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Direct Probe of the Shape Resonance Mechanism in 2sg-Shell Photoionization
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Angular distributions of photoelectrons from a 2sg shell of fixed-in-space N2 molecules have been
measured for left- and right-elliptically polarized and for linearly polarized light at several photon en-
ergies in the region of s� shape resonance. That allowed the determination of a set of dipole matrix
elements and phase shift differences characterizing the process. These data clearly show the enhance-
ment of the fsu partial cross section in the resonance simultaneously with an abrupt increase of the
corresponding phase shift by p , which is the first experimental demonstration of the nature of the s�

shape resonance in homonuclear diatomic molecules.
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The first theoretical investigation of the angular distribu-
tion of photoelectrons (ADP) ejected from fixed-in-space
molecules was done in 1976 [1,2], keeping in mind an ap-
plication to molecules adsorbed on surfaces. After that a
long time passed until the relevant experimental data for
the gas phase molecules appeared [3,4] obtained by the
angle-resolved electron-ion coincidence technique. In that
method a photoelectron is detected in coincidence with
a fragment ion produced in dissociative photoionization.
This allowed one to select the processes corresponding to
a certain direction of molecular axis in space, provided the
dissociation is much faster than the period of molecular
rotation, and opened a new horizon in photoelectron spec-
troscopy [5,6]. In particular, it allowed the extraction of
the sets of dipole matrix elements and phase shift differ-
ences for C and O K-shells of a CO molecule from the
measured data [7,8]. Nevertheless, due to the use of only
linear polarization of light the relation between the subsets
of matrix elements and phase shifts for the s ! s and
s ! p transitions remained undetermined.

Although equations derived by Dill [1] are general and
applicable to any polarization of incident light, the advan-
tages of using different light polarizations were not ex-
plored by him. It was later realized that oriented molecules
are optically active [9–12] and, in particular, that oriented
linear molecules reveal circular (and linear) dichroism in
the angular distribution (CDAD and LDAD), which is a
difference between the photoelectron currents ejected at
a definite angle by light of right- and left-circular po-
larization (or of two mutually perpendicular linear polar-
izations). Investigations of CDAD and LDAD proved to
be fruitful in studies of adsorbed molecules [13,14] and
molecules in aligned excited states [15]. However, experi-
ments on the ADP from oriented molecules in a gas phase
were up to now limited to those performed with linearly
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polarized light, except for two publications on CDAD by
Heiser et al. and Jahnke et al. [16].

In this Letter we report the first experimental study of the
ADP of 2sg photoelectrons from oriented N2 molecules
obtained with right- and left-elliptically, as well as lin-
early, polarized light. From the combination of these data
we determined the dipole matrix elements and phase shift
differences for the partial waves with l � 1 and 3; that
is, we performed the complete experiment in this approxi-
mation. That allowed the investigation of the nature of a
s� shape resonance appearing in the photoionization cross
section of this shell. According to the generally accepted
explanation [17], the s� shape resonance is formed by a
predominant contribution of a s continuum wave function
with l � 3. For low energies near the ionization thresh-
old this wave function is concentrated outside the mole-
cule due to the centrifugal barrier, but at a kinetic energy
of about 0.5 a.u. it rapidly penetrates into the molecular
core region. This penetration leads to the appearance of a
broad maximum in the cross section which is called a s�

shape resonance. Simultaneously the phase shift of this
partial wave is increasing by �p radians. In contrast to
that, the first complete experiment performed in the s�

shape resonances of C and O K-shells of a CO molecule
[7,8] demonstrated that not one but several partial waves,
at least with l � 1, 2, 3, are giving comparable contribu-
tions. Therefore, it is of principal interest to check whether
the simple model of Dehmer and Dill [17] is adequate at
least in the case of a homonuclear molecule, where the
dipole selection rule restricts the orbital angular momenta
of photoelectrons by odd values. Dehmer and Dill origi-
nally studied the s� shape resonance in the K shell of the
N2 molecule and showed that the resonance appears only
in the 1sg shell. But in N2 the energy splitting of 1sg and
1su shells is smaller than the widths of the corresponding
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photoelectron lines, and it is very hard to resolve them
[18]. Without resolving them there is no possibility to per-
form the complete experiment and to extract the matrix
elements and phase shift differences from the measured
angular distributions. Therefore, we selected the 2sg shell
of N2 where this problem does not exist.

The experiment has been performed at the helical undu-
lator [19] beam line BL-28A equipped with the constant
deviation monochromator [20] of the Photon Factory
in Tsukuba, by applying the angle-resolved photoelectron-
photoion coincidence method [7]. Both a photoelec-
tron and an ion spectrometer are placed in the plane
perpendicular to the photon beam. The ion spectrometer
has a fixed position which defines the direction of molecu-
lar axis. The photoelectron spectrometer is rotated about
the photon beam to measure the molecular frame ADP.
We studied photoionization of the 2sg inner valence shell
of the N2 molecule at five photon energies in the region
45–65 eV (bandwidth 0.2 eV). The photoelectron spec-
trometer is set to transmit electrons corresponding to the
maximum of the broadband (reflecting a steep repulsive
potential) around binding energy 38 eV. This broadband
has the strongest intensity among several lines correspond-
ing to the 2sg shell [21] and carries the largest single-
particle contribution compared to other satellite lines as it
follows from calculations [22,23]. As a result, the use of a
single-particle picture for interpretation of photoionization
in this broadband seems to be justified. The pass energy
of the ion spectrometer is set to transmit the fragment N1

ions having 5–6 eV kinetic energy.
In the photon coordinate frame with the Z axis facing

the photon beam, the light polarization is characterized
by the Stokes parameters Si . S1 � 11 (21) corresponds
to linear polarization along the X (Y) axis, S2 � 11
(21) to linear polarization along the direction making the
angle 145± (245±) with the X axis, and S3 � 11 (21)
to right- (left-) circular polarization, described by the
spherical function Y1-1 (Y11). We imply in the following
that the photon coordinate system is defined in a way
that the major axis of the polarization ellipse is taken as
the X axis of the photon frame. With this choice of the
coordinate system the Stokes parameter S2 is zero. Three
measurements have been made at every photon energy
with different light polarizations, namely, with right- and
left-elliptically polarized, and with linearly polarized,
light having the polarization vector perpendicular to
the molecular axis. The Stokes parameter S1 and the
direction of the major axis of the polarization ellipse were
determined from the photoelectron angular distributions
for He which were measured during the same run of the
storage ring as the coincidence measurements. The Stokes
parameter S3 was estimated assuming that there is no
unpolarized component in the helical undulator radiation.

Figure 1 shows our experimental results and the fitting
curves for ADP’s at photon energy 58.2 eV. The results
of calculations in the random phase approximation (RPA)
using the method described in [24] are also shown. The
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FIG. 1. ADP in the plane perpendicular to the photon beam
for photon energy 58.2 eV and for different light polarizations.
The molecular axis is directed along the vertical line; the angles
u and l introduced in Eq. (2) are shown in (c). (a) Linearly
polarized light, S1 � 0.97 6 0.01, S3 � 0, l � 90± 6 0.3±.
(b) Left-elliptically polarized light, S1 � 0.42 6 0.01, S3 �
20.91 6 0.01, l � 120± 6 0.4±. (c) Right-elliptically polar-
ized light, S1 � 0.50 6 0.01, S3 � 0.87 6 0.01, l � 50± 6
0.3±. Dashed lines show the photon polarization ellipse. Thin
solid lines in (b) and (c) are the fitting curves, and that in (a) is
calculated with the experimentally determined parameters given
in Table I. The thick solid line shows the RPA calculation.

ADP’s are strongly dependent on the light polarization
properties. For light which is linearly polarized perpen-
dicular to the molecular axis there is a reflection symme-
try with respect to the molecular axis, with zero intensities
along the molecular axis, as was observed in our previous
works [4–8]. The ADP’s for right- and left-elliptically po-
larized light do not have that reflection symmetry, but one
of them is a mirror image of the other one.

For a detailed analysis of the experimental data the fol-
lowing procedure has been applied. The ADP for arbitrary
polarization of incident light can be written as an inco-
herent sum of four contributions corresponding to light
linearly polarized along the X and Y axes of the photon
frame defined above (polarization vectors ex and ey , re-
spectively), and to right- and left-circularly polarized light,
as given below:

I� p, S1, S3� � dsobs

�
1
2

�dsex 1 dsey � 1
S1

2
�dsex 2 dsey �

1
S3

2
�dsr 2 dsl� , (1)

where dsi � dsi�dVp is the differential photoionization
cross section for a given light polarization, and dVp

is the angle of the photoelectron ejection with p being
the photoelectron momentum. Using Dill’s [1] expres-
sion for the differential cross sections and performing the
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TABLE I. Two sets of ratios of dipole matrix elements and phase shift differences (in de-
grees), determined from the experimental data for right-elliptically polarized light, and the
corresponding theoretical values calculated in the Hartree-Fock (HF) and RPA approximations.
Photon energy is 58.2 eV.

dps�dfp dpp�dfp dfs�dfp dps 2 dfp dpp 2 dfp dfs 2 dfp

Set 1 0.35 6 0.08 0.51 6 0.07 1.79 6 0.22 308 6 17 118 6 5 52 6 11
Set 2 0.35 6 0.08 0.51 6 0.07 1.79 6 0.22 209 6 17 242 6 5 186 6 11
HF 0.51 0.71 1.78 285 96 82
RPA 0.62 0.58 1.83 284 133 94
transformations as described in [1,11], we finally arrive at the following equation for ADP for our geometry of the
experiment shown in Fig. 1 (atomic units are used in this Letter):

I� p, S1, S3� �
1

4p
s�v�

2lmaxX
L�0

(
3
B

∑µ
1
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1
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2
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S1 cos2l
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1

s
3�2L 1 1�
L�L 1 1�

�iS3A1
L1 1 S1 sin2lA2

L1�P1
L�cosu�

)
. (2)
Here s�v� is the photoionization cross section, l is the
angle between the major axis of the polarization ellipse
and the molecular axis, PL�cosu� and P1

L�cosu� are the
Legendre and associated Legendre polynomials, respec-
tively, and u is the angle of electron ejection relative to
the molecular axis (see Fig. 1). The dynamical parame-
ters AJ

LM , AL, CL, B contain products of the dipole matrix
elements and sine or cosine functions of the phase shift
differences and have been defined in [7,8].

Assuming that four channels, namely, 2sg ! ´psu,
´fsu, ´ppu, ´fpu, where ´ is the photoelectron energy,
are sufficient for an adequate description of the ADP, that
is, lmax � 3, we come to the condition that L in Eq. (2)
is even, and L # 6. Our calculations both in the HF and
RPA approximations support the validity of this assump-
tion. In this case, considering the coefficients in front
of the Legendre and associated Legendre polynomials in
Eq. (2) as fitting parameters, we obtain six fitting parame-
ters (apart from the normalization constant) from one mea-
surement with elliptically polarized light. This allows the
extraction of three ratios of dipole matrix elements and
three phase shift differences. However, since the parame-
ters AJ

LM , AL,CL are quadratic in matrix elements, this pro-
cedure gives eight different sets of solutions, four sets
for the ratios of dipole matrix elements, and for each of
them the two sets of phase shift differences (see [8] for
a more detailed discussion). The measurements for both
left- and right-elliptically polarized light having approxi-
mately equal magnitudes of the Stokes parameters do not
give any new information. But a measurement with lin-
early polarized light does give additional information and
allows the reduction of the number of possible sets of solu-
tions to two. Indeed, using the parameters extracted from
the measurement with elliptically polarized light, we cal-
culated the angular distributions for linearly polarized light
and compared them with the corresponding experimental
angular distributions. Only one set of ratios of dipole ma-
trix elements correctly reproduces the measured angular
distribution (see Fig. 1a). But in that way we could not
distinguish between the two sets of the phase shift differ-
ences. The single set can be obtained by fitting the CDAD
with these parameters. Unfortunately, our set of data does
not allow the determination of CDAD because the opposite
elliptical light polarizations contain also the linearly polar-
ized components characterized by different angles l. As
a result, the difference between the two measured ADP’s
contains always a sum of CDAD and LDAD which does
not allow the resolution of the ambiguity in defining the
set of phase shift differences. Then the only way to select
a single solution is by comparing with corresponding theo-
retical values. In Table I we compare the two sets extracted
from the experiment, with the theoretical values calculated
in the RPA approximation described in [24]. The compari-
son between the experimental and theoretical phase shift
differences shows that set 1 is a correct solution. The
situation at all other photon energies is similar.

We performed measurements at five photon energies
in the region of the photoionization cross section maxi-
mum, which for the first time allowed the probing of the
shape resonance mechanism unambiguously. For that pur-
pose we need to calibrate our matrix elements. Since
our ADP’s are not absolute but relative, we can derive
from our experimental data only the ratios of the dipole
matrix elements. On the other hand, there are the data
for the absolute cross section obtained in [21]. Using
them, we can derive also the absolute values of the matrix
elements. After that it is straightforward to calculate the
partial photoionization cross sections. Since the matrix
elements and phase shift differences obtained with left-
and right-elliptically polarized light are not identical, we
took the mean values for these two polarizations. The
results of such a procedure are shown in Fig. 2a together
with theoretical data. The cross section corresponding
to the 2sg ! ´fsu transition gives the dominant contri-
bution around the maximum, in accord with the general
063003-3
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FIG. 2. (a) Partial cross sections deduced from the experiment
and calculated in the RPA. The total cross section of [21] used
for normalization of experimental data is also shown by the
shaded line. (b) Phase shift differences (without the Coulomb
phases) deduced from the experiment and calculated in the RPA.
Experimental points correspond to the mean values for two el-
liptical polarizations; the error bars are the sum of the fitting
errors for two polarizations.

prediction of Dehmer and Dill [17]. Simultaneously, the
phase shift difference (dfs 2 dps) shown in Fig. 2b is in-
creasing approximately by p, as it must be in the resonance
(provided there is no resonance in the 2sg ! ´psu chan-
nel). There is a qualitative agreement between the experi-
mentally deduced values and the results of our ab initio
RPA calculations. The RPA cross sections in Fig. 2a were
multiplied by a scaling factor 0.72 to take into account
the transition of intensity to two-electron processes [21].
The cross sections for the 2sg ! ´su and 2sg ! ´pu

channels published in [23] agree reasonably well with our
experimentally deduced values.

In conclusion, we have measured the ADP’s for the 2sg

shell of fixed-in-space N2 molecules by the angle-resolved
electron-ion coincidence technique using elliptically and
linearly polarized light. The set of measured data was suffi-
cient for extracting the ratios of dipole matrix elements and
phase shift differences corresponding to four main contin-
uum channels, ´psu, ´fsu, ´ppu, and ´fpu, assuming
the validity of a single-particle description. By normaliza-
063003-4
tion to the experimentally measured partial cross section
it was possible to deduce also the absolute values of the
matrix elements. We showed that the main contribution to
the photoionization cross section in the resonance is given
by the fsu partial wave, with the phase shift difference
(dfs 2 dps) increasing in that region by approximately p

radians. This is the most direct confirmation of the general
theoretical picture of the s� shape resonance given in [17].
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