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Photoelectron Diffraction Mapping: Molecules Illuminated from Within
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We demonstrate the use of a multiparticle coincidence technique to image the diffraction of an electron
wave whose source is placed at a specific site in a free molecule. Core-level photoelectrons are used
to illuminate the molecule from within. By measuring the vector momenta of two molecular fragments
and the photoelectron, a richly structured electron diffraction pattern is obtained in a body-fixed frame
of the randomly oriented molecule in the gas phase. We illustrate this technique for CO, creating a
photoelectron from the C(1s) shell and scanning its energy from zero to 30 eV.
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The scattering and diffraction of x rays and electrons
has long been a tool for exploration of the structure and
properties of matter. In the case of electrons, two promi-
nent examples are the electron microscope which uses the
diffraction of fast electrons and the discovery of the quark
by relativistic electron scattering. In this Letter we present
the first comprehensive images of photoelectron diffraction
by a molecule in the gas phase. The probe electron wave
is created inside a carbon monoxide molecule when a pho-
toelectron is released from the carbon K shell by absorp-
tion of an x ray. Similar x-ray photoelectron diffraction
(XPD) techniques have previously been possible only in
crystals [1] and absorbates [2], where they have provided
information on physical properties such as the positions of
nearest neighbors. For free molecules in the gas phase,
XPD can be fully utilized only if the molecules can be
oriented in space. In this Letter we demonstrate a three-
dimensional multiparticle imaging technique, which deter-
mines the coincident vector momenta of the photoelectron
and all molecular fragments with 47 solid-angle coverage.

Core-level photoelectron emission from spatially ori-
ented molecules poses a formidable challenge to quantum
mechanical theory. In atomic photoionization, single pho-
toelectron angular distributions have trivial structure fully
described with one parameter [3]. For molecular species,
however, a far more complex structure was predicted in
1975 by Dehmer and Dill [4] and subsequently observed
experimentally [S]. Here the electron wave propagates
through the nonspherical potential of the molecule and,
via coupling to the nuclear motion, may emerge with any
value of angular momentum in the asymptotic continuum.
In a multiple scattering picture, the intensity in a given di-
rection with respect to the molecular frame results from
the addition of a direct wave, from the K shell of the ion-
ized atom, with waves scattered one or more times from
the other atoms in the molecule. These effects can also
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lead to an enhancement of the absorption cross section for
a range of photon energies, commonly known as a shape
resonance [4]. The angular distributions of the photoelec-
trons in the region of such shape resonances have been
studied in a number of pioneering experiments [5,7].

The photoionization/dissociation of CO above the car-
bon K edge is a multistep process beginning with the pro-
motion of the C(1s) electron to the continuum where it
interacts with the two-center potential as it exits the mole-
cule. The ejected photoelectron wave is a signature of
the molecular potential and is the focus of this Letter.
The electron emission is promptly followed by the de-
cay of the excited CO™™ molecule, primarily through au-
toionization channels, leading to the dissociation of the
molecular ion. In order to fully observe the rich structure
of the continuum electron wave in the molecular poten-
tial, knowledge of the orientation of the molecular axis
is required. Determining the axis a posteriori requires
that the axial recoil approximation be valid [6]. That is,
the dissociation time of the molecule must be substan-
tially shorter than the characteristic period of rotation, so
that the fragments are ejected along the internuclear axis
of the molecule, and the autoionization must occur before
the molecule rotates away from its orientation at the time
of photoionization. Measurement of one (or both) of the
fragment momentum vectors then determines the orienta-
tion of the internuclear axis. Two techniques based on
this concept have been employed previously for measuring
angle-resolved photoelectron-photoion coincidences. The
first was by Shigemasa et al. in 1995, who used two par-
allel plate analyzers, one each for the photoelectron and a
coincident fragment ion [5]. By varying the relative angle
between the analyzers, they were able to reconstruct an-
gular distributions of photoelectrons from fixed-in-space
molecules. The second was by Heiser et al. who used a
time-of-flight electron spectrometer and pulsed extraction
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of a coincident fragment ion to a position sensitive detec-
tor [8]. This technique yielded measurements of photo-
electrons for all orientations of the molecule relative to the
photon polarization vector but was limited to the specific
angles chosen for the electron analyzers.

In this Letter, we present a method which produces a
complete image of the emitted photoelectron wave from
K-shell photoionization of spatially oriented molecules,
without any restrictions on the emission angles of the elec-
tron or molecular fragments. The technique is based on
cold target recoil ion momentum spectroscopy [9] and is
similar to the one used by Lafosse et al. for the study
of valence band photoemission [10]. We have measured,
for each event, the direction and energy of the two ion
fragments and the full momentum vector of the C(1s) pho-
toelectron from the photoionization of CO by linearly po-
larized photons with energies from 294 to 326 eV. This
energy range encompasses the threshold of C(ls) pho-
toionization and the o shape resonance near 10.2 eV above
the carbon K edge. Because the photon and electron bind-
ing energies are known, we are able to distinguish the
C(1s) electrons from any other electrons (e.g., Auger) that
are detected. This multiparticle imaging technique has
several advantages over previous experiments. First, the
electrons are measured with 477 solid-angle coverage, so
that the angular distributions relative to the internuclear
axis, photon polarization, and propagation vectors are mea-
sured simultaneously. Second, both molecular fragments
are measured so that the preionization orientation of the
molecule is obtained as well as the kinetic energy release
and the charge states of the final fragments. This per-
mits the exploration of a number of phenomena such as
the dependence of the electron emission on the kinetic re-
lease and the validity of the axial recoil approximation.
We must, however, confine the focus of this Letter to the
photoelectron emission for oriented molecules and present
additional details in future work. Third, and finally, the full
solid angle yields the high coincidence count rate required
for highly differential measurements.

Our experiments were performed at beam line 9.3.2 at
the Advanced Light Source at Lawrence Berkeley National
Laboratory. A molecular beam of CO was intersected at
90° with the photon beam to form a localized interaction
volume. All ions and electrons created in this volume were
accelerated by a static electric field towards two position-
sensitive detectors, which were equipped with multihit
delay-line anodes [11]. The associated times of flight were
then measured relative to the interaction (photon bunch)
time. A magnetic field confined the electrons to a helical
trajectory, ensuring 47 solid angle coverage for kinetic en-
ergies up to 30 eV [12]. From this information, the com-
plete coincident vector momenta of the photoelectron and
fragment ions were then reconstructed. The abundant sta-
tistics due to the large solid angle allowed the photon en-
ergy to be scanned by 100 meV steps over a range from 0
to 30 eV above the carbon 1s threshold. By recording the
photon energy as an additional parameter, we were able to
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extract the photoelectron diffraction pattern over a range
of electron energies.

Figure 1 shows momentum distributions of the photo-
electrons from the K shell of the carbon atoms in oriented
CO molecules. The images are presented in the laboratory
frame with the respective horizontal and vertical axes
defined by the linear polarization and propagation vectors
of the photon. The individual images la—1c correspond
to particular orientations of the molecule relative to the
polarization vector. The photoelectron energy is displayed
through the radial size of the momentum vector; the
circular edge of each image is therefore determined by the
30 eV (1.5 a.u. momentum) upper bound of the photon
energy range. The angular momentum character of the
outgoing wave can be seen in the polar distributions of this
vector. The intensity of the images, representing the square
of the amplitude for the bound — continuum transitions,
is indicated by the color legend shown in the figure.
Figure 1a shows the image corresponding to the 1so —
elo transition (molecular axis parallel to polarization
vector). This comprehensive picture makes immediately
evident the f-wave resonance of the scattered wave in the
molecular potential at a momentum near 0.8 a.u. (dashed
circle) and displays the higher angular momenta populated
on the resonance through the characteristic side lobes in
the pattern. The greater strength of the resonant wave
emitted along the molecular axis toward the right is
caused by interference of the direct wave from the carbon
source with that scattered from the oxygen partner. From
the same measurement we generate momentum maps for
other alignments of the molecule. Figure 1b shows the
photoelectron image for the 1so — ela (molecular axis
perpendicular to polarization vector) transition. Because
the molecule does not resonate nearly as strongly in this
orientation, the contribution from high angular momentum
components is much less pronounced. The photoelec-
tron distribution for molecules oriented at 45° to the
polarization vector is shown in Fig. 1c. As described in
more detail below, this distribution results from a coherent
superposition of the amplitudes for o and 7 transitions
shown in la and 1b. We present the continuous evolution
of these images as the molecule rotates relative to the
polarization vector in an animation that is available in
the on-line version of this journal. These pictures are the
molecular analog of the most advanced XPD technology
in solid state physics [2], and they are a unique fingerprint
of the molecular potential.

As recently described by Ito et al., measurement of all
the amplitudes and relative phases for the bound-to-
continuum transitions constitutes a so-called “quantum
mechanically complete” experiment [14]. Figures 2a and
2d show the results for C(1s) photoelectrons (o and 7
transitions, respectively) produced at 10.4 eV above the
carbon K edge. This energy is near the peak in the o
resonance and corresponds to the dashed circles in Fig. 1.
These data are in agreement with those presented by
Shigemasa et al. [15] and Motoki et al. [16]. Since
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our data set is comprehensive, it includes all other
relative orientations of the molecule and the polarization
vector as well; some additional orientations are shown in
Figs. 2b and 2c. In some cases we can extract the
contributions of different partial waves to the continuum
photoelectron wave by fitting the experimental angular
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distributions by coherent sums of the spherical harmonics
Yo (for the lso — elo transition) or Y;+; (for the
lso — elm transition). The angular distributions for
any given molecular orientation can be represented by
a linear combination of the o and 7 amplitudes. The
curves in Figs. 2a—2d are derived from a fit to the partial
wave expansion as described in [17], where we have
optimized, by least squares adjustment, the (complex)
amplitudes for [ = 0-4, m = 0 for the parallel and
[ =1-4, m = *£1 for the perpendicular transitions.
From symmetry, the amplitudes for m = 1 and m = —1
for any given / must be equal. Since each amplitude is
complex, this results in a total of 17 free independent
parameters in the following fit function:

(>

[=0,....4,m=0

>

1=1,..4m=-1,1

2
X sin(05)>

F(¢es 0., 08) = Alelm(¢e, Ge)cos(ﬁg)
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where 6, and ¢, are the emission angles of the electron in
the molecule frame and 6, is the angle of the polarization
vector relative to the molecule. F is then the intensity of
emission into a differential solid angle located at 6., ¢.,
in a coordinate system with the polarization vector along
the z axis. Figure 2 shows only a few selected angles, but
the fit has been performed on our entire data set, making
use of the statistics at all angles. The high fidelity of the
fitted curves to the data shown in Fig. 2 demonstrates that
the phase relations can be successfully extracted from our
data. (The details of this fit as well as complex amplitudes
will be presented in a future paper.) Therefore, from a
quantum mechanical point of view, this becomes, within
the truncated number of /’s, a complete experiment. The
pioneering experiments in Ref. [7] were performed with
two molecular orientations (parallel and perpendicular to

FIG. 1 (color). The momentum distribution of C(1s) electrons
emitted from a CO molecule for three different orientations of
the molecule (C black, O red) relative to the photon linear polar-
ization €. The axes are defined by the photon linear polarization
(horizontal) and propagation vector (vertical, down). The angu-
lar distribution for a fixed electron energy E (a.u.) is given by
the intensity variation along a circle centered at the origin with
radius equal to (2E)'/?. The electron energy was scanned from
Oto 1.1 a.u. (0-30 eV) in steps of 100 meV. Intensity, i.e., the
relative transition probability, is represented by the color scale at
the top. (a) lso — elo transition: & parallel to the molecular
axis. The onset and decline of the strong angular variations in
intensity at the resonance energy (shown along the dashed circle)
are indicative of the coupling to higher angular momenta in the
shape resonance region. (b) lso — el transition: & perpen-
dicular to the molecular axis. In this case, the coupling to higher
angular momenta is much less pronounced than in (a). (c) € is
at 45° to the molecule. An animated version of these frames
showing their evolution as the molecule is rotated is available in
the on-line version of this journal.
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FIG. 2. Polar distributions of 10.2 eV photoelectrons in the
frame of the incident photon corresponding to the dashed circles
in Fig. 1. The schematic in the upper left corner of each frame
shows the orientation of the molecule (grey oxygen, black car-
bon) relative to the photon polarization vector (arrow). The black
circles are the measurements and the solid curves represent the
fit to the spherical harmonic expansion [see Eq. (1)]. (a) and (d)
show angular distributions for the 1so — ¢lo and lso — elm
transitions, respectively. (b) and (c) show distributions for inter-
mediate angles. The large change in scale between (a) and (d)
reflects the predominance of the 1so — elo transition, (a). An
animated version of this figure, showing all polarization angles,
can be found in the on-line version of this journal.

the polarization vector), and hence the relative phase be-
tween the o and 7= amplitudes could not be extracted.
The continuous evolution of the angular distribution from
the parallel to the perpendicular orientation of the mole-
cule can be viewed in an animated version of Fig. 2 in the
on-line version of this journal.

In addition to the orientation information, we determine
the final charge state and the kinetic energy released in the
dissociation, which combine to give a signature of the dis-
sociative state of the molecular ion. It is thus possible to
investigate the degree of correlation between the photoelec-
tron emission pattern and the final states of the molecular
ion, a rather detailed description of the behavior of these
complex systems. This can be a critical factor in the ability
to observe photoelectron diffraction patterns shown above.

The topographical nature of the photoelectron momen-
tum images gives at once an informative and illuminat-
ing vista of photoemission in the shape resonance regime.
These emission patterns reflect the electron wave propaga-
tion in the full three-dimensional potentials of the mole-
cule. One possible future application of the approach
described here is its use as a time delayed probe for pho-
tochemical reactions triggered by short laser pulses. This
would provide a unique tool to obtain temporally and spa-
tially resolved “snapshots” of the evolution of intramolecu-
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lar potentials and molecular structure. This technique has
proven to be quite effective for simple diatomic molecules.
However, it becomes increasingly difficult to take advan-
tage of the axial recoil approximation as molecules of in-
terest become more complex. Possible solutions include
measurement of three or more molecule fragments and
“tagging” a molecule with a single atom with an isolated
K edge.
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