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~ -35% at ρ0

uncertainty of !0:04 fm in !rnp [32], would be around
!0:009, as indicated by two crosses in the figure.

The magnitude of the observed jb1j is significantly
enhanced over the free !N value, which translates into
a reduction of f"2! [Eq. (2)] as

R # bfree1 =b1 # 0:78! 0:05 (3)

$ bfree1 =b"1%"e& $ f"!%"e&2=f2! $ 1' #"e; (4)

where we used the fact [27,28] that the solution with a
local-density-dependent parameter, b"1%"& # bfree1 =(1'
#"%r&), is equivalent to that using a corresponding con-
stant parameter b1 # bfree1 =%1' #"e& with an effective
density "e $ 0:6"0.

The above value hence implies that the chiral order
parameter, f"!%"&2, would be reduced by a factor of $ 0:64
at the normal nuclear density " # "0. Using Eq. (2) in the
analysis, we obtain an experimental value of #"0 $ 0:36,
as shown in Fig. 3, which is close to the value 0.45
predicted by chiral perturbation theory [13]. If a theoreti-
cal value, m"

! $ m! * 3 MeV (averaged over !* and !'

[13]), is inserted into an in-medium Gell-Mann–Oakes–
Renner relation [2,12], h "qqqi"0

=h "qqqi0 will be %m"
!=m!&2 +

%1' #"0& $ 0:67, which is in good agreement with the
value of 0.65, as predicted by using Eq. (1). We have thus
found clear evidence for the partial restoration of chiral
symmetry, probed by well-defined pionic states in a well-
defined nuclear density.
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FIG. 3. Likelihood contours in the fb1; ImB0g plane from the
simultaneous fitting of fB1s;$1sg of the 1s pionic states in the
three Sn isotopes and three light symmetric nuclei. The pre-
vious 205Pb data reanalyzed with ImB0 ( # 0:046) is shown for
comparison.
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pion-nucleus optical potential 5

Vs(r) = �2⇡

µ
[✏1{b0⇢(r) + b1�⇢(r)}+ ✏2B0⇢(r)
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Review: T. Yamazaki et al., Phys. Rep.  514 (2012) 1
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energy levels of pionic Pb atoms 616 T. Yamazaki et al. / Physics Reports 514 (2012) 1–87

Fig. 3.3. Energy levels of pionic atoms of 90Zr and 208Pb. The results with the finite-size Coulomb potential are shown by dashed bars, while those with
the optical potential by solid bars with hatched area indicating the level widths.

The extrapolation of the energy shifts and the widths to heavy nuclei is very interesting. The naive assumption of the
point Coulombwavefunction and the systematic behavior of the lighter pionic atoms would give constant (horizontal) lines
in the small mass region of the figure. We include in this plot new results for the deeply bound pionic states for 207Pb and
205Pb. The new results are vastly different from the naive extrapolations. This is expected, since the pion wavefunctions for
heavy systems deviate largely from those of the point Coulomb potential due to the finite-size Coulomb potential and the
strong interactions. In fact, the use of the wavefunctions with the optical potential provides energy shifts and widths very
close to the experimental values.

The standard method of obtaining the energy shifts and the widths of pionic atoms is to measure the pionic X-rays.
This method is able to provide these quantities only in a narrow window. If the pionic atom wavefunction is far out of the
nucleus, the strong interaction effects are too small. On the other hand, if the pionic state is too close to the nucleus, the
width becomes so large due to the absorption that the detection of X-rays becomes impossible. In some cases, the width of
the last orbital is too large to correctly identify a broad peak over a complicated background. So-called ‘‘3d anomalies’’ [61]
might be results of mis-identifications; later, it turned out that no such anomaly exists for deeply bound pionic states.

3.4. Heavier pionic atoms

We calculated the energy levels and widths of low-lying states in 16O, 40Ca, 90Zr, 136Xe and 208Pb [2,3]. The results for
the binding energies Bnl and the widths �nl are listed in Table 3.2. The pionic atom spectra are shown also in Fig. 3.3 for
90Zr and 208Pb. The 1s states are largely pushed up due to the optical potential compared with those from the finite-size
Coulomb potential. The widths of the 1s states are found to be unexpectedly small; 0.30 MeV for 90Zr and 0.63 MeV for
208Pb. The widths of higher states are smaller than those of the 1s states. Since all the widths are much smaller than the
level spacings, we may say that the deeply-bound pionic states are all quasi-stable. A similar result was reported before by
Friedman and Soff [27] for 1s states; their emphasis was placed on the role of pionic atoms in superheavy elements [27]. We
show in Table 3.2 the energies up to certain states for each nucleus. The binding energies of higher orbitals are approximately
given (within a few percent) by the non-relativistic point-Coulomb expression; Bnl = �Enl = m⇡ (Z↵)2/2n2 except for
s states.

How can we reconcile the surprisingly narrow widths with the usual expectation that deeply bound states should be
broad due to the strong pion absorption? Suppose the 1s state is completely inside of the nucleus as expected from the Bohr
radius for a heavy system (Z > 40). Then the imaginary part of the optical potential in Eq. (3.1) would indicate� ⇠ 20MeV.
The width under this assumption is very large, compatible with the usual belief, but in contrast to the present calculation.
Hence, to understand the situation we are tempted to look into the wavefunctions for the deeply bound states. We show in
Fig. 3.4 the wavefunctions |r�(r)|2 of the 1s, 2s and 2p states in 208Pb with and without the optical potential.

H. Toki et al., NPA 501 (1989) 653

Vs(r) = �2⇡

µ
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pionic 1s state in Sn isotopes 7
1s !! state in 205Pb [20], combined with information
on 1s states of light pionic atoms, yielded b1 "
!0:116#0:015

!0:017m
!1
! . A similar conclusion was also obtained

from global fits of pionic atom data by Friedman, b1 "
!$0:122% 0:004&m!1

! [29] and !$0:113% 0:004&m!1
!

[30], although some ambiguity arising from the p-wave
part remains. In order to determine b1 more reliably and
accurately, it is essential to perform high-precision spec-
troscopy on deeply bound 1s !! states in heavy nuclei.

In this Letter we report on systematic experimental
studies of 1s !! states in a series of Sn isotopes, which
were produced with the Sn$d; 3He& reactions. One of the
advantages of using Sn isotopes is that we can produce the
1s !! states as the most dominant quasisubstitutional
states, $1s&!!$3s&!1

n , because of the presence of the 3s
orbital near the Fermi surface, as theoretically predicted
[25]. Another merit is to make use of isotopes over a wide
range of $N ! Z&=A to test the isospin dependence [10].

We used a deuteron beam from the heavy-ion synchro-
tron SIS at GSI, Darmstadt, combined with the fragment
separator as a high-resolution forward spectrometer [18].
The present experiment had many new features and im-
provements. We chose the exact recoil-less condition to
suppress minor states other than the enhanced 1s !!

states with quasisubstitutional 1s !! states, with a deu-
teron beam of a small momentum spread and an accu-
rately measured energy of 503:388% 0:100 MeV. Its
intensity was 1:5' 1011 deuterons per spill. The beam
was focused on a narrow spot with a width of about 1 mm,
hitting a strip target with a width of 1.5 mm and a thick-
ness of 20 mg=cm2. Enriched Sn isotopes with A " 116
(98.0%), 120 (99.2%), and 124 (96.6%) were used as
targets.

The strategy to arrive at high accuracy in determin-
ing the binding energies and widths of the 1s states
was the following. First, we used the nonpionic
ASn$d; 3He&A!1In$g:s:& (A " 112; 116; 120; 124) reactions
to calibrate the spectrometer momentum (with respect to
the incident beam momentum) and dispersion to achieve
an accuracy of 6 keV. The overall energy resolution, which
was crucial for measuring the widths of the 1s !! states,
was also determined from these spectra to be 394%
33 keV (FWHM). Second, we put a thin Mylar layer on
the downstream surface of each Sn target to measure the
3He peak from the p$d; 3He&!0 reaction as a built-in
indicator of absolute calibration. We observed spectra,
d2"=dE=d!, on Mylar-covered 116Sn, 120Sn, 124Sn
targets as a function of the 3He kinetic energy, as shown
in Fig. 1.

The skewed peaks at around 371 MeV arise from
p$d; 3He&!0. Their kinematically broadened shapes were
well explained by a simulation, which took into account
the beam-energy profile at the thin Mylar layer, the
angular distribution, the spectrometer acceptance ("#x (
%15 mr and "#y ( %10 mr), and the kinematical energy
shifts of the 3He particles. It turned out that the energy at
half maximum of the higher-energy edge of the peak

(shown as vertical dotted lines in Fig. 1) represents the
kinetic energy of 3He in the ideal case of 0) emission
from the p$d; 3He&!0 reaction, and serves as an absolute
calibration point with an accuracy of %7 keV. We
adopted this ‘‘edge’’ calibration for our final results, since
this long term calibration was pertinent to all runs of
the three targets. It was found to agree within 13 keV with
the short-term calibration using the Sn$d; 3He&In$g:s:&
reactions.

In each spectrum of Fig. 1 one distinct peak at around
365 MeV was observed, which was assigned to a domi-
nant configuration of $1s&!$3s&!1

n . The overall spectrum
shapes for the three Sn targets were found to be in good
agreement with the predicted ones [25]. The spectra were
decomposed according to the theoretical prescription of
Ref. [25], from which we could precisely determine the 1s
binding energies (B1s) and widths ($1s). The results are
summarized in Table I and in Fig. 2. The quoted errors are
statistical, systematic (arising from the calibration), and
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FIG. 1. Double differential cross sections versus the 3He
kinetic energy of the 124;120;116Sn$d; 3He& reactions measured
at the incident deuteron energy of 503.388 MeV. The scales of
the !! binding energies in 123;119;115Sn are also indicated.
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combined errors. In this study isotope shifts of deeply
bound pionic 1s states in heavy nuclei are seen for the
first time.

The most serious problem in our analysis is the rela-
tively poor knowledge concerning the neutron distribu-
tion !n!r" in Sn isotopes, whereas the proton distribution
!p!r" is well known [31]. We take the following form
for the difference between the neutron and proton rms
radii, which was derived based on experimental data
of antiprotonic atoms of Sn isotopes [32] as well as of
many other nuclei !rnp # !1:01$ 0:15"!N % Z"=A&
!%0:04$ 0:03" fm. In converting !rnp into the diffuse-
ness parameters (ap; an) and the half-density radii
(cp; cn) in the two-parameter Fermi distribution, we
took halfway between the ‘‘halo’’ type (cp # cn; ap <
an) and the ‘‘skin’’ type (cp < cn; ap # an) [32], in ac-
cordance with a proton elastic scattering result in Pb
isotopes (see Ref. [28]). The adopted parameters
fcp; ap; cn; ang in fm are f5:405; 0:523; 5:473; 0:552g
for 115Sn, f5:442; 0:523; 5:532; 0:560g for 119Sn, and
f5:484; 0:523; 5:594; 0:569g for 123Sn.

The influence of !rnp on the extraction of optical
potential parameters in global fits of pionic atom data

was recently discussed in detail by Friedman and Gal [33]
based on old theoretical values of !rnp [34], which
are considerably different from the empirical ones [32]
we use. These values are supported by a new proton-
scattering result on Sn isotopes [35] and also by new
relativistic Hartree-Fock-Bogoliubov calculations [36].
In our view the use, in our analysis, of the experimental
data available now resolves the concerns of Ref. [33] with
regard to our results.

We made simultaneous fitting of B1s and "1s of the
three Sn isotopes together with those of symmetric light
nuclei, leaving b0, b1, ReB0, and ImB0 as free parameters.
Since the 1s binding energy is insensitive to the p-wave
potential, we could safely fix the p-wave parameters to
the known values from pionic atom data [26]. Hereafter,
the units of m%1

# for b0; b1 and of m%4
# for B0 will be

omitted. We chose 16O, 20Ne, and 28Si for which the
nuclear parameters are well known and the condition
!p!r" # !n!r" is clearly fulfilled. Thus, the obtained
values are b0 # %0:0233$ 0:0038, b1 # %0:1149$
0:0074, ReB0 # %0:019$ 0:017, and ImB0 # 0:0472$
0:0013. The errors include both statistical and systematic
uncertainties. In Fig. 2 we show the obtained relations of
fb1; ImB0g mapped on fB1s;"1sg for each Sn isotope. The
intersections of the tilted axes are chosen to the best-fit
values of fb1; ImB0g. We also show likelihood contours in
the plane of fb1; ImB0g in Fig. 3.

The smallness of ReB0 ( % 0:019$ 0:017) supports the
value ( % 0:038$ 0:025) claimed from the requirement
that the effective b0 consists of the free #N value and the
double-scattering term [28]. The combined isoscalar pa-
rameter, b0 & 0:215ReB0 # %0:0274$ 0:0002, is in
good agreement with that obtained in the analysis of
the 205Pb [28]. The imaginary part, ImB0 # 0:0472$
0:0013, is consistent with the global-fit value of 0:055$
0:003 by Batty et al. [26] and Friedman [29,30], consid-
ering that they included the angle-transformation (AT)
term, which causes an appreciable decrease in the width
[27]. In fact, the best-fit value in our analysis with the AT
term included is ImB0 # 0:058$ 0:003. These isoscalar
parameters are in fine agreement with those determined
by using only the 1s states of light symmetric pionic
atoms. The addition of the Sn data consequently yields a
precise value for b1.

Figure 3 also shows how the best-fit values move, if
we choose the halo type (open square) or the skin type
(open diamond) for !n!r" % !p!r". Furthermore, we find
that the possible change of b1, when we allowed an

TABLE I. Observed binding energies (B1s) and widths ("1s) of the 1s #% states in 115;119;123Sn isotopes.

B1s !B1s !MeV" "1s !"1s !MeV"
Isotope (MeV) Stat. Syst. Total (MeV) Stat. Syst. Total
115Sn 3.906 $0:021 $0:012 $0:024 0.441 $0:068 $0:054 $0:087
119Sn 3.820 $0:013 $0:012 $0:018 0.326 $0:047 $0:065 $0:080
123Sn 3.744 $0:013 $0:012 $0:018 0.341 $0:036 $0:063 $0:072

FIG. 2. Experimental values of fB1s;"1sg (elliptic circles for
statistical errors, horizontal and vertical bars for total errors)
for #% in 115;119;123Sn, shown together with theoretical relations
with fb1; ImB0g for each isotope.
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uncertainty of !0:04 fm in !rnp [32], would be around
!0:009, as indicated by two crosses in the figure.

The magnitude of the observed jb1j is significantly
enhanced over the free !N value, which translates into
a reduction of f"2! [Eq. (2)] as

R # bfree1 =b1 # 0:78! 0:05 (3)

$ bfree1 =b"1%"e& $ f"!%"e&2=f2! $ 1' #"e; (4)

where we used the fact [27,28] that the solution with a
local-density-dependent parameter, b"1%"& # bfree1 =(1'
#"%r&), is equivalent to that using a corresponding con-
stant parameter b1 # bfree1 =%1' #"e& with an effective
density "e $ 0:6"0.

The above value hence implies that the chiral order
parameter, f"!%"&2, would be reduced by a factor of $ 0:64
at the normal nuclear density " # "0. Using Eq. (2) in the
analysis, we obtain an experimental value of #"0 $ 0:36,
as shown in Fig. 3, which is close to the value 0.45
predicted by chiral perturbation theory [13]. If a theoreti-
cal value, m"

! $ m! * 3 MeV (averaged over !* and !'

[13]), is inserted into an in-medium Gell-Mann–Oakes–
Renner relation [2,12], h "qqqi"0

=h "qqqi0 will be %m"
!=m!&2 +

%1' #"0& $ 0:67, which is in good agreement with the
value of 0.65, as predicted by using Eq. (1). We have thus
found clear evidence for the partial restoration of chiral
symmetry, probed by well-defined pionic states in a well-
defined nuclear density.
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[7] H.-Ch. Schröder et al., Phys. Lett. B 469, 25 (1999).
[8] T. E. O. Ericson et al., Nucl. Phys. A684, 380 (2001).
[9] W. Weise, Acta Phys. Pol. B 31, 2715 (2000); Nucl. Phys.

A690, 98 (2001).
[10] P. Kienle and T. Yamazaki, Phys. Lett. B 514, 1 (2001).
[11] E. G. Drukarev and E. M. Levin, Nucl. Phys. A511, 679

(1990).
[12] Y. Thorsson and A. Wirzba, Nucl. Phys. A589, 633

(1995).
[13] See U.-G. Meissner, J. A. Oller, and A. Wirzba, Ann.

Phys. (N.Y.) 297, 27 (2002), and references therein.
[14] E. E. Kolomeitsev, N. Kaiser, and W. Weise, Phys. Rev.

Lett. 90, 092501 (2003).
[15] M. Ericson and T. E. O. Ericson, Ann. Phys. (N.Y.) 36,

323 (1966).
[16] T. Yamazaki et al., Z. Phys. A 355, 219 (1996).
[17] T. Yamazaki et al., Phys. Lett. B 418, 246 (1998).
[18] H. Gilg et al., Phys. Rev. C 62, 025201 (2000).
[19] K. Itahashi et al., Phys. Rev. C 62, 025202 (2000).
[20] H. Geissel et al., Phys. Rev. Lett. 88, 122301 (2002).
[21] H. Toki and T. Yamazaki, Phys. Lett. B 213, 129 (1988).
[22] H. Toki et al., Nucl. Phys. A501, 653 (1989).
[23] H. Toki, S. Hirenzaki, and T. Yamazaki, Nucl. Phys.

A530, 679 (1991).
[24] S. Hirenzaki, H. Toki, and T. Yamazaki, Phys. Rev. C 44,

2472 (1991).
[25] Y. Umemoto et al., Phys. Rev. C 62, 024606 (2000).
[26] C. Batty, E. Friedman, and A. Gal, Phys. Rep. 287, 385

(1997).
[27] T. Yamazaki and S. Hirenzaki, Phys. Lett. B 557, 20

(2003).
[28] H. Geissel et al., Phys. Lett. B 549, 64 (2002).
[29] E. Friedman, Phys. Lett. B 524, 87 (2002).
[30] E. Friedman, Nucl. Phys. A710, 117 (2002).
[31] G. Fricke et al., At. Data Nucl. Data Tables 60, 177

(1995).
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three Sn isotopes and three light symmetric nuclei. The pre-
vious 205Pb data reanalyzed with ImB0 ( # 0:046) is shown for
comparison.
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advantage: high-resolution spectrometer “Grand Raiden” 
+ dispersion matching (planned)

disadvantage: small detection efficiency for two particles

compared with (d,3He) reaction

note: production cross section is not largely different
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perimental method using CH2, CD2 and j2C targets. 
The cross sections obtained are 8.7f0.4pblsr for pfp 
+2He +?r” and 137.8&4.Opb/sr for p+n d2He+ 
n- reaction. The ratio of the cross sections is about 
I/ 16. In the case of p+n A2He + rrTT- process, the 
initial states with the isospin T = 1 and 0 contribute. 
On the other hand, only T = 1 state contributes to the 
p+p -t2He+ rr” reaction. From the study of rTT- ab- 
sorption on pp( ‘SO) pair in 3He, the result is obtained 
that the T = 1 cross section is much smaller than the 
T = 0 cross section [9]. Our measurement for the ra- 
tio of the two cross sections is consistent with these 
results, In the following discussion, the contribution 
from quasi-free n-O production is neglected. 
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In the case of heavier nuclei, the (p,2He) reaction 
leading to r- production is considered to proceed 
via the elementary process, p+n +2He +?r-, with a 
neutron hole being left in the residual nucleus. The 
Q-value of the reaction is given by 

Q=m,-mp--B,-m,-+B,-, (1) 

where B, and B,- are binding energies of the neu- 
tron and 7~-, respectively. In the following figures, the 
energy scale is defined with respect to the threshold 
(B,- = 0) for the free n- production for the least- 
bound neutron orbit. The least-bound neutron orbits 
are 3~~12 with B, = 7.367 MeV for 208Pb, and 1~312 
with B, = 18.72 MeV for “C. The Q-values corre- 
sponding to the threshold are -145.65 and -157.0 
MeV for 208Pb and 12C, respectively. By definition, the 
spectrum in the positive binding energy region comes 
entirely from contributions from rTT- bound states. In 
the negative energy region, there are the contributions 
from the quasi-free T- production process and the rr- 
bound states coupled to neutron deep-hole states. 
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Fig. 2. Spectra of the 208Pb and ‘*C (p,2He) reactions near 
the threshold for free P- production at 0’ and at Tp = 390.6 
MeV. The absolute values of the cross section correspond to the 
p-p relative-energy cutoff of 5 MeV in 2He. The curves show 
calculations for the quasi-free r- production process. 

the quasi-free 7~~ production in the negative binding 
energy region. Within the statistical error, we have no 
excess cross section due to pionic bound states near 
threshold. 

The spectra for the 208Pb and 12C( p,2He) reactions We calculate the shape of the spectrum due to quasi- 
near the threshold for free K production are shown free 7r- production process using a model. The free 
in Fig. 2. For 208Pb,the spectrum shows a contribution r- is assumed to be produced via the elementary p+n 
from rTT- bound states. The cross section of the bound d2He + r- reaction in the nucleus. The (A - 1) nu- 
states in the O-7 MeV region is 16flApb/sr if we cleans are assumed to be spectators. The neutron in- 
assume the flat continuum to have a cross section of side the nucleus moves with the momentum p with a 
2.7pblsrlMeV. The shape of the spectrum is similar to momentum distribution p(p) . The neutron is assumed 
the result of the 208Pb( n,d) reaction at T, = 400 MeV to have the binding energy of the 3~~12 orbit for 208Pb 
[ 61, although the absolute value of the cross section and of the lp3/2 orbit for “C. Using energy and mo- 
is different. For 12C, the spectrum shows a nearly flat mentum conservation, the transferred energy w and 
cross section of about 1.07pblsrlMeV in the O-20 momentum q for the (p,2He) reaction are expressed 
MeV region, and the cross section increases due to as 

dσ/dΩ (0<B<7MeV)=16±1.4 μb/sr

LAS at 0 degrees 
beam intensity : 0.5-1 nA 
target : 22.3mg/cm2 208Pb 
resolution : 700 keV (FWHM)

π- binding energy [MeV]
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that the T = 1 cross section is much smaller than the 
T = 0 cross section [9]. Our measurement for the ra- 
tio of the two cross sections is consistent with these 
results, In the following discussion, the contribution 
from quasi-free n-O production is neglected. 
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leading to r- production is considered to proceed 
via the elementary process, p+n +2He +?r-, with a 
neutron hole being left in the residual nucleus. The 
Q-value of the reaction is given by 
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(B,- = 0) for the free n- production for the least- 
bound neutron orbit. The least-bound neutron orbits 
are 3~~12 with B, = 7.367 MeV for 208Pb, and 1~312 
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entirely from contributions from rTT- bound states. In 
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bound states coupled to neutron deep-hole states. 
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the threshold for free P- production at 0’ and at Tp = 390.6 
MeV. The absolute values of the cross section correspond to the 
p-p relative-energy cutoff of 5 MeV in 2He. The curves show 
calculations for the quasi-free r- production process. 
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energy region. Within the statistical error, we have no 
excess cross section due to pionic bound states near 
threshold. 

The spectra for the 208Pb and 12C( p,2He) reactions We calculate the shape of the spectrum due to quasi- 
near the threshold for free K production are shown free 7r- production process using a model. The free 
in Fig. 2. For 208Pb,the spectrum shows a contribution r- is assumed to be produced via the elementary p+n 
from rTT- bound states. The cross section of the bound d2He + r- reaction in the nucleus. The (A - 1) nu- 
states in the O-7 MeV region is 16flApb/sr if we cleans are assumed to be spectators. The neutron in- 
assume the flat continuum to have a cross section of side the nucleus moves with the momentum p with a 
2.7pblsrlMeV. The shape of the spectrum is similar to momentum distribution p(p) . The neutron is assumed 
the result of the 208Pb( n,d) reaction at T, = 400 MeV to have the binding energy of the 3~~12 orbit for 208Pb 
[ 61, although the absolute value of the cross section and of the lp3/2 orbit for “C. Using energy and mo- 
is different. For 12C, the spectrum shows a nearly flat mentum conservation, the transferred energy w and 
cross section of about 1.07pblsrlMeV in the O-20 momentum q for the (p,2He) reaction are expressed 
MeV region, and the cross section increases due to as 

shows the acceptance corrected spectra for three different
FRS settings !optical settings A ,B ,C) with slightly different
central momenta. Using three different settings allowed cov-
ering a wider momentum range as well as excluding possible
instrumental effects !e.g., position-dependent detector effi-

ciencies" to be the origin of the observed structure in the Q
value spectrum.
All three Q value spectra have a common shape: Above

the threshold for free #! production (Q"!140.15MeV) a
3He yield increasing to lower Q values is observed. Between
Q#!140.15 MeV and Q!!132MeV, in the region which
corresponds to the expected binding energies of pionic
atoms, a clear structure is visible. A peak at Q!
!135.5MeV is particularly pronounced. For Q$
!132MeV a flat distribution of the produced 3He is ob-
tained, as expected at these high excitation energies for back-
ground processes which are not related to the production of a
pion.
Scaling the three spectra according to the cross section

determined in Sec. V A and averaging between the indi-
vidual data points of the different spectra—taking into ac-
count the statistical weights—one obtains the Q value spec-

FIG. 7. Acceptance corrected Q value spectra of the reaction
208Pb(d , 3He) for three different magnetic settings of the fragment
separator !optical settings A ,B ,C). According to the different cen-
tral momentum slightly different Q value regions are covered. On
the right side of the dashed line (Q%!140.15MeV) the production
of a free #! is kinematically not allowed, in this range negative
pions can be produced only in the bound state.

FIG. 8. Experimental Q value spectrum !a" of the reaction
208Pb(d , 3He), obtained from the spectra for the three FRS settings
!optical settings A ,B ,C) compared to a theoretical calculation !b".
Since the threshold for the production of a free #0 in the
208Pb(d , 3He) reaction is at Q#!137.49MeV !indicated by the
dotted line", there is no contribution due to this process in the re-
gion of the dominant peak.
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elementary 
cross section

integrated 
cross section

momentum 
transfer

(p,2He) 
390.6MeV 137.8±4.0 μb/sr 16±1.4 μb/sr 49 MeV/c

(d,3He) 
600MeV ~2800 μb/sr ~76 μb/sr 56 MeV/c

(d,3He) 
500MeV ~2200 μb/sr — 9 MeV/c34 T. Yamazaki et al. / Physics Reports 514 (2012) 1–87

Fig. 5.3. (a) The differential cross section (d�/d⌦)lab at 0o for n(d, 3He)⇡� as a function of the incident laboratory energy Td [MeV/nucleon], derived from
the experimental values for p + d ! ⇡+ + t [81,82]. The solid curve is obtained by multiplying 1.7 to the theoretical result of Fearing [82] to match the
experimental cross sections. (b) The differential cross section (d�/d⌦)lab at 0o for p + p ! d + ⇡+ , which is equivalent to that for n + n ! d + ⇡� as a
function of the incident laboratory energy Tn . The zero degree cross sections are extracted from the fitted curves to experimental angular distributions at
each energy. The cross sections are taken from different sources [83–85].

pion momentum. The factor 2E⇡p⇡/⇡ is the phase volume of the unbound pion. The quasi-elastic ⇡0 production is included
in a similar way.

In Eq. (5.2), (d�/d⌦)labdn!He⇡ denotes the elementary differential cross section at the forward angle for d + n ! He + ⇡
in the lab frame, which is related to the cm cross section as

✓
d�
d⌦

◆lab

=
✓
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pcmHe

◆2 ✓
d�
d⌦

◆cm

, (5.5)

where plabHe and pcmHe are the laboratory momentum and the center of mass momentum of the outgoing 3He, respectively.
The elementary cross section d+ n ! 3He+⇡� can be derived from the experimental data of p+ d ! t +⇡+ [81,82].

The experimental zero-degree cross sections for n(d, 3He)⇡� in the laboratory frame at various energies are shown also in
Fig. 5.3(a). The cross section of (d, 3He) is by an order of magnitude smaller compared with that of (n, d). The behavior of
the cross section was well accounted for in terms of the form factor [82]. The experimental data are fitted by a theoretical
curve. The background cross section is expected to obey this reduction as we will see in experimental spectra in Section 6.

The effective numbers NB
eff and NQE

eff defined in Eqs. (5.3) and (5.4) contain the pion wavefunctions �l⇡ (Er) of bound states
and �l⇡ (Er, p⇡ ) of scattering states, and the neutron-hole wavefunction  jn(Er, � ) with a resultant angular momentum J .
The spin wavefunction ⇠1/2,ms(� ) with averaging over ms is introduced so as to take care of the possible spin directions
of the picked-up neutron. The �i and �f denote the initial and the final distorted waves of the projectile and the ejectile,
respectively.

Let us use the eikonal approximation in which the distorted waves are approximated as plane waves with a distortion
factor D(Eb) as [77]

�⇤
f (Er)�i(Er) = exp(iEq · Er)D(Eb) (5.6)

with

D(Eb) = exp

�1

2

Z 1

�1
�̄ ⇢(Eb, z 0)dz 0

�
, (5.7)

where �̄ = (�HeN + �dN)/2, �HeN and �dN being the 3He–nucleon and deuteron–nucleon total cross sections, respectively.
The ⇢(Eb, z) is the density distribution of the nucleus at an impact parameter Eb and a beam direction coordinate z.

To deduce the n+n ! d+⇡ cross section, which is necessary to get the pionic atom formation rate by the (n, d) reaction,
we can use the experimental values of the p + p ! d + ⇡+ cross section at zero degree [83–85] which are compiled in
Fig. 5.3(b). The data are well fitted by an empirical curve as shown, which is expressed by
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where � = 300 MeV. The cross section has a peak around Tn = 600 MeV in the lab frame. This behavior originates from
the existence of the� resonance.

The effective number for configuration [l⇡ ⌦ j�1
n ]J for pionic atom formation is

NB
eff =

X

L,m

����SJL
Z

exp(iEq · Er)D(Eb)R⇡ (r)Rn(r)YLm(r̂)d3r
����
2

, (5.9)

taken from a review article  
(T. Yamazaki et al., Phys. Rep. 514 (2012) 1)
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perimental method using CH2, CD2 and j2C targets. 
The cross sections obtained are 8.7f0.4pblsr for pfp 
+2He +?r” and 137.8&4.Opb/sr for p+n d2He+ 
n- reaction. The ratio of the cross sections is about 
I/ 16. In the case of p+n A2He + rrTT- process, the 
initial states with the isospin T = 1 and 0 contribute. 
On the other hand, only T = 1 state contributes to the 
p+p -t2He+ rr” reaction. From the study of rTT- ab- 
sorption on pp( ‘SO) pair in 3He, the result is obtained 
that the T = 1 cross section is much smaller than the 
T = 0 cross section [9]. Our measurement for the ra- 
tio of the two cross sections is consistent with these 
results, In the following discussion, the contribution 
from quasi-free n-O production is neglected. 
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In the case of heavier nuclei, the (p,2He) reaction 
leading to r- production is considered to proceed 
via the elementary process, p+n +2He +?r-, with a 
neutron hole being left in the residual nucleus. The 
Q-value of the reaction is given by 

Q=m,-mp--B,-m,-+B,-, (1) 

where B, and B,- are binding energies of the neu- 
tron and 7~-, respectively. In the following figures, the 
energy scale is defined with respect to the threshold 
(B,- = 0) for the free n- production for the least- 
bound neutron orbit. The least-bound neutron orbits 
are 3~~12 with B, = 7.367 MeV for 208Pb, and 1~312 
with B, = 18.72 MeV for “C. The Q-values corre- 
sponding to the threshold are -145.65 and -157.0 
MeV for 208Pb and 12C, respectively. By definition, the 
spectrum in the positive binding energy region comes 
entirely from contributions from rTT- bound states. In 
the negative energy region, there are the contributions 
from the quasi-free T- production process and the rr- 
bound states coupled to neutron deep-hole states. 
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Fig. 2. Spectra of the 208Pb and ‘*C (p,2He) reactions near 
the threshold for free P- production at 0’ and at Tp = 390.6 
MeV. The absolute values of the cross section correspond to the 
p-p relative-energy cutoff of 5 MeV in 2He. The curves show 
calculations for the quasi-free r- production process. 

the quasi-free 7~~ production in the negative binding 
energy region. Within the statistical error, we have no 
excess cross section due to pionic bound states near 
threshold. 

The spectra for the 208Pb and 12C( p,2He) reactions We calculate the shape of the spectrum due to quasi- 
near the threshold for free K production are shown free 7r- production process using a model. The free 
in Fig. 2. For 208Pb,the spectrum shows a contribution r- is assumed to be produced via the elementary p+n 
from rTT- bound states. The cross section of the bound d2He + r- reaction in the nucleus. The (A - 1) nu- 
states in the O-7 MeV region is 16flApb/sr if we cleans are assumed to be spectators. The neutron in- 
assume the flat continuum to have a cross section of side the nucleus moves with the momentum p with a 
2.7pblsrlMeV. The shape of the spectrum is similar to momentum distribution p(p) . The neutron is assumed 
the result of the 208Pb( n,d) reaction at T, = 400 MeV to have the binding energy of the 3~~12 orbit for 208Pb 
[ 61, although the absolute value of the cross section and of the lp3/2 orbit for “C. Using energy and mo- 
is different. For 12C, the spectrum shows a nearly flat mentum conservation, the transferred energy w and 
cross section of about 1.07pblsrlMeV in the O-20 momentum q for the (p,2He) reaction are expressed 
MeV region, and the cross section increases due to as 

J. Yamagata-Sekihara, N. Ikeno, S. Hirenzaki

0 degrees
56 T. Yamazaki et al. / Physics Reports 514 (2012) 1–87

Fig. 6.6. (Upper) The first observed spectrum of the 208Pb(d, 3He) reaction at zero degree at Td = 604 MeV. The vertical broken line indicates the ⇡�
emission threshold [8]. The p(d, ⇡0)3He peak from a (CH2)n target is also shown. (Lower) The predicted spectrum by Hirenzaki, Toki and Yamazaki [5].

S2p = I2p ⇥
X

n0 l0j0
Neff(2p, n0l0j0)F(Ex;m⇡ � B2p + En(n0l0j0), �2p, �exp) (6.9)

Sbg = c0 + c1 ⇥ Ex. (6.10)

Here, Neff(nl, n0l0j0) are the effective neutron numbers for the pionic (nl) and neutron hole states (n0l0j0). F(Ex; c, g, s) is a
Gaussian-folded Lorentzian function whose center is c and whose width is g . The width of the folding Gaussian is s. Each
Lorentzian corresponds to a configuration (nl)⇡ (n0l0j0)�1

n
The broken curves in Fig. 6.7 show the fitting functions S1s and S2p for the pionic 1s and the 2p groups with the binding

energies B1s and B2p, the widths �1s and �2p, the relative 1s and 2p intensities normalized to the theoretical prediction I1s
and I2p, and the offset and the slope of the linear background c0 and c1, as free parameters. The centers of the Lorentzians
are shown by the vertical lines. The height of each line represents the effective neutron number Neff. The width �exp of the
folding Gaussian is the experimental resolution (0.48 ± 0.06 MeV FWHM).

Fig. 6.7 presents the fit result. The experimental excitation spectrum is shown by the open circles with statistical error
bars. The right edge of the fitting region is shown by the vertical dashed line, the best fit 1s and the 2p components by the

H. Gilg et al., PRC 62 (2000) 025201 
K. Itahashi et al., PRC 62 (2000) 025202
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perimental method using CH2, CD2 and j2C targets. 
The cross sections obtained are 8.7f0.4pblsr for pfp 
+2He +?r” and 137.8&4.Opb/sr for p+n d2He+ 
n- reaction. The ratio of the cross sections is about 
I/ 16. In the case of p+n A2He + rrTT- process, the 
initial states with the isospin T = 1 and 0 contribute. 
On the other hand, only T = 1 state contributes to the 
p+p -t2He+ rr” reaction. From the study of rTT- ab- 
sorption on pp( ‘SO) pair in 3He, the result is obtained 
that the T = 1 cross section is much smaller than the 
T = 0 cross section [9]. Our measurement for the ra- 
tio of the two cross sections is consistent with these 
results, In the following discussion, the contribution 
from quasi-free n-O production is neglected. 
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In the case of heavier nuclei, the (p,2He) reaction 
leading to r- production is considered to proceed 
via the elementary process, p+n +2He +?r-, with a 
neutron hole being left in the residual nucleus. The 
Q-value of the reaction is given by 

Q=m,-mp--B,-m,-+B,-, (1) 

where B, and B,- are binding energies of the neu- 
tron and 7~-, respectively. In the following figures, the 
energy scale is defined with respect to the threshold 
(B,- = 0) for the free n- production for the least- 
bound neutron orbit. The least-bound neutron orbits 
are 3~~12 with B, = 7.367 MeV for 208Pb, and 1~312 
with B, = 18.72 MeV for “C. The Q-values corre- 
sponding to the threshold are -145.65 and -157.0 
MeV for 208Pb and 12C, respectively. By definition, the 
spectrum in the positive binding energy region comes 
entirely from contributions from rTT- bound states. In 
the negative energy region, there are the contributions 
from the quasi-free T- production process and the rr- 
bound states coupled to neutron deep-hole states. 
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Fig. 2. Spectra of the 208Pb and ‘*C (p,2He) reactions near 
the threshold for free P- production at 0’ and at Tp = 390.6 
MeV. The absolute values of the cross section correspond to the 
p-p relative-energy cutoff of 5 MeV in 2He. The curves show 
calculations for the quasi-free r- production process. 

the quasi-free 7~~ production in the negative binding 
energy region. Within the statistical error, we have no 
excess cross section due to pionic bound states near 
threshold. 

The spectra for the 208Pb and 12C( p,2He) reactions We calculate the shape of the spectrum due to quasi- 
near the threshold for free K production are shown free 7r- production process using a model. The free 
in Fig. 2. For 208Pb,the spectrum shows a contribution r- is assumed to be produced via the elementary p+n 
from rTT- bound states. The cross section of the bound d2He + r- reaction in the nucleus. The (A - 1) nu- 
states in the O-7 MeV region is 16flApb/sr if we cleans are assumed to be spectators. The neutron in- 
assume the flat continuum to have a cross section of side the nucleus moves with the momentum p with a 
2.7pblsrlMeV. The shape of the spectrum is similar to momentum distribution p(p) . The neutron is assumed 
the result of the 208Pb( n,d) reaction at T, = 400 MeV to have the binding energy of the 3~~12 orbit for 208Pb 
[ 61, although the absolute value of the cross section and of the lp3/2 orbit for “C. Using energy and mo- 
is different. For 12C, the spectrum shows a nearly flat mentum conservation, the transferred energy w and 
cross section of about 1.07pblsrlMeV in the O-20 momentum q for the (p,2He) reaction are expressed 
MeV region, and the cross section increases due to as 
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Fig. 6.6. (Upper) The first observed spectrum of the 208Pb(d, 3He) reaction at zero degree at Td = 604 MeV. The vertical broken line indicates the ⇡�
emission threshold [8]. The p(d, ⇡0)3He peak from a (CH2)n target is also shown. (Lower) The predicted spectrum by Hirenzaki, Toki and Yamazaki [5].

S2p = I2p ⇥
X

n0 l0j0
Neff(2p, n0l0j0)F(Ex;m⇡ � B2p + En(n0l0j0), �2p, �exp) (6.9)

Sbg = c0 + c1 ⇥ Ex. (6.10)

Here, Neff(nl, n0l0j0) are the effective neutron numbers for the pionic (nl) and neutron hole states (n0l0j0). F(Ex; c, g, s) is a
Gaussian-folded Lorentzian function whose center is c and whose width is g . The width of the folding Gaussian is s. Each
Lorentzian corresponds to a configuration (nl)⇡ (n0l0j0)�1

n
The broken curves in Fig. 6.7 show the fitting functions S1s and S2p for the pionic 1s and the 2p groups with the binding

energies B1s and B2p, the widths �1s and �2p, the relative 1s and 2p intensities normalized to the theoretical prediction I1s
and I2p, and the offset and the slope of the linear background c0 and c1, as free parameters. The centers of the Lorentzians
are shown by the vertical lines. The height of each line represents the effective neutron number Neff. The width �exp of the
folding Gaussian is the experimental resolution (0.48 ± 0.06 MeV FWHM).

Fig. 6.7 presents the fit result. The experimental excitation spectrum is shown by the open circles with statistical error
bars. The right edge of the fitting region is shown by the vertical dashed line, the best fit 1s and the 2p components by the
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Fig.6.6.(Upper)Thefirstobservedspectrumofthe208Pb(d,3He)reactionatzerodegreeatTd=604MeV.Theverticalbrokenlineindicatesthe⇡�
emissionthreshold[8].Thep(d,⇡0)3Hepeakfroma(CH2)ntargetisalsoshown.(Lower)ThepredictedspectrumbyHirenzaki,TokiandYamazaki[5].
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areshownbytheverticallines.TheheightofeachlinerepresentstheeffectiveneutronnumberNeff.Thewidth�expofthe
foldingGaussianistheexperimentalresolution(0.48±0.06MeVFWHM).

Fig.6.7presentsthefitresult.Theexperimentalexcitationspectrumisshownbytheopencircleswithstatisticalerror
bars.Therightedgeofthefittingregionisshownbytheverticaldashedline,thebestfit1sandthe2pcomponentsbythe
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perimental method using CH2, CD2 and j2C targets. 
The cross sections obtained are 8.7f0.4pblsr for pfp 
+2He +?r” and 137.8&4.Opb/sr for p+n d2He+ 
n- reaction. The ratio of the cross sections is about 
I/ 16. In the case of p+n A2He + rrTT- process, the 
initial states with the isospin T = 1 and 0 contribute. 
On the other hand, only T = 1 state contributes to the 
p+p -t2He+ rr” reaction. From the study of rTT- ab- 
sorption on pp( ‘SO) pair in 3He, the result is obtained 
that the T = 1 cross section is much smaller than the 
T = 0 cross section [9]. Our measurement for the ra- 
tio of the two cross sections is consistent with these 
results, In the following discussion, the contribution 
from quasi-free n-O production is neglected. 
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In the case of heavier nuclei, the (p,2He) reaction 
leading to r- production is considered to proceed 
via the elementary process, p+n +2He +?r-, with a 
neutron hole being left in the residual nucleus. The 
Q-value of the reaction is given by 

Q=m,-mp--B,-m,-+B,-, (1) 

where B, and B,- are binding energies of the neu- 
tron and 7~-, respectively. In the following figures, the 
energy scale is defined with respect to the threshold 
(B,- = 0) for the free n- production for the least- 
bound neutron orbit. The least-bound neutron orbits 
are 3~~12 with B, = 7.367 MeV for 208Pb, and 1~312 
with B, = 18.72 MeV for “C. The Q-values corre- 
sponding to the threshold are -145.65 and -157.0 
MeV for 208Pb and 12C, respectively. By definition, the 
spectrum in the positive binding energy region comes 
entirely from contributions from rTT- bound states. In 
the negative energy region, there are the contributions 
from the quasi-free T- production process and the rr- 
bound states coupled to neutron deep-hole states. 
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Fig. 2. Spectra of the 208Pb and ‘*C (p,2He) reactions near 
the threshold for free P- production at 0’ and at Tp = 390.6 
MeV. The absolute values of the cross section correspond to the 
p-p relative-energy cutoff of 5 MeV in 2He. The curves show 
calculations for the quasi-free r- production process. 

the quasi-free 7~~ production in the negative binding 
energy region. Within the statistical error, we have no 
excess cross section due to pionic bound states near 
threshold. 

The spectra for the 208Pb and 12C( p,2He) reactions We calculate the shape of the spectrum due to quasi- 
near the threshold for free K production are shown free 7r- production process using a model. The free 
in Fig. 2. For 208Pb,the spectrum shows a contribution r- is assumed to be produced via the elementary p+n 
from rTT- bound states. The cross section of the bound d2He + r- reaction in the nucleus. The (A - 1) nu- 
states in the O-7 MeV region is 16flApb/sr if we cleans are assumed to be spectators. The neutron in- 
assume the flat continuum to have a cross section of side the nucleus moves with the momentum p with a 
2.7pblsrlMeV. The shape of the spectrum is similar to momentum distribution p(p) . The neutron is assumed 
the result of the 208Pb( n,d) reaction at T, = 400 MeV to have the binding energy of the 3~~12 orbit for 208Pb 
[ 61, although the absolute value of the cross section and of the lp3/2 orbit for “C. Using energy and mo- 
is different. For 12C, the spectrum shows a nearly flat mentum conservation, the transferred energy w and 
cross section of about 1.07pblsrlMeV in the O-20 momentum q for the (p,2He) reaction are expressed 
MeV region, and the cross section increases due to as 
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very preliminary very preliminary

100nA proton beam on 20mg/cm2 Pb target for 5 days
same background level as E29 (at 0 degrees)

acceptance maximum at B=4MeV

simulation simulation
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feasibility study

❖ determination of absolute beam energy 

❖ (p,2He) measurement with Grand Raiden 

‣ 209Bi(p,2He)208Pbg.s. 

‣ p(p,2He)π0 

‣ 208Pb(p,2He)207Pb×π- 

‣ accidental coincidence of two protons
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4-day beamtime approved in B-PAC77 (RCNP E451)
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conclusion

❖ pionic atom production by (p,2He) reaction 

‣  208Pb target at first → different targets such as Sn 

❖ aiming at 200 keV resolution (FWHM) 

‣ improved by dispersion matching? (future plan) 

❖ small acceptance compensated by intense beam 

‣ beam dumped via newly-constructed GRAF beamline 

❖ 2p states may be observed by 5-day data acquisition
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