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Ichimura-san made a significant contribution to nuclear physics, especially: 

Solve the spin-isospin problems such as


• Quenching of Gamow-Teller strength


• Enhancement of spin-longitudinal π-mode


Give a unified understanding of spin-isospin  
responses in wide (q,ω) region
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Abstract

Recent progress in the study of spin–isospin responses by charge exchange (p, n) and (n, p) reactions
at 300–500 MeV is reviewed with special emphases on quenching of the total Gamow–Teller (GT) strength
at a momentum transfer q = 0 fm"1 and enhancement of the spin-longitudinal (pionic) response in
quasielastic scattering (QES) at q # 1.7 fm"1. This progress has been made possible by the development
of experimental techniques such as polarization transfer measurements for (p, n) reactions and quasi-
monochromatic neutron beam production for (n, p) measurements. Currently operating ( $p, $n) and (n, p)
facilities are described.
We present a detailed method of multipole decomposition analysis to extract GT strengths from the

continuum spectra of the 90Zr(p, n) and (n, p) reactions. From the obtained GT strength distributions,
a quenching factor Q with respect to the GT sum rule value of 3(N " Z) can be derived. We also
describe a method to obtain the polarized cross section I Di for the QES region from a complete set of
polarization transfer coefficients Dij for the ( $p, $n) reaction. The peak position of the GT giant resonance,
the quenching factor Q, and the spin-longitudinal cross section I Dq are used to estimate the values for
the Landau–Migdal parameters, giving g%

NN = 0.6–0.7 and g%
N! = 0.2–0.4, which are appropriate for

the wide range q # 0–1.7 fm"1. This small g%
N! value leads to a large increase in pionic attraction in a

large momentum transfer region. One possible consequence of this is a reduction of the critical density of
pion condensation, which is briefly touched upon. Another consequence is precursor phenomena of pion
condensation in the normal nuclear density which appear in the enhancement of I Dq .
Basic theoretical elements, including the ! isobar degrees of freedom for analyzing experimental data,

are described. Treatments of the continuum in reactions as well as in nuclear structure are emphasized. The
framework of the distorted wave impulse approximation as well as two-step processes using the response
functions in the continuum random phase approximation is described.
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GT and pionic spin-longitudinal response

Recent progress for unstable nuclei



GT Response Function RGT(ω)
Gamow-Teller (GT) transition operator 

• Nucleon (N) space


 


• Extend to N+Δ space


 


GT response function
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Fig. 5. Process-decomposed response functions. The solid lines denote particles or holes and the double lines denote
!s. The wavy lines represent external fields.

We define the spin–isospin response functions associated with NN and N! transitions as

R!"
#,ba(q

!, q,$) = 1
2JA + 1

!

0

!

n
""0|O!!

#,b(q
!)|"n#""n |O"

#,a(q)|"0#%($ $ (En $ E0)),

(3.2)

where " and ! are N or !, JA is the ground state spin, and the summation #0 is over the
spin substates of the ground states if the ground state spin is not zero, such as for a deuteron.
Since neither the momentum q nor the spin directions a are conserved in finite nuclei, the
response functions are non-diagonal with respect to these quantities in general, though they
should be diagonal with respect to # due to charge conservation. The response functions are
diagrammatically depicted in Fig. 5.
In terms of Eq. (3.2), the response functions of Eqs. (2.9), (2.14a) and (2.14b) can be written

as
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In practical calculations for finite nuclei we use the response functions in coordinate space
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with the transition operators in the coordinate representation

ON#a(r) =
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k=1
'k,#(k,a%(r$ rk), O!

#a(r) =
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k=1
Tk,#Sk,a%(r$ rk). (3.5)

Hereafter we omit 1
2JA+1

"
0 for simplicity.

※ q=q’=0  and  ω～0  for  GT  transition

spin operator from N to Δ

isospin operator from N to Δ



Pionic (Spin-Longitudinal) Response Function

Isovector spin-longitudinal transition operator 

Isovector spin-longitudinal  response function 

• Representing πNN and πNΔ coupling
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Fig. 5. Process-decomposed response functions. The solid lines denote particles or holes and the double lines denote
!s. The wavy lines represent external fields.

We define the spin–isospin response functions associated with NN and N! transitions as

R!"
#,ba(q

!, q,$) = 1
2JA + 1

!

0

!

n
""0|O!!

#,b(q
!)|"n#""n |O"

#,a(q)|"0#%($ $ (En $ E0)),

(3.2)

where " and ! are N or !, JA is the ground state spin, and the summation #0 is over the
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Since neither the momentum q nor the spin directions a are conserved in finite nuclei, the
response functions are non-diagonal with respect to these quantities in general, though they
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※ q～q’～1.7 fm-1  and  ω～q2/2mN  for  quasi-elastic scattering



Contrastive Phenomena
Why Ichimura-san and we are especially interested in RGT and RL ? 

• They show very contrastive phenomena


Quenching of RGT


• GT resonance (GTR) region


Enhancement of RL


• Quasi-elastic scattering (QES) region



IAS

Quenching of GT Transition I

Tp = 200 MeV
GTR

GTR

GTR

C. Gaarde, Nucl. Phys. A 369, 258 (1981). R.R.Doering et al., Phys. Rev. lett. 35, 1691 (1975).

Tp = 45 MeV

90Zr

Delay of GT β- decays (1950s～) 

• Core polarization (first-order config. mixing)

• RPA-type additional terms


• Collective states such as IAS and GTR

486 M. Ichimura et al. / Progress in Particle and Nuclear Physics 56 (2006) 446–531

Fig. 15. Illustration of core polarization mechanisms. (a) Impulse term. (b) Original core polarization mechanism (first-
order configuration mixing). (c) RPA-type additional terms, included in the core polarization mechanism. The effective
interactions are denoted by dotted lines.

6. Quenching of spin–isospin responses

In Section 2, we gave an overviewof the delay of allowed !-decays, the GTGR, and quenching
of total GT strength in connection with quenching phenomena of spin–isospin nuclear responses.
Here we briefly review theoretical treatments of these phenomena, with emphasis on simple
models such as separable interaction models and contact interaction models, to give a basic
understanding of the theories. A comprehensive review of theoretical approaches to these issues
can be found in the excellent reports by Arima et al. [5], Towner [6], and Osterfeld [7]. Detailed
theoretical calculations will be given in Section 7.

6.1. Quenching mechanisms of spin–isospin responses in the static limit

Quenching of spin–isospin responses in the static limit (" ! 0) has been observed in GT-type
!-decays and magnetic moments. Various origins for this quenching have been proposed, the
main mechanisms of which are explained here.

Core polarization
A mechanism called “first-order configuration mixing” was proposed in 1953–4 [117–120]

for magnetic moments, but which also works for !-decays.
Let us take allowed !-decays of odd nuclei as an example. The leading process is the direct

interaction of the last odd nucleon with the Fermi or GT weak field, as shown in Fig. 15(a).
Taking into account only this process in a calculation is called the impulse approximation, which
gives the single-particle value. The next-order processes are those in which the last odd nucleon
couples with a specific ph excitation through a residual interaction and the ph pair couples
with the weak field, as shown in Fig. 15(b). This is called first-order configuration mixing or
“core polarization”. For Fermi or GT transitions, the ph pair should be formed by the spin–orbit
partners.
The mechanism of core polarization was extended to include the coupling with ph pairs that

develop into a collective state, as is shown in Fig. 15(c). The collective state is nothing but the IAS
or GTGR in the case of the Fermi or GT !-decays. This is a leading mechanism for inducing
significant quenching. We note that full shell model calculations with all relevant spin–orbit
partners automatically include this mechanism [121].

Impulse  
term

Core  
polarization

RPA-type  
add. terms



Quenching of GT Transition II
Extraction of RGT (B(GT)) from (p,n) and (n,p) reactions 

 


GT total strength 

 


GT sum rule  

 


• Model independent in the nucleon space 

GT quenching factor  

 


• If nucleus is made by nucleons, Q=1.

Up to GTR (≦20 MeV), Q=0.5-0.6

About 40% strength is missing

C. Gaarde, Nucl. Phys. A 396, 127c (1983).



Origin of Quenching of Total GT Strength
Quark-degree (Δ-isobar) effect 

Coupling between p-h and Δ-h is large (strong repulsion) 
• Significant GT strengths move to Δ region (ω～300 MeV)


• GTR strength is quenched


Configuration mixing effect 
2nd-order config. mixing is effective for all nuclei


• M.Ichimura and K.Yazaki, NP 63, 401 (1965). 

• H.A.Mavromatis, L.Zamick, G.E.Brown, NP 80, 545 (1966). 

• K.Shimizu, M.Ichimura, A.Arima, NPA 226, 282 (1974). 

• I.S.Towner, F.C.Khanna, PRL 42, 51 (1979). 
• I.S.Towner, PR 155, 264 (1987). 
• A.Arima et al., Adv. NP, 18, 1 (1987). 

Coupling between p-h and Δ-h is small (weak repulsion) 
• Strength-shift to Δ region is small

• GTR strength is quenched by configuration mixing

p-h

～10 MeV ～300 MeV

Strength

E

GR
Quenching

～ ～

Δ-h

～10 MeV ～40 MeV

Strength

E

GR
Quenching

2p-2hp-h
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Fig. 16. Direct terms in second-order configuration mixing.

Table 3
Relative deviation of !!" " from the single-particle values due to second-order configuration mixing (2nd conf.)

!!!" "/!!" " (%)

A(state) Experiment 2nd conf. [125] 2nd conf. [126]

15(0p1/2) #13.2 #15.7 #18.9
17(0d5/2) #13.8 #11.9 #13.9
39(0d3/2) #33.7 #21.0 #25.0
41(0 f7/2) #26.3 #14.8 #17.1

Second-order configuration mixing
In LS doubly closed shell nuclei, ph modes of spin–orbit partners do not exist and thus

the above core polarization effects vanish. However, measured B(GT) of LS closed shell plus
or minus one nucleon nuclei are appreciably quenched, as is seen in Table 3. To explain
this, second-order perturbation calculations were carried out by Ichimura and Yazaki [122]
and Mavromatis, Zamick, and Brown [123,124]. Later, an extensive calculation by Shimizu,
Ichimura, and Arima [125] demonstrated that contributions from highly excited states give rise
to large effects, especially due to the tensor interaction. Fig. 16 displays the diagrams of the direct
terms in the second-order calculations (see Fig. 5 of Ref. [125] for full diagrams of the second-
order configuration mixing). To avoid complexity, exchange terms and normalization terms are
not shown. Some results [125] are shown in Table 3. This mechanism is called second-order
configuration mixing and is known to be effective not only for LS closed core nuclei, but for all
nuclei [5,6].

Other mechanisms
Exchange currents including the ! currents [127] and second-order perturbation

with exchange currents are known to be appreciable, especially for magnetic moments.
Comprehensive and consistent calculations including all above mechanisms were carried out
by Towner and Khanna [126] and Towner [6] (see also Arima et al. [5]). The effects of! will be
discussed in Section 6.3.
Deformation and pairing correlation also have appreciable effects on B(GT), especially for

medium and heavy nuclei (see for instance Section 5.3 of Ref. [128]). However, we do not discuss
such specific subjects of low-lying states in this paper.

6.2. GTGR and the LM parameter g$
NN

We next discuss the theoretical treatments of GTGR. In this subsection we illustrate the
relation between the excitation energy "GT of GTGR and the LM parameter g$

NN in the nucleon
space, using simple models. The quenching problem will be discussed in the next subsection.

2nd-order configuration mixing



Dominance of Nuclear Configuration Mixing
Experimental results (MDA) support 
dominance of nuclear configuration mixing 

• Significant GT strength up to 70 MeV
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Fig. 16. Direct terms in second-order configuration mixing.

Table 3
Relative deviation of !!" " from the single-particle values due to second-order configuration mixing (2nd conf.)

!!!" "/!!" " (%)

A(state) Experiment 2nd conf. [125] 2nd conf. [126]

15(0p1/2) #13.2 #15.7 #18.9
17(0d5/2) #13.8 #11.9 #13.9
39(0d3/2) #33.7 #21.0 #25.0
41(0 f7/2) #26.3 #14.8 #17.1

Second-order configuration mixing
In LS doubly closed shell nuclei, ph modes of spin–orbit partners do not exist and thus

the above core polarization effects vanish. However, measured B(GT) of LS closed shell plus
or minus one nucleon nuclei are appreciably quenched, as is seen in Table 3. To explain
this, second-order perturbation calculations were carried out by Ichimura and Yazaki [122]
and Mavromatis, Zamick, and Brown [123,124]. Later, an extensive calculation by Shimizu,
Ichimura, and Arima [125] demonstrated that contributions from highly excited states give rise
to large effects, especially due to the tensor interaction. Fig. 16 displays the diagrams of the direct
terms in the second-order calculations (see Fig. 5 of Ref. [125] for full diagrams of the second-
order configuration mixing). To avoid complexity, exchange terms and normalization terms are
not shown. Some results [125] are shown in Table 3. This mechanism is called second-order
configuration mixing and is known to be effective not only for LS closed core nuclei, but for all
nuclei [5,6].

Other mechanisms
Exchange currents including the ! currents [127] and second-order perturbation

with exchange currents are known to be appreciable, especially for magnetic moments.
Comprehensive and consistent calculations including all above mechanisms were carried out
by Towner and Khanna [126] and Towner [6] (see also Arima et al. [5]). The effects of! will be
discussed in Section 6.3.
Deformation and pairing correlation also have appreciable effects on B(GT), especially for

medium and heavy nuclei (see for instance Section 5.3 of Ref. [128]). However, we do not discuss
such specific subjects of low-lying states in this paper.

6.2. GTGR and the LM parameter g$
NN

We next discuss the theoretical treatments of GTGR. In this subsection we illustrate the
relation between the excitation energy "GT of GTGR and the LM parameter g$

NN in the nucleon
space, using simple models. The quenching problem will be discussed in the next subsection.

• TW et al.,  
Phys. Rev. C 55, 2909 (1997). 

• K. Yako, TW, et al.,  
Phys. Lett. B 615, 193 (2005). 

• M. Ichimura, H. Sakai, TW,  
Prog. Part. Nuc. Phys. 56, 446 (2006).



Enhancement of Pionic Response 
A precursor phenomenon of pion condensation 

Pionic (spin-longitudinal) response RL : Enhanced and softened

Rho-mesonic (spin-transverse) response RT : Quenched and hardened


• RL/RT ≫ 1 → Good signature of pion condensation precursor phenomena

Fermi gas model

RPA include Δ

π + ρ + g’ interaction

W.M.Alberico, M. Ericson, and A. Molinari,  
Nucl. Phys. A 379, 429 (1982).



Effective p-h and Δ-h interaction governed by OPEP develops pionic correlation.
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Fig. 5. Process-decomposed response functions. The solid lines denote particles or holes and the double lines denote
!s. The wavy lines represent external fields.

We define the spin–isospin response functions associated with NN and N! transitions as
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where " and ! are N or !, JA is the ground state spin, and the summation #0 is over the
spin substates of the ground states if the ground state spin is not zero, such as for a deuteron.
Since neither the momentum q nor the spin directions a are conserved in finite nuclei, the
response functions are non-diagonal with respect to these quantities in general, though they
should be diagonal with respect to # due to charge conservation. The response functions are
diagrammatically depicted in Fig. 5.
In terms of Eq. (3.2), the response functions of Eqs. (2.9), (2.14a) and (2.14b) can be written
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In practical calculations for finite nuclei we use the response functions in coordinate space
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Hereafter we omit 1
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0 for simplicity.

Origin of the Enhancement/Quenching

spin-longitudinal 
(π mode)

spin-transverse 
(ρ mode)

p-h interaction Δ-h interaction
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Fig. 5. Process-decomposed response functions. The solid lines denote particles or holes and the double lines denote
!s. The wavy lines represent external fields.
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M. Ichimura, H. Sakai, TW, PPNP 56, 446 (2006).

RL  
enhancement

GT  
quenching

GT  
energy

RT  
quenching



Experimental Spin-Response Ratio
Pb(p,p’) at Tp=500 MeV and q=1.75 fm-1  

Measure polarization transfer Dij → Separate I (cross section) into IDL and IDT

Use the proportionality relation between IDL (IDT) and RL (RT) 

• RL/RT ～ 1 → No evidence of theoretically expected enhancement

VOLUME 53, NUMBER 2 PHYSICAL REVIEW LETTERS 9 JULY 1984

RL(q)
2

R.(q)

0
0.0 0.5 1.0

q (fm ')
1.5 2.0 2.5

I
0 I I I I I I I I I I

0 20 40 60 80 100 120

u (Mev)

FIG. 2. Ratio of the response functions for Pb at 1.75
fm ' with use of Eq. (6). (a) r0-integrated values have
been used to form the ratio. The solid curve is the calcu-
lation of Ref. 21. The short dashed curve is a reduction
of the theoretical prediction due to surface effects. {b}
The calculations were performed with the model of Ref.
21. The solid curve is at full nuclear density; the dashed
curve at half nuclear density.

146

at this momentum transfer is not far from the
single-particle response. Our result is consistent
with this if we assume that R is also near the
single-particle value (a reasonable expectation since
this is far from the region of scalar giant resonances
in both q and ro). To compare with theory, we
present the data of Fig. 2 in terms of the ratio
RL/RT [values of SL r integrated over ta were used
in Eq. (6)]. This has the advantage of eliminating
much of the theoretical uncertainty associated with
the Fermi-gas (FG) treatment of continuum-spin
response functions; our conclusions would be al-
tered in no way by using RL, T/R of Eq. (5) instead.
It is clear that the data show no evidence of an
enhancement in the nuclear pion field. We will
now examine the implications of this result in the
understanding of the EMC effect.
High-energy lepton-nucleon scattering with low x

is dominated by the quark-antiquark sea. If we as-

sume that the sea can be represented as pions, the
value (F2"' —F2 )/F2n extrapolated to x = 0 is
roughly the fractional pion excess per nucleon in
Fe; the EMC value is —15%. The nuclear physics
which provides the surplus pions in the models of
Refs. 2-5 is an enhancement in RL in the momen-
tum range (2-3)m . Both nucleon-hole and delta
isobar-hole configurations are crucial in producing
this collective behavior.
The calculations of RL and RT by Alberico, Er-

icson, and Molinari (AEM) ' closely parallel those
described by Ericson and Thomas in their analysis
of the EMC effect. The ratio of integrated
responses calculated by AEM is compared to this
experiment in Fig. 2(a); there is clearly a substan-
tial discrepancy. In order to make a quantitative
statement about the disagreement, one needs to ac-
count for the fact that 500-MeV protons are some-
what surface localized (1/po. = 1.7 fm). To accom-
plish this we performed extensive intranuclear cas-
cade (INC) calculations22 to assess contributions of
real nuclear densities. Based on the most recent
N-N data, the calculations reproduce both the shape
and absolute magnitude of measured 500- and 800-
MeV p+Pb quasielastic-excitation cross sections
with no adjustable parameters. They directly pro-
vide a radial distribution for the probability of in-
teraction. While peaked near the Pb half-density ra-
dius, the distribution has a significant width with
half of all interactions at 0&,b=18.5' occurring in-
side this radius and 12% occurring inside the 90%-
density radius. This distribution was then numeri-
cally folded with AEM-type calculations of RI T
also made as a function of density to produce the
dashed line in Fig. 2(a). A similar result would be
obtained from the density dependence of the pion
excess given by Friman et a/. If we assume now
that the AEM calculation, reduced by surface ef-
fects, would yield a pion excess of —15% (conser-
vative since we are comparing to Pb, not Fe), our
experimental result is consistent with a maximum
pion excess of only 2%.
It is also clear in the co-dependent ratio that no

spin-collective effects are present. Figure 2 (b)
shows that the data for RL(ra)/RT(ra) are con-
sistent with unity, whereas calculations which we
have performed using the model of AEM show a
large contrast between the responses at low co.
One final word of caution is that the proton is not

a perfect probe of the spin-isospin densities because
of its mixed isoscalar-isovector interaction. Using
the Amdt phase-shift solutions', at q = 1.75 fm
we find that the longitudinal coupling is dominantly
isovector, Er I /ET 0

——3.6. The transverse ratio

1

T.A.Carey et al., Phys. Rev. Lett. 53, 144 (1984).



Issues raised by Prof. Ichimura
Prof. Ichimura raised the following issues regarding the “RL/RT ratio problem" 

Q1 : Is the method used to extract RL, RT from Dij reasonable?

• Relation between the polarized cross sections and Dij


Q2 : Are theoretical calculations of RL and RT reliable?

• Fermi gas model calculations 


Q3 : Is the theoretical treatment of the reaction mechanism reasonable?

• Proportionality between the polarization cross sections and the corresponding response functions

Original slide by Prof. Ichimura  
in the RCNP workshop (1992).



Q1 : Is the method used to extract RL, RT from Dij reasonable?

Carey’s formula 

•  


•  


This formula is adequate only for NN scattering (NOT for NA scattering)


Ichimura’s correct formula 

•  


•  

spin-longitudinal (π) :

spin-transverse (ρ) :

Collectivity Ratio 12C(p,n) Now we can separate the cross section into 
spin-longitudinal and spin-transverse modes 

correctly based on Ichimura’s formula. 
↓


Use of  the correct formula  
further reduces the collectivity ratio.○ : Carey’s formula

● : Ichimura’s formula

M. Ichimura and K.Kawahigashi, Phys. Rev. C 45, 1822 (1992).



Q2 : Are theoretical calculations of RL and RT reliable?

Refinement of the calculation of the response function 
Finiteness of the nucleus


• Fermi gas (infinite nuclear matter)  
 → Woods-Saxon shell model (finite nuclei) 

Spreading width

• Complex Woods-Saxon :  

Distortion, absorption of knocked-out  
nucleon & two-nucleon knock-out, etc.

39 EXCITATION OF SPIN-ISOSPIN MODES IN THE. . . 1455

Figures 3 and 4 show the energy spectra of the
response functions at q =1.75 fm ' with g'=0. 6. The
isovector spin longitudinal and transverse response func-
tions with the nuclear correlation (RPA) are denoted by
Rl and RT, respectively, while those without correlation
(free response) Rl and RT, are both denoted by R o
without distinguishing them because they are extremely
close to each other. In principle the single-particle spin-
orbit force makes RI and R T different, but not in the ac-
tual calculation.
In Fig. 3 the results for W=O. Q MeV and W=5.0

MeV are compared. Many sharp resonances are seen at
lower co for W =0.0 MeV. This is because the spreading
width is completely neglected in this case. We know of
no reasonable way to incorporate the spreading width in
the framework of the continuum RPA. A prescription
sometimes used is to introduce the imaginary potential
for the particie state. This forces gs to use OCRPA.
By setting W=5.0 MeV, the sharp structures are well
smeared out but it also alfects the strength of the
responses, i.e., the strength is reduced in the peak region.
Structures still remain in the low-energy region with
about 10 MeV width. One must note that the energy in-
tegrated response depends on W in the present prescrip-
tion.
The results are very close to those of the continuum

RPA calculation by Shigehara et al. , ' who did not use g'
but used m+p exchange potential with the short range
cutoff at r, =0.7 fm as the effective p-h interaction. This
implies our choice g'=0. 6 corresponds to their interac-
tion. Considering that the phenomenological analyses
suggest g'=0. 6—0.7, we keep g'=0. 6 for all calculations
in this paper except when a different g' is explicitly men-
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FIG. 5. The energy spectra of the response functions RL and
RT (the solid lines) and RL and RT {the dashed lines) for fixed
transferred momenta q =1.75, 2.00, and 2.25 fm ' are shown.
Note that in Figs. 3 and 4 the uncorrelated response functions
RL and RT are denoted by Ro without distinction (see the text).

tioned.
In Fig. 4 we compare the results of 8'=5.0 MeV with

those of the Fermi gas model with the Fermi momentum
k~=1.20 fm '. We see that the Fermi gas model overes-
timates the enhancement of RL at lower m very much,
and find that the original prediction of the large enhance-
ment of RL is simply an artifact of the Fermi gas model.
The transferred momentum q dependence of the energy

spectra is shown in Fig. 5. We clearly see the softening
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FIG. 4. Response functions in the Fermi gas model with
kF=1.2 fm ' (dashed lines) are compared with those of GCR-
PA (the solid lines).

FIG. 6. Response functions of the bound-state approxima-
tion (Ref. 14) are compared with those of OCRPA at q =330
MeV/c= 1.67 fm '. The solid, the long-dashed, and the dashed
lines denote RL, Ro, and RT, respectively.

The very large enhancement in RL at low ω 
is the artifact in the Fermi gas model.

Fermi gas model

(pF=1.20 fm-1)

Finite nuclei

(Woods-Saxon)

40Ca(p,p’) at q=1.75 fm-1

M. Ichimura, K.Kawahigashi, T.S.Jorgensoen and C.Gaarde. Phys. Rev. C 39, 1446 (1989).

M. Ichimura,

“Spin Observables in Quasifree Scatterings”, 
RCNP Workshop (1992).



Q3 : Is the theoretical treatment of the reaction mechanism reasonable?

Basic idea to deduce RL/RT experimentally 
PWIA with Glauber-like approximation

• Distortion effects with effective nucleon number


                           can be obtained from Nd data


DWIA analysis by Ichimura-san 
PWIA+Glauber approx. works well for 12C

•  

PWIA+Glauber approx. is inappropriate for 40Ca

• Significant distortion effects affect spectrum shape

•  

IX. DISCUSSION

1. Effect of the spin-orbit force

One of our main concerns in the DWIA calculation is the
effects of the spin-orbit force of the optical potentials. We
compared the numerical results with and without the spin-
orbit force in Fig. 6 for 12C(p! ,n! ) at 346 MeV. The RPA
correlation was not included in this analysis. We found that
effects are larger for I lab

DWDq
DW than for I lab

DWDp
DW . Fortu-

nately, however, they are so small that the spin-orbit force
does not greatly disturb the separation between the spin-
longitudinal and spin-transverse responses. We also reported
similar results for 12C(p! ,n! ) at 494 MeV !51".

TABLE II. Effective neutron number. ‘‘No’’ means the no-
correlation #uncorrelated$ cases.

Ei #MeV$ Target Correlation Neff
L Neff

T

494 12C No 2.17 2.17
RPA 2.12 2.39

40Ca No 4.00 4.00
RPA 3.60 5.78

346 12C No 2.58 2.58
RPA 2.53 2.82

40Ca No 4.62 4.62
RPA 4.25 7.00

FIG. 4. Comparison of DWIA and PWIA results at 494 MeV: #a$ without and #b$ with the RPA correlation for 12C(p! ,n! ) and #c$ without
and #d$ with the RPA correlation for 40Ca(p! ,n! ). The solid and the dashed lines denote the DWIA and the PWIA results multiplied by
Neff
(0)/N(!Neff /N) in #a$ and #c$ and by Neff

L(T)/N in #b$ and #d$, respectively. The dotted lines denote the PWIA results multiplied by Neff /N
in #b$ and #d$. The values of Neff

(0) and Neff
L(T) are shown in the figure.
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Unified Analysis
Analyzed 

• GTGR spectrum

• GT quenching factor Q

• Spin-longitudinal (pionic) IDq spectrum


by the common method 

Continuum RPA 
• Δ isobar is included 

• Woods-Saxon type mean field

• Local effective mass

• Spreading widths


DWIA + Two-step processes 
• Fermi motion

• Off-shell effect, etc.

Distorted wave impulse approximation analysis for spin observables in nucleon quasielastic
scattering and enhancement of the spin longitudinal response

Ken Kawahigashi*
Department of Information Sciences, Kanagawa University, Hiratsuka 259-1293, Japan

Kimiaki Nishida and Atsushi Itabashi
Institute of Physics, University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902, Japan

Munetake Ichimura†
Faculty of Computer and Information Sciences, Hosei University, Koganei, Tokyo 184-8584, Japan

!Received 27 July 2000; published 23 March 2001"

We present a formalism of distorted wave impulse approximation for analyzing spin observables in nucleon
inelastic and charge-exchange reactions leading to the continuum. It utilizes response functions calculated by
the continuum random-phase approximation, which include the effective mass, the spreading widths, and the #
degrees of freedom. The Fermi motion is treated by the optimal factorization, and the nonlocality of the
nucleon-nucleon t matrix by an averaged reaction plane approximation. By using the formalism we calculated
the spin-longitudinal and the spin-transverse cross sections, IDq and IDp , of 12C, 40Ca (p! ,n! ) at 494 and 346
MeV. The calculation reasonably reproduced the observed IDq , which is consistent with the predicted en-
hancement of the spin-longitudinal response function RL . However, the observed IDp is much larger than the
calculated one, which was consistent with neither the predicted quenching nor the spin-transverse response
function RT obtained by the (e ,e!) scattering. The Landau-Migdal parameter gN#! for the N# transition
interaction and the effective nucleon mass at the nuclear center mN*(r!0) are treated as adjustable parameters.
The present analysis indicates that the smaller gN#! ($0.3) and mN*(0)$0.7 mN are preferable. We also
investigate the validity of the plane-wave impulse approximation with the effective nucleon number approxi-
mation for the absorption, by means of which RL and RT have conventionally been extracted.

DOI: 10.1103/PhysRevC.63.044609 PACS number!s": 24.70."s, 24.10.#i, 25.40.Kv, 21.60.Jz

I. INTRODUCTION

The study of nuclei by means of intermediate energy
!%100 MeV–%1 GeV" proton beams has been very active
since the end of the 1970’s, and has led to various advances
such as the discovery of the Gamow-Teller !GT" giant reso-
nance and finding the quenching of their strength. In the
1980’s great progress was made in experimental facilities,
which can afford to accelerate polarized proton beams with
intermediate energies and to measure the polarization of scat-
tered protons and neutrons and so on. This made it possible
to carry out complete measurements of (p! ,p! !) and (p! ,n! )
scattering, namely, measurement of the polarization P, the
analyzing power Ay , and the polarization transfer coeffi-
cients Dij . Theoretical investigations related to these experi-
ments, such as search for the origin of the quenching of the
GT strength and studies of the precursor phenomena of the
pion condensation, have also been pursued vigorously &1,2'.
In the course of these activities, a very interesting predic-

tion was presented by Alberico et al. &3' at the beginning of
the 1980’s. They claimed that in the quasielastic region with
fairly large momentum transfer q(%1–3 fm#1) the isovector
spin-longitudinal response function RL(q ,() is enhanced
and softened while the isovector spin-transverse response

function RT(q ,() is quenched and hardened, where ( is the
transferred energy. The enhancement of RL is attributed to
the collectivity induced by the one-pion exchange interaction
and thereby understood as one of the precursor phenomena
of pion condensation. The quenching of RT , on the other
hand, is due to the combined effect of the repulsive short-
range correlation and the one-rho-meson exchange interac-
tion.
A great deal of experimental work has been done in order

to explore this prediction. Measurements of the polarization
transfer coefficients Dij were carried out at Los Alamos Me-
son Physics Facility !LAMPF" for (p! ,p! !) at an incident en-
ergy of 494 MeV, from which the ratios RL /RT were ex-
tracted &4,5'. Surprisingly, the ratios were less than or equal
to unity, which seriously contradicted the prediction RL
$RT . However, the scattering (p! ,p! !) mixes the isoscalar
and isovector contributions, and thus the estimation of the
ratios was not conclusive.
Later complete measurements of the (p! ,n! ) reaction,

which focused exclusively on the isovector contribution,
were carried out at LAMPF &6–8' and at Research Center for
Nuclear Physics, Osaka !RCNP" &9'. The ratios obtained
were still less than unity. From these results, it was con-
cluded &10,11' that there is no enhancement of RL , namely,
no collective enhancement of the pionic modes, which was
interpreted as evidence against the pion excess in the
nucleus. With help of sum rules, Koltun &12' analyzed the
data by means of a correlated nuclear theory, in which the

*Electronic address: ken@info.kanagawa-u.ac.jp
†Electronic address: ichimura@k.hosei.ac.jp
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Pionic enhancement in quasielastic „p! ,n!… reactions at 345 MeV
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Differential cross sections and a complete set of polarization observables have been measured for quasielas-
tic !p" ,n"" reactions on 12C and 40Ca at a bombarding energy of 345 MeV. The laboratory momentum transfers
are qlab#1.2, 1.7, and 2.0 fm−1 for 12C and qlab#1.7 fm−1 for 40Ca. In these momentum transfer regions, the
isovector spin-longitudinal interaction is attractive where the one-pion exchange is dominant. The spin-
longitudinal and spin-transverse polarized cross sections, IDq and IDp, are deduced. The theoretically expected
enhancement in the spin-longitudinal mode is observed at qlab#1.7 and 2.0 fm−1. The observed IDq is con-
sistent with the pionic enhanced IDq evaluated in distorted wave impulse approximation (DWIA) calculations
employing random phase approximation (RPA) response functions. The enhanced IDq implies the existence of
a precursor to pion condensation in nuclei. On the other hand, the theoretically predicted quenching in the
spin-transverse mode is not observed. The observed IDp is not quenched, but rather enhanced relative to that
predicted via the DWIA+RPA calculations. Two-step contributions are responsible in part for the enhancement
of IDp.

DOI: 10.1103/PhysRevC.69.054609 PACS number(s): 25.40.Kv, 24.70.!s

I. INTRODUCTION

The nuclear collectivity in spin-isospin modes has been of
considerable concern in nuclear physics. At fairly large mo-
mentum transfer, q"1 fm−1, Alberico et al. [1] made a very
interesting prediction for the quasielastic region, based on
the random phase approximation (RPA) including the # iso-
bar degrees of freedom. They claimed that the spin-
longitudinal response function RL!q ,$" should be enhanced
and soften (shift toward lower energy transfer) with respect
to the free response function, where $ is the energy transfer.
On the contrary, the spin-transverse response function
RT!q ,$" should be quenched and hardened (shift toward
higher energy transfer) in the same region. The enhancement
of RL is attributed to the collectivity induced by the attraction
of the one-pion exchange interaction, and has aroused much
interest in connection with both the precursor phenomena of
the pion condensation [1–5] and the pion excess in the
nucleus [6–11]. The # isobar plays a crucial role for this
collectivity [12]. The quenching of RT, on the other hand, is

induced by the repulsion of the spin-transverse interaction
generated by the short-range correlation and the exchange
effects in balance with the one rho-meson exchange attrac-
tion.
The RT values of the quasielastic electron scattering have

been reported by the Saclay [13–15] and Bates [16–19]
groups. The electron scattering is a good probe for the study
of RT because the electron can survey the entire nuclear vol-
ume with little distortion. However, in a one-photon ex-
change plane wave Born approximation (PWBA), it cannot
examine the spin-longitudinal response RL.
The !p" ,p"" and !p" ,n"" reactions can investigate both RL and

RT, and a measurement of a complete set of polarization
transfer coefficients Dij allows us to extract them within a
framework of a plane wave impulse approximation (PWIA)
with eikonal and optimal factorization approximations
[20–23]. Carey et al. [24], and later Rees et al. [25], reported
a complete set of Dij for the quasielastic !p" ,p"!" scattering on
2H, Ca, and Pb at an incident beam energy of Tp
=500 MeV. Many other measurements [26–28] of a com-
plete set of Dij have been also performed for quasielastic
!p" ,p"!" scattering at momentum transfer qlab near the ex-
pected maximum of the attractive spin-longitudinal interac-
tion !qlab#1.7 fm−1". Surprisingly, the experimentally ex-
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Unified analysis of spin isospin responses of nuclei
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We investigate the Gamow-Teller (GT) response functions at a momentum transfer of q = 0 fm!1 and the
pionic response functions for quasielastic scattering (QES) at q " 1.7 fm!1 using the continuum random phase
approximation with the ! + " + g# model interaction. The Landau-Migdal (LM) parameters, g#

NN and g#
N#,

are estimated by comparing the calculations with recent experimental data. The peak of the GT resonance and the
pionic response functions below the QES peak constrain g#

NN , whereas the quenching of the GT total strength and
the enhanced pionic strength around the QES peak provide information about g#

N#. We obtained g#
NN = 0.6 ± 0.1

and g#
N# = 0.35 ± 0.16 at q = 0 fm!1 and g#

NN = 0.7 ± 0.1 and g#
N# = 0.3 ± 0.1 at q " 1.7 fm!1. These results

indicate that the q dependence of the LM parameters is weak.

DOI: 10.1103/PhysRevC.72.067303 PACS number(s): 21.30.Fe, 21.60.Jz, 25.40.Kv, 24.30.Cz

Recent (p, n) and (n, p) experiments at intermediate ener-
gies have yielded reliable information on nuclear spin-isospin
responses [1]. Two contrasting issues have arisen that are
especially interesting. One is quenching of the total strength
of the Gamow-Teller (GT) transitions [2] from the sum rule
value 3(N ! Z) [3] and the other is enhancement of the
pionic (isovector spin-longitudinal) response functions in the
quasielastic scattering (QES) region [4–6] as a precursor of
pion condensation [7]. A common key concept in under-
standing these contrasting phenomena is the Landau-Migdal
(LM) parameters, g#

NN, g#
N#, and g#

##, which specify the LM
interactions VLM, namely the zero-range interactions between
particle-hole (ph) and delta-hole (#h) states.

In this Brief Report we present a unified analysis of
the GT strength distribution and quenching factor observed
at 295 MeV at the Research Center for Nuclear Physics
(RCNP) and the spin-longitudinal cross section IDq of ( $p, $n)
at 346 MeV at RCNP and at 494 MeV at the Los Alamos
Meson Physics Facility (LAMPF), which represents the pionic
response function RL. To these measurements we apply the
continuum random phase approximation (RPA) with the ! +
" + g# model interaction, which properly treats finite geometry
and continuum single-particle spectra. We then determine the
LM parameters that best reproduce the experimental data.

Estimations of g#
NN from GT giant resonances (GTGR)

have been carried out by several researchers [8]. For instance,
Suzuki [9] used the energy-weighted-sum technique and
Bertsch, Cha, and Toki [10] used the continuum RPA. By
fitting the peak position of the GTGR, these two groups
obtained similar values of g#

NN " 0.6 for 90Zr. However, their
analysis used only the LM interaction for nucleons. Most later
works with # [11,12] used the universality ansatz g#

NN =
g#

N# = g#
##. We re-investigate the GTGR spectrum using the

! + " + g# model interaction without the universality ansatz.
From the GT quenching factor, Suzuki and Sakai [13]

estimated g#
N# " 0.2 for 90Zr, using the Fermi gas model

with only VLM and treating the finite-size effect crudely.
Using the first-order perturbation on the N# transition part of
the ! + " + g# model interaction, Arima et al. [14] obtained

g#
N# " 0.3. This increase of 0.1 from the Suzuki-Sakai result

arises from the ! and " exchange interactions resulting from
the nuclear finite size. In this Brief Report we present an
integrated RPA analysis.

It has been shown [15] that for pionic responses in the
QES region, a conventional eikonal approximation for the
nuclear distortion is not quantitatively reliable for extracting
the pionic response function RL from IDq . Thus, in Ref. [6]
we calculated IDq for the RCNP data by the distorted wave
impulse approximation (DWIA), incorporating continuum
RPA response functions, and compared the theoretical and
experimental results of IDq directly. We also found that
two-step processes contribute appreciably to the background.
Here we extend the same DWIA + two-step analysis to the
LAMPF data and attempt to find suitable values for g#.

We write the $±(GT±) transition operators with N and #
in the unit of gA as

O±
GT = % 1&

2

A!

k=1

"
%k,±1! k + gN#

A

gA

(Tk,±1 Sk + T
†
k,±1 S†

k)
#

,

(1)

with %±1 = % 1&
2
(%x ± i%y) and T±1 = % 1&

2
(Tx ± iTy), where

gA and gN#
A are the axial-vector weak coupling constants

for the NN and N# transitions, ! and " are the nucleon
Pauli spin and isospin matrixes, and S and T are the spin
and isospin transition operators from N to #. Similarly, we
write the isovector spin-longitudinal transition operators with
momentum transfer q as

O&
L(q) =

A!

k=1

"
%k,&! k· q̂ + f!N#

f!NN

(Tk,&Sk· q̂ + T
†
k,&S†

k · q̂)
#
eiq· rk,

(2)

where & = 0,±1 and f!NN and f!N# are the !NN and !N#
coupling constants. We have neglected the transitions from #
to # in both O±

GT and O&
L(q) and we have used the quark model

relation f!N#/f!NN = gN#
A /gA =

$
72/25 ' 1.70. Having
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Effective Interaction
Key parameters of the unified/common analysis 

• π + ρ + g’ model


•  Landau-Migdal (LM) parameters

spin-longitudinal (π)

spin-transverse (ρ)

※ g’ΔΔ is fixed to be 0.5 because its dependence is known to be small.

A copy of Prof. Ichimura’s  
handwritten slides



GTGR Spectrum
Experiment: 90Zr(p,n)90Nb at 295 MeV 

• Prominent GTGR peak 

• GT (L=0) contribution is extracted by MDA

• GT strength, B(GT), is deduced with 

proportionality ansatz


Comparison with theory 

• GTGR peak position

• Strongly depends on g’NN


g’NN = 0.6 ± 0.1

• Weak g’NΔ dependence

K. Yako et al., PLB 615, 193 (2006).



GT Quenching Factor Q
GT quenching factor Q 

• Q = 0.86 ± 0.07 ← from MD analysis


• 2p2h effects are dominant


Q evaluated in RPA 

• Determine the coupling to Δ


• Larger g’NΔ → Stronger coupling


• Strength becomes small (quenched) 
[Strength moves to Δ region]


• Q strongly depends on g’NΔ


g’NΔ = 0.35 ± 0.16

• Weak g’NN dependence
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Spin-Longitudinal (Pionic) IDq Enhancement
Experiment (q = 1.7 fm-1) 

• 12C(p,n) at RCNP

• Tp=346 MeV and θ=22°


• 12C(p,n) at LAMPF

• Tp=494 MeV and θ=18°


Comparison with theory 

• DWIA + two-step

• QES peak depends on g’NN


• g’NN = 0.6-0.7

• Enhancement depends on g’NΔ


• g’NΔ = 0.2-0.4

M. Ichimura, H. Sakai, TW, PPNP 56, 446 (2006).



Ichimura-san’s summary in SPIN2004

Unified understanding of nuclear spin responses in wide (q,ω) region  
with just two parameters, g’NN and g’NΔ

K. Imai

M. Ichimura

M. Ichimura



Spin-isospin responses for unstable nuclei

Neutron number
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GT%strengths%from%56Ni(p,n)%at%110%MeV/u%

Difference+between+KB3G+and+GXPF1A:+

• +KB3G+weaker+spin&orbit+and+pn&residual+interac0ons+
• +KB3G+lower+level+density+

• Use+the+extracted+!L=0+component+in+combina0on+with+unit+cross+sec0on+to+extract+

Gamow&Teller+strength+[B(GT)].+

•  Compare+with+large&scale+shell&model+calcula0ons+

GXPF1A:+Honma+et+al.+:+constrained+by+data+in+full+pf&shell+

KB3G:+Poves+et+al.+:+less+constraints+–+used+in+database+for+weak+rates+for+++++++++++++++++++++++++++

+ + + ++++++++++++astrophysical+purposes.++

PRL107,+202501+(2011).++

56Ni(p,n) ; GT 
M.Sasano et al., PRL 107, 202501 (2011).

Results 

z 8He(p,n) at 200 MeV/u  

𝜃𝜃cm = 5°− 8° 

0.98 MeV 
B(GT)=0.24 

GT 
~8.3 MeV 

EIAS=10.8 MeV 

EGT - EIAS = −2.5 ± 0.5 MeV EGT - EIAS = −1.2 ± 0.4 MeV 

z 12Be(p,n) at 200 MeV/u  

GT 
~𝟏𝟏𝟏𝟏.𝟔𝟔 MeV 

EIAS=12.8 MeV 

8He(p,n) ; GT 
M.Kobayashi et al., 
(H. Sakai @ ARIS2014)

Results 

z 8He(p,n) at 200 MeV/u  

𝜃𝜃cm = 5°− 8° 

0.98 MeV 
B(GT)=0.24 

GT 
~8.3 MeV 

EIAS=10.8 MeV 

EGT - EIAS = −2.5 ± 0.5 MeV EGT - EIAS = −1.2 ± 0.4 MeV 

z 12Be(p,n) at 200 MeV/u  

GT 
~𝟏𝟏𝟏𝟏.𝟔𝟔 MeV 

EIAS=12.8 MeV 

12Be(p,n) ; GT 
K. Yako et al., 
(H. Sakai @ ARIS2014)
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J. Yasuda, M. Sasano et al., 
(J. Yasuda, Doctoral dissertation)

・Isospin dependence
・Skin/halo effect (Femi-level diff.) on resonance/residual int. will be known.



B(GT) and Landau-Migdal parameter g’NN in 132Sn

GT giant resonance (GTGR) is observed for 132Sn (doubly-magic unstable nuclei) 
GTGR peak is sensitive to g’NN

• Ratio of the bump to the main peak is also sensitive to g’NN


※ g’NN is constant for isospin asymmetry (N-Z)/A of 0.11(90Zr) to 0.24(132Sn) 

SGT

J. Yasuda, M. Sasano, TW et al., Phys. Rev. Lett. 121, 132501 (2018).

GTGR



Experimental results
Gamow-Teller resonances have been successfully observed for 8He and 12Be

8He(p,n) at 200 MeV/A 12Be(p,n) at 200 MeV/A

EGT - EIAS = -2.5 ± 0.5 MeV EGT - EIAS = -1.2 ± 0.5 MeV

M. Kobayashi et al., JPS Conf. Proc. 1, 013034 (2014). 
courtesy of K. Yako

M. Kobayashi (CNS) et al. K. Yako (CNS) et al.



Collectivity in (N-Z)/A > 0.21; Very neutron-rich nuclei

stable nuclei unstable nuclei

Be isotope

He isotope

0.60

0.60
0.60

Data are consistent with predictions employing g’NN=0.6±0.1 
→ Suggests the constancy of residual interaction for up to (N-Z)/A=0.5 (very neutron-rich)



NEW reaction probe for pionic 0- state
Parity-transfer (16O,16F) reaction 

• 16O(g.s., 0+) → 16F(g.s., 0-)

• Selective probe for pionic 0- state

12C(16O,16F) exp. @RIBF

Different pattern depending on Jπ 

• NOT reproduced in PWBA 
• Distortion effects are crucial

courtesy of M. Dozono
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The parity-transfer (16O, 16F(0!, g.s.)) reaction is presented as a new probe for investigating
isovector 0! states in nuclei. The properties of 0! states provide a stringent test of the threshold
density for pion condensation in nuclear matter. Utilizing a 0+ ! 0! transition in the projectile,
the parity-transfer reaction transfers an internal parity to a target nucleus, resulting in a unique
sensitivity to unnatural-parity states. Consequently, the selectivity for 0! states is higher than in
other reactions employed to date. The probe was applied to a study of the 0! states in 12B via
the 12C(16O, 16F(0!, g.s.)) reaction at 247 MeV/u. The excitation energy spectra were deduced
by detecting the 15O + p pair produced in the decay of the 16F ejectile. A known 0! state at
Ex = 9.3 MeV was observed with an unprecedentedly high signal-to-noise ratio. The data also
revealed new candidates of 0! states at Ex = 6.6±0.4 and 14.8±0.3 MeV. The results demonstrate
the high e!ciency of 0! state detection by the parity-transfer reaction.

The pion is a main mediator of the nucleon-nucleon
(NN) interaction [1]. Owing to its isovector (T = 1)
pseudoscalar (J! = 0") nature, the pion generates a
strong tensor force in the NN interaction, which reg-
ulates the strong nuclear binding due to mixing of states
with di!erent angular momenta [2, 3], saturation in nu-
clear matter [4], and other nuclear phenomena. In re-
cent years, many researchers have claimed that the ten-
sor force manifests in structures of unstable nuclei [5–7],
where it significantly modifies single-particle levels.

The attractive nature of the one-pion exchange interac-
tion suggests a phase transition in nuclear matter known
as pion condensation [8–10]. In the interiors of neutron
stars such as 3C58, the pion condensed phase is expected
to accelerate the cooling process [11–13]. Although pion
condensation hardly occurs in normal nuclei, its precur-
sor phenomena might be observed if nuclei are close to
the critical point of the phase transition. A possible sig-
nature of the precursor phenomena is softening of the
pion degree-of-freedom, which a!ects the nature of nu-
clear states having the same symmetry as the pion [14–
19]. Of particular interest is the isovector 0" state, which
has the same quantum numbers as the pion and is purely
sensitive to the nuclear interaction leading to pion con-
densation [17, 18]. The appearance of soft collective 0"

states in nuclei can be a direct evidence of the pion-
condensation precursor, and their energy and strength
provide a clear assessment of the critical density of pion
condensation [14, 16].

Despite rousing intense scientific interest, experimental

information on 0" states is limited because they are di"-
cult to identify in experimental data. The di"culty origi-
nates from the small cross sections of 0" states and their
overlap with other spin-parity resonances. Spin-dipole
(SD) 1" and 2" resonances especially hamper the find-
ing of 0" states, as they share the same orbital angular
momentum (L = 1) [17]. This di"culty might be over-
come by introducing polarization observables whose val-
ues depend on J!. For example, in measurements of ten-
sor analyzing powers in the 12C(!d, 2He) reaction [20, 21]
and polarization transfer observables in the 12C(!p,!n) re-
action [22], 0" states were found at Ex ! 9 MeV in
a system with mass number A = 12. Recently, spin-
parity decomposition of the SD strengths was performed
in 208Pb(!p,!n) data [23]. However, the 0" states remain
di"cult to separate and their experimental uncertainties
are larger than those of the 1" and 2" states. To reliably
identify 0" states, a more selective tool is required.

We devise the parity-transfer (16O, 16F(0", g.s.)) reac-
tion as a new experimental probe of 0" states. This
reaction utilizes the 0+ " 0" transition in the projec-
tile and transfers an internal parity to a target nucleus,
resulting in a unique sensitivity to the transferred spin-
parities (see Fig. 1). First, because of the parity con-
servation, this reaction selectively populates unnatural-
parity states (J! = 0", 1+, 2", . . .), preventing spectral
contamination by 1" states. Second, as described below,
the angular-distribution pattern of the reaction depends
on the J! of the final states, allowing a clear discrimina-
tion of the 0" states from other states. Owing to these



Ichimura-san’s legacy will live on
Ichimura-san’s work laid the grounds for 

the unified understanding of spin-isospin responses 
the analysis of experimental data using his computer codes 
• CRDW : DWIA calculation

• RESPQ : Spin-isospin response calculation


