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Experimental study of linear magnetic dichroism in photoionization satellite transitions
of atomic rubidium
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Laser orientation in the initial state has been used to study the properties of satellite transitions in inner-shell
photoionization of rubidium atoms. The linear magnetic dichroism in the angular distribution (LMDAD) has
been utilized to probe the continuum waves of orbital angular momentum conserving monopole, and angular
momentum changing conjugate satellites, accompanying the 4p ionization of atomic Rb. We show experimentally
that LMDAD of both types of satellite transitions is nonzero and that LMDAD of monopole satellites, measured
as a function of photon energy, mimics the LMDAD of direct photoionization, whereas the LMDAD of conjugate
transitions deviates drastically from that trend. The results indicate that conjugate transitions cannot be described
theoretically without explicit inclusion of electron-electron interaction. The present data can thus be used as a
very precise test of current models for photoionization.
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I. INTRODUCTION

Photoionization “shake” satellites are caused by many-
electron processes where a bound electron changes its single-
electron orbital during the ionization of another electron.
Spectral lines caused by satellite transitions are typically
well separated from the main lines where one electron is
ejected into the continuum while the other electrons remain
in their initial orbitals. Photoionization satellites can be
effectively used to probe the behavior of bound electrons in
light-matter interactions. Therefore, since the 1960s numerous
experimental and theoretical investigations of photoionization
satellites have been published (see Refs. [1–19] and references
therein).

Satellite transitions can be divided into two categories,1

so-called monopole and conjugate satellites. In monopole
satellites the orbital angular momentum of the shaken electron
is conserved in the transition, and in conjugate satellites
it changes (usually by ±1). Therefore, for the monopole
transitions the parity of the remaining ion is the same as for
the direct ionization, and for the conjugate satellites the parity
is opposite.

Monopole satellites are understood to arise from a sudden
change of electric potential caused by removal of an electron
[1,2,9]. This leads to a rapid rearrangement of the electron
cloud. During this process an electron (usually in the valence)
has a finite probability to “jump” from one single-electron
orbital to another, while conserving its angular momentum.
Monopole satellites can therefore be treated without including
explicit electron-electron interaction. In this so-called sudden
approximation, one electron absorbs the incoming photon and
the second electron simply reacts independently to the change
of the electric potential. Conjugate satellite transitions are con-
siderably more demanding to describe, and in the past different
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1We distinguish shake satellites from configuration mixing lines

that are not considered here.

approaches have been introduced. These include the sudden
approximation [7,13,15,16,20], random-phase approximation
with exchange [11,18], perturbation theory [4,6,10,11], and
the R-matrix method [5,19,21,22]. However, despite decades
of research, agreement between the experiment and theory of
conjugate satellites is still often considerably worse than for
the main lines and monopole satellites.

Magnetic dichroism in atomic systems is observed when
the inherently random population of degenerate magnetic sub-
states of an atomic ensemble is altered. More precisely, linear
magnetic dichroism in the angular distribution (LMDAD) is
defined as the difference between the partial cross section of
two target orientations, provided that the ionizing radiation
is linearly polarized [23]. The population of substates can
be altered by pumping the atomic sample with circularly
polarized laser light. Excitation with right-handed polarized
light raises the magnetic quantum number of an atom by +1,
and left-handed lowers it by −1.

LMDAD has been used to study several atomic elements
and it has provided rich information about electron correlations
and photoionization dynamics (see, e.g., reviews [24–26]
and Refs. [27–32]). As an example, in conjunction with
linear alignment dichroism in angular distribution (LADAD)
it can be used to obtain values for the phase difference and
amplitude ratio between the partial photoelectron continuum
waves [28]. The behavior of LMDAD alone also provides
valuable information. The information is similar to that
obtained from the angular distribution of photoelectrons; thus,
it is an effective test of subtle details of the photoionization
dynamics [26]. The zero crossings of the profile are connected
to the zeros of the phase difference of the continuum waves
and to the Cooper minima [31,32]. In the case of weak lines,
reliable measurement of photoelectron angular distributions
can be a very demanding task due to the calibrations required
and possibly the need of rotating a heavy vacuum chamber.
The measurement of LMDAD, on the other hand, requires
only a change of the helicity of the laser beam by turning the
polarizing optics.
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In the present paper we describe an LMDAD study of
photoionization satellites accompanying 4p photoionization
of Rb as a function of photon energy. Previous studies utilizing
dichroism to probe the dynamics of photoionization satellites
are scarce. LADAD has been studied in shake-down satellites
of aligned Na atoms at a single photon energy [33], and very
recently Meyer et al. reported a surprising observation of
nonzero LADAD and LMDAD in satellite lines of 1s ioniza-
tion of laser excited Li [19]. In this paper we study monopole
shake-up (MSU), conjugate shake-up (CSU), and conjugate
shake-down (CSD) transitions from oriented Rb(4p 65s) and
Rb(4p 65p1/2) initial states to Rb(4p 55s), Rb(4p 56s), and
Rb(4p 55p) final ionic states. We show that LMDAD of all
the satellite transitions is nonzero and that LMDAD of weak
satellite transitions can be determined with high accuracy,
which is useful for comparison to theoretical models. As a
main result, we show experimentally that in conjugate satellite
transitions two partial photoelectron continuum waves with
different orbital angular momenta can be present. The result
is very important in the development of models for conjugate
satellites and double photoionization (DPI). It also proves that
the commonly used sudden approximation model does not
fully describe conjugate transitions.

II. EXPERIMENT

The experiment was carried out at the Gas Phase beamline
[34] of the third-generation synchrotron radiation source Elet-
tra, Trieste, Italy. The storage ring was running in multibunch,
top-up mode with a constant current of about 300 mA. The
laser used was a mode-locked Ti:Sa oscillator Tsunami made
by Spectra Physics. The laser provided pulses of 15 ps at a
repetition rate of about 83 MHz, with an average power of
1 W measured at the entrance of the experimental chamber.
The laser was tuned to the Rb(5s → 5p1/2) resonance at about
795 nm [35]. It was not synchronized to the synchrotron ring
because the lifetime of the Rb(5p 2P1/2) state is long (∼28 ns
[35]) in comparison to the laser pulse period and the repetition
rate of the synchrotron. For further details of the laser setup,
we refer the reader to [36,37]. The laser polarization was set to
circular using a combination of λ/2 and λ/4 plates. The quality
of the polarization was also checked prior to measurement.

The electron spectra were measured using a hemispherical
electron energy analyzer (VG) placed at the so-called magic
angle of 54.7◦ with respect to the polarization vector of
the linearly polarized synchrotron radiation. This angle is
particularly useful in LMDAD measurements because the
contribution from the standard angular anisotropy (specified
by β parameter) vanishes. The measurements were carried out
at constant pass energy of the analyzer. The total resolution
including the photon energy bandwidth and Doppler broaden-
ing was about 100 meV. The Rb vapor was generated using
a resistively heated oven at a temperature of 115 ◦C, which
was monitored using a thermocouple. The laser beam was not
focused, yielding a beam of approximately 2 mm diameter at
the interaction region, which is about the size of the effusive
Rb beam from the oven. The diameter of the laser beam was
large compared to the synchrotron beam (∼0.4 mm), so the
variations in the overlap between the laser and synchrotron

beams were negligible. The experimental conditions were
observed to be very stable during the measurement period.

III. RESULTS

In the present study the total angular momentum of the
ground and laser excited state is J = 1/2. Therefore, no
more than half of the atoms in the interaction region can
be excited by the laser and an ensemble of atoms in the
ground state is always present. Circularly polarized laser
light can excite only M = ±1/2 → M = ∓1/2 transitions
and stimulated emission is forbidden. Because of this, laser
pumping with right-handed (left-handed) laser light leads to
increased population of atoms in the M = +1/2 (M = −1/2)
magnetic substates in both the ground and the excited state,
and all lines seen in the spectrum may display LMDAD. The
laser helicity dependent direction of orientation is thus the
same for both states, but the degree varies so that the ground
state is slightly less oriented than the excited state. Figure 1
shows the 4p photoelectron spectrum of Rb measured at 45-eV
photon energy. Dashed and dotted lines are measurements with
the exciting laser light at two helicities. The solid line depicts
the spectrum without laser. The energies of the final states
that are of interest in the present study are marked, especially
LSJ terms of the fine-structure lines for which LMDAD is
determined are given.

The structures of interest in the photoelectron spectrum
in Fig. 1 are described as follows. At low binding energy,
CSD lines (magnified by 100) due to transitions from the
4p 65p1/2 initial state to the 4p 55s final states are seen. They
are shifted toward lower binding energy by the energy of
the laser photon, with respect to the main lines of atoms
in the 4p 65s ground state. The main lines are followed by
spectral structures corresponding to direct 4p ionization from
the 4p 65p1/2 initial state. At higher binding energy a rich CSU
satellite structure from both initial states is seen. Unfortunately,
considerable overlap renders most of the lines unusable for
LMDAD studies. This is partly due to the lines that correspond
to ionization into the 4p 54d final states, which can also be
found in this binding energy region [35]. Despite overlap,
the LMDAD for two CSU lines (3P0 and 3D1 final states)
was determined. At the highest binding energy shown, lines
corresponding to MSU into 4p 56s final states are shown.

Figure 2 shows LMDAD of the states marked in Fig. 1 as
a function of photon energy. The relative LMDAD shown in
Fig. 2 is defined as [23]

βLMDAD = I+ − I−
I+ + I−

, (1)

where I+ and I− are the observed electron intensities when
the orientation of the initial states is produced by right-handed
and left-handed circularly polarized light, respectively.

In panels (a)–(c) of Fig. 2, the angular momentum coupling
of the final ionic states is identical. The difference between
Figs. 2(a) and 2(b) is that in the final state the principal
quantum number n of the outermost electron is 5 in Fig. 2(a)
and 6 in Fig. 2(b). On the other hand, in Figs. 2(a) and 2(c)
the final states are identical (4p 55s), but the parities of the
initial states are opposite and the orbital angular momentum
of the outermost electron is 0 in Fig. 2(a) and 1 in Fig. 2(c).
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FIG. 1. (Color online) Experimental 4p photoelectron spectrum of atomic Rb measured at photon energy 45 eV. Dashed (red) curve,
measurement with the pump laser light right-handed circularly polarize; dotted (blue) curve, left-handed circularly polarized; solid (black)
curve, measurement without laser. Line assignments and energies are taken from the NIST database [35].

For comparison, Fig. 2(d) shows LMDAD of two lines that
correspond to CSU transitions to 4p 55p final states from the
ground state.

IV. DISCUSSION

The differential photoionization cross section can be written
in the general form [38]

dσ

d�
= σ iso

4π

[
1 +

∑
k0kkγ

Ak00βk0kkγ
Fk0kkγ

]
, (2)

where σ iso is the angle-integrated total photoionization cross
section and Ak00 are the reduced statistical tensors of the initial
state. The terms Fk0kγ k are geometrical factors that contain the
information about the directions of atomic polarization and
electron emission as well as the polarization of the incoming
photon. The terms βk0kγ k are the general anisotropy coefficients
defined as [31,38]

βk0kkγ
= 3Ĵ0

N

∑
ll′jj ′JJ ′

(−1)J+Jf +kγ − 1
2 Ĵ Ĵ ′ĵ ĵ ′ l̂ l̂′〈l0l′0|k0〉

×
{

j l 1
2

l′ j ′ k

}{
j J Jf

J ′ j ′ k

} ⎧⎪⎨
⎪⎩

J0 1 J

J0 1 J ′

k0 kγ k

⎫⎪⎬
⎪⎭

×MljJ M∗
l′j ′J ′ , (3)

where MljJ = 〈αf Jf ,lj : J‖H‖α0J0〉 is the reduced matrix
element that describes a transition from the |α0J0〉 initial state
to the |αf Jf 〉 final ionic state with the emission of an electron
of angular momenta l and j . The normalization is defined
as N = ∑

ljJ |MljJ |2. Equations (2) and (3) are valid for any
(one-electron) photoionization process as long as the transition
operator H in MljJ can be expressed in a spherical tensorial
form.

If βLMDAD is measured at the magic angle, the linearly
polarized ionizing photon beam is collinear with the circularly
polarized laser beam and the total angular momentum of the
initial state J0 is 1/2, then using Eqs. (1) and (2), the LMDAD
signal can be cast in the form [23]

β54.7◦
LMDAD = −i

√
15

4
A10β122 sin 2θ, (4)

where θ is the magic angle. The termA10 acts only as a photon-
energy-independent scaling factor, and thus the behavior of the
LMDAD signal as a function of photon energy depends only
on the β122 coefficient. The difference in comparison to the
studies of the angular anisotropy is that instead of the β022

parameter, the β122 parameter is measured.
In the case of direct ionization from an np orbital, Eq. (4)

can be further simplified to the form [28,39]

β
54.7◦(Dir)
LMDAD = C(αf ,Jf )

x

x2 + 1
sin(δs − δd ), (5)

where C(αf ,Jf ) contain the angular momentum coupling co-
efficients, x = |Ds |/|Dd |, and δl is the phase of the continuum
wave. Dl = 〈εl|D̂|4p〉 is a one-electron dipole matrix element.
Equation (4) shows that the nodes of LMDAD profiles are
observed if Ds = 0, Dd = 0, or δs − δd = nπ (where n is an
integer) and the changes as a function of energy depend on the
dynamics of photoionization.

The observed behavior of the LMDAD of the main lines in
Fig. 2(a) can be understood within the framework of Eq. (5).
The C(αf ,Jf ) coefficients are the same for 3P2 and 1P1 final
states and 3P1 and 3P0 final states. A simple calculation for
the continuum waves, where the wave functions are solved
directly from the Schrödinger equation in a fixed potential of
the Rb ion, confirms that the node at 37-eV photon energy in
Fig. 2(a) is due to the vanishing of the sin(δs − δd ) term at
around 15.6-eV photoelectron kinetic energy. The deviations
between LMDADs of 3P2 and 1P1, and 3P1 and 3P0 states
close to threshold can be understood by the binding energy
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FIG. 2. (Color online) Experimental relative LMDAD as a func-
tion of photon energy at the interval 25–60 eV. Panel (a) shows
the result for 4p 65s → 4p 55s, (b) for 4p 65s → 4p 56s, (c) for
4p 65p1/2 → 4p 55s, and (d) for 4p 65s → 4p 55p ionization. LSJ

terms mark the final ionic fine-structure states.

difference between the states and the slightly different potential
felt by the outgoing photoelectron. We note that the profile also
has a second node at 72-eV photon energy, which is due to
vanishing of the Ds matrix element [32]. The data in Fig. 2(a)
can be used as a very precise test of the quality of the calculated
continuum wave functions in direct photoionization.

Figure 2(b) shows the LMDAD of 4p 65s → 4p 56s MSU
lines. The behavior can be explained using the sudden approx-
imation model. Within this shake model, the one-electron pho-
toionization MSU matrix elements are Dl = 〈6s|5s〉〈εl|D̂|4p〉
(l = 0,2), and all angular momentum couplings are exactly
the same as for the direct ionization in Fig. 2(a). Equation (5)
can therefore be directly applied also to the present MSU
case. Comparison between the LMDAD profiles in Figs. 2(a)
and 2(b) shows that they are indeed very similar. The only
significant difference is that in the MSU case, the zero
crossings are found at higher photon energy. The difference is
explained by the higher binding energy of the MSU states in
comparison to the direct ionization. As an example, at the same
photon energy the kinetic energy of a photoelectron connected

to the 4p 56s 3P2 final state is about 5.75 eV smaller (see
Fig. 1) than the kinetic energy of a photoelectron, leading to
the 4p 55s 3P2 state.

As a last case the LMDAD of conjugate satellite tran-
sitions is studied. The profiles of the CSD and CSU
transitions are shown in Figs. 2(c) and 2(d). Apply-
ing the sudden approximation to the CSD transitions in
Fig. 2(c), the one-electron matrix elements are written as
Dp = 〈εp|4p〉〈5s|D̂|5p〉 + 〈εp|5p〉〈5s|D̂|4p〉. This kind of
approximation has been used in many studies with varying
success [7,9,11–13,15,16,20]. However, in this model only
one partial continuum wave is possible, which is the p wave.
If Eq. (4) is reduced into form (5) with a single p wave, the
result is exactly zero at all photon energies. Therefore, the
sudden approximation applied to conjugate transitions does
not predict LMDAD. In contrast, the experimental data in
Figs. 2(c) and 2(d) shows strong LMDAD for both CSU and
CSD transitions. We note that in the relativistic formalism of
the sudden approximation, εp1/2 and εp3/2 continuum waves
are possible, but the phase difference between the waves is too
small to explain the magnitude of the experimentally observed
LMDAD. Also, initial-state electron correlation providing
f waves is not likely to explain the effect because (in a
first approximation) considerable 5p-4f mixing would be
required. The presence of such mixing was ruled out by a
calculation using Cowan’s code [40].

Comparison of Figs. 2(a) and 2(c) yields fascinating results.
First of all, the overall sign of LMDAD in Fig. 2(c) is
inverted compared with Figs. 2(a) and 2(b). The most logical
explanation is that the inversion arises from the angular
momentum coupling due to change in the orbital angular
momentum of the initial state. Thus, we infer that the change
is due to geometrical factors and is not directly related to
the dynamics of the transition. More interestingly, as in the
case of direct ionization and MSU, the LMDAD curves of
3P2 and 1P1, and 3P1 and 3P0 final states do not converge
to the same values in the photon energy interval considered.
Also, the nodes of the LMDAD profiles of different final states
are not found at the same kinetic energy. As an example, the
energy difference between the zero crossing of LMDADs of
3P2 and 3P1 final states is about 3.2 eV, which is considerably
larger than the binding energy difference 0.2 eV of these states.
Because of this, LMDAD of these final states is about the same
(and clearly nonzero) at the photon energy of 40 eV. Such
behavior is not observed in the case of direct ionization (see
also [32]). The observations indicate that electron correlation
effects are very important in understanding CSU and CSD
transitions. The fact that the nodes of the LMDAD profiles of
conjugate satellite transitions in Figs. 2(c) and 2(d) are found
at different kinetic energy positions is a strong indication that
the transitions are described by varying combinations of con-
tinuum waves. Therefore, a successful theory of the LMDAD
of conjugate transitions cannot be cast in a simple form similar
to Eq. (5).

As discussed above, the sudden approximation cannot
describe conjugate transition alone, because at least two partial
continuum waves with different orbital angular momenta
are present in the transition. A model providing this can
be composed using, for example, perturbation theory, which
allows the transition matrix elements to be written including
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the electron-electron interaction explicitly. The approach has
been used to describe DPI [41–43] and has been named internal
electron scattering and direct knockout by some authors. The
model has also been used in some studies of conjugate satellites
(e.g., Refs. [4,6,10,11]), but hitherto not confirmed to be
essential for a proper description. The model gives essentially
similar matrix elements as continuum configuration interaction
[8] used in Ref. [19] to describe dichroism effects in Li. The
schematics of the model can be written as follows. Expanding
the perturbation theory to second order, the photoionization
matrix elements take a form

Mi→f = 〈f |D̂|i〉 +
∫∑ 〈f |Û |q〉〈q|D̂|i〉

ω − εq + εi + iδ
, (6)

where the first term on the left-hand side is the direct ionization
(i.e., the sudden approximation) and the second term is a virtual
Auger channel. The second term includes the sum and integral
over all discrete and continuum intermediate states |q〉 and
Û is the Coulomb interaction operator. The matrix elements
in the present case can be written as 〈f |Û |q〉〈q|D̂|i〉 =
〈4p 55s; ε l | Û | 4p 55p; ε l′〉 〈4p 55p; ε l′ |D̂|4p 65p〉, which
yields four combinations (other combinations are obtained by
interchanging 4p and 5p):

〈5s,εp|Û |5p,εs〉〈εs|D̂|4p〉, (7)

〈5s,εf |Û |5p,εs〉〈εs|D̂|4p〉, (8)

〈5s,εp|Û |5p,εd〉〈εd|D̂|4p〉, (9)

〈5s,εf |Û |5p,εd〉〈εd|D̂|4p〉. (10)

Equations (7)–(10) show that including the virtual Auger
channel in the description of conjugate satellites, a second
continuum wave, namely the f wave, becomes possible, pro-

viding nonzero LMDAD from Eq. (4). The angular momentum
algebra (see, e.g., Ref. [6]) and numerical calculation of
matrix elements in Eq. (6) is, however, a very cumbersome
task deserving an article of its own and is therefore left
for the future. The discussion above, however, indicates
that the description of conjugate transitions with two partial
waves with different orbital angular momenta is theoretically
feasible, providing a qualitative understanding for the present
experimental results.

V. CONCLUSIONS

LMDAD of photoionization satellites of atomic Rb was
studied experimentally. The data were used to study dynamics
and symmetries of continuum waves of satellite transitions.
MSU transitions can be understood and described using the
sudden approximation, and more importantly it breaks down
in the description of conjugate satellite transitions. The result
is important for theoretical understanding of conjugate transi-
tions. It was also shown that LMDAD is a very sensitive probe
of electron correlations and especially continuum interactions.
The experimental data are of very high quality and can be
effectively used to test theoretical models. A model based on
the perturbation theory for the conjugate transitions that may
explain the experimental results was discussed.
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[1] T. Åberg, Phys. Rev. 156, 35 (1967).
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