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In the framework of a national funded program for nuclear safety, a first prototype of portable gamma camera was built and tested. It integrates a Caliste-HD CdTe-hybrid detector designed for space X-ray astronomy coupled with a new system-on-chip based acquisition system (FPGA and ARM microprocessor) and thermo-electrical coolers for a use at room temperature. The complete gamma part of the camera fits in a volume of 15 × 15 × 40 cm 3 for a mass lower than 1 kg and a power consumption lower than 10 W. Localization and spectro-identification of radionuclides in a contaminated scene were demonstrated during several test campaigns. A new generation of system is under development taking into account feedback experience from in-situ measurements and integrating a new generation of sensor cost-optimized by industrial applications called Caliste-O. Caliste-O holds a 16 × 16 pixel detector of 14 × 14 mm 2 and 2 mm thick with 8 full-custom front-end IDeF-X HD ASICs. Two prototypes were fabricated and tested. The paper will present the results of in-situ measurements with the first gamma camera, the spectroscopic performance of Caliste-O and the design of the second generation of gamma camera which aims for real time imaging and spectro-identification.

Introduction

Since Chernobyl and more recently the Fukushima nuclear accident, nuclear safety became a major issue. Localization and spectro-identification of radioactive sources can give crucial information about the current accident stage and how to act on it. Besides, astrophysics does ask for spectro-imaging instruments development for years, and now such technologies are mature and ready to serve other domains. The ORIGAMIX (lOcalisation de la Radioactivité par Imageurs GAMma pIXellisés) project is funded by a French nuclear safety project call from the Investissements d'Avenir national program. The first phase of the project consists in developing a portable gamma camera based on technological solutions coming from detector R&D for astrophysics and testing it in real conditions. The second phase consists in designing a new nuclear safety camera with commercial grade solutions in the prospect of a large industrial application.

First prototype of portable gamma camera based on

Caliste-HD Caliste-HD [START_REF] Meuris | Caliste HD: A new fine pitch Cd(Zn)Te imaging spectrometer from 2 keV up to 1 MeV[END_REF][START_REF] Dubos | Low energy characterization of Caliste HD, a fine pitch CdTe-based imaging spectrometer[END_REF] is a hybrid CdTe detector module developed for large focal plane arrays in space telescopes for high energy astronomy. It integrates a 256-pixel Schottky CdTe detector coupled with 8 full-custom front-end ASICs called IDeF-X HD. The attractive features of this device for nuclear safety applications are: its high spectral performance (<1 keV FWHM at 60 keV at -10 • C), its imaging capabilities (16 × 16 pixels of 580 µm pitch), its compact design (10 × 10 × 18 mm 3 with the front-end electronics), and its low power (0.2 W in total). A mechanical structure with a sealed housing and removable coded-aperture mask, an acquisition system based on a systemon-chip (readout FPGA and ARM processor), and a cooling system with thermoelectric coolers were designed to integrate a Caliste-HD in a portable gamma camera (See Fig. 1). × 50 • fully coded field of view) and an optical image. For the image reconstruction, no restriction on the photon energy was applied. Center: 152 Eu spectrum obtained within an exposure of 4 h in 5 mm distance; lowest gain mode. In the presented configuration the energy limit was set by the analog-to-digital converter (ADC) and not by the ASIC. Right: Identification of an 241 Am source (spectrum obtained within an exposure of 150 s in 1 m distance; highest gain mode). The 241 Am spectrum is not representative of the spectral performance of the CALISTE detector at low energies due to the encapsulation (stainless steel package) of the source.

This system was tested in the lab and in-situ conditions. A 152 Eu source of 10 MBq activity placed at one meter distance from the camera (1.2 µSv/h) was localized with 7 • angular resolution with the 4 mm thick tungsten MURA mask (see Fig. 2,left). An 241 Am source of 74 MBq activity at one meter distance is unambiguously identified in 400 ms with only 30 events thanks to the good energy resolution (below 1 keV FWHM at 60 keV). In the same run the first 100 photons (1.2 s exposure) were necessary to locate the point source in the decoded image. Figure 2 (right) shows the spectrum after 150 s. The source was encapsulated in a stainless steel package which absorbs the low energy lines.

Second prototype of portable gamma camera based on Caliste-O

A new generation of CdTe hybrid detector was designed and produced to better match safety nuclear applications: a CdTe pixel sensor with an increased detection area and crystal thickness in order to improve the detection efficiency. The crystal volume is 14.2 × 14.2 × 2.0 mm 3 . Furthermore, simplified processes for fabrication and testing are applied for this commercial grade product. The result is called Caliste-O and is illustrated in Fig. 3. The characterization of Caliste-O is presented in the following. A new mechanical structure has been designed to fit with the new dimensions of the module (15 × 15 × 18.7 mm 3 ).

In parallel, some developments are on-going to improve the acquisition system based on experience feedback and to reduce the cost of the full system. A commercial and compact high voltage system will be procured. Electrical and tightness interfaces are made more reliable. Enhanced on-board data processing and user-friendly graphical interfaces are under study.

A first characterization of Caliste-O was performed in laboratory conditions (vacuum vessel, external cooling system, dedicated readout electronics) using the sources 241 Am, 137 Cs, and 60 Co.

241 Am measurement

Figure 4 shows the result of a 241 Am measurement. All 256 pixel are working as expected and most of the pixels show a uniform total flux response within ±7.5 % maximum. Only a few pixels deviate from this average response and need further explanation. 241 Am spectrum: all single events 241 Am hit map: all events, E >30 keV 241 Am hit map: all events, all energies • The reduced counting rate around the position x = 1, y = 2 is caused by additional X-ray absorption of the depletion voltage contact, which was realized with a metallic spring pressing on a silicon pad on top of the crystal cathode. This feature is strongly reduced at higher energies. In the final integration of Caliste-O, this contact will be realized with a bonding to a dedicated pad on the top edge of the crystal which will cause no absorption as this position is above the guard ring and not above the pixels.

• The enhanced counting rate on the edges of the module are not caused by an additional noise component as the energy resolution of these pixels are comparable to those of the inner pixels. The excess is caused by the detection of K α -fluorescence photons from cadmium (E ≈ 23 keV) and tellurium (E ≈ 27 keV) which originate from the CdTe crystal at the position of the guard ring. As expected, this excess disappears with an energy selection that excludes the CdTe fluorescence lines, see Fig. 4 center.

• The line-like feature between (10/4) and (14/2) is caused by increased noise originating from a scratch on the crystal surface that happened during mounting operations.

60 Co and 137 Cs measurement

In order to test the detector response for high energies, Caliste-O was set into its lowest gain mode and a 60 Co and 137 Cs source was used within the same acquisition. This double source measurement not only eases the energy calibration but also proofs the capability of a multi source detection, i.e. a source detection within a high background environment caused by Comptonization effects of other lines.

Figure 5 shows the obtained spectra for all single pixel events, and for all split events into two, three, or four neighboring pixels (which are in the following named doubles, triples, and quadruples, respectively). The single event spectrum shows a distortion effect near the end of its accessible energy range: the 1.17 MeV 60 Co peak is positioned 10 keV too low while the 1.33 MeV 60 Co peak is shifted by ∼100 keV to lower energies.

This effect is caused by a non-linear energy response near the saturation of the readout amplifier. While a hit map which is restricted to energies around the 1.17 MeV peak shows a homogeneous counting rate, the hit map around the 1.33 MeV peak is inhomogeneous as some of the readout channels are already saturated in their response. This saturation effect was corrected by multiplying the uncorrected (linearly calibrated) energies E old with a function that approaches identity for low energies but which has a positive pole at the energy saturation E max :

E new = E old •        1 + d E max -E old 6        (1) 
The parameters for this correction (distortion d and energy saturation E max ) are obtained via a best fit to the two 60 Co lines, while the model (pole of order 6) was chosen in order to minimize the fit error. Because of the low counting statistics at high energies the parameters (d and E max ) have been determined globally for all pixels, which causes an additional energy uncertainty at the very end of the energy range, i.e. for E > 1.2 MeV. Therefore, we define the energy range of Caliste-O to 2 keV < E < 1.2 MeV, even though the 1.33 MeV 60 Co emission is clearly visible in the single event spectrum.

For the double, triple, and quadruple events a correction for energy saturation was not necessary because most of the split energies are at much lower energies than E max . The energy resolution was measured with

• ∆E = 6.7 keV FWHM at 662 keV, (all single events)

• ∆E = 25.4 keV FWHM at 1.17 MeV, (all single events)

• ∆E = 83.7 keV FWHM at 1.33 MeV (all double events). Figure 5: Spectra of a measurement with 60 Co and 137 Cs. The gain saturation was only corrected for the single events. Both 60 Co peaks are clearly visible at 1.17 MeV and 1.33 MeV. See also Fig. 7 for a model for the Comptonization.

Comptonization model

Figure 6 shows the cross section for the photon interaction with CdTe as a function of the photon energy. While for energies E 300 keV photoelectric absorption is the dominant interaction, incoherent scattering becomes dominant for higher energies. A proper understanding of the Compton interaction and its contribution to the background is therefore crucial for all measurements above several 100 keV.

The Comptonization is composed of several structures that originate from the different interactions of the photons. The following scenarios were investigated in order to model the photon interactions:

• The photon can be directly absorbed by the detector producing a peak at the photon energy.

• The photon can be incoherently scattered (Compton interaction) in the detector and thus deposits only a fraction of its energy according to the Klein-Nishina distribution [START_REF] Klein | Über die Streuung von Strahlung durch freie Elektronen nach der neuen relativistischen Quantendynamik von Dirac[END_REF].

• The photon can be-one or several times-incoherently scattered in the materials around the detector. Afterwards, the scattered photon can interact with the detector by photoelectric absorption (full energy deposit of the scattered photon energy) or by another Compton interaction (fractional energy deposit).

The spectral contributions S i from these different scenarios have been computed for the emission lines of 137 Cs (662 keV) and 60 Co (1.17 and 1.33 MeV) and for the K α (32 keV) and K β (36 keV) emissions of barium (only photoelectric absorption). The resolution of the detector was included in the com- 

Figure 6: Photon cross section for CdTe; data: XCOM Photon Cross Sections Database, see [START_REF] Berger | Xcom: Photon cross sections database (version 1.5)[END_REF].

putation. The final spectrum is a linear combination of the different spectral contributions S i :

S data = i a i S i (2) 
where the a i coefficients are determined by fitting the linear combination to the spectrum with a least squares method. Figure 7 shows the result of this calculation compared to the spectrum. It shows also the different distributions corresponding to the different scenarios for the example of the 1.17 MeV emission of 60 Co. In the legend, P means energy deposited by photoelectric absorption by the detector, C e means energy deposited by Compton interaction in the detector, and C γ means Compton interaction anywhere but in the detector. The theoretical distribution fits to the spectrum everywhere except in three energy intervals:

• E < 70 keV: fluorescence radiation of materials in the environment of the detector (i.e. copper) and multiple (> 3) Compton interactions are not included in the model and cause an excess of data compared to the model.

• E ≈ 500 keV: the difference is probably caused by the optimization of the parameters a i to better fit the low energy response at E < 70 keV.

• E > 1.1 MeV: the two peaks of 60 Co show a reduced energy resolution compared to the other line emissions. This effect is caused by the energy saturation of the readout channels, see discussion in Sect. 3.2.

Discussion and outlook

The laboratory tests show that Caliste-O is fully functional with a homogeneous pixel response that matches the expectations. The accessible energy range was measured to be within E max, 1 = 1.2 MeV for single events; this broad dynamic range allows to detect 60 Co, which is of great interest as, for example, 60 Co constitutes one of the dominant sources in the Fukushima Daiichi Plant [START_REF] Morichi | Nuclear measurement technologies amp; solutions implemented during nuclear accident at fukushima[END_REF].

Source localization in the high energy range, i.e. gamma-ray imaging, must be based on Compton imaging because of two reasons: first, the mask becomes transparent and, second, incoherent scattering becomes the dominant interaction within the crystal at high energies (see Fig. 6). Because Compton imaging results in a nearly 4π field-of-view heavy shielding of the camera is not foreseen, but can be easily added for specialized applications thanks to the compact design of the camera. For background rejection at low energies, a mask anti-mask imaging system [START_REF] Gmar | Development of Coded-Aperture Imaging With a Compact Gamma Camera[END_REF][START_REF] Carrel | Gampix: A new gamma imaging system for radiological safety and homeland security purposes[END_REF] is foreseen in order to build a hybrid codedmask/Compton camera.

Analyzing split events (doubles, triples, quadruples) shifts the detection limit to the double, triple, or quadruple value of E max, 1 , respectively. An 152 Eu source (1.4 MeV) detection is demonstrated with a 1 mm CdTe CALISTE-HD in [START_REF] Dubos | ORIGAMIX, a CdTe-based spectro-imager development for nuclear applications[END_REF]. An even enhanced detection efficiency in this energy range is expected with the 2 mm CdTe CALISTE-O version. Its high energy response characterization using split and Compton events is ongoing and will be presented in a future paper.

A pixel individual characterization of the energy saturation effect is scheduled next in order to achieve an optimal response up to E max, 1 = 1.2 MeV in the single event spectrum. This calibration will also enhance the quality of the multiple-event spectra. Furthermore, advanced analysis methods that include a quantitative measurement of the Comptonization processes will allow us to make precise flux estimations up to the MeV range and to enhance the multi-sources detection capabilities of Caliste-O. The proper understanding of all background features in combination with the spectroscopic capabilities will allow us to solve complex (multi-source) scenes in terms of source identification and localization. Following the presented initial detector characterization, the calculation and verification of accurate confidence interval estimations for source identification and source localization is scheduled next.

Integration and testing of Caliste-O into its new portable housing is scheduled for the end of this year.
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 1 Figure 1: First prototype of ORIGAMIX gamma camera based on Caliste-HD detector and equipped with a MURA coded-mask (rank 7, 50 • × 50 • fully coded field of view). The full equipment (without the optical camera) stands in 15 × 15 × 40 cm 3 for a mass lower than 1 kg.

Figure 2 :

 2 Figure 2: Experimental results obtained with the first prototype of ORIGAMIX gamma camera. Left: Superimposition of a gamma image ( 152 Eu source) obtained with a MURA coded mask (4 mm W, rank 7, 50• × 50 • fully coded field of view) and an optical image. For the image reconstruction, no restriction on the photon energy was applied. Center: 152 Eu spectrum obtained within an exposure of 4 h in 5 mm distance; lowest gain mode. In the presented configuration the energy limit was set by the analog-to-digital converter (ADC) and not by the ASIC. Right: Identification of an 241 Am source (spectrum obtained within an exposure of 150 s in 1 m distance; highest gain mode). The 241 Am spectrum is not representative of the spectral performance of the CALISTE detector at low energies due to the encapsulation (stainless steel package) of the source.

Figure 3 :

 3 Figure 3: Caliste-O detector module: each of the 256 pixels of the CdTe detector is connected to a spectroscopic channel of full-custom ASICs. The resulting 3D hybrid component has a volume of 15 × 15 × 18.7 mm 3 for a total power of 0.2 W.

Figure 4 :

 4 Figure 4: Total hit map (left), hit map with event selection E > 30 keV (center), and spectrum (right) of a measurement with 241 Am. The energy resolution was measured with ∆E = 927 eV FWHM at 60 keV. Operating conditions: U = 500 V, T = -20 • C, highest gain mode.

  photon interaction with CdTe (Z Cd = 48, Z Te = 52)

Figure 7 :

 7 Figure 7: Single event spectrum of a 60 Co and 137 Cs measurement. The Comptonization is only shown for the 60 Co emission at 1.17 MeV. The label P means photoelectric absorption, C γ means Compton scattering outside the detector, and C e means Compton scattering in the detector. Example: C γ C e means Compton scattering outside the detector followed by a Compton scattering in the detector; the scattered photon escapes the detector and the Compton electron is measured. The sum of the Comptonization models for the two 60 Co emission lines and the 137 Cs emission line fit the measured data very well.

Acknowledgement

ORIGAMIX is a RSNR research program of Investissement d'Avenir, referenced ANR-11-RSNR-0016, supported by the French Government and managed by the Agence Nationale de la Recherche.