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Two-neutron halo nuclei

He, ILi, ¥Be, and 22C are known as two-neutron halo nuclei consisting of a
core nucleus and two loosely bound neutrons.
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v' Excited bound states do not exist.

v' Except for ®He, experimental information on resonances of two-neutron halo is
Very scarce.

v’ Existence of a resonance of 'Li is a longstanding open question.



Breakup Reaction

@ Breakup reactions are useful for investigating resonances.

o Observable
» Breakup cross section for E,
© o v’ Resonance states
<& — peak structure

v Excited modes

€ To extract properties of resonances, an accurate method for
describing breakup processes is highly desired.

€ Coulomb breakup with a heavy target (2°8Pb, 20°Bi)
— Coulomb interaction

€ Nuclear breakup with a light target (p, $2C)
— Nuclear interaction
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Breakup reactions are useful for investigating halo structure. As observables of breakup reactions, energy spectrum of breakup cross sections and momentum distribution of an emitted particle are important. For breakup cross section as a function of relative energy between breakup particles, we can find the resonance state of halo nuclei. And from momentum distribution of emitted particles, we can find relative angular momentum between core and valence neutron, and spin of a core. I will show latter the details of these observables.

In order to extract properties of halo structure from breakup reactions, an accurate method for describing breakup processes is highly desired. Some approach of breakup reactions have been proposed so far, of which CDCC has been confirmed as a reliable method. Next I will briefly explain CDCC.



(Review)Yahiro, Ogata, TM, Minomo, PTEP01A206, (2012).

Continuum-Discretized
Coupled-Channels

_ _ Breakup (continuum) state
» Breakup is effects of coupling

. O
to continuum states.
» In CDCC, breakup continuum &, .
states are assumed as a finite -
number of discretized states. 7 Bound étate

O Average method: » . H. Rawitscher, Phys. Rev. C 9 (1974), 2210

P = Nj W(E)dE w(E): continuum wf.

0 Pseudo-states method »R. C. Johnson and P. C. Tandy, Nucl. Phys. A 235 (1974), 56
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Pseudo-state Discretization

O Gaussian Expansion Method A
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°He Elastic Scattering

O SHe

» Atypical example of two-neutron halo
» Described by n + n + “He three-body model

TM, Hiyama, et al.
Phys. Rev. C70, 061601 (2004)
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These figures show the elastic differential cross section. The left figure shows the result of 6He + 12C scattering at 18 MeV, very small incident energy, and the right figure shows the result for Bi 209 target.
The red lines shows results of CDCC, and blue ones show the results without breakup effects. One sees that the red lines well reproduce the experimental data, and the difference between red and blue lines shows the breakup effects on elastic cross section, and breakup effects are important to reproduce experimental data.
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Breakup Cross Section

Breakup cross sections calculated by CDCC are discrete in the internal
energy of the projectile.

SHe+12C scattering at 240 MeV/nucl.

4-body CDCC calc. PRC59, 1252(1999), T. Aumann et al.
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How to calculate the continuuous breakup cross section
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In the CDCC method, there is a problem for calculation of breakup cross sections. Breakup cross sections calculated by CDCC are discrete in the internal energy of the projectile, as shown this figure. However experimental data are obtained as the differential cross section as a function of the excited energy. Therefore one needs a way of calculating continuous breakup cross section from discretized cross sections. Next I will explain how to calculate the continuous breakup cross section. 


Complex-Scaled Method
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New Smoothing Procedure with CSM
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Differential Breakup Cross Section
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°He Breakup Reaction

TM, Yahiro, and Kato, PRC82, 051602 (2010)
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Recent experiment of 1Lj

€ Measurement of the Li(p, p’) reaction at 6 MeV/nucleon
with high static and high resolution has been performed, and
a low-lying excited state of Li has clearly been identified.

Bem= 115~ 24

By (Me)

E.(MeV)

35 1 1s 22

=

tem= 106°~115°

)]

efficiency

[ .
iy
0.5

5

1 1.5 2
E (MeV)

I 1
L (Mel')

3]

J. Tanaka et al., Phys. Lett. B774, 268 (2017).
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€ The purpose of this work is to analyse the reaction with a
microscopic reaction model.



L i(p, p’) @ 6MeV/nucl
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Coupled-Channels (CDCC)
Yahiro, Ogata, TM, Minomo, ]
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T.M., Ichinkhorloo, Hirabayashi, Kato, Chiba, Phys. Rev. C 83, 064611 (2011).

Analysis of 6Ll(n N )
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11 Three-body model

U : .
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111 1 Resonance

B Complex-scaling method:
Aoyama, Myo, Kato, and Ikeda, Prog. Theor. Phys. 116, 1 (2006)

B 1Lj resonance; s.N.Ershov etal., Phys. Rev. C 70, 054608 (2004).
E. C. Pinilla et al., Phys. Rev. C 85, 054610 (2012).
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Elastic Cross Section
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€ The four-body CDCC calculation reproduces the
experimental data reasonably well.
€ Breakup effects are significant.



Breakup Cross Section
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€ The breakup cross section is integrated up to 1.5
MeV for excited energy of 'Li so as to cover well the

low-lying peak structure.
€ The 1-step calculation w/o coupling effects is over

estimated the experimental data.



Energy Spectrum
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€ The contribution of the dipole resonance dominates
the low-lying peak.
€ The width of the low-lying peak is reproduced by
taking into account non-resonant components.



Wave Function of Li Resonance

B Probability of 1°Li resonance in 1L
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Borromean Feshbach Resonance
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Resonance effect on do/d¢
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Summary of Lj

€ We found a dipole resonance in 'Li at 0.42 MeV with the
width of 0.28 MeV.

€ The three-body model of *Li with the resonance has been
validated by the good agreement between the results of four-
body CDCC and the recent measurement of *Li(p,p’).

€ The resonance of YLi is interpreted as a bound state of 1°Li +

n system, that is, a Borromean Feshbach resonance.
http://arxiv.org/abs/1711.07209

Perspective

v Three-body calculation of *Li with °Li spin


http://arxiv.org/abs/1711.07209
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