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Outline:Outline:

�� why reactor antiwhy reactor anti--neutrinos ?neutrinos ?

�� reactors in the world reactors in the world 

�� signal calculationsignal calculation

�� ingredients ingredients 

�� reactor signal for different sitesreactor signal for different sites

�� annual variation of reactor signalannual variation of reactor signal

�� conclusionconclusion

Work done with : Mantovani, Fiorentini, Chubakov (Univ. and INFN- Ferrara), 
Esposito  (INFN-LNL), Vitali (Univ. Ferrara), Ludhova and Zavatarelli
(Borexino coll), Lissia (INFN-Cagliari)

B. Ricci, University and INFN, FerraraB. Ricci, University and INFN, Ferrara

Neutrino Neutrino GeoscienceGeoscience, LNGS 6, LNGS 6--8 8 octoberoctober 20102010

ReactorReactor antianti--neutrinosneutrinos in the worldin the world
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*Fiorentini et al - Earth Moon Planets - 2006

• The HER has to be controlled by studying the 

different contributions from the nuclear reactors, 

if one wants to compare Evgeo-ν and Evreact in the 

LER.

• The 2006* map is based on 2000 IAEA 

database and considering all reactors at full 

power. The ratio r is referred to the geo-neutrino 

energy window.

ReactorReactor antianti neutrinosneutrinos and and geogeo--neutrinosneutrinos

Eνννν
3.3

from Mantovani, Yokohama 2010
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Data Source: IAEA filesData Source: IAEA files

�� International Atomic Energy AgencyInternational Atomic Energy Agency

http://www.iaea.org/programmes/a2/http://www.iaea.org/programmes/a2/

�� On June, description and  history of each core  are On June, description and  history of each core  are 
published, published, refferingreffering to previous year.to previous year.

�� Data on: thermal power, electrical capacity, electrical Data on: thermal power, electrical capacity, electrical 
Load Factor, fuel enrichmentLoad Factor, fuel enrichment……
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NuclearNuclear power power plantsplants in the worldin the world

#cores#cores PthPth [GW][GW]

�� EuropeEurope + Russia + Russia 197 197 519  519  

�� North America North America 122122 353353

�� Japan+Japan+ KoreaKorea 7676 201   201   

�� OthersOthers 45  45  75   75   

�� Total: Total: 440440 1148 1148 

�� MeanMean thermalthermal power power forfor core: 2.6 core: 2.6 GWthGWth at 31 Dec. 2009
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ReactorsReactors byby typetype

PressurizedPressurized HeavyHeavy Water Water ReactorReactorPHWRPHWR

BoilingBoiling Water Water ReactorReactorBWRBWR

PressurizedPressurized (light) Water (light) Water ReactorReactorPWRPWR

Light Water Light Water GraphiteGraphite mod.mod.LWGRLWGR

Gas Gas CooledCooled ReactorReactorGCRGCR

Fast Fast BreederBreeder ReactorReactorFBRFBR

265; 60%

94; 21%

44; 10%

18; 4% 16; 4%
2; < 1%

0

100

200

300

PWR BWR PHWR GCR LWGR FBR

Core type

N
u

m
b

e
r 

o
f 

c
o

re
s

0.0

20.0

40.0

60.0

%

266; 65% Pth

94; 23% Pth

44; 7% Pth

18; 2.3% Pth

PWR                   BWR PHWR GCR LWGR FBR

16; 3.5% Pth
2; 0.2% Pth



66

Signal calculationSignal calculation

�� εε=100% detection efficiency=100% detection efficiency

�� τ τ =1 year =1 year 

�� NNpp=10^32=10^32
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�� PPeeee= survival probability = survival probability 

�� σσ(E(E))= cross section = cross section 
antianti--ννee +p +p --> e> e++ +n+n

EEthth=1.806 =1.806 MeVMeV

( calculation from ( calculation from VissaniVissani
and  and  StrumiaStrumia 2003)2003)

�� ddii =reactor distance=reactor distance

�� PPii=reference thermal power=reference thermal power

�� LFLF= Load Factor = Load Factor 

�� ppkk= power fraction = power fraction 

�� QQkk ==energy released energy released 
for fission for fission 

�� λλkk =reactor anti=reactor anti--
neutrino spectrum neutrino spectrum 
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EffectiveEffective ThermalThermal PowerPower
�� FromFrom IAEA IAEA wewe havehave thermalthermal capacitycapacity PPthth and and LoadLoad FactorFactor

((LF=LF=electrical energy  as measured  at unit outlet terminals dividedelectrical energy  as measured  at unit outlet terminals divided by by net electrical energy which net electrical energy which 
would have been supplied to the grid if the unit were operated cwould have been supplied to the grid if the unit were operated continuously)ontinuously)

�� FromFrom EDF EDF we have the (measured) thermal power of we have the (measured) thermal power of 
French cores in 2008  French cores in 2008  [thank to D. [thank to D. VignaudVignaud of of BorexinoBorexino coll. and E. coll. and E. 

VrignaudVrignaud from EDF]from EDF]

�� ForFor eacheach core core wewe calculatedcalculated::

�� averagingaveraging on the on the corescores:                                                      :                                                      

�� In In additionaddition, , PPthermalthermal isis measuredmeasured withwith anan accuracyaccuracy of 2% of 2% 
((DjurcicDjurcic etet al.al. 2009)2009)

�� ConclusionConclusion: : wewe assignassign anan uncertaintyuncertainty of 2.4% at the of 2.4% at the 
““effectiveeffective”” thermalthermal power (i.e. power (i.e. PthPth * LF)* LF)

1.08.0 ±=>< coresthLF
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017.0013.1 ±=>< coresρ
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Power Power fractionsfractions ((seesee LasserreLasserre talk)talk)

�� ppkk==fraction of power fraction of power which is produced                                         which is produced                                         
by the by the kk--thth isotope: isotope: 

�� Depend on type of reactors and on timeDepend on type of reactors and on time

235U   239Pu    241Pu    238U

KamLand (average) 0.56     0.295      0.059     0.078

Chooz start* 0.66     0.24        0.02       0.08

Chooz stop 0.54     0.32        0.06       0.08

Russia** 0.556    0.326      0.047     0.071

Slovakia** 0.62      0.24        0.06       0.08

Mox Start* * 0         0.794       0.126     0.08

Mox Stop 0         0.636       0.284     0.08

Mox Medium 0         0.708       0.212     0.08

*from G. Mention 2007 (thanks to Alimonti)
** from Private Comunication (thanks to Ludhova and Derbin)
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�� We take :  We take :  --KamlandKamland average value (PWR+BWR reactors)average value (PWR+BWR reactors)

--same power fractions for all cores in the world (+for same power fractions for all cores in the world (+for 
35 35 europeaneuropean cores, cores, producing some 30% of the respective         producing some 30% of the respective         
power with MOX fuelpower with MOX fuel ))

�� By varying  composition in the range of values available, the toBy varying  composition in the range of values available, the total tal 
signal changes of about  2% signal changes of about  2% 
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EnergyEnergy releasedreleased forfor fissionfission

1.831.83

1.451.45

2.382.38

1.921.92

# # ννee > 1.8 > 1.8 MeVMeV

212.4 212.4 ±± 1.01.0241241Pu ,Pu ,

210.0 210.0 ±± 0.90.9239239PuPu

205.0 205.0 ±± 0.90.9238238UU

201.7 201.7 ±± 0.60.6235235U  U  

QQkk((MeVMeV))

� For the four 
isotopes relevant in 

nuclear reactors 
(Apollonio et al 

2003)

� The uncertainty on 

Qk correspond to a 

variation of the 
calculate signal of 
about ±± 0.3%

� Note: about 2 neutrinos, for 

each fission, have energy 
above the detection threshold.
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AntiAnti--nunu spectrumspectrum ((seesee LasserreLasserre talk)talk)

Eν(MeV)

2     3     4     5     6     7     8      9 2     3     4     5     6     7     8      9 2     3     4     5     6     7     8      9

0.000-0.001-0.002-0.002a5

0.0000.0190.0450.050a4

0.000-0.142-0.362-0.417a3

-0.0790.4131.2561.595a2

-0.162-1.038-2.654-3.517a1

0.9761.4872.5603.519a0

238U241Pu239Pu235Upol. pol. coeffcoeff

�� Uncertainty in the spectrum Uncertainty in the spectrum 

is quoted to be  about 2.5% is quoted to be  about 2.5% 
((schrekenbachschrekenbach et al 1985, Hahn et al et al 1985, Hahn et al 

1989, Vogel et al 19811989, Vogel et al 1981……))

�� 235U, 239Pu, 241Pu 235U, 239Pu, 241Pu 

from polynomial fit from polynomial fit 

of of exp.talexp.tal data data 

(Huber & (Huber & SchwetzSchwetz

2004)2004)

�� 238U from 238U from 

calculation of Vogel calculation of Vogel 

and and HendelHendel 19891989
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Neutrino Neutrino oscillationoscillation
((seesee. Ianni and . Ianni and LasserreLasserre talk)talk)

�� DuringDuring the the traveltravel sourcesource--
detectordetector the the flavourflavour of the of the 
particleparticle can can changechange. . 

�� The The survivalsurvival probabilityprobability isis
givengiven byby::
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SNO detector

�� NeutrinosNeutrinos oscillationoscillation hashas beenbeen
observedobserved bothboth forfor antianti neutrinosneutrinos
fromfrom reactorsreactors and and forfor solarsolar neutrinosneutrinos,            ,            
findingfinding::

�� The error on mixing angle, The error on mixing angle, reflectreflect in in anan
uncertaintyuncertainty on on reactorreactor signalsignal of of aboutabout 2.5%, 2.5%, 
∆∆mm22 error error givesgives smallersmaller contributioncontribution

2523.0

20.0

2

12 1065.7 eVm
−+

− ×=∆
022.0

016.012

2
304.0sin

+

−=θ

*Schwetz,Tortola and Valle 2010

*
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ReactorReactor antianti--nunu PredictionsPredictions

23.7 23.7 ±± 1.21.2

3.0 3.0 ±± 0.10.1

7.5 7.5 ±± 0.40.4

53.6 53.6 ±± 2.62.6

21.5 21.5 ±± 1.11.1

26.2 26.2 ±± 1.31.3

139.5 139.5 ±± 6.96.9

374.4 374.4 ±± 19.219.2

65.3 65.3 ±± 3.23.2

R  HER R  HER 

[TNU][TNU]

10.210.2±±0.50.5

4.044.04±±0.190.19

32.132.1±±1.61.6

35.535.5±±1.71.7

71.771.7±±3.53.5

88.788.7±±4.34.3

184184±±9.09.0

567567±±2626

527527±±2626

R  TOTALR  TOTAL

[TNU ][TNU ]

8.408.40±±0.380.38DUSELDUSEL

1.061.06±±0.050.05HAWAIIHAWAII

2.652.65±±0.120.12CURACAOCURACAO

9.339.33±±0.440.44BAKSANBAKSAN

18.118.1±±0.80.8PYHASALMIPYHASALMI

133133±±6.96.9FREJUSFREJUS

44.344.3±±2.22.2SUDBURYSUDBURY

152152±±6.56.5KAMIOKAKAMIOKA

23.123.1±±1.11.1GRAN SASSOGRAN SASSO

R  LER R  LER 

[TNU][TNU]

�� Estimated uncertainties in predicted signals are of the Estimated uncertainties in predicted signals are of the 
order of 4order of 4--5%, due to mixing angle, 5%, due to mixing angle, antiantiνν spectrum, spectrum, 
power fraction and effective thermal powerpower fraction and effective thermal power

1TNU = 1 event /10^32 protons / yr

�� 2009 IAEA data2009 IAEA data

�� no spent fuelno spent fuel

�� 100% efficiency100% efficiency

�� Vacuum oscillationVacuum oscillation

Eνννν

(MeV)

3.3
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Comparison with  geoComparison with  geo--neutrino signalneutrino signal

2.65    2.65    ““

1.06    1.06    ““

8.40    8.40    ““

9.33    9.33    ““

18.1    18.1    ““

23.1    23.1    ““

44.3    44.3    ““

133     133     ““

152 (1152 (1±±5%)5%)

R  LER R  LER 

[TNU][TNU]

5.95.9

3.73.7

7.87.8

7.77.7

8.38.3

8.08.0

9.79.7

1313

1414

∆∆GG

0.160.1652.652.6DUSELDUSEL

0.0850.08512.512.5HAWAIIHAWAII

0.0820.08232.532.5CURACAOCURACAO

0.180.1850.850.8BAKSANBAKSAN

0.350.3551.551.5PYHASALMIPYHASALMI

3.23.243.143.1FREJUSFREJUS

0.870.8750.850.8SUDBURYSUDBURY

4.44.434.534.5KAMIOKAKAMIOKA

0.570.57

r=r=

RRLERLER/G/G

40.740.7

Geo Geo ν ν (G)*(G)*

[TNU][TNU]

GRAN SASSOGRAN SASSO

*Fiorentini et al Phys. Rep. 2007

�� ∆∆G G represents the limiting statistical error on the geo-neutrino 
signal which might be achieved with a detector with an 
effective exposure of 10^32 proton yr

LERRGG +=∆
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GRAN SASSO GRAN SASSO vsvs KAMIOKAKAMIOKA

�� ForFor Gran Sasso, the Gran Sasso, the nearestnearest core core 
contributescontributes withwith 3% 3% toto the total the total signalsignal

�� KamiokaKamioka isis mainlymainly sensitive sensitive toto the the nearestnearest
corescores ((lessless thanthan 200 Km)200 Km)……asas wellwell knownknown……
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ConsequencesConsequences of 2007 of 2007 JapanJapan earthquakeearthquake
�� March 2007: March 2007: 

earthquake hit earthquake hit ShikaShika
(2 cores)(2 cores)

�� July 2007:earthquake July 2007:earthquake 
hit hit KashiwazakiKashiwazaki
(7 cores)(7 cores)

from Mantovani, Yokohama 2010

~
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Time Time variationvariation

�� At At KamiokaKamioka site, for a detector  of 10^32 protons, we expect  site, for a detector  of 10^32 protons, we expect  
a mean value of  40 events in 1 montha mean value of  40 events in 1 month

�� The monthly averaged valued of the total thermal power in The monthly averaged valued of the total thermal power in 
the world is 910 GWthe world is 910 GW

�� we know  from IAEA data the (electrical) Load Factor we know  from IAEA data the (electrical) Load Factor 
month by month month by month ⇒⇒⇒⇒⇒⇒⇒⇒ we can study the time modulation we can study the time modulation 
of the predicted signals.of the predicted signals.
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KamlandKamland data on data on expectedexpected reactorreactor eventsevents

(Neutrino 2010)(Neutrino 2010)

�� WeWe useuse: N: Npp=3=3.46.46 x10^31x10^31, , effeff.=0.=0.687.687

((fromfrom KamLandKamLand coll. Nature 2005)coll. Nature 2005)

�� Note: Note: uncertaintiesuncertainties aboutabout 5% 5% 

Time variation in Kamland (2007-2009)
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SudburySudbury (r=0(r=0.9.9))
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�� AboutAbout 1/3 of the total 1/3 of the total 
signalsignal comescomes fromfrom
BruceBruce (6 (6 corescores))

�� 10% 10% fromfrom DarlingtonDarlington
(4 (4 corescores) ) 

�� 10% 10% fromfrom PickeringPickering
(6 (6 corescores) ) 

Sudbury

Bruce
nuclear
generation station

�� Note: all CANDU, Note: all CANDU, 
heavy water heavy water 
moderator, not moderator, not 
enriched uraniumenriched uranium
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FREJUS (FREJUS (r=r= 3)3)

�� SituationSituation

similarsimilar toto

KamiokaKamioka

�� NearNear toto

FrenchFrench and and 

SwitzerlandSwitzerland

corescores
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Pyhasalmi

Olkiluoto

New New reactorsreactors in in 

FinlandFinland ??

�� OlkiluotoOlkiluoto 3:          3:          
~4300 ~4300 MWthMWth,          ,          
start 2013(?)start 2013(?)

�� OlkiluotoOlkiluoto 4:          4:          
~4300 ~4300 MWthMWth
approvedapproved July 2010July 2010

�� WithWith bothboth, , signalsignal at at 
PhyasalmiPhyasalmi increasesincreases
of 10%of 10%

�� .......but.but notnot onlyonly new new 
corescores......
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SpentSpent fuelfuel

�� Contribution of the antiContribution of the anti--νν emitted emitted 

from the stored irradiated fuel from the stored irradiated fuel 

�� KamLandKamLand coll. quotes coll. quotes +2.4 %+2.4 %

�� In In ChoozChooz isis at at mostmost +1+1.5%.5%

�� Note: Note: spentspent fuelfuel contributescontributes

mainlymainly at low at low energyenergy regionregion

�� ProblemsProblems: location of                                    : location of                                    

spentspent fuelfuel and total and total amountamount

Kopeikin et al 2004

ONKALO WASTE REPOSITORY 
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ConclusionConclusion
�� WeWe updateupdate reactorreactor signalsignal forfor differentdifferent

sitessites, , interestinginteresting forfor geogeo--neutrinoneutrino

studiesstudies. . 

�� WeWe are are ableable toto followingfollowing the time the time 

variationvariation of  the of  the predictedpredicted signalsignal alongalong

a a periodperiod of 3 of 3 yearsyears (2007 (2007 –– 2009)2009)

�� Open Open questionquestion: : 
�� mattermatter effecteffect in neutrino in neutrino oscillationoscillation ((≤≤ 1%...)1%...)

�� contributioncontribution of the of the spentspent fuelfuel

�� power power fractionfraction changechange withwith time and time and withwith typetype core core 
(CANDU (CANDU forfor SNO)SNO)

BUTBUT……....
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The The ““truetrue”” conclusionconclusion

�� letlet’’s go to unique sites:s go to unique sites:

�� far far fromfrom reactorsreactors

�� wherewhere interestinginteresting

((scientificscientific) ) discoveriesdiscoveries

can can occuroccur……

thankthank youyou forfor youryour attentionattention !!


