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, . . - . . Daya Bay,
US’ Critical Role in Discoveries with Ui cRes

Reactor Neutrinos
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Discovery of 013

Selected as one of Science’s 3 antineutrino detectors in
top 10 breakthroughs of 2012. Daya Bay far site (EH3)
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“..result suggests that in the
coming decades neutrino physics
will be every bit as rich as physicists
had hoped...neutrino physics
could be the future of particle
physics — as the fact that
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neutrinos have mass is not even T _ +
part of the standard model. If so, 8in“20,, = 0.090 =+ 0.009

the Daya Bay result may mark the installation of Daya Bay experiment
moment when the field took off.” now complete
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Reactor Experiments - Current Results '”/

Events/MeV

From Discovery to Precision Measurements

2012 Daya Bay 5.20 measurement of non-zero 6.,

PRL 108:171803 (2012) consistent results from

Daya Bay 7.70 Improved measurement Double Chooz and RENO

CPC37:011001 (2013)
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Most precise sin?26,, measurement (10%)

First Am2__ measurement ("atmospheric’ Am2 from v, agrees with v,
from MINOS, consistent with 3-v model)

Karsten Heeger, Yale University FNAL, November 3, 2013
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Daya Bay - Sensitivity Projections

Towards Precision Measurements
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Daya Bay remains statistically limited through FY15
Daya Bay can also improve systematics.

Karsten Heeger, Yale University FNAL, November 3, 2013



Daya Bay,

Daya Bay - Sensitivity Projections

13
Precision Measurements
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Combination of n-Gd and n-H with anticipated systematics improvements
(sin220,, =0.09, Am?2__=2.41e-3 eV?)

Reactor experiments will provide most precise measurement of sin220,, for
the foreseeable future.

Continued data taking provides physics opportunities for young scientists and has long-term
impact on future neutrino physics program in the US.

Karsten Heeger, Yale University FNAL, November 3, 2013 6



Enhanced Mass Hierarchy Sensitivity

Daya Bay & NOVA/T2K/MINOS+
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Unitarity Test Through Overconstraint of sin220._,

Daya Bay & LBNE/Hyper-K
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Combined v, and v, measurements will test PMNS 3-v model

Karsten Heeger, Yale University FNAL, November 3, 2013
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Precision Measurements with Current Experiments

- Best measurement of sin22013
— Input to future long-baseline measurements.

 Precision measurement of spectral distortion and absolute flux.
e Constraints on 0.03-0.55eV sterile neutrino (3+1)

o« Precision Am2ee measurement

— Enhance MH sensitivity in the NOVA era

« Precision measurement of sin22913
_ 6CP, 623-octant LBNE10 sensitivity improvement

— PMNS matrix unitarity test with LBNE

Karsten Heeger, Yale University FNAL, November 3, 2013



Mass Hierarchy and Reactor Neutrinos

Precision Measurement at ~ 58km
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Mass Hierarchy and Reactor Neutrinos

Proposed Projects: JUNO and RENO-50

Precision 3-v Oscillation Physics
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LS (18 kton)
15000 20" PMTs (67 %)

30m

32m

37m

Current JUNO
Amz2,, 3% 0.6%
Amz2,, 5% 0.6%
Sin2012 6% 0.7%
Sin2023 20% N/A
Sin2013 10% 15%
(~4% in 3 yrs)

Karsten Heeger, Yale University
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Mass Hierarchy and Reactor Neutrinos

Proposed Projects: JUNO and RENO-50

LS (18 kton)
‘3” 15000 20" PMTs (67%)

w /g
wze
0!

30m

32m

37m

Technical challenges

- suitable underground site with reactors
- detector size ~20 kton

- energy resolution 3%/VE

- sub-percent energy scale calibrations

Costs
- O(~100M) based on estimates of
host countries

Karsten Heeger, Yale University
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Mass Hierarchy and Reactor Neutrinos

arXIV'1 307'741 9 Neutrino mass hierarchy determination and other physics potential of
SnowmaSS Whltepaper medium-baseline reactor neutrino oscillation experiments

A.B. Balantekin'®, H. Band'%!3 R. Betts?, J.J. Cherwinka!?, J.A. Detwiler!!, S. Dye®, K.M. Heeger!4:13,

US Interest Group R. Johnson®, S.H. Kettell’, K. Lau®, J.G. Learned®, C.J. Lin?, J.J. Ling!, B. Littlejohn®, D.W. Liu®,

K.B. Luk?, J. Maricic!, K. McDonald?, R.D. McKeown'2, J. Napolitano'?, J.C. Peng®, X. Qian', N. Tolich!!,

. . W. Wang'2, C. White”, M. Yeh!, C. Zhang!, and T. Zhao!!
26 scientists
! Brookhaven National Laboratory, Upton, NY, USA

12 universities o | : -
. = Unaversity of California and Lawrence Berkeley National Laboratory, Berkeley, CA, USA
2 natlonal Iabs 3l'mwrsz!y of Cincinnati, Cincinnati, OH, USA
i(,'711'1'1'7'.#11_1/ of Hawaii, Honolulu, HA, USA
5Hawaii Pacific University, Kaneohe, HA, USA
6 University of Houston, Houston, TX, USA
7 Nllinois Institute of Technology, Chicago, IL, USA
8 University of Illinois at Urbana-Champaign, Urbana, IL, USA
9 Princeton University, Princeton, NJ, USA
10 Rensselaer Polytechnic Institute, Troy, NY, USA
1 University of Washington, Seattle, WA, USA
12 College of William and Mary, Williamsburg, VA, USA
13 University of Wisconsin, Madison, WI, USA
4 Yule University, New Haven, CT, USA

US expertise in critical areas

- liquid scintillator
- detector calibration Generic R&D can benefit a variety of

- front-end and trigger electronics neutrino projects.

Karsten Heeger, Yale University FNAL, November 3, 2013
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Mass Hierarchy and Reactor Neutrinos

Projections of Sensitivity

Based on claimed sensitivities

and Schedule
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Karsten Heeger, Yale University

Cahn et al, arXiv: 1307:5487

FNAL, November 3, 2013
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Short-Baseline Reactor Experiments
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Do we understand reactor flux predictions and spectrum?

Karsten Heeger, Yale University FNAL, November 3, 2013 15



Short-Baseline Reactor Experiment

PROSPECT - A US-Based Short Baseline Experiment
A Precision Reactor Neutrino Oscillation and Spectrum Experiment

2 Detectors Scientific Reach

reactor core

detector 1 =0
~4m— E -
1=
i near
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Karsten Heeger, Yale University FNAL, November 3, 2013 16
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Short-Baseline Reactor Experiment - Objectives

§ | +++A+Hﬁ---.i Primary Physics Objectives
! - Definitive short-baseline oscillation search with high sensitivity

Tt

s
2
°
[

0.86E

Test of the oscillation region suggested by reactor anomaly
and Ve disappearance channel (3 years of run time can
’ ‘ exclude virtually all the implied oscillation region at 50)

“*  Precision measurement of reactor ve spectrum for physics and
safeguards

Secondary Physics and Applied Goals
5Li doped scintillator development

Segmented antineutrino detectors for near-surface operation;
develop antineutrino-based reactor monitoring technology for

safeguards

Possible first measurement of antineutrinos from spent fuel

17
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US Research Reactors

2.8 cm

1

Site |Power (MW, ) |Duty Cycle Near Detector Far Detector
Baseline (m) | Avg. Flux|Baseline (m)|Avg: -FIux ===-.__
NIST 20 68% 3.9 1.0 15.5 .°° 1.0 .
HFIR 85 41% 6.7 0.96 187 1.93 / N
ATR 120 68% 9.5 1.31 ,18.5 4.30 .
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Reactor Cores
" Emmmm 1. : .3 Sog? 1o
04 EE BT 8% 48.:% 0df- .
0'2;_ & H = | b% '7';5) 0.25— .
iy } + |
N NlST . " 0.6§—| o HF!R.
06 -04 -02 00 02 04 0.6 -OI,6 + -()I,2 010 0|'2 0!4 )(()I(Gm) 0 “‘ 06 04 02 00 02 04 Etﬁm) K
Karsten Heeger, Yale University FNAL, November 3, 2013 * 18




US Research Reactors
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Reactor off periods for background studies
Ability to reconfigure/run for extended periods

Opportunities for R&D, backup options
for detector deployment

Karsten Heeger, Yale University FNAL, November 3, 2013 19



Experimental Approach

Detectors

PMTs detector passive

shield
/

1-2ton near
detector @~4 m  wmwe

T

Multiple detectors

Segmented detectors for
position resolution and
background rejection

active target, Doped scintillator target

segmented

Challenges

Reactor correlated background and limited overburden.
Event-by-event discrimination of backgrounds
Relative normalization and calibration of detector elements.

Unique Features of PROSPECT Short-Baseline Experiment
Sensitive to oscillations within single detector and between near and far detector
(relative measurement, not absolute measurement)

6Li-loaded scintillator detector

Near+far detectors, phased approach from R&D to full experiment

3 available sites in US (different characteristics, backup plan)

50 measurement possible

Karsten Heeger, Yale University FNAL, November 3, 2013 20



Ongoing R&D

Background Measurements NIST gamma background
. . _ Reactor On
- Measurements being performed/planned at all sites. .1\ Reactor Off

- Assess and compare Reactor On/Off background. ¢

0.01

Scintillator Development

- Investigating high flash point solvent systems : |
with SLi doping and PSD 00001 T o e
- Retaining GdLS as proven backup option o e ()

0.001 <

neutron

3 ) 25NV
e a5 Gamma ¥ 3
X ¥, . w— 5P scoeptance thrashold
* ..:'. «m, & .. oo . i
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i 1o o R
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5

Detector Concept/Prototyping
- Studying response and particle ID capabilities of

Frompt Ratio

T S H G
A 4
Aa N " &
s e T

‘Fast neutrons

segments g o
- Developing prototype detector segments for S IN'ST_,_ LS
simulation validation, scintillator characterization -

and PSD studies
- Plan to deploy in miniTimeCube shield at NIST

miniTimeCube

Shielding shield at NIST

- Optimizing configuration, comparison of data and MC.

Karsten Heeger, Yale University FNAL, November 3, 2013 21



Status & Schedule

Status

PROSPECT collaboration studying feasibility, developing conceptual design,
performing R&D. Need R&D support for engineering to develop firm cost and
schedule.

Technically Driven Schedule

2013-14: Feasibility R&D with detector test modules close to reactor core
2014-15: Demonstration with near detector (~1-2 ton), measurement of spectrum
2016: Test of favored parameter region at 30.

2016-18: Full experiment with near+far detectors, 50 test of anomaly

Opportunities

- Measurement of the reactor spectrum at very short baselines. Timely test of
anomaly and reactor predictions at high significance.

- Complementary to accelerator-based experiments, strong overlap with
safeguards efforts.

- Opportunity for small experiment at modest cost (<$4M for near detector). Ideal
for training of young scientists.

Karsten Heeger, Yale University FNAL, November 3, 2013
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PROSPECT Collaboration

J. Ashenfelter, A.B. Balantekin, H. Band, A. Bernstein, E. Blucher, N. Bowden, C. Bryan, J. Cherwinka, T. Classen, D.
Dean, M. Dolinski, Y. Efremenko, A. Galindo-Uribarri, A. Glenn, M. Green, S. Hans, K.M. Heeger, R. Henning, L. Hu, P.
Huber, R. Johnson, C. Lane, T. Langford, J. Learned, B. Littlejohn, J. Maricic, R.D. McKeown, S. Morrell, H.P Mumm, J.

Nico, S. Thompson, W. Wang, B. White, R. Williams, T. Wise, M. Yeh, N. Zaitseva

Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

Physics Department and Enrico Fermi Institute, University of Chicago, Chicago, IL 60637
Physics Department, University of Cincinnati, Cincinnati, OH 45221

Physics Department, Drexel University, Philadelphia, PA 19104-2875

Department of Physics University of Hawaii, Honolulu, Hawaii 96822

Nuclear Nonproliferation Division, Idaho National Laboratory, Idaho Falls, ID 83401
Physics Division, Lawrence Livermore National Laboratory, Livermore, CA 94550
National Institute of Standards and Technology, Gaithersburg, MD 20899

Oak Ridge National Laboratory, Oak Ridge, TN 37831

Department of Physics and Astronomy, University of North Carolina, Chapel Hill, NC 27599
Triangle Universities Nuclear Laboratory, Durham NC 27710

Department of Physics, University of Wisconsin, Madison, WI 53706

Physical Sciences Laboratory, University of Wisconsin, Madison, WI 53706

Center for Neutrino Physics, Virginia Tech, Blacksburg, VA 24061

Department of Physics, College of William and Mary, Williamsburg, VA 23187
Department of Physics, Yale University, New Haven, CT 06520

Karsten Heeger, Yale University FNAL, November 3, 2013

arXiv:1307.7647
Snowmass
whitepaper

PROSPECT
collaboration

35 scientists
10 universities
5 national labs
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Summary

Reactor neutrinos are a tool for discovery. Reactors are
flavor pure sources of ve

US has had a major role in recent discoveries with reactor experiments.
Size and timescale of projects ideal for training next-generation neutrino scientists.

Current reactor experiments (L~1-2km) provide precision data on 013, and reactor
antineutrino flux and spectra. Precision measurements will be input to the long-
term neutrino program.

Medium-baseline experiments (L~60km) are technically demanding but may offer
<1% precision oscillation physics and a window to the mass hierarchy.

Short-baseline (L~10m) measurements offer opportunities for precision studies of
the reactor spectrum and a definitive search for short-baseline oscillation at
modest cost.

Request support of P5 to continue US role in successful history of reactor
neutrino physics.

Karsten Heeger, Yale University FNAL, November 3, 2013 24
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Reactor IBD Event: v, + p o et + n

Scintillator

o : ‘\“;7\-\,““‘ Gd(n,y)

~8 MeV \

E, - 0.8 MeV n,, +2Gd » " 'Gd + v's (6~55,000 barn):

S% of ~10,000 optical photons /MeV and 1, at
~20m.

Stability of 3 years demonstrated by Daya Bay
experiment . I

|~— 27us —'|

Scintillator
E, - 0.8 MeV

e ngy+ °Li-> a+°H (6~940 barn):
» S% of ~5,000 optical photons /MeV
at 2.6m (i.e. Bugey-3).
« Stability degraded in few months of
deployment (needs R&D’s).

and Aqe N:+7"\~\‘ 6Li(n,0)T
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Scintillator Choice for PROSPECT

' Periodic Table of the Elements © wwwlementacetabesecom | 2
6Lithium-loaded scintillator: ‘ 5 4  ® hydrogen B poor metals " B?} Cs N7 Oe Fg N1o
. . . e alkali metals B nonmetals e
— Conventional loading vs. water-based loading A | m alkali carth metals W noble gases -
—  Stability over experimental lifetime Mg| M fronsitionmetals W rare earth metals AL Si [P IS | Cl|Ar
H H H 1 ‘-;D 21 22 23] 24 25| 26 27 28 29 30! 31 32| 33 34 35 36
— High light-yield Ca)Sc|Ti |V |Cr|Mn|Fe|Co|Ni |Culzn|Ga|Ge|As|se|Br|kr
— Long optical transmission 37 38| 3o 40\ 41| 42| 43| 44| 45| 46| 47| & 45 50| 51¢ SN Eslf 54
_ Background rejection (PSD) sr| Y {z No [Mo| T | Ru|Rh [Pd | Ag cdf| In Jsn b;;( Te)l \Xe)
55| 6| 57| ~v2| 73| 74 78 76| 7 78| 7o 80| 6| 82 83| ~B4| &5 B9
G d | . | d d . t" tor: Ba|La|Hf | Ta |W | Re|Os| Ir |Pt | Au|Hg| TI [ Pb| Bi | Po| At |Rn
adolinlum-ioadea scinuliator: 87| 88| 89| 104| 105 106 107| 108| 109 110
) ) Ra | Ac |Ung|{Unp|Unh{Uns|Uno|Une|Unn
. Background rejection check
58 59] 60| 67| 63 6 65] 66| 67] 68 69 701 71
. i - e| Pr m|Sm | Eu y|Ho | Er | Trr I Lu
roduction plan (back-up O Reactor Ce | Pr{| Nd)Pmi|sm | Euf{Gd ) To | Dy |Ho | Er | Tn{|Yb )L
O BpB BT B B B e R I e B T T
Th | Pa|l U |[Np [ Pu|Am|Cm |Bk | Cf |Es | Fm| Md| No| Lr

M.Yeh, Review of Metal-loaded Liquid Scintillator for Neutrino Physics, []MPB (in preparation).
BROOKHRVE

Expertise, equipment, and facility from BNL, NIST, and LLNL in liquid

& plastics scintillator applications

* capable of engineering a suitable scintillator in a timely and cost-effective way.
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Liquid Scintillator Development

Identifying high-flashpoint scintillators that support 6Li doping
(while maintaining proven Gd-doped scintillator as an option)

Studying material compatibility and scintillator stability

Currently optimizing detector geometry for Pulse Shape Discrimination capability

o
o

5Y°F Prompt Energy Py = — — — — — — — § 10 ] —_— éll even(t,:s
S I N AR S S F — Energy Cut
E I Prompt Energy & PSD i 3 3 i = E Ener;gzz & PSD Cut
50.5F = Delay Energy E W
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Data from a 7.5 cm right cylindrical of unshielded 6Li-doped plastic scintillator exposed to
ambient background.
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Micro-emulsion Scintillator (°Li doped)

Scattering events (14 MeV n)

120
100 H
80
60 H
40
20

Counts

Agueous solution

6Li

0

OP.|

2 4

+ Developing scintillator with Li-loading

using micro-emulsions

— 0.4 % °Li demonstrated
— Simple chemistry
— High flash point
— PSD potential
» Further development and
characterization in progress
— Measure attenuation length

— Long term stability
— Refine PSD measurements

Light Output (MeV,.)

Frompt Ratio

8

Counts

Neutron Capture

| |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Light Output (MeV,,)

NIST has the capability of carrying out
a TOF PSD measurement.

PSD demonstrated

1 1 1

QA4

2.5 NeV newtron
Cs-137
w5 M% scoeptance thrashold

Pieter Mumm, NIST
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LLNL °Li-doped Organic Scintillator R&D

Developed compound for homogeneous
introduction of polar 6Li into non-polar aromatics

Status:

* 6Ljloaded plastic
entering
commercialization

“ e« Excellent PSD
3” Li-loaded plastic Li-loaded liquid demonstrated in low-

'ch"fherml’ eutrons I;SD?earsLi Spot: Sample 949 | — flash point 5Li loaded
' 24k A s ) %neutrons liquid
350 ! i )
I | ;ﬁ H *  Further R&D required
o | |} rom, 2ss % # i for high-flash point
EER e o liquids
150F § } ¢ *.
S -SSR
WII s
%500 20030000500 608 709 Energy DoV ) % ™01 oz 03 04 05 0§ |:;07

Excellent “triple” PSD demonstrated for crystals, liquids, and plastic

Andrew Glenn, LLNL 30



Improved optical and loading for Li-LS

(2" formulation)

0.5
« 2nd formulation improves loading and
, optical properties.
04 - « Stability and compatibility checks are
| planned.
| —2nd Li-LS at 0.35%
é’ 0.3 1 —2nd Li-LS at 0.1%
2 —1st Li-LS at 0.1%
(o}
2 ]
< 02 0.1% and 0.35% 6Li-LS
_ overlap in optical
01 -
0 ‘ ‘ - ‘ e AA
200 300 400 500 600 700 800 900 1000
Wavelength (nm)
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0.1% Li-LS (2nd formula)

0.05
i e==51213 ===71913
===90813 103113
0.04 -
S 0.03 -
©
.=
o
S 0.02 -
20.
0.01 - ™
/"’“//
0 +———— — T
200 400 600 800 1000
Wavelength (nm)
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LS Summary

R&D:

— Produce 10 liters (each) of 0.1% ©Li- and 0.1% Gd- LS for
prototyping testing in Jan. 2014

side-by-side comparison
formulations of 0.1% 6Li-LS (1st) and 0.1% Gd-LS to readiness of detector measurement.

In parallel

Continue the scintillator development (2" formulation of 0.1% Li-LS shows improved
performance than 1st formulation).

Optimize the 0.1% SLi-LS and 0.1% Gd-LS performance (including enhanced background
rejection, if needed) within safety requirements; followed by compatibility and stability tests.

Finalize the scintillator optimization (in plan, produce larger
scale in hundreds of liters of the refined, selected scintillator

for 2"d detector deployment).

A 10-ton scintillator production plan for the proposed
PROSPECT experiment.

33



Background Surveys at US Reactors

—— Reactor ON; current shielding configuration

Expected neutrino signal (near) ~1000/day " —— Reactor Off

Near reactor w/ little to no overburden

0.1 3

counts/sec.

Accidental Coincidences

0.01 3

o Gammas (primarily neutron capture) 0.001

e Fast neutrons (reactor and cosmogenic) ] N |
0.0001 ULl ..I..|II.IJI.IL.I. [P P § |..|... [ S

0 2000 4000 6000 8000
Gamma Energy (keV)

Correlated events Activated cooling

water, 1N
o Fast neutrons (reactor and cosmogenic)

e Cosmics (muons + secondaries)
e Radioisotopes (e.g. 8He, °Li)

Detailed background surveys
In progress

Karsten Heeger, Yale University FNAL, Novembr 3, 201 34




Background Surveys at US Reactors

Ch 2 at 45 degrees

Directional measurements of overburden
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Prototyping, Shielding and MC Validation C)

miniTimeCube Shield

(Design substantially complete)

Several prototype segments will be
fully characterized an then run in situ
at NIST reactor.

Combined with a shield being built for
the miniTimeCube experiment, these
will be used to:

o Validate Shielding Monte Carlo
@ Scintillator Testing

© in situ background measurements

Karsten Heeger, Yale University FNAL, November 3, 2013 36



US Research Reactors

Reactor Parameters and Baselines

Site |Power (MWy) |Duty Cycle Near Detector Far Detector
Baseline (m)|Avg. Flux|Baseline (m)|Avg. Flux
NIST 20 68% 3.9 1.0 15.5 1.0
HFIR 85 41% 6.7 0.96 18 1.93
ATR 120 68% 9.5 1.31 18.5 4.30

Proposed Near Detector Sites

NBSR, NIST ATR, INL HFIR. ORNL

Karsten Heeger, Yale University FNAL, November 3, 2013 37



US Research Reactors

Reactor Parameters and Baselines

Site |Power (MWy) |Duty Cycle Near Detector Far Detector
Baseline (m)|Avg. Flux|Baseline (m)|Avg. Flux
NIST 20 68% 3.9 1.0 15.5 1.0
HFIR 85 41% 6.7 0.96 18 1.93
ATR 120 68% 9.5 1.31 18.5 4.30
Normalized Flux at Near Detectors Sensitivity
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