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The Ta(n,γ) measurement at n_TOF 

• The capture cross section of Ta is important for 

     nuclear reactors in space and fusion reactors. 

 

 

• Recent  critical experiments show  

    discrepancies, that may indicate issues  

    with the cross section of Ta. 

 

 

 

 

 

 

 

• The previous data are discrepant and 

affected by important experimental 

corrections like the self-shielding or 

angular correlations between γ-rays. There 

are considerable difference between the 

recent evaluations.  
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The n_TOF measurement at EAR1 

Three samples of Ta (99.99% of 181Ta and 1.2·10 −4 180mTa) in the range from 0.1 

eV to 500 keV with an aimed accuracy of 5%. The backgrounds and setup are 

share with the natural Er campaign: 

 

• 1 BICRON at 3.7 cm at 90º with respect to the beam. 

• 2 BICRON at 9.0 cm at 125º with respect to the beam. 

• 3 sTED at 10 cm at  90º, 110º, 130º with respect to the beam. 

 

• Sn (
182Ta) = 6.062 MeV. 

 

 

 

 

• Three metallic high purity (99.999%) samples of 

500, 100 and 10 μm  of 4 cm diameter for different 

energy regions and to verify the multiple corrections. 
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Preliminary comparison for Ta-500 μm 

Yield of the Ta of 500 μm normalized to the first resonance 
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Preliminary comparison for Ta-500 μm 

Yield of the Ta of 500 μm normalized to the first resonance 
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Measurements with C and Lead 

Measurements with Pb and C with background subtracted with a 

preliminary normalization to have an idea of the levels of background. 
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Measurements with filters 

The measurements with filters are compared with the background 

estimated with the C sample. More corrections are needed.  
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The absence of hydrocarbon power sources in space and the limitations of 

batteries have led to the development of photovoltaic and nuclear devices. 

Reactors for space 

For space missions to Jupiter 

and beyond and surface 

missions on Mars nuclear 

devices are the most suitable 

option. When spacecrafts 

require more than 100 kW for 

power, nuclear reactors are 

much more cost-effective than 

RPS. 

2 Slide by A. Guglielmelli 14 



Different libraries 

Erbium is used as burnable poison in some RBMK-1000 reactors: as 

an example, a number of 1500 FAs equipped with U-Er FAs were oper- 

ative in Leningrad, Kursk, and Smolensk NPPs in 2005 (Bystrikov, et al., 

2006).  

Erbium is also designed to be used as absorber 

in some PWRs; to give some examples U.S. 

Palo Verde NPP uses erbia as burnable absorber 

in their CE-16x16 Fuel Assembly (Palo Verde 

Nuclear Fuel Management Nuclear Analysis 

Group and Managing, 2008). Again, the 

Advanced Power Reactor (APR-1400) design 

based on the Korean Standard Nuclear Power 

(KSNP) foresees a core with erbium or 

gadolinium as burnable absorber (Kim, 1400).  

In the last decades, several research activities 

were also performed to test the reliability and 

effectiveness of erbium as a burnable absorber.  
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Accurate cross section data on erbium isotopes could be of interest for the study of the s-

process nucleosynthesis around the region of rare earth elements at A=160-170. For 

instance, the abundance of 166,167,168,170Er isotopes in presolar silicon carbide grains was 

recently measured by Yin  and collaborators. 

 The present overall disagreement between observed and calculated abundances clearly 

call for (n,γ) measurements of isotopes involved in this mass region 

 

Motivation astrophysics 

https://iopscience.iop.org/article/10.1086/505188 

Slide by C. 

Massimi 
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• Erbia (Er2O3) can be considered as an excellent alternative to burnable absorber 

made of gadolinia (Gd2O3) 

 

• There is a new entry in the HPRL to measure the capture C.S. of Er-167 between 

0.01 and 100 eV with a 2% uncertainty. 

 

 

 

 

 

 

 

 

• It has been explored the criticality uncertainty contribute of erbium isotopes at energy 

major than 10 eV for several reactor configuration. 

 

• The capture cross section of 166,167 Er are also important for astrophysics. 

 

 

https://www.oecd-nea.org/dbdata/hprl/hprlview.pl?ID=539 https://doi.org/10.1016/j.anucene.2022.109337  

Summary 
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Previous measurements 

The previous measurements used for the evaluations and the recent 

measurements are: 

Natural samples 

Enriched samples 
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Evaluations 

The uncertainty for 167Er in the RRR is 2.3%, this value is questionable. 

https://doi.org/10.1016/j.anucene.2022.109337  
19 
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• A measurement with a natural Er sample using 

the C6D6 and the TAC is proposed to fulfill the 

HPRL requirements between 0.01 and 50 eV. 

 

 

 

Summary of the Er campaign at n_TOF 
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Measurement performed in 2023 

Plan to perform the 

measurements in 2024 



 

 

 

 

 

 

  

 

• A measurement with a natural Er sample using 

the C6D6 and the TAC is proposed to fulfill the 

HPRL requirements between 0.01 and 50 eV. 

 

• Measurements with ~200 mg enriched 

samples of 166,167Er with C6D6 are also proposed 

to extend the energy range and to perform the 

correct resonance assignment. 

 

• The work of I. Knapova et al, would be 

considered for the PSF, spin assignment and the 

109 ns isomer state.  

 

 

Summary of the Er campaign at n_TOF 
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Measurement performed in 2023 

Plan to perform the 

measurements in 2024 
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The natural Er measurement with C6D6 

Two samples of  Er  (99% pure) of 2 cm diameter. One of  25 μm  to obtain the 

capture cross section and another of  1000 μm to self-normalize the measurement. 

 

The setup is the same as in the Ta campaign: 

• 1 BICRON at 3.7 cm at 90º with respect to the beam. 

• 2 BICRON at 9.0 cm at 125º with respect to the beam. 

• 3 sTED at 10 cm at  90º, 110º, 130º with respect to the beam. 

 

The same energy calibration, WF, Backgrounds, etc than  

in the Ta campaign would be used. 
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Preliminary results of natural Er 

 

It has been found in the samples a contaminant of Tantalum of ~0.5%, it is not a 

problem for the analysis of the capture cross section of Er-167. Already the 

producer mention that it was possible to have Ta in the Er samples.  

 

In Blue the resonances associated to Tantalum are presented  
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Natural Er sample 1 mm 

The experimental compared with the yield obtained with SAMMY and JENDL-5.0 

normalized to the first resonances.   
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Natural Er sample 25 μm 

The experimental compared with the yield obtained with SAMMY and JENDL-5.0 

normalized to the first resonances.   
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Resonances at 25 eV 

25 μm 

1000 μm 
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Differences in the resonance at 50 eV 

25 μm 

1000 μm 
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The idea is to do the measurement with enriched samples of 166,167Er in 2024. 

 

 

The measurement with enriched samples 

Similar setup to the Natural Er one. 

32 

The money to purchase the samples is 

already transfer to CERN from INFN-Bologna.  

We already have the final quotation for the 

sample and we would start the purchase 

process this week.  

This work is part of APRENDE: 

• 1 postdoc for 166Er from Bologna 

• 1 postdoc for 167Er from CIEMAT 



Back-up slides 
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The absence of hydrocarbon power sources in space and the limitations of 
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The measurement with enriched samples 

37 

C6D6   162 164 166 167 168 170 
Cost per 

mg 

Er-166 0,002 0,02 98,1 1,33 0,45 0,1 5,6$ 

Er-167 <0,01 <0,01 0,96 96,3 2,6 0,2 5,9$ 

Total cost 

2300$ + 

250€ 

(shipment) 



Measurement of a Natural sample of Er in the range from 0.02 eV to 50 eV with an 

aimed accuracy of 2%. The idea is to use a very well characterized metallic sample 

of ~30 mg. Samples of higher mass would need considerable self-shielding and 

multiple scattering corrections. It is not possible to obtain precisely the RP for 167Er 

at energies higher than 50 eV. 

 

 

The measurement at EAR1 with natural Er 

15 

1.5e18  protons 

1.0e18  protons 



The cross sections of 166,167,168,170Er  

would be measured with enriched 

samples of ~200 mg using 3 L6D6 and 

5 sTED at different angles. The 

detectors at different angles are to 

observe the possible angle effects in 

the p-waves and s-waves of Er. 

 

 

The measurement at EAR1 with enriched Er 
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Evaluations 

For 166,168,170Er the evaluations of JENDL-5, JEFF-3.3 and ENDF-VIII and the 

uncertainties are  between 7-15% in the RRR. 

The uncertainty for 167Er in the RRR is 2.3%, this value is questionable. 

https://doi.org/10.1016/j.anucene.2022.109337  40 
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The measurement at EAR1 with enriched Er 

The cross sections of 166,167,168,170Er  would be measured with enriched samples 

of ~200 mg using 3 L6D6 and 5 sTED at different angles.  
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The measurement at EAR1 with enriched Er 

The cross sections of 166,167,168,170Er  would be measured with enriched samples 

of ~200 mg using 3 L6D6 and 5 sTED at different angles.  
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Outline of the presentation 

• Introduction and motivation 

 

• Previous measurements and evaluations of Ta 

 

• Ta measurement at n_TOF EAR1 

 

• Monitoring of the experiment 
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The absence of hydrocarbon power sources in space and the limitations of 

batteries have led to the development of photovoltaic and nuclear devices. 

Reactors for space 

For space missions to Jupiter 

and beyond and surface 

missions on Mars nuclear 

devices are the most suitable 

option. When spacecrafts 

require more than 100 kW for 

power, nuclear reactors are 

much more cost-effective than 

RPS. 

4
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The Prometheus project 

The NASA projects 

The  Krusty experiment 

has already test a 1kW 

fission power system on 

earth. 

The Kilopower project 
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Refractory metals and critical experiments  

Refractory metals are needed for the space nuclear reactors that operate 

at high temperatures. The available materials are  Mo, W, Rh, and Ta.   

Critical experiments in refractory 

materials were done as part of the 

Prometheus Project. 

Considerable differences 

for experiments with Ta in 

the keV region.  

There are also differences 

in the experiments with 

moderators. 
46 



Tantalum CS for fusion and ADS 

Tantalum is considered one of the high-priority elements for which well-qualified 

evaluated data sets are required for the ITER and IFMIF fusion projects. 

The ITER reactor 
Test Blanket Module (TBM) includes 

Eurofer, that contains Tantalum. 

Ta is also present in the super-

conducting magnets of the reactor. 

 

Previous works claim an uncertainty 

lower than 10% is needed in the Ta 

capture cross section from thermal 

to 1keV. This energy region is 

important due to the activation of Ta 

by thermalized neutrons. 

 

Tantalum have been also considered 

as the target for producing neutrons in 

Accelerator Driven Systems (ADS). 
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Previous measurements 

The previous measurements used for the evaluations and the recent 

measurements are: 

   Type Range 

Harvey (1953) Transmission 1-700 eV 

Belanova (1973) Transmission 2-70 eV 

Mughabghab (1975) Compilation 4-200 eV 

Yamamuro (1980) Capture 3-100 keV 

Mackin (1984) Capture 2.6-1900 keV 

Tsubone (1987) Transmission 100-4000 eV 

Meaze (2005) Transmission 1-100 eV 

McDermott (2017) Capture 0.1 eV-1 MeV 

Brown (2018) Cap/Trans 0.3-500 keV 
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Limitations of previous measurements 
Meaze reports very different RP. The 

Γγ parameters are four times larger 

The RP or the yield of 

the McDemortt 

measurement are not 

available. 

The Brown and McDemortt measurement have 

considerable limitations: 

• All the detectors are at the same angle. 

• The samples have more than 1 mm thickness, so 

considerable multiple scattering and photon 

attenuation corrections are needed (>30%). 

• The measurements of Macklin, Tsobune and 

Yamamuro also use samples thicker than 1 mm. 
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Evaluations 

The JENDL-4 and JEFF-3.3 libraries take the values from JENDL-3.3 

   Based in Range RP 

ENDF/B-VIII.0 Mughabghab and Macklin 4-300 eV 

JENDL-3.3 
Mughabghab, Macklin, Tsubone and 

Yamamuro 
4-2400 eV 

JENDL-5.0 

Mughabghab, Macklin, Tsubone, 

Yamamuro and Endo (new 

measurement at J-PARC not 

published yet between 1 and 200 eV) 

4-2400 eV 
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Ta experiment at n_TOF 

The experiment start the 3 of May and it is still running.  

We decided to measure samples of 4 cm diameter (BIF= ~95%) in order to 

avoid problems with the sample alignment. 

We also decided to measure samples of 2 cm to check the various corrections. 

Ta -4 cm- 500 um 4 4.0 99 

Ta-4 cm - 100 um 3 3.3 111 

Ta -2 cm- 100 um 0.5 0.6 114 

Ta-4 cm - 10 um 5 2.9 58 

Ta-2 cm - 10 um 0.5 0.5 100 

Empty 3 3.0 99 

Au-4 cm-200 um 4 4.4 109 

Au-2 cm - 200 um 3 1.8 60 

Lead-4 cm 1 0.0 0 

Lead-2 cm  1 0 0 

Carbon- 2 cm 1 0.0 0 
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Setup 

• 1 BICRON at 3.7 cm at 90º with respect to the beam 

 

• 2 BICRON at 9.2 cm at 125º with respect to the beam 

 

• 3 sTED at 10 cm at  90º, 110º, 130º with respect to the 

beam 
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Setup 
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Energy calibrations 
Calibrations were performed with 8 sources (133Ba, 137Cs, 54Mn, 60Co, 209Bi, 88Y, AmBe, 

CmC) from 200 keV to 6 MeV. 
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Energy calibrations 
Calibrations were performed with 8 sources 

(133Ba, 137Cs, 54Mn, 60Co, 209Bi, 88Y, AmBe, 

CmC) from 200 keV to 6 MeV. 
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Energy calibrations 

All the sources were placed in the same place as the Ta samples. 

The differences between the calculated and the obtained efficiencies are below 10%. 

This differences are compatible with the uncertainties in the position of the detectors. 

BICRON-1 3.7 cm BICRON-2 9 cm BICRON-4 9 cm 

sTED 10 cm 90º sTED 10 cm 110º sTED 10 cm 130º 
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Gain shifts during the experiment 

The gain of the detectors is check every few days with calibration sources. 

The gain of BICRON 1 (3.7 cm) suffers considerable shifts and also this 

detectors has shifts with the light. The gain shifts in the rest of detectors are 

smaller than 1%.  
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Monitoring of the experiment 

The gain of each 

60 
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Capture cascades with NuDEX 

The capture cascades of  
181Ta and 197Au have been 

simulated with NuDEX. 

The PSF of 181Ta can be adjusted to 

improve the fit 
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CS of Ta and Au 

The CS of 197Au is very similar to the one of Ta, so we would extract the yield of 

Au to validate the one of Ta. 
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Comparison of number of counts with JEFF-3.3 

The Au sample compared with JEFF-3.3 
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Comparison of number of counts with JEFF-3.3 

We are using the flux from the TC, it is 

needed to use the flux obtained with 

the SiMon1.  
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The Au sample compared with JEFF-3.3 



Comparison of number of counts with JEFF-3.3 

The different Ta and Au samples are compared with JEFF-3.3 
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Comparison of number of counts with JEFF-3.3 

The different Ta and Au samples are compared with JEFF-3.3 
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The neutron scattering 

and in beam γ-rays 

have to be subtracted 



Preliminary calculation of the WF 

Preliminary determination of the WF with Geant4 

without considering the effects of the sample (γ-ray 

attenuation) 

BICRON-1 3.7 cm BICRON-2 9 cm BICRON-3 9 cm 

sTED 10 cm 90º sTED 10 cm 110º sTED 10 cm 130º 
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Preliminary calculation of the WF 

The values to normalize to the saturated resonances of gold are close 

to one.  We are missing the threshold and other corrections. Using RF  

RF_EAR1_test_18447_rEn1_rL1.txt provided by Adria.  

 

sTED-5 10 cm 90º sTED-6 10 cm 110º sTED-7 10 cm 130º 

BICRON-1 3.7 cm BICRON-2 9 cm BICRON-3 9 cm 
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Compare Au with JEFF-3.3 
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Preliminary comparison for Ta-500 μm 

Yield of the Ta of 500 μm normalized to the first resonance 
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Summary and conclusions 
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• The experiment is still on going but the data looks 

promising. 

 

• The preliminary calibrations with 8 γ-rays sources 

looks  very nice in all the range of the measurement. 

 

• The monitoring of the experiment shows that there are 

not major problems. 

 

• Different samples and detectors would allow to 

check all the corrections and to reduce the 

uncertainties. 

 

 

 



Summary, conclusions and requested protons 

 

• Erbium has been proposed to be used as burnable absorber in commercial 

nuclear reactors, instead of gadolinium. 

 

• The uncertainty CS of 167Er in the RRR in ENDF-VIII is ~2.3%, it has been 

shown that this value is underestimate. There is a new entrance in the 

HPRL of NEA for new measurements with uncertainties close to 2%. 

 

• The cross sections of 166,168,170Er also play a important role for reactors and 

the uncertainties are from 7 to 15% in the RRR. New precise measurements 

are needed 

 

• A measurement with a natural Er sample using the C6D6 and the TAC is 

proposed to fulfill the HPRL requirements between 0.01 and 50 eV. 

 

• . • Four measurements with ~200 

mg enriched samples of 
166,167,168,170Er with C6D6 are 

also proposed.  



Comparison of the Au results with evaluations 

The new flux reproduce the shape of Au in the thermal region very accurate 
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2 cm sample Det 2 4 cm sample 

Det 3 2 cm sample 

Possible gravity effect 

Det-2 4 cm sample Det-3 4 cm sample 

Det-3 2 cm sample Det-2 2 cm sample 



Measurements with beam 

In general terms the response of the detectors are reliable: 

 

BICRON-1 (3.5cm) 

BICRON-2 (9 cm) 

sTED-5 (10 cm) 

50 MeV 7 MeV 0.5 MeV 



Thermal Epithermal eXperiments (TEX) 

TEX is a project to perform critical experiments that span a wide range of 

fission energy. The 239Pu experiments of TEX were performed with Ta as 

a diluent. 

Preliminary results with ZPPR 

Adding tantalum worsened the 

calculated results, with intermediate 

and fast systems calculating 

approximately 0.5-1.5% differences 

pointing to issues with the tantalum 

cross sections. 

5 



The measurement with the Thick sample (0.1 mm) 

A Thick sample of 0.1 mm would be measured, this samples is thinner than the 

ones used in previous measurements, so no strong shelf-shielding, photon 

attenuation or multiple corrections would be needed. 

  

The yield for the Thick sample at energies below 200 is close to 1, in 

order to avoid the considerable corrections a Thin sample of 0.01 

mm would be used.  
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The yield for the Thick sample at energies below 200 is close to 1, in 

order to avoid the considerable corrections a Thin sample of 0.01 

mm would be used.  



The counting rates estimations 

Two samples to measure two different energy regions, the counts estimates 

with 7x1017 protons. 

~3% statistical 

uncertainty  in 

the URR 100 

bins decade 

At least 2000 

counts per 

resonance to 

fit the RP 
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Differences between evaluations 

At energies below 4 eV ENDF/B-VIII.0 is ~5% higher than JENDL-5 
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Differences between evaluations 

Differences in the RRR between ENDF-8, JENDL-3.3 and JENDL-5 
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Differences between evaluations 
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Differences between evaluations 
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Differences between evaluations 

Differences in the URR are as high as 10% between ENDF-8 and JENDL-5  
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Background subtraction Ta-4cm-500um 



Background subtraction Au-4cm-200um 



Compare Primary and parasitic 



Compare 3 BICRON 



Compare 3 sTED 



Compare sTED and BICRON 



Compare CR of Au-4cm-200um-BICRON 



Compare CR of Au-4cm-200um-sTED 



Compare CR of Ta-4cm-500um-BICRON 



Compare CR of Ta-4cm-500um-sTED 



CS Ta-181 

93 



CS Ta-181 
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Capture C.S. of 181 and 180m 


