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ABSTRACT 

Hydrogen accumulates in zirconium alloy cladding tubes during reactor operation as a by-

product of waterside corrosion. When its concentration exceeds the solid solubility (TSS), plate-

like hydrides precipitate, which may lead to embrittlement. The severity of embrittlement 

depends on hydrogen concentration and hydride morphology, including orientation, 

characteristic length, and connectivity of the hydride network. While hydrogen uptake is mainly 

governed by alloy composition and operating conditions, hydride morphology is strongly 

influenced by the post-operation thermal and mechanical history. Thermomechanical cycles 

during handling and storage can cause repeated dissolution and reprecipitation, promoting long, 

radially oriented hydrides that facilitate brittle crack propagation. Consequently, hydride-

induced embrittlement becomes critical during handling and dry storage of spent nuclear fuel. 

Accurate prediction of hydride morphology requires a proper description of nucleation kinetics. 

In our previous approach, nucleation was modeled using classical theory; however, validation 

against recent experimental data showed excessive sensitivity to uncertainties in hydrogen 

concentration and solubility under certain thermal conditions. To overcome this limitation, a 

two-stage kinetic model with a finite incubation period has been developed. This concept is 

based on the formation of metastable precursor phases preceding the stable δ-hydride. The 

incubation period represents the time needed for hydrogen accumulation and local lattice 

rearrangement prior to stable nucleus formation. The present work introduces this model and 

demonstrates its effect on predicted hydride precipitation behavior. 

Keywords: hydride embrittlement, zirconium alloys, hydride morphology, spent nuclear fuel, 

dry storage 

1. INTRODUCTION 

Dry storage is the primary technology for the long-term interim storage of spent nuclear fuel. Ensuring 

sufficient ductility of fuel cladding is a key safety requirement during storage, handling, and transport. 

However, thermomechanical conditions during dry storage may activate degradation mechanisms that 

compromise the mechanical integrity of zirconium alloy cladding, among which hydrogen-induced 

embrittlement is particularly critical. 

Hydrogen accumulates in the cladding during reactor operation as a by-product of waterside corrosion 

[1], [2]. The resulting embrittlement is governed not only by the total hydrogen content but also by 

hydride morphology, which can promote preferential pathways for brittle crack propagation [3]. In turn, 

hydride morphology is controlled by the thermomechanical conditions governing nucleation and growth 

[2], [3]. At low applied stresses, hydride orientation is primarily determined by the crystallographic 

texture of the alloy [4], whereas above a critical stress threshold, hydrides preferentially orient 

perpendicular to the tensile stress direction [5]. 

Several hydride phases with different stoichiometries and crystal structures have been observed 

experimentally in zirconium, including HCP ζ-Zr2H [6], FCT γ-ZrH (c > a) [7], FCC δ-ZrH1.6 [8] and 
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FCT ε-ZrH2 (c < a) [9]. Under conditions relevant to fuel operation and handling, the δ-phase is most 

commonly observed and considered stable [1]. The stability of the ζ- and γ-phases remains a subject of 

debate; in [10], they are considered metastable phases that may act as precursors to the stable δ-phase. 

First-principles calculations predict the existence of an even larger number of intermediate phases [11], 

[12], [13], supporting the hypothesis that the metal-to-hydride phase transformation may proceed 

through a sequence of metastable states. This phase transformation is accompanied by significant 

volumetric expansion, leading to dislocation emission into the metal matrix [14]. 

The growth of nano- and micro-scale single-crystal hydrides is limited by dislocation emission [15] and 

constrained by the grain size. Further growth proceeds via the nucleation of new nano-scale hydrides, 

predominantly at grain boundaries and in the vicinity of existing ones [16], [17]. Such agglomerations 

of nano- and micro-scale hydrides form ordered plate-like (“corn-flake”) structures [18], with 

characteristic sizes ranging from tens to hundreds of micrometers. The nucleation rate of these 

macroscale hydrides is a strongly nonlinear function of hydrogen supersaturation: once a critical 

threshold is exceeded, rapid precipitation occurs, which accelerates supersaturation relaxation due to 

the increasing number of sinks. Consequently, the volumetric hydride density must be described within 

a coupled framework involving diffusion, supersaturation relaxation, and nucleation. 

A comprehensive description of hydride morphology therefore requires quantitative parameters such as 

orientation of hydrides, mean hydride length, and volumetric hydride density. Corresponding predictive 

models must solve a coupled problem of hydrogen transport, orientation-dependent precipitation, and 

nucleation rate of new hydrides. 

2. PROBLEM STATEMENT 

A physically based model capable of predicting hydride orientation, mean length, and hydride density 

was previously developed [19], where the nucleation process is described within the framework of 

classical heterogeneous nucleation theory (CNT). However, limitations of this model became evident 

when applied to recent experimental results from the SPIZWURZ campaign conducted at KIT [20], 

[21]. In the SPIZWURZ experiments, hydrogen-charged cladding tubes were subjected to thermal 

cycling under constant internal gas pressure. Model predictions for hydride mean length and length 

density exhibited an excessive and physically unrealistic sensitivity to the assumed initial hydrogen 

concentration. 

A representative example is rod 8 at an elevation of 520 mm, manufactured from Zircaloy-4, with a 

measured hydrogen concentration of 127 ppm (Table A2 in [21]). This concentration corresponds to the 

condition of complete hydride dissolution at the maximum test temperature of 400 °C. When the initial 

hydrogen concentration is varied within the uncertainty range of 127 ± 15 ppm, the calculated mean 

hydride length spans from 38 to 1600 μm, while the hydride density ranges from 10 to 450 mm-2. In 

contrast, the experimentally measured values are 36.2 μm and 346 mm-2, respectively (Fig. 1). 

The origin of this excessive sensitivity can be traced to the strong dependence of the nucleation process 

on the cooling rate during the nucleation stage. The initial hydrogen concentration determines the 

precipitation temperature and, consequently, the time at which nucleation is initiated along the thermal 

history. In the model, nucleation occurs over a short time scale of approximately 5–60 minutes, which 

is negligible compared to the total duration of dry storage and of the SPIZWURZ simulation experiment 

(~250 days) for which the hydride morphology and orientation is available. As a result, nucleation 

effectively reduces to a point event on the temperature history, after which precipitation proceeds solely 

through the growth of already formed hydrides, without further nucleation. This indicates that the 

classical formulation effectively treats nucleation as a very fast (almost instantaneous on the scale of 

the SPIZWURZ experiment) event governed by local conditions, without accounting for the temporal 

persistence of the driving force. 
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Hydrogen concentration, ppm 

Figure 1. Simulation results with the initial version of the model based on the CNT; markers – 

simulation results; dotted line – experimental results 

The temperature evolution in the SPIZWURZ experiment for the rod 8 selected as a representative 

example is shown in Fig. 2(a). It is characterized by a step-wise cooling regime, with temperature drops 

of approximately 15 °C, superimposed with slow, non-monotonic fluctuations of a few degrees and a 

characteristic period of about 24 hours (Fig. 2(b)). For the measured hydrogen concentration of 

127 ppm, the nucleation temperature is 281.8 °C. When the hydrogen concentration is varied within the 

uncertainty range of 127 ± 15 ppm, the corresponding nucleation temperature shifts to the range of 

271.2–291.6 °C, as indicated by the red markers in Fig. 2(b). As a result, nucleation is triggered under 

substantially different thermal conditions. In particular, the local cooling rates at the nucleation points 

differ by several orders of magnitude. This leads to pronounced variations in the volume density of 

nucleated hydrides, which in turn governs the predicted mean hydride length and surface density. 

Therefore, an improved nucleation model should significantly reduce sensitivity to instantaneous 

thermal conditions and short-time temperature fluctuations. 

 

Experiment time, hours 
 

Experiment time, hours 

Figure 2. Temperature scenario (a) and points where nucleation starts when varying the 

hydrogen concetnration within its uncertainty (b) 
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3. NEW MODEL DESCRIPTION 

3.1. Original model framework (unchanged components) 

The proposed model builds upon the existing framework described in detail in [19]. The present 

extension is limited to the modification of the hydride nucleation sub-model, while all other components 

of the model are retained in their original form. 

The kinetics of hydrogen in solid solution 𝐶𝑠 is described in terms of supersaturation relaxation with a 

characteristic time, 𝜏0, as introduced in [19], [22]: 

 ( )
0

d 1
0

d

s
s e

C
C C

t 
− − =  (1) 

where 𝐶𝑒 – equilibrium solubility, which is different for precipitation (TSSP) and dissolution (TSSD). 

The characteristic time is determined as 𝜏0 = Δ 𝛼2𝐷H⁄ , where Δ – mean distance between hydrides, 

𝛼 – geometry factor, 𝐷H – diffusion coefficient of hydrogen in zirconium. 

The cumulative fraction of hydrogen in radially oriented hydrides 𝜃  evolves during precipitation 

according to [19], [22] 
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Here, 𝐶𝑡𝑜𝑡 is the total hydrogen concentration in the material, and 𝑓𝑟 is the instantaneous fraction of 

hydrogen precipitating as radially oriented hydrides at the current time step. This fraction is assumed to 

be a function of the tangential stress, 𝜎, and temperature, 𝑇 [19], [22]: 
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where 𝑓0 and ΔΩ are model parameters. 

3.2. Two-step nucleation model 

One of the simplifications adopted in model above, is to represent nucleation as the direct formation of 

stable δ-hydrides at lattice defects. However, this assumption neglects the experimentally and 

theoretically established multistage transformation sequence, in which stable hydrides form via 

intermediate metastable phases. In this context, multiphase models of hydride nucleation have 

previously been reported in the literature [23]. In the present formulation, the CNT framework is applied 

to the formation of metastable precursor states, while the subsequent transition to stable δ-hydrides is 

governed by transformation kinetics with a finite incubation time. 

The physical basis of the present modeling approach is as follows. At the initial stage, hydrogen 

accumulates in localized regions near lattice defects, leading to the formation of hydrogen clusters. This 

is followed by a sequence of transformations involving metastable phases, accompanied by lattice 

rearrangement, volumetric expansion, and dislocation emission. These processes ultimately result in the 

formation of stable δ-hydrides. 

The presence of metastable stages significantly affects nucleation kinetics. In particular, the formation 

of metastable phases is associated with a lower energy barrier compared to direct δ-phase nucleation, 

due to reduced interfacial energy and more efficient strain accommodation within the matrix. 

To account for this multistage transformation, an additional state variable is introduced - the volumetric 

density of metastable nuclei, 𝑁𝑚𝑠. T he e volution o f t his v ariable g overns t he a ccumulation o f  



5 

 

intermediate states and their conversion into stable hydrides. The nucleation frequency is determined 

by the Gibbs free energy change associated with nucleation, Δ𝐺𝑛: 

 ( )logn n mech s e n n cs gr

H

kT
G V g x C C S S

v
 

 
 = −  + − 

 
 (4) 

where 𝑉𝑛, 𝑆𝑛 – volume and surface area of the nucleus, 𝑥 – stoichiometry of the hydride (𝑥 = 1.6 for δ-

phase ZrH1.6), 𝑣H – atomic volume of hydrogen in the hydride phase, 𝛾𝑛 – interphase surface energy, 

𝛾𝑔𝑟 – grain energy in the nucleation area (the defect energy disappears after the nucleus has nucleated), 

𝑆𝑐𝑠  – the area of the grain boundary covers the nucleus, which is equal to its cross-section, gmech - 

mechanical energy change per unit volume. 

The surface energy of nucleus, 𝛾𝑛,  depends on the phase and typically varies in the range of 

0.035 – 0.2 J/m2 [23]. The grain boundary energy, 𝛾𝑔𝑟, depends on the misorientation of the neighboring 

grains and can be considered a random variable of the same order of magnitude, i.e. up to 0.1 J/m2. The 

nucleus-matrix interfacial area, 𝑆𝑛, and the contact area with the grain boundary, 𝑆𝑐𝑠, both scale with 

the square of the nucleus radius and are related through geometric factor (𝑆𝑛>𝑆𝑐𝑠). Therefore, to reduce 

the number of model parameters, the combined interfacial energy term is approximated as 𝑆𝑛𝛾𝑛 −
𝑆𝑐𝑠𝛾𝑔𝑟 ≈ 𝑆𝑛𝛾′, where 𝛾′ is an effective surface energy associated with hydride nucleation at a given 

grain boundary. This parameter reflects the variability in grain boundary character and is assumed to 

follow a lognormal distribution with a maximum probability density around 0.03 J/m2. The nucleation 

frequency 𝐽𝑛,𝑚𝑠 of the metastable hydrides is then calculated according to the CNT: 

 ( ) ( ) ( ) ( )( )
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where 𝑛max(𝛾′) – the distribution of nucleation sites as a function of the effective surface energy, 𝑍 =
[Δ𝐺𝑛(𝑟

∗) (3𝜋𝑘𝑇 · (𝑉∗ 𝑣𝐻⁄ )2)⁄ ]1 2⁄  – Zeldovich factor, 𝑉∗ – hydride volume, 𝑗∗ = 4𝜋DH𝑟
∗ · (𝐶𝑠 − 𝐶𝑒) 

– the hydrogen sink the superscript “*” denotes the critical nucleus. 

The volumetric density of metastable nuclei, 𝑁𝑚𝑠, changes due to their formation, transformation into 

stable hydrides, and decomposition back into the solid solution: 
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d

d
= − −ms

n ms dec tr

N
J J J

t
 (6) 

here 𝐽𝑡𝑟 and 𝐽𝑑𝑒𝑐, denote transformation of metastable into stable hydrides and their decomposition back 

into the solid solution, respectively. Transformation is active while the conditions for nucleation remain 

favorable and is described as 𝐽𝑡𝑟 = 𝑁𝑚𝑠 𝜏𝑖𝑛𝑐⁄ , w here  𝜏𝑖𝑛𝑐  is the incubation time, described in the 

following section. If these conditions are no longer satisfied, transformation is suppressed and the 

metastable nuclei decompose according to 𝐽𝑑𝑒𝑐 = 𝑁𝑚𝑠 𝜏𝑑𝑒𝑐⁄ , w here  𝜏𝑑𝑒𝑐  is the characteristic 

decomposition time. 

3.3. Incubation time 

Another simplification adopted in [19] is the direct use of the steady-state nucleation rate (Eq. (5)). In 

reality, however, the nucleation process is characterized by a finite time lag required for the nucleation 

rate to reach its steady-state value, commonly referred to as the incubation time [24]. The present 

formulation represents an effective incubation period governed by coupled diffusion and phase 

transformation processes. 

In the present work, the incubation time is interpreted as the characteristic time required for the phase 

transformation leading to the formation of a stable hydride nucleus. This time scale reflects a sequence 

of coupled physical processes occurring at the microscale, including: (i) accumulation of hydrogen in 

the vicinity of lattice defects (diffusion-driven formation of Cottrell atmospheres); (ii) local lattice 

rearrangement governed by atomic jump frequencies; (iii) formation of metastable hydride phases and 

subsequent increase in hydrogen stoichiometry; and (iv) relaxation of the associated mechanical energy 
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through dislocation emission and plastic accommodation. Among these processes, the rate-limiting 

steps are associated with hydrogen transport, namely the formation of Cottrell atmospheres and the 

subsequent diffusive flux required to sustain phase transitions and stoichiometry evolution. It should be 

taken into account that the formation of hydrogen clusters is accompanied by a transient depletion of 

hydrogen in the surrounding solid solution and requires hydrogen redistribution over a length scale 

exceeding the size of the nucleus (here, the characteristic diffusion length is assumed to be on the order 

of the alloy grain size). 

The incubation time governed by diffusion processes is estimated here as follows. The diffusive flux 

toward the nucleus can be approximated as 𝐽 = −𝐷H · 𝛻𝐶H ≈ −𝐷H · (𝐶𝑠 − 𝐶𝑒) 𝐿𝑒𝑓𝑓⁄ , where 𝐿𝑒𝑓𝑓 is the 

characteristic diffusion length (on the order of the grain size). The formation of a nucleus requires the 

accumulation of hydrogen atoms in an amount 𝑁H ≈ 𝐶ℎ𝑦𝑑 · 𝑟ℎ𝑦𝑑
3 , w here  𝐶ℎ𝑦𝑑  is the hydrogen 

concentration in the hydride and 𝑟ℎ𝑦𝑑  is the radius of the hydride. Accordingly, the characteristic 

diffusion-controlled incubation time 𝜏𝑖𝑛𝑐 can be estimated as: 
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3
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inc
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For nucleation to occur, it is necessary that the conditions favorable for nucleation be maintained 

continuously throughout the entire incubation period. Under these conditions, metastable nuclei 

rearrange into stable ones, which is described by the following system of equations: 
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here 𝑁𝑟,𝑡  are volumetric densities of radial and tangential hydrides, 𝑓𝑟,𝑡 are instantaneous fractions of 

radial and tangential hydrides precipitating on the current time step, 𝑓𝑡 = 1 − 𝑓𝑟.  The estimated 

incubation time 𝜏𝑖𝑛𝑐 yields a characteristic value on the order of minutes. 

 

4. RESULTS AND DISCUSSION 

The updated model is formulated as a system of five coupled differential equations describing hydride 

nucleation and growth processes. Specifically, Eqs. (1), (2), (5), and (7) are solved numerically (the 

latter providing two separate equations for radial and tangential hydrides). The set of independent 

kinetic variables includes: the hydrogen concentration in solid solution 𝐶𝑠, the cumulative fraction of 

hydrogen precipitated as radial hydrides 𝜃, the volumetric density of metastable nuclei 𝑁𝑚𝑠, and the 

volumetric densities of stable radial 𝑁𝑟 and tangential 𝑁𝑡 hydrides. 

The predictive capability of the modified model was assessed by simulating the same thermal–

mechanical scenario previously analyzed using the original model. The result is shown in Fig. 3 by 

analogy with Fig. 1. The introduction of the two-stage nucleation mechanism and incubation effects 

leads to a pronounced reduction in the sensitivity of the model to variations of cooling rate during 

nucleation in hydrogen content. In particular, the scatter of calculated mean hydride length is reduced 

to 28–96 μm, compared to 38–1600 μm obtained with the original model, while the corresponding 

experimental value is 36.2 μm. Similarly, the scatter of calculated hydride density is narrowed to 200–

660 mm-2, in contrast to 10–450 mm-2 for the original model, with the experimental reference value 

being 346 mm-2. These results indicate that the updated model provides a substantially more realistic 

representation of hydride morphology evolution under the considered conditions. 

The remaining scatter in the predicted quantities is considered acceptable, particularly in comparison 

with the previous model version. Nevertheless, it should be noted that the variability of the calculated 

results with respect to hydrogen content still exceeds the scatter observed in experimental data under 

similar conditions. For example, measurements performed at different axial positions of the specimen 

(where hydrogen concentration and temperature histories slightly varies) exhibit a narrower dispersion 

of hydride morphology [21]. This discrepancy suggests that further refinement of the model is required. 
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Hydrogen concentration, ppm 
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Figure 3. Simulation results with the updated version of the model based on the CNT; markers – 

simulation results; dotted line – experimental results 

An additional comparison between the two models was performed using an idealized thermal scenario 

consisting of heating a specimen containing 150 ppm of hydrogen up to 400 °C, ensuring complete 

dissolution of pre-existing hydrides, followed by a short holding period and subsequent cooling to room 

temperature. The cooling rate was varied over five orders of magnitude in order to systematically assess 

the model response to transient thermal conditions. 

The simulation results obtained with both models for the mean hydride length and the total volumetric 

density of hydrides (𝑁𝑟 + 𝑁𝑡) are presented in Fig. 4. It can be observed that the updated model exhibits 

a significantly reduced sensitivity to the cooling rate and, in addition, produces a much smoother 

dependence of both quantities on this parameter. This behavior is a key factor contributing to the 

improved agreement with the SPIZWURZ experimental data discussed above. The original model 

demonstrates a non-smooth, piecewise-like dependence, characterized by abrupt changes in the 

predicted quantities. This behavior can be attributed to the occurrence of successive nucleation waves 

at lower temperatures. Experimental measurements of hydride density and mean length over a broad 

range of cooling rates would provide a direct validation of the predicted dependencies shown in Fig. 4. 

 

 

Cooling rate, °C/min 

 

Cooling rate, °C/min 

Figure 4. Comparison of two models. The results of simulation a test with linear cooling with 

differnet cooling rates 

In this sense, the classical CNT-based formulation can be interpreted as a local-response model driven 

by instantaneous thermodynamic conditions, which may lead to nucleation being triggered by transient 
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fluctuations rather than physically meaningful conditions. The proposed model overcomes this 

limitation by introducing a time-integrated nucleation criterion. 

 

Figure 5 presents an additional comparison of the simulated hydride morphology with experimental 

data for rod 4 from the SPIZWURZ test [21]. Rod 4 was very similar to rod 8 discussed above: both 

rods were fabricated from Zircaloy-4 cladding tubes, hydrogenated to a target concentration of 100 ppm, 

and positioned symmetrically in the test bundle, which resulted in nearly identical temperature histories. 

The only difference was the internal gas pressure, equal to 104 bar for rod 4 and 146 bar for rod 8. 

 

 

Rod elevation, mm 

 

Rod elevation, mm 

 

Rod elevation, mm 

Figure 5. Simulation-to-experiment comparison for rod 4 from the SPIZWURZ test: markers 

denote experimental data, and lines denote simulation results 
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5. CONCLUSIONS 

The hydride nucleation model based on classical heterogeneous one-step nucleation theory was shown 

to exhibit an unphysically high sensitivity to variations in hydrogen concentration in the sample, 

contradicting to experimental data. Small changes in hydrogen content or thermal history resulted in 

disproportionately large variations in predicted hydride characteristics, limiting the applicability of the 

original formulation for realistic dry storage conditions. 

To overcome these limitations, the model was extended by incorporating a two-stage nucleation 

mechanism, in which stable δ-hydrides form through intermediate metastable states, along with an 

explicit treatment of the incubation time required for their transformation into stable nuclei. This 

formulation combines a reduced nucleation barrier associated with metastable precursor phases and an 

explicit incubation time representing diffusion-controlled transformation kinetics. This approach 

introduces a physically justified delay between favorable thermodynamic conditions and the formation 

of stable hydrides. 

The updated model improves robustness by introducing a history-dependent nucleation criterion, 

reducing sensitivity to cooling rate, and resulting in significantly better agreement with experimental 

data. Although some discrepancy in variability remains, the overall agreement is considered satisfactory. 

The proposed approach provides a more physically consistent framework for modeling hydride 

nucleation under dry storage conditions. 
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 APPENDIX A 

Table I. Key model parameters used in the simulations 

Parameter Value or correlation 

𝛾′ = 𝛾𝑛 − 𝛾𝑔𝑟 · 𝑆𝑐𝑠 𝑆𝑛⁄  lognormally distributed variable in J/m2: 𝜇 = −2.706, σ= 0.935 

𝑛max 2 · 1015 m-3 

𝜏𝑑𝑒𝑐 10−9 · exp(1[eV] 𝑘𝑇⁄ ) s 

𝐿𝑒𝑓𝑓 5 · 10−6 m 

ΔΩ 4.93 · 10−28 m3 

𝑓0 700 
 


	ABSTRACT
	1. INTRODUCTION
	2. PROBLEM STATEMENT
	3. NEW MODEL DESCRIPTION
	3.1. Original model framework (unchanged components)
	3.2. Two-step nucleation model
	3.3. Incubation time

	4. RESULTS AND DISCUSSION
	5. CONCLUSIONS
	REFERENCES
	APPENDIX A


    C  s


    𝜏 0


    C  e


    𝜏 0 =  Δ    𝛼 2   D H


  Δ


  𝛼


    D H


  𝜃


    C  t o t


    f  r


  𝜎


  T


    f 0


  Δ Ω


    N  m s


  Δ   G  n


    V  n


    S  n


  x


  x = 1 . 6


    v H


    𝛾  n


    𝛾  g r


    S  c s


    𝛾  n


    𝛾  g r


    S  n


    S  c s


    S  n


    S  c s


    S  n   𝛾  n −   S  c s   𝛾  g r ≈   S  n 𝛾 ′


  𝛾 ′


    J  n , m s


    n max  ( 𝛾 ′ )


  Z =    [   Δ   G  n  (   r ∗ )   ( 3 𝜋 k T ·    (     V ∗    v  H ) 2 ) ]   1 2


    V ∗


    j ∗ = 4 𝜋  D H   r ∗ ·  (   C  s −   C  e )


    N  m s


    J  t r


    J  d e c


      J  t r =   N  m s    𝜏  i n c


    𝜏  i n c


      J  d e c =   N  m s    𝜏  d e c


    𝜏  d e c


  J = −   D H · 𝛻   C H ≈ −   D H ·    (   C  s −   C  e )    L  e f f


    L  e f f


    N H ≈   C  h y d ·   r  h y d 3


    C  h y d


    r  h y d


    𝜏  i n c


    N  r , t


    f  r , t


    f  t = 1 −   f  r


    𝜏  i n c


    C  s


  𝜃


    N  m s


    N  r


    N  t


   (   N  r +   N  t )


    𝛾 ′ =   𝛾  n −   𝛾  g r ·     S  c s    S  n


  𝜇 = − 2 . 706


  = 0 . 935


    n max


  2 ·  10 15


    𝜏  d e c


   10  − 9 · exp  (   1  [ eV ]  k T )


    L  e f f


  5 ·  10  − 6


  Δ Ω


  4 . 93 ·  10  − 28


    f 0

