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Compilation of cross sections 

at thermal energies - I 
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Compilation of cross sections 

at thermal energies - II 

Below 0.1 eV the CS depends on: 

 bounding of atoms 

 temperature 

 sample properties and orientation 573 K 
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Thermal-neutron scattering data 

(applications) -I 

Nuclear technologies 

• nuclear reactor design (TSL data are 

needed for both the moderator and to 

evaluate crystal lattice effects in UOX 

fuel.  

• analysis of the nuclear criticality safety 

• accelerator driven sub-critical systems for 

waste incineration 



Effects of thermal data on resonance analysis 



Many questions emerge from the WPEC SG-

40 (CIELO) related to the impact of the thermal 

scattering data on criticality benchmarks  

Neutron beam spectral shaping (filtering) 

 



Thermal-neutron scattering data 

(applications) -II 

Neutron source characterisation 

Medical applications 

Material science research using thermal and cold 
neutrons.  

The wavelength of neutrons with energy of 80 meV is 1 Å.  
– the λ ≈  distance between atoms. 

– the E ≈  fundamental excitations in condensed matter such as 
phonons, magnons, and other basic excitations.  

=> neutrons are simultaneously sensitive to both atomic 
structure and dynamics and thus probe the space–time 
correlation function of the system under study. 

 

 



Material structure measurements 



Measurement techniques to study both,  

the structure and the dynamics 



Recommendations of the 30th INDC meeting 

 Support non-OECD contributions to new evaluated and experimental data  for 

TSL 

 Thermal data (phonon spectrum, S(αβ) are needed for various nuclear reactors 

moderators and structural materials. These data are crucial for a proper 

knowledge of a light water reactor’s spectrum.  

 To validate evaluations in the resolved range, time of flight experiments are 

needed in the temperature interval from a few K to 1000 K. Low temperature 

measurements could disentangled the effect of crystal lattice on the knowledge 

of resonance parameters for major isotopes (e.g. 238U and 239,240,241Pu) 

 



Recommendations of the 30th INDC meeting - II 

 Thermal scattering data are required for Be, BeO and BeF4 related to 

neutronics calculations  

 Thermal scattering data are required for material science research using cold 

neutrons.  

 The lack of studies and data of thermal neutron scattering in organic tissues, 

which might have a large impact on neutron dosimetry in BNCT where the 

“therapeutic” neutrons are thermal. Similar impact could be found in the 

practice of neutron Brachytherapy and Radiation Protection.  



WPEC-SG42 recommendations 



IAEA/TSL library 



“How Accurately Can We Calculate Thermal 

Systems” 

INDC(USA)-107(UCRL-TR-203892) 

Objectives:  
How accurately variety of neutron 

transport code packages (code and 

cross section libraries) can calculate 

simple reactor lattice integral 

parameters, such as K-eff, for systems 

that are sensitive to thermal neutron 

scattering? 

Conclusion:  
The effects of the thermal scattering 

models is important! 

 



Thermal-Neutron Scattering data are included in the scope of 

EXFOR compilation. However, the completeness and the 

consistency of the compiled data need to be verified.                                       

Compilation of TSL quantities 

Do we need to revise the existing compilation rules? 
BA,SIG/TMP                  B   (Bound-atom cross section,                            3000023600173 

BA,AMP                         L   (Bound-atom scattering amplitude)                 3000023600963 

BA/COH,AMP                L   (Bound-atom coherent scattering amplitude)  3000023600964 

BA/PAR,AMP                 L   (Partial bound-atom scattering amplitude)      3000023600965 

FA,SIG                           B   (Free-atom cross section)                              3000023600253 

FA,SIG/TMP                   B   (Free-atom cross section,                              3000023600254 

FA/COH,SIG                  B   (Free-atom coherent scattering cross             3000023600257 

FA/INC,SIG                    B   (Free-atom incoherent scattering cross          3000023600259 

FA,AMP                          L   (Free-atom scattering amplitude)                    3000023600969 

FA/INC,SIG                    B   (Free-atom incoherent scattering cross          3000023600259 

INC,SIG                          B   (Incoherent scattering cross section)              3000023600263 

INC,AMP                        B   (Incoherent scattering amplitude)                    3000023600971 

COH,SIG                        B   (Coherent cross section)                                 3000023600185 

FA/COH,SIG                  B   (Free-atom coherent scattering cross              3000023600257 

BA/COH,AMP                L   (Bound-atom coherent scattering amplitude)    3000023600964 

COH,AMP                      L   (Coherent scattering amplitude)                       3000023600966 

COH/IM,AMP                 L   (Coherent scattering amplitude (imaginary       3000023600967 
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Cf: CRIPO (by Granada) & BETMAn (by Vogel) 



Expected outcomes from the meeting 

 Determine the main quantities and supplemental 

data/information needed to be compiled in EXFOR 

 Discuss the most appropriate format for compilation of 

thermal scattering data 

 Discuss important/specific characteristics of measurements 

at the thermal and sub-thermal energies 

 Prepare guidelines for compilation 

 Receive a feedback from users 

 Collect information/data.  



Both double differential and total cross-sections can be used 

to benchmark thermal scattering evaluations.  
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 The neutron energy is determined by means of the time-of-flight technique. 

 Sample-in sample-out technique 

 Measured spectra are normalized using the integral counts from a monitoring 

 Background is measured and subtracted from both the incident and the 

 transmitted beam spectra. 

 Spectra are corrected by dead time effects from detectors and electronics 

 

𝜎 𝐸 =  
−𝑙𝑛 𝑇

𝑁∆x
 

Total cross sections are not always sufficient, but necessary. They are cost 

efficient and with better statistics.  
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Neutron properties 

Quantity Particle Wave 

Wave length   
λ =
h

m⋅v
 

Wave number   
k=
2𝜋

λ
 

Momentum p = m⋅v 
p =
h⋅k

2π
= ℏ⋅k 

Energy 
E=
m

2
v2 

E=
h2

2mλ2
=
ℏ2⋅k2

2m
 

Magnetic momentum μn -1.913043 nuclear magnetons 

Spin S 1/2 

The wavelength of the thermal neutrons is of the same order of magnitude as the 

interatomic distances in solids and exceeds the nuclear radius. As a result: 

 We consider that the nucleus is fixed and the scattering is elastic. 

 Inelastic scattering occurs when an atom is displaced from its equilibrium 

position and due to the strong binding forces waves of atomic displacements 

are propagated throughout entire crystals. 

Magnetic scattering occurs in materials that contain unpaired electrons.  

 



Wave-particle relationships 

  E (meV) v (km/sec) λ (Å) k (Å-1) f (cm-1)  T (K) ω (THz) 

Energy E of 1 meV 1 0.437 9.045 0.695 8.066 11.60 1.519 

Velocity v of 1 km/sec 5.227 1 3.956 1.588 42.16 60.66 7.948 

Wavelength λ of 1 Å 81.81 3.956 1 6.283 659.8 949.3 124.3 

Wave vector k of 1 Å-1 2.072 0.629 6.283 1 16.71 24.04 3.148 

Optical frequency  f  of 1 cm-1 0.124 0.154 25.69 0.245 1 1.439 0.188 

Temperature T of 1 K 0.086 0.128 30.81 0.204 0.695 1 0.131 

Angular frequency ω of 1 THz 0.658 0.354 11.15 0.564 5.31 7.63 1 

E = 5.227v2 = 81.81/λ2 = 2.0723k2 = 0.1239f  = 0.0861T = 0.568ω 



Characteristics of the main types of 

neutron energy distributions  

  Ultracold Cold Thermal Epithermal Fast 

Energy 0.25 μeV 1 meV 25 meV 1 eV 2 MeV 

Temperature 3 mK 12 K 290 K 12000 K 2.32x1010 K 

Wave length 570 Å 9 Å 1.8 Å 0.29 Å 2.03x10-4 Å 

Velocity 6.9 m/sec 440 m/sec 2200 m/sec 14000 m/sec 107 m/sec 

The energy of the fast neutrons produced by a reactor 

or an accelerator are reduced to: 

 thermal region by moderator typically water or 

liquid hydrogen (low mass, large scattering 

cross section and low absorption cross section) 

 cold neutrons by cold moderator of liquid 

hydrogen at 20 K 

 short wavelengths, down to 0.3 Å can be 

produced by hot graphite moderator at 

temperature  2000K 

 

 



Geometry of neutron scattering 

experiment 



Scattering of a plane wave neutrons by a 

single (fixed) nucleus. 

For thermal neutrons: 
 Range of nuclear forces << neutron wavelength  

 S-wave scattering 

 Isotropic 

 Elastic(energy of the neutron is too small to change the energy of the nucleus) 

Incident wave function 

𝜓𝑖 = 𝑒
𝑖𝑘𝑧 

Scattered beam 

𝜓𝑓 = −𝑏
𝑒𝑖𝑘𝑧

𝑟
 

Density of 1 neutron per unit volume 

throughout all space 𝜓𝑖
2 = 1 

I0= neutron density x velocity = v  

If = 𝜓𝑓
2
 x velocity = (b2/r2) v 

No. scatter neutrons = If  x area =  

𝑏2

𝑟2
𝑣 ∙ 4𝜋𝑟2 = 4𝜋𝑏2 𝑣 

𝜎𝑡𝑜𝑡 = 
𝐼𝑓

𝐼0
= 4𝜋𝑏2 

b – scattering length (determined experimentally for each kind of nucleus)  



Free and bound atoms scattering length 

 The isotropic scattering, respectively the total scattering 

cross section, will depend on whether the nuclei are fixed 

or free to recoil during the scattering process. 

 The scattering length measured in the laboratory-fixed 

frame is smaller by a factor (A/A+1) if the nucleus is free 

to recoil. 

 It is conventional to quote the corresponding “bound-

atom” values for scattering lengths and cross sections.  
 



Scattering length characteristics 

 b is a constant. 

 b is a complex number. (In case absorption occurs in the 

interaction as well complex interaction potential is used, 

which gives complex scattering length. The imaginary 

part is related to the absorption cross section b'' =σa/(2λ))  

 when b is positive the potential V(r) is repulsive 

 b is negative in some cases. 

 b currently cannot be theoretically predicted and is 

determined experimentally for each nucleus. 

 b varies erratically as a function of Z. 



EXFOR compilation of scattering 

length for total scattering  
DICTION             32     201605 Parameters (REACTION SF 6)         3000003200001  

           ============================================3000003200002  

           General use                                                                                3000003200003  

           ============================================3000003200004  

AMP        Scattering amplitude                                                             3000003200009 

SF3 = THS SF3 = EL 

H-2, F-19, K-0, Bi-209, U-235 H-1, Li-6, O-0, Al-27, Cu-0, Sm-0, Sm-149 

1. SF3 = THS is recommended EL – free atom scattering.  

2. Completeness checking 



http://www.ncnr.nist.gov/resources/n-lengths/  

Thermal scattering length compilations 

http://www.ncnr.nist.gov/resources/n-lengths/
http://www.ncnr.nist.gov/resources/n-lengths/
http://www.ncnr.nist.gov/resources/n-lengths/
http://www.ncnr.nist.gov/resources/n-lengths/


Double differential cross-section 

  Initial state Final state 

Neutron k       Ψk k'       Ψk' 

Scattering system λ       X λ λ'       Xλ' 

𝑑𝜎

𝑑Ω
𝜆→𝜆′
=
1

Φ

1

𝑑Ω
 𝑊𝑘,𝜆→𝑘′𝜆′

𝑘′

𝐸 𝑑Ω 

 

 

The differential cross section represents the sum of all processes in 

which the state of the scattering system changes from λ to λ ’ , and 

the state of the neutron changes from k to k’  

 

where is the number of transitions per second from the state 

{k, λ} to the state {k’ , λ’ }, and Φ is the incident neutron flux. 



According to Fermi Golden Rule: 

 𝑊𝑘,𝜆→𝑘′,𝜆′

𝑘′

𝐸 𝑑Ω 

= 
2𝜋

ℏ
𝜌𝑘′ 𝑘

′𝜆′ 𝑉 𝑘, 𝜆 2 

𝑑𝜎

𝑑Ω
𝜆→𝜆′
=
𝑘′

𝑘

𝑚

2𝜋ℏ2

2

𝑘′𝜆′ 𝑉 𝑘, 𝜆 2 

Eλ + E = Eλ’ + E’  

𝑑2𝜎

𝑑Ωd𝐸′
𝜆→𝜆′
=
𝑘′

𝑘

𝑚

2𝜋ℏ2

2

𝑘′𝜆′ 𝑉 𝑘, 𝜆 2𝛿 𝐸𝜆 − 𝐸𝜆′ + ℏ𝜔  

It gives the possibility that the scattering changes the energy of the system by amount of 

ℏ𝜔 = 𝐸 − 𝐸′ =
ℏ2

2𝑚𝑛
𝑘2 − 𝑘′

2
 : energy transfer 



The energy (ℏ𝜔)  and momentum (Q) transfer are the basic characteristics of the 

thermal neutron scattering. The probability of scattering as a function of the 

variables (Q, 𝜔 ) is a property of the particular sample and its environment 

(temperature, pressure, magnetic field, etc.) 

Both energy and momentum of the interacting neutron and the sample obey the 

conservation low 



The interaction potential between the neutron a system of nuclei is a sum of 

interaction potentials with individual nuclei  Vj(r-Rj) 

𝑉 𝑟 =   𝑉𝑗 𝑟 − 𝑅𝑗
𝑗

 

𝑉𝑗 𝑟 − 𝑅𝑗 =
2𝜋ℏ2

𝑚
𝑏𝑗𝛿 𝑟 − 𝑅𝑗  

𝑏𝑗 is the scattering length of the jth nucleus 

Fourier transformation:   𝑉 𝑄 =
2𝜋ℏ2

𝑚
 𝑏𝑗𝑗  

Where ℏ𝑄 = ℏ 𝑘 − 𝑘′  

In general, the scattering of a neutron by a single bound nucleus is 

described within the Born approximation by the Fermi pseudopotential  



The double differential cross section in the 

time domain 

Although the scattering is described by the 

characteristics of the system in initial and  final states 

without time dependence its evaluation becomes more 

transparent if we consider the explicit time evolution of 

particle positions Rj  

𝛿 𝐸𝜆 − 𝐸𝜆′ + ℏ𝜔  = 
1

2𝜋ℏ
 𝑒𝑥𝑝 𝑖

𝐸
𝜆′
−𝐸𝜆

ℏ

∞

−∞
𝑒𝑥𝑝 −𝑖𝜔𝑡 d𝑡 



𝑑2𝜎

𝑑Ω𝑑𝐸′
𝜆→𝜆′
=
𝑘′

𝑘
 𝑏𝑗′

∗ 𝑏𝑗 𝜆
′ 𝑒𝑥𝑝 −𝑖𝑄 ⋅ 𝑅𝑗′ 𝜆

𝑗,𝑗′

𝜆′ 𝑒𝑥𝑝 𝑖𝑄 ⋅ 𝑅𝑗 𝜆  

                                  ×
1

2𝜋ℏ
 𝑒𝑥𝑝 𝑖

𝐸
𝜆′
−𝐸𝜆

ℏ

∞

−∞
𝑒𝑥𝑝 −𝑖𝜔𝑡 d𝑡 

 

In a real case, we have to sum all the final states keeping the initial state fixed and 

then average over all initial states of the target.  

𝑑2𝜎

d𝛺d𝐸′
=
𝑘′

𝑘

1

2𝜋ℏ
 𝑏𝑗′

∗ 𝑏𝑗
𝑗,𝑗′

 𝑒𝑥𝑝 −𝑖𝑄 ∙ 𝑅𝑗′ 0 𝑒𝑥𝑝 𝑖𝑄 ∙ 𝑅𝑗 𝑡
∞

−∞

𝑒𝑥𝑝 −𝑖𝜔𝑡 d𝑡 

This is the master formula and it is the basis for the interpretation of all neutron-

scattering experiments.  



Each scatterer has its own b depending on the specific isotope, nuclear spin, etc. 

𝑑2𝜎

d𝛺d𝐸′
=
𝑘′

𝑘

1

2𝜋ℏ
 𝑏𝑗′𝑏𝑗
𝑗,𝑗′

 𝑒𝑥𝑝 −𝑖𝜔𝑡 𝛸𝑗𝑗′ 𝑡
∞

−∞

d𝑡 

Χ𝑗𝑗′ 𝑡 = 𝑒𝑥𝑝 −𝑖𝑄 ∙ 𝑅𝑗′ 0 𝑒𝑥𝑝 𝑖𝑄 ∙ 𝑅𝑗 𝑡  

𝑏𝑗𝑏𝑗′  =  𝑏
2
         𝑗′ ≠ 𝑗 

𝑏𝑗𝑏𝑗′  =   𝑏
2      𝑗′ = 𝑗     

𝑑2𝜎

d𝛺 d𝐸′ 𝑐𝑜ℎ
=
𝜎𝑐𝑜ℎ

4𝜋

𝑘′

𝑘

1

2𝜋ℏ
  𝑒𝑥𝑝 −𝑖𝜔𝑡 𝛸𝑗𝑗′ 𝑡

∞

−∞
d𝑡 𝑗,𝑗′     𝜎𝑐𝑜ℎ = 4𝜋𝑏

2
 

𝑑2𝜎

d𝛺d𝐸′
𝑖𝑛𝑐

=
𝜎𝑖𝑛𝑐
4𝜋

𝑘′

𝑘

1

2𝜋ℏ
  𝑒𝑥𝑝 −𝑖𝜔𝑡 𝛸𝑗 𝑡

∞

−∞

d𝑡

𝑗

 𝜎𝑖𝑛𝑐 = 4𝜋 𝑏
2 − 𝑏

2
 

Coherent scattering  

Incoherent scattering 



𝑑2𝜎

𝑑Ω𝑑𝐸′
=
1

4𝜋

𝑘′

𝑘
𝑁 𝜎𝑐𝑜ℎ𝑆𝑐𝑜ℎ 𝑄,𝜔 + 𝜎𝑖𝑛𝑐𝑆𝑖𝑛𝑐 𝑄,𝜔  

Information about  

the neutron 

Information about the  

scattering system 

𝑺𝒄𝒐𝒉 𝑸,𝝎   and 𝑺𝒊𝒏𝒄 𝑸,𝝎  are the coherent and incoherent scattering laws. 

𝑆𝑐𝑜ℎ 𝑄,𝜔 = 
1

2𝜋ℏ
 𝑒𝑥𝑝 −𝑖𝜔𝑡 𝛸𝑐𝑜ℎ 𝑄, 𝑡
∞

−∞
d𝑡 𝑆𝑐𝑜ℎ 𝑄,𝜔 = 

1

2𝜋ℏ
 𝑒𝑥𝑝 −𝑖𝜔𝑡 𝛸𝑐𝑜ℎ 𝑄, 𝑡
∞

−∞
d𝑡 

𝜒𝑐𝑜ℎ 𝑄, 𝑡 =
1

𝑁
 𝑒𝑥𝑝 −𝑖𝑄 ∙ 𝑅𝑗′ 0 𝑒𝑥𝑝 𝑖𝑄 ∙ 𝑅𝑗 𝑡

𝑗,𝑗′

 𝜒𝑖𝑛𝑐 𝑄, 𝑡 =
1

𝑁
 𝑒𝑥𝑝 −𝑖𝑄 ∙ 𝑅𝑗 0 𝑒𝑥𝑝 𝑖𝑄 ∙ 𝑅𝑗 𝑡

𝑗

 

The Fourier transform are called Intermediate Scattering Functions 

These correlation functions, scattering laws and intermediate scattering functions contain all the 

information on the structure and dynamics of the scattering system. This information is obtained 

in a direct way in the measurement of the double differential scattering cross section.  

𝑺 𝑸,𝝎  scattering function of the system. It gives probability that the scattering changes 

the energy of the system by amount of ℏ𝜔=𝐸−𝐸’ and its momentum by ℏQ= ℏ(k-k’)  



Comparison between coherent and 

incoherent scattering 



A lattice which has only one atom in the unit cell is called Bravais lattice. The 

central position is determined by Ij. Considering the thermal motion the jth atom 

position is determined by Rj=Ij+uj, with uj the displacement from the Ij.   

Coherent scattering: 

Debye Waller Factor: related to the mean-

square displacement of each atom around its 

equilibribum position. depends on the 

temperature  

Related to the creation of phonons. 

No phonon creation for elastic 

scattering 

k = k′    

Coherent elastic scattering is so called 

Brag scattering 

Mean-square displacements are associated to the oscillation modes. Since the 

number of degrees of freedom is close to 1023, oscillation modes are expressed as an 

integral over all the frequencies by means of the density of states Z(ω) (or frequency 

spectra)  



Inelastic scattering experiments 

An inelastic scattering 

experiment involves the 

determination of the 

magnitudes of ki and kf and 

the scattering angle Φ for each 

detected neutrons. 



The dynamic structure factor can directly be 

extracted from the measured scattered intensity 

𝑑2𝜎

𝑑Ω𝑑𝐸′
=
1

4𝜋

𝑘′

𝑘
𝑁 𝜎𝑐𝑜ℎ𝑆𝑐𝑜ℎ 𝑄,𝜔 + 𝜎𝑖𝑛𝑐𝑆𝑖𝑛𝑐 𝑄,𝜔  

 EXFOR format allows compilation of energy and momentum 

transfer as independent variables. 

 If the dynamical structure factor is compile SF8=RAW need to 

be compiled. 



𝑆 𝛼, 𝛽 =  𝑘𝐵𝑇𝑒𝑥𝑝
−ℏ𝜔

2𝑘𝐵𝑇
𝑆 𝑞, 𝜔  

𝛼 =
𝑞2ℏ2

2𝑀𝑘𝐵𝑇
=
𝐸𝑖 + 𝐸𝑓 − 2𝜇 𝐸𝑖𝐸𝑓

𝐴𝑘𝐵𝑇
 

𝛽 =
−ℏ𝜔

𝑘𝐵𝑇
=  
𝐸𝑖 − 𝐸𝑓

𝑘𝐵𝑇
 

NJOY Nuclear Data Processing System generates scattering 

laws and cross sections for different materials at different 

temperatures. 



Outcomes 

 The EXFOR coverage for neutron induced cross sections data at thermal 

incident energies should be improved; 

 The importance and the needs of the nuclear data should be emphasised in 

order support the ND community in their applications for beam time at the 

large scattering facilities; 

 The procedures for analysis of the scattering cross section measurement 

were discussed; 

 Evaluation methods for TSL evaluations in connection with recent requests 

for improved scattering data were reviewed; 

 The descriptions of the thermal scattering quantities in the EXFOR 

compilation manual LEXFOR were revised; 

 the physics of thermal scattering, and its differences from analysis of 

scattering in epithermal range was summarized; 

 A template with required experimental information to be compiled was 

assembled; 

 A list of materials relevant to nuclear applications to be considered for 

EXFOR compilation was provided in order to guide NRDC community to 

select relevant materials. 



Recommendations 

 Double differential cross section, differential cross section, and total cross 

section experimental data should be stored and details of the experiments 

and instruments shall be laid out clearly. 

 Publish guidelines for what is needed for acceptable submissions to EXFOR 

(specify needed/suggested metadata including experimental details needed 

to understand the processing of the data). This should be provided as 

template for EXFOR data compilers.  

 S(q,ω) or S(α, β) could be stored in a new dedicated section of EXFOR with 

details of the derivation being provided. 

 Phonon spectrum, structural parameters, and other information derived from 

neutron double differential scattering experiments, X-ray crystallography and 

modelling should be stored in a separate repository accessible to the 

evaluators as derived data, with details of the derivation being provided. 

 



Thank you! 


