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Abstract. We conduct an experimental project to make spectroscopy of deeply bound
pionic atoms systematically over wide range of nuclei. We aim at studying the strong
interaction in the low energy region, which has close connection to spontaneous chiral
symmetry breaking and its partial restoration in nuclear matter. First experimental results
show improved spectral resolution and much better statistical sensitivity than previous
experiments. Present status of the experiment is reported.

1 Introduction
Strong interaction in low-energy region exhibits various interesting aspects. One of the particularly
interesting aspects is spontaneous breakdown of chiral symmetry, which is characterised by the order
parameter of the symmetry, chiral condensate. Pionic atoms, bound systems of a negatively charged
pion to a nucleus, can be used for investigating the chiral symmetry in the nucleus [1–3], where the
high density results in partial restoration of the chiral symmetry. Theoretically, interaction strength
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between pion and nucleus has a close connection with the partial restoration [4, 5], and precision
determination of the isovector interaction sets quantitative constraints to the chiral condensate q̄q in
the nuclear medium.
Orbitals of pions in “deeply bound pionic atoms” are largely overlapping with the nuclei, and the
pionic levels and widths reﬂect the s-wave pion-nucleus interaction [2, 3], which is phenomenologically formulated in the Ericson-Ericson optical potential [6]. The s-wave part of the optical potential
is described in the following form;
−2μU s−wave (r) =
ρ(r) =
Δρ(r) =

4π1 {b0 ρ(r) + b1 Δρ(r)} + 4π2 B0 ρ2 (r),
ρ(n) (r) + ρ(p) (r),
ρ(n) (r) − ρ(p) (r),

where 1 = 1 + μ/M = 1.147 , 2 = 1 + μ/2M = 1.073 with M being the nucleon mass and μ being
the reduced mass of the pion. b0 , b1 and B0 are the s-wave potential parameters. ρ(n) (r) and ρ(p) (r) are
radial neutron and proton density distributions of a nucleus, respectively.
Among the parameters to parametrize the potential, isovector parameter b1 is known to have closeconnection with the chiral condensate at a ﬁnite density through the Gell-Mann–Oaks–Renner relation [7] and Tomozawa-Weinberg relation [8, 9]. Systematic measurement of pionic tin isotopes was
performed in GSI, and the energy levels and widths of 1s states in the pionic tin 115, 119, and 123
isotopes were measured [1]. The measured energy levels and widths were analyzed to deduce the b1
parameter in medium leading to quantitative evaluation of q̄q in nuclear medium to be reduced by
30% compared with that in vacuum although the deduced value was associated with relatively large
errors. In order to deduce the chiral condensate with better precision, high precision measurement of
pionic atoms was awaited.

2 Experiment
Aiming at unprecedented spectral resolution of 300 keV (FWHM), we conducted an experimental
spectroscopy of pionic tin isotopes at RI Beam Factory, RIKEN, Japan [10], using (d, 3 He) nuclear
reaction for the production of the pionic atoms as the method of the reaction spectroscopy was established in the former experiments [11–14]. The Q-value of the reaction was precisely measured
to deduce the mass of the reaction product, pionic atoms, in the missing mass spectroscopy. The
produced pionic atoms are observed as peak structures in the Q-value spectrum or in the excitation
spectrum of the reaction product below the free pion emission threshold. In the (d, 3 He) nuclear reaction, a neutron is picked up from the target nucleus hence the produced pionic bound states are
coupling with a neutron hole state in the core nucleus.
We employed 500 MeV deuteron beam accelerated by the Superconducting Ring Cyclotron
(SRC). A remarkable characteristics of the RI Beam Factory used as “Pionic Atom Factory (piAF)”
is its high current primary beam with an intensity of ≥ 1012 /s, which helps measurement with a good
statistical sensitivity. As for the targets, we chose 122 Sn and 117 Sn and placed them at the nominal
target position. There are theoretical calculations for the production cross section of pionic atoms in
the (d, 3 He) reactions [15–17]. An isotope with an odd neutron number was chosen for the ﬁrst time.
We expected good separation of spectral strengths with valence neutron pick-up from those with coreneutron pick-up [18]. The emitted 3 He in the (d, 3 He) reaction were momentum analyzed by BigRIPS
projectile fragment separator used as a forward spectrometer with the momentum resolving power of
δp/p ∼ 3000.
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Figure 1. Experimental setup at BigRIPS. The 500 MeV deuteron beam was extracted from SRC impinging on
the target. We installed two sets of MWDCs at F5 dispersive focal plane and sets of scintillation counters at F5
and F7.
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Figure 2. Measured relative timing of particles at F5 to RF phase. The central peak corresponds to 3 He. A cut
condition has been applied to select 3 He. Proton contamination level is estimated to be ≤ 10−3 after combining
with other cut conditions.

Figure 1 schematically depicts the experimental setup. We placed two sets of multi-wire drift
chambers (MWDCs) at the dispersive focal plane (F5) and measured the 3 He tracks for the momentum
analysis. We also placed a segmented scintillation counter at F5 and a scintillation counter at an
achromatic focal plane F7 to identify the particles by the energy loss in the scintillation counters, by
the time of ﬂight between F5 and F7, and by relative timing to the radio frequency (RF) of SRC.
Figure 2 shows a measured relative timing spectrum of particles at F5 to the RF phase. Since the
particles impinging on the target are bunched and synchronized to the RF phase, the relative timing
reﬂects the time-of-ﬂight from the target to F5. The central peak corresponds to 3 He. We applied a cut
condition indicated by the vertical dashed lines to select 3 He. Proton contamination level is controlled
to be ≤ 10−3 after combining with other cut conditions.
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Figure 3. Measured acceptance uncorrected position spectrum at F5. Right side corresponds to lower excitation
energy of the reaction products. Nearly linear background is observed in the region 20 - 80 mm, which is due
to nuclear excitation without pion production. At left side −80 - −30mm, we observe quasifree pion production
continuum. Peak structures near the center corresponds to production of pionic atoms. The right-most peak is
due to 1s pionic atom formation coupling with a neutron hole state of 3s1/2 . The central peak is mainly due to
pionic 2p states.

Figure 3 shows a typical acceptance-uncorrected position spectrum measured at F5. The right
side of the spectrum corresponds to higher 3 He momentum. Spectral strengths are standing on a
nearly linear background of nuclear excitation unassociated with pion production. The peaks near
the center of the spectrum are originating in the formation of pionic atoms, and the right-most peak
is associated with the pionic 1s state coupling mainly with 3s1/2 neutron hole state. The achieved
experimental resolution is estimated to be as good as ∼300 keV (FWHM). Further analysis to improve
the experimental resolution and to deduce the binding energies and widths is ongoing.

3 Conclusion
The present piAF project makes full use of the advantages of the facility and aims at performing
systematic high precision spectroscopy of pionic atoms. Recent experiments achieved unprecedented
resolution and precision of the measurement by optimization of the experimental conditions including
partial application of the dispersion-matching ion-optics. A simultaneous measurement of 1s and 2p
pionic levels will also contribute to reduction of the systematic uncertainties in the relative energy
scale. Considering possible perturbative eﬀects of pionic orbitals to nuclei, systematic study of pionic atoms over wide range of nuclei will also beneﬁt in comprehensive understanding of the strong
interaction and the nuclear structure.
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