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Abstract

:

The economics and safety of reactors can be affected by the diffusion of fission products into graphite. Xenon (Xe) fission products diffusing into graphite is the most critical neutron absorber and poison that can slow down or stop the chain reaction. The transport parameters for inhibiting the xenon diffusion in graphite are therefore an important scientific problem. Self-sintered nanopore-isotropic (~40 nm) graphite (SSNG) derived from green pitch coke can decrease Xe diffusion into graphite. In this study, the surface morphology and microstructural evolution in graphite before and after irradiation, as well as after annealing, were studied with different characterization methods. A method for the measurement of diffusion coefficients of fission products’ diffusion in graphite using Rutherford backscattering spectrometry (RBS) was also reported. The SSNG substrates were implanted with Xe at a dose of 4.8 × 1015 ions/cm2 and energy of 7 MeV. The RT-implanted samples were annealed in a vacuum at 650 °C for 9 h. The implanted and annealed samples were characterized using RBS. The diffusion coefficient D (Xe, 650 °C) was 6.49 × 10−20 m2/s. The results indicate SSNG’s excellent ability to inhibit Xe diffusion and are significant for designing and evaluating the safety of nuclear reactors.
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1. Introduction


Graphite in molten salt reactors (MSRs) acts as a moderator/reflector, structural material, and accommodation for fission products (FPs). The LiF-BeF2-UF4-ThF4 fuel salt in MSRs serves as both a heat transfer storage medium and a fuel carrier. The salt is located in the same circuit and is in direct contact with graphite. As a result, decay reactions of fission products occur throughout the primary loop as well. Some of these fission products are gaseous and cause the mixture to form bubbles in the fluid [1,2]. Most of the gaseous fission products are noble gases that bubble out of the fuel salt mixture. The large neutron absorption cross-section of the 135Xe isotope diffusing into the graphite reduces the neutron economy and multiplication capability of the reactor [3,4]. In addition to this, the graphite dust containing FPs entering the main circuit and causing localized ultra-high temperatures poses a fatal threat to the operational stability and safety of the reactor and poses a major challenge to nuclear graphite reprocessing, decommissioning, etc. Prior studies indicated that graphite with pore diameters of less than 100 nm could effectively prevent the liquid fluoride salt and Xe135 penetration.



A series of graphite with pore sizes below 100 nm was prepared by our research group. In particular, self-sintered nanopore-isotropic graphite (SSNG) prepared from green pitch coke using the isostatic pressing method has a high graphitization degree and good irradiation properties [5,6], with potential for use in MSRs. However, the diffusion behavior of implanted Xe in SSNG has not been investigated. To the best of our knowledge, there are almost no reports on the diffusion coefficient of xenon in nanoporous graphite. Gaining a comprehensive understanding of the interactions between FPs and graphite, especially the diffusion behavior of xenon (Xe135-based) in graphite, is important to guide the design of MSRs.



This study investigated the diffusion behavior of Xe26+ in the SSNG for the first time. The microstructure and defect changes of SSNG before and after irradiation, as well as after annealing, were investigated using scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy. The diffusion coefficient of xenon ions in nanoporous graphite (~40 nm) was calculated using Rutherford backscattering spectroscopy (RBS). The implanted SSNG samples were subjected to high-temperature diffusion experiments at the MSR operating temperature (650 °C), and the experimental diffusion data of practical significance were measured.




2. Materials and Methods


2.1. Specimen Preparation and Irradiation


The green pitch coke was produced using a pressure-assisted semi-carbonization process. The as-prepared green coke blocks were subsequently wet ground in a ball mill to obtain a powder with an average size of 2.5 μm to ensure sufficient sintering activity. The slurry was then dried at 100 °C for about 3 h to completely remove the solvent before being pulverized again in a mill to obtain the desired powder. These powders were then molded into green bodies through isostatic compaction under a pressure of 100 MPa at room temperature. Subsequently, the green bodies were carbonized in a nitrogen atmosphere at a heating rate of 20 °C/min, reaching a temperature of 1000 °C and maintaining it for 2 h. Finally, the graphitization treatment was conducted under argon at temperatures up to 2600 °C, with a heating rate of 50 °C/h. Then, the self-sintered nanopore-isotropic (~40 nm) graphite (SSNG) was prepared.



The SSNG specimens were cut into 5.0 × 5.0 × 1.0 mm3 pieces for Xe26+ irradiation. All samples were polished and ultrasonically cleaned before irradiation. The samples were irradiated at room temperature using 7 MeV Xe26+ ion beams with a fluence of 4.8 × 1015 ions/cm2 on a terminal of the 320 kV high-voltage experimental platform equipped with an electron cyclotron resonance ion source in the Institute of Modern Physics, Chinese Academy of Science. To give an overall understanding of the ion irradiation behavior in the graphite bulk, the ion irradiation process was simulated using Stopping and Range of Ions in Matter (SRIM). The type of calculation chosen was “Ion distribution and Quick Calculation of Damage” [7]. A reference graphite compound (ICRU-906) was selected. The value of displacement threshold energy Ed of carbon determines the calculated number of displaced atoms. Due to the anisotropy of the graphite crystal, the displacement threshold energy Ed is not a single value. A value of 28 eV was used for the carbon atoms in the graphite material irradiated by ions [8]. The damage level (displacement per atom, dpa) was calculated using   dpa =    N   d i s p l a c e m e n t       N  a t o m     =   Φ  n   d i s p l a c e m e n t       ρ  a t o m      , where Φ, ndisplacement, and ρatom are the ion fluence, the number of displacements/ion/unit depth (calculated by SRIM 2008), and the atomic density, respectively [9]. According to the calculation of SRIM, the irradiation depth was about 2.9 µm, and the irradiation damage reached the maximum when the depth was about 2.3 µm. The peak depth of the Xe concentration was ~2600 nm. Figure 1 presents the predictions of the Xe concentration and displacement per atom (dpa) as a function of depth (distance from the irradiated surface) for an ion fluence of 4.8 × 1015 ions/cm2.




2.2. Characterizations


The changes in the microscopic morphology of the graphite were studied with a scanning electron microscope (Carl Zeiss AG, Jena, Germany). An automated mercury porosimeter (AutoPore IV 9500, Micromeritics GmbH, Unterschleißheim, Germany) was utilized to measure the pore diameter distribution and open porosity. The XRD was measured with a Bruker D8 Advance (Micromeritics GmbH, Unterschleißheim, Germany). Raman spectroscopy (HORIBA-Jobin Yvon, Lille, French) with a wavelength of 532.0 nm was used to monitor the variations in defects. The implanted SSNG samples were loaded into quartz tubes and sealed, and then the sealed quartz tubes were placed in a muffle furnace and subjected to annealing at 650 °C for 9 h. The diffusion behavior of Xe in the SSNG due to annealing was investigated using Rutherford backscattering spectrometry (RBS) with 2 MeV He+ (CAS, Shanghai, China). An analysis current of 15 nA and a scattering angle of 165° were used with a total charge of 8 μC. The resulting RBS profiles were fitted with Gaussian line shape fitting.





3. Results and Discussion


3.1. Pore Diameter Analysis


Figure 2 shows the pore size distributions of SSNG and traditional nuclear graphite IG-110. The properties of SSNG and IG-110 are given in Table 1, which clearly reveals that SSNG had a median pore diameter of 0.400 μm, which was significantly smaller compared with the 1.84 μm for IG-110. The density and open porosity of SSNG were 1.92 g/cm3 and 10%, respectively, while those of IG-110 were 1.77 g/cm3 and 18.4%, respectively. Obviously, the open porosity of SSNG was also much lower than that of IG-110. The results indicate that IG-110 was unable to inhibit the penetration of molten salt and Xe135, while SSNG could satisfy the pore size requirements (<100 nm) of MSRs. Previous molten salt infiltration experiments showed that molten salts find it very difficult to infiltrate into SSNG, even at an ambient pressure of 10 atm [5].




3.2. Microstructure Analysis


Figure 3 shows the SEM images of SSNG and IG-110. The pre-irradiation SEM images show that the obtained SSNG had a dense and homogeneous structure and exhibited a significantly smoother surface with fewer pores and almost no cracks compared with IG-110. This improvement can be attributed to the green pitch coke fillers, which had the self-sintering property and a smaller average particle size (~2.5 μm). As a result, the dense structure formed by the fillers led to a reduction in the median pore diameter and open porosity of graphite, which was consistent with the above results. After irradiation, a “Ridge-like” structure appeared on the surface of SSNG, as shown in Figure 3e, and most of the micropores shrank, which was related to the anisotropic swelling induced by irradiation. Additionally, the in-plane shrinkage of filler particles due to the swelling of the graphite microcrystals in the vertical direction led to an increase in the size of some micropores, but with a relatively small change. Compared with previous irradiation experiments of IG-110 [10], the surface integrity of the irradiated SSNG was better and less susceptible to the effects of irradiation, varying only within the average particle size of the filler. Figure 3f is an SEM image of the sample surface microstructure after annealing at 650 °C. During the annealing process, the surface flatness increased slightly due to the reduction in the “Ridge-like” structure. This suggests that the degree of irradiation damage in graphite was reduced by annealing, which may be related to the diffusion of interstitial atoms between the graphite planes, leading to the compounding of interstitial atoms and vacancies [11].



The XRD patterns of unirradiated SSNG and IG-110 are given in Figure 4a. The (002) diffraction peak of SSNG had a larger Braggs diffraction angle than that of IG-110, indicating that it had a smaller interlayer spacing and higher graphitization degree. The d002 (interlayer spacing) and the graphitization degree (g) were calculated using the following formulas [12]:    d  002   =  λ  2 s i n θ     and   g =   0.3440 −  d  002     0.3440 − 0.3354    . The d002 value for SSNG was calculated to be 0.33647 nm, which was found to be smaller than the 0.33674 nm for IG-110. Additionally, the graphitization degree of SSNG was determined to be 87.6%, whereas IG-110 had a graphitization degree of 84.2%. The differences may have been due to the different types of fillers used. The average particle size of the petroleum coke filler of IG-110 was ~20 μm, whereas that of the green pitch coke was ~2.5 μm; furthermore, the SSNG was prepared without the addition of any binder, which reduced the instability due to volatilization during the graphitization process. This observation was consistent with the SEM results. Figure 4b shows that after Xe26+ irradiation, the center of the (002) peak shifted toward the decrease in the diffraction angle, which indicates that the interlayer spacing of graphite became larger and the graphization degree of SSNG decreased. It can be seen that the defects induced by ion irradiation significantly damaged the internal lattice structure. However, the center of the (002) peak of the irradiated SSNG after annealing at 650 °C for 9 h was shifted to the larger diffraction angle, but it was still smaller than that of the pristine SSNG, indicating that the annealing caused diffusive migration of xenon ions, leading to the reduction in the layer spacing d002 of graphite, and the crystal structure was gradually restored. But the improvement of the graphite structure by the annealing had a certain limitation, and the structural damage caused by the irradiation was not eliminated. Previous studies showed that at high irradiation doses, the interstitial atoms merge to form more stable clusters (eventually forming new graphite layers), which cannot be eliminated using annealing [13].



Raman spectroscopy is widely used to characterize defects in carbon materials. The Raman spectra of SSNG and IG-110 are shown in Figure 5. The intrinsic band of graphite is the G band at about 1580 cm−1, and the presence of disorder and defects is revealed using the D band at about 1350 cm−1 and the D′ band at about 1620 cm−1 [14]. The intensity ratio ID/IG is widely used to characterize the defect density in materials such as graphite. The ID/IG of SSNG was about 0.25, which was much smaller than the 0.67 of IG-110. After the xenon ion injection, the relative intensity of the D peak increased significantly, as shown in Figure 5c, and the D and G peaks almost overlapped. The ID/IG increased from 0.25 to 2.09, indicating that the defect density of the graphite increased and the ordered structure of graphite was damaged. After annealing, the profiles of the two peaks began to appear and the ID/IG decreased to 1.7, indicating that the defect concentration of the samples annealed at a high temperature was significantly reduced [15,16]. But due to the disruption of the graphite structure, the irradiation damage introduced by the higher irradiation dose could not be fully recovered by annealing, which may have been due to the fact that under high irradiation doses, interplanar defects become dominant and graphite eventually amorphizes [17], and this disordered structure is more stable and not easily changed under annealing.




3.3. Rutherford Backscattering Analysis


Rutherford backscattering spectrometry (RBS) is a highly effective elemental analysis and depth analysis technique for surface layers and thin films of solids, especially for the analysis of heavy elements on light elemental matrices [18]. This non-destructive testing method is simple to perform and widely used for determining the thickness of thin films and the relative contents of matrix elements. Due to its straightforward sample preparation, ease of operation, and reliable analytical results, RBS plays a crucial role in interdisciplinary research fields, such as materials science, microelectronics, thin film physics, and energy [19,20,21].



Based on the above qualitative studies, in order to further quantify the diffusion behavior of xenon in SSNG, Figure 6 shows the energy channel numbers and yields of SSNG graphite before and after isothermal annealing at 650 °C for 9 h. It can be seen that annealing the sample at 650 °C for 9 h resulted in a slight broadening of the width of the xenon profile. This broadening indicates that there was a slight loss of xenon, indicating that Xe26+ diffused after annealing at a constant temperature [22]. The diffusion model was similar to a “sandwich” structure, as shown in Figure 7. First, Xe26+ was injected into the graphite, and there was a Xe26+ residence layer under a range of depths, and the peak depth of the Xe concentration can be seen in Figure 1. The irradiation effect in graphite is the result of displacement damage caused by the collision cascade [23]. Incident ions were distributed within a certain depth range after cascade collisions. The content at other depths on the injection side was too low compared with the peak distribution region to be detected, and the graphite injection side was considered to have almost no Xe26+ residence [18,24,25], which is the model for determining the diffusion coefficient using ion injection [26], and the diffusion coefficient was obtained using the change in Xe26+ residence layer thickness before and after annealing. Therefore, the diffusion coefficient D could be obtained directly from the data of the half-height width (FWHM) of the concentration distribution peaks of Xe26+ elements in the labeled layer before and after isothermal annealing. For the FWHM values [22], the Gaussian peak function was required to fit the calculation to the distribution peaks of Xe in the RBS energy spectrum. The fitted peaks and FWHM values were obtained, and the fitting results are shown in Figure 6. The details are discussed below.



Classical Fickian diffusion kinetics and (effective) diffusion coefficients were used to simulate the diffusive migration of xenon in graphite. The (effective) diffusion coefficient elaborated upon here combined all the fundamental transport coefficients due to physical and chemical phenomena (trapping, adsorption, graphite inhomogeneities, etc.) into one parameter, which is consistent with the approach used in contemporary fuel performance modeling. The diffusion experiment assumed that the rectangular flake sample was homogeneous and did not deviate from the ideal geometry, that the concentration of xenon on the graphite surface was zero (t > 0), and that the concentration of injected xenon was determined using the half-peak width of the xenon peak in the RBS plot of the xenon ion [27]. However, to obtain the accurate diffusion coefficient, the detection system was also calibrated with the energy scale using the Si sheet coated with Au film layer to correct the energy scale of the detection system and reduce the experimental error, where the calibration spectrum is shown in Figure 8 and Figure 9. The linear calibration equation was obtained from Equations (9) and (10): KE0 = CAN + B. The energy scale parameters of the 2 MeV (4He+) detector were obtained from the relationship between the energy channel number and the kinematic factor of the calibration samples, such as Au, Si, and C, in Table 2: A = 2.36 keV/ch and B = 105.4 keV. Then, the relationship between the channel number and concentration of xenon, i.e., the relationship between energy and concentration, was converted. After obtaining the thickness of the injected xenon ion layer by blocking the cross-section factor, the diffusion coefficient of xenon was calculated using the diffusion equation, and the diffusion coefficient of Xe26+ at 650 °C was calculated to be D (Xe, 650 °C) = 6.49 × 10−20 m2/s using the method described in Ref [26].



The mathematical model of isotropic material diffusion in this study was based on the assumption that the rate of transfer of diffusing material per unit area through the cross-section was proportional to the measured concentration gradient perpendicular to the cross-section [28]:


  F = − D   ∂ C   ∂ x    



(1)







In Equation (1), F is the transfer rate through the unit area, C is the concentration of the diffusing substance (Xe26+), D is the diffusion coefficient, and x is the spatial coordinate measured perpendicular to the cross-section. Equation (1) is known as Fick’s first law of diffusion. Fick’s second law of diffusion needed to be coupled with the first law to obtain the diffusion solution for this study. Assume a rectangular strip of unit cross-sectional area with the x-axis passing through the center. Its dimensions are shown in Figure 10.



Suppose that at the center of the rectangular bar, i.e., P (x, y, z), the concentration of the substance is C. The mass of the diffuser entering the rectangular bar in the x-dx plane through the ABCD plane is


  4 d y d z    F x  −   ∂  F x    ∂ x   d x    



(2)




where Fx is the transfer rate through the corresponding plane per unit area P. The amount of diffusive material lost through face A1B1C1D1 is


  4 d y d z    F x  +   ∂  F x    ∂ x   d x    



(3)







The increase in diffusible material in the cell can be given using Equation (7):


  8 d x d y d z     ∂ C   ∂ t      



(4)







If the total amount of incoming diffusion material is equal to the increase in the diffusion material in the cell and the diffusion is one-dimensional, i.e., the concentration gradient is only in the x-direction, Fick’s first law can be substituted in:


    ∂ C   ∂ t   = D    ∂ 2  C   ∂  x 2     



(5)







Equation (5) is known as Fick’s second law. The quantitative measurement of the rate at which a diffusion process occurs is expressed as a diffusion coefficient. For a one-dimensional diffusion process, the diffusion coefficient can be defined as the rate of transfer of the diffusing substance within a segment of units, divided by the spatial gradient of the concentration at that segment. If the rectangular bars in Figure 1 represent SSNG graphite specimens implanted with Xe26+, Equation (5) can be solved using Equation (6) [29]:


  C   x , t   =     2     π D t      1 2        − 1     ∫  0 ∞   C 0   y     e    −     y − x    2    4 D t     +  e    −     y − x    2    4 D t       d y  



(6)







In Equation (6), C is the concentration of Xe26+ and t is time. When time t = 0, C0(x) = C(x,0) represents the initial xenon profile (i.e., the xenon profile before diffusion occurs). The profile measurement at t = 0 can be approximated using Equation (7) [30]:


   C 0   x  = K        π Dt   0        − 1  2       e    −  x 2    4 D      t 0     



(7)







In Equation (7), K and t0 are adjustable constants. Using the boundary condition     lim   x → 0    d  d x   C   x , t   = 0  , Equations (6) and (7) can be simplified to give Equation (8) [29]:


  C   x , t   = K     π D   t +  t 0          − 1  2       E    −  X 2      4 D  t 0  + 4 D t          



(8)







If a profile W(t) is defined in such a way that   C   W , t   =  1 2  C   0 , t    , then Equation (8) becomes Equation (9) [24,31]:


      W  t     2  = 4 D t l n  2  +     W  0     2   



(9)







Equation (9) can be used to obtain the diffusion coefficient D. A plot of       W  t     2    versus t yields the diffusion coefficient (slope). The diffusion coefficient can be obtained by determining the slope 4Dln(2) of the unitary primary function, and       W  t     2    is determined using the FWHM of the Xe26+ peak. To obtain the activation energy E, the Arrhenius equation can be used [32]:


  D =  D 0  exp   −    E a    R T      



(10)







In Equation (10), D is the diffusion coefficient, D0 is the pre-exponential factor, E is the activation energy, T is the absolute temperature, and k is the gas constant.





4. Conclusions


In summary, the prepared SSNG was irradiated using Xe ions with an ion fluence of 4.8 × 1015 ions/cm2 and then subjected to annealing at 650 °C. The pore size distribution was investigated using an automated mercury porosimeter, while the changes in the microstructure were observed using SEM, XRD, and Raman spectroscopy. The diffusion coefficient of Xe diffusion in graphite was measured using RBS. The main conclusions are as follows:




	(1)

	
The prepared SSNG (~40 nm) not only met the pore size required for a molten salt reactor but also exhibited better irradiation resistance.




	(2)

	
Annealing had little effect on the morphology of the SSNG but restored the structure of graphite, and this restoration was limited, which may have been related to the amorphization and diffusion of ions in graphite.




	(3)

	
The “sandwich” model was shown to be a viable method for calculating ion diffusion coefficients. The RBS energy spectrums before and after the annealing showed that the xenon peak distributions were all close to being Gaussian, which suggests that Fickian diffusion of xenon occurred within the SSNG after annealing.




	(4)

	
The diffusion coefficient of Xe26+ in graphite was measured using RBS for the first time. The diffusion coefficient D(Xe, 650 °C) = 6.49 × 10−20 m2/s, which showed that the nanopore graphite SSNG had an excellent ability to inhibit xenon diffusion.
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Figure 1. SRIM calculation of the Xe concentration and the displacement per atom in the graphite irradiated using 7 MeV Xe26+ with an ion fluence of 4.8 × 1015 ions/cm2. 






Figure 1. SRIM calculation of the Xe concentration and the displacement per atom in the graphite irradiated using 7 MeV Xe26+ with an ion fluence of 4.8 × 1015 ions/cm2.



[image: Carbon 09 00113 g001]







[image: Carbon 09 00113 g002] 





Figure 2. The pore size distribution of SSNG and IG-110. 
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Figure 3. SEM images of SSNG: (a,c) unirradiated, (e) after 4.8 × 1015 Xe+/cm2 irradiation, (f) after annealing at 650 °C for 9 h after irradiation. (b,d) SEM images of IG-110. 
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Figure 4. (a) XRD patterns of pristine SSNG and IG-110; (b) XRD patterns of SSNG before and after irradiation and after annealing at 650 °C for 9 h after irradiation, with (002) peak zoomed to show more details. 
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Figure 5. Raman spectra of SSNG: (a) unirradiated, (c) after 4.8 × 1015 Xe+/cm2 irradiation, (d) after annealing at 650 °C for 9 h after irradiation. (b) Raman spectra of IG-110. 
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Figure 6. Rutherford backscattering spectroscopy (RBS) spectra of (a) Xe26+ implanted into SSNG at room temperature (RT) and (b) SSNG after injection of Xe26+ and held at 650 °C for 9 h. 
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Figure 7. Schematic diagram of the change in the injected layer after isothermal annealing of Xe26+ injected into SSNG: (a) after 4.8 × 1015 Xe+/cm2 irradiation, (b) after annealing at 650 °C for 9 h after irradiation. 
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Figure 8. RBS spectra of Au-coated Si sheets used to calibrate the energy scale of the detection system. 
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Figure 9. A calibration plot for estimating the surface position for carbon and depth profile for Xe26+ implanted in SSNG. 
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Figure 10. Schematic representation of a rectangular bar used to derive Fick’s law. 
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Table 1. Properties of SSNG and IG-110.
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	Properties
	SSNG
	IG-110





	Bulk density (g/cm3)
	1.92 ± 0.02
	1.77 ± 0.02



	Open porosity (%)
	10.0 ± 0.1
	18.4 ± 0.1



	Median pore diameter (volume, μm)
	0.400
	1.840










 





Table 2. Elements and conditions used to create a surface position calibration plot (Figure 9). The kinematic factors, backscattered energy, and channel numbers for the elements are also shown.
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	Element
	Kinematic Factor/K
	Backscattered/E0K
	Channel/CN
	Incident Energy E0/MeV





	Au
	0.92
	1.840
	735
	2.000



	Si
	0.54
	1.080
	412
	2.000



	C
	0.26
	0.520
	176
	2.000



	I
	0.89
	1.783
	711
	2.000



	Pd
	0.86
	1.720
	684
	2.000



	As
	0.81
	1.620
	642
	2.000



	Ga
	0.80
	1.600
	633
	2.000
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