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Neutrino-induced reaction rates for r-process nuclei
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Neutrino-induced charged- and neutral-current reactions play an important role during and after ther pro-
cess, if the latter occurs in an environment with extreme neutrino fluxes such as the neutrino-driven wind
model or neutron star mergers. Therefore consistentr-process simulations require the knowledge of neutrino-
nucleus reaction rates for very neutron-rich nuclei. The neutrino reactions can excite the daughter nucleus
above the neutron threshold, which are quite low forr-process nuclei. Thus the daughter nucleus will decay by
emission of one or several neutrons. We have calculated the relevant total and partial neutron spallation cross
sections forr-process nuclei with neutron numbersN541–135. Our calculations are based on the random
phase approximation and consider allowed as well as forbidden transitions.

PACS number~s!: 26.30.1k, 21.60.Jz, 23.40.Bw, 25.30.Pt
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I. INTRODUCTION AND MOTIVATION

About half of the elements heavier than mass numbeA
560 are made in the astrophysicalr process@1,2#. Empiri-
cally, ther process is rather well understood as a sequenc
neutron-capture reactions and competingb decays, starting
from a seed nucleus~e.g., 56Fe). Simulations revealed tha
the r process proceeds through nuclei with approximat
constant neutron separation energies (Sn52 – 3 MeV) @3,4#,
far off the valley of stability. Thus, the realization of ther
process in nature requires environments with extremely h
neutron densities, usually associated with explosive even

Despite impressive progress in the general understand
the actual site of ther process has not yet been definitive
identified. The currently favored scenario relates ther pro-
cess to the high-entropy radiation bubble above the ne
born neutron star in a type-II supernova@5,6# ~neutrino-
driven wind model!. Although this site appears to be qui
promising, several open questions and inconsistencies
remain to be solved. Therefore, neutron star mergers are
tively investigated as alternative sites@7#. Both sites have in
common that ther process will occur in the presence
extreme neutrino fluxes. We will exemplify for the neutrin
driven wind model the important aspects which neutrin
induced reactions on nuclei can play.

In a type-II supernova the neutron star remnant radia
its energy away via neutrino-antineutrino pairs which a
produced with equal luminosity for all three neutrino flavo
However, charged-current reactions with the surround
neutron-rich matter introduce differences in the neutr
opacities for the various neutrino species resulting in dist
differences in the neutrino distributions after these have
fused out of the neutron star. Asnm and nt neutrinos and
their antiparticles~combined referred to asnx neutrinos! de-
couple at the smallest radius in the star, their distribution
the largest average energy (Ē525 MeV). Electron neutri-
nos and antineutrinos interact with neutrons and proton
the dense matter vian1ne→p1e2 andp1 n̄e→n1e1, re-
spectively. As the matter is neutron-rich,n̄e neutrinos can
0556-2813/2000/61~5!/055803~10!/$15.00 61 0558
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decouple deeper in the star and they leave with a larger

erage energy (Ē516 MeV) than ne neutrinos (Ē
511 MeV). These latter two reactions ensure also that
matter entering the radiation bubble has a neutron excess@8#,
i.e., the electron-to-baryon ratioYe,0.5. The matter ejected
from the neutron star expands adiabatically and cools. If
temperature drops belowT'0.5 MeV, a network of nuclear
reactions allows matter to flow to heavier nuclei which th
become the seed for ther process. Obviously ther process
requiresYe,0.5, but, as has been recently pointed out
Meyer and collaborators, neutrino-induced reactions mi
also hinder the formation of anr process at this site@9#. To
understand their argument, one has to consider that nuc
synthesis in this environment starts with assembling b
cally all free protons into4He. However, the charged curren
reactions on the remaining free nucleons~mainly neutrons!
will then drive the value ofYe closer to 0.5, possibly coun
teracting a successfulr process@9#.

There have been several suggestions for how neutr
induced reactions can play a role during and even after thr
process network. If the ejected matter flow reaches waiti
point nuclei associated with the magic neutron numbersN
550, 82, and 126 at rather small radii above the neutron
~say '100 km), ne-induced charged-current reactions c
compete with theb decays of the longest lived waiting poin
nuclei and thus speed up the matter flow to heavier nu
@10#. In the usual picture ther process stops when the ne
tron supply ceases~‘‘freeze-out’’!. The produced very
neutron-rich progenitor nuclei then undergo a series ob
decays until they reach a stable nucleus whose calcul
abundance can then be compared with observation. H
ever, as discussed by Haxton and collaborators@11#, if the r
process occurs in an extreme neutrino flux, charged-
neutral-current neutrino reactions will alter the abundan
distribution of the progenitor nuclei after freeze-out, as the
neutrino-induced reactions can spallate neutrons out of
target nuclei. This ‘‘post-processing’’ is particularly impo
tant for the abundances ofr-process nuclei with masses ju
below the abundance peaks atA5130 and 195. As neutron
star mergers also produce strong neutrino fluxes, neutr
©2000 The American Physical Society03-1
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nucleus reactions will also be quite important during a
after ther-process network in this scenario.

Recently Meyer, McLaughlin, and Fuller@9# have per-
formed the first study of ther process within the neutrino
driven wind model in which they consistently consider
ne-induced charged-current reactions. These authors c
puted the relevant neutrino-nucleus cross sections~including
appropriate estimates of the number of neutrons emi
from the excited daughter nucleus! on the basis of the inde
pendent particle model@12#. Importantly this study indicates
a less dramatic role played by neutrino-induced reacti
than previously anticipated. Meyeret al. find that capture on
free neutrons is at all stages of ther process within the
neutrino-driven wind model more important than capture
nuclei. As a consequence, these authors point out tha
neutrino-induced reactions are invoked to accelerate the
ter flow to heavier nuclei, the simultaneously occurring a
stronger capture on neutrons drives the matter more pro
rich and thus counteracts a successfulr process. A first at-
tempt to include neutral-current spallation of neutrons fr
nuclei into the neutrino-driven wind model for the nuclear
process has been reported by Meyeret al. @13#.

Meyer, McLaughlin, and Fuller@9#, however, also point
out that the sensitivity of ther process to neutrino irradiatio
means that neutrino-capture effects can strongly help to c
strain ther-process site or neutrino physics. Here it is qu
exciting to speculate that, in a scenario where electron n
trinos were converted to other neutrino species by mat
enhanced processes in the region above the neutron sta
face@14#, the large flux of antineutrinos would drive proton
into neutrons ensuring a large initial neutron richness@9#.

To explore these many interesting facets of neutri
induced effects before, during and after ther process, and in
the presence of neutrino oscillations or without, requires
availability of a rather reliable neutrino-nucleus reaction r
compilation. It is our aim here to improve the previous ra
estimates by calculating the charged current (ne ,e2) and the
neutral current (n,n8) cross sections for the neutron-rich n
clei along ther process path, covering nuclei with neutro
numbersN541–135. The study of the (ne ,e2) reactions are
strongly facilitated by two observations. At first, due to t
rather low average energies (Ē511 MeV) the (ne ,e2)
cross sections for supernovane neutrinos are mainly given
by allowed transitions. Secondly, the total strength of the t
allowed transitions, Fermi and Gamow-Teller~GT!, are gov-
erned by sum rules. For the Fermi transition, one has
usualSF5(N2Z) rule, whereN,Z are the neutron and pro
ton numbers of the parent nucleus. For the GT transition
note that, for extremely neutron-rich nuclei the GT1 direc-
tion ~in which a proton is changed into a neutron! is blocked.
Hence the Ikeda sum rule reduces to an effective sum
for the total GT2 strength,SGT2

53(N2Z). ~For the same
reasons,n̄e induced charged-current reactions do not pla
role in ther process.!

It has been noted previously@10,15# that a rough estimate
of the allowed cross sections can be obtained if one emp
these sum rules and the well-known energy parametrizat
of the isobaric analog state~IAS! and the GT2 centroids
05580
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@16#. While this procedure is a valid approximation for th
Fermi contribution, which is totally concentrated in the IA
state, the GT2 strength is known to be fragmented ov
many states in the daughter nucleus, caused by the spin-
isospin-dependent parts in the residual interaction. In a
approximation, Qianet al. accounted for this fact by repre
senting the GT2 distribution by a Gaussian with a width of
few MeV, centered around the parametrized centroid ene
@10#. However, for very neutron-rich nuclei these centro
energies are at rather large excitation energiesEx
'20 MeV), and thus weak contributions of the GT2 distri-
bution leading to low-lying states in the daughter can
strongly amplified by phase space. Engel and Surman h
investigated these contributions within the random phase
proximation~RPA! and conclude that these low-lying trans
tions can increase the cross sections up to a factor of 2@17#.
They also find that nonallowed transitions do not contrib
significantly to the total cross sections. Following Engel a
Surman we will adopt the RPA approach to study charg
current neutrino-nucleus reactions.

Neutral current reactions are mainly mediated by thenm
and nt neutrinos and their antiparticles due to their sign
cantly higher average energies. These energies are even
ficient to excite the giant dipole resonances in the nucle
Hence the supernova neutral current reaction cross secti
given basically by allowed Gamow-Teller and first-forbidd
transitions. Studies of muon capture, which is also do
nated by first-forbidden transitions, have shown that the R
method is quite appropriate to describe these transition
the involved momentum transfers. However, the RPA u
ally does not recover all correlations necessary to fully
scribe the quenching of the GT strength, which for neut
current is not governed by a sum rule. Clearly the method
choice to describe GT transitions is the interactive sh
model @18# but such computationally intensive studies a
prohibited for the large body of nuclei we are interested
Thus we will use the RPA approach also to calculate neu
current cross sections.

Our paper is organized as follows. In the next section
will briefly recall the relevant formalism to calculat
neutrino-nucleus cross sections and discuss details of
nuclear model. In Sec. III we present a selection of our
tensive compilation covering the reaction cross sections
about 1000 nuclei.

II. THEORETICAL BACKGROUND

We are interested in three types of semileptonic p
cesses: charged current neutrino scattering,

n1ZXN→Z11XN21* 1e2, ~1!

and inelastic neutral current neutrino and antineutrino s
tering,

n1ZXN→ZXN* 1n8,

n̄1ZXN→ZXN* 1 n̄8. ~2!
3-2
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In the derivation of the relevant cross sections we follow
description given by Walecka@19#. Hence we assume th
standard current-current form for the Hamiltonian govern
these reactions. After a multipole expansion of the we
nuclear current and applying the extreme relativistic lim
~lepton energye f@ lepton massmfc

2) the neutrino~an-
tineutrino! cross section for excitation of a discrete targ
state is given by@19,20#

S ds i→ f

dVe
D

n/n

5
g2e f

2

2p2

4p cos2~Q/2!

~2Ji11!

3F~Z,e f !F (
J50

`

sCL
J 1 (

J51

`

sT
J G

sCL
J 5U^Jf uUM̃ J1

v

uqW u
L̃J~q!UuJi&U2

,

sT
J5S 2

qm
2

2qW 2
1tan2

Q

2 D
3@ u^Jf uuJ̃J

mag~q!uuJi&u21u^Jf uuJ̃J
el~q!uuJJ&u2#

7tan
Q

2
A2qm

2

uqW u2
1tan2

Q

2

3@2 Rê Jf uuJ̃J
mag~q!uuJi&^Jf uuJ̃J

el~q!uuJi&* #. ~3!

Here g is the universal coupling constant,Q the angle be-
tween the incoming and outgoing lepton, andqm5(v,qW )
(qªuqW u) the four-momentum transfer. The minus sign refe
to the neutrino cross section. The quantitiesM̃J , L̃J , J̃J

el ,

and J̃J
mag denote the multipole operators for the charge, lo

gitudinal, and the transverse electric and magnetic part
the four-current, respectively. Following Ref.@19# they can
be written in terms of one body operators in the nucl
many-body Hilbert space. The cross section involves the
duced matrix elements of these operators between the in
stateJi and the final stateJf .

The Coulomb functionsF(Z,e) account for the Coulomb
interaction between the final charged lepton and the resi
nucleus in the charged-current processes. We treat them
tivistically in the same manner as outlined in Ref.@21#, i.e.,
we use the Coulomb correction derived by numerical so
tion of the Dirac equation for an extended nuclear cha
@22#

F~Z,e!5F0~Z,e!L0

with

F0~Z,e!54~2plR!2(g21)U G~g1 iy !

G~2g11!
U2

ep•y, ~4!

whereZ denotes the atomic number of the residual nucleue
the total lepton energy~in units of m0c2), andpl the lepton
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momentum~in units ofm0c). R is the nuclear radius~in units
of l5\/m0c) and g and y are given by~a5fine structure
constant!:

g5A12~aZ!2, y5aZ
e

pl
. ~5!

The numerical factorL0 in Eq. ~4!, which describes the finite
charge distribution and screening corrections, is nearly c
stant ('1.0), and can be well approximated by a weak
decreasing linear function inpl . We calculate the differentia
cross section~3! as a function of the initial lepton energye i ,
the excitation energy of the nucleusv, and the scattering
angleQ. In the extreme relativistic limit (e f@mfc

2) the ki-
netic energy of the final lepton is then given by energy co
servation ase f5e i2v and theuqW u value is

uqW u5Av214e i•~e i2v!sin2
Q

2
. ~6!

The total cross section is obtained from the differential cr
sections by summing over all possible final nuclear sta
and by numerical integration over the solid angledV.

The distribution of the various supernova neutrino spec
is usually described by a Fermi-Dirac spectrum

n~e!5
1

F2~a!T3

e2

exp@~e/T!2a#11
, ~7!

whereT, a are parameters fitted to numerical spectra, a
F2(a) normalizes the spectrum to unit flux. The transp
calculations of Janka@23# yield spectra witha;3 for all
neutrino species. While this choice also gives a good fit
the ne and n̄e spectra calculated by Wilson and Mayle@24#,
their nx spectra favora50. In this work we will use both
values fora.

The total cross section has then to be folded with
energy distribution of the incident neutrino beamn(e) result-
ing in

ds̄

dv
~v!5E

v

`ds

dv
~e i ,v!ni~e i !de i . ~8!

As nuclear model we adopt the random phase approxima
with proton/neutron formalism, i.e., we distinguish betwe
proton and neutron degrees of freedom for the particle
hole states. In particular, in the charged current reaction
model changes a neutron particle in the parent nucleus
proton hole state in the daughter. Our parent ground st
are described by the lowest independent particle model s
assigning partial occupancy to the last shell if this is n
completely occupied. The same shell is included among
hole states, but appropriately partially blocked@25#. The par-
tial occupation formalism necessarily assumes that the pa
ground state is spherical, what is often not the case for nu
in the middle of major shells. As our total cross section
sults turn out to be rather smooth and not too sensitive
nuclear structure effects, we believe that the neglect of
3-3
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formation in the parent ground states does not introduce
severe uncertainties. The particle and hole states have
determined from a Woods-Saxon potential with standard
rameters. The depth of the potential has been adjuste
reproduce the proton and neutron separation energies in
parent nucleus. As residual interaction we used the Land
Migdal force given in Ref.@26#. This parametrization ha
been chosen to reproduce simultaneously the energies o
IAS states in 48Ca and 208Pb. However, for the nuclei o
interest here we had usually to slightly shift the hole energ
to reproduce the position of the IAS state. For the nucl
binding energies we adopted the mass compilation of D
and Zuker@27#.

In our calculations we considered all multipole transitio
with l<3 and both parities. From shell model calculations
is well established that the Gamow-Teller strength requ
an additional quenching factor which we take from Ref.@28#
as (0.7)2; this is often referred to as renormalization of t
axialvector coupling constant. Hence the Ikeda sum rule
also modified by the same factor. For the other multip
operator, there exists no firm indication for a need of such
additional quenching factor. For example, muon capt
rates, which are dominated by first-forbidden transitions,
well described by RPA calculations without quenching of t
form factors@29#. For theq dependence of the nuclear for
factors we use the standard dipole form.

We note that we use the appropriate multipole opera
for finite momentum transfer@19#. Thus, only in the limitq
→0 our 01 and 11 operators reduce to the Fermi an
Gamow-Teller operators, respectively. Nevertheless
brevity we will in the following refer to the momentum
dependent 01 and 11 multipole operators as Fermi an
Gamow-Teller operators. The effect of the finite-moment
transfer on these two transitions is discussed below.

As a consequence of the partial occupation formalism,
calculation always assigns the spin-parity 01 to the parent
ground state. This is, of course, incorrect for odd-A and most
odd-odd nuclei. Nevertheless this shortcoming is not
pected to effect our results noticeably as data and shell m
calculations, where available, indicate no differences in
gross structures of the multipole responses between e
even, odd-A, and odd-odd nuclei, although for the latter tw
cases the multipole strength is distributed over three diffe
angular momenta in the daughter nucleus~e.g., Ref.@18#,
and references therein!.

Most of the multipole transition strength for the neutrin
induced reactions studied here resides above particle~i.e.,
neutron! thresholds. Hence the excited daughter state
decay by emission of one or several neutrons. In the simp
approximation, the partial cross section for the emission ok
neutrons is given by

s̄@n,e2~kn!#5E
Ek

Ek11 ds̄~n,e2!

dv
dv, ~9!

s̄@n,n8~kn!#5E
Ek

Ek11 ds̄~n,n8!

dv
dv, ~10!
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where the total charged current or neutral current cross
tion @s̄(n,e2) and s̄(n,n8), respectively# is integrated be-
tween the thresholds for the emission ofk neutrons (Ek) and
k11 neutrons (Ek11). Again we use the compilation of Du
flo and Zuker to derive the relevant neutron thresholds in
neutron-rich nuclei. This mass compilation takes effects s
as nuclear deformation and pairing into account.

III. RESULTS AND DISCUSSION

In this section we will give a sample of the results o
tained in our intensive RPA calculations for the neutrin
induced charged and neutral current reactions on neut
rich nuclei for the astrophysicalr process. In total our study
has been performed for about 1000 nuclei with neutron nu
bers betweenN541 and 135. The cross sections have be
calculated assuming a Fermi-Dirac distribution for the ne
trinos with chemical potentiala50 anda53, and for each
of these values, temperaturesT52.75, 3.5, 4.0, 5.0, 6.4, 8.0
and 10.0 MeV. This grid includes the currently recom
mended neutrino spectra for supernovane neutrinos (T
54 MeV, a50 @30# or T52.75 MeV,a53 @23#!, n̄e neu-
trinos (T55 MeV, a50 @30#, T54 MeV, a53 @23#!,
and nx neutrinos (T58 MeV, a50 @30#, and T
56.4 MeV, a53 @23#!. Whereas all six neutrino types ca
contribute to neutral current reactions, onlyne neutrinos,
with the lowest average neutrino energy, can initia
charged-current reactions during ther process. For the othe
neutrinos charged current reactions are blocked either du
the extreme neutron excess of the parent nucleus or by
available energy which does not allow the production o
muon or t lepton. However, in the exciting scenario th
neutrino oscillations occur, it is conceivable thatnx neutrinos
change into ne neutrinos which then have significantl
higher energies. Our (T,a) grid also allows us to explore th
consequences of complete neutrino oscillations and we
show below that this leads to significant changes in
charged current cross sections.

A. Charged current reactions

In the following discussion we will at first assume a ne
trino spectrum withT54 MeV anda50. As expected, the
charged current cross section for such supernovane neutri-
nos is then dominated by allowed Fermi and GT transitio
This is demonstrated in Fig. 1 for the even isotopes w
neutron numberN582. The energy scale refers to the exc
tation energy in the daughter nucleus. The energies of
hole states in the daughter have been chosen such tha
IAS state is reproduced at the correct energy.

With increasing neutron excess or, equivalently, decre
ing charge number theQ value increases more strongly the
the slight decrease in the Coulomb energy associated
the IAS state. Consequently the IAS state moves to hig
excitation energies in the daughter~from about 16 MeV in
132Sn to 26 MeV in122Zr). The GT strength within the RPA
is concentrated in two major transitions which are split
about 6 MeV. Strongly favored by phase space, a third
transition at rather low excitation energies contributes to
3-4
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cross sections. In these nuclei, this transition involves
change of ag7/2 neutron into ag9/2 proton and hence this
cross section contribution increases from132Sn ~where it is
absent! to 122Zr, associated with the decreasing filling of th
g9/2 orbital in the parent nucleus. We remark that with i
creasing charge number the Fermi transition requires an
creasingly larger neutrino energy. As a consequence
Fermi transition to the IAS state does not contribute sign
cantly to the charged current cross section for nuclei in
N5126 region where the correspondingly largerZ values
(Z'70 for r-process nuclei! places the IAS at an energ
about 15 MeV above the parent ground state, which is ha
reachable for supernovane neutrinos with an average energ
of 11 MeV.

Although from experimental (p,n) studies the relation be
tween the GT centroid and the IAS energy is well establis
~e.g., Ref.@31#!

EGT2EIAS57.0228.9
N2Z

A
@MeV#, ~11!

it has been controversially discussed whetherEGT2EIAS
,0 in very neutron-rich nuclei~e.g., Ref. @10#! or EGT
2EIAS50 ~e.g., Ref.@9#!. Our RPA calculations confirm the
assumption made by Qianet al. @10#, i.e., EGT2EIAS,0 in
nuclei with extreme neutron excess. We note that the s
result is found in large-scale shell model calculations
lighter, very neutron-rich nuclei such as60Mn @32#.

As stated above, our formalism considers the fini
momentum transfer dependence of the operators. To s
the importance of this treatment we have performed a ca
lation of the nucleus132Sn in which we have replaced the 01

and 11 multipole operators by the genuine Fermi and G
operators. In thisq50 limit, the cross sections for thes
operators reduce to formula~4! in Ref. @10#. For both opera-
tors we find a reduced cross section if the finite momentu

FIG. 1. Excitation functions for the (ne ,e2) reaction on even
nuclei with neutron numberN582 calculated for supernovane neu-
trinos with a Fermi-Dirac spectrum characterized by the parame
T54 MeV anda50. The scale refers to excitation energies in t
daughter nucleus.
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transfer is considered and, of course, this reduction incre
with momentum transfer. For example, our cross sections
about 20% smaller for supernovane neutrinos with T
54 MeV than those calculated for pure Fermi or GT ope
tors, while the reduction amounts to roughly 100% forT
58 MeV ne neutrinos. The reduction is mainly caused
the destructive interference with higher-order operators s
astrW•pW andtsW rW•pW .

In Fig. 2 we discuss the dependence of thene-induced
cross sections on the charge number. As examples we
chosen isotone chains withN548, 80, and 124, close to th
magic neutron numbers related to the three pronoun
r-process abundance peaks. Strikingly the cross section
crease approximately linear with decreasing charge num
This has two reasons. At first, the total transition strength
both dominating multipoles~Fermi, GT! are bound by sum
rules which are proportional to (N2Z). Secondly, the posi-
tion of the GT centroids and the IAS energies, relative to
parent ground state, are lowered in energy, roughly prop
tional to Z. As the neutron excess increases with the lar
mass number for the nuclei shown in Fig. 2, the total cr
sections are largest for the nuclei withN5124. Shell effects
influence the total cross sections only slightly; an exampl
120Zr in Fig. 2.

We would like to remark that the obviously smooth d
pendence on the charge number within an isotone chain
flecting basically the smooth dependence of the cross sec
on the sum rules and on the positions of IAS and GT c
troid, suggests that our incorrect treatment of the grou
state spins for odd-A and odd-odd nuclei does not introduc
noticeable inaccuracies in the cross sections. We men
that our charged-current cross sections are somewhat la
than the estimates obtained in Ref.@9# on the basis of the
independent particle model. However, the agreement
those nuclei which we have compared@33# has always been
better than 50%. Thus we do not expect that the conclus
drawn in@9# will change if our neutrino-nucleus rate comp

rs

FIG. 2. Total (ne ,e2) cross sections for neutron-rich nucle
with neutron numbersN548, 80, and 124. The calculation has be
performed for supernovane neutrinos characterized by a Ferm
Dirac spectrum withT54 MeV anda50.
3-5
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lation will be used rather than the independent particle mo
estimates.

Figure 3 uses the molybdium isotopes as an exampl
discuss the dependence of the partial cross sect
s̄@ne ,e2(kn)# on the neutron excess. Again, the total cro
sections increase with the neutron number for the reas
discussed above. However, for the partial cross sections
relevant that the excitation energies of the IAS and the
centroids, relative to the daughter ground state, increase
increasing neutron excess, due to larger mass differenceQ
values!. At the same time, the daughter nuclei move close
the neutron dripline. Hence, the neutron threshold ener
are reduced and as a consequence the average numb
neutrons spallated by the (ne ,e2) reaction increases with
neutron excess. While, for example, the largest partial cr
section in 113,114Mo is found in the@ne ,e2(2n)# channel,
this maximum is shifted to the 5n channel for1182122Mo and
to the 6n channel for the Mo isotopes with the largest ne
tron excess. Note that the neutron threshold energies ha
rather strong odd-even staggering introduced by pairing
fects. Therefore the Fermi and the strong GT transitions,
though at energies above the threshold for emission ok
neutrons in a certain nucleus, can be below this threshol
the neighboring nucleus with one neutron more. This beh
ior explains the staggering in the results for the emission o
and 6 neutrons, respectively, observed in the1232125Mo iso-
topes.

In passing, we note that the nucleus124Mo corresponds to
the magic neutron numberN582. As can be observed in Fig
3, the neutron shell closures are not emphasized in (ne ,e2)
cross sections which behave smoothly across the magic
tron numbers. This is different fromb decay where half-
lives are relatively longer at the neutron shell closur
Hence the pronounced peaks in ther-process abundance dis
tributions, related to the magic neutron numbers, show tha
freeze-outb-decay dominates over charged-current neutr
reactions in ther process.

FIG. 3. Total (ne ,e2) and partial neutron-emission cross se
tions for neutron-rich molybdium isotopes. The calculations ha
been performed for supernovane neutrinos characterized by
Fermi-Dirac spectrum withT54 MeV anda50.
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The same trend as derived from Fig. 3 can be observe
Table I which shows the average number of spallated n
trons in the (ne ,e2) reaction

^k&5

(
k

k3s̄@ne ,e2~kn!#

(
k

s̄@n,e2~kn!#

~12!

for selected nuclei with neutron numbersN550, 82, and
126. Thus, charged-current neutrino reactions onr-process
nuclei can spallate about 2–6 neutrons out of the pa
nucleus. The pairing effect introduces an odd-even dep
dence in the neutron thresholds, which is clearly reflected
the ^k& values.

Our choice of nuclei allows us to compare the results w
those published in Ref.@10#. The study of these authors dif
fers from ours in two aspects. At first, Ref.@10# only consid-
ered the genuine Fermi and GT contributions to the charg
current cross sections, neglecting the finite momentu
transfer effects as discussed above. Further, the GT resp
has been described by a Gaussian distribution of 5 M
width, centred around the empirical GT centroid ener
@e.g., Eq.~11!#. As has already been pointed out in Ref.@17#,
the neglect of low-lying GT transitions underestimates
cross sections by up to a factor of 2. This effect for the to
cross sections is, however, partially cancelled, as Ref.@10#
adopted a smaller universal quenching factor of (1.25)21 for
the GT operator which appears too small compared to re
shell model results@28#. On the other hand, Qianet al.
treated the particle decays of the excited states in the da
ter nucleus more consistently than we do here, as these
thors employ a statistical model to follow the sequential d
cays. Satisfyingly, we find that despite our cru
approximation in treating the particle decay, our results

e

TABLE I. Average number of spallated neutrons^k& for
(ne ,e2) reactions on neutron-rich nuclei with neutron numbersN
550 ~left!, N582 ~middle!, andN5126 ~right!. The calculations
have been performed for supernovane neutrinos characterized by
Fermi-Dirac spectrum withT54 MeV anda50.

Z ^k& Z ^k& Z ^k&

34 0.68 50 1.57 76 2.31
33 1.45 49 2.40 75 2.66
32 0.98 48 2.30 74 2.55
31 1.72 47 2.49 73 3.12
30 1.69 46 2.42 72 3.01
29 2.62 45 3.29 71 3.89
28 2.54 44 3.12 70 3.80
27 3.64 43 4.07 69 4.57
26 3.50 42 4.13 68 4.54
25 5.02 41 5.44 67 5.26
24 4.89 40 5.40 66 5.20
23 6.80 65 6.21
22 6.84
3-6
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TABLE II. Various multipole contributions to the total (ne ,e2) cross sections for74Fe ~left!, 124Mo
~middle!, and 192Er. The calculations have been performed forne neutrinos with a Fermi-Dirac spectra wit
a50 andT54 MeV andT58 MeV, respectively.

Multipole T54 MeV T58 MeV T54 MeV T58 MeV T54 MeV T58 MeV

01 30.9 163.4 39.4 294.8 28.0 334.5
02 0.0 0.6 0.3 2.3 5.5 15.6
11 127.8 460.3 309.5 1124 358.5 1708
12 11.4 236.7 32.5 591 52.2 929
21 1.7 7.5 5.8 200.5 10.2 378
22 20.1 259.9 53.5 687.5 76.7 1109
31 1.3 60.0 4.4 173 7.0 295
32 0.1 17.3 0.5 54.5 13.0 110
Total 193.4 1206 445.9 3128 551.1 4880
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the average number of spallated neutrons^k& agrees reason
ably well with the values found by Qianet al.Closer inspec-
tion finds that our values are usually slightly larger th
those of Ref. @10# caused by the contributions of firs
forbidden transitions.

In the exciting scenario, in whichnx↔ne oscillations oc-
cur, supernovane neutrinos can have the high-energynx
neutrino distribution when passing through the region ab
the neutron star in which ther process possibly occurs. Th
average neutrino energy of thene neutrinos in this case is
then 25 MeV, which has significant consequences for
charged-current reaction rates. This is exemplified in Tabl
which compares the multipole break-down of the to
(ne ,e2) cross section for selected nuclei calculated forne
neutrinos withT54 MeV andT58 MeV ~in both cases
we adopteda50).

At first, Table II confirms again that the cross section
the T54 MeV ne neutrinos is dominated by Fermi and G
transitions which contribute roughly 75% to the total cro
sections.~Note that the ratio of Fermi to GT contribution
decrease with increasing charge number for the reasons
plained above.! The remaining contributions stem main
from the 12 and 22 multipoles, including low-lying dipole
strengths. The centroid of the dipole strength can be appr
mated as@34#

Edip531.2A21/3120.6A21/6 MeV ~13!

and is higher than the centroid of the GT strength. Henc
can hardly be reached by the available neutrino energies
the T54 MeV spectrum. This situation changes drastica
if in a potential neutrino oscillation scenario the averagene
neutrino energy increases to 25 MeV. Then transitions to
giant dipole resonances contribute significantly to the to
cross sections, as can be seen in Tables II and III. Furt
more, the total charged-current cross section increase
about an order of magnitude. The number of spallated n
trons ^k&, however, grows less dramatically, from̂k&
52 – 6 to^k&53 – 7, as the sequential neutron decays lea
daughter nuclei with increasingly larger neutron threshol

B. Neutral current

The neutral-current reactions can be induced by all th
neutrino flavors and their antiparticles, but due to ph
05580
e
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space considerations they are dominated in a supernov
the neutrino species with the largest average energy (nx neu-
trinos in the case without oscillations!. The results which we
present in this subsection have been calculated for a neu
or antineutrino spectrum withT58 MeV and a50. The
relatively large neutrino energies allow then for the exci
tion of the giant dipole resonances and indeed these tra
tions, together with the GT multipole, dominate the cro
sections. This is exemplified in Fig. 4 for the neutral (n̄,n̄8)
cross sections for selected even nuclei with neutron num
N582. The GT multipole induces two strong transitions
excitation energies aroundEx56 – 7 MeV and at 9 MeV.
The lower of these transitions involve theg9/2→g7/2 excita-
tion of a proton, while the other is initiated by theh11/2
→h9/2 excitation of a neutron. As in our model theg9/2 pro-
ton orbital is being filled when moving from122Zr to 132Sn,
this proton excitation is absent in122Zr and its strength and
excitation energy increases with increasing filling of theg9/2
orbital ~in 124Mo this transition corresponds to a peak in t
cross section at 5.5 MeV with 2.7310242 cm2, while in

TABLE III. Average number of spallated neutrons^k& for
(nx ,nx8) reactions on neutron-rich nuclei with neutron numbersN
550 ~left!, N582 ~middle!, andN5126 ~right!. The calculations
have been performed for supernovanx neutrinos characterized by
Fermi-Dirac spectrum withT58 MeV anda50.

Z ^k& Z ^k& Z ^k&

34 1.09 50 1.48 76 1.52
33 1.30 49 1.57 75 1.69
32 1.32 48 1.76 74 1.77
31 1.39 47 1.93 73 1.85
30 1.44 46 2.01 72 2.05
29 1.72 45 2.28 71 2.26
28 1.86 44 2.49 70 2.53
27 2.06 43 2.67 69 2.60
26 2.43 42 2.88 68 2.74
25 2.68 41 3.11 67 2.86
24 2.94 40 3.51 66 3.05
23 3.25 65 3.24
22 3.71
3-7
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130Cd it is at 6.7 MeV with 7.7310242 cm2). The dipole
(12) transitions have a strong contribution due to the gi
dipole resonance which in these nuclei is fragmented ov
few states in the energy rangeEx'16– 18 MeV. Due to the
En

2 dependence of the phase space, low-lying 12 strength,
mainly in the energy rangeEx55 – 8 MeV, also contributes
noticeably to the cross section, as does low-lying 22 multi-
pole strength.

Figure 5 compares the total neutral current cross sect
for the same three isotone chains~with N548, 80, and 124!
as displayed in Fig. 2. The cross sections increase with gr
ing charge number, or more precisely, with increasing m
number. In fact, we find that the total (n,n8) cross section is

FIG. 4. Excitation functions for the (n̄,n̄8) reaction on even
nuclei with neutron numberN582 calculated for supernova neutr
nos with a Fermi-Dirac spectrum characterized byT58 MeV and
a50.

FIG. 5. Total (n,n8) cross sections for neutron-rich nuclei wit
neutron numbersN548, 80, and 124. The calculation has be
performed for supernova neutrinos characterized by a Fermi-D
spectrum withT58 MeV anda50.
05580
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roughly proportional to the mass number, where our cal
lation estimates the proportionality factor to be about 0.9
neutrinos with a Fermi-Dirac distribution and the paramet
T58 MeV, a50. Haxton and collaborators@30,10,35#
have explained this behavior by recognizing that the (nx ,nx8)
cross section is dominated by first-forbidden transitio
which, when approximately described within the Goldhab
Teller model, obeys the Thomas-Reiche-Kuhn sum rule. T
sum rule is proportional to@30,35# NZ/A5(A/4)(12@(N
2Z)/A#2. Thus even for very neutron-rich nuclei withN
'2Z, the proportionalityNZ/A;A/4 is good within about
10%. As the GT contribution to the cross section involv
only the valence nucleons, a universal scaling of this par
cross section withA cannot be expected. However, the var
tions in the GT part are small enough not to disturb t
approximate scaling of the total (nx ,nx8) cross section with
A. However, the GT transitions dominate the total cross s
tions for neutrino spectra with small average energies,
example for supernovane neutrinos. In this case the neutr
current does not scale withA anymore and becomes rath
sensitive to the nuclear structure involved.

Figure 5 also shows a slight odd-even staggering of
(nx ,nx8) cross sections: the cross section for an odd pa
nucleus is about 1% larger than the average of the two ne
boring even nuclei. This effect reflects the pairing depe
dence in the nucleon separation energies to which we h
adjusted our potential depth.

Figure 6 displays the total cross sections̄(n,n8) and the
partial cross sections for the emission ofk neutrons,
s̄@n,n8(kn)#, for the isotone chain with neutron numberN
572. While the total cross sections show only small var
tions, the neutron emission cross sections exhibit the
pected behavior. With increasing neutron excess~decreasing
charge number! emission of a larger number of neutrons i
creases on the expense of the few-neutron channels. Di
ently than for the charged-current~e.g., Fig. 3!, the centroid
c

FIG. 6. Total (n,n8) and partial neutron-emission cross sectio
for neutron-rich isotones with neutron numberN572. The calcula-
tions have been performed for supernovanx neutrinos characterized
by a Fermi-Dirac spectrum withT58 MeV anda50.
3-8
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energies of the multipole excitations vary only mildly with
the isotone chain. Thus the increase in the average numb
emitted neutrons is dominantly due to the fact that the n
tron separation energies are getting smaller with increa
neutron excess as one moves closer to the neutron drip
Furthermorê k& is noticeably smaller for (nx ,nx8) reactions
on very neutron-rich nuclei than for the charged-current
action~compare to Table I!. The reason is simply due to th
fact that, for the charged-current reactions, the excitation
ergies in the daughter nucleus are additionally pushed up
the significantQ values.

For inelastic neutrino scattering on nuclei, the vector a
axial-vector amplitudes to the cross section interfere c
structively, while they interfere destructively for inelast
scattering with antineutrinos. Therefore inelastic antineutr
cross sections on nuclei are smaller than the correspon
neutrino cross sections. However, this effect is rather sm
~usually less than 30%! as the (nx ,nx8) cross section is domi
nated by axial-vector contributions.

IV. CONCLUSION

In both currently discussed scenarios, the neutrino-dri
wind model above a new born neutron star in a type II
pernova and neutron star mergers, the nuclearr process is
expected to occur in the presence of extreme neutrino flu
Consistent and dynamical studies of ther process in either of
the two scenarios thus need the input of the relev
neutrino-nucleus rates for the involved neutron-rich nuc
To determine these rates we have calculated the total c
sections and the partial cross sections for the emissionk
neutrons for (ne ,e2) and (n,n8) reactions on about 100
neutron-rich nuclei with neutron numbersN541–135. The
cross sections have been determined assuming a Fermi-D
spectrum for the neutrinos with parameters for tempera
and chemical potential which include those currently favo
for supernova neutrinos. The charged-current (ne ,e2) cross
sections have also been calculated for the high-energynm,t
spectra to allow the exploration of neutrino-induced effe
in the presence of~complete! neutrino oscillations.

To realize such a computationally intense program,
choice for the nuclear model is dictated by the balance
tween reliability and computational feasibility. We have ch
sen the random phase approximation which has been
rather successfully before in the study of neutrino-nucl
reactions~we note that the continuum version of the RP
agrees rather well in its cross section predictions with
conventional RPA model used here! and which fulfills the
relevant sum rules for the involved multipole strengths. O
calculations included allowed~Fermi and Gamow-Teller!
and forbidden transitions. While the (ne ,e2) cross sections
are dominated by allowed transitions, first-forbidden tran
tions dominate the (nx ,nx8) cross sections~and the charged
current cross sections if completenx→ne oscillations occur!.
A compilation of our cross section tables will be publish
elsewhere. An electronic file with the cross section data
be obtained from the authors upon request.

We find that both types of supernova neutrino-nucle
reactions are quite effective in spallating neutrons out
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r-process nuclei. While a (nx ,nx8) reaction knocks out abou
three neutrons from nuclei along ther-process path at freeze
out ~these are nuclei with neutron separation energies ab
2–3 MeV @4#!, the (ne ,e2) reaction is more efficient as th
rather largeQ value in these nuclei places the giant res
nance excitations quite high in the daughter nucleus~in ex-
cess of 20 MeV!. As a consequence, the charged-current
action knocks out 5–6 neutrons. While these reactions
alter ther-process distribution of progenitor nuclei by pos
processing, e.g., Refs.@10,11#, the neutrino-induced neutro
spallation is not sufficient to shift material from theA
5130 peak region to fill up the so-calledr-process abun-
dance trough aroundA5115. This is more likely related to
nuclear structure effects, as for example shell quenching
fects as discussed in Ref.@36#.

While our study covers the nuclei involved in th
r-process network, neutrino-induced reactions on other
clei play also a role during a type-II supernova. Charge
current (ne ,e2) reactions on lighter nuclei (A,60) can oc-
cur during thea-process network, which proceeds ther
process in the neutrino-driven wind model and generates
seed nuclei, and within the neutrino nucleosynthesis@30#.
These scenarios involve nuclei closer to stability.
Gamow-Teller transitions will significantly contribute to th
relevant cross sections and since the GT1 transitions are no
longer blocked for nuclei close to stability, the calculation
these neutrino-nucleus cross sections requires an impro
nuclear model. We have recently proposed that an appro
in which GT transitions are described within the interacti
shell model and forbidden transitions within the rando
phase approximation reproduces neutrino-nucleus cross
tions quite well@37#. We are currently in the process to ca
culate neutrino-nucleus reaction cross sections for nu
with A,60 within such a hybrid model. Finally neutrin
reactions on heavier nuclei (A.60) within a type-II super-
nova might be responsible for the synthesis of certain
clides such as138La and 180Ta @30#. It is therefore desirable
to extend the present calculation also towards the stable
gion of the nuclear chart. The RPA approach appears
appropriate for this endeavour. However, for nuclei close
stability the decay of the excited states will involve the co
petition of several particle channels and a treatment of th
decays within a proper statistical model approach is ind
pensable.
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