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By combining a state-of-the-art high-harmonic ultrafast soft X-ray source with field-free dynamic alignment,
we map the angular dependence of molecular photoionization yields for the first time for a nondissociative
molecule. The observed modulation in ion yield as a function of molecular alignment is attributed to the
molecular frame transition dipole moment of single-photon ionization to the X, A and B states of N,™ and
CO,*. Our data show that the transition dipoles for single-photon ionization of N, and CO, at 43 eV have
larger perpendicular components than parallel ones. A direct comparison with published theoretical partial
wave ionization cross-sections confirms these experimental observations, which are the first results to allow
such comparison with theory for bound cation states. The results provide the first step toward a novel method
for measuring molecular frame transition dipole matrix elements.

Introduction

Knowledge of the molecular frame transition dipole
WioniclttlneuralLlbetween neutral and ionic states of molecules
is fundamental to understanding photoionization of molecules.
The calculation of transition dipole moments is substantially
more difficult for bound—free transitions than for bound—bound
transitions, because the former require the accurate treatment
of the continuum wave function of the free electron.! Experi-
mental molecular frame transition dipole matrix elements for
photoionization have been determined previously by measure-
ments of rotationally resolved photoelectron angular distribu-
tions>¢ and by coincidence measurements of “fixed-in-space”
photoelectron angular distributions following dissociative ion-
ization.” In the latter experiments, measurement of the recoil
direction of the ion fragment(s) defines the direction of the
molecular axis within the constraints of the axial recoil
approximation. Although these approaches have produced
beautiful and enlightening results, both methods have their
limitations. To date, the former approach has only been applied
to hydride molecules and to the photoionization of selected high
rotational levels of diatomic molecules, where the rotational
spacings of the ion are sufficiently large to resolve. The latter
approach has been applied to both valence-® and inner-shell®-!!
ionization but is limited to systems in which the ion dissociates
rapidly. Thus, complementary approaches for determining
molecular frame transition dipole matrix elements are highly
desirable.

It has long been proposed® that a perfectly aligned molecular
sample ([¢os> = 1) would enable the direct measurement of
the molecular frame transition dipoles for states undergoing
nondissociative ionization, which is the dominant process in
photoionization. A novel method of breaking the symmetry is
to adsorb the molecule onto a surface. In the case of CO, it is
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possible to monitor the intensity of a particular shape reso-
nance as a function of X-ray polarization to determine if the
molecule is lying flat or perpendicular to a surface.'> However,
a molecule adsorbed on a surface is not a free molecule. In the
case of gas phase molecules, adiabatic and nonadiabatic
alignment methods have been extensively studied over the past
decade.!3-15 Adiabatic alignment requires a very strong static
electric field or a long laser pulse (picosecond to nanosecond),
that slowly aligns the molecular axes along the laser polarization
by exerting a torque on the induced dipole. Adiabatic alignment
has recently been used in an X-ray absorption experiment to
study CF3Br.'® Nonadiabatic alignment employs a short laser
pulse to excite a coherent rotational wave packet, which
undergoes periodic rephasing (revivals) and transiently aligns
the molecules. This approach has the advantage of being field
free and is therefore more attractive for studying the interaction
between nonperturbed free molecules and photons. Nonadiabatic
alignment has been used in a recent experiment, to probe
alignment effects using EUV (extreme ultraviolet) radiation.!”
Suzuki and co-workers'® demonstrated the possibility of gen-
erating a rotational wave packet by using a one-photon
transition. The issue with this type of experiment lies in the
low degree of alignment they can produce in molecules. The
theoretical limiting value of [dos? OLlis 0.6 for a pure parallel
transition. In contrast, the adiabatic and nonadiabatic alignment
does not have such limit. For example, a very high degree of
alignment ([dos?> OU= 0.92) has been achieved in iodobenzene
by Kumarappan et al.!” Experimental conditions such as
molecular rotational temperature and laser intensity can be
optimized to increase the degree of alignment. Of course, the
method is restricted to molecules with anisotropic polarizability.

In this work we show that by combining nonadiabatic align-
ment using strong femtosecond pulses with a reaction “micro-
scope”-molecular imaging apparatus, we can use femtosecond
soft X-ray pulses to measure the relative single-photon ionization
cross-section as a function of molecular alignment. As a result,
we can directly obtain the ratio between the parallel and
perpendicular molecular frame transition dipoles. We also
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Figure 1. Experimental setup. An IR (800 nm) alignment pulse of
duration 140 fs first aligns the supersonically cooled N, and CO,
molecules. Aligned molecules are then ionized by either a delayed, 35
fs, IR pulse or a ~10 fs, 43 eV energy, soft X-ray pulse (blue).

compare the angular dependence of single-photon ionization
with soft X-rays to the angular dependence of multiphoton
ionization by an intense femtosecond infrared (IR) laser field.
We find that the N, and CO,™ multiphoton ionization ion yields
are maximized when the molecules are aligned with the
polarization axis of an intense IR field. In contrast, for single-
photon nondissociative ionization by soft X-rays, the ion yields
maximize when the molecules are aligned perpendicular to the
polarization of the X-rays. These measurements indicate that
the ionizing transitions are predominantly perpendicular for
single-photon soft X-ray ionization, and allow a direct com-
parison with theory for the first time for these systems. Finally,
we show that the single-photon dissociative ionization channels
N, = Nt 4+ N+ e~ and CO, — Ot 4+ CO + e~ are maximized
when the molecules are aligned parallel to the soft X-ray
polarization, in contrast to the nondissociative ionization chan-
nels. These results provide the first step toward direct measure-
ment of molecular frame transition dipoles from highly aligned
molecules in the laboratory frame.

Lepine et al.'” have performed similar experiments using a
combination of short IR pulses to align N, and CO,, and EUV
light produced by high-harmonic generation to probe the
alignment. The principal difference between their work and our
experiment is that their EUV beam was not energy-selected but
consisted of all harmonic orders between ~20 and 55 eV. In
our experiment, we use multilayer mirrors to select a single
harmonic order—the 27th harmonic at ~43 eV—with a few
electronvolt bandwidth. This difference is important because
the molecular frame transition dipoles, and thus the relative
amplitudes of the parallel and perpendicular transitions, are
energy dependent. Thus, the larger bandwidth of the previous
measurements is expected to smooth out any variations. In
addition, although the potential of the approach for threshold
(nondissociative) photoionization was discussed, the earlier
measurements focused on dissociative ionization processes, and
no parent cation yield modulation was observed. Their attempt
to observe an alignment dependence of the angle-resolved
photoelectron spectrum of N, was unsuccessful.

Experimental Section

To measure the single-photon ionization yield during a
rotational wave packet revival in a small molecule, subpico-
second soft X-ray pulses are needed because of the short
duration of the revival. Therefore, in this experiment we use
high harmonic generation by a femtosecond laser to produce
ultrafast (=10 fs) soft X-ray pulses as the source of ionizing
radiation. The experimental setup is shown in Figure 1. We use
a Ti:sapphire amplifier system producing 2 mJ pulses, at a 2
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kHz repetition rate, and with 35 fs pulse duration, and split the
output into pump and probe beams. The pump pulse, with
intensity ~4 x 1012 W/cm?, is stretched to 140 fs to impulsively
align the molecules by creating a rotational wave packet, which
periodically exhibits macroscopic field-free alignment around
the polarization axis of the pump aligning pulse.?? The probe
beam, with energy 1 mJ, is focused into an argon-filled hollow
waveguide to produce a comb of phase matched harmonics.?!
Using two Mo/Si multilayer mirrors and an Aluminum filter
(200 nm thick), we preferentially select soft X-ray harmonics
centered at ~43 eV (27th harmonic), which are then focused
noncollinearly with the pump beam into the molecular sample.
The soft X-ray photon flux is estimated to be ~10%s. The
relatively large bandwidth of the EUV light precludes the
resolution of vibrational (and even electronic) structure in the
photoelectron spectra of the N,™ and CO,", which have
vibrational spacing of ~0.1—0.4 eV. Alternatively, we can use
IR light as the probe beam to ionize the molecule using
multiphoton strong-field ionization that occurs at laser intensities
around 3 x 103 W/cm?. Because multiphoton ionization is a
more sensitive probe of alignment, we first used the strong field
ionization signal to verify our alignment conditions.

To extract the angle dependent ion yield, a molecular
supersonic gas jet is placed in a COLTRIMS (Cold Target
Recoil Ton Momentum Spectroscopy) reaction microscope,??
which allows reconstruction of the full momentum vectors of
all charged particles resulting from ionization, with coincidence
measurement capability. We exploit the COLTRIMS coinci-
dence and momentum imaging capabilities to distinguish
different ionization channels. We measure the kinetic energy
E,. of photoelectrons detected in coincidence with the respective
ions. This allows determination of the ion channel by its vertical
ionization energy Eion = hvguv — Epe.

The ion yield was probed during the first half-revival for N,
(4.2 ps) and CO; (21.0 ps), where the molecular axis distribution
changes from aligned to antialigned. The variation of the angular
distribution with delay during a rotational revival is effectively
the same as varying the angle between pump and probe
polarization at a fixed time delay corresponding to maximum
molecular axis alignment. However, by using parallel polariza-
tions in the alignment and ionizing pulses, azimuthal symmetry
is maintained at all times, which simplifies the analysis.

Results

Figure 2 shows the photoelectron spectra of N, and CO»,
measured in coincidence with N>+ and NT, and CO,™ and O™,
respectively, following ionization by 43 eV photons. Within our
experimental resolution, these spectra agree with published
photoelectron spectra of CO, and N», showing that single-photon
ionization of N, results primarily in the population of the X
22,7, A °I1, and B 22" states of N,*, and that ionization of
CO; results primarily in the population of the X IT,, A °IT,, B
23,T, and C 2Z,7 states of CO,*. The ionization energy of N,
is 15.6 eV, and the dissociation energy of N, is 8.7 eV,
resulting in a dissociative ionization threshold of 24.3 eV.?
Thus, with a 43 eV photon, photoelectrons with kinetic energy
greater than ~18.7 eV are expected to be correlated with stable
Ny, whereas photoelectrons with kinetic energy less than ~18.7
eV are expected to be correlated with N* fragments. Given our
experimental resolution, this assumption is consistent with
Figure 2a. Similarly, the ionization potential of CO, is 13.8 eV
and the dissociation energy of CO,™ is ~5.3 eV, resulting in a
dissociative ionization threshold of ~19.1 eV. Photoelectrons
with kinetic energy greater than ~23.9 eV should therefore be
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Figure 2. Photoelectron spectra in coincidence with (a) N,™ (red) and
N (blue) (b) CO," (red) and O (blue). With coincidence measurement,
N,* and CO,™ are found at X, A and B state. N™ is from N," inner
valence states with binding energy >24 eV. O is from CO," C
dissociative state (~19 eV).

correlated with stable CO, ™. Although this is generally consis-
tent with our observations, in contrast to N,, some CO,* appears
unstable for photoelectron energies up to ~30 eV. This result
may simply reflect the bandwidth of the high-harmonic light.
In addition, some CO,™ appears to be stable for photoelectron
energies down to about 18 eV. This observation may simply
result from the larger number of internal degrees of freedom in
CO,*, resulting in a longer lifetime before dissociation, and
enabling competing nondissociative decay mechanisms such as
fluorescence to stabilize the parent ion. This observation is also
consistent with the relatively long dissociation time scale
inferred below for the CO,* C state.

The yields for singly ionized N, and CO; as a function of
time delay between the alignment and soft X-ray ionizing pulses,
again in the region around the first half revival, are shown in
Figures 3 and 4. The insets of these figures also show the ion
yields resulting from multiphoton ionization by an intense
femtosecond IR field. For the case of multiphoton ionization, it
is clear that the N,™ and CO," yields are highest when the
molecules are aligned with the polarization of the IR field.
However, for the case of single-photon soft X-ray ionization,
the ion yield is at minimum when the soft X-ray polarization is
parallel to the molecular axis. This surprising contrast clearly
demonstrates the difference between multiphoton and single-
photon ionization. However, the origin of such difference is
not trivial, because the mechanism of multiphoton ionization is
still an area of intense investigation®* and beyond the scope of
this paper.
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Figure 3. (a) Upper panel: calculated alignment cosine (see text) for
N, versus time delay. Main panel: EUV ionization yields from
transiently aligned N,. Solid (hollow) symbols: N, (N* + N dissocia-
tion). Lines: numerical fitting. Inset: multiphoton (IR) ionization yield
of No* and its numerical fitting. (: aligned sample; <>: antialigned
sample). (b) Extracted angular dependence of the EUV ionization yield
to No™ and N,' dissociative states (NT). Inset: extracted angular
dependence of multiphoton (IR) ionization of N2. These angular
dependences were extracted, as described in the text, from a fit to the
delay-dependent yield data shown in (a).

Discussion

Electronic transitions in linear molecules are generally
classified as parallel or perpendicular according to whether the
dipole is parallel or perpendicular to the molecular axis, with
the corresponding selection rule for the electronic angular
momentum, A, of AA =0 and AA = =1, respectively. (Note
that for the final state in photoionization, A includes the
electronic angular momentum of the ion and photoelectron.)
When the molecule is aligned parallel to the polarization axis
of the light, parallel transitions are enhanced, and perpendicular
transitions are diminished, whereas the opposite is true if the
molecule is aligned perpendicular to the polarization axis of
the light. Thus, the time (angular) dependence of the ionization
yield is a sensitive probe of the character of the transition dipole,
and the angle-dependent yield can be directly related to the
molecular frame dipole. Note, however, that limited resolution
can complicate the process of extracting the direction of
molecular frame dipoles, as several continua can contribute at
a given photon energy. For example, if the photoelectron energy
resolution is insufficient to resolve different final electronic
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Figure 4. (a) Upper panel: calculated alignment cosine (see text) for
CO, versus time delay. Main panel: EUV ionization yields from
transiently aligned CO,. Solid (hollow) symbols: CO," (O + CO
dissociation). Lines: numerical fitting. Inset: multiphoton (IR) ionization
yield of CO," and its numerical fitting. ({!: aligned sample; <
antialigned sample). (b) Extracted angular dependence of the EUV
ionization yield to CO," and CO," dissociative states (O%). Inset:
extracted angular dependence of multiphoton (IR) ionization of CO,.

states, the Ny X!Z, " — Nyt X25, 1 + epo, or efo, and N X'Z,*
— No" B2Z,t + €'sa;, or € do, photoionization processes, which
all have the same overall symmetry, will overlap.

To quantitatively determine the angular dependence of soft
X-ray photoionization, we first calculate the time dependence
of the angular probability distribution A(6,7) of molecular axes
for the rotational revival following the method developed by
Ortigoso et al.*® We use the experimental parameters for
alignment pulse duration and laser intensity of 140 fs, 3.5 x
102 W/cm? for CO,, and 140 fs, 5 x 102 W/cm? for N». The
degree of alignment of the sample is given by the alignment
cosine, i.e., the average of cos?(0) over the calculated molecular
axis distribution: [dos%(0)= fcos%(0) A(0,7) sin(0) dO/[A(O,T)
sin(@) dO. The calculated alignment cosine for the conditions
of the EUV single-photon ionization experiment is given for
N, and CO; in Figures 3a and 4a, upper panel, respectively.
Then the ionization yield versus delay 7 is given by an angle
integral: Yield(r) = fA(0,7) o(0) sin (0) df, where 6 is the
angle between the direction of polarization of the light and
the molecular axes. We expand the angular dependence of the
ionization cross-section in terms of Legendre polynomials a(6)
= C(1 + BPy(cos(0)) + yPs(cos(h)) +...). For single-photon
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ionization, the ionization cross-section only contains the second
order term: o(60) = C(1 + SP,(cos()). Note, the  value in the
equation is different from the one extracted from photoelectron
angular distributions. It simply represents the anisotropy of
angular dependence of the ionization cross-section. To remove
the effect of possible soft X-ray intensity fluctuations, the yield
in the presence of the alignment beam is normalized by the
yield without the alignment pulse present. We obtained =
—0.43 4 0.13 by fitting to the N, ion yield data shown in
Figure 3. A theoretical value (Bincory = —0.46) for this parameter
can be derived from the results of recent calculations on the
photoionization of N, at this energy.?’ To do this, we used the
equation: 5 = (2 — Operp/Opara/ (1 + Operp/Opara). Operp and Opara
are the total cross-sections of perpendicular transitions and
parallel ones taken from the reference. The theoretical calcula-
tions® indicate that, at 43 eV, photoionization to the A state
makes up more than half of the total ionization cross-section
and is strongly perpendicular in character, whereas photoion-
ization to the X and B states has mixed parallel and perpen-
dicular character, resulting in overall perpendicular character
for the unresolved continua.

In Figure 3 we also show the N yield from the dissociative
channel leading to N* + N. This process can be separated into
transitions leading to two final states—the F 2Z," and (2 0,)~!
23, * state—with the F 22, state dominant. These channels can
be separated in our experiment, and thus we can characterize
the orientation of their transition dipoles separately: N* ions
were measured in coincidence with photoelectrons, and energy
filters were applied. For the F 2%, state, the ion energy filter
was between 0.08—1.84 eV, and the electron energy filter was
between 8—20 eV. For the (20,) 7! 2%, state, the ion energy
filter was between 1.84 and 5.32 eV, whereas the electron energy
filter was between 3.5 and 13.5 eV. We find the j values for
the F 2X,* state and (20,)7! 2%, " states are 0.47 £ 0.20, and
0.18 & 0.20, respectively. These correspond to ratios between
the perpendicular and parallel dipole contributions of ~1 and
1.54, respectively, using Operp/Opara = (2 — B)/(1 + f). These
two dissociative channels leading to N* + N are the only ones
relevant to this study that have been accessible in previous
studies using momentum imaging techniques. In experiments
with 40.8 eV photons, Hikosaka and Eland!® have measured a
transition ratio Operp/Tpara Of 0.23 for the F 22" state, and a
ratio Operp/Opara O 0.6 for the (20,) 7! 22, state. Although the
ratio for the (20,) ! 22, state is higher than that for the F 2%, "
state in both experiments, the absolute values are quite different.
This discrepancy may result in part from the different photon
energies in the two experiments.

In Figure 4, we show the O" yield from the dissociative
channel leading to OT + CO, as well as the nondissociative
CO,* yield. It is obvious that the dissociative process results
from a predominantly parallel transition, whereas the nondis-
sociative process results from a predominantly perpendicular
one. As in the case of Ny, our results for CO, are in agreement
with theoretical results (Bimeory = —0.43).2° Specifically, at 43
eV, perpendicular transitions are expected to dominate photo-
ionization to the X, A, and B states of CO,", whereas parallel
transitions are expected to dominate photoionization to the C
state of CO,™, which mainly predissociates into O™ + CO. We
find a B value of —0.67 £ 0.19 for the data shown in Figure 4.
These data are for CO," ions detected in coincidence with
electrons in the energy range from 20 to 30 eV, which was done
to remove the signal from the IR alone. Because of its low
ionization potential of 13.78 eV, CO, can be ionized even by
the alignment IR pulse. However, because these ions are



9386 J. Phys. Chem. A, Vol. 112, No. 39, 2008

TABLE 1: Comparison of Anisotropy Parameters (/)
between Experiment and Theory

molecules ionization channels Pexpt Pincory
N," (X, A, B) —0.43 +£0.13 —0.46
N, N, (F 22,7, NT + N) +047+020 —/—

+0.18 £0.20 —/—
—0.67+£0.19 —0.43
+0.51 £0.15  +0.84

N* (20,1 25,5, N* + N)
CO, CO," (X, A, B)
CO,* (C 40, OF + CO)

generated in coincidence with low energy electrons, they
therefore can be filtered from the data. We also studied the
electron yield for comparison. For electrons with energy between
20 and 30 eV, which are formed in coincidence with both CO,™
and O" + CO, we find a 8 value of —0.36 & 0.10. This
observation is consistent with the fact that the parallel compo-
nent for the transition to C state of CO,™ is stronger than the
perpendicular component. This results in a larger § value than
is observed by monitoring CO," ions, for which the C state
does not contribute.

We also obtain the angular dependence of the photoionization
cross-section for the dissociative channel O + CO. We find a
S value of +0.51 & 0.15 (see Figure 4). The O + CO channel
likely proceeds by dissociation from the C 40, channel of
CO,*.172627 Although the OT ion signal shows a strong
dependence on the alignment of the molecular axis, the O
angular distribution at a given delay (or given alignment of the
molecular axis to the polarization axis) is essentially isotropic
at all delays. This observation is consistent with the results of
Lepine et al.!” In particular, the long lifetime of the intermediate
state in this dissociation channel therefore appears to violate
axial recoil approximation, leading to an isotropic momentum
distribution and making it impossible to determine the transition
dipole with conventional methods. However, Dowek et al.?
reported an anisotropy parameter of ~1 for O angular
distribution from CO, dissociative ionization at 35 eV. Even
though this discrepancy between their and our results might be
due to the photon energy difference, it needs further investigation
to clarify. Theoretically?®?° it has been predicted that a broad
shape resonance structure contributes to the ionization to the C
state between 30 and 45 eV. The corresponding continuum
orbital is of o, symmetry, making this a parallel transition. The
experimental 3 parameter is in agreement with the theoretical
value at 43 eV of Bneory = 0.84, which was obtained as described
above for N,. The other partial wave contribution 0, — 7, is a
perpendicular transition and is not affected by the shape
resonance. Thus, our method provides a direct way to probe
this otherwise elusive shape resonance® in free CO, molecules.

We summarize extracted experimental anisotropy parameters
for different ionization channels and their theoretical values in
Table 1.

Conclusion

In conclusion, we have developed a novel method for
measuring the direction of molecular transition dipoles. This
new method does not require fragmentation of the molecule to
determine the direction of the transition dipole and allows
measurement of nondissociative bound—free transitions in N, ™
and CO,™ for the first time. Moreover, our approach also allows
determination of the direction of the transition dipoles for
dissociative ionization, where, for example, the excited lifetime
of the state is comparable to or longer than the molecular rotation
period, i.e., where the axial recoil approximation breaks down,
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as we show for the O" + CO channel. The method presented
here should be also applicable to larger and more complicated
molecules and can be extended to measurements of excited
molecular states. With increased electron energy resolution,
future experiments should also allow selective measurements
for individual final states. Finally, as pointed out in the
Introduction, a particularly interesting extension of this method
will be to measure photoelectron angular distributions of highly
aligned molecules. Such measurements will ultimately allow
the determination of both quantitative molecular-frame transition
dipole matrix elements and their phase-shift differences, i.e., a
“complete” ionization experiment.’!
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