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Spectral widths of Hz+ multiphoton dissociation with short intense laser pulses
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Photodissociation spectra of H2, obtained using ultrashort (a few femtoseconds), intense (within the
range of 10' to 10' W/cm') laser pulses (with a peak frequency of 3.761 eV), and displaying well-

separated proton kinetic-energy peaks corresponding to one-, two-, or three-photon absorptions are ana-
lyzed. Within some approximations, the validity range of which is related to the aforementioned as-
sumptions on the laser and spectrum characteristics, a simple analytic formula is deduced. It gives the
spectral widths of the observed peaks in terms of the total number of photons which are absorbed
and/or emitted during the dissociation process. A quantitative support to some recent dynamical inter-
pretations is provided. The successive absorption of three photons seems basically to be the initial step
which, at intermediate intensities, leads to the three-photon peaks. A subsequent emission of one (or
two) photons is responsible for the two- (or one-) photon peaks. Bond softening occurs at higher intensi-
ties by the lowering of potential-energy barriers. Dissociation proceeds through these barriers by
reAection and tunneling. It involves at least three photons to end in a one-photon peak.

PACS number(s): 42.50.Hz, 33.80.6j, 33.80.Wz, 34.50.Rk

I. INTRODUCTION

The technological possibility to reach large radiation
field intensities with short-pulsed lasers has directed an
increasing amount of experimental and theoretical works
to multiphoton dissociation dynamics [1]. Optical non-
linearities arising in the absorption spectrum [2], multi-
photon above-threshold dissociation [3—5] (ATD), and
the so-called "bond-softening" [3,5,6] and "vibrational-
trapping" [7,8] mechanisms related to the deformation
undergone by the molecule due to its multiphoton cou-
pling with the laser field are the most challenging subjects
that have recently been addressed. Due to its relative sim-
plicity, the dissociation of H2+ in laser fields with
strengths comparable to internuclear binding energies
(i.e., = 50 TW/cm for which the Rabi frequency is of the
same order of magnitude as the local ionic vibrational
frequency) serves as an illustrative example system [3,6].
The frequency domain that is considered corresponds,
within reasonable approximation, merely to two electron-
ic states of the ion:

H2+(1so.g, v)+ n A~~H2+(2po. „)~H++H(1s),

and the resonance enhanced preparation of H2+ ( 1s tJe }
from the ground state of Hz via the quasibound EF Ryd-
berg state partially supports the neglect of the rotation-
field coupling (the J-conserving approximation}.

The ion dissociation spectra exhibit multiple peaks in
the kinetic-energy distribution of atomic photofragments
spaced by the photon energy [3,4,6]. This is the signature
of a fragmentation proceeding through rnultiphoton tran-

sitions initiated by the absorption of more photons than
the minimum needed to dissociate. It is in connection
with a similar behavior in atoms [i.e., above-threshold
ionization (ATI)] [9] that this phenomenon has been
termed above-threshold dissociation [4,6]. Theory pre-
dicts that following the multiphoton absorption by free-
free transitions, the molecule being already in its dissocia-
tion continuum, and during the process of falling apart,
most of the absorbed energy is returned to the elec-
tromagnetic field via stimulated emissions, causing a
slowing down of the fragments. A rather surprising frag-
ment kinetic-energy distribution results: higher-energy
peaks decrease when the field intensity is increased,
favoring more and more stimulated free-free emissions by
higher-order radiative couplings. A comprehensive
analysis of such situations proceeds through an interpre-
tation of photon-exchange mechanisms between the field
and the ion. Several dissociation pathways involving
more photons than the minimum number required (say n,
such that n =n, +n„n, and n, being the number of ab-
sorbed and emitted photons) may be related with a given
final net amount of photons which are actually absorbed
(say p, with p the algebraic sum of absorbed and emitted
photons p =n, n, ), lead—ing to the corresponding peak
in the photofragment spectrum.

A possible nonperturbative theoretical description of
these mechanisms induced by intense fields is the
dressed-molecule concept [10] with molecular electronic
potential-energy surfaces adiabatically modified by the
laser [11,12]. For cw lasers, molecule-field coupled-
channel formalisms in a time-independent quantum ap-
proach have been used to treat simultaneously radiative
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and nonradiative interactions [5,11]. The interpretation
of multiphoton exchange mechanisms is attempted by
referring to laser-induced adiabatic channels involving all
photon-number states introduced through the Floquet
analysis [2,12—14]. The situation seems more intricate
when short-pulsed lasers are considered. Dynamical cal-
culations, using a time-dependent wave-packet propaga-
tion, lead to a time-resolved population analysis on the
different potential-energy surfaces. Even if the time-
dependent behaviors of relative particle fluxes are again
interpreted in terms of the field-dressed adiabatic chan-
nels of a stationary theory, this is clearly not a rigorous
description. Not only do the field-dressed adiabatic chan-
nels (a concept related with a stationary theory} have to
be considered within a time-dependent picture but also,
as has been pointed out by Nguyen Dang et al. [15],
several mechanisms (single and multiphoton} may be in
competition at least in the primary steps of the excitation
process where the laser field starts from very low values
before reaching its maximum. We have recently shown
[6,14] how the dynamical description can be combined
with some intensity dependence laws (I"} to identify the
leading dissociation pathway involving, for a net amount
of p absorbed photons, a total number of n photons ex-
changed between the radiative field and the molecule.

The aim of the present work is to reconsider this prob-
lem by extracting additional information for the widths
of the proton kinetic-energy spectrum peaks. For a class
of laser pulses (within some intensity and shape ranges,
supporting the approximations to be introduced later), a
simple analytical formula is derived for the photodissoci-
ation spectrum, in terms of the two parameters (n and p)
clarifying the understanding of the fragmentation mecha-
nism as resulting from multiphoton absorption-emission
processes. Section II presents the theory leading to the
calculation of the photodissociation probability for a
given photon frequency (corresponding to a given proton
kinetic energy), after the pulse is over. The role played by
laser-induced resonances [2] is emphasized and their ex-
pansion in terms of the complete Floquet basis, describ-
ing the different dissociation mechanisms, is worked out
through the matrix elements of the reduced Bloch wave
operator [16]. In Sec. III, the different peaks of the re-
cently calculated [6] proton kinetic-energy distribution
spectra are analyzed within the scope of the previous
theory for ultrashort ( =20 fs duration} and intense (peak
intensity within 3.5X10' to 3.5X10' W/cm ) pulses.
For intensities not exceeding 8.7 X 10' W/cm, addition-
al evidence is obtained with respect to previous interpre-
tations of photon-exchange processes, at least for the
two- or three-photon peaks. More subtle results enlight-
ening the bond-softening mechanism arise at higher field
strengths.

II. THEORY

The starting point is the energy distribution of the pro-
tons resulting from multiphoton absorption above the
dissociation threshold of H2+ in its ground electronic and
vibrational state following Eq. (1). Corresponding spectra
that have recently been observed [3] and calculated [4,6]

consist of a sequence of peaks separated by the photon
energy. In the case of a cw laser, a Lorentzian-like
behavior is depicted for these peaks, from which the com-
mon total width for the laser-induced resonance monitor-
ing the spectrum can be deduced [4]. As for their relative
heights, they are related to the branching ratios (partial
widths) between asymptotic channels describing different
Floquet blocs. More precisely, these ratios give the rela-
tive probabilities to dissociate in the continuum of one of
the two electronic states (g or u} with a final net amount
ofp absorbed photons. As has been mentioned before [6],
a completely different situation arises when a pulsed laser
is considered. Not only the form of the peaks (which, ex-
cept for very strong field cases, are Gaussian due to the
Gaussian shape of the pulse) changes, but also their spec-
tral widths are much larger as compared with the cw
laser case [17] and, even more surprising, they are
difFerent, for a given intensity, from one peak to the oth-
er. This is to be related with the pulsed character of the
laser which delivers several frequencies weighted with
different intensities. The purpose of the present work is to
outline the validity range of the approximations and as-
sumptions that are invoked to model the proton spectrum
and to relate the spectral widths by an appropriate
decon volution to a specific dissociation mechanism
proceeding through multiphoton absorption and emission
processes (n, photons absorbed, n, photons emitted}.

A. Spectral expansion of the laser pulse

The electromagnetic field amplitude E(t} is given as a
product of a time-dependent shape function S(t), by an
oscillating cosine form, with peak frequency coo:

E(t)=ED'(t) coscoot . (2)

F(~)= f "cos(cot)E(t)dt,
217

which results in

0 (co ruo)id/4 —(a)—cuo—) 0/—4E
4

(5)

i.e., a function displaying two symmetrical peaks at kco0
with a common width of ~ . By assuming

WCO0
))m' (6)

(an assumption which is fulfilled in the present work
where ~-10 fs and coo=0. 138 18 a.u.), one can complete-
ly neglect the overlap between the two peaks and finally
retain, by symmetry arguments, the positive axis for co,

leading to the following spectral expansion:

E(t)=f cos(cot)F(co)de,
0

Eo is a constant amplitude and S(t) is taken as a Gauss-
ian envelope:

S(t) =exp[ —(t/~)i] .

The spectral expansion of the pulse is related to the
cosine-Fourier transform of E(t):
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with

Eo
F(co)= —rexp[ —(co —coo) 2/4] .

2&ir

An equivalent set of relations,

E(t)=I e'"'4( co)d co,

with S(co) a symmetrical spectrum given by

(7b)

(Sa)

F(co)/2 for co) 0
S(co)= '

F( —co)/2 for co&0,
(8b)

(8c)

presents the possibility to conventionally distinguish be-
tween absorption (co&0} and emission (co) 0) mecha-
nisms. In the following we proceed through a discrete
spectral expansion, starting from Eq. (7a) and dividing
the total frequency extension hen of the peak given by Eq.
(7b) (which roughly corresponds to a total finite time
duration b, t of the order of 10 times r), into N finite inter-
vals:

N

E(t)= g cos(co, t)F(co, )5co, (9a)

with

(9b)

and

AN
co =coo — +(j —1}5co . (9c)

By assuming the discretization implied by Eq. (9), we are
considering a pulsed laser of spectral expansion F(co), as
a linear superposition of N cw lasers, each characterized
by a frequency co and a field strength of F(co )5co. With a
(monochromatic) cw electromagnetic field, one can
directly probe the width of a laser-induced resonance re-
sulting from the dressing of the molecular state with a
given frequency. This information can be completely

I

washed out when an ultrashort pulse is used. Actually,
such a laser presents a spectral width larger than the one
of the resonance to be probed. A photodissociation spec-
trurn displays broadened peaks basically depending on
the spectral extension of the laser itself. From a schemat-
ic viewpoint, the absorption peak corresponds to a convo-
lution of resonances resulting from the interaction of the
ground molecular state dressed by the N cw lasers [of Eq.
(9)] tuned on different frequencies (co~, j= 1, . . . , N) cor-
responding to different radiative coupling strengths
[F(co, ), j=1, . . . , N]. It is precisely such multimode
laser-induced resonances (or Floquet states) that are con-
sidered when describing the final dissociation probability.

B. Dissociation probability in terms of Floquet states

The total molecule-plus-field Harniltonian is written in
a semiclassical operator form as

H =H~, i+H„d+ V(t), (10)

where H, 1
is the Born-Oppenheimer molecular Hamil-

tonian involving only two electronic states (g and u)
which are assumed to be uncoupled in field-free condi-
tions, H„d is the Hamiltonian of the electromagnetic
(em) field, and V(t)=pE(t) is the radiative coupling in
semiclassical form given as the product of the transition
dipole moment times the em field amplitude. This Harn-
iltonian, after an appropriate Fourier analysis [Eq. (9)],
can be expanded on the basis of field-dressed electronic
states leading to a time-independent Floquet Hamiltonian
[2,13].The difference as compared to a standard cw Flo-
quet description is that a rnultimode representation of the
field-dressed states is to be performed [18]. The resulting
Floquet Hamiltonian H in matrix form is given by an
appropriate external sum of N Floquet matrices H;:

HF HF@HF@. . . @HF
1 2 N ~

each of the H; being related to the ith mode of the em
field (or, equivalently, to the ith laser). For completeness,
we recall the standard form for H; [13]:

H. =
1

2;+(n +2)%co,I
TB

B;

A;+nRco;I
TB 2, +(n 2)fico;I— (12)

where the two-dimensional A and 8 matrices are written
as

0 0
—

p, (R)F(co; )5co 0 (13b)

and

1 +V (R)
2 dR'

—p(R)F(co, )5co I is the two-dimensional identity matrix, T indicates the
transpose, Vg(R) and V„(R} are the potential energies of
g and u states, and R designates the dissociative nuclear
coordinate.

An asymptotic zero-order basis set

[~P,k, , k2, . . . , k~)] can be defined for H after the
pulse is over (i.e., in the absence of radiative coupling). P
represents either a vibrational bound level of the ground

(13a)

1 d
p(R)F(co; )5co ——— + V„(R) fico, —

2 dR2
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electronic state g or a vibrational continuum state which
is either associated with the dissociative part of g or u

electronic states. k,. (i = I, . . . , N) specifies the actual
number of photons of frequency co; in the ith mode of the
field (which corresponds to the ith laser in our discretized
scheme}. This number is given an algebraic specification:

The diagonalization of the Floquet Hamiltonian [Eq.
(11)] leads to another complete basis set of vectors

[ILp, i, i, „)] which includes both the field-induced

resonances and the scattering-state eigenvectors ofH:
H ILfii,

~
g~ i~)

ki =ll~ ng (14)
P, kl, k~, . . . , kN P, kl, k2' ', kN

(15)

such that k; is related to a difference of emitted (n, ) and
l

absorbed (n, ) photons during the process. A negative
l

value for k; indicates a multiphoton process which ends

up with a final balance of absorption. The initial
molecule-plus-field state is one of the vectors of the basis
set denoted by ~a, o, o, . . . , 0), where a designates the vi-
brationless level of the ground electronic state (g, v =0,
J= 1), without any photon on the Xmodes of the field

The label (p, k„ki, . . . , k~) indicates that the corre-
sponding vector ~L ) proceeds from the state
~p, k„k2, . . . , kN ) with an adiabatically switched radia-
tive coupling.

Following Chu's derivation [18], we can write the
probability of a transition from the initial state a to a
final state p by absorbing a total amount of p photons
during a finite duration ht of the pulse as

[(p', k, , k, , . . . , k„~ U(xr) ~a, O, O, . . . , O) [',
k) ) ~ ~ y k~

where the photon numbers k; satisfy

N

gk, . = —p

(16a)

(16b)

and

U(ht)=exp( i/A H—ht) (17)

is the evolution operator under the action of the Floquet Hamiltonian. In practical computations using grids of finite
extension [the discretized variable representative (DVR) [19] in the present case], an asymptotic optical potential is in-

troduced, such that the resonance and scattering eigenfunctions are square integrable. The consequence is the biortho-
normality of the vectors ~p) and ~L ), which is indicated by the f sign in Eq. (16).

P$ (b,t)= X X
Ik, , . . . , k„) Ir, l, , . . . , I„I

2

(P,k„.. . , k~~L„& & )(L„& & ~a, o,o, ,o)exP( i /fi sr &

—
&

bt) . (18)

(19a)
Ikl, . . . , kN I

where

The most drastic approximation of our approach consists in retaining only resonances (or ignoring scattering states) in
the second g involved in Eq. (18}.Such an approximation, which can numerically be checked, has a validity domain
that basically depends on the following laser characteristics: (i) not very strong field intensities and (ii) smooth pulse
shape (adiabatic switching on and off of the laser).

If, in addition, there is no resonance overlapping (as in the case of intermediate radiative couplings), the major contri-
bution to the sum of Eq. (18} is provided by but one resonance, i.e., ~L 0 0) related to the initial bound state
~a, o, . . . , 0), progressively modified by adiabatically switching the em field on from t = —ao to t =0. Within these as-
sumptions, Eq. (18) can be rewritten in an oversimplified, but tractable, way as

P~p (ht)=C (bt) y ((P,k, , . . . , k (L ))

C (ht)=exp[2ht/Alm(s 0 0)]((L 0 0~a, o, . . . , 0)( (19b)

Iili( s 0 p ) is negative as usual, but in a disc retized
representation of the pulse, ht has an assigned finite value
of the order of ~, such that the exponential factor remains
nonzero, and is actually close to unity for very narrow
resonances. The physical picture that arises from Eqs.
(18}and (19}is precisely the one that has already been in-

voked in previous works [11,20], i.e., the initial state
~
a, 0, . . . , 0) is expanded on field-induced resonances

~
L ~ & i ) with appropriate weighting coefficients:

(L~ i i ~a, o, . . . , 0). These resonances evolve as

eigenvectors of the total multimode time-independent
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Floquet Hamiltonian during the laser pulse and are pro-
jected on asymptotic Floquet channels lp, k), . . . , kN &

describing the composite final molecular state P which is
reached with the corresponding total amount of absorbed
or emitted photons on each mode. Equation (19) refers,
more specifically, to cases where the weighting
coefficients are approximatively given by

(L I, . . . , I I& 0 ~ ~ ~ 0& 6 ~ol fiol„. (20)

It has to be stressed that in intermediate field-strength
conditions, leading to negligible resonance overlapping,
such cases are rather common [21].

The evaluation of partial dissociation probabilities re-
quires an appropriate summation over all final molecular
states. The dissociation probability for a final amount ofp
absorbed photons is thus given by

P =c,(hr)g g l(p, k), . . . , k)v L, () () &l' .
P I k] ) ~ ~ ~ y k~

in the dynamics cannot be related to a particular choice
of k s which are the final field occupation numbers. The
way in which this condition is fulfilled is clarified in Sec.
II C.

C. Photodissociation spectrum

The Bloch wave operator formalism [16] appears to be
a convenient and direct way to calculate the projections
of lL o 0 & on the zero-order basis l lp, k„.. . , k)v & l

which are the main ingredients building up Eqs. (21a) and
(21c). A detailed description of this method has recently
been given [6,16]. A one-dimensional subspace So con-

taining the initial vector la, o, . . . , 0& is defined with its
associated projector

P, =la, o, . . . , 0&((~,0, . . . , 0)'

and a normalization such that

(21a)
(a', 0, . . . , OlL. . .& =1. (22)

The sum over P concerns all the discretized vibrational
continua of g (for even p) or u (for odd p) states and the
k s which are retained fulfill the condition displayed by
Eq. (16b). A clear interpretation of Eqs. (21) in terms of
the photodissociation spectrum is based on two assump-
tions: (i) the peaks representing a final amount of p ab-
sorbed photons (distant from coo, the peak frequency of
the laser) are well separated, which is normally expected
with a laser bandwidth less than coo [cf. Eq. (6)], and (ii)

each p-photon peak is related to but one dissociation
mechanism, implying n total photons (n ~p) absorbed
and emitted during the process.

These conditions being fulfilled, P [Eqs. (21)]
represents the integrated area under the p-photon peak
(cf. Fig. 6, Ref. [6]), the branching ratio between p, - and

pz-photon peaks being merely P /PP] P2

A detailed, energy-resolved information which leads to
the spectral width of a given p-photon peak can be ob-
tained by further restricting the summation in Eq. (21a).
Among all combinations of k, leading to Eq. (16b), the
ones which are retained correspond to a final energy 0,
(with Q varying around a central value ofpc@0). With this
additional constraint

N

g k;co; =A, (21b)

the shape (and, consequently, the width) of the p-photon
peak (cf. Fig. 6, Ref. [61])can be reached, in terms of a
given dissociation pathway (i.e., the total number n of
photon s):

P(Q) g g' l(P,k„.. . , k lL,
p Ik], . . . , kNI

(21c)

where g' refers to conditions displayed by Eqs. (16b) and
(21b).

The constraint of a total number of n photons involved

X= lim X'
M~ oo

X'"=O
X(M) X(M —1)

(23a)

(23b)

( l

HIM)
l

(alH™ltx& (jlH™lj&

H(M) ( 1 X(M —1))H( 1 +X(M —1))

(23c)

(23d)

where condensed notations are introduced, i.e., H for H,
l
a & for the vector la, o, . . . , 0& of So and

lj & for the vec-

tors lp, k(, . . . , k)v & of So . The first two steps of the

iteration

[X'"]I =HI /(H H,, ), —

[X"'] = [X"']
(24a)

+ g H H/( H H ).(H H)— . —
m (Wj)

—QHI~H~kHk~/(H~~ HJJ. ) (H~~ Hkk—), —
k

(24b)

where second-order ac Stark shifts are neglected in the
denominators of Eq. (24b)], lead to the following general

considerations, as the structure of higher-order terms are

The so-called reduced wave operator X controls transi-
tions from So to its complementary subspace So built up

by the vectors [ lp, k(, . . . , kII & l. A column of X,
specified by the particular choice of So (i.e., of the initial

vector la, o, . . . , 0&), is an eigenvector of H,
normalized according to Eq. (22). So the scalars

(P, k ), . . . , k)v lL ~ o o & are nothing but the matrix

elements of X. They are obtained at an arbitrarily high
perturbation order, using the following iterative scheme

[16]:
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completely similar.
(i) Due to the optical potential, HJJ is complex while

H is still real; energy poles are thus avoided, although
some quasidegenerate states (a, m) may play a major part
in the calculation. In addition, the denominators are
built up from diagonal elements of H representing the
molecule-plus-field energies. Within the assumption of a
relatively narrow bandwidth pulse [Eq. (6)], the energy
differences between the n modes can be neglected such
that the dependence remains only on the total number of
photons.

(ii} The numerators appear to be products of nondiago-
nal terms of H representing radiative couplings between

I

molecule-plus-field states differing by one photon and
corresponding to a given mode of the field. More precise-
ly, in order to describe a dissociation pathway involving a
total amount of n photons, one has to perform the itera-
tions [Eq. (23}]up to M = n. For M =2, for instance, the
first two terms in the right-hand side of Eq. (24} are, re-
spectively, the complete one- and two-photon contribu-
tions, the last term being a partial contribution of the
three-photon process.

Finally, for an n-photon process involving an inter-
mediate field intensity, only contributions of products of
n oF-diagonal terms of H are retained when calculating
X'"'. P(Q) [Eq. (21c)] can be approximated by

2

z(n)=z z x~ (p', k„.. . , k„ iiH„', a, o, . . . , o)
p fk), . . . , kN n

(25)

where H„o means the nondiagonal elements of H (radiative couplings) and the products symbolized by P„contain n

terms. It has to be emphasized that the specific signature of a finite-duration pulse (by comparison with a cw laser) is
the dependence with respect to the different field modes. Such a difference having been neglected in the denominators
of Eqs. (23},a proportionality factor xti is merely introduced in Eq. (25}.All photon-mode dependence is related with
the matrix element of g„H„z.

An explicit expression for a nondiagonal matrix element of H can be given as

N

ki ktclH ly li ~tc&=&P Iply & g &(co;)5co&ki, . . . , kNle' ' lli, . . . , lz& .
i= —N

(26)

This is because p and y states differ by a unique photon of a mode i, an absorption (or emission) corresponding to a neg-
ative (or positive) i. The next step of the calculation is the evaluation of the field matrix elements

1CO t
&k, , . . . , keble

' l/„. . . , ln &, which are either 0 or 1. The cases where they differ from 0 correspond to the two fol-
lowing simultaneously fulfilled conditions:

II'I kl'I+sgnt (sgni + ) «j =t (27a)

or

~~,
~

=k~,
~

for j« .

By combining Eqs. (25)—(27), one can write, for an n-photon process

(27b)

P(Q)=QXti
P Ik~& ~ ~ ~ s kN I

N

S(co; )5co
i = —N

1

N

4'(co; )Sco
i =—N

2

(28)

It is to be pointed out that, as a consequence of Eqs. (27), among all the laser modes involved in the sums over
i&, i2, . ~ . , i„, the ones which are retained correspond precisely to those which lead to the particular state
(ki, kz, . . . , ktc) when starting from the initial state (0,0, . . . , 0). After taking the limit of Eq. (28) for large N (which
results in the transformation of the discrete sums into integrals) and performing an appropriate change of variable by
referring all frequencies to Q corresponding to the total energy of the final state (k„.. . , kN },one gets

P(Q)=Q f dco„S(Q co„)J —dco„,S(co„—co„,) J d cot( ~coco, )S(co,)— (29)

The co s are now defined as field-state frequencies rather
than transition frequencies between these states and the
proportionality coefficient Q results from the sum over
all molecular states P. The product of integrals in the
right-hand side (r.h.s.}of Eq. (29) can be given a compact
single integral form. S(co} being the Fourier transform of
E(t), as indicated in Eq. (8a}, the convolution theorem
applied at nth order results in

9' f dco„l(Q co„) . . —I dco„,h'(co, —co, )/(co, )

=[E(t)]" (30a)

and, reciprocally,



1192 O. ATABEK AND G. JOLICARD 49

+ oo + oo

dro„S(Q —ro ) f den, S(co2 —ro, )S(ro, )

= J e 'n'[E(r)]"dr . (30b)

By combining Eqs. (2) and (3), one gets

(
I

cl0

CL
0

10

t2
[E ( t) ]"=Ec cos"(root) exp

(r/ n)
(31)

where cos"(root) can be expanded in terms of a power
sum:

n n
cos"(root)=2 " g k exp[i(2k n)—coot],

k=0
(32)

5.0 5.5 8.5 9.0 9.5
I~(Ev)

(„)indicating the binomial coefficients.
Considering that the final frequency 0-pcoo and that

the different p-photon peaks are well separated in the
spectrum [Eq. (6)], the major contribution to the integral
on the r.h.s. of Eq. (30b) is provided by a term in the ex-
pansion [Eq. (32)] corresponding to

2k —n=p . (33)

A11 other k values leading to high-frequency oscillations
being merely neglected, the r.h.s. of Eq. (30b) is approxi-
mated by

lQt E t 7l t exp Q p~ ~ n 4

(34)

The 0 dependence of the spectrum is then obtained from
Eqs. (29), (30), and (34):

P(I)) ~exp[ —,'(r/&n —)(0—phoo) ] . (35)

Equation (35) is the final result of this analysis and pro-
vides, within the validity range of the assumptions that
have been discussed, a Gaussian-type behavior for the
peaks of the photodissociation spectrum using a pulsed
laser (Gaussian pulse of peak frequency coo and pulse
duration r) Peaks are .located at pro() (p being the final

amount of absorbed photons) and their full widths at half
maximum (FWHM) are proportional to the square root
of n (the total number of exchanged photons):

FIG. 1. Proton relative populations as a function of the total
kinetic energy resulting from 329-nm dissociation of H2 at

3.5X10' W/cm . The thin vertical lines indicate the kinetic

energies of the three- or two-photon processes. The solid trian-

gles correspond to the full time-dependent calculation of Ref.

[6]. The analytical spectrum of the present work [Eq. (35)] is

plotted using either the solid line (for the most appropriate
values of n, the number of photons of the leading mechanism,

i.e., n =3, or n =4 for the three- or two-photon peaks, respec-

tively) or the dashed line (for other processes, i.e., n =2 for the

two-photon peak). A scaling factor ( X 10) is introduced for the

two-photon peak.

Basically, each spectrum exhibits two or three peaks
roughly separated by the photon frequency %coo. The two
fragments (i.e., H and H+) of equal masses separate in the
center-of-mass reference frame with a quantized energy
of pficoo following an absorption of p photons (p =1, 2, or
3). Superimposed on these spectra are the distributions
resulting from Eq. (35), with the most appropriate values
of n.

C0
%c

0
CL

lj
2x10.

I'„=(81n2)' +n /r . (36)
10-

III. RESULTS

The analytic expression for the photodissociation spec-
trum obtained in Sec. II [Eq. (35)] is used for the interpre-
tation of proton kinetic-energy distributions resulting
from Hz+ photodissociation [Eq. (1)].

Figures 1 and 2 display proton relative populations as
a function of their kinetic energy (the so-called proton
kinetic-energy spectra) for two particular field intensities,
namely, I =3.5 X 10' and 5.6X 10' W/cm, correspond-
ing to intermediate and strong regimes. The laser is tuned
on a peak frequency coo=30333 cm ' (or a wavelength
ko=329. 67 nm) and delivers Gaussian-shaped pulses of
duration 2~=20 fs.

1.5 2.0 2.5 4.5 5.0 5.5 8.0 8.5 9.0
l'. (Fv)

FIG. 2. Same as for Fig. 1, with a stronger intensity of
5.6X 10"W/cm . The thin vertical lines indicate the kinetic en-

ergies of the three-, two-, and one-photon processes. The solid

curves correspond to three-photon (n =3), four photon (n =4),
and five photon (n =5) leading mechanisms underlying the

three-, two-, and one-photon peaks, respectively. The dashed

curves illustrate alternative pathways for the two- and one-

photon peaks [i.e., two- (n =2) and one- (n = 1) photon leading

mechanisms, respectively] corresponding to a less accurate fit

with respect to the full time-dependent calculation.
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Several remarks are in order.
(i) For the intensities under consideration, the full

quantum calculated peaks [6) show a symmetrical
behavior that can well be reproduced by the Gaussian
shape of the analytic expression (35). At higher intensities
(I )2 X 10' W/cm ), the agreement is less satisfactory.

(ii) The three-photon peaks are well located at 3A'coo, as

expected; the two-photon peaks ar very slightly redshift-
ed, remaining, however, in reasonable agreement with

Eq. (35) (0.224 eV for I =5.6X10' W/cm in Fig. 2; for
comparison, this shift is only 0.0275 eV for I =3.5 X 10'
W/cm ), but a larger shift affects the one-photon peak of
Fig. 2 which is positioned at higher energies than %coo.

(iii) The most relevant information concerns spectral
widths. For the two intensity regimes, the three-photon
peaks are reproduced within excellent accuracy by refer-
ring to a mechanism involving three-photon exchange
(n =3) ending up in three-photon net absorption (p =3).
The two-photon peaks, in turn, are clearly better repro-
duced by taking (n =4, p =2) rather than (n =2, p =2},
indicating a mechanism which involves a three-photon
absorption followed by an emission which occurs during
the dissociation process itself. As for the one-photon
peak, at the precise intensity of Fig. 2, it seems that an
acceptable fit can be obtained by retaining (n =5, p =1}
which constitutes a rough indication for a three-photon
absorption followed by successive emissions of two pho-
tons. This situation is, however, accidental and does not
hold for higher intensities.

A partial interpretation that can be inferred is that for
intermediate intensities and for the three- and two-
photon peaks, the assumptions made in Sec. II are ade-
quately met and a unique mechanism for the multiphoton
process can be proposed from the analysis of spectral
widths, as for the one-photon peak, this simple scheme
does not hold, presumably because several multiphoton
processes, each involving a difFerent number of photons
n„n2, . . . , end up with a final net balance of one ab-
sorbed photon. Very recently, at least two of these mech-
anisms ("above-threshold dissociation" after absorption
of three and emission of two photons, i.e., n =5, p = 1, or
"bond softening" by potential-energy-barrier lowering,
i.e, n =1,p =1) have been devised [6].

A more refined analysis is presented in Fig. 3. For all
field strengths under consideration, the spectral widths of
the one-, two-, and three-photon peaks (p = 1, 2, and 3),
as taken from [6], are displayed together with their
(FWHM) values resulting from Eq. (36) when n is varied
from 3 to 8. An inspection of this figure together with
Fig. 4 taken from Ref. [6] and displaying the relevant
field-dressed adiabatic potentials resulting from the diag-
onalization of the radiative coupling leads to the follow-
ing conclusions.

(i) For intensities up to 1.4X10' W/cm, the three-
photon peak dominates the spectrum, and it shows non-
negligible values for I (10' W/cm . Within this intensi-
ty range, it can clearly be asserted that the three-photon
peaks (p =3) correspond to an above-threshold dissocia-
tion following the absorption of three photons (n =3).
This is illustrated in Fig. 4 where, starting from channel

~
1 so g, n + 1 ), the process following a diabatic jump ends

2-photon
3000
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/
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1.71.10"

fl- 2
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FIG. 3. Full width at half maximum of the three- (p =3),
two- (p =2), and one- (p =1) photon peaks of the proton
kinetic-energy spectrum resulting from 329-nm dissociation of
Hz+ at different field intensities as calculated in Ref. [6]. The
solid, dashed, and dotted lines correspond to the three- (p =3),
two- (p =2), and one- (p =1) photon peaks, respectively. Also
indicated by thin horizontal lines are the values of the widths as
extracted from the analysis of the present work [Eq. (36)] for
different values of the total number of exchanged photons (n =3
to 8). A coincidence between one of the three curves (p =1, 2,
or 3) and the horizontal lines is an indication for the leading
mechanism (n,p).
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FIG. 4. Potential-energy curves of H2+ dressed by a 329-nm
wavelength laser. Solid curves, diabatic (unperturbed) 1so.

g and
2po. „states shifted by the corresponding photon energy nfico',

dotted curves, adiabatic potentials for I = 1.4 X 10' W/cm .

up in channel ~2pcr„, n —2).
(ii) The two-photon peaks start with relatively low

heights at I =3.5X10' W/cm, increase progressively,
and dominate the spectrum at I =5.6X10' W/cm, be-
fore decreasing. A mechanism involving the absorption of
three photons followed by the emission of a fourth pho-
ton (n =4}can be proposed at least for I up to 5.6X 10'
W/cm . This can be envisioned in Fig. 4 where an adia-
batic jump from channel

~ 2p a „,n —2 ) to channel

~
iso, n —1) occurs after the initial three-photon absorp-

tion and while the system is dissociating. For higher in-
tensities, a larger number of photons (n =8, for instance,
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for I =2.24X10' W/cm ) are exchanged between the
field and the molecule resulting in very large spectral
widths.

(iii} The one-photon peaks dominate the spectrum for
intensities exceeding 8 X 10' W/cm . For I = 8.75 X 10'
W/cm, the spectral-width analysis leads to a five-photon
process (n =5), which according to a Franck-Condon
type of argument can be decomposed into an initial ab-
sorption of three photons followed by the subsequent
emission of two photons. The succession of events, as can
be followed schematically from Fig. 4, is thus

I
iso s, n +1)~ l2po „,n —2)

~l )so, n —1)~I2po „,n ) .

At higher field strengths, the order of the multiphoton
exchange mechanism is decreasing, reaching for
I )2 X 10' W/cm, the value n =3.

The first two points (i) and (ii) support and complete
the conclusions previously drawn in Ref. [6]. Point (iii)
suggests the possibility of a slightly different interpreta-
tion. The aforementioned interpretative scheme is a mul-
tiphoton mechanism for intensities up to 10' %/cm,
which then competes with a single-photon process due to
considerable local modification of potential energies by
the presence of the laser (lowering of the adiabatic barrier
resulting from the interaction of diabatic channels

I lscrs, n+1) and I2po„, n ), as indicated by the dotted
line of Fig. 4, and leading to the so-called bond soften-
ing). Such an interpretation is, of course, plausible, but
still remains beyond the scope of the present analysis
based on the hypothesis of a unique photon-exchange
mechanism (one given n) responsible for a given p-photon
peak. An alternate picture which rises is the penetration
of the lowering potential barrier (the dotted line of Fig.
4), but after two refiections (absorption-emission-
absorption, i.e., n =3) instead of a single jump (absorp-
tion, i.e., n = 1). A somewhat similar discussion is
presented in a recent work by one of us (O.A. ) [14], but
referring to a cw laser experiment. Although in inter-
mediate to strong field regimes, the three- and four-
photon mechanisms are clearly identified as the leading
interpretation for the three- and two-photon peaks, re-
spectively, the one-photon peak cannot be attributed to a
unique photon-exchange mechanism: it is rather to be
viewed as a superposition of a variety of multiphoton
processes.

analytical formula. The complete history of the dissocia-
tion process, in terms of the numbers of absorbed and
emitted photons, is dragon and used as an interpretative
tool which completes other measurements or dynamical
calculations.

More precisely, the assumptions concern laser and
spectrum characteristics. They can be summarized as fol-
lows: (i) field intensities have to range in the intermediate
to strong regime, i.e., 10' W/cm (I (10' W/cm; (ii)
the pulse must not exhibit strong temporal variations
(adiabatic switching); (iii) the pulse bandwidth must not
be very large (or not of too short duration); and (iv} the
spectrum has to present well-separated p-photon absorp-
tion peaks associated with a unique multiphoton mecha-
nism involving a total amount of n photons.

These assumptions basically support the following ap-
proxi mations.

(i) A unique, well-isolated, field-induced resonance is

selected and retained, through which the fragmentation

proceeds. The validity range of this approximation is re-

lated to the intermediate field strength and smooth pulse

switching [assumptions (i) and (ii) above].
(ii) The role played by difierent laser modes is neglected

when calculating the field-dressed energy differences in

the denominators of the reduced Bloch wave operators

[in relation with assumption (iii) above].
(iii) Referring to well-separated peaks in the spectrum

[assumptions (iv) and (iii) above], a unique term, corre-

sponding to the lowest oscillation frequency in the expan-

sion of cos"coot (part of the temporal behavior of the elec-

tromagnetic field), is retained for each p-photon peak.
The analytic formula which is obtained relates the

spectra1 width of a p-photon peak to a given n-photon
mechanism, thus providing a more quantitative basis to
previous interpretations of the dissociation dynamics of
H2+ in terms of population transfers between adiabatic
Floquet channels. For intermediate field intensities, the
conclusions are consistent with recent works, especially
for the three- and two-photon peaks resulting, reciprocal-
ly, from three-photon absorption or three-photon absorp-
tion followed by one-photon emission processes. At
higher intensities, the potential-energy curves undergo
large-scale modifications leading to the so-ca11ed bond
softening by energy-barrier lowering. The one-photon
peaks correspond to a three-photon absorption-emission-
absorption mechanism which can be interpreted as a tun-

neling through such barriers after two reAections.
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