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Abstract

We performed time-resolved photoelectron spectroscopy of valence orbitals of aligned CO, molecules
using the femtosecond soft x-ray free-electron laser and the synchronized near-infrared laser. By
properly ordering the individual single-shot ion images, we successfully obtained the photoelectron
angular distributions (PADs) of the CO, molecules aligned in the laboratory frame (LF). The
simulations using the dipole matrix elements due to the time dependent density functional theory
calculations well reproduce the experimental PADs by considering the axis distributions of the
molecules. The simulations further suggest that, when the degrees of alignment can be increased up to
(cos?@) > 0.8, the molecular geometries during photochemical reactions can be extracted from the
measured LFPADs once the accurate matrix elements are given by the calculations.

1. Introduction

Recent developments of x-ray free electron lasers (XFELs) [1-4] and table-top laser sources [5] are bringing off
ultrafast imaging of molecules with femtosecond temporal and sub-Angstrom spatial resolutions [6-9]. The first
imaging of atomic motions during photochemical processes has been achieved by the ultrafast electron
diffraction (UED) [10-12] and the ultrafast x-ray diffraction (UXD) [13—16]. Other imaging techniques such as
the Coulomb explosion imaging (CEI) [17-20], the laser-induced electron diffraction (LIED) [21-23], and the
ultrafast x-ray photoelectron diffraction (UXPD) [24-36] are also in progress. Among them, characteristic
features of the XPD are element-specific and chemical-state-specific. More importantly, the x-ray
photoionization cross sections are of four to six orders of magnitude larger than those for x-ray scattering [37].
From these reasons, the XPD is widely used for short-range surface structure analysis [38—40].

However, the UXPD for gas-phase molecules is only possible by fixing the molecules in space [41]. For
instance, a spatiotemporal control of the axis distribution (alignment) for the molecular ensemble in the
laboratory frame (LF) can be obtainable due to a rotational wave packet created with femtosecond IR laser
pulses. Hence, at any given delay time between the IR pump and ionizing probe laser pulses, a set of different
molecular alignment and polarization geometry is probed. That is, by preparing an aligned sample of molecules,
the axis distributions and photoelectron angular distributions (PADs) from the relevant molecular ensemble can
be observed in the LF [42—-45]. Up to now, such ultrafast time-resolved LFPADs have been intensively studied to
gain insight into intramolecular dynamics [46—52]. In contrast to this, ultrafast molecular frame PADs
(MFPADs) are now in progress, so that the present status of the UXPD is limited [29-34]. Namely, the ultrafast
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MFPADs are necessarily demanding to determine ultrafast atomic motions during photochemical processes. In
other words, the ultrafast processes such as dissociation, isomerization and intersystem crossing are best
understood by MFPADs.

In the above mentioned context, prior to the final goal of the UXPD, here we present the time-resolved PADs
from an aligned CO, molecular ensemble with the femtosecond soft x-ray (SX) pulses from SACLA SX-FEL [53].
The aligned molecular ensemble was prepared using the SACLA in-house Ti:sapphire NIR laser [54], and then
evolves under field-free conditions. On one hand, the degree of alignment for the CO, molecular ensemble was
determined by one of the facing velocity map imaging spectrometers (VMIs) [32, 34, 55], which recorded the
momentum distribution of CO™" fragment ions resulting from Coulomb explosion of the doubly-charged CO 3"
ions produced through double ionization by SX-FEL. On the other hand, using the other VMI, the time-resolved
valence orbital PADs from the aligned molecular ensemble by SX-FEL was observed in the LF. Because the
evolution of the prepared molecular ensemble is independent of ionization by the probe femtosecond SX pulses,
one can consider such time-resolved PADs to be those from the partially aligned molecular ensemble, the degree
of which was simultaneously determined by our facing VMIs. In the end, we will make the differences between
the LFPAD:s for partially aligned molecules and the randomly aligned MFPAD clear, based on numerical
simulations, since the interpretations of such PADs are often confused in the literatures [31, 49, 51].

2. Experiment

The experiments were performed at the SX beamline BL1 at SACLA [53]. The SX-FEL was operated at the
wavelength 0of 22.4 nm (55.4 eV) and the bandwidth of ~2% (~1 V). The duration of the SX-FEL pulses, 7x, was
estimated as ~100 fs (FWHM) and the pulse energy was ~50 puJ with a diameter of ~10 pm. For the pump laser
pulses, we used the optical laser system synchronized to SX-FEL at SACLA [54]. The Ti:sapphire NIR laser was
operated at the central wavelength 0f 793 nm (1.56 V) and the bandwidth of ~30 nm. The NIR laser pulse
duration, 71, measured by a single-shot autocorrelator was 300 fs (FWHM), which was slightly stretched from
the Fourier-limited pulse to reduce the effects of timing jitter between the NIR and SX-FEL pulses. The NIR
pulse energy was ~5 mJ; the peak intensities on the order of 10'* W cm ™ could be reached at the focus of
~100 pm. The NIR laser beam was combined with the SX-FEL beam by a holey mirror in a vacuum chamber
almost collinearly, and the spatial overlap between the two beams was monitored by a Ce:YAG screen inserted in
the center of the facing VMI spectrometers, see [32, 34] for details. The delay time ¢ between the NIR and SX-
FEL pulses was controlled by a translational stage inserted in the NIR beam path. Firstly, the delay time ¢ was
roughly scanned with an interval of 0.67 ps between t = —2 ps and 47 ps. From this, overall behavior of the
degree of alignment, ( cos? §), during the first rotational period, T,o; = 42.7 ps, was examined, including the
timing of the rapid modurations around ¢ = 0 and T;,; and the degrees of so-called permanent alignment (the
DClevel due to higher Jstates [56]). Next, the delay time ¢ was finely scanned with an interval of 0.2 ps at around
delay times when ( cos? 6) exhibits rapid modulations; near the pump pulse irradiation (from
t = —1.6t02.0 ps), around the half revival (from ¢t = 18.7 to 24.6 ps), and around the full revival (from r = 40.8
to0 46.8 ps). The pulsed molecular beam was crossed by the collinear laser beams. Then, the electrons produced
in the interaction region were drawn into the lower VMI, while the ions were drawn into the upper VMI: the
former recorded two-dimensional (2D) photoelectron momentum images, and the latter recorded 2D ion
momentum images. Here, for the ion detection, we applied a pulsed high voltage of —2 kV to the microchannel
plate at the flight time corresponding to a specific mass-to-charge ratio. By this gating procedure, we measured
only the desired CO™ fragment ions, which best represent the angular distributions of the molecular axis.

On one hand, both the SX-FEL and the synchronized NIR laser were operated at a repetition rate of 30 Hz.
On the other hand, the pulsed valve for the molecular beam was operated at a 15 Hz repetition rate. Thus, the 2D
images (signal + background) with and those (background) without the sample molecules were alternately
measured, and then the 2D images without both the noise from the residual gas and from the scattered XUV
were obtained by subtracting the background from the (signal 4 background) 2D images. The 2D data set
consists of 2,500 images at each delay time.

3. Results and discussions

3.1. Alignment of CO, induced by NIR laser

In order to obtain the alignment states of the molecular axis, we analyzed the concentric parts in the CO™
fragment ion images, which correspond to the Coulomb explosion channel of CO*+O™ from the doubly
ionized molecular ions CO %Jr_ Then, we introduced the orientation distribution function F (6, t) [57], which is

defined by
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Figure 1. Evolution of the degree of alignment { cos? §) as a function of the delay time t between the alignment NIR and SX-FEL probe
pulses. Open and solid circles; experimental data for the rough and the fine scans, respectively, evaluated from the CO™ fragment ions.
Solid line; the theoretical calculation under the rotational temperature of 6 K and the peak intensity of the NIR laser of

5x 10°Wem™

Fo,n— 100, M
Iran (9)
where I (6, t)isthe CO™" ion signal intensities at the delay time ¢, and I, the intensities at t = —0.4 ps, which

corresponds to the random orientation. The angle 6 is the ejection angle of the CO™ fragment ion relative to the
polarization vector of the NIR laser pulse. The function F (6, t) is normalized to ‘f; "F (0, t)]|sinf|df = 1,s0

that the time-dependent degree of alignment { cos? 6) (t) can be described by

(cos?0) (1) = fﬂ F (0, t)cos? 0| sin 0|d0. )

Since the FEL pulses are generated by the self-amplified spontaneous emission (SASE) process [58], their
intensities and temporal and spectral shapes vary significantly from shot to shot, and moreover the FEL pulses
have a finite timing jitter on the order of ~1 ps with the synchronized optical pulses [55]. Thus, in our
experiment, the degrees of alignment were much decreased due to the inevitable timing jitter between the SX-
FEL and NIR pulses, i.e., the fluctuation of # [55]. To remove the degradation of the alignment due to the timing
jitter, we tried to rearrange the single-shot ion images by referring to the theoretical values for the degree of
alignment: Firstly, the degrees of alignment were calculated by solving the time-dependent Schrodinger
equation according to [59]. The calculated results under the rotational temperature of 6 K and the peak intensity
of the NIR laser of 5 x 10" W cm™ 2 are shown in figure 1. Among the parameters investigated, the results with
these values best reproduce the maximum ( cos? 8) (¢) of 0.540 at around Ty, and the permanent alignment with
(cos?0) (t) = 0.377 simultaneously, both of which are experimental observations. Secondly, at ~ T, /2 and
~Tot> the delay time ¢ for each ion image was ordered within 0.7 ps by comparing the degrees of alignment
determined from the image with the calculated ones. Thus, the 2,500 images for a single nominal delay time were
distributed to seven different delay times. Finally, we obtained the reasonably ordered results of the time
evolution of ( cos? 6) (¢), which is depicted in figure 1. By this cumbersome procedure, we gotrid of the timing
jitter effects on the time evolution of the alignment degrees partially.

Just after the irradiation of the NIR pump pulse, the rotational wave packet is created, showing maximum
(cos?6) of 0.540 at t = 0.4 ps. Following the dephasing, the rotational wave packet shows a permanent
alignment with ( cos? ) = 0.377. The degree of alignment ( cos? #) modulates with an interval of 10.6 ps, which
corresponds to T;,/4, and the rotational wave packet rephases at 22.0 ps (~T;o /2) and 43.6 ps (~T;o) showing
the minimum ( cos? ) = 0.255 and the maximum ( cos?§) = 0.540, respectively. A slight mismatch between
the experimental and theoretical results may be due to the incomplete arrangement of the delay time and to the
uneven detection efficiencies when the desired ions were gated. Since the duration of the gating pulse was as
short as the width of the flight time of the fragment ions, the detection efficiencies might depend on the azimuth
angles of ion ejection, by which ( cos? #) might be slightly underestimated.

To evaluate the degree of alignment ( cos? §) by equation (2) in the above mentioned procedure, we derive
the time-dependent orientation distribution function F (6, t) from the CO™ fragment ion images. Such
functions are shown in figure 2. Taking the molecular symmetry of the CO, into account, this orientation

3



I0OP Publishing J. Phys. Commun. 2 (2018) 115015 S Minemoto et al

(a) random (b) anti-aligned (c) aligned
<¢—Pp NIR <¢—Pp NIR 4P NIR
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Figure 2. The orientation distribution functions F (6, t) of equation (1). (a) t = —0.4 ps, { cos?#) = 0.333,(b) t = 22.0 ps,
(cos?6) = 0.255,and (c) t = 43.6 ps, (cos?6) = 0.540. Dots; experimental results, and solid lines; fitted results of equation (3).
Polarization vector of the NIR laser is shown by the double-headed arrows. The distribution functions are used for the theoretical
simulations of equation (4). The statistical errors of the experimental results are £0.5%.

Table 1. The coefficients ax(t) of the Legendre polynominals Pi(6) in equation (3).

t (cos?0) a a; as ag as ao aiz aig
—0.4 ps 0.333 1.000 0.001

22.0 ps 0.255 0.986 —0.583 0.159 —0.002 —0.008

43.6 ps 0.540 0.999 1.549 0.674 0.181 0.074

11.2 ps* 0.839 0.997 3.372 5.816 5.555 7.810 7.605 9.901 9.940

* The delay time at which the theoretical calculation gives the highest value of ( cos? §) under the condition of the rotational

temperature of 6 K and the peak intensity of 2 x 10"* W cm™2.

distribution function F (6, t) can be expanded by the Legendre polynominals Py (cos 6) of even integers of K;

F@, ) = Z ax (t) Px (cos ). 3)
K

Thus, to derive the coefficients ax (t), equation (3) was fitted to the experimental results at

t = —0.4, 22.0(~ T /2),and 43.6 ps (~T;o¢). The fitted curves are shown in figure 2 together with the
experimental data. The obtained values of ax (¢) are summarized in table 1 with the corresponding values of the
degrees of alignment.

3.2. Photoelectron angular distributions from aligned CO,

The 2D photoelectron images by 55.4-eV photons of the SX-FEL, which are the counterpart of the properly
ordered ion images in the previous section, are Abel inverted by the pPBASEX procedure [60] to obtain the 2D cut
of the 3D photoelectron momentum distribution. Figure 3 displays the inverted Abel image of photoelectrons
from the CO, molecules aligned along the polarization vector of the NIR laser pulse. In our experimental
condition, the polarization vectors of both the NIR pump and the SX-FEL probe pulses are parallel to each other.
The lower panel shows the corresponding photoelectron spectrum, which was obtained by the integration over
all the emission angles of the photoelectrons. The peak labeled by X at the kinetic energy of 42eV, which
corresponds to the outermost ring in the Abel inverted image, can be attributed to the ionization of 17, level of
the CO,, resulting in the X state of the CO3 ions [61]. The peak labeled by A, B, and C at 38eV is the ionization of
17, 30,,and 4o, levels, resulting in the lower excited states, A, B, and C of the COJ . The energy resolution of
our VMI, AE/E of ~5%, can distinguish the X state from the other excited states, while these excited states are
merged to a single peak. The inner valence photoelectrons are observed at 18, 25, and 30 eV, which are obscured
by the tail of back scattering electrons from the microchannel plate for the ion detection”". The photoelectron

9 . . . .

Due to the voltage settings of the VMIs, some of electrons produced at the surface of the microchannel plate for the ion detection are
accelerated toward that for photoelectron detection. They are detected as signals at later flight times and with broad and smaller kinetic
energies than proper photoelectron signals.
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Figure 3. Abel inverted image of photoelectrons from CO, molecules at t = 43.6 ps (upper) and the corresponding angle-integrated
photoelectron energy spectrum (lower). Polarization vectors of the NIR and SX-FEL are parallel to each other as shown by the double-
headed arrows. The peak labeled A at 42 eV are attributed to the ionization of 17, level and those labeled C, B, and Cat 38 eV to the
17, 30,, and 40, levels. The statistical errors are less than +1%.

spectra integrated over all the angles, i.e., the photoionization cross sections for each level, were independent of
the delay time ¢, in other words, the degree of alignment, although they are not shown here, as can be expected.
In what follows we consider the photoelectron angular distributions (PADs) from the valence levels of the
aligned CO, molecules. The time-dependent PADs from the 17, level of the CO, are demonstrated as the polar
plotsin figure 4; (a) t = —0.4 ps (randomly aligned), (b) t = 22.0 ps (aligned perpendicular to the polarization
vector), and (c) t = 43.6 ps (aligned along the polarization vector). Such laboratory frame PADs (LFPADs) from
the aligned molecular ensemble are described by the sum of the molecular frame PADs (MFPADs) [62] weighted
by the orientation distribution function of equation (3) [63]. Taking both the polarization vector of the SX-FEL
along the LF z-axis and the symmetry of the CO, molecules into account, the time-dependent LFPAD can be

expressed by [63]
L, M
I, ) S (10, 10|L,0)A[7;(—DM(L — M, L,M|K0)(LO, L. 0|K0)
L,L,K,M
V2L + 1
X ————ag ()P 0, 4
2K 1D ag (t) Pr(cos 6,) (€]

where the dynamical parameter ALL o is described by the dipole matrix elements for photoionization [64], L the
vector sum of the angular momenta of photoelectron partial waves in the MF, L, (=0 and 2) the vector sum of
photon angular momentum, and ¢, the angle between the photoelectron momentum and the LF z-axis. Since L.,
and K are even integers, even integers of L are allowed by the non-zero conditions of the Clebsch—Gordan
coefficients, (L0, L, 0|K0) = 0, in equation (4), and also the maximum integer of L is given by the condition.
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(a) random (b) anti-aligned (c) aligned
<— SX-FEL <— SX-FEL <— SX-FEL

COCO 0

Figure 4. LFPADs for the 17, level of the CO,. (a) t = —0.4 ps, ( cos?§) = 0.333,(b) t = 22.0 ps, ( cos?§) = 0.255,and (c)

t = 43.6 ps, ( cos?6) = 0. 540 Dots; experimental results, and solid lines; theoretical simulation results. Each LFPAD is normalized
so that its volume integral becomes unity. Polarization vector of the SX-FEL is shown by the double-headed arrows. The statistical
errors of the experimental results are less than +1%. The LFPAD in (c) shows considerable change from those in (a) and (b), which is
reasonably reproduced by the simulation.

Using the experimentally determined ag(t) values in equation (3) and the dipole matrix elements for
photoionization of the 17, level calculated with the time-dependent density functional theory (TDDFT) [65], we
have simulated the time-dependent LFPADs. The simulation results are shown in figure 4 to compare with the
corresponding experimental data. In figure 4(a), the experimental LFPAD is perfectly reproduced by the
simulation. It should be noted that the simulated LFPAD for the randomly aligned molecules in figure 4(a) is
consistent with the LFPAD for the asymmetry parameter 5 = 1.26, which was calculated with the TDDFT. In
figure 4(b), both the experimental and simulated LEPAD, for the molecules aligned perpendicular to the
polarization vector, are slightly changed from that for the randomly aligned molecules in figure 4(a). In
figure 4(c), one can see considerable change of the LFPAD, for the molecules aligned parallel to the polarization
vector, from those in figures 4(a) and (b). This change is reasonably reproduced by the simulated LFPAD
according to equation (4), which is the average of the MFPAD over the molecular orientation, as can be seen in
the figure.

The LFPAD:s for the sum of the 17, 30, and 40, levels didn’t exhibit the alignment-dependent nature, i.e.,
time-dependent nature, although they are not shown here.

4. Summary and outlook

Using quantum mechanical nature, i.e., revival of the rotational wave packets, which were induced by the
femtosecond NIR laser, we have measured the time-dependent LFPADs from the partially aligned CO,
molecules under the field-free condition. The time dependent LFPADs have been well reproduced by the
TDDFT calculations considering the time-dependent degree of alignment, in other words, molecular axis
distributions. In this context, higher degree of alignment is most desirable in developing the UXPD.

To get a feeling on the alignment effect on the LFPAD, we simulated the LFPADs for the 17 level of the CO,
at the photon energy of 55.4 eV, under the condition of { cos? ) = 0.84 (see thelast line in table 1). This degree
of alignment was calculated under the extreme experimental condition of the rotational temperature of 6 K and
the peak intensity of the NIR laser of 2 x 10'* W cm 2. The simulation results are shown in figure 5. As can be
seen from the figure, under the present experimental condition of { cos? §) = 0.54, the characteristic feature of
the MFPAD in figure 5(c) consisting of lobes and nodes are fully smeared out by the convolution of it with the
molecular axis distributions. In contrast to this, under the promising condition of ( cos? #) = 0.84, every lobe
and node of the MFPAD is observed in the LFPAD. From this, we can say that when one can measure the LFPAD,
for example, for the degree of alignment ( cos? ) > 0.8, one can determine the matrix elements of the
photoionization by the analyses of such experimental LFPAD, on the analogy of our previous works on the
complete photoionization experiments, which derives the matrix elements from the MFPAD measured from the
photoelectron-fragment-ion coincidence experiments [66]. Conversely, one can derive the unknown molecular
geometry from the experimental MFPAD or LFPAD measured with the high degree of alignment, when the
theoretical calculations give accurate matrix elements of the photoionization for a given molecular geometry. In
this context, the geometrical change of laser-aligned molecules caused by another femtosecond optical laser can
be probed by the SX-FEL. This is our scenario of the UXPD: we trigger the photochemical reaction by an optical

6
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(a) <—SX-FEL (b) <e—SX-FEL (C) <—>SX-FEL

T~ — T

Figure 5. Simulation of LFPADs (a), (b) and MFPAD (c) for the 17, level of CO, at the photon energy of 55.4 eV. (a); ( cos?f) = 0.540,
same as figure 4(c), (b); ( cos?> @) = 0.839, (c); perfect alignment. Each PAD is normalized so that its volume integral becomes unity.
Polarization vector of the SX-FEL is shown by the double-headed arrows. In (c), the molecular axis is parallel to the polarization
vector. The lobes and nodes of (c) are fully smeared out in (a) while they are clearly observed in (b).

laser and determine ultrafast atomic motions by SX-FEL during dissociation, isomerization and intersystem
crossing [25, 35, 36].

In the end, we can say that we stepped towards the final goal of the UXPD by the success of the time-resolved
LFPAD measurement in the present work.
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