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Using the folding method for studying thenulear response to Supernova neutrinospetraV. Tsakstara a, T.S. Kosmas a, J. Sinatkas b and V.C. Chasioti aaTheoretial Physis Setion, University of Ioannina, GR 45110 Ioannina, GreeebDepartment of Informatis and Computer Tehnology, TEI of WesternMaedonia, GR-52100 Kastoria, GreeeAbstratThe folding (onvolution) method is applied to explore the response of somenulear detetors to the energy-spetra of supernova neutrinos. In the �rst step,double di�erential ross setions as well integrated and total ones are alulated inthe ontext of the quasi partile random phase approximation (QRPA). These rosssetion values are subsequently, folded with a spei� neutrino-energy distributionsto �nd the nulear responses we are interested in. Due to the fat that neutrino-nuleus interations are very weak, the evaluated ross setions are extremely small( 10�42m2). Thus, one needs a very �ne onvolution tool to obtain aurate de-sription of the nulear responses to various neutrino energy-spetra (supernova,laboratory, e.t..).1 IntrodutionNeutrinos are extremely signi�ant probes to provide detailed informationabout the evolutions of stars at far distanes[1,2℄. They also provide generalinformation about the struture and properties of the weak interations, asthey are only interating via the weak fores with matter. Weak physis andneutrino-interations are widely regarded as entral players in the explosionmehanism. The ore of the star is so hot and dense that even the neutrinosare trapped. These neutrinos satter out of the ore on a timesale of aboutten seonds, taking away with them the vast majority of the gravitationalbinding energy released in the ollapse.As neutrinos only partiipate in weakinteration proesses and ross setions for sattering reations involving neu-trinos are very small, the importane of neutrinos to astrophysial proesses



has long been underestimated [4℄. However, models desribing the explosionmehanism of type II supernovae provide an important role for neutrinos inthese proesses. As it is well known, neutron star a ux of 1058 neutrinos isemitted during the ooling of a newly formed, representing approximately 99%of the total released energy.Although the neutrinos are only weakly interating, this enormous amount ofpartiles and energy traveling through the di�erent layers of the star is ableto ause a onsiderable transformation of the elements synthesized during thethermonulear burning proesses in the life of the star. The supernova neutri-nos play an important role in explosive nuleosynthesis proesses, ausing aonsiderable transformation of the material synthesized during the hydrostatiburning phases in the life of the star. In the present work, we fous on the in-vestigation of supernova detetion by terrestrial experiment. In partiular, weare going to study the nulear response to supernova neutrino detetion spe-tra of the Mo isotopes. To this end, the required di�erential ross setions areprovided through realisti state-by-state alulations (performed within theontext of the quasi partile random phase approximation (QRPA))[7℄.Thespei� neutrino-energy distributions for the supernova neutrino spetra areemployed [3℄and the onvolution proedure is followed.The shape of the neu-trino energy-distribution is provided by astrophysial searhes and is the wellknown Fermi-Dira distribution [2,5℄.2 Formalism for neutrino-nuleus folded di�erential ross setionsAs mentioned in the Introdution, a very interesting neutrino soure in ur-rent astro-partile physis studies is the supernova explosion whih produesan enormous number of neutrinos.During a supernova explosion, all six avorneutrinos, �e, ~�e, ��, ~��, �� , and ~�� , are produed. Among them, �e deouplesand esapes at the largest radius via the harged- and the neutral-urrentinterations with matter. Then, the temperature of �e is about 3.5 MeV. Onthe other hand, ~�e deouples at a little inner region than �e, sine the pro-ton density relevant to ~�e is less than the neutron one. Therefore, ~�e has thehigher temperature of around 5 MeV. The other neutrinos deouple at thesphere with the highest temperature of around 8 MeV. As the ross setionsare roughly proportional to the square of the inoming neutrino energy, thehigher temperature � and � neutrinos and neutral-urrent reations will dom-inate nuleosynthesis proesses. Numerial simulations on supernova neutrinodynamis have shown [2℄ that the energy-spetra of supernova neutrinos ouldbe well desribed by a two-parameter Fermi-Dira distribution of the formf�(E�; T; �) = N2(�) 1T 3 E2�1 + e(E�=T+�) ; (1)2



where T is the neutrino temperature and � parameter assoiated with the non-zero hemial potential. N2(�) denotes the normalization fator given from1Nn(�) = 1Z0 xne(x��) + 1dx ; (2)for n=2. The average neutrino energy hE�i an be written in terms of thefuntions of Eq. (2) as [6℄hE�i = N2(�)N3(�)T = (3:1515 + 0:125�+ 0:0429�2 + :::)T (3)Thus, for a given value of the degeneray parameter �, the neutrino tem-perature T is �xed by using the relation between average neutrino energyhE�i and T given in Eq. (3). The numerial simulation studies predit theaverage energies for various avors of neutrinos to be hE�ei � 10 � 11MeV ,hE~�ei � 15 � 16MeV , hE�xi � 23 � 25MeV [5,6,3℄. In the neutral-urrentneutrino-nuleus proesses we onsider in the present work, low and interme-diate energy neutrinos (or antineutrinos) with initial four-momentum "f (kf )are elastially or inelastially sattered from a nuleus (A,Z) via the exhangeof neutral Z0 bosons. Suh a reation is represented by� + (A;Z) �! � 0 + (A;Z)� (4)where � or (� 0) denote neutrinos and anti-neutrinos of any avor. The nuleusis supposed to be spherially symmetri and in its ground state jJ�ii i = 0+.After the reation,the nuleus is left in an exited state with �nal parity andangular momentum Jf ; �f . Using natural units ~ =  = 1), the di�erentialross setion is then given by�d2�i!fd
d! ��=�� = (2�)4�f"f Xsf ;si 1(2Ji + 1) XMf ;Mi jhf jĤW jiij2 (5)where ĤW is the weak interation Hamiltonian whih is produed by theurrent-urrent interation hypothesis and Mf , Mi the magneti quantumnumbers of Jf and Ji.In order to estimate the response of a nuleus to a spei� soure of neutrinos,the alulated di�erential ross setions of neutrino-nuleus indued reationsmust be folded with the neutrino energy distribution of the soure in question.In the ase of di�erential neutrino-nuleus ross setions, d�(E�; !)=d
, the3



folding is de�ned by the expressiond�(!)d
 = 1Z! d�(E�; !)d
 f�(E�)dE� ; (6)where ! = "i�"f denotes the exitation energy of the nuleus, with "i the en-ergy of the inoming neutrino, while "f (kf) represent the energy (momentum)of the outgoing lepton. Moreover, being intrinsially polarized and ouplingto the axial vetor as well as to the vetor part of the hadroni urrent, neu-trinos are able to reveal other and more preise nulear struture informationthan, e.g. harged partiles (�; e; p; e:t:) do. The most important problem inextrating information from neutrino-nuleus sattering experiments remainsthe very small interation ross setions. These restritions beome ratherunimportant when onsidering astrophysial proesses as is the ase in ourpresent work.3 Results and disussionIn this work we have studied folded di�erential ross setions for 98Mo iso-tope.This is an isotope ontained in the MOON experiment planed for neutrinoobservation at Japan. By using the results for the di�erential ross setionsobtained previously with QRPA method [7℄ and Eq. (6) we alulated thefolded di�erential ross setions. We studied systematially the angular andinitial-neutrino energy dependene of the folded di�erential ross setions ofthe neutral - urrent reation reation 98Mo(�; � 0)98Mo�, for initial neutrinoenergies in the range "i � 100 MeV and for various values of the satteringangle � (step �� = 15o). We onsidered various values of neutrino temper-ature T at the soure and hemial potential (degeneray parameter) �. Thepreliminary results are shown in Figs.1-2. More spei�ally,in Fig.1 the angulardependene of the folded di�erential ross setion is illustrated for � rangingbetween 0o � � � 180o and for temperature and degeneray parameter val-ues: T = 4MeV and � = 0; 3. In Fig.2 we show the angular dependene of thefolded di�erential ross setion for the same range of the sattering angle andfor temperature and degeneray parameter values T = 5MeV and � = 0; 3.We see that, the folded di�erential ross setions inrease with the satteringangle of the inoming neutrino. For for inoming neutrino energy Ev � 33MeVthe nulear response beomes maximum. Also we notie that the folded dif-ferential ross setions inrease appreiably as the degeneray parameter �hanges � = 0 to � = 0. The same behavior is shown with inreasing thetemperature T. 4
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Fig. 1. Integrated folded di�erential ross setions for the neutral-urrentreation 98Mo(�; � 0)98Mo� averaged over Fermi - Dira distribution withT = 4MeV and = 0; 3. Results are given for sattering angles between 0o and180o, in 15o steps.
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Fig. 2. Integrated folded di�erential ross setions for the neutral-urrentreation 98Mo(�; � 0)98Mo� averaged over Fermi - Dira distribution withT = 5MeV and = 0; 3. Results are given for sattering angles between 0o and180o, in 15o steps.4 Summary and ConlusionsIn the present work, we have studied the response of 98Mo isotope to SN-neutrino spetra for the range of Temperatures: T = 4; 5MeV and degeneray-parameter � values: 0; 3 by evaluating the folded di�erential ross-setionsd�=d
 for neutral urrent reation 98Mo(�; � 0)98Mo�. We used the onvolu-tion method and employed Fermi-Dira neutrino energy distribution whihis appropriate for neutrinos produed by a Supernova explosion. Currentlywe study the response of other Mo-isotopes to supernova neutrino spetra.We are working on improving the onvolution method by onentrating onthe involved numerial integration and interpolation as well as on adopting5
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