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Completely fine-structure-resolved photoelectron spectra produced from sodium atoms selectively
excited into the Na* 2p°3p 2P1 /2 and 2P3 , states were obtained using a third generation synchrotron
source in conjunction with laser pumping and high-resolution spectrometry. The spectra show
dramatically different behaviors. The strong variations observed in the regions of the Na™
2p°3p 3L, photolines and the Na* 2p34p 3L, shakeup satellites are explained within a generalized
geometrical model, accounting for the intermediate angular momentum coupling in the ionic states.
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The interaction of ionizing radiation with atoms is a
key fundamental process in nature that occurs in many
areas of physics. Probing atomic photoionization dynam-
ics as clearly and rigorously as quantum mechanics per-
mits provides an ideal testing ground for studying the
complex interactions in the electronic cloud of an atom
and enables critical comparison with predictions of the
most advanced many-body theories. The interpretation of
gas-phase studies offers an atomic perspective on the
basic understanding of correlated systems that can be
beneficial to other fields, such as plasmas, nanostructures,
and highly correlated materials. In particular, photoelec-
tron spectroscopy on open-shell atomic targets bring out
specific phenomena arising from their nonspherical na-
ture and developed fine structure [1-5].

In this Letter, we report clear evidence for the influence
of the total angular momentum J; of the initial atomic
state on photoionization transitions to final fine-structure
ionic states. We have been able to control J by tuning the
wavelength of a dye laser to the energy of two different
selected excited atomic states and to measure with a high-
resolution spectrometer the fine-structure resolved photo-
electron spectra produced by innershell photoionization
of these excited states. Independent of the photon energy,
dramatic variations of the relative line intensities arising
from single photoionization as well as from photoioniza-
tion accompanied by excitation (shakeup satellites) were
observed. These results represent a clear example of qua-
siforbidden transitions in open-shell atomic systems as
introduced ten years ago by Pan and Starace [6] going
beyond the geometrical model [1,7,8]. Violation of the
geometrical relations was detected for 3s photoionization
of chlorine in the ground state at the photon energy of
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29.2 eV [2], in good agreement with the predictions of
Ref. [6]. Until now, no experiments have been carried out
to study the quasiforbidden transitions in excited atoms.
We find that, in addition to the clear observation of
quasiforbidden transitions [6], other transitions can be
either strongly depressed or enhanced. We interpret them
by introducing the concept of dynamically forbidden
transitions resulting from mutual cancellation of terms
in the photoionization cross section. The dynamically
forbidden transitions cannot be predicted by explicit se-
lection rules based on conservation of angular momenta
and parity. While studied for a particular atomic system,
our results arise from general theoretical considerations,
which are applicable to atomic and molecular systems in
general.

Sodium was selected as a showcase for an open-shell
atom because the fine structure of the final ionic state
following innershell photoionization can be resolved al-
most completely and it offered an optimized wavelength
range for the tuning of the laser. In the experiment,
photons from the Advanced Light Source (ALS) synchro-
tron radiation facility at the Lawrence Berkeley National
Laboratory photoionized the excited atoms in the 2p
subvalence shell, allowing us to observe, for the first
time, clearly resolved strongly enhanced or depressed
transitions, compared with the geometrical predicted val-
ues, and providing the opportunity to explore the physical
reasons for this behavior for specific excited states of a
fine-structure multiplet. The experimental difficulties for
the corresponding experiments include the multiple de-
mands of combining a good atomic beam with sufficient
selectivity in populating the initial fine-structure atomic
levels and detection at high-energy resolution of the
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resulting complex spectra of closely lying photoelectron
lines [2-4,9].

Vacuum ultraviolet radiation from the 10.0.1 undulator
beam line was monochromatized and focused, together
with the counterpropagating beam of a cw ring dye laser,
into the source volume of the electron spectrometer.
The wavelength of the laser was tuned either to the
2p®3s28,,, — 2p®3p2Py); (A =589.559 nm) or to the
2p%3528,/, — 2p®3p2P5/; (A = 589.995 nm) transition.
The relative density of atoms in the excited states was
generally 10% to 20% for the case of 2P, /, and of the
order of 1% for the 2Pl ,- The polarization of the syn-
chrotron radiation (SR) beam was linear with a degree of
polarization higher than 99% [10]. The laser polarization
was also linear and could be rotated around the direction
of the laser beam. A resistively heated oven was used to
generate a collimated sodium beam with an operating
temperature between 300 and 360 °C. In these conditions,
the density of sodium atoms in the ground state was
varied over the 10'>-10'* cm™3 range. The electrons
emitted from the sodium atoms were measured using a
Scienta SES-200 hemispherical analyzer operated at the
magic angle (54° 44") with respect to the SR polarization
vector. The ultimate resolution reached in our experiment
was 13 meV, as measured from the FWHM of isolated
photolines.

The high brightness of the ALS beam combined
with the very high-resolution electron spectrometer al-
lowed the photoelectron spectrum to be measured with
hitherto unprecedented precision. The final ionic states
2p°3p 3L, were completely L and J resolvable with the
single exception of the 3P0‘l (separated by only 1.5 meV).
Thus, the relative intensity of every single L, photo-
electron line was measured, allowing sharp variations in
individual electron lines to be observed. In previous pho-
toionization experiments on Na atoms laser excited to
the 2p®3p 2P, state [11], a few broad groups of unre-
solved lines were recorded, allowing only configuration-
averaged effects to be studied. Here we concentrate on
the photolines due to single photoionization (2p33p 3L,
final ionic states) as well as on the shakeup satellites
(2p°4p 3L, final ionic states) from the excited atom.

Figure 1 displays, in its two upper panels, details of the
fine-structure resolved photoelectron spectra in the re-
gion of the 2p°3p 3L, final ionic states resulting from
both 2p photoionization of the 2p®3p 2P; , [Fig. 1(a)] and
2p%3p 2Py, [Fig. 1(b)] laser-excited states. The relative
intensities of the photolines do not show any photon
energy dependence over the investigated energy range
(45 to 120 eV). The 'S state, measured at lower kinetic
energy, is not shown in the figure.

Since a state with angular momentum of J, = % cannot
be aligned, the relative intensities of the photolines from
the 2P1 ), are proportional to the cross sections to the LSJ
final ionic states. When dealing with the 2P3 P excited
state, however, it is important to consider any possible
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FIG. 1. Region of Na* 2p°3p photoelectron spectra produced
at 48 eV by photoionization from laser-excited Na*
2p®3p?P,,, (a) and 2P1/2 (b). (c),(d) Black bars show our
theoretical results calculated in the generalized geometrical
model; grey bars present results of the geometrical model. The
experimental spectra are normalized to the intensity of the
2p33p3S, final ionic state calculated in the generalized geo-
metrical model.

alignment effects. With the laser tuned to the 2P3 /p tran-
sition, we observed variations of the relative intensities of
some of the photolines, especially for the S state, when
varying the angle between both polarization axes, indi-
cating that the excited atoms were partly aligned, in spite
of the very high sodium atom density of 10" cm™3.
In previous experiments on polarization effects in pump-
probe experiments [12], it was determined, by fluores-
cence analysis, that alignment effects continuously
decreased with increasing vapor densities from about 2 X
10'° cm ™3 and vanished at about 10> cm™3. In the present
case, however, alignment effects are still present at even
higher beam densities, because with a third generation SR
source the focal spot of the photon beam is very small
(less than 0.1 mm?). On this spatial scale, depolarization
by radiation trapping and collisions is drastically reduced.
To minimize the influence of the alignment on the relative
intensities of the photoelectron lines displayed in Fig. 1,
the sum of spectra taken at parallel and perpendicular
polarizations of the laser and SR beams was used. This
results in inaccuracy in the relative intensities due to the
alignment not exceeding 15%, which does not change any
of the conclusions deduced from our measurements.

The observed spectra are dramatically different for
ionization from the initial states *P;, and *P, ,, (upper
two panels in Fig. 1). With *P, , optical excitation, the
photoionization cross section associated with the 3D,

233002-2



VOLUME 92, NUMBER 23

PHYSICAL REVIEW LETTERS

week ending
11 JUNE 2004

final ionic state is the strongest, while the two other
components of the multiplet, *D; and >D,, correspond
to the weakest oscillator strength of the spectrum. The
cross section to the ! D, ionic state is almost equal to the
cross section to the 3D; state. Photoionization of the 2P1
state reveals a profound redistribution of the oscillator
strength. The cross sections to the *D; and ' D, final ionic
states have completely vanished or are drastically re-
duced. The cross sections to the two other components
of the multiplet, 3D, and *D,, now dominate the spec-
trum. Similar effects are also observed for the *P com-
ponents, with a transfer of the oscillator strength from the
3P, final ionic state in the case of photoionization from
the P, , excited state, to the ' P, state for ionization from
the *P, , state.

Figure 1 also displays, in the two upper panels, as
vertical lines superimposed on the experimental data,
the results of Cowan code calculations carried out in
the single-configuration Hartree-Fock (HF) approxima-
tion [13]. The calculations accurately reproduce the ex-
perimental data in terms of relative cross sections and
variations between the *P, ,, and *P; , cases. In order to
explore the underlying physics determining the differ-
ences in behavior in the two cases, we have carried out
a detailed theoretical analysis of photoionization from the
Na* laser-excited states. The analysis is done for our
experimental conditions and aims at finding the cross
sections from the observed line intensities, determining
any alignment of the laser-excited state from the line
intensities, and extracting maximum information on the
dynamics of the photoionization process (relative partial
photoionization amplitudes including their phases and
partial cross sections). The series of calculations sequen-
tially investigates effects of the angular momentum cou-
pling by initially assuming a pure coupling scheme for
the atomic/ionic states (the geometrical model) and by
later extending the approach to the intermediate-coupling
approximation (a “‘generalized” geometrical model). In a
particular case of the generalized geometrical model with
the initial LSJ-coupled state Na* 2p%3p 2P 7,» the final
ionic state wave function is presented as a superposition
of the LSJ-coupled wave functions through |aJ) =
> 1sYHlaLSJ), where y¢{ are mixing coefficients and
«a specifies the state. Neglecting mixing of configurations,
term dependence of electron wave functions, as well as
their photoelectron-energy dependence within the range
of the Na™ 2p33p configuration, the relative intensities of
the photoelectron lines can be derived as [1,8]:
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where ¢ = L + S + J and [ is a factor independent on J
and J,. We have used conventional notation for the 9;
coefficient [14] and abbreviated J = +/2J + 1. Equa-
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tion (1) is a very particular case of a general equation
for the relative intensities of lines in the angle-resolved
photoelectron spectra from polarized targets [15]. We
have separately calculated the values of y¢4 for the Na*
2p°3p configuration within the semirelativistic Breit-
Pauli model with the Hartree-Fock electron wave func-
tions [16]. Note that the relative intensities (1) do not
imply any calculations of the photoionization amplitudes.

In the two lower panels in Fig. 1, we present the results
of our calculations performed in the geometrical, i.e.,
LSJ-coupling, model (shown as grey vertical bars) and
the generalized geometrical model, Eq. (1) (shown as
black vertical bars), for photoionization from the 2P3 P
[Fig. 1(c)] and the 2P1/2 [Fig. 1(d)]. The behavior of the
3D,, 3Dy, 3P,, and 3P, lines can be explained within the
geometrical model [6] for ionization of a p electron from
a closed shell of an atom with the orbital angular mo-
mentum Ly = 1, spin Sy = % and total angular momen-
tum Jy, into the ionic state with the corresponding
quantum numbers LSJ. Applying the LSJ-coupling limit
of Eq. (1) gives the ratios (0:1.75), (0.42:1.04), and
(1.25:0.125) for the intensities of the 3D, 3P,, and 3D,
lines in the 2P1 P and 2P3 /, spectra, respectively. The
predicted vanishing intensity of the line *D; in the
2P1 /o Spectra is in accordance with the work of Pan and
Starace [6]. In our case, a transition is quasiforbidden
unless the relation J = J, + % is satisfied, which follows
from the properties of the 9j symbol in Eq. (1). In con-
trast, the experimental behavior of the four photolines,
final ionic states *D,, 'D,, P, and 3P, sharply contra-
dicts the predictions of the geometrical model, as indi-
cated in Fig. 1. The observed breakup of the geometrical
model is explained by a violation of the LSJ-coupling
scheme in the final ionic states: the agreement between
the generalized geometrical model (black vertical bars)
and measured relative intensities seen in Fig. 1 is excel-
lent. This directly shows that all assumptions of the
generalized geometrical model are valid. Especially
striking is an almost complete suppression of the line
'D, in the 2P, ,, spectrum in contradiction with its geo-
metrical intensity. The corresponding intermediate-
coupled ionic wave function is of the form [2p°3p 'D,) =
+0.793|'D) + 0.577]3P) — 0.197)°D), i.e., the 'D com-
ponent contributes only by approximately 63%. The 'D,
line almost disappears in the 2P1/2 spectrum as a result of
“negative interference” (i.e., a mutual cancellation) be-
tween product terms corresponding to different LS com-
ponents in Eq. (1). A further insight into this effect gives
a decomposition of the 2p°3p!'D, wave function in
terms of the jj-coupled basis, which is the only other
possible coupling scheme with fixed total angular mo-
mentum of the 3p spectator electron. It results in 83%,
13%, and 4% contributions of the 2p3 ,3p3 /2, 2p3 ,3P32,
and 2p§ /23 P12 components, respectively. For direct pho-
toionization into the Na* 2p°3p ! D, state from the Na*
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FIG. 2. Same as Fig. 1 but for the region of the Na™ 2p°4p
shakeup photoelectron spectra.

2p®3p?P,), fine-structure state, only the last weak
component contributes. This example shows that some
fine-structure lines can ‘‘accidentally” disappear in pho-
toelectron spectra: an effect which is independent of the
photon energy and which one cannot predict only using
selection rules based on pure coupling schemes. It is
clearly seen here without any ambiguity. One can call
such lines ‘“‘dynamically forbidden,” since dynamical
atomic structure calculations are needed to find that the
corresponding cross section vanishes. The numerical
HF results presented in Figs. 1(a) and 1(b) employ the
intermediate-coupling ionic wave functions and therefore
automatically include the above cancellation effect.

Our observations on the main 2p33p photoelectron
lines are fully confirmed by the measurements of the
shakeup satellites 2p>4p shown together with the results
of the HF calculations in the two upper panels in Fig. 2 as
excited from the Na* 2p3p 2P3/2 [Fig. 2(a)] and 2P1/2
[Fig. 2(b)] states. Assuming the pure shakeup excitation
mechanism of the Na™ 2p°4p states, the geometric rela-
tive line intensities remain as for the Nat 2p°3p states
(grey vertical bars in the two lower panels), while for the
intermediate coupling the set of y coefficients in (1) has
been calculated specifically for the 2p>4p configuration.
The theoretical relative intensities in the generalized
geometrical model (dark vertical bars in the lower panels
in Fig. 2) are again in very good agreement with the
measurements, indicating that the same approach is also
valid for the shakeup satellites.
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In conclusion, we have performed the first very high-
resolution photoelectron experiments for photoionization
of open-shell atoms in which the total angular momentum
Jy could be changed by laser excitation of the initial state
and the resulting photolines individually resolved. We
observed dramatic variations in the relative intensities
of the photolines. Some of these are explained in terms
of quasiforbidden transitions and corresponding selection
rules as understood in a geometrical formulation of the
photoionization process. Additional dynamically forbid-
den transitions were discovered. The corresponding lines
are almost completely suppressed despite the lack of
explicit selection rules. They arise due to a mutual can-
cellation of terms in the photoionization cross section
originating from different components of the final-ion
wave functions.
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