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Abstract: Compound refractive lenses, crafted from single-crystal materials like diamond and silicon,
are increasingly favored, particularly in cutting-edge facilities, such as free electron lasers and fourth-
generation synchrotrons. These lenses are prized for their low parasitic scattering and resistance to
significant radiation doses over extended periods. However, they do encounter a notable drawback
known as the “glitch effect”, wherein undesired diffraction can occur across various X-ray energies.
This phenomenon leads to a decrease in transmitted intensity, impacting experiments, particularly in
spectroscopy. Typically, a series of lenses is employed to achieve optimal beam parameters, and each
lens has its own spectrum of glitches. This paper presents experimentally measured glitches in stacks
of 1, 4, 8, and 16 diamond compound refractive lenses, elucidating the theory behind glitch formation
and offering strategies to predict and mitigate glitches in diverse focusing systems employing lenses
made from single-crystal materials.

Keywords: X-ray diffraction; compound refractive lenses; single crystal; X-ray optics; cell parameters;
crystal orientation

1. Introduction

Most experiments at modern X-ray facilities, such as synchrotrons and free electron
lasers (FELs), require focusing optics either to shape or collimate the beam or increase its
intensity at the sample. One of the most commonly used focusing optics for high-energy X-
rays in these facilities is compound refractive lenses (CRLs) [1]. CRLs offer several benefits:
they can achieve sub-micron spot sizes with high efficiency, cover a broad X-ray energy
range (5 to 100 keV), and are easy to integrate into most setups via in-line installation. Due
to the fact that the refractive index of most X-ray materials is very close to one, multiple
CRLs must be stacked to achieve the desired focal distance. This increases the complexity
of the focusing system but also allows it to be tuned for different focal distances and
X-ray energies.

Beryllium is the most common material for manufacturing CRLs due to its low absorp-
tion coefficient [2,3]. However, beryllium is a toxic material, degrades under high thermal
loads, and is polycrystalline, which means CRLs made from it can distort the wavefront
of the focused radiation and produce a more parasitic background due to the internal
inhomogeneity. Lenses for hard X-rays are often made from aluminum [4], but this material
is also polycrystalline and can similarly negatively affect the focused beam.

Alternatively, single-crystal materials, primarily silicon or diamond, can be used to
manufacture CRLs [5]. Single crystals offer high quality, thermal stability and reproducibil-
ity. Diamond, in particular, is one of the most thermally stable materials [6] and has a
relatively low absorption coefficient, especially for hard X-rays. Its robustness and the
absence of grain boundaries inside the single crystal make diamond an ideal material for
optics [7] at FELs, cavity-based FELs [8], and fourth-generation synchrotrons, where high
flux density and outstanding beam quality are essential.

One drawback of X-ray optical elements made from single crystals is diffraction losses,
commonly known as “glitches” [9,10]. These occur when, at certain X-ray energies and
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crystal orientations, a set of atomic planes in the crystal satisfies the diffraction condition.
This causes some incident photons to be diffracted according to Bragg’s law, resulting in a
drop in the transmitted beam intensity. Glitches are particularly noticeable in spectroscopic
experiments, where the energy of the incident X-rays is scanned [11,12]. In such cases, the
likelihood of the diffraction condition being satisfied increases with the scanned energy
range of X-rays. However, glitches can also occur at fixed energies, making them a general
issue for any X-ray experiment involving optics made of single crystals.

The most common X-ray optical element made from single crystals is a monochro-
mator. It consists of one, two, or sometimes more high-quality crystals and is used in
experiments requiring a narrow bandwidth of radiation. Some monochromators allow
tuning to different energies by rotating the crystals to satisfy Bragg’s law for the desired
energy or smoothly scanning an energy range by continuously tilting the crystals. The latter
approach is commonly used in spectroscopic experiments where a certain energy range
needs to be scanned. The broader the scanned energy range, the greater the likelihood of
parasitic diffraction satisfying Bragg’s law for various atomic planes in the crystal. Conse-
quently, glitches are a well-known issue in X-ray spectroscopy experiments, complicating
data analysis [11,13]. Monochromator crystals are typically manufactured to utilize strong
reflections, such as 111 or 220 in silicon. As a result, the crystal thickness that X-rays
penetrate (known as the extinction length [14]) is relatively small, which limits the extent to
which weaker reflections can diffract significant beam energy. The most common method
for mitigating these glitches is to measure the beam intensity before and after the sample
and then normalize the intensity. This procedure helps minimize the effect of glitches
on the resulting spectra; however, as will be shown later, it does not completely resolve
monochromator glitch issues—strong monochromator glitches may still appear in the
normalized spectrum.

Diffraction losses in CRLs made from single crystals present an even greater challenge:
because these devices operate in transmission geometry, the strength of the glitches is
proportional to the crystal thickness. In this configuration, even a weak reflection can cause
significant beam energy loss if the crystal is thick enough. Another issue with glitches in
CRLs is that the focal distance of the focusing system is often quite short, sometimes only a
few centimeters. This makes it difficult to place an intensity monitor between the lens and
the sample, preventing normalization of the signal after the sample. Therefore, accurately
describing and predicting glitches in X-ray optical elements like CRLs is essential.

If the optical element consists of several single crystals (e.g., multiple independent
CRLs), the likelihood of glitches increases with the number of crystals in the beam path [15].
It is worth noting that a stack of lenses manufactured from a single-crystal substrate, such as
1D parabolic lenses, behaves as a single crystal, as demonstrated in previous studies [16,17].
CRLs focusing in two directions are typically manufactured individually, and even if several
lenses are cut from the same substrate, the final crystallographic orientation of each lens
is unique due to small misalignments during assembly. As shown previously, even small
rotations of less than 0.1 degrees can cause significant changes in the glitch spectrum [18].
Therefore, each independent lens in a stack must be considered individually.

As mentioned earlier, a stack of lenses made from a single-crystal substrate [19]
produces only one set of glitches. Thus, the number of glitches does not depend on the
number of lenses in the stack and is much lower than in a stack of N individual single-
crystal CRLs. However, the intensity drop associated with each glitch is typically higher for
a stack of lenses made from a single-crystal substrate, as it is proportional to the thickness
of the crystal with the same orientation. This highlights the main difference between a stack
of CRLs made from a single-crystal substrate and a stack of individual CRLs: in the former,
fewer glitches are observed, but their intensity is proportional to the thickness of the entire
lens stack, whereas, in the latter, the number of glitches increases with the number of CRLs,
and the intensity drop for each glitch is proportional to the thickness of the individual lens
causing it. Depending on the beamline design and experimental requirements, the focusing
system must be chosen: either two 1D stacks of lenses or a single stack of 2D lenses. The
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1D lenses are easier and cheaper to manufacture and polish, while 2D lenses are simpler
to use. Additionally, because 1D lenses require different focal distances (with orthogonal
stacks installed sequentially in the beam), the focused beam exhibits natural astigmatism,
which may be undesirable for certain experiments.

Despite the clear advantage of independent lens systems in terms of lower glitch
intensity, glitches can still be undesirable in certain experiments, particularly high-precision
studies such as high-resolution diffraction and spectroscopy. Furthermore, as already noted,
glitches occur more frequently in these systems, increasing the likelihood of negatively
impacting the experiment. Therefore, it is essential to accurately describe and predict the
occurrence of glitches in systems with multiple lenses.

The main goal of this paper is to demonstrate the ability to characterize and predict
glitches in a system made of many individual CRLs, each made of a single-crystal diamond.
First, the theory of glitch formation will be introduced, followed by a description of the
experiment conducted at the ESRF, with detailed data analysis and results. Practical
recommendations will be provided in the conclusions.

2. Materials and Methods
2.1. Theory of Glitches Formation

As previously mentioned, diffraction losses in the intensity of the beam transmitted
through an optical element made of a single crystal occur due to parasitic diffraction [16].
This process for a single crystal was described in detail in our previous works [16,17].
Here, we will provide only the most important equations essential for understanding the
subsequent sections.

Consider an X-ray beam incident on a crystal with a cubic lattice (with a cell parameter
a) along the unit vector e0 (e0x, e0y, e0z). In this case, the energy Ei at which a glitch occurs
due to diffraction from a reciprocal lattice point (RLP) with Miller indices hi, ki, li is given
by the following:

Ei = −12398.42 |hkl|i
2

2 a e0·hkli
, (1)

where a is in Å and Ei in eV, and hkli is the dimensionless vector formed by the Miller
indices and |hkl| =

√
h2 + k2 + l2.

The energy of the X-rays is typically determined by the distance dmono between the
atomic planes (characterized by the Miller indices hmono, kmono, lmono) of the crystalline
monochromator, as well as the angle between these planes and the incident at the monochro-
mator beam (θi + ∆θ):

Ei =
12398.42

2 dmono sin(θi + ∆θ )
=

12398.42 |hkl|mono
2 amono sin(θi + ∆θ )

(2)

where amono is the monochromator cell parameter, and ∆θ is the systematic error in the
absolute angle determination.

Considering the Equation (2), the Equation (1) can be rewritten in the following
form [17]:

e0xhi + e0yki + e0zli = − amono

a
|hkl|i

2

|hkl|mono
sin(θi + ∆θ), (3)

Equation (3) can be applied to any glitch with known Miller indices hi, ki, li and the
monochromator angle θi corresponding to the measured energy Ei. A systematic error ∆θ
arises from the uncertainty in the absolute angle of the lattice planes of the monochromator
crystal relative to the incident beam; this angle is typically calculated through a calibration
procedure using a known absorption edge of a specific material. Consequently, Equation (3)
contains four unknowns (the length of unit vector e0 is unity): e0x, e0y, a, ∆θ. Therefore, at
least four energies corresponding to four glitches (with known Miller indices) must be
known in order to solve a system of equations like (3) to determine the direction of the
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incident beam on the crystal (more precisely, the orientation of the crystal with respect to
the beam), its unit cell parameter, and the systematic error in the monochromator angle.

The maximum number of glitches in the absorption spectrum of any single crystal
depends on the scanned energy range (from E1 to E2) and the volume of the crystal unit
cell (which is a3 for a cubic crystal), as illustrated in Figure 1. In other words, the number
of observed glitches corresponds to the number of RLPs located between the two Ewald
spheres, with radii proportional to E1 and E2 (as shown by the red RLPs in Figure 1):

G = C
4
3

π

(12398.42)3 (E3
1 − E3

2)a3, (4)

where C is the probability of any reflection being allowed for a given crystal symmetry.
For the diamond crystal structure, this coefficient can be easily calculated based on the
selection rules, resulting in C = 0.1875.
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Figure 1. The schematic representation of the reciprocal space of a cubic crystal: the dots representing
the RLPs, the smaller and larger Ewald spheres correspond to the beginning (E1) and end (E2) of
the scanning range. The centers of both spheres lie along the line (green) defined by the direction
of the radiation incident on the crystal (e0). This direction forms angles ω and ϕ with respect to the
crystalline direction [001]. The red RLPs, located between the two Ewald spheres, are the ones that
will be excited during the energy scan and produce glitches in the resulting spectrum.

There may be a small discrepancy between the actual number of reflections calculated
using Equation (1) and the number G obtained from Equation (4). This discrepancy arises
because Equation (4) represents the volume in reciprocal space between two spheres,
while the actual RLPs form a regular grid. Consequently, this difference is merely a
quantization error. Another source of discrepancy between the number of glitches observed
in the spectrum and the calculated number G may stem from overlapping glitches due to
multiple-beam diffraction, particularly when the incident beam is oriented along a crystal
zone axis [11,20]. In such cases, the actual number of glitches in the spectrum will be
lower. Additionally, some glitches may originate not from the crystal itself but from other
sources, such as uncompensated glitches from the monochromator crystals (see example in
Section 3). The actual predicted and measured numbers of glitches from the real experiment
will be presented in the results section.

If a single lens in the stack is responsible for producing G glitches in the spectrum, a
full stack of Nlenses will generate a total of Gtotal = G × Nlenses. Some glitches in the final
spectrum may overlap, so the actual number of glitches to analyze is usually smaller than
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Gtotal . The main challenge is that, during measurements, there is no information indicating
which lens in the stack produces each glitch observed in the spectrum. Therefore, the
first task is to determine the Miller indices of each glitch (indexing) and group the glitches
by the lens.

This indexing problem is very similar to the multi-crystal indexing problem in crys-
tallography [21], where a single diffraction pattern contains Bragg peaks originating from
multiple crystals. The solution to this problem is typically approached as follows: first,
the crystal orientation that explains the majority of observed peaks is identified, and all
observed peaks that closely match the predicted ones for that orientation are removed
from the list of detected peaks. This process is repeated with the remaining peaks until
the orientations and cell parameters of all crystals contributing to the diffraction pattern
are determined.

2.2. Experiment

The experiment was performed at the BM31 Swiss-Norwegian Beamlines (SNBL) of
the European Synchrotron Radiation Facility (ESRF), France [22]. The radiation generated
by a bending magnet passed through the double-crystal Si (111) monochromator and then
through the incident intensity monitor (ion chamber I0), through the stack of lenses and
through the second ion chamber I1 (Figure 2). Both ionization chambers have a small
acceptance aperture, making it nearly impossible for parasitically diffracted radiation to
affect the analysis results. All spectra were measured in the range of energies from 10 keV
to 20 keV with the energy step of 1 eV. More experimental details can be found in [15,23].
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Figure 2. The schematic view of the experiment: the radiation from the bending magnet is monochro-
matized, and the intensity is measured before the stack of the lenses (I0) and after (I1) by two ion
chambers. Gray arrows represent the [001] lattice orientation of each lens; the arrows form angles ω
(in the plane) and ϕ (out of plane) with the transmitted beam (red).

To investigate the influence of different numbers of CRLs on the spectrum, four distinct
stacks of lenses were prepared, containing 1, 4, 8, and 16 half-lenses made from single-
crystal diamonds. All lenses were manufactured by the Technological Institute of Superhard
and New Carbon Materials (Russia). Since each stack of lenses contained a different set
of CRLs, the results obtained from the smaller stacks could not be used to assist in the
indexing of spectra generated by the other stacks.

2.3. Data Processing

The intensity measured after the sample (I1) was normalized by the intensity mea-
sured before the sample (I0) to eliminate glitches from the monochromator. Additionally,
the resulting I1/I0 spectra were normalized using their smoothed versions to remove
absorption effects from the lenses and the electron refills of the storage ring. The exact
energies of the glitches in the experimental spectrum were identified using an automated
procedure described in our previous work [17] utilizing software developed by us and
available on GitHub [24].

The next step is to assign Miller indices to each glitch (indexing glitches) as follows:
for various orientations of the beam, incident on the crystal (angles ω and ϕ in Figure 1),
and the cell parameter a all possible energies of glitches are calculated using Equation (1).
For each measured glitch the nearest simulated glitch energy (corresponding to a set of
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Miller indices) is identified, and the average distance between all measured glitches and
their nearest simulated counterparts is calculated. The orientation and the cell parameter
that result in the smallest average distance are considered a good estimate, allowing each
glitch to be assigned the Miller indices. After indexing all experimental glitches, the true
orientation, cell parameter, and monochromator angle offset ∆θ can be determined using
a system of equations of the form (3), requiring at least four correctly indexed glitches.
Further details on the indexing of glitches for an individual lens are provided in [16,17].

Indexing glitches caused by multiple lenses is more complex, so to simplify the
problem, we determined the monochromator angular offset (∆θ in Equation (2)) separately.
This was achieved by using the glitch spectrum measured for a single 2D lens, yielding
an offset of ∆θ = 0.01◦. Using a fixed ∆θ for all measurements is well justified by the fact
that all spectra were measured within a few hours of beamtime without re-adjusting the
beamline components—as we observed in our previous studies [16,17] in these conditions
the monochromator’s angular offset remains constant, and the measured glitch spectra are
fully reproducible.

As previously mentioned, indexing glitches from a stack of CRLs assume the diffrac-
tion losses are caused by multiple crystals. The number of lenses in the focusing system is
known (Nlenses), and, as described in the previous section, each lens contributes approxi-
mately the same number of glitches to the experimental spectrum. Therefore, the number
of fitted glitches for each lens (G f it) corresponds to the total number of glitches found in
the spectrum (Gobserved) divided by the number of lenses (Nlenses):

G f it =
Gobserved
Nlenses

, (5)

The fitting procedure is conducted in three stages: first, the approximate orientation
and lattice parameter of each lens are determined using a reduced list of energies (details
follow); then, these parameters are refined using the full list of observed glitches; and
finally, the orientation of each lens is further refined analytically.

In the first stage, the energy discrepancy between each experimentally observed glitch
and the nearest simulated one (based on the current lattice parameter and orientation) is
calculated. The list of discrepancies is sorted, and the first G f it discrepancies are averaged.
The resulting average discrepancy is used as a metric for the quality of the fit. Once
the lattice parameter and orientation for the first lens are determined (with G f it glitches
matched), the fitted glitches are removed from the list, and the fitting procedure is repeated
for the next lens using the remaining glitches (now with Gobserved − G f it glitches). This
process is repeated until parameters for all Nlenses are found.

After determining the parameters for all Nlenses, the next step involves refining the
parameters within a small angular range (typically ±0.1◦ for each orientation) using the
entire list of glitches while assuming only the first G f it glitches should match. This step
accounts for the situation where glitches from different lenses overlap in energy, and only
one energy is detected in the glitch list.

In the final step, the analytical refinement, as detailed in [16,17], is performed, yielding
the true lattice parameter and orientation of each lens.

3. Results

Before presenting the main results, we will show the calculations using Equations (1)
and (4) and the measured number of glitches for a single CRL. For a crystal with the cell
parameter and orientation described in Table 1, Equation (1) predicts 130 glitches in the
energy range from 10,000 to 20,000 eV, while Equation (4) predicts 131 allowed reflections.
Automated processing of the measured spectrum detected 108 glitches, some of which
were caused by the monochromator, as will be discussed later.

Sections of the measured spectra (11,000 eV to 13,400 eV), along with the simulated
glitches for stacks containing one, four, eight, and sixteen lenses, are presented in Figure 3.
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The corresponding cell parameters and orientations for each lens in the different stacks are
summarized in Tables 1–3.

Photonics 2024, 11, x FOR PEER REVIEW 7 of 13 
 

 

Automated processing of the measured spectrum detected 108 glitches, some of which 
were caused by the monochromator, as will be discussed later. 

Sections of the measured spectra (11,000 eV to 13,400 eV), along with the simulated 
glitches for stacks containing one, four, eight, and sixteen lenses, are presented in Figure 
3. The corresponding cell parameters and orientations for each lens in the different stacks 
are summarized in Tables 1–3. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. Portions of the normalized measured spectra (blue curves) for stacks containing (a) one, 
(b) four, (c) eight, and (d) sixteen individual 2D half-lenses made from single-crystal diamond. The 

−7,−1,−1

−7,−1,1
−7,1,−1

−7,1,1

−6,−2,0 −6,0,−2
−6,0,2

−6,2,0
−5,−3,−1

−5,−3,1 −5,−1,−3−5,−1,3

−5,1,−3
−5,1,3

−5,3,−1
−5,3,1 −4,0,4

−3,−1,−3 −3,1,−3−3,3,−1−3,3,1

0.96

0.98

1

11,000 11,500 12,000 12,500 13,000

I, 
a.

u.

E, eV

1 lens

Found

Lens 1

−9,−3,3 −9,−1,1

−9,1,−1−9,3,−1

−8,2,−2

−7,−3,5

−7,−1,−5 −7,−1,3−7,−1,5

−7,1,−1−7,1,1

−7,3,−3

−7,3,−1

−6,−2,0 −6,0,−2−6,0,2
−6,2,0

−5,−1,−3
−5,−1,3 −5,1,5

−5,3,−3

−9,−1,3 −9,1,1−9,3,1−9,3,3 −8,0,4−8,2,−2 −7,−3,−1

−7,−3,1 −7,−1,−1−7,−1,1

−7,1,−5

−7,1,−3 −7,1,3

−7,1,5−6,−4,2 −6,−2,0−6,−2,4 −6,2,−4 −5,−1,−5−5,−1,−3 −5,1,3−5,1,5
−9,−1,1 −9,1,−1−9,3,−1

−9,3,1 −8,−4,0

−8,0,0

−7,−3,−1−7,−3,1 −7,−1,−1
−7,−1,1

−7,1,−5−7,1,−3
−7,1,3−7,1,5−6,−4,2 −6,−2,0

−6,−2,4 −6,2,−4 −5,−1,5−5,1,−5 −5,3,−1−5,3,1

−9,−3,1−9,−3,3

−9,−1,−1

−9,1,−3 −8,−2,−2 −8,0,0−8,2,2 −7,−3,−3

−7,−3,−1

−7,−1,−5

−7,−1,−3
−7,−1,3

−7,−1,5−7,1,−1

−7,1,1

−6,−4,2−6,−2,0−6,−2,4−6,0,2 −5,−3,1

−5,−3,3−5,−1,5

−5,1,−5

0.94

0.96

0.98

1

11,000 11,500 12,000 12,500 13,000

I, 
a.

u.

E, eV

4 lenses

Lens 1

Lens 2

Lens 3

Lens 4

−7,−1,−1

−7,−1,1 −7,1,−1

−7,1,1

−6,−2,0

−6,0,−2−6,0,2 −6,2,0 −5,−3,−1−5,−3,1
−5,−1,−3

−5,−1,3

−5,1,−3
−5,1,3

−5,3,−1−5,3,1 −4,0,4−3,−3,−1 −3,−1,−3
−3,1,−3

−3,3,−1

−7,−1,−1−7,−1,1 −7,1,−1−7,1,1
−6,−2,0

−6,0,−2−6,0,2 −6,2,0 −5,−3,−1−5,−3,1
−5,−1,−3

−5,−1,3 −5,1,−3−5,1,3

−5,3,−1

−5,3,1 −4,−4,0−3,−1,−3 −3,1,−3
−3,3,−1

−3,3,1

−7,−1,−1
−7,−1,1 −7,1,−1

−7,1,1−6,−2,0
−6,0,−2−6,0,2 −6,2,0 −5,−3,−1−5,−3,1 −5,−1,−3

−5,−1,3 −5,1,−3
−5,1,3 −5,3,−1−5,3,1

−3,−1,−3
−3,1,−3

−3,3,−1

−3,3,1

−7,−1,−1−7,−1,1 −7,1,−1
−7,1,1−6,−2,0 −6,0,−2−6,0,2 −6,2,0

−5,−3,−1
−5,−3,1 −5,−1,−3

−5,−1,3
−5,1,−3−5,1,3

−5,3,−1−5,3,1
−3,−1,−3

−3,1,−3
−3,3,−1−3,3,1

−7,−1,−1−7,−1,1 −7,1,−1
−7,1,1−6,−2,0

−6,0,−2
−6,0,2 −6,2,0 −5,−3,−1

−5,−3,1
−5,−1,−3−5,−1,3 −5,1,−3−5,1,3

−5,3,−1
−5,3,1−3,1,−3−3,1,3

−3,3,−1
−3,3,1

−7,−1,−1
−7,−1,1

−7,1,−1
−7,1,1−6,−2,0

−6,0,−2
−6,0,2 −6,2,0 −5,−3,−1−5,−3,1 −5,−1,−3−5,−1,3 −5,1,−3−5,1,3 −5,3,−1

−5,3,1
−4,−4,0−3,1,−3−3,1,3 −3,3,−1

−3,3,1

−7,−1,−1
−7,−1,1 −7,1,−1

−7,1,1−6,−2,0
−6,0,−2−6,0,2

−6,2,0 −5,−3,−1−5,−3,1 −5,−1,−3
−5,−1,3 −5,1,−3

−5,1,3 −5,3,−1
−5,3,1

−3,−1,−3
−3,1,−3

−3,3,−1−3,3,1
−7,−1,−1

−7,−1,1
−7,1,−1−7,1,1

−6,−2,0 −6,0,−2−6,0,2
−6,2,0

−5,−3,−1−5,−3,1 −5,−1,−3−5,−1,3

−5,1,−3
−5,1,3

−5,3,−1−5,3,1 −4,0,4−3,−3,−1
−3,−1,−3

−3,1,−3−3,3,−1
0.9

0.92

0.94

0.96

0.98

1

11,000 11,500 12,000 12,500 13,000

I, 
a.

u.

E, eV

8 lenses

Lens 1

Lens 2

Lens 3

Lens 4

Lens 5

Lens 6

Lens 7

Lens 8

0.94

0.96

0.98

1

11,000 11,500 12,000 12,500 13,000

I, 
a.

u.

E, eV

16 lenses

Figure 3. Portions of the normalized measured spectra (blue curves) for stacks containing (a) one,
(b) four, (c) eight, and (d) sixteen individual 2D half-lenses made from single-crystal diamond. The
predicted glitches for each lens are shown as dots with the corresponding Miller indexes. In the
first plot, the identified glitches are indicated by vertical green lines.
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Table 1. Orientations and the unit cell parameters for the lenses in a stack containing a single lens.

Lens UC, Å ω, ◦ ϕ, ◦ Error, eV

Lens 1 3.56744 2.8222 1.6937 0.670

Table 2. Orientations and the unit cell parameter for the lenses in a stack containing four lenses.

Lens UC, Å ω, ◦ ϕ, ◦ Error, eV

Lens 1 3.5673 4.0647 0.1547 0.611
Lens 2 3.5672 4.1205 1.6424 0.424
Lens 3 3.5673 2.8556 2.5933 0.935
Lens 4 3.5674 2.5596 6.3033 0.828

Table 3. Orientations and the unit cell parameter for the lenses in a stack containing eight lenses.

Lens UC, Å ω, ◦ ϕ, ◦ Error, eV

Lens 1 3.5673 3.0214 0.4544 0.451
Lens 2 3.5673 0.9041 2.3676 0.644
Lens 3 3.5671 0.7885 0.4039 0.543
Lens 4 3.5675 1.1816 1.1554 0.453
Lens 5 3.5673 0.1805 1.6621 0.788
Lens 6 3.5673 0.3597 2.6872 0.378
Lens 7 3.5672 0.9317 0.6331 0.725
Lens 8 3.5671 2.6294 0.1505 0.619

In order to avoid overloading the plots with extra information, the automatically
detected glitches [17] are presented only in Figure 3a. As seen in Figure 3a, some glitches
were too weak to be detected (such as the one at 12,717 eV, with indices −7, −1, 3). At the
same time, some glitches were detected but not indexed, such as at 11,526 eV, 11,878 eV,
and 12,062 eV. These three glitches originated from the monochromator and were not
fully eliminated during the I1/I0 normalization process. The intensity of these uncorrected
monochromator glitches is comparable to that of actual lens glitches, illustrating that simple
normalization I1/I0 is insufficient—a more sophisticated method is required to address
monochromator glitches, but this will be covered in a separate study in future publications.

Undetected real glitches, along with the monochromator and noise glitches detected
by the automated search procedure, complicate the interpretation of the measured spectra.
With more lenses in the stack, fewer glitches per lens are detected. As seen in Figure 3,
with an increasing number of lenses contributing to the spectrum, the intensity drops
become less distinct and appear more like noise. Despite these challenges, the automatic
procedure developed was able to accurately predict the glitches for stacks of one, four, and
eight lenses.

The best validation of the accuracy of the determined parameters is the absence of
simulated glitches in regions where no clear experimental glitches were observed. These
regions are at the positions of the legends of Figure 3a–c: 12,850–13,250 eV for a single
lens, 13,050–13,230 eV for four lenses and 12,800–13,200 eV for eight lenses. The entire
data processing procedure relied solely on the detected glitches without imposing any
constraints on unobserved glitches. The absence of both measured and simulated glitches in
the same energy ranges provides independent confirmation of the successful determination
of the lenses’ parameters.

From Tables 2 and 3, it can be seen that some lenses in the four- and eight-lens stacks
show higher fitting errors for the glitches compared with the single lens (Table 1). This
is likely because some glitches may have been incorrectly attributed to a lens, thereby
increasing the average error. Additionally, non-compensated monochromator glitches may
be assigned to a specific lens, further increasing the error.

It has to be mentioned that there is no reliable way to determine the physical order of
the lenses in the stack and how it corresponds to the order of the lenses in Tables 2 and 3.
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The “strength” of each glitch depends primarily on the thickness of the material through
which the X-rays pass and is mostly unaffected by the lens’s position in the stack. Therefore,
the labeling in the plots and tables (e.g., lens 1, lens 2, etc.) is arbitrary and reflects only the
order in which the parameters of the lenses were determined by the algorithm.

4. Discussion

The proposed procedure for processing the glitch spectrum from multiple independent
crystals did not work effectively in the case of the spectrum obtained from a stack of
sixteen two-dimensional lenses (Figure 3d). Several factors contributed to the failure of the
method in this scenario:

• In the experimental spectrum of the 16-lens stack, 229 glitches were detected using
an automatic peak search procedure (including some uncorrected monochromator
glitches). However, each lens in the energy range of 10 to 20 keV can generate around
130 glitches, meaning that the entire stack could produce about 2100 glitches. The
relatively high noise level, which was comparable to the intensity of most detected
glitches, led to the identification of far fewer glitches than expected. This noise
increased the likelihood of misidentifying which of the 229 experimental glitches
corresponded to the 2100 theoretically possible glitches.

• The measurements were taken with a 1 eV energy step, resulting in approximately
10,000 data points in the spectrum. Given the total number of potential glitches (2100)
and their average full-width-at-half-maximum (FWHM) of 2–5 eV, the probability
of glitches overlapping was very high. When multiple glitches from different lenses
overlap, their individual energies cannot be determined with sufficient accuracy. What
facilitated our analysis of the eight-lens stack is the fact that glitches are not uniformly
distributed across the energy range; thus, some isolated glitches can still be identified
even in systems with more than ten lenses.

• The accuracy of determining the experimentally measured glitch energy was limited
by the energy step size (1 eV), introducing further errors that affected subsequent data
processing steps. This energy step was justified for the Si 111 monochromator used in
the experiment. Si 311 monochromator, available at BM31 and many other beamlines,
allows measurements with better energy resolution.

Considering these challenges, the measurement and data processing procedures must
be improved for large numbers of simultaneously illuminated independent monocrys-
talline lenses. Future improvements to the procedure for stacks containing many lenses
may include measuring the spectrum with smaller energy steps and obtaining better statis-
tics at each energy point either by increasing the measurement time at each point or by
optimizing the ion chamber parameters. This would enable more precise and reliable
glitch detection in the experimental spectrum. Additionally, the glitch detection procedure
could be enhanced by fitting each detected glitch with a Gaussian curve, allowing for a
more accurate determination of glitch energies. This method would also help exclude
glitches whose FWHM does not match most others. For very broad glitches, fitting multiple
Gaussian curves could be used to distinguish overlapping glitches.

We believe that the most efficient way to improve the fitting procedure is to incorporate
not only the energy information of the glitches but also their intensity. For instance, the
most intense glitches could be fitted first using only the strongest reflections, and the crystal
orientations could be refined with all identified glitches afterward. The intensity of the
glitches serves as a significant additional constraint, and we believe it can aid in extending
the proposed method to more complex focusing systems. We plan to extend the data
processing pipeline to consider the intensity of the glitches in future studies.

In focusing systems where lenses can be removed and reinserted with reproducible
orientation and positioning (such as in modern transfocators [25]), the lenses could be
characterized in smaller groups. In this case, glitch spectra could be measured for groups
of 4–8 lenses, allowing for at least an approximate determination of each lens’s orientation.
In our previous studies [16,17], we already demonstrated that the glitch spectrum is com-
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pletely reproducible as long as the orientation of the beam with respect to the lens remains
unchanged. By utilizing the determined approximate orientation of each lens, the energy
scan can be repeated for the entire stack of lenses required for a given experiment. With
this prior information for each lens, a small energy scan (typically around 1 keV) will be
sufficient to predict the glitches of the whole stack of CRLs for any energy.

The glitch spectrum for each lens depends primarily on the orientation of its crystal
lattice relative to the beam. This means that surface orientation, including the so-called
miscut, and the lens’s mounting method have a significant impact. Due to the high
sensitivity of glitches to crystal orientation, it is highly unlikely that two lenses will produce
similar glitch spectra. This fact can be exploited to conduct measurements without glitches
in specific energy ranges or to avoid intensity instabilities caused by glitches at fixed energy.
These measurements could be carried out as follows: first, the glitch spectrum for each lens
is determined (to optimize beamtime efficiency, this can be performed for several lenses
simultaneously using the procedure described in this paper). Then, only the lenses that
do not produce strong glitches in the desired energy range are used for focusing. This
strategy can be used for focusing systems, where the lenses can be removed or inserted in a
reproducible way, like transfocators. Although this strategy may limit focusing options, it
will completely eliminate the influence of glitches on the measurements.

As mentioned in the introduction, the focusing system may be constructed using either
1D or 2D CRLs. In the 1D case, two orthogonal stacks of lenses are typically used, with each
stack comprising a single crystal from which individual CRLs are cut. In contrast, in the 2D
design, each CRL in the stack is individually made and mounted, so the stack represents
multiple individual crystals. Consequently, for 1D lenses, the thickness of a single crystal
that X-rays penetrate can be relatively large, leading to diffraction losses that may reach
80% of the beam intensity or even higher [15]. For a stack of 2D lenses, however, the typical
intensity loss is only a few percent (see Figure 3). This difference in glitch intensity between
the two CRL designs can inform the planning of new beamlines. If the beamline operates at
a single wavelength, two 1D stacks, pre-tested for the absence of glitches near the desired
energy, can be used (considering only diffraction losses). This approach is also suitable for
spectroscopic applications where certain small energy regions can be disregarded during
data analysis. However, if energy scans are planned on future beamlines and no energy
range can be omitted, 2D lenses are a better option, particularly if the focal distance is
relatively large and an incident intensity monitor can be positioned after the lenses.

5. Conclusions

Modern synchrotrons and free-electron lasers require high-quality X-ray optics. Single
crystals of silicon and diamond are the best materials for manufacturing such optics, which
are becoming increasingly popular due to the demand for high-quality lenses at fourth-
generation synchrotrons. However, one major disadvantage of X-ray optics made from
single crystals is the potential diffraction losses in beam intensity due to parasitic diffraction.
The likelihood of encountering glitches increases with the number of single crystals in the
optical system.

Each lens in a stack is typically quite thin, so the intensity drop caused by a glitch
in a single lens usually reaches 2–3% [15]—a stark contrast to stacks of lenses cut from
a single substrate, where intensity loss can reach 80% or higher [15,17]. While the small
intensity drop in the independent compound refractive lens may be negligible for some
experiments, it can be critical in studies where the expected effect is small, as these sharp
intensity changes can significantly affect results.

The main challenge in analyzing glitches in systems with multiple independent single
crystals lies in the fact that the measured spectrum contains glitches from all optical
elements combined into a single plot. Therefore, in addition to assigning Miller indices
to each glitch, the glitches must be grouped by lens. This makes characterizing glitches
caused by a stack of lenses far more complex than for a single lens.
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In this paper, we developed a method for processing the glitch spectrum generated
by several independent crystals and demonstrated the successful determination of the cell
parameters and orientation of each lens in a stack containing up to eight two-dimensional
half-lenses made of single-crystal diamonds based on a single glitch spectrum measured
for the entire stack. However, for stacks containing more lenses (16 in this case), both the
measurement and data processing procedures require improvement.

Although the glitches from the 16-lens stack could not be successfully processed
at this stage, we are confident that with improvements in measurement strategy and
more advanced data processing techniques, glitches from up to 20 lenses could still be
successfully analyzed. For even larger stacks, the number of glitches in the spectrum would
become overwhelming, necessitating a different approach: the stack would need to be
divided into smaller sub-stacks, and each would be processed individually to determine
approximate cell parameters and orientation for each lens. The spectrum of the entire
system could then be analyzed by refining these initial approximations for each lens.

The methods proposed in this paper for handling diffraction losses from multiple
single crystals can be applied not only to CRL stacks but also to other optical elements. For
example, in certain applications, high-quality attenuators that do not introduce additional
irregularities in the wavefront, especially at fourth-generation synchrotrons, are needed.
A stack of variable attenuators could be made from silicon slabs, which are inserted into
the beam to achieve the desired attenuation factor. Such a system would also produce
glitches at specific energies, and these glitches could be characterized and predicted using
the method described in this paper.
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