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Abstract 

In inertial confinement fusion, compositional homogeneity of cryogenic deuterium-tritium fuel target is critical for 
fusion performance. However, isotopologue fractionation causes a radial concentration gradient within the solid D-T layer and 
alters the equilibrium composition of the central D-T gas. This study investigates isotopologue fractionation of D-T mixtures 
under various conditions of solidification, analyses the factors that affect the homogeneity of target. A comprehensive 
numerical framework integrating heat transfer, species transport, and phase transition was developed using ANSYS Fluent to 
simulate the compositional distribution in D-T mixtures during solidification process. The simulation results show that D atom 
distribution in the solid layer exhibits a radial mole fraction gradient; D atom content in the central gas is significantly in 
excess. The detrimental effects of composition inhomogeneity on ICF performance in multiple stages were examined. This 
study provides a quantitative simulation framework for understanding isotopologue fractionation in ICF target and offers 
theoretical guidance for design and fabrication of high-performance, homogeneous solid D-T layers. 

1.  INTRODUCTION 

In inertial confinement fusion (ICF), a typical cryogenic deuterium-tritium (D-T) fuel target consists of a spherical 
multilayered structure with an ablator shell, a solid D-T fuel layer, and a central D-T vapor core [1], as shown in 
Fig. 1(a). Minor structural imperfections in target can significantly degrade implosion performance [2]. However, 
compositional inhomogeneity in the D-T fuel remains a critical but underexplored factor. The most common 
technique for forming a solid D-T layer is β-layering, in which heat from tritium beta decay drives repeated 
sublimation that redistribute D-T to form the solid layer [3]. During phase transition, isotopologue fractionation 
can produce a radial concentration gradient across the solid D-T layer (Fig. 1(b)). Such a gradient compromises 
fuel homogeneity, thereby impairing implosion uniformity and fusion performance [4]. 
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FIG. 1. Schematic of the effect of isotopologue fractionation in ICF target. (a) Target with homogeneous fuel. (b) Target 
with isotopologue fractionation. 

However, there is currently no established quantitative method for characterizing the composition distribution 
within the D-T target. Experiments on hydrogen-deuterium (H-D) mixtures have demonstrated isotopologue 
fractionation during solidification [5,6]. Since tritium is radioactive and difficult to handle, numerical simulation 
is an indispensable tool for analysing fractionation behaviour in D-T fuel. This study developed a three-
dimensional (3D) model for cryogenic D-T target to simulate the compositional distribution of fuel during 
solidification, and to evaluate the impact of compositional inhomogeneity on target performance. This work 
advances understanding of isotopologue fractionation mechanisms and offers theoretical support for designing 
and fabricating high-quality, homogeneous solid D-T layer. 

2.  COMMON SIMULATION SETTINGS 

During nonequilibrium solidification of the D-T mixture, the accumulation of kinetic fractionation leads to 
macrosegregation. Heavier T₂ molecules preferentially enrich into the solid phase, whereas lighter D₂ molecules 
are rejected into the remaining gas or liquid phase [7], resulting in a concentration gradient within the solid. 
Because diffusion in the solid state is extremely slow, the gradient cannot be eliminated, ultimately leading to 
macrosegregation in solid [8]. Previous studies have successfully simulated macrosegregation in hydrogen 
isotopologue mixtures during unidirectional solidification using ANSYS Fluent (Ansys, Inc.) [9]. These 
simulations reproduced experimental results, validating the underlying theoretical framework. Building on this 
foundation, the present study extends the simulation to a 3D model of a D-T fuel target to analyse the 
compositional homogeneity. 

2.1. Assumptions 

To simplify the mathematical model, the following assumptions are introduced: 

(a) The effect of decay heat is neglected. 
(b) The influence of gravity is neglected. Liquid D-T forms a hollow spherical shell.  
(c) Liquid D-T is treated as an incompressible Newtonian fluid, and flow is assumed to be laminar. 
(d) The gas phase is considered a pure substance that does not participate in species transport and undergoes no 

phase transitions. 
(e) The liquid and solid phases are assumed to have identical thermophysical properties. 
(f) Volume shrinkage during the phase transition is neglected. 

2.2. Input parameters 

The simulation framework integrates heat transfer, species transport, and phase equilibrium [10]. Thermophysical 
properties of species and the liquidus and solidus curves of the mixture phase diagram [11] are required as input 
parameters. The detailed values are available in Ref. [9]. Boundary conditions are defined as follows: 

(a) Initial condition: The D-T mixture is entirely in a homogeneous liquid phase at 19.7 K, with D₂: T₂ = 1:1. 
(b) Wall surface: Heat transfer occurs only through the outer wall surface of the sphere model. The solidification 

rate is controlled by adjusting the wall temperature, initially set to 19.55 K.  

(a)  Homogeneous Target

D-T
Gas

(b)  Fractionation
T-rich
Solid

D-rich
Solid

D-T
Gas

Solid
D-T

Ablator
Shell



Jiaqi ZHANG et al. 

 
3 

2.3. Numerical solution procedure 

A pressure-based solver is used to perform a transient analysis. Relevant physical models include energy equation, 
laminar flow, species transport, and solidification and melting. The fluid domain consists of a non-interpenetrating 
gas phase and a liquid phase. The energy equation is solved to obtain the temperature field. Solidification is 
realized through the solidification and melting model, the mushy zone constant is 100,000. The compositions of 
the liquid and solid phases are determined using the lever rule. 

3.  SIMULATION OF COMPOSITIONAL DISTRIBUTION DURING SOLIDIFICATION 

3.1. Compositional distribution during unidirectional solidification 

Solidification in practice are non-equilibrium processes, and diffusion in the solid phase is too slow to homogenize 
the composition. The resulting macroscopic inhomogeneity in the solid is referred to as macrosegregation [12]. 
The slower the solidification rate, the more sufficient the diffusion in the liquid phase, leading to more pronounced 
macrosegregation [13]. When diffusion in the liquid phase is complete, macrosegregation reaches its maximum. 
In this case, the Scheil equation relates the solute mole fraction in the solid (𝑥!) to the initial solute mole fraction 
(𝑥") and the solid fraction (𝑓!) [14]: 

𝑥! = 𝑘𝑥"(1 − 𝑓!)#$%, (1) 

where 𝑘 is the partition coefficient. According to Eq. (1), the composition distribution is independent of the 
overall volume. In the final stage of solidification, 𝑘 gradually deviates from the constant value assumed initially. 
Therefore, in the Scheil model, solidification process is considered complete when 𝑓! = 0.99 [15]. More accurate 
values of 𝑥! can be obtained simulation. 

The beta-layering of target results in an extremely slow solidification process lasting about 5-14 hours [3]. The 
time is much longer than that required to reach maximum macrosegregation. Therefore, in the D-T simulation, 
the compositional distribution can be directly evaluated under the condition of maximum macrosegregation. Fig. 
2(a) illustrates unidirectional solidification in a rectangular bar of D₂-T₂ mixture. Due to the extremely narrow 
liquidus-solidus gap of D₂-T₂ mixture, the partition coefficient 𝑘 can be approximated as a constant over a small 
range. A 2D bar model with a length of 100 µm and a width of 10 µm was established (Fig. 2(b)), with the initial 
mole ratio of D₂ to T₂ set to 1:1. Fig. 2(c) shows that the simulated mole fraction distributions of D₂ is in good 
agreement with the theoretical predictions, demonstrating the validity of the numerical model. 

 

FIG. 2. (a) Schematic of unidirectional solidification process in rectangular D₂-T₂ bar. (b) Geometry and mesh of 
rectangular. (c) Comparison of simulated and theoretical values for the D₂ mole fraction distribution. 

3.2. Compositional distribution during radial solidification 

The solid–liquid interface advances in a parallel manner during unidirectional solidification. Mass transport 
occurs primarily along the same direction. The compositional distribution exhibits a linear concentration gradient, 
consistent with theoretical predictions. In cylindrical or spherical geometries, solidification proceeds radially from 
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the outside inward. The solid-liquid interface remains concentric and oriented toward the geometric center, 
consequently altering the direction and spatial distribution of solute transport. 

To investigate the impact of geometry variation on macrosegregation, radial solidification of D₂-T₂ annuli with a 
fixed thickness of 100 μm and varying inner-to-outer radius ratios (𝑟/𝑅) was simulated, as shown in Fig. 3(a). An 
annular sector was extracted as a representative unit for analysis. Fig. 3(b) shows that when the 𝑟/𝑅 approaches 
1, the annular sector approximates a rectangular shape. As 𝑟/𝑅 reduces to zero, the annular sector becomes a 
circular sector. This geometric variation further extends to 3D spherical shells. When the 𝑟/𝑅 equals zero, the 
spherical shell degenerates into a solid sphere, and the analysis unit becomes a spherical pyramid. 

 

FIG. 3. (a) Geometric models of radial solidification. (b) Meshes of the models. 

The post-solidification distribution of D₂ mole fraction is shown in Fig. 4(a). When 𝑟/𝑅 approaches 1, the 
direction of mass diffusion at the solid-liquid interface is almost perpendicular. As 𝑟/𝑅 reduces to zero, diffusion 
converges toward the geometric center during the final stage of solidification. In 3D solid sphere (𝑟/𝑅 = 0), the 
liquid phase space undergoes rapidly contraction. In radial solidification, as the solid-liquid interface advances, 
the available space for liquid-phase diffusion is more rapidly compressed. Solute rejected into the liquid phase 
becomes increasingly enriched, thereby intensifying macrosegregation in the final solid. Fig. 4(b) demonstrates 
that smaller values of 𝑟/𝑅  lead to more severe macrosegregation. Conversely, a higher 𝑟/𝑅  enhances the 
compositional homogeneity of the solid D-T layer. 

 

FIG. 4. (a) D₂ mole fraction distribution. (b) Radial distribution of mole fraction from the outer surface inward. 

3.3. Compositional distribution in D-T target 

Solidification in target proceeds radially toward the center. A 3D spherical model was used to accurately capture 
the influence of layer thickness on composition distribution. The target model was represented as a double layer 
concentric sphere. The inner layer consisted of D-T gas with a radius of 0.4 mm, and the outer layer consisted of 
liquid D-T with a radius of 0.5 mm [16], as shown in Fig. 5(a). The model was discretized using an unstructured 
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mesh into 429,277 tetrahedral elements, with an average mesh size of about 20 µm (Fig. 5(b)). To resolve steep 
gradients near the component boundaries, the inflation tool was applied to improve mesh quality in these regions. 

  

FIG. 5. (a) Geometry of 3D fuel sphere (b) Mesh of 3D fuel sphere. 

3.3.1. Homogeneity of solid D-T fuel layer 

The half-time of the isotope exchange reaction has been estimated to be approximately 18 hours in an equimolar 
mixture of D₂ and T₂ liquid at 21 K [17], which is longer than the 5–14 h required for β-layering. Isotopic exchange 
may therefore be incomplete in the solid D-T layer. The actual D₂: DT: T₂ composition could range from 5:0:5 
(no exchange) to 3:4:3 (complete equilibrium) [18]. To evaluate the effect of isotopic exchange on 
macrosegregation, simulations were performed for a D₂: T₂ = 1:1 mixture and D₂: DT: T₂ =3:4:3 mixture. 

A fixed time-stepping method was employed with a time step size of 0.01 s and a maximum of 20 iterations per 
step. The wall temperature was gradually reduced by 0.05 K every 20 steps. During phase transition, the liquid-
solid interface remained constant at the freezing temperature. A radial temperature gradient was established from 
the cooled wall to the liquid-solid interface, driving the inward advance of solidification. Solidification was 
essentially complete once the wall temperature decreased from about 19.55 K to 19.2 K. Fig. 6(a) and (b) present 
the spatial compositional distribution in D₂-T₂ and D₂-DT-T₂ layers. T₂ solidified preferentially and accumulated 
rapidly at the wall boundary; D₂ increased in the subsequently solidified regions, culminating in a radial 
concentration gradient. 

 

FIG. 6. Compositional distribution D-T layer in cross-section (a) D₂ mole fraction in solid D₂-T₂ layer (b) mole fraction of 
each molecule in solid D₂-DT-T₂ layer 

In the binary D₂-T₂ layer, the mole fraction of D₂ (or D atom) radially distributed inward from the outer surface 
of the solid D-T layer ranged from 0.480 to 0.600, while in the ternary D₂–DT–T₂ layer, the mole fractions across 
the solid layer varied from 0.293 to 0.397 for D₂, 0.400 to 0.348 for DT, and 0.307 to 0.254 for T₂, respectively. 
Correspondingly, the radial mole fraction of D atom ranged from 0.493 to 0.571. Fig. 7 compares the radial 
distribution of D atoms for the D₂-T₂ and D₂-DT-T₂ cases. The actual distribution of D atoms is expected to lie 
between these two bounds. 
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FIG. 7. Radial profile of the D atom mole fraction from the outer surface of the solid D-T layer inward. 

3.3.2. Composition of the central D-T gas 

The central D-T gas is in equilibrium with the surrounding solid D-T layer [19], sustaining saturated vapor 
pressure. Although gas was not involved in mass transfer and phase change in the simulation, isotopologue 
fractionation in practice causes its composition to deviate from the initial 1:1 ratio. According to Raoult’s law, the 
partial pressure of each component in an ideal mixture equals the vapor pressure of the pure component multiplied 
by its mole fraction in the solid phase: 

𝑃#$ = 𝑃#%𝑋#% (2) 

Where 𝑃&'  is the partial pressure of the component 𝑖 (𝑖= D₂, DT, or D₂) in the gas phase, 𝑃&( is the saturated 
vapor pressure of the pure i. The gas-solid interface remains the freezing temperature (19.650 K). The empirical 
formulas for 𝑃&( (Pa) as a function of temperature 𝑇 (K) are provided in Ref. [20]. 𝑋&( is the mole fraction in 
the solid phase. Once equilibrium is reached, Raoult’s law combined with Dalton’s law yields the total vapor 
pressure. The mole fraction of each gas component can be expressed as: 

𝑋#$ =
𝑃#$

∑ 𝑃#$#
(3) 

After solidification, the equilibrium mole fractions of gas components were evaluated based on the composition 
of the adjacent solid layer. The D₂ (or D atom) proportion in D₂-T₂ gas can reach 75.6% in the gas. The 
compositions of D₂-DT-T₂ gas were approximately 52.1% D₂, 31.6% DT, and 16.3% T₂, corresponding to a D 
atom proportion of 67.9%. The concentration of D atoms in the gas is substantially higher than the initial 50%. If 
isotope exchange is incomplete, the D content will increase further. 

3.3.3. Negative effects of inhomogeneity in D-T target 

Inhomogeneity in the solid D-T fuel layer can introduce several adverse effects during ICF process: 

(1) Rayleigh-Taylor instability. The implosion extremely compresses the D-T fuel, generating radial inward 
acceleration. Even solid D–T fuel exhibits a fluidic state. Rayleigh-Taylor instability develops at the interface 
between fluids of different densities. The simulation results show that a radial density gradient forms within the 
solid D-T layer. In addition, microsegregation and dendritic structures may generate additional irregularities along 
isodensity surfaces, as shown in Fig. 8(a). These inhomogeneities act as seeds for Rayleigh-Taylor instability, 
allowing initially minor perturbations to grow exponentially, threatening the implosion uniformity [21].  

(2) Deviation of D/T ratio. Since the reaction rates of D-D and T-T fusion are several orders of magnitude lower 
than that of D–T fusion, deviations from the optimal 1:1 D/T ratio can impair fusion reaction efficiency. In ignition 
phase, hot-spot forms in central D-T gas [22]. Simulations indicate that isotopic fractionation leads to an excess 
of D atoms in gas. Fig. 8(b) shows that the hot-spot forms in D–T gas with a distorted D/T ratio, reducing the 
theoretical upper limit of the fusion reaction efficiency. Excess D atoms that do not participate in the reaction as 
impurities, potentially further interfering ignition. Incomplete isotope exchange amplifies this effect. Increasing 
the T₂ content in the injected fuel could raise the T concentration in the D–T gas and partially compensate for this 
imbalance [23]. 
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The energy release fusion reactions in the hot spot region ignites the surrounding solid D-T main fuel, triggering 
a chain fusion reaction [24]. Similarly, fusion reactions are difficult to occur in regions enriched with D or T. In 
solid D-T layer with radial concentration gradient, deviations from the 1:1 D/T ratio can hinder the propagation 
of the burn wave, as illustrated in Fig. 8(c). The present fractionation model is based on the liquid-to-solid phase 
transition. In practical β-layering, phase transitions involving direct gas-to-solid deposition may also occur, which 
could potentially increase the fractionation level. 

 

FIG. 8. Detrimental effects of composition inhomogeneity on ICF performance. (a) Rayleigh-Taylor instability. (b) 
Deviation of D/T ratio 

4.  CONCLUSIONS 

This study conducted a numerical investigation of compositional inhomogeneity arising from isotopologue 
fractionation in the solid D-T fuel layer of cryogenic ICF targets. A comprehensive physical framework coupling 
heat transfer, species transport and phase transition, was employed to simulate the dynamic compositional 
distributions during solidification in D-T mixture. The current limitations of the model are its inability to account 
for gravitational effects and to capture complex phase-change processes induced by decay heat. 

Simulations quantified the maximum macrosegregation occurring in D₂-T₂ mixtures during unidirectional 
solidification; the influence of the r/R ratio on macrosegregation in radial solidification; and the composition 
distribution in D-T target during solidification. The results demonstrate that a radial compositional gradient 
produced in the solid fuel layer, as well as a significant deviation of the central gas D/T ratio from the initial 1:1 
value. Such compositional inhomogeneity is expected to degrade ICF performance: nonuniform density profiles 
may seed Rayleigh–Taylor instability growth during implosion, while deviation from the optimal 1:1 D/T ratio 
reduce the theoretical fusion yield and hinder both hot-spot ignition and burn propagation.  

This numerical approach overcomes the limitations of experimental characterization by enabling direct evaluation 
and prediction of the compositional distributions in D-T targets of varying sizes. The findings indicate that 
neglecting fuel inhomogeneity may lead to overestimation of target performance. Achieving compositional 
uniformity should therefore be considered a critical design criterion for future ICF targets. This study advances 
understanding of the isotopologue fractionation mechanisms, and provides a theoretical basis and practical 
guidance for predicting and improving compositional homogeneity in target design. 

ACKNOWLEDGEMENTS 

The authors acknowledge the support of the Institute of Laser Engineering at the University of Osaka and the 
Hydrogen Isotope Research Centre at University of Toyama. This work was supported by JST, the establishment 
of university fellowships towards the creation of science technology innovation, Grant Number JPMJFS2125, the 
QST Research Collaboration for Fusion DEMO and JSPS KAKENHI (grant number: 22H01204). 

REFERENCES 

[1] NUCKOLLS, J., WOOD, L., THIESSEN, A., ZIMMERMAN, G., Laser compression of matter to super-high densities: 
Thermonuclear (CTR) applications, Nature, 239 (1972) 139-142. 

(b)

Hot
Spot 

D2-rich
Gas

T2-rich
Solid

D2-rich
Solid

Core-shell
mix

(a)

Solid D-T
layerRayleigh-Taylor

instability

Laser



 IAEA-CN-316/INDICO 3521 
[Right hand page running head is the paper number in Times New Roman 8 point bold capitals, centred] 

  
 

 
 

[2] TAKEDA, H., NIU, K., Numerical analysis for effects of irradiation nonuniformities on target implosion. I. 2-
Dimensional Simulation, J. Phys. Soc. Jpn. 57 (1988) 17-37. 

[3] CRAXTON, R. S., et al., Direct-drive inertial confinement fusion: A review, Phys. Plasmas. 22 (2015) 110501. 
[4] MCKENTY, P. W., WITTMAN, M. D., HARDING, D. R., Effect of experimentally observed hydrogenic fractionation 

on inertial confinement fusion ignition target performance, J. Appl. Phys. 100 (2006) 073302. 
[5] ZHANG, J., IWAMOTO, A., SHIGEMORI, K., HARA, M., YAMANOI, K., Refractive index measurement of hydrogen 

isotopologue mixture and applicability for homogeneity of hydrogen solid at cryogenic temperature in fusion fuel system, 
Nucl. Fusion. 63 (2023) 076020. 

[6] ZHANG, J., IWAMOTO, A., SHIGEMORI, K., HARA, M., YAMANOI, K., Refractive index measurements of solid 
hydrogen isotopologues, Fusion Sci. Technol. 80 (2023) 550–557. 

[7] TIWARI, M., SINGH, A. K., SINHA, D. K., “Stable isotopes: tools for understanding past climatic conditions and their 
applications in chemostratigraphy”, Chemostratigraphy: Concepts, Techniques, and Applications, Elsevier, Netherlands 
(2015). 

[8] WU, M., KÖNÖZSY, L., LUDWIG, A., SCHÜTZENHÖFER, W., TANZER, R., On the formation of macrosegregations 
in steel ingot castings, Steel Res. Int. 79 (2008) 637-644. 

[9] ZHANG, J., IWAMOTO, A., SHIGEMORI, K., HARA, M., YAMANOI, K., Thermofluid simulation of hydrogen 
isotopologue mixtures during the solidification process, Fusion Eng. Des. 212 (2025) 114827. 

[10] BECKERMANN, C., Modelling of macrosegregation: applications and future needs, Int. Mater. Rev. 47 (2002) 243-261. 
[11] SOUERS, P. C., HICKMAN, R. G., TSUGAWA, R. T., Estimated D₂-DT-T₂ Phase Diagram in the Three-phase Region, 

California Univ., Livermore (USA), Lawrence Livermore Lab (1975). 
[12] LUDWIG, A., WU, W., KHARICHA, A., On macrosegregation, Metall. Mater. Trans. A. 46 (2015) 4854-4867. 
[13] STEFANESCU, D. M., “Diffusive mass transport at the macroscale”, Science and Engineering of Casting Solidification, 

Springer, Cham (2015). 
[14] PORTER, D.A., EASTERLING, K. E., “Solidification”, Phase Transformations in Metals and Alloys, 3rd ed., CRC press, 

Boca Raton (2009). 
[15] MIAO, Z. et al., Solidification process of conventional superalloy by confocal scanning laser microscope, Trans. 

Nonferrous Met. Soc. China. 21 (2011) 236-242. 
[16] ALEKSANDROVA, I. V., et al., Cryogenic fuel targets for inertial fusion: Optimization of fabrication and delivery 

conditions, J. Russ. Laser Res. 28 (2007) 207-235. 
[17] SOUERS, P. C., et al., Infrared spectra of liquid and solid DT and T₂, J. Chem. Phys. 70 (1979) 1581-1584. 
[18] SOUERS, P. C., Cryogenic Hydrogen Data Pertinent to Magnetic Fusion Energy, California Univ., Livermore (USA), 

Lawrence Livermore Lab (1979). 
[19] SANGSTER, T.C., et al., Cryogenic DT and D₂ targets for inertial confinement fusion, Phys. Plasmas, 14 (2007) 058101. 
[20] GRILLY, E. R., The Vapor Pressures of Hydrogen, Deuterium and Tritium up to Three Atmospheres1, JACS. 73 (1951) 

843-846. 
[21] PFALZNER, S., “Rayleigh-Taylor Instabilities”, An introduction to inertial confinement fusion, CRC Press, Boca Raton 

(2006). 
[22] EPSTEIN, R., et al., Applications and results of X-ray spectroscopy in implosion experiments on the National Ignition 

Facility, AIP Conf. Proc. 1811 (2017) 190004. 
[23] ALBRIGHT, B. J., et al., Use of tritium-rich fuel to improve the yield of layered deuterium/tritium inertial fusion capsules, 

HEDP. 52 (2024) 101118. 
[24] REGAN, S. P., et al., Hot-Spot Mix in Ignition-Scale Inertial Confinement Fusion Targets, Phys. Rev. Lett. 111 (2013) 

045001. 


