
.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

三体核反应：转移反应、破裂反应和三核子反应

庞丹阳

北京航空航天大学物理学院

2022 年 9 月 30 日
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Subedi, Nature, 2008
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Contents I

1 转移反应
简单历史回顾
转移反应的理论描述
转移反应理论中的问题

2 破裂反应
连续态离散化耦合道方法（CDCC 方法）
弱束缚核弹性散射的破裂道耦合效应
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转移反应 简单历史回顾

转移反应作为谱学工具
d(132Sn,p)133Sn reaction at 4.77 MeV/nucleon.

K.L. Jones et al., Nature, 465, 454 (2010)
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转移反应 简单历史回顾

1933: possibly the first (d,p) reaction measured

Ernest O. Lawrence, Phys. Rev. 45, 66 (1933)
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转移反应 简单历史回顾

1934
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转移反应 简单历史回顾

1934
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转移反应 简单历史回顾

1947

Heydenburg and Inglis, Phys.Rev. 73, 230 (1948).
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转移反应 简单历史回顾

1950：转移反应作为谱学工具的开始！

Burrows, Gibson, Rotblat, Bulter, Phys.Rev. 80, 1095 (1950)
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转移反应 简单历史回顾

平面波近似

T =
∫

exp(−iK · r)ϕ∗
d(r)V(r)dr ×

∫
exp(−iq · rn)ϕnlj(rn)drn

R.L.Preston et al., Phys. Rev. 121, 1741 (1961).
Cut off radius: R = 4.37 + 0.042A or 1.7 + 1.22A1/3 fm for light nuclei at above
Coulomb barrier.
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转移反应 简单历史回顾

1953：核反应机制

J.Horowitz and A.M.L. Messiah, Phys.Rev. 92, 1326 (1953)
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转移反应 简单历史回顾

1961：扭曲波波恩近似

B.Buck and P.E. Hodgson, Phil.Mag. 6, 1371 (1961)
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转移反应 简单历史回顾

1962

S. Hinds and R. Middleton, Phys. Lett. 1, 12 (1962)
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转移反应 简单历史回顾

1963

G.R. Satchler, Nucl. Phys. 55, 1 (1964)
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转移反应 简单历史回顾

1968
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转移反应 简单历史回顾

Problems raised to the distorted-wave method in 1968

1 Ambiguities and uncertainties in optical model parameters;
2 elastic parts only of the scattering wave functions may not be sufficient;
3 Non-locality of optical model potentials is usually neglected;
4 Core excitation effects to weak transitions;
5 D-state contriubtions of projectile (d, 3He, etc.);
6 Breakup effects of the projectile;
7 Elastic scattering measurements only determine the asymptotic form of the

distorted waves, which are extrapolated in the nuclear interior;
R.J. Philpott, W.T. Pinkston and G.R. Satchler, NPA119, 241 (1968)
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转移反应 转移反应的理论描述

Transition amplitude of (d,p) reaction
Transition amplitude:

Tβα = ⟨χ(−)
pF ΦF(ξ, rn)|Vβ − Uβ|ΨA(ξ)ϕd(r)Ψ(+)

α ⟩

= ⟨χ(−)
pF IFA|UpA + Vpn − UpF|Ψ(+)

α ⟩
IFA(rn) =

√
A + 1⟨ΦA(ξ)|ΦF(ξ, rn)⟩.

HΨ(+)
α (r,R) = EΨ(+)

α (r,R),

H = TR + Hnp + UnA + UpA

expand Ψ
(+)
i with eigenfunctions of Hnp:

Ψ(+)
α (r,R) = ϕ0(r)χ(+)

0 (R) +

∫
dkϕk(εk, r)χ(+)

k (εk,R).

DWBA, ADWA, CDCC: different approximations to Ψ
(+)
i
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转移反应 转移反应的理论描述

Transition amplitude of (d,p) reaction
Transition amplitude:

Tβα = ⟨χ(−)
pF ΦF(ξ, rn)|Vβ − Uβ|ΨA(ξ)ϕd(r)Ψ(+)

α ⟩

= ⟨χ(−)
pF IFA|UpA + Vpn − UpF|Ψ(+)

α ⟩
IFA(rn) =

√
A + 1⟨ΦA(ξ)|ΦF(ξ, rn)⟩.

HΨ(+)
α (r,R) = EΨ(+)

α (r,R),

H = TR + Hnp + UnA + UpA

expand Ψ
(+)
i with eigenfunctions of Hnp:

Ψ(+)
α (r,R) = ϕ0(r)χ(+)

0 (R) +

∫
dkϕk(εk, r)χ(+)

k (εk,R).

DWBA, ADWA, CDCC: different approximations to Ψ
(+)
i
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转移反应 转移反应的理论描述

Distorted wave Born approximation: DWBA

Ψ
(+)
i (r,R) = ϕ0(r)χ(+)

0 (R) +
�������������XXXXXXXXXXXXX

∫
dkϕk(εk, r)χ(+)

k (εk,R) .

DWBA takes the first term of Ψ(+)
i :

Ψ
(+)
i (r,R) ≃ ϕ0(r)χ(+)

0 (R)

MDWBA
fi =

〈
χ
(−)
pF ψnA|∆V|ϕ0(r)χ(+)

0 (R)
〉
.

with DWBA:
UdA: optical model potential (describe d + A elastic scattering)
Assume breakup effect taken into account in UdA

Omit all except elastic component in the three-body wave function
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转移反应 转移反应的理论描述

Improvement: the adiabatic model: ADWA
The three-body wave function:[

E + εd − T̂cm − UnA − UpA

]
ϕdχ0(R)

+

∫
dk

[
E − εk − T̂cm − UnA − UpA

]
ϕk(εk)χk(εk,R) = 0.

Adiabatic approx.: replacing −εd with εk:[
E + εd − T̂cm − (UnA + UpA)

]
χ̃

ad(+)
d (R) = 0

With the adiabatic approximation:

MADWA
fi =

〈
χ
(−)
pF ψnA |UpA + Vpn − UpF|ϕ0(r)χ̃ad(+)

d

〉
effective d − A interaction (zero-range): UdA = UnA + UpA
R.C. Johnson, and P.J.R. Soper, Phys. Rev. C 1, 976 (1970).
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转移反应 转移反应的理论描述

Further Improvement: CDCC

In the CDCC method Continuum states are Discretised into bin states

Ψ
(+)
i (r,R) = ϕ0(r)χ(+)

0 (R) +

∫
dkϕk(εk, r)χ(+)

k (εk,R)

⇒ Ψ
(+)CDCC
i (r,R) = ϕ0(r)χ(+)

0 (R) +
∑
j=1

ϕbin
j (r)χ(+)

j (R).

Three-body equation turned into Coupled-Channel equations:

(TR + Hr + UnA + UpA)
∑
j=0

ϕj(r)χ(+)
j (R) = E

∑
j=0

ϕj(r)χ(+)
j (R).

⇒ (TR + ϵi − E + Uii)χ
(+)
i (R) = −

∑
j̸=i

Uijχ
(+)
j (R)

Uij(R) = ⟨ϕi(r)|UnA + UpA|ϕj(r)⟩.
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Further Improvement: CDCC
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⇒ Ψ
(+)CDCC
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∑
j=1

ϕbin
j (r)χ(+)

j (R).

Three-body equation turned into Coupled-Channel equations:

(TR + Hr + UnA + UpA)
∑
j=0

ϕj(r)χ(+)
j (R) = E

∑
j=0

ϕj(r)χ(+)
j (R).

⇒ (TR + ϵi − E + Uii)χ
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i (R) = −

∑
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Uijχ
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转移反应 转移反应的理论描述

Comparisons between DWBA, ADWA, and CDCC
14C

10
0

10
1

 0  5  10  15  20  25  30  35

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

23.4 MeV

CDCC
ADWA
DWBA

10
−1

10
0

 0  5  10  15  20  25

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

60 MeV

CDCC
ADWA
DWBA

58Ni

10
−1

10
0

10
1

 0  30  60  90  120  150

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

58
Ni, 10 MeV

CDCC
ADWA
DWBA

10
−2

10
−1

10
0

10
1

 0  10  20  30  40  50  60  70  80

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

56 MeV

CDCC
ADWA
DWBA

116Sn

10
−1

10
0

10
1

 0  20  40  60  80  100  120

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

12.2 MeV

CDCC
ADWA
DWBA

10
−4

10
−3

10
−2

10
−1

10
0

 0  10  20  30  40  50  60  70

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

79.2 MeV

DWBA
ADWA

Pang and Mukhamedzhanov, Phys.Rev.C 90, 044611 (2014);
Mukhamedzhanov, Pang, Bertulani, and Kadyrov, Phys.Rev.C 90, 034604 (2014)
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转移反应 转移反应的理论描述

The Weinberg state expansion method

Expend the three-body wave function with
Weinberg states:

Ψi(r,R)(+) =
∑

i
ϕW

i (r)χW
i (R)

[−εd − Tr − αiVnp]ϕ
W
i = 0, i = 1, 2, . . .

Pang, Timofeyuk, Johnson, and Tostevin, Phys. Rev. C 87, 064613 (2013).
R.C. Johnson, J. Phys. G: Nucl. Part. Phys. 41, 094005 (2014).

(同济大学：2022 年秋) 三体核反应 September 30, 2022 23 / 75



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

转移反应 转移反应理论中的问题

问题 1：应该用什么样的光学势？
Solution: make use of systematic optical model potentials:

X.D. Liu et al., PRC 69, 064313 (2004)
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转移反应 转移反应理论中的问题

问题 2：耦合道的影响
Solution: coupled channel calculations: CCBA, CRC

T. Tamura and T. Udagawa, PRC 5, 1127 (1972)
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转移反应 转移反应理论中的问题

问题 3：光学势的非定域性

Tianyuan, PDY and Z.Y. Ma, PRC (2018); N.K. Tiomfeyuk and R.C. Johnson, PRL (2013); S.J. Waldecker and N.K.
Timofeyuk, PRC 94, 034609(2016)
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转移反应 转移反应理论中的问题

问题 4：核心激发

M. Gomez-Ramos, A.M. Moro, et al., PRC (2016)
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转移反应 转移反应理论中的问题

问题 5：氘核的 D 波成分
S-state dominats at low energies. Both S- and D-states are important at high energies.

left: G.R. Smith et al., PRC 30, 593 (1984); right: 许�萍博士论文，北航 (2019)
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转移反应 转移反应理论中的问题

问题 6：弹核破裂反应的影响
Solutions: Adiabatic model (ADWA), CDCC, etc.
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转移反应 转移反应理论中的问题

问题 7：散射波的内部波函数

Solution???: make use of systematic microscopic optical model potentials:

Yun Xiaoyan, PDY, et al., SCPMA, (2020)
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转移反应 转移反应理论中的问题

补充说明：原子核中的核子-核子关联
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转移反应 转移反应理论中的问题

谱因子和渐进归一化系数
The deuteron stripping amplitude:

T = ⟨χ(−)
pF ΦF(ξA, rn)|UpA+Vpn−UpF|ΦA(ξA)ϕd(r)Ψ(+)

i ⟩

The overlap function IFA:

IFA(rn) =
√

A + 1⟨ΦA(ξA)|ΦF(ξA, rn)⟩.

Parentage expansion:

ΦJF,MF
F (A, rn) =

∑
A′,jℓ

βjℓ(B,A′)A [ΦJA′ψnℓj(rn)]
MF
JF

The deuteron stripping amplitude:

T = IFA⟨χ
(−)
pF ψnℓj(rn)|UpA+Vpn−UpF|ϕd(r)Ψ(+)

i ⟩, dσ
dΩ ∝ |T|2 ∝ (IFA)2(= SF)
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转移反应 转移反应理论中的问题

Asymptotic behaviors
of the overlap function (ANC):

IFA(ℓnAjnA)(rnA)
rnA>RnA−−−−→ CℓnAjnA iκnAh(1)

ℓnA
(iκnArnA)

of the neutron s.p. w.f. of F = n + A (SPANC):

ψnA(nrℓnAjnA)(rnA)
rnA>RnA−−−−→ bnrℓnAjnA iκnAh(1)

ℓnA
(iκnArnA)

Asymptotically: IFA(ℓnAjnA)
proportional to ψnA(nrℓnAjnA):

IFA(ℓnAjnA)(rnA)
rnA>RnA=

CℓnAjnA

bnrℓnAjnA

ψnA(nrℓnAjnA)(rnA)

A big assumption: such proportionality extend to all rnA:

IFA(ℓnAjnA)
(rnA) =

CℓnAjnA

bnrℓnAjnA
ψnA(rnA) ⇒ SFnrℓnAjnA =

C2
ℓnAjnA

b2
nrℓnAjnA
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转移反应 转移反应理论中的问题

Extration of SF and ANC from experimental data
spectroscopic factor in transition amplitude:

T = SF1/2
nrℓnAjnA

⟨χ(−)
pF ψnA(nrℓnAjnA)|UpA + Vpn − UpF|Φ(+)

i ⟩.
Experimentally, SFnrℓnAjnA and CℓnAjnA are obtained by

SFnrℓnAjnA =
dσexp/dΩ
dσth/dΩ ⇒ C2

ℓnAjnA = SFnrℓnAjnAb2
nrℓnAjnA

10
−1

10
0

10
1

 0  30  60  90  120  150

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

58
Ni, 10 MeV
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转移反应 转移反应理论中的问题

Single-particle potential for ψnA(nrℓnAjnA)

ψnA(nrℓnAjnA) obtained with a Woods-Saxon potential:

V(r, r0, a0) =
V0

1 + exp [(r − r0A1/3)/a0]

10
−2

10
−1

 0  2  4  6  8  10

|φ
(r

n
A
)|

rnA (fm)

59
Ni, 2p3/2

r0=1.0 fm
r0=1.1 fm
r0=1.2 fm
r0=1.3 fm

assymptotically:

ψnA(nrℓnAjnA)(rnA)
rnA>RnA−−−−→ bnrℓnAjnA iκnAh(1)

ℓnA
(iκnArnA)
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转移反应 转移反应理论中的问题

Single-particle potential for ψnA(nrℓnAjnA)

ψnA(nrℓnAjnA) obtained with a Woods-Saxon potential:

V(r, r0, a0) =
V0

1 + exp [(r − r0A1/3)/a0]
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转移反应 转移反应理论中的问题

Single-particle potential for ψnA(nrℓnAjnA)

ψnA(nrℓnAjnA) obtained with a Woods-Saxon potential:

V(r, r0, a0) =
V0

1 + exp [(r − r0A1/3)/a0]
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T = SF1/2
nrℓnAjnA

⟨χ(−)
pF ψnA|∆VpF|Φ(+)

i ⟩, C2 = SF × b2
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转移反应 转移反应理论中的问题

周边性检验
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周边性检验
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周边性检验
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转移反应 转移反应理论中的问题

周边性检验
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周边性检验

10
−1

10
0

10
1

 0  20  40  60  80

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

58
Ni, 10 MeV

10
−2

10
−1

10
0

10
1

 0  10  20  30  40

d
σ

/d
Ω

 (
m

b
/s

r)

θc.m. (deg)

58
Ni, 56 MeV

−0.4

−0.2

0.0

0.2

0.4

 0  2  4  6  8  10  12

|φ
(r

)|

rnA (fm)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 0  2  4  6  8  10  12

R
x

rnA (fm)

10 MeV
56 MeV

(同济大学：2022 年秋) 三体核反应 September 30, 2022 40 / 75



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

转移反应 转移反应理论中的问题

周边性检验
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周边性检验
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转移反应 转移反应理论中的问题

周边性检验
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转移反应 转移反应理论中的问题

周边性检验
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转移反应 转移反应理论中的问题

周边性检验
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转移反应 转移反应理论中的问题

peripherality shown by ANC: the 58Ni case
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转移反应 转移反应理论中的问题

Application of the Combined method: ideally ...
For the 58Ni(d,p)59Ni reaction:
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转移反应 转移反应理论中的问题

Application of the Combined method: actually ...
For the 58Ni(d,p)59Ni reaction:
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转移反应 转移反应理论中的问题

Application of the Combined method: actually ...
For the 58Ni(d,p)59Ni reaction:
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转移反应 转移反应理论中的问题

Need for accurate overlap functions!

1 When SF and ANC are not compatible, the inner part of the overlap function is not
represented well with the well-depth prescription;

2 To obtain reliable SFs, improvement of the treatment of the internal region is
necessary.
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转移反应 转移反应理论中的问题

Inconsistency in neutron potentials VnA and UnA

TADWA
fi =

〈
χ
(−)
pF ψnA |UpA + Vpn − UpF|ϕ0(r)χ̃ad(+)

d

〉
Distorted waves χ̃ad(+)

d ⇐ complex UnA ⇐ dσel
dΩ

Single particle wave function ψnA ⇐ real VnA ⇐ Ebinding

A.M. Mukhamedzhanov, DYP, C. Bertulani, A.S. Kadyrov, PRC 90, 034604 (2014)
possible solution: dispersive optical model potentials
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转移反应 转移反应理论中的问题

Inconsistency in neutron potentials VnA and UnA

TADWA
fi =

〈
χ
(−)
pF ψnA |UpA + Vpn − UpF|ϕ0(r)χ̃ad(+)

d

〉
Distorted waves χ̃ad(+)

d ⇐ complex UnA ⇐ dσel
dΩ

Single particle wave function ψnA ⇐ real VnA ⇐ Ebinding

A.M. Mukhamedzhanov, DYP, C. Bertulani, A.S. Kadyrov, PRC 90, 034604 (2014)
possible solution: dispersive optical model potentials
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转移反应 转移反应理论中的问题

Necessity of closed channels: at year 1987

(同济大学：2022 年秋) 三体核反应 September 30, 2022 51 / 75

N. Austern et al.,
Phys.Rep. 154, 125 (1987)
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破裂反应

破裂反应
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破裂反应 连续态离散化耦合道方法（CDCC 方法）

连续态离散化耦合道方程

The coupled equation:

Ψmodel(R, ξ) = ϕ0(ξ)χ0(K0,R) +
∑
n>0

ϕn(ξ)χn(Kn,R)

Problems:
There are infinite number of continuum states

The continuum states are non-normalizable

⟨ϕk,lsj(r)|ϕk′,lsj(r)⟩ ∝ δ(k − k′)

SOLUTION ⇒ continuum discretization
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破裂反应 连续态离散化耦合道方法（CDCC 方法）

Construction of the continuum bins
Select a number of angular momenta
(ℓ = 0, 1, · · · , lmax)

For each ℓ, set a maximum excitation energy εmax

Divide the intervals ε = 0− εmax into a set of
sub-intervals (bins)

For each bin, calculate a representation wave function

ϕ
[ki,ki+1]
ℓsj,i (r) =

√
2

πN

∫ ki+1

ki

w(k)uk,ℓsj(r)dk

uk,ℓsj(r) radial scattering wave function
ki =

√
2µεi/h̄

w(k): weight function
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破裂反应 连续态离散化耦合道方法（CDCC 方法）

Construction of the continuum bins: example
deuteron (n-p system) with Huthén potential, S state.
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破裂反应 连续态离散化耦合道方法（CDCC 方法）

The CDCC method

The three-body wave function:

Ψ
(+)
kd

(r,R) = ϕd(r)χ(+)
d (R) +

∫
dkϕk(εk, r)χ(+)

k (εk,R)

⇒ Ψ
(+)CDCC
kd

(r,R) = ϕd(r)χ(+)
d (R) +

∑
k
ϕk(εk, r)χ(+)

k (εk,R).

The coupled equations:

(TR + Hr + Vn + Vp)
∑

j
ϕj(r)χ(+)

j (R) = E
∑

j
ϕj(r)χ(+)

j (R).

⇒ (TR + ϵi − E + Vii)χ
(+)
i (R) = −

∑
j ̸=i

Vijχ
(+)
j (R)

Vij(R) = ⟨ϕi(r)|Vn + Vp|ϕj(r)⟩.
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破裂反应 连续态离散化耦合道方法（CDCC 方法）

CDCC calculation: an example
Elastic scattering of d+58Ni at 79 MeV. Neutron, proton optical potentials from CH89.
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exp data: E.J. Stephenson et al, PRC 28, 134 (1983)
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破裂反应 弱束缚核弹性散射的破裂道耦合效应

11Be+64Zn at 29 MeV
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E1n = 0.502 MeV, A. Di Pietro PRL 105, 022701 (2010), PRC 85, 054607 (2012)
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破裂反应 弱束缚核弹性散射的破裂道耦合效应

11Be+64Zn at 29 MeV
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破裂反应 弱束缚核弹性散射的破裂道耦合效应

8B+208Pb at 170.3 MeV
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E1p = 0.138 MeV, Yang Yan-Yun, Wang Jian-Song, et al., PRC 87, 044613 (2013)
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破裂反应 弱束缚核弹性散射的破裂道耦合效应

breakup coupling effects in the elastic scattering of 8B and 11Be
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Y.Y. Yang, X. Liu, D.Y. Pang, PRC 94, 034614 (2016)
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破裂反应 弱束缚核弹性散射的破裂道耦合效应

Experiments performed at IMP Lanzhou
elastic scattering of weakly-bound nuclei: experiments performed at IMP Lanzhou

Y.Y. Yang, et al., PRC 87, 044613 (2013), 90, 014606 (2014), 98, 044608 (2018), PLB 811, 135942 (2020)
(同济大学：2022 年秋) 三体核反应 September 30, 2022 61 / 75



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

破裂反应 弱束缚核弹性散射的破裂道耦合效应

Experiments performed at IMP Lanzhou
elastic scattering of weakly-bound nuclei: experiments performed at IMP Lanzhou

Y.Y. Yang, et al., PRC 87, 044613 (2013), 90, 014606 (2014), 98, 044608 (2018), PLB 811, 135942 (2020)
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破裂反应 弱束缚核弹性散射的破裂道耦合效应

Differences in n-rich and p-rich nuclei

The tidal force:

The Schrödinger equation:[
− h̄2

2µ

d2

dr2 + VN + VC +
h̄2

2µ

ℓ(ℓ+ 1)

r2
]
ϕnℓj(r) = εϕnℓj(r)

Coulomb potential: VC(r) = Zce2
r , (r > R)

The centrifugal potential:Vcf(r) = h̄2

2µ
ℓ(ℓ+1)

r2
8B: VC ̸= 0, Vcf ̸= 0 (1p3/2 ⇒ ℓ = 1), 11Be: VC = 0, Vcf = 0 (2s1/2 ⇒ ℓ = 0)
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Effect of Coulomb and centrifugal barriers
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Effect of Coulomb and centrifugal barriers

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

 0  2  4  6  8  10  12

r (fm)

V
−0.138 MeV

VC

V+VC
φ(r)

VC = 0, Vcf ̸= 0

0.0

0.3

0.6

0.9

1.2

 0  20  40  60  80  100

8
B+

64
Zn at 32 MeV

σ
/σ

R
u
th

θc.m. (deg)

no BU
Vcf=VC=0, BU

VC=0, BU

VC = 0, Vcf ̸= 0

(同济大学：2022 年秋) 三体核反应 September 30, 2022 64 / 75



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

破裂反应 弱束缚核弹性散射的破裂道耦合效应

Effect of Coulomb and centrifugal barriers
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Elastic scattering ⇒ single-particle structure!

(同济大学：2022 年秋) 三体核反应 September 30, 2022 65 / 75



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

破裂反应 弱束缚核弹性散射的破裂道耦合效应

elastic and breakup
Elastic scattering and breakup cross sections : depend on Optical model potentials
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OMP parameters: LHS: Nr = 0.72, Ni = 1.21; RHS: Nr = 0.80, Ni = 1.0
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Ratio of cross sections: weakly dependent on OMP

Ratio of breakup and elastic scattering cross sections depend weakly on OMP

The measured cross sections:
dσsum
dΩ =

dσel
dΩ +

dσinel
dΩ +

∫ dσBU

dEdΩdE.

The ratio:

Rsum(E,Q) =
dσBU/dEdΩ
dσsum/dΩ 10
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The Recoil Eikonal breakup (REB) model

With the Recoil Eikonal Breakup (REB) model [Assumes VnT is negligible and
adiabatic approx., R. Johnson, J. Al-Khalili, J. Tostevin, PRL 79, 2771 (1997)]:

Elastic scattering: dσel

dΩ = |F00|2
(

dσ
dΩ

)
pt

Form factor: F00 =
∫
|ϕ0|2eiQ · rdr, Q ∝ (K − K′)

⇒Elastic scattering of composite nuclei = form factor × point-like particle scattering

Breakup cross sections: dσbu

dEdΩ = |FE0|2
(

dσ
dΩ

)
pt

Form factor: |FE0|2 =
∑

ljm

∣∣∣∫ ϕljm(E)ϕ0 eiQ · rdr
∣∣∣2

⇒ similarity of elastic and breakup angular distributions
⇒ The ratio method!
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The ratio method

With the REB model:

σbu

σel
=

|FE0(Q)|2

|F00(Q)|2

Independent on reaction mechanisms: nuclear or Coulomb breakup, light or heavy
targets
Directly related to the single-particle structure of projectile
Easy to measure: many systematic uncertainties canceled

Johnson, Al-Khalili and Tostevin, PRL 79, 2771 (1997); Capel, Johnson, Nunes, PLB 705, 112 (2011), ibid, PRC 88,
044602 (2013); Yun, Colomer, Capel, and Pang, JPG 46, 105111 (2019).
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The ratio: weak dependence on target masses

Capel, Johnson, Nunes, PLB 705, 112 (2011)
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The ratio: sensitive to binding energies

Capel, Johnson, Nunes, PLB 705, 112 (2011)
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The ratio method: applicability for proton-rich nuclei
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17F (a), 25Al (b) and 27P (c) from 58Ni at 60 MeV/n, breakup/elastic ratios and the FFs.
Proton separation energies: 17F: 0.6 MeV (1d5/2), 25Al: 2.27 MeV (1d5/2);
27P: 0.87 MeV (2s1/2)
Yun, Colomer, Capel, and Pang, JPG 46, 105111 (2019)
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Breakup induced dynamic polarization potentials
The coupled equations:

(TR + ϵi − E + Vii)χ
(+)
i (R) = −

∑
j ̸=i

Vijχ
(+)
j (R)

For the elastic scattering channel (i = 0):

⇒

TR + ϵi − E + V00 +

∑
j̸=i Vijχ

(+)
j (R)

χ
(+)
i (R)︸ ︷︷ ︸

χ
(+)
0 (R) = 0

The dynamic polarization potential:

VP(R) ≡
∑

j ̸=i Vijχ
(+)
j (R)

χ
(+)
i (R)

We get a 1-channel equation with U(R) = V00 + VP (V00: bare potential):
⇒ [TR + ϵi − E + U(R)]χ(+)

0 (R) = 0
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Breakup induced dynamic polarization potentials
Example: 11Be+208Pb elastic scattering at 140 MeV.
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Li Yan, D.Y. Pang, Eur. Phys. J. A 57, 46 (2021).
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Breakup induced dynamic polarization potentials
Example: 11Be+208Pb elastic scattering at 140 MeV.

dσ
dΩ = |f(θ)|2

f(θ) = fC(θ) + fN(θ)
⇒ The breakup channels cause a destructive
interference between the Coulomb and Nuclear
amplitudes at angles where the Coulomb-nuclear
interference peak used to be.
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