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A detailed theory-versus-experiment comparison is worked out 0riHtense laser dissociation, based on
angularly resolved photodissociation spectra recently recorded in Figger's group. As opposite to other experi-
mental setups, it is an electric dischafgad not an optical excitatignhat prepares the molecular ion, with the
advantage for the theoretical approach, to neglect without loss of accuracy, the otherwise important ionization-
dissociation competition. Abel transformation relates the dissociation probability starting from a single rovi-
brational state to the probability of observing a hydrogen atom at a given pixel of the detector plate. Some
statistics on initial rovibrational distributions, together with a spatial averaging over laser focus area, lead to
photofragments kinetic spectra, with well separated peaks attributed to single vibrational levels. An excellent
theory-versus-experiment agreement is reached not only for the kinetic spectra, but also for the angular
distributions of fragments originating from two different vibrational levels resulting into more or less align-
ment. Some characteristic features can be interpreted in terms of basic mechanisms such as bond softening or
vibrational trapping.
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I. INTRODUCTION theory-versus-experiment comparison, till date; the work of
Kondorskiy and Nakamur@l5] being a precursor in this

The above-threshold multiphoton ionization and dissociadirection. Basically two reasons can be invoked for the dif-
tion of H," subjected to strong laser interaction have re-ficulty of such an attempt: only very few theoretical models
vealed interesting nonlinear effects in angularly resolvedake into account the competition between ionization and
kinetic-energy distributions of the photofragments, measuredissociation processes leading, in very strong fields, to Cou-
in experimental works covering the last decafle-6]. lomb explosions and only very few experimental works are
Among these are the observations of very large incréase conducted with a careful investigation of vibrational popula-
sometimes decreasef the photodissociation rates originat- tions and sufficiently high momentum and angular resolution

ing from some vibrational states of the parent molecule al;e|ding accurate information about the dissociation of single
some specific laser intensities or, even more unexpectedlyip ational levels.

misalignment effects in fragments angular distributipik Experimental works on this system can be classified ac-

The interpretation of such behaviors has been attempted b(é’ording to the preparation of the parent iop 'Hfrom the
e

referring to some basic dynamical mechanisms evidenc eutral molecule K A first category collects experiments
through the light-induced adiabatic potentials describing the! . . Iz_l o egory b
referring to optical ionization with a laser prepulse3,4,§.

dressed states of the molecule-plus-field sygt@mAccord- : L : o
ing to the frequency regimes, bond softeniiigUV) [4,9] or The independence of the ionization and dissociation pro-

barrier suppressiofin IR) [10] mechanisms tend to enhance C€SS€S capnot be experimer_wtally controlled, and their compe-
the dissociation cross section especially in the polarizatiofition is still an open questiofi5]. More recently, another
direction of the laser. In contrast, vibrational trappiig ~ Kind of approach has been investigated through ion-beam
UV) [11,19 or dynamical dissociation quenchirin IR) experiments, Whereﬁ ions are produced in a dc electric or
[13] acts as a stabilization mechanism, favoring misalign-Plasma discharge that disentangle ionization and dissociation
ment in the fragments distributions. This complementarityProcesseg16,17. An accelerated and strongly collimated
has also been referred to, for laser control purposes of th@onochromatic K" beam is crossed at right angle by a fo-
chemical reactivity; namely by softening some bonds whilecused intense laser beam. An advantage of the strong ion-
hardening other§14]. Although very accurate quantum cal- beam collimation is the reduction of the intensity volume
culations in the framework of time-dependent approacheéffect; all ions being approximately irradiated by the same
have been carried out, with successful interpretations of dylaser intensity(the validity of such approximation will how-
namical behaviors in short, intense laser pulses, to the best 6ver be discussed hereajteMoreover, experiments con-
our knowledge, there was no thorough and quantitativélucted with low intensity pulses coupled to computational
simulations of the resulting dissociation spectra allow the
determination of the population of the rovibrational levels of
*Also at Institute of Physics, St. Petersburg State University PeH, " molecules in the beam. The neutral dissociation frag-
terhof, St. Petersburg, 198504 Russia. Electronic addressnents(H atoms originating from photodissociation onT-)
vassili.serov@ppm.u-psud.fr are projected on a multichannel detedtdiCD), whereas the
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charged particlesundissociated k" molecules and H A. The wave-packet propagation
fragment$ are extracted by deflection into a Faraday cup In the laboratory frame and using spherical coordinates,
using an electric field. Excellent energy resolutiG@bout the total molecule-plus-field Hamiltonian is written in terms
1%) allows the separation in the circularly shaped pattern®f a two-by-two operator matrix:
observed on the screen, the momentum projection of frag-
ments almost originating from a single vibrational lej/&s].

A model aiming at a quantitative theory-versus-
experiment comparison, within the frame of the ion bea

setup, has to fulfill the following requirements. with respect to the laser polarization vecigrrespectively.

(i) The photodissociation process has to be accurately d&xs is usually done, a functional change on the wave packet
scribed in the center-of-mass frame by a wave-packet propa-

gation under the effect of an intense radiative field, starting 1

from a given rovibrational state. There is no need, however, W(R0,4:1)=2®(R,0,41), 2

to refer to any competition with ionization, as the experiment

precisely disentangles these two fragmentation processes. aiming for a simplification of the radial part of the kinetic
(if) A geometrical transformation towards the MCD plate operators, leads to

has to be carried out, taking into account the macroscopic

kinetics of the ion beam. This relates the total number of 1 42

particles collected by a given pixel of the plate, during the Tr= _1m ﬁ' (3a)

whole experiment, to the previously calculated wave packet,

describing the evolution of an initial rovibrational state under

H(R,0,;t)=Tp+ T+ T,+ V(). 1)

R is the diatomic internuclear vectd®, 0, and ¢ designate
Mhe internuclear distance, polar, and azimuthal angleR of

the effect of a laser pulse of a given intensity. Ty=— 1; L i( Singi>, (3b)
(iii) Although particular attention has been paid to the 2MR? sing a6 a0

ion-beam collimation in order to reduce the field intensity

volume effects, a spatial average over the laser focusing area T 1 1 1 4 30

has to be carried, taking into account the different radiative ¢ 2 MR2 Si?0 92

couplings felt by H™ molecules according to their geometri-

cal position in the beam. This can be done through the use &fith 1 being the identity (X 2) operator matrix. Atomic
some experimental measurements of the intensity distribuanits (:=1) are used in Eqe3) where M designates the
tion in the focus carried through a pinhole ofudm diameter  reduced mass. The time dependence arises in the nondiago-
[16]. nal terms of the potential-energy operator mawithrough

(iv) Quantitative agreement also requires an averaging othe radiative couplings:
the detector plate using some windowing functions that
simulate the resolution power of the detector. V1R, 0,t) = n(R)E(t)cosé, (4)

The organization of the paper follows these achievements . . . .
in Sec. Il. The results and their interpretation are presented iTﬁVhereM(R). IS _the transition d'F.’Ole moment ardift) is the
Sec. Il with a thorough discussion of the role of the intensity aser electr|g-f|eld amplltgde, given as.the product ofa pulse

. shapee(t) times an oscillatory term involving the carrier
volume effect. An excellent theory-versus-experiment agree. e frequencyw:
ment is obtained not only for the kinetic but also on the '
angular distributions of the photofragments. Section IV is £(t)= €(t)coswt. (5)
devoted to some conclusions and perspectives.

Note that the cog in Eq. (4) results from the dot product of
the transition dipole vectofparallel to R) times the laser
Il. THEORY polarization vectole.
) o The diagonal elementg; (R) andV,(R) of V are nothing

Referring only to two radiatively coupled Born- pytthe Born-OppenheiméBO) curves of the groundabel
Oppenheimer electronic states, namely, the groursbrgl 1) and first excitedlabel 2 states of H* . V;, V,, and
and the first excited (0,), an accurate wave-packet propa- gre obtained in the frame of the Born-Oppenheimer approxi-
gation method using the split-operator technique is describeghation, at the zero-order level with respect to the ratigm
in detail in Refs[18,19. For the sake of completeness, we of the electron to the proton masses. Using spheroidal coor-
give hereafter a brief summary of the method, introducingdinates, it is well known that the Schtimger equation can
the corresponding coordinates, operators, and quantum nurbe written as two eigenvalue equatidi29,21], which have
bers. The emphasis is rather put on the way to relate theeen numerically solved here using the shooting method
guantum information content of the wave packet to the ob{22]. The potential-energy curves have been computed in the
served momentum projections of the neutral photofragmentgange 6<R<200 a.u., with a numerical accuracy checked to
H resulting from a rovibrational distribution of parent ions be better than 10'2 a.u. The mass ration/m, has been
H," excited by a laser source of given spatial distribution. taken asm/m.=1836.152 701. Finally the dipole matrix el-
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ementu between the 4oy and 2o, states has been ob-
tained by numerical integration of the wave functions, at the

same level of numerical accuracy. Eqi
The time-dependent Schiimger equation describing the MCD
wave-packet propagation is o "
43
J kgt B —1 “\J
i—®(R,0,¢:1)=H(R,0,8;)®(R,0, ;1) (6) B / 7
o N
~ // jet
with, as an initial condition, . y s
H M
®4(R,0,4;0) b
¢(R,a,¢;t:0):( o ) (7)

reflecting the fact that at timé=0 only the rovibrational
levels of the ground electronic state are populated. The g 1. The H* photodissociation experiment through the H
eigenfunction®, precisely corresponds to such a state withppotojonization.

guantum numberg,v,N,My (electronic ground, vibrational,

total, ande-projected rotationaland is given by nation process. To the best of our knowledge such a correla-
" , tion has not rigorously been attempted in the literature. So
®1(R,0,¢;0)=xg,, N(R)PN(cosh)en?. (8)  far, the interpretation of general tendencies of photodissocia-

" tion spectra referring to basic mechanisms has rather been
Py "(cosd) is the N,My) Legendre polynomial, whereas conducted by angularly resolved kinetic-energy distribution
the radial part is defined as the solution of the time-given by
independent Schdinger equation:

Pk, 0,¢)=lim| D (K, 0,4;0)|2, (10
d* +V (R)+N(N+1) E (E)=0 o
MRzt MRz N [Xeen " where
9
~ 1 o )
The motion associated with the azimuthal angleemains d(k,0,p;t)= — ®(R,0,p:1)e KRR (11)
separated under the action of theindependenV, such that y2m) ==

My is a good quantum number describing the invarianc

through rotation f"‘bOUt'. . . not over R taken as a vectdr The argument retained by
The propagation using the split-operator technique haaoing so is that asymptotically, due R type of behavior

been described in full detail in previous works8,19,23. . o :

. ; ._in the kinetic operators Eq¢3b) and(3c), angular dynamics
Although hlgher-_order a_pproach_es have k_)een considered MNi& not affected at large internuclear distances. Note that in
thorough analysis of this techniq@i24], third-order expan-

: X . : this section, for the sake of simplicity, we drop the labels of
sion of the evolution operator is used hereafter with the con- o
& depicting initial-state quantum numbers, N,M ).

vergency checked against the variation of the time step. The ! .
L , : - To reach a comparative level of understanding, we are
peculiarity of odd-charged homonuclear ions is their linearly - - ; .
now describing the two families of experiments. Pertaining

increasing dipole moment witR, leading to asymptotically to the first family are photodissociation experiments where

divergent radiative couplings. We take them into account bSf:)oth hotodissociation and photoionization steps are laser
splitting the wave function into two regions, an internal and. P P P

an asymptotic one. The latter is analyzed by a generalizatiowduced.[1"3”4’6'.Startlng from neutial bl in its ground
of the Volkov-type solution§25], while the numerical propa- elegtro.nlc and V|brat|onless.stabe(v—_0), a multl_photon
gation on the former is performed by Fourier transformexCltatlon leads, thro+ugh the mtermed@te elegtrqnlc_itate
methodology{26] with the implementation of a unitary Cay- belgd E_F;’ to the b _grour_ld_state with a d'Str'bu“O.n of
ley scheme fofT , [23]. rowb_ratlonal levels. Dls_somatlon follows the absorption of
4
additional photons and is very fast as compared to the rela-

tive motion of the parent ion J in the laboratory frame.
Hence the photofragments are well separated,iths are

The main concern of this section is to relate the experi-extractedacceleratedthrough an electric field and collected
mental observable, i.e., the probability distribution of hydro-on the MCD plate. A schematic view is provided in Fig. 1.
gen atoms resulting from H photodissociation, as recorded Photodissociation occurs, as a fast process, at the ddigih
on the MCD, to the asymptotic part of the wave-packetthe laboratory frame, at a time which is takentasD. The
d(R,0,¢;t) solution of Eq.(6). By asymptotic we mean laser polarization vector is along taelirection,r, andr, are
large internuclear distanc&sfor which the molecule is con- the vectors pointing H and H A further step is the extrac-
sidered as dissociated without the possibility of a recombition of the proton H by an electric field applied along the

Ss the Fourier transform ab over the scalar variablg, (i.e.,

B. From wave packet to observed spectra
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Eq. (12), involves an averaging over the positions of all pro-
tons H' that are not detected in the experim&dd]:

Y

o

MCD

= %f dry Im[¥*(R,Rg;t)V, W(R,Rs;t)], (13

whereW (R,Rg;t) is the over-whole wave packet describing
the combined molecular interné& motion and center-of-
massRg motion. Im stands for the imaginary part. Frame
transformations definindRg and some vector relations di-
rectly related to Fig. 2 are gathered in the Appendix. Sepa-
ration of the photofragments relative motion described by
V¥ (R;t), from the motion of the center-of-mass described by
®;(Rg;t), leads to the following representation of the total
wave function:

<y

Jjet

FIG. 2. The B™ photodissociation experiment based on the V(R,Rg;t) =V (R:t)®(Rs;t). (14)
ionization of H, using discharge source. e e

Using the frame transformations E@¢8.1) and(A2) together

y-direction towards the MCD plate positioned at a distancewith Eq. (2) one has
OO’ =D from the origin. The detection occurs on a pikél
defined by its polar coordinatep,() on the MCD surface o Do)
(or by r with respect taD) that H' is reaching after a time of Y(RRs1)= [[ri—ry]] €
flight t, with velocity v. It is worth noting that this last step
is just a mapping of the photofragment onto the detectoiConcerning the calculation of the gradi(—:’VH;1 involved in
(without dissociation during time). The vector transforma- £q, (13), we note that the flux has to be evaluated at l&Rge
tion relating the proton H position R, 6, ¢) in the center-  \ith consequences
of-mass frame to the pixdll (p,«) on the detector is known
as the Abel transformatiof27]. J

A different situation prevails in the experiments of the Vi, ®(R)=VeO(Ri)=ur—_ 2 ®(Ri1), (16)
second family where an electric or a plasma discharge ion-
izes H, into H," [16,17]. The resulting ion beam is strongly with ug being the unit vector along [Eq. (A6)] and
accelerated by an electric field and is crosset=ad by the
laser beam at a poil@ of the laboratory frame. The descrip- V, ®g(Rgit)=1Vg ®s(Rgt). (17
tion of such experiments, as illustrated in Fig. 2, has to com- ! G

bine tW_O motions; namely, the translati(_)n of the center-ofThe approximation involved in Eq16) results from the ne-
massG in the laboratory frame along, (unit vector along))  glect of all angular derivations due to their occurrence with
with velocity v and the nuclear separatigdissociation in coefficients decreasing faster than*. We proceed now to a

the center-of-mass frame. The hydrogen atom H resulting, aqjclassical approximation for the description of the
from photofragmentation is collected at the pilof the  opier of.mass translational motion, with two implications:
detector. It is to be noted thM is positioned with respect to (i) Rg=vut has a corresponding wave vectdts

y

the laboratory frame with a vector corresponding ta; at ~muu, and the application of momentum operate'rVRG

time t, when H reacheM. . . CC
As our concern is the quantitative interpretation of photo-t0 Pg(Rg) simply results intomv®g(Rg). When this is
Hone at the level of Eq13), one gets

dissociation spectra obtained in Figger’s group using an ele

tric discharge to induce ionizatiofl6,28,29, emphasis is

put in the following on a thorough description of the kine- i()= if dr,
m

(ri+ry)
> ,t). (15

@*(R;t)%QD(R;t)

matics of the second family experiments. The quantity that is [ri— r2|2Im

measured is nothing but the number of hydrogen atdids

collected on each pixeWl (p,a) at infinite time. This can . T 12

ultimately be related to the time integral of the flux of the Fimo| @R[ [ Pa(Re: D" (18

current densityj(p,a,t) of H orthogonal to the area$S

=pdpda of the finite size pixeM, as (i) No wave-packet spreading is allowed for;(Rg;t)

which is localized with an envelope behaving asi-éike
o function, i.e.,
dN(p,a)=NdS| j(p,a,t)-udt, (12

0 |©6(Rg)[?=8(Rg—vt). (19

whereN is the total number of H photofragments. The flux in The integration over, (with dr,=2dRg) finally leads to

053401-4



QUANTITATIVE THEORY-VERSUS-EXPERIMEN . . . PHYSICAL REVIEW A 68, 053401 (2003

1 P and observing32] that for larget
= —Im[q)*(R;t)—@(R;t)uR
JR -
mR’ lim|(e™R “4—1)|=0, (25)
t—ow

+imo|®(R;t)|%u, : (20

R=2r,—2vtu, an asymptotic expression is obtained (R, 6, $;t):

with a rather intuitive interpretation of the two components m | 12

of the flux. The first, i.e.,®* (R;t)(d/IR)P(R;t)ug is ‘D(Rﬁ,(/);t)ﬂﬂx(—-) eImR2/4ICI)
merely the current density generated by the expanding wave 2it

packet in the center-of-mass frame, whereas the second cor-

responds to the current associated with a densiti?/R?>  While recasting Eq(26) into Eq. (20), a rather simple ex-
traveling with a velocityo alongu,. The calculation can be pression results for the asymptotic flux:

further conducted analytically by deriving an asymptotic

0 ¢>) (26)

(i.e.,R—o0, t—o) expression forb [31]. This is done using 2ut - /mR 2
a time-evolution expression involving the Fourier transform  j(t)= ——| Ug+ R (?’Wb)
Eq. (11). Actually, one has for larg®, where the potentials 2Rt R=2(r; ~vtu,)
can be considered as constant and after the laser is turned off, (27)
Dk, 0,h:)=e kUMD (K 6, d), (21) The calculation of the projection gfon uy [cf. Eq. (12)]
requires the vector relation of EGA7) that finally leads to
the solution being induced only by the radial part of the
kinetic energy. Returning back to the wave packet in the mD 1 mR 2
coordinate space, ju— ——————— ‘i’(—ﬁ,(ﬁ) (28)
Y42 [p2+(D-vt)?)?] | 2t

®(R,6,p;t)= — dktI)(k 0, p)e KUMgikR (20)

whereR depends or as given by Eq(A3).

The final step is to transform the time integration of
j-uy, involved in Eq.(12), into an integration over the ki-
netic momentum. We proceed to a change of variable,

r_m

and replacingi) by its expression Eq11), one gets

1/2
D (R, 0, ;t)=(.—) f dR'®(R’, 0, ¢)eMR-R)at myv Rm
(R.0,¢ 4i 7t 0 ( ¢ k=[p?+(D— ut)2]1/2 0 ——v, (29
Expanding theR-dependent part of the exponential as the physical meaning of which will be clarified hereafter.

Straightforward calculations show that EQ9) can be in-
eim/4t(R—R’)2:eimR2/4te—imRR//2t[l+(eimR’2/4t_1)] (24) verted as

D (k2_k!2))1/2 D 5
;<1—m—v for te|0— (ke[k,,(kK2+m?p?)1?)),

= (30

D[, (K=K D
. 1+m—v for te ;,4‘00 (ke[kp,-i-oo]),
|
upon the introduction of the notation The ¥ signs correspond to the two time intervals depicted in
Egs.(30). The time-dependent argument®dfin Eq.(26) can
k,=my L4 (31) then be expressed using the two variat¢gqg. (29)] andk,
D [Eqg. (31)] as
and leads to mR m D (k2_k2)l/2) -1
.2 2912 — P
ot t[p +(D—vt)“] Utk k(1+ o .
D k
mu* (k“—kp) The experimental conditions are such that the velogityf
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the molecular beam is much greater than the fragments reldhe probability to record a hydrogen atom on the surface

tive velocity. We can thus consideki—k2)%mv as negli-
gible when compared to 1, taking into account timatis
much larger thap. The resulting approximation, namely,

elementdS (pixel M) located atp, a on the MCD (with a
kinetic momentumk,) is obtained by a proper normaliza-
tion:

1
D mR _
t=— and —-=k (34) P(k,,2)dS= g dN(k,,a)
v 2t
o0 2
merely means that the time needed for a fragment to reach _as |q>(k arccosk, ik cosa))| dk.
the pixelM(p,a) is approximately the same as that needed 2 K, k(k*—k2)2

for the center-of-mas§ to reach the centéd’ of the detec-

tor. In the framework of this approximation, the meaning of

k,=mpuv/D=mp/t [defined by Eq(31)] is also clear: i.e.,
the projection of the kinetic momentuik on the detector
plane. Finally we obtain for the time integrated flux:

m2p2
jjudt

_ szfwlcbw,@lz
2D? Jrok(k?—k2)1?

f f(k +m v2)1l2|q)(k 0,9)|?
kp K(k2— K212

(353

(35b)

where the upper bond of the second integral in B3 has
been extended up t6 < considering thatd (k, 6, ¢)| =0 for

k>my, which is equivalent to state that the center-of-mass 1
kinetic momentum gw is much larger than the relative mo-

mentum of photofragmentk. Recasting Eqs(35) in Eq.
(12), taking into account cylindrical symmetry over and
calculating the preintegral factor as

M o MP mvdpd k,dk,d 36
D2 D a= a, ( )
one finally gets
dN(k,,a)=NKk,dk,da J |<I>(k il (37
o A
p k(kZ_k’Z))l/Z

The dependence ovérof the right-hand side of Eq37) has
to be expressed in terms af, referring to the frame trans-
formation Eq.(A9),

cosf= —Lcosa, (39)

k

in such a way that ultimatelgiN is written only in terms of
the variablek, and @, with the parameters andD charac-
terizing the experimental setup:

=P (K, arccosk, /k cosa))|?
dN(k, @) =Nk,dk da—f > k
k k(k?—k2)12

p

(39

(40

It is interesting to note that the two probabilitig¥k, #)
[given in Eq.(10)] andP(k,,a) [Eq. (40)] are simply con-

nected by
1 (= Pk,0)
=g, gt @
Two remarks are in order.
(i) Both equations, Eq40) and Eq.(41), involve a sin-
gularity atk=k, . This difficulty can be overcome by a par-
tial integration leading to

k=0

1 kp
P(k,,a)= 2k, =—arcco * Pk, 6) .
=kp

) ) d k,0)dk. (42
Z—I(pkparcco?ﬂp(,) . (42

The integrated term in the right-hand side of &) is null,
due to the fact thaP(k, #)|-..=0. As for the total deriva-
tive with respect tdk of P(k, ), it results in

d 0 73 k, cosa IP 43
kRO =5¢ k(k2 k2 coda)V2 96" “3
When recasting Eq43) into Eq. (42), one obtains
P(k,,a)= i ,
( ”'a)__z_kp ) arcco *
P
373+ K, cosa aP dk. (44
K k(k?— k2 coga)¥2 96 “4
For k=k,, the singularity in the coefficient of P/96 may

only occur fora=0. This is fortunately compensated by the
arccosk, /k) term of Eq.(42). Actually expanding Eq(42)

in terms of powers of (+k,/k) one ends up with a non-
singular behavior, i.e., (kf)(dP/36) for the integrand in
the vicinity ofk,.

(i) Despite the fact that the experimental situation we are
describing is not amenable to a simple mapping on the de-
tector plate of a photodissociation that had already occurred
in the center-of-mass framas in Fig. 1, it turns out that Eq.
(40) can finally be recast in terms of the commonly used
Abel transformatiorj33]:
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~ 2
1 [|dk arccosk, /k cosa))| _[1 forevenN,
where A is defined a$33] Apart from this factor, rotational populations are also ther-
mally weighted, according to a Boltzmann distribution de-
[ fkk scribed by a rotational temperatufe depending on the ini-
ALf(k)1(x) =2 « (kZ_XZ)llzdk' (46) il vibrational level. The weighting coefficient is given by
In connection with this, it is worthwhile considering the full b — extl — AE(v,N) 52
Fourier transform of the wave function describing the rela- N KgT, |’

tive motion[in contrast with that carried in Eq11)]:
wherek, stands for the Boltzmann constant a&(v,N)

N 1 KR for the rotational energies resulting from the solution of Eq.
Y(k)= dRV(R)e "N, (47 (9):
(277)3/2 .
It can be shown by following the same derivations as Egs. AE(v,N)=E(v,N)—E(v,0). (53
(21)—(26) [31,32 that asymptoticallyi.e., for t— 4+ and . . )
R— + ) one has The rotationally averaged probabilities resulting from these
considerations are
3/2 A mR
‘P(R;t)=(ﬁ) g MR "“qr(z—t), (48) 1
' Py(ky @)= 5= 2 bugnPyn(kyia), (54)
which, combined with Eq92) and(26) implies that
- 2 whereQ), is a normalization factor:
“ 5 d(k;t)
(WO =|—— - (49
QUZEN: PO - (59
The probability in Eq.(45) appears now as the Abel trans-
form of |\if(k,arccoskp/k cosa))|?. The comparison with experimental spectra has also to take
into account initial vibrational populatioregv) (i.e., as they
C. Rovibrationally averaged spectra result from the electric discharge acting ovey, lgrior to the

The probability distributions which are calculated aboveIaser excitatioh

refer to a given initial stateg,v,N,My) involved in the de- 1

termination of®(t=0) through Eq.8) such that the quan- P(k,,a)== > a(v)P,(k,,a), (56)

tity resulting from Eq.(45) is actuaIIyPU,N,MN(kp,a) using Q%

a full notation. An averaging over the initial rovibrational _ .

populations is thus required to reach the experimental spec-

tra. As the rotational state are (2N+1) times degener-

ated, a summation can be carried out oy, leading to Q=2 a(v). (57)
v

N
Py n(ky @)= 5977 MZ_O CmPo.nmy(Kp @), (500 We note that the information concerning the initial vibra-
N tional distributiona(v), as well as the corresponding rota-

whereco=1 andcy =2 (for My+0), due to the fact that ';Loe”:sljfer?npeer:f‘sturé—v , have to be provided by experimental

the total Hamiltonian does not depend upon the sigMgf.
The homonuclear diatomic character of Himplies a total
wave function(accounting for the nuclear-spithat is anti-
symmetric with respect to the interchange of identical nuclei. ~Although particular attention is devoted in the experimen-
To ensure such a property the total nuclear-spin nuriber tal measurements for obtaining a well focused ion beam, the
must be either Qassociated with eveN) or 1 (associated molecules are actually excited by different field amplitudes
with odd N). Due to very rare singletT(=0)-triplet (T  according to their positionsx(y) due to a nonhomogeneous
=1) transitions, molecular hydrogen mainly consists of twospatial intensity distributioh(x,y) in the laser beam. It turns
distinct species: parahydrogeM€0) and orthohydrogen out that an average over these nonhomogeneities has a basic
(T=1). The occurrence of ortho states is three times morémportance when attempting a quantitative interpretation of
probable than the para ongk8]. This nuclear-spin statistics experimental data, as will be clear in the following section.

is accounted for by a weighting coefficiey,, affecting the The average implies a double spatial integration over the
rotational populationd\, such that variablesx andy (see Fig. &

D. Laser spatial intensity averaging
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L +oo
P(kp,a)=f_def_m Pk, ,a;1(x,y))dy, (59

x being limited to a finite interval 2 measuring the width of

the ion beam. The integrand itself is nothing but the prob-

ability calculated in Eq(56) with the intensityl (x,y) as an

additional argument, for which this probability is calculated,

i.e., P(k,,a;1(x,y)). For parity reasons E¢(58) may be
also written as

L + o
P(k, ,a)=4JO dxf0 Pk,,a;1(x,y))dy. (59

A Gaussian shape is assumed for the two-dimensi@ia)
behavior of the laser within its focus area:
X2 F{ yz
exp — =
2 b
ry

I(x,y)=|0ex;{——2
r

X

(60)

wherer, and ry are the radii of the focal area, such that
I(ry,ry)=lo /e?. These parameters are obtained from the ex-

penmental setujpl6] as

N

Myy=o—")
Y 2aby

(61)

where\ is the laser wavelength arfds the focal length of
the parabolic mirror focusing the laser beam.andb, cor-
respond to the extensions in each directioandy where

50% of the energy is dissipated. The peak intensity is calcu-

lated after the total pulse enerddy and an autocorrelation
time t,. have been measured:

2\2In2E,

. (62)
T 1 ytac

The double integration involved in Ed59) can be con-

ducted by integrating first ovey, referring to a variable
change:
I 1/2
yeof i) 053
dy=—2| _in|- i 63b
wherel, =14 exg —(Xry?]. The result is
x P(k,,a;1)
P(kp,a;lx)ZZryf ﬁm. (64)
0 |[—|n(|—)
X

Two singularities affect such an expression; namely] at
=0 and atl=1,. The first has no consequence, as for
=0, P(kp,a
integrating by part:
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TABLE I. Total pulse energ¥, and autocorrelation timg,. of
the laser fieldl is the maximal field intensity value.

Eo (M) t,e (fS) Iy (TW/cn?)

0.3 228 7.5

0.5 234 9.5

0.7 240 16.0
Pk, a; 2ry{ 2\ Pk, ,a;1)

I d
+f0 2\171, i P(k, eil)dl|. (69

An identical procedure is then applied for the second integral
overx. The final result is

Ie=lo

P(k,,a)=2r, =l

— 2\, 16P(K, ;1))

P(k,,a;l,)dl,|, (66)

+ﬁ2m

wherel | is the field intensity atX=L, y=0).

IIl. RESULTS

This section presents the results of the simulation and the
interpretation of experimental data. Among the experimental
results obtained in Figger's groud6,28,29 three are re-
tained. The laser intensitidg have been slightly adjusted
with respect to laboratory measurements of the total pulse
energyE, and autocorrelation time,., to fit experimental
spectra. The resulting parameters are collected in Table I.
The laser-pulse carrier wavelengthhis- 785 nm. In the cal-
culations the intensity spatiotemporal distribution is assumed

to be
2t2
exg — —
w;

with the relations between the parameters as given by Egs.
(61) and (62). The width of the molecular jet isL

=50 um, its velocity isv=10° m/s and focal area param-
eters values arg,=2.6 mm,b,=2.4 mm, f=1000 mm, re-
sulting in r,=48 um, r,=52 um. In the calculations de-
scribed below the paramettwt— t,/2y/In2, which define

the laser-pulse temporal shape, has been taken equal to 140
f

X2

2
exd =L
2|9H T 2

y

(67)

I(x,y;t)zloexr{—

I'x

Figure 3 displays three-dimensional representations of the
dissociation probabilities as a function of their angulaj (
and kinetic k,) distributions. The upper diagram corre-
sponds to the experimental resuR$§ [28] for the laser ex-

;1=0)=0. The second can be avoided when citation parameters indicated on the last row of Table I. The

lowest two diagrams give the calculated spectru?f)(and
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Energy (eV)

Internuclear distance (A)

FIG. 4. 2D view of the dressed adiabatic potential curves.gf H
(solid lineg (with a continuous wave laser of wavelength
=785 nm and intensity,= 1.6x 10'* W/cn?) and the correspond-
ing diabatic BO electronic statédashed lines The eigenvalues of
the field-free vibrational levels are also indicated.

The successive peaks that are obtained correspond to photo-
fragments arising from different vibrational levalsof the
parent ion H' . The energies of the levels are positioned in
Fig. 4 on the rotationless dressed molecular potentials result-
ing from the diagonalization of the radiative interaction at
fixed anglef#=0.

The most important peatat «=0) corresponds to =7
and is followed in decreasing order by the peaks assigned to
v=238,9,10. The peak resulting from the dissociationvof
=6, with a much smaller contribution, is hidden by the peak
v =7, whereas those resulting fromm=11,12 are in the blue
wing of v=10. It is interesting to note that, on the lowest
diagram, the largest error affects the peak resulting from
=9, all others being well represented. This is to be rela-
tioned with the particular energy ef=9 (see Fig. 4 very
close to the avoided crossing of the dressed potentials. The
characteristics of this region being very sensitive to the laser
spatial and temporal intensity distributions, even small de-
viations with respect to experimental evaluations may lead to
appreciable differences explaining FigcB

In Fig. 5 we show the four main steps to obtain the pho-
tofragments distributiorP®, which may be compared with
the experimental one. On each step we plot the cut of the
resulting distribution até=0 for P(k,6), or a=0 for
P(k,,a). The upper panel gives the photodissociation prob-
abilities starting from individual vibrational levels of,H,

FIG. 3. (a) The three-dimensional representation of the experi-gs calculated in the molecular frame =0 and as a func-

mental result corresponding #8,=0.7 mJ(see the third line in
Table )); (b) the corresponding calculation result) the difference

between experimental and calculated spectra.

the absolute value of the differentB®— P¢|, for the same
laser characteristics, at the same scale. The normalization

such that

0

ES 2
fkpdkpf Pec(k, ,a)da=1.

0

(68)

tion of k, for laser characteristics corresponding to the last
row of Table I. The vertical lines illustrate the theoretical
energies of the vibrational levels of,H in a field-free situ-
ation. As expected, from the examination of Fig. 4, the
maxima of the peaks with <9 are shifted down and those
& v>9 are shifted up, due to the radiative coupling. As to
the height of the successive peaks, a decrease #reid to

v =9 is observed. This, however, does not mean#ha® is
less dissociated than=6, as the information that is dis-
played concerns a cut at angle=0.

053401-9



SEROVet al. PHYSICAL REVIEW A 68, 053401 (2003

20 L v=6_ 78 9 luiz The levelv =9 is again in a particular situation energetically
] lying on the very top of the barrier. In other words, its pho-

todissociation is not inhibited by any spatial intensity aver-
aging, and this is why it leads to a narrower and higher peak
than those originating fronw=7,8. The narrowing of the
peak, in particular, is in relation to the fact that only a limited
energy range corresponds to efficient dissociation within the
open gate between the lower and upper adiabatic potentials
which gets narrower with decreasing intensities. The behav-
ior of v=11 deserves particular interest, as its photodisso-
ciation is rather through a vibrational trapping mechanism
involving the upper adiabatic potential. Lower the field in-
tensity, lesser is the efficiency of this trapping. The spatial
intensity averaging of the laser leads as a consequence to
better relative dissociation from=11 resulting in a high
peak.

Figure 5c) displays the dissociation probabilitié’i‘(kp)
as functions ok, after the Abel transformation E¢41). The
basic difference withP, (k) [panel(b)] is the rise of long-
N : range red tails of the individual peaks, especially do¢9.
This is due to the nonlinear features of the Abel transforma-
tion, mixing up a whole range of-dependent probabilities
for a singlea. Less aligned fragment distributions resulting
from v=9,10,11 present tails that are much more marked
than those coming from=7 and 8.

The following step for building the experimental observ-

FIG. 5. Successive steps for a theory-versus-experiment confPl€ is the convolution with the detector resolution window
parison of photodissociation spectrum for a laser energy 0.7asy ~ Which is taken as a square gate of 0.07 a.u. in kinetic mo-

row in the Table ). Panel(a) gives the individual probabilities of Mentum units, corresponding approximately to a pixel size of
initial vibrational levelsv =6, . ..,12 in the rolecular frame, for 70 um. This, as expected, results into the smoothing of very

#=0, and as a function &€ Panel(b) takes into account the spatial sharp structures such as the peaks associatedvwith and
intensity distribution of the laser. Pan@) displays the intensity 11 (panel d.
averaged probabilities after Abel transformation bringing them in  Finally the theoretical spectrum is obtained as a sum of
the laboratory frame forr=0 and as a function dk,. Panel(d), partial vibrational distributions with weights corresponding
same agc) but after convolution by the detector resolution window. to the vibrational populations as given by E¢s6) and(57).
Panel(e) sums up all individuab contributions and compares with Panel(e) of Fig. 5 displays the resulting kinetic-energy spec-
the experimental spectruithe thin and thick lines correspond to trum which is directly compared with the experimental one.
experimental and calculated results, respectively An excellent agreement is obtained, the most noticeable dif-
ferences occurring in the vicinity of =9, which corre-
The major effect, when attempting a theory-versus-sponds to an energy region particularly sensitive to possible
experiment comparison, is the role played by the spatial ininaccuracies related to the spatial intensity averaging of the
tensity distribution of the laser, which so far has been netaser.
glected by referring to the large laser focal area with respect The information we get from Fig. 5 can be summarized as
to the diameter of the ion beaifl5|. Spatial averaging follows. Apart from the geometrical Abel transformation
brings into interplay molecules interacting with radiative which is needed to bridge the dissociation probabilities
fields having intensities less than the maximum valye  evaluated in thek-6) frame, to the photodissociation spectra
This may lead to very large effects on some vibrational lev-as recorded on the detector plate, one has to take into con-
els as is seen in Fig(B). More precisely, the peak associated sideration basically two additional facts, when attempting a
with v=6 is nearly washed out, whereas those describingjuantitative interpretation of the experimental data.
photodissociation starting from=9 andv=11 seem to be (i) The first is the spatial intensity distribution of the laser.
enhanced. Only the laser maximum intensity leads to a baiFigure 6 displays a three-dimensional view of the relative
rier lowering(bond softeningmechanism fov =6. When a  spatial extensions of the laser focal area and that of the mo-
spatial average is carried out, with the inclusion of lowerlecular beam as is actually the case in the experiments.
intensities, the photodissociation from=6 is severely in- Clearly, all the molecules are not subjected to the same in-
hibited due to very low tunneling, which explains the flat tensity at a given time, requiring thus a spatial averaging, the
behavior of P, (k) for v=6. The vibrational states=7,8  role of which is one of the most striking.
are also affected by this effect but in a lesser extent as they Figure 7 gathers the spectra on the detector platexfor
are closer to the top of the lower adiabatic potential barrier=0 and as a function &, for two models: namely, with and

| |
6 7 8 9
k k 0 (a.u)

—_
<
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I 0.08

Vibrational population

FIG. 6. The laser field Gaussian intensity distribution over the | .
i i 8 10 12
rectangular molecular beam along thandy directions. Vibrationl quantum nunibor

without the spatial averaging over the laser intensity distri- FIG: 8. Vibrational level populations as estimated by Sandig in
bution. The results are compared to the experimentally reRef-[29] (hatched and fitted in the present worffull).

corded data. A huge decrease affects the spectrum in the _ )
momentum region extending frok,~ 3 to 5 a.u. when Vibrational populations, not exceeding reasonable error bar

for highv's, as is plotted in Fig. 8. It is worth noting that this

sponds to the contributions of vibrational levels 6,7 well ) ¢ \
protected against potential barriers that are high for loweAdjustment is done once for all, for given laser parameters
intensities taking part in the averaging process. Thus the spd0-7 mJ of total enerdy and is used hereafter for all other

tial averaging turns out to be crucial when comparing withtheory-versus-experiment comparisons.
experimental spectra. The spectra are gathered within the frame of two one-

(i) The second is an accurate knowledge of the field-fre€limensional representations: either as a function of the ki-
vibrational populations of the parent ion,H, which take ~Netic momentunk, or as a function of the angle on the
part in Eq.(56) through the functiora(v). Figure 8 displays detector. Figure 10 gives the cut «=0) as a function of
in terms of histograms the relative vibrational populations of<, for three laser fields whose characteristics are precisely
levelsv=6, . .. ,12 aghey result from an estimation based those indicated on Table I. It might be noted here that the

on similar discharge experimeri@9]. They are actually sub- P&k intensity valud, calculated using Eq(62) strongly
jected to errors presumably within 10-15 % in relative val-depends from the experimentally measured paraméters
ues. by, andE,. In the third column of Table | we give the inten-

A calculation based on them leads to the spectrum illusSitiéS corresponding to the best agreement between experi-
trated in Fig. 9 which basically disagrees with the eXperi__rnental ar_1d calculated spectra presented in Fig. 10. This ad-
mental one over a region close ky= 5 to 6 a.u., corre- justment is necessary to reproduce corr(_aptly the left parts of
sponding to the most important peak. However, a nicdhe spectra, which are particularly sensitive to the laser in-

agreement is obtained after some small modifications of th&nSity, as can be seen in Fig. 7. We emphasize that this
adjustment has only been performed for one-dimensional

5 — . . . .

(3

P(k ) (arb. units)
P(kp) (arb. units)

0.5~

0 10 0 10
kp (a.u) kp (a.u)
FIG. 7. The dissociation probabilities calculated wittashed FIG. 9. Dissociation probabilities calculated using Sar{dig]
line) and without(dotted ling averaging on the laser intensity dis- vibrational level populationgdotted ling and the modified ones
tribution versus experimental datsolid line). (dashed lingas compared with the experimental dé&alid line).
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FIG. 10. Cuts aix=0 of the calculateddashed lingand mea- FIG. 11. Angular distributions of photofragments f@ E,

sured(solid line) kinetic momentum spectra féa) E,=0.3 mJ;(p) = 0-3 MJ;(b) Eq=0.5 mJ;(c) Eo=0.7 mJ. Solid lines correspond
Eo=0.5 mJ;(c) Eo=0.7 mJ. to experimental results, dashed lines to the calculated @hes

upper pair tov =7 and the lower one to=38).

spectra corresponding taxE&0). For the same pulse dura-
tion the laser intensities are ranging from low to medium andmethods. The following reasons can be invoked to support
strong, following panelga), (b), and(c). Four features can this fact. The time-dependent radiative coupling implies,
be emphasized. through its frequency range, the excitation of resonances
(i) Three major peaks are obtained, corresponding to theith different lifetimes. Furthermore, pulsed-laser-induced
dissociation involvingp =7, 8, and 9 levels, positioned in dynamical effects cannot simply be uncovered by time-
this order in the regiok,=5-8 a.u. The theory-experiment independent scattering calculations. In addition to these basic
agreement is good not only for the positions but also for theeasons, spectral broadenings also result from the superposi-
relative heights of these peaks; the most noticeable differtion of several rovibrational resonances participating, within
ence affecting agaim=9, more sensitive to an accurate the allowed frequency range, in the dissociation process.
evaluation of the spatial intensity distribution. Abel transformation itself is responsible for some broaden-
(i) The strongest fielflE,= 0.7 mJ, pane{c)] reveals the ings by resonance overlapping&ig. 5(c)]. From an experi-
rise of an additional peak at the position ®&6. This is mental view point, it turns outFigs. Hc)-5(e)] that the ma-
related to the bond softening mechanism, where the radiativior mixing effect is due to the Abel transformation rather
coupling induces an important adiabatic barrier loweringthan the convolution by the detector resolution window,
large enough for the population initially in the bound statewhich seems well adapted at least for thve 7,8 peaks.
v="6 to escape through tunneling. Excellent agreement with The angular distributions for the same field characteristics
experimental results is obtained for this bump in the specare gathered in Fig. 11. They, precisely, correspond to
trum. a-dependent 1D representations of fixegcuts of the 3D
(i) The blue tail of the spectrum extending abadkg information of the type displayed in Fig. 3. This is done for
=8 a.u. corresponds to the photodissociation of initial poputwo different values ofk,; namely k,=5.5 a.u. andk,
lations onv =10, 11, and 12, which, due to possible vibra- =6.5 a.u. corresponding to the positions of the maximum
tional trapping effects, is less efficient. Here again excellenamplitudes of the two major peaks of Fig. 10 attributed to
theory-experiment agreement is reached. v=7 and 8, respectively. The following observations can be
(iv) The broadenings affecting the different peaks are welpointed out.
reproduced as compared to the experimental ones. It is worth (i) These angular distributions, although labejed7 and
noting that they cannot merely be related to the widths o8, actually contain information originating fromw
individual resonances as calculated using scattering theory 9,10, . . . , through the red-tail contributions of these levels
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FIG. 12. Time-resolved decay dynamics of individual vibra-  FIG. 13. Average values dicog ¢) for the different vibrational
tional levels in correspondence with the temporal laser intensityevels:(a) v="6; (b) v=9; (c) v=12; (d) laser temporal profile.
distribution.

[as is clear from Fig. ®)]. The excellent theory-versus- dependence of the norm of the internal region wave packet
experiment agreement that is reached has to be judged withil®'I°, as defined in Sec. I1AThe behavior of different’s
this intricate influence of the higher-energy part of the speccan be classified as follows.
trum. It is also worth noting that due to larger experimental (1) Levels affected by the bond softening mechanism,
errors affectingp =9, 10, angular distributions are not stud- namely,v =6,7,8. The decay starts only after the maximum
ied for higherv's than 8. of the laser pulse, which is required for the potential barriers
(i) v=7 is much better aligned than=8. This is basi- to be sufficiently lowered. Although the decay mechanism is
cally due to the bond softening mechanism. A high potentiatather fastthe slope of|®'||? versus time is large the pho-
barrier atd= /2 protectsy =7 population against photodis- todissociation starting fromm=6 is not complete due to the
sociation. This barrier is lowered #=0 or 7 where the fact that the potential barrier is closed before total escape
radiative coupling is at its maximum, leading to efficient towards the asymptotic region.
alignment, which is even better for increasing intensity. In  (2) v=9 which lies at the curve crossing region dissoci-
other words the wave packet associated with7 has to  ates completely and faster than all other levels.
skirt around a high potential barrier t= 7/2 before disso- (3) Levels affected by the vibrational trapping mecha-
ciating, whereas that associated witk 8 being closer to the nism, namelyv =10,11,12. The populations of these levels
top of the barrier can more easily tunnel. The consequence &art to dissociate during the laser rise time, but about the
that dissociation is facilitated fa#=0 or 7, when the initial maximum intensity their decay rate is lowergéte slope of
population lies o =7. |@'||? versus time lower than that of levels=6,7,8). This
A better understanding and interpretation of the way fol-is basically due to the fact that they are vibrationally trapped
lowing which these complementary bond softening and viin the temporarily closed upper adiabatic potential. It is also
brational trapping mechanisms ultimately affect the dissociainteresting to note that the populationwf 12, trapped dur-
tion process could be gained by a dynamical investigationing the radiative interaction, partially returns to the ground-
Figure 12 illustrates a time-resolved decay dynamics of instate bound potential in such a way that dissociation starting
dividual vibrational levels. The lower panel gives the tempo-from v =12 is not complete.
ral shape of the laser intensity for the strongest field into The dynamical alignment characteristics are illustrated in
consideration E,=0.7 mJ, with the parameters of the last Fig. 13. Here again the lower panel indicates the temporal
row of Table ). The decay dynamics is given in terms of the shape of the strongest laser. The upper panels display the
decrease of the short-range population as a function of timgverage value ofcos 6) on the internal region wave packet;
starting from a giveny of the parent ion H' (i.e., the time  i.e., (®'|cos g®")(P'|®", indicating the alignment charac-
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ther by bond softening nor by vibrational trapping, does not
show any alignment characteristics as is clear from pdnel

IV. CONCLUSION

Once the competition between multiphoton ionization and
dissociation processes is discarded by preparing the parent
ion H," through an electric discharge experiment, a rather
simple and complete quantum modelization is provided for a
theory-versus-experiment comparison of angularly resolved
kinetic-energy spectra of photofragments resulting from in-
tense field dissociation. An Abel transformation relates the
probability P(k,#) for a single H* molecule in a given
initial rovibrational state to dissociate with kinetic momen-
tum k along its polar direction? with respect to the laser
polarization vector, td®(k, ,a), the probability for the pho-
tofragment H to be detected on a pixel of the detector plate
labeled by its polar coordinateg,(@). A quantitative repro-
duction of experimental data requires some statistics over
initial rovibrational states on one hand and over the spatial
teristics of the parent ion 41 as a function of time. Three distribution of laser intensities interacting with molecules po-
initial levels are in consideration, each pertaining to one okitioned at different places in the ionic beam, on the other
the previously selected classes. The bond softening mechaand.

FIG. 14. 3D adiabatic representation of the *Hpotential-
energy surfaces in the presence of the field with peak intehgity
=7.5x 10" W/cn?,

nism leading to the dissociation of= 6 (panel a results into An excellent agreement is obtained with experimental
very efficient alignment during the pulse, which even re-spectra and especially for the alignment characteristics of the
mains during the falloff regime. photofragments. A thorough interpretation can be conducted

A thorough interpretation, already given in the literaturefor single vibrational peaks of the spectra in terms of basic
[34], can be summarized by referring to a three-dimensionaiechanisms, such as bond softening and vibrational trap-
representation of the adiabatic potential-energy surféiss  ping. The most striking observation is the major role the
played in Fig. 4. This is provided in Fig. 14 for a single- laser volume effect is playing, in particular, over lower vi-
photon dressed ground and excited states of khcluding  brational levels.

(by diagonalizatiointhe radiative interaction. The photodis-  Among our future prospects is the elucidation of the role
sociation dynamics starting from=6 is described by a of isotope effects in the photodissociation of Dand HD',
wave packet that evolves on the lower adiabatic potentialvhich are currently studied in Figger’s group. Another chal-
surface. It has first to skirt around the potential barriefat lenging theory-versus-experiment comparison is the quanti-
=m/2 and end up in the lower energy valley &t 0 or . tative interpretation of the ionization-dissociation competi-
This is why fragments originating from a parent ion in antion in strong field Coulomb explosion processes that are
initial state well protected by a hardly penetrable potentialalso under investigation in Figger’s gro{@6] and have, till
barrier (as forv=6,7,8) are well aligned through the bond date, only qualitatively been interpreted by the charge-
softening mechanism. On the opposite situation are paremesonance-enhanced ionization the[3].

ions in an initial state basically pertaining to the upper adia-

batic potential—ene_rg_y surfaces forv =10,11,12). This sur- ACKNOWLEDGMENTS
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effect is less efficient as the parent ion is prepared at

=1/2 on this surface. The result is clearly understandable in APPENDIX

terms of this vibrational trapping mechanism for=12 _ o ]

[panel(c), Fig. 13. During the rise time of the laser pulse, Thls appendlx is _dev.oted to some geometrical and vector
the parent ion is well trapped on the upper adiabatic surfactelations illustrated in Fig. 2, andr, are the vectors point-
leading to a misalignmerithe bump of theco€ ¢) curve at  ing H and H' in the laboratory frameR andRg defined by
aboutt=>550 fs). There is no noticeable alignment during

the whole duration of the pulse. A second misalignment, R=r;—rp, (A1)
probably due to the nonadiabatic jump, is obtainedt at
=800 fs. Finallyv =9, which is basically not affected nei- Reg=vtu,=3(r;+ry), (A2)
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are the relative internuclear separation and the position of thand its projection oveu, is nothing but
center-of-mass5, respectively(by neglecting the contribu-

tion of the electron The right-angle triangle©0O’'M and ru,—vt]uy2 D—ot
O'M'M lead to UR- Uy= = (A7)
" PP+ (D- 02 [p?+(D—o1)?)2
I3R]1?= p?+(D—vt)? (A3) -
taking into account-u,=D.
and The polar angle® and « positioning H(and M) in the
s o center-of-mass and detector frames can be related using the

[r[|“=p*+ D%, (Ad)  right-angle triangleGM'M:

whereas from the triangl® GO one gets , HH'  pcosa e
cosf= = ,

iR=r—Rs. (AS) 13RI 3R
The unitary vectoug alongR can be easily evaluated using , .
Egs.(A2) and (A3) and Eq.(A5): or finally taking into account EqA3),

R r—uvtuy p COSa

UR:H:[p2+(D—vt)2]1’2’ (AB) cosf= (71 (D— o) 2] (A9)
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