Friday Presentations

Fri, JuLy 18

ULV — 12:00 PM  Students give presentations ®2h 9 small seminar room

PEUIZV — 1:30PM  Pizza party ® 1h 30m

]y "l — 2:30 PM  Students give presentations ®1h 9 small seminar room

iyl — 2:40 PM Picture taking ®10m 9 small seminar room

- ULV — 3:00PM  Open discussion ®20m

C 13-minute presentation + 2-minute Q&A
C Can be anything you learned at BNL or from the whole NuSTEAM/NUPUMAS program,
found interesting, or want to do in the future
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My experience with reactor neutrinos

Outline C PhD at CalTech (2011)
AKamLAND experiment (Japan)

C Nuclear Reactors C Came to BNL as a postdoc then

C Reactor Neutrinos became a staff scientist

ADaya Bay experiment (China)
APROSPECT experiment (US)

¢ Love cats

AMy YouTube Channel (The Furry Crew):
https://www.youtube.com/@czczc-25

C Experimental Detection
C The Daya Bay Experiment



https://www.youtube.com/@czczc-25
https://www.youtube.com/@czczc-25
https://www.youtube.com/@czczc-25

r st Nucl ear

CR1 in a squash court under the stands of Stagg Field at U. Chic

Wo r d O s

Chicago Pile -1 (CP-1)

Part of the Manhattan
Project

Designed and tested by a
team of 49 scientists led by
Enrico Fermi at U. Chicago

Dec 2, 1942: first human-
made self-sustaining
nuclear chain reaction

A Fuel: 40-ton Uranium Oxide
and 6-ton Uranium Metal

A Neutron moderator: 380-ton
Graphite blocks

A Control rods: Cadmium sheets




Fission and Energy Release

1 fission = 200 Mev
B

s 1 gram U-235 fissioned = 8.6x10'° joules = 24,000 kwh
ENERGY )31, (Equivalent to lighting a small city for overnight)
93

. 24,000 kwh requires 3.2 tons of coal

236 . J 12.6 bbls oil
92 U :
; 141 .
Urisiabla s Ba Energy Density (energy / mass)
nucleus

Energy Density of U-235 = 28,000 times energy density of coal

Key properties of fission Reactor design requirement

C Release substantial energy (mostly as kinetic C Fission requires thermal neutron: needs

energy of the fission fragments)_ N | “moderator” to slow do
C Relegse excess neutrons: possibility of chain « Water, heavy water (D,0O), Graphite, etc.
reaction. C Controllable fission: reactor engineering to

make output neutron =1 (critical condition)




Control Rod
Drive Mechanism

o sied e C Core Heat Removal C Confinement of Radioactivity
» Coolant: Heat Transfer C Electricity Production
« Safety Systems (Emergency) C Spent fuel processing

Schematic of a Pressurized Water Reactor (PWR)
e SECONDARY LOOP

STEAM
GENERATOR M :

! - : : GENERATOR
1 =

CIRCULATING
PUMP

C Reactor Core Design

« Core Power Distribution
* Ability to shutdown plant
» no fuel failure or melting

CONDENSATE
PUMP

RESERVOIR (7T00ACRE  LAKE)

PRIMARY LOOP - COOLING LOOP




Video with annotations: Breazeale Nuclear Reactor Start u 1MW, and Shut Down

(ANNOTATED) - YouTube



https://youtu.be/uYrhWO_ZLYw?t=92
https://youtu.be/uYrhWO_ZLYw?t=92
https://youtu.be/uYrhWO_ZLYw?t=92
https://youtu.be/uYrhWO_ZLYw?t=92
https://youtu.be/uYrhWO_ZLYw?t=92



https://www.visualcapitalist.com/wp-content/uploads/2020/08/World-Nuclear-Landscape-1500px.html

Nuclear electricity generation

Country Ranking
in 2015

Total Electricity
from nuclear
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GRAPHITE RESEARCH
REACTOR

Operated: 1950 to 1969
World's first peacetime research reactor. Fuel
placed ite-"pile” that moderated
fission. Scientists exposed experiments to neutrons
by inserting them into slots on top and three sides
of the core.

Initially ran on natural uranium, but in 1958 fuel
was switched to enriched uranium, with reactor
operating at 20 megawatts.

Scientific advances

® The radioactive isotope Technetium-99m, used
as a medical tracer and similar to X-rays for
diagnostic imaging, first detected here.

= Multi-grade motor oils developed as a result of
studying engine piston rings in the reactor.

® |rradiated seeds used to produce the Star Ruby
graﬁefruit. a sweet and nearly seedless variety
with deep red flesh.

Cost to close: $114 million, with $92 million al-
ready spent. Stimulus money will pay about 60
percent of remaining $22 million cost.

Nuclear Reactor as a Research Tool: Neutron Source

HIGH-FLUX BEAM REACTOR

Operated: 1965 to 1996

Permanently shut in 1999

Provided neutrons for research in material science,
chermstry—holv'g.ly-and-ph ics. Scientists conducted
experiments with external neutron beams delivered
through ports placed around reactor core.

Enriched uranium fueled the reactor. “Heavy" water
— in which deuterium replaces the two hydrogen
atoms — moderated fission and served as main cool-
ant. Operated at 30, 40 or 60 megawatts.

Scientific advances

m Structure of cell's “protein factory” — the 16-part ribosome — first discerned here.

] glew uses zf radioactive isotopes developed for treating illnesses such as cancer, heart
isease and arthritis. RE “ on

m Advanced understanding of life span and decays of isotopes such as zinc-80, which astro- cr

physicists use to study supernovas. (] : 1959 to 2000
m Magnet experiments led to Nobel Prize-winning theories of cooperative ordering in large The smallest of the lab’s reactors, it

collections of atoms. —wasthe first inthe nation built just for

m Scientists using the high-flux beam reactor determined structures of the 23 amino acids, mecéipe:l rdes:aarch. %zt);ge Ob‘j;d? v%/ere
which make up every protein in every cell in living things. NEIAMRLCS O ONC I8 U TeatTOL R IO

faces; holes in another face permitted
Cost to close: $64 million, with $32 million already spent. Stimulus money will pay about irradiation of samples and production
90 percent of the remaining cost, which excludes taking it apart after 65 years.

MEDICAL RESEARCH

of short-lived radioisotopes. Neutron
streams traveled from two remaining
ports to treatment rooms for animal
and clinical studies.

Reactor operated at 3 megawatts
but could generate 5 megawatts for
short periods of time. Core was water
cooled.

Scientific advances
= Boron neutron capture therapy,
elppedyy treat a deadly form of
brain cancer, was pioneered here.

Cost to close: Decommissioning plan
and budget not yet developed.

MEWSDAY, MONDAY, MAY 4, 2009  www.newsday.com

Cresearch reactors typically ~10 MW

CBNL"s past 3 react
A BGRR, HFBR, BMRR

Source: Brookhaven
National Laboratory

https://www.bnl.qov/about/history/reactors.php



https://www.bnl.gov/about/history/reactors.php

Nuclear Reactor as (anti)Neutrino Source

: l\_lrj
(A A¢

Cascade of § decays  144p, ]@

. i e LB G Pure v, from beta decays of
" Anti-neutrino - %O/@o\; fission daughters
Gamma S oW ; . .
- Aneutrino energy: < 10 MeV, peak
144 / - (some loss)
g P @ ~ 4 MeV
435U 238y ¥ 435 238y = .
o+ B G — O‘E‘H_.cw@_»@_» O‘é» C 2 x 1020 v/ sec / gigawatt
4 gt e C free for physicists
89 O\/‘+ e U Fission fractions in a typical
Kr @O\;
\ N power reactor
89 o Breeding of plutonium 235 55%
Cascade of § decays RP o, @ ‘
\’ i \@émp 239py, 30%
89 @;?\, (j\ —_ 238 10%

oy @ & 201pyy 5%




Homework Problem 1

C How many antineutrinos are produced per second for a typical 3-
gigawatt (thermal) commercial reactor?
1. Each fission releases ~200 MeV energy. How many fissions are
produced per second?

2. Each fission produce ~6 antineutrinos on average from the beta-decay
chains. How many antineutrinos are produced per second?




Beta Decay and Neutrino History
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oS L® Weak nuclear force
g Ay

LW
number of protons

and neutrons

\
2mBl — 2mPo + e

number of protons

n—>p++e_

1899 — 1927
Rutherford, Meitner, Hahn, Chadwick, Ellis, Mott, et. al

Number of electrons

Observed Expected
spectrum of electron
energies energy
Ener
% Endpoint of
spectrum




Neutrino: Proposed as a hypothetical
particle

210131 — 2mPo +e +

1930: Pauli s |l etter to
at a workshop in Tubingen

Wolfgang Pauli

Observed Expected Dear Radioactive Ladies and Gentlemen,

spectrum of electron sieeaeeeasy | have hit upon a desparate remedy to save the "exchange theorem” of statistics and the law of
energies energy conservation of energy. Namely, the possibility that there could exist in the nuclei electrically neutral

particles, that | wish to call neutrons.... The mass of the neutrons should be of the same order of

magnitude as the electron mass and in any event not larger than 0.01 proton masses. The continuous

beta spectrum would then become understandable by the assumption that in beta decay a neutron is

emitted in addition to the electron such that the sum of the energies of the neutron and the electron is

constant..........

Unfortunately, | cannot appear in Tubingen personally since | am indispensable here in Zurich because of

a ball on the night of 6/7 December. With my best regards to you, and also to Mr Back.

Energy \ Your humble servant

Endpoint of W. Pauli
spectrum Al have done a terri bl

a particle that cannot

Number of electrons

e




The Elusive Neutrinos

Weak nuclear force

100 million Earths

Neutrino detection requires:
C An intensive neutrino source: a billion trillion (=104 & per second
C Ahuge neutrino detector: tons to kilotons of target material

I C Adistinctive methodt o tel |l “neutrino I nteract.



Reinesand Cowa

Neutrinos: First Detection telegram 0 W. Paui

FrederickReinesand Clyde Cowan first detected -RADI | ME*.., |
(anti)neutrinos using th&avanah River nuclear reactar R |
South Carolina i@956p 6 Hc &Stk NB | FUSNJI t I dz [ T

e HRte 50

e . tss S | PROFESSOR ¥ PAULY l’a-p(,sl
y £ PROF. W. rayL o o WU an YLD g
Ly ZURICH UNIVERSITY 2U31CH ()
g Y VL : '
PROF. W. PAUL)

WE ARE HAPPY TO INFORM YOU THAY WE KA\
REUTRINGS FAOM FISSION FARAG!

BOF PROTONS OBSERVED CAOSS SECT

FINES TEN TO MINUS FORTY FOUR SQUARE CENTI

We are happy to in
have definitely detected neutrinos from
fission fragments by observing inverse
beta decay of proto

Target: Water + CdCl,
Detector: Liquid Scintillator + PMTs




History of Reactor Neutrino Experiments

\ ) g ‘ "1
1950s: Reines [ i
and Cowan .
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Discovery of v

Solving solar v
problem on Earth

Discovery of smallest
oscillation angle 0,5

Currently hold the best
precision of

A Am2,,; (KamLAND)
A8,, (Daya Bay)
Comparable precision

to accelerator-based
experiments

A| Am2y, | (Daya Bay)



A lot of recent short -baseline reactor experiments (2010 T now)

Experiment Reactor Baseline Overburden Mass Segmen Energy res. ‘ PROSPECT
(m) (m.w.e) (ton) tation (@ 1 MeV) |
NEOS LEU none 5%
(South Korea) 2.8 GW
Nucifer HEU 7.2 ~12 0.6 none 10%
(France) 70 MW
NEUTRINO4 HEU 6-12 ~10 0.3 2D
(Russia) 100 MW
DANSS LEU 10.7-12.7 ~50 1.1 2D 17%
(Russia) 3.1 GW
STEREO HEU 91 11 ~15 1.6 1D 8%
(France) 58 MW 25 cm
PROSPECT HEU 7-12 <1 1.5 2D 4.5%
(USA) 85 MW 15cm
SoLid HEU 6-9 ~10 1.6 3D 14%
(UK Fr Bel 70 MW 5cm
uS)
CHANDLER HEU 5.5-10 ~10 1.0 3D 6%
(USA) 75 MW 5cm PR
NULAT HEU 4 few 1 3D 4% : My if:l

(USA) 20 MW 5cm

18




Detecting Reactor Neutrinos

Inverse Beta Decay: Lp - D — €_|_ +n

20-ton Gd -loaded
liquid scintillator

e
~20 ss‘;_‘ Q ‘Y
" g X =~8 MeV
.\d;C p 1\)
) -Q—Qr
/
‘ 5 r
\I) e Lo H Y
{ 2.2 MeV
W A v """Q 5
¥ =1.022 MeV

Daya Bay Reactor Neutrino Experiment



Detecting Reactor Neutrinos

Inverse Beta Decay (IBD) Ve + P — et +n

* Eihreshold = 1.8 MeV 20-ton Gd -loaded
liquid scintillator

* ‘Large’ cross section o~10742 cm?

w w ] w " i L ‘--.’
+ Distinctive coincidence signature in a i Q‘._\fa it
L L u L) f =5
large liquid scintillator detector V. b 7 §
J 3 Q DO\ n
Prompt Energy Signal Delayed Energy Signal 1 r’\'\
:} _.. ._“.. - — ; — :} R 1 I — T — T eo \
E o 4'; 1 —~ Data, DYB-ADI ﬁ — - Dua DYR-ADI IJ ‘--7 . MZYAEV
< 1500 " b MC'- |8 o0 MC | "VWMMWY L-’Q )
S | S 1500 [ | ¥ = 1.022 MeV
= 1000 I; 1 E r 1
2 y L | = 1000 J .-i
m L 1 K LR ]
500 H_L ! 00 f 1 ]
A o i h _
e S I R b3 s & 1w

Prompt energy (MeV) Delayed energy (MeV) Daya Bay Reactor Neutrino Experiment




Reactor h_ Flux Prediction: Summation method

"% National Nuclear Data Center Bnnllklﬁ;ﬂl

C Calculate each beta-decay PAORIAAIEN
spectrum using nuclear databases: ENDF, JEFF, JENDL, CEN

l » beta-decay branches
YN Y (2, A,8) (S by P (E,, Ey, Z e Examplesye
dE. — n tn y 41y m Yn,m vy 40, y T \ xample: ecay
v O@9-70s6kev2s  H 169 Logn
0.0035 638 - ’4;-5 e e GIASA
beta spectra o oot —H—“_alm_n.ﬂzzzzz
. . —- 00130 677 — 30442 540
flSSIOﬂ pl’Od UCtS (EV - EO - Ee) T 3615, 1966
n.0110 743 29 eti—4737.5
0.0110 7.60 &A—"”“ 45125
100 po13 7z 3= P12 L ospy
: L s0246
0 E > ad _J___Téz__' L) | — _E .
1 2 | ~Opserved Expocid e | e
S 101k 2 spectrum of electron ) =l s
0 8 energies energy One fsompe frﬂm no41 7oz ¢ 1699.6357 2925.7
2 102§ © . D043 972 Eﬁ; Trmsi ogena
= d - >1300 included AT
®  4psk 8 . . 044 897 l“—isuﬂl“ i 27758
2 5 in calculation. »- 3AINE .o,
B o4 E o firtsna:
= “E 126 697 ety g 15813
E .55 f ] ] Id 2 154893356
> 10%¢ ISSION YyiIelas In total, >6000
108 Energy N , tabulated
: Endpoint of d b h . |
107 1 1 1 1 L . 955 5591 r 0.0
21 60 80 100 120 140 160 180 Spectum ecay brancnes Mozres

Fragment Mass




Reactor h_ Flux Prediction: Summation method

g C h al I e n g e S 235U thermal BM Spectrum | S—

E+D 3 ———#7 35-Br- 86

Alncomplete databases for beta-decay —ah

branches (~10% missing) o,
AKnown systematic bias in some beta 0 —
decay data with large Q-values .- S
(pandemonium effect) TP N e
A~30% of beta decays are forbidden
decays where shape corrections are
necessary but not easy to calculate A N R AN
theoretically B v MR
¢ Large uncertainty (~10%) o R RN

AHistorically only used to predict 238U e P o sorzomer
flux (~10% fissions in a commercial
reactor)

0 Vogel et.al, PRC 24, 1543 (1981)

Intensity

——#20 41-Mb-104M
—#16 50-5n-133
) -SB-
—#1053-1-138
—#355-C5-142

[ 2 EMDFIE-VILT




Reactor h_ Flux Prediction: Conversion method

Experiments at ILL in Grenoble, S
France in the 1980s for #3°U, 239Pu, : AN

24Py 101 ™.

A Eradiate fission isotope target (e.g. thin \

foil of 233UQ,) in a high flux of thermal
neutrons for tens of hours.

A Measure total outgoing beta-decay
electron energy spectrum.

AUsed a high resolution, double i )
focusinge-s pectr omet er i ]
NIMA 154, 127 (1978)

o Calibration with conversion 10% L3
electron sources (?°’Pb, 1°7Au, : 3
113Cd, 115|n) - 235U ‘

AHigh statistics in bins of 50 keV.

C 238U was not measured (only fission i ]
with fast neutrons) until 2014 at FRM- e R AR
11N GaI‘Ching, Germany KINETIC ENERGY OF BETAS IN MEV

BLIAD FEK FISSIUN FELK MLEV




Reactor h_ Flux Prediction: Conversion method

C Convert total electron spectrum to total  Example: Fit virtual beta branches
antineutrino spectra with fit to ~30 PN T T T T T T
virtual beta-decay branches '

Aequidistant end-point energy
Aassume allowed beta-decay shape
. P(Ev’ EO’ Z)
Aempirical function of Z vs Q-value

¢ Does not rely on fission yields or beta

decay data. Considered much more
precise and can reach ~2% uncertainty

G Standard reactor h_ flux model
(ILL-Vogel model)
AILL conversion for 235U, 2%°Pu, 24'Pu

AVogel ' s suntfwat i on

Aagree with ~20 reactor flux
measurements from 1980 -1990s

FISSION PER MEV

o
aul

iiiiiiiii
& .
lllllllllll

BETAS PER

Schreckenbach, et al, l
F’I'!ys LF‘II El-lﬁq (1985) _ 1

2 3 L 5 b 1 L] 9 10
KINETIC ENERGY OF BETAS IN MEV




Re-evaluation: Huber

[Submitted on 13 Jan 2077 {v1), last revised 11 Mar 2011 (this version, v3)]

Improved Predictions of Reactor Antineutrino Spectra

Th. A. Mueller, D. Lhuillier, M. Fallot, A. Letourneau, S. Cormon, M. Fechner, L. Giot, T.
Lasserre, J. Martino, G. Mention, A. Porta, F. Yermia

C Hybrid method: +3%

A Updated summation calculation from

the ENSDF database (for 23°U, 239Pu,
241PU, 238U)

A Conversion method for the missing
10% contribution (for 23°U, 23°Pu, “*1Pu)

A Correct for non-equilibrium effect

G LI B L B BN BRI B | 0.5
N |
= F
o ¥
5 081 0.10f
- - L
N 7 o
2 06) $ [
- Built ab initio 2 005
0.4 <
; Z 0.00f
020 235 9 -
e e Lo T s A o A i dr i ariar, _ I
02 3 4 5 6 7 8 005

Kinetic energy (MeV)

-Mueller Model

[Submitted on 3 Jun 2011 {v1), last revised 17 Jan 2012 (this version, v4)]
On the determination of anti-neutrino spectra from nuclear
reactors

Patrick Huber

C Improved conversion method using ILL data
(for 232U, 239Pu, 241Pu):

A Reevaluated nuclear effects in correcting the
beta-spectrum shape +3%
o effective Z as a function of Q-value for virtual branches
) o finite-size, radiative correction, weak magnetism
A Non-equilibrium effect +1-2%
A New neutron lifetime measurement +1%

r — Huber _
I ——  Mueller et al. -
= |LL inversion . T .
simple g-shape
~TT T
T T { - 1] [T
+ — — . . - i i —4

A

—rl—:|:—l+ = I 4|_I_I_

—L_r— [ 1

2 3 4 5 — 5 —7 8

E, [MeV]



Antineutrino Signal Prediction

C Antineutrino flux

09¢ " e predicted from reactor

g 08F 3, é—- theory (.\NI’Fh large

@ 07 1 8 uncertainties)

i F 1 8

S 0SE 1, @ C IBD threshold: E >1.8

Q — -

= o5 I MeV (why?)

g o4 1, § Aonly about 1/3 of the

£ 03f _ 1 a4 reactor antineutrinos

2 5 § can be detected

- Ve —1 ]

< E 1 ¢ C Flux-weighted cross

I D e o] B section ~3x10-43 cm?

00 1 2 3 4 5 6 7 8 90

S

Antineutrino Energy (MeV




Event Rate

C Depending on the power of the reactors, size of the detectors,
and the distance between them

800 /day 80 /day
20 ton
>

0.5 /day

1000 ton

KamLAND e b 180 km

< 0.001 event

Nuclear
Bomb
Test

1000 km

1000 ton




Homework Problem 2

C Daya Bay’ s anti neut r Handquid scintidatot o 1
detector. The far ADs are placed at ~1.6 km away from reactors
with a total power of ~17 GW. How many inverse beta decay(IBD)
reactions are expected per day in each far AD?

1. The hydrogen mass fraction in the AD is ~12%. How many free protons
(from hydrogen) are there in each AD?

2. How many reactor antineutrinos per cm? per second is expected at the
AD? (this I s referred as the “fl ux?’

3. The average IBD cross section is ~3x10-43 cm?, calculate event rate =
flux * cross section * number of protons, assuming 100% detection
efficiency. (remember that IBD can only detect 1/3 of all reactor
antineutrinos)




Neutrino Oscillations with Reactors

1.0
c L
e, 0.8 A 4 MeV reactor neutrino
Q
S 067
S 0.4 f|=—= e Ve V1
3 =3 v, vy, = Upmns | 12
b 0.2} _

. 1/ L/a
0.0 - : - "
1 10 100 l

Distance (km)

cosfi2  sinflys 0 cos B 0 sin@ze ™ 1 1 () 1 () ()
—sintlyy cosflip 0 0 1 (0 0 cosflag  sinflag 0 efe1/2 0
0 0 L —sinfy3e™® 0 cosflyg 0 —sinflay cosfag (0 () g~ i /2

Solar / Short baseline reactor / Atmospheric / MNeutrinoless
Long baseline reactor Long baseline accelerator  Long baseline accelerator  double beta decay




1.0

ﬁ Near AD

- (500 m) Far AD

O 0.8 (1.6 km)

E 06t IF TiT Piviie 8 sO mr st =IJ_|D

N— ' F-mT

= v

S 0.4 ‘e

T 0.2 *
B

1 10 100
2

Nar . Np,f . Lﬂ . Ef . Psurvivaf (E L )
Nnear 'N_p,ﬂ Lf En survwaf (E L )
Far/Near Detector Distance Detector Survival Probability
Neutrino Target from Efficiency (d13)

Ratio Mass Reactor




Designed to discover Statistics
. sln 2(2c{13) <0.01 @90% C.L.

Far Hall
1540 m from Ling Ao |

A powerful reactors
(17.4 GW,,) + large
detectors (80 ton at

"- B Far site)
Ling Ao Near Hall =&
470 m from Ling Ao |

‘." A‘? 558 m from Ling Ao I ; . ' 1 N D SyStematiCS

100 m overburden

"
~ 3 Underground_ T o 3 s P (; Reactor
: Experimental Halls ™ = Sn i s m e - S eSS AFar/Near relative
. 3 *« iy '5)1 = :33 i measurement
R RS TR0 T G Detector
‘En,;[lnce. Tl UL TSRO EINE Ao |l Cotes Amultiple functionally
identical detectors (4

Ling Ao | Cores

5 ‘ c
, Daya Bay Near Hall Near + 4 Far)
| 363 m from Daya Bay |

93 m overburden m 17.4 GWy, power G BaCkQ round
| m 8 operating detectors Adeep underground

m 160 t total target mass (860 m.w.e at fzr
== Daya Bay Cores Slte)




Double Chooz France

+
"a

Daya Bayj

13

Daya Bay, Chlna

Baseline Optimization

Detector locations optimized to o F Daya Bay
known parameter space of |[Am2,.| o5 RENO
* Far site maximizes term dependent -
on sin2 20,, 09} Double Chooz 1 1 1L [km]
0 0.5 T 15 2 2.5 3

Go strong, big and deep!

Reactor [GW,, ] Target [tons] Depth [m.w.e]
Double Chooz 8.6 16 (2 x 8) 300, 120 (far, near)
RENO 16.5 32 (2 x16) 450, 120
Daya Bay 17.4 160 (8 x 20) 860, 250

Large Signal Low Background






2 End oB_aperation ceremony (Dec 24, 2011 - Dec 12, 2020)

C Discovery of non-zero 6,5at 5
A2011/12/24 — 2012/2/17 (55 days)
A6 detectors in operation first

5 L1Sp
=

L1f

detected INmpc

z 105}

0.9sf

09

pe o by b o by o by o bw oo by g o by by w3y
0 02 04 06 08 1 L 14 16 18 2

Weighted Baselhine |km|

Phys. Rev. Lett. 108, 171803 (2012)

'(/1

(Y]

In fact, in the first 5 days we already knew that 0,3 is

|l arge from the data. | n [t heBNaVug@insynpogum: The Dpyg Bay gReacior Neutripog
: : . . Experiment and the Discovery of Nonzero Thetal3

the inputs to do a simplified analysis.

https://indico.bnl.gov/event/9947/



https://indico.bnl.gov/event/9947/

Homework Problem 3

C How to discover the smallest neutrino oscillation with 5 days of
Daya Bay reactor neutrino data?




Reactor and Detector Location ;4

AD3 Ling Ao-11 NPP

EH2

o LI
® L2

EH3

AD6
Reactor | D1 D2 L1 L2 E L4 AD4
Reactr | D1 | D2 | LI | L2 | L3 | L4 o>
X (m) 43.0 -44 .6 856.0 792.3 11436 1076.5
y (m) -7.0 6.9 830.9 767.9 1206.1 11385 ,-\nld\bz

z (m) -12.0 -12.0 -12.0 -12.0 -12.0 -12.0

Ling Ao NPP

e DI
200 m *m

C— Daya Bay NPP

RN ¢ )0 o

94.5 97.8 584.1 254.3 2595 257.3 Operated at
A | S | i e s | approximately equal
y(m) 3502 3452 1216.2 1892.6 1889.6 897.8 oower for the 5 days
z(m) -200 -200 -166 -154 -154 -154

AL2 was powered off
during the 5 days



Summary of event selection for the first 5 days

EH1 EHA1 EHZ2 EH3 EH3 EH3
AD1 AD2 AD1 AD1 AD2 AD3
IBD Candidates | 3278 3194 2193 338 350 348 Signal + Backgrounds
DAQLive Time | 49 5.39 4.97 5.20 5.20 5.20
[days]
Accidentals 60.9 59.6 49.3 20.5 19.4 19.3 ]
Fast Neutron b b6 6 0.6 0.6 0.6
Efficiency 0.8144 0.8120 0.8510 0.9515 0.9501 0.9508

¢ Calculate the signal rate per day after efficiency correction
AEH1-AD1: (3278 - 60.9 — 43 - 6) / 0.8144 / 5.39 = 721.7 events/day

C Calculate the statistical error on the signal rate
AEH1-AD1: sqrt(3278)/0.8144/5.39 = 13.0 events/day




Background to IBD

Accidentals: statisticall
calculate from uncorrelated
singles

L19 / He8: measure time
distribution of after-muon events

Fast neutron: measure ener
spectrum from AD/water/RP
tagged muon events

Accidentals  1.4% 2.3%  negligible

Li-9 / He-8 0.4% 0.4% ~30%

I Fast neutron 0.1% 0.1% ~30%
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C How to discover the smallest neutrino oscillation with 5 days of
Daya Bay reactor neutrino data?

1.

Plot the measured antineutrino signal rate of each AD vs. the expected
flux, assuming each AD has the same size, and each reactor has the

same power.

Fit the data (what function to use?) with the near ADs and extrapolate to
the far ADs. What do you see?

What 1 s the “survival probability?”
What is the statistical significance of this observation?

What is the size of 6,5 using the oscillation formula?

] - 06 AmZ 2.4 x 102 (eV?)
O p OE¢ ool Q98 o o Stigs—m: | 1.66 x 103 (m)
E 3.5 (MeV)




¢ Data taking (12/24/2011 — 12/12/2020)

« 3275 days, 5.5M ' [ events
largest reactor neutrino data sample in the world
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Precision Oscillation

C Final results with the full data set

Phys. Rev. Lett. 130, 161802 (2023)

(2.8% precision)
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Go Closer: The Precision Reactor Oscillation
and Spectrum Experiment

Antineutrino
Detector

"

detectorat' Dakridge National La -

S e ar c lscifiabon pafterns”  f r escale stevile neutrinos
iIndependent of reactor models at <10 m




BNL PROSPECT Group, 2019

Hans, Rosero,



Reactor, Detector, Data

WATER BRICK NEUTRON SHIELD

BORATED POLYETHELYNE

Floor

Concrete Monolith

HFIR research reactor at ORNL
Power: 85 MW

Size: @ = 4ch, h=51cm

Fuel: highly-enriched 235U

(235U fission fraction > 99%)

Detector near surface,
Segmented to 11 X

Li-loaded liquid scintillator (4 ton)
developed and produced at BNL

Reactor on 95 days; off: 73 days
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C > 50,000 antineutrinos from

235 fission collected

(10 times more than the previous record
from ILL in 1981)

E4First surface-based
detector to achieve S:B > 1
near a research reactor
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