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Role of v-induced reactions on lead and iron in neutrino detectors
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We have calculated cross sections and branching ratios for neutrino-induced reactf8#boand®Fe for
various supernova and accelerator-relevant neutrino spectra. This was motivated by the facts that lead and iron
will be used on the one hand as target materials in future neutrino detectors and, on the other hand, have been
and are still used as shielding materials in accelerator-based experiments. In particular we study the inclusive
SFe(ve,e7)%Co and?®Ph (v, e )?%Bi cross sections and calculate the neutron energy spectra following the
decay of the daughter nuclei. These reactions give a potential background signal in the KARMEN and LSND
experiment and are discussed as a detection scheme for supernova neutrinos in the proposed OMNIS and
LAND detectors. We also study the neutron emission following the neutrino-induced neutral-current excitation
of 5Fe and?%Pb.
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I. INTRODUCTION observed by the Kamiokande and IMB detectf8s9] and
have confirmed the general supernova picture. The observed

Neutrinos play a decisive role in many aspects of astroeyents were most likely due te, antineutrinos. However,
physics and determining their properties is considered thghe models predict distinct differences in the neutrino distri-
most promising gateway to novel physics beyond the stanytions for the various families and thus a more restrictive
dard model of elementary particle physics. Thus detectingegt of the current supernova theory requires the abilities of
and studying accelerator-made or astrophysical neutrinos is & trino spectroscopy by the neutrino detectors. Current
forefront research issue worldwide with many ongoing and(e.g” Superkamiokande and SN@nd future detectorén-

planned activities. cluding the proposed OMNIS10,11] and LAND [12]

One of the f_undamental questions C“”ef“'y mve_stlgated ! rojects have this capability and will be able to distinguish
whether neutrinos have a finite mass. This question can be

answered by the potential detection of neutrino oscillations etween the different neutrino types and determine their in-

which would establish the existence of at least one family old'v'dual spectra. Forthe w_atere@enkov detectorSNO and_ )
massive neutrinos. Furthermore, the existence of massivaUPerkamiokander, neutrinos can be detected by specific
neutrinos might have profound consequences on manpeutral—current even{d.3,14), while the OMNIS and LAND
branches of cosmology and astrophysics, e.g., the expansi&q)tectors_are proposed to detect neutrons spalla_ted from tar-
of the universe and the formation of galaxies, while neutrinod€t nuclei by charged- and neutral-current neutrino interac-
oscillations can have interesting effects on supernova nucledlons.
synthesig1]. Some of the supernova-neutrino or neutrino-oscillation
From the many experiments directly searching for neu-detectors use iron or lead as detector mateeia., MINOS,
trino oscillations, only the LSND Collaboration has reportedLAND, and OMNIS) or have adopted stee(LSND,
positive candidate evenig]. Indirect evidence for neutrino  KARMEN) and lead(LSND) shielding. Thus, precise theo-
oscillations arises from the deficit of solar neutrinos, as obretical estimates of the neutrino-induced cross sections on Fe
served by all solar-neutrino detectd3], and the suppres- and Pb are required for a reliable knowledge of the detection
sion and its angular dependence of events induced by atmaignal or the appropriate simulation of background events.
sphericv,, neutrinos in Superkamiokandé,5]. As a result ~We note that the KARMEN Collaboration has recently used
of the obvious importance, the oscillation results impliedits sensitivity to the®*Fe(v,,e)°®Co background events to
from these experiments will be cross checked by future longedetermine a cross section for this reactjds|. In Ref.[16]
base-line experiments like MINOBS]. From the detectors we have calculated this cross section in a hybrid model in
currently operable KARMEN has a neutrino-oscillation sen-which the allowed transitions have been studied based on the
sitivity similar to the LSND experiment. Currently, the interacting shell model, while the forbidden transitions were
KARMEN Collaboration has not observed oscillations cov-calculated within the continuum random phase approxima-
ering most of the oscillation parameter space for the positivéion. In this paper we extend this investigation and study the
LSND result[7]. charged- and neutral-current reactions“8Re and?°%Pb for
A type Il supernova releases most of its energy in termsarious accelerator-based and supernova neutrino distribu-
of neutrinos. Supernova neutrinos from SN87a have beetions. In particular, we determine th&%Pb(v,,e”) cross
sections for the LSND neutrino spectra which will serve for
even improved background simulations for this detector. Our
*Permanent address: DepartememtFaysik und Astronomie der calculations of supernova neutrino reaction cross sections on
Universita Basel, Basel, Switzerland. 6Fe and?%%Pb are aimed to guide the design of supernova
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neutrino detectors like OMNIS and LAND. With this goal in The correction is, however, sizable if neutrino oscilla-
mind we have calculated the energy spectrum of neutrongons occur in the accelerator-based experiments or a super-
knocked out by the charged-current or neutral-currennova[22].

neutrino-induced excitation oFe and?°%b. To allow also For 2%%b a converged shell-model calculation of the GT
the exploration of potential oscillation scenarios we have calstrength distribution is yet not computationally feasible.
culated the cross sections and neutron spectra for variouEhus we have also calculated th€ =1" response within

supernova neutrino spectra. the RPA approach. Note that our RPA approach fulfills
the Fermi and Ikeda sum rules. As ti8+ strength(in
Il. THEORETICAL MODEL this direction a proton is changed into a neujrinstrongly

_ . _ _ suppressed for®Pb, the Ikeda sum rule fixes th8;-
Besides the total cross sections, the partial cross sectiorgrength. We have renormalized thé'=1* strength in
for neutrino-induced particle knockout are of relevance t0208py, 1y the universal quenching factor which, due to a very

estimate the signal and background of the various detector§|ightA dependence, is recommended to be (®if)2%Pb
We will calculate these partial cross sections in a two-step1]. Thus the Ikeda sum rule read; —S; ~S; =3
_ N _

process(e.g., for the charged-current reaction X (0.7 X (N—Z). For the other multipole operators no ex-

perimental evidence exists for such a rescaling and we have
used the RPA response.
Xy 1tp In our RPA calculations we have chosen the single-
particle energies from an appropriate Woods-Saxon poten-
tial, which has been adjusted to reproduce the relevant par-
zr1Xn-1ty ticle thresholds. As residual interaction we used the zero-
S Stationeal Model g range Landau-Migdal force frorf23]. However, it is well
known that this parametrization places the isobaric analog
. , state(IAS) in 2°%Bi at too high an energy. This is cured by
In the first step, we calculate the-induced spectrum  changing the parameter, which multiplies ther; term in
(do/dw)(w) in the daughter nucleus at excitation eneiy e interaction fronf ;= 1.5 to the value 0.924]. After this
We consider multipole excitations of both parities and angu'adjustment the IAS is very clos€E(xs=15.4 Me\) to the

lar moment@\sg, using the formalism developed [A7] experimental positior{15.16 Me\). Furthermore, our RPA
;Zﬁgnmﬂtlgglﬁsf%gerators’ denoted by, depend on the 5 ametrization has been demonstrated to describe the
: , 20%h(p,n) reaction data at small forward angle WgN].
Our strategy to calculatedg/dw)(w) has been different Our RPA approaches are described in detail in R&%,26.

56 20 56 s
for ~Fe gnd *Pb. For *Fe we adopt the same hybrid \ye note that this approach gives quite satisfying results for
model which has already been successfully appliefl8]. o\ 4ring scattering25,27,28, muon capturé29], and elec-
That is, we calculate all nuclear responses within the randor scattering 30].

phase approximatiotRPA). However, the RPA does not — ager having determined the neutrino-induced excitation

usually recover sufficient nucleon-nucleon correlations to rspectrum in the daughter nucleus, we calculate in the second

liably reproduce the quenching and fragmentation of th&ey for each final state with well-defined energy, angular
Gamow—TeIIer(GD strength distribution in rluclel. For this momentum, and parity the branching ratios into the various
reason we determine the response ofNfie=1" operator on  gecay channels using the statistical model cedOKER

the basis of an interacting shell-model calculation performecﬂe’l]_ The decay channels considered are proton, neutrpn
within the completepf shell. Such a study has been proveny,q ., emission. As possible final states in the residual
to reproduce the experimental GTin which a neutron is  hcleys the sSMoKer code considers the experimentally
changed into a protgnand GT, (in 5‘éVh'Ch a proton IS nown levels supplemented at higher energies by an appro-
changed into a neutrowmlistributions on>Fe well[18], if the  iate |evel density formula. Note that tisetoKER code has
response is quenched by a universal factor (6.729-21. . been successfully applied to many astrophysical problems
However, the GT operator corresponds to the appropriatgng that we empirically found good agreement betweén
AT=1" operator only in the limit of momentum transfer pranching ratios calculated wiMoKER and within the con-
q—0. As has been pointed out 116,22}, consideration of  inyum RPA for several neutral-current reactions on light
the finite-momentum transfer in the operator results in Shuclei[25].

reduction of the cross sections, caused by the destructive as sypernova and accelerator-produced neutrinos have an
interference with the higher-order operate#f-p. To ac-  energy spectrum, the final resuitstal and partial cross sec-

count for the effect of the finite-momentum transfer weijong are obtained by folding with the appropriate neutrino
have performed RPA calculations for thé =1"* multipole spectra.

operator at finite-momentum transfer [i.e., A(q)] and

for q=0 [i.e., A(g=0)] and have scaled the shell-model IIl. RESULTS
GT strength distribution by the ratio of(q) andA(g=0)
RPA cross sections. The correction is rather small for
Ve Neutrinos stemming from muon-decay-at-reéte., The v, neutrinos produced in the muon decay-at-rest
for LSND and KARMEN or for supernovav, neutrinos. (DAR) have the characteristic Michel energy spectrum

z11Xn—2tn

* *

v+ Xy—l+ 0 Xy 1= 20 Xy X ot

N - v Z-1AN-3T &
1. RPA

A. Reactions induced by decay-at-rest neutrinos
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TABLE I. Total cross sections for charged-current neutrino

0 g . . ' \
5 : ’ ' ' ' ' ] scattering on nuclei for electron neutrinos from pion-decay-at-rest.
L8 e The cross sections are given in units of #0 cm?; exponents are
4.0¢ Tk given in parentheses.
& 35F 3
S 30 _ _ Neutrino reaction Cross section
g B8E 1 Fe(r,,ey)%Co 1.25(2)
_.0F : 3 S6Fe(ve,e Nn)%Co 3.33(1)
B 15F 3 SFe(v, e p) >Fe 7.83(1)
1.0F i ] Fe(v,,e”a)Mn 3.52(0)
05F z | , | J E *Fe(ve,e7)X 2.40(2)
0.0E LT A TR D 20 _ \2080:
0 5 10 15 20 25 30 208Pb(ve € ) ZOjB,' 3.24(2)
excitation energy w [MeV] ®Pb(ve,e n) Bi 3.29(3)
208ph(v, e p) 2°Pb 4.77(-1)
FIG. 1. Multipole decomposition of the RPA response for the -*Pb(ve €~ a) **TI 1.01(0)
charged-current i, &) reaction on2%Pb induced by DARy,  “*Pb(ve,e”)X 3.62(3)
neutrinos.
5 find an RPA GT contribution to thé®Fe(v,,e~)°*Co cross
section in close agreement to the shell model retétter
n(E,)=——(M,—2E,), 1
(E,) ;‘; (M, 2 @ than 3%). We thus conclude that our total
208 (v, ,e7)2%8Bi cross section, for which we could not cal-
whereM , is the muon mass anfd, the neutrino energy. culate thex™=1" contribution on the basis of the shell
Our calculated excitation spectrum for the model, is probably quite reliable.
®Fe(v,,e7)°®Co reaction is shown ifil6]. Figure 1 shows As a result of the energy and momentum transfer in-

the RPA response for th&#®Pb(v, e )?%Bi reaction, calcu- volved, muon capture is mainly sensitive to forbidden tran-
lated for a muon decay-at-rest neutrino spectrum. The colsitions A"=1" and 2~ for >®Fe and\"=1", 2*, and 3"
lective GT transition is found at an excitation energy offor 2°®Pb). We have tested our model description for forbid-
aroundE,= 16 MeV in 2°8Bi, again close to the centroid of den transitions by calculating the total muon capture rates
the experimentally observed GT strength distribution whichfor >®Fe and?°Pb and obtain results (4.46L0° s * and
is at around 15.6 MeVY32,33. As has already been observed 16.1x10° s™1) which agree rather well with experiment
in [34], RPA calculations also predict GTstrength at lower [(4.4=0.1)x10° s™! and (13.5:0.2)x10° s !, respec-
excitation energies, which then correspond mainly to indi-tively [35]]. Further details on these studies will be published
vidual single-particle transitions. As a result of phase spaceglsewherd36].
these low-lying transitions are noticeably enhanced in The KARMEN Collaboration has measured the total
neutrino-induced reactions with respect to the collective tran°®Fe(v,,e)%Co cross section for the DAR neutrino spec-
sition. Our calculation indicates the low-lying GT strength totrum and obtains o=(2.56+1.08+0.43)x 10 % cn?
be mainly centered at arouriel,=7.5 MeV in 2°8Bi. There [15]. We calculate a result in close agreement,
might be some evidence for such a transition in the experi=2.4x10"%° cn?. In Table | we have listed the partial
mental (,n) spectra on?°%b [32]. However, a doubtless cross sections into the various decay channels. As the IAS at
experimental confirmation would be quite desirable. TheE,=3.5 MeV and most of the GT strength resides below
first-forbidden transitions lead mainly to land 2~ states in  the particle thresholds iP®Co (the proton and neutron
2088j, In our calculation these transitions are fragmentecdthresholds are at 5.85 MeV and 10.08 MeV, respectively
over states in the energy interval between 17 MeV and 2@énost of the neutrino-induced reactions GfFe leads to
MeV, although we find 2 strength also at rather low exci- particle-bound states, which then decay pp¥mission. Be-
tation energie€,=2.5 MeV and 7.5 MeV. Experimentally cause of the lower threshold, neutrino-induced excitation of
2~ strength has been observedgt=2.8 MeV [32]. particle-unbound states if°Co is dominantly followed by
To check the reliability of our approach we have per-proton decays. The rather high threshold endigy6 MeV)
formed several additional calculations. At first we have cal-and the larger Coulomb barrier makes decay intodtehan-
culated the GT response f6fFe within the RPA approach. nel rather unimportant.
Then the GT distribution is focused on two strong transitions  Now we turn our discussion t&°%Pb which is the shield-
atE,=2 MeV and 10.5 MeV in**Co, corresponding to the ing material of the LSND detector. The simple{ Z) scal-
change of af;, neutron intof,, and fs;, protons, respec- ing of the Fermi and lkeda sum rules indicates that the
tively, clearly showing the inappropriate fragmentation of (v,e”) cross section of°%Pb is significantly larger than on
the GT strength within the RPA. However, we find that this °®Fe. The cross section is additionally enlarged by the strong
shortcoming does not strongly influence the calculated cros& dependence of the Fermi function. In total we find that the
section. If we correct for the overestimation of the total RPA(v,,e~) cross section 0R%Pb is about 15 times bigger than
Sp_ strength compared with the shell modahd data we  for *°Fe. Furthermore, as the IAS energy and the _GT
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2O e ) TABLE II. Total cross sections for charged-current neutrino
L _ scattering on nuclei for muon neutrinos with the LSND pion-decay-
— 1.8
= 160 N in-flight spectrum. The cross sections are given in units of
S 1042 cn?; exponents are given in parentheses.
N
NE 1.4 B
o 12r 7] Neutrino reaction Cross section
o 1.0 .
= 08l b *Fe(v, .u”y)>%Co 2.24(2)
anl *Fe(r, ,u"n)>Co 6.62(2)
3 06r ] SFe(v, ,u p) Fe 1.33(3)
5 04r ] SFe(v,, ,u” @) 5Mn 2.23(2)
02 ] Fe(v, u )X 2.44(3)
OO oo b b e b Lo by by e b a PR AR B -
0 5 10 15 20 25 30 35 40 45 50 2 Pb,,u”y)>*Bi 1.23(3)
Energy e, of the outgoing lepton [MeV] 208Pb(vﬂ L n) 297Bj 1.02 (4)
298pp(y, , u”p) 2°Pb 2.89(0
FIG. 2. The2®Pb(v,,e n)2°'Bi cross section for DAR neutri- zospbg” ,u_z)) 204 331 51;
nos as function of final electron energy. 208 # "U‘_)X 1' 15(4)
Voo M .

strength are above the neutron threshold%iBi at 6.9 MeV,
most of the ¢,,e") cross section leads to particle-unboundfinal lepton energy, which is shown in Fig. 2.
states. These expectations are borne out by a detailed calcu- The |SND neutrino beam has a small admixturevgf

|ati0n Wh|Ch findS a tOtal Cross SeCtion of 3}620739 Cm2. neutrinos Stemming from p|on-|n_ﬂ|gth|F) decays_ These
The partial**®Pb(v, € ~n)**'Bi cross section dominates and neutrinos have in fact high enough energies to significantly
amounts to about 91% of the total cross section. As can bﬁroduce muons by the charged-current, (+~) reaction
seen in Table I, the remaining cross section mainly goes tpthis beam property allowed the LSND Collaboration to
particle-bound levels and hence decays)bgmission. measure the inclusivé’C(v, .~ )*N cross section and to
For the general reasons given above, our theoretical estjest universality in a neutrino experiment on nu¢&s]]. For
mate for the **Ph(v,,e”)*Bi cross section is probably the oscillation search events stemming from the (w ™ n)
quite reliable and should be useful for improved backgroungeaction, with a possible misinterpretation of the lepton in

simulations of the LSND detector. It is also quite interestingthe final channel, are considered a possible background. For
to turn the problem around and ask whether the LSND Colthis reason we have also calculated the total and partial

laboration can actually measure this cross section. To thi@,,u ,u”) cross sections oA°®Pb for the LSND DIFv,, neu-
end we have estimated the total number of neutrino-induceflino spectrum. The results are shown in Table 1.

events in the lead shieldif§7] (volumeV=20 n7, density We note that the “most effective” neutrino energy de-
p=11.3 glcn) of the LSND detector assuming an annual fined by

LSND neutrino  flux of 3<10%yr. Then our

208k (y,e7)2%8Bj cross section translates into 200 000 events

for the 3 yr running time from 1996 to 1998. In about nyU(EV)dEV

180000 events a neutron is knocked out of the lead target. E = ©
The electron will not travel directly into the detector, but will v

shower in the shielding producing photons which in turn f‘T(Ev)dEv

might reach the detector in which they produce Compton
electrons. The KARMEN Collaboration has observed this o
process for the®®Fe shielding and quotes an efficiency of IS larger for DIF neutrinos &,=170 MeV) than for DAR
their detector of 0.44%. If the LSND detector has a compaheutrinos E,=37 MeV). Thus, even if the mass difference
rable efficiency for this process, it should be able to observéetween muon and electron is considered, the phase space
the 2°®%Pb(v, e n)2°Bi cross section where the events arefavors the reaction induced by DIF, neutrinos. Conse-
most likely at the edges. On the other hand, the correlateduently the total cross section for the charged-current reac-
observation of a neutron and a lepton constitutes the LSNion on 2°Pb induced by DIFv, neutrinos is largerby
neutrino oscillation signal. For this reason, the LSND Col-roughly a factor of 3 than induced by DARv, neutrinos.
laboration suppresses the events stemming from neutrino irAlthough the average excitation energy in the daughter
teractions on lead by appropriate energy and spatial cutswcleus is also slightly higher for DIF, neutrinos than for
However, our calculated®®Pb(r,,en) cross section might DAR v, neutrinos, the decay of the particle-unbound states
allow the LSND Collaboration to further improve their back- is still dominantly into the neutron channel.
ground simulations. The LSND Collaboration observes candidate events
The LSND oscillation experiment studies their events as avhich might imply »,— v, neutrino oscillation$39]. If this
function of energy of the outgoing lepton, setting cuts at 20ss the case, the DIk, neutrinos can have changed intg
MeV, 36 MeV, and 53 MeV. We have therefore also calcu-neutrinos before reaching the detector, now allowing for
lated the?%®Pb(v,e n)2°"Bi cross section as function of the 2°%Ph(v,,e~) reactions triggered by, neutrinos with a sig-
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TABLE Ill. Total cross sections for charged-current,(e™) 208ph (y,77)X
neutrino scattering ofi®Fe and?°%b nuclei for electron neutrinos 1000. T T
with the LSND pion-decay-in-flight neutrino spectrum. The cross i —_t
sections are given in units of 1% cn?; exponents are given in 800. - ]
parentheses. '
Neutrino reaction Cross section g 600. - —
56Fe(v, 6 7) %Co 5.80(2) -
S6Fe(ve,e7Nn) %Co 1.91(3) N
S6Fe(ve, e p) SFe 3.84(3) ]
SeFe(ve,e” ) %2Mn 6.48(2) -
SeFe(ve,e7)X 6.98(3) ‘ ]
S Pb(re e”y) i 2.75(3) [ 5 10 1‘5 | ‘hzlol s a0
2%Pb(v, e n) O'Bi 3.49(4) excitation energy w [MeV]
208pph(v, e p) 2°Pb 1.00(1)
20%Ph(p, e~ a) 204TI 1.12(2) 208D (1, )X
208Ph(v, ,e7)X 3.78(4) BT T T T E T [T IS [ F TS T [T TS T rT
e 1+
N . . - zof — %
nificantly higher energy. We have studied the respective _, I 2-
cross sections and have summarized them in Table III. g [
For completeness, Tables Il and Il also list the, (1) 3 Lo5r ]
and (v.,e") cross sections of°Fe, in both cases calculated '9 I
for a DIF neutrino spectrum. - 1.0:— \ 5
o i
[ | ]
B. Supernova neutrinos 05F ! 5
1
The, observation of the neutrinos from SN1987a by the I R
water Gerenkov detectors is generally considered as strong 0.0 L il L — L L
support that the identification of type |l supernovas as core 0 5 10 15 Y 25 30

collapse supernovas is correct. Theoretical models predic. excitation energy w [MeV]

that the protoneutron star f_ormed N the_z center of the super- FIG. 3. Excitation spectrum of th&°®Pb nucleus for photoab-
nova cools by the production of neutrino pairs, where the . . . _

lumi ity i imatelv th f I th i sorption(upper parntin comparison to the spectrum excited by neu-
fuml.?OSI yrI]S ?‘pprox'f“a efyh e Same or "?‘h hre(caj NEUMNINOy o current neutrino scatteringower par}, which is decomposed
amilies. The interaction of the neutrinos with the dense sury, e gominant multipole contributions.

rounding, consisting of ordinary neutron-rich matter, intro-

duces characteristic differences in the neutrino distributions ) ) _ ) ) )
for the various families. As thg. and = neutrinos and their @~ 3 for all neutrino species. While this choice also gives
antiparticles(combined referred to as,) have not enough good fits to thev, and v, spectra calculated by Wilsda1],
energy to generate a muon otepton, they decouple deepest their v, spectra favorr=0. In the following we will present
in the star, i.e., at the highest temperature, and have an avesults for charged- and neutral-current reactions%e and

erage energy oE,=25 MeV. As thev, and v, neutrinos %D for both values ofx. In particular we will include
interact with the neutron-rich matter via+n—p+e~ and  results for those T,«) values which are currently favored
— for the various neutrino typed(in MeV): (T,a)=(4,0) and

vetp—n+et, the?e neutrinos have a higher average en- . :
= = (3,3 for v, neutrinos,(5,0) and (4,3 for v neutrinos, and

ergy (E,=16 MeV) than thev, neutrinos E,=11 MeV).

Clearly an observational verification of this temperature hi-(8’2 ?nd(Gd._26,3 fpr Vx neutrl?ols. i Its 36Pb
erarchy would establish a strong test of our current super- elore discussing our neutral-current results we
nova models. would like to present the multipole response as calculated

The distribution of the various supernova neutrino specie 'th;[}glgt‘)” ﬁPtA s;udy.tThls is done ':.n Fig. tf] which shovxt/s
is usually described by a Fermi-Dirac spectrum N photoabsorplion cross section in the upper part as
well as the excitation function for inelastic scattering on

1 2 208h by neutrinos with a Fermi-Dirac distribution with pa-
n(E,) = - : (3) rametersT=8 MeV anda=0 in the lower part. The calcu-
Fo(a)T3 XA (E,/T)—a]+1 lated photoabsorption cross section is fragmented between

10 and 16 MeV excitation energy centered around3
where T,a are parameters fitted to numerical spectra, andeV. This is reasonably close to the experimental spectrum
F,(a) normalizes the spectrum to unit flux. The transportwhich is centered around 13.8 MeV with a width of 3.8 MeV
calculations of Janka and Hillebrar(diO] yield spectra with  [42]. Summing over all excitation energies we obtain 3.0
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TABLE IV. Total cross sections for neutral-current neutrino scattering on nuclei for different neutrino
energy spectra represented as Fermi-Dirac distributions. The cross sections are given in unif @0
and are averaged over neutrinos and antineutrinos.

(T,a) (4,0 (6,0 (8,0 (10,0 3,3 4,3 (6.26,3
SeFe(v, v’ y) %Fe 2.90) 9.300) 1.9 3.001) 1.90) 5.000) 1.7()
S6Fe(v,v'n) *Fe 74-1) 5.90) 2.1(1) 4.91) 2.3-1) 1.30) 1.311)
SeFe(v, v’ p) %Mn 56-2) 6.8-1) 3.10) 8.7(0) 1.3-2) 1.1(-1) 1.60)
SeFe(v, v’ a) %2Cr 9.4-3) 1.2-1) 55-1) 1.60) 21-3 1.8-2 28-1)
SeFe(v, ') X 3.7(0) 1.6(1) 4.31) 9.0(1) 2.1(0) 6.4(0) 3.2(1)

20%h(p, v" v) 2%%Pb 3.60) 1.21) 2.7(0) 4.801) 2.4(0) 6.1(0) 2.21)
20%h(p, v'n) 29Ph 1.11) 5.0(1) 1.42) 2.82) 5.8(0) 1.91) 1.02)
20%h(p, v’ p) 2971 2.3(-5) 53-4) 38-3 15-2 4.0-6) 44-5 1.4-3
20%ph(p, v’ @) 2%Hg 1.2-4) 47-3 47-2 23-1) 12-5 22-4) 1.3-2
208pp(p, p" )X 1.41) 6.2(1) 1.62) 3.32) 8.1(0) 2.51) 1.22)

MeV b for the total photoabsorption cross section, which is As lead is discussed as material for potential supernova
in agreement with the classical Thomas-Reiche-Kuhn sunmeutrino detectorésuch as LAND and OMNIS the relevant
rule value(2.98 MeV b and also lies within the range of neutrino-induced reactions oA’®b have been estimated
experimental values (2:94.1 MeV b; see Table 5 of Ref. previously. The first work, performed {i2], has been criti-
[43]). cized and improved ifi46]. These authors estimated the al-
The lower part of Fig. 3 demonstrates clearly that inelastidowed transitions to the charged-current and neutral-current
neutrino scattering additionally excites the spin responsgross sections empirically using data from,if) scattering
which is responsible for the two stronb=1" transitions  and from theM1 response to fix the Gamow-Teller contri-
around 10 MeV and 18 MeV. As expected from the generahytions to the cross section. We note that these data place the
effects of the residual interaction the” 2part of the spin g1 strength in one resonance centered just above the 2
dipole excitations is located a few MeV lower in energy than, ashold. Low-lying GT transitions, as indicated by the
the 1- str_ength[44]. We finally note that the Gamow-TeIIer resent RPA calculation, have not been considereldiéi
strength is calculated between 7 MeV and 8 MeV, in Close“[I;eference[46] completed their cross section estimates by

agreement with the (_axpenmentally obserqu strength. . calculating the first-forbidden contributions on the basis of
Table IV summarizes the total and partial cross sectiong " oldhaber-Teller model

for neutral current reactions ottFe and?°®Pb. For>Fe the Although the total charged-currert®Pb(v, e~ )2%i
e
neutron and proton thresholds open at 11.2 MeV and 10'1§ross section is strongly constrained by sum rules and our

MeV, respective_ly. But despite the s_,lightly higher threshold alculation and the work of Ref46] reproduce the energies
energy, the additional Coulomb barrier in the proton channegf the IAS state and the main GT resonance. our results
makes the neutron channel the dominating decay mode. Wit early deviate with increasing neutrino energies from the

increasing average neutrino energies the total cross Sec“%%lculation of Ref.[46]. For v, neutrinos with a T,a)
grows. But this increase is noticeably weaker than for the:(3 3) Fermi-Dir.ac .distriblj}tion OUr  Cross s,ection
nuclei *C and 0. This is related to the isovector domi- (1 B 1040 en?) is in rough agreement with the one ob-
Qance Oﬂghe. neutn_no-mdu_ced reactions. In e nuclei tained in[46]. [As [46] does not give the cross section for a
%C and 0 inelastic neutrino scattering has to overcome T=3,0=3) spectrum, we have estimated it from the cross
rather large threshold to reach tiie=1 excitation spectrum o q4iong given at neighboring temperatures taken from Table
in the nuclei making the cross section rather sensitive to th? of [46].] But with increasing neutrino energies our calcu-

heutrino spectrum. . lated cross sections become significantly smaller than the
The total a_nd partial cross sections for chargeq Currenéstimate given if46], and for av, spectrum with T,a)

(ve,€7) and (ve,e") reactions or’®Fe and?%®Pb are listed =(8,0) our value (2% 1070 cn?) is about 55% smaller

in TaEIe V. As the average energy for supernw@eutri- than the estimate by Ref46] (58x 107 4° cn?). For the

nos E,~11 MeV) is less than for DAR neutrinosE(,~37  latter neutrino spectrum the cross section is dominated by

MeV), the total cross sections are significantly smaller forforbidden transitions, and the observed difference might re-

supernovdi.e., (T,a)=(4,0) or(3,3]] neutrinos. Relatedly flect the uncertainties of the Goldhaber-Teller model to de-

the low-energy excitation spectrum is stronger weighted byscribe this response.

phase space. Hence, thg-induced reaction orr®Fe leads For the total neutral-current cross sections 3fPb the

dominantly to particle-bound states-60%) and therefore estimates if46] are noticeably larger than our resultsy

decays byy emission. As for DAR neutrinos, the strongest factors in the range of 2—3 for the various Fermi-Dirac spec-

decay mode fow-induced reactions oR%Pb is given by tra) for all energies. As pointed out by Woosley al. [47]

the neutron channel. the total (v,»") cross sections on nuclei induced by super-
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TABLE V. Total cross sections for charged-current neutrino scattering on nuclei for different neutrino
energy spectra represented as Fermi-Dirac distributions. The cross sections are given in unité ehf0

(T,a) (4,0 (6,0 (8,0 (10,0 3,3 4,3 (6.26,3
SeFe(ve,e” ) %Co 9.80) 3.2 6.4(1) 1.002) 6.50) 1.71) 591
S8Fe(ve,e Nn)%Co 7.5-1) 8.20) 3.31) 8.1(1) 1.9-1) 150  2.01)
SeFe(ve,e p) S°Fe 5.40) 3.31) 1.02) 2.22) 2.2(0) 1.01) 7.31)
SSFe(ve e~ a) %Mn 6.1-2) 9.8-1)  4.90) 1.4(1) 9.9-3 1.2-1) 2.50)
SSFe(ve,e7)X 1.61)  7.41) 2.002) 4.1(2) 8.90) 291 152
2%Ph(v,,e ) 29Bi  4.7(1) 1.32) 2.52) 4.02) 3.51) 7.601) 2.2(2)
2%Ph(y,,e N)OBi  2.3(2) 9.92) 2.3 3) 4.00 3 1.22) 4.2(2) 1.9 3

2%Ph(ye,e p)°Pb  1.8-2) 1.1-1) 3.3-1) 6.9—1) 7.2-3) 3.3-2) 23-1)
%Ph(pe,e )Tl 2.1(—-2) 2.6-1) 1.1(0) 3.000) 47-3) 4.1-2) 6.0-1

20%h(p, e )X 2.82) 1.1 3) 25 3) 45 3 1.62 492 21 3
S6Fe(ve,e" y5Mn 3.40) 1.1(1) 2.2(1) 3.61) 2300 5.700) 1.91)
S6Fe(v,,e"n) 55Mn 50-1) 4.50) 1.7(1) 4.2(1) 1.5-1) 9.4-1) 1.01)

56Ee (1, e p) 55Cr 43-3) 55-2) 27-1) 84-1) 93-4 81-3) 1.3-1)
S6Ee(r,, et a) AV 6.7—4) 1.1-2) 6.7-2) 23-1) 1.2A-4) 1.3-3 2.8-2
S6Ee(r,,et)X 3.900  1.51) 3.91) 7.91) 2400  6.60) 291

208pp(y, et y) 28T 5.8-1) 3.00) 7.90) 1.5(1) 2.7(-1) 1.10)  6.10)
2%, ,e N 20Tl 4.9-1) 3.80) 1.51) 3.9 2.0-1 8.9-1) 8.50)
28pp(y, ,etp)PHg  L17-7) 14-5  22-4)  15-3 84-9 32A-7) 42-5
28pp(y, et @) 2%Au 437 40-5  6.5-4) 44-3  21-8 8I1-7) 12A-4)
208ph (5, e*)X 1.10)  6.80) 2.3(1) 5.4(1) 47-1) 1.900  1.51)

nova neutrinos with high energetic Fermi-Dirac distributionscharged-current reaction. If we consider that supernayva

follow a simple rule of thumb: neutrinos comprise four neutrino types with about the same
spectrum, the neutron response of°&e detector to super-
o(v,v")=c(T,a)AX 10" cn?. (4 nova neutrinos is expected to be dominated by neutral cur-

rent events caused hy, neutrinos.

The proportionality factor depends on the parameters of the The differences in the ratios for neutral- and charged-
Fermi-Dirac spectrum. From RPA studies one fingd3, «) current neutron yields again reflect the more general ten-
~0.7-0.9 for T=8 MeV anda=0 [45,22, while the pro-  dency that neutral-current cross sections for superngva
portionality factor is slightly smaller for closed-shell nuclei. neutrinos scale approximately with the mass nun#bef the
We note that our present results fit well into the expectedarget, while the charged-current cross sections for supernova
systematics: c(T=8 MeV,a=0)=0.77 for *°Fe (open . neutrinos depend on té—Z neutron excess of the target
shell) and 0.67 for?®¥Pb (closed shell via the Fermi and lkeda sum rulés.g.,[22]). This suggests

Besides detecting a supernova neutrino signal, modern d¢46] that neutrino detectors which can only determine total
tectors should also have a “neutrino spectroscopy ability”;neutron counting rates can have the supernova neutrino spec-
l.e., it is desirable to assign observed events to the neutrinmoscopy ability if they are made of various materials with
type which has triggered it. Detectors such as LAND andquite differentZ values as the ratio of neutral- to charged-
OMNIS will observe the neutrons produced by neutrino-current cross sections is quite sensitive to the charge number
induced reactions 0A’®b. An obvious neutrino signal then of the detector material. Of course, it is then necessary to
is the total count rate. However, as already pointed out irassign observed events to the detector material.
[46], the total neutron count rate in a lead detector does not Neutrino detectors of large size will probably not be built
allow one to distinguish between events triggeredvpyieu-  from isotopically enriched iron or lead, because the costs
trinos andv, neutrinos. We confirm this argument as our will be very high. Therefore, in principle, in addition tFe
total (ve,e Nn) cross sectioe.g., for (T,a)=(4,0) it is  (91.75% natural abundancand ?°%Pb (52.4%, also cross
2.3x10 %% cn?] is quite similar to the neutral-current sections for neutrino-induced reactions on the other stable
cross section [for (T,a)=(8,0) neutrinos we find isotopes®Fe (5.85%, 5'Fe (2.12%, “%Fe (0.28%, 2°Pb
1.4x10 49 cn? per neutrino family. The situation is, how- (24.1%, 2°Pb (22.1%, and 2°*Pb (1.4% are needed. But
ever, different for°®Fe. Here we find, for the same neutrino from the rule of thumbEq. (4)] we can already conclude
spectra as above, that the total neutron counting rate in ththat the isotope effect on the neutral-current cross sections
neutral-current reaction is about 30 times larger than for thevill be small. This has been confirmed for the iron isotope

025802-7



E. KOLBE AND K. LANGANKE PHYSICAL REVIEW C 63 025802

15 1 T
. [ |_1I — — — T= 80 MeV, a= 0.0 > ——— T= 80 MeV, a= 0.0
§ 12k =T e T= 6.3 MeV, a= 3.0 | % --------- T= 6.3 MeV, a= 3.0 _
S | T= 4.0 MeV, a= 0.0 (x20) S~ T= 4.0 MeV, a= 0.0 (x5) _|
“'E , a= 3.0 (x40) ] NE ----- T= 3.0 MeV, a= 3.0 (x5) |
3] i 3)
o — (=]
7 ¥
o o
- - =1
e el
= =a
Cl o
~ ~ a
) - )
o <
T
ke £ 3y N : "TT-“-H-b.mml_m_._l_LLqLu
8 9 10 5 6 7 8 9 10
E [MeV]

n

FIG. 4. Neutron energy spectrum produced by the charged- FIG. 6. Neutron energy spectrum produced by the charged-
current (v,,e”) reaction on®*Fe. The calculation has been per- current (v,,e”) reaction on?®Ph. The calculation has been per-
formed for different supernova neutrino spectra characterized by thisrmed for different supernova neutrino spectra characterized by the
parameters T,a). Note that the cross sections fof,@)=(4,0)  parameters T,«). Note that the cross sections fof,g)=(4,0)
and(3,3) neutrinos have been scaled by factors 20 and 40, respe@nd (3,3 neutrinos have been scaled by a factor of 5.
tively.

culated the relevant neutron energy spectra for both possible
i 1156 20! ;
chain 52-58Fe within a recent shell model plus RPA ap- detector material$®Fe and?°®Pb. To this end we have used

proach which finds less than 16% deviation from the simplethe statistical model COdSMOKER iteratively_ by foII(_)Wing
scaling rule[Eq. (4)] [48]. On the contrary the isotope effect the decay of the daughter states after the first particle decay.
on the charged-current cross sections will be strong, becau%/ge have_ kle-gt book Oféhﬁ neug_o n ecr;e[]gles .pm%%clfd mbt.hese
they dominantly scale withN— Z) like mentioned above via s:quentle) ecays and nave t;nne dt ﬁ.m in 500- e\é INs.
the Fermi and Ikeda sum rules. This is again confirmed in the.. € neutron energy Sp?c”a obtained this way are s own in
shell model plus RPA study which finds less than 10% deY'9S- 4—7. The calculations have been performed for differ-
viation in the charged-current cross sections Tor4 MeV ent neutrino spectra which also allows one to study the po-
and «=0 neutrinos from the simpleN—Z) scaling[48] tential sensitivity of the detectors if neutrino oscillations oc-

We expect that the rule of thu .(4)] and the N—Z cur. .

scalingp is also valid for the :gftqral-cgjrrent anchha)rged- For the _charggd- and neutral-current reactions%ie the

current reactions oR%Pb, respectively. This provides then a [€SPONSe 1S mainly below then2threshold. Most of the

simple scheme to estimate the charged-current cross Sectioﬁgmow—Te'ller distribution is below the neutron threshold, as

for the other lead and iron isotopes. IS the IAS in the cha(lirged-cu[rent reaction. The neutron en-
Both the LAND and the OMNIS detectors will also be S9Y Spectrum of théFe(v, . n) reaction is shown in Fig.

capable of detecting the neutron energy spectrum following™ . .

theIo decay of states ?n the daughter nuc?guspafter excitationtg)J The spectrum is rather structureless with a broad peak

charged- and neutral-current neutrino reactions. We have ca _gntered around neutron e.nergE%.F 1—1.5 MeV and ba-
sically reflects the GT distribution above the neutron

threshold of 10.08 MeV. The respective neutron spectrum
] for the neutral current reaction is shown in Fig. 5.

$f 202 xzzv :f g‘g : The spectrum is composed by sevefahainly first-

e R ] forbidden transitions which combined lead to a rather

smooth neutron energy distribution. We note that the GT

distribution is taken from the shell-model calculation and

leads to a rather broad neutron spectrum.

The neutron spectrum for the charged-current reaction on
208pp is dominated by the Fermi transition to the IAS and by
the GT_ transitions. To understand the neutron spectrum we
3 have to consider the neutron threshold energies for one-
E neutron decay6.9 MeV) and for two-neutron decafi4.98
: MeV) in 2°8Bi. Hence the IAS and the collective GT reso-
nance(with an excitation energy of about 16 MeWill de-
cay dominantly by & emission, while the low-lying GT

FIG. 5. Neutron energy spectrum produced by the neutralf€sonance aE,=7.6 MeV decays by the emission of one
current (v,v') reaction on>Fe. The calculation has been per- neutron. This has significant consequences for the neutron
formed for different supernova neutrino spectra characterized by thepectrum. In two-neutron decay the available energy is
parameters T, ). shared between the two emitted particles, leading to a rather

11:"'|"'|"'|"'|"'|"'|'-'|'-'|"'|"'
10F
9_ .........

[10™*2em?®/MeV]
< @

n

do/dE
QO = VW s OO,

9 10
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broad and structureless neutron energy distribution. As capined. In Ref[46] it is pointed out that in the case 8f%Pb
be seen in Fig. 6, this broad structure is overlaid with a pealan attractive signal might emerge. As a result of the fact that
at neutron energy aroundl,=1 MeV caused by the one- the IAS and large portions of the GTstrength resides in
neutron decay of the lower GTtransition. 208j just above the two-neutron emission threshold, Fuller
We expect that as a result of fragmentation, not properlyet al. discuss that the two-neutron emission rate is both fla-
described in our RPA calculation, the width of this peakyor specific and very sensitive to the temperature ofithe
might be broader than the 0.5 MeV binning which we havedistribution. To quantify this argument we have calculated
assumed in Fig. 6. We note that the relative height of thehe cross sections for th&#%b(v,,e~2n)?°Bi reaction in
peak compared with the broad structure stemming from theur combined model of the RPA for the neutrino-induced
2n emission is more pronounced for th&, ) =(4,0) neu-  response and statistical model for the decay of the daughter
trino distribution than for a potentialT(a) =(8,0) v, spec-  states. We find partial cross sections of 431D %> cn?
trum as it might arise after completg« v, oscillations. and 13.<10" %2 cn? for v, neutrinos with T,a)=(4,0)
Figure 7 shows the neutron energy spectrum for theynd (3,3) Fermi-Dirac distributions. As pointed out {i@6]
neutral-current reactions of?Pb. Our RPA response places these cross sections increase significantly if neutrino oscilla-
the strong GT transitions around the neutron thresltatd tions occur. For example, we find for totaj— v, oscilla-
7.37 MeV), while the first-forbidden transitions are split into tions partial 21 cross sections of 10538102 cn? and
several transitions between the excitation energies 9 MeVf42x 102 cn? [for neutrino distributions with parameters
and 18 MeV. In particular, the two strong Iresonances at (T, a)=(8,0) and(6.26,3, respectively. We remark that
around 15 MeV and 18 MeV are above the two-neutronthese numbers will probably be reduced if correlations be-
threshold at 14.12 MeV and their decay |ead5, for the Sam?ond the RPA are taken into account as part of the GT
reasons as given above for the charged-current reaction, togstribution might be shifted below then2threshold.
rather broad neutron energy spectrum. Several transitions As pointed out above, also portions of the neutral-current
above the one-neutron threshold superimpose in our RPRxcitation spectrum are above the respectiveemission
neutron spectrum this broad structure and lead to rather prehreshold. This decay will compete with the one stemming
nounced peaks. But nucleon-nucleon correlations beyond thgom the charged-current reaction and hence will reduce the

RPA will induce a stronger fragmentation which will smear flayor sensitivity of the signal. We have therefore also calcu-
out these peaks. We expect therefore that the neutral-currepfied the 2°%Ph(y,»'2n)?°Pb cross sections and find

neutron energy spectrum will be rather broad and structuregq 3x 1042 cn? and 23.5¢ 10~ %2 cn? [for neutrino distri-
less. - o _ butions with (T,a) =(8,0) and(6.26,3, respectively and av-

An exciting question is whether supernova neutrino deteCgraged over neutrinos and antineutringghus, if no neu-
tors have the ability to detect neutrino oscillations. This canying oscillations occur. the combinedn2signal resulting
be achieved by a suited signal which allows one to distin,om neutral-current reactions for the foug neutrino types
guish between charged-current and neutral-current evenfs |arger than the one from the charged-current reactions.
and which is quite sensitive to the neutrino distribution. It isyowever. if neutrino oscillations occur. the neutral-current
hoped that the detectors OMNIS and LAND have such ansigna| is unaffected while the charged-current signal is dras-
ability. However, as has been shown[#6], the total neu- tically enhanced. Thus, our calculations support the sugges-
tron counting rate is by itself not a suited mean to detectjgng of Ref[46] that the 2 signal for 2°8Pb detectors might

neutrino oscillations, even if results from various detectors,g g interesting neutrino oscillation signal. However, our
with different materialhence different ratios of charged-to- ¢5\cylations also indicate that, for an analysis of the potential
neutral current cross sections, as discussed atareecom-  jnservation of the signal, two-neutron emission from

neutral-current events has to be accounted for as well.
Finally, as the predicted energy spectra of neutrinos from
o I T e az e ] supernovas change with time and furthermore can be af-
o ' ' T fected in a variety of wayéespecially oscillation scenarips
L] ] Table VI lists the cross sections fow{,e™) and (v,v")
C ] scattering on°®Fe and?°%®b as a function of neutrino en-

] ergy.

—_
[AY

[10™*'cm?/MeV]

n

7 IV. CONCLUSIONS

do/dE

. We have studied the charged- and neutral-current reac-

] tions on*Fe and?°%Pb which are the shielding materials for

L Lt | current accelerator-based neutrino experiments such as

7" 8 9 10 | SND and KARMEN and the material for proposed super-
nova neutrino detectors such as LAND and OMNIS.

FIG. 7. Neutron energy spectrum produced by the neutral- Our calculations for*Fe are performed within a model
current (v,»') reaction on2°®Pb. The calculation has been per- Which uses the interacting shell model to determine the
formed for different supernova neutrino spectra characterized by th&amow-Teller response and the RPA for forbidden transi-
parameters T, a). tions. For %Pb the complete nuclear response is evaluated

=
O R NDWHAR OO TITDOO
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o

E, [MeV]
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TABLE VI. Total  *%Fe(ve,e)X,  *Fe(r,»’)X,  function of final lepton energy. All these quantities are ex-
29%Pb(ve,e7)X, and *°Ph(v,»")X cross sections for selected neu- pected to allow foever) more reliable background simula-
trino energiesE,. The cross sections are given in 18 cn?,  tions for the LSND and KARMEN detectors. As the LSND
while the energies are in MeV. Exponents are given in parenthesegollaboration might have observed a neutrino-oscillation
signal we have also calculated the various cross sections on
SFe and 2%%Pb for pion-in-flight-decay neutrinos as they

E, %Fe(r.,e )X SFe(r,v’ )X 2%Pb(re,e )X 2%Pb(y,»')X

10 6.61(—1) 1.91(-1) 9.34( 0) 7.14(-1) comprise a small admixture of, neutrinos in the LSND

15 6.45(0) 2.19(0) 1.41(+2) 7.98(0) beam.

20 2.93(+1) 6.90(0) 4.85(+2) 2.54(+1) Detecting supernova neutrinos is generally considered an
25 7.33(+1) 1.51(+1) 1.32(+3) 5.84(+1) important test of theoretical models for core-collapse super-
30  1.40(+2 2.85(+1) 2.48(+3) 1.14(+2) novas. OMNIS and LAND are two proposed detectors, con-
35  2.36(+2  4.89(+D) 3.99(+3) 1.99(+2) sisting of lead and possibly iron, which will have the capa-
40  3.71(+2)  7.86(+1) 5.72(+3) 3.17(+2) bility to count the total rate of neutrons produced by neutrino
45  555(+2)  1.19(+2) 7.63(+3) 4.72(+2) reactions in the detector and further to detect the related neu-
50  7.98(+2)  172(+2)  9.69(+3 6.65(+2) tron energy spectrum. FGPFe the decay is mainly by emis-

55 110(+3)  2.39(+2)  1.20(+4) 8.96(+2) sion of one neutron. Nevertheless, the neutron energy spec-

60  1.48(+3)  3.20(+2)  1.45(+4) 1.17 (+3)
65  1.92(+3) 4.15(+2  1.73(+4) 1.48(+3)
70 242(+3) 5.25(+2)  2.02(+4) 1.83(+3)
75  299(+3)  650(+2)  2.31(+4) 2.22(+3)
80  3.60(+3)  7.89(+2)  2.62(+4) 2.65(+3)
85  4.27(+3)  9.42(+2  2.93(+4) 3.11(+3)

trum is rather broad and structureless following both
charged- and neutral-current excitations.

For 0% the situation is different as a significant portion
of the charged-current respongand also of the neutral-
current respongas above the B threshold. As the two neu-

90 4.98(+3) 1.11(+3) 3.26(+4) 3.61(+3) trons share the available decay energy this leads to a rather
95  573(+3)  1.29(+3) 3.60(+4) 4.13(+3) broad neutron spectrum. For the charged-current reaction we
100  6.52(+3) 1.49(+3) 3.96(+4) 4.69(+3) predict that this broad pattern is superimposed by a peak
105  7.36(+3) 1.70(+3) 4.33(+4) 5.26 (+3) structure, due to a yet unobserved Gamow-Teller transition
110  8.24(+3) 1.92(+3) 4.71(+4) 5.86(+3) at lower energies. We find that the height of this peak rela-
115 9.16(+3) 2.16(+3) 5.10(+4) 6.47(+3) tive to the broad structure is more pronounced for “ordi-
120  1.01(+4) 2.41(+3) 5.50(+4) 7.09(+3) nary” v, supernova neutrinos than for:ga neutrino spec-

125  1.11(+4) 2.66(+3) 5.90 (+4) 7.73(+3) trum arising afterv,— v, oscillations. Another possible

130 1.21(+4)  2.92(+3) 6.31(+4) 8.37(+3) oscillation signal for &%Pb detector is the emission rate of
135  1.32(+4) 3.19(+3) 6.71(+4) 9.01(+3) two neutrons, as suggested by Fuller, Haxton, and McLaugh-

140 1.42(+4) 3.46(+3) 7.12(+4) 9.66(+3) lin. We have quantitatively confirmed the argument of these
145  1.53(+4) 3.74(+3) 7.52(+4) 1.03(+4) authors and have also calculated the two-neutron emission
150  1.64(+4) 4.01(+3) 7.91(+4) 1.09(+4) rate for the neutral-current reaction which has to be consid-

ered if, in the event of a nearby supernova, the two-neutron

emission signal would be observed and analyzed for oscilla-

within the RPA model. The correct momentum dependencdon information.

of the various multipole operators is considered. This leads

to a reduction of the cross sections, compared to calculations

performed atq=0, due to destructive interference with

“higher-order” multipole operators. We thank G. Drexlin and M. Steidl from the KARMEN
At first we have calculated the total cross sections and th&roup for stimulating and helpful discussions. We are also

partial cross sections for spallating a neutron from the targegrateful to G. Marimez-Pinedo for his help with the shell-

for muon-decay-at-rest neutrinos. Additionally we havemodel calculations. The work has been partly supported by a

evaluated the charged-current cross section’$®b as a  grant of the Danish Research Council.
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