Nuclear reactors are a very intense source of 7, from [3 decays of the fission fragments.

Every fission reaction emits about 200 MeV of energy and 6 7/ .

4
Flux ~ 2 - 1027, s~! GWatt ™, isotropic, (E(7, )) ~ 0.5 MeV.
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Detect absolute number of neutrino interaction and distortions of

their spectrum

To determine neutrino flux:
1. Measure of the reactor thermal power

2. Determination of the neutrino spectrum

3. Definition of the experimental observable:

momentum spectrum.
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Thermal power of the reactor

The leading reaction is 2357 fission:
U +n— X1+ Xo+2n
1 2

The lightest fragment have on average A ~ 94, the
heavier: A ~ 140. Stable nuclei with A = 94, 140
are 4,021 e 55Ce'0. 2350 has 98 protons and 142
neutrons = to reach the stability, on average it needs 6

neutron (3 decays = 6 7, .
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The interaction process 7. +p — n + e has a
threshold of ~ 1.8 MeV = only ~ 25% of neutrinos
can be detected.
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All the neutrinos from low Q-value processes, as
nuclear fuel stored in the reactors and radioactivity
induced in the nuclear plant structures, don’t produce
detectable neutrinos.

The fuel composition of the reactor core changes with
the time, it's under monitor (reactor power depends from

its composition).
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From fission rate to the /., spectrum
The v, spectrum of three of the four principal fission

nuclei:  (**°U, 23 Pu, 2 Pu), has been derived by

measuring the electron spectrum. The fourth main 10 : : : : : : :
component: 233U, has been computed from nuclear

models, as well all the processes in the decay chain.

From 7/, to positrons

8
S 6
Systematic error: ~ 1%. ° 4|
o 2
0

U. +p — n+ et cross section:
oo = o0 (f*+3¢%) BOp

e -~
2 002 |
Eéo)pgo) —42 2 S i
= 0.0952 W x 10 cm” (1) ~— _0.03 |
(0) — _ _ . H e _004 - 1 1 1 1 1 1 1
E’ =FE,— (M, — M,): po(s(;;ron energy (neglecting o 1 2 3 4 s ¢ 4
neutron recoil, marginal effect) pe~ momentum, E, [MeV]

f =1, g = 1.26 vector and axial coupling constants

2 2 0
v = EEEL 1L AR, @)

Solid lines: predictions atO(1/M,,), dashed O(1).

radiative corrections: A%~ (0.024.
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Systematic errors summary (from hep-ph/0107277) Origin

Data/prediction agreement and magnitude of systematic errors in PALO VERDE and CHOOZ.

Experiment Bugey 3 (years 80°, now considered Note that the two experiments offer different breakdowns of their

a non oscillation experiment): expected and systematics. For simplicity we do not show the systematics for the

_ PALO VERDE ON-OFF analysis. The PALO VERDE results are from
measured 1/, spectrum.

the analysis of the full data set (Boehm et al. 2001).

Curve b) is the most updated prediction.
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KamLAND detector

1000 tons of liquid scintillator
80% dodecane + 20% pseudocumene + PPO

" Sy o Mmer'al oil
Y i VA Buffer against external radiation

Viigaam PR

7 /;”////f/fl LAY
Y AL

4—— 0 1879 PMTs (1325 17" + 554 20")
: Photocathode coverage 34%

| o Outer water Cerenkov detector
- — [ veto

Calibration performed with radioactive sources and spallation products
o ~ 6.2% / sqrt(E)
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A brief history of KamLAND
Live time
Dates (days)
Start data taking Jan 2002 -
Run A Mar 9 - Oct 6 145 4"
(data-set of 1s* paper) 2002
Electronics upgrade & 20"
PMT commissioning et /FD HLLE -
Oct - Jan 11
Run B 2004 369.7
Mar 9, 2002 -
- t C
Data-set presented here Jan 11, 2004 515.1

*Was 145.1 with

P T.Araki et al, arXiv:hep-ex/0406035 Jun 13, 04
submitted to Phys Rev Lett

Neutrino 2004

New Results from KamLAND

M. Mezzetto, ISAPP 2006, Max Plank Inst. Munich, May 2006 - Reactor experiments -
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Kamland and the far east reactors

Site Distance, # of qux2 1 Signal [ 5 mmer/winter modulation of electric
Sl L) | GG Fenrme ] (Wi, power in Japan. This can allow a background estimation.
Kashiwazaki | 160.0 7 4.25x10° | 348.1

Ohi 1795 | 4 1.88X10° | 154.0

Takahama 190.6 4 1.24x10° | 101.8| |

Hamaoka 214.0 4 1.03x105 | 841| | E7

Tsuruga 138.6 2 1.03x105 | 847| | =

Shiga 80.6 1 1.08x10° | 88.8| (¢ L

Mihama 1454 | 3 1.03x105 | 845| | 2

Fukushima-1 | 3440 6 53x10* | 435 =

Fukushima-2 | 3440 4 49x10* | 403| | <° I

Tokai-II 2046 | 1 17x10* | 137| | E

Shimane 414.0 2 9.9x103 81| (L4 f

Onagawa 4302 | 2 9.8x10° 81| | ®

lkata 561.2 3 8.4x10° 69| 5,|

Genkai 755.4 4 5.3x10° 431 | 5

Sendai 8241 | 2 35x10° | 28| | £

Tomari 783.5 2 2.4x10° 20 =2 | | ‘ | |

Korea " 1993 1994 | 1995 | 1996 | 1997 = 1998

Ulchin 750 | 4 8.8x10° | 7.2 P | | | i

Wolsong ~690 4 7.5¢107 | 5.2 :

Yonggwang ~940 6 8.4x10 6.9 olHH‘3"H"3”H_3“‘_‘3”_”}‘_”‘}‘
Kori ~700 4 8_0)(103 6.6 0 10 20 30 40 50 60 70
Total 69 1.34x1 06 1102 Time after Apr 1993 (month)
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Reactor antineutrino selection

 Fiducial volume :

R rompt, delayed < 2-5 M (543.7 tons)

* Time correlation : Mar. 9, 2002 - Jan. 11, 2004

05us< AT, _<1ms 515.1 days lifetime
' -p

- Space correlation : E a5 r . .
ARd'P < 2 m -i 20
g
* Delayed E : i .

* Prompt E :

1.8 MeV < Ey,jpeq¢ 2.6 MeV

-,
L=

o

2.6 MeV<E, ;<85 MeV
Geo-v end-point

020702 317202 020703 01004 010704 31712404

Tagging efficiency : 89.8 %

J.S Ricol

KamLAND Results and Prospects



Kamland and backgrounds

Signal/noise: 10:1

Background source

Rate (day ')

Cosmic muons induced neutrons 0.1
Natural radioactivity (random coincidence) 0.15
Natural radioactivity (correlated) 0.005
Total predicted background 0.25
Reactor v, signal (no oscillation) 2
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Planet earth irradiates about 40 TW of
heath, mostly from 233U e 2327}, Their
neutrinos are softer than reactor neutrinos
and partially above detection threshold.
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Background

- Accidentals : 2.69 + 0.02 99% of (cx,n) occur on 13C

» -induced B-neutron emitters
8He °Li: 4.8 + 0.9 B3C(a,n)*O spectrum

30

- fast n< 0.89 E
£ 3C(a,n)*0 : 10.3 £ 7.1 g PCon)*0
99% of a due to 21%Po (12 12C%)
: *)n
210Ppy _, 210Bj _, 210f0a (5.3 MeV) \
206Pb /\
| |2|| L | L I ] f | L1 8
E (MeV)
> Total BG:17.8 +7.3 g

Reactor antineutrinos
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Results PRL 94, 081801 (2005)

N,.- N
s 86 . 298-178+7.3 - 658+ 0.044 (stat) + 0.047 (syst)
N 365 + 24
Disappearance confirmed at 99.998% CL
[Mewtrino flux (1.8-8MeV) at HamLﬁHDn::fl:u\urr::c:::ﬂgl.?tm S e 1.2

Others

Shika I-
Hamaoka
Korea

0.8

N
I

N

0.6

Neutrino flux (10 " neutrino/cm /day

0.4 90% C.L

observed ¥, rate (events/day)

:

Signifiant variation of flux

Signal consistant with reactor —
antineutrino

—— Data
= Background

D jjl|||||||I I||||||

0 0.2 0.4 0.6 0.8 1
no-osc v, rate (events/day)
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Events / 0.425 MeV

J.S Ricol

Lo LUN o o e

60

40

20

Spectrum analysis

no-oscillation

_i_l_ [ accidentals
i RERIER °C(o,n)°O

best-fit oscillation + BG
—a— KamLAND data

AmZ = 7.9 0 x 10-5 eV?
tan2 8 = 0.46

K

1 2 3 4 5 6 7 8
E _ (MeV)

prompt

Spectral distorsion at 99.6 7% CL
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L,/E Plot

» Oscillation depends on L/E
KamLAND doesn't measure L, but the
flux distribution has a strong peak
A typical value L,=180 km is used

150

=)
=4
\

no-osc v, (events)

wn
(=]
I

0 250 500 750 1000
distance (km)

- Disappearance hypotheses
Goodness of fit:

0.7% -decay *
18% -decoh "
11.1% - oscilla

(0.4% - constcs

ann];.-slnhrusl:nh:t —— best-fit oscillation

2.6 MeV prompt o KamLAND data
+ best-fit decay

' —  best-fit decoherence

* Data prefer oscillation to other
hypotheses

il 0 ®0

Ly/E; (km/MeV)
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Kamland and Solar fits

Solar
----95% C.L.
--99% C.L.
—99.73% C.L.

% solar best fit
Ll 1

KamLAND+Solar fluxes

B 95% C.L.

99% C.L.

B 99.73% C.L.

B global best fit

107

1

tanZ 0

1.2x10™
Ix10™* |-
N/‘\
>
L S
o 8x10
g
<
KamLAND 5
6x10™ —
B 95% C.L.
99% C.L.
-99.73%C.L. B
® KamLAND best fit
Ll L1 S} TR T T N A T N N T N N N M B
4x10
10 0.2 0.3 04

Ami, = 82108 .107° eV?

tan2 912 = 0401_882
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Future for reactor analysis

* More statistics

41 system

* 6.5% systematic errors are dominated by
4.7% fiducial volume systematic

"41" calibration system — full fiducial volume
calibration

operational soon: 6.5 % - 4.5 %

* New reactor Shika 2 starting 2006, at 88
km, near first oscillation minimum : larger
suppression rate

J.S Ricol KamLAND Results and Prospects



bring insights in the Earth internal composition and energy generation

Geo-neutrinos

* Antineutrinos from 238U, 232Th and “°K are an unique opportunity to

mechanism

- KamLAND is the first detector sensitive enough to measure geo-v
from 238U and #32Th

- A reference model has been constructed based on BSE model
(predicts 16 TW radiogenic power), crustal composition of Earth and

intensive study of local geology

8 Cumulative Geoneutrino Flux (U+Th)

— 10'k Inverse B-decayé _ RS YT 111 U RN SO O S
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30-_ > 20:
: < 15
[ S 10F
251 2 kY
' - i :>j 51{“;:"".-\. IR VAt I
Fit to geoneutrinos [ 0
2
=
Backgrounds: 127 £ 13 events 2
2
Detected: 152 events W
25113 geoneutrino candidates
C: ,n)Ojg e U23g signal
I T S T-am > S
Anti-neutrino energy, E, (MeV)
100p CL 68.3% Prediction of
i : 5 : | geophysical
80} CL 99.7% i | models
- | - e CL. 95.4%
£ 60F ,
= i 5 e SE\ Ll CL.90.0%
o = : < " E
Z 40 m 2F i
- Best fit ratio —. —> F
[ o : Assuming C o
20 5 “__EL_/ the expected 1 YA CL.68.3%
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I B RS T B ST I SR C 0 L TN N W N T M M|
O3 0 05 1 %O ~"20 a0 60 80
(NU'NTh)/(NU"'NTh) NU+NTh (TW)

M. Mezzetto, ISAPP 2006, Max Plank Inst. Munich, May 2006 - Reactor experiments - 17




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [640.346 820.346]
>> setpagedevice




