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Introduction and Motivation
• Neutrinos are produced from beta decay of fission fragments 

inside reactor core fission

beta decay

neutron

neutrino

electron

Phys. Rev. Lett. 125, 201801 (2020) 

“Reactor Antineutrino Anomaly”

• They interact extremely 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 overestimated? 
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TABLE I. Comparison of antineutrino detectors’ specification including active mass, stando↵ dis-

tance, detection e�ciency, and energy resolution.

Detector Mass Distance E�ciency Eng. Resolution

(tons) (m) (%) (%)

Daya Bay [3] 20 470-576 78.9 7.5p
E(MeV )

+ .9

SONGS1 [2] .64 24.5 10.1 N/A

This Work .64 25 78.9 7.5p
E(MeV )

+ .9

FIG. 1. Visualization of antineutrino flux (a), inverse beta decay cross section (b), and detected

antineutrino events (c) from235U and233U fissions. Units for the inverse beta decay cross section

and the detected antineutrino events are arbitrary to e↵ectively communicate the e↵ects of physical

properties on the detected spectrum. Oscillation e↵ects are neglected. A detailed calculation of

the 233U antineutrino spectrum shown above is discussed in Section

Thorium Reactors

A thorium MSR core consists of a seed and blanket separated by a graphite moderator.

Neutrons emitted from fissile material contained in the seed, converts 232Th in the blanket to

233U. At the beginning of the reactor lifetime the seed is comprised of low enriched uranium

(20through the blanket to be used in the seed. 233U is formed from neutron capture by 232Th

4

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

(a) antineutrino flux
(b) IBD cross section
(c) detected 𝜈! events

Phys. Rev. D 103, 032001 (2021)

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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• Uncertainties in existing neutrino flux 
production models may be improved 
based on high precision measurement 
of 235U flux
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Technical Approach

1515 Physics Division

Summary and future work

• First exploration using PG4 
simulations appears to be effective 
when locating the reactor core 
position. 

• Investigate effect of finite size 
source in PG4 on the results.

• Include z-information coming from 
cell-offset

• Conduct sensitivity study for test 
points against real data.

�̅�!�̅�!
�̅�! �̅�!�̅�!

�̅�! �̅�!

Segmented liquid scintillator target 
• Inverse beta decay (IBD) interactions
• Double PMT readout
• Layered shielding 

• Precision Reactor Oscillation and Spectrum Experiment 

HFIR Core

PROSPECT Detector

High Flux Isotope Reactor (HFIR)
• 93% 235U fuel
• 85 MW thermal power
• Compact core
• High flux in the few MeV range 
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Defining Absolute Flux
• We will compute the observed IBD cross section per fission:

• Total uncertainty on the flux measurement (𝜎!"#$) is determined by propagating the uncertainties of the 
factors in the expression

𝜎#$%& =
𝑁$%&

𝑃'(
𝐸#

𝑁)
4𝜋𝐿* 𝜖

Parameter Value Uncertainty (%)
Statistical Number of observed IBD candidates (𝑁"#$)
Background systematics Background subtraction
Reactor systematics Reactor thermal power (𝑃%&)

Energy released per fission (𝐸!)
Signal detection systematics Number of protons in fiducial volume (𝑁')

Baseline (𝐿) 
Signal detection efficiency (𝜖)
Total (𝝈𝒇𝒐𝒃𝒔) <2.5%
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𝜎#$%& =
𝑁$%&

𝑃'(
𝐸#

𝑁)
4𝜋𝐿* 𝜖

Determining number of fissions and targets
• Reactor thermal power: 2.14% uncertainty

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

• Target density: ~1% uncertainty
• Average number of protons in some 

volume within which we know the IBD 
detection efficiency well. 

Reactor vessel
OutletInlet

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

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

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

→ Could improve to 1.4% uncertainty.

Inverse beta decay 
(IBD)
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prompt cluster. If Srec are identical, the prompt-delayed Zrec
difference is required to be less than 140 mm; if Srec are
adjacent, Zrec spacing must be less than 100 mm.
To remove activity associated with cosmogenic muons

and other high-energy events capable of creating significant
numbers of delayed secondaries, IBD candidates are
rejected if their delayed capture times are within 200 μs
of a preceding cluster with Erec > 15 MeV; this cut is
referred to as a “muon veto.” To similarly reject cosmo-
genic neutron-related activity, IBD candidates are rejected
if their delayed capture occurs within 400 μs of another
n-6Li candidate, or within 250 μs of a preceding cluster
with Erec > 0.25 MeV and at least one pulse with a PSD
value larger than 2σ above peak of the electronlike PSD
band. These cuts are referred to as the “neutron veto” and
“recoil veto,” respectively. These three cuts are also referred
to collectively as a “cosmic veto.” IBD candidates are also
rejected if either cluster occurs within 0.8 μs of a previous
cluster; this cut, referred to as the “pile-up veto” reduces
ambiguities in the calculation of trigger-related dead times.
PG4 MC simulations of cosmogenic processes also

indicate that neutron-related backgrounds are concentrated
on the edges of the active region [72]; for this reason, IBD
candidates are rejected if their prompt or delayed Srec is
within the outermost layer of segments on the detector top
and sides. Signals in two segments in the bottom back
corner of the detector are similarly rejected due to high
reactor-on trigger rates in these segments from reactor γ-ray
backgrounds. IBD candidates are rejected if prompt or
delayed Zrec values are within 140 mm of the segment ends.
These segment and z-end exclusion cuts are referred to as
“fiducialization” in following sections.
Figure 19 illustrates the reduction in IBD candidates

upon sequential application of the IBD selection cuts
described above during reactor-on data-taking; distribu-
tions include subtraction of accidentally time-coincident
backgrounds, which is described in Sec. VI. A 2 to 3 order
of magnitude reduction in IBD candidates is observed after
all cuts are applied. The reactor-on prompt Erec distribution
in Fig. 19 exhibits a smooth event distribution peaking
between 2–3 MeVand falling at higher energies, consistent
with the expected energy distribution of reactor ν̄e IBD
interactions; however, peaklike features also appear in this
distribution, indicating the residual presence of background
IBD candidates. The PSD value distribution in Fig. 19
exhibits a double-humped structure matching that expected
from prompt IBD positrons (low-PSD value) and prompt
nuclear recoils (high-PSD value), gamma interactions from
inelastic scatters (low-PSD value), and captures (high- or
low-PSD values for captures on 6Li and hydrogen, respec-
tively) produced by cosmogenic neutrons. We note that due
to integration over a broad energy and time range, the high-
and low-PSD value distributions observed in Fig. 19 are
smeared out and provide an incomplete representation of
the detector’s true PSD separation capability.

IBD candidates are also investigated in Fig. 20 by
simultaneously plotting energy and PSD value for the most
restrictive selection given in Fig. 19 for one reactor-on cycle
and a following reactor-off period. Pictured are the total
summedpromptErec, aswell as thePSDvalue for the pulse of
highest reconstructed energy within the prompt cluster. The
elongated band at low-PSD value represents the area con-
taining all selected IBDcandidates, aswell as a subset of non-
IBD events containing subdominant prompt cluster pulses
with high-PSD values. Apart from differences in absolute
rates due to differing time period lengths, the primary visible
difference in Fig. 20 between reactor-on and reactor-off
periods is a relative reduction in content in the band at low-
PSD value in reactor-off data.
Two other regions of potential IBD-like backgrounds are

also highlighted in Fig. 20. One isolated region at low
energy and high-PSD value is produced by the time-
coincident captures of two neutrons on 6Li, which are a
signature of multineutron cosmogenic showers. Another
region inhabiting a broad energy range at high-PSD value is
produced by the scattering and subsequent 6Li capture of a
single energetic cosmogenic neutron. These event classes,
designated (n-Li, n-Li) and (n-p, n-Li), will be used to
further investigate the impact of multineutron showers
and high-energy cosmogenic neutrons on PROSPECT
signals. In these investigations, the latter (n-p, n-Li) class
will also include rejected events in the IBD-like band of
Fig. 20 that contain a subdominant high-PSD prompt
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FIG. 19. Distributions of prompt Erec and reconstructed PSD
value of the highest-Esmear prompt pulse (bottom) as IBD
selection cuts are sequentially added to the PROSPECT reac-
tor-on dataset. Applied cuts are described in the text. Distribu-
tions include subtraction of accidentally time-coincident
backgrounds, which is described in Sec. VI.

IMPROVED SHORT-BASELINE NEUTRINO OSCILLATION … PHYS. REV. D 103, 032001 (2021)

032001-19

Signal detection efficiency: <2% uncertainty
• PROSPECT detects neutrinos via inverse beta decay (IBD)

• Prompt signal (𝑒,) provides good energy estimate of incident neutrino
• Delayed localized neutron capture signal (n – 6Li)

• Event selection achieved using selection cuts 
• Event timing, energy, distance, fiducial volume, pulse shape discrimination (PSD)
• Compare data to simulation to calculate efficiency of each cut

Prompt PSD

prompt/gamma

proton recoil

nuclear recoiln 
–
6 L

i

𝜎#$%& =
𝑁$%&

𝑃'(
𝐸#

𝑁)
4𝜋𝐿* 𝜖

• Optimize the cuts in order to: 
• Maximize effective statistics 
• Minimize associated uncertainty 

in the efficiency 
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Next StepsAD1 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

Segments with 4 live neighbors: (All PRD cuts applied)

• Dead segments: 
• 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 17, 18, 21, 23, 24, 27, 28, 

29, 31, 32, 34, 36, 40, 41, 42, 43, 44, 46, 47, 48, 50, 52, 55, 56, 60, 
63, 68, 69, 70, 73, 79, 83, 86, 87, 94, 97, 102, 107, 111, 115, 121, 
122, 126, 127, 128, 130, 133, 136, 139, 141

• Non-fiducial segments:
• 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 27, 28, 41, 42, 55, 56, 

69, 70, 83, 84, 97, 98, 111, 112, 125, 126, 139, 140, 141, 142, 143, 
144, 145, 146, 147, 148, 149, 150, 151, 152, 153  

Dead (excluded) segments Non-fiducial segments

3/6/23 9

35

Teflon-lined Al 
containment vessel

Thin UVT acrylic 

window
Viton gasket

ClampPMT support

PMT array

Figure 11: Schematic drawing of the redesigned inner detector. Arrays of 5” PMTs are
mounted in aluminum support structures on both ends of the inner containment vessel
(for simplicity, this drawing shows only the PMTs and mounts on one side). The support
structure also reinforces the thin acrylic window between the LiLS volume and PMTs.
Mineral oil fills the spaces between the inner detector and outer containment vessel (not
shown).

two primary design features: (1) insertion of PMT housings into the optical reflector grid
to eliminate cross-talk, and (2) a full-volume calibration system [138]. The combination
of these features necessitated incorporation of PMT housings within the LiLS volume.
However, during PROSPECT-I operation, LiLS was observed to have entered the PMT
housings, leading to failures of the PMT electronics and the loss of those segments as
active target region. Additionally, the large number of required penetrations of the inner
acrylic tank combined with the diversity of materials in contact with the LiLS likely led
to the slow degradation of scintillator light yield. In light of the lessons learned from
PROSPECT-I, these design choices are reconsidered for PROSPECT-II.

4.2 Upgrades for PROSPECT-II detector

The PROSPECT collaboration has developed an evolutionary design for a detector
upgrade that addresses the technical issues encountered during operation of PROSPECT-
I, requires modification to only a minority of subsystems, and maintains the performance
required to achieve the physics goals of the experiment. As mentioned above, the
planned PROSPECT-II upgrade makes significant updates to the original PROSPECT
design only inside of the OCV. The principal change to the inner detector design moves
the PMTs outside the LiLS volume to reduce the possibility of PMT voltage divider

Schematic of P-II detector

• Optimize PROSPECT-II design and external 
calibration strategy for flux measurement 

• Apply measurement procedure to P-II data
• Compare to applications-oriented neutrino detectors

• Quantify impact of dead material on detection 
efficiency

• Calculate uncertainty on 6Li capture fraction 
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Expected Impact
• Goal: Make a world-leading precision measurement of 235U neutrino flux with <2.5% uncertainty
• Contribute to the global reactor flux picture and reactor neutrino literature
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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

Journal of Physics. G, Nuclear and Particle Physics, OSTI 1887020 (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
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Conclusion
• These updates demonstrate a path toward significant 

improvements in decreasing piecewise uncertainty of the 
absolute flux measurement 

• Calculate and optimize signal detection efficiency according to 
required event selection cuts 

• 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
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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
�̅�! spectrum from reactor

IBD cross section

𝑅 =
𝜎!"#$

𝜎!
'./0

→ Predicted reactor �̅�/ energy spectra based on new measurements of 𝛽 spectra from 235U performed at a  
research reactor at Kurchatov Institute in Russia 

• Instead we can report IBD cross section per fission 𝝈𝒇:

• We can also report the ratio of observed IBD rate 𝝈𝒇𝒐𝒃𝒔 to the predicted IBD rate 𝝈𝒇
𝒑𝒓𝒆𝒅 using the most recent 

235U absolute reactor neutrino flux prediction:

• Expectation: Observed flux and predicted flux be consistent within error bars
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Deriving 𝜎!"#$
Given �̅�! ’s emitted isotropically from fission products of 235U, 238U, 239Pu, 241Pu.
The number of �̅�! with energy 𝐸" emitted from a reactor at time 𝑡 can be predicted 
using: 

The total number of detected IBD events 𝑁#$% can be estimated as

𝑁#$%

𝑃&'
𝐸(

𝑁)
4𝜋𝐿* 𝜖

= ,𝑆(𝐸")𝜎+,-(𝐸")𝑑𝐸" = 𝜎(#$%

Plugging in (2) to (3) gives

(1)

(2)

𝑁#$% =
𝑁)
4𝜋𝐿*

𝜖 ,𝑃%./ 𝐸" , 𝐿 𝜎+,-(𝐸")
𝑑𝜙(𝐸")
𝑑𝐸"

𝑑𝐸"

𝑑*𝜙(𝐸" , 𝑡)
𝑑𝐸"𝑑𝑡

=
𝑃&'(𝑡)

∑0 𝑓0(𝑡) 𝐸( 0

6
0

𝑓0 𝑡 𝑆0 𝐸" 𝑐012 𝐸" , 𝑡 + 𝑆314(𝐸" , 𝑡)

Where the sums are over 235U, 238U, 239Pu, 241Pu.

Simplifying for PROSPECT with only 235U fission over a specific runtime 𝑡 and negligible SNF contribution gives the differential �̅�! rate to be  

• 𝑃&': Reactor thermal power
• 𝑓0: Fission fraction due to isotope 𝑖
• 𝐸( 0

: Average thermal energy released per fission
• 𝑆0 𝐸" : �̅�! energy spectrum per fission 
• 𝑐012: Correction to the energy spectrum due to 

reactor non-equilibrium effects using long-lived 
fission fragments 

• 𝑆314: Contribution from spent nuclear fuel (SNF)

𝑑𝜙(𝐸")
𝑑𝐸"

=
𝑃&'
𝐸(

𝑆 𝐸" 𝑐12 𝐸"

(3)
• 𝜎+,-(𝐸"): IBD cross section
• 𝐿: Distance between detector center and reactor core
• 𝑃%./ 𝐸" , 𝐿 : Survival probability due to neutrino oscillation 
• 𝑁): Number of target protons
• 𝜖: IBD signal detection efficiency

𝑁#$% =
𝑃&'
𝐸(

𝑁)
4𝜋𝐿*

𝜖 ,𝑆 𝐸" 𝑐12 𝐸" 𝑃%./ 𝐸" , 𝐿 𝜎+,- 𝐸" 𝑑𝐸"

Redefining 𝑆 𝐸" to absorb 𝑃%./ 𝐸" , 𝐿 and 𝑐12 𝐸" terms and dividing on both sides by the prefactor gives 

(4)

which is the observed IBD cross section per fission we will report.
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Inverse Beta Decay (IBD)

Segment of LiLS
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Proton density: Combustion measurements

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

Pieter Mumm, National Institute of Standards and Technology PROSPECT collaboration meeting, Nov. 202217

Proton density determination

To obtain a wt %, need to know: baseline and ‘K-factors’ 

Scaling factor (k-factors) 
relates measured readout to 
density determined relative 
to a known standard sample
(e.g. acetanilide)

Pieter Mumm, National Institute of Standards and Technology PROSPECT collaboration meeting, Nov. 202219

Proton density determination
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11:00 AM
1/1/04

12:00 PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM

Time

Blank
Conditioning
Calibrant
QC
sample - other
sample - UGAB
sample - EJ309

Calibration standard (Acetanilide)

UGAB

EJ-309

Discrepancy between standard and reference (both acetanilide)
Suggests problem with calibration curve - standard practice is to adjust normalization not shape 
Possible systematic at the % level

Measurement sequence 
• ‘Blanks’ to determine baseline 
• Reference samples to determine calibration 
• 2nd reference sample to validate calibration 
• Samples interspersed w/ conditioning runs 


