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A tentative identification of the free
neutrino was made in an experiment
performed at Hanford (1) in 1953. In
that work the reaction

v- +p+__4 O++no (1)

was employed wherein the intense neu-

trino flux from fission-fragment decay
in a large reactor was incident on a de-
tector containing many target protons in
a hydrogenous liquid scintillator. The re-
action products were detected as a de-
layed pulse pair; the first pulse being due
to the slowing down and annihilation of
the positron and the second to capture
of the moderated neutron in cadmium
dissolved in the scintillator. To identify
the observed signal as neutrino-induced,
the energies of the two pulses, their time-
delay spectrum, the dependence of the
signal rate on reactor power, and its mag-
nitude as compared with the predicted
rate were used. The calculated effective-
ness of the shielding employed, together
with neutron measurements made with
emulsions external to the shield, seemed
to rule out reactor neutrons and gamma
radiation as the cause of the signal. Al-
though a high background was experi-
enced due to both the reactor and to
cosmic radiation, it was felt that an iden-
tification of the free neutrino had prob-
ably been made.

Design of the Experiment

To carry this work to a more definitive
conclusion, a second experiment was de-
signed (2), and the equipment was taken
to the Savannah River Plant of the U.S.
Atomic Energy Commission, where the
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on, electronic analyzing system in a trailer
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used to analyze and record the operation
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Fig. 1. A schematic view of one detection module and of the detection 
principle. 

of available photo-multipliers. The length choice has been 
imposed by the existing shielding castle. Every cell is in- 
strumented at each side by a photo-multiplier (Fig. 1). We 
have built 3 identical modules, one being installed at the 
15 m station, the other two being on top of each other at 
the 40 m station. Because of the chemical reactivity of the 
NE320, the only materials we allowed to be in contact with 
the liquid are 3 16L stainless steel and Teflon. The amount of 
inactive material has been reduced to the minimum, in order 
to minimize the overall background due to gammas and fast 
neutrons produced by cosmic ray interactions around or in 
the shielding [ 31. 

3.1. Tank and windows 

The body of the tank is a 122 x 62 x 85 cm3 box made of 
4 mm thick stainless steel walls stiffened by welded square 
tubes. Two 18 mm thick flat flanges receive the windows and 
the photo-multipliers mechanical support (Fig. 1). In order 
to minimize the possible chemical exchanges between the 
tank steel and the scintillator, the internal metal surface has 
been polished at the factory (granularity below 0.05 pm). 
Special care for cleaning has been taken at the end of ma- 
chining (passivation and ultra-pure water rinsing) [ 111. 

The two optical windows are each made of a 13 1 x 71 cm’, 
8 mm thick acrylic glass plate. Their protection against 
the strong pseudocumene chemical attack is obtained by a 
125 pm FEP Teflon sheet [ 121, glued at room temperature 
with an optical glue [ 131. Acrylic glass has been preferred 
to Pyrex glass for safety reason (no “sudden and complete” 
destruction), easiness of machining (bolt holes drilling), 
feasibility in our laboratory, very small natural radioactivity, 
despite a 12% loss of light caused by the Teflon interface 

Fig. 2. A detailed view of the gasket region. 

(absorption, and reflection due to its low refractive index 
1.344 for large incident angles). The windows are glued on 
the flat free surfaces of the 7x 14 PMs support matrix by 
adhesive tape. The optical contact of photo-multipliers is 
achieved using a silicone grease [ 141. 

As shown in Fig. 2, the liquid tightness is obtained by 
two symmetrical expanded Teflon joints on each side of the 
68 bolt holes [ 151. In this way, we minimized the flexion 
forces on the acrylic glass window which were a danger for 
a good and stable optical contact of the photo-multipliers 
close to the sides. A 20 g nitrogen pressure is maintained 
above the liquid, two 50 g valves insuring the security. We 
encountered no leak problems for three years of operation. 

3.2. Internal optical separation 

The PSD technique demands the optimization of the 
amount of detected light without too much timing degra- 
dation, then imposes the use of total light reflection: this 
implies a small gap of gas to maintain it. The 98 light 
collectors are immersed in the liquid; each of them is a 
85 x 8.3 x 8.3 cm3 tunnel manufactured in the following way. 

A sandwich, as shown in Fig. 3, is made of the super- 
position of the five following layers: two external 125 pm 
thick transparent FEP Teflon skins [ 121 with, inside, a 
150 pm stainless steel foil which is the hard core, covered 
by 15 pm of high reflectivity aluminum. A polyamid veil 
(“‘Rdle”, normally used for wedding dresses) is placed 
between Teflon and aluminum to avoid wet contacts which 
suppress total reflectivity. The two (larger) external Teflon 
foils are thermally sealed together, closing the layer of air 
needed for total reflection. For small light angles, the low 
refractive index of FEP Teflon is sufficient to establish the 
total reflection. The final shape of the light collectors is 
obtained by folding the sandwich on a specially adapted 
folding machine. They were tested in a pressurized water 
tank to eliminate possible leaks. 

Teflon “FEP” has been chosen for its excellent chemi- 
cal properties, good transparency in the scintillation light 
region 2 and very good aptitude for thermal sealing. More 

*The nominal transparency for a 125 pm film is 0.96; this is an important 
parameter since the effective transparency is this number raised to the power 
of twice the mean number of light reflections which is about 4. 

systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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FIG. 4 (color online). Regions in the jΔm2
eej − sin22θ13 plane

allowed at the 68.3%, 95.5%, and 99.7% confidence levels by the
near-far comparison of ν̄e rate and energy spectra. The best
estimates were sin2 2θ13 ¼ 0.084 ' 0.005 and jΔm2

eej ¼ ð2.42 '
0.11Þ × 10−3 eV2 (black point). The adjoining panels show the
dependence of Δχ2 on sin2 2θ13 (top) and jΔm2

eej (right). The
jΔm2

eej allowed region (shaded band, 68.3% C.L.) was consistent
with measurements of jΔm2

32j using muon disappearance by the
MINOS [10] and T2K [11] experiments, converted to jΔm2

eej
assuming the normal (solid) and inverted (dashed) mass
hierarchy.
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FIG. 5 (color online). Electron antineutrino survival probability
versus effective propagation distance Leff divided by the average
antineutrino energy hEνi. The data points represent the ratios of
the observed antineutrino spectra to the expectation assuming no
oscillation. The solid line represents the expectation using the
best estimates of sin2 2θ13 and jΔm2

eej. The error bars are
statistical only. hEνi was calculated for each bin using the
estimated detector response, and Leff was obtained by equating
the actual flux to an effective antineutrino flux using a single
baseline.
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performed at Hanford (1) in 1953. In
that work the reaction
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was employed wherein the intense neu-

trino flux from fission-fragment decay
in a large reactor was incident on a de-
tector containing many target protons in
a hydrogenous liquid scintillator. The re-
action products were detected as a de-
layed pulse pair; the first pulse being due
to the slowing down and annihilation of
the positron and the second to capture
of the moderated neutron in cadmium
dissolved in the scintillator. To identify
the observed signal as neutrino-induced,
the energies of the two pulses, their time-
delay spectrum, the dependence of the
signal rate on reactor power, and its mag-
nitude as compared with the predicted
rate were used. The calculated effective-
ness of the shielding employed, together
with neutron measurements made with
emulsions external to the shield, seemed
to rule out reactor neutrons and gamma
radiation as the cause of the signal. Al-
though a high background was experi-
enced due to both the reactor and to
cosmic radiation, it was felt that an iden-
tification of the free neutrino had prob-
ably been made.
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To carry this work to a more definitive
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FIG. 1: Left: Reactor ⌫e flux measurements in reactor experiments up to ⇠100m baseline. Existing measurements are shown
in black. The blue, red, and green bands indicate the distances at which new experiments at NBSR, HFIR, or ATR are
feasible. Figure adapted from [7]. Right: Comparison of the size and power of several reactors cores. For ATR, both the typical
operating power and the higher, licensed power are shown. Figures from M. Tobin.

The National Institute of Standards and Technology (NIST) [12] and Oak Ridge National Laboratory (ORNL) [13]
operate powerful, highly compact research reactors for neutron research. Idaho National Laboratory (INL) [14] is host
to the Advanced Test Reactor (ATR). All laboratories provide user support for external scientific users. The National
Bureau of Standard Reactor (NBSR) at NIST, the High Flux Isotope Reactor (HFIR) at ORNL, and ATR at INL
have identified potential sites for a compact ⌫e detector at distances between 4-13m, 7-13m, and 12-30m from the
reactor cores, respectively [18]. NBSR o↵ers the opportunity for a new ⌫e flux and spectra measurement at the closest
distance yet wile HFIR and ATR o↵er superb power for their compact core size. The higher power and ⌫e flux of ATR
and HFIR is balanced by the slightly closer distance of NIST. Assuming a 1⇥1⇥3m (height⇥width⇥length) detector
with 30% e�ciency at either one of these locations, a measurement with 1 year ⌫e lifetime would cover the majority
of the currently preferred parameter space of the reactor anomaly at 3� C.L. Figure 1 summarizes the accessible
baselines and illustrates the comparison of several reactor cores in terms of dimension, geometry, and thermal power.
Also included is the commercial power plant SONGS with a deployment site at 24m baseline [19]. While SONGS’
larger core dimension limits sensitivity to larger neutrino mass splittings, the high antineutrino flux and available
overburden make it useful for detector commissioning and characterization. In addition, measurement of the SONGS
antineutrino spectrum may help further constrain flux predictions uncertainties, especially when combined with a
similar measurement of an HEU core. Figure 2 shows the 3� discovery potential for the di↵erent sites and illustrates
the e↵ect of di↵erent signal to background conditions. A precision ⌫e experiment at very short baselines provides
significant discovery potential to the currently favored sterile neutrino oscillation parameters.

A precision reactor ⌫e experiment at very short baselines will require a novel detector and shielding design. Reactor
⌫e experiments typically utilize the inverse beta-decay reaction ⌫e + p ! e+ + n yielding a prompt signal followed by
a neutron capture tens of microseconds later. The delayed coincidence allows for a significant reduction in accidental
backgrounds from natural radioactivity and gammas following neutron capture. The major experimental challenge is
expected to come from the lack of overburden and the need to operate the detectors close to the reactor core. At a
few meters from the reactor core, the available overburden for the reduction of cosmogenic backgrounds is minimal.
Fast neutron backgrounds from cosmic rays, the reactor, and adjacent experiments will contribute significantly to
the ambient backgrounds near the reactor. In spite of these challenges, recent developments of antineutrino detectors
for non-proliferation and nuclear verification e↵orts have demonstrated the feasibility of ⌫e detection in such a situ-
ation. The development of a precision reactor ⌫e detector operating in this environment will o↵er a range of R&D
opportunities with applications in gamma and neutron shielding, neutron detection, and reactor monitoring.

A key element in the ⌫e detection is the proton-rich scintillator target. Metal-loaded scintillators based have been
the state of the art in reactor ⌫e experiments [20]. Recent developments of water-based scintillators [21] o↵er attractive
alternatives with di↵erent systematics and characteristics. Novel Li-doped scintillators [22] may be used to improve on
neutron detection e�ciency and minimize the gamma leakage. Choice and composition of the scintillator is important
for the timing of the delayed coincidence signal, the accidental background suppression, the energy response, and

REACTOR NEUTRINO PRODUCTION
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Recent measurements of the positron energy spectrum obtained from inverse beta decay interactions
of reactor electron antineutrinos show an excess in the 4 to 6 MeV region relative to current predictions.
First-principles calculations of fission and beta decay processes within a typical pressurized water reactor
core identify prominent fission daughter isotopes as a possible origin for this excess. These calculations
also predict percent-level substructures in the antineutrino spectrum due to Coulomb effects in beta decay.
Precise measurement of these substructures can elucidate the nuclear processes occurring within reactors.
These substructures can be a systematic issue for measurements utilizing the detailed spectral shape.

DOI: 10.1103/PhysRevLett.114.012502 PACS numbers: 28.41.-i, 14.60.Lm, 14.60.Pq, 23.40.-s

Determination of the mixing angle θ13 required a new
generation of reactor antineutrino experiments with unprec-
edented statistical precision [1–3]. The Daya Bay and
RENO experiments have each detected ∼106 reactor ν̄e
interactions [4,5]. Proper characterization of the ν̄e energy
spectrum emitted by nuclear reactors is important for
such measurements of neutrino properties. The standard
approach uses measured energy spectra of the β− from
beta decay to estimate the corresponding ν̄e emission. Here
we refer to this method as “β− conversion.” For a single
measured β− decay spectrum, the corresponding ν̄e spec-
trum can be predicted with high precision. In the 1980s,
foils of the fissile isotopes 235U, 239Pu, and 241Pu were
exposed to thermal neutrons from the ILL reactor, and
the cumulative β− spectra of the fission daughters were
measured [6–8]. More recently, a similar measurement was
made for 238U [9]. The fission of these four main parent
isotopes represent>99% of reactor νe emission. Given that
each measured β− spectrum is composed of thousands of
unique beta decays, the conversion must be done en masse.
This introduces uncertainties of a few percent in the
corresponding prediction of the cumulative νe spectra.
Detailed descriptions of such calculations can be found
in Refs. [10–12]. A recent study suggested that the
uncertainties in converting the β− spectrum to the νe
spectrum may have been underestimated due to shape
corrections for forbidden beta decays [13].
In this Letter, we discuss an alternative calculation of

the νe spectrum based on nuclear databases. This ab initio
approach relies on direct estimation of the νe spectrum from
the existing surveys of nuclear data. This method suffers
from rather large uncertainties in our knowledge of the
fission and decay of the >1000 isotopes predicted to be
present in a nuclear reactor core. Despite these uncertainties,
we find that an ab initio calculation involving no fine-tuning

predicts an excess of νe ’s with Eν̄ ¼ 5–7MeV relative to the
β− conversionmethod. Recent measurements of the positron
energy spectra from νe inverse beta decay (ν̄e þ p →
eþ þ n) show a similar ∼10% excess from 4 to 6 MeV,
consistent with the kinematic relationship Eν̄ ≃ Eeþþ
0.8MeV. We also observe substructures at the level of a
few percent in the calculated energy spectra, which are diffi-
cult to demonstrate from the β− conversion method. These
substructures are due to discontinuities introduced by the
Coulomb phase space correction in the νe spectrum of each
unique decay branch. Precise measurement of these substruc-
tures could provide a unique handle on the nuclear processes
occurringwithin a reactor. If not properly accounted for in the
model, these substructures can present a systematic problem
for measurements relying on the high-resolution features of
the reactor νe energy spectrum, for example [14,15].
Calculation of the νe spectrum.—The collective νe

emission from a reactor is due to >1000 daughter isotopes
with >6000 unique beta decays. The ab initio method of
calculating the νe spectrum follows that presented in
Refs. [13,16,17]. The total νe spectrum is the combination
of many individual beta decay spectra SijðEνÞ,

SðEν̄Þ ¼
Xn

i¼0

Ri

Xm

j¼0

fijSijðEν̄Þ: ð1Þ

The equilibrium decay rate of isotope i in the reactor core is
Ri. The isotope decays to a particular energy level j of the
daughter isotope with a branching fraction fij.
For the fission of a parent nucleus A

ZNp, the probability of
fragmenting to a particular daughter nucleus A0

Z0Nd is given
by the instantaneous yield. The majority of these fission
daughters are unstable, and will decay until reaching a stable
isotopic state. The cumulative yield Yc

pi is the probability
that a particular isotope A0

Z0Ni is produced via the decay chain

PRL 114, 012502 (2015) P HY S I CA L R EV I EW LE T T ER S
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INTRODUCTION

PREDICTING NEUTRINO FLUX/SPECTRA
Two main approaches: 

▸ Ab-initio 

▸ Calculate individual beta-decay spectra for 
1000s of isotopes from database info 

▸ Sum according to cumulative yields 

▸ Problem: databases have huge uncertainties 

▸ Beta-conversion 

▸ Measure cumulative beta spectra from fission 
parents 

▸ Use virtual beta-branches to convert into 
neutrino spectra 

▸ Problem: can virtual branches capture all 
relevant physics?

Electron
Neutrino

9

• Two main methods:!

• Ab Initio approach:!

• Calculate spectrum branch-by-branch  
using beta branch databases: 
endpoints, decay schemes!

• Problem: many rare beta branches with 
little information; infer these additions 

• Conversion approach!

• Measure beta spectra directly!

• Convert to νe using ‘virtual beta branches’!

• Problem: ‘Virtual’ spectra not well-defined:  
what forbiddenness, charge, etc. should they have? 

• Devised in 50’s, each method has lost  
and gained favor over the years

Predicting Si(E), Neutrinos Per Fission

Example: Fit virtual beta branches

King%and%Perkins,%Phys.%Rev.%113%(1958)
Carter,%et#al,%Phys.%Rev.%113%(1959) Schreckenbach,%et%al,% 

Phys%LeA%B160%(1985)
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INTRODUCTION

PREDICTING NEUTRINO FLUX/SPECTRA
▸ Early 1980s: Measurement of 235U 

spectrum at Institut Laue–Langevin (ILL)  

▸ Agrees with ab-initio calculations 

▸ <5000 neutrinos detected, 20% 
uncertainties 

▸ Mid 1980s: Beta-conversion 
measurements at ILL, reduce systematics 
improve uncertainties on predictions 

▸ 1990s: Bugey PWR spectrum agrees 
with Beta-conversion spectra 

▸ 1990-2000s: Measured fluxes agree 
with predictions

COUNTS
MeV h

t
J
" x+v

+ Present results
ILL, from e spectrum
D et al. , calculation
AG, calculation

0
I I

4 5
Ee+ (MeV)

T
I ~ M + V

I I

7 8

FIG. 12. Positron energy spectrum. The solid curve represents the expected positron spectrum based on the ILL
electron-spectrum measurement. The calculated spectra AG (Ref. 26) and D et al. (Ref. 22) are also shown. No errors
are indicated.

Experimental positron spectrum

The experimental positron energy spectrum
is obtained by subtracting the reactor-off spec-
trum from the reactor-on spectrum. This spec-
trum is shown in Table IV and Fig. 12 with sta-
tistical errors only. 'The signal-to-background
ratio is 1:1at 2 MeV and better above that energy.
In total, 4890+ 180 neutrino-induced events have
been detected with a counting rate of (1.58+ 0.06)
h ' (live time) for E,++ & 1 MeV.
The expected positron spectrum for no oscilla-

tion is also plotted in Fig. 12. This spectrum is
based on the on-l. ine electron spectrum experiment
of Ref. 23 as discussed above.
Systematic errors affecting the positron spec-

trum are summarized as follows: (1) the un-
certainty in the normalization of the intensity of
the antineutrino energy spectrum (6.5%%uo); (2) the un-
certainty in the detection efficiency (8'%%uo); (3)
the uncertainty in the inverse-P-decay cross
section (neutron lifetime) (1.2%); (4) the uncer-
tainty in the energy release per fission (l%%uo);

(5) the instability of the reactor power (less than
1%); (6) all other uncertainties (less than 2%%uo).

Thus, there is a resulting ll'%%uo total systematic
error which is essentially energy independent.
In addition, a possible distortion of the spectrum
associated with a 2% energy calibration uncer-
tainty must be taken into account.

Results and discussions

The ratio of the experimental to expected integral
positron yield for E,,&1 MeV was found to be

= 0.955 a 0.035(statistical)fY. (E.+)dE:'
sb OSC 8 8

+ 0.11 (systematic) .

Yex
COUNTS

no osc

1.0

0.5—

—I I'

I Ave
«Q2 0

6 =leV, sin 28=0.5
=2.4eV, sin'28=0. 5

I I I I I

0 I 2 5 4 5 6
Ee+ MeVj

FIG. 13. The ratio of the experimental to the theoreti-
cal positron yield. The errors shown with data points
are statistical errors only. The systematic errors are
given by the dotted banal as explained in the text. For
each set of 4 and sin 28 the normalization and gain
were varied, within their uncertainties, to find the low-
est values of y . Three curves corresponding to the indi-
cated sets of parameters are shown.

B. Achkm et al. /Physics Letters B 374 (1996) 243-248 241 

Fig. 3. The ratios data/model for the three different reactor spec- 
trum models. Model 1 uses the calculated spectra of Klapdor and 
Metzinger [ 111. Model 2 is based on the work of Tengblad et al. 
[9] which includes Isolde measurements. The model 3 is made 
from the ILL beta spectra measurements of Schreckenbach et al. 
I lo]. The dotted lines are the quadratic sum of the quoted errors 
of the models and the effect of deformation when the energy scale 
is modified by one standard deviation (0.8%). 

thors of the three models. 2 
Discussion. 
One can see the excellent agreement between our 

data and the model 3 expectation while differences 
appear for model 1 and model 2. Fitting the ratio with 
model 3 by a constant gives the value 0.99 (,y2 of 
9.23/11), in perfect agreement as well in absolute 
normalization for the neutrino flux (normalization and 
related errors are discussed in detail in Ref. [ 31) . The 
apparent “oscillatory” shape of the ratios with model 
1 or 2 is already present in earlier direct comparisons 
with the beta spectra of ILL [7,8] and reflect only 
their differences. 

An error on the energy calibration constant (energy 
scale) would result in a distortion of the ratio spec- 
trum, mainly in the high energy bins. For instance, 
a modification by 1% of this calibration constant in- 

* Notice that in Ref. [7], model 3, errors are 90% C.L, we use 
in this letter errors for 68.3% CL. Furthermore, a 1.9% quoted 
normalization error has been unfolded. Some small residual bin- 
to-bin errors coming from the extraction of the neutrino spectrum 
from a beta decay spectrum, quoted in our previous publication, 
are neglected here. 

Fig. 4. (a) Ratio of the data spectrum by the Monte Carlo predicted 
positron spectrum using the reactor spectrum model 3; the dashed 
line is the fit of a constant which gives a ,y2 of 9.2 for 11 d.o.f. (b) 
The same plot with the energy scale modified by 0.4% (l/2 of 
our energy scale systematic error) ; the agreement with a constant 
is very good, the x2 being 4.3/l 1. 

duces a fall (or a rise) in the 6 MeV positron energy 
region of about 10%. This is clearly illustrated in the 
lower part of Fig. 4 where we have modified the energy 
scale by 0.4%, which is half the systematical error we 
claim for the absolute energy scale constant. One can 
see that the ratio (data/model 3) becomes remarkably 
flat, with a x2 of 4.3/ 11. Of course the slight negative 
slope seen in the upper part of Fig. 4 can be explained 
also by a difference between the model and the real- 
ity. Nevertheless, the result of this correction is worth 
mentioning. 

5. Conclusion 

The high statistics Bugey 3 oscillation search ex- 
periment shows an excellent agreement between the 
measured reactor neutrino spectrum and the model 3 
based on the ILL measured beta spectra of neutron ac- 
tivated fissile elements. Our results allow us to state 
that both the absolute flux 3 and the shape of a PWR 

3 A more precise flux determination has been performed at Bugey 
1131 with an integral detector made of water and proportional 
3He tubes; their measured rate is also in very good agreement 
with model 3 

• Early 80s: ILL νe data fits  
newest ab initio spectra well!

!

• 1980s: New reactor beta  
spectra: measurements — 
conversion now provides 
lower systematics!

!

• 1990s: Bugey measurements fit 
 converted spectrum well!

!

• 1980s-2000s: Predicted,  
measured fluxes agree

Davis, Vogel, et al., PRC 24 (1979)!
Kown, et al., PRD 24 (1981)

Schreckenbach, et al., Phys Lett B160 (1985)!
Schreckenbach, et al., Phys Lett B218 (1989)!

B. Achkar, et al., Phys Lett B374 (1996)!

ILL

Bugey 3

Distance to reactor (m)

1.0

N
ex
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N
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s

N
ex
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N
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s

Adapted%From 
PRD%83%(2011)
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ILL 1981

BUGEY 3

FLUX COMPARISON
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INTRODUCTION

RECENT EVENTS: PROBLEMS EMERGE 

▸ 2011: Two beta-conversion 
reanalyses increase predicted flux 

▸ One pure conversion, one hybrid 
between ab-initio and conversion 

▸ 3𝜎 tension with previous 
experiments 

▸ Change in Flux/Spectrum: 

▸ Conversion: +3% 

▸ Neutron lifetime: +1% 

▸ Non-equilibrium isotopes: +1% 

▸ Could be bias from non-blind 
analyses?

ILL inversion

simple Β"shape

our result
1101.2663

2 3 4 5 6 7 8
"0.05

0.00

0.05

0.10

0.15

EΝ !MeV"

#Φ
"
Φ

IL
L
$%
Φ

IL
L

FIG. 5. (Color online) Comparison of our result for 235U with previous inversions, labeled ILL for the results from Ref. [7]
and labeled 1101.2663 for the results from Ref. [6]. The thin error bars show the theory errors from the e↵ective nuclear charge
Z̄ and weak magnetism. The thick error bars are the statistical errors, whereas the light gray boxes show the error from the
applied bias correction. The green line, referred to as simple, shows the result, if we use the same description of �-decay as in
Ref. [6]. The black line, referred to as ILL inversion, shows our result if we completely follow the procedure outlined in Ref. [7],
including their e↵ective nuclear charge.

polynomial [6, 49]:

�⌫(E⌫) = exp

 
6X

i

↵iE
i�1
⌫

!
. (22)

In performing the fit we follow the description given in Refs. [6, 49] but we do not include contributions from the
error on Z̄ and WM since they are correlated between isotopes and do not change the fit appreciably. The resulting
best fit parameters and the minimum �2 values are given in table III.

Isotope �2
min ↵1 ↵2 ↵3 ↵4 ↵5 ↵6

235U 49.3 4.367 �4.577 2.100 �5.294⇥ 10-1 6.186⇥ 10-2 �2.777⇥ 10-3

239Pu 20.8 4.757 �5.392 2.563 �6.596⇥ 10-1 7.820⇥ 10-2 �3.536⇥ 10-3

241Pu 15. 2.990 �2.882 1.278 �3.343⇥ 10-1 3.905⇥ 10-2 �1.754⇥ 10-3

TABLE III. Result of a fit of a 5th order polynomial to the logarithm of the flux. The number of degrees of freedom is 25� 6.

Obviously, the fit for 235U is quite bad, with a �2/dof of more than 2. Also, for all 3 isotopes the fit parameters
are highly correlated and we therefore do not provide any fit errors or correlation matrices, since it seems doubtful
whether these could be used to model the errors in the underlying neutrino fluxes. This parametrization should not
be used for actual data analysis or error propagation12. Instead, we recommend to rebin our results by using linear
interpolation and integrating the resulting fluxes over the new bins. In the same fashion the errors can be rebinned
and we provide results for 250 keV and 50 keV bins in machine readable format [50].

V. DISCUSSION

The �-spectra from Refs. [7–9] have been previously inverted into neutrino spectra and we, therefore, will start by
comparing our result with previous results [6–9]. In figure 5 we show our result (thick blue/black line) relative to the
results presented in Ref. [7], which is denoted as �ILL. We clearly observe that our results point to a significantly

12 Nonetheless, this parametrization can be safely used to extrapolate our results to higher energies, since there, the errors of the actual
fluxes are su�ciently large to render the inaccuracies of this parametrization harmless.

12

Energy (MeV)

(𝜙
-𝜙

IL
L)/

𝜙 I
LL

Here, W!1 is the inverted covariance matrix. The vector ~R
contains the reported ratios from all 23 experiments
(tabulated in Table I). The absolute normalization ratio r
is treated as a free parameter. The vector ~P sur contains the
predicted average survival probabilities given a value

of sin 22!13. The values of ~P sur using sin 22!13 ¼ 0:089
are tabulated in Table I. The last term in Eq. (4) represents
the constraints on sin 22!13 from the latest Daya Bay
results [11].

III. RESULTS

In the following three figures, we show the results of all
23 measurements and the deduced ratios after minimizing
the "2 defined in Eq. (4). The global average is determined
to be 0:959# 0:009. In Fig. 2, the results are shown in an
analogous way as in Ref. [1], i.e., as a function of the
distance from the corresponding reactor core. We combine
results at the same baseline together for clarity. The cor-
responding "2=dof ¼ 23:8=22. We stress that our error
bars do not include the reactor flux uncertainty (2.7%),
hence they appear smaller than those in Ref. [1].

The new global average is somewhat larger than the
0.943 value of Ref. [1] quoted earlier, weakening the
significance of the reactor antineutrino anomaly. There
are two reasons for this difference. First, we include
more recent and more distant experiments, of which Palo
Verde and Chooz have larger rates. Second, we change the
correlated uncertainty between SRP-I and SRP-II from
3.7% to 2.7% (the reactor flux uncertainty only), since
the original 3.7% assumes almost full correlation between
SRP-I and SRP-II, which cannot explain the apparent
differences between the two ratios (0.952 vs 1.018).
With fixed total experimental uncertainties, this change

effectively increases the significance of SRP experiments
and leads to about 1% larger world average.
In addition, our results are larger than those reported in

Refs. [17,18], which also include the kilometer experi-
ments with known !13. The result reported in Ref. [17]
included the gallium neutrino data [19– 25], which was not
included in our reactor antineutrino analysis. They also
did an analysis by including a RENO preliminary result
from the absolute flux analysis. However, such analysis of
the RENO experiment has not been, to our knowledge,
released and is not finished as yet [26]. In Ref. [18], the
measured experimental fluxes are normalized to the pre-
dicted flux of Huber [27] with a new neutron lifetime
881.5s (2011 update of PDG [13]). The change in reactor
flux model and the neutron lifetime leads to an average
1.6% lower ratios than what we used in this work
(tabulated in Table I). The rest of the differences come
from the treatment in the correlated uncertainty of SRP
experiments and the uncertainty of the reactor flux predic-
tion (2% used in Ref. [18] vs 2.7% used in this work).
One of the main purposes of this work is to illustrate the

impact of kilometer experiments to the results of Mention
et al. [1]. Therefore, we have adapted the same neutron
lifetime (885.7s) as in Mention et al. [1]. The current
recommended neutron lifetime from the 2012 Particle
Data Group [13] is 880.1s. Using the latest neutron lifetime
would lead to about 0.63% reduction in the average ratio.
Figure 3 shows results from all 23 experiments again

arranged by the detector technology. Five different
technologies were used in the 23 experiments to record
the !#e capture on protons. In the ILL [28] and Goesgen
experiments [29] the liquid scintillator targets cells were
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Distance

FIG. 2 (color online). The reactor !#e capture rate as a function
of the distance from the reactor, normalized to the theoretical
flux of Ref. [2]. The horizontal bar represents the global average
and its 1$ error bar. The 2.7% reactor flux uncertainty is shown
as a band around unity. We combine results at the same baseline
(e.g., Chooz, Double Chooz n-H, and n-Gd results) together for
clarity.
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FIG. 1 (color online). The covariance matrix of the reduced
experimental uncertainties. The number of experiments can be
found in Table I. The off-diagonal terms show the correlation
among different experiments.
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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.
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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

Thomas Langford - Yale University

▸ Daya Bay’s blinded analysis 
measures a flux consistent with old 
world-average   

▸ Not a bias effect 

▸ 1eV sterile neutrino hypothesized  

▸ New reactor data needed to 
directly address the RAA 

▸ Very short-baseline (<10m) 

▸ Compact research reactor to 
prevent washing out oscillation
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1.3. Anomalies in source and accelerator experiments

Anomalous results have also been obtained in other neutrino experiments. Both the SAGE
and GALLEX radiochemical gallium experiments have observed neutrino flux deficits with
high-activity ne calibration sources [38–41].

Additional anomalies have become apparent in accelerator-based neutrino experiments.
The liquid scintillator neutrino detector (LSND) experiment at Los Alamos National
Laboratory was designed to search for neutrino oscillations in the n lm ne channel. It mea-
sured an excess of events at low energy consistent with an oscillation mass splitting of
D ~m2∣ ∣ 1eV2 [42]. The Mini Booster Neutrino Experiment (MiniBooNE) at Fermilab
National Accelerator Laboratory was conceived to test this so-called ‘LSND anomaly’ in the
same L/E region [43]. In both the n lm ne and n nlm e appearance channels, it observed an
excess of events. There is some disagreement regarding the compatibility of MiniBooNE ne

appearance data in models involving 3 active neutrinos and 1 sterile state (3+ 1 model) [44]
but the allowed regions for neutrino oscillations partially overlap with the allowed regions
from LSND.

1.4. Global Fits

Attempts have been made to fully incorporate the observed anomalies into frameworks with
one or more additional sterile neutrino states. Combining the short-baseline reactor anomaly
data with the gallium measurements under the assumption of one additional sterile neutrino
state allows one to determine the allowed regions (Dm14

2 , qsin 22
14) in the global parameter

space. Two recent efforts obtain slightly different allowed regions and global best-fit points
[3, 5]. The disagreement can be attributed to the differences in handling uncertainties and the
choice of spectral information included in the analyses. Inclusion of all ne and ne dis-
appearance measurements further constrains the parameter space [5]. Figure 4 illustrates the
allowed regions obtained from different combinations of anomalous experimental results.

Because of the tensions between some appearance and disappearance results, difficulties
arise in developing a consistent picture of oscillations in the 3+ 1 framework [44] involving

Figure 4. Allowed regions in 3+ 1 framework for several combinations of ne and ne

disappearance experiments. Contours obtained from [3, 5, 44].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 113001 Topical Review
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�9

‣ All three 𝜽13 experiments have observed a spectral deviation between 
4-6MeV prompt energy (5-7MeV neutrino energy) 

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

‣ Tracks with reactor power, observed in both Near and Far detectors 
‣ Cannot be explained by known detector effects
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3.2. Measured θ13 with neutron captures on H  

RENO has also measured the value of θ13 from the 
IBD events that are associated with a delayed signal of 
a neutron capture on hydrogen (n-H). This is possible 
due to reasonably low accidental backgrounds as a 
result of successful radioactivity-reduction in the LS 
and PMT. 

 The first measurement of θ13 using a ~400 day n-H 
data sample was reported in the Neutrino 2014 
conference as sin2(2θ13) = 0.095 ± 0.015(stat.) ± 
0.025(syst.) [12]. An improved result is presented in 
this workshop as sin2(2θ13) = 0.103 ± 0.014(stat.) ± 
0.014(syst.). The significantly reduced systematic error 
comes from complete removal of multiple neutron 
backgrounds and more precise estimation of accidental 
backgrounds. 

We have been continuing efforts to reduce the 
systematic errors in this measurement. A more precise 
measurement of θ13 is soon expected to be comparable 
to the result with a delayed signal of neutron capture 
on Gd. Combining those results of two independent 
measurements, we may obtain quite accurate values of 
the mixing angle θ13 and the squared mass difference 
∆mee

2. 

4. 5 MeV excess in the reactor neutrino spectrum 

The RENO near and far detectors have neutrino 
flight distances of ~300m to ~1.5 km depending on 
reactors, and can determine the squared mass 
difference |∆mee

2| based on the survival probability of 
electron antineutrinos. The total background rate is 
estimated to be 17.96±1.00 (near) or 4.61±0.31 (far) 
events per day in the 800 day sample. The expected 
rate and spectrum of reactor antineutrinos are 
calculated for duration of physics data-taking, taking 

into account the varying thermal powers and fission 
fractions of each reactor.  

RENO has obtained an unprecedentedly accurate 
measurement of the reactor neutrino flux and spectrum. 
Fig. 4 shows the observed spectra of IBD prompt 
signals for the near and far detectors after subtracting 
backgrounds, compared to the MC expectations from 
the best fit parameters to neutrino oscillation. A clear 
spectral difference from the current reactor neutrino 
models [14, 15], is observed at 5 MeV with excess 
magnitudes, 2.2±0.1(stat.)±0.4(syst.)% of the total 
observed reactor neutrino flux in the near detector or 
1.8±0.3(stat.)±0.6(syst.)% in the far detector. The 
systematic error was estimated by uncertainties of 
energy scale, normalization, isotope fraction, MC 
modeling, and oscillation parameters. Including the 
expected spectral shape error of 0.5% from the reactor 
models, the significance of the shape difference is 
more than 3.5σ. We observe for the first time that the 

Table 1 

Summary of measured values of θ13 by the RENO experiment 

Measured values of sin2(2θ13) Data sample 
(Aug. 2011~  ) 

Refs.  
(year) 

0.113±0.013(stat.)±0.019(syst.) ~220 days PRL 108 

 ( ~ Mar. 2012) (2012) [5] 

0.100±0.010(stat.)±0.015(syst.) ~400 days NuTel 

 ( ~ Oct. 2012) (2013) [10] 

0.100±0.010(stat.)±0.012(syst.) ~400 days TAUP 

 ( ~ Oct. 2012) (2013) [11] 

0.101±0.008(stat.)±0.010(syst.) ~800 days Neutrino 

 ( ~ Dec. 2013) (2014) [12]  

 
Fig. 5.  Correlation between the 5 MeV excess daily rate and the 
expected IBD daily rate with oscillations in the near detector. This 
indicates the excess is strongly proportional to the thermal power. 

  
Fig. 4.  Comparison of observed and expected IBD prompt energy 
spectra. A shape difference is cleary seen at 5 MeV. The observed 
excess is correlated with the reactor power, and corresponds to 2.2% 
of the total observed reactor neutrino flux. 
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INTRODUCTION

PARTICLE PHYSICS OR NUCLEAR PHYSICS?

�10

‣ The era of precision neutrino physics has opened new questions 
about our understanding of neutrino physics 

‣ Reactor Flux Deficit: Sterile neutrinos or bad flux predictions? 

‣ Reactor Spectral Deviation: Inherent problem with beta-
conversion or subtle nuclear physics for one isotope? 

‣ New reactor data is required to sort out these questions 

‣ Very short baseline (< 10m) direct search for neutrino 
oscillations 

‣ Different type of reactor to disentangle isotopic nature of 
spectral deviation

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018



THE PRECISION REACTOR 
OSCILLATION AND SPECTRUM 
EXPERIMENT



MOTIVATION AND DETECTOR DESIGN

PRECISION REACTOR OSCILLATION AND SPECTRUM EXPERIMENT
1. SEARCH FOR SHORT-BASELINE OSCILLATIONS FROM STERILE NEUTRINOS 

INDEPENDENT FROM REACTOR MODEL INPUTS 
2. MEASURE 235U ENERGY SPECTRUM TO RESOLVE THE SPECTRAL ANOMALY 

▸ Experimental Strategy: 

▸ Measure spectrum at a range of 
baselines (7-9m in closest position) 

▸ Reactor-model independent search 
for oscillations throughout the 
detector 

▸ High-statistics, high-resolution 235U 
neutrino energy spectrum  

▸ Challenges: 

▸ Minimal overburden (<1mwe) 

▸ High-background environment  

�12

Antineutrino 
Detector

HFIR Core

7-13m

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018



MOTIVATION AND DETECTOR DESIGN

THE HIGH FLUX ISOTOPE REACTOR AT OAK RIDGE 
▸ 85MW highly enriched uranium reactor  

▸ >99% 235U fissions, effectively no 
isotopic evolution 

▸ Compact core (44cm diameter, 51cm tall) 

▸ 24 day cycles, 46% reactor up time 

▸ Detailed study of surface cosmogenic 
backgrounds with UMD/NIST FaNS 
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MOTIVATION AND DETECTOR DESIGN

OSCILLATIONS AT PROSPECT 

▸ Neutrino oscillations modify the neutrino spectrum as a function of baseline 

▸ Segmentation provides coverage of a range of baselines without moving 

▸ Measure neutrino spectrum for each baseline and compare shape to the 
detected full-volume  

▸ Reactor model-independent search for sterile neutrinos

Reactor

𝜈
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MOTIVATION AND DETECTOR DESIGN

PROSPECT DETECTOR DESIGN
▸ 154 segments, 119cm x 15cm x 15cm  

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

▸ Thin (1.5mm) reflector panels held in place 
by 3D-printed support rods  

▸ Segmentation enables: 

1. Calibration access throughout 
volume 

2. Position reconstruction (X, Y) 

3. Event topology ID 

4. Fiducialization 

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

▸ Optimized shielding to reduce 
cosmogenic backgrounds 
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Liquid Scintillator

Antineutrino Detector Performance

Liquid Scintillator

PROSPECT Segmented 6Li-Loaded 

Antineutrino Detector Design

Initial Performance of the PROSPECT 

Antineutrino Detector

N.S. Bowden (LLNL) for the PROSPECT Collaboration  

LLNL-POST-XXXXXX

Prepared by LLNL under Contract 

DE-AC52-07NA27344.

Liquid Scintillator

Stability of Antineutrino Detector Response 

Liquid Scintillator

Antineutrino Detector Self-Calibration 

Liquid Scintillator

Uniformity of Antineutrino Detector Response 

Liquid Scintillator

Signal and Background Characteristics

Conclusions

Conclusions

Monday 112 

http://prospect.yale.edu

See also posters 139, 146, 188, 194; Talk Friday 12.15pm

PROSPECT Publications

arXiv: 1506.03547, 1508.06575,   

1512.02202, 1805.09245 

Background events provide a myriad of ways to measure segments 

performance – observed segment-to-segment  variation is small

The PROSPECT antineutrino detector (AD) in now 

operating 7-9m from a research reactor core: 

• The recently commissioned PROSPECT AD is performing very well

• Detector design features provide multiple observables to calibrate and track system 

stability and uniformity 

In addition to calibration sources, AD data can be used to 

measure system stability, validating our calibration procedures 

• 4 ton 6Li-loaded liquid scintillator ( 6LiLS) target 

• Low mass optical separators provide 154 optical 

segments, 117.5x14.6x14.6cm 3

• Double-ended PMT readout

• Internal calibration access along full segment length

Prospect has begun to study the characteristics of IBD signal and 

cosmogenic background events

• Energy resolution, position resolution and detection efficiency meet expectations

• Antineutrinos have been detected in the high background environment close to a 

research reactor core and on the Earth’s surface
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Detector

HFIR Core
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Position Calibration
Pinwheel tabs alter local light 

transport, causing ‘tiger stripes’
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Segmented PROSPECT AD design and Li-6 and Ac-227 doping provide a 

wealth of data for position, timing, and response calibrations for all 

segments and axial positions

Response Calibration
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The AD light yield & PSD performance are very good (poster 146), as is 

axial position resolution. Other performance parameters are assessed via a 

combination of measurements and simulation.

Antineutrino detection efficiency

Antineutrino selection cuts preferentially 

reject cosmogenic backgrounds. Some 

PMTs have exhibited anomalous current 

behavior, with these segments being 

excluded from analysis for now. 

Simulation is used to understand the 

effect of these factors on IBD detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 

throughout entire AD – track 

system response in time and 

measure variation along segments

Optical collection along 

segment length

Axial variation in single PMT 

light collection is almost 

exponential and has minor 

variation amongst PMTs 

Relative energy scale 

between segments

Tracking  6Li neutron capture 

feature in time demonstrates  

effectiveness of  running 

calibration and segment-to-

segment uniformity 

Timing Calibration

Muon tracks traversing 

multiple segments provide 

coincident events to extract 

segment-to-segment and 

PMT-to-PMT timing 

information

Axial position 

reconstruction

BiPo events provide a 

uniformly distributed event 

sample with which to validate 

axial position reconstruction

Time stability of energy 

reconstruction

Tracking  reconstructed energy 

of BiPo events distributed 

uniformly throughout the 

detector independently 

validates energy calibration

Time stability of neutron capture efficiency

The LiLS contains three species with non-negligible capture 

cross sections: 6Li, 1H, and 35Cl. Tracking  relative capture 

fractions demonstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection

Time variation of 

cosmogenic backgrounds

Several cosmogenic background 

event classes are observed to 

vary with the depth of the 

atmospheric column. This ~1% 

effect is corrected for in 

background subtraction 

Axial Position Resolution

212Po decays produce b-a

correlated events in the 

same location - provide 

direct measure of AD 

position resolution
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The PROSPECT AD has successfully detected antineutrinos in the high 

background environment close to a reactor core and on the Earth’s surface
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MOTIVATION AND DETECTOR DESIGN

6LI LOADED LIQUID SCINTILLATOR
�16

PROSPECT-50 PROTOTYPE

PROSPECT ARXIV:1805.09245

nLi

‣ 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 6LiLS based on 
EJ-309, meets all requirements

EVENT TOPOLOGY

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018
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MOTIVATION AND DETECTOR DESIGN

ACTIVE BACKGROUND SUPPRESSION

▸ Optimized detector design for background ID and suppression 

▸ Combine PSD, shower veto, event topology, and fiducialization 

▸ Yields >104 active suppression of background
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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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(a) Proposal figure.
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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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(a) Proposal figure.
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(b) Updated simulation.

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.
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•neutron capture 
•recoil PSD 
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= same properties as 
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SIMULATION

PROSPECT J. Phys. G: 43 (2016)
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NOVEMBER 1, 2017 
YALE WRIGHT LAB

ASSEMBLY OF FIRST ROWAssembly in 30s (video)

https://prospect.yale.edu//sites/default/files/files/prospect.mp4


NOVEMBER 17, 2017 
FINAL ROW INSTALLATION



DEC, 2017 - JAN 2018 
DRY COMMISSIONING AT YALE �21



Storage –Transportation –Filling

4/14/2018 Rosero, APS 2018 12

Liquid scintillator 
was stored at BNL 
in 28 (55-gallon) 
drums

A temperature 
controlled truck was 
used to transport the 
scintillator to Oak 
Ridge Nat. Lab.  

ISO tank Filling 
mix all 6LiLS 
drums into one 
tank

Antineutrino 
Detector filling

IN-POSITON AT HFIRFEBRUARY 2018 
ARRIVAL AT ORNL

FILLING FROM MIXING TANK FIRST MUON TRACK

6/5/18, 9)57 PM

Page 1 of 1https://orca.phy.ornl.gov/DAQ_web/PlotArchive/WetCommissioning/series015/s015_f00000_ts1520293010/DPVisPlugin/large/Event_15789002.svgz

HADRONIC SHOWERIBD CANDIDATE
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ENERGY RECONSTRUCTION
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SINGLE SEGMENT 22NA

DETECTOR CHARACTERIZATION

▸ Sources deployed throughout detector, 
measure single segment response 

▸ Fast-neutron tagged 12B 
▸ High-energy beta spectrum 

calibration 
▸ Full-detector Erec within 1% of Etrue 
▸ High light collection: 795±15 PE/MeV
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DETECTOR CHARACTERIZATION

DETECTOR UNIFORMITY
�25

137Cs

▸ Calibration Source Deployment: 
▸ 35 calibration source tubes throughout detector to map energy response 
▸ Segment to segment uniformity ~1% 
▸ 252Cf source to study neutron capture efficiency 

▸ Intrinsic radioactive sources 
▸ Track uniformity over time with distributed internal single-segment sources: 
▸ Alpha lines from 212Bi→ 212Po→208Pb decays, nLi capture peak 
▸ Reconstructed energy stability over time < 1%
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DETECTOR CHARACTERIZATION

SEGMENT VOLUME MEASUREMENT 
▸ Survey during construction: < 1% 

variation 

▸ Relative mass vital for oscillation search  

▸ 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 

�26

154 INDIVIDUAL DETECTORS

R
at

e 
(m

H
z)

Segment

219RN→215PO→211PB 
RATE IN EACH SEGMENT

600 hr of data  
1.4% per cell

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018
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DETECTOR CHARACTERIZATION

PULSE SHAPE DISCRIMINATION PERFORMANCE
�27

FULL DETECTOR PSD SINGLE SEGMENT

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

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

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

▸ Tag IBDs with high efficiency and high purity

Electronic Recoil

Nuclear Recoil

nLi
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OPERATION 

FIRST 24HOURS OF DETECTOR OPERATION

�28

Reactor On
Reactor Off

Prompt Energy (MeV)

▸ March 5, 2018: Fully assembled 
detector began operation 

▸ Reactor On: 1254±30 correlated 
events between [.8, 7.2MeV] 

▸ Reactor Off: 614±20 correlated 
events (first off day March 16) 

▸ Clear peaks in background 
from neutron interactions with 
H and 12C 

▸ Time to 5𝝈 detection at earth’s 
surface: < 4hrs

p(n,𝛾)d
12C(n,n)12C*

PROSPECT is measuring the 
235U antineutrino spectrum 

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018
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OPERATION

BACKGROUND STABILITY

▸ Surface-based detector with 
minimal overburden 

▸ Backgrounds are known to vary 
with atmospheric conditions  

▸ Reactor Off data is split into two 
periods 

▸ Consistent rate and spectrum 
is observed 

▸ Vital cross-check for 
backgrounds subtraction
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SEARCH FOR 
STERILE NEUTRINOS
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FIRST RESULTS - OSCILLATION

OSCILLATION DATA SET  (ARXIV: 1806.02784)

�31

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018

▸ 33 days of Reactor On 

▸ 28 days of Reactor Off 

▸ Correlated S/B = 1.36 

▸ Accidental S/B = 2.25 

▸ 24,608 IBDs detected 

▸ Average of ~750 IBDs/day 

▸ IBD event selection defined 
and frozen on 3 days of data

http://arxiv.org/abs/1806.02784
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FIRST RESULTS - OSCILLATION �32

NEUTRINO RATE VS BASELINE

▸ Observation of 1/r2 behavior throughout detector volume 

▸ Bin events from 108 fiducial segments into 14 baseline bins 

▸ 40% flux decrease from front of detector to back

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018
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FIRST RESULTS - OSCILLATION

NEUTRINO SPECTRUM VS BASELINE

▸ 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, reactor model independent 

�33

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018
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OSCILLATION SEARCH RESULTS
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PRELIMINARY

RAA BEST FIT

Disfavors RAA best-fit point at >95% (2.3𝝈)

▸ Feldman-Cousins based confidence 
intervals for oscillation search 

▸ Covariance matrices captures all 
uncertainties and energy/baseline 
correlations 

▸ Critical 𝜒2 map generated from toy 
MC using full covariance matrix 

▸ 95% exclusion curve based on 33 
days Reactor On operation 

▸ Direct test of the Reactor 
Antineutrino Anomaly

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018



MEASUREMENT OF 
THE 235U SPECTRUM



FIRST RESULTS - SPECTRUM

ILL 235U SPECTRAL MEASUREMENT

‣ Only existing measurement of 235U, from 1981 

‣ ~35 IBDs/day detected, total of 5000 IBDs in full data 
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FIG. 12. Positron energy spectrum. The solid curve represents the expected positron spectrum based on the ILL
electron-spectrum measurement. The calculated spectra AG (Ref. 26) and D et al. (Ref. 22) are also shown. No errors
are indicated.

Experimental positron spectrum

The experimental positron energy spectrum
is obtained by subtracting the reactor-off spec-
trum from the reactor-on spectrum. This spec-
trum is shown in Table IV and Fig. 12 with sta-
tistical errors only. 'The signal-to-background
ratio is 1:1at 2 MeV and better above that energy.
In total, 4890+ 180 neutrino-induced events have
been detected with a counting rate of (1.58+ 0.06)
h ' (live time) for E,++ & 1 MeV.
The expected positron spectrum for no oscilla-

tion is also plotted in Fig. 12. This spectrum is
based on the on-l. ine electron spectrum experiment
of Ref. 23 as discussed above.
Systematic errors affecting the positron spec-

trum are summarized as follows: (1) the un-
certainty in the normalization of the intensity of
the antineutrino energy spectrum (6.5%%uo); (2) the un-
certainty in the detection efficiency (8'%%uo); (3)
the uncertainty in the inverse-P-decay cross
section (neutron lifetime) (1.2%); (4) the uncer-
tainty in the energy release per fission (l%%uo);

(5) the instability of the reactor power (less than
1%); (6) all other uncertainties (less than 2%%uo).

Thus, there is a resulting ll'%%uo total systematic
error which is essentially energy independent.
In addition, a possible distortion of the spectrum
associated with a 2% energy calibration uncer-
tainty must be taken into account.

Results and discussions

The ratio of the experimental to expected integral
positron yield for E,,&1 MeV was found to be

= 0.955 a 0.035(statistical)fY. (E.+)dE:'
sb OSC 8 8

+ 0.11 (systematic) .

Yex
COUNTS

no osc
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FIG. 13. The ratio of the experimental to the theoreti-
cal positron yield. The errors shown with data points
are statistical errors only. The systematic errors are
given by the dotted banal as explained in the text. For
each set of 4 and sin 28 the normalization and gain
were varied, within their uncertainties, to find the low-
est values of y . Three curves corresponding to the indi-
cated sets of parameters are shown.
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FIRST RESULTS - SPECTRUM

MEASURED SPECTRUM
�37

Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018

PRELIMINARY

▸ 40.2 days reactor-on, 37.8 days reactor-off exposure 
▸ ~31,000 IBDs detected, >700 IBDs/live-day 
▸ Signal-to-background = 1.7 with no overburden! 
▸ X6 more statistics than ILL in about half the exposure time



FIRST RESULTS - SPECTRUM

DETECTOR RESPONSE

▸ Segmented detectors have much more complicated response than large 
monolithic detectors 

▸ Detailed Monte Carlo model of the detector incorporates all known 
characteristics 

▸ Covariance matrices built through variation of parameters in MC, used for 
comparison between measured spectrum and model predictions 
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FIRST RESULTS - SPECTRUM

BUMP-ORIGIN HYPOTHESES

Use the Daya Bay ratio to Huber/Mueller model to modify Huber 235U spectrum 

▸ Hypothesis 1: Deviation contained in other isotopes (Huber 235U is correct) 

▸ Hypothesis 2: Deviation shared equally by 4 parent isotopes 

▸ Hypothesis 3: All deviation from 235U (maximal change to Huber 235U)

�39

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

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 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.
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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,
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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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PROSPECT MODELS



FIRST RESULTS - SPECTRUM

COMPARISON TO MODELS
▸ Is PROSPECT consistent with 

Huber 235U model? 

▸ 𝜒2/ndf = 52.7/31  

▸ Not great, but “standard” 
comparison
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PRELIMINARY



FIRST RESULTS - SPECTRUM

COMPARISON TO MODELS
▸ Is PROSPECT consistent with 

Huber 235U model? 

▸ 𝜒2/ndf = 52.7/31  

▸ Not great, but “standard” 
comparison 

▸ Frequentist comparison to 
ad-hoc models: 

1. No strong preference 
between Huber and 
Equal Isotope 

2. Disfavor All 235U 
hypothesis at 3𝝈
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FIRST RESULTS - SPECTRUM

SPECTRAL INTERPRETATION

▸ Our measured 235U spectrum cannot fully explain the Daya 
Bay, Double Chooz, and RENO spectral deviations 

▸ Implies that some fraction of the bump must come from 
other fissioning isotopes 

▸ We do not yet have the sensitivity to discriminate between 
the unmodified Huber model and the Equal Isotope 
Hypothesis 

▸ Statistics limited result, stay tuned for more!
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CONCLUSION

CONCLUSION AND OUTLOOK
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Thomas Langford - Yale UniversityUniversity of Maryland - Oct 31, 2018

▸ PROSPECT started collecting data on March 6, 2018 

▸ World-leading signal-to-background achieved for 
surface-based detector 

▸ First oscillation analysis on 33 days of reactor-on data 
disfavors the RAA best-fit at 2.3𝝈  (arXiv: 1806.02784) 

▸ First high-statistics measurement of the 235U IBD 
spectrum disfavors “All 235U” hypothesis at 3𝝈 

▸ Statistics limited, and continuing to collect data

http://arxiv.org/abs/1806.02784


‣ collaboration photo 

‣ funding acknowledgements 

‣ thanks

Supported by:
prospect.yale.edu

prospect.yale.edu

Funding provided by:

14 Institutions, 70 collaborators

�44

http://prospect.yale.edu


BACKUP SLIDES
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BACKUP

NEUTRINO-4 COMPARISON
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Neutrino-4 comparison
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“The �2 distribution assumes a

Gaussian probability density

function, but the oscillation

probability function is sinusoidal.

For high values of �m2 fluctuations

can cause a global minimum in a

“wrong” trough of the function,

increasing the value of ��2 from

what it would be if there were only

one trough.”

— Feldman, Cousins Phys Rev D

57 (1998) 3873

Neutrino-4 (��2-based) oscillation claim 1� region is excluded by

Prospect 95% (Feldman-Cousins calculation) exclusion limits.

‣ PROSPECT excludes Neutrino-4’s best-fit region at >95% CL 

‣ Their spectral shape does not match their MC expectations and is 
not understood
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ILL COMPARISON
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ILL COMPARISON

�48

Prompt Energy (MeV)
1 2 3 4 5 6 7

Co
un

ts
/2

00
ke

V
500

1000

1500

2000

2500 RxOn Correlated
RxOff Correlated
IBD Spectrum



MOTIVATION AND DETECTOR DESIGN

OPTIMIZED SHIELDING DESIGN

▸ Minimal overburden to shield 
PROSPECT from cosmic rays 

▸ Designed an optimized shielding 
package  

▸ Reduce cosmic-ray fast neutron 
and reactor gamma 
backgrounds 

▸ Compact to fit in existing 
experimental hall, floor-loading 
limits

WATER BRICK  
NEUTRON SHIELD

LEAD

INNER NEUTRON 
SHIELD

HDPE NEUTRON 
SHIELD
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MOTIVATION AND DETECTOR DESIGN

PROSPECT-50 PROTOTYPE PERFORMANCE (ARXIV:1805.09245)
�50

σ=4.0±0.2% at 1 MeV

6LI CAPTURE PEAK

ENERGY RESOLUTIONPOSITION RECONSTRUCTION

https://arxiv.org/abs/1805.09245


DESIGN AND MOTIVATION

235U SPECTRAL MEASUREMENT

▸ 750 detected neutrinos per day 

▸ Excellent energy resolution (4.5% at 1MeV) 

▸ Directly test reactor neutrino models with a benchmark 
spectrum for future experiments 

�51

2.2. Precision measurement of the reactor νe spectrum

PROSPECT will measure the energy spectrum of ne emitted by an HEU reactor with a
precision that exceeds previous experiments and current model predictions. Between 2 and
6MeV, PhaseI will achieve an average statistical precision better than 1.5% and systematic
precision better than 2%. The target energy resolution, E4.5% MeV , will be greater than
any previous reactor experiment and will allow for the detection of fine structure in the
antineutrino spectrum. Approximately 60% of the year is reactor-off time that will be utilized

Figure 8. Comparison of PROSPECT PhaseI statistical uncertainties, including
background subtraction, to the only published 235U spectrum from [14]. A significant
improvement is observed at all energies and the accessible energy range is extended.

Figure 9. Three models of the 235U ne energy spectrum (Mueller [1], Huber [2], and
Dwyer/Langford [35]) are shown relative to a smooth approximation. The s1 error
band of the PhaseI measurement including subtraction of simulated background (error
bars) and systematic uncertainties (gray band) are shown for comparison. An energy
resolution of E4.5% MeV has been applied to highlight accessible features.

J. Phys. G: Nucl. Part. Phys. 43 (2016) 113001 Topical Review

12

Phase I,
Phase I,

Phase I,
Phase I,

PROSPECT J. Phys. G: 43 (2016)
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DESIGN AND MOTIVATION

STERILE NEUTRINO SENSITIVITY
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Phase I (3 yr)

KOPP OSCILLATION

Daya Bay

best fit reactor 
anomaly3s, 3yr

3s, 1yr

▸ Segmented detector designed for oscillation 
search 

▸ Each cell is a separate “detector” 

▸ Oscillatory L/E between segments  

▸ Independent from reactor models  

▸ True oscillometry needed for confirmation of 
sterile neutrinos 

▸ Probe best-fit point at 4𝜎 in 1 year

KOPP BEST FIT

RAA BEST FIT
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DETECTOR CHARACTERIZATION

FAST NEUTRON PRODUCED 12B

▸ Tag fast-neutron recoil events, search for 12B decays within 15cm 

▸ Minimal overburden yields good statistics, ~450/day 

▸ Excellent high-energy beta calibration spectrum
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DETECTOR CHARACTERIZATION 

TIME DEPENDENCE OF COSMOGENIC BACKGROUNDS

▸ Correlation between cosmogenic backgrounds and 
atmospheric pressure 

▸ Measure correlation during reactor off time, and use it to correct 
background subtraction during reactor on

FN + nLi capture
Atmospheric Pressure
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PRELIMINARY

See NEUTRINO2018 PROSPECT Posters


