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Tunneling through light-induced molecular potentials in Ar,™
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A photodissociation study is reported on the simply structured molecular igh that is, to good approxi-
mation a two-electronic state systgone bound, the other dissociativender the conditions of this experi-
ment. Nonlinear behavior is manifest in characteristically changed dissociation dynamics as a function of laser
intensity in strong laser fields<(5x 10> W/cn?). Light-induced molecular potentialnolecular dressed
stateg provide a convenient description under such conditions and predict surprising effects regarding molecu-
lar dynamics in a light field. Much care has been taken to assure a meaningful quantitative comparison of
experimental results with numerical simulations. This leads to the identification of dissociation by tunneling
through a light-induced molecular potential well.,Aris generated in a dc-discharge, accelerated, and formed
into a mass selected molecular beéitb keV). For some experiments, molecules are prepared in low vibra-
tional states only, before they interact with a high intensity laser beam at a wavelength of 532 nm. The
momentum distribution of photofragments is measured using an imaging technique for neutral fragments.

PACS numbse(s): 42.50.Hz, 33.806-b, 33.80.Gj, 42.50.Ct

I. INTRODUCTION trol nonlinear behavior in, for example, photodissociation,
choosing the simplest of all molecules; H, is a reasonable
Studying the response of matter to intense light fields haghoice: it possesses a bound electronic ground s@é,
brought about a wealth of new phenomena in atoms anghijle the first excited state?S is repulsive. Other excited
molecules[1,2]. The nonlinear response of molecules 10 gtates are energetically far away from these two lowest
strong fields leads to various new effects that might be exgi tag
ploited to control intramolecular and intermolecular dynam- . merous theoretical and experimental studies have

ICS. Inherent p055|plllt|es of light _mduced molecu_lar poten elped to elucidate the complicated dynamics of molecules
tials created by an intense laser field for the manipulation of . . : : L

g . : : .. In intense laser fields and, in particular, of their simplest
chemical reactions have been recognized in the 19[3&)'s

when the dressed state formalism, originally developed foFepresentatwes H and H,. Theoretical investigations of

atoms[4], was applied to describe the molecule-light inter- NS Prototype molecule have predicted, in addition to the
action. Making use of this intuitive physical model, photo- work cited above, for instance, efficient generation of har-

dissociation of As* was theoretically investigated and, for monics[lZ], anq stabilization against dissociation ?n intense
instance, stabilization against photodissociation in intenséSer fields(for instance, Refs[13,14). The experimental
fields predicted[5,6]. Exploiting features of light-induced Verification of the latter effect usingH15], Cl, [16], and b
potentials, isotope separation by photodissociation ¢f H [17] molecules remains controversial. Enhanced ionization at
andD; [7], and coherent control of the photodissociation of@ certain range of internuclear separation is predicted, for
H,™ using two strong laser fields has been propogled instance, in Refs[18] and experimental evidence has been
instance, Ref[8]) and experimentally observd@]. A fur-  obtained from investigations of [19,17], and recently of H
ther example for the use of intense light fields to controlin intense field$20]. Further recent theoretical work on mol-
molecular dynamics is the altered reaction dynamics of proecules in intense fields, and in particular op Bhd H*
ton exchange between H andg.H his has been suggested to includes Refs[21]. More experiments on Hare reported,
be feasible, for instance, in R¢1L.0]. A scheme for adiabatic for instance, in Refs[22,23, whereas experimental work
transfer of wave packets between molecular electronic state®1 molecules other thanHcan be found, for instance, in
by propagating them on light-induced potentials is presente®ef. [24].
in a recent theoretical studyt1]. On the experimental side, almost all investigations have
In order to gain fundamental understanding of individualconcentrated on neutral molecules. Several experimental
phenomena in intense fields as, for example, nonlineastudies of intense field dissociation and ionization have used
photoionization or photodissociation, it is advantageous tameutral H as a starting point that is ionized and dissociated
reduce the number of degrees of freedom by first studyindpy one laser pulse. This makes the interpretation of photo-
diatomic molecules. Even in diatomics a rich electronicelectron and photofragment spectra in terms of a specific
structure might be an impediment when trying to observdonization and/or dissociation channel of the molecudar
different nonlinear effects separately. In order to first bettemot always unambiguous. Recently, molecular beam experi-
understand and then to use that knowledge to eventually comrents have been carried out that use directly the molecular
ions Ar," and H,* as a starting point for studies of their
behavior in intense field25-28.
*Email address: wunderlich@physnet.uni-hamburg.de Nonlinear effects that occur when coupling any two elec-
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tronic states by intense laser ligttioth of them may also be Il. PHOTODISSOCIATION OF Ar ,*: THEORY

bound statesare expected to become appreciable when the Dissociation of Ag* after net absorption of one photon

laser-induced electronic Rabi-frequenayzap=D-E/% IS will be considered in what follows. First the relevant bound-
comparable to or larger than the vibrational frequengyf  free transition in A;™ is described using the usual treatment
the nuclei € is the applied electric field, arldl the electronic ~ at low laser intensity: Fermi’s golden r(lEGR). Then, non-
transition dipole momen{29]. Thus, to induce appreciable linear effects appearing at higher intensity as deviations from
nonlinear behavior, it is advantageous to choose a moleculeredictions of FGR will be investigated using the concept of
with small w, and large induced dipole momeBtbetween light induced potentials. This leads not only to an intuitive
electronic states. The notion “intense field,” therefore, is todualitative understanding, but also yields a good quantitative
be seen in relation to the molecular states the fietd/l is description of nonlinear photodissociation of,Arin intense

applied to ( is the intensity of the laser fieldWith the Rabi  'aser fields.
frequency being proportional to the square root of the laser

intensity, it is clear that the smaller the vibrational frequency, A. Fermi's golden rule
the lower is the required laser intensity to induce nonlinear The four lowest electronic states of Ar correlating with
behavior. the atomic ground states of Ar and Aare labeledA 23, F,

A well suited object for studying two molecular states BZH , C2I1,, and D22+ in ascending energetic order

coupled by an intense field is At [5,30,3] that possesses, [32]. When irradiating molecules in the electronic ground
similar to H,™ , a bound and a repulsive electronic state. Thestate A 23 ¥ with laser light in the wavelength range from
lowest bound stateA 23 7 of Ar," is characterized by a 480 to 555 ni(as is used in these investigatipnsansitions
vibrational frequency about an order of magnitude smalleto other states thab® 22* can be neglected, since the elec-
than that of H*, and is coupled via a strong transition di- tronic transition momen'w(r) in this wavelength range for
pole momentroughly equal tar/2 a.u. as in H", wherer transitions fromA 22: to II states is at least two orders of
denotes the internuclear separafi¢m the repulsiveD °%;  magnitude smallef33] than for theA?S D ?S ! transi-
state. The light-induced Rabi frequen@g,yi is approxi-  tion. Thus, contributions offl states to the photodissociation
mately equal taw, already at the relatively moderate inten- cross-section are negligible. This has been confirmed in our
sity of 10t° W/cn?. Therefore, one may work in an intensity experiments(Sec. IV A and Ref[34]). Potential curves of
regime where the rate of ionization is still negligible whenthe relevant state ?S | andD ®% states have been opti-
using short laser pulses, which greatly facilitates the interimized using results oéb initio calculations[33] together
pretation of experimental results. The experiments presentatiith available experimental daf85] and our own measure-
here investigate how, by inducing a transition moment bements. This will be detailed elsewheli@4].

tween a bound and a repulsive state ip Ay photodissocia- Starting from Fermi's golden rule, the photodissociation
tion dynamics is modified in a characteristic way in intenseCross sectiowr,, , x (employing light of frequencyo, ) for
fields. the A23 ' -D 22* transition is given by36]

When using light-induced molecular potentiéisolecular
dressed statd®9]) as a tool to interpret molecular dynamics _2Up T U, kl+AU 5
in laser fields, modifications of the dynamics due to nonlin- 7o, vk =442¢10 \/2— |MwL vkl cn?.
ear processes are conveniently visualized. Qualitative behav- Up 1)

ior of molecules in intense fields can be predicted without
having to resort to sophisticated calculations. Quantitativ
predictions are feasible even for realistic experimental situ
tions where, for example, averaging over a large range o haracterized by vibrational quantum numberand rota-
intensities, pulse lengths, and population distributions over;

onal quantum numbeK. The fine structure splitting in the
molecular states is necessary. Other methods would Ofteélround state of AT is denoted byAU, andM is the dipole
require prohibitive computing power under these conditions '

. o AR matrix element between bound and continuum states given
In this publication we show how a quantitative interpre-

tation of results of photofragment spectroscopy on the sim-

ply structured molecular ion Af prepared in a mass se- 0

lected molecular beam leads to the clear identification of a M, ~V'K:f Xv k(N xuy k(F)ps(rydr. 2
particular effect of light-induced molecular potentials: tun- : 0 °

neling through a light-induced potential barrier. The experi-

mental observation of this nonlinear effect has been deX»k(r) andxy  k(r) represent the bound and continuum
scribed first in Ref.[26] and here we present a detailed nuclear wave funcuons respectively. The electronic dipole
account thereof including new evidence that corroborates thmmoment is denoted byt (r) which depends on the internu-
conclusions drawn from experimental data. We shall emphaelear distance. The nuclear wavefunctions have been evalu-
size that in many cases guantitativecomparison between ated by numerical integration of the ScHinger equation
theory and experiment in photofragment spectroscopy is neassing the Numerov methothccurate to fifth order in step
essary to identify effects of light-induced potentidlsPs). size 6r =0.003,, with ay being the Bohr radiysIn all cal-

®rhe kinetic energy of both photofragments is denoted by
Up, andU,  stands for the binding energy of the level
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0 5 10 15 20 > >
20 . . . . Helei ({1 1) = Wil i ({ridhn), (5
./._° "Noe o e o wherer appears as a parameter. Here we restrict ourselves to
NN N A ) . . :
- ./ / ¢ v \/ o/ . a two-state diatomic molecule with potential curwdg(r),
el * i=1,2.
./ o ¥ In a dressed state description of light-molecule interaction
‘E the Hamiltonian of the quantized light field
2 ol 532 nm
> . 1
S / i HL|n)=ﬁwLaTa|n)=ﬁwL(n+ 5]In (6)
= 4
&g 26t _ _ _
? (n is the photon number in a mode of the monochromatic
light field with frequencyw,_ , a' anda are the creation and
annihilation operators of the quantized light fiellecomes
28 D
! part of the total Hamiltonian
0 5 10 15 2 Hior=Th(N) +He({rd, ) +HL+V, (7)
Vibrational Quantum Number
whereV is the interaction term between light and molecule.
FIG. 1. Cross section for photodissociation of,Ar(A®X[ - Again, we look for solutions of
D 223 transition at laser wavelength 532 nfnotational quantum
number K=1). The inset shows diabatic field-electronic states HI®I e(r)y=E;(n)|®F &), i=1.2. (8)
A% +(n+1)he andD %3, +nfiw (compare Sec. Il B Dot-
ted lines indicate diabatic vibrational levels. with |cI)iF+e(r)> being field-electronic states andd
) . =Hyoi—Tn-
culations presented here we have always included tthe- The interaction term becomes in rotating wave approxi-
pendence of the dipole moment in the overlap integraimation (RWA)
M‘”L"”K.' . . . T
For fixed laser wavelength the size of the photodissocia- Verwa=9(r)(ac,+a'o_). 9

tion cross-section is determined by the Franck-Condon-like o . . .
factorM,, , - Figure 1 shows the calculateddependent Hereo. =0, oy (0%, are the Pauli matricgsandg(r) is

. B the coupling constant.
cross segtlonK—l) ata Iasgr Wavelength Of.532 nm. The A molecular transition induced bygya from W, to W,
exponential tail of wave functions of low vibrational states of

he AZS * hes far | he classically forbidd (or vice versa can only occur in connection with the anni-
the A", state reaches far into the classically forbiddenyy,iion (creation of a photon. Consequentli can be writ-
region at large. For the discussion of experimental findings

follow in th ; o hat thi ten as a sum of noncoupled Hamiltonians acting o022
to follow in the next sections, it is important to note that t IS sub-Hilbert-spacebl = = H,, with

produces small but nonzehd factors even for smalb. With
increasing v the overlap between bound and continuum W, (N +(n+1) e, g(r)
wavefunctions reaches a maximum for6 at 532 nm. H,=

For simulating the experiment, the dissociation r&tes 9(r) Walr) +nfioy
needed that is related to the cross sectiohy

(10

For fields containing a large number of photons, for example,
a coherent intense field emitted by a laser withn)/{n)

<1 [4], the dynamics of the molecule-light interaction can
be fully describedwithin the RWA) by considering, for ex-
ample,H , with m=(n) (m s the closest integer to the real
number(n)). The coupling constant

|
R“’L'V’K:U‘”L’V'Kﬁ_wL' (3)

wheref: is Planck’s constant divided by

B. Light-induced molecular potentials 1 > =
N . 9:§|<¢1|D'5|<Pz>|y (12)
The Hamiltonian of a molecule can be written as
Hno=Tn(r) +He({Ti 1), (4  whereD is the electric dipole operator at- Ee, with elec-
_ o _ tric field strength€ and polarization vectoe.
whereTy describes the kinetic energy of the nuclgj, con- DiagonalizingH,, gives the field-electronic eigenvalues

tains electrostatic terms and the kinetic energy of the eleclight-induced potential curves;(r):

trons, and{r,} stands for the coordinates of the electrons.

Separating the motion of electrons and nucl&orn- :1 +£/ 2,22 2
Oppenheimer approximatigrthe electronic eigenvalues and E1dN)=5[Waln) + Ao+ Wolr) 125V 8™ A% wRasy

eigenstates of the molecule are calculated from (12
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Light-induced potential$LIP) do not only provide a pic-
torial view of intramolecular nuclear dynamics, but can be
used to predict, for example, dissociation rates of Amn
intense laser fields by using Landau-Zener type formulas
[37,26. Quantitative results from LIP are expected to be
correct in cw fields, and in pulsed field situations where vi-
brational levels can follow adiabatically the change in shape
of LIP due to variation of the laser intensity, i.e., the relative
change in intensity(dl/dt)/l| is much smaller than the in-
verse of the molecular vibrational periad Under this con-
dition LIP are well defined. For shorter laser pulses, they still
provide a useful qualitative tool aiding in the interpretation
4 55 6 of experimental findings.

Internuclear Separation r (a.u.) The qualitative behavior of the dissociation rate as a func-
tion of the vibrational quantum number can be seen by in-
spection of Fig. 2: vibrational states in the vicinity of the
avoided crossing are no longer bound and will dissociate
easily, that is, these states will have the largest photodisso-
ciation cross sections. This is in accordance with numerical
results from FGRFig. 1): vibrational states in the region of
the avoided potential crossing have a large overlap integral
M, whereas low lying states have only small overlap with
continuum states d ZEJ . Low vibrational states below the
barrier of the lower light-induced potential can only dissoci-
ate via tunneling. Obviously, this will be easier the smaller
the barrier is, that is, with increasing the dissociation cross
section for a given intensity will grow, or equivalently, for

4 4.5 X 55 6 fixed v, the dissociation cross section increases with increas-
Internuclear Separation  (a.u.) ing intensity.

Pot. Energy (units of eV)

Pot. Energy (units of eV)
(S~

FIG. 2. (@) A%S andD ?3 states of A;*. The coupling of
these electronic states by a light field at 532 nm is indicated by the C. Comparison of the predictions of LIP and FGR
vertical arrow.(b) Light induced molecular potentiaE; and E,
(dressed states, shown by solid line$ Ar,™ (532 nm, 5< 10'*
Wi/cn?) and diabatic field-electronic statdbare states, dashed
lines). Dotted horizontal lines indicate diabatic vibrational levels.

In Fig. 2 of Ref.[26] the dissociation rates for some vi-
brational statesK=1) calculated from LIP and FGR, re-
spectively are compared. The rates from LIP are calculated
for =0, ¢ €[0,27) with # and ¢ being the polar and azi-
with muthal angle, respectively between the axis of laser polariza-

tion and the internuclear axi§The electronic transition mo-
S(F)=Wi(r)+ o, — Wa(r) (13 ~ Mentus for tthZEJ—D M transition is parallel to the
internuclear axi3. The cross sections shown, however, are
averaged over solid angle, and, in order to compare the two
rates, the rate derived from FGR, therefore, has to be multi-
plied by a factor 3. For low laser intensity LIP and FGR give
wRabi(r)Ezﬂ_ (14)  the same result for all vibrational states. At high intensity,
h however, tunneling through the light-induced barrierkgf
leads to a dramatic increase in the dissociation rate for low

Diagonal elements of the matrix given in EQO) repre-  vibrational states ¥<3). When the dissociation probability,
sent diabatic potential curves in a light field that cross afP calculated from LIP approaches 1, the ré@éz, saturates
internuclear distance=X. One obtains these diabatic curves at 1/r. Levels withv=5 are characterized by a large disso-
from molecular potentialgV; by shifting the lower of the two  ciation rate in both pictures, FGR and LIP, and high laser
potential curves up by the energyw, of one photon. intensity does not lead to a difference in the predicted disso-
Dashed lines in Fig. 2 represent these diabatic curves fatiation yield from these level®5]. Thus, in order to observe
Ar, ™, the molecule used in the experiments described herghe effect of tunneling experimentally, it is advantageous to
After diagonalizing matrix 10, the degeneracyratX is  have low vibrational states appreciably populated. We do not
lifted and two new adiabatic potential curv& with an  consider here possible stabilization of levels above the
avoided crossing constrain the motion of the nuclei. Theavoided crossing ofE; andE,, since this effect is operative
change of nuclear dynamics due to the light field can beonly in shorter laser pulses than employed in this study.
conveniently visualized as arising from these new light- For high laser intensity, the tunneling rate grows strongly
induced molecular potential curvga6. with increasing laser intensity and the dissociation rate of

and
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Intensity (arb. units)

Vibrational Quantum Number

012345678
(@)
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interaction time between light and molecules is increased at
some fixed intensity below the intensity regime where non-
linear photoabsorption becomes relevant. Thus, the appear-

; LIP ance of low kinetic energy fragments and, consequently a
K | 10 Wiem? shift of the curve’s center of gravity towards smaller energies
\ | —— 10" Wem? is not a specific high intensity nonlinear effect.
[ A 10" W/em® In Fig. 3(b) energy distributions calculated under the

045 05 055 06 06 07
Fragment Energy (units of eV)

Vibrational Quantum Number
012345678

(b)

same conditions as in Fig(&, but now using LIP are de-
picted. Up to an intensity of approximately *t0n/cn? the
spectra are nearly identical with the ones obtained from
FGR. At 10 W/cn?, however, more fragments originating
from low vibrational states appear than predicted by FGR.
This effect becomes more dramatic when essentially only
low vibrational states are populatédot shown in Fig. 3

In addition to the appearance of fragments with low ki-
netic energy, FGR also predicts the broadening of the angu-
lar distribution of photofragments with increasing laser in-
tensity and/or interaction time. For the parallel transition

o - FGR A% — D%y in Ar,", or 255 —23 [ in H,, a distri-
: P — 107 W/em? bution proportional to cd$6) is expected at low laser inten-
5 L == 10" Wem® sity. For increasing laser intensity, the dissociation from

_____ 10 2 N .
107 W/em molecules whose dipole moments make a small afgléth

the axis of laser polarization saturates and the appearance of
relatively more fragments at larger angles is expected. This
has been confirmed experimentally for ,Ar at different
(low) laser intensitiegSec. IV A[34]). The strongly nonlin-

ear behavior of the dissociation rates for low vibrational
states at high intensit{Fig. 2[26]) favors the dissociation of
molecules with their dipole moment aligned along the axis of

N laser polarization. This leads to the opposite effect, that is, a
FIG. 3. Calculated kinetic energy spectrum of IOhOtOfr'E"gmemsnarrowin of the angular distribution at high intensity. Align-
originating from the A2S[-D 2% transition in Ap* (KT 9 9 9 y-Allg

=0.068 eV} for different laser intensities at a wavelength of 532 MeNt of molecules prior to dissociation, in addition, may lead

nm and pulse length 38 pga) Fermi's golden rule.(b) Light- O @& narrower distribution of photofragments. This alignment

induced potentials. may be rationalized in terms of LIP: The angle-dependent
deformation of the lower adiabatic potentia| [compare Eq.

low v-states at high intensity surpasses by many orders 0(111)]’ and consequently the lowering .Of thg adiabatic vibra-
tional states as compared to the diabatic ones creates a

magnitude the one predicted by FGRg. 2[26]). This leads _ o
to the appearance of photofragments of low kinetic energy? d€Pendent potential and the molecules tend to minimize
In order to diagnose this effect of LIP experimentally, it is "€ €nergy in the laser field by alignment with the laser
necessary to monitajuantitativelythe dissociation ratéor a  Polarization.
guantity proportional to jtas a function of intensity, since

the appearance of low kinetic energy fragments is predicted

by FGR, too: At high intensity (18 Wi/cn?, Fig. 3 all

higher vibrational levels are excited to the dissociative Ar," molecules are generated in a dc-discharge, acceler-
D ZEJ state and increasing the intensity even further 10 ated to a kinetic energy),=7.5 keV, mass selected, and
Wi/cn? leads to a relative increase in the number of lowformed into a well collimated beam. A strongly focussed
energy fragments stemming from low levels, that is, the pulsed dye laser beam crosses the molecular beam at right
kinetic energy spectrum of the fragments is broadened toangle and generates charged {Aons) and neutralAr at-
wards smaller energy. The spectra shown in Fig. 3 are obemsg photofragments to be counted by a secondary electron
tained by integration over time and solid angle of E2fl) multiplier and a multichannel detector, respectively. The lat-
using Gaussian laser pulses of 38 ps FWHM at 532 nm anter provides a two-dimensional projection of the three-
a thermal population distribution of rovibrational states atdimensional momentum distribution of the neutral frag-
kT=0.068 eV assuming an energy resolution of 30 meV.ments. For some experiments an additional pulsed Nd:YAG
Kinetic energies of fragments from different vibrational laser is used to depopulate certain rovibrational states before
states(rotational quantum numbe{=1) are indicated by the interaction with the high intensity dye laser takes place.
vertical dashed lines. Such a broadening of kinetic energ§ach of these major elements of the setup is described in
spectra towards small energies is also observed when thaore detail in what follows.

Intensity (arb. units)

(

(

(
[
[Pl L)

(

(

(

(

(

045 05 055 06 065 07
Fragment Energy (units of eV)

IIl. EXPERIMENTAL SETUP
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A2 D2 12 A34 A56 SEM MCP (Ar*) and neutral(Ar) photofragments are generated.*Ar
| ry DL ions are deflected into the secondary electron multiplier
| (channeltrom while Ar atoms continue to travel towards the

1
1
1
i
¥ _D_D———i 1 i_D_D———.. i 7 :} MCP detector separated from the interaction zone by 0.87 m.
Ii— — ___|||i— I SR | B B . .
i v N Two orthogonal stainless steel wires of 2én diameter
— ‘ b ' vl FC2  CCD can be moved across the molecular beam and serve to mea-
Al i | i sure its transverse density profif€¢y,z) in the interaction
&5 b1 l | zone. The density distribution is radially symmetric when the
vt V2 '\ vz o beam is properly adjusted and one finds
L Nd:YAG beam High intensity dye laser beam
\/

Hp=\¥?+2%)=—ap’+B Yp=po. 19

DI"“S"‘“‘” The parametersr and 8 are fixed bya=2n/mpg and B
FIG. 4. Schematic drawing of molecular beam apparhos =2n/m7p3, wherep, is the beam radius)=J/e the number
drawn to scalg lon Einzel lenses are indicated by the letter  of molecules passing through the beam cross section per sec-
deflection platesD; aperturesA; sector magnetS secondary elec- ond, J the measured beam current, aadhe elementary
tron multiplier, SEM; Faraday cugs; Multichannel plates, MCP; charge. For the high intensity data reported belbis mea-
charge coupled devicdcamera, CCD; differentially pumped sured to be 3.0 nA.
vacuum chambel. In order to reduce spatial averaging over the intensity dis-
tribution in the focal region of the laser beam, the radius of
A. lon beam apparatus the molecular beanp, of Eq.(15) beam has been reduced to
An ion source of the duoplasmatron tyf&8] was used to 0.3 mm(compared to 0.7 mm in previous experimef2s])
generate Ay molecules in the ground state?s, viathree Dy replacing the aperturés4 andA5 shown in Fig. 4. Then
body collisions the molecular beam current at the laser interaction zone was
again maximized by properly adjusting the voltages on all
Art+Ar+Ar—Ar," +Ar. deflection plates and ion lenses. Also the ion source param-

] ) ) ) ] eters(in particular the pressuravere modified as to maxi-
Since the vibrational and rotational energy level spacing ofyjze again the beam current at the interaction zone.
Ar,* is much smaller than the average translational energy

of ions in the discharge, energy exchange between transla-
tional and internal degrees of freedom is very efficient, and a
thermal distribution of the populations of rovibrational states lonic photofragments are deflected towards a secondary
is expected39,40. This was confirmed by measurements of electron multiplier where every fragment creates a current
the photodissociation cross section over a wide range gbulse that is amplified and fed into a counter. In addition to
wavelengths which depends sensitively on the rovibrationameasuring the number of photofragments as a function of
populations[34]. Molecules in excited electronic states that intensity and wavelength of the laser light, important infor-
are possibly created in the discharge do not reach the intemation can be obtained from the analysis of the energy and
action zone with the high intensity dye lagdo]. angular distributions of the fragments. The method used here
The ion source is held on a positive potential of 7.5 kV makes it possible that each photofragment contributes to the
relative to the rest of the apparatus to extract ions from theneasurement of these distributions without the necessity of
source and accelerate théRig. 4). An Einzel lens and elec- scanning an energy analyzer or of varying the relative angle
trostatic deflection plates are used to steer the beam throudgfetween laser polarization and detection direction. The fact
the entrance slit of a sector magnet that is(bgtchoosing that neutral fragments are detected makes the method insen-
the appropriate current through the magnet ¢gddstransmit  sitive to stray or patch fields.
only (“°Ar*%Ar) * molecules. Two more sets of electrostatic  Neutral photofragments impinge on two stacked multi-
lenses and deflection plates serve to align the moleculathannel plates of 40 mm diamet@&hevron typg at the exit
beam along the axis given by apertu#s andA6 and the of which a localized electron avalanche is created. The elec-
removable Faraday cup 2 positioned immediately before th&rons are accelerated towards a phosphor screen where a light
multichannel platg MCP) detector at the end of the beam spot appears for each fragment. The phosphor screen in turn
line (lens L3 was not used for the experiments reportedis coupled via fiber optic taper to a cooled CCD chip provid-
here. ApertureA4 has a diameter of 1.5 mm and is sepa-ing an image of the two-dimensional detected distribution of
rated fromA5 by ~40 cm. ApertureA5 andA6 (diameter  photofragments.
~0.5 mm for the experiments reported here, in previous ex- The interaction zone between the tightly focused laser
perimentg25] it was ~1 mm) are spaced apart 12 cm. The beam and the molecular beam is in this experiment to good
molecular beam path between Faraday cup 1 and MCP depproximation a point source for photofragments. In the cen-
tector is shielded against electric and magnetic stray fieldter of mass frame of the initial AF molecules, fragments
using cylinders of copper and of high-permeability metal,having gained velocity during the photodissociation pro-
respectively. A focussed dye laser beam crosses the molecaess are found on the surface of a sphere at any giventtime
lar beam 1.5 cm behind6 (interaction zongwhere charged after dissociation. While the center of mass moves in the

B. Detection of photofragments
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wherer o,=sv/vg. In a real experiment we will not have an
ideal point source for photofragments, instead this image will
be convoluted with the initial distribution of fragments in the
interaction zone between laser and molecular beam.

The maximum energy) 7 a photofragment may have,
in order to be registered by the MCP system is given by

1 max

’ 2
V4
% UBZ"XZE( ) Uo, (17)

s
FIG. 5. The origin of the laboratory frame is taken in the center

of the laser beam focus. The molecular beam travels ixitieec- ~ Where Z;,,,~32 mm is the extension of the MCPs imaged

tion and the laser beam propagates in thdirection having its onto the CCD chip in the’ direction, and we get)g®

polarization along thez axis. Photofragments appear in the lab ~1.3 eV. The relative energy resolution

frame under the polar anglésand ¢. The distance a fragment has

travelled in the molecular frame between the time of dissogiation 5UD/UgaX:[2p5p+(5p)2]/p§]aX (19

and time of arrival at the detector is indicated by the length.of

The primed coordinate system has its origin in the center of theof the image of the fragment distribution varies with the

MCP detector. momentump a photofragment gained in the photodissocia-
tion process. The relative momentum resolut@pr p,ax in

laboratory frame towards the MCP detector at velogify turn is determined by the spatial resolution of the MCP sys-

=\JUg/my,, this sphere expands between0 (time of dis-  tem which yieldsép/pmax=0.01. These results are \(alid.for

sociation andt=t, (time of arrival at the detectpat a rate & perfectly collimated molecular beam. However, its diver-

determined by the velocity = 2Up /mj, of the photofrag-  9ence of about 2 mradull angle) limits the relative energy

ments(here we consider homonuclear diatomics only, with"ésolution to values between 0.001 and 0.06 which gives

kinetic energyU,, of each fragment having mass,,). The ~ dUp=1.3 meV in the center region of the image afidp

density distribution of fragments on the surface of such a=80 meV at the edges. _ o

sphere corresponds to the three-dimensional momentum dis- Brehm et al. [43] showed that the detection efficiency

tribution of fragments generated in the photodissociation”7vce Of the microchannel plates used in this experiment is

process. Thus, at=t, one obtains a two-dimensional pro- 0-43 for Arions at 3.75 keV kinetic energy. Even though the

jection Gy (y'.z') of the three-dimensional momentum dis- Mde of reading out the MCPs is different in the present

tribution F; (1, ¢) (see Fig. 5 for the definition of the coor- study, the overall f:k?tecuon efficiency remains the SE““@

_ or s o i The overall efficiencysnc;, of the channeltron detection
d|nate$. The dlrequon o_f Igser polarization determines aNchain (including ion optics and electronic processingn be
axis of symmetry(i.e., F is independent ofp) of the frag-  getermined by comparing the number of events counted by
ment density distribution that originates in the experimentsne channeltron and the MCPs. Compared to previous experi-

described here from a so-called parallel electronic transitiorpnents[25] nen was improved by changes in the geometry of
(the transition dipole moment is parallel to the internucleatine deflection plates.

axig). This axial symmetry makes it possible to reconstruct
the full three-dimensional3D) distribution from its projec-
tion by applying an inverse Abel transforiil].
The projection of the momentum distribution may be A commercial, modified dye lasétambda Physik LPD
slightly distorted, since the timigy needed to travel from the 3000 pumped by a XeCl laseiLambda Physik LPX 200
interaction zone to the detector depends on the angjlasd  delivers 30-ns pulses of up to 15 mJ energy per pulse and is
¢ under which the fragments appear in the center of massperated at a repetition rate of 15 Hz. Since a complete quan-
framety=s/(vy+v sindcosy) wheres is the distance be- titative description of the results of photodissociation experi-
tween interaction zone and detector. However, here we havaents is desired, much effort had to be devoted to improve
vo=1.34x10° m/s>v~1.5x10° m/s and settingo=s/v, and determine the exact emission characteristics of this dye
has only a marginal effect on the reconstructed momenturtaser.
distribution. The linearly polarized dye laser beam is focused onto the
The 2D projection and 3D original distribution are related molecular beam using a laser monochromat optimized for
by Gy(y’,2')dS,/,,=F4(9)dSy, wheredS; is the respec- diffraction limited focussing(focal length f=20 mm and
tive surface element. Using the above approximation a 3mpertureD=4.5 mm. A CCD camera served to measure the
distribution from a parallel molecular transition followed by transverse intensity distribution of the unfocused laser beam
immediate dissociatiofF ()= cos9] yields the 2D projec- which is well described by Gaussian curves with slightly
tion different beam waists in the andz directions, respectively.
In order to test the beam quality in the focal region, the laser

3 1 7’2 focus was imaged onto the CCD camedjimaging ratio
Gy 2 )= —, (16)  1:97). The result of such a measurement of a single laser
AT 1 P22 2—y'2 pulse is shown in Fig. 6. The insets in Fig. 6 depict a cut

C. Laser

rmax
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were taken with a focused laser beam characterized by
w,(0)=2.6 um andw,(0)=2.3 um (wavelength 532 ni

Meaningful experimental photodissociation data requires
100 averaging over a large number of laser pulses. The repeat-
ability of laser beam parameters is thus of importance. Varia-
tions in laser beam parameters have been evaluated by re-

i cording the transverse intensity profile of many laser pulses
— Gauss Fit w, =0.37 mm and fitting each of them with a Gaussian envelope. The
variation in laser pulse energyneasured using a calibrated,
NIST-traceable pyroelectric detectoand beam diameter
from pulse to pulse is below 3%standard deviation At the
location of the focussing lens, the intensity distribution had
its peak value withint0.1 mm.

The temporal intensity profile of the dye laser pulses de-
pends mainly on the operating parameters of the excimer
pump laser(discharge voltage, repetition raté-or each ex-
perimental run the temporal intensity profile is recorded us-
ing avalanche photodiodes in connection with a fast digitiz-
ing oscilloscope(sampling rate 1 GHz The spatial laser
beam profile, too, is constantly monitored during data taking.

_ o _ The transit time of molecules through the focus of the

_ FIG. 6. Transverse |ntenS|ty distribution of a smgle_ Iase_r pulsqaser beam is much shorter than the dye laser pulse length.

in tlhe center of the laser focus |mageq onto a CCD caitieraging Thus, the length, @(y)=2w,(y)/v and temporal shape,

ratio 1/97. The inset on the upper right shows a cat=(const) :

through the intensity maximum and a Gauss fit of the measure(lj'\"(t) of the laser pulses e_xper_lenced by the r_nolecult_as de-

data. The left inset shows in addition the calculated intensity distri-pend to Very 990d appro?qm_athn o.nly on their velocity

bution (labeled “Airy” ) taking into account diffraction at the finite and the Sp,at'al intensity distribution in the focus of the laser

aperture of the focussing lens. beam. Usingv=1.34X 10° m/s, wy,=2.6 pm, and the
intensity distribution given above, we obtairiy2y)=38.8

_0 o2 0
along the straight ling= const(same coordinates as in Fig. ps and Iu(D)=Iy(y.z)exp(-27) where Iy(y.2)

— 2
5) through the maximum of laser intensity together with a=|0(y)exq_222/WZ.(y) ) . ]
Gaussian fit and the calculated intensity distribution. The fit _ FOr Some experiments an additional pulsed Nd:YAG laser

using 1(x,2)=14(z=0)exi—2x%w,(0)] gives w,(z=0) (Spectra Physigsoperating at 532 nm is used to deplete
-0 37/97:’3 8 um, whereas the Xcalculated valtle for the certain rovibrational levels of the electronic ground state
waist is 3.7um assuming propagation without diffraction. A A2, before the molecules interact with the high intensity
more realistic calculatiof4?] takes into account diffraction dYe laser eeam. The Nd:YAG beam is expanded to a diam-
at the aperture of the focussing lens. The dashed line in th@ter of mw, ~50 mm and then focused by a cylindrical lens

left inset of Fig. 6 shows the result of such a calculatian ~ (fy=350 mm having its nonfocusing axis oriented parallel
the lensw,=0.90 mm, wavelength =513 nnj to be com-  to the molecular beam. The laser beam intersects at right

pared with the Gaussian fit. angle the molecular beam before apertus@sandA4 (Fig.

It can be showricompare Ref[42]) that diffraction at the 4)- The distance between cylindrical lens and molecular
finite aperture of the lens leads to an intensity distribution inb€am is adjusted such that the laser beams smaller diameter
7wy =1.6 mm, which is about the same as the diameter of
the molecular beanil.5 mm where both intersect. For the
experiments described below, laser pulses having a FWHM
sin(uy) 2 of 6 ns and average energy 38 mJ at the location of the

uy ) (19 molecular beam were used. Exact timing between pulses of

the Nd:YAG laser and the dye las@nd the electronics used
for detection of the photofragmentss achieved by using

&
S

Rel. Intensity
Rel. Intensity

200

150

100

Rel. Intensity

W
(=]

the focal region in propagation directiog lirection of the
laser beam described by

|o(Y)=|o(0)(

with avalanche photodiodes for detection of the laser beams and
om(D\21 precise delay and pulse generators. The time delay between
u= _<_) —, (20 Nd:YAG laser pulse and dye laser pulse is adjusted such that

A \2f) 8 molecules that interacted with the Nd:YAG laser beam in its

o ) ~center(in the x direction then interact with the focused dye
wherey=0 lies in the center of the focus. When simulating |gser.

the experiment numerically, a transverse Gaussian intensity
distribution(obtained from a fit to the measured distribution
and expressior{19) for the distribution in they direction
have been used: 1(x,y,z)=Iq(y)Xexd —2x%/w(y)? The simulation of the photodissociation experiment, i.e.,
—27Iw,y)?]. The high intensity data given in Sec. IV B the calculation of the number of photofragments from a

D. Simulation of the experiment
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given vibrational level under laser irradiation proceeds asre given for the data discussed in Sec. IV B. Most of the
follows: the energy eigenvalue of this vibrational level for a molecules experience, however, a lower intensity in the focal
given rotational quantum number is obtained by numericallyregion.
integrating the time independent Sctimger equation for Some experiments require the use of an additional laser to
theAZEJ state. Then, the dissociation rate for this level isdepopulate high vibrational states. This laser beam is not
calculated as a function of laser intensity using either LIP oifocused in thex direction and only weakly focused in tize
FGR. The rate is plugged into a differential equation for thedirection at the location of the molecular beam, so that its
number of molecules present in the laser field variation in intensity in thec andy directions over the range
of the molecular beam can be neglected. Starting with a simi-
dN, ., k(D==N, ,(OR, ,k((),0)dt. (21) Jar differential equation as E¢21) and integrating over the
time the laser pulse of enerdyis on, we get

After replacingdt by (1/)dx (the molecular beam travels in

. . . . . 1 (cosé 4
the>§ d|rect|on with veIOC|tyv) Eqg. (?1) is integrated over AN, (== lduf dzNz)
spatial coordinates and solid angle: " T J cost, -z
1 (po [2:3n(y) [ N 2B Yy2
_ 0 X _ 2 2(zlw,) (24
NwL ,v,K 77,[0 J JO NV,K(y’Z) GX% SUV’KU hC WZW}e ( )

0
1 [23w(y) . . . .
X ex _f R(x,y.z,6)dx | sinadgdzdy. For a given rowbratpngl state thg fra'CtIOBN,,V.K (0
v J —2.3un(y) <AN,=<1) of its original population in the interval
[64,0,] remains and interacts with the high intensity laser
beam further down the molecular beam line. Tyreand

i o o ) z-dependent distribution of molecules has been integrated
The dissociation rat® is intensity dependent and thus de- overy and normalized to obtain

pends on the location of a molecule in the focal region of the

laser beam. Furthermore, an integration over the temporal 8 1

profile of the laser pulse has to be carried out. Integration N(z)= __(2(2)_22)3/2 V< 275=po.
limits have been chosen to include 99.99% of laser intensity. 3 7723

The number of molecules per unit area in rovibrational state
with quantum numberg andK that pass through the laser
beam during one laser pulse with lendthis given by

(22

IV. EXPERIMENTAL RESULTS
A. Results at low laser intensity

0 . 1 _(D.— For the interpretation of experimental results in intense
Nok(y,2)=T(p= y2+22)t'-2 ; (2K+1)e" et laser fields it is necessary to kno@) which of the four
(23) lowest electronic statg82] of Argr interact with laser light
at 532 nm(ii) the potential curves of the relevant electronic
with dissociation energy, of the A 23 F'state, Boltzmann states,(iii ) the magnitude of the glectronic t_rgnsition Qipole
constantk, temperaturedl, andZ is the partition function. momenty(r), and(iv) the occupation probability of rovibra-
For the laser pulses used in this experimert30 ps tional levels of the electronic ground staﬁéEJ . Photodis-
FWHM), the energy eigenvalues of the vibrational levels fol-sociation studies at low laser intensity at various wave-
low adiabatically the change in shape of the lower HP lengths yield all of the desired information. Some results of
i.e., the initial diabatic vibrational level ends up as a singlethese studies are outlined in what follows, and a detailed
adiabatic level off; once the intensity has reached its peakaccount will be given elsewhef@4].
value (other vibrational levels are not populated during the (i) Transitions induced by a light field at 532 nm from
turning on and off of the laser pulseThis is the case, as A°Y, to one of the dissociative statBsIIy or D ° lead
long as the relative change in intensftyll/dt)/1| is much  to characteristic angular distributions of photofragments. For
smaller than I, which is always true for the laser pulses the parallel transitiorA °%; —D 3 the distribution func-
employed in this experiment. Also, the shift in energy oftion is proportional to cd%6), whereas for the perpendicular
adiabatic levels compared to diabatic levels at the peak intransitionA 23 —B 2Hg the dissociation probability is pro-
tensity in the lower LIPE; is small. Even though the disso- portional to sif(6) (6 is the angle between the direction of
ciation rate of a particulaw,K level at certain intensities laser polarization and internuclear gxig\ distribution of
may be changed by such a shift in energy, the result of théragments due to a perpendicular transition would have its
numerical simulationafter averaging over many states  intensity maximum in the centdrlong the straight line’
not affected visibly, and the conclusions drawn from this=0) of the 2D detector. The c&®) distribution from a par-
simulation are not altered. By inspection of Fig. 2 one no-allel transition on the other hand, has zero intensity along
tices that the deformation d&,;, and consequently the shift this line. Thus, the respective contribution of each transition
of low vibrational levels is small in the intensity range of this to the total photofragment yield can be clearly distinguished
experiment(as is customary, experimental peak intensitiesby measuring the angular distribution of photofragments.
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Fitting the angular distribution obtained after performing x 10°
an Abel-transform of the original dataot shown recorded
with an unfocused laser beam at 495 nm at a peak intensity o015
of 2x 10* W/cn? using

1 8 oo M
Fp(9)=7—| 1+ 5(3cos9-1) (25) & b

0.005

gives3=1.99+0.02. For immediate dissociation following a
parallel molecular transitiofB=2 is expected. In that par-
ticular case, Eq(25) reduces td () = (3/4) cog(9). For

B=—1 expression(25) yields F _ ()= (3/8m)sir(9), the ~0.005

angular distribution of photofragments from a perpendicular LW . -
transition. Increasing the laser peak intensity tex 20° 507 \ b L
Wi/cn? results in a fitted value g8=1.48+0.03, that is, the Ly

angular distribution becomes broader at higher intensity,
since the dissociation from molecules whose transition mo-
ment make a small angle with the laser polarization starts tc Lo
saturate. HereB<2 is not due to a contribution from a e P P
perpendicular transition, since at the center of the detecto! ! ;

there are still no fragments prese(fo be more precise, the

number of fragments registered in the center is still at th(?ion of neutral fragments from the photodissociation of Aat the

noise level) _ _ 0
laser wavelength 532 nm and peak intensity>510'2 W/cn?. p,,
These measurements show that for the relevant lasey g P Yo Py

e et > ) ndp,, indicate the projection of the original fragment momentum
wavelength the transitio <% | —B “Il; is strongly sup- g, they’ andz’ axes, respectively, in units qf, = yma Ug, the
pressed and treating AT in this study as a two-electronic momentum of the fragments perpendicular to the detector surface.
state system is an excellent approximati@n. The energy
distribution of photofragments together with rgsults f_rom NU-  The number of photofragments originating from multi-
merous previous studies on Ar [35,33 provide reliable  pnoton dissociation is negligible compared to the number of
potential curves for thé\?X; and D ?X states.(ii) and  molecules having absorbed one net photon. This is deter-
(iv) Measuring the absolute cross section for photodissociamined by measuring the momentum distribution of neutral
tion over a range of wavelengtig85—-550 nm gives the  photofragments. Figure 7 shows the two-dimensional projec-
magnitude of the transition dipole momepts between tion of the momentum distribution of neutral fragments at
A?3; andD ?Y in the relevant range of internuclear sepa-peak laser intensity 5:102 W/cn?. Since the image is
rationr (the functional dependence gfy depends linearly symmetric with respect to the axes=0 andy’=0, the
onr as is shown in severalb initio calculations[33]). In  signal-to-noise ratio may be improved by folding the image
addition, the rovibrational population distribution relevantfirst along the straight line’=0, then alongy’=0, and
for previous high intensity experimenf85] has been deter- finally unfold it again, that is, adding up the four quadrants in
mined from these cross section measurements. It has beéte prescribed way and then dividing by 4. This operation
shown that the population followed a Boltzmann distributionyields the image shown in Fig. 7.
at a temperature correspondingki®d=0.10 eV[34]. For the Higher order dissociation would lead to the appearance of
derivation of the population distribution only the relative higher energy fragments which are not observed in the ex-
variation of the cross section with wavelength is relevant, noperiment. The molecular beam velocity that determines how
its absolute value. far fragments of a given kinetic dissociation energy can
travel in they’ andz’ directions before they hit the detector,
and the distances between interaction zone and detector are
adjusted such that the detector surface is optimally filled, i.e.,

Processes that could possibly interfere with an unambigufragments with kinetic energy from one-photon dissociation
ous interpretation of results of this photodissociation studytravel up to the edge of the detector in $edirection. This
are multiphoton dissociation of Af and ionization of either ensures high-energy resolutiécompare Sec. Il Bfor one-
Ar," or of its photofragments. Multiphoton ionization would photon dissociation. If dissociation after the net absorption of
change the ratio between the number of detected charged antbre than one photon would take place, then the main peak
neutral photofragments, respectively with changing laser inof photofragments, for instance, from two-photon dissocia-
tensity (for ideal, i.e.,»=1, detectors this ratio would equal tion would lie close to the edgez{( direction beyond the
one at low intensity. By monitoring the neutral and charged detector. Fragments from molecules with < /2 would,
fragment yield simultaneously, it was shown that ionizationhowever, be visible on the detector, and, since the dissocia-
does not play a role in the present experiméfig. 4 in  tion probability increases witly, the detected number of
Ref. [25]). fragments would increase towards the edge of the detector.

P, (units of px)

-0.015

Fragment Density (1/p5)

FIG. 7. Measured 2D projection of the 3D momentum distribu-

B. High-intensity data
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6 The solid line represents a simulation of the experiment
using LIP with experimentally determined parameters. The
5¢ ®  Ar-atoms § population of rovibrational states is Boltzmann distributed at
A Ar'-ons a temperature corresponding kd'=0.068 eV. Laser and
4 — Theory:LIP / molecular beam profiles are as described in Sec. Ill. The
— — - Theory: FGR 4

dashed line shows the result of a simulation using FGR
which only slightly underestimates the experimental data.
Changes in the operating parameters of the ion source
compared to previous experiments, make it necessary anew
to determine the rovibrational temperature of the molecular
ions. Previouslyf25,34], this has been achieved by measur-
ing the variation of the cross section for photodissociation
with laser wavelength at low laser intensity. Now, we simu-
late directly the high-intensity experiment and adjust the
log,q [Peak Laser Intensity (10'* W/cm?®)] temperatureT to be in accordance with detection efficiency
p7IMCP' The number of photofragments at a given laser inten-
§ity and wavelength depends sensitively on the Boltzmann-
laser pulses per data point, indicated by circlesd the secondary distributed_ population of rovibrational states and, thus, varies
electron multiplier(triangles after irradiating As* with laser light strongly with temperature. Therefo,re’ the correct temperatu_re
at 532 nm. The rovibrational population of the molecules is Boltz-N@S bgen det'e'rmlned, when the Sllmullated curve scaled. with
mann distributed akT=0.068 eV. The solid line shows the result detection efficiencyznycp=0.43 coincides with one arbi-
of a numerical simulation of the experiment using light-inducedtrarily chosen reference data point at laser intenkityAl-
potentials to calculate dissociation rates of ArThe dashed line is ternatively, allm data points may be taken into account by

Photofragments / Laser Pulse

1

FIG. 8. Total number of photofragments registered by the MC
detector(integrated over angle and energy, averaged over 1500

the result of a simulation using Fermi’s golden rule. determining the minimum of the variance
m
Such an increase is not observed, on the contrary, the num- 1 ex theory | \12
' ' Vi=— NeH(1) — N I 26
ber of detected photofragments goes to zero towards the edge T m ;1 [NTHED) = rmaceNT=A10)] (26)

of the detector, and we conclude that two- and three-photon
absorption are not relevant in the intensity regime studied
here. These experimental findings are consistent with calctgs a function ofT. This was done here. The experimentally
lations (solving the time-dependent Sckiinger equation for ~determined number of neutral fragmefdgcles in Fig. 8 at
Ar," in ps laser pulsesby Schwendner, Seyl, and Schinke laser intensityl; is denoted byN®®(1,), andN¥®"(1,) indi-
[31]. cates the simulated number at this intensity for temperature
The further analysis of the measured momentum distribuT. Extracting T from the present data on the basis of the
tion requires to perform a numerical Abel transform of thesimulation with FGR leads almost to the same result. How-
experimental data. This transform is rather sensitive to noisever, a detection efficiencyc,=1.25<10 2 would be re-
present in the original data and results obtained from theuired for the simulation to also be consistent with the data
present data do not yet yield reliable information on detailsegistered by the secondary electron multiplier.
of the energy and angular distribution at high laser intensity. The data in Fig. 8 agree well with the predictions of LIP,
The data taken at low laser intensity have a signal-to-noisevhereas FGR underestimates the number of fragments pro-
ratio which is by about a factor 10 better than for the high-duced at laser intensities above!32W/cn?. However, there
intensity data. At low intensity the laser beam is not focuseds only a small deviation in the predictions of the two theo-
and the complete molecular beam is illuminated, whereas attical concepts.
high intensity the tightly focused laser beam reaches only a In the FGR picture, the yield of photofragments for a
small fraction of molecules in the beam. In future experi-given vibrational state at given laser intensity is proportional
ments a better signal-to-noise ratio for the momentum distri{as long as it does not saturat® the dissociation cross
bution data is desirablévhich is most easily achieved by section times the relative population of this state. The cross
using a laser capable of delivering pulses of higher energy section in turn is mainly determined by the overlap integral
In what follows, we shall concentrate on the total yield of M [Eq. (2)] which is largest for levels around the crossing
photofragments, integrated over energy and angle, as a funpeint of the diabatic curves in Fig. 1. If LIP are considered,
tion of laser intensity. then, too, the main contribution to photodissociation is ex-
The total number of neutral photofragments per lasepected from just these levels in the vicinity of the avoided
pulse registered by the MCP detector at 532 nm is shown icrossing(Sec. 11 Q. Thus, for rovibrational distributions of
Fig. 8 (circles. Also shown are the number of ionic frag- the molecular population where mainly these levels contrib-
ments (AF) registered by the secondary electron multiplierute to the photodissociation signal, FGR and LIP lead to
(triangles. The latter data points have been scaled by a facpredictions that are not easily discernible experimen{alibe
tor pucp/ ncp=0.43/1.16< 102, in order to display the two also Fig. 3a) of Ref. [26]]. Averaging over the intensity
data sets from detectors with different detection efficiencieglistribution in the laser focus, in addition, will diminish the
in the same graph. effect of tunneling on the total signal.
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the data presented here does not hinge on the exact value of
the absolute detection efficiency of the secondary electron
multiplier 7cp,=1.16<10 2. Even if it had not been deter-
0.04 ¢ A -7 mined correctly, it would not be possible to consistently de-
- scribe both, the data in Figs. 8 and 9 using FGR. The best
003 e possible agreement between experimental data in Fig. 9 and
o Ardoms the simulation using FGR would be obtained, if the simula-
—— Theory: LIP tion were scaled with a factor 1.4110"? which is at vari-
— — - Theory: FGR ance withyc,=1.25x 10 2 determined from the data in Fig.
0.01 8 under the assumption that FGR were correct.
Even if the value forpycp Used here were grossly wrong,
0 R the main results of the_data_l analy_sis would not be affected. A
_ o s different value ofypycp implies a different value of the tran-
Peak Laser Intensity (10™ W/em’) sition dipole momentuy that is determined from measure-
ments of the absolute cross section for photodissociation at
electron multiplier(averaged over 16 000 laser pulses function \/lanous laser Wavelgngths and low intensity. If, for example,
of laser intensity after irradiating At with laser light at 532 nm.  7mMcP equaled O'_23f instead of 0.43, the value foy used
An additional laser was used to depopulate high vibrational stateB€re had to multiplied by a factar0.43/0.23(the cross sec-
(v=5) before the interaction with the high-intensity laser. Thetion is proportional tqu%) which would yield a value fops
solid line again is the result of a numerical simulation of the experi-close to the upper limit set bgb initio calculations[33].
ment using light-induced potentials, and the dashed line result€onsequently, the temperature determined from the high
from a simulation using Fermi’s golden rule. The effect of tunnel-intensity data in the way described above would be 0.090
ing of low vibrational states through a light-induced potential bar-eV. Carrying out the data analysis as before would again
rier is clearly visible. give only a small difference in the predictions of LIP and
FGR for the data shown in Fig. 8. However, the ratio be-
Both, averaging over the thermal rovibrational distribu-tween the predictions of the two models at an intensity of
tion of the molecular population and over the spatial inten-5.11x 10*? W/cn? would be 1.32 under the same experimen-
sity distribution of the strongly focused laser beam tend tatal conditions as the data of Fig. 9 was taken, that is, this
cover up new nonlinear effects in strong laser fields. In orderatio would be even larger than for the curves shown in this
to clearly identify tunnel dissociation predicted by LIP, it is figure, and the measured data coolily be reasonably de-
advantageous to have only vibrational states below the discribed using LIP, even if a different value faj,cp were
abatic crossing populated. The predictions for the dissociadsed.(The same conclusion holds true,sjf,cp were greater
tion rates of FGR and LIP differ by orders of magnitude forthan 0.43)
these levels, and even after averaging over the intensity dis- Thus, a consistent description of low-intensity data and
tribution in the laser focus a clear difference in predictionshigh intensity data with two different population distribu-
remains[Fig. 3(b) in Ref.[26]]. tions of rovibrational states requires the use of light induced
For a further series of experiments an additional Nd:YAGmolecular potentials. At high laser intensities, tunneling
laser at 532 nm is used to depopulate high vibrational statethrough light induced potentials leaves a clear fingerprint on
before the molecules reach the interaction zone with théhe experimental data in Fig. 9.
tightly focused high intensity laser beam tuned also to the
v_vavelength 532 nnﬁSecg. [l D. gnd [l G. These investiga- V. CONCLUDING REMARKS
tions concentrated on intensities above'1W/cn?. The
number of ionic photofragments detected by the secondary A mass selected beam of Ar serves to study photodis-
electron multiplier as a function of laser intensity is shown insociation of this simply structured molecule in intense laser
Fig. 9. Again, the solid line represents a simulation of thefields. Only two electronic states, as inH are relevant in
experiment using LIP and the dashed line shows the result dhe wavelength range used here. Since the vibrational fre-
a simulation starting from FGR. Here, we find a distinctive quency of Ap* is about an order of magnitude smaller than
difference in the predictions of LIP and FGR, respectively.for H,", nonlinear effects in photodissociation—induced by
At high intensity, the experimental data deviates more andhe light field coupling a bound and a repulsive state—occur
more from the FGR curve, is, however, in good agreemenalready at relatively moderate light intensities where, in par-
with the simulation using LIP. FGR predicts for low vibra- ticular ionization is not of importance. Tunneling through a
tional states small dissociation rates, whereas in the LIP pidight-induced potential barrier in molecules exposed to high-
ture molecules in low states may tunnel through the light- intensity laser fields has been observed. Light-induced mo-
induced potential barrier the easier the higher the laselecular potentialg(LIP) molecular dressed stajedo not
intensity becomes. At a peak intensity of, for example,only give intuitive insight into processes in strong laser

0.05

002 -

Photofragments / Laser Pulse

FIG. 9. Number of photofragments registered by the secondar

5x 10t W/cn?, the lower adiabatic potential welf; still  fields, but also provide a quantitative description of this pho-
supports the four lowest vibrational states which, howeverjodissociation experiment on a diatomic molecular ion.
exhibit a large tunneling rate and thus @&geias)bound. The quantitative comparison between experimental photo-

The conclusion that only light-induced potentials describedissociation yield and the prediction of Lifhat takes into

023401-12
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account nonlinear effedtsn a previous study25] showed higher intensities. These deviations, signatures of LIP as ob-
good agreement, too. It came as a surprise when comparirsgrved in this study are in many other photodissociation ex-
the experimental data of Rgf25] to the predictions of Fer- periments too of quantitative nature, and thus, need a quan-
mi’s golden rule(FGR—which is not expected to be valid at titative analysis. If experiments as testing ground for
high laser intensity—to find that this theory, too, even quantheoretical predictions are taken seriously, it obviously
titatively agrees with experimental results. Here, it is shownwould not be necessary to conclude that a “new” theory
that not only the total yield of photofragments, but also(here LIP is valid—even if the experimental results are con-
qualitative features of their energy distributi@re., the ap- sistent with this theory—if these results were explicable in
pearance of low kinetic energy photofragmensspredicted terms of an “old” theory (here FGR. The comparison of
by FGR and thus cannot be taken as evidence for LIP. Onlphotodissociation yields with predictions of FGR on one
a quantitative analysis of the experimental data might reveatand and LIP on the other should be understood in this
that the observed number of low-energy photofragments nesense. Another intriguing feature of LIRappingin a light-
cessitates a new theoretical description. induced potential well and thus, stabilization against disso-
We donot assert that FGR—under any circumstances—iiation in an intense field, will be at the center of future
the correct theory at high laser intensities. However, wherexperimental studies using this molecular beam apparatus.
investigating the photodissociation process as a function of
laser intensity, in order to experimentally diagnose LIP that
might play a roleabovea certain intensity, it seems obvious
to start atlow intensities, where FGR is a valid description,  We gratefully acknowledge technical assistance by W. Si-
and look for deviations from the predictions of FGR atmon, K. Linner, and H. Brckner.
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