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Many experiments using radioactive isotope beams

- Such as 
6,8He, 19,22C, 14,𝟏𝟏𝐁𝐞, 11Li

- Become an interesting topic in nuclear physics

- Have several features different from those of stable nuclei 

- They have one or more valence neutrons

- The radii much larger than those of their core

- Weakly bound nuclei

- Small separation energies

- The breakup process occurs easily (𝑎 + 𝐴 → 𝑏 + 𝑐 + 𝐴)

Light Halo Nuclei

≈3.53fm
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Grazing collision

Close collision

Distant collision

𝒃𝒈𝒓

Elastic scattering,
Direct reaction

Compound-nucleus 
formation(fusion)

Deeply inelastic collision

Elastic (Rutherford) scattering

Types of Reactions

𝑎 + 𝐴 → 𝑎 + 𝐴

𝑎 + 𝐴 → 𝑩∗

𝑎 + 𝐴 → 𝑎 + 𝑨∗

𝑎 + 𝐴 → 𝑎 + 𝐴

Introduction to nuclear reactions  
G. R. Satchler

∗ 𝑏 =
𝑙

𝑘
=
𝑎0
2
cot

𝜃
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- electric dipole polarization or Coulomb dipole excitation (CDE)

- caused by the Coulomb repulsive field generated from the target nuclei

- decelerates the charged nucleus but dose not influence the valence neutron(s)

- The core nucleus and valence neutron(s) are easily broken apart

- by the effect of Coulomb field

- The breakup reaction channels are opened more easily in heavy ion collisions

- Breakup reaction(or inelastic) cross section↑ ⇒ the elastic cross section↓

Coulomb Dipole Excitation Phenomenon

W. Y. SO et al.

PRC.92.014627(2015) 

𝑬𝒄.𝒎. = 𝟐𝟒. 𝟓𝐌𝐞𝐕

𝐏𝑬 = 𝐝𝛔𝐞𝐥./𝐝𝛔𝐑𝐮𝐭𝐡

11Be + 197Au → 11Be∗ + 197Au

or → 10Be + n + 197Au
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Coulomb Dipole Excitation Phenomenon

W. Y. SO et al.

PRC.92.014627(2015) 𝐏𝑬 = 𝐝𝛔𝐞𝐥./𝐝𝛔𝐑𝐮𝐭𝐡
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Optical model potential

Complex optical model potential (for 10Be)

−𝑈
OM

11Be
r = 𝑈

OM

10Be
+ 𝑈0

𝑙𝑜

The Extended optical potential(for 11Be)

−𝑈OM

10Be
= −𝑈𝐶 𝑟 + [𝑉0

𝑠ℎ(𝑟) + 𝑖𝑊0
𝑠ℎ 𝑟 ]

∗ Ri = ri AT

1
3 + AP

1
3

∗ 𝑟𝑐 = 1.25

𝑉0
𝑠ℎ(𝑟) = 𝑉{

1

1 + e(r−𝑅𝑉 )/𝑎𝑉
}

𝑊0
𝑠ℎ(𝑟) = 𝑊{

1

1+e(r−𝑅𝑊)/𝑎𝑊

}

𝑈𝐶 𝑟 =
𝑍𝑝𝑍𝑇𝑒

2

𝑅𝑐

=
𝑍𝑝𝑍𝑇𝑒

2

𝑅𝑐
(
3

2
−
1

2

𝑟2

𝑅𝑐
2)

For 𝑟 > 𝑅𝑐

For 𝑟 < 𝑅𝑐

= 𝑈OM

10Be
+ 𝑈𝐶𝐷𝐸 + 𝑈𝐿𝑅𝑁

= 𝑈OM

10Be
(𝑟) + {𝑈𝐶𝐷𝐸

𝑏𝑟 𝑟 + 𝑈𝐶𝐷𝐸
𝑖𝑛𝑒𝑙 𝑟 + 𝑈𝐿𝑅𝑁(𝑟)]

Dynamic Polarization Potential

https://en.wikipedia.org/wiki/Woods%E2%80%93Saxon_potential

𝟏𝟎𝐁𝒆

𝟏𝟗𝟕𝐀𝐮

𝟏𝟎𝐁𝒆

n
𝟏𝟗𝟕𝐀𝐮



𝑑𝐵 𝐸1

𝑑𝜀
= 𝑁

𝜀𝑏 𝜀 − 𝜀𝑏
3/2

𝜀4

∗ 𝜀𝑏 is equal to the separation energy 𝑆n =
0.5 MeV
∗ 𝑁 = 3.1 is the proportional constant

𝑈𝐶𝐷𝐸
𝑏𝑟 𝑟 = 𝑉𝐶𝐷𝐸

𝑏𝑟 𝑟 + 𝑖𝑊𝐶𝐷𝐸
𝑏𝑟 𝑟

=
𝟒𝝅

𝟗

𝒁𝒕
𝟐𝒆𝟐

ℏ𝒗

𝟏

𝒓 − 𝒂𝟎
𝟐𝒓

න
𝜺𝒃

∞

𝒅𝜺
𝒅𝑩 𝑬𝟏

𝒅𝜺
× 𝒈

𝒓

𝒂𝟎
− 𝟏, 𝝃 + 𝒊𝒇

𝒓

𝒂𝟎
− 𝟏, 𝝃

Coulomb Dipole Excitation Potential

M. V. Andres et al.,NPA.579.273-294(1994) 

W. Y. SO et al.

PRC.92.014627(2015) 

∗ 𝑖𝑓
𝑟

𝑎0
− 1, 𝜉 = 4𝜉2

𝑟

𝑎0
− 1

2

𝑒−𝜋𝜉𝐾2𝑖𝜉
" 2𝜉

𝑟

𝑎0
− 1

∗ 𝑔
𝑟

𝑎0
− 1, 𝜉 =

𝑃

𝜋
∞−׬
∞ 𝑑𝜉′

𝜉−𝜉′
𝑓

𝑟

𝑎0
− 1, 𝜉′

∗ 𝜉 = 𝑎0𝜀/ℏ𝑣, 𝑎0= 𝑍𝑝𝑍𝑡𝑒
2/2𝐸𝑐𝑚

𝑈𝐶𝐷𝐸
𝑖𝑛𝑒𝑙 𝑟 = 𝑉𝐶𝐷𝐸

𝑖𝑛𝑒𝑙 𝑟 + 𝑖𝑊𝐶𝐷𝐸
𝑖𝑛𝑒𝑙 𝑟

=
𝟒𝝅

𝟗

𝒁𝒕
𝟐𝒆𝟐

ℏ𝒗

𝑩 𝑬𝟏; 𝜺𝒙
𝟏𝒔𝒕

𝒓 − 𝒂𝟎
𝟐𝒓

× 𝒈
𝒓

𝒂𝟎
− 𝟏, 𝝃 + 𝒊𝒇

𝒓

𝒂𝟎
− 𝟏, 𝝃

∗ 𝜀𝑋
1𝑠𝑡 = 0.32 𝑀𝑒𝑉
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Long Range Nuclear Potential

𝑈0
𝑙𝑜 𝑟 = 𝑉0

𝑙𝑜 + 𝑖𝑊0
𝑙𝑜 4𝑎0

𝑙𝑜
𝑑𝑓 𝑋0

𝑙𝑜

𝑑𝑟

𝑓 𝑋0
𝑙𝑜 = [1 + exp 𝑋0

𝑙𝑜 ] , 𝑋0
𝑙𝑜 =

𝑟−𝑅0
𝑙𝑜

𝑎0
𝑙𝑜 and 𝑅0

𝑙𝑜 = 𝑟0
𝑙𝑜(𝐴1

1

3 + 𝐴2

1

3)
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The angular distributions of the elastic, quasi-elastic ,inelastic scattering and 

break-up cross section of the one neutron halo 11Be on a heavy mass target 197Au

have been measured at laboratory energies below 31.9MeV and 39.6MeV around the 

Coulomb barrier(𝑉𝑏~40MeV)

𝟏𝟏𝐁𝐞 + 𝟏𝟗𝟕𝐀𝐮 𝐒𝐲𝐬𝐭𝐞𝐦

V. Pseudo et al. PRL 118, 152502 (2017)

V. Pseudo et al. EPJ Web Conference 163, 

00045 (2017)
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𝟏𝟎𝐁𝒆

n

𝟏𝟗𝟕𝐀𝐮

𝑬𝒄.𝒎. = 𝟐𝟗. 𝟔𝐌𝐞𝐕

𝟏𝟏𝐁𝐞 + 𝟏𝟗𝟕𝐀𝐮
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Elastic Scattering Cross- section in 29.6MeV
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Inelastic Scattering Cross- section in 29.6MeV

𝑻𝒊𝒏𝒆𝒍;𝒍 =
𝟖

ℏ𝒗
න
𝟎

∞

𝝌𝒍
+ 𝒓 𝟐[𝑾𝑪𝑫𝑬

𝒊𝒏𝒆𝒍 ]𝒅𝒓
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Breakup Cross- section in 29.6MeV

𝑻𝑩𝑼;𝒍 =
𝟖

ℏ𝒗
න
𝟎

∞

𝝌𝒍
+ 𝒓 𝟐[𝑾𝑪𝑫𝑬

𝒃𝒓 +𝑾𝒍𝒐]𝒅𝒓
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𝟏𝟎𝐁𝒆

n

𝟏𝟗𝟕𝐀𝐮

𝑬𝒄.𝒎. = 𝟑𝟕. 𝟏𝐌𝐞𝐕

𝟏𝟏𝐁𝐞 + 𝟏𝟗𝟕𝐀𝐮
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Elastic Scattering Cross- section in 37.1MeV
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Inelastic Scattering Cross- section in 37.1MeV

𝑻𝒊𝒏𝒆𝒍;𝒍 =
𝟖

ℏ𝒗
න
𝟎

∞

𝝌𝒍
+ 𝒓 𝟐[𝑾𝑪𝑫𝑬

𝒊𝒏𝒆𝒍 ]𝒅𝒓
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Breakup Cross- section in 37.1MeV

𝑻𝑩𝑼;𝒍 =
𝟖

ℏ𝒗
න
𝟎

∞

𝝌𝒍
+ 𝒓 𝟐[𝑾𝑪𝑫𝑬

𝒃𝒓 +𝑾𝒍𝒐]𝒅𝒓
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Summary

• We simultaneously calculate elastic, quasi-elastic, inelastic and breakup cross section 

of 11Be + 197Au system by taking into account dynamic polarization potential in 

extended optical model approach.

• Especially, four free parameter for LRN potential by using 𝜒2 analysis have been 

used for the all calculations

• We show that the energy dependence of breakup reaction in theorical frame for 

checking the influence of CDE potential.
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Thank you!!!
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−
ℏ2𝑘

2𝜇
𝐓 1+2 = 𝜙(−) (𝑈1 + 𝑈2) 𝜓

= න𝜙 𝑈1 + 𝑈2 𝜓𝑑𝑅

= න(𝜒 − ෠𝐺0
+𝑈1𝜒) 𝑈1 + 𝑈2 𝜓𝑑𝑅

= න 𝜒 𝑈1 + 𝑈2 𝜓 − ( ෠𝐺0
+𝑈1𝜒) 𝑈1 + 𝑈2 𝜓 𝑑𝑅

= ׬ 𝜒 𝑈1 + 𝑈2 𝜓 − 𝜒𝑈1 ෠𝐺0
+ 𝑈1 + 𝑈2 𝜓 𝑑𝑅

= න 𝜙𝑈1𝜒 + 𝜒𝑈2𝜓 𝑑𝑅

= 𝜙(−) 𝑈1 𝜒 + 𝜒(−) 𝑈2 𝜓

Free:          𝐸 − 𝑇 𝜙 = 0 ෠𝐺0
+ = 𝐸 − 𝑇 −1

Distorted: E − 𝑇 − 𝑈1 𝜒 = 0 𝜒 = 𝜙 + ෠𝐺0
+𝑈1𝜒

Full:           𝐸 − 𝑇 − 𝑈1 − 𝑈2 𝜓 = 0 𝜓 = 𝜙+ ෠𝐺0
+ 𝑈1 + 𝑈2 𝜓 = 𝜒 + ෠𝐺1

+𝑈2𝜓

∗ 𝐒𝐿= 𝑒2𝑖𝛿𝐿 = 1 + 2𝑖𝐓𝐿
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The total angle-integrated cross sections are the same in the lab 
and c.m. frames(they just measure the total number of incident 
particles that are deflected by that target)
However, the differential cross sections are different.

𝜎𝑙𝑎𝑏 𝜃𝑙𝑎𝑏, 𝜙𝑙𝑎𝑏 =
1 + 𝜌2 + 2𝜌cos𝜃𝑐.𝑚.

3
2

1 + 𝜌cos𝜃𝑐.𝑚.
𝜎𝑐.𝑚. 𝜃𝑐.𝑚., 𝜙𝑐.𝑚.

∗ 𝜌 =
𝑚𝐴𝑚𝐶

𝑚𝐵𝑚𝐷

𝐸

𝑄+𝐸

1

2
(B(A,C)D System)

In elastic scattering A=C,B=D and Q=0, So we have simply 𝜌 = 𝑚𝐴/𝑚𝐵

Ref. V.Pesudo et al.
EPJ Web of Conferences 163, 00045 (2017) 

21



Heavy-Ion Scattering 

𝜃1

𝜃2

𝜃1 = 𝜃2

𝑉(𝑟)
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𝐏
𝐄
=

𝐝
𝛔
𝐞
𝐥/
𝐝
𝛔
𝐑
𝐮
𝐭𝐡

θc.m.

𝑬𝒄.𝒎. = 𝟑𝟕. 𝟏𝐌𝐞𝐕

𝑼𝑶𝑴

𝟏𝟏𝑩𝒆
𝒓 = 𝑼𝑶𝑴

𝟏𝟎𝑩𝒆
− {𝑈𝐶𝐷𝐸 𝐵𝑅𝐸. 𝑟 + 𝑈𝐶𝐷𝐸 𝑖𝑛𝑒𝑙. 𝑟 } − 𝑈𝑠𝑢𝑟

𝑙𝑜 (𝑟) −U0
𝑁(𝑟)

Bare Potentials and Elastic Scattering

𝟏𝟎𝐁𝐞 + 𝟔𝟒𝐙𝐧

𝟏𝟎𝐁𝐞 + 𝟐𝟎𝟖𝐏𝐛

J.J.Kolata et al

PRC.713.(2007),047601 

𝟏𝟎𝐁𝒆

𝟏𝟗𝟕𝐀𝐮
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Quasi-elastic Scattering Cross- section in 29.6MeV
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Quasi-Elastic Scattering Cross- section in 37.1MeV
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Breakup Cross- section in 37.1MeV

𝑻𝑩𝑼;𝒍 =
𝟖

ℏ𝒗
න
𝟎

∞

𝝌𝒍
+ 𝒓 𝟐[𝑾𝑪𝑫𝑬

𝒃𝒓 ]𝒅𝒓
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