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Abstract Neutrinos from core collapse supernovae can excite nuclei of some detector materials beyond
their neutron emission thresholds. Detection of these neutrons can give valuable information about the
supernova explosion mechanism and possibly also throw light on neutrino properties. In this article, we
give a brief review of the basic physics of neutrino-induced neutron emission and describe the results of
some recent calculations of supernova neutrino-induced neutrons for some specific target detector materials
due to charged current (CC) interactions of the electron flavored neutrinos and antineutrinos as well as
due to neutral current (NC) interactions of neutrinos and antineutrinos of all flavors with the detector
nuclei. We highlight the fact that a detector material such as lead with a relatively large neutron excess
produces neutrons dominantly through the CC interaction of the v.s, whereas a material such as iron with
small neutron excess produces neutrons dominantly through the combined NC interaction of all the six
neutrino and antineutrino species. This raises the interesting possibility of probing the fraction of mu-
and tau-flavored neutrinos (which interact only through NC interaction) in the supernova neutrino flux by

means of simultaneous detection of a supernova in a lead and an iron detector, for example.

1 Introduction

The explosion of core collapse supernovae (SN) is asso-
ciated with the emission of a huge number of neutri-
nos [1-3]. These neutrinos come out from the central
very high density region of the core of the star and
are the only messengers of the conditions there [4,5].
The detection of neutrinos from SN 1987A has provided
direct observational evidence for neutrino emission from
supernovae. But the number of neutrinos observed was
very small—a total of 20 events over a period of slightly
less than 13 s at the two water Cerenkov facilities,
Kamiokanda-II [6] and Irvine-Michigan-Brookhaven
(IMB) [7]. However, today there exist many excellent
neutrino detectors, like the Cerenkov or liquid scintilla-
tor facilities such as Super-Kamiokande [8], IceCube [9],
Borexino [10], KamLAND [11,12], LVD [13], RENO-50
[14], and future ones like IceCube-Gen2 [15], Hyper-
Kamiokande [16] and JUNO [17], which will be able
to detect copious number of neutrinos from a future
nearby supernova event. While these observe the elec-
tron antineutrinos, the liquid argon detector within the
DUNE facility [18] will observe the electron neutrinos.

In this article, we discuss another mechanism of SN
neutrino detection, namely through detection of neu-
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trino induced neutrons with suitably chosen detector
materials. Supernova neutrinos and antineutrinos inter-
acting with some nuclei can excite the nuclei beyond
their neutron emission thresholds, resulting in emission
of neutrons. Neutrinos and antineutrinos of all flavors
participate in the neutral current (NC) excitation pro-
cess, whereas the electron flavor neutrinos can addi-
tionally excite the nuclei through the charged current
(CC) interaction. These neutrons detected in coinci-
dence with the SN event can give valuable information
about the energy spectra of the supernova neutrinos.
Detectors for this purpose can in principle employ a
variety of detector materials such as lead [19] (as in the
HALO [20] experiment at SNOLAB), iron [21,22], lig-
uid xenon [23], and so on. The total number of neu-
trons emitted due to CC interactions of v.s with a
nucleus 4X of mass number A with Z protons and
N(= A — Z) neutrons roughly scales with the “neu-

tron excess” (= N — Z) of the nucleus. Thus, 29°Pb or

132Xe, for example, with ‘large’ and ‘moderate’ neutron
excesses of 44 and 24, respectively, will respond more to
electron type neutrinos than the mu or tau type. How-
ever, materials with low neutron excess (N =~ Z), such
as °Fe (with N = 30, Z = 26), for example, can also be
useful since such materials can be relatively more sen-
sitive to v, and v, and their antineutrinos (all of which
only have NC interactions with the nuclei) because of
the suppression of CC interactions of electron type neu-
trinos. As we shall see below, the total number of neu-
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trons emitted also differs for the two different neutrino
mass hierarchies, namely, Normal Ordering (NO) and
Inverted Ordering (10).

In Sect. 2, we briefly review the general features
of the neutrinos emitted during core collapse super-
novae. Section 3 discusses the excitation of nuclei by
neutrinos carrying energies in the range of a few to
few tens of MeV, both for CC and NC interactions,
and the process of neutron emission. In Sect. 4, we
discuss three specific detector materials, namely, *°Fe,
132Xe and 2%8Pb (covering the range of ‘low’ through
‘intermediate’ to ‘heavy’ mass nuclei) with regard to
their effectiveness for neutrino-induced neutron emis-
sion, and present some results for these materials in
Sect. 5. Finally, in Sect. 6, we summarize and mention
possible future work in this area.

2 Neutrinos from core collapse supernovae

Detailed numerical simulations with realistic physics
allow one to model the fluxes and energies of neutrinos
emitted during the core collapse supernovae. The emis-
sion of neutrinos can be separated into three distinct
phases. Electron capture on nuclei AXy and on the
free protons (p) result in neutrino production when the
shock wave responsible for the explosion passes through
the iron core, dissociating the iron nuclei while mov-
ing outward. This phase, known as the neutronization
phase, lasts for 25-30 ms and gives out predominantly
electron type neutrinos (v.) :

Xy +e = Yy +ve, (1)
p+e — n+ve.. (2)

After this, in the accretion phase, which lasts for a
few hundred milliseconds, neutrinos of all flavors are
emitted. As the infalling material accretes onto the core,
the matter gets sufficiently heated so that the ete~
annihilation process results in vv production of all three
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Fig. 1 Left: Temporal profiles of the neutrino luminosity
(upper three panels) and average energy of the neutrinos
(lower three panels) during the neutronization-, accretion-
and cooling phase (from left to right, respectively) for dif-
ferent neutrino flavors, as given by the Basel/Darmstadt
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neutrino flavors. The nucleon—nucleon bremsstrahlung,
NN — NN’ +vp, also adds to that. The v, and 7, are
produced through both CC and NC processes whereas
the v,, vy, v, and v, are produced only through NC
processes. The v,, v,, v, and U, have identical flux
and energy distributions. At the final stage neutrinos
come out during the cooling phase which lasts for about
10 s during which the fluxes go down with time. The
fluxes and average energies of v, v, and v, (where v,
represents v, , v, , vy or U, ) as functions of time for all
the three stages from the results of a realistic simulation
by the Basel/Darmstadt (B/D) group [24] are shown in
Fig. 1 for illustration.

The average neutrino energies obtained in the B/D
simulations [24] are somewhat lower than those from
earlier simulations [25,26]. In the last few years, there
has been progress in the inclusion of mean-field effects
modifying the nuclear symmetry energy for the CC
interaction [27], which goes towards reducing the lumi-
nosities of all neutrino flavors but increases the differ-
ence between the v.’s and 7.’s average energies. There
is also better understanding of the medium modifica-
tion for neutrino-pair processes from nucleon—nucleon
bremsstrahlung, which modifies the process of delep-
tonization of the protoneutron star [28]. In this article,
we shall use for definiteness the temporal profiles of the
neutrino luminosities and average energies of the neutri-
nos of different flavors as well as their normalized time-
averaged energy spectra given by the Basel/Darmstadt
simulation [24] of a 18 Mg progenitor supernova (as
shown in Fig. 1) at a distance of 10 kpc from earth,
for illustrating our results for neutron emission in dif-
ferent detector materials.

The post-bounce differential flux (per unit time per
unit energy) of each neutrino flavor v; (v; = ve, Ve, Vy)
at time t is written as
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simulation [24] of a 18 M progenitor supernova. Here v,
represents v, , U, vy or U, . Right: The normalized time-
averaged energy spectra of the neutrinos of different flavors.
(From Ref. [22])
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where L,, (t) and (E,,)(t) are the time-dependent lumi-
nosity and average energy of the emitted neutrinos of
flavor v;, and ¢,,(E,,t) is the instantaneous normal-
ized energy spectrum ([ ¢, (E,,t)dE, = 1), which can
be parametrized as [26]

1 (1+a, (t))Haui(t) E, \*"
D YD L (s ) (i)
X exp {— (1 + o, (ﬂ)%} 7 )
where

a,,(t) =

2(Ey, ) (t) — (E7,)(¢)
(EZ) (1) — (Eu)*(t)

Vi

is the spectral shape parameter.

It is now well established that at least two of the
three active neutrino species have small but non-zero
masses and the probability of finding a neutrino with a
specific flavor oscillates as it moves [29]. These vacuum
oscillation probabilities depend on the mass squared dif-
ferences and the flavor mixing angles. With the mass
eigenstates having masses mi, ms and ms, solar neu-
trino deficit measurements give estimates of Am?, (=
m3 —m?) > 0 while the resolution of the atmospheric
neutrino anomaly gives information on the value of
|Am2,| (with Am3; = m3 — m3), but not its sign. So
one unsolved problem of neutrino physics is whether
ms > mg (Normal Ordering (NO)), or ms < mq
(Inverse Ordering (10)).

The vacuum oscillations get enhanced in presence
of matter, an effect known as the Mikheyev—Smirnov—
Wolfenstein (MSW) effect [29]. For neutrinos moving
through matter with a density gradient a resonance in
the oscillations can take place. The neutrinos can have
the resonance for NO but not for IO and similarly the
antineutrinos can have the resonance for 10, but not
for NO.

For core collapse supernovae, the matter density goes
through a large gradient from the central region to the
edge of the core. Generally, one encounters two den-
sities where resonances can take place [30] and so the
luminosities of the different neutrino flavors depend on
the mass ordering (NO or I0). So the flux of neutri-
nos reaching the detector is different for different mass
ordering. In addition, of course, the flux of neutrinos
reaching the earth has the factor of 1/(4nd?), where d
is the distance of the supernova from the earth.

On top of the matter-enhanced oscillations, there can
be oscillations due to neutrino—neutrino interaction or
neutrino self-interaction, an effect known as collective
oscillations [31,32]. This happens only at regions with
very high neutrino densities in the region of a few hun-
dred kms from centre of the core during the accre-
tion phase at a post-bounce time %y, < 0.5 s. This
results in multiple splits in the neutrino spectra. This
pre-processes the fluxes of the neutrinos before they
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move into the MSW region. However, as the net elec-
tron density in this collective oscillation region is not
small, one sees that large matter-induced phase disper-
sion for neutrinos traveling in different directions par-
tially or totally suppresses the collective oscillations
[33]. Detailed numerical simulations [34,35] observed
this suppression using results of SN hydrodynamic sim-
ulations. On the other hand, in the cooling phase, the
matter suppression is not present anymore and collec-
tive effects should take place before the neutrinos enter
the regions of lower densities. But in the cooling phase,
the neutrino fluxes of different flavors are very simi-
lar and the effects of such oscillations on them are not
important from the observational point of view. So,
for simplicity, in this article, we ignore the collective
oscillation effect and consider only the MSW oscillation
effects.

3 Nuclear excitations by neutrinos and
emission of neutrons

Charged current interaction of a SN v, with a detector
nucleus g‘X ~ can produce the nucleus ‘g 1YN-1 which,
depending on the incident v, energy, can be produced
in an excited state (denoted by a superscript *):

vet+y Xy — € + §+1YJ*V—1, (5)

with subsequent de-excitation of the final state nucleus
through emission of various particles (v, p, n, «, and so
on) depending on the excitation energy of the nucleus.
We are interested in the situation when the nucleus de-
excites by emitting one or more neutrons:

A A
71 YN_1 — Z+%YN—2 +n, (6)

YN 1 — QI%YN*B +2n, (7)

and so forth. Emission of three or more neutrons is
possible in principle but their contribution to the total
number of neutron emission is negligibly small as the
thresholds for emission of three or more neutrons are
generally very high compared to the range of energies
over which the nucleus can be excited by the SN neu-
trinos.

Similar to vgs, the SN 7.s can also interact with the
detector nucleus through CC interaction producing a
e’ and an excited final state nucleus:

Ve +§ Xy — et +§71 ?}kVJrl' (8)

The final state nucleus, if excited above single, double
or higher neutron emission thresholds will emit neu-
trons in competition with other particles. However, in
this case, since the production of the final state nucleus
involves conversion of a proton into a neutron inside
the nucleus, the cross section for the process is strongly
suppressed due to Pauli blocking of the neutron single
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particle states in nuclei with moderate to large neutron
excesses (N — Z) that we shall consider. Contribution
of D.’s to neutron emission is, therefore, much smaller
than that due to v.s.

Neutrinos and antineutrinos of all three flavors (v;)
can also excite the target nucleus through the flavor
blind NC process whereby the incoming v or v inelas-
tically scatters off the nucleus leaving the latter in an
excited state,

vi+9 Xy — vi +5 Xy, 9)

with subsequent de-excitation of the final state nucleus
through neutron emission. Thus NC process has contri-
bution from all six types of neutrinos whereas CC has
contribution essentially from only one.

3.1 Neutrino—nucleus charged current cross section

For the range of energies of supernova neutrinos, the
v. CC cross section in the ¢ — 0 limit (¢ being the
momentum transfer) is dominated by the two allowed
transitions, (a) the Fermi transition (given by >, 74 (7),
where 74 is the operator that converts a neutron to
a proton and the summation is over all the nucle-
ons), which goes almost completely to the Isobaric
Analog State (IAS) of the final nucleus, and (b) the
Gamow-Teller (GT) transition (given by the opera-
tor >, 0(i)74(i), where o (i) are the standard Pauli
spin matrices representing the spin operator for the ith
nucleon), which is spread over a broad resonance over
many final states with overlapping strengths, with some
small part going to a few discrete low-lying states.

Thus, the v, CC differential cross section in the ¢ — 0
limit can be written as [36-38]

dUCC
dFE.

(Ey,Ey) = pE.F(Z+1,E,)

)?Sar_(E.)],
(10)

G% cos® 0,
™

[Se(B.) + (95"

where Gg is the Fermi constant, 6. is the Cabibbo
angle, p. and F. are the momentum and energy of
the emitted electron, F, = E, — E. is the excitation
energy of the final nucleus, and Sp(E.) and Sgr_(E,)
are, respectively, the averaged Fermi and Gamow—Teller
(GT_) matrix elements between the ground state of the
initial nucleus 4 X ; and the excited state (at energy E.)
of the final nucleus 4, Y% _;:

Sp(E,) =

JfHZT+ W™ (1)

and

SGT,(E*)

JfHZT+ QIEs

(12)
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The quantity g5 ~ 1.26 is the ratio of the effective
axial vector to vector coupling constants of the bare
nucleon in the ¢ — 0 limit [36,37]. In equation (10),
the factor F(Z + 1, E.), which takes into account the
Coulomb distortion of the outgoing electron wave func-
tion, is given by [39]

F(Z,E) = 2(1 +70)(2p. R)*° ™

T30 + )2
T2y T P P 19

where y9 = (1-2%a2)Y/2 y = aZE, /p., R is the radius
of final nucleus and « the fine structure constant.

There are also contributions from forbidden tran-
sitions (Al # 0 for the single particle transitions),
but normally they are one to two orders of magnitude
smaller than the contributions of the allowed ones and
need to be considered only when the Fermi and most
of GT strengths are blocked.

Phenomenologically, it is seen that the bare nucleon
value for g5 ~ 1.26 somewhat overestimates the GT
strengths at low excitation energies. But since for our
purpose, we are interested in the GT strengths at higher
excitations beyond the neutron emission thresholds cov-
ering the whole GT resonance over tens of MeV, we
think the use of the bare nucleon value for g§f is a
good approximation.

The total v, CC cross section as a function of the
incoming neutrino energy F, is then given by

dJCC
CC Ve
oO°(E,) = / dE,. (14)
e . dE,

For the GT strength distribution, one often does
theoretical calculations in model many-nucleon spaces
with realistic interactions which can reproduce the
observed ground state and excited state energies as
well as the observed log ft values for a few low-lying
states. For some nuclei forward angle (p,n) reaction
gives the GT_ strengths experimentally. For compar-
atively lighter nuclei in the Fe-Ni region, one does a
large-dimensional shell model calculation [40] or a cal-
culation using the Shell Model Monte Carlo (SMMC)
technique [41]. The strengths often sensitively depend
on the interaction. For the lower part of fp-shell nuclei,
the Kuo-Brown KB3 [42,43] interaction with the cor-
rected monopole interaction is adequate. However, the
upper part of the shell needs a better handling of the
monopole part involving the higher orbits in the shell.
But this shell model approach becomes computation-
ally increasingly difficult as one goes to heavier nuclei.
For these nuclei, like 2°8Pb, one resorts to the RPA
approach [19]. Finally, for nuclei which are not spher-
ical in ground state region one carries out a deformed
Skyrme—Hartree—Fock mean field calculation with pair-
ing correlation in the BCS approximation [44]. The
GT_ transition strengths are obtained by a quasiparti-
cle random phase approximation (QRPA) with a resid-
ual spin-isospin interaction [45].
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3.2 Neutrino—nucleus neutral current cross section

For the NC, the allowed contribution to the differential
cross section for inelastic scattering involving energy
transfer to the target nucleus in the ¢ — 0 limit is
again governed by the corresponding GT (the so-called
GTy) strength [37], and is given by

NC

dE :Eg'( eff) SGTD<E)

(E,. E.) (15)

where E,» = E, — F, is the energy of the final neutrino.
The GT strength Sgr, involves the ‘z’-component of
the isospin vector of the GT operator, and is given by

SGTO (E )

f||Z Srs(k)er(k)[1J:)]
(16)

The analog of Fermi contribution in this case con-
tributes only to the elastic part. In some cases, where

energy considerations block most of the allowed strength,

contributions from the much smaller forbidden transi-
tions need to be taken into account.

The total v; NC cross section is obtained by inte-
grating the differential NC cross section (15) over the
excitation energy F, of the final nucleus.

3.3 Emission of neutrons by excited nuclei

As already implicitly assumed above, the neutrino
induced neutron emission from nuclei through v. or
7. CC interaction and v; NC inelastic scattering can
be considered as a two-step process, with the final
state nucleus being produced in an excited state due to
absorption of energy from the incoming neutrino in the
first step, and subsequent de-excitation of the nucleus
through neutron emission (if the excitation energy is
above the threshold for neutron emission) in the sec-
ond step. The physical processes involved in these two
steps can be considered to be independent of each other
[19,21]. The differential cross sections for the first step,
i.e., nuclear excitation through neutrino—nucleus CC or
NC interaction, are given by Egs. (10) (for v,) and (15),
respectively. The cross section for emission of one-, two-
or three neutrons, for example, by the final nucleus is
then given by

CC(NC)

Uln(2n)(3n) (El/)
doCC(NC)
- /diE*(E”’ E.)Pip(2n)(3n) (E+)dEx,
(17)
where 4 Cc(Nc) (E,, E.) represents the relevant differen-

tial cross sectlon given by Eq. (10) or (15), and Py, (E.),
Py, (E,), Ps,(E,) are the probabilities for emission of
one-, two- and three neutrons, respectively, by the final
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nucleus, as functions of the excitation energy of the final
nucleus.

One can also calculate the energy spectrum of the
emitted neutrons in the following way: The differential
cross section for emission of neutrons per unit neutron
energy F,, by a single nucleus due to an incoming neu-
trino of energy F, can be written as

dgCONe)
T(EV7E’!L)
doCCNO) dNn,,
_/TE*( )dE (Es, En) dE,,
(18)

where 4 EYo E n(E,, E,) is the energy spectrum of the neu-
trons produced by the excited nucleus of excitation
energy E,, with

dN,
dFE,

"(E,,E,)dE,
(19)

considering up to 3-neutron emission.
The energy spectrum of all the neutrons produced by
the incident flux of SN neutrinos is then given by

NSO a0eN0)
2 N El/q)u Eu - 1= EuaE ’
dE, 0 / d (Ev) dE, ( n)

(20)

where @,(F,) is the time-integrated flux spectrum
(number per unit area per unit energy) of the SN neutri-
nos falling on the detector, and Ny is the total number
of target detector nuclei.

Finally, the total number of neutrons produced is
given by

CC(NC)
Ncc(Nc) dE, deto(tal
n,total dEn
- o [AEA BB, ()
where

CC(NC)

CC(NC CC(NC
oo (B,) = ot NNE,) + 2050 N(E,)

+305 NN (E,) (22)
CC(NC)
1n(2n)(3n)
The neutron emission probabilities, Pln(Qn)(gn)(E*),
and the neutron energy spectrum, ‘igﬂ (B, E,), for
the desired excited nucleus can be calculated using the
fusion-evaporation code PACE4 [46] originally devel-
oped by Gavron [47]. The neutron emission probabili-
ties from excited *°Fe and %°Co nuclei as functions of
excitation energy calculated with the PACE4 code are
shown in Figs. 2 and 3, respectively, for illustration.

with o (E,) given by equation (17).
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Fig. 2 The one-, two- and three-neutron emission proba-
bilities of excited *’Fe nucleus calculated with the PACE4
code [46]. (From [22])
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Fig. 3 The one-, two- and three-neutron emission proba-
bilities of excited *Co nucleus calculated with the PACE4
code [46]. (From [22])

4 Neutron emission from different detector
materials

The underground SNOLAB facility in the Creighton
Mine in Sudbury, Canada houses a detector named
HALO (Helium and Lead Observatory) [20] which is
dedicated for supernova detection through detection of
neutrino induced neutrons. The HALO detector con-
sists of 79 tons of lead and uses a large number of
3He neutron detectors. The element 2°8Pb with Z = 82
protons has a neutron excess (N — Z) of 44 and thus
the total GT_ strength is large as it roughly scales
as 3(N — Z) according to Ikeda sum rule, with the
GT, very small. The GT, strength coming from exci-
tation of the nucleus by 7, is extremely small for 2°8Ph
as the protons need to move to states across a major
shell in the shell model picture of single particle states,
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and so allowed GT transitions are suppressed due to
Pauli blocking. In addition, the contributions from the
order of magnitude smaller forbidden transitions are
also very small. For the CC reaction 2°8Pb (v, e~ )?9®Bi,
the excited final nucleus 2°®Bi has one and two neu-
tron emission thresholds at 6.89 and 14.99 MeV, respec-
tively. As the GT_ strength is a broad resonance spread
over tens of MeVs, most of the Gamow—Teller transi-
tions from 2°®Pb and the allowed Fermi transition con-
tribute to the process of neutron emission.

For the NC interaction 20%Pb (v;,1;)?°%Pb the one
and two neutron emission thresholds have compara-
tively low values of 7.37 and 14.11 MeV, respectively,
and in this case all six neutrino species contribute.
Moreover, 2°8Pb also has a low neutron capture cross
section as it is a doubly magic nucleus. Thus, the neu-
trons emitted from the excited nuclei resulting from
both CC and NC interactions of the SN neutrinos sur-
vive while moving through the bulk detector material
and are able to reach the neutron detectors.

The iron detectors with a much lighter nucleus *°Fe
with Z = 26 has the disadvantage of having a small
neutron excess (N — Z) of only 4, and consequently its
total GT_ strength is an order of magnitude smaller
than in the case of lead. On top of that, for the CC
reaction “°Fe (v, e™)¢Co, the final °Co has the one
and two neutron emission thresholds quite high at 10.08
and 24.17 MeV, respectively. So the Fermi transition to
the Isobaric Analog State (IAS) gets blocked and only
a part of the GT_ transitions can contribute.

The total GT; strength for the process
56Fe (7, ) Mn is smaller than the total GT_ strength
for 5Fe (v, e7)%Co, as the valence protons of 5Fe
have to go to neutron single particle states at much
higher energies. The total GT, strength for 5°Fe has
the observed value of ~ 2.8 while the shell model calcu-
lations give a value of 2.7 [40]. In contrast the total GT —
strength is ~ 9.9 experimentally and ~ 9.3 from theory
[40]. Here again the final nucleus **Mn in the reaction
°0Fe (7., eT)**Mn has one neutron emission threshold
above 8 MeV whereas the GT strength distribution
is spread over excitation energies below 8 MeV. Hence,
very little contribution comes from SN 7, absorption
and it can be safely neglected.

Coming to intermediate mass nuclei like xenon, we
note that liquid xenon scintillator detectors are already
in use for dark matter (DM) detection experiments [48].
These experiments attempt to detect nuclear recoils
that would be caused by the Weakly Interacting Mas-
sive Particle (WIMP) candidates of DM. However, such
liquid xenon DM detectors, because of their low nuclear
recoil thresholds, can also respond to supernova neu-
trinos [49,50] through the process of coherent elas-
tic neutrino—nucleus scattering (CEvNS) [51-53]. At
the same time, CC and NC interactions of SN neutri-
nos with xenon nuclei can also result in excitation of
the final state nucleus, the subsequent de-excitation of
which can result in emission of neutrons which can be
detected through xenon nuclear recoils caused by these
neutrons [23].
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Fig. 4 Comparison of the CC cross section for the process
56Fe (ve, ™) Co calculated in four different works, Bandy-
opadhyay et al. [22], Kolbe and Langanke [21] (K-L (2001)),
Lazauskas and Volpe [55] (L-V (2007)), and Paar et al. [56]
(Paar et al. (2008)). (From Ref. [22])

Quite a few isotopes of xenon are stable with even
mass isotopes like 2*Xe, 126Xe, 128Xe, 130Xe, 132Xe,
134Xe and '36Xe having abundances 0.095%, 0.089%,
1.910%, 4.071%, 26.909%, 10.436% and 8.857%, respec-
tively. Among the odd mass ones '??Xe and 3! Xe have
abundances of 26.40% and 21.232% respectively. In this
article, we consider the example of '3?Xe and find its
effectiveness for neutron emission after excitation by
supernova neutrinos. The ¥2Xe with Z = 54 has a
neutron excess (N — Z) of 24, and with the total GT
strength for the reaction *?Xe (7, e™)132I being very
small due to Pauli blocking of single particle transi-
tions, the GT_ total strength for the v, CC reaction
132Xe (v, e~ )132Cs is expected to be 272 (= 3(N — 2))
by the Ikeda sum rule. This is indeed predicted by theo-
retical calculations [45] where total GT_ is obtained as
72.12 and total GT as 0.51. Also the Fermi strength of
24.0 goes to the IAS in '32Cs at an excitation of ~ 13.8
MeV [54]. Finally, the one and two neutron emission
thresholds for the nucleus 3?Cs are at 7.17 and 16.40
MeV, respectively. Thus in the CC reaction on '*?Xe
the Fermi transition and most of the GT_ transition
strength contribute like in the case of 2°%Pb.

5 Results

The v, CC cross section on °°Fe has been calculated
using the GT_ energy distribution generated by differ-
ent theoretical calculations. In Fig. 4, we show a com-
parison of four such results where the cross section as
a function of the neutrino energy is shown.

The CC cross section for °°Fe (v.,e™)%¢Co calcu-
lated by Bandyopadhyay et al. [22] uses the results of
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large dimensional shell model calculations of the GT _
strength from the 01 ground state of ®Fe to all 1T
states of 56Co [40]. The calculations of Ref. [40] use
the very successful monopole-corrected KB3 interaction
[42,43]. In addition, Bandyopadhyay et al. [22] include
the dominant contributions coming from the forbidden
transitions to the 1~ and 2~ states of °Co. The v,
CC cross section of this calculation agrees well with
the results of Kolbe and Langanke (K-L) [21] partic-
ularly at lower energies. The K-L work for the transi-
tion strengths to 17 states of 9Co also uses an inter-
acting shell model calculation within the complete pf
shell with an overall quenching factor of (0.74)? for
the strength distribution. The results of Lazauskas and
Volpe (L-V) [55] give the largest cross sections for all
neutrino energies. They carry out a Hartree—Fock (HF)
calculation from the 56Fe ground state to the occupied
single particle states using the Skyrme-type effective
interaction. The unoccupied levels are obtained by diag-
onalizing the HF mean field using a harmonic oscillator
basis. Also when needed pairing correlations are taken
into account in the HF+BCS approximation. Finally in
the work by Paar, Vretenar and Ring [56] the nuclear
ground state is described by the relativistic Hartree—
Bogoliubov model and the transition strengths to the
excited levels in the relativistic quasiparticle random
phase approximation (RQRPA). Their CC cross sec-
tion values are lower than the ones in the other three
calculations for the entire range of neutrino energy.

In Table 1, we compare the neutron emission cross
sections for 298Pb, 132Xe and °SFe for neutrino ener-
gies in the range of SN neutrino spectra. The values
for all three cases increase with the neutrino energy as
the differential cross section given by Eq. (10) is pro-
portional to the product of the electron energy and the
electron momentum and their range of values increases
as F, increases. But we see that the cross section val-
ues for *°Fe are significantly smaller than those for the
other two nuclei. As discussed earlier this is due to 5°Fe
having very small neutron excess and the high neu-
tron emission threshold of *®Co blocking the contribu-
tion from the Fermi strength and a part of the GT_
strength. The intermediate mass nucleus 132Xe with a
neutron excess of 24 has cross sections roughly half the
values for 2°8Pb which has a neutron excess of 44. Note
also that for 2°®Pb beyond 30 MeV the 2n contribu-
tion becomes comparable to 1n values. But for 6Fe the
1n contribution dominates over the 2n values over the
whole range of neutrino energy considered.

Next we come to the results for the number of neu-
trons emitted. As already mentioned, due to neutrino
flavor oscillation, the flux of SN neutrinos at earth is
different for the two different neutrino mass orderings,
NO and IO. As a result the numbers of neutrons emit-
ted are also different for the two cases. Table 2 gives the
number of emitted neutrons for three different detector
materials, namely, 6Fe, 32Xe and 2°8Pb, for CC inter-
action of the SN v,s, for both NO and IO mass order-
ings. The numbers are for SN neutrino flux as given by
the Basel/Darmstadt simulations [24] of a 18 M, pro-
genitor supernova at a distance of 10 kpc, and for 1
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Table 1 The total neutron emission cross section, USfotal (defined by Eq. (22)), in units of 107" cm?, for different neutrino
energies due to v, CC interaction with 2°*Pb (from [19]), **?Xe (from [23]) and *°Fe (from [22])

E, (MeV) 208p}, 132X 56 Fe

5 0.0 0.0 0.0

10 0.0 0.04 0.0

15 0.91 (0.91, 0) 0.13 0.0

20 4.96 (4.96, 0) 2.09 0.03 (0.03, 0)
25 15.56 (14.66, 0.45) 7.33 0.07 (0.07, 0)
30 31.35 (25.05, 3.15) 15.78 0.15 (0.15, 0)
35 50.97 (29.27, 10.85) 27.36 0.29 (0.28, 0.005)
40 80.92 (33.56, 23.68) 41.91 0.53 (0.49, 0.02)
45 115.85 (37.91, 38.97) 59.29 0.93 (0.85, 0.04)
50 150.12 (42.54, 53.79) 79.37 1.58 (1.40, 0.09)
55 190.43 (47.17, 71.63) 102.14 2.57 (2.23, 0.17)
60 232.12 (52.02, 90.05) 127.78 4.01 (3.43, 0.29)

These include contributions from one- and two-neutron emissions with cross sections, respectively, given within parentheses,

(CC

Oin ,a;?), for 2°®Pb and °°Fe. (The 1n and 2n emission cross sections values for 132X e remain to be calculated.) The

C

very small contributions from three neutron emission is neglected, so USSOW ~ o$C + 205C. These total neutron emission
cross sections, folded with the incident v, flux, give the total number of emitted neutrons for the chosen detector material,

respectively (see Eq. (21))

kton of the given detector material. These numbers are
obtained by folding the neutron emission cross sections
given in Table 1 with the corresponding SN v, flux at
earth.

As seen from Fig. 1, the spectra of the neutrinos com-
ing from the SN core have their peaks within 10 MeV
and then rapidly fall off at higher energies. The neu-
tron numbers have their maximum in the interval of
25-30 MeV and then fall off reaching almost zero by 60
MeV. Though this neutrino energy dependence cannot
be measured experimentally, they indirectly reflect the
energy dependence of the source neutrinos.

The total number of emitted neutrons for *6Fe, 132Xe
and 2°8Pb are 3, 111 and 154, respectively, in the case of
NO. Note that for 2°Pb one neutron comes from neu-
trino energies above 60 MeV and is not seen in Table 2.
The numbers for the 10 case for *Fe, 132Xe and 20%Pb
are 2, 83 and 117, respectively. Here again, neutrinos
with energies above 60 MeV contribute 1 neutron in
the case of '32Xe and 2 neutrons in the case of 20%Pb,
which are not seen in Table 2. The higher numbers for
NO can be explained by the fact that for NO one has
complete flavor conversion whereas for IO the conver-
sion is partial.

The NC excitation of the nuclei is important because
here all six neutrino species contribute. In Fig. 5, we
present the number of neutrons emitted by 1 kton of
298Ph due to NC interaction of all neutrino and antineu-
trino flavors with 2°®Pb. This is given in the form of a
histogram of 5 MeV energy bins for the neutrino ener-
gies. The total number of neutrons emitted is 30 with 21
coming from 1 neutron emission and 9 from the emis-
sion of 2 neutrons. The total number of NC neutrons
for ®Fe is about 5. Of course, NC gives identical num-
bers for both NO and IO because all neutrino species
here contribute equally.

@ Springer

An interesting feature of the above results on the
number of neutrons produced by different materials
is to be noted: As already mentioned in Introduc-
tion, materials with large neutron excess (N — Z)
are expected to produce significantly more number
of neutrons through v, CC interactions than through
combined NC interactions of all the six neutrino and
antineutrino species. Thus, for 2°Pb with a neutron
excess of 44, for example, we see that only about 16%
of all neutrons produced come from NC interactions and
the rest come from CC interaction of the v.s. On the
other hand, in the case of *’Fe with a neutron excess
of only 4, more than about 60% of the produced neu-
trons result from NC interactions of all neutrinos. This
offers an interesting complementarity between these
two detector materials. Thus, simultaneous detection
of a SN in a lead detector (e.g., the currently running
HALO detector [20] with about 79 tons of lead) and a
sufficiently large iron detector (e.g., the proposed ICAL
detector [57,58] with 50 kton of iron, suitably instru-
mented for neutron detection!) may allow one to esti-
mate the fraction of the non-electron flavored neutrinos
in the SN neutrino flux. This, however, needs a detailed
analysis that is beyond the scope of this short review.

Finally, it may be possible to experimentally mea-
sure the energy spectrum of the emitted neutrons. The
theoretically calculated spectrum turns out to be sim-

! The proposed 50 kton magnetized Iron Calorimeter
(ICAL) detector to be located at the proposed India-based
Neutrino Observatory (INO) is designed primarily for the
study of neutrino properties, in particular, the neutrino
mass hierarchy, using atmospheric neutrinos, and was origi-
nally not designed to be sensitive to much lower energy SN
neutrinos. However, it can in principle be modified with suit-
ably placed layers of neutron detectors to make the detector
sensitive to SN neutrino induced neutrons.
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Table 2 Number of neutrons (N, ) emitted per kton of different detector materials along with the cumulative total number
(Sum) as a function of v energy (in 5 MeV bins) due to CC interactions of the SN-v.s, for the case of Normal Ordering

(NO) of neutrino masses, with the corresponding numbers for the Inverse Ordering (IO) given in parentheses

EV 56Fe 132Xe 208Pb
(MeV) N, Sum N, Sum N, Sum
0-5 0.0 0.0 0.0 0.0 0.0 0.0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
5-10 0.0 0.0 0.01 0.01 0.0 0.0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
10-15 0.04 0.04 0.77 0.78 2.24 2.24
(0.04) (0.04) (0.84) (0.84) (2.63) (2.63)
15-20 0.23 0.27 7.38 8.16 12.44 14.68
(0.21) (0.25) (6.73) (7.57) (11.91) (14.54)
2025 0.46 0.73 18.13 26.29 25.79 40.47
(0.38) (0.63) (13.80) (21.37) (21.06) (35.60)
25-30 0.54 1.27 23.33 49.62 31.54 72.01
(0.41) (1.04) (17.62) (38.99) (23.59) (59.19)
30-35 0.51 1.78 21.34 70.98 27.30 99.31
(0.36) (1.40) (15.36) (54.35) (19.23) (78.42)
35-40 0.43 2.21 16.17 87.15 21.02 120.33
(0.31) (1.71) (11.37) (65.72) (14.34) (92.76)
40-45 0.35 2.56 10.87 98.02 14.74 135.07
(0.25) (1.96) (7.56) (73.28) (9.98) (102.74)
45-50 0.27 2.83 6.74 104.76 9.38 144.45
(0.19) (2.15) (4.67) (77.95) (6.15) (108.89)
50-55 0.20 3.03 3.95 108.71 5.32 149.77
(0.14) (2.29) (2.73) (80.68) (3.91) (112.80)
55-60 0.14 3.17 2.22 110.93 3.30 153.07
(0.10) (2.39) (1.53) (82.21) (2.06) (114.86)

The numbers are for SN neutrino flux as given by the Basel/Darmstadt simulations [24] of a 18 Mg progenitor supernova

at a distance of 10 kpc. The numbers for *Fe and 2°*Pb are from Ref. [22] and those for *?Xe are from Ref. [23]

No. of Neutrons / kTon

‘ ‘ =
10 20 30 40 50 60 70
Neutrino Energy (MeV)

Fig. 5 Number of neutrons emitted as a function of neu-
trino energy by NC excitation of 2°Pb for SN neutrino flux
given by the Basel/Darmstadt simulations [24] of a 18 Mg
progenitor supernova at a distance of 10 kpc. (From [22])

ilar for all the three cases of nuclei with very different
masses. For illustration, we give in Fig. 6 the energy
spectrum of neutrons emitted by 32Cs due to CC inter-
action of the SN v,s with the nucleus '#2Xe, for SN
neutrino flux given by the Basel/Darmstadt simulations

[24] of a 18 M progenitor supernova at a distance of 10
kpc. The emitted neutrons are seen to reach a peak at
around 1.5 MeV and then fall off becoming very small
beyond 7 MeV or so.

6 Summary and outlook

In this article, we have given a brief review of super-
nova neutrino induced neutron production in differ-
ent detector materials with primary focus on reviewing
the nuclear physics aspects of neutrino induced nuclear
excitation and subsequent de-excitation of the nuclei
through neutron emission. We have used the simulation
results of the Basel/Darmstadt group for the explosion
of a 18 M progenitor star at a distance of 10 kpc for
illustrating our results for neutron production in differ-
ent detector materials.

We have noted that the number of neutrons produced
differs for the two different neutrino mass orderings,
i.e., normal- and inverted ordering. While this raises the
tantalizing possibility of distinguishing between the two
mass hierarchies through detection of the SN neutrino-
induced neutrons, this will probably be an extremely
difficult task given the currently uncertain physics of
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Fig. 6 Spectrum of neutrons emitted by *2Cs excited by
SN neutrinos through the CC process *?Xe (ve, e )*2Cs
for both NO and IO cases, for SN neutrino flux given by
the Basel/Darmstadt simulations [24] of a 18 Mg progenitor
supernova at a distance of 10 kpc. (From [23])

flavor conversion within the supernova and the resulting
uncertainties in the source spectrum of neutrinos.

Perhaps more useful from the standpoint of exper-
imental exploration is our observation that while the
dominant fraction of neutrons produced in neutron-rich
materials such as lead comes from charged current inter-
action of the v.s, the opposite happens in a low-neutron
excess material such as iron for which the neutrons pro-
duced by the combined neutral current interactions of
all the six neutrino plus antineutrino species dominate.
We propose that this complementarity between high-
and low-neutron excess detector materials may offer a
way of estimating the fraction of mu- and tau flavored
neutrinos (which interact only through neutral current)
in the total SN neutrino flux by means of simultaneous
detection of a SN through the neutron channel in two
sufficiently large detectors, with one detector made of
lead (high neutron excess) and the other of iron (low
neutron excess), for example. This can give valuable
information about the production and flavor oscilla-
tion processes of neutrinos in supernovae. Of course,
the amounts of detector material that will be needed
for each type of detector for drawing statistically sig-
nificant inference on the flavor composition of the SN
neutrinos will require a detailed analysis that is beyond
the scope of the present article.

In the above discussion, we have used a specific set of
simulation results, namely, that of the Basel/Darmstadt
group for the explosion of a 18 Mg progenitor star. It
will be important to use the results of other simulations
that include more realistic mean field and modification
of the symmetry energy as pointed out in recent works,
and also consider different masses of the progenitor star
to have a better idea of the systematic uncertainties in
the prediction of number of neutrons produced. Finally,
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one hopes that a future core collapse supernova will be
observed at a distance closer than 10 kpc; an explosion
at a distance of 1 kpc, for example, will give 100 times
more events than what we have estimated here.
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