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Abstract I. Introduction 

X-ray attenuation coefficient measurements made on 
single-crystal silicon specimens by participants in the 
International Union of Crystallography X-ray 
Attenuation Project are presented for the energy range 
8-60 keV. Twelve laboratories using eight different 
experimental configurations have provided data for 
analysis. A comparison is made between measure- 
ments using the different techniques at those charac- 
teristic wavelengths of interest to crystallographers. 
Comparison of these measurements with available 
theoretical cross sections suggests that a model in 
which the thermal diffuse scattering cross section is 
used instead of the Rayleigh scattering cross section 
for the calculation of the theoretical total scattering 
cross section gives better agreement with the experi- 
mental values. No basis was found for preferring one 
of three current theoretical tabulations of photoelec- 
tric absorption cross section over the others. 

* Present address: Physics Department, University College, 
Australian Defence Force, Campbell, ACT 2600, Australia. 

0108-7673/87/010102-11501.50 

1.1. Tables of X-ray attenuation coefficients 

Following the discovery by R6ntgen (1895) of the 
penetrating nature of X-rays, a considerable body of 
numerical data concerning the attenuation of X-rays 
by matter has accumulated in the scientific literature. 
The earliest quantitative measurements of X-ray 
attenuation coefficients appear to be those by Barkla 
& Sadler (1907), after which researchers in a wide 
variety of disciplines (e.g. X-ray crystallography, 
atomic physics, medical diagnosis and therapy, elec- 
tron probe microanalysis) contributed data sets which 
form the basis of such widely circulated compilations 
as those by McMaster, Del Grande, Mallett & Hub- 
bell (1969) and by Storm & Israel (1970). The 
McMaster et al. (1969) compilation includes a list of 
data sources and a confidence weight assigned to each 
data-source document. A data index to these data 
sources through 1971 was given by Hubbell (1971). 

Many other compilations exist [e.g. Allen (1935, 
1969); Victoreen (1949); Liebhafsky, Pfeiffer, Win- 
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slow & Zemany (1960); Koch, MacGillavry & Mil- 
ledge (1962); Heinrich (1966); Theisen & Vollath 
(1967); Veigele (1973); Leroux & Thinh (1977); Mon- 
tenegro, Baptista & Duarte (1978); Plechaty, Cullen 
& Howerton (1981); Henke, Lee, Tanaka, 
Shimabukuro & Fujikawa (1982)], and if one seeks 
to compare them, one often finds significant dis- 
crepancies between entries. The question then arises 
as to which of the tables contains the more reliable 
data, or, at least, what is a realistic envelope of 
uncertainty. 

The substantial uncertainties in present compila- 
tions, resulting from these discrepancies in the experi- 
mental database, are unacceptable to researchers in 
a wide variety of fields. The extensive use of X-ray 
fluorescence and electron microprobe analysis by 
metallurgists and mineralogists for quantitative deter- 
minations of composition has created a need for better 
data sets for the X-ray attenuation coefficients. In 
addition, health physicists need to have accurate data 
for those elements which are the principal con- 
stituents of plant and animal tissue, but such data 
are not available to a desirable high precision. For 
medical diagnosis using X-ray techniques, the advent 
of computer-aided tomography (CAT) has increased 
the demand for accurate data, and Jackson & Hawkes 

' (1981) have recently produced a set of parametric fits 
for the individual collision processes intended for use 
in quantitative CAT-scan applications. 

In almost every aspect of experiments involving 
X-ray diffraction the interpretation of the raw data 
requires a knowledge of the relevant X-ray attenu- 
ation coefficients before meaningful results can be 
obtained. We thus offer some general comments on 
the tables of X-ray attenuation coefficients and the 
manner in which they are generated and used. 

Some tables are based entirely on theoretical calcu- 
lations. For example, one tabulation of the photoelec- 
tric absorption cross section for X-rays was computed 
by Cromer & Liberman (1970) using a program 
developed by Brysk & Zerby (1968). Energy eigen- 
values, however, were not computed. Rather, the 
experimental values of Bearden & Burr (1967) were 
used. Among the other theoretical photoabsorption 
tables in the region of interest to crystallographers 
are those of Hildebrandt, Stephenson & Wagenfeld 
(1975) using hydrogen-like eigenfunctions and pro- 
viding dipole and quadrupole cross-section com- 
ponents for Borrmann-effect applications. Band, 
Kharitonov & Trzhaskovskaya (1979) have also com- 
puted tables of photoabsorption cross sections, using 
relativistic self-consistent Dirac-Slater potentials and 
including parametrized photoelectron angular distri- 
bution information. 

Tabulations also exist for the Compton (modified) 
scattering cross section (Hubbell, Veigele, Briggs, 
Brown, Cromer & Howerton, 1975) and for the Ray- 
leigh (unmodified) scattering cross section (Hubbell 

& Dverb~, 1979; Schaupp, Schumacher, Smend, Rull- 
husen & Hubbell, 1983). 

It is usually assumed that the overall photon attenu- 
ation cross section of an atom is the sum of the 
contributions from photoelectric absorption and the 
Compton and Rayleigh scattering cross sections. It 
is further assumed that, for an assemblage of atoms, 
the individual atomic cross sections are summed to 
determine the total X-ray attenuation coefficient. 

This simple additivity rule, some limitations of 
which have been discussed by Deslattes (1969), is 
central to all uses of the tables as a means for estimat- 
ing X-ray attenuation coefficients. It follows, there- 
fore, that any meaningful technique for measuring 
X-ray attenuation coefficients should measure only 
the absorption and scattering of X-rays by atoms and 
minimize the effect of cooperative scattering by regu- 
lar arrays of atoms. 

Tabulations on experimental data, such as that of 
McMaster et al. (1969, 1970) make judgements on 
the reliability of data based on the type of experiment 
used and the reputation of the experimentalist in- 
volved. A table is then built up by mathematical 
interpolation, with some guidance from available 
theory, between the experimental data points. Tabula- 
tions of this kind are likely to include data for which 
a wide variety of cooperative processes are involved, 
and consequent systematic errors ensue when these 
cross sections are combined using the additivity rule. 

1.2. The International Union of Crystallography 
X-ray Attenuation Project 

It is of some importance to identify those experi- 
mental techniques which are likely to minimize sys- 
tematic error. The Commission for Crystallographic 
Apparatus of the International Union of Crystallogra- 
phy (IUCr) recognized the need for such an 
examination of existing techniques, and in 1979 at 
the Eleventh General Assembly, Warsaw, inaugu- 
rated a project to attempt to resolve the problem. 

Although there would be some value in measuring 
and remeasuring X-ray attenuation coefficients for all 
elements in crystalline, amorphous and other physical 
states, and also in molecular and ionic compounds, 
for all wavelengths (or photon energies) of conceiv- 
able IUCr interest, we have limited the project, 
initially, at least, to the following aims: 

(1) to establish which techniques for the measure- 
ment of X-ray attenuation coefficients give rise to the 
most reliable data; 

(2) to compare the data so obtained with the tabu- 
lated values; 

(3) to establish which of the tabulations are to be 
considered as reliable, and to what extent they may 
be considered to be reliable. 

The procedure for achieving the primary aim was 
as follows. Sets of standard materials were prepared 
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and were intended to be representative of classes of 
materials which might be encountered in practice. 
They comprised: slices of highly pure single-crystal 
silicon; pieces of pyrolytic graphite; and discs 
punched from highly rolled strips of copper. On join- 
ing the project a participant was sent a set of speci- 
mens and was asked to use whatever technique he 
considered to be most appropriate for the measure- 
ment of X-ray attenuation coefficients for each class 
of material. Twelve laboratories, using eight different 
experimental configurations, have so far returned 
data to be included in the project's files. 

This paper will consider the results obtained for 
silicon. Later papers will deal in turn with the results 
for graphite and copper. 

2. Theory 

2.1. Definitions 

The X-ray attenuation coefficients referred to in 
the introduction are those which result when a narrow 
beam of monochromatic X-rays passes through a 
plane parallel layer of homogeneous material which 
has surfaces normal to the beam direction and broad 
compared with the beam cross section. The Beer- 
Lambert law then applies and 

I = Io exp ( -/ztx), ( 1 ) 

where Io is the intensity of the incident beam and I 
is the intensity of the emergent beam. The directions 
of the incident and emergent beams must be exactly 
the same. The path length of the beam in the material 
is x. 

The linear attenuation coefficient of the material is 
/zt, which is dependent on the sample density, in 
addition to the effective atomic weight and atomic- 
structure properties of the sample. Hence, since the 
density of a given elemental substance can vary widely 
(allotropic versus various crystalline forms, 
vapor/liquid/solid phases, thermal expansion etc.), 
a coefficient more uniquely characterizing a given 
substance is the density-independent mass at tenuation 
coefficient Izm widely used in general-purpose X-ray 
attenuation data compilations. 

The mass attenuation coefficient is defined as 

(2) 
where p is the density of the medium. 

The mass attenuation coefficient is proportional to 
the total photon interaction cross section per atom, 

or= l z , , M /  NA, (3) 

where NA is the Avogadro number and M is the 
atomic weight of the sample material. 

For the X-ray energy range considered here 
(photon energies less than 1.02 MeV, the pair-produc- 
tion threshold) the total photon interaction cross 

section is given by 

(7" = orpe "~- O'modified .at- O'unmodified. (4) 

The cross sections O'pe, °'modified, and orunmodified will be 
discussed in the following sections. 

2.2. The photoelectric absorption cross section orpe 

Relativistic quantum mechanics is used by many 
authors in their calculation of orpe. The photoelectric 
cross section is given by 

or(hto) = (4 7r 2 e 2 m / toc ) mc 2 

x I (e ,+  hto[!. ~t exp ( i k .  r)[)[ 2 (5) 

where h, to, e, c have their usual meanings; 1 rep- 
resents the initial state wavefunction for the electron, 
and e, + hto represents its final state wavefunction; 1 
is the polarization vector for the photon; ca  is the 
Dirac velocity operator; and exp(ik,  r) represents the 
wave being scattered by the electron. 

Treatments differ somewhat in the type of potential 
used to compute the electron wavefunctions and the 
choice of energy eigenvalues to be used in the compu- 
tation of the Dirac-Slater eigenvalues. 

The result is that several sets of tables exist and 
differences between tables arise because of the 
manner in which the Dirac-Slater eigenvalues are 
computed. 

The approach used by Scofield (1973) employs 
Hartree-Slater wavefunctions and uses a different 
exchange potential from the other workers cited ear- 
lier. The recent tabulation by Hubbell (1982) uses 
Scofield's data modified for Z = 1 to 54 using relativis- 
tic Hartree-Fock renormalization factors supplied by 
Scofield (1973). 

In general the theoretical data sets for O-pc agree 
well with one another, although the Scofield data tend 
to be systematically higher than those of Cromer & 
Liberman (1970) and Storm & Israel (1970). It must 
be remembered, however, that these other two have 
a common origin in the Brysk & Zerby (1968) com- 
puter program. 

2.3. Incoherent  ( Compton ) scattering, orc 

The bound-electron Compton scattering cross sec- 
tion is given [see, for example, Hubbell (1969)] by 
the relation 

1 

o'c = rrr 2 ~ [1 + k ( 1 - c o s  9)] -2 
- 1  

x {1 +cos 2 q~ + k2(1 - c o s  9) 2 

x[1 + k(1 - cos tp)]- '}I(s)d(cos ~0), (6) 

where re is the classical radius for the electron; k = 
h w / m c  2, the photon energy in units of electron rest 
mass; q~ = 20, the angle between incident and scat- 
tered photon directions, where 0 is the Bragg angle; 
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s = sin 0/A; and I(s) = incoherent intensity 
expressed in electron units. 

The incoherent intensity I(s) used for the calcula- 
tion of trc in §4 was that of Cromer & Mann (1967) 
and Cromer (1969). 

2.4. Unmodified scattering 

2.4.1. Rayleigh scattering, OrR. If each of the atoms 
giving rise to unmodified scattering can be considered 
to scatter as though it were an isolated atom, the cross 
section can be written as 

1 
OrR=27rr~ I Cpf2(s) d(c°s~P), (7) 

--1 

where Cp =½(1 +cos 2 20); s = sin 0/A; and f (s )  is the 
atomic scattering factor or atomic form factor. 

Tables of f ( s )  and trR have been published recently 
by Hubbell & ~verb0 (1979) and of f ( s )  by Schaupp 
et al. (1983). 

2.4.2. Laue-Bragg scattering, Or~B. If the atoms are 
arranged on a crystal lattice another type of 
unmodified scattering can take place. This is referred 
to as Laue-Bragg scattering. 

For a finely divided crystalline powder one can 
write, for the total power PH scattered in a Debye- 
Scherrer cone, 

P . =  m.IoQ.Sv (8) 

where mn is the multiplicity of the Bragg reflection; 
Io is the incident beam intensity; Q n =  
(re/ Vc)2Cp[Fn[2Z 3/4 sin O; 8v is the volume of the 
crystalline particle; Vc is the volume of the unit cell; 
Fn is the geometrical structure factor for the reflection 
having Miller indices h, k, /. Qn is the attenuation 
factor, since it represents the ratio of scattered to 
incident power. 

The total scattering cross section is found by sum- 
ming over all possible h, k, I reflections. For a crystal 
having N atoms per unit cell, 

OrLB=(r2A2/2NVc) y~[CpmdlF[ 2 exp ( -2M)]n .  (9) 
n 

Here dn is the spacing of the (hkl) planes and has 
arisen because the Bragg equation was used to elimi- 
nate the sin 0 term. The temperature factor 
e x p ( - 2 M )  has also been determined from the 
geometrical structure factor. The approach outlined 
above is due to de Marco & Suortti (1971). Other 
similar calculations have been made by Gerward, 
Thuesen, Stibius Jensen & Alstrup (1979). 

In this approach the assumption of cooperative 
scattering implies that a further scattering mechanism 
exists: that of thermal diffuse scattering. 

2.4.3. Thermal diffuse scattering, OrTO. It is assumed 
that the total thermal diffuse scattering is equal to the 
scattering lost from Laue-Bragg scattering because 

of thermal vibrations: 

OrTD = ( r 2 x 2/2NVc) E { CpmdlFI2[ 1 - e x p  ( -  2M)]}n. 

" (10) 

this is not in a very convenient form for analysis and 
an alternative formalism presented by Sano, Ohtaka 
& Ohtsuki (1969) has been used in calculations. In 
this formalism 

1 

Cr-r o = 21rr~ J C~,f 2 (s) 
--1 

x { 1 - e x p  [ -2M(s) ]}  d(cos ~). (11) 

Values of f ( s )  have been tabulated by Cromer & 
Waber (1965). 

The cross section tends to oscillate in the low- 
energy range and this corresponds to the inclusion 
of new Bragg peaks in the summation. Eventually the 
oscillations damp down and OrTD becomes a smoothly 
varying function of energy. 

2.5. The total cross section 

In forming an expression for the total cross section 
it is necessary to make some assumption as to the 
extent to which cooperative unmodified scattering 
might take place. Whether one uses 

or = Orpe-t- OrC + Org (12) 

o r  

Or = Orpe q" OrC q- OrLB + OrTO ( 1 3 )  

can be of some significance when attempting to recon- 
cile theoretical calculations and experimental 
measurements. 

The choice of specimens distributed to the par- 
ticipants in this project was influenced by this fact. 
In this and later papers the influence which coopera- 
tive scattering has on the observed and calculated 
total cross section will be examined. 

3. Experimental techniques 

3.1. Specimen preparation 

Two sets of silicon specimens were prepared. One 
set was cut from a cylindrical boule of high-purity 
electron-beam float-zoned single-crystal silicon, the 
cylinder axis of which lay parallel to [220]. The other 
set was cut from a cylindrical boule of similar purity 
but which had the cylinder axis parallel to [111]. The 
samples had, typically, a surface area 15 x 15 mm and 
thickness varying from 0.4 to 4 mm, chosen to enable 
the Nordfors (1960) criterion for optimum counting 
statistics to be fulfilled by either one specimen or a 
combination of specimens for wavelengths commonly 
used by crystallographers. 

From the boule having [111] orientation a similar 
range of specimen blocks was prepared. The orienta- 
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t ion of  tile normal  to the (15 x 15 mm) surfaces was 
set to be within 0.25 ° of  the [111]. 

3.2. Characterization of specimen sets 

Sets of  specimens  each containing seven blocks of  
silicon were distr ibuted to part icipants in the project. 
For each componen t  of  each set the fol lowing data 
were taken: (i) the surface dimensions  (measured to 
an accuracy of  0.01 m m  using an optical comparator) ;  
(ii) its nomina l  thickness;  (iii) its mass (measured on 
a digital ba lance  accurate to 10 -9 kg). 

The density of  the sil icon was determined using 
the technique described by Henins  (,1964). The 
average densit ies of  both the [220] and the [111] 
oriented sil icon blocks were observed to be the same, 
corresponding to a value of  2-3300(2) g cm -3 at 293 K. 
The value de termined by Henins  was 2.3290002(7) 
g c m  -3 at 298 K [or 2.3290875 g cm -3 at 293 K, assum- 
ing a coefficient of  l inear  thermal  expansion of  2.5 x 
10 -6  a s  given by Kirby, Hahn  & Rothrock (1972)]. 
These two results are in excellent agreement with one 
another. 

In addit ion,  at least one speciment  from each set, 
usually the thinnest ,  was tested for gross mechanica l  
damage and plastic deformat ion using diffracted- 
beam X-ray topography (Lang, 1958). Also any sig- 
nificant taper ing and other variations in thickness 
show up as Pendelli~sung fringes in the X-ray topo- 
graphs. 

3.3. Experimental configurations 

A survey of  the techniques used for the measure- 
ment  of  X-ray at tenuation coefficients for the period 
1895 to 1983 showed that, for all of  the experiments  
reported in that period, one quarter had an incident  
beam which may have had second-harmonic  contami- 
nation, one third made no dead-t ime corrections and 
one third described configurations with excessive (by 
modern  s tandards)  beam divergence. 

It is not surprising, therefore, that systematic errors 
are present in tables which are based on experimental  
data. 

A schematic  representat ion of  the configurations 
employed by members  of  the project is shown in Fig. 
1. It is not the intention here to describe in detail the 
performance of each component in these configur- 
ations. Reference to s tandard texts on X-ray diffrac- 
tion and X-ray fluorescence spectrometry (e.g. Klug 
& Alexander ,  1973; Bertin, 1975) will make clear the 
l imitat ions of  each component .  

Fig. l ( a )  shows the simplest  configuration (1) 
employed in the project. For this the source was a 
fine-focus X-ray diffraction tube, and mono- 
chromatizat ion was effected by means of an appropri-  
ate/3 filter. The source was operated at a voltage such 
that A/2 radiat ion was not generated. The beam was 
formed by means  of a col l imator  and slit system, the 

s ~ s 

amp 

(a)  

~" • n ~" SiLi MCA 

(b) 
s M 

SiLi MCA 

(¢) 
S M 

I 

J counte! 

p~op t / "  I I I  I 
amp 

(d) 

: 
! ;  _ ~ " ~  ,, ,~ i 

amp 
(e) 

M 

(f) 

; _- 
Ge MCA 

SiLl 

(h) 
Fig. l.(a) Configuration no. l: X-ray tube as a source of charac- 

teristic radiation x, slits S before and after sample; mono- 
chromatizing by/3 filter; energy discrimination by proportional 
counter, single-channel analyzer. (b) Configuration 2: same as 
(a) except monochromatizing by solid-state detector and multi- 
channel analyzer. (c) Configuration 3: same as (b) except addi- 
tional wavelensth selection by crystal diffraction mono- 
chromator M between sample and second slit. (d) Configur- 
ation 4: same as (c) except crystal diffraction monochromator 
is between first slit and sample. (e) Configuration 5: double- 
crystal monochromator, with sample placed at any of the three 
positions (1, 2, 3) between the slits and monochromatizing 
crystals. (f) Configuration 6: X-ray Bremsstrahlung source b 
irradiating fluorescing target F, followed by the sample, then 
Soller slits before and after a single-crystal diffraction mono- 
chromator, then an energy-selective detector system. The sample, 
Soller slits, analyzing crystal and proportional detector are in a 
vacuum vessel. (g) Configuration 7: source is a fluorescing 
target, followed by a slit, filter and sample, then proportional 
counter. (h) Configuration 8: Same as (b) except X-ray tube is 
replaced by a radioactive source r. 

MCA 
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angular divergence of the beam about 1 msr. The 
sample was mounted normal to the beam axis, and 
behind this was a coaxially mounted slit system, the 
aperture of which was kept fixed during the experi- 
ment. Following this was a proportional counter and 
single-channel analyzer, the latter enabling rough 
energy discrimination to be achieved. The relatively 
poor energy resolution (---30% at Cu Kay) makes 
the detection of any Compton scattered or X-ray 
fluorescence radiation from the sample or slit systems 
difficult. 

The second configuration (no. 2) shown in Fig. 1 (b) 
is similar to no. 1 except that.the proportional detector 
is replaced by either an Si(Li) or an intrinsic ger- 
manium solid-state detector linked to a multichannel 
analyzer. Such detectors have good energy resolution 
(---2% at Cu Kay) and it becomes possible to recog- 
nize contaminating radiation in the transmitted beam. 
Furthermore it is possible to eliminate the filter and 
to use the Bremsstrahlung radiation from the target 
to irradiate the target, thus recording the attenuation 
at many wavelengths simultaneously. 

The configuration shown in Fig. l(c) utilizes a 
perfect silicon crystal (usually with its face cut parallel 
to [111]) to act as a monochromator for the transmit- 
ted radiation. Because a solid-state detector is 
employed, wavelengths from the Bremsstrahlung as 
well as characteristic lines may be used for measure- 
ments. 

In Fig. l (d)  the monochromator.is placed in front 
of, rather than behind, the specimen. Three variations 
of this configuration were used: 

(i) a curved-crystal monochromator and a scintilla- 
tion-counter detection system; 

(ii) a germanium single crystal cut with its surface 
parallel to [111] and detection by means of a solid- 
state detector and multichannel analyzer; 

(iii) a silicon monochromator and a proportional- 
counter system. 

For (i) and (ii) the sample was mounted perpen- 
dicular to the beam. The third configuration differs 
from all the others used in the project in that the path 
length through the specimen is varied by rotating the 
specimen in the beam. This technique, described by 
Lawrence (1977), is often used in experiments for 
which only one thickness of specimen is available. 

To ensure that the beam transmitted through the 
specimen has exactly the same wavelength as the 
incident beam one could place a second mono- 
chromator between the sample and the detector, as 
shown in Fig. l(e). This double-crystal configuration 
has been widely used by Hildebrandt, Stephenson & 
Wagenfeld (1973). A more complicated device was 
described by Creagh (1978). 

All the preceding techniques have used a sealed 
X-ray tube as the source of X-rays. An alternative 
method for the generation of X-rays employs X-ray- 
induced fluorescence to produce the desired X-ray 

wavelength. Fig. l ( f )  shows a modification which 
can be made to a conventional XRF spectrometer to 
enable it to measure X-ray attenuation coefficients. 
In this case (no. 6) the specimen is mounted on a 
carder inside the vacuum chamber between the 
fluorescing sample and the specimen. The limitations 
of a variation of this configuration, commonly used 
by XRF spectroscopists, in which the sample is placed 
outside the vacuum chamber between the crystal and 
the detector, have been discussed by Creagh (1976). 

Configuration 7 (Fig. lg) uses an X-ray fluores- 
cence source and appropriate filtration to select the 
incident wavelength. Additional energy discrimina- 
tion is provided by the use of a specially designed 
proportional counter. 

The simplicity and ready availability of radio- 
isotope sources make their use in equipment for the 
measurement of X-ray attenuation attractive. Systems 
which are used for these measurements are mechani- 
cally very simple (Fig. 1 h), and energy discrimination 
is usually effected by the use of a solid-state detector 
and multichannel analyzer. 

3.4. Counting strategies 
3.4.1. Choosing the specimen thickness. It must be 

stressed that it is necessary to verify that the Beer- 
Lambert law is obeyed for the specimens under test. 
If a plot of In (Io/I) against thickness or mass per 
unit area does not yield a straight line then no unique 
X-ray attenuation coefficient exists and an investiga- 
tion must take place to establish what is the cause of 
the nonlinearity. 

If it is established that a unique value exists for/z~ 
or /zm, measurements can then be made at those 
specimen thicknesses for which the counting statistics 
can be optimized. Criteria for such a choice have 
been given by Nordfors (1960). Best results are 
obtained for those thicknesses which satisfy 

2<_1n(Io/I)<-4. (14) 

Appropriate dead-time corrections (e.g. Chipman, 
1969) must be applied to the measurements of Io and 
I before values for/zt or/Zm are derived from the raw 
data. In all experiments the dead time should be 
determined experimentally. This is especially 
necessary for systems using multichannel analyzers 
because a significant component of instrumental dead 
time arises from the pulse-height analysis and storage 
processes. It is often wise to utilize the full capacity 
of the multichannel analyzer for energy analysis to 
establish which energy regions are of interest and 
then to use single-channel analyzers set to these ener- 
gies to make the final measurements. All of the par- 
ticipants in the IUCr X-ray attenuation project used 
empirically determined dead-time corrections for the 
resolution of their data. Creagh used the single- 
channel analyzer technique for the measurements he 
made using solid-state detection systems. 
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Table 1. Silicon linear attenuation coefficients attire selected photon energies, 8.048 to 59.57 keV, obtained by 
eight measurement techniques 

Also given are the M c M a s t e r  et al. (1969, 1970) [basis  for  International Tables for X-ray Crystallography (1974) ( IT  IV)] values for  
compar i son .  Exper imen ta l  errors  are typically c la imed to be  + 1%. 

Wavelength  Energy 
Radia t ion* (A)  (keV) 1 2 3 4 5 6 7 8 1T IV 

Cu Kcq 1.5405 8.048 146-2t 145.6t 146t 142.5 144.2 144 144.9 152 
145"8t 145t 144.6 142"2~ 143"3 

144-6t 

Mo Ka I 0-7092 17.487 14-66t 14.62 14.63 14.51:1: 14.68 144.72 14-60 15.2 
14.60t 14.61 14.63 

14.60t 
14.60 

Ag Kcq 0"5594 22.162 7-20t 7"20t 7"18 7-53 7.24 7.55 
7"18 7"095 7-16 

7.10 

White 0.3094 40.06 1.472 
1.468~t 

241Am 0.2081 59-57 

1.57 

0.742 0.740 
0.739 

* Configurations 1, 2, 4, 6, 7 give measurements for Kti rather than Kay. The Ka, value shown here was derived using an interpolation procedure. 
t Measurements on [ 111 ] oriented silicon. All other measurements were for [220] oriented silicon. 
~: Measurements with the technique involving tilting the specimen in the beam. 

4. Results: silicon 

4.1. Selected experimental data 

Results have been received for photon energies 
ranging from 8 to 1173 keV. Table 1 presents selected 
data: data which may be of direct significance to an 
X-ray crystallographer. Data are tabulated for the 
characteristic Ka~ radiations of copper, molybdenum 
and silver, a radiation wavelength selected from the 
Bremsstrahlung, and a T-ray from 24~Am. This table 
compares values of the linear attenuation coefficient 
/x~ which have been determined by the different 
experimental configurations described in § 3.3. Values 
shown in bold are measurements made by Creagh, 
using experimental configurations approximating 
those of a project participant. 

Attention is drawn to those values denoted by the 
dagger(t) in Table 1. These data were obtained using 
Si specimens cut perpendicular to [111]. The other 
values were obtained using the [220] oriented 
samples. The effect of the Laue-Bragg scattering by 
these samples is less than by those having the [111] 
orientation. 

To eliminate the problem with Laue-Bragg scatter- 
ing, an extremely well collimated incident beam is 
required. For example, the measurements at Cu Ka, 
in columns 1 and 2 of Table 1 did not have good 
collimation whereas those in column 3 did. The 
difference between these sets of readings is compar- 
able to the Laue-Bragg scattering value of --- 1.7 cm -~. 

Low values of/zt usually occur because of scattering 
into the beam of a Compton-scattered component or 
because of failure to account correctly for fluores- 
cence background intensities. Such problems can 
occur in X-ray fluorescence spectrometers (no. 6) 
since these use broad Soller-slit collimated beams. 

In no. 4 the monochromator is placed in front of 
the crystal. The two measurements were made in quite 
different fashions. In the first (142.5 cm- ' )  the speci- 
men was placed perpendicular to the beam diffracted 
by a curved monochromator and the transmitted 
beam was detected by a sodium iodide scintillation 
detector. 

The lower value was found using the technique in 
which the specimen is placed at an angle to the beam 
diffracted by a flat [111] silicon single crystal. A 
proportional detector was used. It is probable that 
Compton in-scattering and slit fluorescence is the 
cause of error in these cases, since neither detection 
system has the capacity to detect their presence. 

The most reliable data we consider to be those 
collected using configuration 3. Both Gerward (1981, 
1982) and Creagh have independently investigated 
the influences on the value of/xt of the rotation of 
the sample about its surface normal and the nature 
of dead-time corrections to be used when multichan- 
nel analysis is used. Both experiments yielded the 
same value for /,tt [=144.6(1) cm- ' ]  although they 
were made on specimens having different orienta- 
tions. This suggests that the influence of Laue-Bragg 
scatter has been minimized in both experiments. 

Because we consider these two experiments to be 
the most carefully performed of the group, we pro- 
pose the value of 144.6(6) cm -1 as the 'present best' 
value for/xt. 

The value derived from McMaster et al. (1969, 
1970) is 152 cm- ' .  

For Mo Ka,, most of the experimental configur- 
ations yielded results which lay within 1% of the 
mean 14.62cm-' .  Evidently the difficulties with 
respect to Laue-Bragg scatter apparent in the Cu Ka~ 
measurements are not significant for Mo Ka,. 
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The technique in which the specimen is tilted has 
again yielded a low result, probably owing to 
Compton in-scattering from the specimen. 

Note that there is now no significant difference 
between the results for [220]- and [ l l l ] -cu t  silicon, 
suggesting that Laue-Bragg scatter is unimportant at 
this photon energy. 

The 'present best' value we propose for /z~ is 
14.60(2)cm -t, whereas the value taken from 
McMaster et al. (1969, 1970) is 15.2 cm -1. 

The results for Ag Ko~ are generally in good agree- 
ment with one another, with one or two exceptions. 
It should be noted that the technique which involves 
tilting the specimen again yields a lower value than 
the other techniques. 

Again the most reliable data have been acquired 
using configuration 3. We propose the value of 
7.18(2) cm -~ as the 'present best' value of/zz at this 
wavelength. 

Only two laboratories used a monochromator to 
select photon energies from the Bremsstrahlung con- 
tinuum, and their results are in excellent agreement 
with one another. The technique used was no. 3. The 
results from one of these laboratories have recently 
been published (Mika, Martin & Barnea, 1985). The 
mean of 1.470(2) cm -1 may be taken as the 'present 
best' value of/zt  at a photon energy of 40.06 keV. 
The value given by McMaster et al. (1969, 1970) is 
1.57 cm -1. 

Two laboratories have returned data taken at 
59.57 keV with a radioisotope source using configur- 
ation 8. At this photon energy Compton scattering 
and unmodified scattering processes become impor- 
tant and the problems associated with the crystalline 
nature of the specimen are largely irrelevant. 

The mean value 0.740(2)cm -1 is identical to the 
value of 0.740 cm- '  interpolated from the values given 
in McMaster et al. (1969, 1970). 

5.0 

~'oE 2.0 

' I I I 

Silicon 

~ o ~  O-Configuration 3 
A -  Confguration 6 

° ~ o  ~7 = Configuration 8 
- o ~  - -  International Tables (1974) 

0.s I , I , I , 
25 30 40 50 60 

Photon energy (keV) 

Fig. 2. Linear attenuation coefficient /zz (cm -1) in silicon, for 
photon energies 25-60 keV. 

4.2. D a t a  taken using a Bremss trahlung source 

Data taken for/zt for the energy range 25 to 60 keV 
are plotted in Fig. 2. In this graph In I~t is plotted as 
a function of In E. If photoelectric absorption is the 
dominant attenuation mechanism such a plot yields 
a straight line. The curvature of the plot in Fig. 2 for 
photon energies greater than 35 keV indicates that the 
other scattering processes become important for these 
photon energies. Two sets of data were taken using 
configuration 3 and these are in excellent agreement 
with one another. 

Two data sets taken using no. 8, one of these a data 
point at 59.5 keV, are also plotted. Although the no. 8 
data points appear to be systematically higher, by 3 
to 5%, than measurements using no. 3 (also than some 
no. 6 measurements shown here), we consider the 
general agreement between data sets to be reasonable, 
given the differences in the experimental configur- 
ations. The curve plotted in Fig. 2 is fitted to the data 
derived from McMaster et al. (1969, 1970). 

5. Discussion 

In the previous section a comparison was made of 
the various techniques for the measurement of/zt and 
some conclusions were drawn concerning the values 
to be chosen as the best measurements for silicon at 
a particular wavelength. Here we shall compare these 
values with those expected from theory. 

There are two different approaches for combining 
the various photon-atom interaction contributions to 
the attenuation coefficient. In the first it is assumed 
that the photons interact with the material as though 
each atom in the material is unaffected by its neigh- 
bors and the total linear attenuation coefficient is 
given by the expression 

+ 
/xt =/Xpe+/xc +/xR (15) 

where/Zpe,/zc and /XR are the photoelectric absorp- 
tion and the Compton and Rayleigh scattering 
coefficients, respectively. 

The second approach assumes that the assemblage 
of atoms behaves as though it were a large perfect 
single crystal for which cooperative Rayleigh scatter- 
ing (Laue-Bragg scattering) and thermal diffuse scat- 
tering take place. Calculation of the Laue-Bragg scat- 
tering is a complicated process in general since it is 
extremely sensitive to crystal orientation and beam 
divergence. However, it is possible to choose the beam 
divergence and specimen orientation in such a man- 
ner as to minimize the number of lattice planes giving 
rise to Laue-Bragg scattering. In such a case the 
coherent scattering is reduced to the thermal diffuse 
scattering and 

/~*=/Zp~+/Zc +/z-to (16) 

where /Zp¢, /zc and /Z-rD are the photoelectric, 
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Table 2. Calculated photon interaction contributions 
in silicon 

Photon /x t for  
energy C o m p t o n  Rayleigh TDS photoelec t r ic  
(keV) Line (cm - t )  (cm - l )  (cm - l )  (cm - t )  

8.048 Cu Ka t 0-222 1.861 0.213 143.3 
8.907 Cu Kfl 0.235 1.664 0.216 107.0 

17.478 Mo Ka t 0.315 0.668 0.156 14.2 
19.663 Mo K/3 0-325 0.560 0.1425 9.8 
22.162 Ag Kcq 0-334 0.467 0.097 6.8 
24.986 Ag KI3 0.342 0.389 0.068 4-72 
40.06 * 0.357 0.183 0.044 1.072 
59-5 f 0.356 0.0925 0.028 0-303 

From Cromer & Liberman (1970) 8.048-22.162 keV; from Scofield (1973) 
with HFS corrections applied by Hubbell (1982) 24.986-59.5 keV. 

* Line from Bremsstrahlung. 
f Line from 24tAm. 

Compton, and thermal diffuse components to the 
linear attenuation coefficients. 

In Table 2, values derived from Cromer & 
Liberman's (1970) tables are listed. For the Compton- 
scattering component /Xc, tabulations by different 
authors give substantially the same values as those 
derived from Hubbell et al. (1975) which are listed 
in Table 2. The Rayleigh scattering component /XR 
found by interpolation to the data listed in Hubbell 
& Overb0 (1979) is also shown for those wavelengths 
of major interest to crystallographers. The thermal 
diffuse scattering contribution /XTD has been calcu- 
lated using the technique outlined in § 2.4.3. 

The theoretical value of/zt can now be presented 
according to which approach is taken: individual 
atom (/z[) or single crystal without Laue-Bragg scat- 
ter (/x*). Table 3 lists/x[ and/x* and compares these 
with what are considered to be the best experimentally 
determined values for/zt. Also shown in Table 3 is 
the value of/z~ = /x4-  ~L/, R +/.LTD , where/x4 is the value 
listed in, or interpolated from, Hubbell, McMaster, 
Del Grande & Mallett (1974). This table uses calcu- 
lated values of the Rayleigh scattered attenuation 
coefficient /XR. The values listed here show the Hub- 
bell et al. (1974) values corrected to allow for thermal 
diffuse rather than Rayleigh scattering. Note the sig- 
nificant systematic difference between the experi- 
mental and the tabulated data set. It appears that a 
systematic error exists in the value of/Zpe. In general, 
single-crystal rather than single-atom scattering seems 
to be the norm. 

Further, significant discrepancies between theory 
and experiment occur only for those photon energies 
for which the Compton and thermal diffuse scattering 
cross sections are comparable with the photoelectric 
scattering cross section. 

6. Concluding remarks 

It is clear from the analysis of the data set out in 
Table 1 that one technique (no. 3) gives the most 
reliable results for the range of photon energies from 

Table 3. Comparison of  experimental and theoretical 
linear attenuation coefficients in silicon, for photon 

energies 8-048 to 59.57 keV 

Also included are the values f rom International Tables for X-ray 
Crystallography (1974) ( IT IV), al lowing for  the existence o f  ther- 
mal diffuse ra ther  than Rayleigh scattering processes. 

Photon Theoret ical  values Experimental  
energy fo r / z  t ( cm-  ~) IT IV value for  ttt 
(keV) Line / ~  ~t* /~ (cm - t )  

8.048 Cu Ka t 145.3 143-7 150.0 144-6 (6)t 
8.907 Cu Kfl 108-2 106-9 113.0 107.5 (6) 

17.478 Mo Ka I 15.19 14-68 14.7 14-60 (2) 
19.663 Mo Kfl 10.834 10.40 10.34 10-38 (4) 
22.162 Ag Kcq 7-57 7-19 7.18 7.18 (2) 
24-986 Ag K/3 5.45 5"179 5.13 5"18 (4) 
40.06 ~ 1.691 1-548 1.431 1.470 (2) 
59.5 § 0.901 0-832 0-675 0.742 (1) 
t The values given in parentheses are the errors in the final decimal place 

shown: 144-6 (6)~ 144.6±0.6. 

~L ~" = ~tLpe + bLC + $£R, /-£~ = ~J'pe + / J ' C  +/ 'LTD, #t ~ = $J'4 --/-LR +/.LTD. 

;t Line from Bremsstrahlung. 
§ Line from 241~l~tm. 

4 to 50keV. For photon energies less than 4keV 
configuration 6 can be used, whilst for energies higher 
than 50keV configuration 3 is the only technique 
which can be used. 

To ensure reliable results, however, it is necessary 
to consider the nature of the sample under investiga- 
tion before deciding what measurement strategy to 
employ. The structure of the sample will dictate what 
collimation, monochromatization, detection and 
counting strategies are to be employed. 

Furthermore, measurements of such important 
parameters as density, area and thickness should be 
made by the experimenter. Recourse to published 
values of density may lead to erroneous /z; values 
being derived from correct /z,, values. Comparison 
of the measured and published values of density may 
give important information as to the homogeneity 
and impurity of the specimen. 

It is also important to mount the sample normal 
to the beam and to vary the sample thickness to verify 
that the Beer-Lambert law is satisfied and a unique 
value of/x; exists. 

There is no clear evidence to establish which of 
the three theoretical tables for the photoelectric 
absorption cross section is to be preferred for the 
silicon specimens used in this study, and recalcula- 
tions of the Compton scattering cross section do not 
yield values at variance with the computations of 
Hubbell et al. (1975). However, it must be remem- 
bered that the Compton-scattering profile of 
ensembles of atoms may differ from those of single 
atoms. See, for example, Cooper (1985). 

In addition, the Rayleigh scattering cross sections 
contained in Hubbell & Overb0 (1979) are not incon- 
sistent with the present results. However, for higher 
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photon energies, Rayleigh scattering cross sections 
based on the relativistic Hartree-Fock-Slater 
modified form factors of Schaupp et al. (1983) are 
expected to be more accurate. 

Some doubt exists as to the accuracy of the calcula- 
tions of the thermal diffuse scattering sections. For 
photon energies below 25 keV the effect of uncertain- 
ties in CrTD is not of much significance. However, 
above 25 keV inaccuracies in this compilation are 
significant, singe the contribution to the total cross 
section of CrxD is significant in this energy regime. 

Furthermore, the measurements of X-ray attenu- 
ation coefficients have been made at photon energies 
remote from the absorption edge of silicon. It is well 
known that within some hundreds of electron volts 
of an absorption edge oscillations occur in the X-ray 
attenuation coefficients: extended X-ray absorption 
fine structure (EXAFS) occurs. These arise because 
of interaction of the ejected photoelectron with atoms 
which surround the excited atom. It is no longer 
possible to consider the photoelectric absorption to 
be a single-atom process. 

Thus care must be taken at all times to ensure that, 
whenever theoretical cross sections are being calcu- 
lated, appropriate recognition is given to the effect 
of arrangement of atoms in the sample material. 
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Abstract 

The m a x i m u m  entropy ( M A X E N T )  method has been 
used ab initio to solve a previously determined small 
centrosymmetric crystal structure, bis(acetyl- 
acetonato)dichlorot in ,  C1oH14C1704Sn [Miller & 
Schlemper  (1978). Inorg. Chim. Acta,  30, 131-134; 
Webster  & Wood  (1981). J. Chem. Res. ( M ) ,  pp. 
0450-0456]. The resulting electron density maps  are 
of  a very high quality, comparable  or even super ior  
to the convent ional  maps  calculated from the refined 

* Present address: Department of Applied Mathematics and 
Theoretical Physics, Silver Street, Cambridge, and Medical 
Research Council, Hills Road, Cambridge. 

phases.  The method,  therefore,  holds good promise 
for the solution of  larger and more difficult structures. 
The addi t ion of  simple chemical and symmetry  infor- 
mation about  the heavy atoms in the structure greatly 
improves the reconstruct ion and shows the capabil i ty 
of  M A X E N T  to solve structures from partial  frag- 
ments. 

I. Introduction 

Although the theory of  solving the phaseless Fourier  
t ransform problem by means  of  the max imum entropy 
( M A X E N T )  method has been extensively discussed 
(Collins, 1982; Steenstrup & Wilkins, 1984; Bricogne, 
1984; Livesey & Skilling, 1985; Navassa ,  1985; and 
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