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!-transfer reaction 
without particle decay
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Exclude unbound 4* #  wave functions
%* < 6+ , 6+: chem. pot.

BCS approx.: Only bound orbitals
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Approximations & model

• Point-! approximation:  @&! A = +-(A − #)
 
• Hamiltonian . : Mean-field (HFB) Hamiltonian (qp excitations)
• No rearrangement of the mean fields

• SkM* EDF + monopole pairing (HF+BCS)
• Pairing gap determined by odd-even mass difference
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HFB states and 2qp matrix elements
• Product of protons and neutrons

• HFB vacuum

• Excited states in A-4 nucleus: B2qp-C2qp excitation

• 2qp matrix elements

D* EFΦ&
(+) = 0, 	 D*: quasiparticle	annihilation	operator

EFΦ(.) ⊗ EFΦ(/)

| ⟩TU, VW = D*'D0' EFΦ&
(.)  ⊗D1'D2' EFΦ&

(/)

TU 1X↑ # 1X↓(#) Φ&



HFB wave functions
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Fig. 2.1. Two-neutron separation energies in an sd shell- Fig. 2.2. A schematic view of the pair occupancies vI for
model calculation. Thesizes of the black circles are propor- a single shell. The left-hand side shows a situation for a
tional to the disagreement between theory andexperiment, nucleus with a completely filled shell. The right-hand side
The situation in the N = 20 nuclei is discussed in section shows the situation in a nucleus with a partially filled shell.
3.2.1. The figure is adapted from [Bro88]. See also fig. 3.8.
Data are taken from [Orr9l].

nucleons the shell model Hamiltonian plus residual interactions,

H = ~ (P~ + V(r
1) +~i~.~1)+~V(r,,rj), (2.1)

where i and j run over valence nucleons, can be diagonalized in a configuration space consisting of
the few particles or holes occupying shell model orbits in the valence shell. In its most developed
form, such a program has been completed for the sd shell [Bro88] which covers the region defined
by 8 ~çZ ~ 20, 8 ~ N 20 and involves matrix diagonalizations of dimension up to 93710 (in the
m scheme). An example of results from this program in comparison with experiment is shown in
fig. 2.1.
The limit to a calculational program based on diagonalizing eq. (2.1) is the dimension of the

configuration space: this grows rapidly with the size of the shell model valence space. Beyond
the sd shell, the 1 f712 shell can be handled [Kut78], but after that the configuration space must
be truncated. The most direct approach to this is to truncate to a few subshells: this has rarely
been used because it is not realistic. However, an ingenious alternative is the use of the quasispin
formalism [Ker61] and its extension: the generalized seniority formalism [Tal7 11. The idea is that,
at least for singly closed shell nuclei, the effect of the residual two-body forces can be limited to
a short-ranged “pairing” force acting on the (alike) valence nucleons. This produces a strongly
pair-correlated structure as the nuclear ground state. Using the occupation number representation,
the creation operator for such a correlated pair can be expressed as

S~= >cj(a~a7)~°~, (2.2)

Cooper pair

3 ↑ 3 ↓ 4 ↑ 4 ↓
Looking for
Occupied 4 seats
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nucleons the shell model Hamiltonian plus residual interactions,

H = ~ (P~ + V(r
1) +~i~.~1)+~V(r,,rj), (2.1)

where i and j run over valence nucleons, can be diagonalized in a configuration space consisting of
the few particles or holes occupying shell model orbits in the valence shell. In its most developed
form, such a program has been completed for the sd shell [Bro88] which covers the region defined
by 8 ~çZ ~ 20, 8 ~ N 20 and involves matrix diagonalizations of dimension up to 93710 (in the
m scheme). An example of results from this program in comparison with experiment is shown in
fig. 2.1.
The limit to a calculational program based on diagonalizing eq. (2.1) is the dimension of the

configuration space: this grows rapidly with the size of the shell model valence space. Beyond
the sd shell, the 1 f712 shell can be handled [Kut78], but after that the configuration space must
be truncated. The most direct approach to this is to truncate to a few subshells: this has rarely
been used because it is not realistic. However, an ingenious alternative is the use of the quasispin
formalism [Ker61] and its extension: the generalized seniority formalism [Tal7 11. The idea is that,
at least for singly closed shell nuclei, the effect of the residual two-body forces can be limited to
a short-ranged “pairing” force acting on the (alike) valence nucleons. This produces a strongly
pair-correlated structure as the nuclear ground state. Using the occupation number representation,
the creation operator for such a correlated pair can be expressed as

S~= >cj(a~a7)~°~, (2.2)
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Total local !-removal strength
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Total local !-addition strength
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112Sn

Strength to 108Cd g.s.
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Fig. 3. Missing-mass spectra for the a-knockout reactions, the isotopic
dependence of the (p, pa) cross sections, and a comparison with the
theoretical calculations. (A to D) Missing-mass spectra for the a-knockout
reactions for tin targets (A) 112Sn, (B) 116Sn, (C) 120Sn, and (D) 124Sn. The
effect of a small dip between the ground state peak and the broad continuous
bump in (B) on the count of the peak is within the fitting error and does not
change the conclusions of this study. The red lines in (A) to (D) represent the
results of the fits with the Gaussians for the ground-state peaks (the black
dashed-dotted lines) and the simulated shapes of the continuum (the blue
dashed lines). They include the experimental acceptances of the momenta

and the geometric cuts. (E) Isotopic dependence of the cross sections, as
determined experimentally (black points) and theoretically (red line).
(F) Dependence of the effective number of a clusters, Na, on the mass
number A of the tin nuclei in the calculation using the gRDF approach (23)
with the DD2 parameters (5). (G) Ratios of the cross sections s and Na. In (A)
to (D), the error bars are statistical only; in (E) and (G), the error bars are
dominated by the statistical errors but also include the systematical errors
(~1.6%). (Details are given in the methods.) In (E) and (G), the correlated
normalization uncertainty of the theoretical values is not presented because it
is canceled out when we discuss the isotopic dependence of s and s/Na.
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Finite-size effect of ! particle
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Finite-size effect of ! particle (BCS case)
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! reduced width
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Summary
• Local !-removal strength function: ""($) #, %
• HF+BCS calculation
• 112-124Sn: g.s. ➝ g.s.

• Consistent with F-knockout experiment
• Sensitive to pairing correlations
• Finite-F effect: Peak shift to larger G

• Local !-addition strength function: ""(,) #, %
• Strong isotopic dependence due to bound/unbound orbitals
• Finite-F effect: Enhancement of surface peak

• Future perspectives
• Deformed nuclei
• Rearrangement effect
• pn pairing
• Other clusters (12C, 16O, etc.)
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