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We observed the atomic 1s and 2p states of 7~ bound to '2!Sn nuclei as distinct peak structures
in the missing mass spectra of the 122Sn(d7 3He) nuclear reaction. A very intense deuteron beam and
a spectrometer with a large angular acceptance let us achieve potential of discovery, which includes
capability of determining the angle-dependent cross sections with high statistics. The 2p state in
a Sn nucleus was observed for the first time. The binding energies and widths of the pionic states
are determined and found to be consistent with previous experimental results of other Sn isotopes.
The spectrum is measured at finite reaction angles for the first time. The formation cross sections
at the reaction angles between 0 and 2° are determined. The observed reaction-angle dependence of
each state is reproduced by theoretical calculations. However, the quantitative comparison with our
high-precision data reveals a significant discrepancy between the measured and calculated formation

cross sections of the pionic 1s state.

The spectroscopy of pionic atoms has contributed to
the fundamental knowledge of the non-trivial structure
of the vacuum in terms of chiral symmetry and quan-
tum chromodynamics (QCD) in the low energy region [1].
The spatial overlaps between the pionic orbitals and the
core nuclei peak near the half-density radii of the nuclei.
The pions are excellent probes for the study of medium
effects in the nuclear matter. An order parameter of the
chiral symmetry [2-4], a quark condensate expectation
value (Gq), was deduced at the nuclear density in in-
vestigations on in-medium modification of an isovector
m-nucleon strong interaction through the wave function
renormalization [5-10].

The low energy pion-nucleus interaction is described
by a phenomenological optical potential. Parameter sets
of the potential were obtained by fitting many known
pionic-atom and pion-nucleus-scattering data including
isotope shifts of pionic atoms with different neutron num-
bers [8-12]. Among these parameters is an s-wave isovec-
tor parameter by, which is closely related to the order pa-
rameter of the chiral symmetry breaking in the nuclear

medium (gg), [5]. Low-lying pionic orbitals are located
in a close vicinity of the core nuclei for Z > 50 [13]. This
localized distribution is due to integration of the attrac-
tive Coulomb potential and the repulsive and absorptive
strong interaction potential. Determining the levels and
widths of the bound states provides quantum-mechanical
information that leads to constraints on the strong inter-
action. Previous experiments discovered methods of di-
rectly populating the low-lying orbitals, analyzed them
spectroscopically [14-16], and measured pionic states in
Pb and Sn nuclei. The ratio of (gg), to the in-vacuum
value (qq), was evaluated to be (qq),/(qq), ~ 67% [6]
based on the in-medium modification of the isovector in-
teraction, which is in good agreement with chiral pertur-
bation theories [17].

Measurements of the pionic atom formation cross sec-
tions at finite reaction angles provide unprecedented in-
formation. This contributes to a better understanding
of the pionic-atom formation mechanisms and leads to
higher accuracy in deduction of the fundamental quanti-
ties. Experimental data at larger reaction angles open



new prospects for the identifications of the quantum
numbers corresponding to the structures observed in the
spectra. Previously one had merely to rely on the com-
parison between the measured and theoretical spectral
shapes [16]. Up to the present experiment, the formation
cross sections were measured only in very limited solid
angles around 0°. Meanwhile, theories predict reaction-
angle dependence mainly originating from the different
momentum transfers in the (d,*He) reactions [18]. Only
a small angular dependence is expected from the elemen-
tary 7~ production cross sections of the n(d,3He)r~ re-
action [19].
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FIG. 1. A schematic view of the experimental facility,
BigRIPS [20], and the detector setup. A deuteron beam im-
pinged on a target located at the nominal target position FO.
The emitted *He particles were momentum-analyzed at the
dispersive focal plane at F'5 and the tracks were measured by
the MWDCs. The scintillation counters at F5 and F7 were
used for particle identification.

We conducted spectroscopic measurements of the miss-
ing mass of the *2Sn(d, *He) nuclear reactions at the RI
Beam Factory RIBF, RIKEN [21] in October 2010. The
missing mass of the 122Sn(d, 3He) reaction near the pion
emission threshold was measured for the first time. The
experiment demonstrated the excellent performance of
RIBF applied in an experimental program of high preci-
sion spectroscopy with the primary beam. We employed
a deuteron beam with a typical intensity of 2 x 10*!/s
accelerated by the cyclotron complex of AVF-RRC-SRC
and focused onto the target location of the BigRIPS in-
flight magnetic separator [20]. The beam was extracted
in micro bunches of frequency of 13.7 MHz and had a
high duty factor. The beam energy has been deter-
mined to be Ty = 498.9 £+ 0.2 MeV by NMR measure-
ments in BigRIPS. The horizontal beam emittance and
intrinsic momentum spread have been estimated to be
~ 0.54x3.0 7 mm-mrad () and 0.0415:03%, respectively.

Figure 1 illustrates the schematic layout of the em-
ployed detectors and BigRIPS used as a spectrometer.
The acceptance aperture of ~ 2° was utilized to cover
a reaction-angle range centered near 0°. The deuteron
beam impinged on a 1 mm wide strip target of 22Sn
at FO which was isotopically enriched to 95.8% and had
a thickness of 12.5 + 0.5 mg/cm?. The achieved mean
luminosities of about 103! cm~2 s~! in the present ex-
periment were much higher than those of previous ex-
periments at GSI [6, 14-16] despite of the thinner target.
We expected direct formation of pionic atoms coupled

with neutron hole states in the nuclear reactions near
the recoil-free kinematical condition. Relevant neutron
hole states (excitation energies E,(n'j’l’)) in the 12!Sn
nucleus are 2ds/; (0.0 MeV), 355 (0.06034 MeV), 2d5 /5
(1.1212 MeV), and 2d5,, (1.4035 MeV) [22].

The emitted *He particles were momentum analyzed
at F5 with a momentum dispersion of 60.64 + 0.15
mm/%. We installed two sets of multi-wire drift cham-
bers (MWDC) near the momentum dispersive focal plane
at F5 and measured the tracks of the charged particles
with a tracking resolution of ~ 40 um (o). The *He ions
were identified by the time-of-flight of ~ 174 ns between
F5 and F7 measured by the scintillation counters. The
counters had a distance of about 23 m. We achieved
almost background-free 3He spectra (< 0.1 % contam-
ination). A typical trigger rate of the data acquisition
was 200/s due to the relatively narrow coincidence gate
between F5 and F7 detectors. The deadtime of the data-
acquisition system has been estimated to achieve an effi-
ciency of ~ 93%.

The measured *He tracks have been used to determine
the ®He kinetic energies, the positions, and the angles at
the target after detailed analyses and corrections of the
optical transfer coefficients up to the fifth order aberra-
tions [23]. Hereafter measured 3He emission angles are
treated as the reaction angle #. The 6 resolution has
been estimated to be ~ 0.3° (o). The mass of the re-
action product, the pionic atom, has been determined
by the measured 3He energy and 6. It has been related
to the excitation energy FEex relative to the ground-state
mass of 121Sn (M (1?1Sn)). The corresponding relation at
0° is given by the equation Feyx = [Mpm, — M (*21Sn)]c? =
My c? — By + Ey(n'l'j') where My, is the mass of the
reaction product, B,; is the binding energy of the pion
in a state characterized by the principal (n) and angular
(1) quantum numbers. m,- = 139.571 MeV/c? is the 7~
rest mass.

The 3He kinetic energy has been calibrated by using
the two-body reaction of p(d,3He)n®. The target con-
sists of a 100+ 1 pum thick 2 mm wide polyethylene strip.
We performed a calibration measurement every two hours
during the production runs. The calibration spectra have
low-energy tails due to the large reaction angles. There-
fore, we have examined the spectral response by Monte
Carlo simulations including effects of matter, spectrome-
ter acceptance and detector performances. A fit has been
conducted to reproduce the entire spectral shape in the
plane of the measured positions and angles and related
them to the >He energies. The systematic errors of the
absolute Fe, values have been estimated to be 5035 MeV
(o).

The p(d,*He)n® reaction has also been used to cali-
brate the effective beam intensity on the target. The
reaction cross section has been estimated to be 7.6 ub/sr
in the 6 range of 0 — 0.5° based on an extrapolation of
the data at a slightly higher energy to ours [24]. For this



we have used the measured beam energy dependence in
Ref. [25]. After applying an acceptance correction of the
spectrometer evaluated by a Monte Carlo simulation, we
have estimated a systematic error for the absolute cross
section scale of 30%.

The experimental resolution has been estimated by
the quadratic sum of contributions from the incident
beam emittance and intrinsic momentum spread,
the target thickness, and the optical aberrations of
the spectrometer. We have found a quadratic de-
pendence of the resolution on FE. due to combined
effects of multiple scattering at a vacuum window
at F5 and higher-order optical-aberrations. This
dependence has been estimated to be R(Fex) =
VRZ, +(0.122 x (Eex — 139.799 MeV))2(FWHM)
with the resolution minimum R, = 0.42 MeV, which
agrees with the measured spectral responses in the
calibration reaction of p(d, *He)r.
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FIG. 2. (Top panel) Measured excitation spectrum of the

1228n(d, *He) reaction at the angular range of 0 < 6 <
2°. Three distinct peaks are observed in the region FEex =
[134,139] MeV. The left and middle peaks are mainly origi-
nating from formation of pionic 1s and 2p states, respectively.
The right peak is partly contributed from the other pionic
states (2s,3p, and 3s). The spectrum is fitted in the region
indicated. The fitting curve and contributions from the 1s
and the 2p states are presented by solid, dashed and dotted
lines, respectively. (Bottom panel) Decomposition of the pio-
nic 1s and 2p strengths into contributions from each neutron
hole state of '2'Sn as indicated. Note that fragmentation is
taken into consideration for (2ds,2);, "

Figure 2 (top panel) displays the measured excita-
tion spectrum for nearly the full acceptance of the spec-
trometer. The abscissa is the excitation energy and the
ordinate is the double differential cross section of the
1228n(d, *He) reaction. The 7~ emission threshold is in-
dicated by the vertical solid line at 139.571 MeV. On the
left side of the spectrum in the range of Fox < 134 MeV,
a linear background is observed for nuclear excitation
without pion production. Above the emission threshold
a continuum is observed due to quasi-free pion produc-
tion.

Three prominent peaks are observed below the pion
emission threshold in the region of 134 MeV < Fo <
139 MeV. The leftmost peak is due to the formation of a
pionic 1s state mainly coupled with a neutron hole state
of (3s1/2),'. The middle peak contains contributions
from the configurations (1s)x(2ds/2);", (2p)x(3s1/2),"
and (2p)x(2ds/2),*. The peak on the right side origi-
nates mainly from the (2s)x(3s1/2);,* and (2p)(2d52);,*
configurations.

The spectrum has been fitted in an excitation en-
ergy region [128.0,138.0] MeV with calculated spectra
based on theoretical pionic atom formation cross sec-
tions in Ref. [26] folded by the experimental resolution
expressed by Gaussian functions. Pionic 1s, 2p, 2s, 3p,
and 3s states have been taken into considerations and
other higher states as well as the quasi-free contributions
have been neglected. In the fit 8 parameters have been
used: the differential cross sections (do/dS?) of pionic
(nl) states Irs, I2p, the binding energies By, By, the 1s
width I';4, and a slope and an offset for the linear back-
ground. The 2p width has been fixed to a calculated
value of 0.109 MeV [18, 27] since it is much smaller than
the experimental resolution. Since contributions from
the other states 2s, 3p and 3s are small, their binding
energies and widths have been fixed to theoretical val-
ues and their relative cross section ratios Iog/I1s, I35/ 115
and I3, /I, to theoretical ratios [18, 27]. The resolution
minimum Rp,;, has also been used as a free parameter.

The fitted curve is presented with contributions from
the pionic 1s and 2p states. The overall fit has a x?/n.d.f
of 135.8/92. Figure 2 (bottom panel) shows the decom-
position of the 1s and 2p formation cross sections into
different neutron hole states of 12'Sn as indicated. The
peak on the left is coupled with pionic 1s and the one on
the right with 2p.

We have evaluated the systematic errors attributed to
the deduced binding energies and width resulting from
i) absolute Eqx scale error arising from the energy cali-
bration, the uncertainty of the primary beam energy, the
uncertainty of the target thickness and the ion-optical
properties of the spectrometer, ii) the E., dependence
of the resolution within evaluated errors, iii) the fitting
region and iv) 20% errors in the spectroscopic factors
of relevant neutron holes. The systematic errors of the
binding energies are mainly arising from the energy cali-



bration and the dispersion of the spectrometer.
The binding energies and width are deduced to be

By = 3.828 £ 0.013(stat.) 70955 (syst.) MeV
15 = 0.252 & 0.054(stat.) T0-053 (syst.) MeV
Ba, = 2.238 4 0.015(stat.) T5-035 (syst.) MeV.

with the statistical and systematic errors. The achieved
resolution minimum of Ry, = 0.394750%7 MeV is con-
sistent with the estimation of 0.42 MeV described above.
Bis and By, of a pionic Sn isotope are determined si-
multaneously for the first time. The deduced Bi, I'1s
and By, fairly well agree with the theoretical values
Bthee — 3787 — 3.850 MeV, I'{he® = 0.306 — 0.324 MeV
and ngco = 2.257 — 2.276 MeV [18, 27].

The measured spectrum has been decomposed into dif-
ferent 6 ranges expecting the 6 dependence of the for-
mation cross sections [18, 26, 28]. Figure 3 shows the
excitation spectra for 6 in the ranges of 1.5 — 2.0°, 1.0
—1.5°, 0.5 — 1.0° and 0 — 0.5°. The peak structures are
clearly observed for each 6 range. The peak positions
and widths are nearly constant for the different 6 ranges,
which demonstrates the high quality of the measurement.

The decomposed spectra have been fitted to deduce 6-
dependent cross sections for the pionic 1s and 2p states,
I15(9) and I5,(0), with other parameters fixed to those
determined in the fitting procedure described above. The
linear background has been scaled by a parameter for
each angular range. The resulting fitting curves are
shown together with curves for 1s and 2p contributions.

Figure 4 (top panel) depicts I15(6) (black) and Is,(6)
(grey). The abscissa is 6 represented by the weighted
averages of the solid angles. The boxes show the statis-
tical errors and the bars the systematic errors in addi-
tion. They have been studied in the same way as those
conducted for the binding energies and widths. An over-
all systematic error of 30% is attributed to the absolute
scale of the cross section. The dashed curves show theo-
retically calculated cross sections of the pionic 1s and 2p
states using phenomenological neutron wave functions of
Koura-type given in Ref. [29]. The solid curves show the
same but scaled with fitted factors of 0.17 and 0.79 for
the 1s and 2p states, respectively. We observe that the
theoretical 6 dependences reproduce well the experimen-
tal data, which confirms the assignments of the angular
momenta of the states. In principle, this suggests that
the theoretical models of finite momentum transfer [18]
are valid. However, the absolute value of measured I 4(f)
is much smaller than the theoretical calculation. Figure 4
(bottom panel) shows the ratios of the I»,(6) and I14(9).
The large discrepancies between the experimental data
and the theory suggest missing factors of the formation
cross sections which have to be independently applied to
the pionic states.

In conclusion, we have performed spectroscopy of pi-
onic '?'Sn atoms and observed the 1s and 2p states as
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FIG. 3. The measured excitation spectrum in Fig. 2 is de-
composed into spectra with different 6 ranges as indicated.
The overall fitting curves and the 1s and 2p components are
shown by the solid, dashed and dotted lines, respectively.

prominent peak structures. For Sn, the 2p state is ob-
served as a peak structure for the first time. We have
determined the binding energies of the 1s and 2p states
and the width of the 1s state. The reaction-angle depen-
dences of the pionic atom formation cross sections are
measured and found to agree with the theoretical depen-
dences, which supports the assignments of the quantum-
numbers of the measured peak structures. We also find
remarkable agreement with theoretically calculated 2p
formation cross sections over a wide range of reaction
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FIG. 4. (Top panel) Determined pionic-nl-state formation

cross sections I,;(0) for different 6 ranges. Statistical er-
rors are shown by the boxes and systematic errors in addi-
tion by the bars. The deduced cross sections are compared
with the theoretical calculations [18, 27]. (Bottom panel)
I2,(0)/115(0). Systematic errors are canceled by taking the
ratios.

angles. However, the measured absolute cross sections of
the 1s state are smaller by a factor of ~ 5. Note that the
entire data were accumulated within 15 h, which is show-
ing the potential of the facility RIBF for spectroscopy ex-
periments. Continuous development is in progress aiming
at a better spectral resolution of < 150 keV. The major
accomplishments in the present experiment will be suc-
ceeded by experiments with improved resolution, statis-
tics and systematics errors to deduce m-nucleus isovector
scattering length by with better accuracy [30]. A new
series of experiments to study pionic atoms over a wide
range of nuclei is in preparation and will lead to a better
understanding of the fundamental structure of the QCD
vacuum based on measurements.
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