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High-energy molecular-frame photoelectron
angular distributions: a molecular
bond-length ruler

I. Vela-Peréz,a F. Ota, b A. Mhamdi,c Y. Tamura, b J. Rist,a N. Melzer, a

S. Uerken,a G. Nalin, a N. Anders,a D. You, d M. Kircher, a C. Janke,a

M. Waitz,a F. Trinter, *ef R. Guillemin, g M. N. Piancastelli, g M. Simon, g

V. T. Davis, h J. B. Williams,h R. Dörner,a K. Hatada, b K. Yamazaki,i K. Fehre,a

Ph. V. Demekhin, *c K. Ueda,dj M. S. Schöffler a and T. Jahnke *k

We present a study on molecular-frame photoelectron angular distributions (MFPADs) of small

molecules using circularly polarized synchrotron light. We find that the main forward-scattering peaks of

the MFPADs are slightly tilted with respect to the molecular axis. This tilt angle is directly connected to

the molecular bond length by a simple, universal formula. We apply the derived formula to several

examples of MFPADs of C 1s and O 1s photoelectrons of CO, which have been measured experimentally

or obtained by means of ab initio modeling. In addition, we discuss the influence of the back-scattering

contribution that is superimposed over the analyzed forward-scattering peak in the case of homo-

nuclear diatomic molecules such as N2.

Introduction

Recent developments of X-ray free-electron lasers (XFELs) deli-
vering extremely short X-ray pulses of a few femtoseconds1 and
of a mega-electron-volt pulsed electron beam2 at SLAC have
paved new pathways to image structural changes of molecules
in chemical reactions, for example, employing time-resolved
X-ray diffraction3 and ultrafast electron diffraction.4 While

catching the motion of the individual atoms, including hydro-
gen atoms, of single molecules during chemical reactions is of
fundamental interest, it still remains a challenge.

A couple of decades ago, it was pointed out that core-level
photoelectron angular distributions include molecular structure
information, which can be accessed if the molecule is either fixed
in space or if the photoelectron angular distribution in the
molecular frame (MFPAD) is retrieved from a coincidence
measurement.5 Accordingly, measuring the MFPAD of an isolated
molecule is the gas-phase analog of photoelectron diffraction
imaging (PED) routinely used for studying the surface
structure.6 Following the spirit of PED, a couple of groups7,8

proposed time-resolved MFPAD measurements using an XFEL
light pulse as an ionizing source, as one of the future routes to
image the motion of individual atoms in a molecule. Several
attempts towards time-resolved MFPAD measurements with
XFELs were reported, in which the sample molecules were
aligned by employing an impulsive or adiabatic alignment
method using optical laser fields.9–12 However, no time-
resolved studies of molecular structural changes have been
reported, so far, partly due to the complexity of the needed
pulse sequence: a first laser pulse is needed to align the
molecule, a second laser pulse triggers the photoreaction,
and a final XFEL pulse ejects the photoelectron at a particular
site in the molecule in order to perform PED.

The first high-repetition-rate XFEL, the European XFEL,13

opened the door to coincidence experiments using COLTRIMS
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(Cold Target Recoil Ion Momentum Spectroscopy) reaction
microscopes (REMI)14 for MFPAD measurements. In a COL-
TRIMS measurement, the spatial orientation of a molecule can
be deduced after triggering a fragmentation of the molecule
and detecting the momenta of the fragment ions in coinci-
dence. As the momentum of the ejected photoelectron is
recorded in coincidence with the fragment ions, the photoelec-
tron’s emission direction with respect to the molecule can be
determined. Very recently, Kastirke et al. have reported a first
successful implementation of this technique at the soft X-ray
beamline of the European XFEL.15–17

To establish MFPAD measurements as a routinely usable
tool for molecular structure imaging, however, an important
ingredient is still missing, which is a method of extracting
the molecular structure directly from the measured MFPAD
without the need for a full theoretical modeling of the photo-
emission process. So far, concepts proposed for achieving this
goal focused on polarization-averaged MFPADs (see, e.g., ref. 18
and references therein), i.e., on MFPADs, which have been
obtained after integrating over all laboratory-frame orientations
of the molecule. The concept relies on two prerequisites: firstly,
at sufficiently high photoelectron kinetic energies, for which a
single-scattering approximation is valid (say, above 70 eV),
forward-scattering peaks observable in polarization-averaged
MFPADs coincide with the relative location (from the point of
view of the emitter atom) of neighboring atoms.19,20 Secondly,
the molecular-frame interference pattern caused by the direct
and scattered photoelectron waves can be correlated with the
distance between the emitter and the scatterers.21,22 In addi-
tion, in the case of homo-nuclear molecules, bond-length
information can be obtained exploiting the analogy between
Young’s double-slit principle and MFPADs (see, e.g., ref. 23).

In the present work, we demonstrate a different approach
building on the idea of stereo-atomscope diffraction spectro-
scopy known in the field of surface-structure determination, in
which circularly polarized light is employed as an ionizing
source for PED.24,25 If the emitter of a photoelectron and a
neighboring atomic scatterer are located within the polarization
plane of the ionizing light, the forward-scattering peak belonging
to that atomic neighbor shows a distinct angular tilt. Thus,
employing the hetero-nuclear diatomic molecule CO as a proto-
type system, we show that high-energy MFPADs of fixed-in-space
molecules provide direct access to structural features such as the
molecule’s bond length, if circularly polarized light is used for the
ionization and the MFPAD is confined to the polarization plane.
Such MFPADs are hereafter referred to as CP-MFPADs. Earlier
works26–28 on CP-MFPADs showed in principle such an angular
tilt as well. However, these studies covered in their discussion
other properties of the measured emission distributions and
in many cases were performed at low electron kinetic energies.
At such energies, the tilt angle is sometimes obscured by higher-
order multiple-scattering effects and, accordingly, we focus in the
present study on high-energy electrons.

While this paper demonstrates this concept for a simple
diatomic molecule, it should be possible to extend it in future
work to larger molecules as well. Whenever an atom of the

molecule is located together with the emitter atom within the
polarization plane, its corresponding forward-scattering peak
will show a distance-dependent tilt. As detailed below, COL-
TRIMS reaction microscopes are particularly suited for such stu-
dies, as they enable the experimenters to determine the laboratory-
frame molecular orientation in addition to the molecular-frame
angular emission distribution of the photoelectron.

The remaining part of the manuscript is structured as
follows: first, we present the experimental C 1s and O 1s CP-
MFPADs of CO. We find that the high-energy CP-MFPAD
exhibits petal-like features (i.e., a flower shape) with a strong
forward-scattering peak in the direction from the emitter to the
scatterer. The latter peak is slightly tilted upward or downward,
depending on the handedness of the circularly polarized
photons. We then show that our ab initio calculations reproduce
very well the experimental CP-MFPADs. Finally, we demonstrate
that the features of high-energy CP-MFPADs described above can
be well captured by a very simple analytic expression, and that
the bond length can be directly read off from the tilt angle of the
forward-scattering peak without any need for ab initio modeling.
For comparison and further insight, we present also the results
for the homo-nuclear diatomic molecule N2. It turns out that
great care needs to be taken when measuring the MFPADs. As we
will show, the resulting error bars for the extraction of the bond
length from our routinely measured MFPADs are surprisingly
large in some cases and, for example, measuring MFPADs for
both light helicities can greatly help to minimize systematic errors.

Experiment

The experiment was performed at Synchrotron SOLEIL (Saint-
Aubin, France) using the well-established COLTRIMS technique14

during the 8-bunch mode (pulsed operation) of the synchrotron.
A supersonic expansion of CO or N2 gas was skimmed to form a
molecular beam that crossed the synchrotron radiation provided
by the variable-polarization undulator-based beamline SEX-
TANTS. Electrons and ions generated by photoionization and
subsequent Auger decay were accelerated (in opposite directions)
using a static electric field, onto two position- and time-sensitive
microchannel-plate detectors (MCPs) using a multi-hit-capable
delay-line position readout.29 From the position of the impact on
the detectors, the known distance between the ionization region
and the MCPs, and the time-of-flight, the particle trajectories
inside the spectrometer can be deduced, and from these, the
initial momentum vector of each particle can be determined.

In more detail, the whole COLTRIMS analyzer consisted of
only a single acceleration region (spanning the full region
between the two detectors) using a homogeneous electric field
with a strength of E = 38.3 V cm�1. The ion arm had a length of
20.6 cm and the ion detector had a diameter of 125 mm. This
configuration allowed for the detection of the breakup of the
molecules into singly charged ions for a kinetic energy release
of up to 30 eV with a full 4p coverage, i.e., independent of the
emission direction of the ions in the laboratory frame. Detecting
high-energy electrons requires typically the use of either very
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high electric extraction fields or very high magnetic confinement
fields for the electrons. While focusing on the measurement of
high-energy electrons, we can exploit the fact that we are mainly
interested in their emission distributions within the polarization
plane of the ionizing photons (and more specifically in the
MFPADs of molecules oriented in parallel to the polarization
plane). To achieve this goal, it is therefore not necessary to
measure the electrons with full solid-angle coverage, i.e., it is
sufficient to detect electrons, which are emitted perpendicularly
to the light propagation direction. All possible molecular-frame
electron emission angles are then still covered in this measure-
ment as the ions are detected with 4p solid angle (and due to the
symmetry features of the circularly polarized light, all molecular
orientations within the polarization plane are equivalent). The
electron arm had a length of 46.4 cm. The active area of the
electron detector had a diameter of 125 mm. With these spectro-
meter properties and an additional superimposed homogeneous
magnetic field with a strength of B = 10 G, we were able to
measure electrons of, e.g., Ekin = 633 eV (which corresponds to
C 1s electrons of CO at hn = 930 eV) if they are emitted within an
angle of 201 relative to the symmetry axis of the COLTRIMS
spectrometer. For each ionization event, a core-level photoelec-
tron was detected in coincidence with the two fragment ions
resulting from the Coulomb explosion of the molecule after
Auger decay. The detection rates throughout our experiment
were in the range of 11 kHz on the electron detector and 4.6 kHz
on the ion detector. Such rates have been found suitable with
respect to coincidence conditions and measurement background
in the past. The exact values for the degree of circular polarization
of the beamline are not available. Previous studies performed at the
same beamline30 suggest, however, that it is very close to 100%.

Details of the calculations

For our ab initio modeling, we employed the following approach:
the angular distributions of the C 1s and O 1s photoelectrons of
the CO molecule and of the N 1s photoelectrons of the N2

molecule were computed by using the single-center (SC) method
and code,31 which provides an accurate description of the partial
photoelectron continuum waves in molecules. The calculations
were carried out at the equilibrium internuclear geometries of
the ground electronic states of CO and N2 in the frozen-core
Hartree–Fock approximation. The SC expansions of the occupied
orbitals were restricted by partial harmonics with cc r 99 and
for photoelectrons with ce r 49.

Results and discussion

We performed measurements using right circularly and left
circularly polarized light at the photon energies of hn = 690 eV
and hn = 930 eV for the studies on CO, and hn = 880 eV and hn =
1190 eV for the investigation on N2. The resulting photoelectron
kinetic energies are 393 eV and 633 eV for C 1s photoemission
of CO, 155 eV and 395 eV for O 1s photoemission of CO, and
470 eV and 780 eV for N 1s photoemission of N2. Fig. 1 depicts

the respective experimental CP-MFPADs and those obtained
from our ab initio calculations. The experimental data are
confined to cases, where the electron emission occurs within
the polarization plane within an opening angle of �151, and for
cases, in which the molecular orientation was parallel to the
polarization plane within the same angular range. It should be
noted that the tilt-angle effect discussed in the following is not
drastically affected by these opening angles, as it scales linearly
with that angle. Our modeling nicely reproduces all features
observed in the experiment. Looking at the CO results in
Fig. 1(a)–(d), we find that the number of petals (resembling a
flower shape), which appear as a result of interference between
the direct and scattered photoelectron waves, increases as
photoelectron energy increases. The same behavior has been
seen in studies on polarization-averaged MFPADs.20

Fig. 1 Comparison between the measured [red dots with error bars
(statistical errors)] and calculated (blue solid lines) CP-MFPADs for different
photoelectron kinetic energies. (a) CO O 1s at 155 eV, (b) CO O 1s at
395 eV, (c) CO C 1s at 393 eV, (d) CO C 1s at 633 eV, (e) N2 N 1s at 470 eV,
and (f) N2 N 1s at 780 eV. The propagation direction of the ionizing light is
pointing out of the paper plane, the circular arrow in the middle of each
panel indicates the sense of the rotation of the electric field, and the
handedness of the circular polarization s is indicated in the lower right
corner of each panel. The experimental data set is restricted to cases,
where the molecular orientation and the electron emission are in the
polarization plane within �151.
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The most striking feature of all the CP-MFPADs is a very
strong forward-scattering peak, which appears in the direction
of the scatterer atom that is neighboring the emitter atom: the
forward scattering is not located exactly along the molecular
axis, but occurs slightly tilted from it in the direction of rotation
of the electric-field vector. This upward or downward tilt thus
flips if the handedness of the ionizing light is changed from the
right (s = �1) to the left (s = +1). This tilt is a characteristic
feature of the CP-MFPADs, as also of PED on surfaces.24,25

Furthermore, close inspections reveal that the tilt angle
decreases with the increase of the photoelectron energy. The
results of N2 in Fig. 1(e) and (f) depict these features as well.

In order to gather more detailed information on the findings
described above, we performed further ab initio calculations
over a wide range of photoelectron energies from 70 eV up to
1000 eV. The results are summarized in Fig. 2. Fig. 2(a), (c), and
(e) illustrate that, indeed, the number of petals in the flower
shape of the CP-MFPAD increases while the tilt angle of
the forward-scattering peak decreases with the increase of the
photoelectron kinetic energy. Fig. 2(b), (d), and (f) depict the
extracted tilt angle ytilt as a function of photoelectron energy.
For the CO molecule [Fig. 2(b) and (d)], we observe monotonic
decreases of the tilt angle with the increase of the photoelec-
tron energy. The results for N2 depicted in Fig. 1(f) show that
the decrease in the tilt angle is additionally modulated by a
damped oscillation.

Aiming at elucidating these characteristic behaviors of the
measured and calculated CP-MFPADs, we derive analytic
expressions for describing the CP-MFPAD of hetero-nuclear
diatomic molecules AB in the high-energy regime. We choose
atom A as the photo-absorbing atom that emits a photoelectron.
We define the bond-length vector R = rB � rA (along the x axis),
the photoelectron wave vector k̂, and angle y between them. We
assume that CP-MFPADs are measured in the polarization plane
of the circular light (x–y plane) and employ the electric-dipole,
single-channel, and single-scattering approximations using a site
T-matrix expansion.32,33 According to the approach of ref. 18 and
22, the CP-MFPAD is given by the following superposition:

IA(k, ês) p |BA
x(k) + isBA

y (k)|2, (1)

where BA
x(k) and BA

y (k) are the photoionization amplitudes
excited by the x and y linear components of the circularly
polarized light, respectively, and polarization index s = �1
and +1 corresponds to light with negative and positive helicity,
respectively. Introducing the scattering amplitude of atom B via
f(k,y) = |f (k,y)|eif(k,y) with a phase function f(k,y), the respective
photoionization amplitudes can be written in the single-
scattering plane-wave approximation as18,22

BA
x ðkÞ ¼ � itA1

ffiffiffi
k

p

r ffiffiffiffiffiffi
3

4p

r

� ei
1
2
kR cos y cos yþ f ðk; yÞj j

R
eifðk;yÞeikR 1�1

2
cos y

� �� �
;

(2)

BA
y ðkÞ ¼ �itA1

ffiffiffi
k

p

r ffiffiffiffiffiffi
3

4p

r
ei
1
2
kR cos y sin y

� �
; (3)

where tA
1 is a scattering t-matrix of the atom A.18 The first terms

in both amplitudes correspond to the direct waves emitted
from the absorbing atom A, and the second term of eqn (2) is
the single-scattered wave by the neighboring atom B. In the
plane-wave approximation, such a contribution of the scattered
wave to the amplitude for the y component of the circularly
polarized light (3) can be neglected, since the directly emitted
wave (Bsin y) does not propagate towards the neighboring
atom B at y = 0. Substituting eqn (2) and (3) in eqn (1) and
performing necessary simplifications, we arrive at the following
compact expression for the CP-MFPAD as a function of the
photoelectron emission vector k:

IA k; êsð Þ/ tA1
�� ��2 k

p

� 	
3

4p
1þ f ðk;yÞj j2

R2
þ2

f ðk;yÞj j
R

Gs k;yð Þ
( )

; (4)

with the fringe function, Gs(k,y), defined as

Gs(k,y) = cos[kR(1 � cosy) + f(k,y) � sy]. (5)

Fig. 2 CP-MFPADs resulting from our ab initio calculations for (a) CO
O 1s, (c) CO C 1s, and (e) N2 N 1s as a function of photoelectron kinetic
energy in a range from 70 eV to 1000 eV. The tilt angles of the forward
peak, ytilt, of the CP-MFPADs are displayed as functions of the photoelec-
tron kinetic energy for (b) CO O 1s, (d) CO C 1s, and (f) N2 N 1s,
respectively. The color encodes the photoelectron energy in all panels.
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The first and the second terms of eqn (4) are the direct wave
from the emitter A and the scattering wave from the scatterer B,
respectively. The third term represents the interference between
the direct and single-scattered waves and depends on the bond
length.

Constructive and destructive interference in the differential
photoemission intensity (i.e., the fringes in the CP-MFPAD)
correspond to the maxima and minima of the fringe function
(5). In order to find the angles, at which the maxima and
minima appear in Gs(k,y), we set dGs(k,y)/dy = 0:

dGsðk; yÞ
dy

¼ � sin kR 1� cos yð Þ þ fðk; yÞ � sy½ �

� kR sin yþ dfðk; yÞ
dy

� s
� �

¼ 0:

(6)

This condition is satisfied either when the sine function
becomes zero, i.e., sin[kR(1 � cos y) + f(k,y) � sy] = 0 or when
the second term in braces vanishes, i.e., kR sin y + df(k,y)/dy �
s = 0. The first condition describes the angles, at which maxima
and minima form the flower shape in the CP-MFPAD shown in
Fig. 1(a)–(d) and Fig. 2(a), (b). The second condition yields a
relationship between kR and the tilt angle ytilt. This relation
confirms that the tilt angle decreases with the increase of the
photoelectron momentum k (and thus, of the photoelectron
kinetic energy), as depicted in Fig. 2(b) and (d) for CO. If
| f (k,y)|y=0,p a 0, as in this study, df(k,y)/dy|y=0,p = 0 holds.34

We can thus assume that df(k,y)/dy is negligible for small tilt
angles from the forward and backward directions. From the
solution of the second part of eqn (6), we finally obtain the
following relationship for the case of hetero-nuclear molecules:

Rtilt
Hetero ¼

s
k sinðytiltÞ

¼ 1

k sinðjytiltjÞ
: (7)

Eqn (7) connects directly the bond length of a molecule and
the tilt angle |ytilt| of the forward-scattering peak of the CP-
MFPAD, and thus can be thought of as a simple, universal
bond-length ruler. As pointed out in an insightful argument by
Daimon and coworkers,35 the physics underlying eqn (7) can be
understood very intuitively. Upon birth the photoelectron carries
one unit of angular momentum, which it inherited from the
photon. Classically, an electron moving with a momentum

-

k
along a straight line thus must follow a path of impact parameter
-

b with respect to the nucleus such that
-

k�
-

b = 1h�. This straight line
defines the tilted symmetry axis of the photoemission. For R c b
this results in R = 1/k sin(y) and a symmetry axis of the problem,
which is tilted by y with respect to the molecular axis. This
simplified classical explanation suggests that the tilt angle should
scale linearly with the ellipticity of the ionizing light. Fig. 3 depicts
the bond length Rtilt

Hetero estimated from the computed and mea-
sured CP-MFPADs using eqn (7). The resulting values are plotted
as functions of kReq, where Req = 1.1283 Å and 1.0977 Å for CO and
N2, respectively. Note that eqn (7) is derived for hetero-nuclear
diatomic molecules, and its application to the homo-nuclear N2

molecule is a rather crude approximation, as we will discuss
below. From Fig. 3(a), it is evident that the bond lengths,

estimated from both the ab initio modeled and measured CP-
MFPADs, agree well with the equilibrium bond length of the
neutral ground state of CO (the horizontal dashed line), with a
deviation of less than 10%. Please note that the counter-intuitive
increase of the relative error with respect to the ab initio modeling
for smaller kReq is due to the fact that at lower electron energies
higher-order multiple-scattering effects provide a non-negligible
contribution to the transition amplitude. On the other hand,
the bond lengths of N2 in Fig. 3(b), estimated from the ab initio
CP-MFPADs, oscillate as a function of kReq around Req. Those
oscillations are damped and drop below 10% for sufficiently high
photoelectron energies. The bond length of N2 estimated from the
experimental CP-MFPADs is, however, in good agreement with the
expected value of Req within the experimental uncertainties.

The large oscillation in Rtilt
Hetero in Fig. 3(b) can be interpreted

as follows. In the experiment, one is unable to distinguish
photoelectrons originating from the N 1s gerade and ungerade
molecular orbitals of N2, which are separated by B105 meV36

(or from the degenerate 1s orbitals of the left and right nitrogen
atoms). The resultant CP-MFPADs are therefore the sum of the
two contributions:

%I(k,ês) p Ig(k,ês) + Iu(k, ês) = IA(k,ês) + IA(�k, ês). (8)

Here, we used the fact that f A(k,y) = f B(k,p � y) for homo-
nuclear diatomic molecules. One can see that eqn (8) has a C2

point symmetry, as is evident from Fig. 2(e). The fringe function
of eqn (8) can thus be reduced to a superposition of fringe
functions of two emitting nitrogen atoms

Fig. 3 Bond lengths (refer to the left-handed vertical axis), estimated from
the tilt angles of the ab initio computed (solid lines with small symbols) and
experimentally measured (large symbols with error bars) CP-MFPADs via
the derived relation (7) as functions of kReq, and the respective relative
errors (broken lines, refer to the right-handed vertical axis). The equilibrium
bond lengths RCO

eq = 1.1283 Å and R
N2
eq ¼ 1:0977 Å are indicated by the

horizontal dashed lines.
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Hs(k,y) p Gs(k,y) + Gs(k,p � y), (9)

with Gs(k,y) given by eqn (5). We see that it has also C2

symmetry, namely Hs(k,y) = Hs(k,p � y). Because of the super-
position of Gs(k,y) and Gs(k,p � y), the forward-tilted peak of
Gs(k,y) overlaps with the backward-scattering peak of Gs(k,p � y).
Since the backward scattering exhibits EXAFS-type oscillations,
the tilt angle of the homo-nuclear diatomic molecules oscillates
with k. These oscillations are damped with the energy as Bk�2,
which corresponds to the asymptotic behavior of the backward-
scattering amplitude.37

In particular, for high electron energies, ytilt becomes small
and, accordingly, its extraction from the experimental data
becomes very challenging. Already small systematic errors can
prevent the determination of the bond length in such cases. It
turned out that performing a set of two measurements using
both light helicities as references in the calibration can cir-
cumvent these problems to some extent, as the measured
MFPADs have to be by definition mirror-symmetric when
switching between left- and right-handed polarization. Checking
for this mirror symmetry when fine-tuning the calibration para-
meters of the experiment helped to decrease systematic errors on
the required level of detail. While in Fig. 1 all six measured
MFPADs agree well with the computed ones, we were not able to
extract the offset angle with the required precision in all cases.
For N2 at 780 eV, we recorded only one data set with one helicity,
and its corresponding data point has a considerably larger error
bar. Furthermore, the two measurements performed at the
CO C 1s edge are compromised by a small systematic error
due to overlapping flight times of the two ionic fragments, which
directly (and almost solely) affected the part of the CP-MFPADs,
from which ytilt is extracted. We included the lower-energy data
point, with an estimate of the error, which is caused by the
overlapping flight times. Such experimental difficulties should
be considered in future measurements employing the ytilt

approach. In the end, we evaluated several methods to extract
the tilt angle from the experimental data. For example, the
MFPADs can be fitted by a sum over spherical harmonics Yl,m

with contributions of up to l = 9. By examining the fitting results,
the tilt angle can be directly obtained from the corresponding
maximum in the fitting function. However, estimating an error
bar for this resulting angle is not straightforward. Instead, we
finally determined the angular position of the forward-scattering
peak by employing a Gaussian fit to the corresponding region of
the measured angular distribution. Unless stated differently, the
error bars shown in Fig. 3 are the errors reported by this fitting
procedure. Within these error bars both approaches provide the
same results.

Conclusions

In summary, we have investigated experimentally and theore-
tically the CP-MFPADs of core-level photoelectrons emitted
from CO and N2 molecules. We showed that (at high photo-
electron energies) the tilt angle of the forward-scattering
peak appearing in the CP-MFPAD of hetero-nuclear diatomic

molecules can be directly connected to the bond length by a
simple, universal equation. We applied the derived bond-length
ruler formula to several examples of measured and computed
CP-MFPADs. The extracted bond lengths agree well with the
known bond lengths of CO and N2 in their neutral ground
states. The present study illustrates that employing high-energy
circularly polarized light, which is available not only at most
synchrotron-radiation facilities, but also at XFEL facilities, has
many advantages for the extraction of the molecular structure.
It allows extraction of molecular bond lengths not only on a
qualitative, but also on a quantitative level. We assume that our
findings hold not only for the static case, but also for time-
resolved MFPAD measurements aiming at catching the motion
of individual atoms of molecules undergoing photoreactions,
as, e.g., the stretching of chemical bonds. Further studies are
required to target the extension of this method to larger
molecules. The concept for such an extension is in principle
straightforward (as indicated above), but there are still many
aspects that need to be addressed when targeting real-life
measurement results. Most prominently, the validity of the
axial-recoil approximation (i.e., a rapid fragmentation of the
molecule as compared to possible rotation or geometrical
changes) may not be given in all cases and needs to be
confirmed by the measurement, as, e.g., done in ref. 38.
However, previous work by Fehre et al.39 demonstrated that it
is possible to obtain three-dimensional MFPADs for a molecule
as large as methyloxirane. This might be a first indication that
the tilt-angle technique will be applicable to larger molecules in
the future.

As compared to other experimental techniques for molecu-
lar structure determination, our bond-length ruler approach
provides very easy access to molecular bond lengths. For
example, Coulomb explosion imaging requires complex model-
ing of the charge-up process of the inspected molecule for the
extraction of geometrical structures. Despite addressing single
molecules in the gas phase, our bond-length ruler avoids the
problems caused by randomly oriented samples (or even the
need for crystalline samples), which other diffraction methods
face. However, its explicit extension to larger molecules
remains an intriguing subject for further studies, and our first
prototypical demonstration shows that great care needs to be
taken when measuring the MFPADs for the bond-length extrac-
tion in order to reach a precision in the range of a few percent.
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H. Schmidt-Böcking, C. L. Cocke and R. Dörner, Phys. Rev.
Lett., 2001, 87, 013002.

6 D. P. Woodruff, Appl. Phys. A, 2008, 92, 439–445.
7 F. Krasniqi, B. Najjari, L. Strüder, D. Rolles, A. Voitkiv and
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F. Krasniqi, J. Küpper, A. Rouzée, B. Rudek, A. Rudenko,
S. Schorb, H. Stapelfeldt, M. Stener, S. Stern, S. Techert,
S. Trippel, M. J. J. Vrakking, J. Ullrich and D. Rolles, Phys.
Rev. A, 2013, 88, 061402(R).

11 K. Nakajima, T. Teramoto, H. Akagi, T. Fujikawa, T. Majima,
S. Minemoto, K. Ogawa, H. Sakai, T. Togashi, K. Tono, S. Tsuru,
K. Wada, M. Yabashi and A. Yagishita, Sci. Rep., 2015, 5, 14065.

12 S. Minemoto, T. Teramoto, H. Akagi, T. Fujikawa,
T. Majima, K. Nakajima, K. Niki, S. Owada, H. Sakai,
T. Togashi, K. Tono, S. Tsuru, K. Wada, M. Yabashi,
S. Yoshida and A. Yagishita, Sci. Rep., 2016, 6, 38654.

13 W. Decking, et al., Nat. Photonics, 2020, 14, 391–397.
14 J. Ullrich, R. Moshammer, A. Dorn, R. Dörner, L. P. H. Schmidt
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