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Nonponderomotive effects in multiphoton ionization of molecular hydrogen

Timo Wilbois” and Hanspeter Helm'
Department of Molecular and Optical Physics, University of Freiburg, Stefan-Meier-Str. 19, DE-79104 Freiburg, Germany
(Received 3 February 2011; published 12 May 2011)

Anomalous photoelectron angular distributions are observed at certain wavelengths in strong-field ionization
of H,. We relate this feature to ac Stark shifts from bound-bound transitions in the Rydberg manifold of principal
quantum number n = 3 and 4. A model of the multistate interaction supports this interpretation.
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I. INTRODUCTION

It is well known that atomic and molecular energy levels
are shifted from their stationary state values in the presence
of strong radiation fields, an effect commonly referred to as
ac Stark shift [1,2]. On the other hand, a free electron in a
radiation field is forced to a quiver motion. The cycle-averaged
kinetic energy (ponderomotive energy) associated with this
quiver motion is formidable at long wavelengths and high-field
strength. Its value is given as U, = E*/(4w?), where E is the
electric field amplitude and w is the laser frequency, both in
atomic units. U, amounts to 0.934 eV at 10" W/cm? at a
wavelength of 1 um. In highly excited electronic states, the
electron is for a substantial portion of time, far removed from
the core, and suffers an equivalent quiver motion. Frequently,
it is a good approximation to treat the ac Stark shift of highly
excited states as ponderomotive, just as that of the ionization
limit [3].

Purely ponderomotive shifting of Rydberg state energies
is expected only in the case in which the wavelength is
much longer than that of the first resonance transition from
the ground state, but at the same time much shorter than
any bound-bound transition among members of the Rydberg
manifold. This was pointed out in early work on this topic
by Avan et al. [4]. A prime example of nonponderomotive
shifting was documented by Rottke et al. [S] in multiphoton
ionization of atomic hydrogen using pulses of 500-fs duration.
At wavelengths between 598 and 630 nm, near the Balmer-o
line (656 nm), clear signals from ponderomotively shifted
resonances of the type 4 f and 5 f are seen in their photoelec-
tron spectra. However, contributions from lower-lying excited
states appear at abnormal position and are broadened. The
explanation is that the proximity of laser wavelength to the
Balmer-« transition gives rise to anomalous ac Stark shifts of
the n = 2,3 states and this perturbation propagates to higher
members of the Rydberg manifold (e.g., lifting the degeneracy
of f and p states), as explained in their elaborate theoretical
treatment [5].

Here, we report on similar observations in H,. The
topic molecular hydrogen in strong laser fields has received
continued attention in theory [6—12] and experiment [13-21].
A preponderance of short-pulse experiments on H, have been
conducted at wavelengths near 800 nm, many concentrating
on the question of Coulomb explosion, double ionization, and
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molecular alignment. A few dealt explicitly with ac Stark
shifting of intermediate resonance states [22-26].

The strongest visible and near-UV emission bands in
molecular hydrogen are the 3d <> 2p and 4d < 2p Rydberg-
Rydberg transitions (see Fig. 1). The potential energy curves of
singlet H, show the well-studied modification by long-range
ion pair and doubly excited character, leading in some cases
to double minima potentials. The lowest 11 Rydberg states of
singlet Hy are the 'S} states EF, GK, HH, P, and O, the
long-range ion pair state B ' ;" and its higher analogs B’, B”,
and B4, and the 'TI, states C and D. We use the standard
notation of Dressler and Wolniewicz [27], who calculated the
potential energy curves shown in Fig. 1. Also shown in Fig. 1
is the vibrational wave function of ground state H, and its
associated potential energy curve, both shifted up in energy
by six photons of A = 470 nm. We see that, at the energy
of the six-photon dressed ground state, the states EF and
GK are dissociative. Dominant contributions in 6 + 1 photon
ionization at 470 nm are thus expected from the resonant
intermediate levels of the states H H, P, and O, which we (in
the following) refer to as the R states. Similarly, at 330 nm,
4 4 1 photon ionization involves the very same intermediate
states.

Below, we show that signatures of the ac Stark shifting of
these states and the associated state mixing of intermediate
state resonances appear in the angle-resolved photoelectron
distributions. A simplified model of strong-field ionization is
used to explain our findings on the basis of the transition
moments and potential energy curves calculated by Dressler
and Wolniewicz [27].

II. EXPERIMENTAL RESULTS

We derive photoelectron momentum maps from Abel-
inverted photoelectron images [28,29], recorded with the
imaging spectrometer described in [30]. The maps give
the electron momentum value as a function of emission
angle, where the angle is measured relative to the linear
laser polarization. Typical examples of photoelectron spectra
that are dominated by intermediate resonances of the states
discussed above are shown in Fig. 2. The spectra were recorded
at a pulse length of ~100 fs. The top of Fig. 2 refers to a
wavelength of 470 nm. Nearly identical images are observed
in the range from 470 to 485 nm, with the peak intensity
being ~3 x 10'> W/cm?. The prominent features are from
641 photon ionization and at least four above-threshold
ionization (ATI) channels. The bottom of Fig. 2 refers to a
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FIG. 1. (Color online) Potential energy curves of the lowest 11
Rydberg states of singlet molecular hydrogen, taken from Ref. [27]
in relation to the ground-state potential of H,™. The spatial extent
of the H, ground-state vibrational wave function and associated
potential energy curve are shown shifted by six-photon energies
(hv =2.64¢eV).

wavelength of 332 nm, with the peak intensity being slightly
lower, ~2 x 10'®> W/cm?. Here, the prominent peaks are due
to 4 4+ 1 photon ionization and the respective ATI channels.
The above-threshold ionization features are easily recog-
nized from the switching of nodal planes with increasing
ATI number. As the minimum photon number used in the
ionization process changes by one, so does the number of nodal
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FIG. 2. (Color online) Angular distribution of electron momenta
at 470 nm is shown in the top figure. Vertical black lines refer to the
one-, two-, and three-photon energy above threshold hv = 2.64 eV.
The result at 332 nm, kv = 3.74 eV, is shown in the bottom figure.
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planes in the electron emission pattern, commensurate with
the additional angular momentum imparted in the system. We
expect that, at our laser pulse duration, the prominent features
at energies below the one-photon energy (2.64 eV in Fig. 2)
are due to one-photon ionization of ac Stark shifted excited
states of the H, molecule. As the intensity in the pulse rises to
a critical value (where n photons absorbed by the ground state
reach an intermediate state resonance of ionization potential
W;), one-photon ionization of the intermediate state resonance
produces electrons at €y, = hv — W;, with this drift energy
being frozen out due to the short pulse [31,32].

We note that the strength of the ATI features is commen-
surate with the prediction of the free-free transition model of
Delone and Krainov [33]. According to their model, the ratio
of rates w of above-threshold (K + 1) photon ionization to
threshold (K') photon ionization is

w D w® = 0.14 E? /o', (1)

where E is the electric field strength and /e is the photon
energy, both in atomic units. Equation (1) predicts ratios
of 0.25 and 0.05 for the fields used at 470 and 332 nm,
respectively, in agreement with the strength at which the first
ATT features are observed in Fig. 2.

The anomalous curvature in angular distribution with
electron energy initially caught our attention (see Fig. 2
top), as we are not aware of previous findings of this kind.
The curvature points to a mechanism involving a range of
intermediate resonance states with differing angular wave
pattern of the outgoing electron. A more common appearance
is the result obtained at 332 nm, where a fixed angular
distribution appears for an isolated resonance channel.

Below, we attempt to illuminate this situation in a model
simulation that utilizes the detailed knowledge available for
singlet molecular hydrogen [27].

III. MODEL SIMULATION

To describe the contribution of intermediate state reso-
nances to strong-field ionization, we diagonalize, at each value
of internuclear separation R, the set of interacting dressed
states described by the R-dependent Hamiltonian

H(R) = HE(R) + Hin(R). 2)

The electronic Hamiltonian Hg (R) describes the potential
energy curves of the five gerade states EF, GK, HH, P, and
O and the one-photon dressed ungerade states (C, D, and the
four members of the B series). In the absence of interaction,
these states are shown in Fig. 3 for the case A =470 nm.
We see that, at this wavelength, the dressed B and C states
are embedded in four higher 'S states. Upon turning on
the interaction, R-dependent ac Stark shifts will modify these
potentials.

To describe the dipole interaction between the dressed
states, we use the interaction Hamiltonian

h
Hin(R) = 58i.j(R) +He., 3)
with the R-dependent Rabi-frequencies
|d;,j(R)| Eete
gi,j(R) = /T"’ 4)
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FIG. 3. (Color online) Dressed potential energy curves at 470 nm.
Also shown are the six-photon dressed ground state of neutral
hydrogen and the ground state of H, ™. The interacting states at at
E. = 0.005 a.u. are shown only in the region where the thicker lines
are drawn.

The subscripts i and j label the interacting gerade and
ungerade states and E. is the effective field strength of
laser radiation. The R-dependent dipole moments d; ;(R) vary
strongly with internuclear separation as may be seen in Fig. 2
of [34].

To estimate the effective field strength in our experiment
E.i, we consider the bandwidth of the laser radiation used
Av = +4 THz at 470 nm (£3 THz at 332 nm) in relation
to the width of the Rydberg states. The natural lifetime of
the states involved is typically of the order of 1 ns [35],
however, one-photon ionization increases the width of the
three higher-lying gerade states H H, P, and O significantly.
The bandwidth limiting factor is, however, most likely the
two-photon ionization rate of the B 12: state. This state acts
as a main perturber at the wavelengths considered here, and it is
difficult to assess a firm number for its width. We estimate Eq
to be about 10 times smaller than the bandwidth integrated field
strength at 470 nm and about 8 times smaller at 332 nm. This is
the sole free empirical factor in our model. We show in Fig. 3
the potentials in the presence of interaction at an effective field
strength of 0.005 atomic units as black fat lines. For simplified
viewing, we show the states in the presence of interaction only
over a restricted range of internuclear separations.

A. Pattern of resonance energies

Excitation of the intermediate resonance states from the
ground state of H, primarily probes their potential energy
curves at short range, near R = 1.5 a.u., where the form of
the relevant potentials is close to that of ground state H*.
We therefore make the simplification that the Frank-Condon
factors for transitions from ground state H, to H,* also
control the access of vibrational states in six-photon excitation.
We further assume that the vibrational quantum number
remains unchanged when these intermediate resonances are
one-photon ionized, commensurate with previous observations
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[36]. Thus, electrons formed in one-photon ionization of a
vibronic state R(v),

R@) 4+ hv — HyP(v") + e + €xin » (5)

where v = v™ produce photoelectrons at the kinetic energy
€xin = Wr + hv, where Wy is the binding energy of the
Rydberg at the equilibrium separation of ground state Hp™
(=2 a.u).

We may estimate the rate of one-photon ionization of the
resonant intermediate states using the generalized formula [37]
for one-photon ionization of excited states with binding energy
W,‘Z

—18 I P VV: : 2
o; =8x10 W (hv) [cm?], 6)
where [p is the ground-state ionization potential of the species
considered. We find o; = 4.7 x 10~!18 cm? at 470 nm and
o; = 1.6 x 107'8 cm? at 332 nm. Correspondingly, we have
ionization rates of (3fs)~!' at 470 nm and 3 x 10"* W/cm?
and (18 fs)~! at 332 nm and 2 x 10'3 W/cm?. It is, thus, safe
to assume that ionization occurs practically instantly once a
resonance is reached and a free electron is formed with a
drift energy according to Eq. (5). As the pulse is too short
to allow for any significant ponderomotive acceleration, this
drift energy will be frozen out and observed at the detector
[31,32]. We may, therefore, evaluate with the help of (5) the
critical intensities at which specific vibrational levels of the
‘R states are shifted into resonance and predict the respective
electron energy peaks. This occurs when the six- (four-) photon
dressed ground state matches the ponderomotively shifted
dressed state resonance. Denoting with [p the ionization
potential Hy X '2;(:;:0)—> Ht X 22;(1# =0), and with
V,+ the energy of the vibrational level v* of the molecular
ion (Vp = 0), we have

Nhv — Ip =WR+VU++U[I(IC)’ (7

where N = 6 at wavelengths near 470 nm and N =4 at
wavelengths near 330 nm. From (7), we evaluate the critical
intensities Z.. . These are marked in Fig. 4 by the points along
the ac Stark shifted electronic state energies. Here, we use as
energy scale Wx + hv as it is a direct measure of the electron
energy expected in one-photon ionization of the intermediate
state. We see that dominant ionization features are expected
from the 12; states O, P, and HH. The dashed green

curves are the EF and GK X7 states, which are unbound
at the six-photon (four-photon) energy and should thus only
contribute to the dissociation channel. Two-photon transitions
from the ungerade states (shown by the gray dashed lines in
Fig. 4) could also contribute to the electron spectrum in this
energy range, albeit at a much weaker level. We have therefore
not included them in the simulation of the spectra. The
respective angle-integrated electron energy spectra obtained
in the experiment in the first channel above threshold are
also shown in Fig. 4, at the right. The photoelectron spectra
concentrate in the region where intermediate resonance states
are predicted by our model.

In the experimental spectrum at 470 nm, contributions
appear at very low energies € <0.2 eV. We attribute this
signal to six-photon nonresonant ionization. This channel
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FIG. 4. (Color online) Resonances in the 12; states are marked
by their vibrational quantum number. Lines give the respective state
energies at R = 2 a.u., shifted up by one photon to also represent
the kinetic energy spectrum. Dashed green lines correspond to
dissociative states. The respective angle-integrated spectra are given
at the right.

closes due to ponderomotive shifting at 1.9 x 10> W/cm?.
The contribution at energies above 2 eV is attributed to
Rydberg states with principal quantum number n > 5 rather
than two-photon transitions from C-state intermediates. The
n > 5 Rydberg states are not part of our 11-state model but
are expected to deliver similar resonance contributions, albeit
with lower signal as their excitation probability from ground
state H, dilutes with n=3 [38].

A key test of the model will be to identify the strength at
which each of the vibrational resonances in Fig. 4 actually
contributes to the electron spectrum and its effect on the
angular distribution. To carry this through in a precise fashion
is a formidable task, which has not yet, to our knowledge,
been undertaken. Therefore, we take the liberty to address this
question in a very simplified, even simplistic model.

B. Strengths of resonances and angular pattern

The anomalous ac Stark shifting of states seen in Fig. 4
is accompanied by a strong variation of state amplitudes
with laser intensity. This can be seen in Fig. 5 for a fixed
internuclear separation R =2 bohr. The state composition of
each resonance channel controls the angular distribution of the
outgoing photoelectron. This we consider next.
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FIG. 5. (Color online) Squared amplitudes of the wave-function
decomposition of the pertubed O, P, and H H states as a function of
effective electric field strength at R = 2 bohr and at > = 470 nm.

We describe the radial electronic wave function of the
resonant intermediate states R,, by the one-center model wave
functions given in [39] and estimate the transition dipole matrix
element for one-photon ionization as

(nelrlel £ 1) = / Ru()r Fasi(r)dr,  (8)
0

where Fj,(r) is the Coulomb wave function for the free
electron [40]. On this basis, we calculate the oscillator strength
per unit atomic energy [41] for ionization of each intermediate
Rydberg resonance, characterized by nf and vibrational level
v=ot,

L= S U anintiriep) + ntlrlef P ©)

vt,nt

Here, f,+ is the Frank-Condon factor for transitions between
v=0 of ground state H, and a level v* of ground state H,™,
and a,¢ is the electronic amplitude of the Rydberg intermediate
state. This amplitude is governed by the six-photon excitation
process and hence, involves matrix element products [42] of
the form (1s|r|np)(np|rin't’) ... (n"¢"|r|ne), with the final
values £ =0,2 and n =3,4,5. Considering the probability ratio
for populating intermediate resonances with £ =2 (the state P)
and £ =0 (the states H H and O), we see that this ratio is

ana _ (n"plrind)

An”n = (10)

ans — (n"plrins)
The pertinent values for this ratio in atomic hydrogen [43]'
are near the value of 4, which we use in the following for
all resonances. We also assume that the R-dependent and
intensity-dependent resonance factors in the denominator for
the six-photon transition matrix elements [42] are similar for
all intermediate states such that they enter only as a scaling
factor.

On this basis, we approximate the angular distribution of
photoelectrons as a function of electron energy by

af
de do

2
~ 3 [forane PO nLlrlep)+ PO (nllrlef)]
vt,n,l
(11
"Hydrogenic values are A, 3 = 5.0, Ayy = 4.4, Ays = 4.3, A3y =

3.0, A3 5 = 3.1, Az = 3.0, Ays = 3.3, A4 = 2.6, taken from
Ref. [43].
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with P;"(0) being the Legendre polynomials and 6 the angle of
the outgoing electron measured relative to the laser polariza-
tion axis. Neglecting rotational and spin angular momenta,
we take m = 0, as linear laser polarization is used in our
experiment.

C. Comparison with experiment

By folding the results of (10) with a spectral resolution
of 10 meV, we obtain the high-resolution spectra shown in
Fig. 6 in the top row at the left (470 nm, peak intensity
3 x 102 W/cm?) and at the right (332 nm, peak intensity
2 x 102 W/cm?). At this resolution, we recognize the
individual resonance contributions, which are active at the
two wavelengths.

The respective experimental spectra are given in the bottom
row. An experimental energy resolution of about 50 meV is
expected. Increasing the resolution to 100 meV, the spectra
shown in the center row of Fig. 6 are obtained from our model
simulation. This broadening delivers the best comparison to
the experimental spectra. The extra broadening required to
obtain agreement is a consequence of our assumption that
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FIG. 6. (Color online) Results for 470 nm are given in the left
column, and for 332 nm in the right column. The model simulation is
given in the top row, at a resolution of 10 meV. The experimental
results are shown in the bottom row. The center row gives the
simulation result, artificially broadening the resonances in a Gaussian
shape with o =100 meV. Only the region up to the energy of the first
photon above threshold is shown, 2.64 and 3.73 eV, respectively. The
high resolution image is shown with an image contrast of 0.5.
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resonance ionization sets on sharply whenever an ac Stark
shifted state is tuned into six-photon (four-photon) resonance.
Obviously, this is a dynamic process with a width governed by
intensity and laser bandwidth and it will therefore stretch the
ionization feature over the scale of the photoelectron energies.
The fundamental features of the simulation closely reproduce
those observed in the experiment in the region between 0.2
and 2 eV at 470 nm and over the entire range at 332 nm. We
note that, at 470 nm, comparison should only be made of the
features below 2 eV, as contributions from higher Rydberg
resonance states set in at 2.1 eV (n > 5), which are not part
of the model. The same holds for the low electron energies
€ <0.2 eV, where a nonresonant ionization channel is active at
470 nm as discussed above.

At 332 nm, where the peak intensity corresponds to
E.;=0.003 atomic units, only two resonances participate
prominently; these are the v =4 level of H H and the v=1 level
of the O state. For both states, the effect of nonponderomotive
shifting is minor at the limit of resolution of the experiment. On
the other hand, at 470 nm, in the same range of effective field
strengths, numerous resonance levels participate as seen from
Fig. 4. These resonance positions are clearly different from
those expected on the basis of purely ponderomotive shifting.

The curvature in the angular features at 470 nm, our original
impetus to pursue this task, is not fully borne out by our current
model. Is is quite likely that contributions from higher angular
momenta, which appear in the sequence of stimulated emission
and stimulated absorption at these intensities, play a substantial
role here.

IV. CONCLUSION

We show that the solid base of knowledge accumulated
for molecular hydrogen can be utilized to predict fundamen-
tal features of the strong-field ionization response of this
molecule. The deformation of intermediate resonance states
in near-resonant excitation by the ionization laser field can
be treated as adiabatic perturbation of the respective potential
energy curves. In the cases considered here, intermediate states
with 12; character bear the dominant ionization pathways.
Their treatment can be restricted to a single internuclear
distance as they have potential curves that mimic that of
the molecular ion. Application to intermediate states such
as the B! state will require a more explicit account of
the vibrational amplitudes, but could otherwise follow similar
considerations. A more complete catalog of the dynamic
response of molecular hydrogen to strong laser fields, covering
the range from 300 to 800 nm, is currently being accumulated
in this laboratory. The concepts presented here form one of
the cornerstones for interpretation of this catalog. The sample
results given show that photoelectron imaging of short-pulse
laser ionization can provide a direct view of the light-perturbed
excited state structure of molecules.
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