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Demonstration of Strong Forward-Backward Asymmetry in the C1s Photoelectron
Angular Distribution from Oriented CO Molecules
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Angular distributions ofC(1s) photoelectrons emitted from oriented CO molecules were measured
using a new method: mass and angle-resolved photoelectron-photoion coincidence spectroscopy. Along
with the angular momentum composition of the photoelectron wave, the experiment reveals pronounced
forward-backward asymmetries in the photoemission intensity with respect to the molecular orientation.
This asymmetry, being observed for the first time in molecular photoionization, is interpreted in terms
of multiple scattering effects. Calculations using the M&-method show good quantitative agreement
with the presented experimental results. [S0031-9007(97)04163-X]

PACS numbers: 33.80.Eh

Molecular photoionization differs from atomic pho- of the atomic constituents of a molecule, has so far never
toionization in two distinct ways: one is the possibility of been proven experimentally.
fragmentation of the ionized system and the other one is In this Letter we report on the first experimental
the occurrence of intramolecular scattering of photoelecevidence of asymmetric photoemission in molecular
trons and possibly also Auger electrons on the differenphotoionization, an effect occurring due to cylindrical
atomic constituents of the molecule. It is the latter whichsymmetry breaking and interference between the outgoing
gives rise to such prominent features as shape resonangeartial photoelectron waves. The experimental results will
in molecular K-shell photoionization [1]. Intramolecu- be compared with the twenty-year-old prediction by the
lar scattering, however, is not only exhibited in the varia-MS-X« method of Dill, Siegel, and Dehmer [6] showing
tion of the partial photoionization cross section of valenceunprecedented agreement with our measurements.
or K-shell photoelectrons, it is also the crucial process The experiments were performed at beam line BW3 of
determining the angular momentum composition and, conHASYLAB [7,8]. The key element of this experiment
sequently, the energy-dependent behavior of the emitteid a time-of-flight ion spectrometer with a position-
photoelectrons, including interference effects. Dehmesensitive anode optimized for short dead time [9]. This
and Dill [1,2] were the first who predicted thgtwave ion detector makes it possible to trace the momentum
enhancement in the channel was the source of the pho- direction of the ions at the instant of photoionization.
toelectron intensity enhancement observed in molecula8uch measurement is a direct probe of the orientation of
shape resonances. It took almost twenty years before thike molecule when the photoelectron is emitted if one
prediction could be verified experimentally in a direct way.assumes that the dissociation time is fast compared to

Shigemaseet al. [3] showed in a pioneering experi- the molecular rotation: a condition known as “axial recoil
ment onN, molecules fixed in space that the angularapproximation” [10].
momentum of the outgoing photoelectron in the vicin- Figure 1 shows a scheme of the experimental setup
ity of the shape resonance was indeed predominantly afsed for this angular correlation experiment between ionic
f-wave character. Their experiment opened the door téragments and photoelectrons. A weak repelling field for
angular momentum resolved photoelectron spectroscoggns was applied to the interaction volume during the
in molecular photoionization. In a series of subsequentlectron time of flight in order to suppress random co-
experiments the same group studied similar behavior itncidences with ions coming from previous synchrotron
other molecules including heteronuclear diatomic and tritadiation pulses. The detection of an electron served as
atomic molecules [4,5]. They all showed in their shapea trigger for a 62 Y15 mm extraction pulse for the ions.
resonances somgwave enhancement as seenNg but  Electron time of flight, ion time of flight, and ion impact
with less intense pronunciation. In addition to this an-positions on the anode were recorded in coincidence. The
gular momentum specific behavior a subsequent paper oésulting experimental coincidence spectra were corrected
Dill, Siegel, and Dehmer [6] predicted another phenomeafterwards for random coincidences with normalized spec-
non characteristic of molecular photoionization: strongtra obtained by applying pulses from a pulse generator in-
forward-backward asymmetries or site specific angulastead of electron signals as a trigger for the ion extraction
distributions of photoelectrons emitted from heteronucleapulse. The homogeneity of the applied electric field has
molecules fixed in space. This effect, which has been prebeen proven by simulation of the prominent CGCO**,
dicted by a theoretical method describing the problem irand AP* peaks which appeared to be in very good agree-
terms of multiple electron scattering on the different siteament with the experimental peak shape.
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rotatable Letter we show the photoemission angular distributions
vacuum chamber

observed for either parallel or perpendicular orientation of
the molecular axis with respect to the electric vector of
the light. These distributions can be described straight-
forwardly by

2l max
1(6) = > AyPi(cosh), (1)
k=0

where P, are Legendre polynomials dfth order, with
Imax @S maximum angular momentum aiddthe angle
between the molecular axis and the electron emission
direction [6].

All results shown in this Letter are extracted from the
angular distribution ofO* ions. All data are averaged
over a total kinetic energy of the outgoin@™* ion
FIG. 1. Scheme of the experimental setup: A rotatablebetween 1.7 and 4.2 eV and an acceptance angle of 20
chamber with a time-of-flight electron spectrometer with Sma”Figure 3 shows a polar plot of the measured angular

acceptance angle and a time-of-flight ion spectrometer with a1 ; ; :
position-sensitive multihit detection anode for mass and ang@lstrlbutlon along with a curve representing a fit to

resolved photoelectron-photoion coincidence spectroscopy. &N €xpansion of Legendre polynomials up to the sixth
order, representing a superposition of partial waves up

to I = 3. Figure 3 shows a distinct forward-backward

Photoionization into nonfragmenting, stable C@®ns  asymmetry, particularly for the case of parallel orientation
is characterized by a sharp peak in the center of thef the molecular axis with respect to the electric vector.
anode whereas ionic fragmentation into" Gind O°  The fit also shows some minor remains of tfiavave
ions yields a two-dimensional intensity pattern whichenhancement in the shape resonance, exhibiting the same
reflects the angular distribution of the fragments. Againstrong forward-backward asymmetry. It is interesting
simulation of this three-dimensional COpeak shape to compare these experimental results with the early
provided information on the homogeneity of the electricprediction of Dill, Siegel, and Dehmer [6].
field. Figure 2 shows one example for each intensity Shigemasaet al.[3] pointed out in their paper that
distribution. the three-dimensional plots of Dill, Siegel, and Dehmer

The ejection angles of the fragment ions were calcu{6] could not be easily converted into a two-dimensional
lated with a well-calibrated computer simulation usingrepresentation for a certain photon energy. Detailed
analytical functions, not a finite element method. This isexamination of the calculated data of Ref. [6] and poly-
possible because all electric fields in the ion spectrometaiomial interpolation of the missing data points, however,
are highly homogeneous. shows that it is indeed possible to derive angular distri-

The complete angular distributions of molecular orien-putions for certain photon energies from these figures.
tations were measured for several fixed directions of th@igure 4 shows the corresponding curve for a photon
electron detector with respect to the electric vector of theenergy of 321 eV in comparison with the experimental
incoming soft x-ray radiation. Normalization and trans-data and the curve obtained by a Legendre polynomial
formation of different molecular-orientation distributions fit. The agreement is unexpectedly good, in particular
for fixed electron directions lead to electron-emission
distributions for fixed molecular orientations. In this
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FIG. 2. (@) Intensity distribution of photoion hit positions on FIG. 3. Polar representation of the measured angular distri-
the anode following photoionization into stable C@ns. (b)  bution of photoelectrons in coincidence with photoions emitted
Two-dimensional hit pattern of * and O" ions produced in (a) along and (b) perpendicular to the electric vector. The solid
fast ionic fragmentation. curves represent a fit to an expansion of Legendre polynomials.
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© FIG. 5. Mass-averaged results of the present experimental
O()—A‘C hv=321eV data (filled circles) and Mk« calculation of Ref. [6] com-

pared with the mass-integrated measurements of Heatherly
FIG. 4. The data points (filled circles) with error bars and theet al. [4] (open triangles) taken gty = 325.8 eV for (a) par-
fitting curves (solid lines) of Fig. 3 in Cartesian coordinatesallel and (b) perpendicular excitation. The solid, dashed, and
compared with the results of a multiple scattering calculation ofdotted lines represent the corresponding curves of this work,
Dill, Siegel, and Dehmer [6] (dashed lines). the MSXa« calculation of Dill, Siegel, and Dehmer [6], and
the fitting results of Ref. [4], respectively.

if one keeps in mind that the M« method seems
to overestimate thef-wave enhancement in the shape ill, Siegel, and Dehmer [6] using the MSe method

reson'ancfe. ?}u; measurements Sh?W lth"’t‘t this (thfec't[) Sthe results may open the field of photoelectron diffraction
remains for photon energies several electron Volis abovgy jies on free molecules as a tool for structural studies of
resonance where the calculatgevave components are jiztomic and more complex molecules

overestimated by approximately a factor of 2. However, \ya thank the staff at HASYLAB for the excellent

the degree of forward-backward asymmetry seems t ;
be nearly perfectly reproduced by the NS method. %ﬁﬁdﬁgg,th?gir;?sct?eutsche Forschungsgemeinschaft for
re
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