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Introduction and motivation
• Neutrinos are produced from beta decay of fission 

fragments inside reactor core
• They interact weakly with matter

• Cannot be shielded or spoofed
• Can be used to monitor nuclear reactor status, thermal 

power, and fissile inventory in real time with a suitable 
detector 

• We need precise information about neutrino flux 
• Measured flux and predicted flux do not agree 
• Are flux predictions incorrect?

“Reactor Antineutrino Anomaly”

H. Almazán et al., Phys. Rev. Lett. 125, (2020).
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Technical approach

• High Flux Isotope Reactor (HFIR) at Oak 
Ridge National Laboratory (ORNL)

• 93% 235U fuel 
• 85 MWth power 
• Compact core 
• Large 𝜈̅! flux in ~few MeV range Segment of LiLS

J. Ashenfelter, A.B. Balantekin, C. Baldenegro et al. Nuclear Inst. and Methods in Physics Research, A 922 (2019) 287–309

Fig. 5. (left) Layout of the PROSPECT experiment. The detector is installed in the HFIR Experiment Room next to the water pool and 5 m above the HFIR reactor core (red). The floor
below contains multiple neutron beam-lines and scattering experiments. (Right) Schematic showing the active detector volume divided into 14 (long) by 11 (tall) separate segments and
surrounded by nested containment vessels and shielding layers. Shield walls cover penetrations in the pool wall associated with high backgrounds.

for background suppression within the weight and height constraints of
the HFIR site, described in Section 4.2, to design the shielding described
in Section 8.2.

3.3. Achieved parameters

The layout of the experiment at HFIR is shown in Fig. 5. Detector
parameters are:

1. Active LiLS volume 1.176 m wide ù 2.045 m long ù 1.607 m tall,
3760 l, 3.68 metric tons.

2. Segmentation 14 (long) by 11 (tall). Square segment cross-section
by 0.145 m.

3. Reconstructed z-position resolution (along the length of the
segment) 0.05 m.

4. Center of the reactor core to center of the detector at the nearest
position 7.93 ± 0.1 m. Detector movement to baselines of 9.1 and
12.4 m possible (shown in Fig. 6).

5. Baseline coverage ±1 m for a single position.
6. Energy resolution of 4.5% (RMS) at 1 MeV.
7. Fraction of non-LiLS mass in the target region 3.4%.

4. Experimental facility

4.1. Overview

PROSPECT is installed in the HFIR Experiment Room at ground level,
one floor above the HFIR core and containment vessel as shown in Fig. 5.
A one-meter-thick concrete wall separates the room from the reactor
water pool. The nominal water level in the pool is 3.1 m above the
detector center. Part of the detector rests on a solid, polygonal shaped,
concrete monolith surrounding and supporting the reactor pool and
structure. The rest of the detector is supported by a 0.15-m-thick steel
reinforced concrete floor over a large room containing multiple thermal
neutron scattering experiments and cold neutron beam-lines. A 0.20-m-
thick steel reinforced concrete roof is 5.5 m above the detector center.

4.2. Design constraints

Detector size, weight, and position were significantly constrained by
safety considerations and the geometric limitations of the experiment
room. A maximum floor loading of 3670 kg/m2 (750 lb/sq. ft) was
imposed on the detector plus passive shielding. The detector footprint
was limited by the need to maintain adequate walkways past the
detector for access to other HFIR facilities and to allow the detector to be

moved to alternate baselines. A simplified layout of detector positions
at HFIR is shown in Fig. 6.

The door into the experiment room limited the width of large items
to be less than 2.95 m. Overhead piping and lighting limited the height
as well. In addition, doors to other experimental apparatus in the room
could not be occluded. To satisfy these criteria the detector plus passive
shielding envelope was required to be less than 2.95 m (wide) by 3.25 m
(long) by 3.25 m (tall) and to weigh less than 34,090 kg.

To maximize the size of the active detector within the above con-
straints, detector segments are installed parallel to the reactor wall as
seen in Fig. 6. As a result every detector segment contains a small range
of baselines and has an expected rate asymmetry from one end to the
other. The effect is quite small as the expected flux asymmetry between
the ends of the closest segment is 0.43%.

4.3. Baselines

Three possible baseline positions are possible, in order to optimize
the sterile neutrino search sensitivity. Fig. 6 shows the near(1) and pro-
posed middle(2) and far(3) positions. The detector is initially installed
in position 1. The average baseline can be increased from 7.93 m to
12.36 m by moving from the near to far position. Only the orientation
of the electronic racks changes with position.

4.4. Fixed local shielding

The concrete wall between the reactor and detector is penetrated by
several pipes and unused beam lines. Each is a potential background
source during reactor operation. Scans with a NaI(Tl) crystal [21–23]
identified the most significant sources. The largest �-ray source was the
EF-4 beam line directly in front of the detector. Although plugged by
a concrete-filled pipe, the EF4 region is a thin spot in the shielding. As
mentioned in Section 3.2, a lead filled shielding wall (shown in Fig. 7)
was installed close to the concrete pool wall to eliminate backgrounds
from these sources. The central part of the wall is 3.0 m wide and 2.1 m
tall. Shorter flanking walls on each side completed the design. Protective
cages were installed around two of the pipes penetrating the wall. The
lead thickness in the central part of the wall was typically 0.10 m. The
far left and right hand sections were 0.05 m thick. A stand alone mini-
wall 0.10 m thick was added between the local shield wall and the EF4
opening to provide additional suppression of this source. Steel supports
for the wall were sturdy and robust and designed to withstand seismic
loads as required by safety codes.
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below contains multiple neutron beam-lines and scattering experiments. (Right) Schematic showing the active detector volume divided into 14 (long) by 11 (tall) separate segments and
surrounded by nested containment vessels and shielding layers. Shield walls cover penetrations in the pool wall associated with high backgrounds.
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• Precision Reactor Oscillation and Spectrum Experiment 
• Segmented liquid scintillator target with layered shielding
• Inverse beta decay (IBD) interactions 
• Double PMT readout
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Mission relevance
• IAEA reactor safeguards are limited in scope and depth
• Short-baseline neutrino detectors offer: 

• Less intrusive option to verify reactor operations 
• Reliable + constant monitoring technology

• We can accomplish this by precisely measuring neutrino 
flux from a research reactor

• Pure 235U core enables exploration of measured flux 
deficit 

• Directly translates to monitoring commercial reactors 
• Uncertainties in existing neutrino flux production models 

may be improved based on high precision measurement of 
235U flux

with that of the cosmogenic background expected from the
reactor-off dataset and the fully background-subtracted
IBD signal. After subtracting cosmogenic backgrounds,
the IBD signal’s prompt energy distribution matches the
general expected shape of reactor ν̄e interacting via IBD:
count rates are highest in the 1–7 MeV range with a
generally continuous appearance versus energy in this
range despite the presence of peaklike features in the
subtracted cosmogenic spectrum. Above 7 MeV, where
reactor IBD signal contributions are expected to be min-
imal, background-subtracted IBD-like count rates are con-
sistent with zero, indicating proper scaling of reactor-off
data during reactor-on cosmogenic background subtraction.
A quantitative comparison of the background-subtracted
IBD signal distribution to zero from 8 to 12 MeV yields a
χ2=d:o:f: of 20.9=20.

B. Signal validation

To demonstrate a proper understanding of the back-
ground-subtracted IBD signal dataset, it is valuable to
perform comparisons of IBD-like event distributions
between different time periods and detector locations.
Given the stability in reactor thermal power during HFIR

operation, a demonstration of time stability of the IBD
selection can be provided by comparison of different
reactor-on time periods. This comparison for two different
reactor-on time periods is shown in Fig. 35. As in Fig. 31,

the two time periods are interleaved in time as shown in the
figure inset. These datasets show consistency with one
another: quantitative comparison between 0.8 and 7.2 MeV
yields a χ2=d:o:f: of 26.2=31. If the normalization is
allowed to float between datasets, the best-fit offset in
the 0.8–7.2 MeVenergy range is found to be less than 2%,
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FIG. 34. The measured prompt visible energy spectrum of IBD
events with both reactor-on and reactor-off correlated candidates
displayed. The reactor-off correlated candidates are scaled to
match reactor-on exposure and corrected for atmosphere pressure
difference between reactor on and off. Only statistical errors are
pictured for the background-subtracted IBD signal.
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FIG. 33. Time dependence (top) and baseline dependence
(bottom) of correlated IBD candidate rates. For the bottom plot,
the background-subtracted IBD signal is plotted. Rates are
integrated between 0.8 and 7.2 MeV prompt Erec. In the top
plot, each point corresponds to roughly one live day, while in the
bottom plot each point corresponds to one fiducial segment. Error
bars represent statistical uncertainties.
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FIG. 35. The measured prompt energy spectrum of correlated
candidates from reactor-on data periods. Correlated candidates in
period 2 are scaled to match period 1 exposure and corrected for
relative atmosphere difference between two periods. The figure
inset indicates the breakdown of period 1 and 2 datasets within
reactor-on periods. The solid horizontal line in the bottom panel
shows the best-fit normalization offset between datasets in the
0.8–7.2 MeV Erec range; see text for details. Error bars represent
statistical uncertainties.
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C. Results

The comparison of the Huber model to the measured
spectrum is shown in Fig. 51. The normalization of the
model is determined by a minimization of the χ2 in the
[0.8, 7.2] MeV region. A χ2=d:o:f: of 30.79=31 is observed,
corresponding to a one-sided p value of 0.48. To further
quantify if any specific region of the spectrum is contrib-
uting significantly to this total χ2, additional nuisance
parameters are added in 200 keV- and 1 MeV-wide
windows and a new χ2min determined for each. This Δχ2
can be interpreted as the local contribution to the total χ2.
The corresponding single-sided p values are determined
from the Δχ2 and plotted in Fig. 51. Small excursions are
observed in the 2.5 and 5 MeV regions using this method.
However, no region shows more than 2σ deviation within
the 1 MeV model prediction windows used.
Precision measurements at nuclear power reactors have

observed discrepancies between predicted and detected ν̄e

energy spectra. Most notably, a wide excess of events
between 4–6 MeV Erec has generated much interest in the
community. As these LEU reactors burn a time-evolving
mixture of fuel, it is difficult to disentangle the isotopic
origin of this distortion. To test whether PROSPECT
observes such a feature, a Gaussian with mean 5.678 MeV
and sigma 0.562 MeV is added to the HFIR model in true
neutrino energy prior to applying the detector response.
This mean and sigma of the Gaussian are obtained from
fitting the unfolded Daya Bay spectrum [20]. The ampli-
tude (A) of this addition, in units where a Daya Bay-sized
distortion is equal to 1, is varied yielding the single
parameter χ2 curve shown in Fig. 52. A best-fit distortion
of 0.84! 0.39 is observed. Figure 51 shows a comparison
of the data to both the best-fit distortion and the unmodified
HFIR predicted spectrum.
The data are consistent with a distortion of equal size to

that observed by the θ13 experiments (A ¼ 1). However, the
data disfavor a null hypothesis of no distortion in the 235U
spectrum (A ¼ 0) at 2.17σ, as well as a 235U spectral
distortion of the size (A ¼ 1.78) required to be the sole
source of the θ13 measurements at 2.44σ.

FIG. 51. Top: Comparison of the 235U model to the measured
PROSPECT Erec spectrum. Middle: Ratio of the measurement to
the HFIR prediction based on the Huber model. Bottom: The
local p value from 1 MeV- and 200 keV-wide sliding windows,
quantifying any local deviations from the model prediction. Error
bars on data points represent statistical uncertainties, while error
bands on the model represent systematic uncertainty contribu-
tions as represented in Fig. 50.

FIG. 50. Uncertainties for the PROSPECT 235U ν̄e spectrum
measurement, represented by the square root of the uncertainty
covariance matrix diagonal elements. Top: Comparison of the
three categories of uncertainties: statistics, detector, and model.
Bottom: Comparison of the individual contributions to the
detector uncertainty.
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HFIR daily neutrino rate 

M. Andriamirado et al., Phys. Rev. D 103, (2021).

M. Andriamirado et al., Phys. Rev. D 103, (2021).
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Defining absolute flux 
• Observed IBD cross section per fission:

• Total uncertainty on the flux measurement (𝜎!"#$) is determined by propagating the uncertainty on 
each factor 

• PROSPECT has capability to compute HFIR’s absolute flux with world-leading precision ~2.5% 
• High statistics →	Leading uncertainties are the systematics

𝜎$%&' =
𝑁%&'

𝑃()
𝐸$

𝑁*
4𝜋𝐿+ 	𝜖

𝑁"#$ →   Number of observed IBD candidates 
𝑃%& →   Reactor thermal power 
𝐸!  →   Energy released per fission 
𝑁' →   Number of protons in fiducial volume 
𝐿 →   Baseline 
𝜖 →   Signal detection efficiency 

𝑁"#$ 
𝑃%& 
𝐸!  
𝑁' 
𝐿 
𝜖 
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Determining number of fissions and targets
• Reactor thermal power: 1.40% uncertainty

• Sensors in primary coolant loop monitor 
temperature and flow rate of coolant as it 
transports heat out of the core.

HFIR thermal power measurements

Inlet Outlet 

→ Servo system
Combine 3 uncorrelated 
channels → 2.14% unc.  

→ Safety system
Combine 3 uncorrelated 
channels → 1.84% unc.  

Reactor vessel 

3 inlet + 3 outlet temperature sensors (RTDs) for each system
3 flow rate sensors (Venturi tubes) for each system

Servo system
Combined 3 uncorrelated 
channels → 2.14% err.

3 inlet + 3 outlet temperature sensors (RTDs) for each system
3 flow rate sensors (Venturi tubes) for each system

Safety system
Combined 3 uncorrelated 
channels → 1.84% err.

𝜎$%&' =
𝑁%&'

𝑃()
𝐸$

𝑁*
4𝜋𝐿+ 	𝜖

• Target density: ~1% uncertainty
• Combustion measurements 

determine number of protons in 
scintillator active volume.Neutrino detection with PROSPECT

prompt
~few	56

delayed
~50	56

2/27/24 Department Seminar 11

%̅' + 2 → 3( + 4
• Inverse beta decay (IBD)

• Detection benefits: 
• Easy to construct target of free protons
• IBD interaction threshold is low (5) ≥ 1.8	:3;)
• Strong localization of neutron capture on 6Li (nLi) due to decay into alpha and triton
• Prompt + delayed time-coincidence signal enables strong background reduction

IBD interaction
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Statistics and detector baseline 
𝜎$%&' =

𝑁%&'

𝑃()
𝐸$

𝑁*
4𝜋𝐿+ 	𝜖

• Number of observed IBD candidates: <1% uncertainty
• Cuts on prompt + delayed event timing, position, 

PSD, energy, and fiducial volume to select IBD 
events and reject backgrounds

• Detector baseline: 2.52% uncertainty
• Survey measurements performed 

within reactor complex using 
optical ranging equipment.

Series of cuts applied to prompt E spectrum

M. Andriamirado et al., Phys. Rev. D 103, (2021).

Pieter Mumm, National Institute of Standards and Technology PROSPECT collaboration meeting, Nov. 20227

Components of Absolute Flux: Active detector positioning. 

HFIR Survey
(Plan view)

HFIR survey
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Next Steps: IBD detection efficiency
• Degradation of detector performance 

• Liquid scintillator leaked into the PMT housings at 
the end of some segments

• Address dead segment impact using fiducialization, 
single-ended event reconstruction, and data-splitting 

𝜎$%&' =
𝑁%&'

𝑃()
𝐸$

𝑁*
4𝜋𝐿+ 	𝜖

Updated Efficiency Map
• Avg Eff is .77, around equal to the 

fraction of captures on Li
• But it’s well higher than that in 

segments fully surrounded by live 
segments

• Few things going on here:
• Detections of events slightly outside 

detector volume or in PMT housings
• With no prompt E cut, huge numbers of 

detections in dead segs
• With very wide delayed PSD/E cuts, some 

non-Li capts are detected
• Sometimes a single event gets detected as 

multiple events
• Sometimes events are reconstructed 

nowhere close to where the event is in the 
MC truth data (significant overlap between 
this and multiple detections)

Efficiency by segment

Degradation of detector performance
• Liquid scintillator leaked into the PMT housings at the end 

of some segments
• Disabled PMT electronics → ”Dead" segments
• Cannot read out scintillation light from neutrino 

interactions in dead material
• Additional layer of complexity in flux measurement 

• Must account for impact of dead material on signal 
isolation

• IBD neutrons which interact in dead segments but 
are detected in live segments and vice versa

• Selection cuts and MC must be adjusted

• Compensate for dead segments using analytical methods
• Data-splitting into 5 periods
• Single-ended event reconstruction (SEER)

2/27/24 Department Seminar 15

AD1 Segment Map
Diego Venegas-Vargas

140 141 142 143 144 145 146 147 148 149 150 151 152 153

126 127 128 129 130 131 132 133 134 135 136 137 138 139

112 113 114 115 116 117 118 119 120 121 122 123 124 125

98 99 100 101 102 103 104 105 106 107 108 109 110 111

84 85 86 87 88 89 90 91 92 93 94 95 96 97

70 71 72 73 74 75 76 77 78 79 80 81 82 83

56 57 58 59 60 61 62 63 64 65 66 67 68 69

42 43 44 45 46 47 48 49 50 51 52 53 54 55

28 29 30 31 32 33 34 35 36 37 38 39 40 41

14 15 16 17 18 19 20 21 22 23 24 25 26 27

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Dead (excluded) segments

Non-fiducial segments

Detector configuration with dead segments

• Detection efficiency: <2% uncertainty
• Number of detected IBD events in 

live active volume relative to total 
IBDs in live active volume.

 𝜖 = ((*+,+-.+/	123	+4+5.6)
((89.:,	123	;5.+<:-.;956)
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Expected Impact
• World-leading precision measurement of 235U neutrino flux with final uncertainty ~2.5%

• Constrain reactor physics explanations of reactor neutrino flux and spectrum anomalies 
• Improve uncertainties in existing 235U flux production models 2 PHYSICS CONTEXT FOR PROSPECT-II 8
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Figure 2

The Gallium neutrino (a) and reactor antineutrino (b) anomalies. The data error bars represent
the uncorrelated experimental uncertainties. The horizontal solid green line and the surrounding
shadowed band show the average ratio R and its uncertainty calculated taking into account the
experimental uncertainties, their correlations and, in panel (b), the theoretical uncertainty of the
Huber-Mueller antineutrino fluxes.

The LSND anomaly has been explored in the MiniBooNE experiment that is operating

at Fermilab since 2002. In this experiment the neutrinos are produced by the 8 GeV protons

from the Fermilab booster hitting a beryllium target and producing a beam of pions. The

sign of the pions that are focused towards the detector is determined by the polarity of a

focusing horn. The detector, placed at a distance of 541 m from the target, consists of a

tank filled with 818 tons of pure mineral oil (CH2) viewed by 1520 phototubes that detect

the Cherenkov light and isotropic scintillation produced by charged particles.

Since in MiniBooNE the neutrino energy ranges from 200 MeV to 3 GeV the range of

L/E, from 0.18 to 2.7 m/MeV, covers the LSND range of L/E (from 0.5 to 1.5 m/MeV).

However, since in LSND L/E is smaller than 1.5 m/MeV, the LSND signal should be seen

in MiniBooNE for E � 360 MeV.

Initially the MiniBooNE experiment operated in “neutrino mode” with a focused beam

of �+ that decayed in a decay tunnel producing an almost pure beam or �µ’s. In the first

article (35) the MiniBooNE collaboration considered the data with E > 475 MeV, arguing

that this threshold “greatly reduced a number of backgrounds with little impact on the

fit’s sensitivity to oscillations”. No excess over background was observed, leading to a 98%

exclusion of neutrino oscillation as the explanation of the LSND anomaly. However an excess

of �e-like events was observed below the 475 MeV analysis threshold. This low-energy excess

was confirmed in the following years, in both neutrino (6,36) and antineutrino (37) modes,

whereas the data above 475 MeV continued to show little or no excess over the backgrounds.

Since most of the energy range below 475 MeV correspond to values of L/E outside the

LSND range, the low-energy excess is an e�ect di�erent from the LSND anomaly, and it has

been considered as the “MiniBooNE low-energy anomaly”. A possible explanation of this

anomaly is that the low-energy excess is produced by photons, that cannot be distinguished

from
(�)
�e-like events in the MiniBooNE detector (single photon events are generated by

neutral-current �µ-induced �0 decays in which only one of the two decay photons is visible).

This possibility is going to be investigated in the MicroBooNE experiment at Fermilab (38),

with a large Liquid Argon Time Projection Chamber (LArTPC) in which electrons and

photons can be distinguished.

12 C. Giunti and T. Lasserre

Figure 1: Measurements of reactor ne flux from a variety of neutrino experiments,
provided relative to conversion-predicted flux models [4, 45]. The offset between
the predicted (black) and globally-averaged measured (green) flux is referred to as
the Reactor Antineutrino Anomaly. The green band includes uncertainties from the
experimental measurements (accounting for correlations) and the theoretical uncertainty
quoted on the conversion-predicted flux models [4, 45]. Figure from Ref. [20].

The Reactor Antineutrino Anomaly appeared when the predicted flux of reactor ne was
recalculated in 2011 using the same b� spectrum-based, or ‘conversion,’ approach. The
updated calculations used the same b� spectra as previous calculations but included
updated nuclear information and an updated estimate of the neutron lifetime. Two
independent efforts put the newly-calculated observable neutrino flux roughly 6%
higher than previous estimates [4, 45]. A representation of ne flux measurements
relative to this new estimate is shown in Figure 1. The shift in predicted flux
opened a gap between observations and predictions, making them incompatible with a
significance at 98.6% confidence level [4]. The existence of this gap was subsequently
confirmed at longer (>100 m) baselines in a new generation of reactor-based q13
experiments [14, 25, 46].

2.4 Sterile neutrinos as the source of the Reactor Antineutrino Anomaly

One way to explain the data-model gap of the Reactor Antineutrino Anomaly is to
introduce mixing between the three Standard Model neutrinos and ns states. In the
minimal 3+1 scenario described in previous sections, ne disappearance is governed

Measurements of reactor 𝜈̅! flux relative to conversion-predicted flux models 

M. Andriamirado et al., J. Phys. G: Nucl. Part. Phys. 49, 070501 (2022).
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MTV Impact
• Current collaborations with national labs: 

• ORNL, LLNL, BNL, NIST

• Site visits: 
• HFIR complex at ORNL

• Past conferences: 
• INMM & ESARDA Joint Annual Meeting
• Science, Peace, Security
• Neutrino
• APS DNP + DPF

• Upcoming publications: 
• The Potential of Antineutrino Detectors for Remote Reactor Monitoring, Discovery and Exclusion Applications. The 

Nonproliferation Review, 2023. A. Bernstein, F. Dalnoki-Veress, J. Hecla, P. Kunkle, J. Learned. (under review).

• Technology collaborations: 
• Drexel, GIT, University of Hawaii, IIT, Susquehanna, Temple, University of Tennessee, University of 

Waterloo, University of Wisconsin, Yale University

3/10/23, 11:54 AMORNL Two-line_white

Page 1 of 1https://standards.ornl.gov/wp-content/themes/sparkling-child/img/ORNL%20Two-line_green.svg

HIGH FLUX
ISOTOPE
REACTOR

MTV Impact
• Collaborations with national labs: ORNL, LLNL, BNL, NIST
• Site visits: HFIR complex at ORNL
• Conference proceedings: 

• INMM & ESARDA Joint Annual Meeting
• Science, Peace, Security
• Neutrino 
• APS DNP + DPF

• Upcoming publications:
• Short-Baseline Absolute Reactor Antineutrino Flux Measurement with the PROSPECT Experiment at HFIR. 

Physical Review D. The PROSPECT Collaboration. (in prep).
• The Potential of Antineutrino Detectors for Remote Reactor Monitoring, Discovery, and Exclusion 

Applications. The Nonproliferation Review. A. Bernstein, F. Dalnoki-Veress, J. Hecla, P. Kunkle, J. Learned. 
(under review).

• Technology collaborations: Drexel University, GIT, University of Hawaii, IIT, Susquehanna, Temple University, 
University of Tennessee, University of Waterloo, University of Wisconsin, Yale University
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Conclusion
• Summary of the systematic errors impacting the absolute 

neutrino flux measurement with PROSPECT gives 
current uncertainty of ±3.78% 

• Decreasing uncertainties on baseline and detection 
efficiency to ~1% improves uncertainty in absolute 
flux to ±2.44%

• Final measurement will demonstrate how well an above-
ground detector can monitor the power of a research 
reactor

• Supports NNSA mission by using precision monitoring 
technology to prevent diversion of weapons-usable 
material from nuclear reactors 

Karsten M. Heeger
Yale University

on behalf of the PROSPECT collaboration

December 15, 2020
1

PROSPECT 
Precision Reactor Oscillation and Spectrum 

Experiment

Point cloud map of experiment room
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What does an absolute flux measurement report?
• Can we look at a single isotope (235U) and report the number of antineutrinos released per fission?

• No → IBD experiments only detect antineutrinos above the IBD threshold (=
>
 of total neutrino flux)

𝜎! = +𝑆(𝐸?)𝜎(𝐸?)𝑑𝐸?

IBD cross section per fission

𝜈̅! spectrum from reactor
IBD cross section

𝑅 =
𝜎!"#$

𝜎!
'@AB

• Instead we can report IBD cross section per fission 𝜎!:

• Can also report the ratio of observed IBD rate 𝜎!"#$ to the predicted IBD rate 𝜎!
'@AB using 

conventional 235U absolute reactor neutrino production models:

• Expectation: Observed flux and predicted flux consistent within error bars
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β-branches

P. Huber – VT-CNP – p. 7

Neutrino flux production models
• Two flux prediction methodologies:

• Ab-initio method 
• Summation of decay rates convolved with branching fractions 

of 𝛽-decays from isotopes in core to final nuclear states
• 𝛽	spectrum conversion

• Conversion of electron spectrum of fission isotopes into 
𝜈̅A	spectrum

• Different fissile antineutrino spectrum models are used to predict the 
reactor antineutrino flux and spectrum

• ILL + Vogel model 
• Huber + Mueller model 
• Kopeikin model 

𝛽-branches

β-spectrum from fission

235U foil inside the High
Flux Reactor at ILL

Electron spectroscopy
with a magnetic spec-
trometer

Same method used for
239Pu and 241Pu

For 238U recent measure-
ment by Haag et al., 2013

Schreckenbach, et al. 1985.
P. Huber – VT-CNP – p. 8

𝛽-spectrum from fission 

K. Schreckenbach et al., Physics 
Letters B 160, 325 (1985).
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Energy released per fission 
• “Effective” average energy per fission is given by 𝐸! = 𝐸"#" − 𝐸$ − Δ𝐸%& − 𝐸'& + 𝐸'(
• 𝐸"#"	is the mass excess per fission 

• STEREO recalculated using cumulative fission yields to get (−173.15 ± 0.07) MeV
• 𝐸$ 	is the energy lost by neutrino escape 

• Must account for neutrinos from neutron capture and fuel evolution and subtract neutrinos from long lived isotopes
• STEREO saw a 5% correction to the neutrino energy loss for these effects (0.3% for 𝐸!) 

• Δ𝐸%& is the energy not added to the power because of long lived isotopes 
• Must be calculated for HFIR 
• Small effect at (0.6 ± 0.1) MeV for STEREO → ~0.3% 

• Must also account for the energy/fission change from 239Pu (small) 
• Known for HFIR as 200.5 MeV/fission at beginning of cycle and 200.9 MeV/fission at end of cycle → ~0.2% change

• 𝐸'& 	is the energy lost due to escaping neutrons and gammas
• Must be calculated for HFIR

• 𝐸'(	is the energy added by neutron capture 
• Calculated reaction rates must be evaluated in terms of heat 
• STEREO saw 5% effect at (10.3 ± 0.2) MeV 

• On par for final value comparable with STEREO at 𝐸! = (203.41 ± 0.26) MeV estimated 0.12% uncertainty 

𝜎$%&' =
𝑁%&'

𝑃()
𝐸$

𝑁*
4𝜋𝐿+ 	𝜖
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Pieter Mumm, National Institute of Standards and Technology PROSPECT collaboration meeting, Nov. 202220

Proton density determination

0.90

0.88

0.86

0.84

0.82

0.80

0.78

C
ar

bo
n 

D
en

is
ty

 (%
)

543210

 Statistical
 Calibration (sys)

Galbraith

Jordi

Galbraith

Jordi

Standard (UGAB)

Standard (EJ309)
0.100

0.098

0.096

0.094

H
yd

ro
ge

n 
D

en
is

ty
 (%

)

543210

 Statistical
 Calibration (sys)

Galbraith
Jordi

Galbraith

Jordi

Standard (UGAB)

Standard (EJ309)

An ad hoc 1% systematic error bar added for reference.

Conclusion is that we could currently expect about a 1-2% precision for PROSPECT LiLS 
using standard procedures

In conversations with a local NIST expert, we believe that with a careful measurement plan 
we can push this to 1% or possibly below.

Pieter Mumm, National Institute of Standards and Technology PROSPECT collaboration meeting, Nov. 202216

Proton density determination

1) Sample is combusted 
completely in pure 
Oxygen and reduced to 
the elemental gases CO2, 
H2O, N2 and SO2. Various 
catalysts aid the process

2) Gases are rapidly 
mixed and precisely 
maintained at controlled 
conditions of pressure, 
temperature and volume. 
Gases are mechanically 
homogenized 

3) Separation via 
Frontal Gas 
Chromatography

4) Gas measured 
by a thermal 
conductivity 
detector

Combustion measurements

O. Tursunov et al., WJEE 3, 7 (2015).

𝜎$%&' =
𝑁%&'

𝑃()
𝐸$

𝑁*
4𝜋𝐿+ 	𝜖
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Data-splitting detector configurations
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Dead volume correction
• Address dead segment impact using fiducialization, single-ended event reconstruction, and data-

splitting 

𝐼𝐵𝐷,$$!-(./! = 9
0.2	4!5

6.+	4!5
1

(𝜎789𝐼𝐵𝐷)
+

Effective IBDs for: 
• Full dataset (5 periods)
• Segments with 2 live PMTs

Effective IBDs for: 
• Periods 2 & 3
• Segments with 1 or 2 live PMTs

𝜎$%&' =
𝑁%&'

𝑃()
𝐸$

𝑁*
4𝜋𝐿+ 	𝜖


