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Anomalies in above-threshold ionization observed in H2 and its excited fragments
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The photoelectron energy spectra resulting from a multiphoton process in H2 with high laser in-

tensities is, in general, determined by the character of the intermediate resonance state. Above-
threshold ionization (ATI) is observed in the ionization of the molecule H2 as well as of its excited
atomic fragments, and even of atomic hydrogen in the ground state. ATI is observed with five,

three, and two extra photons for three different wavelengths k= 532 nm, A, =355 nm, and A, =266
nm, respectively. In the A. =532 nm spectra radiative coupling between dressed states is observed.
A shift to higher values of the center of the vibrational distribution of the ion by seven vibrational
quanta is observed between ATI peaks which differ by four photon energies. A calculation, taking
into account a coupling of the B 'X+„state to the dressed 'Xg (2pcr„)' state, and of the X X~ state by
the dressed 2po. „state, shows the trend of the observed ionization spectrum. The calculation is per-
formed to describe the effect on the average of the vibrational distribution and not on the distribu-
tion itself. The structure of the ATI spectrum in the A, =355 nm and A, =266 nm is nearly a repro-
duction of the normal ionization spectrum, repeated several times at higher electron energies. In
the A, =266 nm spectra both ATI of the molecule, as well as ATI of the atomic fragments, are ob-
served.

I. INTRODUCTION

In contrast with atoms, the study of molecules in in-
tense radiation fields is a relatively unexplored area of
research. Extensive studies are made of above-threshold
ionization (ATI) of atoms, experimentally mainly on xe-
non, and theoretically mainly on hydrogen. This work
was initiated by the experimental results of Agostini- et
al. ' and Kruit et aI. However, experimental data of
above-threshold ionization in molecules is rather scarce.
The only experimental data available at the moment are
the ATI spectra of H2 reported by Morellec and co-
workers. ' In their photoelectron spectra, one excess
photon is absorbed in the various vibrational ionization
continua. Also, the group of Bucksbaum and co-
workers is working on this subject. An effect closely re-
lated to ATI is observed by Miller ad Compton, and
Kimman et aI. in the photoelectron spectrum of NO.
Both report four-photoionization to high vibrational lev-
els of the ionic ground state, while the lower vibrational
levels were already accessible with three photons. More
recently, this is also observed in H2 by Verschuur et al.

The attraction of studying ATI in molecules is that
molecular parameters, which are not present in the atom-
ic processes have an impact on ATI. In particular, the
fact is that electronic potentials are dependent on the in-
ternuclear distance. This means that radiative couplings
between two electronic potentials are localized, with
respect to the internuclear distance. Obviously, this has a
large impact on the vibrations of the molecule in the per-
turbed potentials. Since the vibrational wave functions of
an intermediate state determine the vibrational distribu-
tion of the ionic ground state, a change in these wave
functions causes a change in the population of the vibra-

tional ionization continua. In this way, part of the excess
photon energy can go to the vibrational motion of the
ion, and is not necessarily converted to electron energy.
Since there are more exit channels involved, also charac-
teristic molecular time scales can become important in
the evolution of the observed processes.

Only recently it has been recognized that with intense
laser fields it is possible to vary the strength of the cou-
pling between electronic states, and thus to manipulate
the dynamics. Recently, Normand and Morellec ob-
served a change in the competition between photoioniza-
tion and predissociation in H2, as a function of the inten-
sity of radiation field. Bigio et al. ' '" presented intensity
effects on the Franck-Condon distribution of a resonantly
enhanced multi-photon ionization (REMPI) process due
to a mixing with dissociative intermediate states. Several
theories' ' are developed to describe molecules in an
intense laser field. These theories are based on the
"dressed-state" model, which originates from the descrip-
tion of the ac Stark shift of atomic levels due to the in-
tense radiation field. ' In molecules, the ac Stark shift is
more complicated, since the mixing of electronic states is
not only dependent on the light intensity but also on the
internuclear distances. The molecular dressed-state
theories are applied to the photodissociation of the dia-
tomic molecular ions H2+ (Ref. 13) and Ar~+. ' The
effect of moderate radiation field strengths is reported in
experiments of Quesada et al, ' in which the ac Stark
splitting in the multiphoton ionization of Hz is measured
in a two-color, double-resonance technique, where the ac
Stark shift induced by the first laser is monitored by a
second, weaker laser.

The observation of ATI peaks in a photoelectron ener-
gy spectra is an indication that the radiative couplings
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between states cannot be neglected in describing the ob-
served results. Analogous to ATI in atoms, ATI in mole-
cules can be described by the dressed-state model, in
which the various ATI peaks are the redistribution of the
photon states and the molecular ion states. Observation
of more than one ATI peak is an indication that also cou-
pling between bound states that are dressed by more than
one photon become important. For a complete descrip-
tion of the observed features the need for an elaborate
theory treating the full dressed-state picture with all elec-
tronic couplings included is unavoidable.

In this paper we report a multiphoton ionization pho-
toelectron spectroscopy (MPI PES) study on Hz with
laser intensities in the order of 10' W/cm . Photoelec-
tron energy spectra are recorded with various harmonics
of a Nd: YAG laser (YAG denotes yttrium aluminum gar-
net). Evidently, the harmonics of the Nd: YAG laser are
chosen for the high intensities available. The initial non-
resonant multiphoton ionization at these wavelengths is
essential to avoid saturation of the process at relative low
intensities. In describing the ATI spectra we are restrict-
ed to a preliminary qualitative description, only indicat-
ing the dominant interactions.

sure to optimize the Hz-signal to background-signal ratio,
and a low pressure to minimize space-charge effects. The
Hz-signal to background-signal ratio is a serious problem
since the excitation in H& is not necessarily a resonant
process, and the ionization potential of Hz is higher than
the ionization potential of most of the background
species. The need for high intensities in combination
with the high Hz-signal to background ratio gives rise to
the problem of space charge in the focus. For the highest
intensities used, it was not possible to avoid an error in
the energy axis below 4 eV due to space charge. The
amount of signal at the highest intensities was that large
that even the channel-plate detector ran into saturation.
To avoid the saturation of the channel-plate detector, the
voltage on the channel plates was reduced when the TOF
spectra with the low retarding voltages were recorded.
Some of the electron energy spectra are therefore a con-
struction of two sets of TOF spectra, recorded with
different channel-plate voltages. Obviously, this does not
reduce the space charge. The resolution and the overall
accuracy of the photoelectron energy spectra is about 20
and 100 meV, respectively.

II. EXPERIMENT

The experiments reported here are performed with a
mode-locked Nd: YAG laser as a picosecond light source
to perform the multiphoton ionization process, and a
magnetic-bottle photoelectron spectrometer to analyze
the energy of the electrons after ionization. The
Nd: YAG laser is equipped with an acousto-optic modula-
tor running at 70 MHz and mode-locked with the dye Q-
switch I. The pulse slicer is positioned outside the oscil-
lator. The pulse is amplified in a double-pass amplifier.
The resulting output is a laser pulse of 10 mJ at A, =1064
nm, and a pulse duration of 35 ps. The pulses are nearly
bandwidth limited which corresponds to a bandwidth
somewhat larger than 0.4 cm '. The pulses are produced
at a frequency of 30 Hz. For the different experiments
different harmonics of the fundamental frequency are
used. These harmonics are generated in potassium dihy-
drogen phosphate (KDP) crystals in various
configurations. A Pellin-Broca prism is used to select the
desired wavelength for the experiment. The pulse energy
is varied by adjusting the voltage on the Hash-lamps of
the amplifier in a regime of stable operation. The laser
beam is focused in the spectrometer by a lens with a focal
distance of 25 mm. The intensities given in this paper are
calculated from the pulse energy, the pulse duration, and
the focus diameter. The focus diameter is calculated, tak-
ing into account the spherical aberration and the
diffraction limitation.

The magnetic-bottle spectrometer with a 2~-sr accep-
tance angle for the electrons is described elsewhere. '

Time-of-flight (TOF) spectra are recorded at various re-
tarding field values. The high-resolution parts of the
TOF spectra are transformed and reconstructed to an en-
ergy spectrum. The spectrometer is normally filled with
Hz at a pressure of 7 mPa with a background pressure of
27 @Pa. This value is the optimum between a high pres-

III. EXCITATION SCHEMES

Although most excitations presented in this paper are
initially nonresonant, it is useful to indicate the position
of the intermediate resonances for each wavelength in the
potential diagram of Hz. Due to the field-induced shift,
nearby states may shift into resonance. Effectively, a
band of energies can be excited in the molecule in this
way. We call these bands excitation regions. The poten-
tial diagrams are a first step to unravel the measured pho-
toelectron spectra and to determine the expected excita-
tions processes. For the sake of simplicity we split the
potential diagram into two potential diagrams. In Fig.
1(a) [1(b)] the gerade (ungerade) singlet states of Hz are
given, together with the excitation energies reachable
with an even (odd) number of photons.

The excitation regions in the X=532-nm experiment
are at 5hv5&z close to the B 'X+(u'=3)-state, and at
6hv»z close to a set of states: GK ' X+(u'=2), HH 'X+,
I '

IIg ( u
' =0), and J 'b s( u

' =0). The energy region at
7h v53$ ls above the v

+ =3 ionization potential, and be-
tween the H(ls) +H(n =2), and H(ls) +H(n =3) disso-
ciation limit. Moreover, in this energy region there are
possible resonances with higher rovibrational excited
Rydberg states, which are degenerate with the ionization
continuum. Relevant is only the excitation to Rydberg
states with a vibrational quantum number higher than
the highest accessible vibrational ionization channel, i.e.,
U 4; otherwise ionization would prevail.

In the A, =355-nm experiment there is only one excita-
tion region that is not degenerated with the ionization
continuum, namely, at 4h v355 with the same set of states
as the 6hv»&-energy region: GK ' X (u'=2), HH 'X+,
I'II (u'=0). The energy region at 5hv&5s is above the
u =9 state, and between the H(ls)+ H(n =4) and
H(ls)+H(n =5) dissociation limit. In the 5hv»s-energy
region it is again possible to excite bound Rydberg states.
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In this case only U ~ 9 vibrational levels of Rydberg states
can be excited.

Also in the A, =266 nm experiment there is only one ex-
citation region that is not degenerated with the ionization
continuum, namely at 3h vz«, with a set of states
B 'X„+(u'=23, 24), C 'Il„(u'=7), B 'X„+(u'= I), and

D'll„( u'=0). Four photons have already an energy that
is above the H(ls)+H dissociation limit. In this case,
no resonances with bound Rydberg states are present.

In the above considerations concerning the excitation
regions, nothing is mentioned about the excitation of
doubly excited states. Since these states are repulsive
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FIG. 1. (a) Potentials of the gerade singlet states of H2, and the different excitation regions accessible with an even number of pho-
tons for the indicated wavelengths. (b) Potentials of the ungerade singlet states of Hz, and the different excitation regions accessible
with an odd number of photons for the indicated wavelengths.
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states, only excitation to the dissociation continuum can
be performed. Such an excitation is not critical on the
excitation energy. Therefore only the relative positions
of the excitation regions with respect to the various disso-
ciation limits are indicated. For the excitation of a dou-
bly excited state an intermediate resonance is necessary
to overcome a direct two-electron excitation. As a conse-
quence, excitation of a doubly excited state is only of im-
portance after resonance with an intermediate state at the
energy regions around 6, 7, Sh &532, 5, 6h &355 and 4h v2«.
The possibility to excite a doubly excited state depends
strongly on the character of the intermediate resonance.
An intermediate with a 2pcr„electron enhances excita-
tions to the lowest doubly excited states in a single-
electron excitation. This condition is fulfilled for the
B 'X+ state, which has a 2p o.„electron, and for the

double minimum state GK 'X+ and HH 'X„+, which have
both partially 'X (2pcr „) character. Multiphoton exci-
tation of doubly excited states via various vibrational lev-
els of the B 'X„+ state is reported by Verschuur et al. ' ''

Multiphoton excitation to doubly excited states via vari-
ous vibrational levels of the lowest member of the double
minimum states, the EF'X+ state, is reported by Buck et

leo

IV. RESULTS AND DISCUSSION

Photoelectron energy spectra recorded at wavelengths
A, =532, 355, and 266 nm are presented in Figs. 2, 5, and
6, and discussed in separate paragraphs. For each wave-
length two photoelectron energy spectra are given,
recorded at different intensities. For the relevant ioniza-
tion step the energies of the photoelectrons and the
Franck-Condon factors of the ionization are given in the
form of simulated spectra. The peak heights of the ATI
peaks are taken equal to the normal ionization peaks for
these spectra. .

Before the photoelectron energy spectra are discussed,
first a few remarks are made about the spectra them-
selves. The high limit intensity not only affects molecular
processes, but also has its influence on the energy of the
photoelectrons; see e.g. , Ref. 21. The energy of the pho-
toelectron peaks can be shifted due to the ac Stark shift
of the ground state of the molecules H2 and H2+, or due
to the ac Stark shift of the excited electronic state of the
H atom after dissociation. The shifts of intermediate
states are not directly observed in the spectra. The shift
of the ground state is estimated by the value of the dc
Stark shift (i.e., in the limit for Eh ~0), which is equal to
the product of the dc polarizability a of the ground state
and the light intensity I. This estimation is valid when
the photon energy is small compared to the energy of the
first excited state. The polarizability of the ground state
H2 is aH =5.417ao. The polarizability of the ground

2

state of Hz+ is e +=5.56ao. The dc Stark shifts are
2

therefore given by

bEH (meV)=aH I=4.2I(10' W/cm )

and

bE ~(meV)=a +I =4.3I(10' W/cm ),
2 2

(2)

respectively. The shift of the photoelectron energy is

only determined by the difference of the ac Stark shift of
the molecular ground state, and the ionic ground state.
For the intensities used in this experiment this difference
is smaller than 6 meV, and therefore not observable in
the measured spectra. The dc polarizability aH of the
ground state of the H atom is aH=4. 5ao, which leads
to ac Stark shifts smaller than 220 meV, for the intensi-
ties used. Evidently, the H+ ion shows no ac Stark shift.
The ac Stark shift of excited states of the H atom after
dissociation cannot be estimated by the dc Stark shift.
Unfortunately, a calculation of the first-order ac Stark
shift also turns out to fail for the intensities of interest.
On basis of these calculations, we expect a significant
broadening of the photoelectron peaks, but we are not
able to give reliable estimates. The strong radiation field
is not only affecting the molecular ion, but also the other-
wise free electron. Due to the oscillating electric field the
electron is quivering, resulting in an additional term add-
ed to the directed kinetic energy. The quiver energy is in
atomic units given by

I
quiver 4'

where ~ is the photon energy. The quiver energy of the
electron after ionization is recovered when it leaves the
laser focus adiabatically. Note that the quiver energy of
the electron is not recovered in the case of a nonadiabatic
separation of the electron and the field. This can lead to
some extra asymmetric broadening of the photoelectron
energy peaks. For the experiments reported here, the
quiver energy of the electron is largest in the case of the
A, =532 nm excitation at an intensity of I=5.3X10'
W/cm, taking the value E „;„„=1.3 eV. However, since
the pulse duration is long compared to the time in which
an electron leaves the laser focus, this shift will not affect
the spectra. Only an imperfect cancellation of the ac
Stark shift and the so-called ponderomotive shift will
broaden the peaks, but this is a small fraction of the
quiver energy. The energy broadening of the atomic pho-
toionization peaks is determined by the ac Stark shift of
the excited fragments after dissociation. The ac Stark
shift of the Hz ground state relative to the ac Stark shift
of the excited fragment leads to a change of the dissocia-
tion energy, and thus the kinetic energy of the fragments.
Another way of stating this is that the relative dissocia-
tion limits shift by the difference of the ac Stark shift of
the ground state of the molecule and the ac Stark shift of
the corresponding excited leve1 of the fragment. The ion-
ization process of the excited fragment starts from ac
Stark-shifted excited level, instead of from the ground
state. The ac Stark shift of an excited fragment is expect-
ed to be larger, compared to the shift of the ground state,
since the photon energy is comparable to the energy dis-
tance between excited states. Therefore the asymmetric
energy broadening in the photoelectron energy spectra is
also expected to be larger. In the subsections below, the
broadening of these excited states after dissociation wil1
be discussed. Also, the influence of the ac Stark shifts of
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excited states of H2 on the resonant enhanced ionization
process will be discussed.

A. A, =532 nm results
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The photoelectron energy spectra recorded at a wave-
length of A, =532 nm are presented in Figs. 2(a) and 2(b)
for the intensities I=1.4X 10' W/cm and I=5.3 X 10'
W/cm, respectively. The spectra are characterized by
broad peaks. In Fig 2(b) no less than five ATI peaks are
observed, and an indication of a sixth peak. The peaks
show no structure, and the shape of the peaks differs

negligibly from a Gaussian shape. The full width at half
maximum is I FTHM=1. 1 eV, which is about half the
photon energy E& =2.33 eV. The center of the first peak
is positioned at 2.2 eV. A very important point is that
the spacing between the centers of the ATI peaks is not
equal to the photon energy as expected on the basis of
earlier atomic ATI experiments. The energy distance ob-
served between the peaks is constant, but 330 meV small-
er than the photon energy (E„=2.33 eV). This effect is
not the result of an error in the energy calibration. In
Fig. 3 the energy difference between the excitation energy
above X X+(v+=0) and the observed electron energy is
given as a function of the excitation energy above the
X X+(v+ =0) state; i.e.,

[nh v53~
—E(X Xg+(v+ =0))] E,„, , —

with n —m = 8, is given as a function of

nhv532 —E(X X~+(v+ =0)),
where n is the number of absorbed photons, and I
denotes the m'" electron peak in the experimental spec-
trum. A normal ATI spectrum, as observed in atoms,
would lead to a horizontal line in Fig. 3, corresponding to
a constant ionization potential. The first electron peak is
not on the straight line, probably either due to pondero-
motive effects (a not completely recovered quiver energy),
or due to the presence of space charge. The energy given
(4) is the energy that is left in the molecular ion in the
form of rovibrational energy. The corresponding vibra-
tional quantum numbers are indicated on the right-hand
vertical axis of Fig. 3. The vibrational levels given at the
most right-hand are accessed with one photon more, or
one photon less. The line with nonzero positive slope in-
dicates that with increasing energy of the photoelectron,
the center of the ionic vibrational population is shifted to
higher U values. The broad and unstructured peaks are
an indication of a smooth distribution over the various
vibrational levels of the ionic ground state. Apparently,
dissociation does not contribute to the spectrum. Elec-
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FIG. 2. Photoelectron energy spectra recorded at a wave-
length of A, =532 nm, with an intensity of (a) I= 1.4 X 10'
W/cm and (b) I=5.3 X 10' W/cm . Between the two experi-
mental spectra, two spectra and are presented that represent
Franck-Condon factors (FCF) of the molecular ionization in an
unperturbed situation (c1), and a perturbed situation (c2), as is
illustrated in Fig. 4 (see text for explanation).
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tron peaks resulting from ionization of excited fragments
appear at other positions than the observed peaks.

As can be seen from Fig. 1(b), the 8 'X„+(v'=3) state is
the lowest resonance state, and is accessible with five
photons. In order to explore the effect of the
8 'X„+(u'=3) state resonance on the photoionization elec-
tron spectra, a simulated spectrum is given in Fig. 2, con-
voluted with Gaussians of different widths, I „wHM=0. 1

and 1.1 eV. These values are taken equal to the observed
widths. This spectrum represents the Frank-Condon fac-
tors of the transition from the unperturbed 8 'X„+(v'=3)
to the various vibrational ionization continua. The other
simulated spectrum is the result of a calculation includ-
ing laser intensity effects; this will be discussed later on.
The ionization signal can be affected by resonances after
absorption of six photons from the ground state, or one
photon from the 8 'X„+(v'=3) state, namely, with the
GK '2 (u'=2), HH '2+(u'=0), I 'H (u'=0), and
J '6 (u'=0) states. From the observed electron-energy
spectrum we conclude that none of these states contrib-
utes directly to the observed ionization spectrum. A cal-
culation of the Franck-Condon factors of these states to
the various vibrational ionization channels results in a
different spectrum, enhancing ionization into the lower
vibrational channels. However, the GK 'X+ state and

1 + g
the HH X state play a secondary role in the ionization
process, due to their partially doubly excited character,
as we will see later.

The effects of the intense radiation field on the mole-
cule are taken into account by using the dressed-state for-
malism; the radiative (dipole) couplings are described by
electronic couplings. We propose that via the intensity-
dependent couplings between dressed states, adiabatic
states are formed that play a dominant role in the ob-
served shift of the Franck-Condon distribution. The in-
termediate state and the ionic ground state are dominant-
ly perturbed by couplings to states which are dressed by
one photon. We are aware of the fact that states that are
dressed by more than one photon can have a significant
contribution to the coupling. We therefore do not claim
to give a full explanation, but rather a preliminary quali-
tative one. The coupling strength is proportional to the
dipole moment between the two states involved, and pro-
portional to the amplitude of the electric field of the radi-
ation. The dipole moment between the doubly excited
states and the B 'X„+ state is large. The doubly excited
character 'X+(2po. „) of the GK 'X+ state and the

+ ti g
HH X -state, dressed with one photon, is expected to
couple most strongly with the B 'X,+-state. The bound
ionic ground state 1so. can only be coupled to the
dressed repulsive ionic ground state 2po. „. A calculation
is performed on these sets of states, constructing adiabat-
ic potentials and new vibrational wave functions denoted
with quantum numbers v,

' and v„+. The coupling matrix
elements are given by Bandrauk and Sink

H &2 P &2,
&I

where p, z is the dipole moment, which we gave the value
of 0.3 a.u. The adiabatic construction of the potentials is
presented in Fig. 4. The calculation is performed with a
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FIG. 4. Two sets of adiabatic potentials li, ), ~2i, ), and
1f„), ~2f„), constructed from the dressed 'Xg+(2po. „)(2po„)

state ( 2id ) ) coupled to the B '2+ state ( ~ li„) ), and the dressed
(2pcr „)state ( 2f„) ) coupled to the X 'X~ state ( Ifd ) ), respec-
tively. Also some vibrational wave functions in both represen-
tations are drawn.

maximum value of H, 2
=324 meV, corresponding to an

intensity of I= 5 X 10' W/cm . The coupling is localized
around the crossing point of the two states involved, as at
that point the two states, which are coupled by a single
photon, are degenerate. We therefore took a Lorentz
function for H, z(R) with its maximum value at the cross-
ing point.

A v,
' =0 wave function is calculated in the upper adia-

batic potential, near the excitation energy. This v, =0
level is populated via the v'=3 level of the B 'X„+ state,
since the Franck-Condon region of the ground state does
not extend to the large internuclear distances of the v,

' =0
level. A Landau-Zener —type calculation of the transition
probability at the crossing of the two potentials shows
that the probability of passing the crossing diabatically is
about 50%; a situation that is called intermediate cou-
pling. In the adiabatic ion potential, vibrational wave
functions are constructed, and denoted by v,+. A calcula-
tion of the Franck-Condon factors of the v,'=0 level to
the various vibrational ionization channels v,

+ is present-
ed in Fig. 2 in the form of a simulated spectrum. The
Gaussian convolution of the electron peaks is again taken
with a width of I FTHM=0. 1 and 1.1 eV. The high-
energy peaks are now at the right-hand position, while
the lower-energy peaks are explained by an unperturbed
8 'X „+ ( u

' = 3 ) resonance and the unperturbed ionic state.
The intermediate peaks are the result of a mixture of the
diabatic and the adiabatic treatment. In the explanation
we assume that the yield of the low-energy peaks is dom-
inated by ionization at low intensities, while the electron
peaks at higher energies are the result of ionization at
higher intensities.

The calculations are just two extreme cases to illustrate
the ionization process. To treat simultaneously the dia-
batic resonance and the adiabatic resonance due to a cou-
pling with dressed states one has to calculate coupled
Schrodinger equations as a function of the coupling
strength, and integrate over all possible couplings in-
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FICx. 5. Photoelectron energy spectra recorded at a wave-
length of A, =355 nm, with an intensity of (a) I=1.5X10"
W/cm and (b) I=4.4X 10"W/cm . The right-hand side of the
spectra are expanded, but are measured at the same intensity.
Between the experimental spectra a calculated spectrum (c) is
given. The solid curve represents molecular ionization Franck-
Condon factors, and the dotted spectrum indicates the ioniza-
tion peaks of the dissociated fragments ( see text for explana-
tion).

duced by the radiation field. Such a calculation is beyond
the scope of this paper. In the above explanation, the
coupling of the B 'X„+-state to other dressed states, which
are dressed by more than one photon, is not taken into
account, although the observation of five ATI peaks in
the electron-energy spectrum indicates that also dressed
states with more than one photon can have a significant
contribution. A treatment, which takes into account all
dressed states goes beyond the scope of this paper.

B. A, =355 nm results

The photoelectron energy spectra recorded at A, =355
nm are presented in Figs. 5(a) and 5(b) for the intensities
I=1.5X 10' W/cm and I =4.4X10' W/cm, respec-
tively. The Franck-Condon factors of the transition from

the GE 'Xs (v'=2) state to the various vibrational ion-
ization continua are represented by the solid line in the
simulated spectrum. The other possible resonances at
four-photon energy, i.e., HH '2+(U'=0), I 'll (U'=0),
and J hg(U'=0) have the O'=0 vibration in common.
Ionization of these U'=0 resonant states is exclusively a
Av =0 transition, since the lower part of these potentials
deviates negligibly from the ionic ground-state potential.
The Franck-Condon calculations of the molecular ioniza-
tion via the possible intermediate resonances other than
v

' =0 states do not represent the measured spectra.
Therefore, we conclude that the spectrum is dominated
by ionization of the excited dissociation fragments
and/or ionization via U'=0 states. Ionization of the dis-
sociated fragments H(n =2) and H(n =3) is indicated by
the dashed spectrum. The dissociation is dominantly to
the H(ls)+ H(n =2) and H(ls)+ H(n=3) limits, as can
be seen from a comparison between the simulated spec-
trum and the experimental one.

The already mentioned GK 'X+ state is a double
minimum potential. The excited v'=2 vibrational level
has its expectation value of the internuclear distance near
the local maximum of the potential. The v'=2 level has
both Rydberg character and doubly excited character.
This is rejected in the bimodal structure of the calculated
ionization signal (see Fig. 5). The observed ionization
spectrum shows ionization to the lower vibrational levels

+
(U =0, 1,2). Only the inner part of the U'=2 vibrational
wave function contributes to molecular ionization. The
outer part of the wave function results in dissociation.
The fact that the vibrational wave function extends to
large internuclear distances is one of the two conditions
to have a high probability to excite doubly excited states.
The other condition is also fulfilled; namely, that the elec-
tronic character of the state allows a one-electron transi-
tion to a doubly excited state with a (2po„) core. The
electronic character of the GK 'X+(U'=2) state is for a
substantial fraction 'Xs+ ( 2p o „), due to the large
electronic coupling between the Q, 'X~+(2po. „) state and
the Rydberg state E '2 ( iso. )(2so ) and

1 + 24
g g6 X ( iso )(3do ). This explains, the dissociative

character of the multiphoton process resonant via the
GK 'Xg+(U'=2) state.

In case of dissociation the ac Stark shifts of the
H(n=2) and H(n=3) states are of importance, since the
H atom is created in an excited state inside a strong radi-
ation field. Analogous to the shift of the ground state,
the shift of the excited state of the atom after dissociation
is not recovered in the ionization process, and results in
an asymmetric broadening of the electron peak. As men-
tioned before, in the case of molecular ionization via
U'=0 states broadening is expected to be small because of
the small difference in molecular and ionic ac Stark shift.
In both cases, molecular and atomic ionization, shifts to
lower energies are unexpected and suggest a possible role
of space charge.

C. A, =266 nm results

The photoelectron energy spectra recorded with a
wavelength of A. =266 nm are presented in Figs. 6(a) and
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FIG. 6. Photoelectron energy spectra recorded at a wave-
length of k=266 nm, with an intensity of (a) I=1.5X10'
W/cm and (b) I=5.3)& 10' W/cm, and I =1.2&(10' W/cm
(inset). Between the experimental spectra a calculated spectrum
(c) is given. The solid curve represents molecular ionization
Franck-Condon factors, and the dotted spectrum indicates the
ionization peaks of the dissociated fragments (see text for ex-
planation).

6(b) for the intensities I= l. 5 X 10' W/cm and
I=5.3X 10' W/cm respectively. In Fig. 6(b), a part of
a spectrum recorded at an intensity of I= 1.2 X 1013

W/cm is presented. These spectra show the most dis-
tinct structure, in particular, the spectrum of Fig. 6(a).
The best resolved structure can be assigned to vibrational
ionization continua, as indicated in the simulated spec-
trum. The highest peaks correspond to ionization into
the U

+ = 1 and U+ =7 channels, both with some satellite
peaks (AU&0 transitions). In the spectrum recorded at a
higher intensity [Fig. 6(b)], the peaks become broad, and
the satellite peaks become unresolved, but the center of
the peaks remains at the position of the U =1 and+

U+ =7 peaks. In the high-intensity spectrum, new peaks

are also present at higher energies again assigned to the
U+ =1 and U+ =7 ionization channels, but with an extra
photon absorbed. This means that ATI is observed in
molecular hydrogen ionized with X=266 nm, as was the
case with A, =532 nm. In the spectrum recorded at even
higher intensities [additional curve in Fig. 6(b)] ATI
peaks with two excess photons are present. Besides the
signal assigned to the vibrational ionization continua also
part of the signal can be assigned to dissociation of H2.
Dissociation into the H(ls)+ H(n ~4) channels is clearly
observed, of which the ionization of the H(n=4) and
H(n =5) fragments is energetically resolved. Dissociation
into the H(ls) + H(n = 3) channel may be present under-
neath the U+ =0, 1,2 peaks. In the spectrum of Fig. 6(b)
ionization of the ground-state fragment H( ls) is observed
also.

The Franck-Condon factors of the transitions from the
C 'II„(U'=7) state and the B 'X„+(U'=1) state to the
various vibrational ionization continua are given in Fig. 6
in the form of the simulated spectrum. These states are
resonant with three photons, as are the D 'II„(U'=0)
state and the B 'X„+(v'=23, 24) state. The D 'Il„(U'=0)
state can have a contribution to the v+=0 ionization
continuum, but is not explicitly indicated in the sirnulat-
ed spectrum. The ionization is a pure bU =0 transition,
due to the Rydberg character of the D 'H„state. The
B 'X„+(v'=23, 24) state does not contribute to the ioniza-
tion process, but we have a contribution in the dissocia-
tion process. As can be seen from Fig. 6(a) and the simu-
lated spectra, the main contributions to the ionization
process are resonances via the C '11„(v'=7) state and the
B 'X„+(v'=1) state. The dashed spectrum represents
again ionization of the excited fragments. Besides ioniza-
tion of the excited H(n) fragment with n ~2, ionization
of the H(ls) fragment by three photons is observed also.
For the first time, photoionization of both fragments
after a photodissociation process is observed in a photo-
electron energy spectrum.

In the k=266 nm results the electronic coupling of
dressed states with the intermediate states plays a minor
role in the excitation process. The observed spectrum is
fairly well explained by the unperturbed resonances. The
minor influence of dressed states can be explained by the
fact that only doubly excited states and the ionization
continuum can contribute to the perturbation. The cou-
pling of the intermediate states with the doubly excited
states is small due to the character of the doubly excited
states.

D. General discussion

In general, the observed photoelectron energy spectra
are explained by the presence of intermediate resonances
in the multiphoton excitation scheme, for all wavelengths
used. The character of the intermediate resonances is
determined by couplings between molecular eigenstates
and dressed states. The influence on the ionization pro-
cess of these couplings is most clearly present in the
A, =532 nm results. This is due to the fact that only in the
case of excitation with A, = 532 nm, the intermediate state
couples to a dressed state which lies below the ionization
limit. In addition, the maximum light intensity was
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higher for this wavelength than for the other two wave-
lengths. The A, =355 nm spectra and the A=266 nm
spectra are explained in terms of photoionization or pho-
todissociation of unperturbed intermediate states. Al-
though couplings of dressed states with the intermediate
states do not show up in the photoelectron spectrum, the
couplings cannot be neglected. The shift of the molecular
levels in the radiation field is due to the radiative cou-
plings between dressed states, which are essential to shift
the intermediate state into resonance.

The influence of the radiation field on the photoelec-
tron energy spectra can also be described in another per-
spective. The quiver motion of the electron during ion-
ization has a polarizing effect on the H2+ core. These po-
larizing forces affect the binding energy of the H2+, the
potential, and therefore the vibrational wave functions.
The ao parameter, which is defined by

in a.u. , is the amplitude of the quiver motion. In the
A, =532 nm spectrum ao takes the value of 5.3, which

0
means that the electron oscillates over a distance of 5.6A.
This value is larger than the equilibrium distance of all
potentials of H2. Therefore it is not surprising that a cou-
pling between the forced electron motion and the poten-
tial of the Hz core exists. At ionization, the electron
leaves a perturbed H2 core, and takes the information of
the perturbed H2+ core with it in the form of energy.
The broadening of the ATI peaks in the A, =532 nm spec-
tra is likely due to this mechanism. The ao values for the

A, =355 nm results are at least a factor of 2.7 lower and
the values for the k=266 nm results are even at least a
factor of 17 lower. The ATI part of the photoelectron
energy spectra (i.e. , photoelectron energies larger than
the energy of one photon) of the A. =355 and 266 nm re-
sults is, in general, similar to the normal photoionization
part of the spectrum.

A detailed explanation of the widths of the electron en-
ergy peak is still difficult, but a few general remarks can
be made about additional broadening mechanisms. A
possible guideline is that the peaks assigned to dissocia-
tion show all an asymmetric broadening, whereas the
peaks assigned to the ionization of the molecule H2 show
a symmetric broadening. The ac Stark shift of the excit-
ed state of the fragment can have a significant influence
on the broadening of the atomic ionization peaks. The
widths of the molecular ionization peaks can be under-
stood qualitatively by the shift of the ionic ground-state
levels due to the radiative coupling with the dressed 2po. „
state. The electron leaves a perturbed ion, and shows the
information of the perturbation in its kinetic energy.
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