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Introduction

S = −1 sector (Λ hypernuclei, ΛN interaction)
(π+,K+) reaction (for wide-mass region)

O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57, 564 (2006).

γ spectroscopy (for p-shell hypernuclei)
H. Tamura, Nucl. Phys. A827, 153c (2009).

Effective ΛN interaction (for s- and p-shell hypernuclei)
Veff
ΛN = V0+Vσσ σN ·σΛ+VSLS ℓΛN ·(s

Λ
+ sN)+VALS ℓΛN ·(s

Λ
− sN)+VTensor S12

• p-shell model D.J. Millener, Nucl. Phys. A 804, 84 (2008).
• Few-body E. Hiyama, Prog. Part. Nucl. Phys. 63, 339 (2009).

Next stage of hypernuclear studies
• sd-shell region←− This study
• S = −2 sector (Ξ hypernuclei)
• ΛN-ΣN coupling interaction, ΞN-ΛΛ coupling interaction

1



KEK Aug. 4, 2015
Λ hypernuclei in sd-shell region

• The level structures of sd-shell nuclei are richer and more complex
than those of p-shell nuclei.

For example
• Parity doublet E(19Ne, 1/2−) − E(19Ne, 1/2+g.s.) = 0.275MeV
• Rotational band

Effects of hyperon addition for these core nuclei?
• Even the Λ single-particle energies are not well known experimentally.
Production experiments
• (K−, π−) reaction — J-PARC E13 (Production of 19

Λ
F, γ spectroscopy)

• (e, e′K+) reaction — JLab, MAMI

This study
Energy levels, production cross-sections and electro-magnetic
transitions of 19

Λ
F (balence 2N in sd-shell)
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Energy levels of 11C, 19F, 19Ne
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J-PARC E13 Experiment
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ΛN spin-spin interaction

E13 : 19
ΛF spectroscopy

18F
19
ΛF

The first study of sd-shell hypernuclei

19F (K−, π− ) J-PARC E13
γ spectroscopy
(E1, M1, E2 transitions)
for low-lying states of 19

Λ
F

⇓
This study
Calculation of the
production cross-section
of 19
Λ

F by the (K−, π−)
reaction at incident
momentum of 1.8 GeV/c
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Shell model calculation (1)
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Shell model calculation (2)
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Shell-model wave functions (1)

Model space (for 19
Λ

F)
• 16 nucleons are inert in the 16O core.
• 2 valence nucleons move in the sd-shell orbits.
• 1p-1h 1~ω-excited states are considered for J− states.
• Λ hyperon is assumed to be in the 0s, 0p, sd-shell orbits.

Core states (18F) + parity (J+core) (0s)4 (0p)12 (sd)2 (0p-0h)

− parity (J−core) (0s)4 (0p)11 (sd)3 (1p-1h)

Λ single-particle state + parity ( j+
Λ

) 0sΛ1/2, 0dΛ5/2, 0dΛ3/2, 1sΛ1/2
− parity ( j−

Λ
) 0pΛ3/2, 0pΛ1/2

4 types of basis states (1) J+core ⊗ j+
Λ

positive (2) J+core ⊗ j−
Λ

negative

(3) J−core ⊗ j+
Λ

negative (4) J−core ⊗ j−
Λ

positive
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Shell-model wave functions (2)

4 types of basis states (For example, basis states of 19
Λ

F)
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Shell-model Hamiltonian
Two-body interaction
NN effective interaction
⟨(sd)2|V |(sd)2⟩

modified Kuo-Brown G-matrix
NP85, 40 (1966).
PTP52, 509 (1974).

⟨p−1 sd|V |p−1 sd⟩
Warburton-Brown PSDT

PRC46, 923 (1992)

ΛN effective interaction
⟨NΛ|V |NΛ⟩

NSC97f
PRC59, 21 (1999)

Using 2.5VALS to adjust LS splitting

Single-particle energies
for nucleon orbits

with respect to 16O core
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Numerical Results : Energy levels for 19

Λ
F and 18F
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Configuration of ground state of 19F

| 19F; 1/2+g.s. ⟩ = +
√

0.11 | (16O)(0d5/2)3 ⟩

+
√

0.31 | (16O)(0d5/2)2
T=1,J=0(1s1/2) ⟩

−
√

0.14 | (16O)(0d5/2)2
T=0,J=1(1s1/2) ⟩

+
√

0.11 | (16O)(0d5/2)(0d3/2)(1s1/2) ⟩

+
√

0.17 | (16O)(1s1/2)3 ⟩

+ · · ·
The ground state of 19F is not described by a simple configuration
due to the 1s

1/2
orbit.

=⇒ In the production of 19
Λ

F, transition strengths are fragmented
among several states and have small values.

(Magnetic moment of 19F cal. 2.89µ
N

, exp. 2.62µ
N

)
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Spectroscopic factors of pickup reaction from 19F
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Cross sections of 19F(π+, K+) and 19F(K−, π−)
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Cross sections of 19F(K−, π−) at different incident momemta (1)

−20

−15

−10

−5

 0

 5

 10

 0  100  200  300  400  500

0sΛ

0pΛ

sdΛ

5/2+     

5/2+     1/2+     5/2+     3/2+     5/2+(Τ=1)

3/2−     
3/2−     

1/2−     
3/2−     

3/2−(Τ=1)
1/2−(Τ=1)

3/2−     
1/2−     

1/2+     

1/2+(Τ=1)

1/2+     

1/2−(Τ=1)

PSfrag
replacem

ents

19F (K−, π−) 19
Λ

F
H

yp
er

nu
cl

ea
rE

ne
rg

y
E
Λ

(M
eV

)

Cross Section d2σ/dΩdE (µb/sr/MeV)

pK = 0.80 GeV/c, θLab
= 10◦

q = 142–151 MeV/c
−20

−15

−10

−5

 0

 5

 10

 0  20  40  60  80  100  120

0sΛ

0pΛ

sdΛ

5/2+     

5/2+     5/2+     7/2+     
5/2+(Τ=1)

5/2+     

3/2−     
3/2−     5/2−     

1/2−     
3/2−     

3/2−(Τ=1)
1/2−(Τ=1)

5/2+     
5/2+(Τ=1)

PSfrag
replacem

ents

19F (K−, π−) 19
Λ

F

H
yp

er
nu

cl
ea

rE
ne

rg
y

E
Λ

(M
eV

)

Cross Section d2σ/dΩdE (µb/sr/MeV)

pK = 1.10 GeV/c, θLab
= 10◦

q = 200–208 MeV/c

: J+core ⊗ j+
Λ

, : J+core ⊗ j−
Λ

, : J−core ⊗ j+
Λ

, : J−core ⊗ j−
Λ

14



KEK Aug. 4, 2015
Cross sections of 19F(K−, π−) at different incident momemta (2)
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Cross sections of 19F(K−, π−) at different scattering angles (1)
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Cross sections of 19F(K−, π−) at different scattering angles (2)
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Cross sections of 19F(K−, π−) at different scattering angles (3)
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Cross sections of 19F(K−, π−) for low-lying states (1)
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Cross sections of 19F(K−, π−) for low-lying states (2)
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M1 and E2 transitions of 18F
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E1 transitions of 18F
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E2, M1 and E1 transitions of 19

Λ
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Summary

As a typical gate to medium-heavy sd-shell hypernuclei, we have
calculated the energy levels, the production cross sections and
electro-magnetic transition strengths of 19

Λ
F by using the

multi-configuration shell model.
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The first study of sd-shell hypernuclei

19F (K−, π− )∆E(3/2+ − 1/2+g.s.) = 0.419 MeV
B(M1; 3/2+→1/2+g.s.) = 0.33 µ2

N
However the cross section of 3/2+
states is the small value of
dσ/dΩ = 0.29 µb/sr
in 19F(K−, π−)19

Λ
F with

p
K
= 1.80 GeV/c and θLab = 6◦.
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Cross sections of 19F(K−, π−) at different incident momemta (a)
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Cross sections of 19F(K−, π−) at different incident momemta (b)
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Cross section of 19F(γ, K+)32 T. Motoba / Nuclear Physics A 914 (2013) 23–33

Fig. 8. Excitation spectrum for the 19F(γ ,K+)19
Λ

O reaction calculated in DWIA at Eγ = 1.3 GeV and θLab
K

= 3◦ .

Another series of peaks marked by B1 and B2 are based on the second lowest proton p−1
1/2 hole

(the 0− state at 6.88 MeV [29]) coupled with sΛ and pΛ, respectively.

6. Concluding remarks

Encouraged by the precision measurements of the (e, e′K+) experiments performed at the

Jefferson Laboratory and also by the remarkable success of the theoretical predictions, we

have extended the calculation of hypernuclear photo-production cross section to typical sd- and

fp-shell cases. Because of the sizable momentum transfer and the spin-flip dominance in the ele-

mentary amplitudes, first we have demonstrated that high-spin series of unnatural parity states in

hypernuclei are selectively excited for jj -closed-shell targets. In fact, the predictions done some

years ago for 28Si(γ ,K+)28
ΛAl have been remarkably confirmed by the recent 28Si(e, e′K+)28

ΛAl

experiment.

Secondly, when an LS-closed target is employed, a series of high-spin natural parity states

are shown to be preferentially excited. In both cases, it is also interesting to predict subseries of

peaks, the characters of which are clearly related to the conversion of inner core protons.

As the unique character of the strangeness photo-production process appears more clearly in

medium-heavy systems, we emphasize the merit of using the (e, e′K+) reaction on medium-mass

nuclear targets so as to extract the hyperon single-particle energies with the remarkable precision

of a few hundred keV. As hypernuclear structures beyond p-shell have not been studied so far in

detail, we emphasize that sub-MeV reaction spectroscopy of sd- and fp-shell hypernuclei surely

opens interesting opportunities in understanding the dynamical interplay between a hyperon and

a variety of nuclear core excitations.
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