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X-ray mass attenuation coefficients for polycrystalline samples of copper have been measured
with a high-precision energy-dispersive method. Estimates of the scattering contributions to the
attenuation coefficients are made. The photoelectric coefficients deduced from the experimental
results are compared with theoretical calculations using screened hydrogen-like eigenfunctions as

well as more rigorous relativistic wavefunctions.

1. Introduection

The knowledge of accurate x-ray attenuation
coefficients is important for the proper interpreta-
tion of experimental data in such diverse fields as
x-ray powder and single crystal diffraction, x-ray
fluorescence spectroscopy, electron microprobe
analysis, proton induced x-ray emission, Xx-ray
tomography, dosimetry etc. Certain discrepancies
in currently available experimental data have caused
the Apparatus Commission of the International
Union of Crystallography to inaugurate a project
aiming at improving the techniques for the mea-
surement of attenuation coefficients and producing
better sets of tables for experimenters.

Computational developments in recent years have
significantly improved the theoretical description
of photon interactions with atoms. Rigorous cal-
culations of photoelectric absorption cross sections
using relativistic wavefunctions have been reported
by Storm and Israel [1], Cromer and Liberman [2],
Scofield [3] and others. On the other hand, a theory
based on Honl’s [4] and other authors’ treatment
of generalized scattering factors using non-relativis-
tic hydrogen-like eigenfunctions has been shown to
be in remarkably good agreement with experimen-
tal and other theoretical data in recent studies by
Hildebrandt, Stephenson and Wagenfeld [5, 6, 7],
Hildebrandt and Stephenson [8], Stephenson [9, 10],
Gerward and Thuesen [11], Hildebrandt [12] and
Gerward [13].
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The present work describes the determination of
the x-ray mass attenuation coefficient of polycrys-
talline copper using an energy-dispersive method.
Particular attention has been paid to the scattering
contributions in order to deduce the proper photo-
electric absorption coefficients. Two models are
used for calculating the coherent scattering: A finely
divided crystal powder and an assembly of indepen-
dent scattering atoms. The photoelectric absorption
coefficients are compared with theoretical data com-
puted from screened hydrogen-like eigenfunctions
as well as from more rigorous relativistic wave-
functions.

2. Definitions

Consider a parallel narrow beam of monochro-
matic x-rays passing through a plane-parallel foil
of homogeneous material with surfaces normal to
the beam direction and more than covering the
beam cross section. The mass attenuation coeffi-
cient, u/p, is then defined by

plo = =1In (Io/1),

where z is the mass per unit area of the foil, 7y the
incident intensity and I the emergent intensity
parallel to the incident beam direction. The mass
attenuation coefficient is proportional to the total
photon interaction cross section per atom, ¢, that
is the sum of the atomic cross sections for all the
elementary absorption and scattering processes.
This relation is

ulo = oNa/M,

(La)

(1b)

where N, is the Avogadro number and M the atomic

0340-4811 / 82 / 0500-0451 $ 01.30/0. — Please order a reprint rather than making your own copy.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the

@NOIS)

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht: Advancement of Science under a Creative Commons Attribution-NoDerivs
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland 3.0 Germany License.
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



452

weight of the absorbing material. In the present
work

Ny = 6.022045 X 1023 mol-1
M = 63.546 g/mol

and

have been used.

3. Experimental Procedure

The specimens were marz grade polycrystalline
copper foils (MRC, Orangeburg, New York 10962)
cut into circular discs, the diameter being about
21 mm and the thickness 15 pm. The result of a
spectrographic analysis is given in Table 1. A pin-
hole back-reflection x-ray photograph showed that
the samples have a small crystallite size and exhibit
a high degree of preferred orientation. The mass
per unit area of each specimen was determined by
weighing and by measuring the diameter along four
different directions using a travelling microscope.

The experimental arrangement was described in
previous works on silicon [11, 13]. Slit collimated
x-rays were monochromatised by diffraction in a
perfect silicon crystal. The resolution of the slit and
monochromator configuration allowed the Koy and
Koo doublet to be well resolved. The diffracted
x-rays were recorded in a Si(Li) detector connected
to a multichannel pulse-height analyser. Each dif-
fraction spectrum was recorded for a certain preset
lifetime, the total count rate being below 2 keps.
There was no harmonic contamination because the
fundamental and the harmonic reflections from the

Table 1. Spectrographic analysis
of copper specimen used in the
present work.

Ele- Content
ment in ppm

N
Ag
Al
Bi
Co
Cr
Fe
Mo
Ni
Pb

—

Si
Sn
Zn
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monochromator were recorded separately in the
multichannel analyser.

Absorption measurements were made for some
standard K« und K lines, the Loy, LS and Ly,
lines of tungsten and some wavelengths of the
Bremsstrahlung spectrum from the tungsten target.
In the latter case the monochromator was adjusted
to reflect one of the characteristic L-lines of the
tungsten x-ray tube. The energies of the harmonics
were thus multiples of the characteristic L-line
energy chosen for the fundamental reflection. Ac-
cordingly no additional error was introduced be-
cause of any uncertainty in the energy calibration
of the multichannel analyser. The intensity of the
L-line, which would be prohibitively high at the
power necessary for recording the harmonics, was
reduced by a nickel filter. The slit collimation was
chosen so that the spectral width of the Brems-
strahlung reflections was about the same as the
natural width of the characteristic lines.

The number of absorbing foils was chosen to give
a value of In(Io/I) as close as possible to 3, giving
optimum attenuation conditions [14, 15]. A series
of intensity measurements with the absorber in and
out of the beam was taken. From these data the
mean value of In(Zo/I) and the standard deviation
from the mean were calculated. The mass attenua-
tion coefficient was then calculated from Equa-
tion (1a). Notice that the right-hand side of (1a)
also contains the mass per unit area. However, it is
not necessary to know the density of the sample in
order to determine the mass attenuation coefficient.
The relative experimental error was estimated from
(1a) in the following way

Apim|pim = [4(AD[D)? + (Am[m)* + (Ay[y)* ]/,

(2)
where ;= ufo and y=1In(Io/I), AD and Am are
the estimated uncertainties in the determination of
the foil diameter and mass, respectively, and Ay is
the standard deviation from the mean mentioned
above.

4. X-ray Seattering Coefficients

The scattering contribution to the narrow-beam
attenuation consists of incoherent bound-electron
Compton scattering (CS) and coherent scattering.
Coherence in this context implies a fixed phase re-
lation between the incident and scattered wave from
a single atom.
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The Compton scattering is practically insensitive
to the crystalline form whereas the other com-
ponents depend strongly on the crystalline state of
the specimen. The coherent scattering coefficient
has been calculated according to two models:

Model I: A finely divided crystal powder. The
coherent scattering consists of the elastic or Laue-
Bragg scattering (LBS) and the almost-elastic ther-
mal diffuse scattering (TDS).

Model 11: An assembly of independent scattering
atoms. The coherent scattering consists of the Ray-
leigh scattering (RS).

4.1. Incoherent Scattering

The atomic cross section for the bound-electron
Compton scattering, ocg is given by [16]
1
ocs = wre? [ [1 + k(1 — cos ¢)] 2 (3)
=1
{1 4+ cosZp + k2(1 — cos ¢)2
“[1 4 k(1 — cos ¢)]~1} I(s)d(cos @),

where 7. is the classical electron radius, k= hv/mc2
i.e. the initial photon energy in electron rest-mass
units, ¢ =260 the angle between the incident and
scattered photon directions, s = sin /4 and I(s)
the incoherent intensity expressed in electron units.

The incoherent intensities used in the present
work were those of Cromer and Mann [17] together
with the analytical approximation of Balyuzi [18].
Figure 1 shows the calculated mass attenuation
coefficient due to Compton scattering as a function
of energy. Also shown are the calculations of Hub-
bell, Veigele, Briggs, Brown, Cromer, and Hower-
ton [19], which are seen to be in excellent agreement
with the present result.

0.02 T T T

4.2. Laue-Bragg Scattering

The total power, Py, associated with a Debye-
Scherrer cone of diffracted x-rays from a sample of
finely divided crystal powder can be written [20]

Py =juloQuoV, (4)

where Ij is the intensity of the incident beam, 6V
the aggregate volume of all crystallites, H stands
for the reflection indices Akl and jgy is the multi-
plicity factor. The parameter Qg is given by

Qu = (re2[Ve?) Cp | Fy|223/4sin 6, (5)

where V. is the volume of the unit cell, C} the
polarization factor and Fyg the structure factor. In
the present work unpolarized radiation will be as-
sumed throughout, and the polarization factor be-
comes

Cp=3(1 + cos220). (6)

Analysis of Eq. (4) shows that Qg represents the
linear attenuation coefficient associated with the
hkl reflection. The corresponding atomic cross sec-
tion is obtained by dividing @z with the number
of atoms per unit volume, or n/V, where n is the
number of atoms per unit cell. Finally, a summation
over all possible hkl reflections gives the total
atomic cross section, orms, due to Laue-Bragg
scattering

oLBs = (re2A%2[2n V)

-Z(ijd[Flze—ZM)H,
H

(7

where dp is the spacing of the (hkl) planes. Equa-
tion (7) includes the temperature factor exp (— 2 M),
and the Bragg equation has been used for eliminat-
ing sin 6.

Cu

m%/ kg

0.01
—— This work
CSs ' .
© HVBBCH Fig. 1. Mass attenuation -coeffi-
cients of copper due to Compton
& . i : , scattering. Full line is the calcula-
tion of the present work. Open
0 19 20 ) =4 40 s circles denote values of Hubbell
E (ke" et al. [19].
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4.3. Thermal Diffuse Scattering

In the approach of De Marco and Suortti [21] it
is assumed that the total thermal diffuse scattering
is equal to the scattering lost from the Laue-Bragg
reflections because of the thermal vibrations. Com-
paring with (7) one obtains the following expression
for the atomic cross section

orps = (re2 2220 V)
D [Cpjd|F|2(1 — e 2M)]y. (8)
T

An alternate expression can be written in the ap-
proximation of independent vibration of atoms [22]

1
OTDS = 2712 _[Cp f2(s)[1 — e~2M®)]
5

- d(cos @), 9)

where f is the atomic scattering factor.

Figure 2 shows the TDS mass attenuation coeffi-
cient of copper as a function of energy calculated
according to (8) and (9), respectively. The atomic
scattering factors tabulated and parametrized by
Cromer and Waber [16] were extended by adding
those of Hanson, Herman, Lea and Skillman for
s>2. The temperature factor was calculated from
the Debye temperature 307 K; V.—3.61483 A3
and n =4 were used.

The value of the TDS cross section according to
(8) oscillates rapidly in the low-energy range as seen
in Figure 2. The rapid variations occur when new
Bragg reflections are included in the summation (8)
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as the energy increases. However, the oscillations
level out with increasing energy and approach the
smooth curve given by (9).

4.4. Total Coherent Scattering

It follows from (7) and (9) that the cross section
of Laue-Bragg scattering plus thermal diffuse scat-
tering can be calculated from the Laue-Bragg scat-

tering at zero temperature, i.e. by setting
exp(—2M)=1 in (7):
oLBs+TDS = (re? A%/2n V)
2 (Cpid|F ) (10)
H

Consequently, the total coherent scattering is inde-
pendent of the temperature factor. The only theo-
retical parameter necessary for the calculations is
the atomic scattering factor.

For the approximation of independent scattering
atoms, the total coherent scattering is given by the
Rayleigh scattering, the cross section of which can
be written [16]

1
ORS = 2nre2f0pf2(s)d(cos Q). (11)
=1

The mass attenuation coefficients for copper cal-
culated according to (10) and (11) are shown in
Figure 3. Also shown are the calculations of Hub-
bell and Overbo [24], which are seen to be in ex-
cellent agreement with the present results.

Fig. 2. Mass attenuation coeffi-
cients of copper due to thermal

T ‘A T T T ﬁ‘
003 | ]
Cu
2
m/ kg TDS
002 _ ]
001 | J
0 1 1 1 1
0 10 20 30 40 50

Ekev)

diffuse scattering. Oscillating curve
— equation (8): smooth curve —
equation (9).
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I T ! T Fig. 3. Mass attenuation coeffi-
cients of copper due to coherent
03 + = scattering. Oscillating curve —
Cu Laue-Bragg scattering plus ther-
mal diffuse scattering (equ. (10));
m%/kg Thi K smooth curve — Rayleigh scat-
RS ~ SO tering (equ. (11)). Full lines are
[ © Ho calculations of the present work.
02 - 4 Open circles denote values of
LBS —_ . Hubbell & Overbo [24].
—_— is wor
+ TDS
0.1 =
o 1 1 1 1 l
0 10 20 .30 40 50
Elkev)

Again, the summation of the Laue-Bragg reflec-
tions causes large oscillations in the low-energy
range (cf. Figure 2). The oscillations level out as the
energy increases but the cross sections are consis-
tently lower than those given by the Rayleigh scat-
tering. A possible explanation would be that the
Rayleigh scattering is forward peaked, and only
few Laue-Bragg reflections are excited in the low-
angle range. Therefore some intensity is suppressed
by destructive interference in the crystalline ab-
sorber. Table 2, finally, shows some mass attenua-
tion coefficients due to the total scattering (inco-
herent plus coherent) according to the two models
discussed above: I. A finely divided crystal powder;
II. Independent scattering atoms.

Table 2. Total mass scattering coefficients in units of m2/kg
for copper. Model I (LBS+ TDS + CS): Laue-Bragg plus
thermal diffuse plus Compton scattering. Model II
(RS+CS): Rayleigh plus Compton scattering. The cal-
culated atomic cross sections have been converted to mass
attenuation coefficients using Equation (1b).

Line E (keV) Model I Model II
LBS4+TDS RS+ CS
+ CS

Fe Koy 6.404 0.184 0.241

Co Koy 6.930 0.161 0.224

Cu Koy 8.048 0.152 0.193

Mo Koy 17.479 0.064 0.083

5. Results and Discussions

The experimental attenuation coefficients are
summarized in Table 3. It is seen that the relative
experimental error is below 19, in all cases where
characteristic x-ray lines have been used. The un-
certainty in the determination of the specimen
diameter is the main contribution in these cases.
Measurements using the Bremsstrahlung are also
satisfactory for energies below about 40 keV, the
relative experimental error being less or only slightly
larger than 19;. Above 40 keV the experimental
error increases drastically. There are several factors
contributing to this impairment: The high-energy
limit of the x-ray generator is approached, the ef-
ficiency of the Si(Li) detector becomes low and the
reflectivity of the monochromator for the highest-
order harmonics is small.

Figure 4 presents the results in a graphical form
together with recent experimental data from the
literature [25—51]. In the medium energy range
from 5 to 25 keV the mass attenuation coefficients
of the present work are approximately proportional
to E 286 for energies below the K absorption edge
and to £~ above the edge.

Table 4 shows a comparison with published data
for some characteristic x-ray lines. Attenuation coef-
ficients reported for the unresolved K« doublet have
been corrected using the power law mentioned
above. The agreement between the experimenters
is seen to be very good at energies higher than about
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Table 3. Total and photoelectric mass attenuation coefficients in units of m2/kg for copper. The experimental photoelectric
mass attenuation coefficients of the present work are compared with theoretical values calculated according to HSW —
Hildebrandt, Stephenson & Wagenfeld [6], CL/SI — Cromer & Liberman [2]/ Storm & Israel [1] and Se — Scofield [3, 53].
The atomic photoelectric absorption cross sections obtained from the theory have been converted to mass absorption

coefficients using (1b).

This work Theory (photo.)

Line E (keV) Total Photo HSW CL/SI Se

Fe Koy 6.404 9.78 (7) 9.54 (8) 9.25 9.18 9.12
Co Koy 6.930 7.77 (5) 7.55 (6) 7.36 7.36 7.32
Co Kp1 7.649 5.79 (4) 5.59 (5) 5.53 5.59 5.56
Cu Koy 8.048 5.02 (3) 4.83 (4) 4.78 4.84 4.82
W Loy 8.398 4.45 (3) 4.27 (4) 4.22 4.30 4.28
Cu K 1 8.905 3.78 (3) 3.60 (4) 3.56 3.64 3.63
WLA 9.672 24.29 (12) 24.14 (12) 24.09 23.37 23.21
W Ly 11.286 15.90 (10) 15.77 (10) 16.03 15.63 15.42
white 16.795 5.51 (5) 5.42 (5) 5.49 5.36 5.32
Mo Koy 17.479 4.89 (3) 4.81 (3) 4.92 4.80 4.77
white 19.345 3.71 (3) 3.64 (3) 3.73 3.62 3.60
Mo K1 19.608 3.57(3) 3.49 (3) 3.59 3.48 3.47
white 22.572 2.43 (2) 2.37 (3) 2.43 2.34 2.34
white 25.193 1.794 (13) 1.738 (15) 1.791 1.703 1.710
white 29.017 1.173 (16) 1.125 (17) 1.206 1.136 1.140
white 33.590 0.785 (14) 0.744 (15) 0.799 0.744 0.747
white 33.858 0.762 (9) 0.722 (10) 0.782 0.727 0.731
white 38.689 0.53 (2) 0.50 (2) 0.54 0.49 0.50
white 41.988 0.42 (4) 0.39 (4) 0.43 0.39 0.39
white 45.144 0.34 (3) 0.31 (3) 0.35 0.31 0.31

10 keV, whereas some discrepancies are observed at
lower energies. Thus for Mo Koy radiation
(17.479 keV) the values quoted in Table 4 gives
a mean value of 48.8 cm2/g with a standard devia-

tion of 0.4 ecm2/g or 0.759%, in relative units. The
difference between the largest and the smallest
value is 3.09, of the mean value. The corresponding
data for Cu Kgy radiation (8.048 keV) show a con-

| BT

2
P

~Tr o rTrtr - -5 U T - rag

This work

Cu :

u/p Q’m\%
- g -
]
oL ]
E keV| — )
1 1 1 . | 1 1 1 1 b
7 8 9 10 20 30 40 50

Fig. 4. Total attenuation coefficients of copper. Filled circles denote measurements of the present work, open circles experi-

mental values from the literature [25—51].
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Table 4. Comparison of experimental mass attenuation coefficients in units of cm?/g for copper at some characteristic
x-ray energies. Also included are values from the International Tables [16], denoted IT. Linear attenuation coefficients,
1, given in Refs. [35, 36] and [41] have been converted to mass attenuation coeffidcients, yu/o, using o = 8.932 g/cm3.

Line Present work Published data

Fe Koy 97.8 4+ 0.7 96.7 [25] 97.1[30] 95.8 [33] 101.1 [46] 97.2 IT

Co Koy 77.7+ 0.5 77.0[33] 79.9[39] 78.1 1T

Cu Koy 50.2 4- 0.3 50.0 [25] 51.2[26] 50.1[32] 51.8 [33] 52.3 [34]
50.5 [35] 49.8 [36] 52.1[39] 49.2 [41] 51.8 [43]
50.8 [45] 50.9 [46] 53.6 [61] 51.4 IT

W Lay 44.5 4+ 0.3 45.2 [26] 45.7 [45]

Cu Kp 37.8 +-0.3 38.4[26] 37.9[29] 38.2[30] 38.2[45] 38.71T

W LA 2429 - 1.2 244.0 [26] 241 [45]

Mo Koy 48.9 + 0.3 48.8 [26] 49.0 [27] 48.8 [31] 48.6 [32] 48.6 [33]
48.1 [35] 48.7[36] 4Y.6 [43] 48.8 [45] 49.1 IT

Mo K p1 35.7 4+ 0.2 35.7[26] 358 1T

siderably larger scatter. The mean value of all data
in Table 4 is 51.0 cm2/g with a standard deviation
of 1.2 em2/g or 2.39,. The difference between the
largest and the smallest value is nearly 99,.

Values for the photoelectric mass attenuation
coefficient have been obtained by subtracting the
calculated scattering contributions from the experi-
mental attenuation coefficients. The uncertainties
given in Table 3 have been estimated using the
experimental errors and assuming the scattering
contributions to be uncertain by -+ 209,.

Relativistic photoelectric mass absorption coef-
ficients were calculated using an interpolation pro-
gram for the 5 to 22 keV range provided by Cromer
and Liberman [2]. Outside this range interpolated
values from the tabulation of Storm and Israel [1]
were used. The original calculations of both these
references are based on the code of Brysk and
Zerby [52]. Relativistic absorption coefficients ac-
cording to Scofield [3] are also included in Table 3.
They were interpolated from a recent tabulation of
Hubbell [53] and corrected for the scattering con-
tributions.

Photoelectric absorption coefficients according to
the hydrogen-like theory were calculated using the
formulae for the atomic sub-shell cross sections
summarized by Wagenfeld [54]. Values for the sub-
shell screening constants were taken from Hilde-
brandt, Stephenson and Wagenfeld [6]. Cross sec-
tions for energies between the theoretical hydrogen-
like energy eigenvalue of the K shell and the actual
ionization energy of the K shell were calculated

using an extension to the theory described by Hilde-
brandt et al. [6].

An unexpected result was obtained when sub-
tracting the scattering contributions from the ex-
perimental attenuation coefficients. The best agree-
ment with the rigorous theories was obtained when
the coherent scattering was assumed to be Rayleigh
scattering (model II) instead of Laue-Bragg scat-
tering plus thermal diffuse scattering (model I).

For a given wavelength model II predicts a
larger scattering cross section than model I (see
Table 2 and Figure 3). Apparently, the use of Laue-
Bragg and thermal diffuse scattering underestimates
the total coherent scattering in our case. It is not
likely preferred orientation alone explains the extra
amount of scattered intensity. Investigations by
DeMarco and Suortti [21] have confirmed that pre-
ferred orientation does not appreciably affect the
total amount of Laue-Bragg scattering. However,
an x-ray investigation has shown that the preferred
orientation in the present case is accompanied with
strong microstrains and other structural imperfec-
tions, which may give rise to additional diffuse
scattering. Following this conclusion the scattering
contribution to the total attenuation coefficients of
the present work has been derived from (3) and (11).

The results of the rigorous relativistic theories
generally agree with the experiment to within 29,
in the whole energy range considered in this work
(Table 3 and Figure 5). Some noteworthy deviations
are observed immediately above the K absorption
edge and at the lowest energies.
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v Fig. 5. Percentage difference (PD) between
the photoelectric absorption coefficients
. of the present work and those calculated
according to Hildebrandt et al. [6] (open

L circles), Cromer & Liberman [2]/Storm
& Israel [1] (filled circles)and Scofield [3]
4 (filled triangles).
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The photoelectric absorption coefficients calculat-
ed from the hydrogen-like theory agree with the
experiment to within about 2.59; in the medium
energy range from 5 to 25 keV. The agreement is
notably good for energies in the neighbourhood of
either side of the K absorption edge. The extension
to the theory described above gives a remarkably
good agreement with the experiment as shown by
the 9.67 keV data in Table 3 and Figure 5.

6. Conelusions

Mass absorption coefficients of polycrystalline
copper have been determined with a relative experi-
mental error of about 19, using an energy-dispersive
method. It is shown that the Rayleigh scattering
for independent scattering atoms also seems to be
the best description of the total coherent scattering
from a fine-grain polycrystalline material containing
microstrain and other crystal imperfections.
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tions using rigorous relativistic wavefunctions are
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