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Spectroscopy with primary beams at RIBF

RI Beam Factory (RIBF), RIKEN, Japan

Opportunity for precision missing-mass spectroscopy 
with reactions using primary ion beams 

BigRIPS : RI beam separator

◇ High-intensity primary beam from SRC
◇ BigRIPS used as a high-resolution and large-acceptance spectrometer
   with powerful background suppression



Physics cases 

Coulomb + Strong

Coulomb only

N. Ikeno et al., 
PTP 126 (2011) 483. 

π -121Sn
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d 3He

 □ Missing mass spectroscopy of ASn(d,3He) reaction

Precision spectroscopy of deeply-bound π-atoms

 □ π-A strong interaction potential →  Chiral symmetry restoration
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Physics cases 

 □ Missing mass spectroscopy of ASn(d,3He) reaction

Precision spectroscopy of deeply-bound π-atoms

Search for Double Gamow–Teller Giant Resonance (DGTGR)

Double β decay and Double Gamow–Teller transition 
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(Z, A) → (Z+2, A) + 2e- + 2νe 

                                   — observed in ~ 10 nuclides  

Double Gamow–Teller (DGT) :  
　　　　　　　　　ΔS=1x2,  ΔΤ=1x,2, ΔL=0

ν

ν

e−

e−

2νββ

GTGR

DGTGR
ββ decay : g.s. to g.s. – very tiny strength  

— only established DGT mode 
Double Gamow–Teller Giant Resonance  
(DGTGR)  
— collective excitation in DGT, Ex~ 20 MeV         

O̜Q
O̜Q

Not establised experimentally 

ββ decay

A. Sakaue et al.

 □ Missing mass spectroscopy of 48Ca(12C, 12Be(0+2)) reaction

 □ yet to be established experimentally

 □ provide information on 0νββ NME

 □ π-A strong interaction potential →  Chiral symmetry restoration
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Physics cases 

 □ Missing mass spectroscopy of ASn(d,3He) reaction

Precision spectroscopy of deeply-bound π-atoms

Search for Double Gamow–Teller Giant Resonance (DGTGR)

 □ yet to be established experimentally

 □ provide information on 0νββ NME

 □ π-A strong interaction potential →  Chiral symmetry restoration

High-resolution is a key requirement 
for both experiments
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 □ Missing mass spectroscopy of 48Ca(12C, 12Be(0+2)) reaction
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Simulation-based approach
3.3.SRC39
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 1.  Assume achromatic beam waist at EDC (electrostatic deflection channel) 

 2.  EDC to EBM exit (extraction bending magnet) transport by Runge–Kutta calculation

 3.  Design EBM exit to Target (F0) to fulfill dispersion-matching condition
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First experiments of π-atom in 2010 and 2014
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Simulation-based approach

 1.  Assume achromatic beam waist at EDC (electrostatic deflection channel) 

 2.  EDC to EBM exit (extraction bending magnet) transport by Runge–Kutta calculation

 3.  Design EBM exit to Target (F0) to fulfill dispersion-matching condition
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 1.  Assume achromatic beam waist at EDC (electrostatic deflection channel) 

 2.  EDC to EBM exit (extraction bending magnet) transport by Runge–Kutta calculation

 3.  Design EBM exit to Target (F0) to fulfill dispersion-matching condition
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π - 
121Sn excitation spectrum − pilot run in 2010 −

Takahiro Nishi, Kenta Itahashi, et al., 
Phys. Rev. Lett 120, 152505 (2018)

only 15 hours DAQ

First observation of angle-dependence 
of π-atom formation cross section
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π - 
121Sn excitation spectrum − pilot run in 2010 −

Takahiro Nishi, Kenta Itahashi, et al., 
Phys. Rev. Lett 120, 152505 (2018)

only 15 hours DAQ

First observation of angle-dependence 
of π-atom formation cross section

Achieved resolution :
 

               Total (FWHM) :  420 keV 
       ΔP beam contribution :  280 keV  

(X|δ) at F0 target ~ 24 mm/% (deduced)
             44 mm/% (designed for matching)

             

Dispersion matching condition :
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parabolic Ex dependence. The best resolution of 287 keV (full-width at 
half-maximum, FWHM) is obtained near Ex ≈ 138.5 MeV.

The formations of the 1s and 2p pionic atoms are observed as 
distinct peaks. Comparing the spectrum with the theoretical calcula-
tions in figs. 1 and 4 of ref. 37, we find fairly good agreement of the overall 
shape of the spectra, although the absolute 1s strength is smaller, as 
discussed in ref. 34. Among the configurations of the pion wavefunctions 
(nl)π and the neutron holes ШçâЩႼš

ç

, the largest strengths are from the 
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 states.
Figure 2a shows the θ dependence of the pionic atom formation 

cross-section. The ordinate is θ and the abscissa is Ex. The 1s formation 
cross-section peaks at θ = 0 and decreases for larger θ. In contrast, the 
2p cross-section increases for larger θ.

In Fig. 2b, the experimental spectrum in the region indicated by the 
arrows has been fitted by a linear background and theoretical spectra 
in the same manner as in ref. 34. The fitting parameters are the 1s and 
2p binding energies (Bπ), widths (Γπ), and the formation cross-sections 
and the linear background. Each contribution of a pionic state and a 
neutron–hole state is given by a Voigt function with the Lorentzian 
width of the pionic level and the Gaussian width of the experimental 
resolution. Theoretical results of the effective number approach in ref. 
37 are used for the relative strengths of the neutron–hole contributions 
after incorporating the recently measured values with the errors in the 
spectroscopic factors of the neutron–hole states38. The grey curve is 
the fitting result, with the (1s)π spectrum shown as the red curve, (2p)π 

as the blue curve, higher orbitals as the dashed green curve, and a lin-
ear background. The fitting χ2 and the number of degrees of freedom 
(n.d.f.) are 231.3 and 108, respectively.

Table 1 summarizes the deduced Bπ and Γπ with statistical and 
systematic errors. We also evaluated the differences for the 1s and 2p 
values, because a part of the systematic errors is common to the 1s and 
2p values. Taking the differences we achieve much better accuracy for 
Bπ(1s) − Bπ(2p). We briefly discuss the evaluated systematic errors in 
the Methods.

Pion–nucleus interaction
Next we discuss the deduction of the π−–nucleus potential parameters. 
We calculated the binding energies and widths for a set of potential 
parameters and compared them with our observables, Bπ and Γπ. We 
evaluated the likelihood, defined as the differences between the calcu-
lated values and the observables, to determine the best-fit parameters 
in a statistical manner. High-quality information about the 1s and 2p 
bound states in Sn nuclei was used simultaneously. To focus on the 
isovector parameters and set constraints on isoscalar parameters b0 
and ReB0, we introduced data for the light spherical nuclei of 16O, 20Ne 
and 28Si (ref. 23), for which the nuclear distributions fulfil the condition 
ρp(r) = ρn(r). Note that the isovector parameter is barely affected by the 
data for these spherical nuclei.

In the analysis, we carefully examined the Ericson–Ericson formu-
lation of the optical potential22 and made an update based on consid-
erations of the π− absorption processes in the nuclear medium. We used 
ШŤФţЩШŇ
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Ш÷ЩЩ instead of the conventional ρ2(r) as the absorp-
tion term to take into account the dominance of the π− absorption by 
two protons or by a pair of a neutron and a proton. We applied the 
Lorentz–Lorenz parameter ξ = 1 for the short-range correlations of 
nucleons following the analysis of ref. 39 and made a comparison with 
the case using ξ = 0. We fixed the p-wave parameters to the ‘Global 2’ 
parameters shown in table 2 of ref. 39.

For evaluation of ρn(r) of 121Sn, we used recent systematic data of 
the proton elastic scattering reaction. In previous studies, large ambi-
guities were observed in ρn(r), as discussed in refs. 19,24. There, simple 
two-parameter Fermi models40 were applied assuming skin-type and 
halo-type distributions. In our work we adopted the high-precision data 
measured at RCNP (Osaka University) in ref. 41, interpolated between 
120Sn and 122Sn nuclei, to obtain ρn(r) for the 121Sn nucleus. Using this pro-
cedure, we achieved remarkably small uncertainties in ρn(r). For ρp(r) 
we used the data from electron scattering experiments42. We calculated 
the overlap between the nuclear density and the pionic wavefunctions. 
The overlap surges near the nuclear surface with a maximum at the 
effective density ρe = 0.58ρc = 0.098 fm−3. The interaction parameters, 
determined by the fit, represent the values at ρe.

We have taken into account residual interactions between the pion 
and the nucleus with a neutron–hole to evaluate the effect of diagonali-
zation of the whole Hamiltonian of the isolated quantum object, the 
pion–nucleus system. This effect was neglected in previous studies. 
The residual interactions were introduced in the present analysis as 
corrections evaluated in the same way as in ref. 43. Numerical evalu-
ations of the formation cross-sections by Green’s function method37 
and the effective number method44 were compared and the differences 
also taken into account.

Table 2 summarizes the results of the above state-of-the-art analy-
ses. These methods and improvements are directly compared with 
‘classical’ approaches from earlier publications19. The largest differ-
ences are found in the adoption of the measured neutron density dis-
tributions (denoted as Osaka). In total, we find b1 shifted substantially 
by ŠМŠŢššæႼš

ņ

, where mπ = 139.57 MeV c−2 is the pion mass. This shift must 
be kept in mind for comparison with the earlier publications.

We have thus deduced the optical potential parameters by a likeli-
hood fitting of the values of Bπ(1s) − Bπ(2p), Bπ(1s), Γπ(1s) and Γπ(2p) as 
observables. For the cancellation of systematic errors, this combination 
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Fig. 2 | Measured spectra. a, Scattering angle (θ) dependence of the double 
differential cross-section. b, Measured excitation spectrum of the (d, 3He) 
reaction for scattering angle < 1.5 degrees. The tiny vertical bars show the 
statistical errors (σ). The most prominent peak near Ex ≈ 135.7 MeV is assigned 
to formation of pionic 121Sn atoms in the (1s)π state and a smaller peak near 
Ex ≈ 137.3 MeV to the (2p)π state. The pion emission threshold is shown by the 
vertical black line. As shown by the grey curve, we have fitted the spectrum 
in the Ex region indicated by the arrows and the grey masks using Bπ, Γπ, and 
the cross-sections of the (1s)π and (2p)π states and a linear background as the 
free parameters. The contributions from the pionic 1s, 2p and other states are 
decomposed and shown by the red, blue and green (dashed) curves, respectively.

threshold
π-emission

0°−1.5°

T. Nishi, K. Itahashi, et al., 
Nature Phys. 19, 788 (2023).
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121Sn excitation spectrum − Experiment in 2014 −

1s and 2p states observed
simultaneously 

with high-statistics
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parabolic Ex dependence. The best resolution of 287 keV (full-width at 
half-maximum, FWHM) is obtained near Ex ≈ 138.5 MeV.

The formations of the 1s and 2p pionic atoms are observed as 
distinct peaks. Comparing the spectrum with the theoretical calcula-
tions in figs. 1 and 4 of ref. 37, we find fairly good agreement of the overall 
shape of the spectra, although the absolute 1s strength is smaller, as 
discussed in ref. 34. Among the configurations of the pion wavefunctions 
(nl)π and the neutron holes ШçâЩႼš

ç

, the largest strengths are from the 
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Figure 2a shows the θ dependence of the pionic atom formation 

cross-section. The ordinate is θ and the abscissa is Ex. The 1s formation 
cross-section peaks at θ = 0 and decreases for larger θ. In contrast, the 
2p cross-section increases for larger θ.

In Fig. 2b, the experimental spectrum in the region indicated by the 
arrows has been fitted by a linear background and theoretical spectra 
in the same manner as in ref. 34. The fitting parameters are the 1s and 
2p binding energies (Bπ), widths (Γπ), and the formation cross-sections 
and the linear background. Each contribution of a pionic state and a 
neutron–hole state is given by a Voigt function with the Lorentzian 
width of the pionic level and the Gaussian width of the experimental 
resolution. Theoretical results of the effective number approach in ref. 
37 are used for the relative strengths of the neutron–hole contributions 
after incorporating the recently measured values with the errors in the 
spectroscopic factors of the neutron–hole states38. The grey curve is 
the fitting result, with the (1s)π spectrum shown as the red curve, (2p)π 

as the blue curve, higher orbitals as the dashed green curve, and a lin-
ear background. The fitting χ2 and the number of degrees of freedom 
(n.d.f.) are 231.3 and 108, respectively.

Table 1 summarizes the deduced Bπ and Γπ with statistical and 
systematic errors. We also evaluated the differences for the 1s and 2p 
values, because a part of the systematic errors is common to the 1s and 
2p values. Taking the differences we achieve much better accuracy for 
Bπ(1s) − Bπ(2p). We briefly discuss the evaluated systematic errors in 
the Methods.

Pion–nucleus interaction
Next we discuss the deduction of the π−–nucleus potential parameters. 
We calculated the binding energies and widths for a set of potential 
parameters and compared them with our observables, Bπ and Γπ. We 
evaluated the likelihood, defined as the differences between the calcu-
lated values and the observables, to determine the best-fit parameters 
in a statistical manner. High-quality information about the 1s and 2p 
bound states in Sn nuclei was used simultaneously. To focus on the 
isovector parameters and set constraints on isoscalar parameters b0 
and ReB0, we introduced data for the light spherical nuclei of 16O, 20Ne 
and 28Si (ref. 23), for which the nuclear distributions fulfil the condition 
ρp(r) = ρn(r). Note that the isovector parameter is barely affected by the 
data for these spherical nuclei.

In the analysis, we carefully examined the Ericson–Ericson formu-
lation of the optical potential22 and made an update based on consid-
erations of the π− absorption processes in the nuclear medium. We used 
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Ш÷ЩЩ instead of the conventional ρ2(r) as the absorp-
tion term to take into account the dominance of the π− absorption by 
two protons or by a pair of a neutron and a proton. We applied the 
Lorentz–Lorenz parameter ξ = 1 for the short-range correlations of 
nucleons following the analysis of ref. 39 and made a comparison with 
the case using ξ = 0. We fixed the p-wave parameters to the ‘Global 2’ 
parameters shown in table 2 of ref. 39.

For evaluation of ρn(r) of 121Sn, we used recent systematic data of 
the proton elastic scattering reaction. In previous studies, large ambi-
guities were observed in ρn(r), as discussed in refs. 19,24. There, simple 
two-parameter Fermi models40 were applied assuming skin-type and 
halo-type distributions. In our work we adopted the high-precision data 
measured at RCNP (Osaka University) in ref. 41, interpolated between 
120Sn and 122Sn nuclei, to obtain ρn(r) for the 121Sn nucleus. Using this pro-
cedure, we achieved remarkably small uncertainties in ρn(r). For ρp(r) 
we used the data from electron scattering experiments42. We calculated 
the overlap between the nuclear density and the pionic wavefunctions. 
The overlap surges near the nuclear surface with a maximum at the 
effective density ρe = 0.58ρc = 0.098 fm−3. The interaction parameters, 
determined by the fit, represent the values at ρe.

We have taken into account residual interactions between the pion 
and the nucleus with a neutron–hole to evaluate the effect of diagonali-
zation of the whole Hamiltonian of the isolated quantum object, the 
pion–nucleus system. This effect was neglected in previous studies. 
The residual interactions were introduced in the present analysis as 
corrections evaluated in the same way as in ref. 43. Numerical evalu-
ations of the formation cross-sections by Green’s function method37 
and the effective number method44 were compared and the differences 
also taken into account.

Table 2 summarizes the results of the above state-of-the-art analy-
ses. These methods and improvements are directly compared with 
‘classical’ approaches from earlier publications19. The largest differ-
ences are found in the adoption of the measured neutron density dis-
tributions (denoted as Osaka). In total, we find b1 shifted substantially 
by ŠМŠŢššæႼš

ņ

, where mπ = 139.57 MeV c−2 is the pion mass. This shift must 
be kept in mind for comparison with the earlier publications.

We have thus deduced the optical potential parameters by a likeli-
hood fitting of the values of Bπ(1s) − Bπ(2p), Bπ(1s), Γπ(1s) and Γπ(2p) as 
observables. For the cancellation of systematic errors, this combination 
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Fig. 2 | Measured spectra. a, Scattering angle (θ) dependence of the double 
differential cross-section. b, Measured excitation spectrum of the (d, 3He) 
reaction for scattering angle < 1.5 degrees. The tiny vertical bars show the 
statistical errors (σ). The most prominent peak near Ex ≈ 135.7 MeV is assigned 
to formation of pionic 121Sn atoms in the (1s)π state and a smaller peak near 
Ex ≈ 137.3 MeV to the (2p)π state. The pion emission threshold is shown by the 
vertical black line. As shown by the grey curve, we have fitted the spectrum 
in the Ex region indicated by the arrows and the grey masks using Bπ, Γπ, and 
the cross-sections of the (1s)π and (2p)π states and a linear background as the 
free parameters. The contributions from the pionic 1s, 2p and other states are 
decomposed and shown by the red, blue and green (dashed) curves, respectively.

threshold
π-emission

0°−1.5°

T. Nishi, K. Itahashi, et al., 
Nature Phys. 19, 788 (2023).
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Result: deduced chiral condensate
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parabolic Ex dependence. The best resolution of 287 keV (full-width at 
half-maximum, FWHM) is obtained near Ex ≈ 138.5 MeV.

The formations of the 1s and 2p pionic atoms are observed as 
distinct peaks. Comparing the spectrum with the theoretical calcula-
tions in figs. 1 and 4 of ref. 37, we find fairly good agreement of the overall 
shape of the spectra, although the absolute 1s strength is smaller, as 
discussed in ref. 34. Among the configurations of the pion wavefunctions 
(nl)π and the neutron holes ШçâЩႼš

ç

, the largest strengths are from the 
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 states.
Figure 2a shows the θ dependence of the pionic atom formation 

cross-section. The ordinate is θ and the abscissa is Ex. The 1s formation 
cross-section peaks at θ = 0 and decreases for larger θ. In contrast, the 
2p cross-section increases for larger θ.

In Fig. 2b, the experimental spectrum in the region indicated by the 
arrows has been fitted by a linear background and theoretical spectra 
in the same manner as in ref. 34. The fitting parameters are the 1s and 
2p binding energies (Bπ), widths (Γπ), and the formation cross-sections 
and the linear background. Each contribution of a pionic state and a 
neutron–hole state is given by a Voigt function with the Lorentzian 
width of the pionic level and the Gaussian width of the experimental 
resolution. Theoretical results of the effective number approach in ref. 
37 are used for the relative strengths of the neutron–hole contributions 
after incorporating the recently measured values with the errors in the 
spectroscopic factors of the neutron–hole states38. The grey curve is 
the fitting result, with the (1s)π spectrum shown as the red curve, (2p)π 

as the blue curve, higher orbitals as the dashed green curve, and a lin-
ear background. The fitting χ2 and the number of degrees of freedom 
(n.d.f.) are 231.3 and 108, respectively.

Table 1 summarizes the deduced Bπ and Γπ with statistical and 
systematic errors. We also evaluated the differences for the 1s and 2p 
values, because a part of the systematic errors is common to the 1s and 
2p values. Taking the differences we achieve much better accuracy for 
Bπ(1s) − Bπ(2p). We briefly discuss the evaluated systematic errors in 
the Methods.

Pion–nucleus interaction
Next we discuss the deduction of the π−–nucleus potential parameters. 
We calculated the binding energies and widths for a set of potential 
parameters and compared them with our observables, Bπ and Γπ. We 
evaluated the likelihood, defined as the differences between the calcu-
lated values and the observables, to determine the best-fit parameters 
in a statistical manner. High-quality information about the 1s and 2p 
bound states in Sn nuclei was used simultaneously. To focus on the 
isovector parameters and set constraints on isoscalar parameters b0 
and ReB0, we introduced data for the light spherical nuclei of 16O, 20Ne 
and 28Si (ref. 23), for which the nuclear distributions fulfil the condition 
ρp(r) = ρn(r). Note that the isovector parameter is barely affected by the 
data for these spherical nuclei.

In the analysis, we carefully examined the Ericson–Ericson formu-
lation of the optical potential22 and made an update based on consid-
erations of the π− absorption processes in the nuclear medium. We used 
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Ш÷ЩЩ instead of the conventional ρ2(r) as the absorp-
tion term to take into account the dominance of the π− absorption by 
two protons or by a pair of a neutron and a proton. We applied the 
Lorentz–Lorenz parameter ξ = 1 for the short-range correlations of 
nucleons following the analysis of ref. 39 and made a comparison with 
the case using ξ = 0. We fixed the p-wave parameters to the ‘Global 2’ 
parameters shown in table 2 of ref. 39.

For evaluation of ρn(r) of 121Sn, we used recent systematic data of 
the proton elastic scattering reaction. In previous studies, large ambi-
guities were observed in ρn(r), as discussed in refs. 19,24. There, simple 
two-parameter Fermi models40 were applied assuming skin-type and 
halo-type distributions. In our work we adopted the high-precision data 
measured at RCNP (Osaka University) in ref. 41, interpolated between 
120Sn and 122Sn nuclei, to obtain ρn(r) for the 121Sn nucleus. Using this pro-
cedure, we achieved remarkably small uncertainties in ρn(r). For ρp(r) 
we used the data from electron scattering experiments42. We calculated 
the overlap between the nuclear density and the pionic wavefunctions. 
The overlap surges near the nuclear surface with a maximum at the 
effective density ρe = 0.58ρc = 0.098 fm−3. The interaction parameters, 
determined by the fit, represent the values at ρe.

We have taken into account residual interactions between the pion 
and the nucleus with a neutron–hole to evaluate the effect of diagonali-
zation of the whole Hamiltonian of the isolated quantum object, the 
pion–nucleus system. This effect was neglected in previous studies. 
The residual interactions were introduced in the present analysis as 
corrections evaluated in the same way as in ref. 43. Numerical evalu-
ations of the formation cross-sections by Green’s function method37 
and the effective number method44 were compared and the differences 
also taken into account.

Table 2 summarizes the results of the above state-of-the-art analy-
ses. These methods and improvements are directly compared with 
‘classical’ approaches from earlier publications19. The largest differ-
ences are found in the adoption of the measured neutron density dis-
tributions (denoted as Osaka). In total, we find b1 shifted substantially 
by ŠМŠŢššæႼš

ņ

, where mπ = 139.57 MeV c−2 is the pion mass. This shift must 
be kept in mind for comparison with the earlier publications.

We have thus deduced the optical potential parameters by a likeli-
hood fitting of the values of Bπ(1s) − Bπ(2p), Bπ(1s), Γπ(1s) and Γπ(2p) as 
observables. For the cancellation of systematic errors, this combination 
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Fig. 2 | Measured spectra. a, Scattering angle (θ) dependence of the double 
differential cross-section. b, Measured excitation spectrum of the (d, 3He) 
reaction for scattering angle < 1.5 degrees. The tiny vertical bars show the 
statistical errors (σ). The most prominent peak near Ex ≈ 135.7 MeV is assigned 
to formation of pionic 121Sn atoms in the (1s)π state and a smaller peak near 
Ex ≈ 137.3 MeV to the (2p)π state. The pion emission threshold is shown by the 
vertical black line. As shown by the grey curve, we have fitted the spectrum 
in the Ex region indicated by the arrows and the grey masks using Bπ, Γπ, and 
the cross-sections of the (1s)π and (2p)π states and a linear background as the 
free parameters. The contributions from the pionic 1s, 2p and other states are 
decomposed and shown by the red, blue and green (dashed) curves, respectively.
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π-emission
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Achieved resolution :
 

               Total (FWHM) :  290 keV 
       ΔP beam contribution :  220 keV  

(X|δ) at F0 target ~ 28 mm/% (deduced)
              44 mm/% (for matching)

             

Dispersion matching condition :

→ Dispersion matching partially achieved in the first experiments

saturation density ρs

chiral
symmetry

broken

restored

Estimation of dispersion from accelerator seems to have uncertainties

Next : 

6



Redesign ion optics of beam transfer line

SRC
F0 target

beam transfer line
EBM (exit)

T11

X 
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]

Y

100  

Y 
[m

m
]

100

beam

◇ aim at T11 achromatic focus / waist

◇ use EBM (exit) - T11 section to compensate
   uncertainty from SRC beam phase space

◇ T11 - F0 section to produce desired dispersion
      * (X|δ) = 0 (for tuning)
      * (X|δ) = 34 mm/% (for C=1.00, DGTGR)
      * (X|δ) = 44 mm/% (for C=1.31, π-atom)

 ◇ Straightforward adjustment of dispersion and resolution at F0 
 ◇ Dispersion tuning  and  (X & Y) tuning can be decoupled
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Next approach :  Trace-back method

SRC

F5

F7

BigRIPS

beam transfer line
EBM (exit)

T11

F3

Measurement-based approach

◇ Measurement and tuning of beam at upstream beam transfer line are needed

◇ Use data of downstream focal planes to deduce F0 and T11 phase space

2x PPAC

2x PPAC

2x PPAC

achromatic

F0 target

F0 and T11 (X, A, Y, B)
δbeam

F3 
F5 and F7 

dispersive

8

achromatic



◇ BigRIPS optics tuning and matrix measurements

◇ T11-F0 achromatic optics tuning and matrix measurements

Test of trace-back method with 18O beam in 2018

◇ T11-trace-back method to deduce primary beam phase space at T11 

9



◇ BigRIPS optics tuning and matrix measurements

Test of trace-back method with 18O beam in 2018

◇ T11-trace-back method to deduce primary beam phase space at T11 

トレース法の評価 8 

トレースバックが機能している! 
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T11 dispersion estimation

◇ T11-F0 achromatic optics tuning and matrix measurements
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S. Y. Matsumoto

Method works ! 
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 Demonstration of dispersion matching by ΔE spectroscopy 

Test of trace-back method with 18O beam in 2018

◇ ΔE measurement of Al 75 μm at F0 target 
◇ C = 1.00 → (X|δ)SRC-F0 = 34 mm/% is required  

分散整合の効果 16 

反応Q値をF0標的でのエネルギー損失に置き換えて分解能を評価 
Resolving Power ~ 7300 

 

 

F0 : Dispersive F0 : Achromatic 

w/o target @ F0 
Al 75 μm @ F0 
Δ𝐸  =  4.2 MeV 
𝛿𝑄 = 5.6×10-2 % 

Without dispersion matching
           (X|δ)SRC-F0 = 0

With dispersion matching
  (X|δ)SRC-F0  ~  34 mm/%分散整合の効果 16 

反応Q値をF0標的でのエネルギー損失に置き換えて分解能を評価 
Resolving Power ~ 7300 

 

 

F0 : Dispersive F0 : Achromatic 

w/o target @ F0 
Al 75 μm @ F0 
Δ𝐸  =  4.2 MeV 
𝛿𝑄 = 5.6×10-2 % 

Corresponding resolving power P/ΔPFWHM  ~ 3100
S. Y. Matsumoto et al., 
RIKEN Accel. Prog. Rep. 52 (2019) 135

10

with / without  
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DGTGR and π-atom experiments in 2021

12C beam @ 250MeV/u 
(DGTGR, 2021 May)
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DGTGR and π-atom experiments in 2021

d beam @ 250MeV/u
(π-atom, 2021 June)

12C beam @ 250MeV/u 
(DGTGR, 2021 May)
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DGTGR and π-atom experiments in 2021

d beam @ 250MeV/u
(π-atom, 2021 June)

12C beam @ 250MeV/u 
(DGTGR, 2021 May)

Trace-back +
 T11→EBM matrix
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◇ Different dispersion curves at SRC exit were observed for different beams ! 

T11EBM (exit) F0 target

◇ For each experiment, T11 was tuned to be achromatic, and F0 with desired dispersion
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DGTGR and π-atom experiments in 2021
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Figure 2.7: Position spread of the beam in the horizontal direction measured at F5, which
corresponds to the beam energy spread.
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Figure 2.8: Position spread of the beam in the horizontal direction measured at F5, with
dispersion matching (red) and without dispersion matching (blue).

F3y = (y|y)F0→F3 ·F0y, F3a = (a|a)F0→F3 ·F0a, and F3b = (b|b)F0→F3 ·F0b. Thus the image
at F0 was obtained as F0x =F3x/(x|x)F0→F3, F0y =F3y/(y|y)F0→F3, F0a =F3a/(a|a)F0→F3,
and F0b =F3b/(b|b)F0→F3. The obtained images at F0 are shown in Fig. 2.9. The spatial
spreads of the beam was evaluated as 5 mm(horizontal)×5 mm(vertical). The angular
spreads were ∆θlab = 0.15◦ (in σ) in horizontal and ∆θlab = 0.16◦ (in σ) in vertical. The
small angular spread is essential for the extraction of the DGT components, as described
in Sec. 4.4. The present angular spread fulfill the requirement since they correspond to
those in center of mass frame ∆θCM = 0.20◦ (in σ) in horizontal and ∆θCM = 0.22◦ (in σ)
in vertical.

22

◇ Excitation energy resolution (FWHM) ~ 1.5 MeV
◇ Corresponding resolving power P/ΔPFWHM  ~ 3600

Calibration with single- 
charge exchange reaction

12C beam @ 250MeV/u 
(DGTGR, 2021 May)

A. Sakaue, PhD thesis, 
Kyoto Univ.(2025)
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DGTGR and π-atom experiments in 2021

d beam @ 250MeV/u
(π-atom, 2021 June)

X at F0 

CH2 

122Sn

    122Sn(d,3He) setting

    H(d,3He)π0 setting

13 mm

Target ladder

CH2 at center

Target ladder
122Sn at center

Evidence of dispersion matching 

Effects of shifted X and δ of the beam at F0 compensate !

S. Y. Matsumoto
HIN2025
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DGTGR and π-atom experiments in 2021

d beam @ 250MeV/u
(π-atom, 2021 June)

Preliminary

Nature Physics

Article https://doi.org/10.1038/s41567-023-02001-x

parabolic Ex dependence. The best resolution of 287 keV (full-width at 
half-maximum, FWHM) is obtained near Ex ≈ 138.5 MeV.

The formations of the 1s and 2p pionic atoms are observed as 
distinct peaks. Comparing the spectrum with the theoretical calcula-
tions in figs. 1 and 4 of ref. 37, we find fairly good agreement of the overall 
shape of the spectra, although the absolute 1s strength is smaller, as 
discussed in ref. 34. Among the configurations of the pion wavefunctions 
(nl)π and the neutron holes ШçâЩႼš

ç

, the largest strengths are from the 
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 states.
Figure 2a shows the θ dependence of the pionic atom formation 

cross-section. The ordinate is θ and the abscissa is Ex. The 1s formation 
cross-section peaks at θ = 0 and decreases for larger θ. In contrast, the 
2p cross-section increases for larger θ.

In Fig. 2b, the experimental spectrum in the region indicated by the 
arrows has been fitted by a linear background and theoretical spectra 
in the same manner as in ref. 34. The fitting parameters are the 1s and 
2p binding energies (Bπ), widths (Γπ), and the formation cross-sections 
and the linear background. Each contribution of a pionic state and a 
neutron–hole state is given by a Voigt function with the Lorentzian 
width of the pionic level and the Gaussian width of the experimental 
resolution. Theoretical results of the effective number approach in ref. 
37 are used for the relative strengths of the neutron–hole contributions 
after incorporating the recently measured values with the errors in the 
spectroscopic factors of the neutron–hole states38. The grey curve is 
the fitting result, with the (1s)π spectrum shown as the red curve, (2p)π 

as the blue curve, higher orbitals as the dashed green curve, and a lin-
ear background. The fitting χ2 and the number of degrees of freedom 
(n.d.f.) are 231.3 and 108, respectively.

Table 1 summarizes the deduced Bπ and Γπ with statistical and 
systematic errors. We also evaluated the differences for the 1s and 2p 
values, because a part of the systematic errors is common to the 1s and 
2p values. Taking the differences we achieve much better accuracy for 
Bπ(1s) − Bπ(2p). We briefly discuss the evaluated systematic errors in 
the Methods.

Pion–nucleus interaction
Next we discuss the deduction of the π−–nucleus potential parameters. 
We calculated the binding energies and widths for a set of potential 
parameters and compared them with our observables, Bπ and Γπ. We 
evaluated the likelihood, defined as the differences between the calcu-
lated values and the observables, to determine the best-fit parameters 
in a statistical manner. High-quality information about the 1s and 2p 
bound states in Sn nuclei was used simultaneously. To focus on the 
isovector parameters and set constraints on isoscalar parameters b0 
and ReB0, we introduced data for the light spherical nuclei of 16O, 20Ne 
and 28Si (ref. 23), for which the nuclear distributions fulfil the condition 
ρp(r) = ρn(r). Note that the isovector parameter is barely affected by the 
data for these spherical nuclei.

In the analysis, we carefully examined the Ericson–Ericson formu-
lation of the optical potential22 and made an update based on consid-
erations of the π− absorption processes in the nuclear medium. We used 
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Ш÷ЩЩ instead of the conventional ρ2(r) as the absorp-
tion term to take into account the dominance of the π− absorption by 
two protons or by a pair of a neutron and a proton. We applied the 
Lorentz–Lorenz parameter ξ = 1 for the short-range correlations of 
nucleons following the analysis of ref. 39 and made a comparison with 
the case using ξ = 0. We fixed the p-wave parameters to the ‘Global 2’ 
parameters shown in table 2 of ref. 39.

For evaluation of ρn(r) of 121Sn, we used recent systematic data of 
the proton elastic scattering reaction. In previous studies, large ambi-
guities were observed in ρn(r), as discussed in refs. 19,24. There, simple 
two-parameter Fermi models40 were applied assuming skin-type and 
halo-type distributions. In our work we adopted the high-precision data 
measured at RCNP (Osaka University) in ref. 41, interpolated between 
120Sn and 122Sn nuclei, to obtain ρn(r) for the 121Sn nucleus. Using this pro-
cedure, we achieved remarkably small uncertainties in ρn(r). For ρp(r) 
we used the data from electron scattering experiments42. We calculated 
the overlap between the nuclear density and the pionic wavefunctions. 
The overlap surges near the nuclear surface with a maximum at the 
effective density ρe = 0.58ρc = 0.098 fm−3. The interaction parameters, 
determined by the fit, represent the values at ρe.

We have taken into account residual interactions between the pion 
and the nucleus with a neutron–hole to evaluate the effect of diagonali-
zation of the whole Hamiltonian of the isolated quantum object, the 
pion–nucleus system. This effect was neglected in previous studies. 
The residual interactions were introduced in the present analysis as 
corrections evaluated in the same way as in ref. 43. Numerical evalu-
ations of the formation cross-sections by Green’s function method37 
and the effective number method44 were compared and the differences 
also taken into account.

Table 2 summarizes the results of the above state-of-the-art analy-
ses. These methods and improvements are directly compared with 
‘classical’ approaches from earlier publications19. The largest differ-
ences are found in the adoption of the measured neutron density dis-
tributions (denoted as Osaka). In total, we find b1 shifted substantially 
by ŠМŠŢššæႼš

ņ

, where mπ = 139.57 MeV c−2 is the pion mass. This shift must 
be kept in mind for comparison with the earlier publications.

We have thus deduced the optical potential parameters by a likeli-
hood fitting of the values of Bπ(1s) − Bπ(2p), Bπ(1s), Γπ(1s) and Γπ(2p) as 
observables. For the cancellation of systematic errors, this combination 
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Fig. 2 | Measured spectra. a, Scattering angle (θ) dependence of the double 
differential cross-section. b, Measured excitation spectrum of the (d, 3He) 
reaction for scattering angle < 1.5 degrees. The tiny vertical bars show the 
statistical errors (σ). The most prominent peak near Ex ≈ 135.7 MeV is assigned 
to formation of pionic 121Sn atoms in the (1s)π state and a smaller peak near 
Ex ≈ 137.3 MeV to the (2p)π state. The pion emission threshold is shown by the 
vertical black line. As shown by the grey curve, we have fitted the spectrum 
in the Ex region indicated by the arrows and the grey masks using Bπ, Γπ, and 
the cross-sections of the (1s)π and (2p)π states and a linear background as the 
free parameters. The contributions from the pionic 1s, 2p and other states are 
decomposed and shown by the red, blue and green (dashed) curves, respectively.
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◇ Narrower peaks and more sub-components are observed !
◇ Detailed analysis is in progress
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Summary and future prospects

□ We have developed dispersion-matched SRC + BigRIPS ion optics for
   precision missing-mass spectroscopy with reactions using primary beams.
   We established its tuning procedure with a trace-back method.

□ Two experiments have been successfully performed in 2021 :           

■  Spectroscopy of deeply-bound pionic atoms with ASn(d,3He) reaction

■  Study of double Gamow-Teller giant resonances with 48Ca(12C, 12Be(0+2)) reaction

□ For the future, we will continue application of the dispersion-matching method
   to further studies of π-atom and DGTGR.
           e.g., DGTGR with 136Xe target, 
                 π-atom with Z=50, 54 isotope, N=82 isotone 

□ We are also developing π-atom spectroscopy in inverse kinematics

   ■  ∂Eex/∂Pbeam ~ 0 due to kinematics

   ■  Explore possibilities of producing variety of pionic atoms 
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