of the photodissociation
rate |T,,|? versus the intensity. This also corresponds to
the region where the Fermi golden rule is valid, such as a
lowest-order perturbation formula, Eq. (18), can success-
fully be applied. We have performed a series of calcula-
tions for a laser wavelength varying from 60 to 200 nm
and intensities ranging from 3.5X10° to 3.5X10'°
W/cm? by using the three techniques we have at our
disposal, i.e., Fermi golden rule, Eq. (18), Shapiro’s one
artificial channel, Eq. (16), and the two-artificial-channel
model, Eq. (21), by retaining only one Floquet block. At

la,n+3>

FIG. 1. Schematic representation of the two-artificial-
channel method involving the bound |a) and the dissociative
le ) electronic states. Each pair of crossing curves (on the right)
represents one Floquet block radiatively coupled to two adja-
cent ones as indicated by the arrows. They are open or closed
according to their asymptotic energies as compared to the col-
lision energy E under consideration. |c,) and |d ) are the two
asymmetrically coupled artificial channels.
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least three figures of accuracy are obtained and the re-
sults are in full agreement with those of Refs. [2] and [3]
based on the calculation of resonance widths, showing, in
particular, that for such radiative couplings one isolated
laser-induced resonance is responsible for the line shape
o(w)=|T,,(E,+%w)|>/I. The full curve of Fig. 2
represents this weak-field behavior, the different types of
calculations leading to results too close to each other to
be distinguished at that scale. We also note that at
sufficiently low intensities, photodissociation proceeds via
the first energetically accessible continuum state which
requires absorption of one photon and yields the lowest
relative kinetic energy €(1), which means that P, , ~1.

B. Intermediate-field regime

For field strengths roughly extending from I=~10!!
W/cm? to I=10" W/cm?, a nonlinear behavior of the
dissociation rates as functions of intensity is obtained.
This can be related to off-energy-shell contributions, as
well as to neighboring resonance overlaps. A single-
photon description involving one Floquet block but
avoiding the use of the perturbative expression, Eq. (13),
already contains the required information. Shapiro’s
one-artificial-channel method with a symmetrical cou-
pling between |a,n +1) and |c,n ) leading to an addition-
al shift and width affecting E, in the denominator of Eq.
(16) or the more complete formalism of the two-artificial-
channel method, Eq. (21), can be used to get the photo-
dissociation line shape which is represented by the trian-
gles of Fig. 2 for I~2X10'? W/cm? (no appreciable
difference between the two methods at that scale). In
agreement with previous calculations, the increase of the
intensity leads to a slight blueshift of the maximum of the
line shape as well as a flattening for large wavelengths. It
is to be noticed that the unique Floquet block used in
these calculations gives a convergence up to 98% and the
difference between the two calculations (one or two
artificial channels) is less than 0.6%.

For a given wavelength of the laser, it may be interest-
ing to study the interferences arising from the interaction
of higher vibrational (v=1,2,3,...,j=1) field-induced

10 -17
o(cm?)
10 ™"
10 -19
- I = 3.5x10° W/cm?®
a
» I = 1.7x10" W/cm?
10 *
-
50 80 110 140 170 200
A(nm)

FIG. 2. Photodissociation line shape for the (v =0,j =1) lev-
el of H," ground state, for two laser intensities corresponding
to the weak- (solid line) and intermediate-field (triangles) re-
gime. Wavelengths are given in nm.
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resonances which are supported by the |a,n +1) dressed
state coupled to the |c,n ) continuum. This can be done
by a global energy variation of the Floquet block relative
to the fixed position of the artificial channels !cl) and
|d ), such as the collision energy E which enters in Eq.
(21) scans all quasienergy levels of |a,n +1). The results,
for A=120 nm, with 7=8.8X10"! W/cm? and
I=3.5X10"2 W/cm? are displayed in Figs. 3(a) and 3(b)
as IS,(C1 |2 (k being an index for the kth open channel; i.e.,

on Fig. 1, k=1 for |c,n );k=2 for |a,n —1); k=3 for
le,n —2) and so on) on a logarithmic scale, versus energy
E. For the lowest intensity [Fig. 3(a)], clearly five peaks
can be identified which roughly correspond to the posi-
tions of (v=0,1,2,3,4;j=1) resonances (i.e., the positions
of the first five vibrational bound states of |a ), affected
by a field-induced shift). The successive peak amplitudes
are very different (approximately one or two orders of
magnitude of decrease between each of them). This is a
direct consequence of the preparation step concerning the
lowest vibrational level of |a ). Via the asymmetric cou-
pling ¥V, =0,V,;=1,ld) is only coupled to the
(v =0,j =1) level of |a), such that this level is picked
out as the initial state which in turn is distributed over
the complex dressed states |L ). The resulting line shape
presents an important maximum when the (v =0,j =1)
level of |a,n +1) is in a doorway situation with respect
to E (as is illustrated in Fig. 1). Upper resonances
(v=1,2,3,4;j=1) weakly interfere with (v=0,j=1),
only via their coupling through the continuum |c,n ),
producing Fano profiles [10] with a peak and a dip struc-
ture, but with rather low amplitudes, such as one could
hardly distinguish them in a linear scaled graph. When
the field strength is varied from 8.8X10'! W/cm? to
3.5X10"” W/cm? [Fig. 3(b)] the position of the
(v =0,j =1) peak is shifted and its width is increased ap-
proximately as a linear function of the intensity. Fano
profiles corresponding to the (v=1,2,3,4,...;j=1) lev-
els, which are indirectly coupled among them via |c,n )
and |a,n+1(v=0,j=1)), are also shifted and
broadened, their amplitudes remaining however
moderate as compared with the dominant peak.

C. Strong-field regime

For higher intensities, multiphoton absorption and
emission processes are to be considered which are at the
origin of marked nonlinearities affecting the line shapes.
Parallel to this, depending on the photon energy fiw and
initial state, absorption of additional photons leads to
multiphoton dissociation pathways that are much more
favorable than the minimum-energy path. We refer to
such processes as above-threshold dissociation to em-
phasize their similarity with the above-threshold-
ionization process [11]. Several Floquet blocks have to be
introduced simultaneously in the calculation (open and
closed) and a careful optimization study is to be carried
out for the determination of the most efficient blocks to
fasten convergency. Typically nine Floquet blocks (four
closed and five open) plus the resonant one are necessary
to achieve three figures of accuracy. Figures 3(c) and 3(d)
display converged results for IS,(ClI2 at the same wave-
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FIG. 3. Square modulus of the scattering matrix element
|S‘“1 |* as a function of the collision energy for a laser wave-

length A=120 nm, in (a) weak-, (b) intermediate-, and (c) and (d)

strong-field regimes. The arrows in (a) indicate the position of
unperturbed vibrational levels of H, " (150, ).

length and for intensities of 2.2X 10" W/cm? and
8.8X 10" W/cm? The preparation step again favors the
resonance corresponding to the lowest vibrational level of
la,n +1) to which |d ) is directly coupled. The resulting
peak presents a rather large bandwidth with a highly
asymmetric behavior showing marked tendency to flatten
at lower energies, in accordance with the situation al-
ready depicted in Fig. 2. However, here, the laser in-
duces an avoided crossing so that the (v =0,j =1) level,
from the |a ) initial state, is severely broadened through
tunneling [2,4]. With such high intensities the other
complex dressed states are strongly interfering with each
other. Important shifts and widths are affecting the reso-
nances mediating the dissociation dynamics leading to a
complicated peak and dip pattern which cannot be easily
correlated with the set of vibrational levels of |a,n +1).
The first 18 oscillations seem however to be in relation
with the 18 vibrational levels supported by the |a,n +1)
channel potential. Due to the strong coupling, they ap-
pear to be equally spaced (the molecular anharmonicity is
washed out by the field). The additional series of struc-
tures appearing at energies above 28 000 cm ™! are cer-
tainly due to resonances originating from upper Floquet
blocks. We have also to note that Fano profiles exhibit
amplitudes which are of the same order of magnitude
than the leading (v =0,j =1) peak.

Information concerning the branching ratios p;, is
plotted in Fig. 4 as a function of the laser-field-intensity
ranging between 103-10"* W/cm? They represent the
relative probabilities to dissociate into channels
le,n),la,n—1), and |c,n —2). The wavelength which is
chosen for the calculations, namely A=2329.7 nm, favors
a three-photon transition from (v=0,j=1). Three
different intensity regimes are obtained which can be in-
terpreted in an adiabatic picture as follows.

(i) At field strengths below 3.5X 10?2 W/cm?, the one-
photon absorption resulting into fragments in channel
lc,n ) has a very low probability due to a high and wide
tunneling barrier originating from an adiabatic decou-
pling of the surfaces associated with |a,n +1) and |c,n ).
The absorption dynamics rather proceeds via a three-
photon jump to the |c,n —2) channel. The branching ra-
tio p;, largely dominates over the other dissociation
paths.

(ii) At higher intensities, the most striking observation
is that, in spite of the I dependence of the total photo-
dissociation rate, the relative probability to find frag-
ments in channel |a,n —1) dominates over |c,n —2)
(p2a > p3q)- Such a situation has already been discussed
in the literature from both experimental [12] and theoret-
ical [11] points of view. The avoided curve crossing be-
tween channels |c,n —2) and |a,n —1) taking part in the
dynamics is invoked as an explanation. In the proximity
of this point the three-photon-dissociating system returns
one photon to the radiation field via stimulated emission,
favoring thus the branching ratio of channel |a,n —1).
The adiabatic path leading to p,, >p;, >>p;, (three-
photon absorption, followed by an emission during disso-
ciation resulting into velocity lowering of the protons) ap-
pears to be preferred for increasing fields. This is precise-
ly what one gets for intensities ranging between 3.5X 102



8062

0.40

BRANCHING RATIOS

020

000

6
INTENSITY (108 w/em?)

MIRET-ARTES, ATABEK, AND BANDRAUK 45

o o e e e e e e e

10

FIG. 4. Branching ratios as a function of the field strength over the range 108-10'* W/cm? for a photon wavelength A =329.7 nm.
Crosses denote the one-photon channel p,,; squares denote the two-photon channel p,,; and triangles denote the three-photon chan-

nel p;,.

W/cm? and 2.5X 10'* W/cm?

(iii) Above 3X 10! W/cm? the dissociation probability
towards channel |c,n ) increases to such an extent that
for I =7X10'3 W/cm? it is of the same order as for chan-
nel |a,n —1) and for higher values of the field (10'*
W/cm?) it describes the dominant process. A possible in-
terpretation would be the lowering and flattening of the
adiabatic potential barrier at the avoided curve crossing
occurring between |a,n +1) and |¢,n). An estimate of
changes that may affect dressed potential energy surfaces
by intense radiation fields leading to important tunneling
has very recently been given [13]. It appears that for the
case of H,", field intensities of the order of 5X10'
W/cm? are enough to flatten completely the potential
barrier resulting from dressed molecular states with an
electromagnetic field of wavelength A=532 nm.

In conclusion, we have shown the ability of the
artificial-channel procedure within a close-coupled equa-
tion scheme to reproduce dissociation probabilities in

intense-radiative-field regimes, even in the case of over-
lapping laser induced resonances. The most important
result concerns H," above-threshold photodissociation
which is the subject of numerous experimental investiga-
tions [12]. Relative probabilities to reach fragmentation
channels with 3, 2, or 1 photons of wavelength A=329.7
nm are analyzed and interpreted in terms of radiatively
dressed adiabatic molecular states as a function of field
strength. It is shown, as in previous calculations [11],
that although the process is initiated by a three-photon
absorption, at intensities larger than 3.5X10'? W/cm?,
one photon is reemitted during the dissociation, yielding
thus a lowering of the proton kinetic energy. For intensi-
ties above 7X 10'* W/cm? two photons can be reemitted
such that the asymptotic fragmentation channel corre-
sponds to a net single-photon absorption process, which
seems to be consistent with very recent experimental re-
sults [14].
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