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NUMERICAL mBLES OF ANOMALOUS SCATH∃RⅡJG FACTORS

CALCULATED BY THE CROMER AND LIBERMANS METHOD

Satoshi SASAKI

National Laboratory for High Energy Physics

Oh0 1-1, Tsukuba 305, Japan

Abstract

Anomalous scattering factors ∫ andf-　have been calcul加ed for the

atoms Li through Bi, plus U, uslng the relativistic treatment described

by Cromer and Liberman.　The final ∫ value does not include the

Jensen-s correction term on the magnetic scatterlng.　The tables are

presented with the ∫ andf一一values (i) at 0.Ol A intervals in the

wavelength range Hom 0.1 to 2.89 A and (ii) at 0.0001 A intervals in

the neighborhood of the K,Ll, L2, and L3　absorptlOn edges･

KEYWORDS:　Anomalous scatterlng factors, Anomalous dispersion,

Resonant scattering, Cromer and Liberman-s method, Relativistic

treatment, Synchrotron radiation.



INTRODUCITON

A broad and continuous spectrum of x-rays, intense enough for

diffraction or scattering experiments at arbitrary wかVelengths, lS now

available using synchrotron radiation from stor分ge rings.　This characteristic

is vital in measuring Or utilizing anomalous scatterlng effects.　The anomalous

scatterlng factor accounts for the absorption Of x-rays by electrons of finite

binding energy in an atom.　The anomalous scattering effect is of interest for

such applications as absorption and scattering experiments and phase

determination of crystal structures, as well as the x-ray dispersion experiment

itself.　This effect is strongest at absomtlOn edges and only a synchrotron

radiation source can provide a powerml nux at wavelengths close to absorption
edges.　Nevertheless, the effect is not entirely negligible to calculate the

scattering amplitude even for frequencies away from the absorptlOn edge.

Therefore, it is both necessary and convenient to have tables of anomalous

scattering factors which cover the wavelength range of synchrotron radiation

utilized.

CALCULATION METHOD

Anomalous scattering effects are taken into account by representing the

atomic scattering factor, ∫ for frequency　00i aS a COmplex number:

f=fo+f'+zr', 細目

where fo,f'. and f'' are the frequency-independent Thomson scattering factor,

and the real and imaglnary parts Of the anomalous dispersion, respectively.

･rhen, in the classical theory of dispersion,1)･2)

fHo: 02(dg/dO)K
(同†002)
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(2)

(3)

where　単　二incident frequency, OK　=　frequency of the absomtion edge, dgldの=

oscillator density, and the summation is over all of the absorption edges and

damplng is neglected.

When relativistic theory for a free atom is used, similar expressions to
those above can be derived.　The scattenng factor for light by a bound electron
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where 1,

ei･α　and

incident a

Liberman

aS

2Qind( and n indicate the initial, final, and intemediate electron states; Ei =

exp(iki,I); ei md ki are the polarization and wave vectors of the

scattered light, respectively･　The reader is referred to Cromer and

1970)3)めr the detailed derivations.　Here, equation (I) is rcdemed

f=fo+f十一f+o +V~-fa), (5)

where the factors with the suffix 0 are defined by the equation (4) except that

all denominators are replaced by　2mc2, and superscrlptS　+　and　-　mean

summation over positive and negative energy states･ respectivcly･　The

frequency-dependent term ∫ can be evaluated through relation to the

photoelectric cross section, and　壷　and f~一石　are evaluated from the

nonrelativistic approximation using electric dipole contributions･　The largest

contribution to the anomalous dispersion is the ten ∫, which has the fo-

∫+-却 串(-gl/Ⅹ) -X2(血)20(血)
Ⅹ2(Ⅹ2(血の)2一語

･i t世)a(ho)) log
旧の-eli

旧調+eli

(6)

where c　=　velocity of light, sl　=　binding energy of the electron, o(α) ≡

+

photoelectric cross section at energy　α,血の= energy of the x-ray･ 8　= energy Of

a positive energy state,

Ⅹニー81/(e十一81). (7)

With the use of equation (6), it was found that a five-point Gaussian-type

numerical integration gave ∫+　With a numerical accuracy of about four

significant figures･3) In the nonrelativistic approximation･ the electric dipole

term lS

･-f+o +f一一fa･tot寺宝･　　　　　　(8,

where Et｡l lS the total energy of the atom,　The imaginary part ∫′′ can be

expressed directly in te-s of the cross section asl)･3)

mcのo(丘の)

∫′′-

4乃e2
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The recent improvement of the calculation method by Cromer and

Libe血.an (1981)4) includes a modification. of the integration. of photoelectric

dispersion tO modification of the integration Of photoelectric dispersion to

increase the numerical accuracy for wavelengths near to and on the long-

wavelength side of an abso叫tlOn edge. When the cross section for the incident

x-ray is zero, equation (6) is rewritten as

810(-81/Ⅹ)-X2圭(gl)

X2(xZ(血)2-品

X2820(81)

X2(X2(血)2-諒 早(10)

Each table listed in this paper was calculated from the photoelectric cross

sections by numerical integration using a modified version of the program

FPRIME5). The cross sections were calculated from Dirac_Slater wavefuncti｡ns

based on Brysk and Zerby･6) The cross section data exclude outer orbitals other

than those of the ground state･　Therefore, the result may not be reasonably

accurate　請r the longer wavelengths, if the outer-most orbital has a significant

contribution for such wavelengths,　We suggest that this calculation should be

valid in the x-ray region With wavelengths shorter than and on the order of Cr

Kα(九二2.3 A).5)

MAGNETIC S CATTERING TERM

In our previous report,7) a frequency-dependent magnetic term, (-Z/2)

(血/mc2)2,by Jensen8) was included for the calculation of f･ values.

Recently, it was pointed out that this ten is canceled out when the calculation

up to order of (no/mc2)4 is performed for the scattering amplitude equation

like (4)･9) Therefore･ the I values were calculated without the Jensen･s
correction tem on the magnetic scatterlng.　The ∫ values listed in　皿s and the

8.r6e昔us

reports are almost identical except for the wavelengths shorter than

The00　and z (atomic number) dependency of the magnetic term is

demonstrated in the following table:

^(A)　　si(Z=14)　Fe(Z=26)　Ge(Z=32) Sn(Z=50)

0.2　　　　　　　-0.103

0.4　　　　　　　-0.026

0.6　　　　　　　-0.012

0.8　　　　　　　-0.006

I.0　　　　　　　-0.004

I.2　　　　　　　-0.003

1.4　　　　　　　-0.002

1.6　　　　　　　-0.002

1.8　　　　　　　-0.Ooユ

2.0　　　　　　　-0.001

-0.192　　　　-0.235

-0.048　　　　　-0.059

-0.021　　　　-0.027

-0.012　　　　　-0.015

-0.008　　　　　-0.010

-0.005　　　　　-0.006

-0.004　　　　　-0.004

-0.003　　　　　-0.004

-0.002　　　　　-0.003

-0.002　　　　　-0.003

-0.368

-0.092

-0.041

-0.023

-0.014

-0.010

-0.007

-0.005

-0.005

-0.004

COMMENTS ON TABLES

The anomalous scattering factors f′an° f'' are given in Table I as a

function of wavelengths in　Å (10-10 m) where calculations can cover the

-3-



wavelength range commonly used in crystallography with the synchrotron

radiation source, The angstrOm unit can be changed into keV unit by uslng･

1Å ≡ 12.397639 keV.                    (ll)

Twaabvlee. elm-ga.hg_I.VaenSgethef.tianod. I".voal u2?a 9fo,rAe,I eTnen::.ewit:. sz o=. 3 otoo. 8 3AP I u;A?. h= 9a?e insut:he

The f'

豊eslin.eoa.I wlanJeeI号no霊iisonsh:S..er.ea.ShOannabd!. 5 "A"aa.tee ol:i"tehde.go:neeIeaiecn:sse I. a.ge. th an

z ≡ 79. Table I-b also gives thef'狐df'' values for wavelengths near the K,Ll,

L2･ OrL3 absorption edge･ The 280 points Of anomalous scattering factors請r the

elements z = 12 to 78 and z = 47 to 83 are given in inteⅣals ofO.0001 A near the K

and I absorptlOn edges, respectively･ The wavelength values for the respective

absorption edges are taken from Bearden's tables in the International Tables for

x寸ay Crystallography, γol, IV･10) For convenience, all tables are arranged in

order of atomic number. Appendix 1, glVen On page 135, may be use血I as an

index.
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Appendix l･ Index　請r anomalous scattering factor tables. Each number shows

the page relevant to the element looked up･ The atomic number is

glVen in parentheses.
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Appendix　2･ Calculated anomalous scatterlng factors of La near the K and A

absorptlOn edges.
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