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Example: 𝑝𝑝 + 7Be → 8B + 𝛾𝛾
• Important for the “solar neutrino problem”

• 8B → 8Be∗ + 𝑒𝑒+ + 𝜈𝜈𝑒𝑒 produces about only 0.02% of solar neutrinos, but 
neutrinos of energy up to 15 MeV
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• Need to know S17 E = 𝐸𝐸 e2𝜋𝜋𝜋𝜋 𝜎𝜎 𝐸𝐸 of 𝑝𝑝 + 7Be → 8B + 𝛾𝛾 at 𝐸𝐸 < 20 keV, or 𝑺𝑺𝟏𝟏𝟏𝟏 𝟎𝟎 , 𝑆𝑆17′ 0 , … .
• Direct experiments are difficult at such a low-energy, and requires extrapolation.

• One possibility is the Coulomb Dissociation method (which involves E1 & E2)
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Typical indirect 
methods
• Coulomb Dissociation

• Trojan Horse method

• Asymptotic Normalization 
Constant (ANC)



• Another possibility is ANC method

• BE=0.1375 MeV;  k = 2𝜇𝜇 𝐵𝐵𝐸𝐸 = 15 𝑀𝑀𝑒𝑒𝑀𝑀,

• 1
𝑘𝑘

= 13 fm ≫ 𝑅𝑅𝑁𝑁 ≈ 3 fm, peripheral

• 8B is a loosely bund system of p+7Be.

• Matrix element for 𝑝𝑝 + 7Be → 8B + 𝛾𝛾

~�𝑑𝑑𝒓𝒓 Ψ8𝐵𝐵∗ 𝜺𝜺 � 𝑱𝑱 𝑟𝑟 𝑒𝑒𝑖𝑖𝒌𝒌�𝒓𝒓 Ψ𝑝𝑝+7𝐵𝐵𝑒𝑒
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𝑑𝑑𝑟𝑟 ⋅ 𝑟𝑟 ⋅ 𝐼𝐼𝑝𝑝+7Be→8B+𝛾𝛾 𝑟𝑟

• Dominated by

• Ψ𝑝𝑝+7𝐵𝐵𝑒𝑒 ∼
1
𝑟𝑟
𝐹𝐹𝐿𝐿 𝜂𝜂,𝑘𝑘𝑟𝑟 + 𝛿𝛿 𝜙𝜙𝑝𝑝 𝜙𝜙7𝐵𝐵𝑒𝑒 𝑌𝑌𝐿𝐿𝐿𝐿, L = 1, 𝛿𝛿 ≃ 0

• Ψ8𝐵𝐵 ∼ 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴
1
𝑟𝑟
𝑊𝑊𝐿𝐿 𝜂𝜂,𝑘𝑘𝑟𝑟 𝜙𝜙𝑝𝑝 𝜙𝜙7𝐵𝐵𝑒𝑒 𝑌𝑌𝐿𝐿𝐿𝐿

• 𝐼𝐼𝑝𝑝+7Be→8B+𝛾𝛾 𝑟𝑟 ~ 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 𝐹𝐹𝐿𝐿 𝜂𝜂, 𝑘𝑘𝑟𝑟 𝑊𝑊𝐿𝐿 𝜂𝜂,𝑘𝑘𝑟𝑟
• F & W: Coulomb & Whittacker ftns: Solution of radial 

Schrodinger equation with Coulomb potential. E>0 and E<0.
• The only unknown quantity: 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 , the asymptotic 

normalization constant
• 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 may be theoretically evaluated by a microscopic 

calculation (Quantum Monte-Carlo Green’s function, No-
Core Shell-Model, …)









How can we get 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴? (I)

• 7Be 𝑎𝑎, 𝑏𝑏 8B with 𝑎𝑎 = 𝑏𝑏 + 𝑝𝑝 is handy !
• Amp ∼ 𝐶𝐶𝑝𝑝+7𝐵𝐵𝑒𝑒8𝐵𝐵 𝐶𝐶𝑏𝑏+𝑝𝑝𝑎𝑎 1

| 𝑘𝑘−𝑘𝑘′|2
(peak at forward angle)

• We can use DWBA or CC codes to calculate amplitudes with ANCs 

• Oops, but we then need another ANC, 𝐶𝐶𝑏𝑏+𝑝𝑝𝑎𝑎 !

• How to get 𝐶𝐶𝑏𝑏+𝑝𝑝𝑎𝑎 ?
• Using simple systems, e.g. 7Be D, n 8B and 7Be 3He, D 8B
• Or by 𝑎𝑎 𝑏𝑏, 𝑎𝑎 𝑏𝑏 with 𝑎𝑎 = 𝑏𝑏 + 𝑝𝑝.That is, 10B 7Be, 8B 9Be and 9Be 10B, 9Be 10B

• PRC56 (‘97) 1302: 9Be 10B, 9Be 10B at E=100 MeV

7Be,-𝑘𝑘

a=(b+p),𝑘𝑘

p, 𝑘𝑘 − 𝑘𝑘′
8B,-𝑘𝑘′

b,𝑘𝑘′

+ ⋯

𝐶𝐶𝑝𝑝+7𝐵𝐵𝑒𝑒8𝐵𝐵

𝐶𝐶𝑏𝑏+𝑝𝑝𝑎𝑎



How can we get 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 ? (I)
• PRC56 (‘97) 1302: 9Be 10B, 9Be 10B at E=100 MeV



How can we get 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 ? (I)
• PRC56 (‘97) 1302: 9Be 10B, 9Be 10B at E=100 MeV



Errors in 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 ?
• Dependence on optical pot. 

parameters : ~5%

• Multi-step: ~ 3%

• DWBA vs Coupled-channel ~ 3%
• Peripheral condition: satisfied (𝑘𝑘 𝑅𝑅𝑐𝑐𝑐 =

16) for 𝑅𝑅𝑐𝑐𝑐 = 5 fm

• In total, they assigned ±9 % in C^2,

𝐶𝐶2 = 5.06 ± 0.46 [fm] 



Errors in 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 ?
• Fernandes et al, PRC59(‘99)2865.

• A careful examination of S17 



Errors in 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 ?
• Fernandes et al, PRC61(‘99)064616.

• 10B -> 9Be +p



How can we get 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 ? (II)

• If we know ANC, we can find S-factors.

• => If we know S-factors, we can extract ANC

• NPA 781(‘07)247:
• The 𝑅𝑅𝑙𝑙𝑏𝑏𝑙𝑙𝐵𝐵(𝐸𝐸) can be calculated by rather reliably by DWBA code

• Independent on b (details)
• It then allows us to extract C for each E
• C is E-independent, we can deduce S(0)



How can we get 𝐶𝐶𝐴𝐴𝑁𝑁𝐴𝐴 ? (III) ERE with phase-shifts

• Elastic scattering: 
• It is s-channel (among s,t,u), hard to extract by angle-

dependence
• Amplitude has a simple-pole at 𝐸𝐸 = −𝜀𝜀, 

• 𝑆𝑆𝑙𝑙 ∼ − 𝐿𝐿+1𝑖𝑖 𝑒𝑒−𝜋𝜋𝜋𝜋 𝐴𝐴2

𝑘𝑘−𝑖𝑖𝑖𝑖
+ ⋯ ,Blokhintsev et al. SJPN 1984

• Example: PRC84(‘11)024603 & (PRC96 (‘17) 034601 for 12C+a) 
• (partial wave analysis) -> (𝛿𝛿𝐿𝐿) →

• (effective range expansion: 𝑘𝑘2𝐿𝐿+1 cot 𝛿𝛿𝐿𝐿 = − 1
𝑎𝑎

+ 𝑟𝑟
2
𝑘𝑘2 − 𝑃𝑃 𝑟𝑟3𝑘𝑘4 + ⋯

• 𝐶𝐶2 in terms of (𝑎𝑎, 𝑟𝑟,𝑃𝑃,⋯ )

p

8B, 8B*  
7Be

+ ⋯

7Be

p





Other example: 14N+p→15O+𝛾𝛾
(PRC67(03)065804)

• 14N(3He,d)15O at 𝐸𝐸𝐻𝐻𝑒𝑒3 = 26.3 𝑀𝑀𝑒𝑒𝑀𝑀





Possible future works by using ANC ?



14O(𝛼𝛼,𝛾𝛾)18Ne

• Can be addressed by 14O(7Li,t)18Ne ?

• One may also measure 14O(7Li, 𝛼𝛼)17F for 
14O(𝛼𝛼, 𝑝𝑝)17F

14O+7Li-t



15O(𝛼𝛼,𝛾𝛾)19Ne & 15O(𝛼𝛼,p)18F

• Can be addressed by 15O(7Li,t)19Ne ?

𝐽𝐽𝜋𝜋 15O = �1
2
−
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