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Abstract: X-ray optics made of single-crystal materials are widely used at most of the X-ray sources
due to the outstanding properties. The main drawback of such optics—the diffraction losses, also
known as glitches of intensity in the energy spectrum of the transmitted/diffracted beam. To be
able to handle this negative effect, one needs a reliable way to simulate the glitch spectrum in
any configuration. Here, we demonstrate the way of precisely determining the crystallographic
orientation and unit cell parameters of optical elements just from a small glitch spectrum with the
consequent possibility of simulating glitches for any energy.

Keywords: X-ray glitches; single-crystalline X-ray optics; diffraction losses

1. Introduction

Single-crystal materials have outstanding properties, such as robustness, good repro-
ducibility, and a small number of defects that lead to low background scattering. That
is why those materials are favored for X-ray optics production. Such optical elements as
monochromators, focusing mirrors, compound refractive lenses (CRLs) [1], attenuators,
windows, beam intensity monitors, etc., are often made of single-crystal silicon, sometimes
germanium or diamond. Unfortunately, X-ray optics made of crystalline materials have one
significant drawback—diffraction losses due to undesired Bragg/Laue scattering, usually
called the “glitch effect” [2]. The effect manifests itself as follows: at some energy of the
incident X-rays, the main beam, transmitted through or diffracted from the crystalline
optical element, loses a part of its intensity. This happens because the incident beam of the
wavelength λ satisfies some undesired Bragg condition:

2d sin θ = n λ, (1)

where n is an integer, and θ is the angle between the incident beam and the family of lattice
planes with interplane distance d.

This parasitic diffraction diverts some part of the intensity at an angle 2θ to the incident
beam. For the optical elements based on diffraction (monochromator) the glitch effect is
observed due to the multiple-beam diffraction, when several sets of crystal planes satisfy
Bragg’s law [3,4].

The glitch effect was mostly observed in spectroscopic measurements, when the energy
of the beam at a studied sample changed continuously, usually using a monochromator [3–8].
During such change, the intensity of the beam drops at some energies—this drop is caused
by the “glitch effect”. The easiest way to correct for the drops of the intensity is to measure
the intensity before the sample (I0) and normalize the measured signal from the sample
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by the I0. Unfortunately, this method often still leaves some artifacts in the measured
signal [7], so some other methods are needed.

One of the ways to avoid glitches in the optics working in transmission geometry
(such as CRLs) is to decrease its crystallinity. For example, one can make a CRL with
polycrystalline material; for this purpose, polycrystalline diamond was tested [9–11].
However, it will not eliminate the problem completely, because the glitches would still be
generated by each small crystallite. Additionally, optics made of polycrystalline material
often generate undesired speckles in the transmitted beam. The other way is to use bent
crystals—for example, bent monochromators [3]. This method can be more technically
demanding, especially in terms of achieving a very precise surface shape, a low surface
roughness, and low subsurface damage [12]. If this is not achieved, the uniformity of the
beam may decrease [13].

Two more ways to decrease glitches are by tuning a double crystal monochromator [14]
or by using a cutoff mirror to suppress some individual glitches [15]. Both methods require
additional hardware changes and do not eliminate all glitches. Additionally, for these
methods, it would be useful to calculate the exact glitch spectrum for any configuration of
the monochromator. Such a calculation can be made using the method proposed in this
paper.

Another method against glitches is to align the optical element such that the X-ray
beam is parallel to one of its main crystallographic directions [16]. However, this is just
minimizing the issue, but not eliminating it. As will be shown at the end of the paper, the
number of glitches is reduced in this case, but there are still a few left. Again, the required
orientation of the optical element can be easily determined using the algorithm described
in this paper.

One more approach for monochromators is to use the change in polarization of the
primary beam induced by so-called “multiple-beam dynamical effects”. Such effects
can lead to energy transfer between different excited reflections as well as the change in
polarization of diffracted beams. It is possible to derive the glitches effects from a two-
dimensional (2D) spatial distribution of the primary diffracted beam by measuring the
signal using a 2D detector [17,18]. This method is complicated and might not work for
arbitrary samples and beamline configuration.

Several beamlines provide a table of the measured “glitches” [19]. It makes sense if
there are no changes in the setup of the beamline. Unfortunately, even a small error in the
energy induced by an error of the monochromator tuning can lead to rather big changes
in the glitches spectrum. The method described in this paper can successfully replace a
premeasured table. After any change in the beamline configuration, all possible positions
of the glitches in the whole range of working energies of the beamline can be precisely
calculated by measuring a small glitch spectrum (a couple of keV) and processing it using
the described algorithm.

A practical way to eliminate the glitches that are being used at modern synchrotrons is
to measure a spectrum, then rotate the monochromator crystals azimuthally and remeasure
the spectrum. The two resulting spectra can be stitched together filling the regions affected
by glitches with the corresponding regions from the second spectrum. This method requires
twice the time of measurements, and also, some regions of the spectra can still be affected
by glitches in both measurements. Additionally, to choose the optimal rotation of the
monochromator, one would need to know its current orientation. This task can be easily
accomplished using the algorithm described in this paper.

Another way to fight glitches is to smooth the measured spectra with some high-pass
filter [20]. This method works fine because the glitches usually produce sharp drops of
intensity, so a high-pass filter can eliminate most of the glitches. The problem is that in
this way, the actual measured data can also be affected. Alternatively, the regions affected
by the glitches can be just excluded from further analysis, but to do so, one has to know
exactly at which energies the glitches were observed to avoid discarding real data. The
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algorithm of glitches prediction described in this paper can help to determine all glitches
in the spectrum reliably and unambiguously for further masking or smoothing.

The glitches in monochromators are the most often observed and well-studied com-
pared to glitches in other optical elements. This is due to the fact that monochromators
are used at most of the beamlines at all synchrotrons and also at laboratory sources. Due
to the natural design of the monochromator, it is usually already diffracting most of the
intensity into the direction of its primary reflection. Usually, the main reflection of the
monochromator corresponds to a strongly diffracting set of planes, such as (111) or (220)
for silicon. Therefore, the other set of planes that can be “excited” will not be strong enough
to parasitically diffract most of the beam.

For the crystalline optics working in transmission mode, such as CRLs or attenuators,
the situation is much worse. Each strongly diffracting set of planes can be excited by a
glitch, and the whole beam can be diverted into the direction of parasitic diffraction. So, the
whole beam may be lost. This might happen even without scanning the energy, especially
for harder X-rays (>20 keV)—the probability to “catch a glitch” is increasing with the
energy of the X-rays. That is why in this paper, we are focusing on the glitches observed in
the crystalline optics working in transmission mode.

There were attempts to simulate glitches for some special cases [21]. However, for
such a simulation, the exact orientation of the optical element with respect to the beam
must be known. Our previous attempt to find the orientation by using a 2D detector to
measure Bragg peaks for CRLs has failed due to the low precision of the measurements.
So, this method is quite complicated technically and also time-consuming. From the data
analysis, we have found that to determine the precise orientation of a CRL, a small angular
step (below 0.01 degree) and a large range of angles are required.

The algorithm of glitches simulation described in this paper can be used for any
single-crystal optical element with a cubic cell. The presented method requires only a
small glitch spectrum measurement at the actual beamline configuration. It allows us to
determine the exact orientation of the optical element with respect to the incident beam
and its cell parameters. We will also describe a way to efficiently be rid of the glitches in
any experiment.

2. Materials and Methods
2.1. Experiment Description

The experiments were performed at the Swiss-Norwegian Beamlines (SNBL) BM31. It
is a bending magnet source at European Synchrotron Radiation Facility (ESRF), France.

Four different types of diamond samples were measured:

1. No profiling plate, supplied by Element Six Ltd., Santa Clara, CA (USA) [22];
2. One-dimensional CRL, which consists of two sets of compound refractive lenses,

machined by Micro Usinage Laser (MUL), Grattentour, (France) [23,24];
3. One-dimensional CRL, which consists of three sets of compound refractive lenses,

manufactured in Saint Petersburg, Russia by New Diamond Technology (NDT) [25];
4. Two-dimensional lens, grown at the Technological Institute for Superhard and Novel

Carbon Materials (TISNCM), Troitsk, Russia [26].

The samples were made from different diamond materials and had different material
qualities in terms of purity, crystallographic orientation, and ideality, which was described
in the papers [2,24–26]. All samples were measured in so-called EXAFS mode when the
energy of the incident beam was constantly changed, and at the same time, the beam
intensities of both incident (I0) and transmitted through the sample (I1) beams were
measured using ionization chambers (see Figure 1). The step of the scan was limited by
the resolution of the monochromator of 1 eV. The sample was mounted at a three-cradle
goniometer utilizing 3 axes during the measurements. More experimental details can be
found in [27,28].
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Figure 1. Glitch spectroscopy experiment at BM31 (SNBL), ESRF.

It is worth noting that the glitches recorded by the I1 chamber are caused by both the
monochromator (single-crystal silicon) and the sample. To eliminate the glitches caused
by the monochromator as well as to compensate the refills of the synchrotron ring with
electrons, the transmitted intensity was normalized by the incident intensity (I1/I0) and
then by its smoothed version (to compensate for the change in absorption). Some examples
of the normalized glitch spectra for different orientations of the lens MUL are presented in
Figure 2.

Figure 2. Examples of the measured glitch spectra for the MUL. (a) χ = 0◦; (b) χ = 30◦.

For the first CRL (MUL) [24], we recorded several scans at different angles χ (rotation
around the beam—see Figure 1). The thick part of the lens (bulk) was scanned at χ = 0◦,
χ = 15◦ and χ = 30◦ and the thinner part (edge of the lens) at χ = 0◦, χ = 10◦, χ = 20◦. For
most of the samples, the X-ray beam was parallel to the crystallographic direction [10].
Only for the second CRL (NDT), the beam was parallel to the direction [110].

2.2. Extracting Glitches from the Experimental Data

The intensity values I0 and I1 measured by the two ion chambers (Figure 1) are
recorded for each energy. Due to the “refill” and glitches in the monochromator, the
incident at the sample intensity I0 is changing in time. Therefore, the intensity measured
after the sample has to be normalized by the incident intensity (basically dividing I1/I0—
see Figure 1). After the normalization, the average intensity grows with energy (red line at
Figure 3).
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Figure 3. The intensity of the transmitted beam normalized by the intensity of the incident beam (red curve), the same
curve after the smoothing (blue) and its derivative (green).

This is due to the fact that the absorption inside the optical element is decreasing with
the energy increase. This effect we eliminate in the following way: we smooth the curve
(blue line in Figure 3) and divide the original curve by the smoothed one. As a result, we
obtain the normalized glitches spectrum (blue line in Figure 4). Then, to find the exact
position of the glitches, we smooth the resulting curve a little and take a derivative (green
line at Figure 3). At the energies where the derivative is changing sign from “−” to “+” and
where the normalized glitch spectrum drops below some threshold, we declare a glitch.

Figure 4. (a) Normalized glitches intensity (blue curve) overlapped by lines (red) of the detected glitches positions; (b) its
magnified part.

As can be seen from Figure 4, the precision of the glitches determination is not ideal—
within several eV, but as will be shown later, this is sufficient for further analysis.

Here is a step-by-step description with computational details of the process to extract
glitches:

1. Divide I1/I0 to get normalized spectrum;
2. Make a smoothed version of the curve (running median with 15 pixels window);
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energies in some range with some reasonable step (usually 5 eV) are being checked for a
not forbidden reciprocal lattice point (RLP) with a reciprocal vector H lying close (with
some tolerance ε, usually ε = 0.08) to the Ewald sphere calculated for current parameters:

√

(Hx − K0x)
2 +

(

Hy − K0y

)2
+ (Hz − K0z)

2
< ε × |K|, (3)

where Hix,y,z and K0x,y,z are the components of the vectors H and K0.
Only RLPs with vector length |H| ≤ 2 × |K| should be probed. If for current energy, a

“candidate” RLP with indexes hkl is found, the exact glitch energy Etrue for this point can
be calculated as:

Etrue =
12.3984 ×

√
h2 + k2 + l2

2 × a × sin(θ)
, (4)

where a is a cell parameter for the cubic lattice.
At this step, we constrain the solution of the problem to only cubic lattices. Taking

into account that most of the X-ray optical elements are made of crystals with cubic lattices,
this is a rather justified simplification. However, the whole algorithm can be extended to
an arbitrary unit cell, if needed.

The RLP with the found energy is marked as already found, and the search for other
RLPs that are close to the Ewald sphere for all scanned energies is carried on. The list of
the found RLPs with the corresponding exact energies is called further “predicted glitch
spectrum”.

2.5. Finding Approximate Orientation and Indexing Glitches

The obtained list of energies, at which the glitches were observed, is used for finding
the orientation of the lens (in fact its crystallographic axes) with respect to the incident
beam. First of all, we are searching the space of three parameters (UC, ω, φ) to find a
minimum of the error between the energies of the measured glitches and predicted in each
orientation and for each UC parameter. The error is calculated in the following way: each
measured glitch is compared to all predicted glitches, and the minimum squared distance is
saved. Then, all such distances for measured glitches are summed (dividing by the number
of measured glitches). The square root of the result is considered as the error in the glitches
determination. So, the error in fitting is actually the standard deviation of measured and
simulated energies of the glitches:

error =

√

∑
N
i=1(E_expi − E_simi)

2

N
(5)

where E_expi is the energy of a measured glitch (N measured glitches in total), and E_simi

is the energy of the closest simulated glitch.
After finding the best combination of UC, ω, and φ, the Miller indexes of the predicted

glitches, which are the closest to the measured ones, are attributed to the corresponding
measured glitches (we call this process “indexing” similarly to the process of attribution
Miller indexes to the Bragg peaks measured during crystallography experiments). The
indexed spectra of glitches can be used for the next step of the refinement of the determined
parameters.

Here is a step-by-step description of the process of glitches indexing:

(a) Search of the UC, ω, φ (in some range with fixed step size), while minimizing the
average square distance between found and predicted glitches;

(b) Repeating the first step 1–2 times narrowing the windows and minimizing the step of
search parameters (UC, ω, φ);

(c) Indexing the measured spectra by assigning to each glitch the Miller indexes of the
closest predicted Bragg peak.

The process of analysis of the experimental glitch spectra is computationally heavy
due to the fact that the glitches are very sensitive to the orientation and cell parameters
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of the lattice. In order not to miss the correct orientation, one has to do the search with a
rather small step (at least 0.01 Å for UC and 0.5◦ for the angle). Additionally, the range
of orientation can be rather large due to the miscut of the crystal slab and due to an
error in setting up the optical element. Luckily, the process of the initial search is highly
parallelizable, so it is possible to perform the search in just minutes. For this task, a program
in C++ was written [29].

2.6. Determining the Exact Orientation and Cell Parameters

After the determination of the approximate lens orientation, we can refine it using
an analytical approach described in [30]. In order to do so, we can use the indexed glitch
spectra, described in the previous section, and run the analytical solution that will derive
the exact orientation and the UC parameters. As we have demonstrated in [30], it is enough
to have just three indexed glitches to get the orientation and the UC parameter (in the case
of the cubic cell). However, having more indexed glitches improves the precision of the
determination of the parameters. The refinement program is written in Python and is using
NumPy function linalg.lstsq to solve an overdetermined system of equations [29].

3. Results

The results of the whole pipeline of processing the experimental glitches spectra are
summarized in Table 1. The resulting error is close to 0.5 eV, which is just half of the energy
step size, used at the experiment and also better than the precision of the glitch position
determination. Such high accuracy can be achieved only if the beamline is properly tuned,
and the X-ray energy is well calibrated.

Table 1. Resulting orientations, cell parameters and errors for all samples.

Object E Range, keV χ, ◦ UC, Å ω, ◦ φ, ◦ Error, eV

Plate 10–20 0 3.56743 1.9414 0.1567 0.461

NDT 15–20 0 3.56729 44.9394 2.5680 0.512

2D 10–20 0 3.56762 0.1086 0.9965 0.496

MUL bulk
10–20 0 3.56730 4.1069 3.8129 0.589
10–20
10–20

15
30

3.56741
3.56728

4.1266
4.1331

3.8668
3.9229

0.494
0.690

MUL edge
10–20
10–20
10–20

0
10
20

3.56760
3.56756
3.56755

4.1069
3.8393
3.8765

3.8148
4.1318
4.1414

0.671
0.529
0.626

If the surface orientation of the crystal is known, this can speed up the calculations.
However, in principle, whole analyses can be done even without any prior knowledge
about the optical elements. For example, the NTD lens had {110} surface, while all other
samples had {001} surface; as can be seen from the Table 1, this did not create any problem
for our method—the ω angle is close to 45◦ for NDT.

Due to the fact that the precision of the experimental glitches determination is compa-
rable to the resulting error in the fitting of the glitches, it makes no sense to compare the
determined and predicted energies of glitches. For quantitative comparison, one should
refer to Table 1. Instead, we present some measured normalized spectra together with
the predicted glitches positions for all samples. Additionally, a magnified region with
the Miller indexes for each glitch is shown to demonstrate how precise the prediction is
(Figures 6–10).

As can be seen from Figure 6, strong reflections such as 113 or 224 cause strong glitches.
This is consistent with the physics of glitches formation, and also, it confirms the correctness
of the solution.
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Figure 6. (a) Measured and simulated glitch spectra for the bulk of the lens MUL at χ = 0◦; (b) its magnified part.

Figure 7. (a) Measured and simulated glitch spectra for the edge of the lens MUL at χ = 0◦; (b) its magnified part.

The drop of intensity for the edge part of the MUL lens (Figure 7) is much lower than
for the bulk part of the same lens (Figure 6). This is due to the fact that the thickness of
the material of the lens at the edge part is smaller (see Figure 1). However, this effect is
not due to the absorption in diamond, as was mistakenly reported previously [28], but
due to diffraction. The fact that the drop of intensity is not too deep suggests that the
thickness of the diamond should be still smaller or comparable to the extinction length for
the reflections that correspond to the observed glitches. Therefore, only part of the intensity
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is diffracted away at the glitches’ positions. Additionally, for the central part of the lens,
this diffracted part of intensity is smaller.

Figure 8. (a) Measured and simulated glitch spectrum for 2D lens; (b) its magnified part.

The 2D lens was much thinner than the MUL lens; therefore, the drops of intensity,
as described above, were also much smaller (Figure 8). As can be seen from Figure 8b
some glitches overlap, but this is not a problem for our algorithm. The reader can use the
program from [29] to get the exact energy for each glitch.

Figure 9. (a) Measured and simulated glitch spectrum for diamond plate; (b) its magnified part.
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At the magnified spectra of the diamond plate (Figure 9b), one can see a not-predicted
glitch at E = 16.95 keV. This glitch is most probably a monochromator glitch that was
not fully eliminated during the normalization process. In fact, this glitch is also visible
in Figure 6b at the same energy that has to be the case if this glitch originates from the
monochromator.

Figure 10. (a) Measured and simulated glitch spectrum for NDT lens; (b) its magnified part.

The lens NDT had the surface orientation [110]; therefore, the found orientation was
close to the angle ω = 45◦. Additionally, as can be seen from the result, the whole pipeline
worked without any issues in this case. Just to speed up the orientation determination, the
initial angle was set to ω = 45◦.

4. Discussion

While analyzing the data, we have found several interesting effects. First, we have
noticed that the glitches spectra strongly depend on the cell parameter of the optical
element. As it was mentioned in Section 2.6 and described in detail in [30], the exact cell
parameter can be determined from the glitch spectra with high precision—see the results
in Table 1. Figure 11 demonstrates the dependence of the error in glitches determination on
the UC parameter. As can be seen from the figure, a change in cell parameter by 1 × 10−3 Å
has a huge impact on the glitches spectra. The plot in Figure 11 suggests that we can
determine the cell parameter of any crystalline sample with precision reaching 1 × 10−4 Å.
However, to achieve such precision, the monochromator of the beamline has to be well-
tuned and calibrated. For a non-cubic cell, a similar method can be used to determine all
cell parameters, but more measured glitches would be needed (in the case of a cubic cell,
three correctly indexed glitches are sufficient [30]).
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Figure 11. The dependence of the error in glitches determination on the unit cell parameter (bulk
part of MUL at χ = 0◦, angles ω and φ from the Table 1).

Another effect found during the analysis of the experimental data is the strong de-
pendence of the glitch spectrum on the crystallographic orientation of the optical element
(Figure 12). This figure shows all glitches (with the corresponding Miller indexes) that ap-
pear in diamond at the energies 10–17 keV and the evolution of the glitches with changing
of angle φ. As can be seen from Figure 12, the energy of each glitch is changing smoothly
with the angle, and the number of glitches that can be observed at each angle is almost
constant, except the special cases of the orientation along some zone axis (such as at 0◦). In
fact, even a small change in the angle ω (or φ) by 0.2◦ leads to a quite big change in the
glitch spectra (Figure 13).

Figure 12. The simulated glitches in a diamond crystal for different angles φ.

Such sensitivity of the glitch spectra suggests the following way for avoiding glitches
during an experiment: The actual orientation and the exact rotation axis can be derived
from two small glitches spectra measured for two slightly different angles. Then, a glitch
spectrum is calculated for the full energy range for the fixed orientation of the optical
element using the algorithm described in this paper. Additionally, for energies of each
glitch, one can calculate a small azimuthal rotation that leads to the elimination of that
glitch. A table with the rotation of the optical element can be pre-calculated, and then,
during the energy scan, one would just change the azimuthal angle in accordance with the
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precalculated values. This method would require some changes in the way an energy scan
is performed—Figure 12 suggests that the energy scan has to be stopped for some time to
rotate the optical element. Using modern motor controllers, the method should be feasible.

Figure 13. Simulated glitch spectra for NDT lens at two ω angles: 44.9 and 45.1 degrees.

5. Conclusions

The glitches of the intensity of X-ray beam passing through an optical element made of
a single-crystal are a big problem for different experiments with X-rays. Mostly affected are
the spectroscopic measurements where a big range of energies has to be scanned. However,
any other experiment might be affected as well—especially at high energies, where the
probability to “spot a glitch” is higher. Therefore, the possibility of precise modeling of
glitches in any crystalline optical elements in arbitrary configuration is crucial.

We have developed an algorithm for the precise determination of the crystallographic
orientation of any X-ray optical element made of a single-crystal material, with respect
to the beam. This algorithm was applied to experimental data measured at the BM31
beamline of ESRF, France. Glitch spectra of four different samples (some samples were
measured in different configurations) were successfully simulated and compared to the
measurement. The average square error of the glitches determination is 0.5 eV, which is
smaller than the step of the measurements (1 eV) and much smaller than the FWHM of
the glitches (in our measurements, usually 2–10 eV). We want to mention here that all
measured spectra were processed, so the described procedure worked in 100% of the cases.

Moreover, the proposed algorithm has allowed the determination of the exact unit cell
parameters of the studied crystalline optics with high precision (approximately 1 × 10−4 Å).
The method of the unit cell parameters determination of the optics in actual working
configuration can be used to optimize the beamline.

Having shown the possibility for proper glitches simulation, we have also proposed
a way of measuring without glitches. This method uses the fact that the glitches are very
sensitive to the crystal lattice orientation. Therefore, the small controllable rotation of the
optical element at the energy of each glitch can allow us to “suppress” the corresponding
glitch and measure without this undesirable effect. Using the proposed algorithms, it is
easy to calculate all rotations for an arbitrary optical element.

All algorithms described in the paper were implemented as programs (using C++ and
Python languages), and those programs form a complete pipeline that can be downloaded
from [29] and used at any beamline for different optical elements.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11050504/s1. The programs written for this study and supplementary animated GIFs
showing the process of glitches formation could be found at GitHub [29].
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