Inverse beta decay and coherent elastic neutrino nucleus scattering — a comparison
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Many neutrino experiments involving low-energy neutrinos rely on inverse beta decay (IBD),
including those studying neutrino oscillations at nuclear reactors, and for applications in reactor
monitoring and the detection of neutrinos emitted from spent nuclear fuel. IBD reactions can occur
only for electron antineutrinos with energy above a threshold of 1.806 MeV. Below this threshold,
the signature of neutrinos is accessible via coherent elastic neutrino-nucleus scattering (CEvNS), a
threshold-less reaction. CEvNS was observed for the first time in 2017 at 6.70 confidence level after
forty years of experimentation, albeit with neutrinos of about 10 times larger energy than those from
reactors. Here we assume also that neutrinos from reactors and other MeV-sources eventually will be
detected using CEvNS. In this paper, we use neutrino fluxes measured from reactors and their cross
sections to compute the energy spectra of 23°U, 238U, 239Pu, and ?*'Pu, and determine and compare
neutrino detection event counts using either IBD or CEvNS. This characterization will inform future
detector choices and is directly applicable to various neutrino sources, including reactor neutrinos,
spent fuel neutrinos, and geoneutrinos. The result is potentially useful in monitoring spent nuclear
fuel and reactors, in support of nuclear nonproliferation safeguards objectives.

I. INTRODUCTION

Neutrinos were discovered by Cowan and Reines in 1956 [1]. Characterized by their very small probability of
interaction with other matter, their detection therefore requires large target masses. Their observation provides
insight not only into neutrino properties and particle physics, but into the source of the neutrinos. These sources
include supernovae [2], solar neutrinos [3], atmospheric neutrinos [4], cosmic rays [5], and geoneutrinos [6], as well as
artificial sources including particle accelerators [7] and nuclear reactors [8].

Inverse beta decay (IBD) is an important process commonly used to study lower-energy neutrinos of less than 60
MeV [9] and is used in most reactor experiments. IBD describes an electron antineutrino scattering off a proton and
producing a neutron and positron

Vet+p—n+tet. (1)

Neutrinos can be detected by IBD only above the threshold energy dictated by the masses of the positron, neutron,
and proton. In the laboratory frame, the proton is at rest, and the threshold as expressed in Ref. [9] is
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Coherent elastic neutrino-nucleus scattering (CEvNS) was postulated soon after neutrino-quark coupling through
neutral Z bosons, an implication of the discovery of the weak neutral current. CEvNS occurs between an antineutrino
of any flavor and a target nucleus [10]

r+X—->rv+X.

CEvNS is such a promising detection method for low-energy neutrinos due to its cross section’s N? dependence, where
N is the number of nucleons in the target mass. By one estimate, the CEvNS cross section is approximately three
orders of magnitude larger than that of IBD [11], making it the largest of all low-energy neutrino interactions. Despite
its high cross section, CEvNS evaded detection for decades because of the difficulty in detecting very low nuclear recoil
energies. In 2017, the COHERENT collaboration used a 14.6kg CsI[Na] scintillator to observe CEvNS for the first
time from the Spallation Neutron Source at Oak Ridge National Laboratory [12]. COHERENT is currently in the
process of deploying four detector subsystems to continue to test the N? dependence of the cross section [13].
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Applications of IBD and CEvNS
Nuclear nonproliferation safequards

Physicists in the Soviet Union in 1978 first proposed the use of neutrinos for remote monitoring of nuclear reactors
[14]. The typical mixture of isotopes undergoing fission in any reactor is comprised of 235U, 238U, 239Pu, and 24! Pu.
Both plutonium isotopes are produced by neutron capture on the uranium isotopes. More plutonium is produced
the longer and the higher the power at which the reactor runs. Each of these isotopes also has well-defined and
unique neutrino emissions, both in the energy spectra and the number of neutrinos emitted. As shown in Fig. 1, the
spectrum of weapons-usable 23°Pu has the lowest mean energy of the four isotopes within the reactor. The number of
neutrinos emitted for each isotope is also shown in Tab. I. By observing the number of neutrinos emitted by reactors
and the spectra of those neutrinos, the composition of the reactor fuel and the power level of the reactor can be
determined. As a result, one can deduce whether the reactor could potentially be producing weapons-grade material,
even without access to records of the reactor history [15]. Analyses with individual reactors have demonstrated that
this method of safeguards would have quickly provided information as to the plutonium production in the Democratic
People’s Republic of Korea during the North Korean nuclear crisis of 1994, given the limited access inspectors were
given to the reactor [8]. Studies have also applied this method to IR-40, the Iranian heavy water reactor at Arak,
and demonstrated that a neutrino detector can meet or exceed the verification goals set by the International Atomic
Energy Agency (IAEA) [16].

Spent nuclear fuel

The rise of nuclear power over the last seven decades has created significant quantities of nuclear waste. With
this comes the responsibility of proper management of the highly radioactive spent fuel. Neutrino monitoring via
IBD can be used for verification of the contents of dry storage casks above ground; remote monitoring of long-term
underground repositories; detecting leaks in storage tanks; and remote sensing of radioactive spills [17].

Geoneutrinos

The Kamioka liquid scintillator antineutrino detector (KamLAND) obtained the first measurements of neutrinos
produced within the Earth. The majority of geoneutrinos are electron antineutrinos originating from 4°K, 232Th, and
2381, Only the 232Th and 238U decay chains produce neutrinos above the IBD detection threshold. The detection of
neutrinos from 4°K decay could be possible with CEvNS detectors and would be of great interest to geophysicists,
with potential applications to geomagnetism [6].

Neutrino properties

Theoretical and experimental projects have resulted in interest in CEvNS from a variety of fields, compiled by
Akimov et. al. [12]. CEvNS background from solar and atmospheric neutrinos is an irreducible background in
the search for weakly interacting massive particles (WIMPs) as dark matter. Astrophysicists expect that CEvNS
dominates neutrino transport during stellar collapse and in neutron stars. CEvNS is an excellent tool in searches for
sterile neutrinos, a neutrino magnetic moment, and interactions via new particles beyond the standard model. It also
may allow for improved constraints on the weak nuclear charge value and probes of nuclear structure.

II. METHODS
IBD event counts and spectra

To compute the neutrino counts and energy spectra from IBD, we use the cross section calculated in Ref. [9] and
the antineutrino fluxes for 23°U, 238U, 239Pu, and 2'Pu calculated in Ref. [18]. The total cross section at zeroth
order can be expressed as
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where 7, is the measured neutron lifetime and ff=1.7152 is the phase space factor [9]. The cross section for IBD is
on the order of 10742 cm?2.
We compute the neutrino yield for each isotope through numerical integration

8 MeV
yiBD = / o150(E) f1(E,) dE, . (4)
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Here, orpp(E,) represents the IBD cross sections and fr(F,) represents the neutrino fluxes. We impose a linear
interpolation throughout the cross section and flux values and choose to integrate over 0.25 MeV-wide energy bins.
We repeat this calculation for each of 235U, 238U, 239Pu, and 24'Pu. We then impose a normalization factor
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where ¢ is time, P is reactor power, E; is the energy per fission, M is the mass of the detector target, and L is the
distance from the reactor core. For our calculations, we chose to demonstrate a 1 GWy;, reactor with a 1 kg CHsy
detector 10 m away from the reactor core for one year. CHs is an ideal target, as hydrocarbons have a high number
of protons with which neutrinos interact [15]. We also assume the energy per fission to be E;=200MeV. Then the

number of neutrinos detected is simply nﬁBD =N nyBD . The results are shown in Tab. I.
To compute the neutrino spectra, we return to our numerical integration routine. The value of the integral con-
strained within each energy bin produces the spectra for each isotope within the reactor. As shown in Fig. 1, peaks

for thermal neutron fission in 225U, 23°Pu, and ?*!Pu occur around 3.5MeV, while the peak for fast neutron fission
in 238U occurs around 4 MeV.

CEvNS event counts

The observation of CEvNS opens up a new realm of possibility for neutrino detection, including for reactor neutrinos.
While the cross section for IBD interactions can be quite simply expressed as a function of neutrino energy, the CEvNS
scattering cross section is differential [11]

do G%
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where My is the atomic weight and N is the number of neutrons in the target nuclei. Similarly to the IBD process,
we compute the following integral using the neutrino fluxes

T do
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Here T,,4. and T,,;, are the maximum and minimum nuclear recoil energies, respectively. We calculate event counts
with various values for Tpnin. Tz is a function of energy [11]
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The definite integral is easily solved analytically, and we again use a numerical integration routine over the neutrino
energy, again choosing a bin size of 0.25 MeV. We also must ensure that when values of T,,,, at low energies fall
below the threshold energy T,,;,, the value of the integral at that point is zero. We then normalize our values again,
though we now modify each normalization value for the atomic weight of each potential target nuclei. We repeat
this for different threshold energies T,,;, and for each of the potential target isotopes in the detector. The resulting
neutrino counts are shown in Tab. II.

III. RESULTS

As seen in Tab. I, the number of neutrinos produced by and detected from each isotope in a reactor differs
significantly. At approximately 3000 events with our given parameters, 23°Pu produces the fewest neutrinos, at only
about two-thirds the rate of 238U. 239Pu also has the lowest mean energy; 238U has the highest mean energy, which



Isotope‘%gPu 241Pu 235U 238U

Events‘ 3000 4160 4360 6580

TABLE I. IBD event number per kg of CHz per year at a 1 GWy, reactor and at a distance of 10 m.
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FIG. 1. Energy spectra for uranium-235, uranium-238, plutonium-239, and plutonium-241.

also peaks at a higher energy value than the other three isotopes, as shown in Fig. 1. With observations of both the
event number and the spectra of the neutrinos emitted from a nuclear reactor, one can deduce both the composition
of the mixture within the reactor and the power level of the reactor itself. This can allow for detection of potentially
weapons-grade plutonium-239, and therefore can serve as an important safeguard against nuclear nonproliferation.

Table II shows the neutrino event number above a given nuclear recoil energy threshold for various isotopes that
could serve as target masses in detectors for CEvNS.

Isotope
Threshold [eV] 4He‘ HC‘ 20Ne‘ 2881‘ 4OAr‘ 74Ge‘ 1271‘ 132Xe‘ 133Cs
0 4360*| 13100{21800 {30500 {52800 (104000 |188000{201000|200000
10 4320*| 12800{20900 (28900 (48900| 91000|152000{161000|160000
100 4030*| 10700{15900(20200{30400| 42200| 47200| 48400| 47600
1000 2510%| 3480*|3030*|2330* |1710*| 294*| 0.719*| 0.185*| 0.123*
10000 141*|0.239*| 0.00*| 0.00*| 0.00*| 0.00*| 0.00*| 0.00*| 0.00*

TABLE II. CEvNS event number per kg per year for Uranium-235 at a 1 GWyy, reactor and at a distance of 10m as a function
of isotope and recoil energy threshold. The corresponding event number for IBD in 1 kg of CHs is 4360, as shown in Tab. I.
Event numbers lower than this are marked with an asterisk.

Almost every potential target isotope we considered will detect fewer neutrinos than a currently operating IBD
detector if the CEvNS detector is unable to observe recoil energies below the order of 1 keV.

Table III shows the recoil energies at which a CEvNS detector with the given isotope as a target will detect the
same number of neutrinos as IBD. This is again using the parameters outlined previously with respect to reactor
power, observation time, distance, and target mass for 23U. For example, germanium-74, a common target material
in neutrino detectors, will detect fewer neutrinos than a currently operating IBD detector if the CEvNS detector is
unable to observe recoil energies below the required 491 eV. Table IIT also demonstrates the linearity of the threshold
energy versus the mass number of the target.

Isotope ‘4He 120 20Ne 288) 40Ar Ge 1271 132Xe 133Cs
Threshold [eV]‘ 0 790 770 702 672 491 353 347 343

TABLE III. The recoil energy threshold at which IBD and the CEvNS detector parameters described in Tab. II result in the
same neutrino event number



The same challenge that allowed CEvNS to evade detection for forty years dictates the efficacy of its use in
experimental neutrino physics. The potential for drastically increased neutrino counts using CEvNS is a very real
one, but only when our detector technology catches up to theory. Great advances have been made to detect the very
small recoil energies of CEvNS, and with continued advancement, CEvNS will offer improved opportunities for new
understandings of neutrino physics.
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