PROCEEDINGS

OF SCIENCE

Electro-weak responses of “He using realistic
nuclear interactions

Wataru Horiuchi*
Gesellschaft fur Schwerionenforschung, Planckstra3d296 Darmstadt, Germany

E-mail: w. hori uchi @si . de

Yasuyuki Suzuki
Department of Physics, Faculty of Science, Niigata Unitgrbliigata 950-2181, Japan
RIKEN Nishina Center, RIKEN, Wako 351-0198, Japan

Toru Sato
Department of Physics, Graduate School of Science, Osakeetdity, Toyonaka, Osaka
560-0043, Japan

In this contribution we discuss electro-weak induced rasps involving*He. The wave function
of the ground state is obtained accurately using an expliciirrelated basis with a realistic
nuclear force. Four-body final states are expressed in asogiton of many basis functions
which contain important configurations for the low-lyingnisition strength. Continuum state is
treated properly in the complex scaling method. We discusgfectric-dipole and weak-induced
strength functions ofHe. Also, we mention the neutrirftide reaction which is propotional to
the weak-transitions.

11th Symposium on Nuclei in the Cosmos
19-23 July 2010
Heidelberg, Germany.

*Speaker.

(© Copyright owned by the author(s) under the terms of the Cre&@vmmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



Electro-weak responses Hfle using realistic nuclear interactions Wataru Horiuchi

1. Introduction

A study of neutrino-nucleus reaction is important to the scenario of a soperexplosion.
In the final stage of a core collapse superndie is exposed to intense flux of neutrino. The
neutrino*He reaction is expected to play a significant role, and the reaction rategertiomal
to the weak responses, for example, due to Gamow-Teller, dipole, smitedgic. operators. A
reliable theoretical study is desired for precise evaluation of the reactien*He is the lightest
closed shell nucleus which has several excited states above the exdtatiqgy of 20 MeV. We
have recently reported that all the observed levels below 26 MeV areepetiduced in a full four-
body calculation using realistic nuclear interactions [1, 2]. It is interestirgxtend this approach
in order to study some response$He.

The dipole response dHe is also very interesting. In the energy region around 26 MeV,
photoabsorption reaction occurs mainly through the electric dipole transifio.current exper-
imental situation is controversial. Two groups have shown quite diffenersiscsections [3, 4].
Because there are only few theoretical studies on the reaction startingfrealistic interaction,
further study may help clarify the situation.

In this contribution, we will discuss strength functions*sfe related to the above mentioned
electro-weak reactions. The wave function of the ground state is obtaguedagely using an
explicitly correlated basis and four-body final states are also exgt@ssesuperposition of many
basis functions which contain important configurations for the low-lyinghgtie functions. We
discuss the controversial of the photoabsorption cross section angslige strength functions
induced by the weak interaction and mention th&He reaction cross section.

2. Method

We start from the Hamiltonian of a four-nucleon system with two- and thuséenn forces.
Here we employ two types of realistic nucleon-nucleon interactions of thé [&Y&nd G3RS [6]
potentials which contain central, tensor and spin-orbit components. TBeig\vhore singular at
short-range and has strong tensor component than these of the G8®8gbo A phenomeno-
logical three-body interaction [7] is used in order to get correct tlolesifor the three- and four-
nucleon bound states. The wave function is expressed in terms of a lovabiration of the corre-
lated Gaussian with double global vectors that enables us to obtain a ge@lcisen of many-body
equation with a realistic force [1, 2].

A nuclear response is characterized by the strength (responsépfumbich is given in

SE) = 3 [(Wv|0|Wo)|* 3(Ev — E), (2.1)

where? is an operator which you concern ag is the ground state dHe, and¥, is the final
state with energy,. For the continuum wave function, we useZ? basis function which does
not satisfy a proper boundary condition of continuum state. In ordeett it properly, we use
the complex scaling method (CSM) which is a widely used method for calculatingtithegth
function in a nuclear system [8]. In the CSM calculatiois transformed to€®. This allows us to
expand the continuum wave function in our correlated bases. Thelfificea@s are determined by
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diagonalizing the complex rotated Hamiltonian. The result should not depetieescaling angle
8, which can be determined practically by observing stabilit$3@&) with respect td.

For the continuum state, we include important configurations at arourdD20eV where the
dipole strength is dominant. The dipole operator is an one-body operétivedo the center of
mass which excites one particle in an initial state (the ground stdideyf We can thus assume
that the inclusion of the cluster partitions of 3+1 and 2+2 are important. Firsidyiiportant
to include the 8I+N configuration which the coordinate between d 8ystem and nucleon is
excited by the dipole operator. The relative motion between thea3dN is P-wave and it is
approximated with several Gaussians. A set of parameters are takegeloyretrical progression
covering from 0.1 to 10fm. As for the parameters of the three-nucledrmysve use a set of the
bases obtained by the three-body calculation @ftli=1/2"1/2 from the same Hamiltonian. As
the second largest contribution, we include tiN#8N configuration which the I8 system in the
ground state is excited by the dipole operator. We take a set of the bdagwedtby the two-body
calculation with)™T=1"0 for the parameters of two-body subsystem in tNe Bhe other relative
coordinatesP- andS-wave) are approximated in several Gaussians.

3. Electric dipole strength: photoabsor ption cross section
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Figure 1: Photoabsorption cross sections calculated with the diffteconfigurationsq=20).

The photoabsorption cross section $fi€,y) is proportional to the dipole strength function
S(ELE) oy(E) = %ES(EL E) where the electric dipole operator is defined in

A
«//(Elyl«l):\/?‘Zl@lu(ri—xA);(l_@i)v (3.1)

wherexp is the center of mass coordinate of the system. Fig. 1 shows the calculatediparp-
tion cross sections with the different configurations. The G3RS andopimemological three-body
potentials are used. The label$I8, 3N*N, indicate the configurations that the strength are calcu-
lated with. Dashed line shows the photoabsorption cross section only withltié Sonfiguration
and the full calculation is plotted by a solid line. As one can see in the figurpetileshifts to high
energy region with adding the\3+N configuration. Comparing the result with three recent mea-
surements, the result supports a sharp rise from the threshold as skeetvio of the experiments
which show a peak at around 25 MeV [4, 9] but we find a large deviatimm the measurement by
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Shimaet al. at the low energy region [3]. Our result also agrees with the other ttiearealcula-
tions starting from realistic interactions [10]. Advantage of our study iswleatise “bare” realistic
interactions instead of an effective interaction and the configuratiorespsad in the calculations
is different from theirs.

4. Nuclear responses by the weak interaction

In a long-wave length approximation, the nuclear current can be eggandgome multipole
operators. Here we consider a neutrino inelastic scattering goverribe mgutral current. There
are Fermi and Gamow-Teller types which are the leading order in the weadirse responsible for
the allowed transitions. The Fermi type does not contribute to the reactiowimydHe because
the total isospin of its ground state is zero. When one uses(68)§ configuration for the ground
state, the Gamow-Teller contribution becomes zero. We have howeveratdavave function
for the ground state ofHe which contains th®-state probability originating from the tensor
correlation, so that the Gamow-Teller operator can contribute to the reatherleft panel of Fig.

2 displays the Gamow-Teller strength functions calculated with the G3RS a8chAténtials. The
strength function calculated with the AVBotential is a little bit larger than that with the G3RS
potential. That reflects difference of tRestate probabilities in the ground states, which are 11%
and 14% for the G3RS and AVBotentials, respectively.
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Figure 2. Left: The Gamow-Teller strength functions calculated witle AV8 and G3RS potentials
(6=1%"). Right: The calculated spin-dipole strength functionsAe®, 1 and 2 §=20°). The G3RS po-
tential is employed as a nucleon-nucleon interaction.

When the neutrino energy is 10 MeV, the contribution of the first-forbiddemsitions to the
reaction cross section is approximately one hundredth order of magnituggaced to the allowed
transitions. If the allowed transition probabilities are small, the first-forbiddersition operators
can contribute to the cross section. In the first-forbidden transition, tludedippe appears again
and the spin-dipole type is interesting as an analog of the dipole transitiospirtidipole operator
excites the spin of the ground state while the dipole operator does not. Wignvolgs these
strength functions, we obtain information on continuum structure of therfaaleon system with
different spin states. Here we discuss the spin-dipole operator whidleis ig

A
A (SD, ) = Zl[@l(ri —Xa)0iy  tai (4.1)
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where the value oA can take 0, 1 and 2. The right panel of Fig. 2 plots the spin-dipole strength
functions with the full configuration. The G3RS is used as a two-body iciiera The transition
strength functions are very large enough to be a leading order of thebzdion to the cross section
compared to the Gamow-Teller strength functions in spite of the large reddatitmr. As seen in

the figure the peaks with=0 and 2 are consistent with the observed energies of 23.33 MeV and
25.28 forJ™T=0"1 and 2 1, respectively. For explaining a correspondence of thkdtates with

the observed spectra (23.64 and 25.95 MeV), the dipole componertdi®uoonsidered as well

as the spin-dipole component. As discussed in Ref.[2], the &nd 2°1 states consist of more
than 90% of total spis=1 component while an equal weight®£0 and 1 components in the' 1
states.

5. Summary and futureworks

We have calculated the strength functions induced by the electro-weakitvaa based on the
four-body calculation using a realistic nuclear force. The continuumssketee been expressed in
many basis states including important configurations at 20—-40 MeV. THegaoations are con-
structed based on a cluster excitation.

The strength functions are obtained wittZ% basis using the complex scaling method. The
photoabsorption cross section which is proportional to the dipole streggteswith some of the
recent measurements. We have found that the Gamow-Teller and spie-gigmgth functions
reflect the ground and continuum structures of the four-nucleonraystor the neutrindHe
reaction cross section, we have to evaluate some other weak operatohsam not discussed
here. It is straightforward and can be calculated very soon.

References

[1] Y. Suzuki, W. Horiuchi, M. Orabi, and K. ArakFew-Body Sys#2 (2008) 33.
[2] W. Horiuchi and Y. SuzukiPhys. Rev. @8, (2008) 034305.

[3] T. Shimaet al, Phys. Rev. G2, (2005) 044004.

[4] S. Nakayamaet al, Phys. Rev. @6, (2007) 021305(R).

[5] B. S. Pudlineret al., Phys. Rev. G6, (1997) 1720.

[6] R. TamagakiProg. Theor. Phys39, (1968) 91.

[7] E. Hiyama, B. F. Gibson, M. Kamimur&hys. Rev. G0 (2004) 031001(R).
[8] S. Aoyama, T. Myo, K. Kad, and K. IkedaProg. Theor. Physl16 (2006), 1.
[9] B. Nilssonet al, Phys. Rev. @5, (2007) 014007.

[10] V. G. Efros, W. Leidemann, G. Orlandini and A. Barn@aPhys. G: Nucl. Part. Phy84 (2007) R459
and references therein.



