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Quantitative determination of the effect of the harmonic component in
monochromatised synchrotron X-ray beam experiments
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ABSTRACT

Harmonic contamination has limited many synchrotron experiments, often without
the users realising the magnitude of the problem. We demonstrate a multiple-foil
method for the quantitative determination of the fraction of the (333) third-order
harmonic in a synchrotron x-ray beam monochromatised by a monolithic silicon
(111) channel-cut monochromator. The method is able to produce quantification of
the effect of the harmonic component below the 0.01% level for the first time.

1 Introduction

Monochromators select from a given spectrum a series of harmonics whose wave-
lengths satisfy the Bragg equation for the monochromator diffracting planes. Some
harmonics can be minimized using diffracting planes with ‘forbidden’ second-order
reflections as in the case of the (111) planes of silicon and germanium monochroma-
tors. However, third-order and higher harmonics may be present, especially when
their intensity in the source spectrum is significant. Accurate studies in which
the monochromatic nature of the x-rays is important require, therefore, a method
for the quantitative determination of the harmonic component in the x-ray beam.
The International Union of Crystallography (IUCr) project to resolve discrepan-

cies between experimentally determined attenuation coefficients reported that in



earlier experiments ‘one quarter had an incident beam which may have had second-
harmonic contamination’, and so were rejected. 1) Such harmonic components occur
in synchrotron and laboratory x-ray beams and are often assumed to be insignificant
without quantification of their effect on experimental results.

Most experimental configurations minimise the harmonic component in the
beam (e.g. by detuning), but the reduction of the harmonic fraction by two orders
of magnitude may still be unacceptable for many studies. The primary problem
with many studies relating to attenuation or scattering is alluded to by Creagh and
Hubbell 1) when they observe that ‘if a plot of In(//ly) against thickness...does
not yield a straight line then no unique x-ray attenuation coefficient exists and an
investigation must take place to establish what is the cause of this nonlinearity.’
Determination of the harmonic components by absorption of the monochromatised
beam by multiple foils is well known in the literature. 2) We have developed this
technique for use with synchrotron beams and ion-chamber detectors, and extended
it to provide accurate knowledge of the beam spectral composition.

This approach is an essential ingredient in recent form factor measure-

ments. 4) The technique relies on the log-linearity of x-ray absorption by atomic
materials. Scattering cross-sections are often non-linear on such a log plot, but this

non-linearity makes only a small correction in the X-ray range of energies.

2 The effect of harmonics in attenuation measurement

Figure 1 shows the measured attenuation of eleven sets of aluminium foils with
thicknesses between 15 pm and 1 mm, in the path of an x-ray beam monochromated
by a detuned, double reflection silicon (111) channel-cut monochromator set to select
5 keV X-rays. The slope at low thicknesses gives the attenuation coefficient for
dominant first order harmonic radiation (i.e. 5 keV X-rays) while the slope for large
thicknesses gives the attenuation coefficient for third order harmonic radiation (i.e.
the more penetrating 15 keV X-rays) The second order reflection is ‘forbidden’.
The linearity of the slope is compromised even for —2 < In[l/Iy] < 0,
where [ is the incident flux and [ the attenuated flux. To account for the slope, it is
necessary to fit the proper equation for the harmonic fraction x, and the fundamental
and higher harmonic attenuation coefficients iy and gy, using I = Io[(1 —x)e "/ +
xze~#n'] for the given series of thicknesses ¢. The third order harmonic is seen by the
deviation from linearity at low attenuation and by the inflection in the plot as the
lower energy flux becomes heavily attenuated. However, the harmonic fraction is

only obvious as the slope of the second linear part of the graph above log ratios of 5 or
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In other work, 7) we show that the likelihood of residual harmonic con-
tamination significantly affecting synchrotron experiments is much higher than often
assumed, especially on an ID line where the third harmonic can often have high in-
trinsic flux and be transmitted with minimal loss of intensity by any monochromator
crystals and through any windows or other attenuation path.

The multiple-foil method can be used as a sensitive diagnostic method for
the quantitative determination of the fraction of harmonic radiation in a monochro-
matised x-ray beam. The method can simultaneously also provide quantitative
information about nonlinear detector response such as may occur at high count-
ing rates. The determination of the harmonic fraction is the result of a number of
measurements and thus is insensitive to errors in the thickness determination of the
individual foils. The simplicity of the method and the ease with which it can be

automated renders it suitable as a diagnostic test in a large variety of experiments.
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