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1. INTRODUCTION

It is expected that in the next decade discoveries at colliders will help illuminate more fully the particle content of whatever New Physics (NP) model best describes Mother Nature. To get a more thorough understanding of the underlying dynamics responsible for the NP requires a plethora of measurements the colliders can’t do. These include determining the parameters of the PMNS matrix, probing the parameters of the CKM matrix, searching for evidence of mixing in the charged lepton sector (charged lepton flavor violation – CLFV), searches for baryon number violating processes, and direct searches for dark matter candidates. 
The muon anomalous magnetic moment aµ is a low-energy observable, which can be both measured and computed to high precision. The comparison between experiment and the SM  therefore provides a sensitive search for NP. At present, both measurement and theory have sub-part-per-million (ppm) uncertainties, and the “g-2 test” is being used to constrain SM extensions. The difference between experiment and theory, Δaµ(Expt- SM) = (274 ± 76) × 10-11 (3,6 σ), is a highly cited result and a possible harbinger of new TeV-scale physics. Potential explanations of the deviation include: supersymmetry, lepton substructure, dark matter loop etc., all well motivated by theory and consistent with other experimental constraints. Fermilab Proposal-989[1] has a plan to reduce the experimental uncertainty by a factor of 4 or more. This reduction will lead to a more definitive result - Δaµ > 5σ “discovery-level” deviation from the SM - if the central value remains unchanged. A precise g-2 test, no matter where the final value lands, will sharply discriminate among models and will enter as one of the central observables in a global analysis of any SM extensions.





The proposed Mu2e experiment at Fermilab [2] is a dedicated search for the CLFV process , which is the coherent conversion of a muon into an electron in the vicinity of a nucleus. Strictly speaking this process is forbidden in the SM. Once neutrinos masses are included, the process is allowed but effectively still absent since the rate is proportional to  ,    where  is the mass difference squared between ith and jth neutrino mass eigenstates, and MW  is the mass of the W-boson. For example, the predicted rates for the  and   CLFV processes are less than 10-50 each [3]. This makes these processes a very theoretically clean place to search for NP effects. In many NP models that include a description of neutrino mass, the rates for these processes are enormously enhanced so that they occur at a level to which next generation experiments will have sensitivity. An ambitious experiment to study this physics was proposed for the AGS at Brookhaven. Called the  Muon to Electron COnversion (MECO) experiment, it was based on a muon beam line concept that was first proposed for the MELC experiment [4] at the Russian Institute for Nuclear Research (INR) a few years earlier.







	There are a variety of CLFV experiments with sensitivities approaching theoretically interesting regions. These include CLFV tau lepton, muon, kaon, and b-meson decays. Among these the  process has sensitivity to the broadest array of NP models. Like the  ,  , or  processes,   is sensitive to NP contributions via loops, such as those expected in Supersymmetry via slepton mixing, induced in seasaw models of Heavy Neutrinos, and present in two Higgs doublet models. In addition, the  process is also sensitive to NP contributions via contact interactions, such as those expected in Compositeness, Leptoquark, and GUT models with additional gauge bosons and/or anomalous couplings [3]. The above models predict rates as large as 10-15 in regions of phase space that overlap with LHC discovery sensitivities. For Phase-I the target discovery sensitivity on the rate of the  process, Rμe, 

is less than 10-16 and offers the Mu2e experiment great discovery potential over a wide array of NP models and enables it to probe mass scales as large at 104 TeV, well beyond what will be explored at the LHC. The ratio of rates among various CLFV processes is model dependent and can differ by orders of magnitude. Measuring the rates of several CLFV processes will be important in elucidating the details of the underlying NP model.
A muon-to-electron conversion experiment at Fermilab could provide an advance in experimental sensitivity of four orders of magnitude. The experiment could go forward in the next decade with a modest evolution of the Fermilab accelerator complex. Such an experiment could be the first step in a world-leading muon-decay program eventually driven by a next-generation high-intensity proton source. Development of a muon-to-electron conversion experiment should be strongly encouraged in all budget scenarios considered by the Fermilab.

1.0 Mu2e-II is the next perspective stage of experiment 

Proton Improvement Plan-II (PIP-II) is the centerpiece of Fermilab’s plan for upgrading the accelerator complex to establish the leading facility in the world for particle physics research based on intense proton beams. PIP-II has been developed to provide 1.6 MW of proton beam power at the start of operations of the Long Baseline Neutrino Facility (LBNF), while simultaneously providing a platform for eventual extension of LBNF beam power to >2 MW and enabling future initiatives in rare processes research based on high duty factor/higher beam power operations. PIP-II is based on the construction of a new 800 MeV superconducting linac, augmented by improvements to the existing Booster, Recycler, and Main Injector complex. To achieve another factor of ten improvement in sensitivity, Mu2e-II will require about 100-kW. The linac will have the possibility of being further upgraded to proton energies as high as 3-GeV. The present Mu2e design is optimized for 8-kW of protons at 8 GeV. 

1.1 Muon g-2 and Mu2e works together
The muon g-2, together with searches for charged lepton flavor violation, electric dipole moments, and rare decays, provides such a complementary tool to probe the high energy frontier.
The complementarity between these different measurements can be obviously seen. G-2 corresponds to a favor- and CP-conserving interaction which is sensitive to and potentially enhanced by chirality flips.  Many high-energy collider observables are insensitive to chirality fips. Many other low-energy observables are chirality-flipping but flavor-violating (b- or K-decays, μ→e conversion, etc) or CP-violating (electric dipole moments). If charged lepton-flavor violation exists, observables such as μ→e conversion can only determine a combination of the strength of lepton-flavor violation and the mass scale of NP. In that case, g-2 can help to disentangle the nature of the NP.
	This implies that a more precise αµ- measurement will have significant impact on such models and can even be used to measure model parameters. Supersymmetric models are the most well-known examples, so muon g-2  would have substantial sensitivity to the supersymmetric particles. Compared to generic perturbative models, supersymmetry provides an enhancement to αµ(SUSY) by a factor tanβ (the ratio of the vacuum expectation values of the two Higgs fields). The SUSY diagrams for the magnetic dipole moment, the electric dipole moment, and the lepton-number violating conversion process μ→e in the field of a nucleus are shown pictorially in Fig. 1.1.1
[image: ]
Figure 1.1.1.: The supersymmetric contributions to the anomaly, and to μ→e conversion, showing the relevant slepton mixing matrix elements. The MDM and EDM give the real and imaginary parts of the matrix element, respectively. The × indicates a chirality flip.



2. JINR CONTRIBUTION

	The aim of the PROJECT was JINR participation in the Muon g-2 and  Mu2e experiments.  This includes R&D and design activities, simulations, data acquisition and detector element construction.  
	

2.1  JINR participation in muon g-2 experiment

2.1.1 Muon g-2 DAQ

2.1.1.1 PARAVIEW event display
Development and debugging of the event display code. Support of a dedicated MacPro server for the event display. Integration of the event display with “near line” analysis software.
	An event display application for experimental data visualization has been developed using modern software technologies: Python, VTK Tools (instead of PARAVIEW), Matplotlib and other additional libraries. The application is running on a dedicated MacPro server. The event display provides 3D visualization of experimental events from online data stream (via ZeroMQ protocol) or from stored data files. The system of interactive menus allows one to choose different views of the experimental setup. Various graphs and histograms (detector hit distributions, energy and time spectra etc.) could be shown in additional windows.

[image: ]
Fig. Event display screenshot with all calorimeter modules.
[image: ]
[bookmark: _GoBack]Fig. Event display screenshot with a selected calorimeter module 

2.1.1.2 MIDAS Alarm system
	Integration of all required alarms from different experiment subsystems into the central MIDAS DAQ. Testing and debugging of the new alarm system during engineering runs before data taking. Support of the alarm system during beam runs.

The MIDAS alarm system has been set up and tuned. Slow control data (temperature sensors, power voltages etc.) from different experiment subsystems were added to the central DAQ alarm scheme. The alarm system is successfully used during data taking runs.

2.1.1.3 MIDAS ODB support and interfacing
The online database (ODB) is the DAQ central information hub for a MIDAS experiment. It contains all information related to the internal operation of the data acquisition and any user information related to the configuration of the experiment. Only very basic tools for manipulating the ODB are available in the MIDAS distribution. So a suite of new custom JavaScript web pages for the MIDAS mhttpd server will be developed to provide a robust and user friendly interface to various parts of the ODB specific for the Muon g-2 experiment. Special applications/scripts for checking ODB integrity and correcting possible errors in the data structures will be also developed.
	A suite of custom JavaScript web pages for the MIDAS mhttpd server has been developed and successfully used in the experiment. These pages provide a convenient web interface to control many thousands of settings and channels of the DAQ electronic boards (waveform digitizers and others).
The parameters of the electronics are visualised as interactive (multidimensional) tables and could be edited (set) not only for individual channels but also for groups of channels and boards.
The following features are implemented:
· Different types of data (boolean, integer, string etc.) could be edited.
· The same value (or a structured set of values) could be written to a subset of an array defined by a range selector. Example:  1,3,5-9,22.
· Any values before writing to the ODB could be checked for validity.

[image: ]


Fig . MIDAS custom page: setting Mixed Type Parameters in 3-D table (with scrolling).



2.1.2 R&D of straw detectors with cathode data readout for muon g-2

The trackers for the Muon g-2 experiment should  cover the working surface area of 100 × 100 mm2 and provide the measurement of two coordinates with the accuracy of about 1 mm at a high particle rate. The tracker should operate in a vacuum. The present design accepted by the collaboration is based on traditional straw tubes with a diameter of 5 mm. Two-coordinate determination is provided by “stereo” configuration: in each tracker station there are  two double planes of straw tubes placed at an angle of 7.5 °, what ensures the accuracy of determining the longitudinal coordinates of 1.5 mm.
	The JINR scientists developed [d1][d2][d3] a method of creating a new type of straw detectors with high rate capability and more accurate determination of the longitudinal coordinate Z (along the anode wires) in a single tube, based on the signals read out from the straw cathode surface cut out in a "double-wedge" pattern.  It is proposed  to use these "cathode" straws for the  Muon g-2 tracker.  The radial coordinate is measured by the standard drift time method. This allows to use the straw tubes with a diameter of 10 mm  while maintaining the necessary high rate capability. Such tubes have better performance than the five millimeter tubes, and are easier to manufacture. The total number of tubes and channels of electronics in a single tracker station decreases in four and two times, respectively. Also the resulting accuracy of the longitudinal coordinate measurement will be of less than 1 mm, what is comparable to a radial coordinate accuracy. 
	A prototype of a 2D tracking station consisting of 16 original straw tube detectors with cathode data readout has been developed and successfully tested at DLNP, JINR. These detectors provide similar accuracy of measuring radial and longitudinal coordinates. The prototype rate capability is close to the capabilities of the traditional detectors using tubes of half a diameter. This prototype has been developed as an alternative option of the experiment tracker. 
[image: ]

Fig. 2.1.4 The tracking station prototype on a test stand at DLNP, JINR.












2.2  JINR participation in Mu2e experiment

2.2.1  Electromagnetic calorimeter
	
JINR Mu2e group is actively involved in the electromagnetic calorimeter (EMC) research and development  [d4]- [d29]. Main directions of our group activity are development and testing of new crystals and simulation as well as develop and test front end electronics.

2.2.1.1  Simulation
The calibration has goal to measure the parameters and functions needed to turn raw data into accurate physical unit values. Calibration and monitoring while physics data is being accumulated are important to obtain the veracious data. Mu2e will use few calibration techniques for the calorimeter, with complementary strengths and weaknesses. Combining the results of these techniques will allow to realize the best possible performance of the calorimeter and independent cross checks. The method must provide precise, independent crystal-by-crystal calibration. The precision of calibration should satisfy the requirements documented by the Mu2e collaboration. An energy resolution of 5% at 100 MeV is desirable to confirm the electron momentum measurement from the tracker, which is much more precise.
Calorimeter energy calibration with the decays-in-orbit (DIO) electrons will compare the cluster energies from electrons with the momenta measured in the tracker. At nominal magnetic field, B=1.0T, occupancy of the Mu2e detector is strongly radially-dependent. Because of that, calibrating detector at nominal field would be rather difficult: the calibration procedure would have to deal with the non-uniform occupancy in different channels and low statistics in crystals located at large radii. Reducing the magnetic field from 1 T to 0.5 T provides for significantly more uniform coverage of the calorimeter disks and high statistics, limited only by the DAQ bandwidth, which in principle allows to achieve any desired statistical accuracy. Given the narrow detector acceptance, several measurements at the intermediate magnetic fields are needed to translate the calibration from 0.5 T to the nominal field.
[image: ]
We investigated the performance of the calibration algorithm in case of the Mu2e calorimeter and study the expected accuracy of the calorimeter calibration. Below we summarize the results of our studies:
- We modeled the calorimeter energy calibration with DIO electrons at B=0.5T.
  Our current studies show that the calorimeter can be calibrated using the data 
   with the statistical accuracy better then 0.5\%. Appropriate sample of DIO electrons 
  can be obtained during the 10-20 minute long calibration run.
  The systematic accuracy of the calibration is determined by the accuracy of the MC 
  detector modeling.
- Selection requirements on the energy deposition in crystals and the energy thresholds 
  used by the calorimeter clustering algorithm  can bias the calibration procedure.
  We demonstrated that an iterative approach when at each iteration the energy deposited 
  in the crystal number i calculates using the value of calibration C_i  obtained 
  at the previous iteration removes the bias.
- Due to the non-uniform coverage the calibration accuracy depends on the crystal radius 
  coordinate. Compared to the central region, the calibration accuracy near 
  the internal and external edges of disks is lower.
The calculation and simulation of the optimal filling of the two calorimeter discs with crystals of hexagonal and rectangular cross-section was performed. We shown that filling the disk of crystals of rectangular cross section is not more than 5% inferior to the filling of hexagonal crystals. In the result the decision to use crystals of rectangular cross section was accepted.
We have investigated scintillation light distribution in BaF2 and pure CsI crystals with dimensions 3x3x20 cm3 using the Geant4 toolkit. The diffuse wrapping material is selected as coating for the crystals. The simulated cosmic muons and 105 MeV electrons are used as beam particles. The optical attenuation along the crystals is explored with the simulation data. We have demonstrated the impact of the crystal surface finish on the light distribution at the crystal end, optical photon arrival time, incidence angle distributions, and optical attenuation for the studied crystals [d9].

2.2.1.2 Tests at MAMI and Frascati  accelerators

JINR colleagues strongly participated in the LYSO matrix tests [d10][d11][d12]. A LYSO matrix prototype was built in March 2014 with an overall transverse dimension corresponding to a ~ 3.6 Moli`ere Radius (RM) and a longitudinal dimension corresponding to ~ 11.2 radiation lengths (X0). The prototype consisted of 25 LYSO crystals (30 × 30 × 130 mm3) . Each crystal was wrapped with a 60 μm thick layer of super-reflective ESR-3M and read out by a Hamamatsu S8664-1010 APD. The APDs were optically connected to the crystals by means of Saint-Gobain BC-630 optical grease. The obtained energy resolution is 4.3 % for 100 MeV photons ( see Fig. 2.2.1.2.1) and time resolution is better 0.2 nsec (Fig. 2.2.1.2.2).

[image: ]
Fig. 2.2.1.2.1  Left: Energy distribution for 92.5MeV photons (dots) compared with GEANT4 simulation (filled histogram). MC spectrum includes an additional 2.6% Gaussian smearing. Energy resolution is obtained from a fit with a Lognormal distribution (solid line). Right: energy  resolution as a function of the deposited energy for data and MC.

[image: ]
Fig. 2.2.1.2.2 Time resolution as a function of the energy deposited in the matrix, obtained with scintillation counters (both for the central cell and the entire matrix).

JINR colleagues participated in the beam test of CsI matrix which was done during April 2015 at the Beam Test Facility in Frascati (Italy) [d13] . Time and energy measurements have been performed using a low energy electron beam, in the energy range (70,120) MeV.
	Together with Italian colleagues we tested the calorimeter prototype consisted of nine 3 x 3 x 20 cm3 undoped CsI crystals wrapped into 150 μm of Tyvek®, and arranged into a 3x3 matrix[d14]. Out of the nine crystals, two were produced by Filar OptoMaterials, while the remaining 7 came from ISMA (Kharkov). It was shown fine time resolution  for 100 MeV electrons is ϭt ~ 200 ps and energy resolution σE/E ≈ 6.5% .
	 	As well JINR scientists participated in the tests of the “module0” at Frascati electron accelerator with energy diapason 60-120 MeV. The half of the “module 0” CsI crystals with dimensions 34x34x200 mm3, namely 25 units of ISMA manufactured were given to Mu2e collaboration as JINR in-kind contribution [d16]-[d26].  The “module0” tests with our participation shown suitable energy resolution (5.3 % for 100 MeV incident electrons), perfect timing resolution (0.2-0.3 ns) and good linearity.
	Our colleagues participated in the QA tests of the CsI crystals from initial procurement supply in CalTech Institute. They tested crystals for consistency with the calorimeter requirements including light yield (> 100 Nph.el./MeV) in 200 ns gate, longitudinal Response Uniformity (<5 %), fast to total component ratio, energy resolution. Part of the crystals from each party supplies were tested for radiation resistance from gamma and neutron sources. The suitable crystals were wrapped with Tyvek and prepared to the calorimeter assembly[d27].
	

2.2.1.3  Test of CsI crystal matrix at Yerevan electron accelerator

DLNP and Erevan Physics Institute (A.Alikhanyan National Laboratory) groups established a cooperation in 2015 to carry out beam tests of the e.m. calorimeter prototype on the Erevan Linac LUE-75. Calorimeter beam test requires single electron events, i.e. it is required to suppress the beam intensity by 10-11 orders of magnitude. Accelerator staff successfully got a steady LUE-75 operation mode with extremely low beam intensity (10-20 electrons/s) .
Several Runs DLNP physics performed at LUE-75 with CsI crystal matrix during 2016-2018.
3x3 matrix of undoped CsI crystals with dimensions 30x30x200 mm3  each was tested in the 15-35 MeV energy range. Matrix demonstrated good linearity of energy response. Energy resolution is about σE/E ≈ 6.4%  at 35 MeV  (Fig. 2.2.1.3.1 – 2.2.1.3.2).

[image: ]Fig. 2.2.1.3.1 Tested 3x3 matrix of pure CsI crystals with PMT readout 





[image: ][image: ]

Fig. 2.2.1.3.2  a)Matrix demonstrates good linearity of energy response  b) Energy resolution is about σE/E ≈ 6.4%  at 35 MeV



2.2.1.4   Front end doard development and tests

	Simulations were preformed during FEE board development process in 2016-2018 in Cadence OrCad software framework to estimate basic characteristics of designed linear regulator (LDO) for SiPM array and preamplifier, placed on FEE board. This is v1 of preamplifier and it was modified several times after test-beams and radiation test, but all principal solutions and architecture are conserved. Second batch of simulation were performed in 2018-2019 for FEE board V2 and V3. In this version input cascade and gain select scheme were modified.
In this simulation batch we:
1) confirmed pulse load stability;
2) performed time and frequency analysis to select and verify selected values for feedback circuits;
3) estimated power consumption to finalize mechanical support construction;
4) estimated gain, linearity and bandwidth of selected architecture.
In 2017-2019 several versions of FEE preamplifier and LDO were presented. It was necessary to check all characteristics for real hardware, such as:
1) LDO noise and temperature stability;
2) preamplifier bandwidth;
3) triangle pulse rise and fall time;
4) pulse maximum rate;
5) power consumption;
6) gain and linearity plot;
[image: ]Several gamma-radiation tests of all FEE and digitizer components were performed in 2018-2019 [d28]. After first tests (Fig.2.2.1.4.1) some weak places of FEE linear regulator were revealed and therefore additional iteration of design was required. Final tests show full FEE compatibility with MU2E estimated radiation background.
 

Fig 2.2.1.4.1 Experimental setup for FEE gamma radiation test at CALIOPE (ENEA, Italy), June 2018.



For operation in vacuum it is well-known that breakdown voltage in a gas became lower with a pressure decreasing. The dependency of breakdown voltage as a function of pressure-distance multiplication is plotted on Paschen curve that have sharped minimum and plateau around this value. The conditions of Mu2e experiment include vacuum operation in the region 10-2-10-4 Torr, so one need to determine minimum position for a given preamplifier PCB to exclude breakdown failure during data taking. Our test shown that for pressure point p=10-3 – 10-2 mBar the breakdown voltage is higher than 1600 V, and we have safety factor > 8.
[image: ]To perform QA for all set of 3500 preamplifier for Mu2e electromagnetic calorimeter preamplifier QA stand was developed in DLNP, JINR, Dubna (Fig. 2.2.1.4.2). 
 

Fig. 2.2.1.4.2. DLNP setup to measure preamplifier characteristics and QA tests.








This is hardware and software complex for quality analysis, that allow to quickly estimate main preamplifier characteristics:
1) preamplifier bandwidth;
2) triangle pulse rise and fall time;
3) pulse maximum rate;
4) power consumption;
5) gain and linearity plot.
Preamplifier is connected to 1-channel mezzanine board that provides it with power supply, set the digital registers, converts differential output signal to single-side. Signal is formed by programmable pulse generator and from input probe goes to preamplifier, after goes to differential - single-end convertor and then to the digitizer via coaxial line. Digitizer is the CAEN v1720 250Mhz ADC. We use two working regimes: first is with rectangle pulses is used to estimate bandwidth and cutoff frequencies of preamplifiers,  second one uses triangle inpult pulses like SiPM array signal to measure linearity, gain, maximum repetition rate, rise/fall time. Power consumption is estimated by power supply current reading.
Digital signal is processed with analyzing software that extracts necessary information.  
Another QA measurement that can be performed with aid of this setup is LDO reference DAC corrections measurements. Each DAC in digital feedback have its own linearity and displacement that should be taken into consideration in order to get 3 significant decimal place precision at 150V level. 
   
2.2.1.5  RnD with BaF2 crystals and solar blind photodetectors.

We managed to create a PMT for effective registration of a fast component and suppression of a slow component of the BaF2 emission spectrum using the AlGaN-based photocathode with Al-content up to 0.8 in upper p-type conductive layers. With aid of data collected from cosmic rays observation it is shown that the efficiency of slow component suppression is growing with increase of Al-content in the upper graded AlGaN:Mg layers of the photocathode heterostructure.
Such photodetectors in coupling with BaF2 scintillation crystals can be useful in Mu2e experiment phase II, providing high timing resolution with dead time of detector less than 30 ns in high radioactive background up to 10 Mrad. 

 [image: ]


Fig. 2.2.1.5.1 Schematic view of cathode’s heterostructures(a) and produced AlGaN photocathodes sensitivity spectrum on the BaF2 emission spectrum background(b). There are p-type conductive layers AlxGa(1-x)N:Mg with high aluminum fraction x>0.4 grown with polarization doping and linear gradient of Al fraction: from 0.8 to 0.55 (b,1) and from 0.66 to 0.37 (b,2).











Developed UV-photodetectors are a photomultipliers with microchannel plates, that uses photocathode based on heterostructure with p-type conductive AlxGa(1-x)N:Mg layers.  For such structures it is possible to vary their bandgap in the entire range from 3.5eV up to 6.1eV by increasing the Al-content. This make this material suitable for developing UV-photocathodes of a large-area with an adjustable threshold in the spectral range λ=210-360 nm, wherein threshold λ<280 nm accords to Al-content x>0.4.
	To manufacture the UV-photocathodes for photomultiplier with a negative electron affinity two AlGaN-based heterostructures were grown by plasma-assisted molecular beam epitaxy (PA MBE) at the Ioffe Institute, St.Petersburg. In grown structures schematically presented on the Fig.2.2.1.5.1.a, Al mass fraction in upper layers changes from 0.8 to 0.55 and from 0.66 to 0.37. After optical properties analysis the heterostructures were used to produce photocathodes with a 20mm. Photocathodes production roadmap includes laser cutting of heterostructure to get 20 mm disks, technochemical and finish photocathodes surface cleaning. Then, to increase quantum efficiency of the cathodes the thermal processing and Cs/O2 activation procedures were performed: it allows to get thin potential barrier between cathode and vacuum level thereby increasing probability of electron emission.
	Cathodes described above were used to produce photomultipliers: a sapphire input window, an AlGaN photocathode with two sliced microchannel plates and an anode are assembled in the metal rack with 31 mm diameter and surrounded by plastic shell. The working size of input window is 18 mm.
On the Fig.2.2.1.5.1.b the photocathode sensitivities of produced PMTs are presented. One can estimate, that threshold wavelengths are 280nm and 260nm, increasing of Al mass fraction in the top layers of heterostructures leads to short- wavelength shift of sensitivity spectrum. It is important to highlight, that for the structure with gradient changing of Al for 80 to 55 mol% one can get maximum of photosensitivity of 27 mA/W at λ=226 nm, that exceeds the results ever demonstrated in this spectral range. 
	One of the PMTs described above with shorter-wavelength cathode, which has a maximum of sensitivity at λ= 226 nm (see Fig.2.2.1.5.1.), was used to create a scintillation detector with a BaF2 scintillation crystal. A cylindrical crystal with 2 cm diameter and 1 cm height is wrapped with a PTFE and coupled optically to the sapphire window of the photomultiplier without optical grease. A divider with 50 Ohm output resistance was developed to readout a PMT signal using coaxial cable. We used this scintillation detector to register cosmic rays particles.
	We will continue investigation in this field [d30] to obtain working version of photodetector suitable for BaF2 crystals for Mu2e phase II. There are no commercically available photodetectors for now and creation of those is crucial.

2.2.2  Cosmic Ray Veto system
	We are participating in the Cosmic Ray Veto ( CRV) system in various fields. These are the RnD on increasing light yield from the scintillation strips by filling the holes around the fibers with optical fillers; radiation hardness tests of the counter prototypes and fillers; participation in the test beams of the counters prototypes; development technology of the CRV 4-layers module assembly and tests at cosmic muons, simulation of the counters light yield using optical model.

2.2.2.1  Increasing the light yield from scintillation strips

One of efficient methods of increasing light collection from a plastic scintillator by WLS fiber is filling a space between them with optical glue or some other filler with refractive index of wich close to that of the scintillator. In case of using high viscosity optical transparent filler the special technique we developed for injecting it into the strip hole.
Several sets of measurement were performed with cosmic muons and radioactive sources at Dubna[d31][d32]. We have used up to 5-m  extruded scintillation strip, manufactured by ISMA (Kharkov, Ukraine) with a 1,2-mm Kuraray Y11 (200) MC WLS fiber placed into the co-extruded hole with optical resin SKTN-MED(E), see Fig. 2.2.2.1.1 and Fig. 2.2.2.1.2. The PMT anode current was measured by Keithley 6487 picoammeter as a function of the distance from the PMT photocathode with 60Co and 90Sr irradiation.
[image: ooxWord://word/media/image2.jpeg]





Figure 2.2.2.1.1. Setup to pump the high viscosity filler into the co-extruded hole of the scintillation strip (not in scale): (1) dry type compressor; (2) SL101N digital Liquid Dispenser; (3) manometer; (4) special vessel with filler; (5) filler; (6) polyvinylchloride tube; (7) inlet for filling; (8) strip; (9) WLS fiber; (10) sealing; (11) exhaust outlet for extracting air.
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Figure 2.2.2.1.2 . Layout of the experimental setup (a); cross section of the light-proof Al U-channels with a strip inside (b); the end of the strip, that will contact to the PMT (c) (the strips have a triangular cross section with a base of 33 mm and a height of 17 mm and a hole about 3 mm in diameter at the center); special device for radioactive source moving (d); general view (e).

The measurements of light yield (anode current of PMT) were carried out for “dry” (filled by air) strip and then for filled by SKTN-MED(E) one, irradiated by 60Co and 90Sr. 
[image: ]	Readout was performed by PMT from one end of WLS fiber when unread end was darkened. Special measurement was made with mirrored unread end. The results of the measurements are presented on the Figure 2.2.2.1.3.




Fig. 2.2.2.1.3  Light yield for different strip configurations.


The light yield of the strip filled with SKTN-MED(E) in average is 1.5-1,8 times higher than that of the “dry” strip. 
  DLNP colleagues demonstrated filling  with SKTN-MED and tests real 4.5 m CRV counters at University of Virginia ( USA). It was extremely important to test the methodology on the strips that will be used later in the experiment, and try out simultaneous fill SKTN-MED in a few holes strips, for a win on time. Slightly improved compared with the Dubna version of the fill method was applied with success. In addition, to select the optimal values have been studied the dependence of the time of filling of the applied overpressure.

2.2.2.2  Radiation hardness tests of the scintillator strips and filler samples

We have carried out the investigations on radiation hardness of scintillation strips and SKTN-MED(D) and Bicron-600 (for comparision) in the neutrons flux from fast neutron reactor of JINR.  Fillers and strips with length 15 cm  with WLS fiber in the its hole with/without filler were irradiated on neutron integral flux up to 1.6x1015neutrons/cm2. The tested filler samples were prepared as resins (without hardener) and glue.
 Transmittance of the glues SKTN-MED(D) and Bicron-600 on dependence of wavelength at the various neutrons flux measured on spectraphotometer are presented on Figure 2.2.2.2.1(a) and (b) respectively. As one see, transmittance of the glue SKTN-MED(D) are practically not changed in the neutron flux considered whereas a strong dependence for BC-600 is observed. So, radiation hardness of  the glue SKTN-MED(D) is much better than that of glue BC-600. Similar behavior of BC-600 transmission spectra was observed [d34] [d35] ( see  Fig. (c)).
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a)   				b)  				c)
Fig. 2.2.2.2.1 Transmittance of  glue SKTN-MED(D) (a), BC-600 (b) measured on neutron integral flux (1.6x1015, 3.8x1014 , 1.2x1014) neutrons/cm2 and BC-600(c) measured on γ from Co60[d34].

2.2.2.3  Test beam of the counter prototypes

Tests of the CRV counter prototypes were performed at Fermilab 120 GeV proton beam.

[image: IMG_1058.jpg]

Figure. 2.2.2.3.1 Test stand at the Fermilab Test Beam Facility. Stintillator counters are located on the movable platform.

The length of the test samples scintillator dicounter was 3 m, with a cross section of 10x2 cm2 , 4 SiPM on each end. The dicounter consists of two counters a cross section of 5x2 cm2 glued to the ribs.
 	Different option of the prototype counters were tested. WLS Kuraray fibers with diameter 1.0, 1.4 and 1.8 mm were irradiated. SiPM  Hamamatsu S13360-2050VE with dimensions 2x2 mm2 and 3x3 mm2 were tested also. The larger SiPM is easier to match with the fiber, but it is more noise. The longitudinal movement of the test samples relative to the beam performed to determine the attenuation length of  fiber. Also the incident beam angle was varied during the tests. The counters were tested with different parameters of the TiO2 layer.
In addition, the strips with 3 different concentrations of PPO and POPOP additives were investigated.
	According to the performed tests  for the CRV modules were choosen [d33] :
• 2 mm X 2 mm SiPM Hamamatsu (small cross-current, low-noise);
• 1.4 mm  fiber.
 	
2.2.2.4  Technology of the CRV 4-layers module assembly

JINR scientists developed the procedure of the CRV module creation from the 4-layers scintillation strips and aluminum spacers. The length of such modules will extend from 2.5 up to 7 meters and weight of one module is several tons. The pilot modules were produced and tested at Virginia University.
[image: ]
	JINR scientists assembled two cathode strip chambers and organized the cosmic muon test stand based on those chambers to test cosmic ray veto (CRV) modules of Mu2e veto system. The final quality control of the counters is carried out after assembling the CRV module at the stand with the registration of cosmic muons. For this purpose, we created a telescope from 4 cathode-strip chambers with dimensions of 1x1 m2, which are used to build the muon track with an accuracy of 0.1 mm. 
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Figure 1: Transmission spectra of BC600 before and  Figure 2: Transmission spectra of Dirax before and
after irradiation (27 kGy Co™). after irradiation (27 kGy Co™).
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