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Context
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CONTEXT
• Strong demand from nuclear physics for exotic

beams to study nuclear structure

• Production of radioactive beams at ALTO: ISOL

(Isotope Separation On-Line) method

𝐈 = 𝐈𝐏. 𝛔. 𝐍. 𝛆𝐫. 𝛆𝐢𝐨𝐧. 𝛆𝐭𝐫

𝛆𝐫 = 𝛆(𝐝𝐢𝐟𝐟 → 𝐞𝐟𝐟)

εdiff → 𝐶
𝐷

λ. 𝑎2
εeff ~

1

1 + λ𝑛(𝑡𝑣𝑜𝑙 + 𝑡𝑐𝑜𝑙𝑙)
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How to build a target ? What caracterization?
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• Synthesis of UCx target: 𝑈𝑂2 + 6𝐶 → 1 − 𝑥 𝑈𝐶 + 𝑥𝑈𝐶2 + 3 − 𝑥 𝐶 + 2𝐶𝑂 𝑔

• Techniques used for the physico-chemical characterization of UCx targets : • Equipment for measuring released fractions (off-line) and production (on-line) :

XRD SEM
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Study on the influence of the microstructure 
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Precursor powder mixing: 

Robin™ Powder Mixer

Ultrasonic liquid mixing

Graphene blender

Graphite

Graphene

CNT

Carbone precursor:

Oxyde d’uranium

Oxalate d’uranium

Uranium precursor:

5

6

7

Molar ratio C/U 

Yes

No

N° sample Sample name

1 UO2 ground+CNT PM

2 UO2 ground+CNT UM

3 UO2 ground+graphene

4 OXA+graphite PM

5 OXA ground+CNT UM

6 OXA+CNT UM

7 PARRNe BP894 

8 PARRNe BP897 PM

9 PARRNe BP897 PM 12d

10 UO2 ground+CNT PM 12d

11 UO2 ground+CNT UM 12d

12 UO2 ground+graphene 12d

13 UO2 ground+CNT-5mol UM

14 UO2 ground+CNT-7mol UM

12-day heating

after carburation : 

J. Guillot et al. Nuclear Instruments and Methods in Physics Research B 433 (2018) 60-68
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Study on the influence of the microstructure 
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100 
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1 µmPowder Mixer

Ultrasonic

liquid mixing

Graphene blender

Green pellet Carburized pellet
Carburized pellet

+ 12-day heating

10 µm

1 µm

J. Guillot et al. Nuclear Instruments and Methods in Physics Research B 433 (2018) 60-68
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Study on the influence of the microstructure 
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a) Correlations between release 

fractions (in green) and target 

properties (in blue)

b) Released fraction comparison 

between conventional target (mostly 

UC2) and an R&D target made with 

CNT

c) Comparison of fission products released 

between R&D target and conventional 

target
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J. Guillot et al. Nuclear Instruments and Methods in Physics Research B 440 (2019) 1-10
J. Guillot et al. Nuclear Instruments and Methods in Physics Research B 468 (2020) 1-7
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Study on the influence of the microstructure 
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Gatchina PARRNe

Quantity of phases (%)

UO2 4.5 -

UC 86.9 5

UC2 8.6 87

C - 8

Apparent density (g/cm3) 12.4 3.82

Porosity (%)
Open 5 51

Close 2 5

Physico-chemical characteristics obtained by XRD and Helium pycnometry

Number of fissions per second cumulated along the PARRNe and 

Gatchina targets and normalized for a 10 µA electron beam

Estimation of the production ratio between a Gatchina target 

and a PARRNe target

S. Tusseau-Nenez et al. Nuclear Instruments and Methods in Physics Research B 370 (2016) 19–31
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The loss in releases is compensated by 

improved production (Sn, Te and Sb)
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Gatchina
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Released Fractions from: 

PARRNe pellet (Ø=13 mm, th=1.7 mm) heated to 1768°C
Gatchina pellet (Ø=13.2 mm, th=1 mm) heated to 1700°C.
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STUC PROJET: STudy of Uranium Compounds
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Elements Release process Target caracteristics

Sr - Low density
Small grain
Open pores

Cs Diffusion1

Kr Diffusion2

I Diffusion/Effusion2

Te - High density
Open pore (?)Sb -

Sn Effusion2

• If we add porosity to a very dense target, does this improve release ?

• Is there a difference in release if we use uranium compounds with theoretical densities for UC, UBC, UB2 and UC2?

• Is there any influence of the chemical environment ?

Synthesis of various uranium compounds (UC, UBC, UB2 and UC2) :
(Aim: To study the influence of uranium alloy density on the release of fission products.) 

2: B. Roussière et al. NIM B 246 (2006) 288–296
1: F. Hosni et al. NIM B 247 (2006) 205–209

A. Kronenberg et al. Nucl. Instr. and Meth. in Phys. Res. B 266 (2008) 4267–4270
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• UO2 (s) + 4C (s) ⟶ UC2 (s) + 2CO (g)

• UO2 (s) + 3C (s) ⟶ UC (s) + 2CO (g)

UC (s) + BN (s) ⟶ UBC (s) + N (g)

• UO2 (s) + 3C (s) ⟶ UC (s) + 2CO (g)

• 2UO2 (s) + 3C + B4C (s) ⟶ 2UB2 (s) + 4CO (g)

Target 
Mass 

(g) 

Diameter 

(mm) 

Thickness 

(mm) 

Apparent density 

(g/cm3) 

Porosity (%) SSA 

(m2/g) 

Open pore size distribution (%) 

Open Close 0.1 - 10 µm 100 - 150 µm 

UC2 0.77 11.30 1.35 5.86 46 3 0.3965 88 12 

UC 0.77 10.20 1.15 8.16 39 1 0.0763 94 6 

UBC 0.92 12.76 1.02 6.93 42 1 0.0496 100 0 

UB2 0.75 10.98 1.42 5.78 53 2 0.1032 80 20 
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𝑅𝐹 = 100 1 −
𝐼ℎ𝑒𝑎𝑡𝑒𝑑
𝐼𝑢𝑛ℎ𝑒𝑎𝑡𝑒𝑑

𝑤𝑖𝑡ℎ 𝐼𝑢𝑛ℎ𝑒𝑎𝑡𝑒𝑑 = 𝐼′𝑃2 × 𝑅
𝑎𝑛𝑑 𝐼ℎ𝑒𝑎𝑡𝑒𝑑 = 𝐼′𝑃1

𝑅 =
𝐼𝑃1
𝐼𝑃2

Irradiation conditions :

• Beam 2H

• Energy 26 MeV

• Intensity 20 nA

• Time of irradiation 20 min

Irradiation:

1st measurement :

Heating:

2nd measurement :

Hole

Alumina

Beam

Converter

1789 °C (30min)
Temperature controlled by

thermocouple

Hy et al. Nuclear Instruments and Methods in Physics Research B 288 (2012) 34-41
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Experiment performed in July 2023 • crystal packing fraction

• the atomic radius 
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Experiment performed in July 2023 • crystal packing fraction

• the atomic radius 

The figure demonstrates that Kr release increases linearly with decreasing packing fraction, while other elements show

varying behaviours, suggesting that factors other than packing fraction influence their release.
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Experiment performed in July 2023 • crystal packing fraction

• the atomic radius 

The graph helps analyse the influence of atomic size on the release efficiency, indicating how larger atomic radii may

affect the mobility of elements within different crystal structures
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PCA ⟶ examine the correlations between the physico-chemical

properties of the elements (Fe to Dy) as active variables and

their release behaviours (RF) as additional variables.
• Thermal properties (melting/boiling points) influence volatility.

• Electronic properties (ionisation energy, electronegativity) affect

chemical interactions.

• Geometric properties (atomic/ionic radii) determine diffusion.
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J. Guillot et al. Nuclear Instruments and Methods in Physics Research B 559 (2025) 165600
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The Released Fraction (RF) variables are defined along dimension 1. The RF variables demonstrate a positive correlation with electronic properties, such as

“ionisation energy” and “electronegativity”, and an inverse correlation with properties, such as “atomic radius”, “OS (min)”, and characteristic temperatures

(melting/boiling).
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The physico-chemical properties employed in the PCA analysis are inadequate in providing a comprehensive description of the release behaviour of Sn (cos² < 0.5).

It is imperative to identify and consider further factors that may contribute to its observed behaviour.
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It has been observed that the elements I, Kr, Te, and Sb are readily released from targets (UC2, UC, UBC, UB2). These elements have been shown to be correlated with

high electronegativity and ionisation energy values.
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• Ru, Mo, Nb, Tc: These elements are associated with high thermal stability, indicating their refractory nature and low volatility.

• Ln, e.g. La, Ce, Nd...: Their association with positive oxidation states (OS) shows that their release is influenced by their ability to release electrons, making them more

likely to bind to the crystalline matrix and thus be trapped.

• Cs, Rb, Ba, Sr: These elements, correlated with the atomic radius, have their mobility in crystals affected by their steric hindrance, which influences their release

behaviour.
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Conclusion: There are no universal targets, but one target for each element.

In this study, four uranium compounds (UC2, UC, UBC and UB2) were synthesised to investigate the release behaviour of 11 fission-derived
elements.

• Analysis of the experimental results showed that crystal packing fraction and atomic size influence the release of the elements.

• Krypton, a noble gas, shows a linear relationship between its release fraction and the crystal packing fraction.

In contrast, the release of the other elements is influenced in a complex way by the chemical environment and the atomic size. PCA revealed that
chemical properties control the mobility and reactivity of elements. For example:

• For alkali and alkaline earth metals, atomic size limits their mobility and favours diffusion in matrices with low stacking fractions.

• Lanthanides form chemical bonds more easily than the preceding elements, limiting their escape from crystals.

• Refractory elements such as zirconium, niobium and molybdenum are characterised by very high melting and boiling points, which explains
their stability and complex extraction at typical temperatures of 2000°C.

Finally, this study demonstrates that the behaviour of experimentally inaccessible elements can be inferred from that of observed elements,
allowing extrapolations useful for optimising fission targets in nuclear applications.
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Conclusion: There are no universal targets, but one target for each element.

In this study, four uranium compounds (UC2, UC, UBC and UB2) were synthesised to investigate the release behaviour of 11 fission-derived
elements.

• Analysis of the experimental results showed that crystal packing fraction and atomic size influence the release of the elements.

• Krypton, a noble gas, shows a linear relationship between its release fraction and the crystal packing fraction.

In contrast, the release of the other elements is influenced in a complex way by the chemical environment and the atomic size. PCA revealed that
chemical properties control the mobility and reactivity of elements. For example:

• For alkali and alkaline earth metals, atomic size limits their mobility and favours diffusion in matrices with low stacking fractions.

• Lanthanides form chemical bonds more easily than the preceding elements, limiting their escape from crystals.

• Refractory elements such as zirconium, niobium and molybdenum are characterised by very high melting and boiling points, which explains
their stability and complex extraction at typical temperatures of 2000°C.

Finally, this study demonstrates that the behaviour of experimentally inaccessible elements can be inferred from that of observed elements,
allowing extrapolations useful for optimising fission targets in nuclear applications.

Thank you for your attention
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