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Neutrino-induced charged- and neutral-current reactions play an important role during and afterahe
cess, if the latter occurs in an environment with extreme neutrino fluxes such as the neutrino-driven wind
model or neutron star mergers. Therefore consistgmbcess 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 lowrfprocess 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 numbexs=41-135. Our calculations are based on the random
phase approximation and consider allowed as well as forbidden transitions.

PACS numbgs): 26.30:+k, 21.60.Jz, 23.40.Bw, 25.30.Pt

I. INTRODUCTION AND MOTIVATION decouple deeper in the star and they leave with a larger av-

erage energy E=16 MeV) than v, neutrinos E

About half of the elements heavier than mass nuner =11 MeV). These latter two reactions ensure also that the
=60 are made in the astrophysigaprocesd1,2]. Empiri-  matter entering the radiation bubble has a neutron exXéss
cally, ther process is rather well understood as a sequence gfe | the electron-to-baryon rati6,<0.5. The matter ejected
neutron-capture reactions and competglecays, starting from the neutron star expands adiabatically and cools. If the
from a seed nucleuge.g., °°Fe). Simulations revealed that temperature drops belo®~0.5 MeV, a network of nuclear
the r process proceeds through nuclei with approximatelyreactions allows matter to flow to heavier nuclei which then
constant neutron separation energi§s<2-3 MeV)[3,4],  pecome the seed for theprocess. Obviously the process
far off the Valley of Stablllty ThUS, the realization of the requiresYe<0_5, but, as has been recenﬂy pointed out by
process in nature requires environments with extremely higieyer and collaborators, neutrino-induced reactions might
neutron densities, usually associated with explosive eventsg|so hinder the formation of anprocess at this sit9]. To

Despite impressive progress in the general understandingnderstand their argument, one has to consider that nucleo-
the actual site of the process has not yet been definitively synthesis in this environment starts with assembling basi-
identified. The currently favored scenario relates th&o-  cally all free protons intd'He. However, the charged current
cess to the high-entropy radiation bubble above the newlyeactions on the remaining free nuclednsainly neutrons
born neutron star in a type-Il supernoy,6] (neutrino- |l then drive the value ofY, closer to 0.5, possibly coun-
driven wind mOdel Although this site appears to be quite teracting a Successfnﬂprocesig]‘
promising, several open questions and inconsistencies still There have been several suggestions for how neutrino-
remain to be solved. Therefore, neutron star mergers are amduced reactions can play a role during and even after the
tively investigated as alternative sitgg. Both sites have in  process network. If the ejected matter flow reaches waiting-
common that ther process will occur in the presence of point nuclei associated with the magic neutron numtérs
extreme neutrino fluxes. We will exemplify for the neutrino- =50, 82, and 126 at rather small radii above the neutron star
driven wind model the important aspects which neutrino-(say ~100 km), ve-induced charged-current reactions can
induced reactions on nuclei can play. compete with thes decays of the longest lived waiting point

In a type-ll supernova the neutron star remnant radiateauclei and thus speed up the matter flow to heavier nuclei
its energy away via neutrino-antineutrino pairs which are[10]. In the usual picture the process stops when the neu-
produced with equal luminosity for all three neutrino flavors.tron supply ceaseq*‘freeze-out”). The produced very
However, charged-current reactions with the surroundingieutron-rich progenitor nuclei then undergo a seriesgof
neutron-rich matter introduce differences in the neutrinodecays until they reach a stable nucleus whose calculated
opacities for the various neutrino species resulting in distincebundance can then be compared with observation. How-
differences in the neutrino distributions after these have difeVer, as discussed by Haxton and collaboraftbts, if the r
fused out of the neutron star. As, and v, neutrinos and process occurs in an extreme neut_rlno flux, charged- and
their antiparticlescombined referred to as, neutrino de- neutral-current neutrino reactions will alter the abundance

couple at the smallest radius in the star, their distribution haglstnl_)utu_)n of the progenitor nuclei after freeze-out, as these
— . heutrino-induced reactions can spallate neutrons out of the
the largest average energE€25 MeV). Electron neutri-

. / . . _target nuclei. This “post-processing” is particularly impor-
nos and antineutrinos interact with neutrons and protons iR, + tor the abundances ofprocess nuclei with masses just
the dense matter via+ ve—p+e~ andp+ve—n+e’,re-  pelow the abundance peaks/at 130 and 195. As neutron

spectively. As the matter is neutron-rich, neutrinos can star mergers also produce strong neutrino fluxes, neutrino-
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nucleus reactions will also be quite important during and 16]. While this procedure is a valid approximation for the
after ther-process network in this scenario. Fermi contribution, which is totally concentrated in the IAS
Recently Meyer, McLaughlin, and Fullg®] have per- state, the GT strength is known to be fragmented over
formed the first study of the process within the neutrino- many states in the daughter nucleus, caused by the spin- and
driven wind model in which they consistently consideredisospin-dependent parts in the residual interaction. In a first
ve-induced charged-current reactions. These authors confPProximation, Qiaret al. accounted for this fact by repre-
puted the relevant neutrino-nucleus cross sectinuding ~ Senting the GT distribution by a Gaussian with a width of a
appropriate estimates of the number of neutrons emitteffW MeV, centered around the parametrized centroid energy
from the excited daughter nuclousn the basis of the inde- [10]. However, for very neutron-rich nuclei these centroid

pendent particle modélL2]. Importantly this study indicates €N€rgies are at rather large excitation energids (
=~20 MeV), and thus weak contributions of the Gdistri-

a less drgmatic ro_Ie_ played by neutr_ino—induced reaCtion%ution leading to low-lying states in the daughter can be
than previously anticipated. Meyet al. find that capture on strongly amplified by phase space. Engel and Surman have

free neutrons is at all stages of theprocess within the . N o
neutrino-driven wind model more important than capture Onlnvestlga_ted these contributions within the randor_n phase ap-
roximation(RPA) and conclude that these low-lying transi-

nucle_l. A.S a consequence, th?se authors point out that, ﬁons can increase the cross sections up to a factor[&¥7R
neutrino-induced reactions are invoked to accelerate the Mafyq,, 4150 find that nonallowed transitions do not contribute
ter flow to heavier nuclei, the simultaneously occurring andsignificantly to the total cross sections. Following Engel and
stronger capture on neutrons drives the matter more protors;;yman we will adopt the RPA approach to study charged
rich and thus counteracts a successfylrocess. A first at- ¢ rrent neutrino-nucleus reactions.

tempt to include neutral-current spallation of neutrons from  Neutral current reactions are mainly mediated by the
nuclei into the neutrino-driven wind model for the nuclear and;_ neutrinos and their antiparticles due to their signifi-
process has been reported by Megeal. [13]. ~ cantly higher average energies. These energies are even suf-
Meyer, McLaughlin, and Fullef9], however, also point ficient to excite the giant dipole resonances in the nucleus.
out that the sensitivity of theprocess to neutrino irradiation Hence the supernova neutral current reaction cross section is
means that neutrino-capture effects can strongly help to conyjiven basically by allowed Gamow-Teller and first-forbidden
strain ther-process site or neutrino physics. Here it is quiteyransitions. Studies of muon capture, which is also domi-
exciting to speculate that, in a scenario where electron netpated by first-forbidden transitions, have shown that the RPA
trinos were converted to other neutrino species by mattefmethod is quite appropriate to describe these transitions at
enhanced processes in the region above the neutron star sz inyolved momentum transfers. However, the RPA usu-
face[14], the large flux of antineutrinos would drive protons |y does not recover all correlations necessary to fully de-
into neutrons ensuring a large initial neutron richnk#s  scribe the quenching of the GT strength, which for neutral
~ To explore these many interesting facets of neutrinogyrrent is not governed by a sum rule. Clearly the method of
induced effects before, during and after therocess, and in  choice to describe GT transitions is the interactive shell
the presence of neutrino oscillations or without, requires thenode| [18] but such computationally intensive studies are
availability of a rather reliable neutrino-nucleus reaction rateyrohibited for the large body of nuclei we are interested in.
compilation. It is our aim here to improve the previous rateThys we will use the RPA approach also to calculate neutral
estimates by calculating the charged current,&”) and the  cyrrent cross sections.
neutral current ¢,»") cross sections for the neutron-rich nu-  oyr paper is organized as follows. In the next section we
clei along ther process path, covering nuclei with neutron wi|| briefly recall the relevant formalism to calculate
numbersN=41-135. The study of the/¢,e ) reactions are  neutrino-nucleus cross sections and discuss details of our
strongly facilitated by two observations. At first, due to the nyclear model. In Sec. Ill we present a selection of our ex-
rather low average energieE€11 MeV) the (.,e") tensive compilation covering the reaction cross sections for
cross sections for supernovg neutrinos are mainly given about 1000 nuclei.
by allowed transitions. Secondly, the total strength of the two
allowed transitions, Fermi and Gamow-Tel(&T), are gov-
erned by sum rules. For the Fermi transition, one has the
usualSg=(N—2) rule, whereN,Z are the neutron and pro- We are interested in three types of semileptonic pro-
ton numbers of the parent nucleus. For the GT transition weesses: charged current neutrino scattering,
note that, for extremely neutron-rich nuclei the Gdirec-
tion (in which a proton is changed into a neutjas blocked. v+ Xn—zi 1 XN_1 e, (1)
Hence the lkeda sum rule reduces to an effective sum rule

for the total GT strength,Sgr_=3(N—2). (For the same  4nq inelastic neutral current neutrino and antineutrino scat-
reasonsy, induced charged-current reactions do not play aering,
role in ther process.
It has been noted previoudl§0,15 that a rough estimate Vvt 2 Xn— 2 XE v,
of the allowed cross sections can be obtained if one employs
these sum rules and the well-known energy parametrizations _ _
of the isobaric analog statéAS) and the GT centroids vt XN— 2 XN i)

Il. THEORETICAL BACKGROUND
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In the derivation of the relevant cross sections we follow themomentum(in units ofmyc). Ris the nuclear radiuén units

description given by Waleckfl9]. Hence we assume the of )\ —#/m,c) and y andy are given by(a=fine structure
standard current-current form for the Hamiltonian governingeonstang

these reactions. After a multipole expansion of the weak
nuclear current and applying the extreme relativistic limit

€
(lepton energyes> lepton massm;c?) the neutrino(an- y=VJl-(aZ)? y= aza- 5)
tineutring cross section for excitation of a discrete target !
state is given by19,20 The numerical factok o in Eq. (4), which describes the finite
charge distribution and screening corrections, is nearly con-
doi_; g%€? 47 coS(0/2) stant (=1.0), and can be well approximated by a weakly
( dQ, )V/V: 272 (2Jj+1) decreasing linear function in, . We calculate the differential

cross sectioii3) as a function of the initial lepton energy,

the excitation energy of the nucleus and the scattering
angle®. In the extreme relativistic limit 4;>m;c?) the ki-
netic energy of the final lepton is then given by energy con-

X F(Z,ff)|: E O'JCL+ 2 O'-Jr
J=0 J=1

© 5 servation as;=€;— w and the|q| value is
o = (Il M+ ﬁLJ(Q)‘|Ji> \ o
. |a|=\/w2+4ei-(ei—w)sin25. (6)
2
cr“T‘=( - fz +tar?5) The total cross section is obtained from the differential cross
2q sections by summing over all possible final nuclear states

~ma 2 ~el 2 and by numerical integration over the solid andl@.
XL RFS @ 90 1+ 3l [35 (@) 195)[7] The distribution of the various supernova neutrino species
is usually described by a Fermi-Dirac spectrum

Ft _ ’2‘+t n2®
+lan— = an —
2 lal? 2 1 €2

n(e)= )

~ ~ 3 — '
x[2 R3320 @I19)* ). @) Fo(e)T> SR malrd
. . . whereT, a are parameters fitted to numerical spectra, and
Hereg is th.e un|\{ersal coupllng. constar, the angle E)e- F,(a) normalizes the spectrum to unit flux. The transport
tween the incoming and outgoing lepton, aqd=(,q)  calculations of Jank423] yield spectra witha~3 for all
(9:=|q|) the four-momentum transfer. The minus sign refersneutrino species. While this choice also gives a good fit to
to the neutrino cross section. The quantits, L;, J¢',  the v, and v, spectra calculated by Wilson and May24],
andJ7?9 denote the multipole operators for the charge, lon-their v, spectra favora=0. In this work we will use both
gitudinal, and the transverse electric and magnetic parts ofalues fora.
the four-current, respectively. Following R¢1.9] they can The total cross section has then to be folded with the
be written in terms of one body operators in the nuclea€nergy distribution of the incident neutrino beal) result-
many-body Hilbert space. The cross section involves the ref1g In
duced matrix elements of these operators between the initial _
stateJ; and the final statd; . do  (=do
The Coulomb function§ (Z,€) account for the Coulomb do @)= J:u do i @Mi(€)de. ®)
interaction between the final charged lepton and the residual
nucleus in the charged-current processes. We treat them relas nuclear model we adopt the random phase approximation
tivistically in the same manner as outlined in RFl], i.e.,  with proton/neutron formalism, i.e., we distinguish between
we use the Coulomb correction derived by numerical soluproton and neutron degrees of freedom for the particle and
tion of the Dirac equation for an extended nuclear chargeéole states. In particular, in the charged current reaction our
[22] model changes a neutron particle in the parent nucleus to a
proton hole state in the daughter. Our parent ground states
F(Z,e)=Fo(Z,€)Lo are described by the lowest independent particle model state,
_ assigning partial occupancy to the last shell if this is not
with completely occupied. The same shell is included among the
) hole states, but appropriately partially blocK@&]. The par-
I(y+iy) ey 4) tial occupation formalism necessarily assumes that the parent
I'(2y+1) ' ground state is spherical, what is often not the case for nuclei
in the middle of major shells. As our total cross section re-
whereZ denotes the atomic number of the residual nucleus, sults turn out to be rather smooth and not too sensitive on
the total lepton energgin units of myc?), andp, the lepton  nuclear structure effects, we believe that the neglect of de-

2
Fo(Z,€)=4(2pR)?0" Y ”
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formation in the parent ground states does not introduce toahere the total charged current or neutral current cross sec-
severe uncertainties. The particle and hole states have begfn [o(v,e”) and o(v,»'), respectively is integrated be-

determined from a Woods-Saxon potential with standard pagyeen the thresholds for the emissionkafeutrons E,) and
rameters. The depth of the potential has been adjusted o\ 1 neutrons E, . ;). Again we use the compilation of Du-
reproduce the proton and neutron separation energies in thgy and Zuker to derive the relevant neutron thresholds in the
parent nucleus. As residual interaction we used the Landaieytron-rich nuclei. This mass compilation takes effects such

been chosen to reproduce simultaneously the energies of the

IAS states in“*®Ca and ?°%Pb. However, for the nuclei of
interest here we had usually to slightly shift the hole energies
to reproduce the position of the IAS state. For the nuclear |n this section we will give a sample of the results ob-
binding energies we adopted the mass compilation of Dufl@ained in our intensive RPA calculations for the neutrino-
and Zuker[27]. induced charged and neutral current reactions on neutron-
In our calculations we considered all multipole transitionsrich nuclei for the astrophysicalprocess. In total our study
with <3 and both parities. From shell model calculations ithas been performed for about 1000 nuclei with neutron num-
is well established that the Gamow-Teller strength requiregers betweeitN=41 and 135. The cross sections have been
an additional quenching factor which we take from R28]  calculated assuming a Fermi-Dirac distribution for the neu-
as (0.7%; this is often referred to as renormalization of the trinos with chemical potentiak=0 anda=3, and for each
axialvector coupling constant. Hence the lkeda sum rule isf these values, temperaturés-2.75, 3.5, 4.0, 5.0, 6.4, 8.0,
also modified by the same factor. For the other multipoleand 10.0 MeV. This grid includes the currently recom-
operator, there exists no firm indication for a need of such amhended neutrino spectra for supernova neutrinos T

additional quenching factor. For example, muon capture_ , \ev a=01[30]or T=2.75 MeV, a=3 [23]), v, heu-
rates, which are dominated by first-forbidden transitions, arg; o« (T=’5 MeV a=0 [3'0] T—4 MeV. a=3 6[23])

well described by RPA calculations without quenching of the ; _ _
form factors[29]. For theq dependence of the nuclear form and v, neutrinos T=8 MeV, «=0 [30], and T
factors we use the standard dipole form.

We note that we use the appropriate multipole operator
for finite momentum transfdrl9]. Thus, only in the limitg
—0 our 0" and 1" operators reduce to the Fermi and
Gamow-Teller operators, respectively. Nevertheless fo
brevity we will in the following refer to the momentum-
dependent ® and 1" multipole operators as Fermi and
Gamow-Teller operators. The effect of the finite-momentu
transfer on these two transitions is discussed below.

As a consequence of the partial occupation formalism, ou

Ill. RESULTS AND DISCUSSION

=6.4 MeV, =3 [23]). Whereas all six neutrino types can
contribute to neutral current reactions, only neutrinos,
With the lowest average neutrino energy, can initiate
charged-current reactions during therocess. For the other
neutrinos charged current reactions are blocked either due to
the extreme neutron excess of the parent nucleus or by the
available energy which does not allow the production of a
muon or 7 lepton. However, in the exciting scenario that
Mheutrino oscillations occur, it is conceivable thatneutrinos
change intov, neutrinos which then have significantly
ﬁigher energies. OufT(,«) grid also allows us to explore the

calculation always.a55|gns the _spm-panti? ® the parent consequences of complete neutrino oscillations and we will

ground state. T.h|s Is, of course, Incorrect for ondmd MOSt  ghow below that this leads to significant changes in the

odd-odd nuclei. Nevertheless this shortcoming is not exz arged current cross sections

pected to effect our results noticeably as data and shell modeP '

calculations, where available, indicate no differences in the _

gross structures of the multipole responses between even- A. Charged current reactions

even, oddA, and odd-odd nuclei, although for the latter two  |n the following discussion we will at first assume a neu-

cases the multipole strength is distributed over three differengino spectrum witiT=4 MeV anda=0. As expected, the

angular momenta in the daughter nucldesy., Ref.[18],  charged current cross section for such supernqvaeutri-

and references thergin nos is then dominated by allowed Fermi and GT transitions.
Most of the multipole transition strength for the neutrino- This is demonstrated in Fig. 1 for the even isotopes with

induced reactions studied here resides above parti@e  neutron numbeN=82. The energy scale refers to the exci-

neutron thresholds. Hence the excited daughter state wilkation energy in the daughter nucleus. The energies of the

decay by emission of one or several neutrons. In the simplegjole states in the daughter have been chosen such that the
approximation, the partial cross section for the emissiok of |AS state is reproduced at the correct energy.

neutrons is given by With increasing neutron excess or, equivalently, decreas-
ing charge number th® value increases more strongly then
o Ersy d;(v,e*) the slight decrease in the Coulomb energy associated with
a[v,e‘(kn)]=J ——do, (9) the IAS state. Consequently the IAS state moves to higher
B de excitation energies in the daughtérom about 16 MeV in

13231 to 26 MeV in'?%Zr). The GT strength within the RPA

is concentrated in two major transitions which are split by
do, (10) about 6 MeV. Strongly favored by phase space, a third GT
Ex dw transition at rather low excitation energies contributes to the

Exr1 d;( v,v')

alv,v'(kn)]=
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FIG. 1. Excitation functions for thei,e”) reaction on even
nuclei with neutron numbeX =82 calculated for supernoug neu-
trinos with a Fermi-Dirac spectrum characterized by the paramete
T=4 MeV anda=0. The scale refers to excitation energies in the
daughter nucleus.

FIG. 2. Total (vo,e”) cross sections for neutron-rich nuclei
r\g/ith neutron numberbl=48, 80, and 124. The calculation has been
performed for supernova, neutrinos characterized by a Fermi-
Dirac spectrum witif=4 MeV anda=0.

) o o transfer is considered and, of course, this reduction increases
cross sections. In these nUC|6I, this transition involves thQ\”th momentum transfer. For example, our Cross sections are
change of ag7, neutron into age), proton and hence this apout 20% smaller for supernova, neutrinos with T
cross section contribution increases frdfiSn (where itis =4 MeV than those calculated for pure Fermi or GT opera-
absenl to 1222r, associated with the decreasing f|”|ng of the tors, while the reduction amounts to rough'y 100% Tor
Jor2 Orbital in the parent nucleus. We remark that with in- =g MeV », neutrinos. The reduction is mainly caused by

creasing charge number the Fermi transition requires an inthe destructive interference with higher-order operators such
creasingly larger neutrino energy. As a consequence the. = 5o ~c s

Fermi transition to the IAS state does not contribute signifi- In Fig. 2 we discuss the dependence of theinduced

cantly to the charged current cross section for nuclei in th%ross sections on the charge number. As examples we have
N=126 region where the correspondingly largevalues chosen isotone chains withi=48, 80, and 124, close to the

(Z~70 for r-process nuclgiplaces the IAS at an energy magic neutron numbers related to the three pronounced
about 15 MeV above the parent grour_1d state, which is hardl}‘-process abundance peaks. Strikingly the cross sections in-
reachable for supernova neutrinos with an average energy qoase approximately linear with decreasing charge number.
of 11 MeVv. . . . This has two reasons. At first, the total transition strength for
Although from experlmentalr(,n) studles_the relation b_e- ﬁ?oth dominating multipolegFermi, GT) are bound by sum
tween the GT centroid and the IAS energy is well establishe ules which are proportional tdN(— Z). Secondly, the posi-
(e.g., Ref[31]) tion of the GT centroids and the IAS energies, relative to the
N— parent ground state, are lowered in energy, roughly propor-
Egr—Ejas=7.0— 28'9T [MeV], (11)  tional to Z. As the neutron excess increases with the larger
mass number for the nuclei shown in Fig. 2, the total cross
sections are largest for the nuclei with=124. Shell effects
it has been controversially discussed whetlgir—Ejas  influence the total cross sections only slightly; an example is
<0 in very neutron-rich nucleie.g., Ref.[10]) or Egt 12%7¢ in Fig. 2.
—Ejas=0 (e.g., Ref[9]). Our RPA calculations confirm the  We would like to remark that the obviously smooth de-
assumption made by Qiaet al. [10], i.e., Egr—Ejas<0 in  pendence on the charge number within an isotone chain, re-
nuclei with extreme neutron excess. We note that the samgecting basically the smooth dependence of the cross section
result is found in large-scale shell model calculations inon the sum rules and on the positions of IAS and GT cen-
lighter, very neutron-rich nuclei such &8vin [32]. troid, suggests that our incorrect treatment of the ground
As stated above, our formalism considers the finite-state spins for odéx and odd-odd nuclei does not introduce
momentum transfer dependence of the operators. To studyoticeable inaccuracies in the cross sections. We mention
the importance of this treatment we have performed a calcuhat our charged-current cross sections are somewhat larger
lation of the nucleus>2Sn in which we have replaced thé 0 than the estimates obtained in RE9] on the basis of the
and 1" multipole operators by the genuine Fermi and GTindependent particle model. However, the agreement for
operators. In thisgy=0 limit, the cross sections for these those nuclei which we have compar$] has always been
operators reduce to formu(@) in Ref.[10]. For both opera- better than 50%. Thus we do not expect that the conclusions
tors we find a reduced cross section if the finite momentumerawn in[9] will change if our neutrino-nucleus rate compi-
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600 . , , TABLE I. Average number of spallated neutroq&) for
— total (ve,e”) reactions on neutron-rich nuclei with neutron numbrs
o ‘1’: =50 (left), N=82 (middle), and N= 126 (right). The calculations
By have been performed for supernoyaneutrinos characterized by a
Fermi-Dirac spectrum witf=4 MeV anda=0.
400
z (k) z (k) z (k)
dg‘
%." 34 0.68 50 1.57 76 231
=) 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
FAASE NLIRBER 26 3.50 42 4.13 68 4.54
25 5.02 41 5.44 67 5.26
FIG. 3. Total (v.,e ) and partial neutron-emission cross sec- 24 4.89 40 5.40 66 5.20
tions for neutron-rich molybdium isotopes. The calculations have 23 6.80 65 6.21
been performed for supernove, neutrinos characterized by a 22 6.84

Fermi-Dirac spectrum witff=4 MeV anda=0.

lation will be used rather than the independent particle model . ) )
estimates. The same trend as derived from Fig. 3 can be observed in

Figure 3 uses the molybdium isotopes as an example tdable | which shows the average number of spallated neu-
discuss the dependence of the partial cross sectiof§0ns in the ¢,e™) reaction

;[ve,e*(kn)] on the neutron excess. Again, the total cross
sections increase with the neutron number for the reasons

discussed above. However, for the partial cross sections it is 2 kxXolve,e (kn)]

K
relevant that the excitation energies of the IAS and the GT (ky= — (12)
centroids, relative to the daughter ground state, increase with > olv,e (kn)]

increasing neutron excess, due to larger mass differer@@es ( k

values. At the same time, the daughter nuclei move closer to
the neutron dripline. Hence, the neutron threshold energiefr selected nuclei with neutron numbeks=50, 82, and
are reduced and as a consequence the average numberi@6. Thus, charged-current neutrino reactionsrgmocess
neutrons spallated by thev{,e™) reaction increases with nuclei can spallate about 2—6 neutrons out of the parent
neutron excess. While, for example, the largest partial crossucleus. The pairing effect introduces an odd-even depen-
section in *3Mo is found in the[v.,e"(2n)] channel, dence in the neutron thresholds, which is clearly reflected in
this maximum is shifted to therbchannel for'*®*22Mio and  the (k) values.
to the & channel for the Mo isotopes with the largest neu-  Our choice of nuclei allows us to compare the results with
tron excess. Note that the neutron threshold energies havetlaose published in Ref10]. The study of these authors dif-
rather strong odd-even staggering introduced by pairing effers from ours in two aspects. At first, R¢L0] only consid-
fects. Therefore the Fermi and the strong GT transitions, alered the genuine Fermi and GT contributions to the charged-
though at energies above the threshold for emissioik of current cross sections, neglecting the finite momentum-
neutrons in a certain nucleus, can be below this threshold itransfer effects as discussed above. Further, the GT response
the neighboring nucleus with one neutron more. This behavhas been described by a Gaussian distribution of 5 MeV
ior explains the staggering in the results for the emission of svidth, centred around the empirical GT centroid energy
and 6 neutrons, respectively, observed in th& 1Mo iso-  [e.g., Eq.(11)]. As has already been pointed out in Réf7],
topes. the neglect of low-lying GT transitions underestimates the
In passing, we note that the nucletféMo corresponds to  cross sections by up to a factor of 2. This effect for the total
the magic neutron numbé&t=82. As can be observed in Fig. cross sections is, however, partially cancelled, as Rl
3, the neutron shell closures are not emphasized ing(") adopted a smaller universal quenching factor of (1:25pr
cross sections which behave smoothly across the magic nethe GT operator which appears too small compared to recent
tron numbers. This is different fron decay where half- shell model result§28]. On the other hand, Qiaet al.
lives are relatively longer at the neutron shell closurestreated the particle decays of the excited states in the daugh-
Hence the pronounced peaks in thprocess abundance dis- ter nucleus more consistently than we do here, as these au-
tributions, related to the magic neutron numbers, show that ahors employ a statistical model to follow the sequential de-
freeze-outB-decay dominates over charged-current neutrinaccays. Satisfyingly, we find that despite our crude
reactions in the process. approximation in treating the particle decay, our results for
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TABLE II. Various multipole contributions to the totalv{,e”) cross sections fof“Fe (left), Mo

(middle), and *%%r. The calculations have been performed fgmeutrinos with a Fermi-Dirac spectra with

a=0 andT=4 MeV andT=8 MeV, respectively.

Multipole T=4 MeV T=8 MeV T=4 MeV T=8 MeV T=4 MeV T=8 MeV
0" 30.9 163.4 39.4 294.8 28.0 334.5
(o 0.0 0.6 0.3 2.3 5.5 15.6
1+ 127.8 460.3 309.5 1124 358.5 1708
1 11.4 236.7 325 591 52.2 929
2+ 1.7 7.5 5.8 200.5 10.2 378
2 20.1 259.9 53.5 687.5 76.7 1109
37 1.3 60.0 4.4 173 7.0 295
3 0.1 17.3 0.5 545 13.0 110
Total 193.4 1206 445.9 3128 551.1 4880

the average number of spallated neutrgkisagrees reason- space considerations they are dominated in a supernova by
ably well with the values found by Qiaet al. Closer inspec-  the neutrino species with the largest average energyéu-
tion finds that our values are usually slightly larger thantrinos in the case without oscillationsThe results which we
those of Ref.[10] caused by the contributions of first- hresent in this subsection have been calculated for a neutrino
forbidden transitions. . o or antineutrino spectrum witf=8 MeV and a=0. The

In the exciting scenario, in which,— v, oscillations oc-  re|atively large neutrino energies allow then for the excita-
cur, supernovave neutrinos can have the high-energy  tion of the giant dipole resonances and indeed these transi-
neutrino distribution when passing through the region abovgjong, together with the GT multipole, dominate the cross
the neutron star in which theprocess possibly occurs. The sections. This is exemplified in Fig. 4 for the neutrg@’)

average neutrino energy of the neutrinos in this case is cross sections for selected even nuclei with neutron number

g;g; Ze?j-gjignrvrg;?tiggsra?gnI?E?snitsZ?(Zﬁqltijf?gg?r?'lfggléhlt:82' The GT multipole induces two strong transitions at
9 : P xcitation energies around,=6-7 MeV and at 9 MeV.

\(/vhlc:_)cc;:r(;ps)grizcttir;i frgruEgggegrﬁﬁiig?\év;c&;t;ze ﬁ@t?taIThe lower of these transitions involve tlgg,,— g7/, excita-
nI;TJ’trinos WithT=4 MeV andT=8 MeV (in both cases tion of a proton, while the other is initiated by the;,,,
N B —hg, excitation of a neutron. As in our model tigg;, pro-

we adoptedx=0). P o . i3
. . . : ton orbital is being filled when moving fror??Zr to 3%Sn,
At first, Table Il confirms again that the cross section forthis proton excitation is absent ##2zr and its strength and

theT=4 MeV v, neutrinos is dominated by Fermi and GT o iy energy increases with increasing filling of the
transitions which contribute roughly 75% to the total Cross i (in 24\lo this transition corresponds to a peak in the
sections.(Note that the ratio of Fermi to GT contributions cross section at 5.5 MeV with 2710-%2 cn?, while in

decrease with increasing charge number for the reasons ex-
plained ab_OVE).The rem_aining _contributions St_em mainly TABLE IIl. Average number of spallated neutror) for
from the T and m_ultlpoles,_lncludlng low-lying dipole (vy,vy) reactions on neutron-rich nuclei with neutron numbirs
strengths. The centroid of the dipole strength can be approxi- 5 (left), N=82 (middle), andN=126 (right). The calculations
mated ag34] have been performed for supernoxaneutrinos characterized by a

Edip= 31.2Aa Y3+20.6A" Y6 MeV (13  Fermi-Dirac spectrum withf=8 MeV anda=0.

and is higher than the centroid of the GT strength. Hence it (k) 7 (K) 7 (k)
can hardly be reached by the available neutrino energies for

the T=4 MeV spectrum. This situation changes drastically 34 1.09 50 1.48 76 1.52
if in a potential neutrino oscillation scenario the average 33 1.30 49 1.57 75 1.69
neutrino energy increases to 25 MeV. Then transitions to the 32 1.32 48 1.76 74 1.77
giant dipole resonances contribute significantly to the total 31 1.39 47 1.93 73 1.85
cross sections, as can be seen in Tables Il and Ill. Further- 30 1.44 46 2.01 72 2.05
more, the total charged-current cross section increases by 29 1.72 45 2.28 71 2.26
about an order of magnitude. The number of spallated neu- 2g 1.86 44 2.49 70 253
trons (k), however, grows less dramatically, frofk) 27 2.06 43 267 69 2.60
=2-6 to(k)=3-7, as the sequential neutron decays lead to g 243 42 288 68 274
daughter nuclei with increasingly larger neutron thresholds. g 268 41 311 67 286
B. Neutral current 24 2.94 40 3.51 66 3.05

23 3.25 65 3.24

The neutral-current reactions can be induced by all three 22 3.71

neutrino flavors and their antiparticles, but due to phase
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FIG. 6. Total (v,»") and partial neutron-emission cross sections

FIG. 4. Excitation functions for they»’) reaction on even for neutron-rich isotones with neutron numié72. The calcula-
nuclei with neutron numbeX =82 calculated for supernova neutri- tions have been performed for supernayaneutrinos characterized

nos with a Fermi-Dirac spectrum characterizedIby8 MeV and by a Fermi-Dirac spectrum witi=8 MeV anda=0.
a=0.

roughly proportional to the mass number, where our calcu-
13%Cd it is at 6.7 MeV with 7.%10"%? cn?). The dipole lation estimates the proportionality factor to be about 0.9 for
(17) transitions have a strong contribution due to the gianneutrinos with a Fermi-Dirac distribution and the parameters
dipole resonance which in these nuclei is fragmented over #=8 MeV, a=0. Haxton and collaborator$30,10,35
few states in the energy rangg~16—18 MeV. Due to the have explained this behavior by recognizing that the, ¢;)
Ef dependence of the phase space, low-lying skrength,  cross section is dominated by first-forbidden transitions,
mainly in the energy ranggé,=5—8 MeV, also contributes which, when approximately described within the Goldhaber-
noticeably to the cross section, as does low-lyingrAulti-  Teller model, obeys the Thomas-Reiche-Kuhn sum rule. This
pole strength. sum rule is proportional t§30,359 NZ/A=(A/4)(1-[(N
Figure 5 compares the total neutral current cross sections Z)/A]2. Thus even for very neutron-rich nuclei witk
for the same three isotone chaifveith N=48, 80, and 124 ~2Z, the proportionalityNZ/A~ A/4 is good within about

as displayed in Fig. 2. The cross sections increase with gront0%. As the GT contribution to the cross section involves
ing charge number, or more precisely, with increasing masenly the valence nucleons, a universal scaling of this partial

number. In fact, we find that the totab(v') cross section is

92
90
88
86 ©
84
82

124

24

122 [
1200
118 |
16 o
114

o1 0 cmz]

190

180

170 - ®
®

160

®N=124

58

68
charge number

73

cross section witlA cannot be expected. However, the varia-
tions in the GT part are small enough not to disturb the
approximate scaling of the totab{,v,) cross section with

A. However, the GT transitions dominate the total cross sec-
tions for neutrino spectra with small average energies, for
example for supernova, neutrinos. In this case the neutral
current does not scale with anymore and becomes rather
sensitive to the nuclear structure involved.

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

Figure 6 displays the total cross sectietw,»’) and the
partial cross sections for the emission &f neutrons,

ol v,v'(kn)], for the isotone chain with neutron numbisr
=72. While the total cross sections show only small varia-
tions, the neutron emission cross sections exhibit the ex-

FIG. 5. Total (,»") cross sections for neutron-rich nuclei with P€cted behavior. With increasing neutron exdeecreasing
neutron numberdN=48, 80, and 124. The calculation has beencharge numbgremission of a larger number of neutrons in-
performed for supernova neutrinos characterized by a Fermi-Dira€reases on the expense of the few-neutron channels. Differ-
spectrum withT=8 MeV anda=0.

ently than for the charged-curred.g., Fig. 3, the centroid
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energies of the multipole excitations vary only mildly within r-process nuclei. While ai{ ,v;) reaction knocks out about
the isotone chain. Thus the increase in the average number tifree neutrons from nuclei along therocess path at freeze-
emitted neutrons is dominantly due to the fact that the neueut (these are nuclei with neutron separation energies about
tron separation energies are getting smaller with increasing—3 MeV [4]), the (v.,e~) reaction is more efficient as the
neutron excess as one moves closer to the neutron driplingather largeQ value in these nuclei places the giant reso-
Furthermore(k) is noticeably smaller for i, ,v;) reactions nance excitations quite high in the daughter nucléousex-
on very neutron-rich nuclei than for the charged-current recess of 20 MeV. As a consequence, the charged-current re-
action(compare to Table)l The reason is simply due to the action knocks out 5—6 neutrons. While these reactions can
fact that, for the charged-current reactions, the excitation enalter ther-process distribution of progenitor nuclei by post-
ergies in the daughter nucleus are additionally pushed up byrocessing, e.g., Reff10,11], the neutrino-induced neutron
the significantQ values. spallation is not sufficient to shift material from th&

For inelastic neutrino scattering on nuclei, the vector and= 13¢ peak region to fill up the so-calledprocess abun-
axial-vector amplitudes to the cross section interfere congance trough around=115. This is more likely related to

structively, while they interfere destructively for inelastic  cjear structure effects, as for example shell quenching ef-
scattering with antineutrinos. Therefore inelastic antineutrin@, s as discussed in R4B6]

cross sections on r_1uc|e| are smaIIer.than the_ corresponding While our study covers the nuclei involved in the
neutrino cross sections. However, this effect is rather small

(usually less than 30¥@s the @, ,»!) cross section is domi- r-process network, neutrino-induced reactions on other nu-
nated by axial-vector contributxi(’)nxs clei play also a role during a type-Il supernova. Charged-

current (v.,e7) reactions on lighter nucleiX<60) can oc-
cur during the a-process network, which proceeds the
process in the neutrino-driven wind model and generates the
In both currently discussed scenarios, the neutrino-driveiseed nuclei, and within the neutrino nucleosynth¢si].
wind model above a new born neutron star in a type Il su-These scenarios involve nuclei closer to stability. As
pernova and neutron star mergers, the nucteprocess is Gamow-Teller transitions will significantly contribute to the
expected to occur in the presence of extreme neutrino fluxeselevant cross sections and since the,Gffansitions are no
Consistent and dynamical studies of therocess in either of longer blocked for nuclei close to stability, the calculation of
the two scenarios thus need the input of the relevanthese neutrino-nucleus cross sections requires an improved
neutrino-nucleus rates for the involved neutron-rich nUC|ei.nuc|ear model. We have recenﬂy proposed that an approach
To determine these rates we have calculated the total crog$ which GT transitions are described within the interactive
sections and the partial cross sections for the emissidn of ghe|| model and forbidden transitions within the random
neutrons for ¢,e") and (v,»") reactions on about 1000 phase approximation reproduces neutrino-nucleus cross sec-
neutron-rich nuclei with neutron numbeké=41-135. The ions quite well[37]. We are currently in the process to cal-
cross sections have been determined assuming a Fermi-Dirgf e neutrino-nucleus reaction cross sections for nuclei

spectrum for the neutrinos with parameters for 1eMPerAIith A<60 within such a hybrid model. Finally neutrino
and chemical potential which include those currently favore : . , o
reactions on heavier nucleA60) within a type-1l super-

for supernova neutrinos. The charged-curran,€ ) cross nova might be responsible for the synthesis of certain nu-

sections have also been calculated for the high-enefgy : 3 18 . .
spectra to allow the exploration of neutrino-induced effectsClldes SLgChha§ "La and l‘*l'ell [30]' Itl IS theref(()jre ﬂeswak;lle
in the presence ofcompleté neutrino oscillations. to extend the present calculation also towards the stable re-

To realize such a computationally intense program, th&ion of .the nucle_ar chart. The RPA approach appears still
choice for the nuclear model is dictated by the balance be@PPropriate for this endeavour. However, for nuclei closer to
tween reliability and computational feasibility. We have cho-Stability the decay of the excited states will involve the com-
sen the random phase approximation which has been us@gtition of several particle channels and a treatment of these
rather successfully before in the study of neutrino-nucleuslecays within a proper statistical model approach is indis-
reactions(we note that the continuum version of the RPA pensable.
agrees rather well in its cross section predictions with the
conventional RPA model used he¢rand which fulfills the
relevant sum rules for the involved multipole strengths. Our ACKNOWLEDGMENTS
calculations included allowedFermi and Gamow-Teller )
and forbidden transitions. While ther{,e”) cross sections _ 1he authors would like to thank Petr Vogel for useful
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IV. CONCLUSION
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