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1 Reactors: electron antineutrino source

(d Reines-Cowan’s experiment
-- discovery of (anti)neutrinos

1 Neutrino oscillation experiments

-- solar Am?: KAMLAND < medium baseline ~ km
-- B3, atm. Am?: Chooz, D-Chooz, RENO, Daya Bay € short baseline O(~1 km)

-- Mass ordering: JUNO, RENO-50 €< medium baseline O(~50 km)

[ Sterile neutrino search experiments

-- Very short baseline O(1m ~ 10m)
-- DANSS, NEOS, Neutrino 4, Nucifer, NulLat, Poseidon, Prospect, Solid, Stereo etc.



World Nuclear Power Reactors |
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Nuclear power reactors

444 nuclear reactors for electricity generations
+ 63 under construction as of May 2016.

~ 12% of the world's electricity is produced
from nuclear energy.

Reactor E fraction

France 76.3%
Ukraine 56.5%
Slovakia 55.9%
Hungary 52.7%
Slovenia 38.0%
Belgium 37.5%
Armenia 34.5%
Sweden 34.3%
Finland 33.7%
Switzerland 33.5%
Czech Republic | 32.5%
South Korea 31.7%
Bulgaria 31.3%
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Nuclear Reactors: source of v,

Nuclear reactors are copious & isotropic sources of v, .

1 GW,,, reactor
> ~2x10%° v_/sec

(Exercise !)

The Diablo Canyon nuclear power plant
(~2.2 GW,,) in San Luis Obispo county, California.
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What is Nuclear Fission ?

A heavy nucleus like uranium split in two parts:
the heavy nucleus has a larger mass.

The difference in masses, using the Einstein equation,
corresponds to an energy of about 200 MeV.



Discovery of Nuclear Fission

In 1938 by team of
L. Meitner, O. Hahn,
& F. Strassmann

Nobel Chemistry Prize in 1944
The Experimental Apparatus with which the team of Otto Hahn, and Fritz
Strassmann discovered Nuclear Fission in 1938. The arrangement was

originally in 3 separate rooms: irradiation, measurement, and chemistry at
the Kaiser Wilhelm Institute for Chemistry in Berlin.
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Nuclear Fission Process
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Breakdown of fission energy

Kinetic energy of fission fragments
Instantaneous gamma rays

Kinetic energy of neutrons

Beta particles from product decay
Camma rays from product decay
Neutrinos from product decay

TOTAL

200
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Uranium ore e U-235:0.72%

ﬁSSile; Natural uranium

=>0029% U-238
0.72% U-235

most widely used
fuel in reactors

Low-ennchad umnium

e U-238: 99.27 % S
fertile;
breeding Pu-239

Highly @nnriched uranium

tespons gric
U-233 16 kg manufactured
U-235 54 kg natural

Pu-239 10 kg manufactured



Negative of binding energy per nucleon (MeV)

{Te

fission

235{)

Mass number (A)

fusion
[°*Hegy
12D e
1
Hl ‘ 1 | 1 5 <3 i l 1 A1 1
20 40 60 g0 100 120 140 160 180 200

340

11



Nuclear Fission Process
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Why Some Isotopes are Unstable ?

n/p ratio

12C:n/p=6/6=1.0
13C:n/p=7/6=1.2
14C: n/p=8/6 =1.3 < unstable

Example:

14C becomes stable by emitting beta, i.e., convertingn 2 p

:C—*N+ e+Vv, Betadecay

* All isotopes with n/p < 1.0 or > 1.5 are radioactive.
« Allisotopes heavier than %°°Bi are radioactive.
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Types of Decays

Type Description Change? Example
Alpha Nucleus releases a He A Helium atom is
atom. He atom is known | released. Remaining | 2387 5234 Th.*_‘;He
as an alpha particle nucleus weighs 4 less 92 %2 -
and has 2 less protons
Beta Nucleus releases an Remaining atom has:
electron and converts a3 | *Same mass 231 231 0
—
neutron to a proton *One more proton, 531 54 Xe+- €
one less neutron
Gamma Nucleus goes from high | Nucleus remains 238 238
energy state to a low same, but a gamma 92U_> 92 U + f
energy state. ray is released
Positron Nucleus releases a Remaining atom has:
positively charged *Same mass llc_,l ! B+°e
electron and converts 3 | *One more neutron, 6 3 !
proton to a neutron one less proton
Electron An electron from the Remaining atom has:
electron cloud converts | *Same mass 201 0 231
Ca pture a proton into a neutron | *One more neutron, 80H8+-1 €=> 19 Au

one less proton
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Basic Reactor Elements

* Reactor core: for holding fission material or fuel

* Moderator: for slowing fast neutrons

e Control rods: holding neutron absorbers to control rate
of fission

Control rods < Fissile
(Neutron catchers) | ‘ uranium

 Monitoring system: [ Moderater
containing devices and
indicators of operation

* Energy transfer system:
to take the heat away

Heat removal Radiation
(e.g. water) protection bartier




A Pressurized Water Reactor (PWR)

Control rods

~ 63 % world reactors

Pressuriser

Steam —»
generator

pressure
vessel

Fuel elements

Reinforced concrete
containment and shield

—_—>
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Pressurized Water Reactor

Containment Structure

Pressurizer Steam

AN\
| b
1
Control
Rods i e
SNy A
AR
Reactor !
Vessel

[ Condenser
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What is Nuclear Fission ?




Nuclear Fission Process

Thermal neufron

Thermal neutron:
=~{ ) Fission Product K.E=25meV

Fission Product

17 °C
Fast neutron ® Faost (room temp)
neutron 2.2 km/s

Fost
neutron

Fast neutron:
K.E=1~20 MeV
Moderator 14,000 km/s

Thermal neutron

g

—~ 0 Fast neutron
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Nuclear Chain Reaction

Continuous fission of uranium-235

moderator
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Refueling Nuclear Power Reactor

Refueling:

* Most of reactors needs to be shut down for refueling.

 Refueling interval: 1~2 years

 1/4~1/3 fuels are replaced as new fuels.

* |n most reactors the fuel is ceramic uranium oxide
(UO, with a melting point of 2800°C)

Moderators:

* Light water: enriched Uranium is used as fuel.
(3.5~ 5.0% U235)

* Graphite, heavy water: natural Uranium can be used
(0.7% U235, over 99.2% U238)




Reactor Core & Fuel

Reactor core

) Assembly
2y

L control rod
e
drive assembly l

I Fuel =~ Uranium
Rod —> Fuel Pellets

fuel assembly
upper grid plate

reactor
pressure vessel

fuel assemblies

fuel assembly

lower grid plate
© 2012 Encyclopzedia Britannica, Inc.

Uranium fuel pellet ;



Changes in the composition of uranium (Example)
> @™ R‘sswn ;;rodugts ;
— : — aterials produce
3% . T’ssilq uragzls%m — 1%3 \ by fission)
(Uranium ) 15 \ Fissile uranium
\ Plutonium
N Used for pluthermal generation
97% 1% 95%
Changed to Reusable amount (97%)
plutonium
Non-fissile uranium
(Uranium 238)
<Before power generation> <After power generation>
enrichment [Naturally occurring Uranium
99.2742 % U-238
0.7204 % U-gsﬂ




1 ton natural uranium
(~7 kg 235U) \
OR 8.5 x 10 m3 of gas =2

Residential Electricity Use Per Capita (kWh/year) ‘

44 x 10° kW
of electricity

OR 20 x 103 ton of black coal

Electricity that
~11,000 people
can use for 1 year
In Canada
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>99.9 % v, are produced by 235U, 238U, 239py, 241py

Neutrino fluxes from main fuel components

c =
% 1 . 235U
.. : @ E
Fission rates over single reactor € F « 239Pu
—_ S10'
o fuel cycle §1° . 241Pu
o =
= — U-235 -3 « 238U
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&5 FIG. 7: Measured spectra of antineutrinos from the main components
-~ of the nuclear fuel. Taken from Ref. [20].

Plutonium breeding over fission cycle changes
v, rate by 5 ~ 10% and energy spectrum. 26



v Rate variation
from Palo Verde
3 core reactors

PHYSICAL REVIEW D 64 112001
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FIG. 1. The calculated v, interaction rate in the detector target
for the case of no oscillations. Four long periods of reduced flux
from reactor refuelings were used for background subtraction. The
decreasing rate during the full power operation is a result of t517e
changing core composition as the reactor fuel is burned.



Expected Reactor Antineutrino Fluxes

Reactor neutrino flux P, isotopes

O(E,) = e > fi#(E,)

Eszz i

- P, : Reactor thermal power provided by the YG nuclear power plant
- f, . Fission fraction of each isotope determined by reactor core
simulation of Westinghouse ANC

- ¢,(E,) : Neutrino spectrum of each fission isotope

[* P. Huber, Phys. Rev. C84, 024617 (2011)

T. Mueller et al., Phys. Rev. C83, 054615 (2011)]

- E; : Energy released per fission

[* V. Kopeikin et al., Phys. Atom. Nucl. 67, 1982 (2004 )]

100 T

Isotopes _James Kopeikin ol vags — |

U238 —

Z5U  /201.7%0.6 201.92+0.46 iw
28y [ 205.0+0.9 205.52+0.96 % '

239py | 210.040.9 209.99+0.60 o
241py 12.4£1.0 213.60+0.65 e 13

; 30 | “,,,,_-.‘,._,>_/__..~,.,, e




Antineutrinos / MeV / fission
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Inverse Beta Decay & v, detection

IBD process: |v_ + p —> N+ €'| possible for E, > 1.8 MeV

Neutrino energy measurement )

Gamma rays
Gamma rays E17 ;E ]—16_'_ —I_ ]:’l + (Mn - Mp) _I_ me+
e ) . " —>
Neutron capture 10-40 keV 1.8 MeV

From Bemporad, Gratta and Vogel

Observable V Spectrum

Arbitrary

Liquid seintillator
and cadmium

IBD signal pair:

* e*annihilation: prompt signal (S1)

* Neutron capture: delayed signal (S2)
(n-Gd, n-H, n-Li, n-Cd etc..) .



Neutrino Physics with Reactor

/ neutrino

z//

7. 2003 Observation of reactor neutrino oscillation (8, & Am,,?)
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Detector of the Hanford
experiment

Incident
antineutrino

Gamma rays

— Neutron capture

Inverse
beta

Positron decay

annihilation

Liquid scintillator
and cadmium

IBD signal pair:
* Prompt: 2~ 5 MeV
 Delayed: 2~ 7 MeV

Event rate: 590.4 +/- 288 /day
Liquid scintillator w/ Cd doping: Signal/Noise: ~ 1/20
300 liters = Inconclusive result 32




First discovery of neutrino Nobel Prize
is from reactor neutrinos ! in 1995

In 1956 @Savannah river, S. Carolina
By Reines and Cowan
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Savannah River Experiment in 1956

Tanks I, II, and Ill are
filled with liquid scintillator and
Instrumented with 5” PMTs

Target tanks (blue) are filled il
with water + CdCl, —F

Two signals in neighboring tanks
(1, 11 or II, I)

Signal/Background: ~ 3:1
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Savannah River Experiment in 1956

R.G.A. Arms “Detecting the Neutrino”,
Physics in Perspective, 3, 314 (2001)

Shielding: 4 ft of soaked sawdust

Electronics trailer




Past Reactor neutrino experiments

«“—Im —™

Poltergeist

Reactor Power x Target Mass (MegawWatt-ton)

10" ey® 0y 107 ey® 10*
1% per year
(statistical)
Palo
Verde\
Bugey I

Savannah\

River ?en

ILL Rowvno

e

Neutrino Mass Sensitivity

evz

KamLAND

10% per year

llllll

10m

T Illllll'

100 m

T T Illllll T llllllll

1km

Baseline

10km

T llllllll T LA

100km
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KamLAND

Kamioka Liquid-Scintillator Anti-Neutrino Detector
1 kton liquid scintillator detector
Ist phase experiment

( Egy = 18 MceV)
. -
Vot p—P¢" +n

2nd phase experiment
' b .
{ }"lh_ 200 kelV) f
Vet¢ —p Ve te

Neutrino Oscillation Search

. = -. » ) \ - - -
by Reactor Anti-neutrino Solar neutrino Detection

"Be Neutrino




T " - - f"‘\
// ;f-*" 'g“ ] \\
2877 1S
Inner Detector /@& T \ Outer Detector
faTa s P 1
_ " =
Liquid < o Water
Scintilaltor

Plastic PMT

Balloon

Reactor neutrino flux:
e Japan: 95.5 % (53 reactors)
e Korea: "3 %

* Taiwan: ~0.1 %
= <L>="180 km
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KamLAND result Mar. 4 — Oct. 6, 2002

162 toneyr (145.1 days)
Observed 54 events (E>2.6MeV)
an\s — Nl‘j._' v ~ Oy s
Background 11 events ~-=0.611x0.083(stat)
. chl»ccic\l
p- ' R 1 & K ovente +0.041(sys)
4 Expected 86.8 £+ 5.6 event: . A
% 250 26V ¢ EamLAND data 14
g (znalysis) — no oscillation
Fo T TEEsRe | )
155— : o = 7## —r
; ¥ o8F | 3\
10L % % Savannah River y |
Z<.> 0.6 I Bugey \ !%
5t 0t 3 o \/
R : Koo
— 0.2 ® Choo
0 ® KamLAND
Prompt Energy (MeV) 00t L 1 !
10' 10° 10° 10° 10°
Geo Neutrino: 0-110TW (95 % C.L.) Distance to Reactor (m)
motoki@NDMO03



Chooz B
Nuclear Power Station
2 x 4200 MWth

i

u:uﬁ

distance = 1.0 km

Depth
I E X EELILEEELER] 0 mwe

4 I

Chooz Underground Neutrino Laboratory
Ardennes, France o

C1667 MAGELLAN Geographao
9045) 052100 www rmags com

5 ton LS (0.09% Gd)

took > 1 year data
(until July 1998)

No oscillation observed

- set limit

Detector degradation4
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Events

300

250

200

150

100

50

0.75

0.5

025 -

0

Chooz Results in 2003

e’ energy

® v signal
—MC

i e’ energy
R =1.01 = 2.8 % (stat)
s
B "': *i
2 2 | 2 2 2 | 3 3 3 | N L L | L 1 1
0 2 4 B 8 10

MeV

Eur.Phys.).C27:331-374,2003

107 | —-sCLbeIt g
| —— FCbelt (corr. syst.) -

0 01\02 03 04 05 os 07 os 09 1

sin? 29
2016 best fit
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First 0,; measurements in 2012

~ 4 years ago

Double Chooz Daya Bay RENO
ST PRL108,131801  PRL108,171803  PRL 108, 191802
ublication (Mar. 30, 2012) (Apr.27, 2012) (May 11, 2012)
sin2(2613) 0.086 0.092 0.113

S e 0.041 0.016 0.013
' (101 days) (49 days) 220 days
Svst. error 0.030 0.005 0.019
Yt (flux uncert.) MC driven) (data driven)

Significance 1.7 0 520 4.9 o

. 2 7

1 month 2 weeks "



0,; and Future Experiments

Accelerator

¢
PINGU ORCA

Atmosphere e



With Reactor Neutrinos

Short Baseline: O(1km)

= To measure 0,5 ( finally measuredin 2012 !)
= CP violation phase angle ?

( when combined with accelerator data)
= 4t family of neutrinos ?

Current

Medium Baseline: ~ 50 km

* To determine v mass ordering (very challenging !) Future
= \ery precise measurements on v mixing parameters

= Super Nova v, Solar v, Geo v

= Multi-purpose detector

44



PMNS matrix

Ve L’re 1 L"re 2 C"re 3 3
1/ P - [-"' p 1 l-"' p?_ [v‘" “3 1/ ‘2
Vr Uy Uz Umall|va

03 013 01,

(1 0 0 \( cos®,, 0 sinBe™ \( cosO,, sinB, 0 |
=| 0 cosO, sin0O, 0 1 0 —sin@,, cosO, 0

w —sin6,, cos0,, \ —sin0,e® 0 cosO, )k 0 0 1
Atmos. (\/WVM deficit) Reactor (v_e deficit) Solar (v, deficit)

Long baseline (v, deficit)  Long baseline (v,2v,)  Reactor [V deficit)
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Neutrino Oscillation

Atmos. Neutrino
Oscillation

4

~45° (1998)
Super-K; K2K

\ 4

Solar Neutrino 34° (2001)

SNO, Super-K; KamLAND

Oscillation

4 \ 4

9° (2012)
Daya Bay, RENO,
Double Chooz

Reactor Neutrino
Oscillation
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Reactor 6,,; Experiments

Double Chooz

47



0,; Reactor Neutrino Detectors

1. Cylindrical structure
(four layers)

2. Neutrino Target:
liquid scintillator
with 0.1 % Gd doping
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The RENO Detector

=Target : 16.5 ton Gd-LS
(R=1.4m, H=3.2m)

|

Wi

| | * Gamma Catcher :
(L8) 30 ton LS
® || (R=2.0m, H=4.4m)
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= Veto : 350 ton water
(R=4.2m, H=8.8m)

-- 354 ID 10 * PMTs
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How to measure 0, ?

° ~2 x 10%° /sec per GW,,
_ Oscillations observed as a

V . . .
m el deficit of anti-neutrinos

1.0

t

sin?20
Observed flux before oscillation

1>
= (1.27Am> L) (1.27Am>L)
fa P(v —y )z 1-cos' 6 ,sin’ 26, sin’ L—”} - sin*20,, sin’ L—”
CG e e E E
vg v v } R
& Distance 1200 to 1800 meters

O Find disappearance of v, fluxes due to neutrino oscillation as a function of energy using

multiple, identical detectors to reduce the systematic errors in 1% level.
50



0,; & |[Am2_ | measurements

Survival prob.
/

1 — P = sin? 20,3(cos? 012 sin? Ag; + sin? 615 sin? Asp)
+ cos® 013 sin? 26015 sin® Ayq

~ Sin2 2913 SiIl2 Aee + COS4 913 Sin2 2912 Sin2 Azl, (1)

5 5 “Approx. Osc. Prob.
Where, Aml.jL A Am,, L accurate to

A ce : ”
v AE (ij=1,2,3) 4FE 1 part in 1074

Parke

2 — 2 2 . 2 2
Amee = COS 012Am31 —+ Sin 912Am32 arXiv:1601.07464

—> Find minimum 2 by varying 0,5 & |Am2ee|

Parameter estimation
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What is Am_2? ?

9 9 . 9 9 Parke
Am?, = cos? 190AmZ; +sin” 010Am3o | arxiv:1601.07464

ee —

* v, weighted average of Am,,2and Am,,%2  Exercise

 L/Eindependent (see next page !)
* Mass ordering independent

 Weakly dependent on solar parameters

[Am3,| = |AmZ,| £ sin® 612Am3, More dependent on
Am,| = |Am2.| F cos? OrAm?, =) Solar parameters
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How Does Daya Bay Define Am% . ?

. 2 _ 2 _:. 2 2 _: 2
sin“ Agg = c¢iy8in” Agzy + s758in” Ao
2 4E : 2 qin?2 2 qin2
= Amyp = ) arcsin (c%,8in” Ag; + 87, 8In° Ago)
, Maladies:
dm? definitions
2,55 L I L I 1] l T I LR I L t LA |
[ NO: o%,-031 S e L/E dependent
250 : - e no simple physical meaning !
L - ém3,=2.48 T K .
,I,o - 6m?, e Discontinuous at Osc. Max./Min.
2 245 6m§gj : (L/E ~ 0.5, 1.0, .. km/MeV)
" : - 3% jump
< T, + }
pag S Why?7?
i mf“m o'cfu“ ] RHS (1) never gets exactly to 1,
'<——experimentai data— — : or back to 0
2 35 P PN P I PR PR vt whereas LHS does !
00 02 04 06 08 1.0 1.2

L/E (km/MeV)

Stephen Parke, Fermilab

HQL,Virginia TecH

egsin®(ZFe)=1-¢+O(e")
with € = 812¢12409;
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———

+ " Near b Far

_f <L>400m = <L>1050m
«| ~300v/day . ~40v/day
K ,; 120mwe = 300mwe
~ . Target: 8.2t Target: 8.2t

April 2011

Experimental Setup: Double Chooz

Two Reactors
Power: 8.5GW;inh
= ~10%2ly/s




Experimental Setup: RENO
Tota I\”"y

16.8 GW,, >

i Far Detector
(450 m.w.e.)




Experimental Setup: Daya Bay

Hall 3: Mountains rising with
860 mwe .rl'l distance from the bay.

Water \
Systemm |

Antineutrino i
Detectors




Reactor v Experiments

Double >0.03 8.5 400/1050 120/300 10/10 ? > 160
Chooz
(France)
RENO >0.02 16.8 290/1380 120/450 16/16 ~10 M 40
(Korea)
Daya Bay >(0.01 17.4 360(500)/ 260/860 40x2/80 ? ~ 230
(China) 1985(1613)

» RENO was the 1%t reactor experiment to take data
using both near & far detectors.



Comparisons

Reactor Thermal
Power (GW,,) Manpower
E— Daya Bay
Daya Bay RENO

Double Chooz

Double Chooz -

0.00 100.00 200.00 300.00

Target (ton) Baselines
$1r
80.00 L F , bayaBay
60.00 0.95F Near Sites RENO
40.00 - A
20.00 ¢ 4 0.9  Double Chooz L [km]
0.00 0 0.5 1 1.5 2 2.5 3
N O N
S & &
Q Q,b\\ 58




Detection Principle of Reactor Neutrinos

v (0. 511MeV
Inverse beta decay: (0 511MeV)

‘176 +p— et + ’I’L‘ prompt signal
_ y (0. 511MeV)
Ve /

\<§2‘. Gd capture °' H capture

/|30 s | | delayed signal | | 'pelayed signal

" B ~200 ps
®, Y E, ~8MeV
Y y

~ 2.2 MeV

* Prompt signal (e*) : 1 MeV 2y’s + e* kinetic energy (E = 1~10 MeV)

» Delayed signal (n) : 8 MeV y’s from neutron’s capture by Gd or H
~30 s or ~200 us




Signal: IBD Pair Inverse beta decay (v, + p — e* + n)

[ ————1 I o B CTo Il | =10 It « Near data
[ | é\ccidental L o Far data

S 80001 I *Li/’He ] 30001 —MC
> 80007
= I i I
N 6000
p - ~
i (0 ~30 s
q:’ 40007 =
& | 1000

20007 — -

l’o_ ; 6 8 10 “. - 7 8 __'““ ﬁlo
Energy [MeV] Delayed Energy (MeV)

25000
20000
150005—
100003—

5000

L
10
s1_MeV

N—

Suppresses background a lot |

n-H IBD

~200 ps

2000




Backgrounds

= Accidental coincidence between prompt and delayed signals

» Fast neutrons produced by muons, from surrounding rocks and inside
detector (n scattering : prompt, n capture : delayed)

= 9Li/8He B-n followers produced by cosmic muon spallation

Accidentals Fast neutrons 9Li/%He B-n followers
U

‘ 'l
Buffer L
(Mineral O

)

¢
ue
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Why Precise 0,3 ?

1. 0,5 affects 0, (0,5) and 0., measurements.

2. 0,5 is best measured in short (1~2 km) baseline
reactor v experiments. =2 legacy measurement

Thus, we need to measure it
as precise as possible
with the currently operating detectors.
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Energy Calibration from y-ray Sources

Non-linear response of the scintillation energy is calibrated with y-ray source

; ~ ...............................................-
< 2601 (a) —
B B n-Gd 7
= |k i
T2 240 n-C —
<" B
T2 fes RENO Far i
o 220 —
B : Fit function: E,/E . =a—b/(1 —exp(-cE,,.—d))
E@ %)_i """""" & _
— - T - ®
I OO SUUUTOUNROUO OO
0 | 2 3 4 5 6 7 8 9 10

Correspénding IBD Prompt Energy (MeV)

Deviation of all calibration data points with respect to the best-fit is within ~1%.



2B Energy Spectrum (Near & Far)

= Electron energy spectrum from B-decays from 1?B and °N,
which are produced by cosmic-muon interactions

RENO Preliminary

> — v v I i B v I v v v I i B v | v i i I v v v I v i i I v v T —
§ 4000 [ 4 Near Data —
e - ¢ FarData _
g — — Prediction -
= 3000— —— "B Component |
g‘ - W’ N e >N Component _
g 2000 - —]
- - ]
1000 - —

— = ]
8 1.2— —
2t | .
= n + L] e T | o -
M= 0.8 =

| 1 1 1 1 1 1 1 | 1 1 1 | 1 1
0 2 4 6 8 1

B RN R 7
Reconstructed Energy [MeV]

6

Good agreement between data and MC spectrum! 64




Energy Scale Difference between Near & Far

RENO

Eebtny e
Corresponding IBD Prompt Energy (MeV)

e MR RN

Energy scale difference < 0.15% for £, = 1~8 MeV
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Observation / No-oscillation prediction

0.7F

0,3

FD-I

—+—— FD-IData

o oscillation

Best fit: sin 26, = 0.111

Single detector systematic uncertainty

PP y
Energy scale systematics

it

.

Far + Near (673.14 and 150.76 days)

Double Chooz Preliminary

| |

|

Observation / No-oscillation prediction

1

2

3 4 5 6
Visible Energy (MeV)

7

8

Double Chooz

Fit results

FD-II

Observation / No-oscillation prediction

—+—— FD-IData
] IR No oscillation
Best fit: sin “20,, = 0.1
[ single detector systematic uncertainty
.2 [ Suppressed systematic uncertainty
Energy scale systematics
1 + + *
ot L IL
. -+ e
TT 1’.+-Lr T
.9
.8(
: Far + Near (673.14 and 150.76 days)
i Double Chooz Preliminary
| | | |
1 2 3 4 5 6

Visible Energy (MeV)

@ Moriond 2016

ND

——— ND Data
............. No oscillation

Best fit: sin “20,, = 0.111
Single detector systematic uncertainty
[ d

PP Y
Energy scale systematics

Far + Near (673.14 and 150.76 days)

0.7F Double Chooz Preliminary

| I !
1 2 3 4 5 6 7 8

Visible Energy (MeV)

 Best-fit: sin?20,;,=0.111 * 0.018 (stat.+syst.) (x2/dof = 128.8/120)

Non-zero 0,; observation at 5.8¢ C.L.

Double Chooz Preliminary

Cosmogenic °Li BG: 0.75+0.14 d-1(FD), 4.89+0.78 d'1(ND)
Fast-n+stop-p BG: 0.535+0.035 d-1(FD), 3.53+0.16 d-1(ND)

Energy non-linearity: consistent across data sets and with calibration,



| in RENO

e
2000 T o 6 A\ Daya Bay /' — Rate+Spectrum 3
I | 2]< 4;—D e =0~ ,,' - - Rate-only —
2:_ ouble 00z /x ,1 _:
= 1500(— — - ,\-/,,:
> - C e Rate+Spectrum
g ~ 3 + Rate-only 9
1000 1= T []99.7%C.L. |
= 4 @ - [1955%C.L. ]
4 < 2.5 I 68.3% C.L. —
[ 500 Far Data -1 = r -
Prediction (best fit) - | 8 _F i
-------- Prediction (no oscillation) s 2 7
o | S S . < r ]
S T °L RENO 500 days |
o) T _| | | T ) ) | | R T | L —|||||||||||||
£ - 0 0.05 0.1 0.15 2 4 6
\0 m . 229 2
= . | | | | | | i sin20 Ay
EO T3 4 5 6 7 3
Prompt Energy (MeV) PRL 116, 211801, 2016
-2
sin”26,, = 0.082 +0.009(stat) = 0.006(syst
500 days 13 (stat) (Syst)
2 +0.21 +0.12 -3 2
RENO’s 15t | Am?__| measurement ! ‘Amee =2.62" ) (stat.) 7y 5(8yst.) (x107eV?)
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Events/day (bkg. subtracted)

Far / Near(weighted)

18
16
14
12
10

N A OO @

— —4— Far site data

- === Weighted near site data (best fit)

C —— Weighted near site data (no oscillation)

1 PR PR " L L | P 1

IR llllllll 'II7’II'F|

Reconstructed Positron Energy (MeV)

621 days

1 2 3 & 5 6 7 8

A | [107 eV?]

25

. i3 AS—— — - S
a 99.7% C.L. -
i 95.5% C.L. i
= 683%CL.
- Best fit .
- Daya Bay: 621 days 1 !

0.05 0.1 0.15
sin226)13

PRL 115, 111802 (2015)

IlA'sllx1ol A15ll
Ay?

sin? 20,5 = 0.084 + 0.005

|[Am? | = (2.42 £ 0.11) x 10 3eV?
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Reactor Neutrino Disappearance on L/E

L./ (E,) [km/MeV]

e - RENO
% - [ PRL 116, 211801, 2016
00.95— —
= [ il
ol
- ¢ Far Data _+_ i
09— ¢ Near Data |
~  — Prediction 7
! Daya Bay
0 0.2 04 0.6 0.8
L /E, (km/MeV) PRL 115, 111802 (2015)
SR
" A 4 EH1
- i ! EH2
'? i $ EH3
. 0.95 ~—— Best fit
o I
0- =
) L 0.9——
P(v,—V,)=1-sin 2813sin2 Amfe— - L ,
4E, 0 0.2 0.4 0.6 0.8




Summary: Recent n-Gd Results

Rate+Shape Analysis : sin22e13 Rate+Shape Analysis : IAmze |
—e— RENO (500days) —«— RENO (500days)
—— PDG 2014 - PDG 2014
. Double Chooz
- Daya Bay o~ Daya Bay
005 01 __ 015 02 2 ,3 L4 5
sin20, | am__| (x 107 eV?)

|Am,, |2 (x103 eV?)
+ Total Error

Rate + Shape [ x2/NDF]  sin220,; * Total Error

RENO [58.9 / 66 ] 0.082 +0.010 26210
Daya Bay [134.6/146] 0.084 + 0.005 2.42 +0.11
Double Chooz [52.2/40] 0.090f3‘8§§ ---




< 10)

eV?

nt 20F

Am?,

0., & |Am?_| in Daya Bay 2016

Poster Id: P2.063 by Maxim Gonchar

. . Daya Bay,
Oscillation results 1230 daysdata {__J4 3

.............. e p—————————————— | |}
| ) 5
| 6
| ! 1A L2
Ax
| )
2 | 6 8 (
3 . I
d t t t T
|

!
!
|
/
q\
|
!
!

0.06

0.07

0.08 0.09 .10 011 0.12

gin’ 26,4

¢ hrd 2
1 Yy .5 1.26TAms, L
P =1 — cos” #;3sin” 20,5 sin” 5

5 1.26TAm?2, L
= .

. 92 .
— sin” 263 sin

& EHI1
Y EH2
e EH3
Best fit

.................

L,y /{E) (km/MeV]

sin?20,, = [8.41£0.27(stat.) 0.19(syst.)] X 10
IAm?2 | =[2.5010.06(stat.) 1 0.06(syst.)]x 10-3eV?
v2/NDF = 232.6/263

Last publication: sin?20,,= [8.41+0.5] x 10

P.R.L. 115, 111802 (2015) [Am? | = ]2.42140.11] X 10-%eV? 1




The 5 MeV Excess in 2014

(Data - MC) / MC

Prompt Energy [MeV]

(In Neutrino 2014)

In 2012

-- RENO: excess (? 0)
in [3, 8] MeV region

(1) new background ?
(2) energy scale issue ?
(3) reactor v model issue ?

(In Neutrino 2012)

Data/Prediction

DEVERCYLY,

DC-lll (n-Gd) Preliminary
Livetime: 467,90 days

4 5
Visible Energy (MeV)

(In Neutrino 2014)

In 2014

-- RENO: 5 MeV excess (3.5 o)
correlation w/ reactor P,,.

-- DC: 5 MeV excess (? O)
correlation w/ reactor P,,.

-- DB: 5 MeV excess (? O) wm==3p in 2016

Prompt Positron Enerqy (MeV)

(In ICHEP 2014)




Events / (0.2 MeV

(Data - MC) / MC

Observation of an excess at 5 MeV
1400 days of data (Aug. 2011 — Sep 2015)

(Preliminary)

The measured near
spectrum is compared with
prediction using ¥? test.

Fraction of
5 MeV excess:

2.50 % 0.21 (%)

= Fast neutron
1500 P Accidental
40000 — B Li/He
i 10008 g
30000— 00
— Ollé.é.‘i.s'.(;.i.g'
20000 H— Near Prompt Energy
| ¢ Data
MO0 LT MC
| L | | = =
0.2+ -
n . §
0.1 & e 9
O—-t_;_ﬂwi_m_w..: ---------------- ———— - - —
0.1+ —l
1 2 3 4 5 6 7 8

Prompt Energy (MeV)

Significance of the 5 MeV
excess: 12 o
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Correlation of 5 MeV Excess with Reactor Power

1400 days of data

55 RENO Preliminary
| | | I | | | I | | | | | | | | | | “‘P'
o~ o Near 1 5 MeV excess
3 2 $” - has a clear
> 1 ‘ correlation
R + '\ ~ with reactor
% _ | two or three All the six . thermal power !
2 10l reactors are off + + reactors are on |_|
D)
SO X ~ ‘
o |
= S5F _
Te T _
o 1 1 | | The 5 MeV excess
O 300 400 600 __ 8o comes from reactors!

IBD rate from thermal power (/day)
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Correlation of 5 MeV Excess with 235U

(Preliminary)

235 fraction corresponds to freshness of reactor fuel

Fractional 5 MeV excess (%)

3 1 I 1 I 1
Near
-“.“
P | e T T T R NSO N N
uuou"‘“‘ —_—r—
o“'..“.
5 Fit function X2

o Ax-=1.174 v = p0 1407 | _

P-value = 0.240 y =p0 + pl*x | 0.233

1 I - 1 I - L

055 0.6 065 i
I of reactor cycle) U235 fraction of reactor cycle) 75



Data / Predicted

—4— Data
%1 A e No oscillation
= [ Reactor flux uncertainty
w o ) )
gl 2t [ Total systematic uncertainty

—— Best fit: sin20,, = 0.090 +

d
T

? |

Double Chooz 1

12 3 4 5 6 71 8

JHEP 10 (2014) 086 Visible Energy (MeV)

>7000 [ | I’\ T - T Y T -
g - §3—+—Excessrate ‘nGd+nH_+_
g 6000 |- % N -— All candidates 3caled 1
o i v F
i & | nGd - |
‘%5000 £ '
L M .
"E ; ’ ONE NumbngoEf ReacTt\grg ON_:
w4000} n.Gd + n-H _
B —4— Region of excess
3000 . .
- —4— Side-band data ]
: —— Best-fit interpolation ]
2000} rporation
- n-Gd
1000
:_L 1
0% 3

Visible Energy (MeV)

cm? fission ' MeV-'x 10

Data/Prediction

0.2

o
—
3]

e
-

o
&

Daya Bay
PRL 116, 061801 (2016)

[ +++++

o + +

[ + +

L -+

F + *,

-+ T,

‘_ -+

- ~ "'_._ Integrated
- 4 O excess - >

3 4 5 6 7 8 9
Antineutrino Energy (MeV)
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Determination of normalization factor, R

R (data/prediction) = 0.946 +- 0.021 (RENO) Preliminary
R (data/prediction) = 0.95 +- 0.02 (DYB)

*The flux prediction is with Huber + Mueller model
*Flux weighted baseline at near : 411 m (RENO)

Comparison with other experiments

& 1.2 : L L R : L L R R
2 L Preliminary RENO _
O
2 | & 8 ||
% lu J 1 l l
d = 1 1 + 1 = |
i —e— Other experiments |
0.8 —eo— RENO o
B —— Global average -
= [_] Experiments Unc. -
u [] Model Unc. _
0.6—~————1 ] S
10 10 10°

Distance (m) 77



Light Sterile Neutrino Search Results

« All 500 days of RENO data Paper in preparation
N"\ I IIIIII| T T I':IIIII| , T TTTT
- Consistent with standard 3-flavor 2 01 a
neutrino oscillation model ~z F .
S - ]
. L < T Bugey
» Able to set stringent limits in - S ] g Y-
the region)i( 3172 < Amil <0.1ev? | T T
102 =
g L L L L I L L HL L : RENO ]
z 1‘2__ ~ Data 33V bestfit | - 1
= - ]
g L1~ — N i
R ST
g 1 e et — 100 E
gt i —— g - 7
209 - ] - RENO 95% C.L. (Fixed sin’20,.) ]
:g() 8__ . Amil — 5X10-2 6V2 L Amil — SXIO-S eV2 __ : — RENO 95% C.L. (Varying sin22613) :
Z . . N T T R kb Bugey 90% C.L. (40m/15m)
§ l 2 3 4 5 6 7 8 10—4 1 I I I I | | | | I | | | L1 1111

Prompt Energy (MeV) 1073 1072 10" 1
. 2

.2 sin“20,,

full curves assumessin“26,, =0.1




Poster Id: P2.060 by Henoch Wong

Light sterile v search

621 days data

* Relative comparison of

energy spectra at three EHs =z | l
. . 107 E
* No evidence of a light s :
sterile neutrino i !
» Sensitivity at <0.1eV?2 region . — _
. . ‘ - . . R 10 — ]
improved by 2 times with respect : :
to Phys. Rev. Lett. 113, 141802 - .
11 ;'EHz T —— o'ma |:] Une. ;13\; pm;lctlon , _[: 10-3 — — - Daya Bay 95% C.L. -
i - 5 : — Daya Bay 95% CL,_ E
E i : —— Daya Bay 95% expected (+10)
B f+ ...... Am?, = 4x10° V? -~ am?, = 4x107 oV? + 1 - Bugey 90% C.L.
§ 0'9__. xin26,, = 0.05 axsumed B 10 E— e > L] ;
§ 10 10 10 sinf2o_!
2 Most stringent limits on sin20,, for
g the Am?,, 2*10*eV? ~ 0.2eV? region!

19

Prompt Energy (MeV)



0,; & |Am?_.| measurements

This is a “Parameter estimation”.

= Find minimum 2 by varying 03 & |Am2ee|
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X2 Fit Methods

* Covariance matrix method: €—— Daya Bay
— more traditional in HEP in the past

— could be more difficult when # of sys. error

increases.

e Pull method: Stumpetal, PRD65, 014012 (2002)

- red
reduces error CENG

—> easier to code up

The two methods are exactly identical
mathematically. Fogli et al, PRD66, 053010 (2002)



General X? Fit with Pull Method

Fogli et al, PRD 66, 053010 (2002)

Xfm]l =min
1kt

N
>
| n=1

Pull parameters

K
t th
Rixp _Rn eor_kz1 f

|

K
kCn

iy,

!

Uncorrelate
Error

d

Pull method is more practical when
K (#. sys. error sources) << N (#. observables) ..

2

Correlated
error

K
+ > &
k=1



RENO:

X2 fit

szns F/JN Iﬂ/\r 2
2\~ O -T ")
I |
=1 i d=N,F

fv'

flu.r:

2
€
!
) Oeff

TFIN _

2

TEN (b4 f, ¢, € 013, | A, )

<+ Expected events term (T//N) contains

energy dependent BKG uncertainties.

PRL 116,

(Pull method)

68 bins = 34 energy bins x 2 periods
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Daya Bay: X? fit

(Covariance Matrix method) PRL 115, 111802 (2015)

x = Z(N,f - W,-NJ’)(V’I)U(N{ - w;N7)

i,J
Weight Extrapolation factor
._f 'f f cores p Eque’ Lf . Lf 2
wW; = N—;z = (T_n) (e_n) Z’p(Ejrue|Efec)rj r= Zléores ( j - ﬁ)¢jk/( ﬁ)z
N; ") \€"] = D i P(ET™,Ly)dj/ (L)

Cov. Matrix element

1 N
Vij =5 (ST = wiS})(S] —w;S})

148 bins = 37 energy bins x 2 N-F pair x 2 periods

84



Double Chooz: X?fit

40 40 . .
=3 (NP — NER)MGH(NG - NE®) + 3 U_g (Hybrid method)

i=1 j=1 k=1 k

9 -1
Oq4 Pab0a0b PacOalc €a JNobs
2 Nobs 1 off ) NEXP _ obs]
+(€as€ba 66) PabTaTb 02,? PbcOb0¢ €b * [ off "1 (Ngép T Noft off
pacaao-c prO'bO'C 0-(2: GC

Cov. Matrix element

JHEP 10, 086 (2014)

Mij — Mis;at + Mgux + M;;H + MiI.J,'i/Hc(shapc) + M;cc(stat)

Fit Parameter Input Value Best-Fit Value
Source Uncertainty (%) Li+He bkg. (d~1) 0.97t04 0.74 +0.13
Reactor Aux 1.7 Fast-n + stop-u bkg. (d~') | 0.604 = 0.051 0.56870 037
Detection efficiency 0.6 Accidental bkg. (d~1) 0.0701 = 0.0026 | 0.0703 = 0.0026
or: 8 Residual 7, 1.57 £ 0.47 1.48 + 0.47
E-scale €, 0 £ 0.006 0.0017 505
Statistics 0.8 E-scale ¢, 0+ 0.008 ~0.001+:004
Total +2.3 / -2.0 E-scale €, 0+0.0006 | —0.0005+39%07




0,; & |Am?__| uncertainties

r ) 3
F.P,i F.P,
N obs  _ N Exp
N,P.i N,P,i
E Nobs NExp
\
2
i=I~N, (U ; )

F,i Fi F, N, N,

Nobs, Nobs+kag+N0bs+kag
] F,i\2 i\ 2

NN,l (N J (NN,l)

obs obs obs

AY? = X = X min

6 A\ Daya Bay /i — Rate+Spectrum —J
4 -0~ /' --Rate-only —
7 E_Double Chooz \7,' _i X2 = E ;
__ T T T f T T Y .' f T T T T f T T T T —_"I|||]NII|I P=bef0re,Aﬂer
i e Rate+Spectrum ]
~ 3l + Rate-only .
o — —1
= []99.7%C.L. ]
n [C195.5%C.L. ]
= 2.5 I 68.3% C.L. — U =
v -t
"E 2r .
4 - ]
LS RENO 500 days Bl
I H T KRS S NS N (SIS SIS S
0 0.05 0.1 0.15 2 4 6

PRL 116, 211801 (2016)
sin’26,, = 0.082 = 0.009(stat) = 0.006(syst)

2
‘Amee

. 2
sin 2613

=2.6277 (stat.) ") 13 (syst.) (x107eV?)

1 0 uncertainty:
Ay? =1

= Allow pull params in y?:
- total error

= Remove pull params in y?:
—> stat. error
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Example: Rate-only Analysis

= Allow pull params in x?:

: —> total error
20
C 4 o
15—
= [
10
5t
L 1 l L
9504

sin®26,, = 0.087 = 0.011(total)

where

and

F,P
Nob
2 Nobs
P=SetA,SetB

6

NEP=N"[(1+e+ &+ f,)

r=1

6
NP =3[0+ 2 + 1)

r=1

. ]V-F,P,r

erp

| —bf — BE - Sty

NPT b — BE - SNy

“Yexp

N,P N,P
Nops + Npy

obs

F.P rF.P F\P
P Nobs | Novs + Nogg
- N,P
Nobs (

2
NEP )
00Ss

2
Xpenalty —

() 2.

a
r=1 f"

DA,

e 2
55 tB )
¢4

Ty

(V7Y

2 Y,
32
d

d>2

OLH
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Example: Rate-only Analysis

F,P F,P
Nobs _ NeIp

NI NI

obs ex

= Remove pull params in y?:

+ \’p Ity 25__
P=SetA,SetB _ 9 stat. error
where 20——

6 N

F,P B +F,Pr P/ oF B
‘Neafp :Z [(I%ﬁé % *Nerp ] - _%SLH 15—_ """"""""""""""" d
r=1 L H H
o u ' '
6 x B E E
Ny =2 [(1+ ;iég +/{ N —/&/ - Bz’/SJL"H 10
r=1 — i i
F,P F,P N,P -N,P ‘_ - -
P NEE NG + Ny Ny + Ny S i :

- NP _F.P\2 N,P\2 N :
obe (‘Nobs ) (‘Nobs ) 0- T 15 1 N H - S T T |
and 0.04 0.06 0.08 0.1 0.12 0.14

sin®(2e,.,)

o = (EV 0 (S \‘
T a=FN < & 7 Sin22H13 = 008710009(8’[21’[)

s (BN s (RN o (S

b2 1 — — — —
= o)\ ) T\

2

0 £

stat.

-2 L -2 ~
()syst. — Otota,l — 0

sin”26,, = 0.087 = 0.009(stat) = 0.007(syst)
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—> total error

Rate-only ‘

sin®26,, = 0.087 = 0.011(total)

Example: Rate-only Analysis

= Allow pull params in x?: = Remove pull paramsin x*:

—> stat. error

syst.

AN

— 52

- &~
total 0

sin®26,, = 0.087 = 0.009(stat)

sin”26,, = 0.087 = 0.009(stat) = 0.007(syst)




0,; and Future Experiments

Accelerator

¢
PINGU ORCA

Atmosphere 50



Neutrino Mass Ordering w/ Reactors:

JUNO & RENO-50

m- m-
A -V, A
- v, MO determination
Normal ==Y ] Inverted w/ reactor neutrinos
11132—— IA_— —— ——IIIZ2
L lllnt il [ No &, dependence
atmospheric P — [ cp p
3 —3ay2
X1 =e¥ atmospheric * No matter effect

== ~2x107%eV?
solar~7x10eV?2 .
B =  ————— B

)
m,-4-

2
HI] ——

0 0
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Mass Ordering Term in P_,

3 2 2
m . , -
P, = ; U,; exp (_Z2Ez-) Uz v, Survival probability
Exercise
=1-— COS4 913 sin2 2912 SiIl2 (AZI)
— sin? 26;3 sin? (| As1)
— sin? 019 sin® 2613 sin? (Aay) cos (2| Asz1|)
o 20
@Sm2 12 5in? 2013 sin (2A21) sin (2|As1|)
Mass Hierarchy
difference Am’gfL 2 2 _




Reactor Neutrino Oscillations at 50-60 km

Reactor Neutrino Oscillation
1.2
1

"‘i

/\ '
O'S\.N - *
. RENQ |iKamLAND
0.4
0.2 -
0 H

1 10 100 1000
L (km)
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Reactor Neutrino Oscillations at 50-60 km

(4 - .2 . ) .
cos 0, smm @sm 26, sin" A,
n

N
+sin’ 26,,sin 6, (0032A31 sin’ A, - | 2sinQA3});in 2A21)

\

h'd

Reactor Neutrino Spectrum

L=50km
7
\ i — Large Deficit .
S 5 —> Precise 0,, |

Arbitrary
=,
\®)
SQD

Mass Hierarchy

cos2A, sin’ A, - 123i1;2A31 sin 2AA,
0 2 4 6 8
Evis (MeV) o




Important Factors for MO

Determination w/ reactors

" Energy resolution

= Absolute energy scale

" Energy non-linearity
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Energy Resolution

OF a \°© o c\ 2
T ( \/E) 1+ (5)

“u_nm,

Stochastic term “a”: - “a@” is determined by p.e. statistics
05 TNy 1 - better light yield leads to better ...

— Stability of calibration (T, radiation,..)

Constant term “b”: > Loss of energy (leakage, dead material)
- etc...

— caused by random processes,
such as, PMT, thermal,
and electronic noises %6

o_

Noise term “c”:



To achieve better o¢/E

* |Increasing PMT coverage
~34 % - ~70 to 80 %

* Increasing PMT QE
~20% > ~35%

* |Increasing attenuation length

~12m—=>20m

* High Light Yield LS
X 1.5 (1.5 g/€ PPO - 5 g/ PPO) .
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Savannah river experiment observed

reactor-dependent signal (Apr. 1956). ° &"a//Background: ~3:1

In June of 1956, they sent a telegram to Pauli:
We are happy to inform you that we have definitely detected neutrinos from
fission fragments by observing inverse beta decay of protons. Observed cross
section agrees well with expected six times ten to minus forty-four square
centimeters.>?

*A Science article reported that the observed cross section was
within 5% of the 6.3x10~* cm? expected (although the predicted
cross section has a 25% uncertainty).

°In 1959, following the discovery of parity violation in 1956, the
theoretical cross section was increased by x2 to (10£1.7) x10~** cm?

°In 1960, Reines and Cowan reported a reanaly31s of the 1956
experiment and quoted o = (127 7y%x10* cm?
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Spallation Produced Radio-Isotopes in Liguid Scintillator

Isotope t,, E_.. Background
(MeV)

B 12B 0.02s 13.4 Uncorrelated
1Be 13.80 s 11.5 Uncorrelated

Upj 0.09s 20.8 Correlated

’Li 0.18 s 13.6 Correlated
SLi 0.84s 16.0 Uncorrelated

SHe 0.12s 10.6 Correlated
He 0.81s 3.5 Uncorrelated
B+, EC 0 20.38 m 0.96 Uncorrelated
10C 19.30 s 1.9 Uncorrelated
°)C 0.13s 16.0 Uncorrelated
B 0.77 s 13.7 Uncorrelated
‘Be 53.3d 0.48 Uncorrelated
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World Nuclear Power Reactors I

Reactor type Main Countries Number GWe Fuel Coolant Moderator
rressurised water reactor US, France, Japan, .

( (PWR) Russia, China 277 257 enriched UO; water water
Boiling water reacior (BWR) US, Japan, Sweden 80 75 enriched UO, water water
Pressurised heavy water i heavy heavy
reactor (PHWR) Canada, India 49 25 natural UO, water water

natural U
Gas-cooled reactor (AGR &
Magnox) ( UK 15 8 (metal), CO, graphite
g enriched UO,
Light water graphite reactor ) . ,
+ .
(RBMK & EGP) Russia 11+4 10.2 enriched UO, water graphite
_ liquid
Fast neutron reactor (FBR) Russia 2 0.6 Pu0,and UO, . none
sodium

| TOTAL 438 376

IAEA data, end of 2014. GWe = capacity in thousands of megawatts (gross)
Source: Nuclear Engineering International Handbook 2011, updated to 1/1/12
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