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We report the loss of discrete above-threshold ionization photoelectron peaks in the strong-field (800 nm, 60
fs, 3.6 - 9.0 × 1013 W‚cm-2) excitation in a series of polyatomic molecules of increasing characteristic
length. The molecules, biphenyl (C12H10), diphenylmethane (C13H12), and diphenylethane (C14H14), have two
phenyl groups spaced by a bridge of zero, one, or two carbon atoms. The photoelectron spectra correlate with
the characteristic lengths, not the number of atoms, of these molecules. The molecules having the smallest
and largest numbers of atoms (but similar characteristic lengths) display a broad featureless distribution of
photoelectron kinetic energies, peaked at lower kinetic energies and extending to many tens of electronvolts.
Diphenylmethane, the molecule with intermediate number of atoms but the smallest characteristic length,
displays a photoelectron spectrum containing discrete peaks in this range of laser intensities. The absence of
discrete photoelectron peaks in the spectra of biphenyl and diphenylethane is interpreted using an eigenstate
lifetime model based on calculated field ionization rates in an intense laser field. Finally, the abundance of
photoelectrons with high kinetic energies suggests higher probability of electron rescattering in the polyatomic
molecules in comparison with atomic intense field ionization.

Introduction

The interaction of strong-field radiation with polyatomic
molecules is proving to be a rich area for chemical physics.
Recent investigations1-4 report the effect of molecular size on
the coupling and partitioning of intense laser radiation into large
polyatomic molecules. Both photoion and photoelectron mea-
surements reveal that coupling from the laser field into a
molecule becomes more effective with increasing molecular size.
The detailed shape of the photoelectron energy distribution has
revealed a systematic correlation with the size of a molecule.1

In the series of molecules benzene, naphthalene and anthracene,
the contribution of discrete peaks arising from above threshold
ionization (ATI)5 to the total electron yield was observed to
decrease with increasing size.3 The maximum kinetic energy
and ionization probability also increased with molecular size.
These trends suggest that some aspect of molecular size is
important in the energy-molecule coupling event. To account

for molecular size, the concept of thecharacteristic lengthof a
molecule has been introduced6 as the longest distance within
the electrostatic potential energy surface of a molecule, for which
the surface does not exceed the first binding energy of the
system. Here we test whether the characteristic length can be
used to rationalize the photoelectron distributions for three
molecules having very similar numbers of atoms but different
characteristic lengths.

The specific effect of the characteristic length on strong-field
excitation of molecules has been probed using photoelectron
spectroscopy. The loss of discrete ATI photoelectron peaks in
the series benzene, naphthalene, anthracene3 could be attributed
to several mechanisms. One possible explanation is that during
strong-field excitation, an electronic eigenstate lifetime mech-
anism broadens the discrete photoelectron peaks more as the
molecular size increases. This model was developed to explain
the broadened photoelectron peaks in naphthalene with increas-
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ing laser intensity.7 This mechanism for the broadening of
discrete features involves an increase in the uncertainty of
electronic eigenvalues as a consequence of the decrease in
lifetime of the electronic states populated during excitation. The
decreased lifetime is due to an increased ionization probability
at higher laser intensities. Another possibility is an increase in
incoherent emission of photoelectrons as the size of a molecule
increases. This may be due to the enhanced probability for
nonadiabatic multielectron dynamics2 (NMED) as the complex-
ity of a molecule increases. The strong incoherent excitation
would destroy the interference effects, leading to the ATI
features in a modulated emission of the electron kinetic energy
distribution.8,9 Relative quantitative predictions can be made as
a function of laser intensity and molecular parameters for both
mechanisms.

The broadening in electronic state energy may be an important
factor in the recent spate of intense laser control experiments.
Shaped intense laser pulses at 800 nm have been used to control
electronic10,11and nuclear12,13wave packet dynamics in closed-
loop14 experiments. To understand the mechanism of such
control experiments, we are currently investigating energy
coupling in the strong field regime.

Here, we present the photoelectron spectra of biphenyl
(C12H10), diphenylmethane (C13H12), and diphenylethane (C14H14).
The structures of these molecules are shown in Table 1.
Although the molecular size increases marginally and continu-
ously in the series, the characteristic length does not. Due to
the shape of these molecules, the molecule of intermediate size,
diphenylmethane, has the smallest characteristic length. Thus,
with this series, we can delineate whether the loss of discrete
photoelectron peaks correlates with molecular size or with
characteristic length. The strong-field photoelectron spectra are
reported at intensities ranging from 3.6 to 9.0× 1013 W‚cm-2.
The results are interpreted in terms of the structure-based model
to determine the extent of lifetime broadening and NMED. We
also present evidence for a high probability for electron
rescattering in these molecules.

Experimental Section

The electron kinetic energy distributions were recorded using
a linearµ-metal shielded time-of-flight photoelectron spectrom-
eter with length of∼0.3 m, as described previously.3 Biphenyl
and diphenylethane were allowed to sublime directly into
vacuum to attain the desired pressure of 1.0× 10-6 Torr, while
diphenylmethane (liquid at room temperature) was admitted
effusively into the target chamber. The background pressure of
the spectrometer was 1.0× 10-8 Torr. Samples were excited
using a 10 Hz regeneratively amplified laser centered at 800
nm having pulse duration of 60 fs and pulse energy up to 1.5
mJ/pulse, as described previously.6 Photoelectron spectra were

measured using laser intensities up to 2.5× 1014 W‚cm-2.
Absolute laser intensities were determined using the laser
energy, pulse duration, and focal spot size. The intensities were
also calibrated by comparison to the ionization of argon. The
laser intenisty was attenuated by inserting glass cover slides
with known transmission properties into the beam path. No
measurable effect on laser pulse duration was introduced by
this intensity attenuation.

Results

The photoelectron spectra of biphenyl, diphenylmethane and
diphenylethane excited at laser intensities ranging from 3.6 to
9.0 × 1013 W‚cm-2 are presented in Figure 1. Higher laser
intensities produced a broad featureless distribution for each
molecule similar to Figure 1d. The smallest molecule, biphenyl,
and the largest molecule, diphenylethane, yield qualitatively
similar photoelectron spectra at all laser intensities employed
in this experiment. Above 4.0× 1013 W‚cm-2, the photoelectron
spectra of biphenyl and diphenylethane exhibit similar broad
featureless distributions of photoelectron kinetic energies, peaked
at lower energies and extending to many tens of electronvolts.
The modal kinetic energies for biphenyl and diphenylethane are
approximately the same (9.5( 1.0 eV) at 6.6× 1013 W‚cm-2.
The maximum kinetic energies for biphenyl and diphenylethane
are also similar, extending to 80 eV at 6.6× 1013 W‚cm-2. At
the lowest laser intensity investigated here, 3.6× 1013 W‚cm-2,
the photoelectron spectra of both biphenyl and diphenylethane
display weak but discrete photoelectron peaks superimposed on
the featureless distribution. These peaks in photoelectron yield
are separated by the photon energy, which at 800 nm is 1.55
eV, and represent ATI. Diphenylmethane, which is intermediate
in size compared to the other two molecules, displays markedly
different photoelectron spectra, with discrete photoelectron peaks
visible at all laser intensities investigated. The origin of the ATI
features occurs at 0.58 eV, with subsequent ATI peaks spaced
by the photon energy, as shown in Figure 1e.

Discussion

The dominant trend in the spectra presented in Figure 1 is
that diphenylmethane displays markedly enhanced signal in-
tensities for discrete, well-resolved photoelectron peaks in
comparison with biphenyl and diphenylethane over the laser
intensity range investigated. To understand the appearance of
the strong-field photoelectron spectra for these molecules, we
investigate both the lifetime broadening7 of the electronic states
populated during the excitation and the nonresonant nonadiabatic
electronic excitations.2

The lifetime broadening approach relies on employing the
ionization rate to provide a limit on the lifetime of a given state.
The lower limit of the intense field ionization rate is estimated

TABLE 1: Molecular Properties and Calculated Parameters for Biphenyl, Diphenylmethane, and Diphenylethane

molecule biphenyl diphenylmethane diphenylethane

structure

formula C12H10 C13H12 C14H14

molecular weight, amu 154 168 182
characteristic length,a0, Å 10.30 7.98 12.52
ionization potential, eV 8.37 8.81 9.1
∆0, nma 280 230 225
Inmed× 1014, W cm-2 0.8 5 1.3
WKB transmission probability,w (atomic units), at 2× 1013 W cm-2 0.0396 0.00166 0.0978
electronic eigenvalue uncertainty, eV at 2× 1013 W cm-2 1.08 0.045 2.66

a UV Atlas of Organic Compounds; VerlagChemie and Buttersworth: Weinheim and London, 1966-1971; Vols. I-V.
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using the structure-based tunnel ionization model.15 At the laser
intensities and frequencies employed in this work, several
competing mechanisms (such as multiphoton ionization) con-
tribute to the total ionization rate. In principle, any mechanism
by which ionization rates increase with laser intensity could
induce broadening of the electronic eigenvalues with increasing
laser intensity. To explain the results presented here, a mech-
anism that correlates with molecular structure has been used.

The structure-based calculation estimates spatial delocaliza-
tion of electrons in molecular orbitals by defining thecharac-
teristic length: a one-dimensional metric of the molecular wave
function. The characteristic length is used as the width of a
rectangular well approximating the spatial delocalization of the
electrostatic potential of the molecule. Figure 2 shows the
characteristic lengths of biphenyl, diphenylmethane, and di-
phenylethane calculated in a field-free case. To calculate the
characteristic length, the electrostatic potential energy surfaces
for these molecules were obtained by an ab initio method, by
first optimizing the neutral geometry of the species and then
calculating the one-dimensional potential energy surfaces along
various possible directions. The calculations were performed
using the Gaussian16 electronic structure package at the Hartree-
Fock level of theory using the 6-311g* basis set. The one-
dimensional potential energy surface having the largest unin-
terrupted distance between classical turning points at the
ionization potential of the molecule specifies the characteristic
length. The potential is approximated by a one-dimensional
rectangular well, where the height is defined by the ionization
potential of the system and the width by the characteristic length.
If one superimposes the electric field strength of the laser on
the rectangular well, a barrier is formed through which electrons
may tunnel ionize. This model then represents a quasi-static
representation of the laser-molecule interaction.

It is obvious that at the field intensities employed in this work,
both the electrostatic potential energy surface and the electronic
eigenstates are significantly perturbed by the laser field.17 This
may have significant implications for determination of the tunnel
rates using the structure-based model. In particular, both the
ionization potential and the characteristic length may change
in the field in comparison with their field-free values. The

ionization potential of a molecule in the strong field, IP′, is
expected to increase with the electric field strength,E, ap-
proximately by the valueUp ) (e2E2/4meωl

2),17,18 the pondero-
motive potential of an electron under the influence of a radiation

Figure 1. Photoelectron spectra for biphenyl (a, b, c, d), diphenylmethane (e, f, g, h), and diphenylethane (i, j, k, l) excited using 800 nm, 60 fs,
of intensity 3.6, 4.8, 6.6 and 9.0× 1013 W‚cm-2, respectively.

Figure 2. One-dimensional potential energy surfaces containing the
characteristic lengths for (a) biphenyl, (b) diphenylmethane, and (c)
diphenylethane. The dashed lines, illustrating the characteristic lengths
of the molecules, are drawn at the level of the respective ionization
potentials.
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field. Here e is the electron charge,me is the electron mass,
and ωl is the laser frequency. As a first approximation, we
assume that the ionization potential of these molecules in the
strong field is increased by the value of theUp. Using an 800
nm laser,Up is 3.0 eV at 5× 1013 W‚cm-2, representative of
the IP shifts in the range of laser intensities used in this work.
The effect of polarizability on molecular ionization potential
has not been included in any theoretical treatment to date.

The increase in the ionization potential due to the pondero-
motive potential results in a decrease in the tunnel ionization
probability compared to that calculated for a molecule using
the field free ionization potential. The increase in the ionization
potential should also decrease the characteristic length, and this
will result in a further reduction of the calculated ionization
probability in comparison with that determined using the field
free characteristic length. The effect of changing the charac-
teristic length on the tunnel ionization rates is relatively
insignificant in comparison with the effect of the field-induced
changes in the ionization potential. Therefore, in these calcula-
tions we use field-induced ionization potential values of IP′ )
IP0 + Up, in conjunction with the field-free characteristic lengths
of these systems.

The rectangular one-dimensional wells for each molecule with
an electric field of 1.23 V‚Å-1 (2 × 1013 W‚cm-2) superimposed
are shown in Figure 3. Note that while the characteristic length
of diphenylethane is larger than that of biphenyl, the smaller
IP of biphenyl offsets this difference resulting in a similar barrier
to tunnel ionization, and thus, the field ionization probabilities
are expected to be similar for these two molecules. It is evident

that the barrier to tunnel ionization is larger in diphenylmethane
in comparison with the other two molecules. Applying the
Wentzel-Kramers-Brillouin (WKB) approximation, the prob-
abilities for transmission of electronic wave packet through the
barrier can be calculated using the equation

whereV(r) is the perturbed potential barrier andr1 and r2 are
the classical turning points determined by the ionization potential
and the field-perturbed electrostatic potential energy surface.

The absolute tunnel rates for biphenyl, diphenylmethane, and
diphenylethane, calculated using eq 1 as a function of laser
intensity, are shown in Figure 4. The tunnel ionization prob-
abilities for biphenyl and diphenylethane are similar and are
both more than 1 order of magnitude higher than that for
diphenylmethane. This suggests that as the laser intensity is
increased, the diphenylethane and biphenyl are more likely to
enter a regime where field ionization dominates other ionization
mechanisms, in comparison to diphenylmethane.

The absence of discrete photoelectron peaks may be correlated
to the lifetime of the neutral molecule in the intense laser field.
If one assumes that an eigenstate will survive no longer than
the time required to tunnel ionize, the tunnel ionization rates
(in atomic units),w, arrived at using the WKB formalism may
be considered as the inverse of the upper limit of eigenstate
lifetime. The uncertainty in the lifetime is on the order of the
inverse of the tunnel ionization rate, i.e.,∆t ∼ w-1. Using the
Heisenberg uncertainty principle,∆E∆t g h, we see that∆E
g w, in atomic units. Table 1 presents absolute transmission
probabilities for the three molecules in question. The uncertainty
in electronic eigenvalues ranges from∼0.045 eV for diphenyl-
methane to∼2.66 eV for diphenylethane at 1.23 V‚Å-1 (2 ×
1013 W‚cm-2). At this field strength, the uncertainty in electronic
eigenvalue for biphenyl and diphenylethane is sufficiently large
that a dramatic broadening of photoelectron peaks would be
expected. If the ATI features are spaced by a value comparable
to the broadening, a featureless distributution should result. The
photoelectron distributions for biphenyl and diphenylethane
show little evidence for discrete photoelectron peaks, in keeping

Figure 3. Potential energy surfaces shown in Figure 2 approximated
by one-dimensional rectangular wells for (a) biphenyl, (b) diphenyl-
methane, and (c) diphenylethane. The width and the height of a well
are given by the characteristic length and ionization potential, respec-
tively.

Figure 4. Tunnel ionization probability for biphenyl (solid line),
diphenylethane (dash line), and diphenylmethane (dot-dash line) vs
laser intensity. The calculation employs the field-free characteristic
length and field-induced ionization potential, IP′, as described in the
text.

w ) exp{-2∫r1

r2[2(IP′ - V(r))]1/2 dr} (1)
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with the quantitative prediction of the lifetime broadening model.
Diphenylmethane has a rather modest electronic eigenvalue
uncertainty at similar field strengths, suggesting that the resolved
ATI peaks of diphenylmethane would not smear into a
continuum by the field-induced eigenstate broadening mecha-
nism compared to the other two molecules.

Obviously, when ionization mechanisms other than tunnel
ionization are considered, the molecules may ionize at intensities
lower than the peak laser intensity. In the context of the lifetime
broadening picture, this would tend to increase the resolution
of the photoelectron peaks. However, the general trend of
increased broadening with increased characteristic length is
expected to remain valid.

We now consider whether the loss of discrete ATI photo-
electron peaks in biphenyl and diphenylethane could be
explained by incoherent emission of photoelectrons due to onset
of NMED in these molecules. Any incoherent emission will
destroy the interference effects leading to the ATI features in
the photoelectron distributions. When polyatomic molecules are
subjected to strong nonresonant fields, the lowest frequency
electronic transitions may determine the field intensity for the
onset of NMED, leading to rapid energy deposition in these
molecules.2 In the NMED model, one considers the amplitude
of oscillation of an electron in oscillating electric field given
by aosc) eE/meωl

2. If the amplitude of oscillation of the electron
inside the potential energy surface is small compared to the
characteristic length of the molecule, the electron dynamics may
become highly nonadiabatic. The delocalized electrons will
quiver inside the molecule with a typical energy on the order
of Up, the ponderomotive potential. Any scattering in the
presence of the field, either from corrugation of the potential
or from other electrons, will lead to the absorption/emission of
energyUp, similar to laser-assisted bremsstrahlung.19 When the
Up approaches the ionization potential or the characteristic
electronic energy level spacing of the system, the excitation may
become highly nonadiabatic.2,20The probability for nonresonant
Landau-Zener transition from one electronic surface to another
scales as2

whereL is one-half of the characteristic length of a molecule.
Ivanov and co-workers2 have proposed that whenωlEL ∼ ∆0

2

strong nonresonant absorption may occur leading to rapid energy
deposition in the molecule.

The UV-visible absorption spectra for biphenyl, diphenyl-
methane, and diphenylethane reveal that the values of∆0

(defined here as the point where the molar absorbtivity reaches
103) are 280, 230, and 225 nm, respectively. The values of∆0

for these molecules can be used to calculate the scaling factor
for the Landau-Zener transition probability (eq 2) as a function
of laser intensity at 800 nm, as shown in Figure 5. Biphenyl
and diphenylethane have similar transition probabilities rising
rapidly above 5.0× 1012 W‚cm-2 and reaching saturation above
1.0× 1014 W‚cm-2. Diphenylmethane has significantly reduced
transition probability compared to these two molecules. The plot
reveals that at all laser intensities the energy deposition by the
NMED mechanism should increase in the series diphenyl-
methane, diphenylethane< biphenyl. This is in qualitative
agreement with all of the spectra shown in Figure 1. To
understand whether rapid decoherence by the NMED mecha-
nism is expected to play a major role in the energy deposition
in any of these molecules at the field intensities employed, we
calculate (using the criteria ofωlEL ∼ ∆0

2) the laser intensities
for the onset of NMED,Inmed, and list them in Table 1. The

calculation predicts that the electron dynamics should remain
adiabatic up to intensities of 8.0× 1013, 1.3× 1014, and 2.0×
1015 for biphenyl, diphenylethane, and diphenylmethane, re-
spectively. Therefore, we conclude that energy deposition by
the NMED mechanism does not explain the loss of discrete ATI
photoelectron peaks in biphenyl and diphenylethane. The
threshold value forInmed has been shown to be in agreement
with the onset of extensive dissociation in recent experiments
on anthracene, 9,10-dihydroanthracene and 1,2,3,4,5,6,7,8-
octahydroanthracene.4

The influence of the field-induced state shifting on the
ionization potentials and characteristic lengths, and conse-
quently, on the tunnel ionization probabilities of these molecules
has been discussed. It is also likely that the HOMO-LUMO
energy gap does not remain constant in the strong dynamic fields
employed in this work. Inclusion of the∆0 dependence on the
laser field strength should increase the estimated intensity for
the onset of NMED in these molecules. This is because the field-
induced eigenstate shifting typically leads to increase in the
separation of the energy levels in a system. Therefore, theInmed

values should be considered as the lower limits of the field
intensities for the onset of NMED in these molecules.

Alternative mechanisms could be responsible for the broaden-
ing and washing out of the resolved features in photoelectron
spectra presented here. For example, if the ionization proceeds
via first populating excited states and then coupling these states
to the continuum, one prerequisite for the observation of
resolved peaks is that the excited states be locked at a fixed
energy difference relative to the ionization threshold during
ionization.21 Otherwise, the photoelectron signal from these
states is expected to be smeared in energy space. It is possible
that at sufficiently high laser intensities the excited states
participating in the ionization undergo differential field-induced
shifting relative to the ionization threshold. Another possibility
is that as the laser intensity is increased, new ionization channels
open, and the extra photoelectron signal overlaps in energy space
with that corresponding to the low-energy channels, the latter
are always present due to the temporal and spatial profile of
the laser pulse. It is important to note that the loss of features
in the photoelectron spectra presented here may not be
unambiguously attributed to any one particular mechanism. We
have shown that the electronic eigenstate lifetime broadening
mechanism (in the context of the structure-based model) is
sufficient to explain the results presented here.

The final observation we make from the photoelectron
measurements of Figure 1 concerns the probability for electron

exp(-π∆0
2/4ωlEL) (2)

Figure 5. Scaling factor of the probability for nonresonant Landau-
Zener transition for biphenyl (solid line), diphenylethane (dash line),
and diphenylmethane (dot-dash line) vs laser intensity. The dotted
line intercepts the probability curves at the field intensity ofInmed.
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rescattering in these polyatomic molecules. In the studies of
intense field ionization of atoms, the maximum kinetic energy
of photoelectrons in the absence of electron rescattering is
limited to twice the ponderomotive energy, 2Up.22 For the
electrons undergoing rescattering, the electron kinetic energies
may range up to 8-10 Up.23 Electron rescattering is known to
be a rather ineffective process in the case of atomic tunnel
ionization. In the tunnel ionization regime, an electron enters
the continuum at a significant distance from the ion core (at
the outer classical turning point of the electrostatic PES) and
then undergoes oscillatory motion at the laser frequencyωl.
Immediately after being released from the atom in the ionization
event, the electron wave packet undergoes a transverse delo-
calization. Numerical studies on intense-field ionization of
helium have shown that the returning electron wave packet has
a radius of approximately 30a0 as it rescatters from the nucleus.24

Given the small dimensions of atoms, the transverse electronic
wave packet delocalization result in low probability of recol-
lision of the electron and the ion core. As a result, only a small
fraction of photoelectrons (typically,1%) are detected with
energies above 2Up in atomic tunnel ionization. In our case of
strong-field ionization of polyatomic molecules, the values of
the WKB transmission probability indicate that tunnel ionization
should have a significant contribution to the detected electron
signal, and therefore, we should expect electron rescattering to
be active. In fact, we observe a significantly larger electron
signal in excess of 2Up than is typical in atomic strong field
ionization (the ponderomotive energies are 2.16, 2.88, 3.96, and
5.4 eV at the laser at intensities of 3.6, 4.8, 6.6, and 9.0× 1013

W‚cm-2, respectively). This suggests that for the polyatomic
molecules the electron rescattering may be more effective in
comparison with atoms as suggested elsewhere.7 The dramati-
cally increased spatial extent of these molecules (compared to
atoms) enhances the probability for recollisions of the returning
electrons with the ion core and should account for these
measurements.

Conclusions

The strong-field photoelectron spectra are presented for
biphenyl, diphenylmethane, and diphenylethane, a series of
molecules containing two phenyl rings. The photoelectron
spectra for biphenyl and diphenylethane are qualitatively similar,
dominated by a broad, featureless distribution of electron kinetic
energies over the range of laser intensities studied. Diphenyl-
methane displays discrete photoelectron peaks at the lower laser
intensities investigated here but evolves to the featureless
distribution as the laser intensity is increased. The number of
atoms increases in the series biphenyl, diphenylmethane, and
diphenylethane. The characteristic length, however, does not
increase in this series but is considerably smaller for the
diphenylmethane than for biphenyl or diphenylethane. The latter
two molecules have similar characteristic lengths. The field
ionization probability, therefore, is markedly different for
diphenylmethane compared to the other two molecules. The loss

of discrete photoelectron peaks is consistent with a field-induced
eigenstate lifetime broadening mechanism. According to this
mechanism the lower tunnel ionization probability for diphen-
ylmethane results in longer lifetimes of the electronic eigenstates
populated during the excitation and consequently lower uncer-
tainty in eigenstates’ energy.
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