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What I’'m going to talk about erespeck,

1. Problems:

1. Reactor antineutrino flux and spectrum measurements do not agree
with expectation

2. Experiments attempting to address the problems
1. DANSS

2. NEOS

3. SOL

4. STEREO

5. Daya Bay

3. The PROSPECT Experiment
1. Goals

2. Design
3. First results
4. What I'll say at the end
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Reactor neutrino production PRESPECT,

Research
Reactors

ILL HFIR NBSR
\ Power
Reactor

1 meter

rllD ecay Rat’% Spectrum

SRR

, ,  Power plants have low-enriched
i=0 J=0  Branching Fraction uranium (I_EU) cores

e Mixture of #°U, 2°°U, “*°Pu,
241Pu

2

S

S
|

'« Fission of parent istes
vield neutron-rich daughters

e Beta decays produce ~6v/
fISSIOﬂ <1OI\/IeV
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Reactor neutrino production and detection PRM

~6 ve per fission
2X1017 ve per MWinermal

: Inverse Beta Decay: vep—e*n
T s o Ev = Tost Tnt(Mn-Mo)+Me =~ Tes+1.8MeV

From Bemporad, Gratta and Vogel

.........

Fission Daughters

Decay Rate

Arbitrary

Observable v Spectrum

Spectrum

Zlm

Jj=0 Branchlng Fraction

'+ Fission of parent |sotopes
vield neutron-rich daughters

e Beta decays produce ~6v/
fISSIOﬂ <1OI\/IeV
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Predicting Neutrino Flux/Spectra  PRRSPECT,

Two main approaches:

_ : ~ |Electron

: | Neutrino

Ab-initio L/ — AL S p— :
Calculate individual beta-decay spectra <™ TN\ ]
for 1000s of isotopes from database info ' F ]
Sum according to cumulative yields ol 15_0 1

Problem: databases have huge
uncertainties and are incomplete

Beta-conversion

Measure cumulative beta spectra from :
fission parents |
Use virtual beta-branches to convert S
into neutrino spectra EE
Problem: can virtual branches capture Schreckenbach, et al, ]
all relevant physics? o PhysLettB160(1985), | [

1 2 3 o 5 6 1 8 9 10

KINETIC ENERGY OF BETAS IN MEV
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Initial comparisons of neutrino flux and spectra
measurements and predictions

1.0 —— T . , I
| ILL 1981
» Early 1980s: Measurement of 235U S | e present resuis

MeV h s |LL, from € spectrum

spectrum at Institut Laue-Langevin Y
(”_I_) 0.5

PRESPECY;

x D et al, calculation
o AG, calculation

* Agrees with ab-initio calculations

e <5000 neutrinos detected, 20%
uncertainties

e Mid 1980s: Beta-conversion
measurements at ILL, reduce
systematics improve uncertainties or

Paositron energy {MeV)

predictions _
... . JFlux Comparison

8 : ) 1 ] L ‘ L L ] ] I L 1 L I Ll | ) ‘ 1 L 1 1 I 1 1 1 L I ] 1 ] ]
0 1 Z 3 4 5 6 7

o

* 1990s: Bugey PWR spectrum agrees Z Bhod IBLI I 1]
with Beta-conversion spectra IZO% Tﬂ lﬂﬂ § | T
_ T L1
 1990-2000s: Measured fluxes agree e pa st
with predictions E | A E

’ Distance to rea;ior (m) 10 !
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Re-evaluation of flux prediction

Non-equilibrium isotopes:
+1%

PRESPECY;

. 2011: Two betaconversion | =— i Huber PRCs (2011 024617 201 |
reanalyses increase g _% LI H Al
redi flux & prg R H =
p ed Cted U S o.ooii' —|TI+:—' | '_:Iir.—li
» One pure conversion,
one hybrid between ab- Energy (MeV)
Initio and conversion
° NSO_ tenS|On Wlth % B Daya Bay, Chinese Phchs C, 2017, 41(1): 13002-013002
. . 3t
Provious Sxperimen's £ bt
Change in Flux/Spectrum: 3 | L e
. 0.8} —s— Daya Bay
 Conversion: +3% : ] — o averege
. . : 1-0 Flux Unc.
« Neutron lifetime: +1% 0.6 0 e

Dubbed the "Reactor Antineutrino Anomaly”

107 10°
Distance (m)

"RAA"

20180628 BNL Seminar
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Sterile Neutrinos?? PRESPECTK,

%) —_ = = N
7 09 = o= o S
. T T T T T T %% g l(s_u é:) é §él lgd %l !I
Best-fit 3+1 oL 22 58 o
QB0 B0 o|o Ke) =] ]
FIR R 3 s F s &8
I -
® 1 — + T—
: ' glk
— I
% 0-95‘\/—\‘\ - I q
=z 'od L]
<‘$ 0.9 E = l ll- I
(4p]
= 0.851 ! ah 1
0.8 = S5 y
o Abazajian et al.
0.75* | | | | | | R = i ] ] I o arX|V12045379
10° 10' 10° 10°
Distance to Reactor (m)
Vi E—A

Am?L
4F,

Posp a5 = sin°(20)sin”

AMi42 > 1 eV?

TwoO neutrino oscillation

V3 &

Amse?] =2.3x10 eV Is flux deficit due to oscillation of

active to sterile neutrinos?
Amq22 =8x105 eV?2 °

High frequency oscillation
* Mass splitting ~1eV-

e Baseline ~few meters
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http://arxiv.org/abs/arXiv:1204.5379

Other Sterile Neutrino Hints presSpeck,

T GALLENGAGE.

| Ga source calibration |

MiniBooN
| short baseline accelerator |

§ 175 ® Beam Excess % 5%_: | o o o 'I | éea:%oétz%f/?;r')l o _f
S5 ple —v_etin c [ v, from K*" _
e L e g of —B fr:]?gi*dK(’ ] L1 Gallex Crl  SAGE Cr
& 125 T 47 ANy o . T
— + I dirt _ =)
| [ other - z 1.0
3 }—%—< _______ ggsts::ri.tSyst. Error _: -g ! )
:+ | 1 X o9 \ \\\\‘\\\\\\
W arXivi1805.120281 3 L L L |
S = n . Jd 0 el _ =
oF —;D—# _____________ ] N 0.7 1
| . Gallex Cr2 SAGE Ar
05 0.6 0.8 ! e -4 82 0.4 0.6 0.8 1 1.2 1.4 3.0
L/E, (meters/MeV) ESF (GeV)
anti-ve appearance low energy ve appearance ve disappearance
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eV-scale neutrinos would impact:

* Expected neutrino spectrum for

Long-baseline oscillation searches

* Mass ordering for Double Beta

10° —
[ 1 3+1 Flavors
: .| 3 Flavors

102 -

Decay searches

_ Inverted Hierarchy

_ Normal Hierarchy

.| 3+1 Flavors
_ .| 3 Flavors

David E. Jaffe - BNL

events / 0.25 GeV

events / 0.25 GeV

300—

250 -

200 -

150+

100 -

50

200—

neutrino events, NH
T

" (014,024): (20, 10°)
(159, 10°) 4

(5°, 59
30 |

1 2 3 4 5 6 7 8
E, (GeV)

neutrino events, IH
T T T T T

150F

100+

50 -

1 2 3 4 5 6 7 8

E, (GeV)

events / 0.25 GeV

events / 0.25 GeV

Impact on Future Experiments pn@ﬁm\_

anti-neutrino events, NH
T T T T T

60r

1 2 3 4 5 6 17
E, (GeV)

anti-neutrino events, IH
1 00 T T T T T T

1 2 3 4 5 6 7
E, (GeV)

Gandhi, Kayser, Masud, Prakash

arXiv:1508.06275
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Another Anomaly: Spectral Features PRM

E i —~—Data - -3 —4—— NDDat !
N OO ata -
20000— e """._ﬂ [ Full uncertainty > - Neutrino 2018
> — & . . q) 40000 - e " Il 22 e No osci"ation
® — - Reactor uncertainty s
§ 15000 :_ = .;.;.;ﬁ_ — ILL+Vogel ~ : .2 Best fit on sin ?20,, = 0.105 + 0.014
E - = .i'_.;: S | Neutrino 201 8 :; % - B - - L L I:l Single Detector 1 ¢ Variance
8 10000 — T-.;::_._ & 20000 — Near ' 1.1 \:’ Multi Detector 1 ¢ Variance 7
% - = s § i ¢ Data . (42 /DoF =182/ 112 4
w - oo Integrated | M B L MC [ min +- 4
5000 — - = - _+1+_-+-

_ T S 02F | T 1.0¢

B *—o—*_._ — = _+_

= ' =~ 0.1~ - - . — 3 B
5 © 1.2 S 0 _f_—g—_._ I -9 S s t ______________________ —. _] - + —l—
£8 2 e v oo |
§ S 1.1 g 0.1 . | | ’ . . S 3 Double Chooz IV _+_ 1
a E a 1 2 3 4 3 6 7 8 3 Near (258 live-days)
Q% ~ E, (MeV) 0.8 3
22 PRL 116 061801 oz 3 e s T
e I . . - .
= 0.8 | RENO normalization Visible Energy (MeV)

2 4 6 8 i
Prompt Energy (MeV) differs from DYB, DC

= — E— — — 1

+ All three 6,5 experiments have observed a spectral deviations, most |
l prominently between 4-6MeV prompt energy (5-7/MeV neutrino energy) |

b

| » Predictions based on beta-conversion (Huber, Mueller, Haag)

|

| « Cannot be explained by known detector effects {

| « Tracks with reactor power, observed in both Near and Far detectors %
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New Anomaly: Spectral Features PR@SP/E&-

Hayes et al. PRL 112, 202501 (2014)

Beta-converted spectra could be — Novuniguectz A
Wrong . 15 —— Nonunique=[X,r]2- B 021 ]
Use Allowed shapes for all decays, T 1.1 |
. @ .
known to be incorrect = 1o M |
- Error in the measurements? > IW\M ol ;
- Ab-initio calculation for one database L | 7 |
seems to reproduce the feature oottt gl
E, (MeV) E (MeV)
Problem: Large uncertainties and o | Dwyer& Langford, PRL 114 012502 (2015)
. . 'c IO OO O Nuclear Calculation
m|SS|ng data é 02 (C) : e ---- E gonvers?on, I\H:Iubcﬁr
s b %, -~ Nudear Cale, Fallot
Problem: More complete database = |/ | =
doesn’t reproduce the shape Sonzogni 2 |/

et al., PRL116 (2016) 132502

i —— Daya Bay

@;- 14 F- ® RENO NS RN SR —
§  Ei +  Double CHOOZ : : :
,\-\ = e/ ® A Vil
LIJ> 0.9 E'z\ ot .. .......... { ................................................ DY D I
@ = {(d
08 Y i( ) i i i i i l l
2 3 4 5 6 7 8

Antineutrino Energy [MeV]
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Anomalies lead to Discoveries

PRESPECY;

1.2

Data / Prediction
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0.6 ————

* [eV?]

107!

10

Distance (m)

I

Allowed Regions:

SBL Anomaly (Kopp), 95% CL

Allv, Disappearance Exps (Kopp), 95% CL
Gallium Anomaly (Kopp), 95% CL

SBL + Gallium Anomaly (RAA), 95% CL

'+ Spectral anomaly could point were to |

Daya Bay Exclusion, 95% CL

T

|

|

107

sin2261 }

—_—
Global Best

Fits ‘

! |

» |
Daya Bay i
Exclusion

I
|

[

|

4
Prompt Energy (MeV)

look

- All 8,3 measurements at LEU power
reactors ,

- HEU measurement powerful
| crosscheck

We need new data

f
(

- Existing experiments beginning to
probe these questions (Next pages)

P.Vogel: “...it is possible, perhaps even likely,
that both anomalies have their origin in standard
physics.” arXiv:1603.08990
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NEOS : Youngju Ko, AAP, 1 Dec 2016

—Xperimental Site

- Hanbit Nuclear Power Plant in Younggwang, Korea
- 2.8 GWwn commercial reactor

- Core size: 3.1 m diameter and 3.8 m height
- Low enriched uranium fuel (4.6% 23°U)

« Detector in Tendon Gallery
- ~24 m baseline and ~20 m.w.e overburden

NEOS Detector

Reactor building

- Active target (Liquid Scintillator, LS)
- Homogeneous, 1000 L volume

- Inverse Beta Decay (IBD) in 0.5% Gd-loaded LS
- Mixed LS

- LAB- and DIN-based LS (9:1)
- PSD is improved over LAB only.
- Cylindrical stainless steel tank with PTFE reflector

LAB: Linear Alkyl Benzene
DIN: Di-isopropylnaphthalene

PSD: Pulse Shape Discrimination AAP2016@Liverpool



Detector

Performance and Sensitivity

» Data taking: Aug 2015 - May 2016
- Reactor-on period: 180 days
- Reactor-off period: 46 days

* IBD candidates

- Reactor-on period: 2000 IBD candidates per day

- Reactor-off period: 80 IBD candidates per day

- On-off ratio: ~24

- Ramping-up step is seen.
- 5% energy resolution at 1 MeV
- Most sensitive range for ~eV sterile neutrinos

IBD candidates in time

NEOS Preliminary

> —
© — —
-c .
;’ 2000 [ ."“.‘M“.“‘“m’ﬂ.o’.’w M‘."...." ...m 100
-'g : ‘?giw 2 mmﬁwwmmw@%wm&%mg% ]
Q 1500 [— £ + oo £ § _
&) — | g% Ramping up step: +H.++%1°° gg —
) — B3 0 > 30 >80 > 100%, #++ S | -
0 1000 %g + o E% -
— = 200l E | N
500 | AR \;% - T té -
— A \yﬁ Fe-. g ) —lo § 2_‘ ]
L &, 15/Oct '15 1t'15 — ,:5"3 —
S d | e y -
Sep 15 Nov 15 Jan 16 Mar 16 May 16

Youngju Ko / NEOS

50

Energy Resolution

Reported Thermal Power (%)

Energy resolution
0.07— e Calibration sources
Radioactive background
0.061— *\. A oevents
0.05— \‘;\ .
. oE =\/0.0422 10,0212 4 0.010°
0.04[— : . vis E, ' 2
0.03; « - .
o.ozf—
0.01—
=TI o b v b b by v by v w by g a by by oy
1 2 3 4 5 6 7 8 9
Reconstructed Energy [MeV]
Detector sensitivity
NEQ' T i H i T !i i T T T i
< i
b RAA allowed -
90% CL -
95% CL |
99% CL -
10" Sensitivity E
- 95% CL. :
1 | | 1 | T | |
107 107
sin“20,,
AAP2016@Liverpool



Prompt energy spectrum

—— MC:Huber-Mueller
—— MC:Daya Bay
<4 Data:ON-OFF
Data:OFF

> 40
% 30
: 20 &

10

T - .

115¢ Data/Huber Mueller

110 (normalization unclear ++H++
., Wt
§1.05 t H + +
% 1.00 ++ ++ +
= ”“J‘“«» '+++‘F R

Data/Daya Bay

- Prompt energy [MeV]
My comments in red.

Yoomin Oh / NEOS

- 10

Prompt Energy [MeV]

e Negligible background change
between on-off periods,

e Spectral anomaly observed

(vs Huber-Mueller normalization),

e Small structural fluctuations.

e Reference spectra generated
using detector response matrix,
- energy escape due to detector
size

=)
y

|||||||

Efficienc

15000 —

10000~ — 7 MeV

5000

- N W B o D ~ =] ©
T T[T T T T[T T[T T T I TTTT T ITIT T T

4 07

Neutrino Energy [MeV]

Neutrino 2018 @ Heidelberg

12



Active-to-sterile oscillation

c\; —{>76

» Normalized with the Daya Bay shape 74

< —72

e Best fits at: i
(1.73 eV?,0.05), (1.30 eV?, 0.04) 1

—— NEOS 90% CL u

Mension (2011) 95% —
Kopp (2013) 95% |
Gariazzo (2016) 26 |F—164

with x2(3v)-x2(4v) = 6.5,
p-value = 0.22

e Fine structures in reactor v spectrum

. . 62
or oscillation? .
60
1 |
10 107 1
sin°20,,
1.10
S 10000 " T T T T
H i
1.05} + + 4T S go00]
g 1.00 }—}#— TTTF 6000 -
5 + ' :
0.95F - 4000
2 2 cin?
0.90| Best fit: Amj, = 1.73 eV~ sin“26,4 = 0.05 | 2000
' —— RAA: Am2, =2.32 eV?, sin?20,, = 0.14 i
1 1 1 1 1 1 0_
1 2 3 4 5 6 7 - 10

Prompt enerqgy [MeV]

Yoomin Oh / NEOS Neutrino 2018 @ Heidelberg



DANSS at Kalinin Nuclear Power Plant
M.Danilov, Moriond 24 March 2017 DANSS Design
. il

| Gd-containing glue
> light-reflecting

e a. .. coating~1.6mg/cm2
Each scintillator strip is ~0.35%wt

.\ read out individually by a
The ui.vem 2 Silicon Photo Multiplier (SiPM) %

via a WLS fiber.

Sensitivity is ~18 p.e./MeV

Q 0 2Nud DN ~c2U /o/ N

V7

PS)

' (corrected in analysis!)

X-Module

A

- 50 strips are combined into
I a Module which is also read
(Il out by a small PMT

% (via 2 additional WLS fibers

per strip). @ VLS fibers

el ol Sensitivity is ~20 p.e./MeV PMT R7600U-300
1

SiPMs (MPPC 512825-050C

Steel plates —__

at Kalinin NPP. ~50 mwe shielding =>
y flux reduction ~6! No cosmic neutrons!
Detector distance from reactor core 10.7-12.7m

(center to center)
Fuel contribution at beginning and middle of campaign

235U 69% 58%
239Pu 21% 30%
238U 7% 7%
241Pu 3% 5%

Trigger: ZEpmt>0.7MeV => Read 2600 wave
forms (125MHz), look for correlated pairs offline.




UANSS preliminary Z

2100 - Height, m
2000 UP x2n.d.f. = 6.64/6

1900

MIDDLE

Events per day

1800 N
1700 oy
DANSS 2 7
1500
1400
| - |
(V.Egorov oo I NN I zor
) ) 12090 105 11 115 12 125 13 135 0— ... fuel recharge ...
. Distance to reactor core center, m Aug
Neutrino2018)
. . ] Jan
IBD intensity follows reasonably the 1 / L2 2018
dependence. 44 1 Reactor
Effective distance L takes into account real core

spatial distribution of the detection efficiency - center
and the reactor core burning profile (monitored
permanently by the KNPP staff) .

Rel. power, a.u.
1

-2 1 1 1 1 I 1 1 1 I 1 1 1
The time variation of reactor core burning 0 0.5 1
profile is taken into account with a precision Time evolution of the core
of 30 min and ~10 cm. burning profile
An example of energy spectra (full segmentation 1.20
P f gy sp (f 9 ) 1 Ratio of neutrino flux
Counts / 250 keV / day 1000~ 1 (after shutdown / before shutdown) =
450 o " ] ] = (fresh fuel / old fuel)
400 W o ] 1.15
Ly i ' * MC 1
350 100 1
- DANSS data
300 | —— I
250 1.10
4 el - —-—=
LA, ek ok ek
200 _ -|__-,|,-_*_‘|'_T'*" X
o0 Y. o ot
4101 Md ev 1.05 ‘L.*..-*-ﬁf_ ! ==
100 3490 Dn ev / day 1 ——_*_'*'" ) _|__|_ T
50 133 Off ev / day '*T -|_ -|-|_ T
= S I Positron Enegy, MeV
. j j j j | j | j

Positron Energy, MeV




DANSS (V.Egorov, Neutrino2018)

RatioDn /U * L S
050, " Significance of the best regions
0.781— RAA: Am?=2.3 eV Sin%(26) = 0.14 —— ‘o m
0.76 1 o \ \
0.741 e . --.,I“__ [eV?] \\  —— Feldman-
MZ:ﬂ% —_*_.—_'_ E—l— L S Cousins
0.70 e _+_I I_f_IT — "-'-_,._ Allowed:
0.68 L 11 1
0.66 | B 99%cCL
0.64- B 95%cCL
] - . . . . _ % C
ey 2 3 4 5 6 7 m W oo%ct
Positron Energy, MeV 0.1
Down/Up with best fit and RAA curves.
oot brlte  Analogous Down/Middle used in fit.
. Up/Dn
0.781 Am?= 1.4 eV2, Sin?(20) = 0.05 ——— only * 3 gmeans not a discovery,
076, 0.01 but just a cause of thinking
e AP ' HH A. Serebrov
0.74 T
Tt — T‘I‘I- LT 0.001 0.01 0.1 1 Sin*(20)
0.72_ _*_ Mﬁ_ Null
0.70 T 0
0.68- i) 1 The RAA min-chisquare point
0.66; - (Am?=2.3 eV?, sin?(2)=0.14)
0.64 .
. - is excluded at 50 level.
! 2 : ¢ ° Positror? Energy, IGeV
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SolLid Experiment

* Compact research reactor - At ground level
* ¥ 50 cm and height 90 cm - Overburden 10 mwe

* Fuel 93.5% 235U - Muon rate: O(250 Hz)
* Thermal power 50-80 MW - Cosmogenic neutrons

* Duty cycle 150 days/year . . .
(~ 1 month cycles) Natural radioactivity
* Solid at baseline 6-9 m

Nick van Remortel, Neutrino 2018

JINST 12 (2017) no.04, P04024
JINST 13 (2018) no.05, P05005

* Anti-electron-neutrinos detected through inverse beta decay (IBD)
in the composite (PVT + 6LiF:ZnS) scintillator element Ve

Ve+tp—on+e™ (Ey; > 1.8 MeV) e,
* Prompt positron signal

* Positron energy contained in one/two PVT cubes
* Allows precise localisation of IBD interaction

* Provides seed for anti-neutrino energy (5cm)3 PVT CUbe W|th ~

» Delayed neutron signal 26| iF:/nS sheets -
* Neutron captured in 6LiF:ZnS close by 2 l
n+ °Li- °H+a +4.78 MeV "

* Capture time O(60 us) .
* Both signals ad

* Collected by WLS fibers in X and Y directions and transported to MPPC for readout ; -

» Discrimination (ES — NS) based on pulse shape
At

Neutrino 2018 Heidelberg, 6/21/18 N. Van Remortel, University of Antwerpen 7




* Container 2.4x2.6x3.8 m3

+ Cooled to 10°C to reduce MPPC dark count rate (1/3)
* Shielding

* Water enclosure 50cm thick, 3.4 m high, 28ton

* Polyethylene ceiling 50cm thick, 6ton
* Cadmium lining

* Automated calibration system for absolute efficiency
and energy scale calibration at % level
(207Bi, 60Co, 137Cs, 22Na, AmBe, 252Cf)

— Full G4 simulation

1.6 ton sensitive mass

200 | BA(( On ~ 84(( on Qﬁ'
¢ Reactor On - Off
c 13/ 21
a
§ 150 -
)
* Preliminary rate monitoring based on: °
. : 100 1 »
* Timing, Topology, Muon veto, Energy selection § +_ ——*
2 .
- Significantly higher IBD-like rate during reactor ON 5 o -+ 11
=
* How does it behave? —
- Spatially confined v’ 0{ —
- Time difference: consistent with thermalised n-capture v/ 2 4 6 8
2088 Prompt - Delayed Coincidence Rates, Cycle 2 2018 Ar (cubes)
. . ¢ Al Coincidences === Bac, Reactor
1 + ¢ Accidentals | e, Reac
e A Y Yy ’ ¢ ' ! 200 + ¢ Reactor On - Off
1500 - P .
LI R ¢ .
~ 1250 1 £ 150
3 >
S 1000 515 =
.- 8 ~ -~
€ 50 £i% & 100 1
@la A
Y
500 1 \’.‘/
.
250 9 2 50 1
0 R . e
05/08 0511 05/14 05/17 05720 05/23 05/26 0529 D 3 | YT TaeseereeaoomeeeaeeneTes
Date 01 T ' T ' T T
Neutrino 2018 Heidelberg, 6/21/18 N. Van Remortel, University of =200 -100 0 100 200 300 400 500




ILL site STEREO Experiment

¢® 58 MW research reactor .BUt : |
* 1019 51 7, flux Shallow depth (cosmics)

* Highly enriched fuel: 255U (93%) ! and neutron background
due to experimental lines

® 3-4 cycles of 50 days per year
® compact core @40 cm x 80 cm
® [9-11] m from core

Movable
spectrometer

B Heavy concrete

B Lead
I Polyethylene

Boron-loaded rubber

Neutrino 2018 - Heidelberg Jacob Lamblin, LPSC Grenoble



The STEREO detector

arXiv:1804.09052

s stee!

[
vesse\
. ‘.\ S 1
\ -~ ,
:—:L
/). [

nvert Beta Decay

V.+p—oet+n

Prompt signal

N
- AR/ ~
/ >7 2 (

e €Nnergy
\

v’<|

2 mm acrylic
/ plates

Delayed signal

7 Reflective
VM2000 foils
L

~270kg/cell

Mean neutron capture time 16 ps

Target Gamma-catcher
6 cells filled with Outer-crown to detect y's escaping
yion et Gd-loaded liquid scintillator from the Target + active shielding
i 4 top PMTs per cell
Neutrino 2018 - Heidelberg

24 PMTs
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Phase-l results

66 days ON data Spectral shape ratios of cell N to cell 1
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New preliminary result

~Preliminary

* Phase-l + phase-ll
(66 + 47 days)

= Two measurements 4
L
treated as fully — |
. d d t Ngr — HAA95% C.L.
Independen < — - RAA99%C.L.
(detector maintenance *  RAA: Bestfit

sin?(20)=0.14, Am?=2.4 eV?

between the two phases.) 1 STEREO Phase 1 & II

| [ Exclusion: 90% C.L. V4
| [ Exclusion Sensitivity: 90% C.L.

| STEREO Phase | only
Exclusion Sensitivity: 90% C.L.

102 | | - "1[::'—1
sin®(20ce )

- Best fit value of the RAA rejected at 98% C.L.

Neutrino 2018 - Heidelberg Jacob Lamblin, LPSC Grenoble



Evolution of the Reactor Antineutrino Flux and Spectrum at Daya Bay
PRL118 (2017) 251801

F235
0.36 0.63 0.60 0.57 0.54 0.51
? A 'E' 6-05 q | | | | |
0.32 A A S~
) f & ?f* 2 6.00 $.
Fo2s i £ - A zf 2 50905t
0.24 i o i m\ 590 prmmmmm e N o -
© EHL A EH2 é 5.85 |k
0.20 o
2012 2013 2014 2015 T 5.80 F
Year — — Best fit - =+ Model (Rescaled) R
1.0 e 5, -e £, - 275 Fo L Average ¢ DayaBay
0.8 =@ - Fisg =@ Iy 0 5.70 : : I I I
0.24 0.26 0.28 030 0.32 0.34 0.36
.06 .-_---.---.'-""'."0--.---. Fa3g
0.4 A
-el-®-0-0-0-
02| ®TTT RAA cause  Ayx?/ndf p-value
0.0 §=-:-=-= === =9:==0=90==90
024 026 0.28 0.30 0.32 0.34 0.36
Fag 235 0.17/1 0.68
Observed correlation between
antineutrino flux and reactor 239P 10.0/1 0.00016
fuel composition with 2.2M
BD in Daya Bay near detectors  Ajlisotopes 7.9/1 0.0049
favors 23°U as cause of Reactor

20180628 BNL Seminar

Antineutrino Anomaly(RAA)



SH Reactor Rates Daya Bay Combined
ofo3s 6.69+0.14 6.35+0.09 6.17+0.17 6.29+0.08 2.50
ofo30 4.40+0.11 3.82+0.43 4.27+0.26 4.244+0.21 0.70

TABLE I. Comparison of the theoretical Saclay+Huber (SH)
values of the cross sections per fission o+ 235 and o 239 with
those obtained from the fit of the reactor rates, from the
Daya Bay data [5], and from the combined fit. The units
are 10~*% cm? /fission. £ FEEPHCEE ARy L LA AR ALY LA AR AR RARRE RN AR

Improved Determination of >
the 23°U and 23°Pu Reactor
Antineutrino Cross Sections
per Fission
arXiv:1704.02276, C.Giunti

4.5

3.5

Combined results of

Grozg [1 0 cm?/ fission]
4.0

measured flux -
at LEL & I_EU reaCtOrS ” 1 —— Reactor Rates
with Daya Bay results Q| Satyetuber o

54 56 58 60 62 64 66 68 70 7.2
Gro3s [1 0* cm?/ fission]
David E. Jaffe - BNL 20180628 BNL Seminar
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PRESPECK

The Precision Beactor
Oscillation and Spectrum
EXperiment




Phased Experimental Plan pnm

w Physws Goals |

* Reactor-model-independent search for neutrino oscillations into eV- |

| scale sterile states. ’

* Distortions in energy spectrum that vary with baseline l

* Precision measurement of the 23°U antineutrino spectrum with the best
energy resolutlon to date

\'Kn[tineutrino I PROSPECT at HFIR

Det?ctor Experimental Strategy:

* Sterile neutrino search, cover best
fit region at 40 in 1 year

* World-leading 23°U spectrum with
100k events/year

Challenges:

* Minimal overburden, cosmogenic
backgrounds

* Reactor-related backgrounds

|

20180628 BNL Seminar




L

gh Flux Isotope Reactor prespeck,

= * High Flux Isotope Reactor (HFIR)
N \[ at Oak Ridge National Lab
Y . 35\ HEU (>99% of . flux from
235 fission) compact-core

reactor, 42% uptime
« PROSPECT activity for past 3 yrs

N~——

-

/////////////////// L

« Backgrounds well characterized Za \\ /
. . Fuel Plates
¢ U n | q u e | O C atl O n fo r a S h O rt /: % (///W/////////////"////M///lI;‘IlIIHIHHl" -
baseline experiment
o i HFIR Core
115 75 8 ins %j"; %E Tl = Power Map 10 _
110 : B £ BT 22 oS 3 02 +4 g
- ol B CES L8 I £ 58 > 8
=105 ‘ D - | 7 08 %
L LT :
& L j| o
% 0.95/- ? L 0.6 2
= [ ] ©
ﬁ,n, 0.9+ i cqc)
z> 0.85 L 0.4
0.8— |
RS 1 (RN R j RRRR TR SRR R 1 R RN N R ST — 0.2
Abazajian etal. [ 10’ 10' 10° 10°
arxiv:1204.5379 Distance to Reactor (m) o

HFIR Baselines

David E. Jaffe - BNL 20180628 BNL Seminar



http://arxiv.org/abs/arXiv:1204.5379

Surface Neutrino Detection PRM

|
'Must be very close to research reactor

* Reactor-related backgrounds (gammas and thermal n)

|

|

|

'» Detector will have to operate at the surface (or close to it) ]
SO cosmic-ray backgrounds are problematic |

David E. Jaffe - BNL



Reactor Backgrounds PRESPECK,

| g TN 10° —— Middle of Detector
) X — TN

\\ —— Rear of Detector

-
|
:E:: =
|
I
N

N
o
S
S
o

7
\
\
o

||Iwi,
.|....|....|....|....|.. [

= 2 3 4 5 6 7 8 9 10
Energy (MeV)

OW Illllml Illllml [T

gamma; e . .
Rate Variation with Shielding

‘ (1) o - — Config. (1)
YW - % sl — Config. (2)
= Il i =10 = — Config. (3)
= e ag n — Config. (4)
; L 2 >

w4l 82

—
=)

Wh,ulw,lm\”_ I | l'
l: |||| ' |
0 1 2 3 4 5 6 7/

8
Energy (MeV)

Targeted shielding effectively reduced gamma backgrounds

David E. Jaffe - BNL
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Cosmogenic Backgrounds erespech,

0 = (a) — HFIR Near
> _H
2402L — HFIR Far
2 F -
310 - ;
© +F ’ _’jr'r‘F‘L'L'r'i
10 = J pr‘r_.A}..o#_;L-',_.J
5[ bt
10 = }-—Ij'—}}{ﬂ—ljﬁl
= —t—t—f—t—+—1
10°L-| Fast Neutron ,»Tr:rﬂ
= | Spectra ENEEEER
| p L i -—I -t — - -1 -
1 10 L-—g:_j‘._dl..l S N e
Representative 500 MeV

-+ <10MeV neutrons are effectively shielded

| * >100MeV neutrons create showers of
particles and many secondary neutrons

el

— - IBD-like backgrounds stem mainly from
F8.NS-1 at f . .
LFIR ast neutron interactions

YR — — —  — —— — — — — = —  — _
Sl & 'ﬁ& \ N

Suppress fast neutron background with shielding, detector

- segmentation and particle identification -




Surface Neutrino Detection an

‘Three-pronged effort to address |
| these backgrounds:

N\
N\

N\

ew detector design
ew liquid scintillator
ew shielding design

20180628 BNL Seminar
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MOTIVATION AND DETECTOR DESIGN PR PECK; 36

PROSPECT DETECTOR DESIGN WATER BRICK NEUTRON SHIELD

154 segments, 119cm x 15cm x 15¢cm

BORATED POLYETHELYNE

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

Thin (1.5mm) reflector panels held in place :28322222223222}

» ~25liters per segment, total mass: 4ton

oy 3D-printed support roc AT
: ‘° INNER DETECTOR ARRAY °‘
Segmentation enables: 100000000000000\
i . 100000000000000)

1. Calibration access throughout 1000000000660 0 0|
19000060600060600660))

volume

2. Position reconstruction (X, Y)

3. Eventtopology ID

4. Fiducialization

Double ended PMT readout for full (X,Y,Z)
position reconstruction

Optimized shielding to reduce
cosmogenic backgrounds

NEUTRINO 20 S S TTeT=10e yeing Langford - Yale University




IBD Detection with 6LILS PRRSPECTK,

y

\ B 0By L i Pulse-shape
0/«‘ A o € Dlscrlrplnatlon
. V1 #U%L%SH MeV (PSD) Signatures
\ Voo Inverse Beta Decay
N Q(n, °Li) = 4.78 MeV

P y-like prompt, n-like delay
\D ol Fast Neutron

r--g E_=0.5MeV
22MeV =~

. y \ L\ 2 L n-like prompten=like delay
k )’ o J Accidental Gammas
< \ 1 v-like prompis=p=like delay
v’ t,, =40 us > > e
S o 252Cf SOUrce | 4«
°Li-loaded Liquid ;3.3 """
Scintillator 0.25
Event Coincidence Signature: - e O
e-like prompt signal, followed by o
N: AT I I I I B B
a ~50us delayed neutron capture CT R ey Meves!

David E. Jaffe - BNL 20180628 BNL Seminar




6Li-loaded Liquid Scintillator ____ PRRSPECK,

i, LiLS Requirements:

- High light yield (>6000ph/MeV) for energy resolution
- Excellent pulse-shape discrimination (PSD)

- Non-toxic, high flashpoint

- Stable and affordable

'LiLS based on EJ-309 meets all requirements

- 8200ph/MeV, excellent PSD

- Safe to operate at a reactor BROOKHFAUEN

NATIONAL LABORATORY

PSD for Cf in LiEJ-309

10 ; ; ; ; ; | 0.7 500 (nf,Ll)-I|If<e delay in fI_|EJ-3“09
: | | | | - |3 EJ309 - | 1 1 1
| LiLs 0.6 Cf'252 1
: —_ - -
3 : f | () . - -
10 : : -lq—)‘ 0.5 .- R I
= .
B @ 0.4} - (n,Li) 9
S 107 oot Ty ® 2 S
8 g 0.3 o .4 [{10* 8
ol oy L R
e W 01 At
Co-60 :
10° 1 1 1 1 1 0.0 = 1 1 1 1 | 10° 0 i i i i e
0 100 200 300 400 500 600 700 00 02 04 06 08 1.0 1.2 0.40 0.45 050 055 0.60 0.65 0.70 0.75 0.80
Integral (pe)
Energy (MeV) Energy (MeV)

developed novel LiLS with excellent light yield, PSD, and neutron capture capabilities

David E. Jaffe - BNL 20180628 BNL Seminar




227Ac spike of 6LILS ~ PRRSPECK

note: not full U-235 decay chain

227AC 227Th 223Rﬂ- 219R11 2151:)0 211Pb

— —>

21.8 yrs ;8 18.68 days ¥ 11.43 days ¥ 3.96 s @ 1.78 ms @ 36.1 min

* a,a coincidence ?"?Rn—=2"Po—?""Ppb (RnPo) provides
localized, nearly mono-energetic deposits

e |f 227’ Ac uniformly dissolved in °LiLS, then relative RnPo rate
per cell gives the relative mass per cell: Essential for oscillation

measurement
« R&D at BNL determined no significant 22’ Ac adsorption on ol
detector materials ]['
BROOKHEAEN

+ ~0.8 Bq 2'Ac added to ~4500 L total 6LILS  wovat taomarony =




Novel Shielding Design PRRSPECTK,

BHOOKH"‘"EN N incident cosmic neutrons o
NATIONAL LABORATORY E neutrons through shielding cosmic primary
[ 1 T [ 1 N . energy scale
' E 10 —— muon-induced neutrons /
Water bricks TR thermal
‘ ‘ l { ! HDPE g - energy scale
i Aa/ © : /
—
_— % -
bl AN %  nucear”
P | eee] 2 g s
T / !
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Cr M
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leveusvessuanes || neutron energy [Me
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O.‘,k

| Optlmlze space, welght and total
background suppression

Main problem is ~100MeV neutrons

create majority of IBD-like backgrounds
(gamma-like prompt, neutron capture)

Neutron spallation on high-Z shielding
Increases backgrounds

[ [T [ ] 1 [T

Cut-outs for air planks Borated polyethylene {  } . Need neutron shielding inside lead shle/d/ng
(detector movement) (BPE) Inner Neutron |- I

Lavid k. Jaffe - Bl Shield 20180628 BNL Seminar




Possible Baselines

BROOKHFAUEN

NATIONAL LABORATORY

The detector is on a movable platform

Current position

Movement must respect existing walls and allow for standard
walkway access, maintaining detector orientation, but can allow

the electronics racks to be relocated.

David E. Jaffe - BNL 20180628 BNL Seminar




CONSTRUCTION &
INSTALLATION
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PERFORMANCE &
RESULTS



Energy reconstruction  PReSPECK,

e Gamma sources ("¥'Cs, °°Co)
deployed throughout detector,

measure single segment response = T
S50.06— A 1870 (a) Gamma Sources
 Fast-neutron tagged '°B s [ ]l + s
<004k 1 +*co
. 0.04 11
* High-energy beta spectrum N [ Best fit MC
calibration 0.02 i % jﬁ&’%_GOCO
* Full-detector Erec Within 1% of Eyue N e S eerererseur e .
0.5 1 1.5 5 55 3
High light collection: 795+15 PE/MeV 08 Erec [MeV]
; T 12
[,330'10_ é’ 06: (b) “B Spectrum
S : Data % TE
5 008 Energy Model g 0.4 +Jr
5 [ \¥Cs 45%at1MeV | © [ 4
S 0.06— 0.2}'L
% )
o i oL s
0.04—
0.02-
L PRELIMINARY
0.0y
E[MeV

RESOLUTION VS ENERGY uate - BnL 20180628 BNL Seminar



Relative Segment Energy Scale Factors

104/ 137Cs \E/::1 004 212Bi—212Po—208Pp 0555 PRELIMINARY —205
% R l B 055 %
T TRTRTT i TR
5 : = 7]
A w >
{ L.00] + | 4 1 000l ﬂ LRIy | JHH } i w S 0,54 02
- LENT I L T .
5 098 - l l 0.535] "
3 0.998 5 —
i 0.96 I “::' 053 D_etector

7| PRELIMINARY | | 000a PRELIMINARY I v

20 40 gggment?\loumberloo 120 Mar 31 Apr 30 o ZIOa‘IYSSO 0.5353/07 03/21 04/04 04/18 05/02.05/16  °
ate In

- Calibration Source Deployment:
» 35 calibration source tubes throughout detector to map energy response
e Segment to segment uniformity ~1%
. 25201‘ source to study neutron capture efficiency

- Intrinsic radioactive sources

 Track uniformity over time with distributed internal single-segment sources:

, 212 . 212 208 _
* Alpha lines from Bi—» Po— Pb decays, nLi capture peak

* Reconstructed energy stability over time < 1%

David E. Jaffe - BNL 20180628 BNL Seminar




Segment volume measurement

Survey during construction: < 1%
variation

Relative mass vital for oscillation
search

227 Ac added to LS prior to filling

Double alpha decay
(21P°Rn—215Po—211PDp), highly localized,
1.78ms half-lite, efficient selection
straightforward,

Rate (mHz)

Measured absolute z-position
resolution of < 5¢cm

Direct measurement of relative target
mass In each segment

David E. Jaffe - BNL

3.5

3.45
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3.35
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3.05

25F

Counts

10°¢

...“”’u
++¢+ '
1080 ++++ +‘|'+++++++
T B B B B
2 4 6 8 10 12
. dt Ims]
— 219RN—}215P0—}211PB
SRV ATE N EACH SEGMENT
= Tt ] l
FURLON R AN
3 T lle [ .:'-! H:’“I_ |
RIS i T
3 * 600 hr of data
— ettt 1 1.4% per cell
20 40 60 80 100 120 140

160
Segment
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Pulse shape discrimination performance PR{SPECT

5 10¢ SINGLE SEGMENT
5| PRELIMINARY
s F <
g S
10 £ ?_) 9
s V5 -
107°F % &J il_‘i
- fh C — 0
107 Hli| S kS %
il & g Y T oo
10“”“1_5911,111 | ‘M‘ H O IR L TR e "“PRELIMINAR
00 01 02 03 0.5 0 2 4 6
segment 36 n+°Li PSD [tall fractlon] Energy (MeV)

* Excellent particle ID of gamma interactions, neutron captures, and nuclear recoils

* Dominant backgrounds: Cosmogenic fast neutrons, reactor-related gamma rays,
reactor thermal neutrons

e Vast majority identified and rejected by PSD for Prompt and Delayed signals

- Tag IBDs with high efficiency and high purity

David E. Jaffe - BNL 20180628 BNL Seminar




First 24hours of detector operation

 March 5, 2018: Fully assembled

detector began operation 5
Reactor On
 Reactor On: 1254+30 correlated 4k Reactor Off
events between [.8, 7.2MeV]
54t P(n.y)d PRELIMINARY]
« Reactor Off: 614+20 correlated 5 12C(n,n)12C*
events (first off day March 16) % 5_ _|I
| O
* Clear peaks in background - =|;|l
from neutron interactions with J
H and °C
O_ I I I I
0 2 4 6 8 10

* Time to 50 detection at earth’s

Prompt Energy (MeV)
surface: < 4hrs

PROSPECT is measuring the
235U antineutrino spectrum

David E. Jaffe - BNL 20180628 BNL Seminar




First analysis data set (arXiv: 1806.02784)

e 33 days of Reactor On
e 28 days of Reactor Off
e Correlated S/B = 1.36
* Accidental S/B = 2.25

- 24,608 IBDs detected
* Average of ~750 IBDs/day

* |BD event selection defined
and frozen on 3 days of data

%‘ — { Correlated events _
215001_T{|**|i*{ t Accidental coincidences * **”****H i**H*H {
o - { { {
s Reactor OFF Reactor OFF
2 Loy
$ 1000
T = {
- ¢
500__ f*{* *’*{}** * {**}{{*ff’} **f’
e Maintenance period  © el T Trenees
O_ ...... [eeeesese | e ococcee pecee | ceee
03/05 03/22 04/08 04/25 05/12 05/30

Date (MM/DD)Y P


http://arxiv.org/abs/1806.02784

Neutrino Rate vs baseline  presPECK

’g L + —4 Data

- N - .._.+__ -- 1/r

(2 ~t,

c 0.8— T,

= '-..ﬂ__.

S r T e

N 0.6 _+._:{:'

o - T N B L N

7 7.5 8 8.5 9

Baseline (m)

* Bin events from 108 fiducial segments into 14 baseline bins
* 40% flux decrease from front of detector to back

- Observation of 1/r2 behavior throughout detector volume

David E. Jaffe - BNL 20180628 BNL Seminar




Neutrino Spectrum vs baseline

BASELINE-DEPENDENT o T L

OSCILLATION ILLUSTRATION e " |
|

R 0 I I OO UL f T 1A ot |
— Null Oscillation @Cos T1‘ | --+++~ #H S IEEASANK FH |
—6.7-7.1m 0.6 1 1 ]

— 7.1-7.5m 04l
02| $d

8.0-8.4m || 8.4-88m|| ‘ 8.8-92m |

Rate

0.06—

0.05F

0.04F

0.03F

0.02-

0.01F

7

Prompt Energy

Full detector spectrum
0]
N

Spectrum at baseline

T 5 4 5 6 71 3 3 4 5 6 91 3 5 4 5 6 7
Prompt Erec (MeV)

 Compare spectra from 6 baselines to measured full-detector spectrum

* Null-oscillation would yield a flat ratio for all baselines

Direct ratio search for oscillations, independent of reactor model

David E. Jaffe - BNL 20180628 BNL Seminar




Oscillation search results

PRTSPECY;

Feldman-Cousins based 10

confidence intervals for oscillation<
search

Az, [eV?]

Covariance matrices captures all
uncertainties and energy/baseline
correlations

Critical y* map generated from toy
MC using full covariance matrix

95% exclusion curve based on 33
days Reactor On operation

—— PROSPECT Exclusion, 95% CL

——— PROSPECT Sensitivity, 95% CL

*

el RAA BEST FIT

\\
~
\\
~

SBL + Gallium Anomaly (RAA), 95% CL \
| | | | | L1 1

107"

Direct test of the Reactor 102

Antineutrino Anomaly

107" | 1

Disfavors RAA best-fit point at >95% (2.30)

20180628 BNL Seminar
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Conclusion and outlook PRRSPECK,

» PROSPECT started taking data on March 6, 2018

» Detector performing well. Background rejection and energy resolution consistent
with expectation.

» Observed antineutrinos from HFIR with good signal/background.

» Observed an energy spectrum of antineutrinos at the Earth’s surface (1mwe
overburden) with 24 hours of data

: : . .. 235
» Working towards a high-statistics = U spectrum measurement
» Opportunity for detailed understanding of cosmogenic backgrounds

» First oscillation analysis on 33 days of reactor-on data disfavors the RAA best-fit
at 2.30 (arXiv: 1806.02784)

» Sterile neutrinos are increasingly disfavored as an explanation of reactor
anomalies based on the results of PROSPECT and other reactor neutrino
experiments.

David E. Jaffe - BNL 20180628 BNL Seminar



http://arxiv.org/abs/1806.02784
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PRECSPECY;

HEISING-SIMONS
FOUNDATION

NIIST erooxuruen ¥ OAK
NATIONAL LABORATORY RIDGE

ﬁ ﬁ,:.:," National Laboratory
ILLINOIS INSTITUTE V/ @WISCONSIN GIl Ur
I OF TECHNOLOGY W/ minesiine Yale

Publications:
arXiv:1309.7647,

NIM A806 (2016) 401,
JINST 10 (2015) P11004,

LLg Lawrence Livermore
National Laboratory

UNIVERSITY

Journal of Phys. G 43 (2016) I | http://prospect.yale.edu
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CONSTRUCTION AND INSTALLATION PRESPECT;

DETECTOR CONSTRUCTION

Mar Nov Feb
2017 | | | | | | | 2017 2018

ASSEMBLY

DRY COMMISSIONING

INSTALLATION

WET COMMISSIONING

» Inner detector assembly ~3weeks (1 layer/day)
» Dry commissioning at Yale Wright Lab to integrate DAQ and HV
» Ship to Oak Ridge National Lab on January 31, 2018

» Wet commissioning March, 2018 Thomas Langford - Yale University
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. 4ton lithium-loaded liquid scintillator
. (SLILS) antineutrino detector

- 11x14 optical segments

- 15x15x120cm3, ~25 liters each

.+ ldentify multiple particle
interactions, reject showers

-+ Double-ended PMT readout

- Access for calibration sources
between ceIIs
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LNOV6| Shielding Design PRYSPECY,

Outer Neutron S

Shield:

B e a

Optimize space, weight, and total
background suppression

A Y S

Main problem is ~100MeV neutrons

create majority of IBD-like backgrounds
(gamma-like prompt, neutron capture)

Neutron spallation on high-Z shielding

increases backgrounds 1
|

Borated polyethylene
(BPE) Inner Neutron
Shield

Cut-outs for air planks

(detector movement)

Need neutron shielding inside lead shielding |
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MOTIVATION AND DETECTOR DESIGN

LI LOADED LIQUID SCINTILLATOR
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NEUTRINO 2018 - Heidelberg
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PRTESPECN:;

Compact, segmented detector needs a
capture agent that is highly localized

» Minimize position dependent
efficiency variation

» Distance between prompt/delay to
reject accidental backgrounds

High light yield (8200ph/MeV) for energy
resolution

Particle ID through pulse-shape
discrimination (PSD)

Custom developed °LiLS based on
EJ-309, meets all requirements

Thomas Langford - Yale University


https://arxiv.org/abs/1805.09245

MOTIVATION AND DETECTOR DESIGN PRTESPECY; &

ACTIVE BACKGROUND SUPPRESSION
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segment x

» Optimized detector design for background ID and suppression
» Combine PSD, shower veto, event topology, and fiducialization

» Yields >10* active suppression of background

NEUTRINO 2018 - Heidelberg Thomas Langford - Yale University



Reactors: Tools for discovery PRYSPECT,

phata-muitipiers

\

light reflectors

£% ANNMHILATION NEUTRINO FROM REACTOR
GAMMA

GAMMAS FROM
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Fig. 1. Schematic diagram of neutrino detector
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Detecting Reactor Neutrinos an

Daya Bay ,4 Inverse Beta Decay: vep—e*n |

Overflow ‘ )

— " 1+ 0.1%Gd-Loaded Organic liquid |
scintillator (GdLS) surrounded by ‘|»
photomultiplier tubes

Automated ~=
Calibration :
LUnits

...' 4 Calibration

Innerﬁcwllf: _
/ 4 tubes l

Vesse|l -

* Neutrinos interact with free protons

Quter s .
Acrylic—— il
Vessel B

+ Ey = Tert Tn+(Mp-mp)+me = Te+1.8MeV

| i
Reflectors| ¥
Y

* Neutrino energy threshold of 1.8 MeV,
| producing signal of ~1MeV

" " F'hotcrmuhp[ers

Stainless > [
Steel Vessel ||

|- Capture resulting neutron as a tag of
IBD interaction (typically Gd)

|

|

'+ Time-correlated signals, separated by
t ~10s /JS
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Precision Reactor Neutrino Physics  PRR®SPECT,

Kilometer baseline 813 precision experiments: Daya Bay, Double Chooz, RENO

Bay site

| Daya

Am2L
P, — 7.) = 1 — sin®(20)sin? ( m >

1F,

survival probability

-~

e R .
y + Daya Bay cores

detect inverse beta decay:
anti-ve + p > et +n

reactor core

near detector far detector

Relative measurements reduce dependence on predictions of
reactor properties
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Neutrinos in the Standard Model pr SPﬁCT-

120 Kovarik & McKeehan, Phys.Rev 8 (1916) 574.
1 . - ) : . mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
mﬂ o P FlrSt Observed in | charge - 2/3 u 2/3 C 2/3 t 0 0 H
v | o F!\ //“\H 1914 by J.Chadwick e @ |- & |- @ || @I
0= .
E 80 5 — up charm top gluon gggg?]
E BU E.a- : .- | - =4 8 MeV/c? =95 MeV/c? =4 18 GeV/c? 0
(5 | :E? - | -1/3 -113 -1/3 0
% 40 1:::./ \ N 112 d 112 S 112 b 1 »
as )J ‘\\ \ down strange bottom photon
27 " L
0.511 MeVic? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
i . i H-“-"““-n 1 e -1 u -1 T 0
] 20 Al 60 80 00 a12|I1 20 160 12 2 12 1 z
H"? GAUSS X CM.X 10 electron muon tau Z boson
Ener'gy Of CIZCTPO n <2.2 eVic? <0.17 MeVic? <15.5 MeVi/c? 80.4 GeVic?
0 0 0
112 ve 112 v}l 112 .I)T

Pauli(1930): “I have hit upon a desperate electron T tau

neutrino neutrino neutrino

remedy to save...the law of conservation
of energy.”

20 July 1956, Volume 124, Number 3212 : l,CI ENCE

Detection of the Free

address the beta-decay "anomaly”
Neutrino: a Confirmation

| + Successfully detected ~40 years

later at the Savannah River Reactor |

C. L. Cowan, ]Jr., F. Reines, F. B. Harrison,

H. W. Kruse, A. D. McGuire |
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Neutrino Anomalies...

solar neutrino anomaly

fusion

PRTSPECT

David E. Jaffe - BNL

37Ar production rate (Atoms/day)
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... Lead to Discoveries PRRSPECK,

Super-Kamiokande 1998: solved atmospheric anomaly SNO 2001: solved solar anomaly
NEUTRINOS FROM SUPER- NEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNO)
COSMIC RADIATION KAMIOKANDE THE SUN ONTARIO, CANADA
KAMIOKA, JAPAN '

gf\:ghﬂ_{:w } / { PROTECTING ROCK |

A" MMOSPHF e / T PROTECTING Electm:-ne:tfir\tzs Both electron neutrinos 3

Q 1000 m ROCK :;Ta‘:r:or?e‘.:e inine alone'and all three types pf 2100m
~ — | nals i the haavy water taok.
B Muon-neutrinos vy
give signals in ’
— the water tank. —

t | suPer- \

KAMIOKANDE |

/ e \ ¢-—<

1 SNO
I . * 18m
MUON- ov
NEUTRINO 4&
water Cherenkov o CHERENKOY heavy-water Cherenkov AV -
v,—v: 0ScCillation through the earth sum of all v matched solar prediction

% The Nobel Prize in Physics 2002
Raymond Davis Jr., Masatoshi Koshiba, iFor The groatest b md

i i i i et “for the discovery of
III:{ICCB rdo Gla(?COﬂI . . 2015 NOBEL PRIZE IN PHYSICS . . y
for pioneering contributions to neutrino oscillations

S . Takaaki Kajit .
astrophysics, in particular for the ArthﬁraBa. Mcg;gald which shows that
detection of cosmic neutrinos’

neutrinos have mass’

— SN
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Neutrino Oscillations PROSPECK,

Neutrinos undergo oscillations between flavor and mass states, implying they are
massive (although very light) particles.

flavor states mass states

? Ve V1 @ Uel UeQ U63

‘ Uy, — 1% @ where U = U,/l UVQ Uyg

o Vr V3 $ UT 1 U7'2 UTS
production propagate PMNS mixing matrix
atmospheric/accelerator reactor solar
1 0 0 C13 0 8136_i5 C19 S10 0
U = 0 C23 593 0 1 0 —S12 C12 0
0 —S23 (€923 -513€ 10 0 C13 0 —0 1

where c;; = cos(0;;)
Sij = Sm(ﬁm)
0 = C'P phase
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Ex: Two Neutrino Oscillation PROSPECK,

Am?L
Po—pa#8 = Sin2(26’)5in2 ( i

where o, f = Ve, V), Uy
4F,

=
".’ ‘%o o ‘ ~ detector

source (E.) \‘y 0 \%y

>
Parameters 6 (mixing angle - amplitude) and Am2 (mass splitting - frequency) are
defined by nature. We can target specific Am2 measurements by designing our
experiments to have a certain L/E.

David E. Jaffe - BNL 20180628 BNL Seminar




Outline PRRSPECT,

N . e e Moda
e Reactor neutrinos and new anomalies

 PROSPECT: The Precision Reactor Oscillation and
Spectrum Experiment

e Current efforts

David E. Jaffe - BNL 20180628 BNL Seminar
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Cut-outs for air planks
(detector movement)
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AD assembly




AD assely




AD assembly




Reflectors and pinwheels
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Pulse Shape Discrimination an

Can take advantage of how different particles deposit energy in scintillator using
pulse-shape discrimination (PSD). Gives particle identification information.

309 energy+PSD cuts for prompt and delay signals

0
al ! ! ! ' ; 0.5
: : — gamma|]
— neutron| ] i
10t b N — 0.41 - gugm
o L
§ 102 | E ]
S &
a o 0.2} !
n
a L
103 F j
0.1—_;5
L
H
10 0.oli BT ' '
0 20 40 60 80 100 0.5 1.0 1.5 2.0
Time (4ns/pt Energy (MeV) .
(4ns/pt) 9y arXiv1309.7647

PROSPECT-2 (LILS)

particle classification: light particles = "“gamma-like”, heavy charged = “neutron-like”
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Baselines Probe Different Parameters PRRSPECT-

Gd-doped
liquid scintillator

RENO-50 detector

" OD PMTs Water

X< X<-2N
(On
(o,
LS (18kton ) O
§ 15000 20" PMTs

c 0.8
9o
)
s 0.6
| -
L
S 0.4
>
T 02 "

N U

00— 10 100

From: Vogel, Wen, Zhang Distance [km]
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ILL 235U Spectrum Measurement

I_{_‘ 1 1 1 1 T T T
30
counts
MeV h
2.0} ]
\\i; REACTOR ON
\ REACTOR OFF
\
1.0} \\ .
\
\I
o 1 2 3 4 5 & 7 8
Ee+ (MeV)

1981: Only published measurement of
33 spectrum at ILL reactor in France
with S/B ~ 1

+20% uncertainties, unable to constrain
reactor models

David E. Jaffe - BNL

|O T T T T T T I
COUNTS oo + Present results
MeV: h OT o s |LL, from e spectrum
° . «~ D et al, calculation
0.5k I o ° AG, calculation N
O S hpehg s
1 | 1 | | | i i
O 2 3 4 5 S 7 8
Es (MeV)
Woe Systematic [
COUNTS |—2F P
MeV h o 2 /
o) mmmm— " B Wy~ s, WO NS -5l . S—
b t Ave
»\ ==l T=4A%0
L \L |
A=1eV? sin?20=0.3
0.5r \A2=2.4ev2, sin°26=0.3 7
% i 2 3 4 5 6
Ee+(MeV)
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v counting rate dependence on distance from reactor core

Detector was split into 3 sections along z (~30cm each)

Each section has 3 positions - up, middle, down

Normalization (efficiency) for central section is a fit parameter
Differences in efficiency of central and 2 other sections are also
fit parameters

2100
2000
1900
1800
1700
1600
1500
1400
1300
‘ 20q

DANSS v?/n.d.f. = 6.64/6
Preliminary

Events per day

105 11 115 12 125 13 135
Distance to reactor core center, m

() I\II‘I\II‘II\I‘\I|\‘I\I\‘I\II‘\I\I‘\II\‘III\

Perfect agreement with 1/R? dependence 9

-}



Smearing due to reactor core size and energy resolution

sin?20 = 0.14, Am? = 2 eV?
|deal case

Reactor size

Reactor size+Energy resolution

—— DANSS

S O
Cco

-N\l
(@)

Ratio Donw/Up

o
~
I

0.72

0.7
0.68
0.66
0.64
0.62

L

o j_'—i:| o
"

2 3 4 5 6 7 8
Energy, MeV
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Competing Efforts

® CelLAND and SOX: Radioactive seurce-experiments: quick-ish

® |soDAR:Accelerator-produced beta decay source: longer timescale
0.16 Oscillation signal for A m? = 6.31 eV? and sin®(20) = 0.16

E 0:12: g1°0~

§ 0.1 1 g 80

g 0.08 g 60+

B 0064 g 407

§ 0.04 %- 20
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arXiv:1307.2949
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[ Reactor anomaly 95% CL

[ Global fit 30

—— IsoDAR @ KamLAND 3yr

——— PROSPECT 3yr
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SBL Reactor Context

® PROSPECT: designed to provide a precision measurement for
BOTH key physics goals

® Moveable segmented detectors give best mapping of oscillation space

® Design enables higher energy resolution other efforts

e PROSPECT has the experience, development, and infrastructure
in place for the world’s pre-eminent SBL reactor effort.

A (biased) overview of global efforts — Good : Not Good

US

EU

Russia

Asia

Effort Dopant
PROSPECT Li
NulLat Li/B
Nucifer Gd
STEREO Gd
SolLid Li
DANSS Gd
Neutrino4 Gd
NEO Li/Gd

David E. Jaffe - BNL

Good Good L Range
X-Res E-Res (meters)

Exposure,

Fuel MW*ton

able?

Move-

Running at
intended
reactor?




Chinese Physics C  Vol. 41, No. 1 (2017) 013002

Improved measurement of the reactor antineutrino flux and
spectrum at Daya Bay "

In this subsection, we express the measurement in
two model-independent ways: the IBD yield per nuclear
fission (o¢), and the IBD yield per GWy;, per day (Y).

o¢ for each AD is determined by solving the following
equation:

6
N, -
r=1 r

where N is the predicted number of fissions from the rth
reactor core, which is calculated based on W, (average
thermal power of rth core), f*° (average fission fraction
of rth core for each isotope) and E™° (mean energy re-
lease per fission for each isotope), integrated over the live
time of the detector:

W,
Ni— / ST (13)
iso=1Jr

L4, is the distance between the dth detector and the rth
reactor core. N7 is the total number of target protons
in the GdLS of each AD. The total detection efficiency,
el is different for each AD because of different effects
of muon veto and multiplicity cuts on each AD. P%" is
the survival probability given an AD-core pair, calcu-
lated using the best-fit value of sin®20,; from the rate-
only analysis described in the previous subsection. Due

to the relatively large size of 6,3, even at the near sites

David E. Jaffe - BNL

there are on average about 1.5% rate deficits, as shown
in Fig. 15. The values of o for all ADs, from Eq. (12),
are summarized in Table 9. Similar to the normalization
R, the uncertainty in o (summarized in Table 9 as 04y;)
is dominated by the correlated detection uncertainty op.

Theoretically, o; represents the IBD cross section
convolved with the reactor antineutrino spectra from all
fission isotopes, and integrated over energy:

0r=Y  fiso / S (Ey) o (EL)AE, . (14)

iso=1

Given a reactor model that predicts the antineutrino
spectrum Si,,(E,) for each of the four main fission
isotopes 23°U, 238U, #°Pu and ?*'Pu, and the fission
fractions f;s, determined by NPP operations and sim-
ulations, o; can be theoretically calculated and com-
pared with the model-independent measurement. The

[&d [ | 1 [ | TT 1 . N T 11

arxXiv:1704.01082

Evolution of the Reactor Antineutrino Flux and Spectrum at Daya Bay

The evolution of Daya Bay’s IBD yield pictured in Fig. 2
was also used to measure the individual IBD yields of 23°U
and 23°Pu. For each F,39 bin a in Fig. 2, the measured IBD
yield can be described as

of = Z Ffo,, (5)

where F;* are the effective fission fractions for each isotope,
and o; is the IBD yield from that isotope. Measurements from

20180628 BNL Seminar



Flux Deficit at Daya Bav PRESPECK,

104:— c T y T T T T T T T T
c 102 N G -f:’ Daya Bay, Chinese Physics C, 2017, 41(1): 13002-013002
o reactor [T |
W= § _
2 0.98 e 1.0 L e e v N
'U - (a8 SNV S S S I/ /(l/r ////////////////////////////////////
2 0.96 :_ . ; e ! t \\\\\\\ N N O R | * \\\\\\\\\\\\\\
o = Ling Ao = - l t I I
]® “YE () - —e— Previous data
wpd —
C 092 — F | —s— Daya Bay
- ar Hall 0.8
o 0o Daya Bay B —— World Average
= . i [£2] 1-0 Exp. Unc.
0.88 — oV 1-0 Flux Unc.
086__I 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 0.6 L ...I L L L L L ...I L L L L L ...I3
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
10 10° 10

Distance (m)

' /'-.
: /\/ A

Blind anaIyS|s of absolute flux agres W|th old prediction
Unlikely to be due to experimental bias
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Selection: Ee+>1MeV, En>3MeV, 2us<AT<«50us, no cosmic Veto,
e+ not in outer 4cm, no additional signals, periods with 100% reactor power,
middle detector position not yet used. Cuts not yet optimized

N[ Events found = - ——— Up: 5156+21/da
C A Ev © 350 P ~ Y
25000: ; \ v Random background = iy Down: 3672+ 22/ day
. AAA N 300K ¥ Monte Carlo
20000 fay < o50F- Accidental and cosmic
: “a,, STk background subtracted
15000 e =200 Reasonable agreement
i M, 150" with MC
BAMMMMAAMAAMMAMAMAAAAAAAMAAAAAAAAAAAAAAAAAAAAAL/ = -
10000 -
: « 1005 32 days Up
5000 5 : 21 day Down
i > 50
L £
51615 50 25750 35 40 45 50 T i e S e
2 4 6 8 10 12

us .

Time between prompt and delayed signals Measuredositron energy, MeV

- Accidental background is comparable to signal but subtracted exactly

- Only ~25% of accidental background is caused by reactor

- Half of accidental background is below Ee+<2MeV

- Cosmic background is estimated from events with g in detector and no

VETO signal and from reactor off data. It is only 2.5% in Up position.

‘ - About 5000 neutrino events/day is detected in fiducial volume of 78%



Data Analysis

For every AM? and Sin?(20) e* spectrum was calculated for Up and
Down detector positions taking into account reactor core size and
detector energy response including tails (obtained from cosmics
calibration and GEANT-4 MC simulation identical to data analysis)

Reactor burning profile was provided by NPP

Theoretical neutrino spectrum was taken from Huber and Mueller

Ratio of Down/Up spectra was calculated and compared with experiment
(independent on v spectrum, detector efficiency, and many other problems!)

in.
%10 ‘ <1 Ratio Down/Up
O (...l
s U S F Fit with constant:
< > o gosst x2=59 (NDF=30) X2=32
— e Prob.=0.003 Prob.=0.39
; 5 o.8) i
\ <’-_ ..... \ ...................... 0-75:_ ‘\“N‘ + + I Mos? pIGUSible
IS > . T g parameter set
1ol DANSS Preliminary - o k | is excluded
= 95 *CL | A large fraction of allowed 0-650 1+
~ Compil parameter region is excluded i 2 2 gin2 -
- fr.o:\),\ by preliminary DANSS results --- 0.6 AM?=2.3eV=, Sin*(26)=0.14
- using only ratio of e+ spectrum .. -
See fal 4t Gifferent L 0,550
102 S Th | | | | 10

-2 -1 2IIII3III\4IIII5IIII6I\II7
10 10 sin22(-)‘I Positron Energy, MeV



BG Rejection via Detector Design PRRSPECT,

I_'I

4; 1 O 1.20 0.94 0.86 0.83 0.78 0.79 0.72 0.76 0.82 0.89 1.00 1.18 g
) -
Neutron coincident events > g
S — before cuts - E
D ()
S 10 — (4), (5) .7
% — (6) 4
o 10° PSD
© - T e 2
E L
q>J 1025_ O =27 0. 0.72 1.34
o E
10 ) 'Background reduction steps:
Ly f e |+ Efficient PSD and neutron tagging |
1= \ « |dentification of multiple particle |
: F|du0|al|zat|on N y | nteractions

B — 1 6 8 10
prompt ionization [MeV]

|Active suppression of >3 orders of magnitude\
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PROSPECT Signal and Background PReSPECK,

S ] — Dbefore cuts
: , S 10°k —(1). (2. @)
* Signal (dashed)and background (solid) . — .6
prompt spectra are shown through g
selection cuts E

- S/B of about 3/1 is predicted

* Rate and shape of the residual IBD-like
background can be measured with high

precision during reactor off periods. ) oot toriation eI
S
___________________________ Cuts  IBD/day Cosmic/ . BD
PSD 2153 | 60300 . 3 o )
--------------------------------------------------------------------------------------------- 5 ackgroun
_________ Shower veto(1-3) 2016 18900 B ’
_____________ Topology(4-5) = 1881 = 7363 :
Fiducial(6) 939 294 i
Simulated eventrates (0.8 < E < 7.2 MeV) after applying
background rejection cuts b g

2 4 s 8 10
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Short Baseline Oscillation Search PRm

Sensitivity: 3 o CL = 10 : : : —— : | -
AD (1 yr), Multiple Positions E o :|:+=|-‘_I:““““‘:|_‘-|=+:|_‘ """"" iy
------------------------- AD (3 yr), Multiple Positions 32:%: ~|~ + + _|_ ‘N‘ +
| | SBL Anomaly (Kopp), 95% CL 094E- 1 + 4+ -|- + TL
L% | Allv,_Disappearance Exps (Kopp),95% CL g:; +‘|'+ -I_'|'+
[ % | SBL + Gallium Anomaly (RAA), 95% CL 0 88E N 2 .
Daya Bay Exclusion, 95% CL 0.86;_ ““““ v Mass Splitting: 1.78 eV~; Osc. Amplitude: 0.
(\1: [T T | T T T T T L T T g.zgz_--I----J-‘-‘""“'“.‘“.,,,,.,_l,_,l,)h.as,e,l,(l,Xr),,,,|,,,,|,,,,|,,,:
E 6.0 0510 5 20 25 30 35 WA
< 10 :_ e “ PR AN PP NP B APS AT A BN N SIS e
A et §* Segmented detector designed for  §
- oscillation search
* Each cell is a separate “detector”
IF * Oscillatory L/E between
! segments limits uncertainties
| from reactor
1071 : : :
: confirmation of sterile neutrinos
o e —f fe Probe best-fit region at >3 in |
107 107 . 1}
sin"20,, g year
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A Movable Detector

Sensitivity: 3 o CL
(1 yr), Multiple Positions
------------------------- (1 yr), Fixed Position
| | SBL Anomaly (Kopp), 95% CL
| * | All v, Disappearance Exps (Kopp), 95% CL
| % | SBL + Gallium Anomaly (RAA), 95% CL
Daya Bay Exclusion, 95% CL
S [T I I T T T
( NE‘_‘
<10¢ E
e E
o 5 :
EE | L EEEEE!

1072 107"

- 7m - 12 m baselines
|« Improves the sensitivity from <3o to

PRGSSPECN;
. HFI
o Core

+ AD is designed to translate to span

greater than 4o ',
Provides powerful systematics check |

—
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235 Spectrum Measurement an

N 4_ ~ 1.20
o )
= L 1.15F
T 3
L

£ 4 IBD 4 110
q) I
© R B k d 1.05
g ackgroun
-
© Zj 1.00
L

i 0.95

B-Conversion, Mueller, 1-o
0.90+—— p-Conversion, Huber, 1-c
1-+ ~—— Nuclear Calculation, Dwyer/Langford, 1-o
i 0.85-—F PROSPECT, Phase I, 1-0,,,,
m PROSPECT, Phase |, 1-0,,,
0.80 | | | | |
! At 2 3 4 5 6 7 8
b 2 4 8 8 10 Antineutrino Energy (MeV)

prompt ionization [MeV]
- ~900 inverse beta decays detected per day, 150k/year
- Best energy resolution of any reactor neutrino experiment (4.5% @ 1MeV)
- Phase-1 precision will surpass spectral model uncertainties
- Directly test reactor neutrino models
- Produce a benchmark spectrum for future reactor experiments
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Phased Detector Development
PROSPECT-O0.I -
Aug 2014

PRESPECNK:
SR 5cm e
~ O.lliter "
- LS cell
Spring 2015 -
PROSPECT-2 , Ll | 2.5cm
Dec 2014 QL |7 lter
Feb 2015 : Eesgma 1LS cell
- = I'm
PROSPECT-20 23 liter
March 2015 W LS cell
712
PROSPECT-50 T 2,25 lier
February 2016 2L | LS segments
PROiiECT ' 5425 liter
s ase
201 7%
1
*under assembly

LS segments

| 5x15x120cm
David E. Jaffe - BNL
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Full-scale Test Detector PRRSPECT

+ PROSPECT-20

+ 23L test cell of 6Li-loaded Liquid Scintillator

|+ I5x15x100cm? detector

* Measured Light collection: 530PE/MeV

-+ 4.5%@]I1MeV energy resolution

* Measured PSD Figure of Merit: | .4 at (n,Li) capture
* >99.9% background rejection

'+ Double-ended readout

| . . . . .o s . 0.00 L LCER L i : G
m ) uniform Ilghtigllectlt reconstruction 5 o A00 805 8051000
| i L wmogm a Number of Photoelectrons
Acrylic cell Internal reflectors 10
' 1 Co-60
: 1 Bi-207 |
1 Cf-252

_ Counts (A.U.)
o

‘ 194 cm

O | | | ] T
100 200 300 400 500 600 700 800
Number of Photoelectrons

PROSPECT-20 Paper arXiv:1508.06575
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PROSPECT-20 at HFIR PRRSPECK,

o |IBD-like Events
| = - — Reactor On
(]
(2}
c
3
&3 0.006
0.004}
0.002
0.000 ' ' ' '
2 4 6 8 10
Energy (MeV)

Operated for four months at HFIR
J*  Two HFIR cycles

Data
Simulation

. Shielding package roughly 25% mass of full shield gwé
- Reactor-related backgrounds mitigated N
| Targeted local shielding %10'25
» Active background rejection with LiLS &
- Validation of background simulations for full 104k
PROSPECT detector

"-200 -100 0 100 200
Time Separation (us)
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-
|

E

PROSPECT-50 Demonstrator

83"

David E. Jaffe - BNL

I

PRTSPECT

|PROSPECT-50:
- 50 liters of SLILS

{' Test platform of each subsystem

\

|
H
|

|
I

| - Thin-walled reflector panels |

| - PMT enclosures w

| - Filling system and procedure
! - Calibration system t*‘
3 - LED optical

|
+ Source capsules |

l
i | - Cell-to-cell variation }'

e ——
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PROSPECT-50 Installation




Cf-252 Neutron Data

10000 —1EJ-309 (No 6Li loading)

8000

6000 H

Counts

4000

2000 {

0 - | | | |
0 500 1000 1500 2000 2500

Energy (pe)

Source 30cm above, uniform
IHlumination

Fitted nH peak: 1615pe (2.0MeV)
Light Collection 807pe/MeV, same as Bi

Excellent PSD performance

Counts

PROSPECT-50

T pe—

H e T =
0.35 =4 o A P - .
- i . 'll' o
)

0.30

0.25 {2

e LT

0.20

PSD

0.15f

0.10

0.05

500 2000

S S
0 500 100
Energy (pe)

0.00

25000 I I I I I I I I

20000 —

15000 - —

10000 -

5000 |- -

0k | | | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.4¢

PSD Parameter




Low-mass optical separators pnm

Compatibility: BN e

e extensive material compatibility testing required to %” ‘ _ o 3
ensure long-term LS performance |

e focus on materials proven in recent experiments -
PTFE, acrylic, polypropylene, ...

e |ong-term mechanical stability verified

Separators:
* physics goals demand low inactive mass, high 5
reflectivity, and long-term compatibility o 6f10 R
® developed multi-layer system meeting all o T — PROSPECT AD
requirements 5 5 — bugey
e fabrication procedures for full-scale system under % -
validation £ 4 © wall study
o f
3
2mil [eflon Heat Bond o[
Reflector ~5mil
23mil  Carbon Fiber — -
Reflector ~5mil -
imm thick ™ Panel Composition (b e T .1.5|0.0. T |2|5|OIO

Photoelectrons

produced robust low-mass separators from LS-compatible materials
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PRTSPECT

Calibration

e T[he calibration sources are _—
transported through teflon guide  patn
tubes.

motor [ _—
system

 The calibration tubes are inside the
3-D printed rods.

 Almost every segment is adjacent
to a radioactive calibration source
and an optical calibration source. Radioactive source

transported by timing

i belt.
Corner

Rod

he pulse light source for optical
calibration
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Detector Construction

¢ The fabrication of PROSPECT AD-1 is ongoing.

“*Goal is to deploy AD-1 at HFIR in Winter 2017

 DF 2000 PE
Adhesive

Carbon Fiber
Teflon FEP
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