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ABSTRACT
In this work, the design, fabrication, and evaluation of a compact, one-shot spectrometer based on a segmented conically bent crystal analyzer
are described. The system is a “one-shot” wavelength dispersive spectrometer, which has a crystal analyzer with an innovative geometry. It
reaches an energy resolution of around 8 eV for Mn Kα1 line, which is at least an order of magnitude better than the commonly used energy
dispersive spectrometers for fluorescence, and is comparable to current wavelength dispersive spectrometers. The prototype spectrometer
fabricated in this work avoids angle scans that most wavelength dispersive spectrometers require, has the advantage of a sample–detector
distance of only 146 mm, and allows for the simultaneous measurement of approximately a 2 keV window. This system is suitable to
be used at synchrotron radiation facilities and free electron lasers, and it can even be adapted to an x-ray tube in any conventional x-ray
laboratory.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5141758., s

I. INTRODUCTION

Practical x-ray spectroscopy has been characterized by the res-
olution of its different stages (excitation/detection). Historically,
the excitation channel was characterized by low energy resolution
photons emitted by x-ray tubes. Secondary targets and radioactive
sources represented a limited alternative. With the advent of non-
conventional sources, such as storage rings, and the possibility of
using crystal monochromators, high-resolution excitation became a
reality and even gave places to techniques, such as Extended X-ray
Absorption Fine Structure (EXAFS), X-ray Absorption Near-Edge
Structure (XANES), and Energy Dispersive Inelastic X-ray Scatter-
ing (EDIXS), among others. On the detection channel, the situation
was led by two main approaches: the so-called Wavelength Disper-
sive Spectrometers (WDSs) and the Energy Dispersive Spectrom-
eters (EDSs). WDS systems are based on Bragg’s law and consist
of a moving secondary crystal that performs an angular scan. In
this way, photons of different energies are collected by means of a

proportional counter. They are characterized by a high resolu-
tion (i.e., a few eV) but are much time consuming and normally
present a complex arrangement that complicates placing them in
reduced spaces. On the other hand, EDSs are based on solid state
detectors that can perform a fast collection of a high flux of pho-
tons on a simple experimental setup. The price is a low-resolution
energy (typically about 100 eV). This has been the dilemma in
x-ray spectrometry for years: high resolution in complicated and
slow systems vs poorer resolution detectors in simpler and faster
setups. Nevertheless, the requirements of modern science are far
beyond dichotomies. Today, the paradigm of time-resolved analy-
ses with high resolution is a must, and new innovative instruments
are needed.

The efficiency of spectroscopic techniques normally depends
on the energy resolution of the detector used. Techniques such as
X-ray Fluorescence (XRF),1 X-ray Emission Spectroscopy (XES),2

X-ray Absorption Spectroscopy in fluorescent mode (FY-XAS),3

and even Resonant Inelastic X-ray Scattering (IXS, EDIXS)4 require
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a detection system with the highest achievable energy resolu-
tion. The upcoming fourth-generation synchrotron radiation source
SIRIUS in Campinas, Brazil, has pushed forward the in-house
development of new detector systems for improving counting
capabilities and readout electronics. Furthermore, the significant
increase in photon flux delivered by this high-brilliance source
opens up unique opportunities for the user community to perform
more efficient experiments in x-ray spectroscopy that are naturally
“photon-hungry” when crystal analyzers are used as to improve the
energy resolution.

X-ray fluorescence is a well-established technique that has
been of great interest since the mid-twentieth century. It has been
exploited in many different applications, such as art, geology, chem-
istry, and physics, among others. Particularly, it has been used in
earth sciences, with geological purposes, in the attempt of quanti-
fying elemental concentrations in bulk samples. Nevertheless, the
lack of enough resolution for a broad energy range in the L-lines
of lanthanides has always been a problem. Many works have tried
to overcome this by applying multivariate statistical analyses as
to separate the information given in the energy region of inter-
est (ROI) in different parts, corresponding to the different spec-
tral lines present.5,6 Nevertheless, it would be useful to have a
spectrometer capable of resolving the L emission lines success-
fully. Reviewing the emission lines of these elements, an energy
resolution of around 10 eV is enough to allow for the desired
discrimination.

In this work, we propose a modern wavelength dispersive spec-
trometer scheme. The concept of a segmented conical crystal ana-
lyzer is described, and a compact spectrometer based on such a crys-
tal is used to measure XRF spectra with few eV of resolution in a wide
energy region and in a single exposure at the XRF-D09B beamline of
the Brazilian synchrotron light source (LNLS).

There are many detection systems based on a WDS approach
that are in use nowadays.7–10 The differences in reachable ener-
gies and the dimensions of the system are determined mainly
by the crystal choice and its geometry. A nice example is a sys-
tem developed by Szlachetko et al.11 in which a crystal analyzer
with cylindrical shape was proposed and tested. In their work,
they obtained an energy resolution of around 1 eV for the Mn
Kα line. Nevertheless, as mentioned before, there is a compro-
mise between the energy resolution capability and the spectrome-
ter’s dimension. In this example, the distance between the sample
and the detector was approximately 250 mm. In these dimensions,
attenuation in the air is clearly a problem for energies around a
few keV (a 5 keV photon would be completely attenuated). There-
fore, this compromise is a point to be considered when design-
ing a WDS. Moreover, synchrotron beamlines and conventional
laboratories normally do not have much space to place new spec-
trometers if the device was not planned before the commissioning
of the sample environment. Compact systems are very convenient
in this way.

Morishita et al.12 proposed an integrated conical crystal ana-
lyzer in which they achieved the desired crystal shape by pyroclastic
deformation.13 They proposed an approach on the surface needed
by performing a spline integration of the surface and by pressing
the crystal with an upper and lower die having the integrated sur-
face shape. The problem arises after bending the crystal by pyro-
clastic deformation since strains affect the lattice plane distances.

This introduces a loss in energy resolution due to the inhomogene-
ity of the lattice constant, which is described in their work. It is also
a difficult process to achieve successfully, and many crystal wafers
may be used until the desired shape is obtained.

In order to overcome these difficulties, we propose in this work
to generate the crystal’s surface by defining discretely the corre-
sponding conical rings to achieve focalization in the perpendicular
plane, as proposed by Morishita et al. In a good approximation, it
is possible to append many consecutive conical rings of a deter-
mined width and to achieve a smooth surface that fulfills Bragg’s
condition for photons in each point in such a way as to allow
for energy focalization and discrimination. In this way, focaliza-
tion is better achieved on the vertical plane as there is no inter-
polation procedure. In order to acquire a spectrum in one shot, a
position-sensitive detector (PSD) is needed, since, due to the crys-
tal’s surface geometry, photons with different energies will focalize
in different positions on a convenient axis, reducing the sample-to-
detector distance (when compared to cylindrical or planar geome-
tries). Another optimization that we show in this work is the dic-
ing of the crystal in small rhombohedral pieces. This allows the
crystal to reproduce the surface shape without much stress on the
lattice planes.

II. EQUATIONS
The experimental setup and the basic parameters are sketched

in Fig. 1 in which the three main parts of the spectrometer are shown:
the sample, the discrete conical crystal analyzer, and the position
sensitive detector. The crystal analyzer’s shape that we propose con-
sists of several conical sections of width w that vary their radii as
a function of the position. As to understand this construction, two
conical segments are shown in Fig. 1 with different colors. The first
one is shown at the beginning of the crystal analyzer and has a
radius R0. The second one is shown at the end of the crystal and
has a radius Ri and a tilt angle δi. Since these conical sections are
at different distances from the emitting source, their correspond-
ing Bragg angles differ; therefore, they diffract different photon
energies.

Taking this into account, the parameters that determine the
crystal’s geometry are (1) the distance between the source and the
crystal’s edge (L0), (2) the crystal’s curvature at its edge (R0), and (3)
the crystal’s interplanar distance (d) (Fig. 1).

We propose the following discrete equations depending on the
parameter w (=1 mm, in our case) for the parameterization of the
crystal analyzer’s surface:14

xi = xi−1 + w, (1)

θi = tan−1( R0

xi + L0
), (2)

δi = tan−1((R0 − (2L0 − xi)) tan θi
2L0

), (3)

Ri = R0
sin(θi − δi)

sin θi
, (4)
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FIG. 1. Schematic of the design of the crystal analyzer.

where xi is the position of the ith section, R0 and 2L0 are the radii of
the first section and the distance between the sample and the detec-
tor, respectively, and θi, Ri, and δi are the angle for which Bragg’s
law is fulfilled, the curvature radius, and the inclination angle of the
ith conical section, respectively. With these equations, it is necessary
to fix x0 = L0, and an iterative process may be performed to obtain
the values for each of the following conic sections. The constraint for
x0 means that the crystal must be located halfway between the sam-
ple and the detector. The energy that each of these conical section
diffracts can be obtained by

Ei (keV) = 12.398
2dhkl (Å) sin θi

, (5)

where dhkl is the interplanar distance of the crystal used, with Miller
indices (h, k, l).

III. DESIGN PARAMETERS
As to test the proposed equations, a crystal prototype had to

be fabricated. These equations do not have a unique solution and
mostly depend on the crystal selection, how it is cut (dhkl), and on the
desired energy range to be used in a one-shot measurement. Hence,
our first concern was that the crystal selection and its geometry
should be able to discriminate photons in the desired energy region.
From the crystal selection point, we had available a Si(220) crystal
wafer for testing. Concerning the energy region, one of our goals was
to be able to discriminate the main L emission lines from different
rare earth elements. These emission lines lie mostly between 5 keV

and 7 keV. Some K-lines of typical transition metal standards, such
as Mn and Cr, also lie in this energy range.

First, attenuation in air should be reduced in order to keep
good counting statistics at the collecting x-ray sensor; therefore, the
maximum possible distance between the sample and this sensor was
limited to 150 mm (2L0). This was calculated taking into account
the air absorption coefficient and the maximum length, and a 5
keV photon would travel in the proposed configuration. This selec-
tion also guaranteed the compactness of the spectrometer. Since the
crystal must be located at L0 from the sample, the limiting maxi-
mum length of the crystal is 75 mm. Therefore, Eqs. (1)–(5) were
solved iteratively (i = 1, . . ., 75) using a code written in MATLAB15

for different combinations of parameters L0 and R0. A list of val-
ues of the variables θi, δi, Ri, xi and the corresponding energies Ei
was obtained (an example of this list is given in the supplemen-
tary material). For each of these combinations, a different number
of conical sections were needed to achieve the desired energy range.
A few combinations of parameters fulfilled all our needs. Therefore,
as to select one, the geometry of the crystal was tested by simulating
the interaction of random photons with the crystal for each corre-
sponding experimental configuration. The simulations were carried
out with McXtrace.16 This open-source software allows perform-
ing x-ray tracing of photons, which are generated with a certain
degree of randomness through the Monte Carlo method. It is spe-
cially intended for synchrotron beamline component testing. The
software allows creating specific components in which the photons
may interact. Component creation can be done by programming in
C language. We made a specific surface by creating a conically bent
section of width w = 1 mm and repeating this surface n times for
different cone proportions (i.e., different δ), where n is the number
of sections that allowed to study the entire energy range. Since pho-
tons are discriminated by their Bragg angle, this type of spectrom-
eter requires a Position Sensitive Detector (PSD), which is shown
in Fig. 3. A PSD is included in McXtrace as an internal predefined
component.

As for the simulations, a description of the emitting source
(sample), the crystal analyzer, and the PSD must be given, with their
respective spatial positions. A “perfect” emitting manganese sample
was described by setting the emission energies of the source and the
corresponding emission probabilities, as in Table I.17 It may be seen
that the difference between Kα lines is around 10 eV.

The results at the PSD after simulating the emission of 5 × 109

photons focalized at the crystal’s surface for the best parameter con-
figuration are shown in Fig. 2. The choice of the number of photons
was made to simulate the conditions under which the crystal would
be tested, i.e., the incoming photon-flux available at the D09B-XRF
beamline. Clearly, the photons are diffracted by the crystal’s surface
and focalized at different positions of the PSD.

TABLE I. K-emission line energies for electron K-shell transitions of manganese, used
as a photon source.

Emission line Transition Energy (eV) Emission rate

Kα2 K–LII 5887.6 0.297 76
Kα1 K–LIII 5897.0 0.584 16
Kβ K–MII−III 6490.4 0.118 08
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FIG. 2. Two-dimensional imaging of Mn K-emission lines reaching the PSD after
simulating the interaction with the crystal analyzer. In (a), Kα and Kβ lines may be
appreciated, and in (b), a zoomed-in view of the Kα region allows us to observe
the fine structure.

The only variable of interest is the y-axis since the two-
dimensional images will be integrated through the x-axis to obtain
the final XRF spectrum. The resulting calibrated and normalized
spectrum is shown in Fig. 3 in which only the Kα region is shown.
This spectrum has been calibrated in energy by the following
equation:

Ei(keV) = 12.398

2d sin
⎛
⎝

tan−1
⎛
⎝

R0

L0(1+
(i−1)spx

2R0−(i−1)spx
)

⎞
⎠
⎞
⎠

, (6)

where L0, R0, and d are the input parameters described in Sec. II
and spx is the length in the y-axis direction of the PSD pixels

FIG. 3. Resulting Kα energy region of the spectrum obtained by the Monte Carlo
simulation of a Mn source (black points) and the corresponding fit (blue line).

(0.056 mm in our case). As it may be seen from Eq. (6), the energy
resolution depends on the pixel size. As the pixel size becomes
smaller, the resolution in energy is improved. It is important to
mention that a Darwin width parameter was taken into account for
the acceptance of the Bragg law fulfillment in the crystal interac-
tion simulation. Since the available crystal was a Si(220), its Dar-
win width (ωs = 9.0687 arc sec) was used, from which a δθ5.3 keV
= (37.4927 ± 0.0025)○ was considered as the angular acceptance
for the Bragg law. It is also important to note that the design of
this spectrometer is based on a point-like source; therefore, aber-
rations will be present in the PSD array due to finite-size sources.
For the simulations, a finite-size source was used with a size cor-
responding to the smallest achievable focal spot in the sample
available at the D09B-XRF beamline by means of a KB-mirror
system.

The fitting of the Kα1 and Kα2 peaks is also shown in Fig. 3.
Gaussian shapes were used for the fitting since they correspond to
fluorescence peaks, and the main estimated parameters are shown,
which can be compared to those in Table I.

This simulation resulted in an energy resolution of around
5–9 eV for the Mn-Kα1 line. The final crystal parameters were
R0 = 56 mm, L0 = 73 mm, d = 1.92 Å, and w = 1 mm. With these
parameters, thirty-six 1 mm conical slices attached can analyze the
energy region from 5.3 keV to 7 keV if a 40 mm long PSD is avail-
able. Note that the total length of the crystal will result in 36 mm,
which is nearly half the length of L0 between the starting point of the
crystal and the PSD.

Once these parameters have been defined, it is possible to calcu-
late some figure of merit in order to compare this spectrometer with
other available WDS. An interesting one is the total solid angle (Ω)
covered by a segmented-type crystal. This quantity may be approx-
imated by the ratio of the crystal area perpendicular to the inci-
dent radiation to the squared distance between the crystal and the
source.10 In a cylindrical geometry, this results in

Ω = Ns
SxSy
R2 sin3θ, (7)

where Ns is the number of crystal segments and Sx and Sy are the seg-
ment width and segment length, respectively. In addition, R stands
for the crystal curvature and θ is the Bragg angle. As to obtain this
formula, a rectangular segment was supposed. For a discrete coni-
cal crystal that is cut into small rhomboids, this formula is slightly
different and can be approximated by

Ω = SxSy
2
(∑ny

i=1
n0 + 1 − i

R2
i
)sin3θ, (8)

where now Sx and Sy are the principal axis lengths of the rhom-
boids, n0 is the number of rhomboids that fit the first conical ring
with radius R0, and ny is the number of conical rings used. In our
case, Sx = 1 mm, Sy = 2 mm, and n0 = 98 rhomboids. Using these
equations, a comparison between the total solid angle for this spec-
trometer and the one described in Ref. 10 [a 25 cm radius of cur-
vature cylindrical crystal of Si(444)] is shown in Fig. 4 as a func-
tion of the energy of the incident photons. It is possible to see
how, with small rhomboidal cuts and a specific discrete conical sur-
face, the total solid angle is large, therefore being useful for faster
acquisition time.
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FIG. 4. Calculation of the energy dependence of total solid angle for our discrete
conical crystal analyzer (green solid line) and for the cylindrical crystal analyzer
proposed in Ref. 10 (pink dotted–dashed line). The fitted tendency in the proposed
crystal of the total solid angle for higher energies is shown (red dashed line).

IV. FABRICATION OF THE CRYSTAL ANALYZER
After fixing the parameters, the corresponding crystal holder

was designed in Autodesk Inventor18 (Fig. 5). Due to the discreteness
of the definition of the surface, some corrections were necessary to
be made to have a continuous surface. The problem that arises is that
when the tilt angle δi of the ith conical section is introduced, a space
between the sections i and (i – 1) is evident. It is possible to fill this
missing space with an extension of the corresponding conical sec-
tion. This approximation will definitely introduce an error into the
discrimination capability of the crystal, which scales proportionally
to the size of w. The resulting shape is the one depicted in Fig. 5 in
which 36 conical sections were used to support a crystal with a total
length of 36 mm (see the supplementary material for the parameters
of all conical sections).

An STL format file was generated from the assembly of the 36
pieces, as a unique piece. The resulting piece was fabricated with
polypropylene by 3D printing.

The crystal was cut into small rhomboids using a 20 μm thick
disk to perform the cuts, following the idea of von Hámos.19 The

FIG. 5. Resulting shape of the crystal holder.

FIG. 6. Si(220) crystal shaped to its final geometry, glued onto the polypropylene
substrate (blue). The cuts on the crystal form small rhomboids. The PSD can be
observed behind the crystal analyzer in the left part of the image.

crystal was cut in such a way to leave a 0.1 mm layer intact. After-
ward, the crystal was glued onto the surface of the crystal holder,
with the final result shown in Fig. 6.

V. TESTING THE SYSTEM
The system was tested at the XRF-D09B beamline20 of the LNLS

synchrotron in Campinas-SP, Brazil. The position sensitive detec-
tor used for commissioning was a WARMPix LNLS 65K-Si Detector
System (v1.0), developed in-house by the Detector Group of the
LNLS. This detector is composed of a Medipix module, developed by
the European Organization for Nuclear Research (CERN).21 The size
of this single-chip is 14 × 14 mm2 and consists in an array of 256 ×
256 pixels2 with 55 × 55 μm2 size per pixel. Figure 7 shows a picture
of the experimental setup. As it can be seen, the sample, the crys-
tal analyzer, and the PSD are placed on their respective positions (as
described in Sec. III). A silicon drift detector (SDD) (Ketek AXAS-
A) can also be seen on the opposite side of the PSD. This detector is
intended to measure the fluorescence spectrum of a thin sample at
the same time in the transmission mode.

Due to the limitation in detection area size, the position-
sensitive detector was mounted on a motorized stage, allowing it to
move parallel to the incident beam, thus covering the 40 mm region
of interest. This allowed fixing the PSD at different positions along

FIG. 7. Picture of the experimental setup used during the commissioning of the
WDS at the LNLS XRF-D09B beamline.
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the y-axis so as to search for different energy peaks. The CNPEM is
currently working on larger arrays that will suit well for these kinds
of spectrometers.

White beam excitation was used during system calibration to
maximize the photon flux. The crystal analyzer was also set on
a three motor-axis that allowed fine corrections of its position.
Small angular deviations of the crystal were also corrected with
goniometric cradles attached to the upper part of the crystal support.

As for the incident beam, a 40 μm focal spot was set at the
sample position. The achievable focal spot by means of KB at this
beamline is smaller, but this value was chosen as to have a greater
incoming flux.

Once all the components were aligned, an XRF spectrum of a
manganese compound (MnO2) was measured. The resulting spec-
trum is shown in Fig. 8. The measured image on the detector is
shown in the upper part of the plot of this figure, where it is plot-
ted as a function of the pixel number on the X and Y directions.
Two lines can be distinguished, which correspond to two different
emission energies very close to each other. XRF spectra for a spe-
cific elapsed time as a function of the position along the Y-direction
(dispersive direction) were obtained integrating all counts over the
detector’s pixels on the X-direction [Fig. 8(b)].

Equation (6) was used to calibrate the pixel’s position along the
dispersive direction in energy. The result is shown in Fig. 9. From
energy calibration, it is possible to clearly identify the observed peaks
as the Mn-Kα1 (5898.70 eV) and Mn-Kα2 (5887.60 eV) emission
lines. OriginPro 922 software was used to fit the Full Width at Half
Maximum (FWHM) of each peak to obtain the actual energy resolu-
tion of the system. In this case, the FWHM for the Mn-Kα1 line was
of only 8.25 eV. As it may be seen, Kα1 and Kα2 lines are separated
only by 11.1 eV and are being discriminated in Fig. 9.

FIG. 8. (a) Image acquired by the PSD detector from a MnO2 sample (upper plot)
and (b) high-resolution XRF spectrum after integration of counts over all pixels on
the X-direction (lower plot).

FIG. 9. Kα region of the manganese sample’s spectrum measured with the
spectrometer described in this work.

From the comparison between the simulated spectrum (Fig. 3)
and the measured one (Fig. 9), it is possible to see that the results
agree quite well. Both spectra coincide in their main features. The
relative intensity between Kα1 and Kα2 peaks is close to 0.5 in both
cases. The largest difference encountered is the FWHM of the Kα1
peak, which resulted in a ratio of full width at half maxima between
the simulation and experimental result of 0.58. Nevertheless, from
the simulation, it is possible to see that imperfections in the crys-
tal’s geometry will contribute to neighboring pixels. There is an
error included in the measurement that is due to the crystal cuts,
as in any kind of Von Hamos spectrometer. Therefore, a difference
between the measured and simulated spectra was expected. This

FIG. 10. Comparison between the pure Cr sample spectrum acquired with an SDD
detector (energy-dispersive system) and the spectrometer proposed in this work.
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difference is attributed also to the gluing process in which some
crystals may not lie in the correct position or with the correct ori-
entation and also to the focalization of the incident beam (finite-
size source effects). Despite this small difference, we achieved the
desired energy resolution for a wide range of energies with a low-cost
spectrometer.

As to test and compare the energy resolution of the discrete-
conical spectrometer with the SDD available in the D09B-XRF
beamline, a pure chromium sample was measured with both spec-
trometers. The corresponding spectra are shown in Fig. 10.

It is possible to see that the SDD is not able to discriminate the
fine structure in the Kα peak as the discrete-conical analyzer does.
The improvement in resolution for this energy range was of a fac-
tor of 30 (184 eV for the SDD detector compared with 6 eV for the
spectrometer) at the D09B-XRF beamline.

VI. CONCLUSION
In this work, we successfully designed, fabricated, and commis-

sioned a spectrometer based on a discrete-conical crystal analyzer.
An energy resolution of about 8 eV for the Mn–Kα1 can be achieved
by using a Si(220) crystal, allowing to use it as a high-resolution
XRF spectrometer in an energy range spanning from 5.3 keV to 7.0
keV. It is important to note that the fabricated crystal is just a pro-
totype example. Different energy ranges may be covered by using
other diffraction planes of the silicon crystal or by using other crys-
tals as well. The spectrometer is compact with a sample–detector
distance of 146 mm. Since the crystal is only of 36 mm long, the
total subtended solid angle is small, demanding larger collection
times for data acquisition than typical SDD detectors. Nevertheless,
this work shows that the spectrometer can operate as an “one-shot”
WDS system with a significant improvement in energy resolution as
compared with those achievable with current EDS systems.

These types of spectrometers can be considered as a very good
option for high-resolution experiments at the new upcoming high-
brilliance synchrotron radiation sources or at x-ray free electron
laser facilities as well. In both cases, some considerations may be
needed regarding radiation damage for the first order interactions
such as fluorescence, but a spectrometer such as the one presented
in this work may be very well suited to study the second order inter-
actions, such as RIXS, which have very low probability of occurrence
and thus are very photon hungry. It may also be used in a con-
ventional laboratory source, but acquisition times may be very long
in such cases. Experiments under low-vacuum environment condi-
tions may improve the counting rate in such laboratories in order to
reduce the absorption in air.

SUPPLEMENTARY MATERIAL

See the supplementary material for the complete table of val-
ues of the parameters for each of the 36 conical sections used in the
Si(220) crystal analyzer prototype.
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