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The photoelectric effect has been studied in the regime of hard x rays and strong Coulomb fields via its
time-reversed process of radiative recombination (RR). In the experiment, the relativistic electrons
recombined into the 2ps3/, excited state of hydrogenlike uranium ions, and both the RR x rays and
the subsequently emitted characteristic x rays were detected in coincidence. This allowed us to observe the
coherence between the magnetic substates in a highly charged ion and to identify the contribution of the

spin-orbit interaction to the RR process.
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The photoelectric effect is one of the fundamental and
dominant atomic processes in which matter absorbs electro-
magnetic radiation in the energy range from visible light to
hard x rays. It led to the development of quantum mechanics
[1] and, since then, helped to improve our understanding
of light-matter interactions significantly. In these develop-
ments, the experiments addressing polarization and align-
ment properties of the process played a crucial role. In
particular, the quantum mechanically complete information
about the photoionization was obtained in a number of
experiments done in the optical and soft x-ray regimes [2,3].

In contrast to the well-explored optical and soft x-ray
regimes, only a few experiments were done in the regime
of hard x rays and strong Coulomb fields. The main reason
for this was a limited availability of intense sources
of polarized hard x rays and the electron straggling in
typically used solid targets [4—6]. These limitations were
removed by studying the photoelectric effect via its
time-reversed process of radiative recombination (RR) of
initially free or weakly bound electrons into heavy highly
charged ions (HClIs). One experimental approach exploits
the properties of the emitted RR x rays, such as their
angular distribution with respect to the propagation
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direction of the incoming electron [7,8] and their linear
polarization [9]. For example, the latter experiment studied,
in time reverse, the angular distribution of the electrons
photoionized by linearly polarized x rays. It identified that
at high energies a significant fraction of the photoelectrons
is emitted perpendicular to the x-ray polarization plane.
This phenomenon is in stark contrast to the low energy
photoeffect. In a complementary approach, the RR x rays
are not observed, but the characteristic bound-bound x rays,
subsequent to the RR into an excited state, are detected.
The RR into the 2p;,, excited state of hydrogenlike
uranium, which decays by emission of Lya; x rays, is a
prominent example of such studies [10,11]. Since the RR
X rays are not observed, the 2ps, state is axially symmetric
around the propagation direction of the incoming electron,
and its magnetic substates are populated incoherently [12].
The electron propagation direction is used as a quantization
axis. The population distribution of the magnetic substates
is described by the alignment parameter .4,,. The latter is
accessed experimentally by the analysis of the angular
distribution of the emitted x rays [10,11] and/or their linear
polarization [13]. Apart from RR, this approach was used
to study the alignment for a number of other collision
processes, such as the electron and the nucleus impact
excitation [14-18], resonant transfer and excitation [19],
and dielectronic recombination [20]. It was shown to be
highly sensitive to relativistic effects, for instance, to those
caused by the Breit interaction [20,21].
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FIG. 1 (color online). The scheme of the experiment: (a) meas-
urement of the correlated L-shell RR and Lya; x rays emitted in
the radiative recombination of the electron into the initially bare
uranium ion; (b) the setup of the germanium detectors that
registered correlated x rays emitted in collisions of the stored bare
uranium beam with the N, gas jet.

It was predicted that significantly higher sensitivity to
the subtle details of the recombination process can be
obtained when both of these x rays emitted by a single ion
are detected in time coincidence [22,23], see Fig. 1. In this
new type of experiment, the axial symmetry of the RR-
populated 2p3/, state is removed, and the reaction plane
is defined by the propagation directions of the incoming
electron and the emitted RR x ray. In this case, the magnetic
substates are populated coherently [24-26]. As a conse-
quence, the state should attain a new alignment axis, which
is confined to the reaction plane and forms a finite angle y
with respect to the collision axis [24-26]. This alignment
angle y can be measured via the angular distribution of the
Lya; x rays [12,24-28]. So far, the effects of the coherent
population of atomic sublevels were never addressed in
experiments with HClIs.

In this Letter, we report on the experiment where an
electron is captured by a bare ion, U%?*, into the 2p; /2 state
and both the RR and the Lya; x rays are detected in time
coincidence, see Fig. 1. The coincident registration of the
x rays completely removes one major restriction of most of
the earlier experiments—the contribution of cascades to
the alignment of the excited state [10,14—17]. We observed
large alignment angles that manifest the coherent population
of the magnetic substates. The alignment angles deviate
significantly from the predictions of the nonrelativistic
calculations but can be explained within our full-order
relativistic theory. In a semiclassical picture, this deviation
indicates the effect of the spin-orbit interaction in RR.

The measurement was conducted at the experimental
storage ring (ESR) of the GSI accelerator complex in
Darmstadt [7,8,29]. Typically, 107 fully ionized uranium
ions of the spinless isotope 23¥U%>* were injected into the ring
with a kinetic energy of 230 MeV /u. The momentum spread
and the lateral extent of the circulating ion beam are mini-
mized employing electron cooling. Electron cooling also
guaranties well defined and repeatable conditions throughout
the experiment and counteracts energy loss and straggling
in the target. A supersonic nitrogen gas jet, with the areal

density of 10'3 particles/cm?, was used as an effective
target of unpolarized electrons. The electrons, initially bound
in the N, molecules, were captured by uranium ions via the
radiative electron capture process. For the very asymmetric
collision system (U?>" — N,) and the high beam energy,
used in the experiment, the target electrons can be considered
to be quasifree and the process to be identical to RR [30].
Furthermore, at this energy the cross section for the com-
peting nonradiative electron capture process is negligible
compared to that of RR [30,31]. Details about beam
preparation, the experimental environment at the ESR, as
well as the gas-jet target, can be found in Refs. [7,8].

The emitted x rays were registered by an array of large
polarization-insensitive germanium detectors that observed
the target in the horizontal plane at different angles with
respect to the beam propagation direction; see Fig. 1(b). The
total solid angle coverage was 1%. This is an order of
magnitude increase as compared to a typical x-ray detection
setup used at the gas-jet target in earlier experiments [7,8].
Correspondingly, the x-ray coincidence efficiency increases
by 2 orders of magnitude. To compensate for the large
Doppler broadening, associated with the relativistic beam
velocity, and the large spread in the x-ray emission angle
covered by each detector, we used the segmented detectors
such as clover [32], segmented clover [33], and Euroball
cluster [34] germanium detectors. Each detector segment
was read out by a 100 MHz sampling analog-to-digital
converter. The x-ray energies and the arrival times were
extracted using digital pulse shape processing [35]. A typical
energy resolution of 1-2 keV and a timing resolution of
better than 200 ns were obtained. Where the segmentation
was not sufficient to compensate for the Doppler broadening
and resolve the Lya doublet, we achieved this by employing
vertical slit x-ray absorbers. Note that the width of the
broader RR lines stems from the momentum distribution of
the bound N, target electrons, i.e., the Compton profile [30].

Uranium ions that captured an electron in the collision
with the target, were separated from the stored primary
beam in the first dipole magnet downstream from the target
and registered by a multiwire proportional counter. Time
coincidences of these recombined ions with the emitted
x rays suppressed most of the bremsstrahlung continuum
that predominantly occurs in electron-ion collisions with-
out a change of the ion’s charge state. A typical x-ray
spectrum is shown in Fig. 2. The RR into K, L, and higher
atomic shells are dominant at high energies, whereas Ly,
and Lya, are well pronounced at lower energies.

X-ray cascades consisting of an RR photon (free-bound
transition) in to excited states of the uranium ion and a
subsequent characteristic bound-bound x ray were regis-
tered in two separate x-ray detectors in time coincidence.
All low-lying excited states of hydrogenlike uranium have
lifetimes much shorter than the time resolution of the used
x-ray detectors; in particular the lifetime of the 2p;, state
is about 107! sec. In our analysis, we focused on L-RR
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FIG. 2 (color online). Solid line: typical x-ray spectrum
Doppler corrected to the ion’s rest frame. Filled area: typical
x-ray spectrum collected in time coincidence with another x-ray
detector that registered an L-shell RR x ray. The corresponding
energy interval is shown.

and the corresponding following Lya x rays. Figure 2
shows the window condition on the energy used to select
the L-RR and the resulting promptly emitted Lya x ray; see
Fig. 1(a). The very low background level in the time-and-
energy coincidence spectrum demonstrates clean observa-
tion of the correlated x rays emitted by a single heavy ion.
Moreover, the coincident x-ray detection suppressed the
contribution of the cascades from the n > 2 states to the Ly«
x rays. In earlier alignment experiments, these cascades
significantly influenced the results [10,14—17]. In Fig. 3, for
each emission direction of the RR x ray, the corresponding
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FIG. 3. Intensities of the Lya; x rays measured in coincidence

with the L-shell RR x rays emitted under an angle Ozr and
normalized on the corresponding intensities of the Lya, isotropic
line (symbols). The angles are in the rest frame of the ion and
relative to the electron propagation direction. The solid lines are
the fits of Eq. (2) to the experimental data points. The dashed
lines indicate the maxima of the angular distributions.

angular distribution of the coincident Ly, x rays is plotted.
To compensate for the solid angle differences between
the individual detectors, the intensity of the Lyea; line
was normalized to the intensity of the isotropic Lya, line.
In order to interpret the observed angular correlations,
we employ the quantum-mechanical description of the
RR-populated state within the density matrix formalism
[12,28]. The density matrix of the 2ps3/, state has 4x4
individual elements that contain all physically significant
information on this state. The diagonal elements give
probabilities to find the ion in the corresponding magnetic
substates. In order to define the latter, the electron propa-
gation direction in the ion rest frame is taken as the
quantization axis. The off-diagonal elements of the density
matrix describe the coherence between the magnetic sub-
states [12,28]. When the polarizations of the electron
and the RR x ray are not observed, the density matrix is
fully defined by three alignment parameters A,, A,;, and
Ay, [22,23], also called the state multipoles [12,24-28].
The alignment parameter A, determines all the diagonal
elements of the density matrix. The other two alignment
parameters A,, and A,, define all the off-diagonal ele-
ments and, thus, the coherence of the populated state.
The angular distribution of the Lya; x rays depends
strongly on the alignment of the populated state. When the
RR x ray is not observed, as was the case in all previous
alignment experiments with heavy ions, the populated
2p3, state is axially symmetric and, therefore, its density
matrix is diagonal, ie., A, = Ay =0. The angular
distribution of the Lya; x rays in these experiments was
symmetric with respect to the collision axis [10,11]. In
contrast, in the present experiment, the alignment param-
eters A,; and A,, are nonzero and the magnetic substates
are populated coherently. Therefore, the populated state
loses its symmetry with respect to the quantization axis.
Figure 4 shows the effect of the coherence on the electric

FIG. 4 (color online). The angular density distribution of the
charge cloud of the RR-populated 2ps/, state. The quantization
axis Z coincides with the electron propagation direction. Together
with the RR x-ray emission direction they define the reaction
plane. The latter confines the alignment axis. The emitted Lya,
x rays were detected within the reaction plane.
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charge density distribution of the populated state [12,27].
The charge cloud has two principal axes: one within the
reaction plane; it is called the alignment axis. The second
one is perpendicular to the reaction plane; it defines the
orientation of the excited state. Note that, in a general case,
the charge cloud is not symmetric around the alignment
axis. Therefore, the density matrix can not be diagonalized
by choosing the alignment axis as the quantization axis.
The orientation was not measured in this experiment, and in
the following, we focus on the alignment. The alignment
axis forms an angle y with respect to the electron propa-
gation direction [12,24-28]

(1)

Here, we call it the alignment angle of the charge cloud.
Thus, the nonzero alignment angle is a signature of the
coherence between the magnetic substates. It is probed by
measurement of the angular distribution of the Lya; x rays
emitted within the reaction plane [22]

W(0) =A+ Bcos2(0 —y). (2)

The experimental data for each RR emission direction were
fitted to this function by treating A, B, and y as free
parameters; the fitted solid lines are shown in Fig. 3.

From Fig. 3, it is evident that the symmetry axes of the
angular distributions of the Lya; x rays do not coincide
with the collision axis. We interpret this as a result of an
interference of the electromagnetic waves emitted in the
decays of the individual magnetic substates. Because of the
coherence between the magnetic substates, the correspond-
ing waves attain certain relative phases. This modifies the
angular distribution of the emitted radiation.

The measured alignment angle y, shown in Fig. 5,
depends strongly on the RR x-ray emission direction.
The predictions of the full-order relativistic theory (solid
line) are in perfect agreement with the experiment. In this
theory, the electron, both in continuum and bound states, is
described by the relativistic Dirac wave functions and all
higher (nondipole) terms in the expansion of the electron-
photon interaction are taken into account. In comparison to
the results of this theory in the nonrelativistic limit, where
the electron-photon interaction is restricted to the electric
dipole term and the electron wave functions are approxi-
mated by the Schrodinger solutions [36], one can derive

y = 180° — Ogg, (3)

which is shown as a dashed line in Fig. 5. The dotted lines
indicate the possible alignment angles corresponding to the
incoherent population of the magnetic substates.

In the following, we give a simple semiclassical non-
relativistic picture of the process. Semiclassically, the
alignment parameters A,, describe the spacial anisotropy
of the total angular momentum vector [12]. In the
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FIG. 5. The alignment angle y as a function of the RR x-ray
emission angle fry relative to the electron propagation direction
in the rest frame of the ion. The data points are the experimental
results, the solid line is the result of the full-order relativistic
calculation and the dashed line is the prediction by the non-
relativistic theory. The dotted lines indicate the possible align-
ment angles corresponding to the incoherent population of the
magnetic substates.

nonrelativistic limit, where the effects of the electron spin
are neglected, the total angular momentum of the final state
is replaced by its orbital momentum, and the angular
momentum of the emitted photon is assumed to be zero.
In this situation, the orbital momentum L, of the free
electron is conserved by the x-ray helicity |S ., |=1
and the orbital momentum of the final state |L¢| = 1, see
Fig. 6. With this configuration of the angular momenta, the
alignment angle y coincides with the prediction of the
nonrelativistic quantum-mechanical theory, Eq. (3).

The alignment angle y obtained using the nonrelativistic
theory deviates from the experimental results and the
predictions of the full-order relativistic theory by up to
~50°. To interpret this, we note that the collision symmetry
allows a magnetic field to be defined perpendicular to the
reaction plane. Such a field is induced in the rest frame of
the electron by the motion of the projectile nucleus [37,38].
Because of the spin-orbit interaction, the electron spin
precesses in this field. This affects the configuration of the
angular momenta before and after the collision and changes
the alignment angle.

In summary, we point out that, although the photon-
photon coincidence technique was used earlier [39-41], we
extended it to the regime of hard x rays and to very heavy
and exotic systems such as hydrogenlike uranium. This
constitutes a significant experimental advancement. With

FIG. 6 (color online). Conservation of the angular momenta in
RR in the nonrelativistic limit.
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this technique, we, for the first time, observed the coher-
ence between the magnetic substates in a heavy HCI. The
unambiguous signature of the coherence—the tilted align-
ment axis, was observed through the angular distribution
of the Lya; x rays. The coherence was changed by varying
the RR x-ray observation angle. The experimental results
point out the strong contribution of the spin-orbit inter-
action to the RR process. The developed technique has a
high potential for studies of alignment and polarization
phenomena in various atomic processes [42]. It can also be
used for diagnostics of polarized beams of heavy HCIs [43]
that presently remains an unsolved problem [44].
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