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In particular, more than 250 000 tons of spent fuel from currently operating 

reactors will require disposal. 

PWR 

Capture cross sections of 
244,246,248Cm are in the path 

of the formation of heavier 

isotopes (Bk and Cf). 

The Cm isotopes are important for the 

storage, transport and transmutation of 

the spent nuclear fuel.  These isotopes 

are the main neutron emitters. 

Isotopic composition spent fuel 
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   Type 244Cm  246Cm 248Cm 

Cote (1964) Trans 7-280 eV 4-27 eV - 

Berreth (1964) Trans 7-100 eV 4-16 eV - 

Benjamin (1972) Trans - 4-16 eV 7-3000 eV 

Belanova (1975) Trans 7-180 eV 4-160 eV 7-100 eV 

Moore (1971) Cap 22-1000 eV 80-380 eV 26 eV 

Kimura (2010) Cap 7-23 eV 4-16 eV 7-27 eV 

Kawase (2021) Cap 7-420 eV 4-550 eV 7-76 eV 

Previous measurements 

Four transmission 

measurements. 

Measurement done with an 

underground nuclear 

explosion, the uncertainties 

are questionable. 

Measurements at J-PARC with 

Ge detectors. 

  

New experimental measurements of 244,246,248Cm are 

need to reduce the uncertainties. 
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PS Protons 
(20 GeV/c) 

20 m  

The n_TOF facility 

The n_TOF facility is a high 

instantaneous intensity spallation 

neutron source driven by the CERN 

PS synchrotron. 
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244Cm sample (%) 

(EAR1 and EAR2) 

246Cm sample (%)  

(EAR2) 
243Am 0.6±0.1 1.2±0.2 
244Cm 59.9±1.1 20.1±0.5  
245Cm 2.4±0.3 1.0±0.3 
246Cm 6.3±0.3 57.0±1.2 
247Cm ----- 2.8±0.4 
248Cm ----- 8.7±0.2 
240Pu 30.8±0.6 9.2±0.2 

Total 

mass 
~1.6 mg ~1.9 mg 

Activity ~3.6 GBq ~1.7 GBq 

  
244Cm sample in mg 

(EAR1 and EAR2) 

246,248Cm sample 

(%) in mg (EAR2) 
243Am ~0.01 (0.6±0.1%) ~0.02 (1.2±0.2%) 
244Cm ~1.2 (59.9±1.1%) ~0.34 (20.1±0.5 %) 
245Cm ~0.05 (2.4±0.3%) ~0.02 (1.0±0.3%) 
246Cm ~0.12 (6.3±0.3%) ~0.97 (57.0±1.2%) 
247Cm ----- ~0.04 (2.8±0.4%) 
248Cm ----- ~0.15 (8.7±0.2%) 
240Pu ~0.62 (30.8±0.6%) ~0.16 (9.2±0.2%) 

Total 

mass 
~2.0 mg ~1.7 mg 

The Cm samples 

Two set of samples were provided by JAEA (Japan). 

 

 

The samples were used in the previous Kimura and Kawase 

measurements. 

High uncertainty in the total 

mass, so the measurements 

are normalised to the 240Pu 

first resonance. 

 
240Pu is the daughter of 244Cm 

(T½=18.11 years). 
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• TAC (Total Absorption Calorimeter).  

 Sphere of 40 BaF2 crystals, 95% solid 

angle. 

 Detecting almost all the gammas in the 

cascade. 

 • Experiment 

 2 weeks. 

 5·1017 protons of 20 GeV/c. 

 
 

• Analysis 

 Coincidence analysis between the 40 

detectors. Cuts in the Esum and 

multiplicity of the events are set to 

reduce the background 

TAC setup in EAR1 (~185 m) 
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TAC calibration and efficiency calculation (εγ)  

NuDEX  

88Y 

Detailed          

simulations of the setup +             =  εγ  

244Cm 
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Background components TAC 

Background with a Dummy: 

Al canning, Kapton, Mylar… 

Environmental background. 

Activity of the sample produced by 

the actinides. 

Deposited energy in the detector 

for the first 240Pu resonance 

(0.9<En<1.1 eV) 
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Yield EAR1 with sample 244Cm 
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Neutron Beam 

Sample 

C6D6 setup in EAR2 (~20m) 

to measure 244,246,248Cm 

• Experiment 

 3 months. 

 8·1018 protons of 20 GeV/c. 

• Experimental setup 

 First capture measurement at EAR2. 

 Efficiency proportional to energy.   

achieved using PHWT and TED             .  

 ~20 C6D6 detectors tested. 

 Prepare the detector setup (MC + 

Measurements). 

 

 

 

88Y BICRON C6D6 detector 
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+ 

244Cm 

240Pu 

The 240Pu and 244,246,248Cm (n,γ) cascades 

248Cm 246Cm 

NuDEX  = 
Necessary corrections to the 

TED and PHWT techniques = 
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Background components C6D6 

Environmental background 

Activity of the samples produced by 

the actinides 

Sample 
244Cm 

Sample 
248,246Cm 

Background with a Dummy 

The difference Dummy-Samples ~0.5% 

The signal to background 

(produced by the activity of the 

sample) ratio is better in EAR2 

due to the considerable higher 

instantaneous flux.   
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Yield EAR2 with sample 244Cm 
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Yield EAR2 with sample 246,248Cm 
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The resonance analysis with SAMMY 

The resonance analysis has been performed with the SAMMY code, which 

performs a Bayesian fit of the RP in the RRR. 

 

σγ= σγ (En, {E0, Γγ, Γn, Γf…});  

 

The n_TOF capture data were sensitive mainly to E0 and Γn, the rest of 

parameters have been taken from JENDL- 4.0. 

246Cm 

Resonances parameters fitted in the yields 

EAR1  (TAC), 244Cm sample 

EAR2 (C6D6), 244Cm sample 

EAR2 (C6D6), 246Cm sample 248Cm 

244Cm 
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Combining the three 244Cm measurements  

The uncertainties between the 

measurements are considered as 

totally correlated or uncorrelated to 

simplify the problem. 

 Complex problem, 

many correlations 

The three measurements 

are compatible 
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Conclusions 

 Accurate neutron capture cross section data for minor actinides (MAs) are required 

to estimate the  isotopic composition of the burned fuel. 

 

  The resonance parameters of a total of 36 resonances of 244,246,248Cm have been 

obtained using different experimental areas, detectors and techniques to reduce 

and control the systematic uncertainties.  

244Cm (17) 
Compatible 

  
246Cm (14) 

<180 eV compatible  

>180 eV not compatible JENDL 

compatible with Kawase 

 
248Cm (5) 

< 50 eV compatible 

 
240Pu (14) 

compatible (validation) 
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Thank you.  
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Thank you.  
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Decay heat 

Neutron emission 

Crucial properties for the 

storage, transport and 

transmutation of the spent fuel 

Burned fuel properties 
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Sensitivity analyses 

PWR 

SFR 

G. Aliberti et al. Nuclear data sensitivity, 

uncertainty and target accuracy assessment 

for future nuclear systems.05 2006. 

Sensitive analyses have been  

performed to quantify the necessary 

uncertainties in the C.S. 

 

 

Nuclear fuel related parameters 

(decay heat, neutron emission and 

dose) have been considered with a 

target accuracy of 20%. 
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EAR1 

EAR2 

The neutron fluxes 

The silicon detectors (SiMon1 and SiMon2) has 

been used to determine the neutron fluxes in 

the two experimental areas using the 6Li 

standard cross section.  
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EAR1 

SiMon 

(Number of 

neutrons) 

PKUP 

(Number of 

Protons) 

BCT 

(Number of 

Protons) 

The monitorisation 

The SiMon together with the PKUP and BCT has been used to precisely 

monitor the neutron and proton beams during all the measurements. 

Measurement time 
Time (all measurement) 

A reduction of 7% of the neutron beam 

due to a shift in the impact position of 

the proton beam has been observed 

for the first time at EAR2. 
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Not all neutrons that reach the experimental area in a given time have the same 

energy. The Energy-TOF probability distribution is referred to as the RF. 

The use of MC simulations to obtain the RF at 

EAR2 for small samples is not accurate enough. 

 

A new method has been developed for this 

experiment, based in parameterizing the RF. 

EAR2 

EAR1 

EAR2 

The RFs of the neutron beams 
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Counting rate TAC 

Discrimination α/γ/noise 

Calibration: γ-sources  

88Y 

Gain monitoring 

Time (all measurement) 
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Efficiency calculation (εγ) TAC 

High accuracy simulations 

with                   . 

Realistic (n,γ) deexcitation 

cascades. 

Reconstruction of the 

simulated events. 

εγ 

+ 

+ 

NuDEX  

88Y 
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NuDEX (E. Mendoza et al.) has been used to 

simulate the cascades mixing the known 

information at low energies with models 

depending in PSF at higher energies. 

 

NuDEX can take the PSF from their data base 

or can be modified by the user. 

 

The PSF has been fitted comparing 

experimental and simulated deposited energy 

data to obtain the necessary (n,γ) cascades 

of 240Pu and 244Cm. 

The (n,γ) cascades 
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The 240Pu and 244Cm (n,γ) cascades 

NuDEX  +                        (simulate the response) 

Fit of the cascades (PSF) with 

differential evolution algorithm  

+ 

= 

240Pu 

Nudex default PSF Nudex fit PSF 

Experimental TAC data   + 
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The 240Pu and 244Cm (n,γ) cascades 

NuDEX  +                        (simulate the response) 

Fit of the cascades (PSF) with 

differential evolution algorithm  

+ 

= 

244Cm 

Nudex default PSF Nudex fit PSF 

Experimental TAC data   + 
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Efficiency calculation (εγ) TAC 

High accuracy simulations 

with                   . 

Realistic (n,γ) deexcitation 

cascades. 

Reconstruction of the 

simulated events. 

εγ 

+ 

+ 

In order to reduce the background 

the following analysis cuts (2.5 > Esum 

(MeV) > 6.0 and mcr >2) are applied. 

εγ(
240Pu) = 0.589(7) and εγ(

244Cm) = 0.589(7) 
 

 

εγ(
240Pu) / εγ(

244Cm) = 1.000(17) 

 

 

Uncertainty 1.7 % 
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 Uncertainty in the 240Pu normalisation: 

• εγ(
240Pu) / εγ(

244Cm) → 1.7% 

• Abundance 240Pu/244Cm → 2.8% 

Total normalisation uncertainty 3.3% 

 

 

 Uncertainty in the energy dependence of the neutron flux (1%). 

 

 

 Uncertainty in the Dummy background subtraction (1%). 

 

 

 Uncertainty in the background produced by the actinides. 

    The uncertainties in the different efficiencies are: 

• εγ (
246Cm) → 8% 

•  εfis (
240Pu, 244Cm, 246Cm, 248Cm) → 15% 

• εelas (
240Pu, 244Cm, 246Cm, 248Cm) → 2-10% 

 

 

 

 

Systematic uncertainties in the TAC yield 
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TED  (Total Energy Detector) and  

PHWT (Pulse Height Weighting Technique) 

I.) Low Efficiency Detectors. 

 

II.) Efficiency to detect a γ-ray is proportional to its energy. 

III.) Proportionality fulfilled with Weighting Factors (WF) 

using PHWT. 

The detection efficiency is 

proportional to Ec 

TED and PHWT for the yield at EAR2 

 Ec=Sn+En 

A+1  X 

sg 

 Ec 
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Counting rate C6D6 

Geant4 simulations 

Reproduction of Exp. data 

Gain monitoring 

Time (all measurement) 
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The correction factors to the PHWT (FPHWT) 

 
 

The WFs are obtained by simulating an ideal 

experiment, but the real experiment at n_TOF deviates 

from that situation: 

 

 The 0.12 MeV experimental threshold. 

 The detection of the same cascades in two or 

three detectors. 

 The γ-summing, two or more γ-rays are 

detected in one BICRON detector 

simultaneously. 

 

High accuracy simulations 

with                   . 

Realistic (n,γ) deexcitation 

cascades of 240Pu and 
244, 246,248Cm. 

Reconstruction of the 

simulated events including 

the experimental effects. 

+ 

+ 

FPHWT 
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TAC cascades  +                        (simulate the response) + 

Experimental C6D6 data       =       Validation 

244Cm 240Pu 

The 240Pu and 244Cm (n,γ) cascades 
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The 246Cm (n,γ) cascades 

NuDEX  +                        (simulate the response) 

Fit of the cascades (PSF) 

+ 

Experimental C6D6 data    +  = 

246Cm 
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The 248Cm (n,γ) cascades 

NuDEX  +                        (simulate the response) + 

Experimental C6D6 data → The default NuDEX cascades 

248Cm 
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The correction factors to the PHWT (FPHWT) 

 
 

The WFs are obtained by simulating an ideal 

experiment, but the real experiment at n_TOF deviates 

from that situation: 

 

 The 0.12 MeV experimental threshold. 

 The detection of the same cascades in two or 

three detectors. 

 The γ-summing, two or more γ-rays are 

detected in one BICRON detector 

simultaneously. 

 

Uncer.:     0.5 %               1 %                     2% 

High accuracy simulations 

with                   .     

Realistic (n,γ) deexcitation 

cascades of 240Pu and 
244, 246,248Cm. 

Reconstruction of the 

simulated events including 

the experimental effects. 

+ 

+ 

FPHWT 
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The unweighted yield calculation 

The use of weights in the PHWT 

(               ) produce higher uncertainties 

due to counting statistics than the ones 

obtained with the yield without weights 

(unweighted yield). 

The measured actinides are 0+ heavy 

nuclei with millions of levels and Sn 

>Incident neutron energy (En)→ the γ-ray 

cascades do not vary significantly 

between resonances. 

The unweighted yield 

 

 

 

 

 

 

Previously used in 242Pu(n,γ). 

J. Lerendegui et al. 

The efficiency (εi) is 

calculated normalising 

to the weighted yield 

(TED and PHWT). 
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 Uncertainty in the 240Pu 

     normalisation. 

 

 

 

 

 Uncertainty in the energy dependence of the neutron flux (1%). 

 

 

 Uncertainty in the Dummy background subtraction (0.4% 244Cm sample and 

0.5% 246Cm sample). 

 

 

 Uncertainty in the fission background produced by the actinides (εfis → 

30%). 

 

 

 Uncertainty in the changes in the gain as a function of the neutron energy 

(0.5-2.0%). 

 

 

Systematic uncertainties in the C6D6 yields 

Uncertainty (%)  
244Cm sample 

244Cm 

246Cm sample 
244Cm 246Cm 248Cm 

Abundance 

Pu/Cm  
2.8 2.6 2.7 3.3 

FPHWT, Pu 

/FPHWT,Cm 

0.5 0.5 1.1 2.0 

εc,Cm /εc,Pu 0.2 0.2 0.5 1.8 

Total 2.9 2.7 3.0 4.3 
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Normalisation to 240Pu  

The experimental 

values obtained in 

the two areas with 

different setups 

are compatible. 

EAR1 
244Cm  

EAR2 
244Cm  

EAR2 
246Cm  

The first resonance of 240Pu located at 1.056 eV 

has been used to normalise the yields.  

The capture C.S. in JEFF-3.3 have a 2.75% 

uncertainty. 

EAR2 
246Cm  



ND July 2022 | V. Alcayne |  43 

Same exp. area  

(flux, fission, etc) 

Combining the three 244Cm measurements  

Three different measurements 

EAR1 
244Cm sample  

EAR2 
244Cm sample  

EAR2 
246Cm sample  

Same Cm sample 

(normalisation) 

There are also correlations between 

resonances, for example Dummy 

subtraction. 

The uncertainties between the 

measurements are considered as 

totally correlated or uncorrelated 

to simplify the problem. 

Γn = 9.19(40) Γn = 8.85(46) Γn = 8.68(54) 

Γn = 9.06(32) 

The Γn of resonance at 7.66 eV 

 Complex 

problem, many 

correlations. 
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240Pu results  

Three different measurements 

EAR1 
244Cm sample  

EAR2 
244Cm sample  

EAR2 
246Cm sample  

Same procedure than for 244Cm 
The three measurements 

are compatible 

The radiative kernels 

(α resonance area)  
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244Cm results  

The radiative kernels of the previous 

measurements and JENDL-4.0 are 

compared.  

 Compatible  

Uncertainty~ 

Cote 

Moore 

Kawase 

Uncertainty> 
Cote 

Kawase 
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246Cm results  

Uncertainty~ 

 

 

Kawase Uncertainty> 

 

Kawase 

 Not compatible JENDL 

Compatible KAWASE 

 Compatible  A total of 14 resonances fitted: 

 

 Two resonances fitted for the first 

time in capture or transmission 

experiment. 

 One new resonance (confirmed 

by Kawase). 

 One doublet. 
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248Cm results  

Compatible  

Uncertainty ~ 

 

 

Kawase 

Not compatible  

A total of 5 resonances fitted. 

Difficult to measure due to the low 

mass < 0.2 mg: 

 

 Two resonances fitted for the first 

time in a capture experiment. 

 


