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Abstract

Investigating the coupling of polyatomic molecules with intense laser pulses is necessary for understanding strong
field photochemistry. Furthermore, the amount of energy deposited in laser/molecule interactions, the degree and
pattern of fragmentation, and the energy partitioning between electronic and nuclear motion are of great interest for
coherent control experiments in the strong field regime. As a step toward this goal we examine time-of-flight mass and
photoelectron spectra for a series of aromatic hydrocarbons — benzene, naphthalene, anthracene and tetracene — col-
lected using 780 nm, 80 fs laser pulses of intensity up to 2 x 10" W cm~2. For this series, the amount of energy coupled
increases with molecular size. The degree of fragmentation increases for the larger molecules, and the kinetic energy
distributions of H* and C* ions and of photoelectrons shift to higher energies. Appearance intensities for ionization
and activation of similar fragmentation channels decrease with increasing molecular size. The total amount of energy
coupled appears to scale supra linearly with size of these molecules. The measurements suggest that energy deposition
into polyatomic molecules occurs by interaction of the laser field with the molecular structure as a whole and not as a
result of an interaction of the laser field with a collection of individual atoms. © 2001 Published by Elsevier Science

B.V.

1. Introduction

Laser control of quantum dynamics seeks to
influence the coupling of radiation into electronic
and nuclear modes of molecules by the use of co-
herent excitation schemes [1,2]. For a growing
subset of control applications [3-5], the ability to
achieve selective coupling will depend upon un-
derstanding of strong field radiation—molecule
coupling events. These events are defined by laser
intensities producing electric fields on the order of
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those binding valence electrons to nuclei. When
considering the interaction of intense laser pulses
and gas phase species, the complexity of the mo-
lecular Hamiltonian allows full time-dependent
solutions of the Schrodinger equation only for
systems of few electrons [6-8]. As this reduces
the utility of quantum mechanical approaches for
strong field control applications, intrinsically sim-
pler models must be developed if polyatomic
molecules are to be considered more fully. Initial
semi-classical treatments [9-11] of atoms have
been applied to polyatomic molecules. The exten-
sions of atomic models to polyatomic molecules
usually approximate the molecule as a sum of
couplings of the individual atoms modified by
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some factor, such as ratio of molecular/atomic
polarizabilities [12] or effective charge on the
atoms in consideration [13]. The atom-like models
may underestimate the effects of molecular struc-
ture on polyatomic molecule/field coupling due to
their inability to account for the nature of the
molecular electrostatic potential energy surface
(PES). The spatial extent of the PES has been in-
cluded in a structure-based field coupling model
[14,15]. This model has been used to predict rela-
tive tunnel ionization rates for polyatomic mole-
cules [16] and to rationalize an observed evolution
in the mechanism of energy coupling in a series of
polyatomic molecules [17] and in a single species
[18]. We seek in this contribution to elucidate the
effect of molecular structure on coupling into both
nuclear and electronic degrees of freedom. Here we
report that the strong field photoelectron dis-
tributions, photofragment distributions and ion
kinetic energy distributions shift toward higher
energy as the size of a molecule increases. The
results imply that molecular structure is important
for the coupling mechanism thus suggesting that
strong field control of chemical reactivity may be
feasible.

The general applicability of various models
may be best tested by studying energy coupling
trends in a series of similar molecules. The mole-
cules investigated here, benzene (C¢Hg), naphtha-
lene (CjoHg), anthracene, (Ci4;H;) and tetracene
(CigHj») are structurally and chemically similar
and differ mainly in their molecular size. The term
“molecular size” describes both the number of
atoms and the spatial extent of these molecules.
The spatial extent, defined here as the length of the
longest molecular dimension, ranges from 11.7
Bohr in benzene to 24.8 Bohr in tetracene. Under
strong-field conditions, benzene, naphthalene and
anthracene have been studied previously using
photoelectron spectroscopy [17,18] and time-of-
flight mass spectrometry [14—-16] by this group and
other groups [19-22]. The mass spectral measure-
ments revealed limited fragmentation for benzene
up to the intensity required to observe the doubly
ionized species. Naphthalene revealed more dis-
sociation and anthracene was substantially frag-
mented at all laser powers. In the present study we
focus on the final kinetic energy distributions for

fragment ions and photoelectrons to determine the
major product channels. Furthermore, mass spec-
tral data for tetracene is now included to test
whether any saturation effects in the energy cou-
pling are observed with increasing molecular size.
The observed trends in the energy coupling/parti-
tioning are interpreted in terms of the changing
molecular structure and highlight the effect of
molecular structure on the degree of coupling,
the amount of energy coupled into a polyatomic
molecule under particular field conditions, and the
distribution of energies among all of the possible
degrees of freedom.

2. Experimental

To measure ion spectra and ion kinetic energies,
a linear 1 m time-of-flight mass spectrometer in
dual slope continuous extraction mode was em-
ployed. Two complementary measurements of ion
kinetic energy release were made. In the first
measurement ions were allowed to drift 5 mm in
field free conditions prior to being extracted into
mass spectrometer. During the drift period ions
separate according to their initial velocities. Thus
in this experiment a smaller time-of-flight corre-
sponds to a higher initial kinetic energy. In the
second experiment, the ion kinetic energy distri-
bution was exposed to a potential barrier before
extraction into the time-of-flight system. This al-
lows measurement of the kinetic energy distribu-
tions of various ions, as only those ions with
sufficient kinetic energy to overcome the known
retarding potential are detected. A 1 mm aperture
is placed between the ionization and detection re-
gions in order to ensure that only ions generated
in the most intense region of the laser beam are
collected [23]. The photoelectron spectra were
measured using a 30 cm linear time of flight pho-
toelectron spectrometer with u-metal shielded
ionization and drift regions. The photoelectron
spectrometer had a 500 pm aperture placed be-
tween the focal point of the laser beam and the
detector.

The excitation source used in these investiga-
tions was a 10 Hz regeneratively amplified Ti:
sapphire laser similar to one described previously
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[14-16], capable of producing pulses of 1.5 mJ, 80
fs centered at 780 nm. The laser intensity was de-
termined by measuring the average pulse energy
using a power/energy meter, the unfocussed beam
diameter, focal spot size and pulse duration. The
calculated and measured focal spot size agreed well
with a value of 35 um. The pulse duration was
measured using standard interferometric autocor-
relation techniques.

Benzene was introduced effusively into vacuum
and solid samples were allowed to sublime directly
(the tetracene sample was heated to 90°C to
achieve comparable pressure). Spectra were col-
lected with sample pressures of ~2 x 10~° Torr,
with background pressures of 2 x 1078 Torr for
both spectrometers.

3. Results

The ion spectra for each of the molecules are
presented in Fig. 1 for an intensity of 2 x 10™
W cm~2. For benzene (Fig. 1a), it is observed that
the dominant ion is the parent molecular ion,
C¢H{ . Relatively little fragmentation is observed
in this molecule. Naphthalene (Fig. 1b) shows di-
minished parent ion and increased fragmentation
in comparison to benzene. Anthracene (Fig. 1c)
shows greatly reduced parent ion and extensive
fragmentation with lower mass fragments being
favored over benzene or naphthalene. The spec-
trum for tetracene (Fig. 1d) is qualitatively similar
to that of anthracene. The occurrence of doubly
charged carbon fragments C** also increases with
molecular size. The increase of fragmentation
with larger molecular size indicates that a greater
amount of energy is coupled into the nuclear
modes as the molecules become larger. Because the
nuclear degrees of freedom scale linearly with the
number of atoms, the increasing dissociation as a
function of molecular size suggests that the total
amount of energy coupled per molecule increases
with molecular size.

To further test for the degree of energy coupling
as a function of molecular size, the relative kinetic
energy releases of the smallest ionic fragments, H*
and Ct, ejected from these molecules were probed.
Fig. 2a and b show time-of-flight distributions of
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Fig. 1. Time-of-flight mass spectra of (a) benzene, (b) naph-

thalene, (c) anthracene and, (d) tetracene obtained using 780
nm, 80 fs, 2 x 10" Wem™2 laser pulses.

H* and C* ions at an intensity of 2 x 10" Wcm™
respectively. In these distributions a smaller time-
of-flight corresponds to a larger kinetic energy.
The most probable H* ion time-of-flight is 3.39 us
for benzene, 3.37 ps for naphthalene, 3.33 ps for
anthracene, and 3.29 ps for tetracene. The HT
cutoff time-of-flight is 3.30 pus for benzene, 3.28 us
for naphthalene, 3.26 ps for anthracene, and 3.19
us for tetracene. The most probable C* ion time-
of-flight is 10.7 us for benzene, 10.7 us for naph-
thalene, 10.9 ps for anthracene, and 11.0 ps for
tetracene. The C* cutoff time-of-flight is 10.1 ps
for benzene, 10.3 ps for naphthalene, 10.5 ps for
anthracene, and 10.7 ps for tetracene. These trends
reveal that the relative kinetic energy releases for
H* and C* increase for the larger molecules in the
series. This result is observed for a wide range of
laser intensities.
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Fig. 2. Zero extraction field measurement of kinetic energy
release of (a) H* and (b) C* eliminated from the molecules
using 780 nm, 80 fs, 2 x 10" Wcm™? laser pulses.

To quantify the kinetic energy distributions of
the fragments observed in Fig. 2, retarding po-
tential experiments were performed. The relative
H™ ion signals of the four molecules investigated
are shown in Fig. 3 as a function of retarding field
voltage. Larger retarding voltages are required to
minimize the detected ion signal with increasing
molecular size at a given laser intensity. This in-
dicates that the energy coupling produces higher
energy H" ions as the molecular size increases. The
maximum kinetic energies of H* ions determined
in this manner for benzene, naphthalene, anthra-
cene and tetracene are 30, 35, 45, 60 eV respec-
tively. Similar kinetic energies have been obtained
in the retarding field measurement of the C* ions
for all four molecules.

1.0 e
X3
%q: . & tetracene
08 &°
%‘ ToBe O anthracene
5 %
‘é 0.6 ", Sbe O naphthalene
= e
2 *® 04 +  benzene
§ 04} *®ae
a « O O o
8 . ® nun,
g ool S .,
Cwg Pt
. 0 B g )
ogo " 2 e
00 PSvege0s P B e 7%
| 1 1 | |
0 20 40 60 80

retardation barrier, Volt

Fig. 3. Retarding field measurement of kinetic energy release of
H* eliminated from the molecules using 780 nm, 80 fs, 2 x 104
Wcem~2 laser pulses.

The fragment kinetic energy distributions from
a given species were found to be strongly depen-
dent on the laser intensity employed. Fig. 4 shows
the time-of-flight distributions of the H™ ions
liberated from naphthalene, anthracene and tet-
racene as a function of laser intensity. Each of the
molecules was exposed to intensities ranging from
4 x 10" to 2 x 10" Wcm™2. The appearance in-
tensity for observation of HT decreases with in-
creasing molecular size and is 1.2 x 10" Wcm™2
for benzene, 8 x 10> Wem™2 for naphthalene,
4 x 10" Wcm™? for anthracene and 2.8 x 10'3
W cem™? for tetracene. It is seen that for any given
molecule, the time of arrival distributions extend
to shorter flight times as the laser intensity is in-
creased. This corresponds to an increase in the
mean kinetic energy of a given fragment as the
laser intensity increases. In the case of benzene
limited H* was formed even at the highest inten-
sities.

A plot of the total H™ ion intensity as a function
of laser intensity also reveals the degree of cou-
pling between the laser and the molecules. This
measurement reveals both the appearance intensity
and relative cross-sections for H™ production as a
function of molecular structure as shown in Fig. 5.
The cross-section for production of H* from tetra-
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Fig. 4. Zero extraction field measurement of kinetic energy
release of H eliminated from of (a) naphthalene at intensities
of 2.00, 1.71, 1.46, 1.25 and 1.07 x 10'* Wcm™2 (b) anthracene
at intensities of 2.00, 1.71, 1.46, 1.25, 1.16, 1.07, 0.992, 0.917
and 0.621 x 10'* Wem=2 and (c) tetracene at intensities of 2.00,
1.58, 1.25, 0.992, 0.785, 0.621, 0.492 and 0.389 x 10'* Wcm™2.

cene is about two orders of magnitude larger than
for benzene at the intensity of 1.4 x 10" Wcem™—2,
We conclude that the production of H from these
molecules has strong dependence on molecular
structure.

Anisotropy in the direction of the ejected frag-
ment ion can be measured by comparing mass
spectra for laser polarization aligned with the time
of flight and that for laser polarization rotated by
90°. Pairs of such time-of-flight spectra, taken
under zero-field extraction conditions, for naph-
thalene and anthracene are shown in Fig. 6. It is
observed that H", C*, C** and C,H; fragments
are ejected predominantly along the axis of laser
polarization. The anisotropy of the direction of
ejection of the small ion fragments H*, C*, Ct*
and C,H; is observed for all four molecules.
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Fig. 5. Integrated ion yield of H' eliminated from the mole-
cules as a function of laser intensity.

To probe the quantity of energy coupled into
the electronic modes of motion of each molecule
we measure the photoelectron kinetic energy dis-
tributions. The strong field photoelectron spectra
are presented in Fig. 7 for the molecules investi-
gated at an intensity of 1.0 x 10" Wcem™2. The
most probable kinetic energy values are 1.7 + 0.7,
3.04+1.0,3.2+1.3, and 2.0 0.5 eV for benzene,
naphthalene, anthracene and tetracene, respec-
tively. The highest kinetic energy electrons de-
tected for benzene, naphthalene, anthracene and
tetracene are 45+ 5, 80 5, 110 £ 10 and 110+
10 eV respectively (the accuracy of the cutoff ki-
netic energy for anthracene and tetracene is limited
by the 2.5 GS/s oscilloscope and the resolution of
the photoelectron spectrometer). With the excep-
tion of tetracene, it is observed that the maximum
kinetic energies recorded increase with molecular
size. Again, these measurements suggest that the
total amount of energy coupled into these mole-
cules increases with molecular size.

4. Discussion

The data reveal simultaneous increase in energy
coupling into both nuclear and electronic modes as
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Fig. 6. Time-of-flight spectra for (a) naphthalene and (b) an-
thracene taken under zero field extraction conditions at the
intensity of 1 x 10'* Wcem™, recorded with laser polarized in
vertical direction (v) and horizontal direction (h). The hori-
zontal polarization is aligned along the axis of ion extraction.
Percentages illustrate the ratio of the areas of the corresponding
peaks in each pair of spectra.

the molecular size increases. These measurements
strongly suggest that the total energy deposition
increases as molecules become larger in the series.
The increasing overall energy deposition in larger
molecules is not surprising and could simply be
interpreted as a collective effect of an increasing
number of atoms interacting with the field inde-
pendently of each other. However, in such a case
the total energy deposition would be expected to
scale linearly with molecular size. Thus the energy
deposition per atom (and per photoelectron)
would be expected to be approximately indepen-
dent of molecular size. This is clearly not the case,
because the degree of fragmentation and of C**
production, the photoelectron cutoff energy, and
the kinetic energy release of H* and C* increase
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Fig. 7. Photoelectron kinetic energy distribution of (a) benzene
(x10), (b) naphthalene (x10), (c) anthracene and, (d) tetracene
obtained using 780 nm, 80 fs, 1.0 x 10" Wcm™2 laser pulses.

for larger molecules. We conclude that the total
energy coupled scales supra linearly with size of a
molecule in this series.

The appearance intensities for production of
ionic fragments (Table 1) and the kinetic energy
release of HT and C* address the question of
whether the radiation couples into isolated por-
tions of the molecule, as suggested by the semi-
classical treatments [12,13], or into the entire
molecule. The appearance intensities and the ki-
netic energy release of H* and C* depend strongly
on the molecular structure. However, comparison
of the properties of the molecules in this series
reveals that vibrational frequencies and bond dis-
sociation energies for the C-H and C-C bonds are
very similar for these aromatic systems. If energy
absorption were localized in such bonds (or indi-
vidual atoms), the appearance intensities of similar
fragmentation channels, the production of the H™,
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Table 1

Measured and calculated properties for the aromatic molecules subjected to strong near-IR field
Molecule Benzene Naphthalene  Anthracene Tetracene
IP (eV) 9.39 8.56 8.05 7.01
Characteristic length (Bohr) 11.7 15.8 20.2 24.8
Molecular ion appearance intensity (x 10713 Wcm™2) 4.1 2.6 2.1 1.4
H* appearance intensity (x10~'3 Wcm™2) 11.8 6.96 3.52 2.72
C* appearance intensity (x10~> Wcm™2) 14.8 7.24 4.68 3.16
C** appearance intensity (x 107> Wem=2) 214 11.7 7.52 6.72
Calculated relative tunneling probability at 2.5 x 10> Wcm™2 1 30 250 nan (BSI)
Measured relative total ion yield at 5 x 10'> Wcem™2 1 10 50 100
Field intensity for onset of BSI (x10~1* Wem—2) 12.2 5.54 3.0 1.50

and the kinetic energy release of H* and C* would
be expected to be relatively independent of the
molecular size. As this is clearly opposite of ex-
perimental results, we conclude that the energy
coupling is not localized in particular bonds (or
atoms, or orbitals) and that these molecules do not
behave in strong field as collections of atoms ab-
sorbing energy independently. To understand the
energy deposition into polyatomic molecules, the
interaction of laser field with molecular structure,
should be fully considered. This bonds well for
strong field optical control experiments where
structure-based contrast mechanism is required.
To understand further the coupling of energy
into both nuclear and electronic modes of excita-
tion we employ the structure-based model [14,15].

The model involves the calculation of an electro-
static PES from ab initio methods [24]. Once cal-
culated, the PES is used to obtain the characteristic
length, ay, of the molecule, which is defined as the
longest distance between classical turning points of
the PES at the ionization potential, see Fig. 8. The
characteristic length thus obtained is used as the
width of a one-dimensional rectangular well with
the height given by the ionization potential. This
rectangular well has the field strength of the laser
superimposed in an attempt to mimic the distor-
tion of the actual PES by the electric field of the
laser. The structure-based model allows prediction
of the scaling of relative rates of tunnel ionization
for a series of molecules by using the WKB trans-
mission coefficient equation [25]:
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Fig. 8. Molecular structures, electrostatic PESs, and rectangular wells approximating the extent of PES with 1.25 V/A electric field
superimposed for (a) benzene, (b) naphthalene, (c) anthracene and, (d) tetracene. The dotted line in the top panel displays the vector

employed for the characteristic length.
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r— exp{ —2/r22[V(r) —E]l/zdr} (1)

r

where V' (r) is the functional form of the barrier to
tunnel ionization, E is the ground state energy of
an electron inside the perturbed PES, and r; and r,
are the classical turning points of the barrier, see
Fig. 8. According to the structure-based model, as
the characteristic length increases, the potential
barrier to tunneling is reduced relative to the
electron ground state energy. Fig. 8 shows the
molecular structure and one-dimensional PESs
associated with each molecule in this series. The
rectangular wells generated using the structure-
based model each have an electric field of 1.25 V/A
superimposed across their widths. According to
the model, the barrier to tunneling ionization is
significant for benzene, decreases for naphthalene
and anthracene, and disappears for tetracene. This
model suggests that the degree of laser/molecule
coupling increases with molecular size at the same
field intensity. A similar degree of laser/molecule
coupling (activation of similar energy coupling
channels) is expected at lower field intensities as
molecular size increases in this series.

The structure-based model can be used to cal-
culate the relative rates of tunnel ionization, to
predict field intensity for onset of barrier sup-
pression ionization (BSI), and also to determine
whether tunnel ionization is expected to play a
significant role (vs. MPI) at a particular field in-
tensity. Some calculated and experimental values
are presented in Table 1. Both the experimental
data and the calculations using the structure-based
model reveal that lower field intensities are re-
quired to activate similar processes (similar energy
coupling channels) as the molecular size increases.

Although the structure-based model quali-
tatively predicts the increased degree of energy
deposition with increasing characteristic length,
it does not make any predictions regarding the
coupling of the laser field into either electronic or
nuclear degrees of freedom. The structure-based
model is a static model, but these molecules are
subjected to an alternating electric field. This field
induces an oscillatory motion of polarized elec-
trons (primarily valence electrons) inside the PES.
In a weak field non-resonant case, only the linear

polarization is induced, and the interaction is
mostly elastic, predominantly scattering rather
than absorbing radiation. As the field becomes
stronger, higher order non-linear susceptibilities
start to play role in the optical response and the
field/molecule interaction becomes increasingly
inelastic. An increase in characteristic length re-
sults in a greater freedom for the electrons to move
in response to the driving electric field and, con-
sequently, in higher dynamic polarizabilities [26].
This higher dynamic polarizability is synonymous
with a higher mobility of charges driven by the
electric field [26]. The data shown here is consistent
with the hypothesis that at a given field intensity, a
longer characteristic length facilitates acceleration
of the electrons inside the PES to higher kinetic
energies. As the molecular size increases some
saturation of energy coupling trends is expected
and the data presented here are in keeping with
that premise. Note that the photoelecton spectra,
the degree of fragmentation and the amount C**
produced from anthracene and tetracene are sim-
ilar and may indicate the onset of saturation of
energy coupling into these channels. On the other
hand, the data on the kinetic energy release of H*
and C* eliminated from these molecules show no
saturation effects.

On the time scale of the laser pulse the electric
field couples predominantly into electronic modes
of excitation. The measured fragmentation pat-
terns result from nuclear motion subsequent to,
and presumably resulting from the electronic ex-
citation. A significant amount of Coulomb repul-
sion is necessary to explain the ion kinetic energies
up to 60 eV observed in his experiment. Note that
these kinetic energies suggest that a gentle disso-
ciation of C-C and C-H bonds is not occurring.
Coupling of the laser field into the nuclear coor-
dinates during the 80 fs laser pulse is expected to
result only in a moderate increase in the fragment
ion kinetic energies. The coupling mechanism op-
erating here must be different from a Coulomb
explosion observed of small molecules. For ex-
ample, the kinetic energy releases observed in this
experiment depend strongly on the laser pulse in-
tensity while they do not in the case of diatomic
Coulomb explosion [27-29]. It is possible that the
coupling mechanism operating here is similar to
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the mechanisms considered in strong field Cou-
lomb explosion of Cg, [30] and Coulomb explosion
of molecular clusters [31,32].

Finally, we consider how orientation averaging
[33] may affect the scaling of experimental values
in comparison with calculations in which only the
longest coupling length for each molecule is em-
ployed. We should note here, that no evidence
supporting orientation averaging was found in
recent experiments on strong field ionization of
smaller sized molecules [19]. Nevertheless, because
the ion fragments are ejected predominantly along
the direction of laser polarization, we believe that
coupling is sensitive to the relative alignment of a
molecule with polarization of the laser in this ex-
periment. The orientation averaging should play
an important role in interpretation of the data as it
may mask the trend of increased energy coupling
with increasing molecular size. As large molecules
are not aligned at these intensities by 80 fs laser
pulses [34,35], the laser field couples in these mol-
ecules through all possible distribution of coupling
lengths. While a highly symmetric molecule, such
as benzene (Dgh), has a relatively small range of
coupling lengths, an elongated molecule, like tet-
racene (D,h), has an increased range of coupling
lengths. Fields couple into tetracene through ori-
entations similar to benzene, plus many others.
One of the effects of orientation averaging may be
the simultaneous presence of cold fragmentation
channels resulting in the production of M* and
large ion fragments and hot fragmentation chan-
nels resulting in the production of H*, C* and C**
in the ion spectra of larger molecules in the series.
The wide distribution of lengths may decrease the
most probable photoelectron kinetic in compari-
son to those that might be observed if molecules
were coupled through characteristic length only. In
spite of the possible masking by orientation aver-
aging the trend of increasing coupling of the field
into fragmentation channels with increasing mo-
lecular size is still apparent.

5. Conclusion

In conclusion, we have presented strong field
ion and photoelectron spectroscopy of a series of

similar molecules with increasing size. We observe
that as the molecular size increases, more energy is
coupled into photoelectron kinetic energy and
fragmentation channels. From the measured en-
ergy coupling trends, it appears that the total
amount of energy coupled during such interac-
tion scales faster than linearly with molecular size
in this series. The trend of increased coupling
with increasing molecular size is predicted by the
structure-based coupling model which takes into
account the extent of perturbation of electrostatic
molecular PES by the electric field of the laser.
This work presents an insight into energy coupling
and partitioning in the strong field ionization and
fragmentation of polyatomic molecules. It dem-
onstrates that polyatomic molecules do not couple
with the field as a collection of individually ab-
sorbing atoms. The interaction of polyatomic
molecules with the laser field is shown to depend
strongly on molecular structure. As the viability
and success of a certain subset of control experi-
ments depend on the ability to independently in-
fluence coupling channels, experiments of this
nature may provide an underlying framework of
useful knowledge.
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