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We observed well-separated 1s and 2p p2 states in 205Pb in the 206Pb�d, 3He� reaction at Td �
604.3 MeV. The binding energies and the widths determined are B1s � 6.762 6 0.061 MeV, G1s �
0.76410.171

20.154 MeV, B2p � 5.110 6 0.045 MeV, and G2p � 0.32110.060
20.062 MeV. They are used to deduce

the real and imaginary strengths of the s-wave part of the pion-nucleus interaction, which translates into
a positive mass shift of p2 in 205Pb.
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In a recent experiment at GSI, we have discovered the
deeply bound 2p state and an indication of the 1s state
of negative pions in 207Pb in the 208Pb�d, 3He� reaction
[1–4]. This experiment has demonstrated that (i) the
deeply bound p2 states (1s and 2p) in heavy nuclei indeed
exist with narrow widths and that (ii) they are produced in
the (d, 3He) reaction, as theoretically predicted [5–8]. The
narrowness of these deeply bound states despite the strong
pion absorption in nuclei is well understood as being due
to the halolike pionic structure, which is accommodated in
a potential pocket provided by the long-range Coulomb at-
traction and the short-range nuclear repulsion [5,6,9]. The
(d, 3He) reaction produces deeply bound states of configu-
rations �nl�p �n0l0j0�21

n at small momentum transfer. The
observed spectrum in the previous experiment showed a
distinct but skewed �2p�p peak due to the presence of the
3p1�2 and 3p3�2 neutron hole states separated in energy by
0.90 MeV. The �1s�p state was observed as a bump at the
shoulder of the �2p�p peak accordingly. In the present pa-
per, we report on a new experiment using a 206Pb target,
which was purposely undertaken in view of the smaller
contribution of the 3p1�2 hole and, consequently, a better
separation of the �1s�p and �2p�p states. This expectation
was supported by a theoretical study [10].

The experiment was performed with the Fragment Sepa-
rator (FRS) [11] using a Td � 604.3 MeV deuteron beam
from the SIS-18 synchrotron at GSI, Darmstadt. The
detailed description of the experimental procedures and
analyses are found in Refs. [3,4,12]. The beam intensity
was 1.5 3 1011�spill at 1 s spill duration and 3 s cycle
time. We employed a 1.5 mm wide and 25 mg�cm2 thick
206Pb target. The 3He momentum spectrum was measured
at excitation energies covering the bound p2 region.

The obtained excitation spectrum, namely, the double
differential cross section versus the excitation energy (Ex)
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above the ground state of 205Pb, is shown in Fig. 1. The ex-
citation energy of a bound-pion peak is related to the p2

binding energy Bnl as Ex � �Mx 2 M�205Pb��c2 �
mp2c2 2 Bnl 1 En�n0l0j0�, where Mx is the mass of the
reaction product, M�205Pb� is the ground-state mass of
205Pb, mp2 � 139.570 MeV�c2 is the pion mass, and
En�n0l0j 0� is the excitation energy of 205Pb (neutron hole
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FIG. 1. Double differential cross section measured in the
206Pb�d, 3He� reaction at incident deuteron energy Td �
604.3 MeV as a function of the excitation energy above the
205Pb ground state. The peak at 140 MeV designated as “p0”
is due to the reaction p�d, 3He�p0.
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state of 206Pb [13]). The most important contributions
are from the ground state (2f5�2), the 0.002 MeV state
(3p1�2), the 0.260 MeV state (3p3�2), and the 1.770 MeV
state (2f7�2).

The spectrum consists of three contributions, which
originate from (i) quasifree pion production, (ii) forma-
tion of bound pionic states, and (iii) nonpionic nuclear
excitation. The quasifree p2 production forms a contin-
uum which opens above the emission threshold at Ex �
139.570 MeV shown by the vertical dashed line. The
peak above the p2 threshold at Ex � 140 MeV results
from the p�d, 3He�p0 reaction on a small hydrogen con-
tamination in the target. Nuclear excitation processes not
associated with pion production contribute at a nearly
constant level d2s��dEdV� � 4 mb��MeV sr� in the con-
sidered excitation energy range, and dominate at Ex ,

130 MeV. The central part between 130 and 140 MeV has
structures associated with the formation of pionic states.
The largest peak at Ex � 135 MeV corresponds to the
bound �2p�p state coupled dominantly to the three neutron
hole states �2f5�2, 3p1�2, 3p3�2�21

n . The well-separated
peak at Ex � 133 MeV below the �2p�p peak is �1s�p ,
which is also composed of contributions from the three
hole states. The region between the �2p�p peak and the
threshold (Ex � 136 � 139 MeV) is due to the formation
of higher states �3p, 3d, 4p, . . .�p . The overall structure
agrees remarkably well with the theoretical one [10]. The
experimental resolution and the uncertainty in the absolute
energy scale are estimated to be 0.374 6 0.050 MeV
(FWHM) and 0.040 MeV, respectively (see Ref. [12]).

In order to determine the binding energies and widths,
we decomposed the region of interest (see Fig. 2) into
�1s�p and �2p�p components and a linear background by a
least squares fit in a similar manner as in Ref. [4]. The fit-
ting region is between Ex � 120.0 and 136.2 MeV where
the contribution from states other than �1s�p and �2p�p is
negligible. In the final analysis each pionic state �nl�p is
coupled to ten neutron hole states with calculated strengths
as listed in Table II of Ref. [10]. The fitting parameters are
the binding energies (Bnl), widths (Gnl), and intensities
(Inl ) of both �1s�p and �2p�p , and the slope and the offset
of the linear background. The result of this fitting is excel-
lent (the x2 is 98.0 for NDF � 124), but we find a small
discrepancy near the tiny structure of �2p�p �2f7�2�21

n at
�136.2 MeV, although this is located mostly outside the
fitting region. A 40% reduction of the f-hole contribu-
tions, �2f5�2 and 2f7�2�21

n , compared with the theoretical
ones removes this discrepancy, and yields binding ener-
gies B1s and B2p which are slightly larger by 0.024 and
0.026 MeV, respectively (the x2 is 93.1 for NDF � 123).
The fit result of this option is shown in Fig. 2a). In the in-
terval 130 MeV , Ex , 136 MeV, the solid curve shows
the obtained fit function, and the dashed and the dotted
curves are the �1s�p and �2p�p contributions, respectively.
The peak intensity of �1s�p relative to �2p�p is 73% larger
than the theoretical prediction. The contributions of the
122301-2
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FIG. 2. (a) The experimental spectrum and the best fit curve
obtained in the fit region indicated by the horizontal arrow. The
dashed, dotted, and dash-dotted curves are the �1s�p , �2p�p , and
higher-�nl�p components, respectively. (b) The partial contribu-
tions of the most dominant neutron hole states, shown in the
same scale as (a).

shallower states �3p, 3d, 4p, . . .�p were not considered in
the fitting procedure because they are located outside the
region relevant for the deduction of the �1s�p and �2p�p

binding energies and widths. Using the theoretical val-
ues from Ref. [10] for the relative strength of the shal-
lower states as compared to the �2p�p state, their summed
contribution was obtained, as presented by the dash-dotted
curve. This contribution is included in the solid curve in
addition to the fit function in order to demonstrate that the
excitation spectrum is well understood also in the region
of shallow bound pionic states.
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The deduced binding energies and widths are presented
in Table I, where we adopt the average values resulting
from the two fit options described above. The systematic
uncertainties due to the choice of the f-hole contribution
are 60.012 and 60.013 MeV for B1s and B2p, respec-
tively. The systematic errors are obtained from a quadratic
sum of the evaluated uncertainties, which are dominated
by the uncertainty of the absolute energy scale for B and
by the uncertainty of the experimental resolution for G.
The present values are much more precise than the former
ones obtained for p2 ≠ 207Pb [4].

In Fig. 3 the experimental data are presented in the B-G
planes with the 1s contours for the statistical errors and
with the bars for the total (statistical 1 systematic) errors.
Here we compare the experimental results with those cal-
culated by using a pion-nucleus potential of the Ericson-
Ericson type [14] with various potential parameter sets
which were obtained from fitting observed strong interac-
tion shifts and widths in pionic atoms (see Refs. [4,15,16]).
The pion-nucleus potential consists of the s-wave (local)
part (Us) and the p-wave (nonlocal) part (Up). Whereas
the known strong interaction shifts in most of the shallow
states in pionic atoms are due to the combination of at-
tractive Up and repulsive Us terms, the �1s�p states are
dominated by the s-wave part (see Fig. 1 of Ref. [17]).
This part is given by

Us�r� � 2
2p

mp

�e1�b0r�r� 1 b1Dr�r�	 1 e2B0r2�r�� ,

(1)

where r�r� � r�n��r� 1 r�p��r�, Dr�r� � r�n��r� 2

r�p��r�, e1 � 1 1 mp�M � 1.147, and e2 � 1 1

mp �2M � 1.073 with M being the nucleon mass. We
assumed the two-parameter Fermi distributions for the
neutron density r�n��r� and the proton density r�p��r�
with a common nuclear radius cp � cn � 6.591 fm and
a diffuseness parameter zp � zn � 0.545 fm for 205Pb,
which are taken as the average of the proton parameters
for 204Pb and 206Pb [18]. The central densities for neu-
trons [r�n��0�] and protons [r�p��0�] are 0.0961 and
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FIG. 3. Comparison of the measured binding energy and width for (a) �1s�p and (b) �2p�p in 205Pb with the corresponding values
calculated by using various potential parameter sets (abbreviated as in [4] except for FG [16]). When necessary, an isotope shift of
B1s�205Pb� � B1s�207Pb� 1 40.5 keV is applied. The small ellipses and the bars show the experimental values with 1s statistical
and total (statistical 1 systematic) errors, respectively.
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TABLE I. The binding energies and widths of the �1s�p and
�2p�p states of 205Pb obtained in the present experiment.

B1s � 6.762 60.061 �60.045 �stat� 6 0.041 �syst�� MeV
G1s � 0.764 10.171

20.154 �10.162
20.141 �stat� 6

10.055
20.061 �syst�� MeV

B2p � 5.110 60.045 �60.016 �stat� 6 0.042 �syst�� MeV
G2p � 0.321 10.060

20.062 �60.039 �stat� 6
10.045
20.049 �syst�� MeV

0.0640 fm23, respectively. The calculated values of B and
G, for which the effect of vacuum polarization is taken
into account, are shown in Fig. 3. Most of them are in
fair agreement with the experimental values, though the
individual potential parameters are widely distributed.

Conversely, we determine the strengths of the real and
the imaginary parts of the s-wave potential, Us�r� �
V �r� 1 iW�r�, irrespective to the choice of the p-wave
parameters, since the �1s�p binding energy and width
depend nearly entirely on the s-wave potential. The well-
established Seki-Masutani relation [4,6,19], b�

0 
 b0 1
e2

e1

r�0�
2 ReB0 
 const, further implies that the real part

of the potential is well represented by its value at the
half-density radius R0.

The theoretical relations of B1s and G1s with V �
0

[� 2V �R0�] and 2W�0� obtained in this way, while set-
ting the insensitive p-wave parameters to the well-known
values [15,19], are presented as two-dimensional contour
curves in Fig. 4. The width depends not only on the
imaginary part but also on the real part through the overlap
of the p2 density with the nucleus. The binding energy
depends also on the imaginary part. The experimental
values of B1s and G1s presented in the figure yield

V �
0 � 2V �R0� � 27.1 6 1.7 MeV , (2)

W �0� � 214.0 6 3.8 MeV . (3)

Thus far, we have assumed that the shapes of r�p��r� and
r�n��r� are the same. If the rms radius of the neutron
distribution is larger than that of the proton distribution
[20], it would cause a decrease in the calculated 1s binding
energy [17,21], which results in a decrease of V �

0 by about
2 MeV.
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FIG. 4. A contour map of B1s and G1s in the plane of V�
0

[� 2V �R0�] and 2W�0�. The experimental values with 1s
statistical and total (statistical 1 systematic) errors are shown
by the broken and solid ellipses, respectively.

The real s-wave potential V �r� translates into an in-
crease of the effective mass of p2 in the nuclear medium
[2,22]. The value of V �

0 (�27 MeV) corresponds to a pion
mass shift in the medium of 205Pb, as the half-density
value V �R0� is extrapolated to the full-density limit
2V �R0�. (Strictly speaking, the potential at r � 0 is not
V �

0 but V�
0 2 �p�mp�e2 ReB0r�0�2, and thus the pion

mass shift at the center of the nucleus may have an am-
biguity as much as 2–8 MeV, if ReB0 � 20.05 6 0.03 is
invoked [16].) It is to be noted that the measured repulsive
potential V �

0 is significantly larger than V �
0 � 16 MeV,

which we expect from the free pN scattering lengths after
the correction for double scattering (b0 � 20.017 and
b1 � 20.090) [14,23]. The difference between the ob-
served value (27 MeV) and the expected value (16 MeV)
can be attributed either to an additional isoscalar repulsion
[the ReB0r�r�2 term], as claimed in [16], or to a repulsion
due to an increase of the isovector strength jb1j in the
nuclear medium. Such an increase of jb1j is expected as a
consequence of the partial restoration of chiral symmetry
at finite nuclear density along with a reduction of the
chiral order parameter fp (or the quark condensate)
[24,25]. Further studies of pionic 1s states in various Sn
isotopes to distinguish between the two interpretations are
in progress.
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