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The response function of the Advanced GAmma Tracking Array (AGATA) at low energy has been evaluated with γ-ray sources from 20 keV to 1.4 MeV. Particular interest was given to the treatment of γ-ray below 100 keV which interact predominantly by photo-electric effect in the first centimeter of the germanium crystal. The performances are evaluated and improvements to the data processing are proposed.

Introduction

High-resolution γ-ray spectroscopy plays a major role in nuclear structure, nuclear astrophysics and nuclear reaction mechanism studies. Continuous progress in detector technology and data analysis lead to improved sensitivity giving access to more exotic nuclei and detailed nuclear spectroscopic information.

In recent years, dedicated set-ups coupling large high-purity Ge arrays and ancillary detectors, such as magnetic spectrometers or separators, scintillators for high energy γ-ray detection or fast-timing measurements, and particle detectors, have been developed in large scale heavy-ions facilities. Thanks to these improvements, high resolution γ-ray spectroscopy of exotic nuclei was performed with unprecedented sensitivity from light to heavy nuclei and from the proton to the neutron drip-lines [START_REF] Bracco | Gamma spectroscopy with agata in its first phases: New insights in nuclear excitations along the nuclear chart[END_REF]. In the quest of the study of heavy elements, new reaction mechanisms are proposed using heavy ions collisions Preprint submitted to Nucl. Inst. and Meth. in Phy. Res. AReceived: 14 September 2022 above the Coulomb barrier [START_REF] Zagrebaev | Superheavy nuclei and quasi-atoms produced in collisions of transuranium ions[END_REF][START_REF] Vogt | Light and heavy transfer products in 136 Xe + 238 U multinucleon transfer reactions[END_REF][START_REF] Birkenbach | Spectroscopy of the neutron-rich actinide nucleus 240 U following multinucleon-transfer reactions[END_REF]. In order to perform their prompt γ-ray spectroscopy, high performance magnetic spectrometers are required to identified the produced isotopes. In spite of their high performances,the unique element identification is not possible due to the low energy of the produced recoil and it is proposed to use the atomic x-rays emitted at the target position, to identify the element number. In this particular framework, the performances of AGATA [5] and the response function of the Pulse Shape Analysis and Tracking algorithms for photons below 100 keV are investigated in the present manuscript.

Source measurements

The AGATA response function was measured from 24.0 keV to 1.4 MeV with a particular focus on γ-rays energies below 100 keV using radioactive sources of 113 Sn (T 1/2 = 115 days), 141 Ce (T 1/2 = 32.5 days), 152 Eu (T 1/2 = 13.33 years) and 203 Hg (T 1/2 = 46.59 days) placed at the center of the array (see table 1).

Individual crystal counting rate was kept between 100 and 500 Hz. A 15 keV electronic threshold was reached in the measurement. The data processing follows the usual AGATA procedure and Pulse Shape Analysis is performed on an event-by-event basis using the Adaptive Grid Search and the ADL libraries [5]. The individual crystal event are merged in software using a coincidence windows of 500 ns based on the GTS timestamp distribution. The OFT tracking algorithm is used with standard parameters [START_REF] Lopez-Martens | γ-ray tracking algorithms: a comparison[END_REF]. Below 100 keV, several difficulties impact on the treatment a such interactions for γ tracking arrays. Indeed, the γ-rays absorption will mainly process by a single interaction in a photoelectric event at the very front of the AGATA crystal [5] where electric fields are the less coaxial due to the crystal shape, and with very low signal amplitude suffering from electronic noise which can impact the quality of the Pulse Shape Analysis [START_REF] Canditiis | Full-volume characterization of an agata segmented hpge gammaray detector using a 152eu source[END_REF].

Results

A schematic figure of an AGATA crystal is shown in figure 1. More details can be found in [START_REF] Wiens | The agata triple cluster detector[END_REF]. The (X,Y) coordinates define the slices with index "1" of the 6 front segments facing the radioactive sources. The Z coordinate corresponds to the depth in the cristal, the last slice of segment being number "6".

The results of the measurements are shown in figure 2. The top figure is shown in logarithmic scale in energy to highlight from the low energy part to the high energies regime. The bottom figure is in linear scale and zoomed on The first slice has a reduced size of 8 mm. More details in [START_REF] Wiens | The agata triple cluster detector[END_REF] the x-ray region. The different experimental points show the relative efficiency obtained using different data processing, as described in the following section, and normalised to the γ-ray intensity measured in the core signal.

Segment procedure

The black points represent the normalized intensities measured in the electric segment, i.e. from individual hits before the tracking filter. Below 100 keV, the ratio is close to 1 since the interaction occurs with a single photoelectric process within a single electric segment. Beyond this turning point, the contribution of the Compton scattering between individual segment increases leading to a relative efficiency which decreases until ≃ 1 MeV and saturates at ≃ 0.20 indicating 20% of "single" interaction in a segment. Multiple interactions in a given segment are not separated in the present process.

Add-back procedure

The red squares shows the relative efficiency after an Add-back procedure of the neighbouring core output [START_REF] Duchene | The clover: a new generation of composite ge detectors[END_REF]. Below 200 keV, the incident photons is absorbed in the large volume of the HPGe crystal and the relative efficiency is close to 1. Beyond, Compton scattering between crystal occurs and an Addback factor of 1.35 is reached at the 1.4 MeV 152 Eu line. One can noticed that the procedure induces a loss of intensity below 40 keV. One can speculate that a single interaction in a given crystal is added to noise from a neighbouring crystal. The loss is about 20% at 25 keV.

Tracking procedure

The green triangles shows the relative efficiency after OFT tracking. Above 80 keV, the OFT tracking performs as well as the core Add-back procedure with a better Peak-To-Total ratio in particular below 500 keV. Below 80 keV, in the x-rays area, a continues drop of the relative efficiency is observed. Such decrease is not reproduced in the OFT simulation using the interaction point from the GEANT4 simulation [START_REF] Farnea | Conceptual design and monte carlo simulations of the agata array[END_REF] and the same tracking parameters. For 40 keV γ-ray energy, GEANT4+OFT with the default packing of the simulated hits gives 60% of photopeak-efficiency with respect to the core output but measured at the level of 40%. This is attributed to Pulse Shape Analysis default in this energy regime. The AGATA processing allows a smearing of the hits positions determined by the Pulse Shape Analysis within the voxel.

This has no effect on the efficiency as shown by the dark blue triangles. 
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Analysis of the non-tracked events

In this section, the photopeaks events rejected by the tracking algorithm are identified and analyzed. In the figure 3 The figure 4 shows the corresponding GEANT4 simulation for the 141 Ce xrays energy. The distribution is well centered on the first millimiter as expected and disagrees with the experimental distribution. This disagreement leads to a high rejection of the hits by the OFT algorithm.

The spatial distribution of accepted and rejected hits is further analyzed.

The (X,Y) distributions in the first front slice (segment 1 in figure 1) of the corresponding events are shown in figure 5. This significant pattern reflects the specifities of the low energy signals. We refer in the following to two other studies which have investigated the low energy signal in AGATA. Experimentaly, the low energy response function of highly segmented AGATA-type crystal was scanned at the IPHC scanning table [START_REF] Canditiis | Full-volume characterization of an agata segmented hpge gammaray detector using a 152eu source[END_REF]. The analysis of the 122 keV transition from 152 Eu reveals specific features. First it is demonstrated that, by opposition to energies greater than 200 keV, the database used presents overall large inconsistencies with the collected data. Also, already at 122 keV, the core and segment contacts have ∼5 keV and ∼2 keV noise on their maximum amplitude [START_REF] Canditiis | Full-volume characterization of an agata segmented hpge gammaray detector using a 152eu source[END_REF]. Fig. 6. (Color online) Distance to the central contact in the front slice gated on the on the 141 Ce x-rays for the front slice. In blue, hits accepted by the tracking algorithms. In the filled histogram, rejected hits by the algorithm.

higher signal-to-noise and better time resolution since it occurs closer to the signal collection. Therefore one can speculate that the Pulse Shape Analysis performs better leading to a better estimation of the Z coordinate and finally a higher acceptation rate by the OFT tracking as observed in figure 6.

Complementary to the general trend toward the side of the crystal, "hot spots" can identified in the corner of the crystal (beyond 32-33 mm) in figure 6. They were invetsigated by mean of simulation this time and these "hot spots" are most likely related to an incorrect determination of the start time for these events further enhanced by the low amplitude and noisy signal induced by the low energy γ-rays [START_REF] Ljungvall | Pulse-shape calculations and applications using the agatagefem[END_REF].

As a result, we support that the low efficiency observed at low energies in AGATA is due to a random estimation of the Z position by the PSA and not from the tracking algorithm.

The random character of the PSA results and its impact on the tracking is evaluated using the ADL bases directly. The grid positions in the first ring of the ADL basis for A002 are randomly extracted and processed in OFT for a 36 keV γ-ray. In the following, method 1 refers to the choice of random The radial distribution is computed for accepted and rejected event using both method for the initial position. The distributions are shown in the figure.

The agreement with figure 6 is reasonable with same trends. Similarly to the measurement, the accepted hits are more centered around large radius at 30 mm as the rejected hit distribution is centered at mid-radius and flat. The comparison between method 1 and 2 for the rejected hits seems to show that all coordinates are randomly determined and the measured distributions reflect only the grid granularity of the ADL bases convokuated with the shape of the crystal.

Post-Pulse Shape Analysis corrections

Post-Pulse Shape Analysis corrections are proposed before running the tracking algorithm to improve the efficiency at low energy. Before tracking, crystal events with a segment multiplicity equal one, an energy below 100 keV and located below 10 mm are selected. An arbitrary depth position is forced. We scanned different values to optimize the OFT efficiency. In figure 2, the position is forced to 1 mm (cyan triangle) and 0.5 mm (orange triangle). The 1 mm position allows to recover more than 90% efficiency as low as 40 keV as the 0.5 mm position allows to recover until 30 keV without impact at all the higher energies. An efficiency of 60-70% can be reached for the 113 Sn x-ray by adjusting the depth to 100 µm (orange squares). However, an even more shorter depth (10 µm orange circle) leads to a significant reduction of the gain reached with the 100 µm position showing that below 30 keV more advanced solutions are needed. whereas they are suppressed by OFT using the standard PSA. As already mentionned, the low energy γ-rays measured at the back of the crystal coming from backing scattering are still rejected by the tracking algorithm after the correction, improving the peak-to-total ratio at low energy (≤500 keV). This can be illustrated by an analysis of the peak-to-total ratio using the 152 Eu source. Considering all 152 Eu lines between 15 keV and 500 keV, the procedure leads to an improved peak-to-total ratio from 41.01(2)% to 44.14(8)% mainly coming from the improved efficiency of the x-ray detection. An integration from 65 keV to 500 keV, i.e excluding the x-ray contribution, leads to a similar peak-to-total ratio: 36.44(2)% and 35.14(6)% without and with correction, respectively, demonstrating that the procedure does not influence the quality of the spectrum in the energy range.

Conclusion

The low energy response function of AGATA below 100 keV down to 20 keV has been evaluated using a large set of low energy radioactive sources. It was demonstrated that the present Pulse Shape Analysis returns a random position 10 distribution in the first layer of the AGATA crystal for low energy (≤ 100 keV) interaction which highly impact the performances of the OFT tracking. New approaches which will reduce the noise of low amplitude trace signal and the time response will certainly improve the hit location at low energies. A simple patch is presented in this paper that allows to minimize the problem. 
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 1 Fig. 1. (Color online) The schematic lateral view of an AGATA crystal. The figure shows the numbering of the slice from 1 (front, facing the source) to 6 (back).The first slice has a reduced size of 8 mm. More details in[START_REF] Wiens | The agata triple cluster detector[END_REF] 

Fig. 2 .

 2 Fig. 2. (Color online) Relative efficiencies measurement as a function of the γ-ray energy (see text). Black : Segment energy. Red : Core Add-back. Green : Tracked. Dark blue : Tracked with smearing. Cyan triangle : 1mm correction. Orange triangle : 500 µm correction. Orange open squares : 100µm correction. Orange open circle 10µm correction.

Fig. 3 .

 3 Fig. 3. (Color online) Experimental hits distribution as a function of the depth in the crystal gated on the 141 Ce x-rays. In blue, hits accepted by the tracking algorithms. In the filled histogram, rejected hits by the algorithm.

  Figure a (b) shows the accepted (rejected) hits by the OFT tracking. The Z scale is identical. The distribution of the rejected hits is rather uniform as the accepted hits distributions shows a deficit in the middle of the crystal surface. The hit distributions are converted into radius coordinate (from central contact to crystal side) as a function of Z in figure 6. The radius is determined for the accepted (rejected) in blue (filled) interactions showing a specific pattern highlighting the large radius.

Fig. 5 .

 5 Fig. 5. (Color online) Two dimensional hits distribution for the front slice gated on the 141 Ce x-rays. (a) Accepted hits. (b) Rejected hits.
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 7 Fig. 7. (Color online) Left : Z distribution for random points in the first ring of an asymetric A-Capsule ADL bases. a, is for equal weights for each points (method 1) and b, is for equal weight for all (x,y) pairs (method 2). Right: Radial distribution for accepted (b,d) and rejected (a,c) events for random choices method 1 (a,b) and 2 (c,d)

Figure 8

 8 Figure 8 shows the γ-ray spectrum of the 113 Sn source placed at the center of AGATA with and without the corrections. The main γ-ray transitions at 255.1 keV (2.11(8)% intensity) and 391.7 keV (64.9(1) % intensity) are visible. The Kα (24 keV) and Kβ (27 keV) are visible only after applying the correction proposed in the present work, it means forcing the Z position to 100 µm,

Table 1

 1 

	X-rays measured in the present work	
	Source	Energy [keV]	Intensity
	152 Eu	39.52	21.0 %
		40.118	37.7 %
		45.293	3.75 %
		45.414	7.26 %
		46.578	2.40 %
	141 Ce	35.55	4.90 %
		36.026	8.85 %
		40.748	1.67 %
	203 Hg	70.83	3.69 %
		72.873	6.19 %
		82.574	1.43 %
	113 Sn	24.00 + 24.21	28.0% + 51.8%
		27.23 + 27.27 + 27.86 4.66% + 9% + 2.39%

  Color online) γ-ray spectrum of the β-decay of the 113 Sn source before (blue) and after (black) modified Pulse Shape Analysis for low energy event.
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