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PROSPECT Motivation: multiple experimental anomalies
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Anomalies in spectral shape at ~ 5-6 MeV 
Provide complementary measurement of pure 235U 

Possibility of sterile neutrino oscillation as an 
explanation of observed electron antineutrino deficits  

Safeguards - Passive Standoff Capability

Overall reactor neutrino flux deficit

Reactor spectrum spectral features and 
Reactor fuel evolution not as predicted

Provides a remote, non-intrusive reactor 
power and Pu production monitoring
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to the measurement. A clear discrepancy between the
data and the prediction near 5 MeV is observed, while
the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a χ2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 σ discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Fig. 22. (color online) The fractional size of
the diagonal elements of the covariance matrix,
Vii/N

pred
i , for each component in each prompt en-

ergy bin. Inset: the elements of the correlation
matrix, Vij/

√
ViiVjj for the total uncertainty.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in Ref. [65].
The compatibility was tested by evaluating

∆χ2 = χ2(standard)−χ2(N extra parameters) (29)

for N degrees of freedom. We obtained ∆χ2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. (28).

6.3 Quantification of the local deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23(b). The spectral discrepancy around
5 MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the χ2 contribution of
each energy bin,

χ̃i =
N obs

i −Npred
i

|N obs
i −Npred

i |

√∑

j

χ2
ij ,

χ2
ij = (N obs

i −Npred
i )(V −1)ij(N

obs
j −Npred

j ). (30)

By definition,
∑

i χ̃
2
i is equal to the value of χ2 defined in

Eq. 28. As shown in Fig. 23(c), an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the devia-
tion is evaluated based on the modified oscillation anal-
ysis similar to Eq. (29). Instead of allowing all the N
nuisance parameters to be free floating, only parameters
within a selected energy window are varied in the fit. The
difference between minimum χ2s before and after intro-
ducing these nuisance parameters within the selected en-
ergy window was used to evaluate the p-value of the local
variation from the predictions. The p-values with 1 MeV
sliding energy window are shown in Fig. 23(c). The local
significance for a discrepancy is greater than 4σ at the
highest point around 5 MeV. In addition, the local signif-
icance for the 2 MeV window between 4 and 6 MeV were
evaluated. We obtained a ∆χ2/N value of 37.4/8, which
corresponds to the p-value of 9.7×10−6(4.4σ). Compar-
ing with the ILL+Vogel model shows a similar level of
local discrepancy between 4 and 6 MeV.

Fig. 23. (color online) (a) Comparison of predicted
and measured prompt energy spectra. The pre-
diction is based on the Huber+Mueller model and
normalized to the number of measured events.
The error bars on the data points represent the
statistical uncertainty. The hatched and red filled
bands represent the square-root of diagonal ele-
ments of the covariance matrix (

√
(Vii)) for the

reactor related and the full systematic uncertain-
ties, respectively. (b) Ratio of the measured
prompt energy spectrum to the predicted spec-
trum (Huber+Mueller model). (c) The defined
χ2 distribution (χ̃i) of each bin (black solid curve)
and local p-values for 1 MeV energy windows (ma-
genta dashed curve). See Eq. 30 and relevant text
for the definitions.
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To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:

�exp

err
=

p
�2

err
��2

model

�exp

cor
=

p
�2

cor
��2

model
. (18)

�exp

err
and �exp

cor
now represent experimental uncertainties

only. We then build a covariance matrix V exp such that

V exp

ij
= Robs

i
·�exp

i,cor
·Robs

j
·�exp

j,cor
, (19)

where Robs

i
is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. Robs

i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio Rpast

g
by

minimizing the �2 function defined as:

�2(Rpast

g
)= (Rpast

g
�Ri) ·(V exp

ij
)�1(Rpast

g
�Rj), (20)

where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g
=0.942±0.009,

where the error is experimental only.
Since we now use the Huber+Mueller model as the

reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

Rpast

g
= 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB =0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g
=0.942±0.009(exp.). If we

include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.

Distance (m)
10 210 310

D
at

a 
/ P

re
di

ct
io

n

0.6

0.8

1.0

1.2

Previous data
Daya Bay
World Average 

 Exp. Unc.σ1-
 Flux Unc.σ1-

Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty is shown as a band around unity. The
measurements at the same baseline are combined
together for clarity. The Daya Bay measurement
is shown at the flux-weighted baseline (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino
Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m2

ee
|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄e)R(E⌫̄e ,Ep)dE⌫̄e (22)

where R(E⌫̄e ,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.

010201-23

Flux Deficit

Reactor Monitoring
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Experimental Goals and Strategy
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Antineutrino 
Detector

HFIR Core

1. Search for short-baseline sterile-neutrino  
oscillations independent of reactor models 

2. Measure antineutrino spectrum due to 235U 
3. Demonstrate near-field surface operation

Experimental Strategy: 
• Compact HEU reactor (HFIR at ORNL) 
• 6Li-doped liquid scintillator provides 

unique compact tag and light yield 
• Segmented detector localizes events and 

supports background rejection  
• Measure high-resolution spectra at 

range of baselines (currently 6.5-9m) 
• Search for characteristic relative spectral 

distortions within detector volume 
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• Shortest baselines at HFIR imply in-building operation  

- high time-dependent gamma rates (in some locations approaching 5 mrem/hr)  

- time and spatially varying thermal neutron fields   

- only facility overburden concrete roof (<1 mwe), atmospheric neutron interactions 
highly significant 

• Design for background rejection (Liquid Scintillator is key) 
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Electron-like event rate in detector

Penetrations through pool wall Unused beam tube

Local shield against pool wall

Ambient Backgrounds
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Design Overview
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Floor
Concrete Monolith

• Single 4,000 L 6Li-loaded liquid 
scintillator (3,000 L fiducial volume) 

• 11 x 14 (154) array of optically  
separated segments 

• Very low mass separators (1.5 mm thick) 
- Corner support rods allow for full in 

situ calibration access 

• Double ended PMT readout 
- High light collection 
- Full X,Y,Z event reconstruction 

• Optimized shielding to reduce 
cosmogenic and local backgrounds

TILTED ARRAY FOR 
CALIBRATION ACCESS

Low mass 
optical lattice

hydrogenous 
shielding

modest (1” Pb) 
gamma shield

local Pb 
shield wall
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Unique 6Li Loaded Liquid Scintillator
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⍺

t ~10μm

P
𝜈e

𝛽+

N
6Li

𝜈e + p → 𝛽+ + n

- capture time long compared to scattering physics, 
short compared to accidental rate.  

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

- Particle ID  through pulse-shape discrimination (PSD) 

- Long term stability, material compatibility, 
nonflammable

• Compact, segmented detector needs a 
capture signal that is highly localized, 
- Lithium-6 neutron capture daughter 

nuclei fit the bill! 

- Also gives even efficiency, and good 
prompt-delayed distance definition

• R&D program led to 0.07% 6LiLS loaded 
liquid scintillator, meets all requirements.

6Li loading via Reverse micelles: 
• Surfactants added to base liquid scintillator
• Dynamically stable
• relatively high loading possible > 0.1%
• minimal reduction in light yield
• minimal reduction of PSD performance

Event topology
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Event Coincidence Signature:  
e-like prompt signal, followed by a 
~40-50𝜇s delayed neutron capture

Neutron captured by Li-6

252Cf source

Inverse Beta Decay
𝛾-like prompt, n-like delay 

Fast Neutron  
n-like prompt, n-like delay 

Accidental Gammas
𝛾-like prompt, 𝛾-like delay 

Pulse-shape 
Discrimination 

(PSD) Signatures
Correlated

Neutron captured by Li-6

252Cf source Coincidence + PSD to reject 
backgrounds 

Unique IBD Signature
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Combine: 
- PSD 
- Shower veto 
- Event topology  
- Fiducialization

• A sequence of cuts leveraging spatial and timing 
characteristics of an IBD yields > 104 background 
suppression and signal to background of > 1:1.

IBD-like rate per segment n+H 

12C inelastic

• Rate and shape of residual IBD-like background can be 
measured during multiple interlaced reactor-off 
periods.
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Figure 3: Segment positions of cosmic background IBD-like prompt events, after topology
cuts and cell-end fiducialization.
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(a) New AD1 baseline simulation.
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(b) Updated simulation.

Figure 4: P2k total cosmic contributions to IBD-like background (with cuts sequence from pro-
posal).
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Figure 5: P2k signal to background projection after cuts.

4

(b) Previously shown in PROSPECT physics paper for

12 ⇥ 10 baseline.

Figure 4: IBD signal versus IBD-like cosmic background, after all cuts. Previously publicised
figure shown for comparison.

4

Simulation

Cosmogenic background
Simulation

neutrinos

• Detector design further optimized for background 
rejection

Background Rejection
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Liquid Scintillator Production
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•  Liquid scintillator developed for PROSPECT is composed of EJ-309 liquid scintillator, a nonionic 
surfactant and 6LiCl. Total loading 0.07% Li by mass  

• 2,5-diphenyloxazole (PPO) 

• 1,4-bis(2- methylstyryl) benzene (bis-MSB)  

• di-isopropylnaphthalene (DIN)-based scintillator (EJ-309)  

• Surfactant: ether-based glycol 

• 10 M 6LiCl  

• QA/QC performed on all raw EJ309 stock (absorbance between 200 and 1,000 nm) 

• Roughly 5,000 L produced in 90 L batches over 9 months 

 Mixing of raw materials  Final product 

Formation of 
thermodynamic micellular 

mico-emulsion
Addition of LiCl

90 L double wall 
reaction vessel 

Purification of raw 
materials (thin film 

vacuum distillation of by 
manufacturer)
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 59 batches were produced. The QA/
QC program compared several 
metrics to the performance of a well 
characterized prototype (P50) 
• Optical transparency (UV),  
• Light Yield (LY)  
• Pulse-Shape-Discrimination (PSD) 

Initial relative Light Yield

PSD FOM
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Overall, excellent consistency 
demonstrated, with observable 
improvements due to raw 
materials later in production

Variation in initial batches 
attributed to oxygen 
contamination of EJ309 base, 
manufacturing process 
improved 
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LiCl Preparation

Doped 0.07% by mass with 6Li 
Accomplished using surfactant and 10 M solution of lithium chloride. 

LiCl solution produced from ~95% enriched lithium carbonate 

Process involves drying, dissolution, filtration, and purification 

2HCl + Li2CO3  =  2LiCl + H2O + CO2↑ (gas evolution) 

Column-purified 
6LiCl solution 

Bio-Rad AG 1-X4, 100-200 
mesh anion 
exchange resin in chloride 
form

Membrane 
filter 
between 
chimney 
and base 

Glass filtration 
chimney 

Purification removes anionic 
complex FeCl4-  that cause 
yellowing, Uranium and 
daughters characterized,

Mass spectrometry measurements give the precise 6Li/7Li isotopic  
ratio and 6Li concentration in the final solution. 

UV-Vis used for additional QA/QC.   

Material shipped to BNL for addition to LS
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%
T
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Pre-column material 

Sigma Aldrich 8 M LiCl 

UV/Vis

Fraction through column
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General trends observed in analogous system 
(LiCl doped UltimaGold AB) 
PSD FOM falls (~7 %) upon initial loading  

37 % decrease in LY  at maximum stable loading 

Transmission dependent on aqueous fraction (micelle size) 
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Doping and Performance
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Gradually adding aqueous LiCl 
to the PROSPECT scintillant 
identifies turbid phase 
boundaries

• True Micro-emulsions are thermodynamically stable. 
• Uniformly distribute Li throughout the scintillator 
• However, challenging to visually separate micro emulsions and emulsions (which separate over time)

First clear phase (microemulsion): 
0.035 to 0.15% 6Li mass frac=on

Emulsions prone to phase 
separa0on. (ini0ally clear)

0.035 to 0.15% 6Li mass frac=on

• Boundaries of stable phases 
confirmed using centrifugation 

Micro-emulsion Stability
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• nanometer-scale reverse micelles 
scatter light strongly 

• Dynamic light scattering gives a 
measure of the size and 
polydispersity (size distribution) of 
reverse micelles in Li-loaded 
PROSPECT scintillant 

• PROSPECT LS is near the middle 
of the range. 

• Indicates well formed 
thermodynamically stable reverse-
micelles: long term stability

0.025 0.05 0.075 0.1 0.125 0.15 0.175

0.025 0.05 0.075 0.1 0.125 0.15 0.175

Micelle size (H.D.) vs lithium percent

Micelle size dispersion (P.I.) vs lithium percent

Micro-emulsion Stability
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Material Compatibility

Extensive material compatibility campaign carried out 
60+ materials tested for effect on loaded liquid scintillator.  

PLA tested for material properties after scintillator exposure 

• Samples carefully cleaned and sent to multiple insitutions  
• Soaked for up to several months in LS 
• Absorbance compared to reference samples via UV - Vis 

All materials in direct contact with liquid scintillator qualified at multiple institutions. 
Long term monitoring plan implemented at Le Moyne 
Operation of various prototypes (e.g. P50X) validate final materials choice. 

Printed PLA pinwheel in sample jar

Absorbance comparison for 
various materials in contact 
with LS after 41 days
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Oxygen Quenching
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LiLS after air bubbling (120 min) followed by nitrogen purge (60 min)

Notable oxygen quenching effects observed  
multiple time constants; short term effect partially recoverable 

• Samples sparged at 30 ml/min dry N2 for 30 min prior to QA/QA measurements   
• Final LS premixed in single volume and sparged with boil-off N2 prior to filling PROSPECT  
• Cover gas of boil-off N2 maintained throughout 
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Pulse Shape Discrimination
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• Excellent discrimination of gamma interactions, and nuclear recoils 
• Well separated 6Li-n capture peak 
• As dominant backgrounds are cosmogenic fast neutrons, reactor-related 

gamma rays, and reactor thermal neutrons:
- Vast majority identified and rejected by Pulse Shape Discrimination for 

Prompt and Delayed signals
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• 227Ac added to LS prior to filling 

• Double alpha decay 
(219Rn→215Po→211Pb), highly 
localized, easy to ID, 1.78ms lifetime 

• Measured absolute z-position 
resolution of < 5cm 

• Direct measurement of relative 
target mass in each segment 

PRELIMINARY

Segment 76

Uniformity in rates within segment

219Rn α 
215Po α

R
at

e 
(m

H
z)

Segment

600 hr of data   
1.4% per cell

PRELIMINARY

Uniformity in rates between segments

D. Berish - Temple University DNP - 10/26/2017

Why Ac-227?
•        coincidence in the decay chain:  
• Half-life of Po-215 is small - 1.78 ms -> low accidental rate 
• Decay of Po-215 is mono-energetic with quenched energy, ~0.85 

MeVee, distinct from neutron capture peak, 0.5 - 0.6 MeVee 
• Alpha mean free path is a few microns,  
   creating a highly localized signal  
   contained in a single cell 

• Use a low activity - 1.8 Bq in AD 
• Use alpha coincidence (RnPo’s)                                                                       
    to calculate the rate per cell

4

↵,↵ 219Rn !215 Po !211 Pb

�����\UV ������GD\V ������GD\V �����V �����PV �����PLQ

note: not full U-235 decay chain

Therefore we can

219Rn→215Po→211Pb

Relative target mass needed for 
oscillation search

Reverse Micelles: Unique Capabilities
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Conclusions
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• PROSPECT has demonstrated a high-performance Li doped liquid scintillator 
critical to on-surface background rejection. 

• Improvements in raw materials and purification methods have (and will continue 
to) led to higher performance. 

• Better understanding of micelle behavior will allow tuning of micelle size to 
improve performance. 

• Other applications for high light-yield PSD capable liquids 
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