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Physical Properties of Graphite and Its Thermal Neutron Scattering Characteristics
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Sl =

Theoretical and experimental studies of the physical properties and thermal neutron
scattering characteristics of graphite moderator are reviewed from the point of view of
reoctor physics and the results of cc|cu|ation§ by the present author are also summarized.
The descriptions, including discussions, are made on the following: the structure and
properties of graphite, theoretical methods to analyse the lattice vibration of atoms in
crystalline graphite, theoretical and experimental values of the frequency distribution,

computational methods for the thermal neutron scattering cross sections, computer codes,

data libraries, and the computed and measured values of the scattering cross sections.
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Fig.|. Crystal structure of graphite.
Atoms A(00Q),B(000},C(O00) and DIOOO)

are confained in the same unit ceil.
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Table 1. Values of the elastic constants of a graphite
(in units of ]0” dyne/cmz)
(1) ) @) (4)
— -
() (k) (c) (d)
<3 116 106% 2 83 83 83 83
+
€19 29.0 18L 2
€13 10.9 1.5%0.5*
Ca3 4,66 3.65%0.10 3.9 3.56 3.56 2.88 2.03
€44 0.23 0.39 0.42 0.452 0.312 0.0702 0.0702

M
2)
(3)
(4)

*

Spence (1963)

Spence (1966), elasticity measurements on stress recrystallized pyrolitic.

Dolling & Brockhouse (1962), neutron spectrometry of pyrographite as deposited.
Komatsu (1964), (a) natural Madagascar crystal, (b) pile graphite,

(c) graphitised lampblack, (d) as-deposited pyrographite, all from specific

heat, <1 from the absorption spectra of benzene, methane aond ethane.

The greatest uncertainty is in €3

(This table is reproduced from Table 1.1 in Ref. 7)).
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Fig. 7. Atomic Forces introduced in
Yoshimori — Kitano model

«: for the change in bond length of the
honey — comb.

u @ for the change in each bond angle.

k’: for the change in distance between
two atoms on adjocent planes.

&+ for the bending of fhe honey comb net
plane.

Table 2 Atomic force constants in the Yoshimori-Kitano

model for graphite{ in the units of dyne/cm)

’ ’

o K AL < A
5 5
Yoshimori-Kitano(2) 6. 71x10 0. 48:;105 5. 57x103 2. 92x10

~

Young-Koppel(é) 0.65 » 0.75 # 1,053 # 1. 00 #~

Ayao-Nakahara(29) —_ —_— 5.73 » 2.94 #
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Table 3. 30 group energy points for JNDC kernel library {in units of 2V)

i 1 2 3 4 5 6

Ei 0.001 0.004 0.009 0.016 0.025 0.036
7 ] g 10 11 12
0.049 0.064 0.081 0.1 g.121 0.144
13 14 15 16 17 18

0.169 0.19% 0.225 0.256 0.289 0.324

19 20 21 22 23 24
0.361 0.4 0.441 0.484  0.529  0.576
25 26 27 28 29 30

0.625 0.676 0.729 0.784 0.841 0.9

Table 4. 60 group energy points for THERMOS-MUG library {in units of eV)

i 1 2 3 4 5 6
0.002 0.004 0.005 0.0075 0.0100 0.0175

7 8 ¢ 10 1 12
0.0253 0.03 0.04 0.055 0.065 0.0725

13 14 15 16 17 8
0.08 0.0875 0.095 o.n 014 0.17

0.20 0.22 0.23 0.245 0.26 0.275

0.29 0.305 0.32 0.335 0.35 0.37

31 32 33 34 35 36
0.414 - 0.425 0.45 0.445 0.475 0.485

37 38 39 40 4] 42
0.50  0.546 0.575 0.6 0.65 0.70

43 44 45 46 47 48

0.80  0.876 0.%1 0.95 0.98 0.10

49 50 51 52 53 54

1.025 1.07 1.09 1,125 1.15 1.3

55 56 57 58 59 &0

1.5 1.7 1.86 2.0 2.2 2.38
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Table 5. 50 group energy points for HTGR/ JAERI data library (in units of V)

i 1 2 3 4 5 6
E 0.001 0.003 0.005 0.007 ©0.0115 0.02
7 8 9 10 1 12

0.03 0.04 0.05 0.06 0.06 0.07

13 14 15 16 17 18
0.08 0.095 0.12 0.15 0.21 0.24
19 20 21 22 23 24

0.27 0.29 0.30 0.32 0.3425 0.3/

25 26 27 28 29 30
0.42 0.5 0.6 0.7 0.8 0.9
31 32 33 34 35 36
0.97 1.0 1.02 1.0375 1.05 1.06
a7 38 39 40 41 42
1.0725 1.09 1.13 1.2 1.295 1.4
43 44 45 46 47 48
1.5 1.6 1.7 i.8 1.9 2.0
49 50

2.1 2.265
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Table &, 101 group energy points for GGC-4 Iiiarqry {in units of eV)

i T 2 3 4 5 4
E; 0.001 0,002 0.004 ~ 0.005 ° 0.007  0.008

7 8 9 10 n 12
C0.01° 0.015  0.02 0.0253 0.03 0.04
13 14 15 16 17 18
0.05  0.06 0.065  0.07 0.075 0,08
19 20 21 22 C23 24
0.085 0.09 0.095 0.1 0.12 0.14
25 26 27 28 29 0
.0.16  0.18 0.20 0.22 0.23 0.24
31 32 33 34 35 36
0.25 0.26 0.27 0.28 0.29 - . 0.3
37 . .38 39 40 41 42
0.31 0.32 0.33 0.34 0.35 0.36
43 44 45 46 47 48
0.38  0.414  0.42 0.43.  0.45  0.46
49 50 51 52 53 54
0.47 0.475  0.48 0.49 0.5 0.532
55 56 57 .58 59 60
0.55 0.575  0.59 0.6 0.625  0.65
61 62 63 64 65 66
0.683 0.7 0.75 0.8 0.85 0.876
67, 68 69 70 71 72
0.89 0.9 0.93 0.95 0.97 0.98
73 74 75 76 77 78
099 1.00 1,025 1.05 1,06 1.07

79 80 8 82 8 84
1.08 1,09 110 1125 1.13 1.15
85 86 87 g8 89 90
1.2 1.25 1.3 1.35 1.44 1.5
91 92 93 94 95 9%
1.6 1.7 1.78 1.86 1.9 2.0
97 98 99 100 101

2.1 2.2 2.29 2.33 2.38
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and calculated S{a,B) at 300°K
(taken from Carvalho’s paper)
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Fig. 18 Comparison between measured and
calculated S (a,B) ot 1B800°K
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Fig. 19 Comparison of S (a,B) a 23°C and 400%C
(calculated with GASKET/J for Young— Koppel
frequency distribution )
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Fig. 20 Phonon term contributions to S {(a, 8} for
grophite ot room temperature { calculated with UNCLE for
Young — Koppel frequency distribution) _ _

total, —--— one-—phonon , ===-— multi — phonon
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Fig. 22 Low energy part of total cross section

for graphite at several temperatures {taken from
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x Walton

Fig. 23

Total scattering eross section for grephite of room temperoture calculated

from Young=-Koppel~Yoshimari-Kitane distribution in comparison with

experimental values

Experimental values contain absorption cross section. The broken line

O } shows inelastic part.
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Table 7 Total cross section for graphite at room temperature measured by Walton

Energy (eV) O (barns) Energy (eV) aT(barnu) Ensrgy (eV}) 9 (barns)
0,001308 1. 686 0. 006751 4. 418 0.02191 5,801
0.001383 2.213 0. 006988 4.470 0, 02264 5,800
0.001418 2.481 0.007264 4, 608 0. B232 . 5.3956
0. 001478 1.591} 0, 007543 4,728 0. 0240 5,237
0. 001542 1,678 0.007838 4,712 0. 0248 5.079
0. 001611 1,245 0.008151 4.738 0. 0257 4. 966
0. 001684 2. 152 0.008483 4,616 0. 0266 5,056
0. 001762 2.334 0, 008825 4.686 0. 0276 4,921
0. 001846 6.328 0. 009210 4,608 0. 0286 4.876
0, 001936 7.072 0. 009609 4,322 0. 0297 5,056
0. 002033 6,475 0,01004 4,322 0, 0308 5.102
0, 002137 6. 908 0.01037 4,218 0. 0320 5. 056
0. 002249 6. 268 0.01061 4. 184 0. 0333 5.079
0, 002370 6.016 0. 01085 4, 158 0. 0346 4,989
0, 002502 5,732 0,01110 3.882 0. 0360 4.853
0. 002644 5. 697 0.01136 3,925 0. 0375 4,808
0. 002800 5.014 0,01163 3.994 0, 0391 4.763
0, 002970 4,980 0.01191 3,744 0. 0408 4,786
0. 003158 4, 469 0.01220 3.717 0. 0426 4.921
0.003358 4.556 0.01250 3.821 0, 0445 5.011
0, 003582 4.116 0.01281 3,700 0. 0465 4.921
0. 003751 3.838 0,01314 3.795 0. 0487 4.966
0. 003854 3.847 0.01347 3,934 0.0511 4,921
0. 003960 3,604 0.01382 4. 340 0. D536 4,898
0, 004072 3. 605 0.01418 4. 616 0, 0563 4,876
0.004188 3.372 0.01456 4,634 0.0593 4,989
0. 004309 3.890 0.01495 4.764 0. 0624 5.034
0. 004436 3.181 0.01536 5.178 0, 0659 4,989
0. 004508 3,605 0.01579 5.610 0, 0696 4,921
0, 004706 4. 064 0.01623 5. 444 0, 0737 4.831
0. 004850 4,314 0.01669 5,784 0.0781 4,876
n. 005002 4,790 0.01717 5.732 0, 0829 4,876
0, 005160 5,204 0.01768 5,680 0, 0882 4,831
0. 005326 4,936 0.01820 5.550 0. 0941 4.786
0. 005501 4.936 0.01875 5,481 0.101 4,966
0. 005683 4,902 0. 01933 5,559 G. 108 4,808
0. 005876 4,772 0.01993 5,628 0.116 4.740
0. 006078 4, 850 0.02056 5,594 0.124 4.786
0, 006291 4.478 0.02122 5. 827 0.134 4.786
0. 006515 4.590 0. 146 4,786
Energy (eV) or (barns}| Energy (eV) g {barns) | Energy (eV) o {baras)
0. 158 4.470 3,220 4.921 11.44 4.515
0.173 4.740 3,385 5,260 12,58 4,398
0. 189 4.876 3.563 5,508 13.91 5,124
0.208 4.537 3,755 4, 944 15, 46 4.718
0.230 4,966 3,964 4,695 17.29 5. 056
0. 256 4,763 4,190 4,515 19,46 4,266
0. 286 4.853 4,436 5,124 22,07 5011
0, 325 4, G44 4.705 3,905 25.24 4, 695
0, 366 4,718 4,999 5,192 29.14 4,086
0. 419 4.740 5.321 4,582 34,03 4,515
0.484 4,740 5.676 4,763 40, 26 4.740
0. 567 4.808 6,067 5.192 48, 39 4.808
0.672 4.537 6.501 5. 147 59.25 4,266
0.810 4,786 6.983 4,786 74.21 4.944
0,996 4.853 7,520 4,876 95. 67 4,605
1. 254 4,876 8.122 4,331 127.9 4.921

1,629 4,786 8,800 5.305
2,202 4,808 9. 567 4.515
3,142 4,808 10. 44 4.921
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JAERI-M 5245

%2 295K ORAOKBHEAH (Carvalbo®))
i 1 2 3 4 5 6
fe) 008 0.4 0.7 0.7 0.65 0.7
7 8 9 10 11 12
0.78 0.93 0.97 11 1.2 1.25
13 14 15 16 17 18
1.28 1.37 1.5 1.72 1.73 167
19 20 21 22 23 24
1.55 1.43 1.32 1.23 117 1.1
25 26 27 28 29 30
1.05 0.99 0.96 0.93 0.98 1.3 5
31 32 33 34 35 36
2.1 2.2 218 213 2.05 188
37 38 39 40 41 12
1.5 1.1 0.7 0.5 0.32 0.15
43 Lw=0005084eV , = i xaw,
0.0 @, . =02186eV |
flw) OfFEHBLINTNE N,
%3 1800 K 0ELBOEEH A% ( Harwe 113)
i 1 2 3 4 5 6
flw,) 005 015 0.271 0381 0471 0551
7 8 9 10 11 12
0631 0711 0791 0852 0862 0862
13 14 15 16 17 18
0.832 0791 0761 0701 0651 0621
19 20 21 22 23 24
0621 0671 0771 0902 0982 0982
25 26 27 28 29 30
0862 0701 0571 0461 0411 0381
31 32 33
0.361 0331 00
~0=9007755eV, ®_  =0244%eV

max

fle)D{HE BTN Thik n,

.*’.‘

e



JAERI =M 5245

F4 2619K ORAOKREMA S (Wilson®h

i 1 2 3 4 5 6
fle) 01 0.5 0.6 0.9 1.3 - 1.8
7 8 9 10 11 12
2.8 2.5 2.4 2.35 24 255
13 14 15 16 17 18
2.6 2.7 2.75 285 3.05 3.2
19 20 21 22 23 24
3.35 355 3.9 4.6 5 5.15 4.0
25 26 27 28 29 30
3.55 3.2 3.0 2.85 2.7 2.68
31 32 33 34 35 36
265 27 2.75 3.2 4.3 3.85
37 38 39 40 41 42
3.5 345 355 3.6 5 385 4.05
43 44 45 46 47 48
4.9 595 475 4.3 4.2 3.9
49 50 51 52 53 54
3.8 375 365 3.45 3.3 3.2
55 56 57 58 59 60
315 3.2 3.3 3.4 3.45 355
61 62 63 6 4 65 66
3.7 3.45 4.0 3.7 1.0 1.2
67 68 69 70 71 72
1.5 - 21 2.2 1.95 1.9 1.85
, 73 74 75 76 77 78
. 1.8 178 178 175 175 185
) 79 80 81 82 83 84
2.4 6.6 102 75 5.9 5.3
85 86 87 88 89 90
48 4.45 425 4.1 3.9 3.8
91 92 93 94 95
3.7 3.6 3.5 3.45 0.6
nw=0024eV, @ =0228eV
flow) EDZHEBENLI R TNE N,




