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Reactor Anomaly 

§  A deficit of the 
predicted reactor flux. 

§  An excess in events 
around 5 MeV. 
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3.3 Energy spectrum measurement

A preliminary comparison of the measured prompt energy spectrum to the expectations based on
Huber+Muller model prediction [32, 35] is displayed in Fig. 5.

One can observe a significant mismatch of the spectra in the energy region 4 � 6 MeV where
the local significance of the discrepancy reaches the level of 4�. This excess is observed also by
RENO [41] and Double Chooz [42] reactor experiments. The excess is unlikely to be caused by
unaccounted for detector e↵ects or additional background. It matches all characteristics of IBD events.
It correlates to the reactor power and apart of that is time independent. First-principle calculations of
fission and � decay processes predict similar excess [43] where the authors conclude “The presence of
this bump in both the calculated electron and antineutrino spectra suggests that the discrepancy may
not be due to systematics of the �� conversion method, but instead may be an artifact of the original
�� measurements”. Today the origin of this descrepancy is an open question.

Figure 5. Upper panel: the measured prompt energy spectrum by Daya Bay experiment compared to the expec-
tations based on Huber+Muller model prediction [32, 35]. Bottom panel: data/prediction ratio. The shadowed
area respresents the theory model estimation of the uncertainty.

3.4 Light sterile neutrino search

The Daya Bay experiment performed a search for a possible sterile neutrino. What is the sterile neu-
trino? It is a quantum state defined as a coherent (“flavor”) mixture of massive states ⌫1, ⌫2, ⌫3, ⌫4, etc
which does not interact with W±,Z. However each of massive ⌫i does interact with gauge bosons. The
4 ⇥ 4 (in a minimal extension of the Standard Model) unitary mixing matrix is organized in such a
way that four massive neutrinos contribute as just three states to the widths of W±,Z. However it does
not mean that fourth (or more) massive neutrino remains invisible. If an initially produced flavour
state (⌫e, ⌫µ, ⌫⌧) evolves with time it might appear as sterile state thus making additional deficit of the
detected events. In Daya Bay the sterile neutrino could cause additional spectral distortion betweens
the ADs thanks to multiple baselines (350 m, 500 m and 1600 m) as shown in the left panel of Fig. 6.
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Reactor Spectrum Models 
§  Searches for reactor 

antineutrinos are 
typically based on 
inverse beta decay. 

§  Reactor Fuels are 
mixtures of Uranium 
235, Uranium 238, 
Plutonium 239, and 
Plutonium 241. 

§  The total emitted 
spectrum is the 
fractional sum of the 
modeled spectra.  
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FIG. 2. Detection of reactor ⌫̄e. In the bottom of the
figure, the reactor ⌫̄e flux from the individual isotopes [28, 29],
weighted by their typical contribution to the total flux in a
commercial reactor, is shown. The detection of ⌫̄e relies on
the inverse beta decay reaction, whose cross section [30, 31]
is shown as the blue curve. Their product is the interaction
spectrum measured by the detectors, shown as the red curve.
The steps involved in the detection are schematically drawn in
the top of the figure. The ⌫̄e interacts with a proton, becoming
a positron (e+) and a neutron. The e+ quickly deposits its
energy and annihilates into two 511-keV �-rays, which gives
a prompt signal. The neutron scatters in the detector until
being thermalized. It is then captured by a proton ⇠ 200
µs later and releases a 2.2-MeV �-ray (the capture time can
be significantly reduced by the doping of isotopes with very
large neutron capture cross section such as gadolinium). The
detection of this prompt-delayed signal pair indicates an ⌫̄e
candidate.

fragments with large Q values and many branches. The
individual spectrum shape functions P⌫̄(E⌫̄ , Ei

0

, Z) re-
quire description of the Coulomb distortions including
the nuclear finite size e↵ects, weak magnetism, and ra-
diative corrections. In addition, not all decays are of the
allowed type. There are numerous (about 25%) first for-
bidden decays involving parity change, where the individ-
ual spectrum shapes are much more di�cult to evaluate.

The other method uses the experimentally determined
spectrum of electrons associated with fission of the prin-
cipal reactor fuels. That spectrum has been measured
at ILL Grenoble for the thermal neutron fission of 235U,
239Pu and 242Pu [32–34] and recently also for the fast
neutron fission of 238U in Munich [35]. These electron
spectra are then transformed into the ⌫̄e spectra using
the obvious fact that these two leptons share the total
energy of each �-decay branch. The transformation is on
the basis of fitting first the electron spectra to a set of
30 or more virtual branches, with the equidistant end-
point spacing, determining from the fit their branching

ratios. The conversion to the ⌫̄e spectrum is performed in
each of these virtual branches. That conversion is based
on the assumption that the electron spectrum is known
precisely. When all virtual branches are put together
one has to also take into account that di↵erent nuclear
charges Z contribute with di↵erent weights to di↵erent
electron and ⌫̄e energies. While the conversion would in-
troduce only minimum uncertainty if all decays would be
of the allowed shape, the presence of the first forbidden
decays introduces additional uncertainty whose magni-
tude is di�cult to determine accurately.

The summation method was used initially in [36–40]
and in the more recent version in [29]. The conversion
method was first used in [32–34], more details can be
found in [41] and the more recent version in [28]. Nat-
urally, the thermal power of the reactor and its time-
changing fuel composition must be known, as must the
energy associated with fissions of the isotopes 235U,
239Pu, 241Pu and 238U. In addition, as already men-
tioned, small corrections to the spectrum shape of indi-
vidual �-decay branches due to the radiative correction,
weak magnetism, nuclear size, and so on must be cor-
rectly included. Di�cult to do accurately, but of a par-
ticular importance, is to take into account the spectrum
shape of the numerous first forbidden � decays [42]. The
overall uncertainty in the flux was estimated in [28, 29]
to be ⇠ 2%, but when the first forbidden decays are in-
cluded it is estimated in Ref. [42] that the uncertainty
increases to ⇠ 5%.

In essentially all reactor neutrino oscillation studies,
the ⌫̄e are detected using the inverse neutron �-decay
reaction

⌫̄e+p ! e++n , � = 9.53
Eepe
MeV2

(1+corr.)⇥10�44cm2 ,

(2)
whose cross section is accurately known [30, 31] and de-
pends primarily on the known neutron decay half-life.
(At the same time the recoil, radiative corrections etc.,
must be also be taken into account.) Since the neu-
tron is so much heavier than the available energy, its
kinetic energy is quite small (tens of keV) and thus the
principal observables are the number and energy of the
positrons. Most importantly, the correlated observation
of the positrons and the delayed neutron captures is a
powerful tool for background suppression. Note that the
reaction (2) has a threshold of 1.8 MeV, only ⌫̄e with
energy larger than that can produce positrons.

In Fig. 2 we illustrate the energy dependence of the
reactor ⌫̄e flux, the detection reaction cross section and
their product, i.e. the measured antineutrino spectrum.
The contributions of the individual isotopes to the ⌫̄e
flux, weighted by their typical contribution to the reac-
tor power are also shown. The top part of the figure
schematically indicates the steps involved in the ⌫̄e cap-
ture on proton reaction.

Vogel et al, arXiv:1503.01059v2 (2015) 



Possible Solution #1 

§  Inaccurate Spectra 
Models. 
§  Ab initio approach 

§  Calculate spectrum 
branch-by-branch 
using beta branch 
databases. 

§  Conversion approach 
§ Measure beta 

spectrum 
§ Work backwards to  

spectrum 
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⌫̄e

Dwyer and Langford, PRL 114 012502 (2015)  

of any initial fission daughter. On average, the daughter
isotopes of each fission undergo six beta decays until
reaching stability. For short-lived isotopes, the decay rate
Ri is approximately equal to the fission rate Rf

p of the parent
isotope p times the cumulative yield of the isotope i,

Ri ≃
X

p

Rf
pYc

pi: ð2Þ

The Evaluated Nuclear Data File (ENDF) B.VII.1 compiled
nuclear data contain tables of the cumulative fission yields of
1325 fission daughter isotopes, including relevant nuclear
isomers [18,19]. Evaluated nuclear structure data files
(ENSDF) provide tables of known beta decay end-point
energies and branching fractions for many isotopes [20].
Over 4000 beta decay branches having end points above
the 1.8 MeV inverse beta decay threshold are found. The
spectrum of each beta decay SijðEνÞ was calculated includ-
ing Coulomb [21], radiative [22], finite nuclear size, and
weak magnetism corrections [13]. In the following calcu-
lations, we begin by assuming that all decays have the
allowed Gamow-Teller spectral shapes. The impact of
forbidden shape corrections will be discussed later in the text.
The upper panel of Fig. 1 shows the β− spectrum per

fission of 235U calculated according to Eq. (1). The β−

spectrum measured in the 1980s using the BILL spectrom-
eter is shown for comparison [6]. Both spectra are absolutely
normalized in units of electrons per MeV per fission. The
lower panel shows the calculated νe spectrum for a nominal
nuclear fuel with relative fission rates of 0.584, 0.076, 0.29,
0.05 respectively for the parents 235U, 238U, 239Pu, 241Pu.
The spectra have been weighted by the cross section of
inverse beta decay to more closely correspond to the spectra
observed by experiments. Prediction of the νe spectrum by
β− conversion of the BILL measurements [11,12] shows a
different spectral shape. In particular, there is an excess
near 6 MeV in our calculated spectrum not shown by the
β− conversion method. Note that the hybrid approach of
Ref. [11] used the ab initio calculation to predict most of
the β− and νe spectra, but additional fictional β− branches
were added so that the overall electron spectra would match
the BILL measurements. The corresponding νe spectra for
these branches were estimated using the β− conversion
method. Since this method is constrained to match the BILL
measurements, it is grouped with the other β− conversion
predictions. An alternate ab initio calculation presented in
Ref. [17] is consistent with our prediction below 5 MeV, but
deviates at 6 MeV.
The significant differences between the calculation and

BILL measurements are generally attributed to the system-
atic uncertainties in the ab initio calculation. The 1σ
uncertainty bands presented here include only the stated
uncertainties in the cumulative yields and branching frac-
tions. Three additional systematic uncertainties are promi-
nent but not included: data missing from nuclear databases,
biased branching fractions, and beta decay spectral shape
corrections.

Missing data.—It is possible that the ENDF/B tabulated
fission yields lack data on rare and very short-lived isotopes
far from the region of nuclear stability. In Ref. [16], it was
argued that this missing data would favor higher-energy
decays. For the known fission daughters, ∼6% of the
yielded isotopes have no measured beta decay information.
Both of these effects result in an underprediction of the νe
spectrum at all energies.
Biased branching fractions.—The branching informa-

tion of known isotopes may be incomplete or biased.
For example the Pandemonium effect can cause a system-
atic bias, enhancing branching fractions at higher energies
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FIG. 1 (color online). (a) Ab initio nuclear calculation of the
cumulative β− energy spectrum per fission of 235U exposed to
thermal neutrons (solid red), including 1σ uncertainties due to
fission yields and branching fractions. The measured β− spectrum
from Ref. [6] is included for reference (dashed blue). (b) Ratios of
each spectrum relative to the BILL measurement. (c) The corre-
sponding ν̄e spectrum per fission in a nominal reactor weighted by
the inverse beta decay cross section (solid red), compared with that
obtained by the β− conversion method (dashed blue [12], dotted
green [11]), and an alternate ab initio calculation (dash-dotted
blue-green [17]). See text for discussion of uncertainties. (d) Ratios
of each relative to the Huber calculation. Measurements of the
positron spectra (green [23], brown [24], black [25]) are similar to
our ab initio calculation, assuming the approximate relation
Eν̄≃Eeþþ0.8MeV.To comparewith the calculated spectral shape,
measurement normalizations were adjusted approximately −5%.
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Possible Solution #2 

§  The existence of sterile neutrinos (νs) 
§  LSND, MiniBooNE and Gallium anomalies 

would agree. 
§  Tension with νµ disappearance measurements. 
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Figure 2. Allowed regions at 95% CL (2 dof) for 3+1 oscillations. We show SBL reactor data
(blue shaded), Gallium radioactive source data (orange shaded), ⌫e disappearance constraints
from ⌫e–12C scattering data from LSND and KARMEN (dark red dotted), long-baseline reac-
tor data from CHOOZ, Palo Verde, DoubleChooz, Daya Bay and RENO (blue short-dashed) and
solar+KamLAND data (black long-dashed). The red shaded region is the combined region from all
these ⌫e and ⌫̄e disappearance data sets.

source data in Tab. 5. For these two cases we find an improvement of 5.3 and 3.8 units in
�2, respectively, when going from the 3+1 scenario to the 3+2 case. Considering that the
3+2 model has two additional parameters compared to 3+1, we conclude that there is no
improvement of the fit beyond the one expected by increasing the number of parameters,
and that SBL

(–)

⌫
e

data sets show no significant preference for 3+2 over 3+1. This is
also visible from the fact that the confidence level at which the no oscillation hypothesis is
excluded does not increase for 3+2 compared to 3+1, see the last columns of Tabs. 4 and 5.
There the ��2 is translated into a confidence level by taking into account the number of
parameters relevant in each model, i.e., 2 for 3+1 and 4 for 3+2.

3.3 Global data on ⌫
e

and ⌫̄
e

disappearance

Let us now consider the global picture regarding
(–)

⌫
e

disappearance. In addition to the
short-baseline reactor and Gallium data discussed above, we now add data from the fol-
lowing experiments:

• The remaining reactor experiments at a long baseline (“LBL reactors”) and the very
long-baseline reactor experiment KamLAND, see table 3.

• Global data on solar neutrinos, see appendix C for details.

• LSND and KARMEN measurements of the reaction ⌫
e

+ 12C ! e� + 12N [91, 92].
The experiments have found agreement with the expected cross section [93], hence

– 12 –

Kopp et al. arXiv:1303.3011v3 (2014) 
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Problem Summary 

§  We see a deficit in the expected reactor 
flux 

§  We see a deviation from the expected 
reactor spectrum shape. 

§  Two possible solutions: 
§  Incomplete picture of the spectrum. 
§  Sterile neutrino exists. 
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PROSPECT 

§  Goal 1: A precise 
measurement of the 
HFIR (High Flux 
Isotope Reactor) 
spectrum. 

§  Goal 2: Perform a 
sterile neutrino 
search with interest 
in Δm2 around 1.0 
eV2. 
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PROSPECT 

§  Goal 1: A precise 
measurement of the 
HFIR (High Flux 
Isotope Reactor) 
spectrum. 

§  Goal 2: Perform a 
sterile neutrino 
search with interest 
in Δm2 around 1.0 
eV2. 
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Site Power (MWth) Duty cycle Near detector Far detector
Baseline (m) Avg. flux Baseline (m) Avg. flux

NIST 20 68% 3.9 1.0 15.5 1.0
HFIR 85 41% 6.7, 8.0 0.96, 0.68 18 1.93
ATR 120 68% 9.5 1.31 18.5 4.30

TABLE II: Reactor parameters and potential detector baselines for HEU research reactor facilities under consideration for
PROSPECT. The two values given for the HFIR near location are for the two available deployment locations.

of Standards and Technology (NIST) operate powerful,
highly compact research reactors. Each of these sites
have identified potential locations for the deployment of
multiple compact antineutrino detectors at distances be-
tween 4 - 25 m from the reactor cores. In this section we
describe the characteristics of each of these facilities and
how a short-baseline reactor spectrum and oscillation ex-
periment can be conducted for each case. The High Flux
Isotope Reactor at ORNL has been selected as the loca-
tion for Phase I of the PROSPECT experiment; however,
since all three sites provide excellent characteristics for
precise physics measurements and may be utilized in sub-
sequent phases of the PROSPECT experiment, each will
be described in detail below.

Reactor and site parameters relevant to PROSPECT
are summarized in Table II. The core dimensions of each
of these reactors are compared in Fig. 5. The diversity of
shapes and sizes reflect the di↵erent functions that these
facilities were designed for. The core shape combined
with the physical layout of each facility determines the
range of baselines that reactor-emitted ⌫e would traverse
before reaching possible detector locations. This distri-
bution of baselines is illustrated in Fig. 6, utilizing the
reactor and site information from Table II.

These facilities operate on well-planned schedules, and
their central mission is to provide high reliability to many
users. While the details of these operating schedules
di↵er from facility to facility based upon maintenance
and refueling needs and resource constraints, the time-
averaged ⌫e flux at possible near detector locations is
expected to be remarkably similar at each over the next
several years (Fig. 7).

A. The High Flux Isotope Reactor at ORNL

The High Flux Isotope Reactor (HFIR) was designed
to provide a very high neutron flux for irradiation and iso-
tope production applications. Multiple locations exist in
the reactor for performing sample or target irradiations,
some of which can be accessed during reactor operation.
The HFIR core design is very compact and comprises
a single aluminum fuel assembly which has two annular
fuel elements consisting of thin inserts of U3O8 (Fig. 5c).
The full assembly is replaced after each operating cycle.

HFIR operates at a consistent power of 85MWth, with
occasional operation at lower powers during the short
(⇠hours) cycle startup phase. A reactivity control sys-
tem maintains this power throughout the cycle, irre-
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FIG. 5: Radial (left) and axial (right) core shapes and power
distributions of U.S. research reactors: (a,b) ATR; (c,d)
HFIR; (e,f) NIST. Note that the the ATR and HFIR power
distributions can change slightly from cycle-to-cycle depend-
ing upon the material begin irradiated within those cores,
whereas, as a dedicated neutron source, the NIST power dis-
tribution is very similar cycle-to-cycle. Each reactor site has
well established evolution codes to predict and track these
distributions between and within reactors cycles.

spective of the irradiation experiments being performed.
Given this consistent operation, it is not typical to per-
form as-run reactor simulation analyses cycle by cycle,
although a detailed Monte Carlo N-Particle (MCNP)
model of the core is available for this purpose.

HFIR cycles last approximately 25 days with devia-
tions from that average being less than 36 hours. At
present, 6 cycles per year are scheduled, giving a duty
cycle of ⇠ 41%. Outages between cycles have at least
14 day duration, with generally one longer outage per
year. No extended outages beyond those described above
are currently planned. In compliance with global non-
proliferation treaties, HFIR is scheduled to convert to

8

Site Power (MWth) Duty cycle Near detector Far detector
Baseline (m) Avg. flux Baseline (m) Avg. flux

NIST 20 68% 3.9 1.0 15.5 1.0
HFIR 85 41% 6.7, 8.0 0.96, 0.68 18 1.93
ATR 120 68% 9.5 1.31 18.5 4.30

TABLE II: Reactor parameters and potential detector baselines for HEU research reactor facilities under consideration for
PROSPECT. The two values given for the HFIR near location are for the two available deployment locations.

of Standards and Technology (NIST) operate powerful,
highly compact research reactors. Each of these sites
have identified potential locations for the deployment of
multiple compact antineutrino detectors at distances be-
tween 4 - 25 m from the reactor cores. In this section we
describe the characteristics of each of these facilities and
how a short-baseline reactor spectrum and oscillation ex-
periment can be conducted for each case. The High Flux
Isotope Reactor at ORNL has been selected as the loca-
tion for Phase I of the PROSPECT experiment; however,
since all three sites provide excellent characteristics for
precise physics measurements and may be utilized in sub-
sequent phases of the PROSPECT experiment, each will
be described in detail below.

Reactor and site parameters relevant to PROSPECT
are summarized in Table II. The core dimensions of each
of these reactors are compared in Fig. 5. The diversity of
shapes and sizes reflect the di↵erent functions that these
facilities were designed for. The core shape combined
with the physical layout of each facility determines the
range of baselines that reactor-emitted ⌫e would traverse
before reaching possible detector locations. This distri-
bution of baselines is illustrated in Fig. 6, utilizing the
reactor and site information from Table II.

These facilities operate on well-planned schedules, and
their central mission is to provide high reliability to many
users. While the details of these operating schedules
di↵er from facility to facility based upon maintenance
and refueling needs and resource constraints, the time-
averaged ⌫e flux at possible near detector locations is
expected to be remarkably similar at each over the next
several years (Fig. 7).

A. The High Flux Isotope Reactor at ORNL

The High Flux Isotope Reactor (HFIR) was designed
to provide a very high neutron flux for irradiation and iso-
tope production applications. Multiple locations exist in
the reactor for performing sample or target irradiations,
some of which can be accessed during reactor operation.
The HFIR core design is very compact and comprises
a single aluminum fuel assembly which has two annular
fuel elements consisting of thin inserts of U3O8 (Fig. 5c).
The full assembly is replaced after each operating cycle.

HFIR operates at a consistent power of 85MWth, with
occasional operation at lower powers during the short
(⇠hours) cycle startup phase. A reactivity control sys-
tem maintains this power throughout the cycle, irre-
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FIG. 5: Radial (left) and axial (right) core shapes and power
distributions of U.S. research reactors: (a,b) ATR; (c,d)
HFIR; (e,f) NIST. Note that the the ATR and HFIR power
distributions can change slightly from cycle-to-cycle depend-
ing upon the material begin irradiated within those cores,
whereas, as a dedicated neutron source, the NIST power dis-
tribution is very similar cycle-to-cycle. Each reactor site has
well established evolution codes to predict and track these
distributions between and within reactors cycles.

spective of the irradiation experiments being performed.
Given this consistent operation, it is not typical to per-
form as-run reactor simulation analyses cycle by cycle,
although a detailed Monte Carlo N-Particle (MCNP)
model of the core is available for this purpose.

HFIR cycles last approximately 25 days with devia-
tions from that average being less than 36 hours. At
present, 6 cycles per year are scheduled, giving a duty
cycle of ⇠ 41%. Outages between cycles have at least
14 day duration, with generally one longer outage per
year. No extended outages beyond those described above
are currently planned. In compliance with global non-
proliferation treaties, HFIR is scheduled to convert to

HFIR 

§  Operates at 85 MW 
§  Compact Core 
§  Located at ORNL 
§  Uses Highly Enriched 

Uranium (HEU) Fuel 
§  The neutrino 

spectrum is almost 
entirely from 
Uranium-235. 

§  Typically 41% up-time 
§  Allows in-depth 

background study. 
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• High Flux Isotope  
Reactor: ORNL!

• Extensive passive shielding!

• Segmented liquid scintillator  
target region: ~3 tons for 
near detector (Phase I)!

• Moveable: 7-11 m baselines

PROSPECT Experimental Layout

HFIR core shape and 
relative size comparison

Near detector conceptual design

Sub-cell conceptual design
PMT!
Light Guide!
Separator!
LiLS!

Two-detector PROSPECT deployment at HFIR 23

moveable

PROSPECT Design 
§  Phased approach 
§  Optically Separated Segmented 

Volume 
§  Double-ended PMT readout 
§  Li6-Loaded Liquid Scintillator 
§  Moveable near detector 
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PROSPECT Prototype Demonstrations

*

*

*

* Deployment complete!!!!

Run DAQ,  
Remote data-taking

See n-Li + PSD

Demonstrate shielded 
background rates

Demonstrate full  
timing and PE response

Deploy final design concepts

See antineutrinos

Meet physics goals

Observe relative segment responses

27

1 meter

3x3x1meter  
mockup at IIT

5 inches

2 inches

Aug 2014

Dec 2014 - 
Mar 2015

Mar 2015

Current Prototype Status 
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PROSPECT  
Phase II (10k)? 

Run DAQ, 
Remote data-taking 

See n-Li + PSD 

Demonstrate shielded 
background rates 

Demonstrate full timing 
and PE response 

Deploy final design concepts 

Observe relative segment responses 

See antineutrinos 

Meet physics goals 

*Deployment complete!!! 
Approximate mass kg 

PROSPECT 0.1* 
Aug 2014 

PROSPECT 2* 
Dec 2014- 
 Mar 2015 

PROSPECT 20* 
      Mar 2015 

PROSPECT 200 

PROSPECT 2k 

2 inches 

5 inches 

1 meter 

3x3x1 meter 
mockup at IIT 



Early Validation 
§  PSD Discrimination 
§  Li6 doping 
§  Double Ended readout 
§  Reactor On/Off comparisons 
§  And many others … 
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Results: Cf-252 PSD with PROSPECT-0.1

9

Observations: 
• energy scale calibrated with Bi-207  
• large separation at all energies in EJ-309 
• large seperation in ROI in LiEJ-309  
• prominent neutron capture in LiEJ-309

n

%

n

%

(n, Li)

LiEJ-309 maintains good PSD with loading.

D. Norcini Yale UniversityAPS April 2015: 13 April 2015

Results: Cf-252 PSD with PROSPECT-0.1

9

Observations: 
• energy scale calibrated with Bi-207  
• large separation at all energies in EJ-309 
• large seperation in ROI in LiEJ-309  
• prominent neutron capture in LiEJ-309

n

%

n

%

(n, Li)

LiEJ-309 maintains good PSD with loading.

D. Norcini Yale UniversityAPS April 2015: 13 April 2015
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Fast electronics offered little improvement 

•  CAEN 1730 digitizer vs 1720: 
–  1730: 500 MS/s, 14 bit  
–  1720: 250 MS/s, 12 bit 

•  Less than 10% improvement for both prompt and delay 
PSD FOM. 

•  Neither the speed nor the dynamic range helps (surprise) 

APS April Meeting, 2015 Ke Han, Yale University 9 

"1730&
&
&
1720#&

K
. H

an
 (

P
R

O
S

P
E

C
T

 C
ol

la
bo

ra
ti

on
) 

A
P

S
 2

01
5 

PROSPECT 20 

Undoped scintillator 
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FIG. 10: Left: PSD parameters and energies of measured 252Cf spontaneous fission gammas and neutrons in a PROSPECT
LiLS test cell. The Li capture peak is prominent at low energies and high PSD, as is the significant gap in PSD between gamma
(bottom band) and neutron-related (top band) energy depositions. Left: PSD parameter values for prompt and delayed signals
in detected time-coincident triggers in the same test cell. Separation between IBD-like coincidences (top left), accidental gamma
coincidences (bottom left), and fast- or multiple-neutron related coincidences (top right) is clearly visible.

FIG. 11: Waveform integrals for triggers from a gamma cali-
bration source deployed along a 1 m long PROSPECT scintil-
lator test cell. Data is shown at 50 cm (cell middle) and 90 cm
(cell end) along the cell length for either double-ended (’Two
PMT’) readout or single ended (’Specular’) readout, with all
non-read-out ends covered in specularly reflecting film. Light
collection is higher and more stable with variation in source
deployment location for double-ended readout.

tor segments. Techniques for the precise measurement
of the volume of scintillator transferred to a detector are
now well-established [48], and will be valuable in mak-
ing relative comparisons between near and far detector.
To determine target masses of individual detector cells,
the collaboration is investigating methods of precision
metrology of segment volumes prior to scintillator fill-
ing. We must also determine the relative antineutrino

FIG. 12: PROSPECT prototype detector deploy-
ments/designs. Top: PROSPECT2, Middle: PROSPECT20;
Bottom: isometric drawing of the PROSPECT200 3x3
prototype.

detection e�ciency of the detector segments from ex-

Early Validation 
§  PSD Discrimination 
§  Li6 doping 
§  Double Ended readout 
§  Reactor On/Off comparisons 
§  And many others … 
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PROSPECT 20 

Ashenfelter et al. arXiv:1309.7647v3 (2015) 

Double-ended light readout enhances PSD 

•  Double-ended vs. single ended 
–  ~35% PSD performance boost in 

terms of FOM. 

–  Single ended setup: specular 
reflector replace the PMT for the 
other end. 

APS April Meeting, 2015 Ke Han, Yale University 7 
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Early Validation 
§  PSD Discrimination 
§  Li6 doping 
§  Double Ended readout 
§  Reactor On/Off comparisons 
§  And many others … 
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Reactor On/Off Comparison

10

• ~25% change in gamma rate 
• Broad residual spectrum, consistent with 

scattering through shield  
• No change in neutron rate

• No evidence reactor-correlated 
neutrons 

• Stable light yield and operation for months
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Absolute Spectrum 

§  HEU Fuel 
§  Energy Resolution 

4-5%/√E 
§  Constraints on 

Nuclear Models 
§  Inputs for future 

reactor 
experiments. 
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Parameter Value

Reactor

Power 85 MW
Shape cylindrical
Radius 0.2 m
Height 0.3 m
Fuel HEU
Duty cycle 41% reactor-on

Detector

Cross-section (near) 1.0 m⇥1.5 m
Cross-section (far) 1.0 m⇥3.0 m
Baseline coverage (near) 2.1 m
Baseline coverage (far) 4.2 m
E�ciency 30%
Proton density 5.5⇥1028 p

m3

Position resolution 15 cm
Energy resolution 4.5%/

p
E

Background
S:B ratio 1
Background shape 1/E2 + Flat

Other
Run Time 1 or 3 calendar years
Closest distance (near) ⇠7 m
Closest distance (far) ⇠15 m

TABLE I: Nominal detector and reactor parameters for the
proposed Phase I experiment, in the case of deployment at
HFIR. The Phase II parameters are identical with the excep-
tion of the far detector placement and size.

ing reactor-o↵ periods.
Phase II consists of a three year run of both detectors,

which provides a significantly increased statistical sam-
ple for an absolute spectral measurement while extending
the region of sensitivity and providing a conclusive test
of most of the suggested oscillation parameter space. By
utilizing a phased approach, PROSPECT will be able
to build on the experience and knowledge gained during
deployment and data-taking with the PROSPECT pro-
totype and Phase I detectors and optimize the Phase II
detector for the signature or parameter space of interest.

A. Measurement of the Reactor Antineutrino
Spectrum

PROSPECT intends to measure the energy spectrum
of ⌫e emitted by a highly-enriched uranium (HEU) nu-
clear reactor to a precision exceeding that provided by
current best predictions. Three specific features of this
measurement serve to strongly constrain reactor models:
the general HEU spectral shape, high-resolution spec-
tral features, and the deviation from recent LEU spectral
measurements.

General HEU Spectrum: A precise measurement
of the antineutrino energy spectrum from an HEU reac-
tor can strongly discriminate between existing reactor ⌫e
flux models. Fig. 2 shows the di↵erences between three
current models: two based on the ��-conversion method,
and one based on ab-initio calculation. To highlight the
shape di↵erences between models, they are shown in ra-
tio to a smooth approximation from [11]. The expected
PROSPECT Phase I and II statistical precision is in-

cluded for reference, along with spectral systematic un-
certainty bands reported by Daya Bay [14]. PROSPECT
be able to easily discriminate between these models, as
well as determine the spectrum more precisely than any
of the predictions. As demonstrated in Figure 2, in or-
der to make this precision measurement, it is critical to
control systematic uncertainties from backgrounds and
detector response. Simulation studies and background
surveys are currently underway to determine the spec-
trum uncertainty contribution from these sources for
PROSPECT.
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FIG. 2: Upper: Three models of the energy spectrum of
⌫e emitted by fission daughters of 235U. To highlight the
shape di↵erences between models, they are shown in ratio
to a smooth approximation of the spectrum, F (E⌫). The
1� statistical precision of the fiducialized Phase I (top) and
fiducialized Phase II (bottom) measurement (black bars) is in-
cluded for comparison, along with reported 1� systematic un-
certainties from [14]. Total combined unceratinty is indicated
by the gray band. Lower: Including a nominal 4.5%/

p
E

detector resolution reduces much of the detailed bin-to-bin
fluctuations predicted by the nuclear calculation.

High-Resolution Spectral Features: Ab-initio nu-
clear calculations predict significant discontinuities in the
⌫e energy spectrum, as shown in the upper panel of
Fig. 2. Each discontinuity is caused by the Coulomb cor-
rection to a single beta decay occurring in the reactor.
A high-resolution measurement of the energy spectrum
could in principle reveal most of the significant decays
contributing to the energy spectrum. Such reactor spec-

troscopy would provide a new regime for evaluating reac-
tor ⌫e flux models. Considering a nominal 4.5%/

p
E de-

tector resolution for the Phase-I measurement, the most
prominent bin-to-bin fluctuations should still be identifi-
able. Optimizing detector resolution and control of back-
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Sterile Neutrino Search 
§  Relative measurement – no 

absolute spectrum 
dependence 

§  Assumptions: 
§   4.5%/√E energy resolution 
§  20cm position resolution 
§  1:1 signal to background 
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Closing Statements 
§  PROSPECT is being proposed to study the reactor 

antineutrino spectrum and to search for a 1 eV2 
scale sterile neutrino. 
§  Using HEU fuel, we can greatly decrease the 

uncertainties on the Uranium 235 spectrum and aid to 
guide future reactor models. 

§  Within 1 year of P2k, we will have 3σ coverage over the 
current global best fit sterile neutrino. 

§  Prototypes have been deployed and are aiding in the 
final detector configuration. 

§  The studies of    disappearance provide 
complementary studies to current Fermilab SBL 
program (νµ to νe appearance and νµ disappearance) 
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The PROSPECT Collaboration 
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The PROSPECT Collaboration

12D. Norcini Yale UniversityAPS April 2015: 13 April 2015

Brookhaven National Laboratory 
Drexel University 
Idaho National Laboratory 
Illinois Institute of Technology 
Lawrence Berkeley National Laboratory 
Lawrence Livermore National Laboratory 
Le Moyne College 
National Institute of Standards and Technology 
Oak Ridge National Laboratory 
Temple University 
University of Tennessee 
Virginia Tech University 
University of Waterloo 
University of Wisconsin 
College of William and Mary 
Yale University 

10 universities

  6 national laboratories


Updated whitepaper

arXiv:1309.7647


Website

http://prospect.yale.edu/


Reactor Sites 

NIST 

ORNL 

INL 

10 Universities 
6 National Labs 
Updated Whitepaper: 
arXiv:1309.7647 

Website: 
http://prospect.yale.edu/ 

Brookhaven National Laboratory 
Drexel University 
Idaho National Laboratory 
Illinois Institute of Technology 
Lawrence Berkeley National Laboratory 
Lawrence Livermore National Laboratory 
National Institute of Standards and 
Technology 
Oak Ridge National Laboratory 
Temple University 
University of Tennessee 
Virginia Tech University 
University of Waterloo 
University of Wisconsin 
College of William and Mary 
Yale University 



BACKUPS 
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Comparison to Other 
Experiments 
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SBL Reactor Context

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

• Moveable segmented detectors give best mapping of oscillation space!

• Design enables higher energy resolution other efforts!

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

43

Effort Dopant Good 
X-Res

Good 
E-Res

L Range 
(meters) Fuel Exposure, 

MW*ton
Move- 
able?

Running at 
intended 
reactor?

PROSPECT Li Yes Yes 6.5-20 HEU 185 Yes Yes
NuLat Li/B Yes Yes TBD TBD TBD Yes No
Nucifer Gd No Yes 7 HEU 56 No Yes

STEREO Gd Yes Yes 9-11 HEU 100 No Yes
SoLid Li Yes No 6-8 HEU 155 No Yes

DANSS Gd Yes No 9.7-12 LEU 2700 Yes Yes
Neutrino4 Gd Yes No 6-12 HEU 150 Yes Yes
Hanaro Li/Gd No Yes 20-ish LEU 30 No No

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

US

EU

Russia

Asia

B. Littlejohn Fermilab Intesity Frontier Seminar 2015 



Backgrounds at HFIR 
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Unshielded Gamma 
Backgrounds at HFIR

Fast Neutron 
Spectrum 

• Spacial variation in thermal n 
and gamma rates

• No evidence for reactor-correlated 
fast neutron backgrounds 

• Backgrounds are well modeled in 
simulation 

• Paper detailing results will be out 
soon
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