arXiv:1307.2929v1 [physics.ins-det] 10 Jul 2013

Next-Generation Liquid-Scintillator-Based Detectors:

Quantums Dots and Picosecond Timing

Lindley Winslow, July 12, 2013

Liquid-scintillator-based detectors are a robust technology that scales well to large volumes. The kilotonscale detectors KamLAND[1] and Borexino[2] have been very successful, each providing key evidence that neutrinos oscillate and therefore have mass. Now that neutrino mass is an established fact, the quest is on to determine the nature of that mass and answer the deeper question of the Majorana or Dirac nature of the neutrino. The observation of the rare nuclear process neutrinoless double-beta decay (0νββ) would prove that the neutrino is Majorana. In the search for this rare process, the kiloton-scale scintillator detectors are already contributing with KamLAND-Zen[3, 4, 5] or will be soon with SNO+[6].

The technology is known to suffer from poor energy resolution compared to germanium detectors, tellurium bolometers, and liquid or gas time projection chambers; however, this can be compensated for by increasing the mass of the double-beta decay isotope. The required increase in isotope mass is relatively straightforward compared to the other technologies. Scintillator-based detectors also have an advantage due to the significant self-shielding of backgrounds and the ability to do position reconstruction, which allows further reduction of the backgrounds.

The minimum goal for the next generation of liquid-scintillator-based detectors is an increase in the energy resolution due to a combination of increased photocathode coverage and increased light yield with reduced attenuation length of the scintillator liquid. A more ambitious goal is to get a second signal out of the detector, ideally the directionality of the betas in addition to their total energy. Reconstructing the direction of the betas would allow us to differentiate light Majorana neutrino exchange from more exotic mechanisms of 0νββ[7], and even if the direction of the betas cannot be fully reconstructed, any event topology signal will be valuable for rejecting backgrounds.

The ability to reconstruct direction in these detectors will come from the ability to distinguish the directional Cerenkov light from the abundant isotropic scintillation light. The Cerenkov light which is not absorbed and reemitted by the scintillator and retains its directional information is at longer wavelengths and therefore arrives approximately 1 ns before the scintillation light. As an example, for a 1 MeV β we expect ∼60 Cerenkov photons, which means that close to 100% photocathode coverage with ∼100 ps timing is needed. The photocathode coverage criteria is similar to that for Daya Bay-II[8], and the timing criteria matches that for the device being developed by the LAPPD collaboration[9, 10].

The other variable in the design of a scintillator-based detector is the chemical composition of the liquid. It could be that the addition of quantum dots, nanocrystals with the unique optical property that they absorb all light shorter than a characteristic wavelength and reemit within a narrow peak around this wavelength, to the scintillator may enhance the discrimination of the longer wavelength directional Cerenkov light relative to the isotropic scintillation light. Quantum dots can be made from such elements as Cd, Te, Zn, and Se and would therefore suspend the needed 0νββ target isotope into the liquid. A Cd-doped scintillator would also have application for antineutrino experiments using inverse beta decay especially for non-proliferation applications. Preliminary work characterizing quantum-dot-doped liquid scintillator is reported in Ref. [11].

The combination photodetector and scintillator development represents a rich R&D program for next few years. The first opportunity to implement these ideas would be in KamLAND. A proposal for upgrades to the detector would go to the Japanese funding agencies for the first time in 2015. The schedule for KamLAND running is fairly full, and the schedule of the refurbishment will be set by the physics goals and needs of each run; however, refurbishment should be completed by 2020. The current cost of the KamLAND liquids and PMTs with electronics are $8M and $6.6M respectively, so the replacement, plus enhancements, put the total cost of such a project at ∼$20M.

References

[1] KamLAND Collaboration, A. Gando et al., “Constraints on θ_{13} from A Three-Flavor Oscillation Analysis of Reactor Antineutrinos at KamLAND,” Phys.Rev. D83 (2011) 052002,

arXiv:1009.4771 [hep-ex].

[2] Borexino Collaboration, G. Bellini et al., “Precision measurement of the^7Be solar neutrino interaction rate in borexino,” Phys. Rev. Lett. 107 (Sep, 2011) 141302.

http://link.aps.org/doi/10.1103/PhysRevLett.107.141302.

[3] KamLAND-Zen Collaboration, A. Gando et al., “Limit on Neutrinoless ββ Decay of Xe-136 from the First Phase of KamLAND-Zen and Comparison with the Positive Claim in Ge-76,”

arXiv:1211.3863 [hep-ex].

[4] KamLAND-Zen Collaboration, A. Gando et al., “Limits on majoron-emitting double-β decays of 136Xe in the kamland-zen experiment,” Phys. Rev. C 86 (Aug, 2012) 021601.

http://link.aps.org/doi/10.1103/PhysRevC.86.021601.

[5] KamLAND-Zen Collaboration, A. Gando et al., “Measurement of the double-β decay half-life of 136Xe with the kamland-zen experiment,” Phys. Rev. C 85 (Apr, 2012) 045504.

http://link.aps.org/doi/10.1103/PhysRevC.85.045504.

[6] SNO+ Collaboration, C. Kraus and S. J. Peeters, “The rich neutrino programme of the SNO+ experiment,” Prog.Part.Nucl.Phys. 64 (2010) 273–277.

[7] A. Ali, A. V. Borisov, and D. V. Zhuridov, “Probing new physics in the neutrinoless double beta decay using electron angular correlation,” Phys. Rev. D 76 (Nov, 2007) 093009.

http://link.aps.org/doi/10.1103/PhysRevD.76.093009.

[8] L. Zhan, Y. Wang, J. Cao, and L. Wen, “Experimental requirements to determine the neutrino mass hierarchy using reactor neutrinos,” Phys. Rev. D 79 (Apr, 2009) 073007.

http://link.aps.org/doi/10.1103/PhysRevD.79.073007.

[9] J. Anderson et al., “The Development of Large-Area Fast Photo-detectors,” 2009.

[10] LAPPD Collaboration, “Technical Design Report for the frugal MCP,” 2010.

[11] L. Winslow and R. Simpson, “Characterizing quantum-dot-doped liquid scintillator for applications to neutrino detectors,” Journal of Instrumentation 7 no. 7, (2012) P07010.

http://stacks.iop.org/1748-0221/7/i=07/a=P07010.