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Abstract: X-ray emission as a result of radiative recombination (RR) at threshold energies in the
electron cooler of CRYRING@ESR was investigated for decelerated bare lead ions at a beam energy
of 10 MeV /u. The recorded spectra are dominated by characteristic transitions in Pb81+, namely,
the Lyman, Balmer and Paschen series, as a result of decay cascades from high-n states that are
preferentially populated by the RR processes. In addition, a rigorous theoretical model is applied for
the interpretation of measured X-ray spectra, and shows good agreement.
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1. Introduction

Radiative recombination (RR) is the time-reversed process of photoionization and,
therefore, one of the most renowned and fundamental processes in atomic physics. In
particular, it is also of utmost importance for plasma population dynamics, ionization
equilibrium, and radiative power losses. In this process, an electron in continuum state
undergoes a direct transition into a bound state of the stationary ion via the emission of a
photon carrying away the energy difference between the initial and final electronic state,
and satisfying momentum conservation [1].

By studying the X-ray emission produced by electron capture processes into high-Z
ions, even fine-structure sensitive information can be obtained which provides a stringent
test of atomic collision theory [2,3]. With the advent of ion cooler storage rings [4,5] (e.g.,
the ESR and the CRYRING storage ring at GSI, Darmstadt), one has the possibility to
work with a well-known number of ions (10°~10%) at well-defined speeds and charge
states. Further on, the cooling technique adopted makes the ion beam monoenergetic, and
reduces the angular divergence and geometrical size of the beam. This gives access to
enormous enhancements in X-ray spectroscopy resolution with substantially improved
precision [6-8]. In this paper, we will report on and summarize the results of the latest
X-ray-emission-related experiment for reliable low-temperature RR studies at the electron
cooler of CRYRING@ESR.

2. Experiment

The experimental studies reported in this paper were carried out at the heavy ion
cooler storage ring CRYRING@ESR at GSI in Darmstadt [9]. The lead ions were accelerated
up to 400 MeV /u in the synchrotron SIS18, then extracted and transferred to the ESR
storage ring. Before that, the ions passed through a copper foil with proper thickness,
and the desired charged state was selected utilizing bending magnet for q/A separation.
Here, q and A denote the ionic charge and mass number, respectively. In the electron
cooler, the Coulomb interaction between a cold electron beam and a hot ion beam leads
to energy and momentum transfer; finally, a thermodynamical equilibrium is reached
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resulting in a drastic reduction in the ion beam temperature [10]. After cooling, the ions
were decelerated down to a beam energy of close to 10 MeV /u. Eventually, ~10° ions were
stored and injected into CRYRING@ESR for further experimental activities. In order to
guarantee a well-defined constant beam velocity, generally of the order of AB/B~1075,
electron currents of, typically, 10 to 20 mA were applied at the CRYRING@ESR cooler.
Moreover, the electron cooling guarantees a DC ion beam with an approximate diameter of
2 mm and a longitudinal momentum spread of about 10~°.

The layout of the experimental setup at the CRYRING@ESR electron cooler is depicted
in Figure 1. Here, the electron cooler also serves as a target of free electrons to study the
RR processes. Two dedicated X-ray detection chambers installed behind corresponding
dipole magnets [11] allow us to record photon emission from the beam—target interaction
volume under 0° and 180° observation angles with respect to the beam direction. In the
experiment, two high-purity germanium detectors (Ge(i)) were used, isolated from the
ultra-high vacuum of the ring via 100 pm beryllium foils. Each X-ray detector was equipped
with an X-ray collimator of a narrow angular acceptance in order to reduce the Doppler
broadening. Projectiles capturing one electron from the cooler section were registered by a
particle counter behind the first bending magnet downstream from the interaction region.
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Figure 1. (Top part): Schematic sketch of the coupling of the ESR and the CRYRING storage ring
at GSI in Darmstadt. (Bottom part): Experimental setup at the electron cooler of CRYRING@ESR
storage ring. The X-ray emission from the electron-ion beam interaction region was viewed by
two high-purity Ge(i) detectors under 0° and 180° observation angles with respect to the ion beam
direction. X-rays were measured in coincidence with down-charged Pb%1* projectiles detected by the
particle counter installed behind the electron cooler. Two dedicated vacuum separation chambers,
equipped with beryllium view ports, are not shown in the figure.

3. Data Analysis and Results

The interpretation of experimentally recorded X-ray spectra requires an accurate
modeling of the RR processes for all relevant levels. The complete levels structure,
e.g., transition rates and transition energies, are calculated by the Flexible Atomic Code
(FAC) [12], which was proved to be fast and reasonable accurate as compared to the existing
reference database [13,14]. For ions interacting with electrons in the electron cooler, the
electron beam has a velocity distribution f(v). Therefore, it is more practical to introduce
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the so-called RR rate coefficient a,;; instead of the RR cross section 03, which is appropriate
for a fixed electron-beam velocity. The rate coefficient a,; is derived by a convolution of
the RR cross section ¢,,;; with the experimental velocity distribution function f(v) [15],

i = (20ui(v)) = [ 0j(v)f(v). M

The velocity distribution of electrons in the electron cooler is expressed, in the ion
projectile frame, as follows [16]

Mo\ 3/2 1 mevd MV
f(V) - (E) kT, (kTH)l/Z exp [ <2kTi + 2kT” >‘| ' @

The beam temperatures T | and T| characterize the transverse and longitudinal motion
of the electron beam, respectively, and k is the Boltzmann constant. For the calculations of
(n,1,j)-dependent RR-rate coefficients distribution, we followed the routine as discussed
elsewhere [17,18], in which the numerical evaluation of the RR cross sections in strongly
bound states (1 < 10) was performed in a fully relativistic manner following the detailed
formulations in Refs. [19,20]. For higher excited states with main quantum numbers
n > 10, the non-relativistic dipole approximation was applied by making use of a set
of recurrence relations introduced by Burgess [21] and finally integrated according to
Equation (1). In practice, however, one may expect that, apart from the direct recombination,
the feeding transitions from high-lying levels will also contribute to the population of
the ionic substates. In this way, states with main quantum number #n = 1 up to high-
Rydberg states such as n = 165 were incorporated in the description of subsequent cascade
processes [22] by solving a couple of rate equations [23], written as

dNi(t)
dt

= —[kak(t) + Z l"m_>kNm(t), (©)]
m(>k)

where ay is a decay constant (the inverse of the lifetime) for the k state, Ni(t) is the
population for the k state at time ¢ and I';,,_, is a transition rate for the transition from an
upper m state to a lower k state.

With input databases of binding energies, transition rates, and initial RR population
distributions available, we are able to formulate the X-ray spectroscopy using the radiative
cascade function as expressed in Equation (3). Comparisons of the simulated X-ray spectra
with the experimental measurements at 0° and 180° observation angles recorded by two
Ge(i) detectors are displayed in Figure 2. The experimental spectra registered show RR
transitions into the K, L and M shells along with the characteristic Lyman, Balmer and
Paschen lines. The random events were already subtracted from the true coincidence
X-ray spectrum. For presentation purposes, the theoretical spectra were normalized to the
experimental ones by adjusting to the population of the K-RR line. In addition, the spectral
line profiles are approximated by a Gaussian function with a FWHM of 550 eV to account
for the intrinsic resolution of the X-ray detectors used, whereby contributions from the
relative velocities between electrons and ions to the width of the line are negligible. The
calculated photon energies were corrected by the Doppler shift, which are dependent on the
angles 6 between the emitted X-rays and the movement of Pb8!* ions, in the mathematical
form of E

proj
Ejap = 7 = Beosd)’ 4)
where E;,,; and Ej are, respectively, the X-ray energies in the projectile and in the labora-
tory frame; f is the beam velocity in unit of speed of light and § = v/c ~ 0.14 for ion beam
energy of 10 MeV /u; and y = (1 — 82) /2 is the relativistic Lorentz factor.
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Figure 2. X-ray spectra measured at observation angles of (a) 0° and (b) 180° by two high-purity
Ge(i) detectors in coincidence with down-charged Pb®t jons. The blue dashed lines give the result
of time-integrated spectra based on a cascade simulation program [22]. Here, the energy dependent
efficiencies of two Ge(i) detectors are corrected.

It can be observed that the calculated photon energies by FAC code in combination
with Doppler shift corrections show a good agreement with the counterparts of experi-
mental values, and, therefore, serve as a unique probe to identify numerous transition
types, as marked in Figure 2. Complementary information on the subshell differentiation
for various shells is provide by the population pattern of radiative transitions. Since the
photon intensities in the direct RR processes are proportional to the recombination rate
coefficients, the corresponding X-ray spectrum for the prompt L-RR and M-RR processes
can be obtained straightforwardly from the relative values of state-selective recombination
rate coefficients. These relative values of rate coefficients also constitute the initial popula-
tions in the sequential cascade processes, in which the X-ray spectrum from radiative decay
cascades can be calculated by the branching ratios decaying into different final states. Based
on the comparison with the observed (relative) Lyman-« line intensities, we conclude that
there is a really significant contribution of above 90% to the Lyman-a emission arising from
recombination into high Rydberg states and subsequent cascades. Most remarkably, photon
energies below 20 keV in the range of Balmer and Paschen transitions, which were blocked
by stainless-steel windows at the ESR [24,25], were observed for the first time due to the two
beryllium window chambers installed behind the two dipole magnets. 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 visible in both X-ray detectors. Following the radiative
cascade simulation procedure [22], the most populated states 3d5,/, and 3d3 /, resulting from
Yrast—Cascades chain contribute to the formation of two intense Balmer lines, which are
the transitions of 3d5,, — 2p3/, (Balmer-aq) and 3d3,, — 2p; /» (Balmer-ay), as observed in
this experiment shown in Figure 2. Only small discrepancies are observed in the region of
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Paschen lines. These are most likely the result of a low-energy asymmetry of peak profiles
that arise from the missing resolution of the X-ray detector, and are partially due to the
spectrum absorption effects in the beryllium window that are not regarded thoroughly at
the low-energy part. Within the statistical accuracy, the time-integrated line intensity ratios
for both X-ray detectors appear to be in excellent agreement with the results from cascade
calculations, as depicted in Figure 3. It is worth mentioning that the L-RR;_3,>/L-RR;—1 >
representing the intensity ratio of Ly-a1 /Ly-a; at f = 0 (prompt X-ray emission) does not
follow the rule of statistical weights considered in nonrelativistic treatment [26]. In general,
it appears that the relative intensity ratios are well-reproduced for both observation angles,
which indicates that the theoretical calculations are qualitatively in harmony with the
measured spectra and seems to prove our radiative cascade simulation program can be an
important tool for studying recombination processes.

2.5 T T T

1.54

1.0

Intensity ratio

0.5

0.0
L-RRi 3,/ L-RRy ),  Lyou/ Lya, Baa,/ Baa,

Figure 3. Experimental results of the line intensity ratios in comparison with the time-dependent
theoretical model (gray columns) for fine-structure resolved L-RR radiations and characteristic X-ray
lines. White columns with vertical strips show experimental data at 0°, blue columns with horizontal
strips show experimental data at 180°.

4. Conclusions

In the first dedicated beam time at the CRYRING@ESR, state-selective information
of the substructure in excited states via the RR of initially bare lead ions with low-energy
free electrons were obtained. The feasibility of the experimental method and the rigorous
cascade simulation program is confirmed for studying a one-electron system in hydrogen-
like high-Z ions. An experimental investigation of the radiative decay modes from high
Rdyberg states to the formation of sequential Balmer series and L — K transitions in Pb3!+
ions was presented.

In the near future, one may aim at the measurement of absolute X-ray line intensities,
in contrast to intensity ratios as applied in the present study. Such studies conducted at
the electron cooler of CRYRING@ESR may dramatically enhance the sensitivity to higher
Rydberg states and be used to explore the origin of the so-called rate enhancement observed,
up to now, only for total RR rates [27].

Author Contributions: Writing—original draft, B.Z.; Writing—review and editing, B.Z.; Supervision,
T.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was conducted in the framework of the SPARC collaboration, experiment
E138 of FAIR Phase-0 supported by GSI. It is further supported by the Extreme Matter Institute EMMI
and by the European Research Council (ERC) under the European Union’s Horizon 2020 research.

Data Availability Statement: Not applicable.



Atoms 2023, 11,2 60f7

Acknowledgments: B.Z. acknowledges the financial support from Chinese Scholarship Council
(Grant No. 201806180051) and Helmholtz Institute Jena for his stay in Germany finalizing the
doctoral project.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

Hahn, Y. Electron-ion recombination processes—An overview. Rep. Prog. Phys. 1997, 60, 691-759. [CrossRef]

Eichler, J. Lectures on Ion-Atom Collisions: From Nonrelativistic to Relativistic Velocities, 1st ed.; ELSEVIER: Amsterdam, The
Netherlands, 2005; pp. 81-193.

Eichler, J.; Stohlker, T. Radiative electron capture in relativistic ion-atom collisions and the photoelectric effect in hydrogen-like
high-Z systems. Phys. Rep. 2007, 439, 1-99. [CrossRef]

Schuch, R. Storage rings for low-energy experiments. Phys. Scr. 1995, T59, 77-86. [CrossRef]

Durante, M.; Indelicato, P.; Jonson, B.; Koch, V.; Langanke, K.; Meifiner, U.-G.; Nappi, E.; Nilsson, T.; Stohlker, T.; Widmann, E.;
et al. All the fun of the FAIR: Fundamental physics at the facility for antiproton and ion research. Phys. Scr. 2019, 94, 033001.
[CrossRef]

Gumberidze, A.; Stohlker, T.; Bana$, D.; Beckert, K.; Beller, P.; Beyer, H.E,; Bosch, F.; Cai, X.; Hagmann, S.; Kozhuharov, C.; et al.
Electron-electron interaction in strong electromagnetic fields: The two-electron contribution to the ground-state energy in He-like
uranium. Phys. Rev. Lett. 2004, 92, 203004. [CrossRef]

Gumberidze, A.; Stohlker, T.; Bana$, D.; Beckert, K.; Beller, P; Beyer, H.E,; Bosch, F.; Hagmann, S.; Kozhuharov, C.; Liesen, D.; et al.
Quantum electrodynamics in strong electric fields: The ground-state Lamb shift in hydrogenlike uranium. Phys. Rev. Lett. 2005,
94,223001. [CrossRef]

Banas, D.; Pajek, M.; Surzhykov, A.; Stohlker, T.; Brandau, C.; Gumberidze, A.; Kozhuharov, C.; Beyer, H.E; Bohm, S.; Bosch, F.;
et al. Subshell-selective X-ray studies of radiative recombination of U?2* ions with electrons for very low relative energies. Phys.
Rev. A 2015, 92, 032710. [CrossRef]

Lestinsky, M.; Andrianov, V.; Aurand, B.; Bagnoud, V.; Bernhardt, D.; Beyer, H.; Bishop, S.; Blaum, K.; Bleile, A.; Borovik, A., Jr.;
et al. Physics book: CRYRING@ESR. Eur. Phys. |. Spec. Top. 2016, 225, 797-882. [CrossRef]

Poth, H. Electron cooling: Theory, experiment, application. Phys. Rep. 1990, 196, 135-297. [CrossRef]

Pfafflein, P; Allgeier, S.; Bernitt, S.; Fleischmann, A.; Friedrich, M.; Hahn, C.; Hengstler, D.; Herdrich, M.O.; Kalinin, A.; Kroger,
FM.; et al. Integration of maXs-type microcalorimeter detectors for high-resolution X-ray spectroscopy into the experimental
environment at the CRYRING@ ESR electron cooler. Phys. Scr. 2022, 97, 114005. [CrossRef]

Gu, ML.E. The flexible atomic code. Can. J. Phys. 2008, 86, 675-689. [CrossRef]

Pal’chikov, V.G. Relativistic transition probabilities and oscillator strengths in hydrogen-like atoms. Phys. Scr. 1998, 57, 581-593.
[CrossRef]

Yerokhin, V.A.; Shabaev, V.M. Lamb shift of n = 1 and n = 2 states of hydrogen-like atoms, 1 < Z < 110. J. Phys. Chem. Ref. Data
2015, 44, 033103. [CrossRef]

Pajek, M.; Schuch, R. Radiative recombination of bare ions with low-energy free electrons. Phys. Rev. A 1992, 45, 7894-7905.
[CrossRef]

Danared, H.; Andler, G.; Bagge, L.; Herrlander, C.J.; Hilke, J.; Jeansson, J.; Kéllberg, A.; Nilsson, A.; Padl, A.; Rensfelt, K.-G.; et al.
Electron cooling with an ultracold electron beam. Phys. Rev. Lett. 1994, 72, 3775-3778. [CrossRef]

Brinzanescu, O.; Eichler, J.; Ichihara, A.; Shirai, T.; Stohlker, T. Comparison between the nonrelativistic dipole approximation and
the exact relativistic theory for radiative recombination. Phys. Scr. 1999, T80, 324-325. [CrossRef]

Brinzanescu, O.; Stohlker, T. Radiative recombination rate coefficients. Phys. Scr. 2001, T92, 275-277. [CrossRef]

Pratt, R.H.; Ron, A.; Tseng, H.K. Atomic photoelectric effect above 10 keV. Rev. Mod. Phys. 1973, 45, 273-325. [CrossRef]
Ichihara, A.; Eichler, J. Cross sections for radiative recombination and the photoelectric effect in the K, L, and M shells of
one-electron systems with 1 < Z < 112 calculated within an exact relativistic description. At. Data Nucl. Data Tables 2000, 74,
1-121. [CrossRef]

Burgess, A. Tables of hydrogenic photoionization cross-sections and recombination coefficients. Mem. R. Astron. Soc. 1965, 69, 1.
Available online: https:/ /ui.adsabs.harvard.edu/abs/1965MmRAS..69....1B/abstract (accessed on 29 September 2022).

Zhu, B.; Gumberidze, A.; Over, T.; Weber, G.; Andelkovic, Z.; Brauning-Demian, A.; Chen, R.J.; Dmytriiev, D.; Forstner, O.; Hahn,
C.; et al. X-ray emission associated with radiative recombination for Pb327 jons at threshold energies. Phys. Rev. A 2022, 105,
052804. [CrossRef]

Curtis, L.J. A Diagrammatic mnemonic for calculation of cascading level populations. Am. J. Phys. 1968, 36, 1123-1125. [CrossRef]
Gumberidze, A.; Stohlker, T.; Bednarz, G.; Beyer, H.F,; Bosch, E.; Cai, X.; Hagmann, S.; Klepper, O.; Kozhuharov, C.; Liesen, D.;
et al. X-ray transitions studied for decelerated bare and H-like uranium ions at the ESR electron cooler. Nucl. Instrum. Methods
Phys. Res. Sect. B 2003, 205, 374-377. [CrossRef]

Reuschl, R.; Gumberidze, A.; Stohlker, T.; Kozhuharov, C.; Rzadkiewicz, J.; Spillmann, U.; Tashenov, S.; Fritzsche, S.;
Surzhykov, A. The Balmer spectrum of H-like uranium produced by radiative recombination at low velocities. Radiat. Phys. Chem.
2006, 75, 1740-1743. [CrossRef]


http://doi.org/10.1088/0034-4885/60/7/001
http://dx.doi.org/10.1016/j.physrep.2006.11.003
http://dx.doi.org/10.1088/0031-8949/1995/T59/010
http://dx.doi.org/10.1088/1402-4896/aaf93f
http://dx.doi.org/10.1103/PhysRevLett.92.203004
http://dx.doi.org/10.1103/PhysRevLett.94.223001
http://dx.doi.org/10.1103/PhysRevA.92.032710
http://dx.doi.org/10.1140/epjst/e2016-02643-6
http://dx.doi.org/10.1016/0370-1573(90)90040-9
http://dx.doi.org/10.1088/1402-4896/ac93be
http://dx.doi.org/10.1139/p07-197
http://dx.doi.org/10.1088/0031-8949/57/5/006
http://dx.doi.org/10.1063/1.4927487
http://dx.doi.org/10.1103/PhysRevA.45.7894
http://dx.doi.org/10.1103/PhysRevLett.72.3775
http://dx.doi.org/10.1238/Physica.Topical.080a00324
http://dx.doi.org/10.1238/Physica.Topical.092a00275
http://dx.doi.org/10.1103/RevModPhys.45.273
http://dx.doi.org/10.1006/adnd.1999.0825
https://ui.adsabs.harvard.edu/abs/1965MmRAS..69....1B/abstract
http://dx.doi.org/10.1103/PhysRevA.105.052804
http://dx.doi.org/10.1119/1.1974376
http://dx.doi.org/10.1016/S0168-583X(03)00561-5
http://dx.doi.org/10.1016/j.radphyschem.2006.05.006

Atoms 2023, 11,2 70f7

26. Reuschl, R.; Gumberidze, A.; Kozhuharov, C.; Spillmann, U.; Tashenov, S.; Stohlker, T.; Eichler, J. State-selective X-ray studies of
radiative recombination into bare and H-like uranium at threshold energies. Phys. Rev. A 2008, 77, 032701. [CrossRef]

27. Shi, W,; Béhm, S.; Bohme, C.; Brandau, C.; Hoffknecht, A.; Kieslich, S.; Schippers, S.; Miiller, A.; Kozhuharov, C.; Bosch, F.
Recombination of U%2t jons with electrons. Eur. Phys. ]. D 2001, 15, 145-154. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1103/PhysRevA.77.032701
http://dx.doi.org/10.1007/s100530170160

	Introduction
	Experiment
	Data Analysis and Results
	Conclusions
	References

