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The Reactor Anomaly (RAA)
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3σ anomaly

Solar oscillationAtm. oscillation? ? ?



The Gallium Anomaly (GA)
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eV-scale massive neutrino? 
(mainly sterile)

Mixing with active ν’s
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§ νe detection: νe + p à e+ + n  

§ 𝜎~10%&'	  𝑐𝑚'à 5 PBq (only) needed

§ (e+,n) coincidence à mitigate backgrounds

§ 144Ce-144Pr

§ abundant fission product (5%)

§ 144Ce: long-lived & low-Qβ
time to produce, transport, use

§ 144Pr: short-lived & high-Qβ
νe above IBD threshold

144Ce-144Pr Antineutrino Generator

−

−

−

(ITEP N°90 1994, PRL 107 201801, 2011)
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CeSOX Concept
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§ Seed: spent nuclear fuel (HEU)
§ High 144Ce – Low Cm/Am 

§ Radiochemical Plant - Mayak
§ U and Pu recovered - Purex®

§ Removal of 137Cs, 90Sr, 106Ru, Al
§ Extraction of Cerium
§ Primary encapsulation
§ Activity measurement (5%)

§ Radioisotope Plant - Mayak
§ Secondary encapsulation
§ Certification SFRM / ISO
§ Loading into tungsten shield
§ Loading into transport cask

§ 2012-15: R&D. 2017: production

144Ce Production – PA Mayak
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§ 144Ce
3.7 – 5.5 PBq – 1200 W

§ Sketch of CeO2
inside capsule

§ CeO2 pellets 2.5 g/cm3

§ Cu-disk radiators

§ 3 Cu-capsule 

§ T(CeO2) < 600 °C

§ T(Out Cap) < 500 °C

8

Source Encapsulation

ISO 9978:1992(E) – ISO 2919

15 cm

Th. Lasserre – Erice 2017 Special Form Radioactive Material
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Dummy Source Delivered

§ Sketch of CeO2
inside capsule

§ CeO2 pellets 2.5 g/cm3

§ Cu-disk radiators

§ 3 Cu-capsule 

§ T(CeO2) < 600 °C

§ T(Out Cap) < 500 °C

15 cm
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Stringent Specifications
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+,-,.	  /0123/4/56
7&&85	  9	  7&&:3 < 10%<	  W/W

.	  /0123/4/56
7&&85	   < 10%<	  Bq/Bq

'&&80
7&&85	   < 10%A	  Bq/Bq

'&7B0
7&&85	   < 5.10%<	  Bq/Bq

144Ce activity: 3.7	   − 5.5	  PBq

22Na, 44Ti-44Sc, 49V, 54Mn, 55Fe, 57Co, 60Co,
63Ni, 65Zn, 68Ge-68Ga, 90Sr-90Y, 91Nb, 93mNb,
106Ru-106Rh, 101Rh, 102Rh, 102mRh, 102mRh,
108mAg, 110mAg, 109Cd, 113mCd, 119mSn, 121mSn,
125Sb, 134Cs, 137Cs, 133Ba, 143Pm, 144Pm, 145Pm,
146Pm, 147Pm, 145Sm, 151Sm, 150Eu, 152Eu, 154Eu,
155Eu, 148Gd, 153Gd, 157Tb, 158Tb, 171Tm, 173Lu,
174Lu, 172Hf-172Lu, 179Ta, 178mHf, 194Os-194Ir,
192mIr, 193Pt, 195Au, 194Hg-194Au, 204Tl,
210Pbà206Pb, 207Bi, 208Po, 209Po, 228Raà208Pb,
227Acà207Pb, 228Thà208Pb, 232Uà208Pb,
235Np, 236Pu-232U, 238Puà230Th, 239Pu, 240Pu,
241Pu-241Am, 241Am, 242mAm-230Th,
243Cmà235U, 244Cm, 248Bk-244Am, 249Bk-249Cf,
248Cf ,249Cf, 250Cf , 252Cf, 252Es, 254Es-250Bk



High Density Tungsten Shield

2.3 tons

19 cm of W alloy
18.g/cm3

Closure flange  
Top lid  

18.g/cm3 W
alloy Plug

Handling crown

Cerium source

3 1010 γ/sec 
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High Density Tungsten Shield

107 attenuation
for 2.2 MeV γ’s

< 8 µSv/h @1 m

3 1010 γ/sec 
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<80°C



Transportation cask – TN MTR

13
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25 g of 144Ce – 25 ton cask – Certified for CeSOX

insertion test

tungsten shield



Transportation Routes
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Mayak

LNGS

Le Havre
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Under the responsibility of AREVA & CEA
A 3 week journey through Russia (train), France (boat), and Italy (truck)

TN-MTR Cask 



Deployment Rehearsal – Oct. 2017

LNGS Hall C
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Borexino/SOX Facilities
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Calorimetry

Rail deployment systemPit



𝛾	  Induced Background

§ Random coincidence between two 
γ’s from the 144Ce source

§ 144Ce pilot production

§ No impurity at
< 10-4 Bq/Bq of 144Ce
à negligible
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Gamma spectroscopy



§ Neutrons from spontaneous fission
à 2 neutron captures à 2 γ’s

§ 144Ce pilot production

§ 10-5 Bq 244Cm / Bq 144Ce
à negligible

Neutron Induced Background

244Cm: α decay
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5.8 MeV

241Am: α decay



A background free sterile 𝜈 search
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§ 270 tons (4m radius)
1.5 y - 90% efficiency

§ 144Ce Signal - 4.6 PBq
§ 8500 𝜈’s

§ Backgrounds
§ from detector

< 50 (data)
§ from 144Ce source

< 1 

B. Neumair (TUM)

144Ce source: 8.3 m away from Borexino center

resolution



“Shape-only” Sensitivity
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Vertex+Energy reconstruction



“Rate+Shape” Sensitivity
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Vertex+Energy reconstruction

144Pr β-spectrum

144Ce activitynormalization uncertainty: 1.5%



Absolute Normalization
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eV

144Ce activity – 0.2%

x 144Pr spectrum – few %

x σibd – 0.1 %

x efficiency – few %

144Pr neutrino spectrum

in Borexino

detector efficiency144Pr spectrum144Ce activity

Calorimetry (W) Bq/W conversion
β spectroscopy

New calibration campaign



Calorimeters

Th. Lasserre – Erice 2017

TUM/Genova CEA-Saclay



Calorimeters - Ready
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TUM/Genova CEA-Saclay



Calorimeters - Ready
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TUM/Genova CEA-Saclay

Blind 
measurement:

0.3% precision
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Laubitz 1956

Graham et al. 1958

Porter and Day 1959

Daniel and Kaschl 1966

Nagarajan et al. 1970

Bosch et al. 1973

C(W) = 1 - (0.0834 ± 0.03)/W
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β spectroscopy – 2017/18
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precision goal:

144Pr

144Ce-144Pr

NS = Fermi	  Theory	  ×	  shape	  factor	  C

first forbidden non-unique decay

NS	  ×	  𝜎abc



Detector Calibration
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inner 
vessel

previous 
calibrations
(solar 𝜐’s)

R < 3 m
100 tons



New Detector Calibration
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inner 
vessel

new
calibrations

(CeSOX)

R < 4.2 m
300 tons

articulated arm

Am-Be
68Ga-68Ge
ɣ sources



Mapping the SOX Fiducial Volume
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shape of the 
inner vessel

edge effects
(e+ and n efficiency)

scintillator

Buffer oil



§ 144Ce source in production – at Mayak

§ Tungsten shield delivered – at LNGS

§ Transport cask & basket ready – at  CEA 

§ Borexino facilities ready – calibration in 2017

§ Calorimeters being commissioned – at LNGS

§ β-spectrometers under construction

§ Many authorizations/certifications required – Underway

CeSOX operational by spring 2018
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Thanks for 
your attention
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