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ABSTRACT

Ultrafast electron diffraction (UED) from aligned molecules in the gas phase has successfully retrieved structures of both linear and
symmetric top molecules. Alignment of asymmetric tops has been recorded with UED but no structural information was retrieved. We
present here the extraction of two-dimensional structural information from simple transformations of experimental diffraction patterns of
aligned molecules as a proof-of-principle for the recovery of the full structure. We align 4-fluorobenzotrifluoride with a linearly polarized
laser and show that we can distinguish between atomic pairs with equal distances that are parallel and perpendicular to the aligned axis. We
additionally show with numerical simulations that by cooling the molecules to a rotational temperature of 1K, more distances and angles

can be resolved through direct transformations.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/4.0000163

I. INTRODUCTION

Gas-phase electron diffraction has been used, to great success, in
determining the structure of gaseous molecules to high precision."”
Around the turn of the century, the works of Weber and Zewail added
a new component, ultrafast temporal precision, allowing changes in
the structure on the order of a few picoseconds to be extracted.”
Temporal resolution in ultrafast electron diffraction (UED) has con-
tinued to advance over the last 20 years through the addition of techni-
ques such as radio frequency (RF) compression of the electron
bunches,” " and acceleration to MeV energies using RF cavities.”
These methods have allowed extraction of excited state dynamics on
timescales approaching a hundred femtoseconds.'’ "

While the advancements in temporal resolution have been
impressive, UED signals are usually relegated to one spatial dimension,
extracting changes in bond lengths. Information in higher dimensions
can be retrieved through comparison to quantum calculations. Bond
angles,'® the isolated dynamics of two excited states following traversal
of a conical intersection,' vibrational motion in a radical,"” and full
excited state structures'’ have all been retrieved through the use of
comparison with simulated structures and trajectories. As interesting
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and important as these studies have been, it is an imperative part of
the scientific process to be able to retrieve the structures from experi-
mental data before comparing to theoretical simulations.

Extracting the higher dimensional information without compari-
son to theory requires additional methods, such as manipulations of
the molecular ensemble. One such method that has proven successful
using UED is laser-induced molecular alignment."*"” Such alignment
has successfully been combined with UED to retrieve the structure of
both linear”’ and symmetric top molecules.”" As the majority of mole-
cules do not fall into either of these categories, the next logical step
would be to apply these techniques to asymmetric tops. Unfortunately,
the three unique rotational constants corresponding to the principal
axes of an asymmetric top molecule make alignment more difficult
experimentally and more difficult to model theoretically. Diffraction
techniques using both electrons and x rays have shown that transient
alignment of asymmetric tops can be recorded,”””” although no dif-
fraction studies to date have succeeded in extracting multi-dimension
real space information. It has been shown theoretically that the struc-
ture can be retrieved from UED of aligned asymmetric top molecules
using an iterative algorithm,”* although this has not yet been demon-
strated experimentally.
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Here, we present proof-of-principle experimental and numerical
UED results from impulsively aligned asymmetric top 4-
fluorobenzotrifluoride (FCsH,CF;) (Fig. 1). The diffraction patterns
show good agreement with theoretical predictions up to a momentum
transfer of 11 A~", an improvement over previous UED experiments
on aligned molecules of a factor of two.”” We then transform the dif-
fraction images to real-space using a two-dimensional Fourier trans-
form followed by an Abel inversion (2DFT-A), again showing
excellent agreement with simulations. The separation of distances par-
allel and perpendicular to the molecular axis represents the first exper-
imental evidence of two-dimensional (2D) structural information of
an asymmetric top directly from diffraction data.

Furthermore, we show with numerical simulations that with
improved alignment more angles can be resolved within the trans-
formed diffraction data, leading to a significant increase in structural
information. An initial temperature of 1 K leads to accurate retrieval of
many distances and angles in the molecule using the direct 2DFT-A
transform. This temperature is experimentally feasible, although the
low-density presents a challenge of UED experiments and would
require a higher electron beam current than currently feasible with our
instrument.

Il. THEORY

In this section, we briefly describe the general background and
equations used in gas phase UED pump probe experiments. We then
describe how diffraction simulations from any arbitrary angular distri-
bution are produced. Finally, we describe how, with given initial con-
ditions, time-dependent angular distributions of a molecular ensemble
are calculated.

X

FIG. 1. Description of the orientation of the two most polarizable axes with respect
to the laser polarization axis, z. The angle of the most polarizable axis, Z, is given
by 7, and the angle of rotation of the second most polarizable axis, /, is given by &.
Note: Conventional naming of the angles is not used due to conflict with conven-
tional designation of the scattering angle, 0.
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A. Electron diffraction and real-space transformations

Electron diffraction from gaseous molecules has been studied
extensively and is briefly described here. A sample of molecules in a
gas are probed by a pulsed electron beam with a known energy. The
diffraction intensity for elastic scattering recorded by a given pixel on
the detector is given by

10,0) = 16) = — S S o) (o007, 1y
D*(s(0)) = !

1 j=1

1

where 0 and ¥ are the polar and azimuthal diffraction angles, respec-
tively, I, is a constant related to the brightness of the electron beam, D
is the distance from the interaction point to the diffraction ring associ-

ated with 0, s is the vector given by the momentum change, with

5= 47" sin (g) ,and / is the de Broglie wavelength of the electrons, ?,-j is
the interatomic distance vector between the ith and jth atoms, and f; is
the form factor for the ith atom.

The total intensity can be separated into two parts.

_ I N 2 I L (Nl ST
1G) = B(s) ; [ﬁ(s)| + >0 ;];tﬁ(s)ﬁ (s)e* . (2)

The first term contains no structural information, only information
pertaining to the atoms of the molecule, and is referred to as atomic
scattering, I;. The second term, containing the f,»j term, contains all
the interatomic distances of the molecule and is dubbed molecular
scattering, I,,,;. When the molecules are randomly oriented, integra-
tion over the full volume of orientation yields

I N 2 I <. <& 4*sin(sr)
= e T e 20 O

It should be noted that total scattering for randomly oriented mole-
cules is a function of the magnitude of s only, making the diffraction
azimuthally symmetric on the detector. This corresponds to the exper-
imental diffraction patterns before the laser interacts with the sample
and is referred to as static diffraction throughout this work.

Taking the static diffraction as a reference, we can isolate the
time-dependent signal through the diffraction difference method,"®

AI(s 1) =1I(s ,t) — I(s, —o0)
= mol(§ 7t) +Iat(sv t) 7Imul(57700) 7Iat(5»7oo)
= Lmol (E 7t) - Imal(57 _OO) = AImol~ (4)

Since I, is constant throughout the dynamics, it simply cancels
through the diffraction difference. Taking the difference helps to
remove noise and artifacts in the images.

The amplitude of I,,,,; drops off quickly as a function of scattering
angle and requires normalization. A common practice in UED is to
divide the molecular scattering by I, and multiply by s, giving the
modified scattering intensity, sM. This removes the dampening of the
diffraction signal, allowing the entire range of the diffraction signal to
be viewed simultaneously.

‘. ):Imoz(f,t)

sM(s 1n(5) - s. (5)
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The time-dependent sM follows directly from replacing I,,,,; in Eq. (5)

with either AI or Al,,,

AI(; s t) _ Al (E ) t)
m (5 ) m (5 )

For the case of randomly oriented molecules, a sine transformation of
the sM gives the pair distribution function (PDF).

AsM(s ,t) = (6)

J sM sin(sr)e’dsZ ds, 7)

0

PDF(r) =

where 4, is the maximum scattering vector recovered by the detec-
tor. A dampening term, e%, is included to reduce the edge effects
caused by $,,4, where d is a constant.

For the case of diffraction from aligned molecules where the scat-
tering intensity depends on two variables, the real space information
can be obtained by first Fourier transforming the images in both com-
ponents of the momentum transfer vector perpendicular to the direc-
tion of the incident electron beam (s, and s.), then applying an Abel
inversion.'””” This gives the modified pair distribution function
(MPDF) as described in Ref. 15, which is the cylindrical projection of
the three-dimensional (3D) PDF of the molecule convolved with the
angular distribution.

- Abel_IF‘ZD{I(E )}

DIPICE=CH

i=1 j=1#i ij

MPDEF(r, o)
o {ff} @

where g;;(2) is the angular distribution of the atom pair i}, and o is the

angle between 7 ; and the laser polarization axis. The relation of
the atom-pair angular distribution g;;(«) and probability density of the

o(r— r,]

molecular orientation is given by (1) in Ref. 26. gives peaks for

atomic distances r;;, 7 {ff;" } represents the Fourler transform of the
scattering form factors, and A ® B represents the convolution of A
and B.
The transform of AI(s , ¢) gives the time-dependent AMPDF,
AMPDE(r, 0, t) = Abel ' F2P{AI(s 1) }. (9)
B. Alignment of a molecular ensemble with a linearly
polarized laser pulse

The interaction between a linearly polarized laser pulse and an
asymmetric top molecule induces excited rotational states, essentially
providing an angular “kick” to the molecule. For the case of 4-
fluorobenzotrifluoride, the principal moments of inertia and the polar-
izable axes of the molecule overlap. We take the most polarizable axis
(MPA), and the principal axis, to point along 2/, as seen in Fig. 1. The
interaction causes the MPA to align along the polarization axis of the
laser pulse after some time, with the time dependent on the rotational
constants and polarizability of the molecule and the intensity of the
laser pulse.

We use the Euler angles to define the rotation of the molecule.
We take 7 to be the angle between z' and z, which corresponds to the
angle between the MPA and the laser polarization. The value of
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(cos*(y)) for a molecular ensemble gives a measure of the alignment of
the MPA, with random alignment {cos*(y)) = 0.33, perfect alignment
(all the molecules have MPA parallel to the laser polarization axis)
(cos*(y)) =1, partial alignment (molecules have the MPA pointing
closer to the laser polarization axis) 0.33 < (cos*(y)) <1, and partial
anti-alignment (molecules have the MPA pointing along the x-y
plane) 0 < {cos*(7)) < 0.33.

The second most polarizable axis (SMPA) is given by ¥ in Fig. 1.
The interaction also causes rotation of the SMPA described by &, the
angle of rotation about 2. The value of (cos*(&)) does not describe the
relationship between the SMPA and the laser polarization axis.
Consider a 4-fluorobenzotrifluoride molecule with the benzene ring in
the z—y plane, then (cos*(&)) gives the relationship of y and y,’, where
¥y is y rotated by angle ) for a given molecule. A random (uniform)
distribution gives (cos*(¢)) = 0.5, perfect alignment (all molecules in
the ensemble have their SMPA parallel to yy') (cos*(¢)) = 1, partial
alignment (molecules have their SMPA pointing preferentially in the
yo direction) gives 0.5 < (cos*(¢)) < 1, partial anti-alignment (mole-
cules have their SMPA pointing preferentially perpendicular to the y,'
direction) gives 0 < {cos*(¢)) < 0.5.

The distribution of the molecules along the azimuthal angle
describing the rotation of z' about z is uniform due to the symmetry
imposed by the laser polarization.

C. Time-dependent non-adiabatic alignment
simulations

The theory of non-adiabatic alignment of asymmetric top
molecules by intense laser pulses has been studied in previous pub-
lications.””* In this section, we briefly describe how that theory is
used to calculate the angular distribution and degree of alignment
of 4-fluorobenzotrifluoride after interaction with a linearly polar-
ized laser pulse. The rotational wavefunction of an asymmetric top
molecule can be expanded in the time independent asymmetric
top basis set,

W), (D) = > B2 (0]7TM), (10)
Jt™M
where J;, i, Mj, and ], 7, M are the asymmetric top quantum num-
bers for the initial states and excited states, respectively. To calcu-
late the numerical coefficients B}ﬁ\ﬁ\,[i (t), it is convenient to expand
the asymmetric top basis set |[JtM) in the symmetric top basis
set [JKM),

JeM) = " a M KM), (11)
K

where 2/ can be obtained by solving the eigenvalue problem,””

H[JtM) = B [JaM), (12)
where E™M is the energy associated with the state [JtM), and H, is

the rotational Hamiltonian given by

PR
2L 2Ly 2l

Hiot = = AJ. +BJ; + CIZ, (13)

where I, Ipp, and I are the principal moments of inertia with
Iaa S Ibb S Icc~

9, 054303-3


https://scitation.org/journal/sdy

From Egs. (10) and (11),

W () = D Clon, (DITKM), (14)
KM
where
Cifana (8 = 2 By, (0. (1)
T
Since
}T‘gle‘ (t=0) = dy50+:Omm, (16)

the initial condition is
Cliow, (t =0) = 2l (17)

The coefficients C}%i (t) can be determined by solving the time-
dependent Schrodinger equation,

3}‘*’]¢,M, (t)> W

ih a

t)[Whem, (1)) (18)

Within the rigid rotor approximation, the Hamiltonian is given by
H(t) ~ Hiot + Hind- (19)

Since fluorobenzotrifluoride is an orthorhombic molecule, the induced
interaction Hamiltonian can be represented as follows:"’

Xsin?y sin®¢]

82 t OCZX +OCZY OCYX
b % D3, + D3] [, (0)
4 3 V6

2
= (t
Hig = — % [oczxcos y+ ar

where ¢(t) is an envelope function describing the shape of the laser
pulse, and o®* = ozy — axx, 0'X = oyy — oxx, oZY = gz — oyy
are generalized polarizability anisotropies with oy being the body-
fixed components of the polarizability tensor. A, B, and C are rota-
tional constants for a given molecule, and (¢, y, £) are Euler angles.
Dy are Wigner matrices and follow the notation of Zare,” >

(ikm|DZ K m' ) = (1) \ @i+ )7 +1)

. 2 o/ . 2 !
X(] Jl>(1 Jl>7 .
m q —m ks —k

where the selection rules |j —2| <j <j+2, kK =k, k=2, follow
from the properties of the 3 — j symbol.

Symmetry in ¢, imposed by the linearly polarized laser field, con-
strains M such that M = M;. Then, Eq. (14) becomes

}TI|I,M(¢7 7 57 t)> Z C}Iihl/\[/[( )UKM)

TR
2] +1 3 .
B ;C}E‘%{(t) {187} D (4,7,6).  (22)

After calculating the coefficients, we simulate the probability density at
a given time, t, by a weighted sum of excited state wavefunctions,
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)|\P],I,M(¢7 7 57 t) |2

¢7/7. ZWL'{M

JiiM

= Wiu(T ZZC}f A (0)
JinM JK K
Y41+ D], )
AGAVD D oy, D811,

(23)

where W), represents the wavefunction with initial state |J;7;M).
The weights are given by the Boltzmann distribution, Wj(T),
which is determined by the rotational temperature, T, of the molecular
system.

The observables of interest for an asymmetric top aligned by a
linear laser field are the degrees of alignment in y and ¢ given by
<c0s2y> and (cos?¢), with ¢ symmetric. We calculate the degree of
alignment in each with

cos y JZ W]ﬂ‘

JinM

coszé> [Z Wiz, ul

JitM

T) [Wam(, 7, &, 1) 'cos?y dQ,  (24)
T) [Wam(d, 7, &, 1) Pcos?é dQ,  (25)

where Q is the solid angle followed by the notation of Zare.”

I1l. EXPERIMENTAL SETUP

The sample is 98% 4-fluorobenzotrifluoride from Sigma-Aldrich
and is used without further purification. The experimental setup has
been described in detail previously'” and is described only briefly here.
The electrons, pump laser pulse, and gas jet intersect at the center of
the sample chamber. The electrons diffracted from the sample are cap-
tured by a phosphor screen, which is imaged onto the chip of an
EMCCD camera. The non-diffracted electrons are collected by a
Faraday cup, which serves the dual purpose of eliminating the main
beam from the recorded signal as well as measuring the current of the
electron beam.

A Coherent Ti:Sapphire laser produces a 50 fs pulse, with wave-
length centered at 800nm, 5kHz repetition rate and 9W average
power. The laser pulse is divided with a non-polarizing beam splitter
and propagates along two paths. The first path, using approximately
10% of the total power, passes through two BBO crystals to frequency
triple the pulse before imaging the beam onto a photocathode to gen-
erate electrons. The remaining power (the pump pulse) is sent to a
delay stage to control the timing delay between the electrons and laser
pulse. The pump pulse is then reflected off a grating to tilt the intensity
front. Tilting the pulse reduces the temporal blurring caused by group
velocity mismatch.’"*” The laser is introduced to the sample chamber
at a 60° angle relative to electron propagation. This matches the veloc-
ity of the laser and electron beams along the direction of propagation
of the electrons. Figure 2 shows how the intensity front of the electron
and laser pulses point parallel to electron propagation, as well as how
the pulses from each beam overlap temporally. The tilted pulse is
imaged onto the gas jet where it is measured to have a 260 um (V)
% 190 um (H) FWHM diameter and 200 fs pulse duration. The aver-
age power of the laser beam was measured to be 4.92W just before
entering the chamber.

9, 054303-4
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The electron pulses generated from the photocathode are acceler-
ated by a DC electric field to 90 keV and pass through an RF cavity to
compress the bunch longitudinally at the sample position. The elec-
tron beam is transversely focused at a position between the gas jet and
phosphor screen using a pair of magnetic solenoids. This allows the
electron beam to be small both on the sample and on the phosphor
screen. A small beam on the sample minimizes wasted electrons that
would propagate outside the width of the gas jet. The size of the beam
block used to block the main beam directly relates to data loss at low
scattering angles, as seen in Fig. 2. Ensuring a small beam at the phos-
phor screen allows for use of a smaller beam block, thus maximizing
the acquisition of data at small s. A 200-um platinum aperture is
placed 10 cm before the gas jet to ensure a small uniform beam on the
sample. The transverse focusing of the electron beam allows for a
nearly collimated beam around the sample making the diameter of the
beam at the sample approximately 200 um. Approximately 25000
electrons per pulse pass through the gas jet, corresponding to a 20 pA
current measured at the Faraday cup. The beam block is placed
approximately 5 mm in front of the phosphor screen by a thin copper
wire. A pulsed RF cavity focuses the beam temporally on the sample.””
The temporal resolution of the instrument, 240 fs, was determined
using the fast rotational dynamics of nitrogen molecules.”” The fre-
quency and phase of the RF cavity are controlled by a home-built feed-
back circuit described in detail in Ref. 15. The RF cavity is pulsed to
reduce heat while matching the electron and laser repetition rate. The
repetition rate of the laser and electrons are inherently synced from
the source laser. The sample is delivered continuously in a supersonic
jet to the chamber through a conical nozzle with a backing pressure of
570 Torr. The conical hole is laser drilled into the tip of a rounded end
stainless steel tube with an interior and exterior hole size of 30 um and
90 pm, respectively, and length of approximately 300 um. The sample
consists of fluorobenzotrifluoride molecules in a seed gas of helium.
To populate the seed gas with the fluorobenzotrifluoride the He is

Struct. Dyn. 9, 054303 (2022); doi: 10.1063/4.0000163
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FIG. 2. Graphical representation of the
experimental setup. Electron beam (yellow
cylinders) propagation defines the lab x
axis, with vertical being the lab z axis. The
laser path (red cylinders) is set to be 60°
off the electron beam path in the x-y
plane, with a tilted intensity front to match
the electrons. The radius of the cylinders
representing the laser pulses and electron
bunches qualitatively show changes in the
radius of the beams from the focusing ele-
ments. The temporal focus of the two
beams is not shown in the figure. The
electrons and the laser intersect at their
temporal minima inside the gas jet. The
main electron beam is intercepted by a
copper beam block. The angle 0 is the
angle between the main electron beam
and a scattered electron. The angle ¥ is
the angle from vertical to the pixel on the
detector associated with the scattered
electron. The diffracted electrons are
recorded as a function of pump-probe
delay.

passed through a long cylinder with liquid sample resting on the bot-
tom. The vapor pressure of the liquid fluorobenzotrifluoride is 35 Torr
at 25°C. The He gas carries the vapor from the sample cylinder into
the chamber. The flow is kept constant by a mass flow controller and
monitored by the in-chamber pressure.

IV. RESULTS AND DISCUSSION

We discuss here the experimental results. First, we present the
static diffraction taken before the molecules interact with the laser.
The sM, from the azimuthal average of the diffraction patterns, shows
good agreement with theoretical predictions to s =11 A", The sM is
then sine transformed to give one-dimensional (1D) real space infor-
mation about the atomic distances with the PDF. We then describe
and discuss the anisotropy found in the 2D diffraction patterns and
how it evolves in time. We compare the experimental data to simula-
tions with differing initial rotational temperatures. Next, we demon-
strate experimentally the retrieval of 2D structural information via the
AMPDEF. In contrast to the 1D PDF, we extract 2D information with
distances parallel to and perpendicular to Z'. Finally, we propose the
next step to increase the available information via direct transforms,
increasing the alignment with colder molecules. We present simulated
AMPDF of molecules with 1 K initial rotational temperature that show
a significant increase in angular resolution of atomic distances.

A. Static diffraction and pair distribution function

The one-dimensional information is extracted by azimuthally
averaging around the center of diffraction. The atomic scattering and
background are fit and removed from the total scattering using the
zero fitting method.'® Figure 3(a) shows the 1D sM for the experiment
and theoretical simulation. The simulated sM is produced by optimiz-
ing the structure from previous literature using ORCA software.”’
Excellent agreement in the 1D signal is seen to almost the edge of the
detector at 11 A~". The increase in noise at higher values of s seen in
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FIG. 3. One-dimensional diffraction data
and simulations for 4-fluorobenzotrifluoride.
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in Fig. 3(b). The PDF is produced from a sine transform of the sM.
Peaks in the PDF correspond to interatomic distances found in the
molecule. To remove artifacts from the transform, low s data that are
missing due to the beam stop is filled in with theoretical values.
Agreement in the PDF, both in position and amplitude of the peaks, is
seen up to the longest interatomic distance. Due to the random orien-
tation of the molecules in the gas jet only 1D information is extractable
here, with many of the interatomic distances overlapping. The ability
to resolve individual distances is limited by s, which is determined
by the signal to noise and the area of the detector with the resolution
in real space being approximately S%x However, if angular resolution
is introduced, distances that overlap in the PDF can be resolved if the
bond angles are different.

B. Time-dependent anisotropy

The linearly polarized laser pulse induces excited rotational states
in the molecule, as detailed above. The evolution of the molecular
ensemble manifests as anisotropy in the diffraction patterns. The
anisotropy is quantified by comparing conical sections of I(s, t) parallel
(V) and perpendicular (H) to the laser polarization. The sections cover
from the edge of the beam block at s =~ 1.1 A to s =2 A with an open-
ing angle of * {; radians. The anisotropy is monitored as a function of
time by a normalized difference of the two sections given by
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Simulated anisotropy curves are calculated by applying the same pro-
cess to simulated diffraction data. A diffraction signal is calculated
using a weighted average over molecular orientations using Eq. (1),
where 1 = [rx, r,y, r.z] and s = k[(cos(0) — 1)z, sin(6)cos(d)),
sin(@)sin(ﬁ)%]. We use a sampling rate of 41 for y between the values
of 0 and 7, 80 for & between 0 and 27, and 80 - sin(y) for ¢ between 0
and 27. In total, 164 480 diffraction patterns are produced and com-
bined based on the simulated time-dependent angular distributions.
The angular distributions are calculated as described in Sec. 11 C
us}(n& the measured laser parameters. Calculating the coefficients
C}mMi (t) is the most computationally expensive part of retrieving the
angular distributions. Equation (12) is solved numerically using a built
in MATLAB function ode45 based on the Runge-Kutta (4,5) method.
States with a weight below 1% of the weight of the highest populated
state are ignored during the calculations. Simulations for initial states
with temperatures T=1, 10, and 50K take 2.5, 154.9, and 4538.2
core-hours, respectively. The actual time to calculate the coefficients is
reduced by separating the tasks and using parallel computing.
Computing jobs are separated to run on nodes of eight cores each
using the Crane cluster at Holland Computing Center. Temperatures
of 1 and 10K are split into two jobs (16 cores) and take 0.4 h (0.06 GB
RAM) and 8h (5.89 GB RAM), respectively. The 50 K temperature
simulations utilize nine nodes (72 cores) and ran for 67 h (181.7 GB
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FIG. 4. (a) Anlsotropy signal measured as a function of time for experimental data (blue, error bars) and molecules simulated with 50 K rotational temperature (black, circles).
(b) The (cos®) values for the two most polarizable axes of the molecule, y (magenta, circle) and & (red, x) at 50K. (c) The simulated anisotropy signal over the first 5 ps for
three rotational temperatures 50 K (black, circle), 30 K (red, dashed-circle), and 10K (yellow, triangle).

RAM). Calculations at higher rotational temperatures are currently
not practical with our computing resources.

Figure 4(a) shows the experimental (blue with error bars) and
simulated (black, circles) anisotropy signal generated from Eq. (21).
The simulated values were produced using a 50K initial rotational
temperature. The experimental data and the simulations both exhibit a
quick rise and slow decay. The fast-rising signal is due to a quick anti-
alignment in the second most polarizable axis, & [Fig. 4(b) red, x]. This
is combined with a slower alignment in y [Fig. 4(b) magenta, circle]
producing a shoulder at later times. Due to the heavy computational
load that comes with increasing temperature we are limited to 50 K as
our maximum simulated temperature. The amplitude of the anisot-
ropy is determined in part by the spatial overlap in the interaction
region. This requires normalization of the signal to properly compare
with the simulations. The amplitude of the experimental signal relative
to the simulations is set by examining the trend seen in Fig. 4(c) for
different initial rotational temperatures. The width and amplitude of
the anisotropy signal both decrease with increasing temperature, while
the rising edge remains constant. The time zero in Fig. 4(a) is set by
overlapping the rising edge of the experiment and simulation. We

b12

(=]

a12

6

6 4
—_~ 2 A
< o0 0 $
(A> w

2

6 -4

s (A

s, (A )

estimate our initial rotational temperature to be between 60 and 100 K
based on qualitative examination of the trends. The experimental
anisotropy values are increased by a factor of 8 to match the width and
amplitude of the data with the trend seen in the simulations. This gives
a volume-averaged interaction percentage of 12.5%. This percentage is
a combination of the spatial overlap between the electron beam and
the laser pulse, and the intensity gradient over the Gaussian laser
beam.

C. Retrieval of 2D structural information

Figure 5 shows the 2D AsM at the time of peak anisotropy. The
experimental AsM after standard noise reduction techniques is seen in
Fig. 5(a) (see the Appendix for data processing). The missing region at
the center of the pattern is filled in by smooth interpolation to zero at
the origin; we do not use theoretical values to avoid biasing the struc-
ture retrieval. The pattern in Fig. 5(a) is projected onto the Legendre
polynomials to produce the diffraction pattern seen in Fig. 5(b). Figure
5(b) shows good agreement with the simulated data in Fig. 5(c) nearly
to the edge of the image. The ability to match experimental signal to

s(A)

8 C 12
6
4
2
0
-2
-4
-6
-8

s, (A )

FIG. 5. Diffraction difference images for (a) the experimental data before Legendre projection, (b) experimental data built from Legendre orders 2 and 4, and (c) simulated
data. Both (b) and (c) have data smoothly interpolated to zero at the center from the surrounding values at 1.1 A.
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x10*

simulated values up to 11 A~" in 2D gas-phase diffraction-difference
images is approximately a factor of 2 improvement over previous
experiments”” and paves the way for full structural retrieval methods
to be applied with a moderately higher level of alignment.**

Transforming the diffraction patterns into the AMPDF allows for
direct extraction of 2D structural information (distances and angles)
in the molecule. A model of the molecule, with atomic labeling by
atom type and number, is shown in Fig. 6(a). Cylindrical coordinates
are represented with Z and R, parallel and perpendicular to the laser
polarization, respectively. Figures 6(b) and 6(c) is the AMPDF, con-
taining information about the molecular structure expressed in cylin-
drical coordinates. Due to the symmetry imposed by the laser the
AMPDF are symmetric about Z=0 (the molecule has no up-down
preference). Several distances are highlighted in both the molecular
model and the AMPDF. Distances aligned with either the Z axis [dis-
tances I, C4-C5 and C1-C2 at (ZR) = (1.38 A, 0 A), and II, C3-C6 at
(ZR)=(2.75A, 0A)] or R axis [distance IV, F1-F3, F1-F2, and
F2-F3at (ZR)=(0A, 2.18 A) and C4-C2 and C5-Cl at (ZR) = (0 A,
2.41A)] are separated in the AMPDEF. Arrows in Fig. 6(a) are placed at
only one atomic distance, even when several distances contribute to a
peak in the AMPDF, for visual clarity. This is in contrast to the 1D
PDF [Fig. 3(b)] where all the distances from 2 to 3 A are contained
within a single peak. This clearly demonstrates experimentally, for the
first time, the capability to extract 2D structural information from dif-
fraction of aligned asymmetric top molecules.

D. Simulations of molecules at rotational temperature
of 1K

The limited level of alignment in the experiment means some dis-
tances and angles, such as IT and III, cannot be resolved with the direct
transform. Improving the alignment will help to separate the atomic
distances blurred together through the angular distribution of the
molecular ensemble. One method of increasing the alignment is to
lower the initial rotational temperature. We simulate the structure
retrieval for the case of an initial rotational temperature of 1K, which
can be reached using seeded gas jets and skimmers.

Struct. Dyn. 9, 054303 (2022); doi: 10.1063/4.0000163
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FIG. 6. (a) Theoretical structure for 4-
fluorobenzotriflouride  with atoms num-
bered and labeled by atomic symbol. The
numbered arrows indicate distances that
correspond to peaks found in (b) and (c).
(b) and (c) The AMPDF from the trans-
formed (b) experimental and (c) simulated
AsM at the peak of anisotropy. The num-
bers found in (b) represent where peaks
should be found based on theoretical
atomic distances.
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The (cos*(y)) (magenta, circle) and (cos*(¢)) (red, x) for a
molecular ensemble with initial rotational temperature 1 K are shown
in Fig. 7(a), along with the anisotropy (yellow, triangle) calculated
from the simulated diffraction patterns. At this temperature, the
dynamics in y and & are drastically different and the separation of the
alignment peak in y and anti-alignment peak in ¢ allow for easier
understanding of how they affect the anisotropy. It is clear from Fig.
7(a) that anti-alignment in £ causes a strong anisotropy signal, and
alignment in ¢ causes the anisotropy signal to drop. A more careful
interpretation of the plots in Fig. 7(a) also shows a positive anisotropic
signal with alignment in y. The green arrows in Fig. 7(a) are at two
points of interest in the evolution of the molecular ensemble. Figures
7(b) and 7(c) show the AMPDF for these two points. The first point of
interest is the peak of anisotropy at t=1.5 ps [Fig. 7(b)] and the sec-
ond is the peak of alignment in y at t =3.9 ps [Fig. 7(c)].

Examination of the simulated AMPDFs at T=1K shows that
taking data at the peak of alignment in 7y has significant advantage
over taking data at the peak of anisotropy. This advantage does not
exist in the simulations with a temperature of 50 K as the AMPDFs are
nearly indistinguishable at the same points of interest. While Fig. 7(b)
shows significant improvement over Figs. 6(b) and 6(c), with a sharp
angle seen between II and III, there is no clear separation between the
distances. In Fig. 7(c), a clear separation of IT and III is evident, allow-
ing for extraction of the distance and angle of the off-axis atomic dis-
tances. Highlighted atomic distance ITI, between C3-C5, has a distance
and angle (O,) of 2.53 A and 34°, respectively. These values are in
close agreement with the theoretical values of 2.38A and 31°.
Similarly for V, the distance and angle (O,) for the C7-F1, F2, F3
umbrella, not seen in the simulations at T = 50 K, has extracted values
of 1.28 A and 65° closely agreeing with theoretical values of 1.36 A and
68°. This is a significant improvement in directly accessible structural
information compared to the 1D case, where the five distances dis-
cussed above are combined into two peaks centered at 1.36 and 2.35 A.
The application of the transforms at T = 1K allow for recovery of 2D
information directly from the diffraction patterns. The use of phase
retrieval or structural refinement algorithms might result in more
accurate structural parameters; however, the direct 2DFT-A transform
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FIG. 7. (a) Left axis: Observables of alignment, (cos?(y)) (magenta, circle) and
(cosz(5)> (red, x). Right Axis: Anisotropy in the simulated A/ for 1K initial rotational
temperature. The AMPDF for the (b) peak of anisotropy and (c) y peak for simu-
lated 1K diffraction difference patterns.

is sufficient to extract information well beyond what is accessible with
the 1D PDF without any a priori structural information.

Recent work using a truncated adiabatic pulse has shown a high
degree of field free alignment of large molecules in helium nanodrop-
lets"" and three-dimensional field-free alignment of generic
asymmetric-top molecules.”” The high degree of alignment would
allow for better angular resolution in the AMPDEF, and the long align-
ment window could allow for imaging of structural changes of a mole-
cule after photo-excitation.

V. CONCLUSION

We have shown the direct extraction of 2D structural informa-
tion, distances, and angles, from gas-phase UED of the complex mole-
cule 4-fluorobenzotrifluoride. We resolve distances both parallel to
and perpendicular to the laser polarization axis from simple transfor-
mations of experimental diffraction images, without any a priori
knowledge of the target molecular structure. This was enabled by
recording the diffraction pattern at the peak of the laser-induced align-
ment and capturing a momentum transfer range that was two times
higher than previous experiments with aligned asymmetric tops. We

Struct. Dyn. 9, 054303 (2022); doi: 10.1063/4.0000163
© Author(s) 2022

use a direct transform to retrieve the structural information, which
shows close agreement with simulations. We further show, by simula-
tion, that reducing the initial temperature to 1K improves the align-
ment enough to resolve multiple angles from distances that overlap at
the current level of alignment.
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APPENDIX: PROCESSING OF EXPERIMENTAL IMAGES

The images are recorded over several scans with multiple
images per scan. Each image is taken with an 8s integration time
and indexed according to stage position. The scans cover the same
nominal time points with the stage positions changed to capture the
rise and peak of anisotropy. A background image is saved without
gas before and after the scans. A mask is used to block any pixels
affected by the beam block. A threshold is set near the saturation
limit of the camera. Any pixels with counts above the threshold are
deemed “hot-pixels” and are ignored. The background is then
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subtracted from each experimental image. The images in each scan
are averaged based on stage position. Radial outliers are then
removed from images by first determining the average and standard
deviation as a function of scattering angle. Pixels with amplitude
over four standard deviations away from the average are ignored.
Images are then normalized by the total counts in the region
between 3.7 and 7.5 A~'. The normalized images are first projected
onto the Legendre polynomials to verify the assumed symmetries.
The normalized images are then quarter averaged (QA) to improve
the statistics for each pixel. QA consists of separating each quadrant
of the image and averaging them together based on the symmetry
found in the patterns. Following QA, the anisotropy as a function
of stage position is again calculated for each scan. Images are then
time-indexed (ti) based on their temporal distance from the peak of
anisotropy within each scan. Images with identical ti are combined.
Images at the peak of anisotropy, and one ti before and after the
peak, are combined to improve the signal to noise. The AsM is then
generated by subtracting the combined static QA image from the
combined QA image at the peak of anisotropy. The combined AsM
images have missing low scattering angle values due to the beam
block. The sM, by definition, is zero at s=0 and thus the images
can be filled smoothly by interpolation from the values at ~1.1 A™*
to zero at the center, avoiding the use of theory as in the 1D case.
The filled AsM images are then projected onto the Legendre poly-
nomials and, due to the symmetry imposed by the laser, only even
orders contribute. Orders above four have negligible amplitude, and
thus, only the second and fourth orders are kept. Projections of the
simulations confirm the contribution of higher orders is negligible.
The images are then rebuilt from the projections into diffraction
patterns similar to that seen in Fig. 5(b). The patterns are then
transformed into the AMPDF according to Sec. IL A.

REFERENCES

N. W. Mitzel and D. W. H. Rankin, Dalton Trans. 2003, 3650.

2M. Davis, Electron Diffraction in Gases (Marcel Dekker, New York, 1971).

3]. C. Williamson, J. Cao, H. Thee, H. Frey, and A. H. Zewail, Nature 386, 159
(1997).

“H. Thee, V. A. Lobastov, U. M. Gomez, B. M. Goodson, R. Srinivasan, C. Y.
Ruan, and A. H. Zewail, Science 291, 458 (2001).

SR. C. Dudek and P. M. Weber, J. Phys. Chem. A 105, 4167 (2001).

ST, van Oudheusden, P. L. E. M. Pasmans, S. B. van der Geer, M. J. de Loos, M.
J. van der Wiel, and O. J. Luiten, Phys. Rev. Lett. 105, 264801 (2010).

7R. P. Chatelain, V. R. Morrison, C. Godbout, and B. J. Siwick, Appl. Phys. Lett.
101, 081901 (2012).

80. Zandi, K. J. Wilkin, Y. Xiong, and M. Centurion, Struct. Dyn. 4, 044022
(2017).

9]. Yang, M. Guehr, T. Vecchione, M. S. Robinson, R. Li, N. Hartmann, X.
Shen, R. Coffee, J. Corbett, A. Fry, K. Gaffney, T. Gorkhover, C. Hast, K. Jobe,
I. Makasyuk, A. Reid, J. Robinson, S. Vetter, F. Wang, S. Weathersby, C.
Yoneda, M. Centurion, and X. Wang, Nat. Commun. 7, 11232 (2016).

19]. Yang, M. Guehr, X. Shen, R. Li, T. Vecchione, R. Coffee, J. Corbett, A. Fry, N.
Hartmann, C. Hast, K. Hegazy, K. Jobe, I. Makasyuk, J. Robinson, M. S.
Robinson, S. Vetter, S. Weathersby, C. Yoneda, X. Wang, and M. Centurion,
Phys. Rev. Lett. 117, 153002 (2016).

Struct. Dyn. 9, 054303 (2022); doi: 10.1063/4.0000163
© Author(s) 2022

11]. Yang, X. Zhu, T. J. A. Wolf, Z. Li, J. P. F. Nunes, R. Coffee, J. P. Cryan, M.
Guehr, K. Hegazy, T. F. Heinz, K. Jobe, R. Li, X. Shen, T. Vecchione, S.
Weathersby, K. J. Wilkin, C. Yoneda, Q. Zheng, T. J. Martinez, M. Centurion,
and X. J. Wang, Science 361, 64 (2018).

127, J. A. Wolf, D. M. Sanchez, J. Yang, R. M. Parrish, J. P. F. Nunes, M.
Centurion, R. Coffee, J. P. Cryan, M. Giihr, K. Hegazy, A. Kirrander, R. K. Li, J.
Ruddock, X. Shen, T. Vecchione, S. P. Weathersby, P. M. Weber, K. Wilkin, H.
Yong, Q. Zheng, X. J. Wang, M. P. Minitti, and T. J. Martinez, Nat. Chem. 11,
504 (2019).

3K, J. Wilkin, R. M. Parrish, J. Yang, T. J. A. Wolf, J. P. F. Nunes, M. Guehr, R.
Li, X. Shen, Q. Zheng, X. Wang, T. J. Martinez, and M. Centurion, Phys. Rev. A
100, 023402 (2019).

1. Yang, X. Zhu, J. P. F. Nunes, J. K. Yu, R. M. Parrish, T. J. A. Wolf, M.
Centurion, M. Guehr, R. L. Y. Liu, B. Moore, M. Niebuhr, S. Park, X. Shen, S.
Weathersby, T. Weinacht, T. J. Martinez, and X. J. Wang, Science 368, 885
(2020).

5Y. Xiong, K. J. Wilkin, and M. Centurion, Phys. Rev. Res. 2, 43064
(2020).

8H. Thee, B. M. Goodson, R. Srinivasan, V. A. Lobastov, and A. H. Zewail,
J. Phys. Chem. A 106, 4087 (2002).

7H. Yong, A. Moreno Carrascosa, L. Ma, B. Stankus, M. P. Minitti, A. Kirrander,
and P. M. Weber, Faraday Discuss. 228, 104 (2021).

8y, Stapelfeldt and T. Seideman, Rev. Mod. Phys. 75, 543 (2003).

196, Fleischer, Y. Khodorkovsky, E. Gershnabel, Y. Prior, and I. S. Averbukh, Isr.
J. Chem. 52, 414 (2012).

20y, Yang, J. Beck, C. J. Uiterwaal, and M. Centurion, Nat. Commun. 6, 8172
(2015).

Z1C. J. Hensley, J. Yang, and M. Centurion, Phys. Rev. Lett. 109, 133202
(2012).

22p, Reckenthaeler, M. Centurion, W. Fuf, S. A. Trushin, F. Krausz, and E. E.
Fill, Phys. Rev. Lett. 102, 213001 (2009).

23], Kiipper, S. Stern, L. Holmegaard, F. Filsinger, A. Rouzée, A. Rudenko, P.
Johnsson, A. V. Martin, M. Adolph, A. Aquila, S. Bajt, A. Barty, C. Bostedt, J.
Bozek, C. Caleman, R. Coffee, N. Coppola, T. Delmas, S. Epp, B. Erk, L.
Foucar, T. Gorkhover, L. Gumprecht, A. Hartmann, R. Hartmann, G. Hauser,
P. Holl, A. Homke, N. Kimmel, F. Krasniqi, K.-U. Kiihnel, J. Maurer, M.
Messerschmidt, R. Moshammer, C. Reich, B. Rudek, R. Santra, I. Schlichting,
C. Schmidt, S. Schorb, J. Schulz, H. Soltau, J. C. H. Spence, D. Starodub, L.
Striider, J. Theogersen, M. J. J. Vrakking, G. Weidenspointner, T. A. White, C.
Wunderer, G. Meijer, J. Ullrich, H. Stapelfeldt, D. Rolles, and H. N. Chapman,
Phys. Rev. Lett. 112, 083002 (2014).

2"]. Yang, V. Makhija, V. Kumarappan, and M. Centurion, Struct. Dyn. 1, 44101
(2014).

25Gee  Firman, https://www.mathworks.com/matlabcentral/fileexchange/60271-
2d-abel-inversion for “2D Abel Inversion MATLAB Central File Exchange;”
accessed 22 August 2022.

26y, Xiong, K. J. Wilkin, S. K. Saha, S. B. Muvva, H. Zhao, and M. Centurion,
Phys. Rev. A 106, 033109 (2022).

27T, Seideman and E. Hamilton, Ady. At., Mol., Opt. Phys. 52, 289 (2005).

28M. Artamonov and T. Seideman, ]. Chem. Phys. 128, 154313 (2008).

29R. N. Zare, Angular Momentum: Understanding Spatial Aspects in Chemistry
and Physics (Wiley, 1988).

30y, Ohshima and H. Hasegawa, Int. Rev. Phys. Chem. 29, 619 (2010).

31p. Baum and A. H. Zewail, Proc. Natl. Acad. Sci. 103, 16105 (2006).

32p, Zhang, J. Yang, and M. Centurion, New J. Phys. 16, 83008 (2014).

33F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2, 73 (2012).

34A. S, Chatterley, C. Schouder, L. Christiansen, B. Shepperson, M. H.
Rasmussen, and H. Stapelfeldt, Nat. Commun. 10, 133 (2019).

35T, Mullins, E. T. Karamatskos, J. Wiese, J. Onvlee, A. Rouzée, A. Yachmenev,
S. Trippel, and J. Kiipper, Nat. Commun. 13, 1431 (2022).

9, 054303-10


https://doi.org/10.1039/b307022k
https://doi.org/10.1038/386159a0
https://doi.org/10.1126/science.291.5503.458
https://doi.org/10.1021/jp010122t
https://doi.org/10.1103/PhysRevLett.105.264801
https://doi.org/10.1063/1.4747155
https://doi.org/10.1063/1.4983225
https://doi.org/10.1038/ncomms11232
https://doi.org/10.1103/PhysRevLett.117.153002
https://doi.org/10.1126/science.aat0049
https://doi.org/10.1038/s41557-019-0252-7
https://doi.org/10.1103/PhysRevA.100.023402
https://doi.org/10.1126/science.abb2235
https://doi.org/10.1103/PhysRevResearch.2.043064
https://doi.org/10.1021/jp014144r
https://doi.org/10.1039/D0FD00118J
https://doi.org/10.1103/RevModPhys.75.543
https://doi.org/10.1002/ijch.201100161
https://doi.org/10.1002/ijch.201100161
https://doi.org/10.1038/ncomms9172
https://doi.org/10.1103/PhysRevLett.109.133202
https://doi.org/10.1103/PhysRevLett.102.213001
https://doi.org/10.1103/PhysRevLett.112.083002
https://doi.org/10.1063/1.4889840
https://www.mathworks.com/matlabcentral/fileexchange/60271-2d-abel-inversion
https://www.mathworks.com/matlabcentral/fileexchange/60271-2d-abel-inversion
https://doi.org/10.1103/PhysRevA.106.033109
https://doi.org/10.1016/S1049-250X(05)52006-8
https://doi.org/10.1063/1.2894876
https://doi.org/10.1080/0144235X.2010.511769
https://doi.org/10.1073/pnas.0607451103
https://doi.org/10.1088/1367-2630/16/8/083008
https://doi.org/10.1002/wcms.81
https://doi.org/10.1038/s41467-018-07995-0
https://doi.org/10.1038/s41467-022-28951-z
https://scitation.org/journal/sdy

	Ultrafast electron diffraction from transiently aligned asymmetric top molecules: Rotational dynamics and structure retrieval
	Authors

	s1
	s2
	s2A
	d1
	d2
	d3
	d4
	d5
	f1
	d6
	d7
	d8
	d9
	s2B
	s2C
	d10
	d11
	d12
	d13
	d14
	d15
	d16
	d17
	d18
	d19
	d20
	d21
	d22
	d23
	d24
	d25
	s3
	s4
	s4A
	s4B
	d26
	s4C
	f4
	f5
	s4D
	s5
	l
	app1
	f7
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35

