Vol. 127 (2015)

ACTA PHYSICA POLONICA A

No. 5

Proceedings of the IT Symposium on Applied Nuclear Physics and Innovative Technologies, Krakow, September 24-27, 2014

Formation of Deeply Bound Pionic Atoms and Pion

Properties in Nuclei

N. IKENO%"* J. YAMAGATA-SEKIHARA®, H. NAGAHIRO%¢ AND S. HIRENZAKI%®
“Department of Physics, Tohoku University, Sendai 980-8578, Japan
PYITP, Kyoto University, Kyoto 606-8502, Japan
‘RCNP, Osaka University, Ibaraki, Osaka 567-0047, Japan
4Department of Physics, Nara Women’s University, Nara 630-8506, Japan
¢J-PARC Branch, KEK Theory Center, Ibaraki 319-1106, Japan

We study theoretically the formation of deeply bound pionic atoms to deduce the pion properties in nuclei
precisely from the observables. We show the theoretical formation spectra of deeply bound pionic atoms in the
various cases. We consider the pionic atom formation on the even—even and neutron-odd nucleus targets. We also
show the angular dependence of the formation spectra in the (d, >He) reactions. Based on these theoretical results,
we have found that we can obtain the systematic information on several deeply bound states for various nuclei.
Actually, these observations have been performed in the experiments at RIBF /RIKEN.
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1. Introduction

To know the hadron properties in the extreme con-
ditions with high density and/or temperature is quite
interesting in the contemporary hadron-nuclear physics
since they provide valuable information on the aspects of
the symmetry of strong interaction at finite density [1].
One of the good systems to observe in-medium hadron
properties is the deeply bound pionic atom, which is a
7~ atomic bound state hardly observed by X-ray spec-
troscopy, such as the 1s or 2p states in heavy nuclei [2].
The deeply bound pionic states have been experimentally
produced in the (d, 3He) reactions with the Pb and Sn
targets by following theoretical predictions. In Ref. [3],
the energy shifts and widths of the pionic 1s state have
been measured in three Sn isotopes. From these observa-
tions, the partial restoration of chiral symmetry is con-
cluded by determining the pion weak decay constant f,
using the Tomozawa—Weinberg and Gell-Mann—-Oakes—
Renner relations. However, to develop further studies of
the pion properties and the chiral symmetry restoration
pattern in nuclei, we need to obtain more accurate and
systematic information on deeply bound pionic states,
which are required to determine the pion—nucleus inter-
action uniquely and to fix the potential strength related
to chiral symmetry for various cases beyond the linear
density approximation.

We have developed further theoretical studies of the
formation spectra of the pionic atoms in order to find
out the appropriate procedure to obtain more precise in-
formation on chiral symmetry restoration from the ob-
servables [4-7]. New experiment at RIBF/RIKEN was
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also performed and the observed spectra will be reported
in near future [8, 9]. In this article, we report the latest
theoretical studies of the (d, He) reactions for the pionic
atom formation.

2. (d, *He) reaction on ??Sn and !!"Sn targets

We consider the neutron-odd nucleus ''7Sn as a target
nucleus of the formation reaction in addition to the even-
even nucleus 229n [5, 6].

In the (d, 3He) reaction for the pionic atom formation
on an even-neutron nuclear target, one neutron in the tar-
get nucleus is picked-up and removed from the nucleus.
For the even-neutron nuclear target cases, since the fi-
nal pionic states are the pion—particle plus neutron—hole
[r ® n~!] states, we will have to take into account the
residual interaction effects [10, 11] to deduce the pion—
nucleus interaction precisely from the high precision ex-
perimental data.

On the other hand, for the odd-neutron nuclear target
cases, we expect to observe the pionic states with the
ground state of the even-even nucleus with JZ = 0%,
which will not be affected by the additional shifts due
to the residual interaction effects. The observation of
pionic states free from these effects is very important to
obtain more accurate information on pion properties in
the nuclei from data.

We study theoretically the (d, 3He) spectra for the
pionic atom formation using the effective number ap-
proach. In Figs. 1 and 2 we show the calculated for-
mation spectra of the deeply bound pionic atoms in the
117Sn(d, ®He) and '22Sn(d, >He) reactions at the forward
angle 0!2> = 0° and at the finite angle 62> = 2°. In both
the 122Sn(d, 3He) and '"Sn(d, *He) spectra at the for-
ward angle 6P = 0°, the contribution from the pionic
1s state formation with picking-up one neutron from the
s1/2 state is found to be large because of the matching
condition with the recoilless kinematics.
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Fig. 1. Calculated spectra for the formation of the pionic states at 0%, = 0° in the **2Sn(d, *He) (left) and the

'17Sn(d, *He) (right) reactions plotted as functions of the pion binding energy reported in Ref. [6]. The incident
deuteron kinetic energy is fixed to be Ty, = 500 MeV. The total spectra are shown by the thick solid lines in both
figures. We show separately the contributions of the bound pionic states formation and the quasi-free 7= and 7°
production by the thin solid lines. The dominant subcomponents are also shown in the figures with quantum numbers
indicated as [(nf). ® (nf;)7 "] in the '*>Sn(d, *He) reaction and [(nf). ® J¥] in the '7Sn(d, *He) reaction, respectively.

The instrumental energy resolution is assumed to be 300 keV FWHM.
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Fig. 2. Calculated spectra for the formation of the pionic states at 0%, = 2° in the **2Sn(d, *He) (left) and the

117Sn(d, *He) (right) reactions plotted as functions of the pion binding energy. These results are obtained by the
same theoretical model described in Ref. [6]. The incident deuteron kinetic energy is fixed to be Ty = 500 MeV.
The instrumental energy resolution is assumed to be 300 keV FWHM.

At larger angles 6b 2°, we find that the

1228n(d, *He) spectra are dominated by the subcompo-
nents including (2p), state, while they are dominated by
the (1s), and (2s), states in forward angles. Thus, we
can conclude that we obtain information on the deeply
bound pionic 2p state in addition to the 1s and 2s states
by observing the spectra in finite angles §!2> = 0°. Asin-
dicated in Ref. [4], the observation of several deeply pio-
nic bound states in a certain nucleus will help to deduce
precise information on the pion properties and the chiral
dynamics at finite density.

We find that the 17Sn(d, 3He) spectra show the iso-
lated peak structure with the single subcomponent of the
pionic 1s state formation with the ground state of the
even-even nucleus ([(1s)x ® 05, ,,.,.4]), which has no resid-
ual interaction effects. Thus, the formation of this pionic

1s state is preferable to extract the most accurate in-

formation on the parameter of the QCD symmetry from
the observation. We can say that the spectrum of the
178n(d, 3He) reaction is more suited for the observation
of the single subcomponent than that of the 2Sn(d, 3He)
reaction.

3. Summary

We have reported the recent theoretical studies of the
formation of deeply bound pionic atoms. We have showed
the 117Sn(d, ®He) and 122Sn(d, *He) spectra at 0330 = 0°
and 0P = 2°. Recently, the experiment for the pionic
atom formation on 1'7Sn and !?2Sn nuclear targets have
been performed at RIBF/RIKEN [8, 9]. We believe that
our studies will provide the systematic information on
the pionic bound states in various nuclei and will help to
develop the study of the pion properties and the partial
restoration of chiral symmetry in nuclei.
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