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The hydrogen binding energy to vacancies or vacancy-carbon complexes in a-Fe under uniaxial tensile strain was
calculated using the density functional theory. The solution energies of hydrogen and carbon decreased with an
increase in the uniaxial tensile strain. With increasing strain, the binding energy of hydrogen atoms to vacancies
also decreases; however, the binding energy of the vacancy-carbon complexes increases. The hydrogen retention
was estimated under exposure to hydrogen gas. In the strained area, both the hydrogen concentration of the
interstitial hydrogen atoms and the number of hydrogen atoms trapped in the vacancies increased. Therefore,

hydrogen retention increased with increasing strain; however, the change in the hydrogen binding energy did not
have a strong impact on the hydrogen retention. The presence of vacancies affects hydrogen retention more
strongly. Although the binding energy of hydrogen atoms to vacancy-carbon complexes increased, the hydrogen
retention in the Fe-C alloy was lower than that in pure Fe.

1. Introduction

In the blanket structural materials of fusion reactors, many defects
and gas atoms (hydrogen isotopes and helium) are formed by atomic
displacement and transmutation, respectively. The gas atoms interact
with pre-existing and irradiation-induced defects [1-8]. The formation
of helium bubbles leads to the degradation of the material performance
[9]. The hydrogen isotopes trapped at the defects lead to an increase in
the hydrogen retention. Particularly, tritium retention is a problem in
the safe operation of fusion reactors. Therefore, it is important to eval-
uate the interactions between defects and gas atoms. In this study, we
focus on the effects of hydrogen. Vacancies can capture up to six
hydrogen atoms in a-Fe in first principal calculations [10-13]. The
binding energy of hydrogen atoms to vacancies was almost constant for
up to two trapped hydrogen atoms, and when they were more than
three, it decreased with an increase in the number of trapped hydrogen
atoms. The binding energy of hydrogen atoms to vacancy clusters in a-Fe
has also been determined by molecular dynamics simulations [14]. The
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hydrogen trapping of vacancy-type defects has also been evaluated in
other fusion reactor materials such as tungsten [15-18].
Reduced-activation ferritic/martensitic (RAFM) steel is a candidate
for the blanket structural materials of fusion reactors. RAFM steels have
many defects such as dislocations and precipitates. A high elastic strain
occurred around the dislocation cores and interfaces of the precipitates.
Psiachos et al. obtained the solution energy of hydrogen in a-Fe under
uniaxial, hydrostatic, and shear strains and estimated the hydrogen
concentration in a-Fe-containing dislocations, which led to the high
solubility of hydrogen [19,20]. Ma et al. reported that strained vacancies
introduced near the coherent interfaces between a-Fe and the pre-
cipitates enhanced hydrogen trapping [21]. Strain influences hydrogen
retention in a-Fe. RAFM steels also include carbon atoms. Because car-
bon is an interstitial solute atom, it strongly interacts with vacancies.
Monasterio et al. obtained the binding energies of hydrogen atoms to
vacancy-carbon complexes in a-Fe using density functional theory (DFT)
calculations [22]. The binding energy of a hydrogen atom to vacancies is
lower than that of the vacancy-carbon complexes. The effect of carbon
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Fig. 1. (a) Calculated Poisson’s ratio and cohesive energy at each strain. (b)
Stress—strain curve.
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Fig. 2. Vacancy formation energy in strained a-Fe.
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was also considered in estimating the number of hydrogen atoms trap-
ped in the vacancies. Carbon may have a significant effect on the
interaction between hydrogen atoms and vacancies in the strain field.
Therefore, the synergistic effects of carbon and strain on this interaction
should be evaluated. In this study, the hydrogen binding energy to va-
cancies or vacancy-carbon complexes in a-Fe under uniaxial tensile
strain was calculated using DFT calculations, and the effects of uniaxial
tensile strain and carbon on hydrogen retention were discussed.

2. Calculation method
A reference body-centered cubic (bcc) supercell containing 128 iron

atoms was used in this study. Density functional theory (DFT) calcula-
tions were performed using plane-wave basis sets and projector-
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Fig. 3. Initial configuration of interstitial hydrogen atom ((a)—(d)) and solu-
tion energy of hydrogen atom at each uniaxial tensile strain (e).
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Fig. 4. (a) Configuration of interstitial hydrogen atom in H-T-2 (Fig. 3 (d)) in
the strain of 5% after the lattice relaxation. (b) View from the upper side of (a).

augmented wave (PAW) potentials, as implemented in the Vienna ab
initio simulation package (VASP) [23-26]. For the exchange and cor-
relation functionals, the generalized gradient approximation (GGA) in



S. Hirayama et al.

S [ ]
3 | ]
> L .
So5l ;
[b] L i
C | J
m - -
8 | J
g O -
(@] B i
wn | J

_0_5- T R 1]

0 5 10 15
Strain (%)

Fig. 5. Initial configuration of interstitial carbon atom ((a), (b)) and the solu-
tion energy of a carbon atom at each uniaxial tensile strain (c).
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Fig. 6. Initial configuration of a vacancy-solute atom complex ((a), (b)) and the
binding energy of a solute atom to a vacancy at each uniaxial tensile strain (c).
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the scheme of Perdew, Burke, and Ernzerhof (PBE) was applied [27].
The cutoff energy of the plane wave basis set was set to 520 eV, and
Brillouin zone integration was performed using 4 x 4 x 4 Monkhorst-
Pack k-points. All atoms were fully relaxed with a total energy change
of less than 107 eV, and the force on each ion was less than 0.01 eV/A.
Uniaxial tensile strains of 1, 2, 3, 4, 5, 10, and 15% were applied to the
supercell in the [100] direction, and then the supercell was compressed
in the [010] and [001] directions to minimize the total energy of the
strained supercell. When thin foils are torn, the elastic strain in the
[100] direction is greater than 10% in the fracture tips of metals
immediately before the fracture [28]. Therefore, the uniaxial tensile
strain in the [100] direction was applied. Fig. 1 shows the calculated
Poisson’s ratio and cohesive energy at each strain and stress-strain
curve. The cohesive energy is the difference between the energy of an
isolated iron atom in vacuum (—3.462 eV) and the total energy of the
supercell divided by the total number of atoms. The cohesive energy and
stress increase, and Poisson’s ratio decreases with increasing strain. To
calculate the total energy of the strained supercell containing defects,
the cell shape and volume of the strained supercell were fixed, the de-
fects were introduced to the strained supercell, and the atomic positions
were relaxed.
The vacancy formation energy Ey(Vac) is calculated as

¢;(Vac) = E(Fe, Vac) — E(Fe) + E.(Fe), @

where “Vac” denotes a vacancy, E(Fe, Vac) is the total energy of the
supercell containing a vacancy, E(Fe) is the total energy of the supercell
of the perfect Fe lattice, and E.(Fe) is E(Fe) divided by the number of
atoms. The solution energy of the solute atom A es(A) is expressed as

e,(A) = E(Fe, A) — E(Fe) — E.(A), )

where E(Fe, A) is the total energy of the supercell containing solute atom
A. When the solute atoms are hydrogen (A = H), E.(H) is half of the total
energy of a hydrogen molecule in vacuum. When the solute atoms are
carbon (A = C), E.(C) is the total energy of diamond divided by the
number of atoms. The binding energy of the solute atom A to a defect
eg(def - A) is given as

eg(def - A) = E(Fe,def) + E(Fe,A) — E(Fe, def - A) — E(Fe), 3

where “def-A” denotes a defect-solute atom complex, and E(Fe, def)
denotes the total energy of the supercell containing a defect. In this
study, the defect was a vacancy (Vac), vacancy-hydrogen complex (Vac-
H), or vacancy-carbon complex (Vac-C). The zero-point energy (ZPE)
correction for hydrogen atoms was applied to some configurations. The
solution energy and binding energy of hydrogen atoms, including the
ZPE correction (eZ€(H) and €€ (def - H)), are given as

1
e’“(H) = e,(H) + ZPE(Fe,H) — EZPE(HZ), (@)
€% (def - H) = ep(def - H) + ZPE(Fe,H) — ZPE(Fe, def - H), (5)
where ZPE(Fe, H) is the ZPE for an interstitial hydrogen atom in the
supercell, ZPE(Hy) is the ZPE for a hydrogen molecule in a vacuum, and
ZPE(Fe, def-H) denotes the ZPE for a hydrogen atom trapped at a defect.

3. Results and discussion

Figure 2 shows the vacancy formation energy in the strained a-Fe.
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The vacancy formation energy increases with an increase in the strain up
to 5% and then decreases with an increase up to 15%. In many fcc
metals, the vacancy formation energy obtained by DFT calculations in-
creases with an increase in the uniaxial tensile strain up to 4% and then
it decreases up to 5% [29]. The same trend was observed for fcc Cu using
semi-empirical N-body potentials [30]. In tungsten, the vacancy for-
mation energy increases with hydrostatic and biaxial strains up to 5%
[31]. When vacancies are introduced into the dense region of the atoms,
they are stable. Meanwhile, the opposite phenomenon occurred under
tensile strain. Therefore, the vacancy formation energy increased with
an increase in the strain up to 5%. At the strains of 10% and 15%,
because interatomic bonds weaken, it is easy to introduce vacancies.

Figure 3 shows the initial configuration of an interstitial hydrogen
atom ((a)-(d)) and the solution energy of a hydrogen atom at each
uniaxial tensile strain (e). In H-O-1 (Fig. 3(a)), the solution energy of
hydrogen increases with an increase in the tensile strain, whereas in the
other configurations (Fig. 3(b)-(d)), it decreases with an increase in the
tensile strain. The solution energy of hydrogen in H-T-2 is the lowest.
Hydrogen atoms are more stable in the tetrahedral site (T-site) than in
the octahedral site (O-site) at tensile strains of up to 5%; however, the
hydrogen atom approaches the O-site after relaxation, as shown in
Fig. 4. This trend agrees with a previous work [32]. The atomic distances
in the [100] direction broadened, and the solute hydrogen atoms
migrated to a larger space. At tensile strains of 10 and 15%, hydrogen
atoms migrated from the T-site to the O-site in H-T-2. In a previous study
[20], the solution energy of hydrogen decreased to approximately 0 eV
under uniaxial tensile strain of approximately 4%. This is because of the
different calculation conditions (the volume and shape of the supercell
were fixed in this study). The solution energy of hydrogen in H-T-2,
including the ZPE correction, was higher than that without the ZPE
correction, and the height decreased with increasing strain. Fig. 5 shows
the initial configuration of an interstitial carbon atom ((a) and (b)) and
the solution energy of a carbon atom at each uniaxial tensile strain (c).
Carbon atoms located at the T site migrate to the O site during lattice
relaxation. Therefore, the results are omitted. The solution energy of
carbon in C-O-2 was lower than that in C-O-1 and decreased with an
increase in the strain. In the [100] tensile strain, the atomic distances
between the carbon atom and nearest neighbor Fe atoms shortened and
lengthened in C-O-1 and C-O-2, respectively.

Figure 6 shows the initial configuration of a vacancy-solute atom
complex ((a) and (b)) and the binding energy of a solute atom to a va-
cancy at each uniaxial tensile strain (c). When the strain is applied, the
distances between the Fe atoms and hydrogen atoms on the (1 00) plane
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Fig. 7. Electron density distribution in Vac-H-2 (Fig. 6 (b)) without strain and with 5% strain.

in Vac-H-2 (Fig. 6(b)) decrease according to Poisson’s ratio. Therefore,
the binding energy of a hydrogen atom to a vacancy is lower in Vac-H-1
(Fig. 6(a)) than in Vac-H-2; however, the difference is not large. It de-
creases with an increase in the tensile strain. Almost the same trend was
observed in the carbon atom; however, the value in the carbon atom was
lower than that in the hydrogen atom at a strain of more than 1%. Fig. 7
shows the electron density distribution in Vac-H-2 without strain and
with 5% strain. There are no noticeable differences between the 0% and
5% strains. Therefore, we obtained the site-projected partial densities of
states (DOS) in the lattice not including the solute atoms, H-T-2, and
Vac-H-2 without strain and with 5% strain in Fig. 8. In Fe d-DOS in the
lattice not including solute atoms (Fig. 8(a)), the heights of the first and
second prominent peaks are slightly lower, and the small peaks at
approximately 6 eV (up spin) and 8 eV (down spin) above the Fermi
level are slightly broader under 5% strain. In Fe d-DOS at H-T-2 (Fig. 8
(b)), the heights of the strong peaks did not show significant changes,
but their peak positions slightly shifted to the higher energy side under
5% strain. In Fe d-DOS at Vac-H-2 (Fig. 8(d)), the height of the strong
peaks decreased, and the positions of the small peaks at approximately 6
eV (up spin) and 8 eV (down spin) shifted to the lower energy side under
5% strain. In the H s-DOS at Vac-H-2 (Fig. 8(e)), the strong peaks below
the Fermi level show broader profiles and a significant overlap with the
Fe d-DOS (Fig. 8(d)) than those of H-T-2 (Fig. 8(c)). This indicates a
covalent bonding character via the hybridization of the H (1 s orbital)
and Fe (3d orbital) atoms. Because the peak positions shift to the lower
energy side and with less overlapping with the Fe d-DOS under 5%
strain, the covalent bonding slightly weakens. This phenomenon may
lead to a decrease in the binding energy of the hydrogen atom to a va-
cancy associated with an increase in strain. Fig. 9 shows the initial
configuration of a vacancy-two-hydrogen atom complex ((a)—(d)) and
the binding energy of a hydrogen atom to a vacancy-one-hydrogen atom
complex at each uniaxial tensile strain (e). In Vac-H»-3 (Fig. 9(c)),
different binding energies were obtained for two hydrogen atoms (i) and
(ii). In all configurations, the binding energy of a hydrogen atom to a
vacancy-H complex decreased with an increase in the strain. The bind-
ing energy of the hydrogen atom was the highest in Vac-Hy-2 (Fig. 9(b)).
The highest binding energy of the hydrogen atom to a vacancy-H com-
plex was higher than that of a vacancy (Vac-H-2) for all strains. In the
distortionless condition, this result corresponds to previous works
[10,12,13].

Figure 10 shows the initial configuration of the vacancy-carbon-
hydrogen complex ((a)-(e)) and the binding energy of a hydrogen
atom to the vacancy-carbon complex at each uniaxial tensile strain (f).
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Fig. 9. Initial configuration of a vacancy-two hydrogen atoms complex ((a)—
(d)) and the binding energy of a hydrogen atom to a vacancy-one hydrogen
atom complex at each uniaxial tensile strain (e).

With the exception of Vac-C-H-1, the binding energy of a hydrogen atom
to a vacancy-C complex decreased with an increase in the tensile strain.
Only Vac-C-H-1 increased with an increase in the tensile strain. The
binding energy of carbon atoms to vacancies depends on their config-
uration (Vac-C-1 and Vac-C-2 (Fig. 6)). To estimate the stability of Vac-
C-H, the formation energy of the vacancy-carbon complex at each uni-
axial tensile strain was also obtained (Fig. 11). The formation energy of
Vac-C-H-1 is the lowest. Therefore, in a uniaxial strain field, the
configuration of Vac-C-H-1 is the most stable. The binding energy of
hydrogen in Vac-C-H-1, including the ZPE correction, was higher than
that without the ZPE correction, and the difference before and after the
ZPE correction decreased with an increase in the strain. The tensile
strain (the increase in atomic distance) lowered the ZPE of the hydrogen
atoms trapped at the vacancies. Fig. 12 shows the electron density dis-
tribution in Vac-C-H-1 (Fig. 10(a)) without strain and with 5% strain.
There are no noticeable differences between the 0% and 5% strains.
Therefore, we obtained the site-projected partial DOS in C-O-2 and Vac-
C-H-1 without strain and with 5% strain in Fig. 13. In the Fe d-DOS at C-
0O-2 (Fig. 13- (a)) and Vac-C-H-1 (Fig. 13 (c)), the peak heights are
significantly lower than those of the bulk DOS (see Fig. 8(a)) because of
the hybridization between the Fe 3d and C 2p orbitals. At 5% strain, the
strong peaks showed a splitting structure. The distribution of the C p-
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and the binding energy of a hydrogen atom to a vacancy-carbon complex at
each uniaxial tensile strain (f).
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DOS at Vac-C-H-1 (Fig. 13(d)) shows broader profiles and strong over-
lapping with the Fe d-DOS. This also indicates hybridization of the C (2p
orbital) and Fe (3d orbital) atoms. In the H s-DOS at Vac-C-H-1, the peak
height of the up spin at an energy of approximately —11 eV and down
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spin at an energy of approximately —9 eV is slightly higher than that at
Vac-H-2 (Fig. 8(e)). Therefore, the H s-DOS at Vac-C-H-1 may be more
strongly localized than that at Vac-H-2. However, we can observe small
peaks of up spin in the energy of approximately —7.5 eV and down spin
in the energy of approximately —6 eV in the H s-DOS at Vac-C-H-1.
Additionally, the shoulders appear in C p-DOS at Vac-C-H-1 in the en-
ergy of approximately —7.5 eV and —6 eV. These phenomena can also be
ascribed to hybridization effects between H (1 s orbital) and Fe and C (2p
orbital) and Fe atoms, which appear only in the vacancy-carbon-
hydrogen complex. Under 5% strain, the small peaks in the H s-DOS
are shifted to the lower energy side, and the height of the shoulders in C
p-DOS increases and is shifted to the lower energy side. This may be
correlated to the increase in the binding energy of a hydrogen atom to a
vacancy-C complex associated with an increase in the strain.

We estimated the effect of strain on the number of hydrogen atoms
trapped at vacancies under the following assumptions:

1. Hydrogen concentration C is calculated according to Sieverts’ law
[33] in the hydrogen pressure of 0.1 MPa and temperature of 300 K.

2. The number of hydrogen atoms trapped at the vacancies was ob-
tained at local equilibrium [34]. The hydrogen occupancy 6, which
indicates the number of hydrogen atoms trapped at vacancies Ny
divided by the maximum value of Ny (the maximum value of Ny is
equal to six in a vacancy), is given as

0 c/Cer {eg(def—H)}’ (6

1-0 1-C/C7P| Iyt

where Cris the number of T sites per atom, kg is the Boltzmann constant,
and T is the absolute temperature.

3. In the Fe-carbon alloy, all vacancies capture one carbon atom.

4. When the hydrogen occupancy of a vacancy increases, the binding
energy decreases [10-13]. This effect was considered in the esti-
mation. The change in the binding energy of the hydrogen atoms to a
vacancy in a-Fe is expressed by the following linear approximation:

ey = [ 0034+ 0.541(0<n<1.93) P
E —0.127n 4 0.850(n>1.93)

where n is the number of hydrogen atoms trapped in the vacancy. For
each strain, the linear function was normalized to fit ef*(n = 1) to the
hydrogen binding energy obtained in this study. Here, the normalized
function is given by K-ef¢(n) (K: constant). In the Fe-carbon alloy,
because a carbon atom occupies one O-site, the maximum number of
hydrogen atoms trapped at a vacancy is 5. Therefore, the linear function
was normalized to fit the ef¢(n = 2) to the hydrogen binding energy
obtained for the Fe-carbon alloy. Here, when the number of hydrogen
atoms trapped in the vacancy-carbon complex is k, the normalized
function is used in the Fe-carbon alloy as K-ef*~¢(k) = K-ef¢(k + 1) (K:
constant). The approximation used in assumption 4 is summarized in
Fig. 14.

5. Only vacancies exist in the materials, and they are homogeneously
distributed in the strained and strain-free regions. The vacancy
concentration is expressed as the Cy.

6. In these materials, only two regions (strain-free region and region
strained at a strain of X%) exist. The volume ratio of the region under
a uniaxial tensile strain of X% to the entire region is B. Here, B is
assumed to be 0.001.
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Table 1 lists the hydrogen concentration in the homogeneously
strained region (Cy), the number of hydrogen atoms trapped at va-
cancies in a-Fe and Fe-C alloy (Nf¢ and Ni¢~C), and the total concen-
tration of hydrogen atoms retained in the a-Fe and Fe-C alloy (C¥ and
CFe=C). To determine the effect of the existence of vacancies on the CE
andCle=C, two cases (Cy = 0 and Cy = 1075) were calculated. The
number of hydrogen atoms trapped at the vacancies in the Fe-carbon
alloy under the uniaxial tensile strain of X% is expressed asNi¢ €(X).
In this case, the total concentration of the hydrogen atoms trapped at the
vacancies in a-Fe can be calculated as[Ni¢(0)-(1 — B) + Ni¢(X)-B]-Cy.
When the uniaxial tensile strain increases, Ni¢(X) increases. Conse-
quently, the total concentration of hydrogen atoms trapped at the va-
cancies also increases. The total concentration of hydrogen atoms
retained in a-Fe CE is expressed asCy(0):(1-B)+ Cu(X)-B+
[NE¢(0)-(1 — B) + NE¢(X)-B]-Cy, where Cy(X) is the concentration of the
interstitial hydrogen atoms under the uniaxial tensile strain of X%. C¢
and CE¢C are also listed in Table 1. When we compare Cy = 0 and Cy =
1075, the existence of vacancies has a significant influence on the
hydrogen retention. The hydrogen retention increases with an increase
in the uniaxial strain. The increase in the hydrogen retention is caused
by the increase in N¥¢(X) or NE¢~¢(X) in the strain of 0-5%, and it is
caused by the increase in Cy(X) in the strain of 10 and 15%. Although
the hydrogen binding energy to the vacancy-carbon complex increases
with an increase in the strain, Ni¢(X) is higher thanN£~¢(X). Therefore,
the hydrogen retention in a-Fe is higher than that in the Fe-C alloy in the
same strain. This is because carbon atoms trapped at the vacancies
suppress the hydrogen trapping of vacancies. When the tensile strain
reaches more than 5%, a vacancy in the Fe-C alloy can capture almost
the same amount of hydrogen atoms trapped at a vacancy in the a-Fe
without strain. The number of hydrogen atoms trapped at vacancies in
a-Fe with 10% strain (3.58) is almost the same value in Fe-C alloy with
15% strain (3.53). Under the assumption used in this study, the effect of
the uniaxial tensile strain on the hydrogen retention is not strong in
materials containing vacancy-type defects; however, different kinds of
strain may have a strong influence on the hydrogen retention. If mate-
rials have a broad strained area (e.g. high entropy alloys), the effect will
not be neglected. Therefore, the binding energy of hydrogen atoms to
vacancy-type defects is obtained under the uniaxial compressive strain,
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(b) 5%

Fig. 12. Electron density distribution in Vac-C-H-1 (Fig. 10 (a)) without strain and with 5% strain.

hydraulic strain, and shear strain.
4. Summary

The effect of uniaxial tensile strain on the solution energy of carbon
and hydrogen and the binding energy of hydrogen to vacancy-type de-
fects were evaluated by DFT calculations. In certain cases, the strain
changed the most stable configuration. In pure Fe, the hydrogen binding
energy decreases with an increase in the tensile strain. In Fe-carbon
alloys, the hydrogen binding energy increased with an increase in the
uniaxial tensile strain in the Vac-C-H-1. Because the carbon atoms
trapped at the vacancies hindered the hydrogen trapping, the hydrogen
retention in the Fe-carbon alloy was lower than that in a-Fe under the
uniaxial tensile strain. In the next step, the effect of different types of
strain (uniaxial compressive, hydrostatic, and shear strains) on the
binding energy of hydrogen to vacancy-type defects will be evaluated to
comprehensively estimate the effect of strain on hydrogen retention.
Because the supercell size used in this study may be too small in the very
large strain of 10 or 15%, a calculation using a larger supercell should
also be attempted.
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Table 1

Hydrogen concentration in the homogeneously strained region (Cy), the number
of hydrogen atoms trapped at vacancies in a-Fe and Fe-C alloy (N and Ni¢=©),
and the total concentration of hydrogen atoms retained in a-Fe and Fe-C alloy
(CFe and CE¢=C). To determine the effect of the existence of vacancies on the CE
andCﬁe’C, two cases (Cy = 0 and Cy = 10~®) were calculated.

Strain Cy a-Fe Fe-C alloy
« i o Mie o o
Cy=0 Cy= Cy=0 Cy=
10°° 107
0 7.31x 280 7.31x 416 x 220  7.31 x 3.27 x
1077 1077 10°° 1077 10°°
1 140 x 286 7.32x 416 x 230  7.32x 3.27 x
10°° 1077 10°° 1077 10°°
2 2.84x 291 7.33x 416 x 242  7.33 x 3.27 x
10°° 1077 10°° 1077 10°°
3 6.06 x 297 7.36x 417 x 252  7.36 x 3.28 x
107° 1077 10°° 1077 10°°
4 1.42 x 3.03 7.44x 418 x 2.61 7.44 x 3.29 x
107° 1077 107 1077 10°°
5 386 x 310 7.69x 419 x 2.71 7.69 x 3.31 x
107° 1077 107° 107° 10°°
10 1.63x 358 170 x  2.04 x 322 1.70 x 1.95 x
102 10°° 104 107 107*
15 1.03 412 1.03 x 1.03 x 353  1.03 x 1.03 x
1073 1072 1072 1072
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