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Introduction

Electron capture (EC) is probably the least well-studied radioactive decay mode, with the exception of 163 Ho [1]. Apart from this nuclide important in neutrino physics [1,2], EC nuclides play an increasingly important role in nuclear medicine [3,4], and precise decay data on EC are also needed in radionuclide metrology [5] and to assess the low energy background in various nuclear physics experiments [6]. However, precise and rather complete experimental data sets on EC are scarce (the available data sets like 7 Be, 22 Na, 59 Ni, 54 Mn, 55 Fe, 57 Co, 68 Ga, 109 Cd, 125 I, 129 I, 204 Tl, 207 Bi can be found in Monographie BIPM 5 tables [7]), and accurate theoretical predictions encounter similar difficulties due to the precision of the atomic modeling, nuclear structure effects or radiative corrections, as in beta decays [7][8][9].

The European metrology research project MetroMMC proposes to establish decay data, in particular fractional electron capture probability ratios and absolute photon emission probabilities, experimentally by means of MMCs and by theoretical calculation, on two types of EC nuclides: those that decay to the ground state and those that decay to excited states. Fractional EC probability refers to the capture probabilities on the individual electron shells, i.e., PL/PK, PL/PM, and so on. The project chose six radionuclides, 65 Zn, 109 Cd, 125 I, 54 Mn, 59 Ni, and 41 Ca, to cover a broad range of atomic numbers and different degrees of forbiddenness, an essential feature of weak interaction transitions that strongly impacts the decay probabilities [9]. MMCs were optimized for each of these in 4π geometry. 125 I is of particular interest due to its role in cancer therapy. 125 I is a very significant candidate for interstitial brachytherapy, as it is a very localized radiation source due to it being an EC nucleide [10][11][START_REF] Ku | Auger electrons for cancer therapy -a review[END_REF]. Auger electrons are emitted after electron capture or internal conversion. In tissues, their energy is deposited over nanometer-to-micrometer distances, resulting in high yield linear energy transfer. They are the perfect choice for cancer treatment, where they need to be radiated extremely close to cancer cells [3,4]. Use in nuclear medicine requires explicit and precise knowledge of decay data, such as half-life, decay modes, radiation energies, and emission probabilities. This data can be used to revise recommended dose values for minimum healthy tissue damage [START_REF] Ku | Auger electrons for cancer therapy -a review[END_REF]. 125 I decays 100% by electron capture through the first excited state of 125 Te into its ground state with 35.49 keV gamma deexcitation energy. The gamma transition is highly converted: 93.37% of the gamma deexcitation emits conversion electrons, and only 6.63% emit gamma photons [START_REF] Bé | Table de Radionucléides[END_REF]. The spin and parity of the ground state of 125 I are (5/2) + and that of the first excited state of Te 125 is (3/2) + , and spinparity selection rules state this transition to be allowed.

Previous measurements of 125 I by EC mentioned in the literature were performed either by embedding the radionuclide in NaI scintillation detectors [START_REF] Leutz | [END_REF]15,17] or using an HPGe (High-Purity Germanium) detector [16]. In the case of the HPGe detector, the 125 I source of 6 mg/cm 2 was prepared using a 28 MeV 123 Sb beam at 200 nA. To remove interferences caused by short-lived activity, the source was allowed to decay for two weeks after removal from irradiation location. The experiments were carried out in a 4π geometry to ensure the effective summation of X-rays due to electron capture and the subsequent gamma rays. PK was measured using a K fluorescent yield of 125 Te. [16]. In the case of a scintillation detector, the source was prepared as a form of NaI(Tl) scintillation crystal using the Bridgman method and the Stockbarger crystal growth method the measurements provided the value for PL+M../PK (L+M+. corresponds to the summing peaks associated with electron capture from the L, M, or higher shells, followed by nuclear gamma-ray or internal conversion electrons) rather than the PL/PK -Der Mateosian (1953) [15,[START_REF] Tolea | The electron capture decay of125I and145[END_REF]. The only available direct experiment value of PL/PK is given by E. Der Mateosian (1953) using a NaI scintillation detector. In this experiment, the single crystal of Thallium activated NaI was prepared from the mass of NaI containing traces of radioactive Iodine. The spectrum was observed by mounting this single crystal on PMT [17].

Relying on fluorescence yields to determine fractional EC probabilities can be problematic since the fluorescence yields sometimes depend on the experimental values determined using theoretical capture probabilities or on existing electron capture probabilities [21][22][23]. To measure the fractional EC probabilities independently of fluorescence yields, one can use the technique of Decay energy spectroscopy (DES) [24][START_REF] Jang | Development of Decay Energy Spectroscopy for Radionuclide Analysis Using Cryogenic 4π Measurements[END_REF][START_REF] Croce | First Measurements of Nuclear Detonation Debris with Decay Energy Spectroscopy[END_REF][START_REF] Mercer | Gamma and Decay Energy Spectroscopy Measurements of Trinitite[END_REF]. In DES, the radionuclide is embedded between two absorber layers forming a 4π geometry and a sensitive thermometer like Transition edge sensors (TES) or Metallic magnetic calorimeters (MMC) in our case, measures the temperature change of the absorber caused by the energy deposited from a decay event. Due to the long thermal time constants of the detector compared to the duration of the atomic rearrangement process, the energy of the individual auger electrons and photons is summed up and read out as a single pulse. Thus, the total decay energy is measured with the exception of the neutrino's energy and high energy gamma rays that escape due to the low stopping power of the small absorber in contrast to energy measurements of individual decay products. [24]. In our 125 I measurement, the binding energy of the captured electron released in the atomic rearrangement was summed with the daughter nucleus's 35.49 keV γ de-excitation energy. A peak corresponding to capture from each electron shell (K, L, M, and N) is observed in the DES spectrum. Additional features in the spectrum are discussed below in section 3.

Experimental Details

The absorber thickness is chosen to have high detection efficiency while minimizing heat capacity, hence optimizing the signal-to-noise ratio. High resolution was needed to separate the N capture peak (0.1683 keV) from the M capture peak (1.0060 keV). The absorber and source geometries were set using Monte Carlo simulations of the detection efficiency of K EC + ɣ with PENELOPE [START_REF] Salvat | Penelope, Nuclear Energy Agency of the OECD[END_REF]. 125 I emits Auger and conversion electrons up to 34.70 keV, X-rays up to 31.76 keV, and γ-rays at 35.49 keV. It is the highest energy photon line that determines the minimum absorber thickness since the electrons would be stopped in a much smaller thickness. Since only 6.63% of the decays emit 35.49 keV gamma rays, absorbing 92% of the gamma photons provided 99.5% efficiency.

The Monte Carlo simulations for the energy spectrum of 125 I in two different absorber materials (gold and silver) were performed [START_REF] Salvat | Penelope, Nuclear Energy Agency of the OECD[END_REF]. The simulation for a 150 μm thick gold absorber gave the heat capacity of 216 pJ/K with the expected energy resolution of 37.5 eV. The 500 μm thick silver absorber gave the heat capacity of 1027 pJ/K with the expected energy resolution of 74.4 eV. Considering the dependence of the energy resolution on heat capacity, it was decided to use a gold absorber of 150 μm thickness. Its heat capacity best matches with an "M size (0.051 nJ/K at 20 mK)" MMC chip provided through the EMPIR MetroMMC project [30]. In this project, five MMC chips with meander-shaped pickup coils were designed to match five different absorber heat capacities [9,[START_REF] Loidl | [END_REF][30][31].

For preparing the source, the solution of 125 I with carrier AgNO3 was drop deposited on the 10 μm thick silver foil. Due to the high chemical affinity of iodine with silver, a thin layer of non-volatile AgI forms at the Ag surface (NaI + AgNO3 = AgI + NaNO3), resulting in a high-quality source. Since the yield of this deposition technique was not known, two drops of 3 mg and 6 mg each from 125 I solutions of 300 kBq/g and 3.2 MBq/g, respectively, were deposited on the silver foil to achieve four different activity levels, as shown in Fig. 1. The solutions on the foil were air-dried. A little residue of the carrier solution was seen even after rinsing the foil with water. Autoradiography was performed to determine the activity distribution of the deposited source, and source 2 (see autoradiography in Fig. 1 (right)) was selected. A piece of source foil with an expected 10 Bq activity was cut out. The quality of the source was increased by repeated folding, lamination, and annealing. This had the result of breaking up salt crystals and better incorporating the active material into the silver foil, which has been shown to reduce spectral distortion [31][32][33]. The final dimensions of the source foil were 260×260×6 μm 3 . The absorber and source geometry is shown in Fig. 2. Bonding the silver source foil to the gold absorber foil by diffusion welding was difficult, so an intermediate layer of Au0.3Ag0.7 (wt%) was used. The 157-μm-thick gold foil and 14-μm-thick AuAg foil were diffusion welded at 400 °C for 1 hour. The final dimensions of the two gold absorber halves were 620×620×149 μm 3 . To assemble the absorber and source, the source foil was placed between two half absorbers, resulting in 4π geometry. Then the whole structure was diffusion welded at 400°C for 1 hour. 

mm

Fig. 2. Two absorber halves with the source in the middle (left). Source placed on one half of absorber (right).

The absorber was glued to the sensor using Stycast 1266 epoxy glue. The MMC chip and the SQUID chip were glued to the copper detector holder plate with GE 7031 varnish. The copper detector holder was heat sinked to the heat bath on the MMC chip with several 25 µm diameter gold bonding wires. The whole setup of the MMC chip on the detector holder is shown in Fig. 3. Fig. 3. MMC and SQUID chip with components.

Results and Discussion

Data was acquired continuously for days at 10 mK, with a 16-bit resolution and 100-kHz sampling frequency. The digital triggering, filtering, and pulse height analysis were conducted using MATLAB routines. The pulses had 10% to 90% rise times of 337 μs, and the pulse decay follows an exponential giving a 1/e decay time of 9.5 ms. The long decay time in conjunction with 4 Bq source activity results in a small fraction of pile-up events. An extendable dead time was applied to eliminate pulses with a nonconstant baseline under the assumption that the pulse was riding on the decay of a preceding pulse. An optimal filter was used to determine the pulse energy. In the plot of χ 2 (obtained from the template fit of the actual events) vs pulse height, piled-up pulses and other spurious events were eliminated and cuts were made on the value of the root mean square of pulse baseline. Finally, thermal drift was corrected in the plot of pulse height vs time by The K, L, M, and N capture peaks are well distinguished and separated from the noise as they occur at energies equal to the electron binding energy plus 35.49 keV from the gamma de-excitation energy. In all peaks, due to the loss of a portion of the energy of Auger electrons in the source material, a low energy tail is observed. A small percentage of unresolved pileup (< 0.02%) results in the tail on the right side of the peaks. Escape peaks due to Ag X K and K photons escaping from the absorber are visible for both the K and L capture lines. In Fig. 4, L and K lines without the gamma correspond to events (~ 0.38%) where the gamma photons escape from the absorber. Likewise, there should be a population of gammas summed only with low-energy Auger electrons from the events where a 125 Te K X-ray from the daughter atom escapes from the absorber, but this population is invisible in the spectrum since it coincides with the M+ line (for an escaping 125 Te K photon) and N+ line (for an escaping 125 Te K photon) peak. Therefore, the M and N capture probabilities are probably slightly overestimated. This effect is difficult to quantify since no full theoretical description of the complex atomic rearrangement process is available. We tried to quantify this effect using Monte Carlo simulated spectrum but it did not match the obtained experimental spectrum. However, the gamma photon (35.49 keV) escape came out to be ~0.38%. And the effect of Te K X-ray escape coinciding over M, N peaks must be smaller than the gamma photon escape probability giving <1% escape of Te K Xrays. While calculating the peak area for the capture lines, the Ag escape peak areas and the "K w/o gamma" and "L w/o gamma" areas were added to their respective origin shells. The two populations between 5 and 15 keV not labeled in the spectrum are due either to the escape of two 125 Te K X-ray photons following a single K capture or to a single 125 Te K X-ray escape after an L capture. These additional K X-ray emissions follow the emission of conversion electrons from the K shell during the gamma transition.

The peak area of each capture was determined using the spectrum tool COLEGRAM developed at LNHB [34]. Because of the physics involved in 4π detection using a cryogenic detector and the decay physics, the shapes of the peaks are not consistent with common peak shapes and cannot be reproduced by any single available peak shape function, either Gaussian or Voigt or any other. So different fits using Gaussian and Voigt with or without tails were performed. Some arbitrary peaks were also placed to fit the low and high-energy tails. The peak area for each of the populations corresponds to the sum of the individual fit functions. No set of individual lines could perfectly fit the whole line shapes. Therefore, several fits were performed. Additionally, more or less stringent cuts in the χ² vs. pulse height plot for pile-up rejection were applied, leading to slight differences in the resulting spectrum (Fig. 4 shows one of these spectra) and peak areas. Several combinations of cuts and fits of the resulting spectra were performed, and the resulting peak areas were averaged to calculate the fractional capture probability ratios. The obtained values are PL/PK = 0.2388 [START_REF] Croce | First Measurements of Nuclear Detonation Debris with Decay Energy Spectroscopy[END_REF], PM/PK = 0.0570 (16) and PN/PK = 0.0157 (21). The reported uncertainties include the contribution from statistical uncertainties associated with the peak fitting and an error resulting from the scatter of the peak areas obtained with the different combinations of cuts and fits. Our value of the 125 I PL/PK fractional probability ratio is in agreement with E. Der Mateosian's value of 0.23 (3), which is the only direct measurement found in the literature [17]. To our knowledge, this is the first direct measurement of electron capture probabilities of 125 I using cryogenic detectors.

  , P(L+M+N)/PK -Leutz & Ziegler (1964) and Smith & Lewis (1966), PKωK -Karttunen et al.(1969), Kalyani et al. (1996), Plch and Zderadicka (1974) and Tolea et al. (1974)
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 1 Fig. 1. Deposited source (left) and autoradiography (right) of chosen source 2. The box highlights the area (1.06×0.49 mm) from which the source was taken.

  heights of the K shell line as a function of time with a spline. The total energy spectrum of 125 I obtained from the pulse heights on a logarithmic scale and the peak fitting are shown in Fig.4. It contains about 3 × 10 6 EC events after filtering, cuts, and corrections.
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 4 Fig. 4. The total energy spectrum of 125 I, along with peak identification and fitting.The K, L, M, and N capture peaks are well distinguished and separated from the noise as they occur at energies equal to the electron binding energy plus 35.49 keV from the gamma de-excitation energy. In all peaks, due to the loss of a portion of the energy of Auger electrons in the source material, a low energy tail is observed. A small percentage of unresolved pileup (< 0.02%) results in the tail on the right side of the peaks. Escape peaks due to Ag X K and K photons escaping from the absorber are visible for both the K and L capture lines. In Fig.4, L and K lines without the gamma correspond to events (~ 0.38%) where the gamma photons escape from the absorber. Likewise, there should be a population of gammas summed only with low-energy Auger electrons from the events where a 125 Te K X-ray from the daughter atom escapes from the absorber, but this population is invisible in the spectrum since it coincides with the M+ line (for an escaping 125 Te K photon) and N+ line (for an escaping 125 Te K photon) peak. Therefore, the M and N capture probabilities are probably slightly overestimated. This effect is difficult to quantify since no full theoretical description of the complex atomic rearrangement process is available. We tried to quantify this effect using Monte Carlo simulated spectrum but it did not match the obtained experimental spectrum. However, the gamma photon (35.49 keV) escape came out to be ~0.38%. And the

Acknowledgments This work was performed as part of the EMPIR Project 17FUN02 MetroMMC. This project has received funding from the EMPIR programme co-financed by the Participating States and from the European Union's Horizon 2020 research and innovation programme.

Data Availability Statement

The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.