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Precise measurements of correlations in nuclear  decays are currently employed to probe the Standard Model. When the  particle and recoiling daughter ion are detected in coincidence, these measurements further allow the observation of the ion charge-state distribution which results from the atomic shakeoff process induced by the nuclear decay. This is of great interest for fundamental atomic physics. This paper presents the results obtained at GANIL by means of LPCTrap experiments with 6 He 1+ , 35 Ar 1+ and 19 Ne 1+ ions. Comparison with theoretical values is also presented and suggests further investigations.

Introduction

Correlations in nuclear  decay

Precision measurements in nuclear β decay constitute sensitive probes of the Standard Model of elementary particles (SM), complementarily to high energy physics experiments [1]. Correlations between particle momenta and/or spins enable to test the violation of fundamental symmetries or the V-A structure of the SM, according to the behavior of vectors involved in the correlation term under symmetry operations (P and T). In particular, the  angular correlation term, 𝑎 𝛽𝜈 𝑝 ⃗ 𝑒 .𝑝 ⃗ 𝜈 𝐸 𝑒 𝐸 𝜈

, is invariant under P and T operations and enables either to search for exotic scalar or tensor currents beyond the V-A theory in pure Fermi(F) or Gamow-Teller (GT) transitions, or to determine precisely the mixing ratio between the GT and F parts in mirror transitions. Since neutrinos are difficult to detect, sensitive observables for  angular correlation measurements are kinematic parameters affected by the recoiling daughter nucleus motion. Two methods are commonly used: (i) a direct method in which either the recoil energy distribution [2] or the recoil ion time of flight (ToF) distribution thanks to its detection in coincidence with the  particle [3], is measured or (ii) an indirect method in which the Doppler shift of a delayed particle ( or p) emitted during the recoil motion [4][5][6] is measured. The direct method requires the use of very clean radioactive sources, ideally placed in vacuum, due to the very low recoil kinetic energy (~ 1-2 keV at most). The development of intense radioactive beams in new generation facilities coupled to efficient beam handling techniques has allowed the use of atom or ion traps to define excellent radioactive sources in very clean environment [3,[7][8][9]. However, the high precision level targeted (~ 0.1%) requires a deep knowledge of the experimental setup to properly manage any effect potentially affecting the shape of the recoil energy or ToF distribution. The analysis of data is performed with the help of realistic simulations considering a set of systematic effects as complete as possible [10,11]. For instance, the effect due to the shakeoff process has to be considered since it modifies the charge state of the recoil ion. This process is introduced in the next section.

1.2

The shakeoff process Electron shakeoff (SO) is a fundamental atomic process in which a bound electron is excited into the continuum because of a sudden change of the central potential. Nuclear  decay, which modifies the nuclear charge, may induce such an ionization process. If one neglects the SO process, the  decay of singly charged ions basically leads to:

𝛽 -: 𝑋 1+ → 𝑌 2+ + 𝑍+1 𝐴 𝛽 -+ 𝜈̅ 𝑒 𝑍 𝐴 (1) 
𝛽 + : 𝑋 1+ → 𝑊 0 + 𝑍-1 𝐴 𝛽 + + 𝜈 𝑒 𝑍 𝐴 (2) 
As low energy neutrals are very difficult to detect, it is worth noting that in the second case, the recoil atom cannot be properly detected, while SO, yielding singly-and multicharged ions W q+ , greatly facilitates the measurement. It is even worse with atom traps in which the radioactive source is neutral: detection of recoils in   decay then requires a double SO process [12]. The probability of multiple SO processes depends obviously on the number of electrons available but also on the probability of other atomic processes such as electron shakeup (excitation) or Auger emission. This finally leads to charge state distributions that should emphasize the dominant atomic processes. The  decay is a very fast process inducing a nuclear potential change with a typical time of 10 -18 s, which justifies the use of the sudden approximation (SA) in the theoretical models describing SO. However this hypothesis had not been yet experimentally verified before the first experiment performed at GANIL with the LPCTrap setup described in the next section.

LPCTrap@GANIL

The LPCTrap setup is installed at the low-energy beam line LIRAT of the SPIRAL1-GANIL facility. Technical details on the setup are given in [13]. The central element of the device is a transparent Paul trap designed to confine singly charged radioactive ions, almost at rest, in a small volume. The trap consists of 6 concentric rings with an open geometry, allowing easy injection and extraction as well as an efficient detection in coincidence of the  particles and recoil ions. The low energy radioactive beam is provided by the ECR source of the SPIRAL facility at 10 keV kinetic energy (typical energy dispersion: ~ 20 eV). In the LIRAT beam line, the installation is equipped with a Radio Frequency Cooler-Buncher (RFQCB) for the preparation of the beam by reducing the emittance and the production of ion bunches. In the transparent Paul trap, the ions, also cooled down by elastic collisions with an inert gas injected at very low pressure (10 -6 -10 -5 mbar), have energies of about 0.1 eV at equilibrium and the diameter of the ion cloud located at the centre of the trap is of the order of 2.5 mm.

In the detection setup, a telescope and a micro-channel plate position sensitive detector (MCPPSD) detect the  particles and the recoil ions respectively. The  telescope, located 10cm away from the center of the trap, is made of a 60×60mm² 300µm thick double-sided silicon strip detector for position readout, followed by a 7cm thick plastic scintillator coupled to a photomultiplier to measure the  particle kinetic energy and to deliver the start signal for the recoil ion ToF measurement. The stop signal is provided by the MCPPSD, installed at the end of the ion spectrometer. This spectrometer is located in front of the telescope at the opposite side from the trap center. The ions emitted towards the spectrometer are accelerated by a -2kV potential after they cross a collimator located in front of a 50cm long free flight tube. An electrostatic lens allows the collection of all the ions on the MCPPSD. This spectrometer makes LPCTrap a unique and unprecedented setup for the measurement of charge-state distributions of ions associated to the  decay of singly charged radioactive ions. The performances of the whole setup for experiments performed with 6 He, 35 Ar and 19 Ne are given in [14].

3

The 6 He 1+ case

According to equation (1), one single electron remains bound to the 6 Li 2+ recoil ion after the   decay of 6 He 1+ . Therefore the final ion charge-state distribution only depends on pure SO, and the basic assumptions underlying the usual descriptions of SO can be checked precisely by means of direct comparison with experiment. Full quantum calculations, employing hydrogen-like wavefunctions, were thus performed in the framework of the SA with the aim to probe the reliability of this latter fundamental approximation. The calculations led to the SO probability (see [15] for details): PSO = (2.33810 + 0.00412 Erec(keV))×10 -2 where Erec is the recoil kinetic energy. Figure 1 shows the recoil ion ToF distribution measured at GANIL using LPCTrap. A total of 1.2×10 6 final coincidences has been collected and analyzed with realistic simulations including all the identified systematic effects [15]. The induced corrections and systematic uncertainties are summarized in Table 1. In the simulations, the SM value was used for a, considering a variation of the parameter in a range compatible with the current experimental precision [16]. The difference in MCP efficiency due to different thresholds for the two charge states was also taken into account. The agreement between the simulated and experimental distributions is excellent and it has enabled to deduce the following experimental SO probability: PSO = 0.02339 (35)stat (07)syst.

The mean recoil energy corresponding to the events selected in the experimental data analysis has been substituted in the theoretical expression to compute the mean SO probability. A correction to the SA has been further estimated to account for the finite duration of the potential change, including also the direct collision mechanism between the bound electron and  particle, yielding PSO = -20×10 -5 . Finally, the mean theoretical SO probability is <PSO> = 0.02322, in perfect agreement with the experimental value.

Fig. 1. Experimental 6 Li ions ToF distribution following 6 He 1+ decay, with the fit superimposed (adapted from [15]). 
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The 35 Ar 1+ case

According to equation ( 2), the recoiling 35 Cl species are neutral after the   decay of 35 Ar 1+ ions but the SO process allows easier and direct detection of the recoil ions.

Multielectron systems require a more sophisticated model to understand the chargestate distribution measured in the experiment. The calculation is performed in the framework of the SA, using an independent particle model (IPM) with Hartree-Fock wavefunctions to compute the ionization SO probabilities [17]. Subsequent Auger decays are also explicitly included in the calculation, and we discriminate between SO and Auger contributions to the production of charged daughter ions. Figure 2 (Left) shows the recoil ion ToF distribution measured at GANIL using LPCTrap [17]. A total of 1.5×10 6 mental relative SO probability, indicated on the spectrum, was obtained by peak integration including two corrections: the overlap of peak tails deduced from basic simulations (assuming SM a) and the charge dependence of the recoiling ion detection efficiency. The comparison with the model is again excellent when including Auger emission (see Fig. 2 Right), and this confirms the paramount importance of Auger contribution to the production of high charge states. Moreover, the number of 35 Cl atoms produced during the experiment has been estimated using the number of detected  particles reduced by the number of coincidences corrected by the overall absolute detection efficiency for ions. This estimation leads to 72(10)% of neutral 35 Cl, which is also in good agreement with the 73.9% ratio obtained from the calculation.

Fig. 2. Left: Experimental 35 Cl ions ToF distribution following 35 Ar 1+ decay, with the simulated distributions superimposed (adapted from [17]). Right: Comparison between experimental and theoretical values with and without Auger emission (adapted from [18]). (See text for details)
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The 19 Ne 1+ case

The last case studied with LPCTrap concerns the charge-state distribution of the recoiling 19 F ions after the   decay of 19 Ne 1+ ions [18]. A total number of 1.3×10 5 final coincidences has been collected in the spectrum shown in Fig. 3 (Left). The data were analyzed using the same method as for 35 Cl and the theoretical relative SO probabilities were obtained using the same approach as before. Here, the agreement seems better when Auger emission is neglected (see Fig. 3 Right), which is not satisfactory and clearly coincidental. The production of neutrals, experimentally estimated to be 69.5(4.2)%, is also badly reproduced by the model which provides a value of 76.5%. We traced back the root of the experimental/theoretical discrepancies to the inaccuracy of the multielectron SO probabilities computed by means of the IPM whose reliability worsens for systems with low nuclear charge [18]. 

Conclusion

The SO process has been investigated in three nuclear  decays, starting from an ideal one-electron system which has enabled to confirm for the first time the reliability of the sudden approximation. In systems involving many electrons, primary SO ionization is followed by secondary processes which modify the recoil charge-state distribution. In 35 Ar 1+ decay, Auger emission is dominant and monitors the production of the highest charge states, which is not observed in 19 Ne 1+ decay. In this last case, Auger emission does not play such an important role so that the theoretical/experimental discrepancies which have been observed reveal the importance of electron correlations in the primary SO mechanism, beyond the independent electron assumption. Introducing such correlations in the calculation of SO probabilities constitutes a theoretical challenge and their importance as function of the nuclear charge Z could be directly gauged in future LPCTrap experiments performed at GANIL using beams ( 21 Na, 23 Mg, 33 Cl, 37 K) provided by the new SPIRAL1 sources [19].

  final coincidences has been collected. The experi-

Table 1 .

 1 Systematic effects considered in the analysis. (See text for details).

	Source	Corr. (10 -5 )	Error (10 -5 )	Method
	a		4.0	[16]
	 scattering	39	4.0	GEANT4
	Background		3.5	present data
	E calibration		1.7	present data
	MCP efficiency	-9	1.2	present data
	Total	30	7.0	

  Left: Experimental19 F ions ToF distribution following19 Ne 1+ decay, with the simulated distributions superimposed. Right: Comparison between experimental and theoretical values with and without Auger emission. (See text for details) The figures are adapted from[18].
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