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A simple angle integration 
method for the determination 

of capture reaction cross 
sections
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Angular distribution method
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Cross section determination

Calculation of Α0 𝑖 :

• Spectrum analysis → Ι (𝚬𝒊
𝜸
, 𝜠𝒋

𝒃𝒆𝒂𝒎, 𝜽𝜿)

• Corrections ω(θ), εabs(θ) → Ι' (𝚬𝒊
𝜸
, 𝜠𝒋

𝒃𝒆𝒂𝒎, 𝜽𝜿)

• Normalization Q → Υ (𝚬𝒊
𝜸
, 𝜠𝒋

𝒃𝒆𝒂𝒎, 𝜽𝜿)

• Fit Υ(θ) with function:

𝑊 𝜃 = 𝐴0 1 + σ𝑘 𝛼𝑘𝑃𝑘 cos 𝜃 , 

k = 2, 4,..

𝝈𝚻 =
𝚨

𝚴𝚨 𝝃
𝒀

𝐀: atomic weight

𝑵𝑨: Avogadro number

𝝃: target thickness

𝒀: reaction yield → Υ = σ𝑖=1
Ν Α0 𝑖



Angle integration method*

• Step 1: Experimental determination of the differential 

gamma-production cross section
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*L.C. Mihailescu et al., Nucl. Instr. Meth A531, 375 (2004)
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• Step 3: Determination of the reaction cross section for 

every beam energy

𝝈𝜯 𝜠𝒋
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*L.C. Mihailescu et al., Nucl. Instr. Meth A531, 375 (2004)



Angle integration

Differential gamma-production cross section:

𝑑𝜎𝛾

𝑑𝛺
𝜃𝛾 =

𝜎𝛾

4𝜋
෍

𝑘

𝑐𝑘𝑃𝑘(𝑐𝑜𝑠𝜃𝛾)

Numerical integration of the differential cross section by 
the Gaussian quadrature method:

𝜎𝛾 = 2𝜋 න
−1

1 𝑑𝜎𝛾

𝑑Ω
𝑥 𝑑𝑥 = 2𝜋 ෍

𝑖=1

𝑛

𝑤𝑖

𝑑𝜎𝛾

𝑑Ω
𝑥𝑖

x=cosθ, n: number of detectors

Requirement: The sum gives the exact result for 
the integral → Calculation of the appropriate 𝒘𝒊, 𝒙𝒊

, 𝑘 = 0, 2, 4, …

Step 2:



Determination of wi, xi

• 𝑥𝑖 = 𝑐𝑜𝑠𝜃𝑖 equals to the root of the Legendre polynomial 𝑃2𝑛

• The weight equals to:

Case of 2 

detectors:

Exact approach for 
polyonomials of 
degree: ≤ 𝟒𝒏 − 𝟐

Number of 

detectors

Weight

wi

Angle

θ

n = 1 2 55 125

n = 2 1.304 31 149

0.696 70 110

n = 3 0.936 76 104

0.722 49 131

0.343 21 159

𝑤1 + 𝑤2 = 2

𝑤1𝑃2 𝑥1 + 𝑤2𝑃2 𝑥2 = 0

𝑤1𝑃4 𝑥1 + 𝑤2𝑃4 𝑥2 = 0



Determination of wi, xi

• 𝑥𝑖 = 𝑐𝑜𝑠𝜃𝑖 equals to the root of the Legendre polynomial 𝑃2𝑛

• The weight equals to:

Case of 2 

detectors:

Exact approach for 
polyonomials of 
degree: ≤ 𝟒𝒏 − 𝟐

Number of 

detectors

Weight

wi

Angle

θ

n = 1 2 55 125

n = 2 1.304 31 149

0.696 70 110

n = 3 0.936 76 104

0.722 49 131

0.343 21 159

𝑤1 + 𝑤2 = 2

𝑤1𝑃2 𝑥1 + 𝑤2𝑃2 𝑥2 = 0

𝑤1𝑃4 𝑥1 + 𝑤2𝑃4 𝑥2 = 0

110º (or 70º) and 150º (or 30º)→ 𝑃4 𝑐𝑜𝑠𝜃 = 0

𝜎𝛾 = 2𝜋 𝑤1

𝑑𝜎

dΩ
110𝑜, Ε𝑏𝑒𝑎𝑚 + 𝑤2

𝑑𝜎

dΩ
150𝑜, Ε𝑏𝑒𝑎𝑚



Reaction cross section

The reaction cross section for each beam energy is 

calculated using the formula:

𝜎 Ε = ෍

𝑖=1

𝑁

𝜎𝛾(𝐸𝛾 , L𝑖 → 𝑔. 𝑠. )

N : number of transitions that lead to the ground state
σγ : gamma-ray production cross-section for gamma-ray 

energy E γ

Step 3:



Measurements by the 
angle integration method

L.C. Mihailescu et al., Nucl. Phys. A799, 1 (2008)

L.C. Mihailescu et al., Nucl. Phys. A811, 1 (2008)

L.C. Mihailescu et al., Nucl. Phys. A786, 1 (2007)

Good agreement of the data 

with existing experimental data 

and with TALYS calculations

52Cr(n, nγ)

Mihailescu(2007)

Mihailescu(2008)

209Bi(n, nγ)

208Pb(n, nγ)

Mihailescu(2008)



Future plans

Application of angle integration 

method to well known reaction

Cross section measurement 

of proton capture reaction 

→ 66Zn(p, γ)67Ga

92Mo(p, γ)93Tc



Conclusions

• Need for fewer detectors

• Less experimental data to be analysed

• Validation of the angle integration

method for the calculation of capture

reaction cross section



Thank you for your attention



Number of 

detectors
P2n = 0

Weight

wi

Angle

θ

n = 1 0.57735 2 54.74 125.26

n = 2 0.33998 1.30429 30.56 149.44

0.86114 0.69571 70.12 109.88

n = 3 0.23862 0.93583 76.19 103.81

0.66121 0.72152 48.61 131.39

0.93247 0.34265 21.18 158.82



න
−𝟏

𝟏 𝒅𝝈

𝒅𝜴
𝒄𝒐𝒔𝜽 𝒅𝒄𝒐𝒔𝜽 = ෍

𝒊=𝟏

𝒏

𝒘𝒊

𝒅𝝈

𝒅𝜴
𝒄𝒐𝒔𝜽𝒊

𝚪𝛊𝛂 𝐧 = 𝟐:

•
𝒅𝝈

𝒅𝜴
𝒄𝒐𝒔𝜽𝒊 = 𝟏 + 𝒄𝟐𝑷𝟐(cos𝜽𝒊) +𝒄𝟒𝑷𝟒(cos𝜽𝒊)

• 𝟏−׬

𝟏 𝒅𝝈

𝒅𝜴
𝒄𝒐𝒔𝛉 𝒅𝒄𝒐𝒔𝜽 = 𝒘𝟏

𝒅𝝈

𝒅𝜴
cos𝜽𝟏 + 𝒘𝟐

𝒅𝝈

𝒅𝜴
cos𝜽𝟐

• 𝟏−׬

𝟏 𝒅𝝈

𝒅𝜴
𝒄𝒐𝒔𝜽 𝒅𝒄𝒐𝒔𝜽 = 𝟏−׬

𝟏
{𝟏 + 𝒄𝟐𝑷𝟐(cos𝜽𝒊) + 𝒄𝟒𝑷𝟒(cos𝜽𝒊)}𝒅𝒄𝒐𝒔𝜽 = 𝟐 + 𝟎 + 𝟎

• 𝒘𝟏(𝟏 + 𝒄𝟐𝑷𝟐(cos𝜽𝟏) + 𝒄𝟒𝑷𝟒(cos𝜽𝟏)) + 𝒘𝟐(𝟏 + 𝒄𝟐𝑷𝟐(cos𝜽𝟐) +
𝒄𝟒𝑷𝟒(cos𝜽𝟐))=2 ֜

𝒘𝟏 + 𝒘𝟐=2

𝒘𝟏𝑷𝟐(cos𝜽𝟏) + 𝒘𝟐𝑷𝟐(cos𝜽𝟐) =𝟎
𝒘𝟏𝑷𝟒(cos𝜽𝟏) + 𝒘𝟐𝑷𝟒(cos𝜽𝟐)=𝟎

Solution of the equation system

For k = 2


