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X-ray emission associated with radiative recombination for Pb%** ions at threshold energies

B. Zhu

2347 A Gumberidze ®,2 T. Over®,3 G. Weber,'-2 Z. Andelkovic,? A. Br'%iuning-Demian,2 R. J. Chen,>?

D. Dmytriiev,” O. Forstner®,"?3 C. Hahn®,"%3 F. Herfurth,” M. O. Herdrich®,>? P.-M. Hillenbrand ©,>¢ A. Kalinin,?

F. M. Kroger,"?3 M. Lestinsky ©,> Yu. A. Litvinov®,” E. B. Menz

123 W, Middents,">? T. Morgenroth,>3 N. Petridis,’

Ph. Pfifflein®,"3 M. S. Sanjari©,>” R. S. Sidhu®,? U. Spillmann,? R. Schuch®,® S. Schippers ®,%° S. Trotsenko, "

L. Varga,2 G. Vorobyev,2 and Th. Stohlker ®1-23-7
YHelmholtz Institute Jena, D-07743 Jena, Germany

2GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, D-64291 Darmstadt, Germany
3Institut fiir Optik und Quantenelektronik, Friedrich-Schiller-Universitit Jena, D-07743 Jena, Germany

4School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China

3 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
®1. Physikalisches Institut, Justus-Liebig-Universitdit Gieflen, D-35392 Giessen, Germany
"Department of Chemistry and Biotechnology, Aachen University of Applied Sciences, D-52005 Aachen, Germany
8Physics Department, Stockholm University, S-106 91 Stockholm, Sweden

Helmholtz Research Academy Hesse for FAIR (HFHF), Campus Giefsen, D-35392 Giessen, Germany

® (Received 19 January 2022; accepted 31 March 2022; published 10 May 2022)

For decelerated bare lead ions at a low beam energy of 10 MeV /u, the x-ray emission associated with radiative
recombination (RR) at threshold energies has been studied at the electron cooler of CRYRING@ESR at GSI,
Darmstadt. In our experiment, we observed the full x-ray emission pattern by utilizing dedicated x-ray detection
chambers installed at 0° and 180° observation geometry. Most remarkably, no line distortion effects due to
delayed emission are present in the well-defined x-ray spectra, spanning a wide range of x-ray energies (from
about 5 to 100 keV), which enables us to identify fine-structure resolved Lyman, Balmer, and Paschen x-ray lines
along with the RR transitions into the K, L, and M shells of the ions. For comparison with theory, an elaborate
theoretical model is established taking into account the initial population distribution via RR for all atomic
levels up to Rydberg states with principal quantum number n = 165 in combination with time-dependent feeding
transitions. Within the statistical accuracy, the experimental data are in very good agreement with the results of
rigorous relativistic predictions. Most notably, this comparison sheds light on the contribution of prompt and
delayed x-ray emission (up to 70 ns) to the observed x-ray spectra, originating in particular from yrast transitions

into inner shells.

DOI: 10.1103/PhysRevA.105.052804

I. INTRODUCTION

Radiative recombination (RR), the time reversal of pho-
toionization, can be considered one of the most elementary
and fundamental atomic processes and is the major recom-
bination process occurring for electron beams and bare ions.
In particular, it is of utmost importance for matter in highly
ionized plasma states, such as those prevalent in stars. In this
process, a free electron recombines into a bound state of an
ion via the emission of a photon, carrying away the difference
in energy between the initial (continuum) and final (bound)
electronic states and satisfying momentum conservation.

“binghui.zhu @uni-jena.de
ft.stoehlker @gsi.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9926/2022/105(5)/052804(13)

052804-1

For low relative energies, the first measurements of the RR
process were done in merged-beam geometry utilizing ion and
electron beams [1,2]. Further detailed experimental studies
of this process for low- to mid-Z ions in various electronic
configurations [3—7] and even many-electron ions at high Z
[8,9] have been facilitated, in particular, by the advancement
of ion storage rings employing electron-cooler devices (such
as ASTRID [10], CRYRING [11], and TSR [12]). For the
heaviest ion species these studies were extended at the elec-
tron cooler of the ESR ion storage ring [13—16]. Moreover, at
high relative collision energies, complementary studies have
been performed at electron-beam ion-trap devices [17,18].
For completeness we would like to add that very extensive
and detailed information about the closely related process of
radiative electron capture occurring in ion-atom collisions has
been obtained for a broad range of ion species and collision
energies up to ultrarelativistic collision conditions [19].

Theoretically, the RR process has been exhaustively in-
vestigated, first with a semiclassical approach [20] and
then more rigorously with quantum mechanics [21], and
can be treated nowadays in a fully relativistic fashion for
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initially bare ions [22-24], whereas for many-electron sys-
tems very accurate many-body approaches are also available
[25,26]. Furthermore, recently, even quantum electrodynam-
ics (QED) contributions have been taken into account in
the description of the RR process [27,28]. RR has been
studied quite intensively over decades, and many interesting
insights have been gained into various aspects of this pro-
cess, such as polarization properties of emitted x-ray photons
[29,30] and angular-distribution-related spin-flip identifica-
tions [31,32]. However, a strong enhancement of electron-ion
recombination-rate coefficients at sub-eV relative energies ob-
served at electron-cooler devices is not yet fully understood
for highly charged ions [5,7,13,14,16,33] and deserves further
investigations from both experiment and theory.

In most of the RR experiments (performed at electron cool-
ers of ion storage rings), total recombination rates have been
measured as a function of the relative energy between elec-
trons and ions. In addition to those, measurements have been
performed at the ESR where x-ray emission due to the RR
process in the electron cooler has been observed [15,16,34—
36]. These measurements have provided detailed insights into
the state-selective population dynamics of the RR and the
subsequent cascade processes. Moreover, x-ray spectroscopy
at the ESR electron cooler has proven to be a powerful tool to
precisely measure binding energies in the heaviest hydrogen-
and heliumlike ions and thus to gain access to QED effects
in the regime of strong fields [34,36-38]. Here, we would
like to note that in heavy highly charged ions the parame-
ter v/c ~ aZ (a is the fine-structure constant, and v is the
electron velocity on the ground state) is comparable to unity.
Therefore, their basic atomic characteristics, such as energy
levels and transition probabilities, are strongly influenced by
relativistic or even QED effects. This often leads to new
spectral patterns that are remarkably different from the spectra
of light elements [39]. To be more specific, the forbidden
radiative transitions (such as M1, M2, E2) are enhanced by
2-6 orders of magnitude [40,41] relative to the allowed E'1
transition, which scales approximately as Z*.

Recently, CRYRING was transferred from the Manne
Siegbahn Laboratory in Stockholm to GSI/FAIR in Darm-
stadt and was installed behind the ESR storage ring as an
in-kind contribution from Sweden to the upcoming interna-
tional Facility for Antiproton and Ion Research (FAIR) (see
[42] and references therein). At Stockholm, CRYRING has
provided pioneering results over many years [6-9] and was
recently further optimized for future experiments with heavy
bare and few-electron ions, exotic nuclei, and antiprotons at
FAIR [43]. At FAIR, CRYRING@ESR is an important part of
a portfolio for trapping and storage facilities for cooled highly
charged heavy ions bridging an energy range over more than
10 orders of magnitude, spanning from rest in the laboratory
up to highly relativistic energies [44]. In combination with
the ESR storage ring, CRYRING offers unique opportunities
for a broad range of experiments with the heaviest electron-
cooled one- and few-electron ions at low energies [45]. At
CRYRING@ESR one can store ions at low beam energies
(typically below 15 MeV /u), far below the production en-
ergy required to produce the desired charge state of interest;
for example, the efficient production of Pb%>* requires ener-
gies of at least 300 MeV /u. Another unique selling point of

CRYRING@ESR is the adiabatic expansion of the electron
beam [46,47], resulting in an up to 100 times lower transverse
electron temperature compared to ESR. Since 2020, the so-
called CRYRING@ESR facility has been fully commissioned
with beams both from the local ion injector and from the
ESR storage ring and is now available for the first physics
production runs.

In this paper, we report on an x-ray spectroscopy study as-
sociated with the RR process for bare lead ions at the electron
cooler of the CRYRING@ESR storage ring. For this purpose,
decelerated 10-MeV /u lead ions and 0° and 180° observation
geometry were applied. Most noticeably, at 0° x-ray emis-
sion lines were observed without any line distortion effects
caused by delayed x-ray emission affecting, in particular, the
Lyman series [34-36,38]. Moreover, for the experiment we
used beryllium foils for vacuum separation from the 10~'!-
mbar UHV environment of CRYRING@ESR to the x-ray
detectors, which enabled us to observe the full, well-resolved
emission pattern ranging from the Paschen series up to the
K-RR line under almost-background-free conditions. These
very clean x-ray spectra allow for a detailed comparison of
the observed full photon emission pattern with theoretical
x-ray spectrum modeling based on elaborate calculations of
the RR process, taking into consideration feeding cascades.
As a consequence, the interpretation of relative intensities
of fine-structure-resolved characteristic X rays is performed
by comparison with rigorous relativistic calculations. These
detailed studies pave the way for a refined understanding of
the level population under such exotic collision conditions and
may help us to investigate the issue of the rate enhancement
for recombination in electron-cooler devices. All in all, the
current experiment can be considered a prerequisite for future
precision x-ray spectroscopy studies at the electron cooler
of CRYRING@ESR; such experiments are currently planned
within the SPARC collaboration [48] with the aim to test
atomic-structure theory and QED effects in strong fields close
to the Schwinger limit with unprecedented precision by utiliz-
ing, e.g., novel high-resolution microcalorimeters [49,50].

II. THE EXPERIMENT

For the experiment performed in May 2020, about 107 iso-
tope clean 2%Pb®2* jons from the UNILAC/SIS accelerator
complex were injected into the ESR at the specific energy of
400 MeV /u. The stored ions were efficiently stochastically
cooled at this injection energy as well as by Coulomb interac-
tion with the cold comoving electrons [51] in the ESR electron
cooler. Thereafter, the ions were decelerated down to 10
MeV /u and electron cooled again, followed by their extrac-
tion out of the ESR and injection into the CRYRING@ESR.
After these steps, ~10° Pb%** ions were usually stored in the
CRYRING@ESR. In order to guarantee a well-defined con-
stant beam velocity, generally of the order of AB/B ~ 1073,
electron currents of, typically, 10 to 20 mA were applied at
the CRYRING@ESR cooler. Moreover, the electron cooling
provides a small beam size with a typical diameter of 2 mm,
a reduced relative momentum spread Ap/p ~ 107>, and an
emittance of the ion beam of less than 0.1 mm mrad.

The experimental setup for the measurement of x-ray radi-
ation at the electron cooler of the CRYRING@ESR is shown
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FIG. 1. Experimental setup at the electron cooler of the CRYRING@ESR storage ring. The x-ray emission from the electron-ion beam

interaction region is viewed at 0° and 180° by Ge(i) detectors. X rays are measured in coincidence with down-charged P

b8!+ projectiles

detected by the particle counter installed behind the electron cooler. A length scale and a timescale, valid for a beam velocity of 8 &~ 0.146
(10 MeV /u), are shown at the bottom. Note that the time of flight of the ions passing the cooler section is close to 30 ns, whereas the time of
flight of ions from the entrance of the cooler section up to the end of the straight section amounts to 70 ns.

in Fig. 1. At the electron cooler dedicated vacuum separation
chambers were used [52], equipped with beryllium view ports
allowing for x-ray detection under 0° and 180° with respect
to the ion-beam axis. The exact geometry of the whole de-
tector arrangement was precisely determined by laser-assisted
trigonometry. The x-ray detection was accomplished by two
high-purity, planar germanium x-ray detectors, which were
mounted 3.5 m at 0° and 3.3 m at 180° with regard to the
midpoint of the roughly 1.2-m-long straight electron-cooler
section. The detector at 0° had a crystal diameter of 16 mm
(crystal thickness of 10 mm) and was equipped with an x-ray
collimator (10 mm thick, made out of brass and reducing
the effective detector area to 79 mm?). This results in a
solid-angle coverage of A2/ which varies along the cooler
section from ~6.3 x 1077 to ~1.3 x 1075, At 180° the de-
tector used had a diameter of 49.7 mm (crystal thickness of
21 mm) and was equipped with an x-ray collimator (10 mm
thick, made out of brass and reducing the effective detector
area to 962 mm?). There AQ/ varies along the cooler sec-
tion ranging from ~1.0 x 107> to ~4.9 x 1075, In addition,
due to the relativistic solid-angle transformation, the effective
solid angle at 0° observation angle for photons being emitted
in the rest frame of the ions is enhanced relative to the one
at 180° by a factor of 1.8. In order to suppress the dominant
background, stemming from x-ray emission (bremsstrahlung)
by a fraction of the electron beam hitting materials in the
cooler [53] and from natural radioactivity, an ion detector
based on secondary electron detection (channel electron mul-
tiplier) was operated downstream to the cooler [54]. The
coincidences between the x rays from the interaction region of
the electron cooler and the down-charged Pb%!* ions allowed
for the unambiguous identification of those x rays associated
with radiative recombination events.

In the present experiment where recombination of free
electrons at zero relative electron-ion velocity on average is
studied, high Rydberg states of the ions are expected to be
populated [15,16,34-36,55]. The ions in these highly excited
states might be reionized when exposed to magnetic field of
the next dipole magnet of CRYRING@ESR on their way to
the particle detector. The highest ng;, state that survives field
ionization, defined by the dipole magnet setting of the storage

ring [56], is usually estimated by the formula [57,58]
nap = (6.2 x 10°°¢° /uiB)'/*, (1)

where ¢ is the charge state, v; is the ion-beam velocity, and B
is the magnetic-field strength in teslas. In this experiment, ng;,
is estimated to be 165, corresponding to a magnetic rigidity
value of 1.17 Tm of the dipole magnet. We note that rather
sophisticated and detailed studies on the reionization of highly
excited states in magnetic fields were reported in [59-61],
pointing out the relevance of Rydberg states with an even
higher main quantum number 7 [larger than the one defined by
Eq. (1)] but with low orbital quantum number / which are not
field ionized and thus could still contribute to the observed rate
in the particle detector. Indeed, even in our current experiment
related cascade transitions could be possible during the flight
time of ions to the dipole magnet. However, as discussed
below, these states are not significantly populated via RR (see
Fig. 4 below) and will be neglected in the following.

The three-body recombination process in the cooler can
lead to the population of states with binding energies compa-
rable to an electron-beam temperature [62,63] of a few meV.
For H-like lead ions, this corresponds to a Rydberg state with
n ~ 4000. Since this value is far beyond ng;, and the corre-
sponding radiative lifetime is orders of magnitude larger than
the flight time of ions from the center of the cooling section to
the dipole magnet, the three-body recombination process will
hardly contribute to the observed x-ray intensities [35].

Although in this experiment with bare high-Z ions at
CRYRING@ESR only a low intensity of ~103 ions per in-
jection could be achieved, a few days of continuous operation
were sufficient to accumulate meaningful coincident x-ray
spectra. Here, the experimental study benefits from the low
ion-beam energy of 10 MeV /u. At this ion-beam energy, the
energy as well as the intensity of bremsstrahlung caused by
the cooler electrons is strongly reduced due to the comparably
small cooler voltage of about 5.5 kV and a current of 12
mA (the maximum energy of the bremsstrahlung is given by
the electron-cooler voltage applied). In this case, as one ex-
pects, bremsstrahlung will hardly contribute to the coincident
(random events subtracted) x-ray spectra. Consequently, very
clean conditions for x-ray spectroscopy were present at the
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FIG. 2. X-ray spectra measured at observation angles of 180° (left) and 0° (right) by the two Ge(i) detectors in coincidence with 10 MeV /u
Pb®!* projectiles detected after the electron cooler of the CRYRING@ESR storage ring. X-ray energies are given in the laboratory frame.

cooler. Also, our investigation profits from the 0° and 180° ge-
ometry of the x-ray detector setup, where Doppler broadening
and possible uncertainties of the observation angles basically
do not affect the observed x-ray spectra [38]. The result is
depicted in Fig. 2, where the coincident x-ray spectra are
plotted as observed for initially bare lead ions at an energy
of 10 MeV /u. The energy scale of the spectra was calibrated
during the measurement with y lines of known energies from
standard radioactive calibration sources of >*' Am, '3*Ba, and
57Co, regularly placed in front of the detectors during the
experiment.

To shed more light (in a qualitative manner) on the ob-
servation geometry, the extended size of the electron-cooler
section, and the importance of delayed x-ray emission, we
display in Fig. 3 a two-dimensional presentation of the co-
incidence time At versus the x-ray energy as observed at

0°. In Fig. 3 At refers to the time difference between pho-
ton (start) and particle (stop) detections (relative timescale)
and can therefore be interpreted as a time-of-flight spectrum
for the x-ray-emitting ions (note that the delayed emission
is here at earlier times). Moreover, in contrast to the x-ray
spectra shown before, this two-dimensional spectrum refers
to all x-ray events registered in coincidence with the particle
detector without any background subtraction applied (which
is basically not present for energies above 5 keV). Therefore,
random events caused by bremsstrahlung arising from the
cooler section can be identified as a continuous, broad band at
an energy close to 5 keV. In Fig. 3 we concentrate on purpose
on the 0° detector because of its superior timing characteris-
tics which exhibit a time resolution of ~20 ns for energies
above 30 keV. Although the spectrum displayed is hampered
by statistics, clear line structures are visible that correspond

Balmer L-RR lya,, Lya, Ly K-RR
550 [ :
Cu !
A ! ! oo
= kW : '
£ 500 ﬁ’“' AT o . co '
o = | , | | ,
g o Vi
g Lt B
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|
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X-ray energy (keV)

FIG. 3. Two-dimensional presentation of the coincidence time At versus the x-ray emission observed a 0° (laboratory frame). The
coincidence time refers to the time difference between photon (start) and particle (stop) detections (relative timescale). A#; & 30 ns refers
to the cooler section; Az, & 40 ns refers to the region outside the electron cooler.
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to the line identification shown in Fig. 2 (see also the labels
in Fig. 3). Most remarkably, the K-RR radiation, which can
arise only from the cooler section of CRYRING@ESR, is
distributed over a time interval of about Af; ~ 30 ns, whereas
the characteristic radiation (e.g., the Ly-o emission) is dis-
tributed over a time interval of Aty + At, & 70 ns (At refers
to the cooler section; Af, refers to the straight line outside
the electron cooler), enabling clear identification of the x-
ray emission occurring outside of the electron-cooler region.
Considering the estimated flight times for ions inside and
outside of the cooler section (see Fig. 1), very good agreement
with the experimental findings can be stated. We would like
to emphasize that our considerations refer to x-ray energies
above 30 keV. Below 30 keV the time response of the x-ray de-
tector deteriorates due to the reduction of the signal-to-noise
ratio. However, extended line structures for the characteristic
radiation are clearly visible for the Balmer region too.

In this context, it is interesting to compare our results
with the situation at the ESR storage ring. In contrast to
CRYRING@ESR with its exact 0° and 180° observation ge-
ometry, at the ESR electron cooler the x-ray detectors view
the cooler section via thin stainless-steel foils at observation
angles of close to 0.5° and 179.5° with respect to the ion-beam
axis [15,16]. As a result, distinctive tails of Ly-o transition
lines are observed at the ESR but not at CRYING@ESR. At
the ESR, these tails are caused by the delayed Ly-o emission
which occurs at different positions and thus at different angles
with respect to the x-ray detector (since the detector is not
exactly on the beam axis) [15,38].

III. THEORETICAL BACKGROUND

In the experiment free electrons are captured via RR into
the bare lead ions, populating excited levels of H-like lead
which subsequently leads to photon emission by means of
deexcitation transitions. Thus, the interpretation of the cor-
responding x-ray spectra requires accurate modeling of the
RR process at electron-cooling conditions based on the inte-
gration over the relevant transverse and longitudinal velocity
distributions between the ions and the electrons and at the
same time performing appropriate calculations of RR for all
relevant levels of the ions and therefore considering accurate
binding energies and transition rates.

A. Relevant cross sections and rate coefficients

The theoretical description of RR is based on considering it
the time reversal of the atomic photoelectric effect. For high-Z
ions, such as H-like lead, it has been shown that for low-lying
bound states, fully relativistic calculations are necessary to
describe the RR process [19,64]. Therefore, in this work, we
use complete relativistic calculations for RR into quantum
states with n < 10. The exact evaluation of the relativistic
photoelectric cross sections requires a partial-wave expansion
of the Coulomb-Dirac continuum function. This means that
closed-form expressions can no longer be derived, and one
has to resort to numerical methods [19]. The numerical eval-
uation of the RR cross sections in strongly bound projectile
states was performed in a fully relativistic manner following
the detailed formulations in Refs. [23,65,66]. The accuracy

of the calculation is mainly determined by the number of
expanded partial waves, v = 2kmax, With kmax being the max-
imum quantum number of the Dirac angular momentum. For
the expansion, a too small choice of ky,,x may lead to trunca-
tion errors, whereas a too large value may lead to an explosion
of numerical errors due to rapid oscillations of the radial
part of the continuum wave function. In our calculations, all
multipoles of the electron-photon interaction under inclusion
of retardation effects are taken into account.

For the higher excited states with the main quantum num-
ber n > 10 we use the nonrelativistic dipole approximation
[21,67]. In particular, we made use of a set of recurrence re-
lations proposed by Burgess [68,69] (for a detailed discussion
see [19]), allowing one to successively calculate all dipole
matrix elements for a given electron kinetic energy, which has
the advantage of being numerically stable and applicable for
arbitrary (n, [) shells [70].

The electrons in the beam have a nonisotropic velocity dis-
tribution f(v) in the rest frame of the ions in the cooler setup
of a storage ring. In the experiment at the cooler one cannot
measure the cross section o,; directly and instead measures
the so-called rate coefficient «,,;, which is a product of o,,; and
the relative electron-ion velocity folded with f(v):

s = (VO (V) = f Vo (N F (V. @)

The measured «,; can then be compared with the one from
theoretically calculated o,; and a modeled f(v), usually
described in terms of an anisotropic Maxwell-Boltzmann dis-
tribution [46,71], characterized by effective longitudinal k7]
and transverse k7| beam temperatures (usually in eV):

me \'? 1 myv? mevﬁ

fn= (271) kTL(kT”)1/2exP|: (2le T, )] ®)
where k is the Boltzmann constant and m, is the electron mass.

Throughout, in the following, electron-beam temperatures
of kT ~2.59 meV and kT ~ 51.8 ueV are used for the
CRYRING@ESR cooler. These values were derived from a
previous dielectronic-recombination experiment with lithium-
like Ne’* jons [72] in which the overall uncertainties can
be estimated to be of the order of 10%. These numbers are
found to be consistent with former temperature values ob-
tained in experiments at CRYRING in Stockholm [73,74].
Figure 4 depicts the calculated state-selective total rate co-
efficients for RR into bare lead projectiles at the electron
cooler of CRYRING@ESR as a function of the principal and
angular momentum quantum numbers (7, /). As can be seen,
due to the small relative velocity between the electrons and
the ions, the RR rate coefficient decreases only slightly with
increasing principle quantum number n (ct,; ~ 1/n) [75]. For
completeness we note that for high Rydberg states with bind-
ing energies Ep < kT the scaling law for RR at high relative
energies is restored again («,; ~ 1/n°) [76]. Correspondingly,
there are very significant contributions from high (n, /) levels
regarding the production of characteristic projectile x rays re-
sulting via radiative cascades from these high Rydberg levels
[15,55].

In order to describe our experimental data, angular dif-
ferential RR rate coefficients are needed since the electron
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FIG. 4. State-selective rate coefficients «,; calculated for RR
into bare lead ions for the flattened electron velocity distribution
with kT, = 2.59 meV and k7 = 51.8 ueV at the CRYRING@ESR
electron cooler. A relativistic description of the RR process for inner
shells up to n = 10 is considered here, whereas for higher shells the
nonrelativistic dipole approximation is applied.

velocity distribution is nonisotropic in the rest frame of the
ion and our x-ray detectors are placed at specific observation
angles (0° and 180° with respect to the ion-beam direction).
We performed relativistic calculations of the differential RR
cross sections for the inner shells based on the technique
discussed in detail by Eichler and colleagues [19,22,31,77] in
order to describe the observed direct RR transitions into the
K, L, and M shells of the ions. As an example, we show in
Fig. 5 the angular differential cross sections for RR into the K
and L shells of initially bare lead ions. In the particular case
of the RR process occurring in the electron cooler, the trans-
verse temperature (k7, = 2.59 meV) of the electron beam is
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much larger than the longitudinal one (k7; = 51.8 eV), and
thus, the collision axis is defined as the one perpendicular to
the ion-beam axis. Correspondingly, the calculated RR rate
coefficients at 90° are used to compare our results with the ex-
perimental data registered by the two x-ray detectors mounted
at 0° and 180° along the ion-beam axis. Here, it is important
to stress that the shape of the RR angular distribution remains
largely unchanged for the whole low-collision energy range
defined by the temperatures of the electron beam in the elec-
tron cooler [19].

As already mentioned, at collision energies of a few
meV because they prevail at the electron cooler of
CRYRING@ESR, recombination into high Rydberg states
and following radiative cascades will contribute significantly
to the intensity of the characteristic radiation [15,34,35] (see
also Fig. 4). This will substantially attenuate any potential
initial alignment of excited states produced via RR which
finally populate the states of the L and M shells via radiative
cascades. Therefore, in contrast to the prompt RR radiation,
we assume an isotropic emission pattern in the projectile
frame for the subsequent characteristic projectile transitions
of the observed Lyman, Balmer, and Paschen series [76,78].

B. Transition energies and probabilities

Since no existing database can provide the required ex-
tensive set of energy levels and radiative transition rates up
to n = 165 for the relevant ions of lead, the input data for
modeling the observed x-ray spectra need to be generated
using an accurate atomic code. The Flexible Atomic Code
(FAC) developed by Gu [79,80] based on the relativistic con-
figuration interaction method with independent-particle base
wave functions was used to generate the required atomic
data, in which QED corrections are treated as hydrogenic
approximations for self-energy and vacuum polarization
effects. For H-like lead ions, the comparison of energy levels
obtained from FAC code with the results from Johnson and

(b)

do/dQ (107 barn/sr)

0 T T T T T T T T T T T .
0 30 60 90 120 150 180

Photon emission angle (degree)

FIG. 5. Differential cross sections per vacancy calculated within the framework of the rigorous relativistic theory applied for RR of free
electrons with bare lead ions at a relative electron-ion energy of 2.59 meV. (a) For the K shell and (b) for the various levels of the L shell (solid

line: 2p3/»; dash-dotted line: 2p, /»; dashed line: 25y ,).
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FIG. 6. The Lyman series and the K-RR measured at 0° (top) and 180° (bottom) relative to the ion-beam axis (thin gray lines). The thick
red lines display results of the simulation (for details see the text). The intensity of the K-RR line is used for normalization. In the level diagram
all possible transition types between the states with n = 1, 2 in H-like lead are shown.

Soff [81] as well as from Yerokhin and Shabaev [82] results
in an accuracy up to a few eV, and the radiative transition rates
are accurate to 99% when compared with tabulated data from
Pal’chikov [83].

For high Rydberg states with the main quantum number
n > 100, a fast computation code [84] was applied for the
evaluation of radiative properties in a nonrelativistic approxi-
mation. For bound-bound transitions, the technique based on
recurrence relations calculating the dipole matrix elements
proved to be accurate and stable for values of the main quan-
tum number z up to 500.

IV. RESULTS AND DISCUSSION

As discussed in the previous section, radiative recombina-
tion into highly excited states of the projectile will result in
decay cascades, mainly by electric dipole transitions, and is
likely to end up in one of the intermediate states considered
here. While the cascade photons between highly excited levels
are usually not detected, the decay photons involving K, L,
and M shells are measured by Ge(i) detectors (see Fig. 2). To
compare our results with theoretical spectrum modeling, the
measured x-ray spectra are corrected for the energy-dependent
detection efficiencies of each individual x-ray detector. For

this purpose the germanium detector response function is
simulated with the well-established Monte Carlo EGSS code
[85]. For the specific detectors applied, this method has been
proven to provide reliable results, in particular for the case of
relative (not absolute) detector efficiencies (see, e.g., [86]).

In the following, we concentrate on the discussion of the
observed prompt RR transitions as well as of the characteristic
x-ray lines in comparison with the simulation based on the
theoretical modeling described in Sec. III. In the spectra the
very small line broadening of the RR lines due to the tem-
perature of the electron beam is negligible compared to the
intrinsic resolution of the detectors. The strongest line associ-
ated with the direct RR refers to recombination into the Lsy />
ground state (K-RR), and the intensity of other recombination
transitions observed drops off as the recombination rates scale
approximately as 1/n [20,75] for the inner shells. The L-RR
populates the excited L-shell levels in Pb®'* and hence con-
tributes to the initial line intensity of the Ly-o » transition.
Likewise, the M-RR contributes to the Balmer series and the
Ly-p transition.

Figure 6 shows the part of the x-ray spectra contain-
ing the Lyman transitions along with the K-RR radiation
(laboratory frame; thin gray lines), recorded at the two obser-
vation angles of 0° and 180° in comparison with the results of

052804-7



PHYSICAL REVIEW A 105, 052804 (2022)

X-ray energy (keV)

B.ZHU et al.
T T T T T T
80 & B
Pao. T|’
70 1 ;? g E
60 - I i,
Q (3]
2 50 g 1 ]
c ™ 8 _ 0«
S o 8 =
{ TSN
304 ? T 7 o0 ——
S L-RR 1 1
20 4 a o . 1 1
Paf P 7P 8 o« d f on
10 M-RR < 3 % ¥ 5/27 732 — L
. - < — — N
4 P/ A3y, Lo
04— : : . : : S1/2 P12 Lo
5 10 15 20 25 30 35 5/ ——— 1 1
[} 1
X-ray energy (keV) 3 p3/2, d3/2 T
[} 1
T T T 51/21 p1/2 : ::
2501 g 1 Lo
T s L
(3] - 1
200 I\ L 1 P3/, — : * T
(3]
X "
@ B i 2 pl/z A \i \ 4
S 150+ o S 8§ _ . s v Y v
o L o « 1/2
O oy (<) v
o~ )
100 1 + o~ .
s 1 L-RR
¥ g ~
= A RN
M-RR s -
0_
T T T
10 15 20 25

FIG. 7. X-ray spectra associated with prompt L-RR and M-RR radiation together with characteristic Balmer and Paschen transitions
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lines give the results of the cascade simulation. Two intense Balmer transitions are Balmer-«;, 3 (j = 5/2) — 2 (j = 3/2), and Balmer-ay,
3(j=3/2) = 2 (j = 1/2). In the level diagram the Balmer transitions relevant for our measurement are shown.

the spectra simulation (thick red lines). The simulated spectral
line profiles are approximated by a Gaussian function with a
FWHM of 550 eV to account for the intrinsic resolution of
the Ge(i) detectors used. In addition, the experimental spectra
displayed have been corrected for the energy-dependent de-
tector (relative) efficiency. The prompt K-RR line intensity
appearing at an x-ray energy of 101 keV in the projectile
frame is used to normalize the simulated Lyman spectrum. For
the Ly-a; 2pyj» — sy, transition there is a line blend due to
the 2512 — 1s1/2 M1 decay which is energetically separated
from the former by an n = 2 Lamb shift of 39 eV [82] which
cannot be resolved in our spectra due to the intrinsic detector
resolution. Moreover, we note that for Pb81* the M1 decay
rate amounts to 'y = 5.32 x 1013 s7!, whereas the one for
the competing two-photon decay channel amounts to [',g; =
2.03 x 10'2 s~! [87]. Due to the dominance of the M1 decay
for the 25y, state, in the following the two-photon decay is
neglected. Based on our spectrum simulation, we estimate
that the M1 25y, — 1s;» ground-state transition contributes
about 15% to the observed Ly-«, intensity. Overall, very good
agreement between the experimental and simulated spectra
can be stated for both observation angles.

Complementary information on the Lyman spectrum is
provided by the Balmer and Paschen series. In Fig. 7 we com-
pare the experimentally recorded low-energy x-ray spectra
(thin gray lines), consisting of the prompt L-RR and M-RR
x-ray transitions together with the characteristic Balmer and
Paschen series at 0° and 180°, with our theoretical model
based on cascade calculations (thick blue lines). Again, for
comparison with the experimental data, the line intensity of
the K-RR population is used to normalize the simulated spec-
tra. In addition, the most prominent Balmer lines in the spectra
are marked by arrows in the level diagram, explaining the
origin of various characteristic x-ray lines. Here, we would
like to stress that, due to the Doppler blueshift in combination
with the high transmission of low-energy photons through the
beryllium view port at 0°, Paschen radiation from Pb3!* was
observed with a relative intensity comparable to the overall
line intensities of the Balmer spectrum. However, due to the
narrow line spacing, the experimental resolution does not al-
low us to resolve the individual transitions contributing to the
observed Paschen-« line, whereas in the case of the Balmer
series, a multitude of transitions, basically due to the fine-
structure splitting of the n = 2 and n = 3 states, are clearly
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FIG. 8. Cascade calculations of the characteristic line intensities
as a function of the flight time of the charge-exchanged Pb®'" ions
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Balmer-o; /K-RR; red dotted line: Paschen-«/K-RR]. Calculations
are performed for recombination into excited projectile states up to
n = 165.

visible in both x-ray detectors. Only small discrepancies are
observed in the region of Paschen lines. These are most likely
the result of a low-energy asymmetry of peak profiles that
arises from artifacts of the detector and are partially due to the
spectrum absorption effects in the beryllium window that are
not regarded thoroughly in the low-energy part. Furthermore,
the well-resolved L-RR j_3/» and L-RR;_;» x-ray lines mark
at the same time the series limit for transitions decaying from
high n levels directly into the 2512, 2p1/2, and 2p3» levels.

In contrast to the Balmer series measured at high collision
energies where RR favors capture into s states, resulting in
s — p transitions [76] (e.g., the 3s12 — 2p3,»), the domi-
nant transitions observed in the current experiment stem from
atomic levels with angular momenta / > 1. This distinct dif-
ference is again attributed to the role of the RR population
mechanism in which electron capture at low relative energies
preferentially populates n states with / =~ n/3 [71]. Moreover,
so that we can make a comparing with the observed x-ray
line emission, the initial (n, /) population distribution is the
starting point for cascade calculations based on the specific
decay rates of the individual levels to be considered. For
the inner shells (n < 10), these cascades lead to a preferred
population of high angular momentum states with  =n — 1,
resulting in subsequent yrast transitions with / — [ — 1 [88].
Indeed, the corresponding theoretical x-ray line spectra seem
to describe the experimental findings very well (see Figs. 6
and 7).

Since we record in our measurement both the prompt
RR transitions and characteristic Lyman, Balmer, and even
Paschen series produced to a large extent via RR into high
Rydberg states and subsequent cascades, our spectra provide
the possibility to study the time development of the men-
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1.54
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]
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Lya,/K-RR  Lya,/K-RR  Baa,;/K-RR  Bao,/K-RR

FIG. 9. Experimental results in comparison with the time-
dependent theoretical model (gray columns) for characteristic line
intensities normalized to that of the K-RR population. White
columns with horizontal stripes show experimental data at 0°; white
columns with vertical stripes show experimental data at 180°.

tioned cascade process. The calculated time development of
the characteristic line emission is depicted in Fig. 8. In Fig. 8,
the characteristic line intensities are normalized to the prompt
K-RR intensity. As can be seen, the initial characteristic line
intensities induced by direct RR into L and M shells (+ = 0)
are enhanced by up to a factor of 10 following deexcitation
cascades within At = 40 ns, which is comparable to the time
of flight of the ions from the end of cooler section to the dipole
magnet in front of the 0° x-ray detector (see Fig. 1). In general,
we can state that within this time period, in comparison to
the time of flight of the ions inside the cooler section of
about 30 ns, the vast majority of electrons having recombined
into excited states of the ion reach the ground state. Indeed,
the time-integrated line intensities for both detectors appear
within statistical accuracy to be in excellent agreement with
the results from cascade calculations, as shown in Fig. 9.
To underline these findings we present in Table I the exper-
imental ratios of the fine-structure-resolved Ly-« intensities,
normalized to the one of the K-RR population in comparison
with our theoretical calculations. The L-RR;_3/, (/2/K-RR
intensity ratios should represent the normalized Ly-«; , in-
tensities at t = 0 (prompt x-ray emission) in comparison to

TABLEI. The Ly-o/K-RR and Ly-«,/K-RR ratios obtained for
RR into Pb%?" in comparison with the time-dependent theoretical
model. Corrections to detection efficiencies and angular distributions
are applied. Uncertainties shown here are due to counting statistics,
whereas systematic uncertainties are neglected.

0° 180° Theory

t ~0ns j=3/2 0.287+£0.136 0.289 £0.061 0.304
j=1/2 0338+0.151 0.378+£0.072 0.361

At ~70ns j=3/2 2965+0.528 2.852+£0229 3.042
j=1/2 1613£0316 1.821+0.156 1.843
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the time-integrated one of Ly-«; »/K-RR (At = 70 ns). Here,
we would like to note that for comparison with theory, in
Fig. 9 and Table I, the experimental intensity ratios have been
corrected for the detection efficiency for both x-ray detectors.
It is also important to stress that these findings are generally
consistent with those from earlier studies conducted at the
ESR electron cooler [15,34,35,55].

Based on the comparison with the observed Ly-o line
intensities (see Fig. 9), we conclude that there is a very
significant contribution to the Ly-o emission arising from
recombination into highly excited states and subsequent cas-
cades: 86.3% =+ 15.6% for Ly-a; and 93.6% =+ 12% for Ly-«;
for the 0° detector and 87.4% + 6.5% for Ly-«, and 94% =+
5.5% for Ly-«; at 180°. Also, we would like to point out that
within the statistical accuracy reached, the consistent results
obtained at 0° and 180° appear to be kind of remarkable
because of the very different observation geometries. Whereas
the observation at 0° is, in particular, sensitive to delayed
emission occurring outside the electron-cooler section, the
latter is substantially suppressed at 180° due to the strongly
reduced solid angle (see Sec. II). This also confirms the the-
oretical model applied which predicts that strongly delayed
x-ray emission due to recombination into high Rydberg states
makes only a very minor contribution to the total recombi-
nation rate for the excited states (e.g., recombination into
excited states with principal quantum numbers below n = 100
contributes 90% to the total rate).

V. SUMMARY AND OUTLOOK

In summary, we have performed an x-ray spectroscopy
study of the RR process for bare lead ions at the electron
cooler of the CRYRING@ESR storage ring which was re-
cently installed and commissioned at GSI/FAIR. The clearly
resolved characteristic projectile x rays together with RR
transitions registered at 0° and 180° observation geome-
try enable us to investigate in detail the prevailing cascade
decay dynamics at ultracold cooling conditions. Based on

our elaborate theoretical model, the observed relative in-
tensities of Lyman, Balmer, and Paschen series measured
for H-like lead ions were well reproduced, proving that the
applied theoretical approaches and, in particular, the rigor-
ous relativistic calculations are an appropriate tool for the
state-selective description of recombination at low collision
energies. Therefore, this commissioning experiment and well-
verified theoretical model will facilitate the future precision
X-ray spectroscopy experiments planned at the electron cooler
of CRYRING@ESR. In a future run, one may aim to measure
the absolute x-ray line intensities, in contrast to intensity ratios
as applied in the present study. This could provide state-
selective data on the so-called rate enhancement phenomena
observed up to now only for total RR rates. In addition, with
further decelerated ion-beam energies, we could gain access
to longer delay and cascade times and thus to even higher
Rydberg states.
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