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The X-ray attenuation coefficients of silicon and germanium single crystals have been measured 
using an energy-dispersive method with particular emphasis on the energy range 25 to 50 keV. The 
experimental results are compared with theoretical calculations of the photoelectric absorption as 
well as the attenuation due to the Compton scattering and thermal diffuse scattering.

1. Introduction

The knowledge of accurate X-ray attenuation 
coefficients is important in many fields such as flu­
orescence analysis, crystallography and anomalous 
transmission in perfect crystals. Recently, it has been 
shown that a theory of the photoelectric absorption 
of X-rays, based on Hönl's1 and other authors' 
treatment of generalized scattering factors and using 
screened non-relativistic hydrogen-like eigenfunc­
tions, is in good agreement with experimental and 
other theoretical data in the photon energy range 
5 to 25 keV 2' 3' 4. This energy range is sufficient for 
most experiments in standard X-ray diffractometry. 
However, the new methods of energy-dispersive dif­
fractometry and the use of synchrotron radiation in 
the X-ray range make it important to know X-ray 
attenuation coefficients also for higher energies.

The present work describes a determination of the 
X-ray attenuation coefficients of silicon and ger­
manium with particular emphasis on the energy 
range 25 to 50 keV. An energy-dispersive method 
using a continuous X-ray spectrum has been devel­
oped for the measurements. An advantage of the 
method is that the fundamental reflexion and the 
higher harmonics from the monochromator crystal 
are recorded separately in a multichannel analyser. 
In this way we have measured the attenuation 
coefficients for several energies in each experiment.

The experimental results are compared with 
calculations of the photoelectric absorption using 
hydrogen-like eigenfunctions and with more rigorous 
calculations based on relativistie quantum theory. 
The energy range was also chosen in order to study 
the additional attenuation processes, namely the

thermal diffuse scattering and Compton scattering, 
in more detail.

2. Experimental Arrangement

The experimental arrangement is shown in Fig­
ure 1. A continuous spectrum of X-rays was provid­
ed by a tungsten tube operated at 50 kV in a high- 
stabilized X-ray generator. The collimated beam was 
made monochromatic by diffraction in a silicon 
single crystal, cut parallel to the (111) planes. The 
energy spectrum of the X-ray photons scattered 
through a fixed angle, 2 0O, was measured by a 
semiconductor detector connected to a multichannel 
pulse-height analyser. A Soller slit in front of the 
detector served to minimize undesired scattered 
radiation.

The absorbing samples are slices cut from dislo­
cation-free single crystals. The silicon slices are cut 
parallel to the (100) planes in the thickness range 
0.15 to 15 mm. The germanium slices are parallel 
to the (111) planes and 0.15 to 0.35 mm thick. Dur­
ing the measurement the absorber was placed per­
pendicular to the X-ray beam between the X-ray 
source and the monochromator.

Two kinds of semiconductor detectors were used: 
An Ortec Series 7000 Si (Li) detector and a Prince-
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Fig. 1. Experimental arrangement. X = X-ray tube, Sx, S2 = 
vertical slits, A = absorber, C = diffracting crystal, 2 60 = 
scattering angle, S3 = Soller slit, D = semiconductor detector.
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ton Gamma Tech pure Ge detector. The Si (Li) 
detector is usable up to about 35 keV whereas there 
is practically no upper limit for the Ge detector. 
The pulse-height analysis was performed using a 
Canberra Model 8100 multichannel analyser with 
1024 channels.

3. Procedure

The spectrum from the monochromator consists 
of several lines, namely the fundamental 111 re­
flexion and its higher harmonics *. The lines can be 
shifted on the energy scale by changing the scatter­
ing angle, 2 0O .

Most of the observed diffraction lines were used 
to give a measure of the attenuation for the cor­
responding energies. The total attenuation coef­
ficient, jLi, was obtained from the net counts in each 
diffraction peak using the formula

^ ( £ ) = r 1in[(yv0- ß 0) / ( A - B ) ] ,  (i)

where t is the absorber thickness, A and A0 the total 
counts in the peak with and without the absorber in 
the beam path, B and B0 the corresponding back­
ground counts, and E the photon energy associated 
with the diffraction peak.

Boundaries for peak integration were selected 
according to Heydorn and Lada 6 in order to obtain 
the optimum statistical precision. The peak position 
was defined as the maximum of a 4-degree polyno­
mial fitted by the method of least squares to the 
experimental net counts using orthogonal polyno­
mials 7' 8. Absorber thickness and the division of 
counting time between the measurements of A and 
A0 were optimized according to Nordfors 9.

Each absorption measurement was repeated sev­
eral times. The mean value of jLi was calculated in 
such a way as to compensate for any drift in the 
stabilization of the X-ray generator.

4. Errors

The most serious error in the low-energy range is 
due to the uncertainty in the absorber thickness. In 
this work the thickness was determined to within 
3 urn, including the uncertainty in placing the ab­
sorber perpendicular to the beam.

The error due to counting statistics was mini­
mized using the optimum conditions for absorber

* A typical Si hhh diffraction spectrum is shown in Refer­
ence 5.

thickness, counting times and peak boundary selec­
tion as described in the previous section.

The energy determination involves some uncer­
tainties due to the divergence of the collimating 
system and the channel — to — energy conversion. 
Finally, small uncontrolled variations in the posi­
tion of a particular peak during each series of mea­
surements were taken into account.

5. Theory

The total attenuation coefficient for X-rays can be 
written

_ J t + / 'r  + /<C> (2 a)
{t + jUTDS + / 'c , (2 b)

where r is the photoelectric absorption coefficient 
and //r , uq and ^tds the contributions due to the 
coherent or Rayleigh scattering, the incoherent or 
Compton scattering and the thermal diffuse scatter­
ing, respectively.

Equation (2 a) is valid for an isotropic material, 
whereas (2 b) is valid for a perfect crystal in a 
position in which no Bragg reflexion occurs.

Formulae for the hydrogen-like photoelectric 
absorption cross sections have been summarized by 
Wagenfeld 10. The calculations are straightforward 
and fast. This is a great advantage when the absorp­
tion has to be known for a large number of photon 
energies.

The accuracy of the hydrogen-like theory is 
strongly dependent on the choice of appropriate 
atomic sub-shell screening constants. In the present 
work we have used the screening constants deter­
mined by Hildebrandt, Stephenson and Wagenfeld 3 
from X-ray spin doublet term differences. Recently, 
Stephenson11 has published a table of screening 
constants determined from experimental ionization 
potentials of spin-paired Pauli-type orbitals. These 
constants give improved cross sections for in­
complete L-shell contributions and are of particular 
importance for low-Z elements in the soft X-ray 
region.

In a rigorous treatment the photoelectric absorp­
tion cross section is calculated using relativistic 
wave functions and an appropriate potential to re­
present the exchange potential experienced by a 
given electron. Results of such calculations have 
been published among others by Cromer and Liber- 
man 12 and Storm and Israel13, to whom the reader 
is referred for further details. Interpolation of the
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tabulated values has been done on the assumption 
that logr is proportional to log£.

The scattering cross sections, oR and Oq , due to 
the Rayleigh scattering and Compton scattering, 
respectively, are given by 14 

l
°ii = h re2f ( l +  cos2 0 ) f2(x-, Z) 2 n d  (cos 0 ) , (3 a) 

-l

aC = i re2/ [ l + k ( l  — COS 0 ) ] ~2 
-1

x {l + cos2 0  + &2(1 — cos 0 ) 2 (3 b)
x [1+  & — cos <?) ] -1} /(x, Z) 2 ti d (cos 0 ) ,

where re is the classical electron radius, h = h vjm c2 
the initial photon energy in electron rest-mass units, 
0  the angle between the incident and scattered 
photon directions, x = sin(0 /2 )//, Z the atomic num­
ber, f(x, Z) the atomic scattering factor, and I (x, Z) 
the incoherent intensity expressed in electronic units.

The table of scattering factors found in the Inter­
national Tables for X-ray Crystallography Vol. IV 14 
was extended by adding those of Hanson, Herman, 
Lea and Skillman 15 in order to perform the numeri­
cal integration for the highest energies. The inco­
herent scattering intensities used in the calculations 
were those of Cromer 16 together with the analytical 
approximations of Balyuzi1T.

The thermal diffuse scattering cross section, ötds» 
for the approximation of independent vibration of 
the atoms can be written 18' 19

<>TDS= i  re2 /  (1 + COS2 0 ) f2 (x, Z) 
-1

x [1 _ e -2.W(*.Z)] 2 71 d(cos 0 ) , (3 c)

where exp ( — 2 M) is the Debye-Waller factor. An­
harmonic effects on the Debye-Waller-factor are 
assumed to be negligible for silicon and germanium18.

6. Results and Discussion
6.1. Silicon

The measured attenuation coefficients are shown 
in Figure 2. The results for the energy range 25 to 
50 keV are listed in Table 1 together with the 
estimated experimental errors. It is seen that our 
measurements for energies below 25 keV agree very 
well with those of Hildebrandt, Stephenson and 
Wagenfeld 2. One also notices that the values given 
in the volume IV of the International Tables for X- 
ray Crystallography14 are larger than the expe­
rimental values.

400

100 -

Si
---Intern. Tables IV
---  t ( h)

• Experim. value 
0 HSW

10-

E (keV)
i i i i

10 15 20 30 40 50
Fig. 2. Total attenuation coefficient of silicon. Filled circles 
denote our measurements, open circles those of Hildebrandt, 
Stephenson and Wagenfeld 2. Comparison with the calculat­
ed hydrogen-like photoelectric absorption coefficient (full 
line) and values from Intern. Tables Vol. IV14 (broken 
line).

Energy (keV) p (cm !)

24.59 ±0.04 5.2 ±0.4
24.60 ±0.06 5.5 ±0.6
24.72 ±0.05 5.5 ±0.3
28.10 ±0.05 3.8 ±1.0
28.26 ±0.05 3.5 ±0.4
29.3 ±0.1 3.25 ±0.01
30.8 ±0.2 2.90 ±0.01
31.7 ±0.1 2.64 ±0.12
32.2 ±0.2 2.60 ±0.01
33.6 ±0.2 2.29 ±0.01
35.3 ±0.2 2.02 ±0.01
36.9 ±0.2 1.81 ±0.01
39.0 ±0.2 1.53 ±0.01
41.1 ±0.2 1.37 ±0.01
42.9 ±0.2 1.26 ± 0.01
44.8 ±0.2 1.14±0.01
47.1 ±0.2 1.03 ±0.01
49.2 ±0.2 0.95 ±0.01

Table 1.
Measured attenuation 
coefficients of silicon.

In the energy range 25 to 50 keV the attenuation 
due to the scattering becomes comparable with the 
photoelectric absorption. Figure 3 shows the ex­
perimental results in this range together with cal­
culations of the total attenuation coefficient.
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tions calculated in the present work for the energy 
range of interest here. They have been calculated for 
room temperature using the X-ray Debye temper­
ature ©m = 532.5 K. This value was determined for 
a perfect crystal by Aldred and Hart 21.

Table 2. Calculated thermal diffuse scattering cross sections 
at room temperature. The values are expressed in units of 
barns/atom.

Energy Silicon Germanium
(keV) (0m = 532.5 K (<9m = 290K)

20 2.76 27.6
30 1.90 19.5
40 1.37 13.7
50 1.01 10.0

Fig. 3. Total attenuation coefficient of silicon. The measured 
values (filled circles) are compared with calculated values 
using the Storm and Israel13 photoelectric cross sections (full 
line) and the hydrogen-like theory of photoelectric absorption 
(broken line) together with thermal diffuse and Compton 
scattering cross sections.

Fig. 4. Scattering attenuation coefficients of silicon. Full 
lines are calculations of the present work. Comparison with 
values from Storm and Israel13 (open circles), Giardina and 
Merlini20 (open triangles), Ghezzi, Merlini and Pace 18 
(filled triangle, TDS only) and Sano, Ohtaka and Ohtsuki19 
(filled circles).

The scattering attenuation coefficients derived 
from Eq. (3) are shown as a function of energy in 
Fig. 4 and compared with calculations of other 
authors. It is seen that our results fit the available 
data for the Rayleigh scattering and Compton scat­
tering very well. The results for the thermal diffuse 
scattering are less conclusive. However, the available 
data is sparse. Table 2 shows some of the cross sec-

The comparison between the theoretical and ex­
perimental attenuation coefficients is complicated 
because different theoretical models have to be used 
for the photoelectric and scattering processes. More­
over, there is no convenient way of separating the 
contributions experimentally. Figure 3 indicates, 
however, that the theoretical photoelectric absorp­
tion cross sections of Storm and Israel13 together 
with the thermal diffuse scattering and Compton 
scattering cross sections calculated in the present 
work form a consistent set of attenuation cross sec­
tions. These are in remarkably good agreement with 
the experimental results. If the photoelectric absorp­
tion coefficients from the hydrogen-like theory are 
used, the total calculated attenuation coefficients are 
slightly larger than the experimental values as seen 
in Figure 3.

6.2. Germanium

Figure 5 and Table 3 summarize the experimental 
results. Also in this case the agreement with the 
experimental results of Hildebrandt, Stephenson and 
Wagenfeld 2 is very good. Figure 5 shows that both 
the hydrogen-like theory and the tabulation in the 
volume IV of the International Tables for X-ray 
Crystallography14 give a good description of the 
attenuation in germanium for energies below 25 keV. 
For energies larger than 30 keV, where the exper­
imental error is smallest, it is obvious that the 
hydrogen-like theory overestimates the photoelectric 
absorption. As a matter of fact calculated photo­
electric absorption coefficients are larger than the
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Energy (keV) //(cm-1)

20.9 ±0.1 212 ±4
24.2 ±0.1 137 ±3
24.8 ±0.1 136 ±2
26.1 ±0.1 108 ±2
27.0 ±0.1 107 ±1
28.0 ± 0.1 91.3 ± 0.6
29.0 ±0.1 82.9 ±0.8
29.8 ±0.2 73.6 ±0.5
30.2 ±0.2 69.8 ±1.4
33.1 ±0.2 55.4 ±0.5
36.0 ±0.2 43.2 ±0.3
37.3 ±0.2 39.3 ±0.2
38.6 ±0.2 35.8 ±0.3
39.7 ±0.2 32.6 ±0.2
41.4 ±0.2 29.3 ±0.3
45.0 ±0.2 22.7 ±0.2
46.6 ±0.2 20.6 ±0.1
46.6 ±0.2 20.7 ±0.1
49.6 ±0.2 17.0 ± 0.1

Table 3.
Measured attenuation 
coefficients of germanium.

temperature has been assumed to be = 290 K, as 
determined by Ludewig and other authors 22.

Finally, it is seen in Fig. 5 that the total attenua­
tion coefficients derived from Eq. (2 b) using the 
theoretical photoelectric absorption data of Storm 
and Israel13 and the scattering cross sections cal­
culated in the present work are in good agreement 
with the experimental results. Figure 5 shows that 
this is true in the whole energy range from 15 to 
50 keV considered here.

Fig. 5. Total attenuation coefficient of germanium. Filled 
circles denote our measurements, open circles those of Hilde­
brandt, Stephenson and Wagenfeld 2. Comparison with the 
calculated hydrogen-like photoelectric absorption coefficient
(----—), values from Intern. Tables Vol. IV 14 (—•—)
and calculated total attenuation coefficients using the Storm 
and Israel13 photoelectric cross sections (------- ).
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measured total attenuation coefficients, leaving no 
room for the scattering contributions.

The scattering cross sections derived from Eq. (3) 
are shown in Fig. 6 and compared with data from 
the literature. It is seen that our results fit the data 
for the Rayleigh scattering and Compton scattering 
taken from the tables of Storm and Israel13. Sano, 
Ohtaka and Ohtsuki 19 give somewhat larger values 
for the Compton scattering. Also in this case the 
available data for the thermal diffuse scattering is 
sparse. Table 2 shows some of the cross sections 
calculated in the present work. The X-ray Debye

Fig. 6. Scattering attenuation coefficients of germanium. Full 
lines are calculations of the present work. Comparison with 
values from Storm and Israel13 (open circles), Ghezzi, Mer­
lini and Pace18 (filled triangles) and Sano, Ohtaka and 
Ohtsuki 19 (filled circles).

7. Conclusions

We have measured X-ray attenuation coefficients 
with a precision between 0.2 and 2% using a con­
tinuous X-ray spectrum and energy-dispersive 
analysis. With a standard X-ray diffraction tube the 
energy range up to 50 or 60 keV can be covered 
without changing the tube. Using synchrotron radia­
tion the maximum energy can be still higher.

We have shown that the hydrogen-like theory 
slightly over-estimates the photoelectric absorption, 
particularly for germanium in the energy range 
above 30 keV. The theoretical attenuation coef­
ficients derived from the photoelectric cross sections 
of Storm and Israel13 and the cross sections of the 
thermal diffuse scattering and Compton scattering 
calculated in the present work are in good agree­
ment with the experimental results for both silicon 
and germanium single crystals in the whole energy 
range considered here.
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