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From nuclear structure to macroscopic scale

Mix nuclear models and experimental corrections

• Resolution broadening

• Doppler broadening

• Multiple scattering correction

Conclusions

Evaluation of the Resolved Resonance Range 
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Similarity/Transposition
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Sn

A+1X

Class-I Class-II

Transition
states

Isomeric
wellSpectroscopy 

(database ENSDF)

Spectroscopy n
(database ENDF)

« continuum »

Discret levels

Potential energy as a function of the nucleus deformation

The Resonance Shape Analysis relies on the R-Matrix

theory to extract properties of the compound nucleus states 

(resonance parameters) from time-of-flight measurements

Nuclear structure

Prior resonance parameters comes from evaluated nuclear 

data libraries in ENDF-6 format
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127I

99Tc

Hf

23Na 56Fe

9Be

R-Matrix formalism is a well established formalism for studying nuclear properties, from light to heavy nuclei

Nuclear structure

241Pu

SAMMY CONRAD CONRAD REFIT

REFIT REFIT REFIT CONRAD
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Molecular structure and dynamics

Nuclear model codes (FLASSH, nCRYSTAL, CINEL) take into account crystal structure properties (space group, lattice

parameter) and vibrations of the target nuclei (partial phonon density of states)

Prior material properties can be retrieved from the Materials 

Project database
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Molecular structure and dynamics

Temperature-dependence of the material properties can be accessed either by Ab Initio Molecular Dynamics (AIMD) or

from diffraction, inelastic neutron scattering (INS) and neutron Compton scattering (NCS) experiments

PDOS of UO2 measured

at ILL with IN6

UO2 diffraction pattern measured

at ILL with D4

Einc= 330 meV

16O
27Al
93Nb
238U

NCS of  UO2 measured

at ISIS (UK) with VESUVIO

Einc  5 eV

acoustic

modes U

optical

modes O

Fm3m group space

Neutron Compton scattering (or deep inelastic neutron scattering) measures 

atomic momentum distributions as a function of the energy transfer

U

O



Cristallite

grains with

nanometric size

Aggregates of 

micrometric size

Microsphere

app ≈ 7.41 g/cm3

Sintered UO2 pellet 

with grains of Gd2O3

Calcination 850°C

Porous mircrosphere

Gd2O3 cubic

th = 7.41 g/cm3

Sintering 1700°C

Radius reduction of 

about 20%

Microstructure of the materials
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UO2

Sample

Gd2O3 Mircrophere

diameter
Number of mircrospheres in a pellet

A1 - UO2 sample containing homogenously mixed Gd2O3 powder

A4 195(10) m 5955

A5 380(19) m 814

Microstructure of the materials

Transmission 

measured at 

GELINA

Particle self-shielding correction from Doub (NSE, 10, 299, 1961) 

In which r is the radius of the mircosphere and V depends on 

the number of microspheres

Expression of t derived from Case et al. , Introduction to the 

theory of neutron diffusion, 1953 

with

with
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From nuclear structure to macroscopic scale

Mix nuclear models and experimental corrections

• Resolution broadening

• Doppler broadening

• Multiple scattering correction

Conclusions

Evaluation of the Resolved Resonance Range 
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« Continuum »RRR

URR

R-Matrix formalism
MLBW, RM, LRF7, Brune 

parametrization, (n,f),Pf(E),Reff(E), R…

Optical model (ECIS, CCCP)

Statistical model (TALYS, CONRAD)

Probability Tables

Average parameters

calculated with the urr

option of TALYS 

ESTIMA method SPRT method

Thermal 

Scattering law

Standard models

implemented in 

CONRAD

Convert results in 

ENDF-6 file and 

processing for TRIPOLI

239Pu dans PuO2

Mix nuclear models and experimental corrections

Experimental

corrections



Disposition : Titre et contenu

13

Mix nuclear models and experimental corrections

Theoretical transmission 

Theoretical reaction yield

Resolution function

Doppler broadened cross section

Multiple scattering correction

Y0(E)

Yth(E) =Y0(E)+Y1(E)+Yn(E)

Most popular corrections in resonance analysis

Neutron sensitivity

+ -ray attenuation in the sample …
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Mix nuclear models and experimental corrections

See P. Schillebeeckx et al. NDS 113, 3054 (2012)
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From nuclear structure to macroscopic scale

Mix nuclear models and experimental corrections

• Resolution broadening

• Doppler broadening

• Multiple scattering correction

Conclusions

Evaluation of the Resolved Resonance Range 
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Monte-Carlo distributions or simple functions can be used to describe the neutron burst (Gaussian or

Lorentzian), the neutron target decay (sum of exponentials), the moderator (chi-square distribution with  degree of

freedom), the flight path angle (half-circle) and the detector in the case of transmission

Resolution function
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Monte-Carlo distributions or simple functions can be used to describe the neutron burst (Gaussian or

Lorentzian), the neutron target decay (sum of exponentials), the moderator (chi-square distribution with  degree of

freedom), the flight path angle (half-circle) and the detector in the case of transmission

Resolution function
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 Contribution of the neutron source (uranium target, …)

 Contribution of the water moderator

 Contribution of the flight path angle
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Monte-Carlo distributions or simple functions can be used to describe the neutron burst (Gaussian or

Lorentzian), the neutron target decay (sum of exponentials), the moderator (chi-square distribution with  degree of

freedom), the flight path angle (half-circle) and the detector in the case of transmission

 Convolution of simple functions is able to correctly reproduce the Monte-Carlo distributions  (GELINA facility) 

Resolution function
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High resolution measurements  long flight length 

L = 10.861 m

L = 202.05 m

Liou (1975)

GELINA

175Lu+n

175Lu+n

Resolution broadening
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Resolution broadening

Long tail coming from the thick

spalation target (LANCE)

239Pu+n

 Compact neutron source are 

needed for high resolution 

measurements

 Warning ! the fitting procedure will accommodate values of the radiative widths in order to 

compensate possible deficiencies of the resolution function 
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From nuclear structure to macroscopic scale

Mix nuclear models and experimental corrections

• Resolution broadening

• Doppler broadening

• Multiple scattering correction

Conclusions

Evaluation of the Resolved Resonance Range 
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Doppler effect

For actinides, experimental widths
of the low energy resonances are 
dominated by the Doppler effect

Energy dependence of the Full Width at Half Maximun (FWHM) of the Doppler and resolution contributions,

compared to the natural widths of 241Am+n, 99Tc+n and 84Kr+n

2
obs  R

2 + D
2 + 2

tot



Disposition : Titre et contenu

23

Free Gas Model with Teff

The Doppler broadened cross sections are calculated by averaging the zero Kelvin cross section over the target

velocity distribution. In other words, the Doppler effect can be reduced to the convolution of the unbroadenened

cross-section by a dynamic structure factor S dependent on the incident neutron energy 𝐸, outgoing energy 𝐸’ and

temperature 𝑇:

In the framework of the Free Gas Model (FGM), velocities of the target nuclei follow a Maxwell Boltzmann

distribution, that lead to :

The Doppler width is given by 

Lamb suggests replacing the thermodynamic temperature T with an effective temperature Teff to account for crystal

lattice effects. The effective temperature can be estimated via the Debye temperature or the PDOS as follow:
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Crystal Lattice Model with phonon density of state  

Double-differential neutron scattering cross section using a modified version of the Courcelle model

Angle integrated neutron scattering cross section using the ’ model of

Aitor Bengoechea (PhD Thesis)

𝜎𝑇 𝐸 =
1

2𝑘𝐵𝑇
නන

𝐸′

𝐸
𝑆 𝛼′, 𝛽 𝜎0 𝐸′ + 𝛼′𝑘𝐵𝑇 𝑑𝐸′𝑑𝜇

𝛼′ = 𝛼𝑐𝑎𝑝 +
𝐸′−2𝜇 𝐸𝐸′

𝐴𝑘𝐵𝑇
⋅ 𝑒

𝜆𝑠𝑇𝑒𝑓𝑓

𝑇 with 𝜶𝒄𝒂𝒑 =
𝑬

𝑨𝒌𝒃𝑻

Average momentum transfer 𝛼′

S(α,) calculated with

• Phonon expansion model (CLM-LEAPR)

• Short Time Approximation (SCT)

• Free Gas Model with Teff (FGM)

Equivalent to DBRC !!!

In the case of CLM with

phonon expansion 𝐩 ≥ 𝟏

In the case of CLM with

phonon expansion 𝐩 ≥ 𝟎

4PCF

model

’

model
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T=294 K

T=1700 K

The objective of the 4PCF model is to unified the Doppler

broadening formalisms between the thermal and resonance

ranges of the neutron cross sections in order to use S(α,) model

over the entire neutron energy range

Crystal Lattice Model with phonon density of state  

Measurements performed

at ISIS (UK) with VESUVIO
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The impact of the cubic structure (Fm3m symmetry) of PuO2 and AmO2 can be observed at low energy even at room

temperature

Free Gas Model (FGM)

with an effective temperature

Cristal Latice Model (CLM)

with a phonon density of states

0.31 eV 0.57 eV 1.27 eV

 Lampoudis (2013)

241Am+n

Doppler broadening

 Warning ! For actinides, the fitting procedure will accommodate values of the radiative 

widths in order to compensate deficiencies of the Doppler model 

 Alcayne (2024)

240Pu+n
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235U+n High-resolution measurements  low temperature

 reduce the contribution of the Doppler effect

 allow identifying multiplets of resonances

 useful for extending the resolved resonance range

Doppler broadening
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From nuclear structure to macroscopic scale

Mix nuclear models and experimental corrections

• Resolution broadening

• Doppler broadening

• Multiple scattering correction

Conclusions

Evaluation of the Resolved Resonance Range 
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Multiple scattering correction

Analytical or Monte-Carlo models

are available in the Resonance

Shape Analysis codes

Thin sample Thick sample
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Multiple scattering correction in 56Fe sample

Thin sample
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31O. Litaize, EPJ Web of Conf. 02003 (2013)

Example of CONRAD calculations for a thin disc of Mn55 (3 mm thick). The huge multiple scattering contribution
Yn due to the Mn55 resonance can only be reproduced by Monte-Carlo.

Multiple scattering correction in 55Mn sample

55Mn+n (3 mm)55Mn+n (3 mm)

Multiple scattering correction

Resonance position
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Sizeable impact of the correction in the thermal energy range and in the energy range [7.8-11 eV] of the

recommended fission integral for the U235 capture and fission yields measured at the RPI facility

235U+n

Multiple scattering correction in 235U sample

Monte-Carlo model is recommended for a 

precise description of the multiple scattering

and an accurate determination of the 

resonance parameters and normalization
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Monte-Carlo model in the CONRAD code can account for target velocity and up-scattering effects (DBRC model) 

due to temperature

Target at rest (TAR) Sampling velocity target (SVT)

238U+n 238U+n 238U+n

Doppler Broadening

Rejection Correction (DBRC)

 Warning ! the fitting procedure will accommodate values of the resonance parameters to 

compensate possible deficiencies of the multiple scattering correction 

Y0

Y1

Ytot

Multiple scattering correction in 238U sample
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Neutron sensitivity correction

206Pb

 Important for “scattering resonances”
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From nuclear structure to macroscopic scale

Mix nuclear models and experimental corrections

• Resolution broadening

• Doppler broadening

• Multiple scattering correction

Conclusions

Evaluation of the Resolved Resonance Range 
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Conclusions

R-Matrix codes for resonance analysis

• Resonance Shape Analysis codes REFIT, SAMMY and CONRAD

Need for a unified Doppler model to cover the thermal and resonance ranges

• Free Gas Model with an effective temperature is an approximation not valid at low neutron energy

Multiple scattering correction

• Monte-Carlo model is recommended to account for target velocity and up-scattering effects (DBRC)

Simultaneous data analysis

• Use various data sets measured with samples of different thicknesses to establish a consistent set of 

parameters


