334

by checking, by means of equation (2), the diffraction
conditions in both cases®.
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A Theoretical Calculation of X-ray Absorption Cross Sections

By A.J. GUTTMANN AND H. WAGENFELD
Physics Department, University of Melbourne, Victoria, Australia

(Received 9 November 1965 and in revised form 12 September 1966)

Numerical values of X-ray absorption cross-sections for atoms are given for 10 commonly used X-ray
wavelengths. The calculations are based on a multipole expansion of the appropriate matrix elements,
using hydrogen-like eigenfunctions, for the K, L, M and N electrons. For the given figures, agreement

with experiment is in general better than 5 %.

Photoelectric absorption cross-sections for X-rays have
been calculated by several authors using hydrogen-like
eigenfunctions (Bethe & Salpeter, 1957). These calcu-
lations have been made for the K- and L-shells using
the dipole approximation. Recently one of us discussed
the angular dependence of the Borrmann effect, and
it was found that apart from the influence of thermal
vibrations within the crystal, this angular dependence
is caused by electrical quadrupole transitions (Wagen-
feld, 1966).* Here the methods, and to some extent
the results of Honl’s (1933) and Eisenlohr & Miiller’s
(1954) calculations of the generalized atomic scattering
factor for the region of anomalous dispersion have
been used, but the calculations have been extended for
the M- and N-shells as well. A further complication
has been the inaccuracy of the screening constants
which are needed for the hydrogen-like eigenvalues.

* Dipole-octupole transitions, which give a smaller contribu-
tion than quadrupole transitions, are also included. It can be
proved that electrical octupole transitions are very weak.
Magnetic transitions do not occur in this case.

Since Bearden (1964) has measured, or given best
values for, the X-ray wave length for most elements
with high precision, one can determine the screening
constants from his data, using Sommerfeld’s fine
structure formulae for the term values. Since the cal-
culations are based on hydrogen-like eigenfunctions,
the eigenvalues for the energies do not agree exactly
with the energies of the measured absorption edges.
Hence one cannot expect that this calculation will
hold for the wavelength region near to and below an
absorption edge. In the following tables we therefore
publish only the numerical values for the atomic
absorption cross-sections which we believe are theore-
tically justified. For this reason we also do not give
cross-sections for the wave length region longer than
the L-shell absorption edge. However, we compared
some of the values with experimental data, and found
agreement within 5%,. The comparisons showed that
these values are significantly better than the theoretical
values given in International Tables for X-ray Crys-
tallography (1962).
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Table 1. X-ray absorption cross-sections (cm?2 x 1021)

WAVELENGTE  CrKa, Cr KB, Fe Ka, Fe KB, Cu Kay Cu KB, Mo Ka, Mo KB, Ag Ka, Ag KB,
2.2897A 2.0849A 1.9360A 1.7566A 1.5406 A 1.3922A 0.7093A 0.6323 05594 A 0.4976A
DIPOLE 3.1 2,58 2,070 1,546 1,040 0. 765 0.095 0,067 0.0L45 0.032
QUADRUPOLE  0.045 0.039 0.03k4 0,028 0.022 0.018 0.005 0,004 0,00 0.002
TOTAL 3,456 2.621 2,103 1.5% 1,063 0.783 0,100 0.070 0.0% 0,034
DIPOLE L4, 659 3.690 2,965 2,221 1.501 1,107 0,140 0.098 0.067 0,047
QUADRUPOLE 0,061 0.053 0.04% 0.039 0.031 0.026 0.007 o.ooz 0,00k 0,003
TOTAL 14,920 3. 72 3.011 2,260 1.532 1.133 0,147 0,10! 0.071 0,050
DIPOLE 6,670 5.080 4.091 3,075 2.085 o542 0,199 0.139 0,095 0.066
QUADRUPOLE  0.079 0.068 0.061 0. 0.042 0.035 0.010 0,008 0.006 0,005
TOTAL 6o 749 5.149 4,152 3.127 2,127 1.577 0,209 0.147 0.101 0,071
DIPOLE 8.895 6.795 g k133 2,814 2,087 0.273 0.192 0,13 0,092
QUADRUPOLE 0,098 0,085 0.077 0.067 0,054 0,046 o.o1g 0.010 0.008 0,006
TOTAL 8.992 6.881 561 14,200 2,868 2,12 0.28 0,203 0.140 0,098
DIPOLE 11,694 8.958 246 5,476 30741 2.781 0.3 0.261 0.1 0.125
QUADRUPOLE 0,118 o.135 0.095 0.083 0.068 .o.%zg 0.017 0,014 o.o?? o.ooa
TOTAL 11.812 9.063 7.3 5.55% 3.809 . 0,387 0.275 04190 0.13
DIPOLE 14,969 11.49 9.321 74063 L, 842 3.610 0,487 0,3k 0.237 0.166
QUADRUPOLE 0.132 0.12! 0,714 0.101 0,084 0.0 0,023 0.018 0,014 0.011
TOTAL 15,10 11,623 9,434 7,163 4,926 3.6 0.510 0.362 0.251 0,177
DIPOLE 18,558 1».2% 11.615 8.826 6,073 4,539 0.623 0,440 0,30k 0,21
QUADRUPOLE 0,151 0.1 0.130 0.117 0.099 0.086 0.02 0.023 0.018 0.01
TOTAL 18.710 15,437 11,755 8.943 6.1 6,625 0,651 0.1463 0.322 0,227
DIPOLE 22,843 17,644 14, 364 10,943 7955 5.661 0,788 . 0.553 0.386 0.2
QUADRUPOLE ~ 0.162 0,154 0,146 0.13 0.115 0.101 0.035 0,02 0,023 0.018
TOTAL 23,005 12,799 14,509 11,07 2.670 54763 0.823 0.587 0,403 0.289
DIPOLE 27,75 21,49 17,531 134391 9.27% 6,968 0,984 0.699 0,485 0,341
QUADRUPOLE 3.1762 o.1613e 3.158 0.148 0,131 0.117 0,042 0.03E 0.028 0,022
TOTAL 27.921 21,657 17,630 13,539 9.437 7,085 1.026 0.73 0.513 0.363
DIPOLE 33.385 25,913 21,17 16,214 11,268 8,485 1.215 0,865 0.601 0.423
QUADRUPOLE 0,160 0,167 0,166 0,160 0,146 0,132 0,091 0.042 0.03% o.ozg
TOTAL 33,545 26,079 21,342 16,374 11,41 8.617 1.266 0.907 0.635 0. 151
DIPOLE 30,783 25,200 19,341 13,485 10,178 1,478 1.055 0,734 0,518
QUADRUPOLE 0,160 0.166 0.6 o.1a7 0,146 0.060 0,050 o.gao 0.033
TOTAL 30,943 25,367 19,50 13,642 10,324 1,538 1,104 0.775 0,551
DIPOLE 22,96k 16.osz 12.1|+g 1.787 1,278 0,892 0.630
QUADRUPOLE 0,168 0,16 0.15 0.0 0,059 0,048 0.039
TOTAL 23.132 16,223 12.305 1,858 1.337 0.939 0,689
DIPOLE 6.003 18,884 14,317 2,135 1.529 1,069 0.7&
QUADRUPOLE 0.03g 0.170 0,166 0.081 0.068 0.056 0.0
TOTAL 6.03 19.053 14,483 2.216 1.598 1.125 0.803
DIPOLE .302 9993 21.966 16.689 2.522 1.810 1.268 0.899
QUADRUPOLE .oa{e} o.ogs 0.166 0.17% 0.092 0,078 0.06L 0.053
TOTAL 7.3 5.588 22.132 16.859 2,61k 1,888 1.332 0.953
DIPOLE 8,78 6,68 5.38; 19,29 2.9 24124 1,491 1.059
QUADRUPOLE  0.042 0.033 0.832 o.16§ 0.153: 0,088 0.0 0,061
TOTAL 8.822 6.721 5.479 19,1463 3.057 2.212 1,565 1.121
DIPOLE 10.282 7.831 6,311 L, 752 3.1.2; 2,469 1.737 1.226
QUADRUPOLE 0,045 0.062 0,039 0.036 0.11 0,099 0,083 0.069
TOTAL 10,327 7.873 6,351 L, 788 3,541 2.568 1.820 1,306
DIPOLE 11.885 9.058 7030k 5.503 3.94%6 2,849 2.007 1,432
QUADRUPOLE Q.047 0.0 0,042 0.039 0,126 0,10 0.09, 0.078
“TOTAL 11.932 9.103 7,346 5,58 4,071 2,951 2,10 1.510
DIPOLE 13.670 10,424 8.408 6,338 L, 32k 4,514 3.265 2,305 1,647
QUADRUPOLE  0.049 0.047 0,045 052 0.037 0.1%6 0.120 o.1oa OBZ
TOTAL 13.719 10,471 8,453 6,380 L, 361 4,650 3.385 2,40 1.73
DIPOLE 15,794 12,051 9. 726 7.336 5.009 3.728 5.139 .72k 2,63 1,886
QUADRUPOLE 04051 0.059 0.35»7 o_%&, 0,040 0.036 0.1 3.@0 o.11§ 0,097
TOTAL 15,845 12,101 9.773 7.381 5.0k49 3.765 5.285 3.855 2,M7 1.9
DIPOLE 18.175 13.876 11,206 8,458 54780 4,305 5.819 4,225 2.995 2.1k
QUADRUPOLE 0.052 0,051 0,049 0. ; 0,043 o.oez o.1§2 0.140 0.123 0.10
TOTAL 18,228 13.929 11.255 8,50 5.823 4,3 5.9 4,365 3.117 2,253
DIPOLE 21,028 16.067 12,981 .805 6. 4,999 6,56 4. 774 3.390 2,434
QUADRUPOLE ~_0.053 0.052 0,051 o.ouz 0.07?»; 062 0.163 0.149 0.133 0.1136
TOTAL 21.081 16,120 13,032 9,89 6.752 5,040 6.725 4,923 3.522 2,550
DIPOLE 23.801 18,196 1%, 720 11.115 .609 .6 352 5439 . 811 2.2
QUADRUPOLE  0.052 0.052 0.0517 0.050 g.oug 3.033 g.1328 0.?5; 3.1 42 0,125
TOTAL 23.853 18,248 14,759 11,169 7.65 5.718 7.520 5.515 3.953 2.867
DIPOLE 27.819 21.289 12,220 13.026 8.928 6,66 8,235 6.011 4,284 3.087
QUADRUPOLE 0.05% 0.0 0.0 o.ogg 0.050 0.0k 0.172 04165 04151 0.135
TOTAL 27.873 21.3 17,275 1340 8.976 6,711 8.407 64176 4,435 3.222
DIPOLE 31,306 23.972 19.399 14,683 10,071 . 520 9,148 6.689 b, Ll
QUADRUPOLE 0,052 0.053 0.05% 0.05% 0.052 g.ow 0.172 0.169 0.17'57% ?mZ
TOTAL 31,358 24,025 19.453 14,736 10.122 7570 9.321 6.859 4,934 34591
DIPOLE 35.101 264893 21,773 16,489 11.318 8,457 10,124 2o .30 .83k
QUADRUPOLE 0,049 0,052 0.053 0.053 0.052 0.050 0.169 g.l 2 g.?é& 0.1%1
TOTAL 35,150 26,945 21,86 16.543 11,370 8,507 10,293 7.587 5.468 3.986
glllig'i{gpow 38'311.3 23.3‘;;7 zg.ggg 1(8’.3'57& 12.14152 9.2;5 8,168 5.&22 u.23g
D N . . . 0.0 0.052 9.1 0.1 0.1
TOTAL 38,463 29.499 23.903 18.125 12.106% 9.330 8.3l+7<2) 6.0219 u.3ge
DIPOLE 4, 348 34,027 27.576 20.91 14,381 10. 760 9.030 6,480 L, 701
QUADRUPOLE  0.046 0.050 0.052 0.05! 0.054 0.053 0.170 0.172 0.165
TOTAL Uk, 39% 34.077 27,630 20,969 14,436 10,813 9.200 6.663 4,805
DIPOLE 49,377 37.911 30,742 23.329 16.0 12,019 .12 .1
QUADRUPOLE 0,043 0.0k 0.050 0.052 o.o?l: 0,051 3.173 3.116?
TOTAL 49,420 37.951 30,791 23,381 16,108 12,073 7429 5.3
DIPOLE 55.038 42,289 34,311 26,056 17.947 13,4k 7.810 5.682
QUADRUPOLE  0.0%1 0,04 0.048 0.051 0.05% 0.0 0.171 0.172
TOTAL 55,079 42,33 34,359 26,107 18.001 13,499 2.981 5,855
DIPOLE 60,892 46,813 38,005 28.879 19,909 1!«..9? 2,147 8,532 6,217
QUADRUPOLE ~ 0.039 0,043 0,046 0.050 0,053 9,0 0.039 0,187 0,174
TOTAL 60.931 b6, 8ol 38.7251 28,929 19.962 14,978 2,180 8,699 64391
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Table 1 (cont.)

WAVELENGTH Cr Ka, Cr KB, Fe Ka, Fe Ky Cu Ka, Cu KB, Mo Kay Mo K| Ag Ka, Ag KB,
AT. NO 2.2897A 208494 1.9360A 17566 A 1.5408 A 13922A 0.7033A 0.6323A 0.5594 A 0.4975A
DIPOLE 67.660 52,061 42,285 32.155 22,187 16,643 2.404 6.790
41 QUADRUPOLE 0.038 0,041 0,04+ 0,948 0.053 0.955 0.041 0.123
FOTAL 67.638 52,102 42,329 32.203 22,240 16,697 2,445 6.962
DIPOLE 74,480 574345 46,600 35.459 24,487 18.378 2,664 1.911 7.388
42  QUADRUPOLE 0.032 0.039 0.042 0.046 0,051 0.053 Q.043 0.039 0.169
TOTAL .51 57,384 46,642 35,505 24,538 18,432 2.7 1.950 7.557
DIPOLE 63.10 51.299 39.050 26.981 20,299 2.945 2,11
43 QUADRUPOLE o.og 0,040 o.ozh 0,049 0,053 0,045 o.oh%
TOTAL 63,154 51,338 29,094 27,030 20,312 2.990 2,154
DIPOLE 68,969 56409 L2, 727 29,547 22,199 3.2 2.325
%4 QUADRUPOLE 0.037 0.03 0,042 0,047 0.051 0.0G47 o.ohg
TOTAL 69,006 56.131 42,769 29.59% 22,250 3.285 2.36
DIPOLE 61.452 46,840 32,419 24,372 3.568 2,564 1,801
45  QUADRUPOLE 0.057 0,040 0,045 0,049 0.0u8 0.045 0,040
TOTAL 61,489 46,880 32,464 24,421 3.617 2.608 1,841
DIPOLE 67.186 51,242 35,494 26469 34923 2,820 1.982
46  QUADRUPOLE 0.037 0.038 0,04 0,0k 0.050 0.046 0.042
TOTAL 67,223 51,281 35.537 26,7 3.973 2.867 2,024
DIPOLE 56,241 38.999 29,360 4,334 3.118 2.19 1,564
47 QUADRUPOLE 0.03 0,051 0,046 0,051 0.048 0.0! 0.0%0
TOTAL 56427 39,040 29,406 4,386 3.166 2.237 1.60%
DIPOLE 61,192 42,468 31.992 L, 740 3.2 2,402 1,71k
48 QUADRUPOLE 0,037 0,040 0,0k 0,053 0.050 0,046 0,041
TOTAL 61,229 42,508 32,036 4.793 3,462 2,447 1.755
DIPOLE 46,15’ b, 5.1 3.2 2,625 1,874
49  QUADRUPOLE 0.03 ao.ggg 0.057:: o.osf 0.0% 0,043
TOTAL 46,195 34.835 5.228 3.778 2.6 1.917
DIPOLE 50,050 475 5.637 4,062 2.863 2,045
50 QUADRUPOLE 0.038 38_31,8 o.o%s 0.052 0.045 0.045
TOTAL 50.087 372793 5.691 Lok 2.911 2.090
DIPOLE 54,196 40,905 6.129 L.419 3.116 2.228
51 QUADRUPOLE 0.037 0,039 0.,05! 0.053 0.050 0.0%6
TOTAL Sh.23% 40,95k 6.1 4473 3.166 2,274
DIPOLE Ll 322 6,668 4,811 .39 2,428
52 QUADRUPOLE o.ggs 0.056 0,055 3.053 0,048
TOTAL Lk, 380 6,724 4. 866 3447 2,47
DIPOLE 49,506 B 5.191 <666 2,624
53  QUADRUPOLE g.gas 8.052 o.ogs 8.053 0,049
TOTAL 42,563 7.2045 5.247 3.71% 2,674
DIPQLE 2,82 5.651 .992 2.8
54  QUADRUPOLE o.osg 0.056 3.05&- .og?
‘TOTAL 7.8 5. 707 4, 0k6 2,909
DIPOLE 8,402 6.0;2 L.292 3.075
UADRUPOLE 0.056 056 0.05% 0,052
» gonx. 8.85 6.128 L34 34127
DIPOLE 9.072 6,560 k4,640 3.327
6 QUADRUPOLE 0. 0,09 0.056 053
5 %om 9.?35} 6.61?/ %.6%6 3.380
DIPOLE 9.751 2.057 4,995 35?&
57 QUADRUPOLE 0.9 0,057 0.036 .
7 WL 9.832 7413 5,051 3.638
848
DIPOLE 12,459 752 5.361 3
8 QUADRUPOLE 0,0 0,056 0.056 0,055
4 gcymt, 10.5?5 7,628 5.418 3.903
4,13
DIPOLE 11,229 8.133 - 762 7
9 QUADRUPOLE 0.6 0.05 0.09 0.0
® 19728 81189 5.81 4193
DIPOLE 12.063 8.2 6.197 4432
60 QUADRUPOLE 0.0 0.056 0.057 0.096
Forat 12.115% 8,798 64254 142509
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Table 1 (cont.) For a crystal composed of »; different atoms we
wavELINGTH  MOKay  MoKB.  AgKa,  AgB, obtain the linear absorption coefficient from the for-
AT. NO 0.7093A 06323A  0.5594A 0.4975A 1
e, BN LE S @ o
61 QUADRUPOLE 57582 oMb 61697 5830 B EI'N
wr, 3BOSE LR I =
62 QUADRUPOLE 37 10059 70157 ERTH
I 4,958 a. .608 5475 i i ]
o JEOE L ThEE ma pes sum where N; is the number of atoms of the species i per
TOTAL 14,807 10,767 7,664 5.532 cm3, so that
DIPOLE 15,645 11,363 8,072 5,812 .
oo guoRopols 0T 0w %% 98 N= XN,
DIPOLE 164655 12,103 8,604 6,198 i=1
65 wroeoe 0008 Y3y 8% 0% . .
is the total number of atoms per cm?. ¢y is the photo-
e, A S R e : : : :
66 gumaveos 50N 3% S90S ele{:‘tﬁ'lc absorptlc])n cioss-sectu‘)n for th;: 1131 altom. .
. 8.6 . .6 6 e numerical values as given in Table 1 are the
PV N v Y ¢ D Y-S 3.1+ . : g it it th
TOTAL 180735 136w 9,727 7.031 atomic absorption cross-sections, split into three parts,
P L S B B o B ) for ten commonly used X-ray wavelengths.f For each
TOTAL 19-965  1w.5M8 10378 7,506 element whose atomic number is given in the first
. Bt . .82 . . . H
69 Do zgggi :éégg :§.%s7’g7 %g’;g column, the contribution to the cross-section of the
TOTAL ’ ’ : ) dipole, dipole-octupole and Compton scattering terms
DIPOLE 22,1493 16,399 11,696 8.L52 L E . . .
o guomols 0.3 00 ooy o.ofh is given in the row labelled Dipole. The cross-section
DIPOLE a6 e oo G due to the quadrupole term is given in t.he row labelled
TQugRoOLe 0k vdm T 3503 Quadrupole. The sum of these two, which is of course
DIPOLE 25.039  1B.2pk  13.047  9.438 the total cross-section, is given in the row labelled
72 QUADRUPOLE 0.038 0.0k 0.046 0.031
TOTAL 25,078 18.31% 131093 9,489 Total.
DIPOLE 19.289 13,780 9.973
73 QUADRUPOLE 0,040 0.045 0.050
TOTAL 19:328 'i'sis 10-023 The authors would like to thank Professor J.M.
. 1Lk, 0,534 . .
7 QUibRupoLe e load ol Cowley for helpful discussions.
TOTAL 20,389 14,590 10.583 . . .
D1POLE aior izam e A University of Melbourne Research Grant is ac-
75 QUADRUPOLE S0 20 00 knowledged by one of us (A.J.G.).
. . +756
76 QoapuPoLE %03 lohk 'oike
TOTAL 22,695  16.257 11,802 References
DIPOLE 17.007 124343
7 R 90 358 BEARDEN, J. A. (1964). U.S. Atomic Energy Commission,
17, Lol iv. . i - .
,o DEOE 2973 13'&3 Div. of Tech. Information NYO-10586 )
TOTAL 18012 13.08 BETHE, H. A. & SALPETER, E. E. (1957). Quantum Mechanics
8,894 . - - i i
o SO 8.8 13m0 of Qne and Two Elec_tr(.m Sysrems Encyclopaedia of
ToTAL 180932 131762 Physics XXXV, 1. Berlin: Springer Verlag.
.8 . § 1
s DO 19.83 EisENLOHR, H. & MULLER, G. L. J. (1954). Z. Physik, 136,
TOTAL 19,873 1hhsh 491, 511.
o DEOLE .82 HONL, H. (1933). Ann. Phys. Lpz 18, 625,
FoTAL 141972 International Tables for X-Ray Crystallography (1962). Vol.
15,906
82 géﬁgﬁpom 3.839 111
TOTAL 15,945 WaAGENFELD, H. (1966). Phys. Rev. 144, 216,
DIPOLE 16,656
83 QUADRUPOLE 0.03
TOTAL 16,69
& GlionmoLs 12:5%% + The values used here are those given in Bearden’s (1964)

TOTAL 12,530 tables of X-ray wavelengths.



