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 Development of new techniques for nuclear 
reactor monitoring 
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ANGRA	  Collaboration:	  9	  	  Brazilian	  Institutions:	  
	  

PUC-RJ 
Hiroshi Nunokawa  

UNICAMP 
E. Kemp, L. F. González,  
L. M. Santos   

UFBA - Iuri Pepe 
Dion Ribeiro 
Paulo C. Farias 
Eduardo Simas 

UEFS 
Germano P. Guedes 

UFABC    
P. Chimenti 

UFJF  
Luciano M. Andrade, Rafael A. Nóbrega, 
Augusto S. Cerqueira 

Unifal 
Gustavo Valdiviesso 

CBPF 
J.C. Anjos, G.L. Azzi, H. Lima Jr, M. Souza, S. Wagner   



Motivations for ANGRA 
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–  Possibility to start an experimental neutrino physics 

program  in Brazil taking advantage of existing 
antineutrino sources (Angra-I and II nuclear reactors). 

–  Possibility to do neutrino applied physics:  
   . nuclear safeguards applications. 
   . new detector technologies. 
 
–  Develop know how in experimental neutrino physics 

to be used in future projects.         
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Nuclear Safeguards Applications    

ANGRA PROJECT: 
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Monitoring of Nuclear Reactors with Antineutrinos has 
been Demonstrated 

Double Chooz 2012 

I 

10 tons target Detector site – Chooz, France 
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Monitoring of Nuclear Reactors with Antineutrinos has 
been Demonstrated 

Double Chooz  2012 

I 

ANTINEUTRINO RATE  

ENERGY SPECTRUM 
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Monitoring of Nuclear Reactors with Antineutrinos has 
been Demonstrated 

San Onofre (USA)  Rovno/Ucraine 

Nν = γ · (1 + k) · Pth 

Dependance on fuel 
composition 

Dependance on Detector 
Characteristics 

Independant Power Measurement: 
Reactor Operator are also interested  
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ANGRA PROJECT:  
                          DESIGN GUIDELINES:   
 

Follow recommendations of the  
2008 IAEA Expert’s Workshop 
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DESIGN GUIDELINES: 
Focused Workshop on Antinu-e 

Detection for SG Applications (2008)    



New	  challenge:	  neutrino	  detection	  above	  ground	  	  	  	  	  	  ANGRA	  
Neutrino	  Laboratory:	  
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Neutrino laboratory: 40’ container 
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At Angra detector 
7.2x1012 s-1cm -2 
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Angra detector facts:     Water Cherenkov 

Prompt signal: 
Positron 
1 ~ 12MeV 
Delayed signal: 
γ’s from neutron capture 
on Gd: 8MeV 

Time interval: 
Δt ~ 30µsec 

Reactor power:  4 GWth 
Target fiducial mass:  ~1 ton 
Detector distance to core:  ~30 meters 
Inverse beta decay interactions per day: ~5,000 
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Monitoring nuclear reactors with antineutrinos 

Observed ν spectrum 

ν flux from 
the reactor 

Inverse β-decay 
cross section 

The observed  energy spectrum is the result of the antineutrino flux 
emmited weighted by the antineutrino-proton cross section 
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ANGRA Status: 
New Container High Cube type, 40’  

Top view of the container showing detectors position 

New container being prepared: size 40‘ High Cube  
model, to allow better shielding 
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New Container High Cube type, 40’  

 View of the new container for experiments ANGRA and CONNIE 

New container being prepared: size 40‘ High Cube  
model, to allow better shielding 
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 Detector Design 

Active Shield: 3 water tanks with 4 PMTs each: top, bottom and central tanks 

external water shield 



 Detector Target Design 
Detector design (2011) 

(detector + active shielding) 

Target tank: gadolinium loaded water and 32 PMTs (Hamamatsu 8”) 
 (16 PMTs at top lid  + 16 at bottom to detect Cherenkov radiation 

Detector Simulation with GEANT4  
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Detector Simulation 2013 



New	  Target	  Design	  	  

	  	  	  	  New	  target	  tank	  

	  	  	  	  Built	  by	  Incomplast	  -‐	  Rio	  
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New target tank lay-out 
by Ivanoe (UFBA) 



ELECTRONICS STATUS 
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Front-end 
electronics 

VME bus 

PMT 

ADC 
125 MHz 

trigger 
logic 

control 
and status 
registers 

data 
builder 

TDC 
81 ps 

28 bits stop 

start* 

time 
encoding 

FPGAs 

* trigger pulse from previous event 

leading-edge 
discriminator 

control data addr 

signal 
conditioning 

10 bits 

FIFO 

DC level-1 
trigger 

Eletronics Design   - (conceptual diagram 2007) 

    DAQ diagram 
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VME	  6U	  Board:	  	  
DAQ:	  	  
waveform	  digitizer	  
+	  time	  stamp	  

 

•  Lay-out of VME board developed in   

collaboration with Brazilian industry  

CADSERVICE 

•  Components mounted by 

CADSERVICE (Campinas, SP) 

Data Acquisition module ready 



Front-‐end	  Electronics	  -‐	  UFJF	  

ü  4 stages operational amplifier 

ü  8 channels circuit using NIM standard 
module. 

ü  boards (PCB) built in July/2012 and 
are mounted. 

ü  Ready  



Data	  Acquisition	  Software	  
Data readout (software) 

ü  Readout software code developped in C 

ü  3 fully working systems, each one with one ROPs + NDAQs (2 at 
CBPF e 1 at Unicamp) 
 
ü   Last firmware and DAQ software version is very stable, working 
without problems for few days continusly in lab tests. 
 
ü  All software is SVN version controled. 

ü  Last implemented code has a check of the serial number and firmware 
version at  the startup in the DAQ-level.  



System	  Integration	  Scheme	  

VME rack 

Front-end 

ethernet 

HV 
Universal 
Voltronics 

slow-control 

DAQ 
+ 

storage 

ROP (MVME31006E) 
NDAQ 
V1495 

Neutrino DAQ 

Slow-control 



Detector Simulation Studies 

26 



Data Analysis: simulation of expected 
signal and background  

Signal and background Simulation: 
 
•  Positrons (from neutrino interaction) 
•  Neutrons (from neutrino interaction) 

•  Cosmic ray induced background 
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 Signal and cosmic background frequency 

Table 1:  Particle from antineurino signal 

Table 2: Particles from cosmic background 

Particles Frequency (HZ) 
10-200 P.E 

Positrons 0.050±0.001  

Neutrons 0.050±0.001  

Particles Frequency (HZ) 
10-200 P.E 

Muons 12±1 

Neutrons 13±1 

Protons 0.44±0.09 

Pions 0.048±0.004 

Photons  (5.7 ± 1.1)×103 

Positrons 158±48 

Electrons <186 (90% C.L)  

Particles Frequency (HZ) 
 

Muons 210±6 

Neutrons 20±1 

Protons 2.0±0.2 

Pions 0.40±0.01 

Photons  (8 ± 1)×103 

Positrons 257±61 

Electrons 242±140  



Muons, neutrons, protons, pions, 
photons, positrons and electrons 
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Particle frequency density from antineutrino signal 	  
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Expected trigger rates  coming from all PMTs (black)  
and from the target: without veto or cuts (blue),  

with inner/top/bottom veto and with a 100 p. e. cut, resulting on a 45Hz rate. 

BACKGROUND SIMULATION 
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Study of Gadolinium concentration 

Delayed coincidence for 
0.1, 0.5 and 1.0% Gd  

Stopping muons and spallation neutrons 
for 0.1, 0.5 and 1.0% Gd 
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 Study of shielding 
Table 1: Cosmic neutron events 

Table 2: Cosmic muons events: 10,000 generated 

Shielding  Neutrons 
simulated 

Polyethylene  10.000 

Water  10.000 

Neutrons  
detected 

Neutrons with 
signal delayed 

299  153 

282  98 

Shielding  Muons signal 
delayed 

Polyethylene  56 

Water  59 

Spallation 
neutrons 

Muons  with 
multi-neutrons 

28  5 

17 1 

Shielding  Fake signals  

Polyethylene  8 

Water  6 

 Frequency (Hz) 

1.3±0.5 

 1.0±0.4 

Table 3: Muons events 



GEANT4:	  study	  of	  neutron	  shielding	  
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Experimental Flux measured at LNGS (1,000 m): 
En > 10 MeV 

N_flux = 75 n/m2.s 

Angra (sea level): reduction 3x  

N_flux = 25 n/m2.s  

Shielding Atenuation  
( ~ 85% above E=10 MeV) 

N_flux = 4 n/m2.s è  ~ 5% contamination 

10 MeV neutron 



Main	  Results	  
•  Best material for neutron shield: water 

•  Less multiple neutrons produced by high energy muons than in 
polyethylene 

 

•  Best Gadolinium concentration: 0.1% < C < 0.5%   ≅ 0.3% 

•  Smaller time window for delayed coincidence  

•  Study of best “dead time” after a muon ( to avoid spallation neutrons) 

•  Study of best “dead time” after prompt to avoid stopping muons  
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DETECTOR STATUS 
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DETECTOR STATUS 
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Arrival of water shielding  
vessels at CBPF 



DETECTOR	  STATUS	  

38 

Mounting Active shield 

Covering internal walls with Tyvek 
and installing PMTs 



DETECTOR	  STATUS	  
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DAQ first test System 
on the real tank   

LED signal  
Tank without water 



DETECTOR STATUS 
Mechanical assembly of the target top lid PMTs 
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DETECTOR	  STATUS	  
Water	  filling	  system	  for	  the	  water	  tank	  
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DETECTOR	  STATUS	  
Mounting	  of	  target	  tank	  inside	  active	  shield	  water	  tank	  
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Interior of Target tank 



Status of the Neutrinos ANGRA project 
-  New 40’ High Cube container: deployed in Angra 
 
-  Geant4 simulation of detector response to  
  signal and background events: working 
 
- Neutrino signal extraction – simulated 

-  New detector design:  active water shield  

-  Water shield and target vessels: built 

-  Front-end electronics: ready 
 
-  Electronics for DAQ: ready 

-  Data acquisition software:  almost ready 

-  Detector test at CBPF: during 2014 

- Deployment in Angra:  begining 2015 



Summary 
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•   Previous experiments demonstrated a good capability of using  
   antineutrinos for nuclear reactor distant monitoring.  
 
•   Neutrino laboratory already installed in Angra 

•   Cosmogenic background estimated  
 
•   Remote data transfer (CBPF-Angra link) working. 
 
•   Simulation is running and guided final detector design. 

•   Electronics is ready and being tested 

•   Expected data taking at ANGRA by beginning  2015 
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New Detector Technologies    

CONNIE 
Neutrino coherent scattering  

detection at Angra 
       

 arXiv: 1405.5761v1 
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Coherent neutrino-nucleous interaction 

is a fundamental interaction predicted by 
the standard model whose X-section, for 

E
ν 

< 50 MeV, is expressed by 
 
 
 
 
 
 

N2 à σtot        Very High 
(for 28Si, N=14) 

  
It has never been observed !! 

H. da Motta 2

Coherent neutrino-nucleous interaction

is a fundamental interaction predicted by 
the standard model whose X-section, 

for E
ν
 < 50 MeV, is expressed by

 
J. C. AnjosJ. C. Anjos  

 XXXII - ENFPC XXXII - ENFPC

Foz do Iguaçu, 07/06/2011Foz do Iguaçu, 07/06/2011
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It has never been observed !!
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Complete nuclear reactor antineutrino spectrum and
the expected events rate in Ge and Si detectors

CCD group

Abstract—This manuscritp details the antineutrino flux pro-
duced by a nuclear reactor, and the expected events in Germa-
nium and Silicon detectors. It analyzes the contribution of the
four mayor isotopes(235U 238U 239Pu 241Pu), and the contribution
of the 238U neutron capture process. The events rate and recoil
energy spectrum are calculated and compared to the results
proposed by H. T. Wong ref. [1].

I. INTRODUCTION
Neutrino-nucleus neutral current interaction has never been

observed. In this process, a neutrino of any flavor scatters
off a nucleus transfering some momentum. For low energy
neutrinos(Ev < 50MeV) the nuleus cross section becomes
relatively high compared to other neutrino interactions in that
energy range. The standard model cross section for this process
is given by:

dσ

dErec

=
GF

2

8π
[Z(4sin2θw− 1)+N ]2M(2−

ErecM

Ev
2

)|f(q)|2

whete M, N and Z are the mass, neutron number and atomic
number of the nucleus, respectively, Ev is the neutrino energy
and Erec is the mesurable recoil energy of the nucleus, f(q)
is the nucleus form factor at momentum transfer q. This form
factor can be used in good aproximation as |f(q)| ∼ 1 (the
corrections are a few percent only). This formula is applicable
at Ev <50 MeV where the momentum transfer (Q2) is small
such that Q2R2 < 1, where R is the nuclear size. At low
momentum transfer, the nucleon wave function amplitudes are
in phase and add coherently, so the cross section is enhanced
by ∼ N2.
In spite of its large cross section, coherent elastic neutrino
nucleus scattering has been difficult to observe due to the very
small resulting nuclear recoil energies: the maximum recoil
energy is ∼ 2E2

v/M , which is in the sub-Mev range.
However, new ultra-low threshold detectors such as new Ge
and Silicon detectors (CCDs) have appeared in recent years.
One common characteristic of very low threshold detectors
is their relatively small size compared to typical neutrino
detectors and therefore their small detection mass. This pushes
the use of higher intensity neutrino source so nuclear reactor
seems to be a suitable solution for coherent neutrino-nucleus
elastic scattering experiments.
The total cross section for a monoenergetic neutrino source at
energy Ev is given by

σTot =
GF

2

4π
[Z(4sin2θw − 1) +N ]2

∼ 4.22× 10−45N2(
Ev

1MeV
)2cm2
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74Ge
28Si

Fig. 1. Total cross section for 74Ge and 28Si in cm2

and is plotted for 74Ge (N=42) and 28 Si(N=14) for the reactor
antineutrino energy range in fig. 1.

II. NUCLEAR REACTOR ANTINEUTRINO FLUX

Nuclear reactors emit large numbers of antineutrinos, about
0.3×1020 v̄e/seg per GW of thermal power, broadly distributed
over energies up to 12 MeV with a peak at 0.5-1 MeV. The
neutrinos come out isotropicaly so the expected flux at a
distance L is related to the core yeild by the factor 1/(4πL2).
The modeling of the v̄e spectrum above 3 MeV is consistent
with measurements at the < 5% level, while the low energy
portion is subjected to much bigger unscertainties [2]. About
Nv̄e ∼ 7.3 v̄e are produced per reactor fission at steady state
operation [3]. Quantity Nv̄e receives contribution from many
sources, but two of them have the mayor contribution:

Nv̄e =F N +U N

here FN ∼ 6.1 v̄e/fission represents summed contribution
from beta decays of fission fragments of four fissile isotopes
235U 238U 239Pu 241Pu, and UN ∼1.2 v̄e/fission comes from
neutron capture by the 238U.

A. Antineutrino flux by fissile isotopes
The v̄e’s emmited in power reactors are predominantly

produced through β-decays of the fission products, following
the fission of the four dominant fissile isotopes: 235U 238U



COherent Neutrino-Nucleous Interaction Experiment ( CONNIE)

The use of CCD detectors (as in the DAMIC experiment) and the facilities of the 

Angra-neutrino project allows an opportunity to search for coherent neutrino -

nucleous scattering. 

The CONNIE collaboration was initiated in 2011and brings together researcher 

from several institutions

H. da Motta

G. Alves

J. Anjos

M. Makler

E. Kemp C. Bonifazi

CBPF UNICAMP UFRJ

BRAZIL

J. Molina

UNA

PARAGUAY

J. Estrada

H. Cease

G. Cancelo

FERMILAB

USA

We have the support of the Angra-Neutrino that allows  to use the  project 

infrastructure and the laboratory in Angra. CBPF provides 

local support in Rio

27
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Fermilab (USA) – Juan Estrada (spokesman) 
Univ. Zurich  (Switzerland)  
Univ. Nacional del Sur (Argentina) 
Univ. Nacional Autonoma de Mexico UNAM (Mexico) 
Univ. Nacional de Assunción (Paraguay) 
Univ. Federal do Rio de Janeiro UFRJ (Brasil) 
Centro Brasileiro de Pesquisas Fisicas CBPF (Brasil)  
 



48 

CCD detectors present low electronic noise  
and can register nuclear recoil! 

Hard to observe process 
 
Detector should: 
1) be able to distinguish nuclear recoil 
2)present extremely low electronic noise 

CCD (Charged Coupled Device) 
are silicon detectors that convert photons in  
electrons generating a current that can be  
quantified by an ADC 

48 
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DAMIC CCD: 
- CCD are readout serially 
(2 output for 8 million pixels) 
- Very low noise level ~7.2 eV 
- 1 g per CCD 
- 18 cm2 

- 250 µm thick 

49 

CCD detectors have been used in dark  energy and  
dark matter experiments like DES (Dark Energy  
Survey) and DAMIC (Dark Matter in CCD). 

CCD detectors are potential candidates 
for experiments aimed at observing  
coherent neutrino-nucleous interactions. 
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MUONS ELECTRONS 
DIFFUSION LIMITED HITS 

Nuclear recoils produce diffusion limited hits 

How radiation shows in CCDs 
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Lab-A (Fermilab) 

MINOS cave (100 m  
underground) 

MINOS + lead shield 

51 
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But ...can we detect neutrinos with such small  
devices? 

YES! WE CAN ! 

Either we have a massive detector or ...  
a small detector with a very intense flux. 
 

Typical anti-neutrino flux (cm-2 s-1) 
 

4GW nuclear reactor   ~ 1012 (30m from core) 
52 
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         Spectrum of expected events 

Most detectable events are below 3 KeV, therefore the CCD readout 
noise, the detection software, and the background control become  
very importatnt for this experiment 

         assuming a CCD at 30 meters from a nuclear reactor of 3.9GW 



 CONNIE FACTS  

Number of CCD detectors:  10 
 

Total mass: 10 g 
 

Reactor thermal power: 4 GW 
 

Detector distance from reactor core: 30 m 
 

Anti-neutrino flux at the detector:  ~7 x 1012 cm-2 s -1 

 
Event rate : ~1 event every 4 days 

Shielding and noise reduction are the critical factors. 
 

Development of noise reduction techniques in the core of the project. 
54 



CCD – Angra detector 

Box with 2 CCD for the 
CONNIE experiment 55 

Vessel design with shield 
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First stage of the shield  
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Mounting the polyethylane and lead shields 
at ANGRALAB  

CONNIE 

Detector instaled 



58 

CONNIE mounted at the Angra neutrino lab 

First light October 16, 2014! 
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-  CCDs can be used as particle detectors with good resolution 
   and very low electronic noise 
 
-  Capability to detect nuclear recoils (DAMIC, CONNIE) 
 
-  Can be used to detect coherent neutrino nucleon interaction  
   with reactor anti-neutrinos 
 
-  CONNIE Detector instaled at Angra. 
   First light October 16, 2014 
 
-  Things to do: 
    Achieve needed S/N (improve shield and/or add mass) 
    Add CCDs 
    Detect the neutrinos! 

 

 Summary and Final remarks 



THANKS! 
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