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Nuclear Fission Products

Electron Antineutrino are produced from [3-decay of reactor fuels;
Mainly 235y 23817 239py and 2*tpy

O— Neutron H4pr l@
144
o, Electron » % J@O\:
. Anti-neutrino La 0\;
144
Gamma EZ% @0
W O\
A
144p / _y (some loss)

h O )

ZJE}U @ /' ZJbU @

or @@ O*—*O**@*@"&O\ ~ 200 MeV/fission

_hain Reaction [=—»

\ N\ ~ 6 v/fission

q‘ Z3BU
5 \@5”“

89Rb & -
oy 1 GW,, reactor

j'ﬁNp
i % <> ~2x102° v /sec



eactor Fuel Isotope Fraction

70 Average fission fraction
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Reactor for Antineutrino Source

Reactor: A copious and isotropic source of electron antineutrinos

Neutrino fluxes from main fuel components

~3 GW, or ~1 GW er reactor ¢
th elec P '% MES 5 235U
Vv % : « 239Pu
e B, a
T E10'k 241Pu
A g |+ 238U
. 210 f— .
l v, 103;—
w 0%}
3 GW,, reactor al
- ~6x102° v, /sec - X
mie_llllulululll,. e
. 2 4 6 B 12
» 3-4% accurate neutrino source Energy (MeV)

* 0.13% uncertainty of IBD cross [~ p_Huber, Phys. Rev. C84, 024617 (2011)
section T. Mueller et al., Phys. Rev. C83, 054615 (2011)]



Observable Reactor Neutrino Spectrum

From Bemporad, Gratta and Vogel

Arbitrary

Observable vV Spectrum




Neutrino Physics with Reactor

1956 Dlscovery of (anti)neutrino Nobel Prize
| in 1995
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Neutrino Oscillation

ELEMENTARY
PARTICLES

Wolfgang Pauli
(1900 - 1958)
Invention of neutrino

Frederick Reines
(1918 - 1998)
Detection of neutrino

Bruno Pontecorvo 1998
(1913 - 1993)
Invention of neutrino oscillation
WN4 & V‘U
E}V%o Tl nwiesc opbm



Neutrino Mixing Angles

Atmospheric
Neutrino Oscillation

4

Solar Neutrino
Oscillation

\ £

Reactor Neutrino
Oscillation

“Neutrino has mass”

~45° (1998)
Super-K; K2K

2015
‘ Nobel

34° (2001) Prize
SNO, Super-K;
KamLAND
2017
9° (2012) Pontecorvo
Daya Bay, RENO Prize

Double Chooz
+ T2K (2011)

“Established three-flavor mixing framework”



Impact of 0,; Measurement

= Definitive measurement of the last, smallest neutrino
mixing angle 6,5 based on the disappearance of
reactor electron antineutrinos

— Open a new window for determining
(1) CP violating phase, and
(2) neutrino mass ordering
without a neutrino factory

For example, Hyper-Kamiokande(+ KNO), DUNE,
JUNQO, PINGU, INQ, .....




Reactor 0,; Experiments

North America‘ '

: ..awv

-l‘-‘--

" International Nuclear Safety Center at ANL, Oct 2002
I I I I I
120°'W a0'wW 60°'W 30°W 0° 30°E 60°E 90°E 120°E 150°E



0,5 Reactor Neutrino Detectors




Comparisons of Reactor 0,; Experiments

2 .. Baselines Reactor Thermal
I P Power (GW,;,)
- | » DayaBay
0.95F Nearfsites RENO |
- A Daya Bay
0.9 - Douple Chooz L [km] RENO i
0 0.5 1 1.5 25 3 ]
Double Chooz
Target (ton) 0 10 20
80.00 -
60 00 Manpower
40.00 -
20.00 - Daya Bay
0.00 - RENO
\& O N
Y > ,0‘2?(0 Double Chooz
&N | |
Q 0.00 100.00 200.00 300.00
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RENO Collaboration

Reactor Experiment for Neutrino Oscillation

(7 institutions and 40 physicists) | = Total cost : $10M

» Chonnam National University = Start of project : 2006

= Dongshin University = The first experiment running
= GIST with both near & far detectors
» Kyungpook National University el AU, 2011

= Seoul National University By AN

= Seoyeong University *":-“‘«iﬁ-:f:;:u—; —

= Sungkyunkwan University el XS E

e Muotiong  Reactors

{ A8 ““’m' : in Korea
YongGwang (E ) : %;—‘3“9 Nkt

’ : d ¢ 1 ‘l—
i ok o

“wayy
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RENO Experimental Set-up

\== [gr Detector

bl 450 e
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The RENO Detector
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= Gamma Catcher :
30 ton LS
(R=2.0m, H=4.4m)

= Buffer : 65 ton mineral oil
(R=2.7m, H=5.8m)
= Veto : 350 ton water

(R=4.2m, H=8.8m)

-- 354 ID 10 “ PMTs
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RENO Data-taking Status

= Data taking began on Aug. 1, 2011 with
both near and far detectors.
(DAQ efficiency : ~95%)

= A (220 days) :
[11 Aug, 2011~26 Mar, 2012]
PRL 108, 191802 (2012)

= B (~500 days) : Recent results
Rate+shape analysis (643 and IAm.2 I)
5 MeV excess
[11 Aug, 2011~21 Jan, 2013]
— PRL 116, 211801 (2016)
PRD 98, 012002 (2018)

= C (~2200 days) : New results
Rate+shape analysis (643 and IAm.? I)
Variation of reactor neutrino yield
5 MeV excess from 235U
[11 Aug, 2011~7 Feb, 2018]

— (arXiv:1806.00248 & arXiv:1806.00574)

DAQ Efficiency

DAQ Efficiency

I I LI I LI I I 1T 1 I I T 1 I LI I I ]
E NEAR E
0.{ N

A '
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0.4 :
0.2 :

Oi I | I | I L1 1 I L1 1 I | I I | I L1 1 I I I :
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2011 2012 2013 2014 2015 2016 , 201
Now

| I T T 1 | I T 1 I LI I I T 1 I LI I I ]
FAR .

o_g( C (new results) _-
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New Results from RENO

= Precise measurement of |[Am_.” | and 0,5 using ~2200 days
of data (Aug. 2011 — Feb 2018)

“Measurement of Reactor Antineutrino Oscillation Amplitude and Frequency
at RENO” (Phys. Rev. Lett. 121, 201801 (2018. 11. 15))

* Fuel-composition dependent reactor antineutrino yield and
spectrum

“Fuel-composition dependent reactor antineutrino yield and spectrum at
RENO” (arXiv:1896.00574)

* Independent measurement of 0,3 with delayed n-H IBD analysis




Detection of Reactor Antineutrinos

Inverse beta decay:

‘De+p—>e++n‘
ve e

CnH2m1—CeH5 (n:10"14) \%

C 1 ,H 25 (--.'»..::‘. ‘

Linear Alkyl Benzene (LAB)

v (0. 511MeV)

prompt signal

y (0. H11MeV)

Gd capture or H capture

. 4‘30,11 S \

©, " SE -smev

delayed signal ~200 ps

~ 2.2 MeV

* Prompt signal (e*) : 1 MeV 2y’s + e* kinetic energy (E = 1~10 MeV)
» Delayed signal (n) : 8 MeV v’s from neutron’s capture by Gd or H

~30 pys or ~200 ps




Coincidence of prompt and delayed signals

Ve + P + n
Prompt signal

Events / 0.125 MeV

n-Gd IBD
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Delayed Signals from Neutron Capture by Gd

i Neutron Capture Time by Gd
10° — —
® a ]
1 —] —_
N —] —_
P | ]
o Far
4000~ e » Near data & i y
' [ iﬁéda‘a M| ©=26.09 +/- 0.28 _
3000 - =
o— 1020502050~ e 708050 " 1—00
2000 Delayed time [us]
|Il]llIlllllIIIllIl]lllllIl]llllllllll]l]llllllll
1000 i Neutron Capture Time by Gd i
104 —
L Y .
6 &0
Delayed Energy (MeV) g T
] i Near
@
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01020730 a0 508070809000

Delayed time [us]



Identical Performance of Near and Far Detectors

Spectra of Delayed Signals Usmg 252Cf Source

l
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Measured Spectra of IBD Prompt Signal

Clear excess at 5 MeV

Fast neutron 6000
1000 B Accidental

-

500

=N
]
=

Near Far
20000 2000

¢ Data ¢ Data

L MC L MC

02F e a o ()_2: R e S —
T 26801 % ooe. 24502% v -

(Data-MC)/MC  Events /0.2 MeV
(Data-MC)/MC Events /0.2 MeV

—. . -, ] ().l_ R _+ _+_ —
SR § el
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
E, (MeV) E, (MeV)
Near Live time = 1807.88 days Far Live time = 2193.04 days
# of IBD candidate = 850,666 # of IBD candidate = 103,212

Background : 2.03+0.06% Background : 4.76+0.20%



Correlation of 5 MeV Excess with Reactor Power

IBD rate from thermal power (/day)

Preliminary
P B I I I I 1 I I I I I I I 1 1 l_
-~ 7 Near
") - PRI
=
O 15 -
= + .....
2 A
% “¥ [ Althes
2 10 L e six i
Q two or three é reactors are on
» | |reactorsare off | . + i
(D) < -
> e ) _
2 ST °
= | ' RENO 1800 days -
) | | | |
0 P | 1 | | | 1 1 | | 1 |
0 200 400 600 800

5 MeV excess
has a clear
correlation

I with reactor

thermal power !

“

The 5 MeV excess
comes from reactors!



Reactor Neutrino Oscillations

— —_ . 9 .
Pl —=10,) ~ 1-— cos” /13 sin” 2619 sin

2 <Am%lL sin? 263 sin’ AmgCL
-+ sin” 2613 s
4F

‘ 9 ‘ Y ‘
Amge = cos” f12 Am§1 + sin” (112A7n§2

Am212 term is negligible compared to Amee2 term for ~1km baseline.
(Am,,° ~ 7.5 x1075%eV2, Am,,* ~ 2.5 X107 3eV?)

sin®(2043) is determined
by oscillation amplitude.

7. . -
Am,,” is determined b%
maximum oscillation 0.2[~A m2, = 7.5 x 10 eV?, sin*(26,,) = 0.846

energy (frequency).

0.6

—V,)

PV

1

\

%.

llllll

ull Equation

— A m3, contribution

lllll

— A mZ, contribution

C A M, = 2.49 x 10° eV, sin’(20,,) = 0.090, E, = 3 MeV
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Measurement of |Am_.?| and 0,

Energy-dependent disappearance of reactor antineutrinos

T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T

6000

Events / 0.2 MeV

2000
Far Data
Prediction (best fit)

---------- Prediction (no oscillation)

4000 —
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Measurement of |Am_.?| and 0,

V= J —Rate+Spectrum —
R 4 /  ---Rate-only —
I =
_: | —————]
L o Rate+Spectrum -
—_ i + Rate-only i
> 3 [199.7% C.L. -
o i [95.5% C.L. ]
e I 68.3% C.L. A
_02'5__ __ ]
g .
=0 ]
2 -
_1 T T SN RN NN S T SR N SO TN SN N N SR SR R e b b by
0 0.05 0.1 0.15 2 4 6
sin?28,, Ax?
<500 days>
sin® 2613 = 0.082 + 0.009(stat.) = 0.006(syst.)
2| _ [ peo+021, . \+0.12,/ -3 2
|AmZ,| = [2.627 5 55(stat.) Ty 3(syst.)] x 1072 eV

<2200 days> ‘

sin?26,5 = 0.0896 + 0.0048(stat.) + 0.0048(syst) (7.6 %)
|AmZ,| = 268 + 0.12(stat.) & 0.07(syst.) (x1073eV?) (+ 5.2 %)



PV, —>V,)

Observed L/E Dependent Oscillation

T 1T 1
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¢ Far Data
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— Prediction from near data
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Comparison of 0,; and |Am_.?| Results

| Ami?_ | (X 10_3 eVz)

— This Result, RENO
—e— PDG 2018
e Daya Bay
P Double Chooz
° T2K
0.08 0.1 Sinzzel : 0.15
NH . IH e This Result, RENO
—.— —.— PDG 2018
e e Daya Bay
—— —— T2K
—— —e— NOVA
24 26 28 24 26 28 3 32 34 36




Evolution of Fuel Composition

0.65F Near =

L = w0 — A
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0.54 0.56 0.58 0.6 0.62

Effective Fission fraction
for each isotope

F235
6

Effective fission
fraction of 235U
(weighted by each
reactor’s thermal
power and fission
fraction)

8 groups of near IBD
samples with equal
statistics according to
235 isotope fraction

Wth,-r (t) ﬁr (t)

Fi(t)= )

r=1

L2E,(t)

6
Wien,r ()0 () fi.r () /Z
r=1

LZE,.(t)



Predicted IBD Yield per Fission

IBD vyield per fission for each isotpoe
(Total # of produced IBD events)

Vi = fO-(Ev)qbi(EvjdEv

IBD cross Antineutrino
section  spectrum
(i : each isotope) (H-M model)

(Numbeq of v’s)/MeV/Fission

-LLJ-L P

: .. E, (MeV)
Average IBD yield per fission

(for each 8 group, j) H-M model
4 (10~*3cm?/fission)

7 — I 6.70 +- 0.14
Yrj = E Fijyi —

i—1 VY239 4.38 +-0.11

L y238 10.07 +- 0.82

F'; ; : Effective Fission fraction
J VY241 6.07 +- 0.13

for each isotope



Fuel-Composition Dependent Reactor Neutrino Yield

# of Observed IBD 5 fdt
r 1 -illL

Measured IBD yield # of
per fission

Winhr(t)Pr(t)
Z fi.r('tl]Ez'

# of fission

Detection
Efficiency

—_

Target proton

Total averaged IBD yield per fission (ys) = (5.84 + 0.13)x10"** cm?/fission

0.940 + 0.021 > (6.0 * 2.1)% deficit

Averaged IBD yield per
fission (Yf) vs F; ;

- slope means different
neutrino spectrum for each

F
0.35 0.3 0.25
6" & Data | .
8 e Model (scaled by -6.0%)
'z - Best fit
E 59~ " Identical spectra
[ S = . A
Q
"é 5.8
R G
5.7'_ 1 1 ] ] | 1 I L ] ] ] 1 1 I |

isotope
- rules out the no fuel-
dependent variation at 6.60

The scaled model indicates

the reactor antineutrino
anomaly

0.65



Measurement of y,;: and y,;q

The best-fit measured yields per fission of 235U and %3°Pu

The best-fit value of y,;c :

10 | E 2.8 0 deficit
< s / - 6.15 + 0.19/6.70 + 0.14
g [ E%5%CL. ‘ The best-fit value of y,39:
2 [ mm683%CL. 7 ..
2 / 0.8 o deficit
; j + ] 4.18 + 0.26/4.38 £ 0.11
5 4 . : | .
= ] Reevaluation of the y,3c
a0 + Model | may mostly solve the reactor
™3 ¢ RENO  + | antineutrino anomaly.

, N IR s BRI : .
55 .6 65 7 510 But®°Puis not entirely ruled
Y35 11077 cm?/ fission] AX"  out as a possible source of the
anomaly.



Correlation of 5 MeV excess with fuel 23°U

2.9¢ indication of 5 MeV excess coming from 23°U fuel
iIsotope fission !!

Frs
0.35 03" 0.25
| ' ' ' ' I ' ' ' ' | |
¢ Data
3:_ - Best fit
2 5: ............................................................. (2561006) (yo

)
|

! ! ! ! ! I
0.55 0.6 0.65
235 (Beginning sy

of reactor cycle)

Fraction of 5 MeV excess (%)

<
L

~

(End
of reactor cycle)



n-H IBD Analysis

Motivation:

1. Independent measurement of 65 value.
2. Consistency and systematic check on reactor neutrinos.

n-H IBD Event Vertex Distribution

s o0 dooe oa|
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Buffer : y—catcher|
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239|96e

34



Events / 4usec

Delayed Spectrum and Capture Time

Delayed signal peak:

~2.2 MeV

Mean coincidence time:

~ 200 us

10°

Near
1=208.7+ 1.5 ps

vl b b Ly gy

0 50 100 150
n-H Capture Time (usec)

200 250 300 350 400
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Events / 4usec
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I Far
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Events / 0.2 MeV

(Data - MC) / MC

0,5 Measurement with n-H

30000

B 1500 - uLl,\l le %
=
lllllllll : i L A 1 " 1 c
2 3 4 5 6 7
Prompt Energy ;
Near Z
10000 ¢ Data L;%
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u 1 O
0.2 1 =
Ot gt an-t-t-toge S e RO i Q '
N 1 2
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1 3 45 6 7 5
Prompt Energy (MeV)

Fast neutron

B Accidental

3000 —

Cf

2000

Fast neutron
B Accidental
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B Li/ He
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¢ Data
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3 45 6
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Reactor Neutrino Detector for Denuclearization

Edited by Jennifer Sills

Denuclearizing North
Korea requires trust

In their Policy Forum “Denuclearizing

A verified, phased approach”
p. 981) A. Gla and Z. Mian
describe a pathw for verified denucleariza-
tion of North Korea. I agree that such an
approach is nece and, equally impor-
tantly, technically feasible. However, Glaser
and Mian only highlight the disarmament
side of the denuclearization agreement,
without a plan to develop the mutual trust
and the assurances on which such a deal
depends. Incentivizing North Korea to
reduce nuclear weapons and fissile materials
will require confidence-building measures,
ease of sanctions d security guarantees.
These elements are strongly related to the
disarmament questions and must be regu-
lated with similar precision.

Coordinating with the proposed phased
approach, the involved parties could pair
North Kor > on weapon-related
activities with a freeze of new nuclear-
related sanctions or military exercises in
the region. Such commitments would lay
the foundation for an interim agreement,
paving the way for long-term denuclear-
ization. In a final step, the facilitation of
humanitarian trade in areas such as health
and nutrition would initiate the ease of
sanctions and the establishment of credible
security guarante

These measures need control and
verification mechanisms, too. In case of
nonfulfillment of such an agreement, it must
be possible to swiftly reinstate the United

ar

s free

SCIENCE sciencemag.org

Nations Security Council’s sanctions. The
structure of this contingency could be simi-
lar to the snapback mechanism in Article
37 of the Joint Comprehensive Plan of
Action with Iran (7). Likewise, North Korea
will insist on similar guarantees if it dis
mantles its nuclear weapons. It is al

a challenge to create mechanisms that can
credib] sure such guarantees for both
part and this has become even more
difficult after the U.S. withdrawal from the

Iran nuclear d"J,l'k‘l‘l]]L‘I“.
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Neutrino physics for
Korean diplomacy

Continued diplomatic progress with North
Korea will be a journey of many steps, as A.
Glaser and Z. Mian describe in their Policy
Forum “Denuc] ng North Korea: A veri-
fied, phased approach” (7 September, p. 981).
Leaders in North Korea, South Korea, and
the United States agree that one step could
be dismantlement or civilian repurposing
of the nuclear reactors at Yongbyon. We
propose a cooperative method for verify-
ing reactor shutdown or conversion. The
key tools are meter-scale, field-deployable
detectors that track neutrino emissions from
reactor cores.

Neutrino detectors can track power

Published by AAAS

A freeze in military exercises could help to establish
trust during nuclear negotiations with North Korea.

levels and fuel evolution in nuclear
tor: experiments in South Kore

na,
Russia, the United States, and Europe have
demonstrated (I-7). At Yongbyon, neutrino
detectors could be deployed to verify reactor

a.

shutdown or civilian operations without
the need for operational records or access
inside reactor buildings. Shutdown of North
Korea’s main plutonium production reactor
could be verified with a detector in a stan-
dard freight container parked outside the
reactor building.

Existing neutrino technology may be
attractive to all parties in the ongoing
talks. North Korea may value a tool for
demonstrating treaty compliance while
maintaining custody of the reactor build-
ings. Other parties may value the tamper
resistance of the neutrino signal and resil-
ience of neutrino detectors, which require
minimal on-site access and can reconstruct
reactor operational history even after a
data utrino projects are also
a natural opportunity to strengthen rela-
tions between North and South Korea and
to build international scientific ties. South
Korea has an active neutrino community
and could choose to deploy a counterpart
to a Yongbyon-based detector at one of its
own reactors. Resulting scientific collabora-
tion could benefit Korea and the world. We
encourage policy-makers to consider neu-
trino detectors as one step toward stability
and security on the Korean Penins
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Neutrino physics for
Korean diplomacy

Continued diplomatic progress with North
Korea will be a journey of many steps, as A.
Glaser and Z. Mian describe in their Policy
Forum “Denuclearizing North Korea: A veri-
fied, phased approach” (7 September, p. 981).
Leaders in North Korea, South Korea, and
the United States agree that one step could
be dismantlement or civilian repurposing
of the nuclear reactors at Yongbyon. We
propose a cooperative method for verify-
ing reactor shutdown or conversion. The
key tools are meter-scale, field-deployable
detectors that track neutrino emissions from
reactor cores.

Neutrino detectors can track power

Rachel Carr et al., “Neutrino
physics for Korean diplomacy”,
Science 362, 649 (Nov. 2018)
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ience of neutrino detectors, which require
minimal on-site access and can reconstruct
reactor operational history even after a
data-taking pause. Neutrino projects are also
a natural opportunity to strengthen rela-
tions between North and South Korea and
to build international scientific ties. South
Korea has an active neutrino community
and could choose to deploy a counterpart

to a Yongbyon-based detector at one of its
own reactors. Resulting scientific collabora-
tion could benefit Korea and the world. We
encourage policy-makers to consider neu-
trino detectors as one step toward stability
and security on the Korean Peninsula.
Rachel Carr,"* Jonathon Coleman,? Giorgio
Gratta,’ Karsten Heeger,* Patrick Huber,”
YuenKeung Hor,® Takeo Kawasaki,’
Soo-Bong Kim,* Yeongduk Kim,? John
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Mobile Antineutrino Detector

MiniCHANDLER, Jonatnan Link
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= QObservation of energy dependent disappearance of reactor
neutrinos and improved measurement of and |Am_.2 | and 043

sin®20,, = 0.0896 £ 0.0048(stat) + 0.0048(syst) +0.0068 | 7.6 % precision

‘Ami‘ =2.68+0.12(stat) £ 0.07(syst) (x10°eV?) +0.14 | 5.2 % precision

= Observation of fuel-composition dependent variation of IBD yield
at 6.6c CL

= First hint for 2.9 correlation between 5 MeV excess and 235U
fission fraction

= Measurement of 0,5 using n-H IBD analysis




Thanks for your attention!



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/®He B-n followers produced by cosmic muon spallation

Accidentals Fast neutrons Li/8He B-n followers
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= Non-linear resonse of the scintillation energy is calibrated using y-ray sources.
= The visible energy from y-ray is corrected to its corresponding positron energy.
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