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The principle of microscopic time reversal of physical processes, detailed balance, is widely used and
depended upon in the theoretical community as a connection between photorecombination (PR) and
photoionization (PI). This paper reports on a novel use of detailed balance and the comparison of
experimental results obtained by two very distinct techniques to determine both the metastable fraction
of an ion beam and partial Sc>* PR cross sections and partial Sc>* PI cross sections for the ground state
and for two metastable states. The Sc>* to Sc>* system presents a unique opportunity to obtain
comprehensive state-selective information by combining results from PR and PI experiments.
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The principle of detailed balance is widely used in the
theoretical description of microscopic processes, as has
been experimentally demonstrated in nuclear reactions
(see, e.g., Ref. [1]). The intimate connection through de-
tailed balance of photoionization (PI) and photorecombi-
nation (PR) is heavily relied upon for the description of
hot plasma environments, such as those encountered in
astrophysics, controlled fusion, and explosions. An inter-
national consortium has for some years been calculating
relevant PI cross sections, and detailed balance is used to
provide PR cross sections [2]. The atomic ions Sc*>* and
Sc3* provide a unique opportunity to directly observe
this widely applied principle between PI of the former and
PR of the latter due to the exceptional strength of the
3d — 3p radiative decay of 3p33d® and 3p33d4s PR
resonances. By combining the high resolving power of a
PI experiment at a synchrotron light source with the state
selectivity of a heavy-ion storage-ring PR experiment we
are able to derive comprehensive state-selective informa-
tion about the atomic system under study on a purely
experimental basis.

With the advent of powerful synchrotron light sources
it has become feasible to conduct PI measurements using
low-density ion beams as targets [3—9] and to benchmark
theoretical calculations. A complication which is not
easily overcome, is the existence of usually unknown
fractions of metastable states in the ion beams used in
these experiments. Metastable states are populated in ion
sources, where ions are formed by electron bombardment
in a hot plasma. If the metastable states are sufficiently
long lived, they will survive the transport from the ion
source to the PI measurement region and therefore con-
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tribute to the measured PI signal. Accordingly, the deri-
vation of absolute cross sections from PI measurements
requires knowledge of the ion-beam composition. This
knowledge, however, is usually not available. The ion-
beam composition is either completely unknown [4], or
rough estimates, based on the assumption that the popu-
lation of the various states follows statistical rules, are
used [5], or the metastable fractions are inferred from a
comparison with theoretical predictions for the PI cross
sections [7,8]. In all these cases, a considerable level of
ambiguity is introduced in the determination of absolute
cross sections.

In some cases it is possible to determine the ion-beam
composition from charge-transfer measurements in a gas
cell [6]. This method, however, does not give access to the
population of fine-structure components or to the relative
population of states that are otherwise energetically too
close to each other. The same limitations apply for state
preparation by translational-energy spectroscopy [10].
For the relative population of closely spaced fine-structure
levels (that often remain experimentally unresolved) the
assumption of a statistical distribution is commonly be-
lieved to be quite adequate. Here we present an example of
a significant deviation from the statistical population of
fine-structure levels.

Our method to determine the fine-structure com-
position of the ion beam is to compare our measured
Sc?* PI cross sections with the experimental Sc** PR
cross section of Schippers et al. [11] thereby exploiting
the fact that PI and PR are linked on a state to state level
by the principle of detailed balance. Accordingly, the

cross section Ug)f for PI from an initial state i to a
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final state f can be used [12] to calculate the cross section

a’?f? for the time inverse PR process, i.e.,

(PR) () g ey
a'f_.,'(Ecm) 2mecz Eon g O'i_.f(hy): (D
with the statistical weights g; and g;. The photon energy
hv and the energy E_, of the free electron in the electron-
ion center-of-mass frame are related by hv = E_, + [,
with the ionization energy /; of state i.

We employed the merged photon-ion-beams method
[3] to record PI cross sections. The experiment was per-
formed at the photon-ion-end-station [6] of the undulator
beam line 10.0.1 of the Advanced Light Source. The Sc?*
ion beam was generated by ionizing scandium atomic
vapor by electron bombardment inside a compact electron
cyclotron resonance (ECR) source. A dipole magnet was
used to select the desired charge-to-mass ratio. Down-
stream from the interaction zone the ion beam was de-
flected out of the photon beam direction by a second
dipole magnet that also separated the ionized Sc** prod-
uct ions from the Sc?* parent ions. The Sc** ions were
counted with nearly 100% efficiency with a single-
particle detector. The relative PI cross section is derived
from the measured Sc** count rate by normalization to
both photon flux and ion current.

In principle, the cross section can be put on an absolute
scale by measuring the mutual overlap of the ion and the
photon beams. In our experimental setup this is usually
achieved with a movable slit in the center of the voltage
labeled interaction region and with two wire scanners at
each end of the interaction zone [6]. However, at the time
of this experiment the rather low ion currents of typically
4 nA prohibited the use of the wire scanners for a reliable
beam overlap measurement. Therefore, in this work the
absolute Sc?* cross section has been determined by ap-
plying the principle of detailed balance, i.e., by compar-
ison with the measured absolute Sc** PR cross section
from a storage-ring experiment [11] (see below).

Our Sc?* cross section in the region of the 3p°3d? and
3p>3d 4s resonances is shown in Fig. 1 together with the
only available theoretical result [13]. Apart from the
shape of the broad 3d” (*F)>F resonance the theory ob-
viously does not reproduce the measurement very well.
There are two reasons for this discrepancy. First, in the
theoretical treatment relativistic effects, i.e., fine-
structure splittings, were neglected entirely and correla-
tion was treated only approximately. Second, in the
experiment besides PI of Sc>*(3p®3d) ground-state
ions also PI of metastable Sc’>*(3p%4s) ions occurred.
The latter was not accounted for in the calculations.
The theoretical result can therefore not be used for the
identification of the measured resonance features. We
have identified [14] some of the resonances with the aid
of atomic structure calculations using the codes of
Cowan [15]. Next to resonances excited from the
Sc?*(3p®3d 2Ds ;) ground state there are also strong
resonances  excited from the 3p%3d2Ds;, and
3pP®4s 28, metastable states. Contributions from direct
ionization are insignificant and are disregarded in the
present context. In order to put the measured cross section
on an absolute scale the ground state and metastable state
fractions in the ion beam have to be determined. In the
following this will be achieved on a purely experimental
basis by comparing the measured Sc>* PI cross section
with the measured Sc** PR cross section via the principle
of detailed balance [Eq. (1)].

One has to be aware of the fact that the number of PR
channels starting from state f is much larger than the
number of PI channels ending in state f (Fig. 2). Total PR
cross sections, such as usually measured in merged-
beams electron-ion recombination experiments, therefore
cannot be directly compared to PI cross sections unless
the branching ratios for the various radiative decay chan-
nels are known. In this respect, the present situation is
favorable, especially for the 3p°3d> intermediate
configuration, since it can safely be assumed that the
radiative transition to the 3p%3d 2D ground state (left
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FIG. 1 (color online).

Experimental (shaded curve) and theoretical (full line) [13] Sc?>* PI cross section in the energy range 32.5—

43.5 eV. Resonances have been identified with the aid of atomic structure calculations [14]. In the designation of the resonances
[Ar]3d or [Ar]4s have been omitted in the case of the 2D3/,, 2Ds 5, and 25/, initial states and [Mg]3p? in the case of the doubly
excited intermediate states. The experimental energy spread is ~25 meV.
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FIG. 2. Energy level diagram for the dielectronic (resonant)
recombination of Sc3* ions. Initially the ion in the 3pS'lS
ground state (f) collides with a free electron with energy E.,
above the first Sc?>' ionization threshold. If E., =~ E, a
Sc2t(3p33d n'l") doubly excited state (d) may be formed by
dielectronic capture (inverse autoionization) with nonzero
probability (horizontal full arrow). The recombination event
is completed by a subsequent radiative transition to a bound
state below the Sc2* ionization threshold (vertical arrows). For
3p°3d* and 3p°3d4s doubly excited intermediate states the
radiative decay paths to the PI initial states 3p®3d (i, thick full
vertical arrow) and 3p%4s (i/, thick dash-dotted vertical arrow)
respectively (3d — 3p transitions) are unique; ie., for the
decay of 3p°3d* and 3p°3d4s states the multitude of other
energetically allowed transitions (vertical thin full arrows) can
be neglected (see text). On the scale of the figure fine-structure
level splittings are not resolved.

vertical thick full arrow in Fig. 2) by far dominates all
other transitions to excited 3 p® nl states (other left verti-
cal arrows in Fig. 2). This assumption is supported by our
atomic structure calculations and can qualitatively be
understood by noting that for a transition to a 3p®3d state
only one of the two 3d electrons in a 3p°3d? state has to
be moved, whereas for a transition to an excited 3p° nl
state additionally the second 3d electron has to be excited.
From our atomic structure calculations we furthermore
find that also the 3p°3d 4s states have a unique radiative
decay path to the 3p%4s 2S excited state (againa 3d — 3p
transition, vertical thick dash-dotted arrow in Fig. 2). It
should be emphasized that Sc?>* with a true one-to-one
correspondence between PI and PR via low lying doubly

TABLE 1. Statistical weights g;, ionization potentials I;
(from Ref. [16]) and lifetimes 7; (from Ref. [17]) of the Sc>*
ground state and of the first two excited, metastable states. The
fraction 7; of each state in the Sc’>" ion beam have been
determined by comparing measured PI and PR cross sections.

State 8i I; (eV) 7; (8) n; (%)
3p%3d  2D;, 4 2475684 o0 20.7 + 3.0
3p°3d  2Ds;, 6 2473234 120X 10*  54.6 =43
3pb4s 28, 2 21.59037 0.0514 247+ 1.3
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excited states is quite unique. A more normal case, i.e., PI
of C>" and PR of C*" ions, was investigated recently by
Miiller et al. [8].

Having established that the radiative decay paths for
the decay of the resonances shown in Fig. 1 are unique, we
can construct partial recombination cross sections O';PR)
for the three separate recombination channels that end in
each of the three initial PI states i. Partial PR cross
sections are obtained by inserting the experimental PI
cross section data (with the PI resonance energies shifted
by the appropriate ionization energy /; as given in Table I)
into Eq. (1) and by carrying out summations over all
doubly excited states d connected by a dipole transition
to each given state i, yielding

1 g (Ey + I,
(PR) E _ _& cm L o)
f-»,( cm) ; gf 2me 2 Ecm Z t—>d cm’ . -): ( )

with 7; denoting the fractional abundance of state i in
the Sc?>* ion beam of the PI experiment. The resonance
parameters to be inserted into the line profiles
Liy(Egn Aps TUgs Ey, qq), 1e., peak area Ay, width Ty,
position E,, and in the case of asymmetric line profiles
also the Fano asymmetry parameter g, [18], were
determined by fitting line profiles to the measured PI
resonances displayed in Fig. 1 [14]. Thereby, for the broad

PR cross section (10'1gcm2)
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FIG. 3. Fit of the weighted sum of partial PR cross sections
derived from the present PI measurements to the experimental
PR cross section (open symbols) measured at the Heidelberg
heavy-ion storage-ring TSR [11]. The resonance line shapes
were convoluted with a normalized Gaussian representing the
resolution of the Sc>* PR experiment. The partial cross sections
[cf. Eq. (2)] adding up to the total fit result [full line in (b)] are
shown separately in (a).
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3p°3d? ?F resonance it has been assumed that the PI cross
section is independent of the fine-structure splitting of the
3p®3d 2D ground state, i.e., the same PI cross section
parameters have been used for both the 2D3 /2 and the
’Dy , state.

The fractional abundances of the 3p®3d 2Ds, ground
state and the 3p°3d 2Ds,, and 3p®4s 2S,,, metastable
states, in the following denoted by 73/,, 75/2, and 7 ,,
respectively, are obtained from fitting the sum of the
three partial PR cross sections (constructed from the
present measurement) to the measured PR cross section
of Schippers et al. [11]. From the fit, where the condition
M32 + M52 + My, = 1 was imposed, we obtain 73/, =
0.207, ms/, = 0.546, and 7, /, = 0.247. We note that the
ratio 2.63 of >D; , to >D; , ions greatly exceeds the value
1.5 that is expected for a statistical level population. In the
fit the unidentified resonances were included in the vari-
ous partial cross sections such that the y? of the fit was
minimized. The uncertainties of the 7; values given in
Table I partly reflect the change of 7; when the unidenti-
fied resonances are distributed in different ways among
the three partial PR cross sections. It should be noted that,
apart from the fractional abundances, the absolute PI
cross section scale was also obtained from the same fit
as another fit parameter.

The agreement between the measured and the fitted PR
spectrum (Fig. 3) is excellent except for some PR reso-
nance strength around 10 eV. It may be speculated that
this PR resonance strength stems from transitions be-
tween higher excited states that were not included in
the partial spectra. A further parameter varied during
the fit was an energy offset allowing for matching the PR
and the PI energy scales. Matching of the scales can be
achieved by shifting the PR energy scale by 0.13 eV
(within its experimental uncertainty [11]) towards higher
energies. The uncertainty of the PI energy scale is of the
order of a few meV.

The state-selective PI cross sections shown in Fig. 4
were readily obtained by converting the partial PR cross
sections [Eq. (2)] via Eq. (1). The strongest resonance
at ~41.8eV is due to 3p— 3d excitation of the
3p%4s S/, metastable state. Its oscillator strength
amounts to 2.1 = 0.4. Within the experimental error this
value agrees with the one for the same transition in
isoelectronic Ca* ions [3]. Comprehensive information
will be given in a forthcoming publication [14].

In conclusion, by combining the high resolving power
of a photoionization experiment at a synchrotron light
source with the state selectivity available in a heavy-ion
storage-ring experiment, we have derived photoioniza-
tion cross sections of Sc?>* ions in the ground state and in
two metastable states. An almost perfect one-to-one cor-
respondence of PR and PI exists for the 3p33d* and
3p°3d4s resonances. Consequently, the principle of de-
tailed balance could be applied for the determination of
the fractional composition of the Sc?>* ion beam. Absolute
state-selective (on the fine-structure level) photoioniza-

193002-4

6. 2
10 r 3p-3d Ds/z 1
3p°3d D, ,
F - -~ 3p%s’s "
L ]
C I
5 :_ 1" .

Pl cross section (10"°cm?)

o
—
=

Photon energy (eV)

FIG. 4. State selective Sc>* PI cross section. The systematic
uncertainty of the cross section scale is *20%. The energy
spread is 25 meV, i.e., approximately the same as in Fig. 1.

tion cross sections are thereby obtained on a purely ex-
perimental basis. With the present results we obtain, in
addition, partial cross sections for photorecombination of
Sc3* jons proceeding to different final states. These data
will permit a more sensitive comparison of state-of-the-
art theory with experiment and thus challenge our present
understanding of photorecombination and photoioniza-
tion processes.
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