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Observation of Large Quadrupolar Effects in a Slow Photoelectron Imaging Experiment
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We have studied nondipolar effects in resonance-enhanced multiphoton ionization of Xe and have
observed an azimuthal dependence of the photoelectron angular distribution on a quadrupole reso-
nance, as well as a very large asymmetry with respect to the direction of the laser propagation close to
the resonance, which is understood in terms of interference between dipole- and quadrupole-allowed
ionization channels. The observed asymmetry in the photoelectron angular distribution provides insight
into the ejection of slow photoelectrons near an ionization threshold.
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In recent years there has been a renewed interest in
the occurrence of nondipolar effects in atomic and mo-
lecular photoionization [1,2]. While it has been under-
stood for many years that nondipolar effects can become
important at photon energies beyond 1 keV, it was only
recently realized that they can play a role at significantly
lower energies as well, if differential rather than integral
photoionization cross sections are considered. In the di-
pole approximation, spatial variations of the electric
component of the electromagnetic field are assumed to
occur on length scales that are large compared to the
spatial extension of the atom. If the electric field of a laser
propagating along the z axis is expanded as ~E�t� exp�i ~k �
~z� � ~E�t��1� i ~k � ~z� � � ��, where ~k is the wave vector of
the light and z the coordinate of the electron along the
laser propagation axis, the dipole approximation amounts
to maintaining only the leading term in the expansion of
exp�i ~k � ~z�. As a consequence the interaction does not
depend on the spatial coordinates of the atom or the
direction of the light propagation, but only on the light
polarization. In other words, the atom experiences a spa-
tially homogeneous electric field and, due to symmetry,
the angular distribution of the emitted photoelectrons
depends only on the polar angle � between the electron
momentum and the light polarization. The dipole ap-
proximation is limited to situations where kz� 1 and
thus z� �. A breakdown in the dipole approximation
may thus be anticipated when the spatial extension of the
wave function becomes comparable to the wavelength of
the light, as may occur when the wavelength of the
radiation is small or in the case of ‘‘large’’ atoms
(Rydberg states). When the dipole approximation breaks
down, the cylindrical symmetry of the photoelectron
angular distribution (PAD) around the laser polarization
axis is lost, and the photoelectron angular distribution
may depend on the direction of propagation of the light
and the azimuthal angle 	.

The leading nondipolar term in photoionization arises
due to electric quadrupole (E2) interactions. Using syn-
chrotron radiation, anisotropy of photoelectron angular
distributions with respect to the direction of light propa-
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gation has been observed in one-photon ionization at high
photon energies [3,4], while recently significant quadru-
pole effects were observed in Xe at energies as low as
24 eV, exploiting the existence of a Cooper minimum
in the 5s! "p dipolar transition amplitude [1].
Alternatively, exploiting the sensitivity of nondipolar
effects to the spatial extension of the atom, forward/
backward asymmetries in PADs for the ionization of
Rydberg atoms have been observed with UV light, at
photoelectron kinetic energies of just a few eV [5]. In
most of these previous experiments the nondipolar effects
were relatively small, the forward/backward asymme-
tries typically amounting to a few percent.

The possible importance of nondipolar terms in multi-
photon ionization was pointed out early on by
Lambropoulos et al. [6]. They discussed the feasibility
of an experiment where a laser is tuned near a quadrupole
resonance, so that �1� 1� resonance-enhanced multipho-
ton ionization (REMPI) via this resonance becomes com-
petitive with nonresonant two-photon ionization
according to dipolar selection rules. Indeed, several
groups have since published experimental results where
multiphoton ionization was studied with a laser tuned to a
quadrupole resonance [7–9], and where the on-resonance
� dependence was measured. Though also predicted by
Lambropoulos et al. in Ref. [6], there have thus far been
no experiments where the azimuthal (	) dependence of
the PAD occurring in REMPI via a quadrupole resonance
has been reported.

In this Letter, we present observations of very large
quadrupolar effects in two-photon ionization of Xe.
Using two-dimensional photoelectron imaging, the azi-
muthal dependence of the PAD is investigated when the
laser wavelength is tuned around the 6s�3=2	J
2 !
5d�5=2	J
3 quadrupole resonance. Observations are
made where the importance of the two-photon matrix
elements involving the (near)-resonant quadrupolar exci-
tation is enhanced and becomes comparable to the non-
resonant dipolar two-photon matrix elements. In the
experiment, the final energy after two-photon excitation
falls between the saddle point in the Coulomb � dc field
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FIG. 1 (color online). (Upper panel) Two-dimensional photo-
electron image recorded in �1� 1� REMPI of metastable
Xe�6s�3=2	2� using a tunable laser perpendicularly polarized
to the detector plane and propagating from the top to the
bottom of the image, with the laser tuned to the 6s�3=2	J
2 !
5d�3=2	J
3 quadrupole-allowed resonance. (Lower
panel) Experimental photoelectron angular distribution for
the direct contribution (up to RI, see text) derived from the
image (squares) along with a fit (solid line) using Eq. (1). On
resonance the quadrupolar selection rules introduce a cos2	
dependence in the azimuthal angular distribution.
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potential and the field-free atomic ionization limit.
Therefore the final kinetic energy of the photoelectrons
is very low (typically 10 meV), and the observed quad-
rupolar asymmetries provide insight into the escape of
the electrons over the saddle point.

In the experiment, photoelectrons resulting from the
photoionization of metastable Xe atoms were detected
using a velocity map imaging setup [10] extended with
an electrostatic magnification lens in the drift region [11].
An 825 V=cm dc electric field accelerates the photoelec-
trons towards a position-sensitive detector consisting of
two microchannel plates followed by a phosphor screen
and a CCD camera that records the positions of electron
impact and thus measures the PAD. The Xe atoms were
prepared in the 6s�3=2	J
2 metastable state using an
electron impact source. They were ionized by a tunable
dye laser (Quanta-Ray PDL-3, bandwidth 0:1 cm�1) that
was tuned around the dipole-forbidden quadrupole-
allowed 6s�3=2	J
2 ! 5d�5=2	J
3 resonance (�E 

15 362:673 cm�1). Experiments were performed with
the laser propagation parallel to the detector plane and
the laser polarization either parallel or perpendicular to
this plane. The former geometry allows an observation of
the polar (�) dependence of the PAD, whereas the latter
allows a direct observation of the azimuthal (	) depen-
dence of the PAD. Images were recorded at different
wavelengths around the quadrupole resonance in a range
of several 10 cm�1.

Figure 1 represents a measurement at the 6s�3=2	J
2 !
5d�5=2	J
3 quadrupole resonance with the laser polariza-
tion perpendicular to the detection plane. The image
contains several features that are understood on the basis
of our earlier work [12–14], namely, (i) an inner and outer
contribution extending to radii RI and RII, and (ii) a
number of interference rings that are especially clear in
the inner contribution. The two contributions extending to
RI and RII correspond to electrons moving along quasi-
parabolic ‘‘direct’’ trajectories and nonparabolic ‘‘indi-
rect’’ trajectories (that are strongly influenced by
Coulomb interactions with the Xe� core), respectively
[see Fig. 3(a)] [12]. The interference structure that can be
seen in the direct contribution (and at other wavelengths
in the indirect contribution) is due to the fact that the
electron can reach a particular point of the detector via
several trajectories [see Fig. 3(a)] [14].

The PAD in Fig. 1 shows a breakdown of the cylindri-
cal symmetry around the laser polarization axis. The
photoelectrons are preferentially emitted along the direc-
tion of the light propagation, as shown in the lower panel
of Fig. 1 for the direct contribution. Though azimuthally
dependent, the PAD in Fig. 1 is symmetric with respect to
the propagation direction of the laser. This changes in
Figs. 2(a) and 2(b), where the frequency of the laser is
tuned above or below the resonance. In this situation the
PAD is azimuthally dependent and, moreover, displays a
large forward/backward asymmetry. Photoelectrons are
mainly emitted backward with respect to the light propa-
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gation when !laser >!res [Fig. 2(a)], whereas the asym-
metry is reversed for !laser <!res [Fig. 2(b)]. Far away
from the quadrupole resonance, for !laser � !res or
!laser � !res, the azimuthal dependence of the PAD dis-
appears, and the images display the azimuthal sym-
metry expected for purely dipolar photoionization.
Qualitatively similar results to the ones shown in
Figs. 1 and 2 are obtained with the laser polarization in
the plane of the imaging detector. In this case, a �
dependence of the PAD with respect to the laser polar-
ization is observed that is common to photoionization
experiments in the dipolar approximation, in addition to
a symmetry breaking along the laser propagation direc-
tion that violates the dipolar approximation.
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FIG. 2 (color online). Two-dimensional photoelectron images
and photoelectron angular distributions recorded in �1� 1�
REMPI of metastable Xe�6s�3=2	2� using a tunable laser per-
pendicularly polarized to the detector plane and propagating
from the top to the bottom of the images. The images were
recorded at detunings of (a) �2:67 cm�1 and (b) �2:05 cm�1

from the 6s�3=2	J
2 ! 5d�3=2	J
3 quadrupole-allowed reso-
nance. A forward/backward asymmetry along the laser propa-
gation direction is observed, which is due to interference
between dipole-allowed and quadrupole-allowed ionization
channels. The lower plots show experimental photoelectron
angular distributions (squares) along with a fit (solid line)
according to Eq. (1), in both cases for the direct contribution
(within R< RI, see text).
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The evolution of the asymmetry of the PADs as a
function of wavelength, including the reversal of the
asymmetry around the resonance, is further illustrated
in Fig. 3. We define the asymmetry parameter � that is
plotted in Fig. 3 as the difference between the forward
and the backward signal divided by the total signal. Far
above or below the resonance, the asymmetry parameter
is zero, as expected in the dipolar approximation. The
asymmetry parameter is also zero on the resonance, but
has a minimum and a maximum on either side of the
resonance where the asymmetry is very large (i.e., more
than 20% of the maximum possible value of 1 when all
the signal is in the forward or the backward direction).

In order to understand this behavior of the PAD, a
simple model based on a spherical harmonic expansion
was used. The initial metastable Xe state is an s orbital
(l 
 0, ml 
 0). Following the dipolar selection rules for
linearly polarized light, the nonresonant dipolar two-
photon ionization channel (D=D) contributes two partial
waves �0; 0� and �2; 0� to the PAD, whereas the (near)-
resonant quadrupolar two-photon ionization channel
(Q=D) contributes four partial waves �1; 1�, �1;�1�,
�3; 1�, and �3;�1�. After some angular momentum alge-
bra similar to the formalism developed by Dixit and
Lambropoulos [15] one can the derive the following ex-
pression for the photoelectron angular distribution:

d�
d	


 �0�1� Cdqjg�!�j
2�!res �!laser� cos�’�

� Cqjg�!�j2 cos�	�2	; (1)

where g�!� is a line shape factor for the quadrupole
resonance in the expression of the transition moment,
!laser is the frequency of the laser and !res is the
6s�3=2	J
2 ! 5d�5=2	J
3 resonance frequency. The first
(isotropic) term in the azimuthal angular distribution
corresponds to a purely (nonresonant) dipolar two-photon
ionization (D=D). The third term corresponds to
resonant-enhanced two-photon ionization via the quad-
rupole resonance (Q=D). The second term is due to inter-
ference between the nonresonant (D=D) and the resonant
(Q=D) channels.

According to this formula, the dipole approximation is
valid far from the resonance (!laser � !res or !laser �
!res), when only the first term in Eq. (1) plays a role and
the PAD does not depend on the azimuthal angle 	. On
the resonance, the first and third terms are nonvanishing,
and a sum of purely dipolar and quadrupolar terms is
measured. The PAD now contains a cos2�	� term, and
electrons are symmetrically emitted in a direction that is
preferentially forward or backward with respect to the
propagation direction of the laser. Finally, close to the
resonance, the second term becomes important and gives
a forward/backward asymmetry, determined by the pa-
rameter Cdq.

A simple calculation shows that the asymmetry pa-
rameter k can be expressed as
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� 

4Cdq
 

jg�!�j2
!res �!laser

Cqjg�!�j2 � 2
: (2)

Cq can be extracted from the image measured on reso-
nance where the second term in Eq. (1) vanishes, while
Cdq is obtained by fitting � away from the resonance. A fit
obtained with Cq 
 12 1 and Cdq 
 1:31 0:05 is
shown in Fig. 3, and shows good agreement with the
experiment.

The observation of a forward/backward asymmetry
close to the resonance provides further insight into the
occurrence of direct and indirect ionization events be-
tween the saddle point in the Coulomb � dc field potential
and the field-free ionization limit. As observed in
Figs. 2(a), 2(b), and 3(b), the asymmetry in the ring
corresponding to direct ionization (extending up to RI)
is opposite from the asymmetry in the ring corresponding
to indirect ionization (extending up to RII). The direct
contribution is due to electrons that travel along near-
parabolic trajectories, where the azimuthal angle remains
unchanged as the electron travels to the detector. As
illustrated in Fig. 3(a), the indirect contribution corre-
sponds to electrons with complex trajectories, where the
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FIG. 3. (a) Sample trajectories for �1� 1� REMPI of meta-
stable Xe�6s�3=2	2� in an 825 V=cm electric field in the vicinity
of the 6s�3=2	J
2 ! 5d�3=2	J
3 quadrupole resonance.
Trajectory 1 is a direct trajectory where the electron does not
cross the detector axis. Trajectories 2 and 3 are indirect tra-
jectories that cross the detector axis once, respectively, twice
on the way to the detector. (b) Measured asymmetry parameter
� 
 �Iforward � Ibackward�=�Iforward � Ibackward� for the direct
(solid squares) and indirect (open squares) ionization channels,
as a function of the detuning from the 6s�3=2	J
2 !
5d�3=2	J
3 quadrupole resonance, along with a fit of the
asymmetry parameter for the direct channel according to
Eq. (2). Both ionization channels show a forward/backward
asymmetry that changes sign around the resonance. The asym-
metry in the indirect ionization channel has the opposite sign
from the asymmetry in the direct channel. (c) �1� 1� REMPI
efficiency around the 6s�3=2	J
2 ! 5d�3=2	J
3 quadrupole
resonance.
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electron may interact with the Xe� core (and cross the
detector axis) one or more times. If the electron crosses
the detector axis an odd number of times, then an electron
emitted at an azimuthal angle 	 is observed at detector
angle 	�  so the azimuthal asymmetry is reversed.
Indeed, Fig. 3(b) shows that near the resonance the asym-
metry parameter for the indirect contribution has the
opposite sign of the one for the direct channel. For a
large negative detuning from the resonance (�4 cm�1),
the direct contribution remains strongly asymmetric,
whereas the asymmetry parameter for the indirect con-
tribution goes to zero. Close to the resonance, the indirect
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contribution is dominated by trajectories where the elec-
tron crosses the symmetry axis of the detector just once,
whereas farther away from the resonance the indirect
contribution contains roughly equal amounts of trajecto-
ries that cross the detector axis once, respectively, twice.

In conclusion, we have observed a very strong azimu-
thal dependence of the PAD in a two-photon ionization
experiment with excitation on or near a quadrupole reso-
nance, with a forward/backward asymmetry in the PAD
that can be as large as 20%. The trends in the PAD are
well reproduced by a simple model, where the asymmetry
arises as a consequence of interference between two
ionization channels. Finally, when threshold photoelec-
trons are produced in the ionization, the observed asym-
metries provide insight into the nature of the classical
electron trajectories.
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and Ch. Bordas, Phys. Rev. Lett. 88, 133001 (2002).

[15] S. N. Dixit and P. Lambropoulos, Phys. Rev. A 27, 861
(1983).


