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The first tests of a large-area light detector equipped with metallic magnetic calorimeters for scintillating bolometers for the LUMINEU neutrinoless double beta decay search

The LUMINEU is a project to prove the technology for a next generation neutrinoless double beta decay (0ν2β) search with unprecedented sensitivity, using Molybdenum-100. The rare characteristic signature of 0ν2β would be a sharp peak centered at the Mo-100 Q ββ value (3.034 MeV [1]) in a spectrum of the summed energy of the two emitted electrons. In such rare nuclear events, the sensitivity is limited by the background. For Mo-100, the Q ββ value ( 1/2 < 1 × 10 24 years) is above the natural background γ-ray radiation (∼2.6 MeV) [1]. LUMINEU will use the simultaneous measurements of the heat and light of events in large enriched zinc molybdate (ZnMoO 4 [1][2][3]) scintillators to discriminate α particles and achieve a virtually zero background [4,5]. Unresolved pile-up of close two neutrino double beta decay (2ν2β) pulses, however, can produce events (τ 1/2 = (7.17 ± 0.54) × 10 18 years [6]) in the 0ν2β energy range and is the dominant background. It may be reduced by using a fast light detector that can better separate the scintillation pulses.

The slow (350 μs) heat signal is measured using a thermal sensor glued to the crystal by STYCAST 1266 epoxy, while the scintillation photons escape the clear crystal and are channeled by surrounding reflective foil into the light detector where they are converted into heat (Fig. 1 Bottom). The light detector is a silicon wafer coupled to thermal sensors (Fig. 1 Top). Neutron transmutation-doped (NTD) thermistors are the baseline technology for both the heat and light thermal sensors. An NTD-equipped light detector has demonstrated an energy resolution of 50 eV FWHM [7] but has a pulse pair resolving time (Tr) of 2.5 ms [3]. This is nonideal considering that the relatively high 2ν2β close pile-up spectrum is estimated to be ∼2.7×10 -4 [Tr/(1 ms)] counts/(keV kg year) [8] per scintillator. If patterned directly onto the wafer, metallic magnetic calorimeters (MMCs) promise a rise time of <100 μs [2] with similar or even better energy resolution. Development of a light detector with a fast rise time and high pile-up rejection capability is essential to minimize the 2ν2β close pile-up background and can reduce it to ∼2.7 × 10 -5 counts/(keV kg year) per scintillator.

The Light Detector

Approximately 10 -3 of the energy deposited in ZnMoO 4 is converted into scintillation light [3], the rest being used for heating the crystal. A 0ν2β decay event of 3.034 MeV equates to of order 10 3 photons with average energies of 1.98 eV (625 nm) [8]. The first MMC equipped light detector designed and produced by KIP Heidelberg, comprises a 2-inch-diameter silicon wafer of 250 μm thickness. The scintillation photons are absorbed over the entire wafer surface. The light-generated heat is transported by phonons through the wafer to the thermal sensor. To minimize Tr-the phonons must be collected quickly in order to reduce the phonon travel path-58 MMC sub-sensors have been distributed over the wafer-sensitive area. Each 250 ppm Er-166 in Ag sub-sensor is equipped with a large-area gold film (500 μm by 700 μm) for better phonon collection. The sub-sensors and phonon collectors are microfabricated directly onto the wafer in two circles and are connected in series and read out using a single Supracon VC1A SQUID of 4.5 nH input coil inductance.

The center of the wafer is designed to be thermally isolated from the outer by three trenches for lower heat capacity and greater sensitivity. The outer forms the thermal bath with large (∼6 mm by 8 mm) gold pads for thermalization. The inner is supported by the three thin bridges between the trenches (Fig. 1 Top Left), which act as a well-defined thermal link to the bath. The trenches will be produced by a deep reactive ion-etching process that has now been consolidated; however, at the time of testing, the central portion was not separated from the outer. The light detector is held in three places by six 1.5-mm-square Teflon pads, of 0.25-mm thickness [Fig. 1 Top Right], clamped between the two pieces of the copper holder. 

Light Detector Tests

The light detector has been tested above ground at CEA Saclay and KIP Heidelberg with Xrays from an Fe-55 source and scintillation photons from a ZnMoO 4 crystal. The tests were conducted in liquid helium dilution refrigerators with base temperatures of 10 mK.

A 1-cm 3 ZnMoO 4 crystal surrounded by reflective foil (Fig. 1 Bottom Left) faces the light detector on the side opposite to the MMCs. The crystal is thermally coupled to an MMC, which, due to the geometry of the holder, masks a quarter of the side of the crystal facing the light detector, and therefore, reduces the light incident on the wafer (Fig. 1 Bottom Left). Scintillation light is generated by the interaction of 5.3 MeV Po-210 α particles in the ZnMoO 4 scintillating crystal. The rate is 0.01 s -1 . At the same time, muons interact with the crystal with a background rate of ∼0.19 s -1 (Fig. 2 Right). A 50-kBq Fe-55 source illuminates 7-mm spot on the MMC side of the light detector with X-rays through a small hole in the external lead magnetic shielding (Fig. 1 Bottom Right). Data were recorded over a period of 21 h with a light channel count rate of 0.7 s -1 . Direct illumination of the light detector by 6 keV X-rays indicate a very fast intrinsic detector rise time of as fast as 25-30 μs (Fig. 2 Right). This is more than a factor 100 faster than NTDs. The decay time showed a twocomponent effect with coefficients of 2 and 10 ms, which may be improved in further devices.

It was not possible to detect and trigger alpha and muon scintillations light pulses due to the small signal size and poor sensitivity. Instead, a mean pulse was generated by triggering the light channel on the heat pulses in coincidence. This poor sensitivity was caused by a lack of trenches, reduced permanent current for sensor magnetization [10] (1.8 mA instead of 40 mA), large pick-up coil inductance, and poor heat channel sensor placement. Light pulses corresponding to different heat energies are shown in Fig. 2 Right. The rise time of this light was approximately ten times slower (250-350 μs) than the X-ray events. The scintillation process in ZnMoO 4 is described by different scintillation decay time constants measured up to 150 μs at 80 K [9]. Such a long decay time constant limits the rise time constant observed for the light pulses.This is the first measurement of the characteristic scintillation time of ZnMoO 4 at milli-Kelvin temperatures.

The data indicate that not only is the MMC-equipped light detector's pulse pair resolving time (Tr) considerably shorter than the one equipped with NTDs but also that, in the case of ZnMoO 4 , Tr is not limited by the light detector speed and can even follow the scintillation process. The limiting scintillation time constant of ZnMoO 4 reduces the only irrepressible background of the 2ν2β pile-up to ∼9 × 10 -5 counts/(keV kg year) per scintillator. Furthermore, this light detector can be used to test other scintillator materials at low temperatures, which may produce faster light pulses, allowing the light detector to offer even better close pile-up rejection. It may also be used for other rare-event searches where highly sensitive and fast photon detectors are required.

Fig. 2 Left: Fe-55 spectrum for X-rays incident on the light detector from a 50-kBq source from Heidelberg, similar to results at Saclay. The high energy shoulder may be caused by single X-rays stopping close to phonon collectors, an effect not seen in scintillation light. Right: Averaged light pulse shapes for X-rays and scintillation light. The scintillation events have a different light pulse shape to the X-ray photons Despite several technical problems that limited the sensitivity and energy threshold, an Fe-55 spectrum was measured (Fig. 2 Left). Having demonstrated a functioning wafer with microfabricated MMC sensors, we can expect an order of magnitude better energy resolution from future devices, now that the trench production is reliable and a high-current persistent coil has been designed. The light detector has been optimized to have a fast rise time of 25-30 μs, which we have experimentally demonstrated. Photon detectors based on MMCs are a promising tool for rare-event searches because they can minimize the background by resolving close pile-up. The fast response of the light detector has revealed the scintillation process time constant of ZnMoO 4 in the mK range. It not only indicates that the 2ν2β pile-up can be significantly reduced by means of the MMC sensors, but also shows that Tr will be limited by the speed of the scintillation process. At the same time, it will be interesting to investigate using the light detector for other rare-event searches that require high speed and sensitivity, and to test faster scintillators at low temperature to further improve the pile-up rejection.
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Fig. 1

 1 Fig. 1 Top Left The light detector design with microfabricated MMCs patterned directly onto a silicon wafer. Top Right The wafer without trenches. Bottom Left The 1-cm 3 scintillation crystal with the Er:Ag-containing MMC chip glued on top. The SQUID is mounted on a separate copper plate. Bottom Right A schematic of the set-up.
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