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Angular Distributions of 1scr Photoelectrons from Fixed-in-Space N2 Molecules
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The angular distributions of 1so- photoelectrons from N2 molecules held fixed in space have been
measured around the or* shape resonance for the first time, The angular distributions have been very
rich in structure, which are completely different from usual photoelectron angular distributions from
randomly oriented molecules, as predicted by Dill. The orbital angular momentum properties of the
1scr photoelectrons around the o.* shape resonance have been made clear from the angular distribution
patterns.

PACS numbers: 33.80.Eh, 33.90.+h

Molecular K-shell spectra are known to depart remark-
ably from corresponding atomic spectra [1]. Specifically,
above the K edge there is a broad band of enhanced pho-
toabsorption in place of the smooth monotonic decrease
one might expect. The novel feature, so called shape res-
onance, results from the interaction between the photo-
electron escaping from the K shell and the anisotropic
molecular field [2].

Direct study of the orbital angular momentum properties
of the photoelectrons in the shape resonance is not pos-
sible by conventional gas-phase photoelectron angular
distribution studies, owing to the random orientations of
the molecules. If, however, the molecules have a definite
orientation, the angular distributions of photoelectrons
ejected by the electric-dipole interaction has the general
form [3]

2~max

g ~KM' KM(0 tt')
@=0 M

where the angles (0, tb) are measured from the molecule
g axis, I „is the maximum orbital angular momentum
component of the outgoing photoelectron, and Y~M are
the spherical harmonics. Thus, such photoelectron angular
distributions of fixed-in-space molecules can offer a direct
probe of the orbital angular momentum composition of the
molecular photoelectrons. In the limited case, the angular
distribution of photoelectrons from oriented H2 [4], CO
[5], and N2 and CO [6] molecules were predicted by three
groups.

The present experiment has been undertaken to study
the orbital angular momentum properties of the photo-
electrons in a prototype molecular shape resonance —the
o.* shape resonance of nitrogen molecules. In this Let-
ter, we present the first experimental results on the an-
gular distributions of lsd- photoelectrons ejected from Nz
molecules held fixed in space. The photoionization pro-
cesses of fixed-in-space molecules in a gas phase can be
realized by detecting photoelectrons in coincidence with
fragment ions as reported by Golovin et al. [7,8]. Since
the dissociation time of the molecular ions produced by a
subsequent Auger decay of the K-shell vacancy is much
shorter than the molecular rotation period, the emission

direction of the fragment ion is considered to be equiva-
lent to the molecular orientation at a moment of absorp-
tion of a photon.

The experiments have been carried out on beam line
BL-28, supplying the synchrotron radiation emitted from
an undulator [9] inserted in the 2.5 GeV positron stor-
age ring at the Photon Factory. The undulator radia-
tion, monochromatized with a 10 m grazing incidence
monochromator [10], was focused onto an effusive beam
of the sample gas at the center of the ionization region
of the experimental chamber. The entrance and exit slit
openings of the monochromator were both set to 50 p, m.
The expected energy resolution was about 0.6 eV at h p =
400 eV. The diameter of the photon beam spot at the sam-
ple position was less than 0.2 mm. The first harmonic of
the undulator radiation was used for all measurements de-
scribed here. It had been confirmed in our previous work
that the degree of linear polarization within the first har-
monic peak of the undulator radiation is more than 95%
[11]. Two identical ion detectors (channeltrons) with re-
tarding grids were installed in the chamber at 0 and 90
relative to the polarization vector of the incident radiation
in the plane perpendicular to the radiation path. A re-
tarding potential of +3 V was applied to the grid of each
detector to select energetic fragment ions only. Each de-
tector has a collection half-angle of 10.5 . A parallel plate
electrostatic analyzer with a position sensitive detector (a
microchannel plate and a resistive anode), which can be
rotated around the photon beam axis, was used to energy
analyze photoelectrons [11]. The effective acceptance an-

gle of the analyzer was estimated to be ~5 . To obtain
coincidence signals between photoelectrons and fragment
ions, event signals from the electron detector were fed into
two time-to-amplitude cogverters to start them at the same
time, and signals from one ion detector were used to stop
one of the converters and signals from the other detector
to stop the other.

As demonstrated in our previous work [11—19], the en-
ergetic fragment-ion angular distributions after the K-shell
excitations of diatomic molecules induced by linearly
polarized radiation have enabled us to decompose the
conventional photoabsorption spectra into their molecular
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symmetry components not only at the discrete resonances
but also in the continuum states. Above the K-shell
ionization threshold of N2, the signal intensities of the
fragment ions (N+ or N +) emitted parallel to the elec-
tric vector of the incident light provide the strength of
parallel transitions (iso.g, ~ eo.„g ionization channels),
while the intensities of the ions emitted perpendicular to
the vector give the strength of perpendicular transitions
(1strg „~e~, g ionization channels). The angular depen-
dence of the coincidence signals between the photoelec-
trons and the fragment ions detected by the 0 ion detector
yields the angular distributions of the photoelectrons from
the molecules oriented parallel to the electric vector of the
incident light, while that between the photoelectrons and
the ions detected by the 90 detector produces the angu-
lar distributions of the photoelectrons from the molecules
oriented perpendicular to the vector.

The angular distribution patterns of the 1so- photoelec-
trons for the parallel transitions, at three different photon
energies, are shown in Fig. 1 and the patterns for the per-
pendicular transitions are presented in Fig. 2. The ex-
perimental data points are represented by filled circles
with error bars, and the solid curves show the theoreti-
cal ones fitted to the experimental data using the least-
squares method, whose procedure will be described later.
In each graph, the maximum value is normalized to unity.
It should be noted that 6I is the photoelectron ejection
angle measured from the molecular axis. As is clearly

seen in Figs. 1 and 2, the observed angular distributions
are very rich in structure, which are completely differ-
ent from usual photoelectron angular distributions from
randomly oriented molecules expressed as the functional
form of 1 + pP2(cos8'), where p is the asymmetry pa-
rameter, and 0' is measured from the electric vector of the
light. And they also show dramatic spectral variation of
the fixed-molecule photoelectron angular distributions.

In order to analyze the present results quantitatively,
we have used the formula of Dill for the fixed-molecule
photoelectron angular distributions [3]. The general result
expressed by Eq. (1) can be simplified for the special
case, i.e., the photoionization of cylindrically symmetric
molecules with the electric vector parallel or perpendicu-
lar to the molecule z axis. In this case, the differential
cross section (1) becomes

max21 .

= g AlrPir(cos8), (2)
dk ~0

where k = (8, 0) is the photoelectron ejection direction
measured in the molecule frame, and I'~ is the Legendre
polynomials. In the 1so photoionization channels of
N2 molecules, we take account of four dominant chan-
nels for the parallel transitions, i.e., 1so.

g
~ po.„,frr„

and 1so„~ sog, dog, and three dominant channels for
the perpendicular transitions, i.e., isa.

g
~ per„, f~„, and

1so., d 7T~. Under these considerations, the expansion
coefficients Alr of the Legendre polynomials of Eq. (2)
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FIG. 1. Angular distributions of 1so photoelectrons from N2
molecules oriented parallel to the electric vector of the incident
light. The filled circles with error bars represent experimental
data points, and the solid curves show the theoretical ones fitted
to the experimental data (see text).
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FIG. 2. Angular distributions of 1sc7 photoelectrons from N2
molecules oriented perpendicular to the electric vector of the
light. The filled circles with error bars represent experimental
data points, and the solid curves show the theoretical ones fitted
to the experimental data.
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may be written for the parallel transitions by

&o = ~~hv(ID, I'+ IDp I'+ IDd I'+ ID/ I'),

A2 = 7TAh v 2 Dpo + Dd~ + Df~7 3
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8 Df~Dp~ coskpf
7

loo
A6' = vrnhv |D/~f

33 )
and for the perpendicular transitions by

~o = 2~~hv(IDp I'+ IDd~l'+ ID/ I'),
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6 Df Dp coskpf
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(3)

and

+6 Df Dp~ coskpff~ pm

25
A6 = 2muhv — Df~ (4)

In the above expressions, u is the fine structure constant,
DI represents the dipole matrix element for the transition
into the elm state, and AI~ indicates the phase difference
between al and el' partial waves. Although all quantities
of DI~ and Atr in Eqs. (3) and (4) can be determined
by least-squares fitting Eq. (2) to the experimental data,
there are possibilities yielding the meaningless values
owing to the small number of the data points with not
small error bars and without the definite value of the
linear polarization degree. Therefore, we have determined
the relative values for the expansion coefficients A~ of
the Legendre polynomials by the least-squares fit. The

zero offset of the photoelectron ejection angle 0 was
included in the fitting parameters within the acceptance
angle of the ion detector. The expansion coefficients A~
obtained from the fitting procedure are given in Table I.
The uncertainties in the values of A~ have been estimated
less than 20%.

For the parallel transitions, a prominent increase of A6
relative to Ao is noticed at 419 eV where the shape reso-
nance takes place. Since the expansion coefficient of A6
is expressed by [D/ (2, i.e., the square of the dipole ma-
trix element related to the f partial wave [see Eq. (3)], the
present results reveal directly that the shape resonance is
caused in a single channel, i.e., the f component of the o.
continuum wave functions [20]. According to the theoret-
ical calculations based on the multiple scattering formal-
ism, the resonance enhancement is caused by a centrifugal
barrier acting on the f partial wave in the o.„continuum
of N2 [2]. Thus the theoretical interpretation for the ori-
gin of the shape resonance is for the first time confirmed
directly by the present work. Although Dill, Siegel, and
Dehmer [6] have calculated the fixed-molecule K-shell
photoelectron angular distributions of N2 which are com-
parable with the present results, they have presented only
the three dimensional plots of the angular distributions for
the parallel and perpendicular transitions. Therefore, it
is difficult to perform a detailed quantitative comparison
between the present results and their calculations. It is
obvious, however, that Dill, Siegel, and Dehmer [6] over-
estimated the contribution of the f component of the rr,
continuum wave function at the shape resonance. A4 ( 0
at 419 eV means that the interference term between fo.
and po. partial waves in Eq. (3) contributes significantly.
For the angular distribution pattern at 412 eV in Fig. 1, a
slightly increasing behavior at 0 ~ 50 is observed. Tak-
ing the small contribution of A6 into account, the d com-
ponent of the o-g continuum wave function may consid-
erably contribute to the parallel transitions at 412 eV. A
monotonically decreasing angular distribution with the in-
crease of 0 is seen at 447 eV in Fig. 1. This angular dis-
tribution pattern may suggest not only the contribution of
the s, p, d, and f components of the o. continuum wave
functions but also the contribution of the higher l compo-
nents (I ~ 4) neglected here at higher photon energies.

TABLE I. Expansion coefficients Ak of the Legendre polynomials after normalization with Ap and Ap giving the isotropic angular
distributions.

Photon energy
hv

(kinetic energy)

412 eV
(E„=2 eV)

419 eV
(Ek = 9 eV)

447 eV
(Eg = 37 eV)

A//
p

1.0

1.0

1.0

A"
2

0.82 1.15

0.25 —0.22

1.86 0.37

Parallel transitions
1$CJ ~ 80

A4 A//
6

0.25

1.01

0.49

Ap

1.0

1.0

1.0

—0.16 —0.45

—0.12 —0.47

—0.51 —0.23

Perpendicular transitions
1$0 ~ 87T

A4 A6

—0.02

—0.05

—0.15
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In contrast to the case of the parallel transitions, no
increase of A6 relative to Ao is observed at 419 eV for
the perpendicular transitions, as predicted theoretically by
Dehmer and Dill [2]. The contribution of A6 is negligibly
small at 412 and 419 eV, which is related to ~DI ~2, the
square of the dipole matrix element for the Iso-g

fear„

ionization channel. Then, if neglecting this contribution,
Aq is proportional to —(D„) + 7(Dd (, and A4 is

proportional to —
7 ~Dd~~ [see Eq. (4)]. From these

relations and the values of A2 and A4 given in Table I, it
can be found that the intensity ratios of [D„~) to )Dd~~
are about 1.3 both at 412 and 419 eV. These results
are consistent with the theoretical partial photoionization
cross sections for the ~, and ~g channels by Dehmer
and Dill [2]. However, Dill, Siegel, and Dehmer [6]
overestimated the contribution of the f7r„component at
419 eV, which makes a peak of the angular distribution
pattern at 0 = 90 . The slight increase of A6 at 447 eV
may suggest that the f partial wave component (and also
l ~ 4) starts to contribute slightly at this photon energy.

The A& values determined by the present work are
consistent with the asymmetry parameters P measured
by Lindle et al. [21]. The relatively large values of A6
and A4 at the o-* shape resonance; i.e., roughly speaking,
the large contributions of fo„, and d. 7rg partial waves
are reflected in the large deviation [21] (- 0.75) of the

P parameter from the value of 2 expected for the pure
p partial wave. At 447 eV the values of A2 and A2
are relatively large; i.e., the large contributions of per„
and pm, partial waves are expected at higher energies.
This evaluation expects the P value close to 2 at higher
energies. Indeed, the P value determined by Lindle et
al. [21] is -1.9 at 439 eV.

In conclusion, we have for the first time measured
the angular distributions of the 1scr photoelectrons from
fixed-in-space N2 molecules via coincidence techniques.
The present results on the angular distributions, providing
a sensitive and direct probe of the molecular photoioniza-
tion dynamics, have made the nature of the molecular or*

shape resonance in the K-shell spectrum clear.
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