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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 Pb    81 +   , 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 5  –  10 9  ) 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 [6,7,8]. 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 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 5   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   Δ β / β  ∼  10  − 5   , 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  − 5   .



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  μ m 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.




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 the so-called RR rate coefficient   α  n l j    instead of the RR cross section   σ  n l j   , which is appropriate for a fixed electron-beam velocity. The rate coefficient   α  n l j    is derived by a convolution of the RR cross section   σ  n l j    with the experimental velocity distribution function   f ( v )   [15],


   α  n l j   =  v  σ  n l j    ( v )   = ∫ v  σ  n l j    ( v )  f  ( v )   d 3  v .  



(1)







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


  f  ( v )  =     m e   2 π     3 / 2    1  k  T ⊥    ( k  T ‖  )   1 / 2     exp  −     m e   v  ⊥  2    2 k  T ⊥    +    m e   v  ‖  2    2 k  T ‖      .  



(2)







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 , l , 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 (  n ≤ 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


    d  N k   ( t )    d t   = −  α k   N k   ( t )  +  ∑  m ( > k )    Γ  m → k   |  N m   ( t )  ,  



(3)




where   α k   is a decay constant (the inverse of the lifetime) for the k state,    N k   ( t )    is the population for the k state at time t and   Γ  m → k    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  θ  between the emitted X-rays and the movement of Pb    81 +    ions, in the mathematical form of


   E  l a b   =   E  p r o j    γ ( 1 − β cos θ )   ,  



(4)




where   E  p r o j    and   E  l a b    are, respectively, the X-ray energies in the projectile and in the laboratory frame;  β  is the beam velocity in unit of speed of light and   β = v / c ≈ 0.14   for ion beam energy of 10 MeV/u; and   γ =   ( 1 −  β 2  )   − 1 / 2     is the relativistic Lorentz factor.



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 experimental 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 populations 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- α  line intensities, we conclude that there is a really significant contribution of above 90% to the Lyman- α  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   3  d  5 / 2     and   3  d  3 / 2     resulting from Yrast–Cascades chain contribute to the formation of two intense Balmer lines, which are the transitions of   3  d  5 / 2   → 2  p  3 / 2     (Balmer-  α 1  ) and   3  d  3 / 2   → 2  p  1 / 2     (Balmer-  α 2  ), as observed in this experiment shown in Figure 2. 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 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    j = 3 / 2   /L-RR    j = 1 / 2    representing the intensity ratio of Ly-  α 1  /Ly-  α 2   at   t = 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.




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 Pb    81 +    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].
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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    81 +    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. 
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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    81 +    ions. 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. 
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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   ∘  . 
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