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Using the folding method for studying thenu
lear response to Supernova neutrinospe
traV. Tsakstara a, T.S. Kosmas a, J. Sinatkas b and V.C. Chasioti aaTheoreti
al Physi
s Se
tion, University of Ioannina, GR 45110 Ioannina, Gree
ebDepartment of Informati
s and Computer Te
hnology, TEI of WesternMa
edonia, GR-52100 Kastoria, Gree
eAbstra
tThe folding (
onvolution) method is applied to explore the response of somenu
lear dete
tors to the energy-spe
tra of supernova neutrinos. In the �rst step,double di�erential 
ross se
tions as well integrated and total ones are 
al
ulated inthe 
ontext of the quasi parti
le random phase approximation (QRPA). These 
rossse
tion values are subsequently, folded with a spe
i�
 neutrino-energy distributionsto �nd the nu
lear responses we are interested in. Due to the fa
t that neutrino-nu
leus intera
tions are very weak, the evaluated 
ross se
tions are extremely small( 10�42
m2). Thus, one needs a very �ne 
onvolution tool to obtain a

urate de-s
ription of the nu
lear responses to various neutrino energy-spe
tra (supernova,laboratory, e.t.
.).1 Introdu
tionNeutrinos are extremely signi�
ant probes to provide detailed informationabout the evolutions of stars at far distan
es[1,2℄. They also provide generalinformation about the stru
ture and properties of the weak intera
tions, asthey are only intera
ting via the weak for
es with matter. Weak physi
s andneutrino-intera
tions are widely regarded as 
entral players in the explosionme
hanism. The 
ore of the star is so hot and dense that even the neutrinosare trapped. These neutrinos s
atter out of the 
ore on a times
ale of aboutten se
onds, taking away with them the vast majority of the gravitationalbinding energy released in the 
ollapse.As neutrinos only parti
ipate in weakintera
tion pro
esses and 
ross se
tions for s
attering rea
tions involving neu-trinos are very small, the importan
e of neutrinos to astrophysi
al pro
esses



has long been underestimated [4℄. However, models des
ribing the explosionme
hanism of type II supernovae provide an important role for neutrinos inthese pro
esses. 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 intera
ting, this enormous amount ofparti
les and energy traveling through the di�erent layers of the star is ableto 
ause a 
onsiderable transformation of the elements synthesized during thethermonu
lear burning pro
esses in the life of the star. The supernova neutri-nos play an important role in explosive nu
leosynthesis pro
esses, 
ausing a
onsiderable transformation of the material synthesized during the hydrostati
burning phases in the life of the star. In the present work, we fo
us on the in-vestigation of supernova dete
tion by terrestrial experiment. In parti
ular, weare going to study the nu
lear response to supernova neutrino dete
tion spe
-tra of the Mo isotopes. To this end, the required di�erential 
ross se
tions areprovided through realisti
 state-by-state 
al
ulations (performed within the
ontext of the quasi parti
le random phase approximation (QRPA))[7℄.Thespe
i�
 neutrino-energy distributions for the supernova neutrino spe
tra areemployed [3℄and the 
onvolution pro
edure is followed.The shape of the neu-trino energy-distribution is provided by astrophysi
al sear
hes and is the wellknown Fermi-Dira
 distribution [2,5℄.2 Formalism for neutrino-nu
leus folded di�erential 
ross se
tionsAs mentioned in the Introdu
tion, a very interesting neutrino sour
e in 
ur-rent astro-parti
le physi
s studies is the supernova explosion whi
h produ
esan enormous number of neutrinos.During a supernova explosion, all six 
avorneutrinos, �e, ~�e, ��, ~��, �� , and ~�� , are produ
ed. Among them, �e de
ouplesand es
apes at the largest radius via the 
harged- and the neutral-
urrentintera
tions with matter. Then, the temperature of �e is about 3.5 MeV. Onthe other hand, ~�e de
ouples at a little inner region than �e, sin
e 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 de
ouple at thesphere with the highest temperature of around 8 MeV. As the 
ross se
tionsare roughly proportional to the square of the in
oming neutrino energy, thehigher temperature � and � neutrinos and neutral-
urrent rea
tions will dom-inate nu
leosynthesis pro
esses. Numeri
al simulations on supernova neutrinodynami
s have shown [2℄ that the energy-spe
tra of supernova neutrinos 
ouldbe well des
ribed 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 asso
iated with the non-zero 
hemi
al potential. N2(�) denotes the normalization fa
tor given from1Nn(�) = 1Z0 xne(x��) + 1dx ; (2)for n=2. The average neutrino energy hE�i 
an be written in terms of thefun
tions 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 degenera
y parameter �, the neutrino tem-perature T is �xed by using the relation between average neutrino energyhE�i and T given in Eq. (3). The numeri
al simulation studies predi
t 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-nu
leus pro
esses we 
onsider in the present work, low and interme-diate energy neutrinos (or antineutrinos) with initial four-momentum "f (kf )are elasti
ally or inelasti
ally s
attered from a nu
leus (A,Z) via the ex
hangeof neutral Z0 bosons. Su
h a rea
tion is represented by� + (A;Z) �! � 0 + (A;Z)� (4)where � or (� 0) denote neutrinos and anti-neutrinos of any 
avor. The nu
leusis supposed to be spheri
ally symmetri
 and in its ground state jJ�ii i = 0+.After the rea
tion,the nu
leus is left in an ex
ited state with �nal parity andangular momentum Jf ; �f . Using natural units ~ = 
 = 1), the di�erential
ross se
tion 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 intera
tion Hamiltonian whi
h is produ
ed by the
urrent-
urrent intera
tion hypothesis and Mf , Mi the magneti
 quantumnumbers of Jf and Ji.In order to estimate the response of a nu
leus to a spe
i�
 sour
e of neutrinos,the 
al
ulated di�erential 
ross se
tions of neutrino-nu
leus indu
ed rea
tionsmust be folded with the neutrino energy distribution of the sour
e in question.In the 
ase of di�erential neutrino-nu
leus 
ross se
tions, 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 ex
itation energy of the nu
leus, with "i the en-ergy of the in
oming neutrino, while "f (kf) represent the energy (momentum)of the outgoing lepton. Moreover, being intrinsi
ally polarized and 
ouplingto the axial ve
tor as well as to the ve
tor part of the hadroni
 
urrent, neu-trinos are able to reveal other and more pre
ise nu
lear stru
ture informationthan, e.g. 
harged parti
les (�; e; p; e:t:
) do. The most important problem inextra
ting information from neutrino-nu
leus s
attering experiments remainsthe very small intera
tion 
ross se
tions. These restri
tions be
ome ratherunimportant when 
onsidering astrophysi
al pro
esses as is the 
ase in ourpresent work.3 Results and dis
ussionIn this work we have studied folded di�erential 
ross se
tions 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 se
tionsobtained previously with QRPA method [7℄ and Eq. (6) we 
al
ulated thefolded di�erential 
ross se
tions. We studied systemati
ally the angular andinitial-neutrino energy dependen
e of the folded di�erential 
ross se
tions ofthe neutral - 
urrent rea
tion rea
tion 98Mo(�; � 0)98Mo�, for initial neutrinoenergies in the range "i � 100 MeV and for various values of the s
atteringangle � (step �� = 15o). We 
onsidered various values of neutrino temper-ature T at the sour
e and 
hemi
al potential (degenera
y parameter) �. Thepreliminary results are shown in Figs.1-2. More spe
i�
ally,in Fig.1 the angulardependen
e of the folded di�erential 
ross se
tion is illustrated for � rangingbetween 0o � � � 180o and for temperature and degenera
y parameter val-ues: T = 4MeV and � = 0; 3. In Fig.2 we show the angular dependen
e of thefolded di�erential 
ross se
tion for the same range of the s
attering angle andfor temperature and degenera
y parameter values T = 5MeV and � = 0; 3.We see that, the folded di�erential 
ross se
tions in
rease with the s
atteringangle of the in
oming neutrino. For for in
oming neutrino energy Ev � 33MeVthe nu
lear response be
omes maximum. Also we noti
e that the folded dif-ferential 
ross se
tions in
rease appre
iably as the degenera
y parameter �
hanges � = 0 to � = 0. The same behavior is shown with in
reasing thetemperature T. 4
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Fig. 1. Integrated folded di�erential 
ross se
tions for the neutral-
urrentrea
tion 98Mo(�; � 0)98Mo� averaged over Fermi - Dira
 distribution withT = 4MeV and = 0; 3. Results are given for s
attering angles between 0o and180o, in 15o steps.
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Fig. 2. Integrated folded di�erential 
ross se
tions for the neutral-
urrentrea
tion 98Mo(�; � 0)98Mo� averaged over Fermi - Dira
 distribution withT = 5MeV and = 0; 3. Results are given for s
attering angles between 0o and180o, in 15o steps.4 Summary and Con
lusionsIn the present work, we have studied the response of 98Mo isotope to SN-neutrino spe
tra for the range of Temperatures: T = 4; 5MeV and degenera
y-parameter � values: 0; 3 by evaluating the folded di�erential 
ross-se
tionsd�=d
 for neutral 
urrent rea
tion 98Mo(�; � 0)98Mo�. We used the 
onvolu-tion method and employed Fermi-Dira
 neutrino energy distribution whi
his appropriate for neutrinos produ
ed by a Supernova explosion. Currentlywe study the response of other Mo-isotopes to supernova neutrino spe
tra.We are working on improving the 
onvolution method by 
on
entrating onthe involved numeri
al integration and interpolation as well as on adopting5
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