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Energy Partition among Fragments and Electrons in High Field Dissociation
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(Received 17 December 1991)

We present an experimental investigation for chlorine molecules and their atomic fragments in which
high field molecular dissociation is followed by fragment ionization. It is shown that the intensity depen-
dence of the photoelectron and atomic photofragment energy spectra provides a direct measure of the
fragments' ac-Stark shift. Furthermore, we observe an unusually strong above-threshold ionization pho-
toelectron series associated with the two-photon ionization of the excited chlorine fragment. This implies
that the fragments are experiencing field strengths in excess of the "low field" saturation intensity.
These results are compared to a single-channel quantum-defect calculation.

PACS numbers: 32.80.Rm, 33.80.Rv

It is well understood that under proper laser frequency
and intensity conditions, atomic energy levels and ioniza-
tion potentials (IP) shift [1]. Except for the very short
pulses [2], these changes are usually not directly measur-
able due to the energy gained by the freed electron as it
slides down the laser field gradient via ponderomotive ac-
celeration [3]. Thus, the net change in detected electron
energy is zero under adiabatic conditions, i.e., when the
laser intensity is changing at a rate slow compared with
the electron travel time through the interaction region.
Both ponderomotive suppression and ac-Stark-shifted res-
onances [1,2] are good indications of energy levels shift-
ing proportional to the laser intensity. The shift of ener-

gy levels results in similar effects in the case of molecular
ionization [4]. Moreover, if molecules can dissociate
through one of these states, this same shift should also
influence the kinetic energy of the dissociating fragments.
We report in this Letter the observation of laser-
intensity-dependent changes in the atomic fragments' ki-
netic energy which have not been reported to date.

In this paper, we will present an investigation of the
high field physics associated with the scenario in which
both the dissociation of the molecule and the subsequent
ionization of the neutral atomic fragments originate from
the same superexcited molecular potential. This study
focuses on the effect the molecule-field interaction has on
the redistribution of energy from ponderomotive or ac-
Stark shifts among the electrons, the nuclear fragments,
and the field. An experimental study of chlorine mole-
cules and fragments will be presented and interpreted
within this framework. This differs from previous studies
[4] which treated ionization and dissociation processes
separately. Moreover, since the dissociation process is
quite nonlinear, the excited atoms that are formed experi-
ence intense radiation fields higher than the "low field"
saturation intensity. The low field saturation is defined as
the maximum intensity an isolated atom can experience
before it becomes ionized and is dependent upon the dy-
namics of the laser pulse [5]. This low field saturation
problem has become more relevant in connection with the
prospects of observing intense field stabilization. One

way to counter this problem is the use of extremely short
laser pulses (few fsec) [2] to increase the saturation flux.
Another technique has been demonstrated separately by
Jones and Bucksbaum and by Stapelfeldt et al. [6]. They
have found that the relationship between the Rydberg or-
bit time and pulse duration can effectively stabilize states
against ionization. We, on the other hand, demonstrate
in this Letter that if the atoms are formed as a result of a
highly nonlinear molecular dissociation process, the laser
field reaches its peak value by the time the subsequent
ionization takes place, thereby avoiding the problem of
premature ionization. Thus, a molecular precursor
affords the opportunity to study atoms in unusual cir-
cumstances.

Second-harmonic radiation from two different laser
systems, described elsewhere in detail [7,8], are used.
One of these is a 10-nsec g-switched Nd:YAG and the
other is a 50-psec Nd:YLF regenerative amplifier gen-
erating 1064- and 1053-nm pulses, respectively, in the in-
tensity range 5X10" to 5&10' W/cm . The two lasers
aid in the assignments since we are able to study the mol-
ecule at two slightly diff'erent wavelengths and saturation
conditions. The investigations consisted of time-of-flight
(TOF) electron and mass spectroscopy under ultrahigh
vacuum conditions. Complete data sets were taken at
both wavelengths and resulted in similar TOF structure.
Excited Cl atoms were prepared by the five-photon exci-
tation of C12 above the ionization limit, as shown in Fig.
l. At this point the superexcited [C12] molecules can
ionize or dissociate with similar rates [9] due to the de-
tails of continuum structure. Direct neutral dissociation
occurs via the 3 H„Rydberg state which has been
identified [9] to converge onto the 8 II„ ionic state, pro-
ducing chlorine atoms in the ground and excited PJ
(3s 3p 4s) states. Once the PJ state of the Cl atom is
formed, it can subsequently ionize, producing a photo-
electron.

Figure 2 shows the photoelectron spectrum of C12 at
3X10' W/cm . The molecular ions which are formed
via five-photon ionization dominate the total population
(lowest-energy peaks). The six-photon and higher-order

1992 The American Physical Society 3519



VOLUME 68, NUMBER 24 P H YSICAL REVIEW LETTERS 15 JUNE 1992

6 hv 7 hv

I

U8
P

CI + Cl
120

2 hv

5/2 1/2
I
I
I

U~c Cl+ Cl ( P j

E 4P

IP CC
CO

4P

3 0 V

3 hv

X 10

4 hv

I I I

1

Cl+ Cl

0
D0

R (arb. units)

FIG. l. SoSome relevant potential energy curves for chlorine
molecule and their dissociative limits. The terms labeled are
t ose relevant to equations in text. The d h d 1'

e -s i ted potential curves. For simplicity, the ac-Stark shift
is s own independent of internuclear distance but the field
shifts could be R dependent.

above-threshold ionizations (ATI) of C12 are observed
with relatively lower magnitude. At the highest intensi-
ties (not shown), the electron spectrum shows a series of
peaks assignable to the six-photon ionization and associ-
ated ATI of ground-state atomic chlorine. Details of
these transitions will be discussed in a future more de-
tailed paper. The most interesting part of the spectrum,
however, are the relative amplitudes and positions of the
peaks at 0.77, 3.13, and 5.49 eV, originating from the
two-, three-, and four-photon ionizations of the excited-
state ( Pj) Cl atoms. These peaks are found to be shift-
ed towards higher energies and the magnitude of the
shifts varies approximately linearly with laser intensity,
as shown for the lowest-energy peak (open circle) in Fig

Ionization of PJ Cl atoms requires an absorption of
two photons and the unshifted electrons that emerge have
kinetic energies of 0.67, 0.73, and 0.77 eV from J= —'

d —'
2

2, and 2, respectively. These independent peaks form a
contour due to the limited resolution of our spectrometer
and due tue to the spatial averaging of the laser intensity dis-
tribution in the interaction volume. We h 1e ave simulated
the profile of this contour assuming statistically populated
fine-structure components, a Gaussian line shape for indi-
vidual peaks, and a spectrometer resolution of 60 Vme

e maximum from simulation occurs at 0 69 eV
whereas our spectra show electrons at higher energies. If
P CliJ is assumed to be populated in a single J, e.g. , the

level only, the experimental shifts in Fig. 3 will be-
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FIG. 2.G. 2. Photoelectron spectrum of chlorine with 527 nm ra-
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expecte electron energy peaks from the unperturbed J levels
while the molecular peaks show the different unperturbed vibra-
tional states of the CI2+ ground state.
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FIG. 3. Photoelectron (open circles) and 4P chlorine frag-
ment (solid circles) kinetic energy shifts as a function of 527
nm laser intensity. The typical error associated with the elec-
tron and mass spectrometer measurements are shown by the
vertical bars. The dashed line shows the calculated SQDT ac-
Stark shift of the Cl atom's P state. The solid line results as-

suming a pure ponderomotive shift and provides a line of refer-
ence for the reader.

come larger by 10% to 20%. Moreover, our simulations
or t e PJ peakgive a linewidth of 115 meV (FWHM) for the P

compared with the experimentally observed width of 120
meV. The widths of similar energy peaks in xenon were
found to give a spectrometer resolution of 60 meV. This
additional broadening supports the assumption of a distri-
bution of fine-structure states.

Figure 4 shows the TOF mass spectrum of Cl atoms
formed via dissociation of a C12 molecule through the
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FIG. 4. The TOF mass spectrum of chlorine (35Cl) results

from dissociation of Clq through the 3 11, state with 532 nm ra-
diation at 6.7x lO" W/cm~. The shoulder of the peak origi-
nates from the dissociation of isotopically substituted chlorine
molecules. The splitting of the peak arises due to the turn-
around times associated with the forward and backward moving

fragments and is directly related to the fragments' kinetic ener-

gy; see, for instance, Ref. [4]. The laser polarization is parallel
to the time-of-flight tube axis. The 527-nm mass spectrum (not
shown) is qualitatively similar.

where Do is the ground-state dissociation energy of Clz,
E41 is the energy of the P Cl atom, U'„., is the ac-Stark
shift of the electron in the P Cl atom, and n is the num-
ber of photons needed to populate the dissociative molec-

3 II„state at 6.7x lo" W/cm, which is consistent with
our electron assignment. The total CI fragment kinetic
energy was also observed to shift with increasing intensi

ty but towards lower energies, as shown by the solid cir-
cles in Fig. 3 (note that the left and right ordinate axes
have opposite signs). However, due to the lower resolu-
tion of the mass spectrometer the uncertainty is larger
compared to the electron data. We are unable to assign
any other transition that will result in electrons and ions
with the observed energy distributions. In addition, we

have also systematically eliminated the possibility of
space charge and contact potentials as sources of this
shift. Above all, other peaks in the spectra do not seem
to be affected by these shifts. We should mention that at
our final state energy, an assignment consistent with ours
has been made by Koenders et al. [9] in their (2+ I) res-
onance enhanced multiphoton ionization and photoelec-
tron spectroscopy studies of chlorine molecules.

In essence, since the laser intensity required for a five-

photon process is substantial, the outermost electron of
the molecule starts wiggling with the laser field. As a re-
sult, the molecular potential and the dissociation thresh-
old are shifted by a similar amount as the two atoms
separate from each other, as shown by the dashed curves
in Fig. 1. The total kinetic energy of the dissociation
fragments at the point of creation is shifted and is given
by

Eg;„nh co —(E4r +Do ) —U;, ,

ular state (3 II„ for our case). Here we assume that the

wiggling of the nuclei is negligible. Note that the mecha-
nism presented here for chlorine can be generalized for
any case. As shown in Fig. 1, the neutral 3 H„and ionic
L H~ states have been shifted by U',, and by the pondero-
motive potential Uz, respectively. Once the molecule dis-

sociates and the atoms start to absorb more photons, the
situation becomes completely different from one in which

the excitation is from an unshifted ground state. For ex-
cited atoms which are formed in intense fields, the photo-
electron kinetic energy at the point of creation is

Ek;„,=mhto —(IP —E4r)+U;, —Ur', (2)

where m is the number of photons required to ionize the
excited fragments (note m &(n). If we assume that both
initial and final states have shifted by the same amount
(U'.„Ur'), the situation will be exactly the same as the
field-free ionization where the electron kinetic energy is

Ek;„,=mhto —(IP Eir). T—hus, the electron kinetic
energy at creation is independent of the laser intensity.
This is also the measured kinetic energy when the laser
pulse width is in the short-pulse regime. However, in our
long-pulse experiment, the measured kinetic energy will

be

E " mhto —(IP —Ei )+U;, , (3)

which is increased by the amount U,, and is intensity
dependent Furthe. rmore, the increase (decrease) in the
kinetic energy of the electron (Cl fragment) is a direct
measure of the ac-Stark shift of the excited state. Figure
3 shows the measured kinetic energy shifts for electrons
(open circles) and P Cl atoms (solid circles) as a func-
tion of laser intensity for 527 nm radiation. Note that
the electron and atomic fragment shifts are equal in mag-
nitude but opposite in sign, consistent with Eqs. (I) and
(3). The solid line indicates the detected kinetic energy
assuming a pure ponderomotive shift U$ and the dashed
line is the calculated ac-Stark shift of the P state using
single-channel quantum-defect theory (SQDT). The
large ac-Stark shift for the PJ state, which is approxi-
mately equal to U„', is due to the strong couplings at these
frequencies to the 4p states. Note that the measured
shifts are linear with laser intensity and thus consistent
with the lowest-order perturbation theory scaling.

The physical process proceeds as follows: Ground-state
Clz is promoted to a superexcited state [Clz]* via five-

photon absorption with its outer electron wiggling propor-
tional to the field. The [Clz] can autoionize or dissoci-
ate. Dynamically, as the two atoms separate, the wig-

gling electron finds itself on the excited P atomic frag-
ment. Thus, the additional electron energy U'.„results in

a loss in the fragments' kinetic energy of an equal
amount. Subsequent ionization of the P fragment
proceeds in an unperturbed (field-free) manner since the
field energy U',, is already incorporated into the P elec-
tron. Some immediate consequences of this scenario are
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as follows. (I ) Information concerning the field-atom in-

teraction can be extracted from the kinetic energy
analysis of either fragment (ground or excited) at any
time after the intense pulse, regardless of the pulse's tem-

poral regime [Eq. (1) is always valid]. (2) Interpretation
of this model predicts an ability to suppress lowest-order
dissociation channels in a manner directly analogous to
suppression of ionization. Even more subtle is the capa-
bility to dramatically alter the dissociation cross section
via dynamical shifts of repulsive potentials.

Another consistent observation involving the atoms ex-
cited to the PJ states which supports the argument that
these atoms are indeed formed in the presence of intense
fields is the measured ATI yield in this experiment. Ob-
servation of ATI for a low-order process (two photons) is

generally unlikely under standard experimental condi-
tions where isolated atoms are allowed to experience ris-

ing laser intensities (low field saturation). For example,
in the three-photon nonresonant ionization of Ca with

532 nm [71, the maximum amount of ATI observed was

about 0.5%. On the contrary, the electron signal present
in the ATI peaks of the PJ state shown in Fig. 2 is over

18% at 1=5&10' W/cm . This high ATI yield became
possible only because the P Cl have been prepared in an

intense field via a highly nonlinear dissociation. Thus, the
saturation intensity is determined by the five-photon ab-

sorption of the molecule, not the low-order atomic ioniza-

tion. To further substantiate our model we have calculat-
ed the cross sections for two- and three-photon ionization

of the P state using SQDT, yielding op=i. 54x 10
cm%ec and tr3 =2.14x 10 ' cm%ec . Using these
cross sections in simple rate equations we obtained the
ATI ratio, R3/Rq=0. 2 at I=5&&10' W/cmz, which is in

good agreement with our measured ratios. It is important
to note that the quantum defects of the singly excited
states which we employed in the calculation do not show

significant anomalies. Thus, one might expect that
SQDT would be adequate for this study.
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