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ABSTRACT

We have built an x-ray spectrometer in a von Hamos configuration based on a highly annealed pyrolytic graphite crystal. The spectrometer is
designed to measure x-ray emission in the range of 2-5 keV. A spectral resolution E/AE of 4000 was achieved by recording the elastic peak of
photons issued from the GALAXIES beamline at the SOLEIL synchrotron radiation facility.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054421

. INTRODUCTION

The recent development of x-ray sources, as third and fourth
generation synchrotrons or x-ray free electron lasers (XFELs), has
opened opportunities for investigating new phenomena by means of
photoelectron and Auger spectroscopies, electron-ion coincidence
techniques, and x-ray emission.'© Several processes of high scien-
tific interest are still difficult to measure. This is the case, for instance,
of radiative Auger emission” and Resonance-Enhanced x-ray Mul-
tiple Ionization (REXMI)® that would both require the detection of
photons not only with high efficiency and resolution but also in coin-
cidence with ions or electrons. It is also the case for the investigation
of very low cross section phenomena such as attosecond electron
dynamics’ and high-energy resolution off-resonant spectroscopy
(HEROS).>10

High-resolution x-ray spectroscopy in the hard x-ray energy
domain is typically performed with crystals working on a Bragg
diffraction basis. In order to increase the collection efficiency of
x rays, single or multiple bent crystals can be used in different

geometries. Based on the way the spectrum is collected, one can
distinguish two main classes of spectrometers. The first one uses
point-to-point focusing, meaning that the collection of the differ-
ent energies requires scanning of both the crystal and the detector.
This is the case of most of Johann'' and Johansson'’ spectrome-
ters, which allow achieving a very high resolution. The second class
uses a “point to segment” focusing scheme, where a single-shot spec-
trum is recorded without using any moving elements. This is the case
of von Hamos geometry'’ that uses a cylindrically bent crystal that
focuses x rays along its curvature axis while dispersing the photons
along its flat side, similar to a flat crystal. The dispersed photons are
recorded with a position sensitive detector, allowing the simultane-
ous measurement of different energies to obtain the spectrum. It is
noteworthy to mention that such a dispersive scheme has been real-
ized using Johann geometry with a source located inside the Row-
land circle.'*!* von Hamos geometry presents a good compromise
between efficiency and resolution without any scanning element.'*!”
It can record a single-shot wide-range (several tens of eV) spec-
trum with high efficiency, allowing consideration of the possibility of
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coincidence measurements. This is why this geometry is very conve-
nient for work at large scale facilities as synchrotrons, XFELs, and
heavy ion accelerators and with laboratory sources. In addition, it is
also very advantageous for time-resolved studies.

An x-ray spectrometer can be equipped with mosaic or per-
fect crystals. Perfect crystals such as Si (111), LiF (200), or Ge (111)
are commonly used in x-ray fluorescence (XRF) analysis since they
allow high spectral resolution, but with a rather limited reflectivity.
In contrast, mosaic crystals have higher reflectivity,'® which promote
them as the best candidates for applications requiring high collection
efficiency. For instance, X-ray Oriented Programs (XOP)'’ calcula-
tions predict an order of magnitude gain in the integral reflectivity
of the graphite mosaic (002) crystal relative to the Si (111) crystal at
2300 eV photon energy. Recently, graphite mosaic crystals have been
used with success in von Hamos geometry to measure x rays in the
range of 4.5-10 keV'®?" and 8-60 keV’! as well as in the range of
5-15 keV** with a resolving power of about 2000.

In this large context, we have developed a new von Hamos spec-
trometer working in the energy range of 2-5 keV, at the first order of
reflection, with a resolution better than 1 eV over the entire energy
range. Indeed, a higher order of reflection can be used to detect pho-
tons of higher energy. This spectrometer has a high transmission
owing to the use of a large mosaic crystal. This will enable inves-
tigation of low cross section phenomena at the K-edge of elements
from phosphor to vanadium and the L-edge of elements from zirco-
nium to platinum. This spectrometer will be also well suited to study
chemistry of sulfur compounds, which is of great interest for battery
development.”’ The description of this instrument as well as the first
results of its characterization is presented here.

Il. DESIGN: THE VON HAMOS SPECTROMETER
WITH AN HAPG CRYSTAL

von Hamos geometry consists of using a cylindrically curved
crystal (around the z-axis in Fig. 1). In the XY-plane, the crystal
focuses the diffracted x rays on the Y-axis of the detector, when both
the detector and the x-ray source are placed at the axis of the cur-
vature of the crystal. In the XZ-plane, called the dispersive plane,
the crystal acts as a flat crystal. Photons of different energies are
diffracted at different angles according to the Bragg law,

n% =2d sin(@p), (1)

where # is the diffraction order, A is the Planck constant, c is the light
velocity, E is the photon energy, and d is the crystal lattice spacing.

The energy spectrum is obtained by measuring the position of
the diffracted photons on the detector. The central Bragg angle ®p
is defined by the position of the detector and the source along the z-
axis. It is noteworthy to mention that, in the von Hamos geometry,
the distance L (see the inset of Fig. 1) between the source and the
crystal and that between the crystal and the center of the detector are
identical and equal to R/sin(®g), with R being the curvature radius
of the crystal.

A mosaic graphite crystal has been chosen because of its high
integrated-reflectivity; moreover, it allows working at the first order
of reflection in the energy range 2-5 keV. The mosaic crystal con-
sists of many micro-size (or even sub-micro) perfect crystals ori-
ented quasi-parallel to each other. The angular deviation from the
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FIG. 1. Schematic of a mosaic HAPG crystal in von Hamos geometry. Photons
of different energies (colors) are diffracted with different Bragg angles to different
positions on the detector. The z-axis (on the detector) is directly related to the
photon energy by the spectrometer dispersive coefficient [Eq. (5)]. In the XY-plane,
in the first order, the curved crystal focuses the emitted photons to the center of the
detector. The use of the mosaic crystal introduces an angular divergence of 2a,
which causes a broadening (Ay ) of the spot on the y-axis (shown at the bottom).

In the dispersive plane, a semi-focusing effect of the mosaic crystal occurs. In fact,
the Bragg law imposes a certain focusing of the diffracted photons into a small
segment Az ~ o (dispersive axis), only if the sourcecrystal and crystal-detector
distances are equal (shown at the top).

perfect-parallelism is characterized by the mosaic spread 2a, which
is the full width at half-maximum (FWHM) of this angular distri-
bution. The direct consequence of mosaicity is a larger integrated
reflectivity than perfect crystals. Among mosaic graphite crystals,
Highly Annealed Pyrolytic Graphite (HAPG) has been selected since
it can be produced with lower mosaicity spread (as low as 0.05°)
than other most-commonly used mosaic Highly Oriented Pyrolytic
Graphite (HOPG) crystals (typically 0.4°-1.2°). This choice allows
higher energy-resolution and minimizes focal aberrations.

HAPG is an artificial graphite (for details, see, for example, Ref.
24) with a lattice spacing 2d (002) of 6.708 A. Our crystal was devel-
oped by Optigraph GmbH (Berlin, Germany). The HAPG crystal
can be fabricated as thin flexible sheets of desired thickness that can
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be deposited on a substrate of almost any shape (see, for instance,
Ref. 25).

A curved HAPG crystal of a = 25 mm along the dispersive direc-
tion and b = 110 mm (in the non-dispersive direction) with a radius
of curvature R = 500 mm has been built. The substrate is made of N-
BK?7 glass and coated with an HAPG layer (40 ym thickness) by the
Optigraph company. When operating at a Bragg angle of 67.5°, an
energy range of 35 eV is covered by the analyzer with a solid angle of
10 msr. This corresponds to a solid angle per energy of 0.29 msr/eV.
The spectrometer can cover Bragg angles between 20° and 67° cor-
responding to an energy domain of 5400-2000 eV at the first order
of reflection.

A new homemade x-ray detector based on the combination
of microchannel plates and a special type of photocathode has
been used.”® Its detection efficiency and time response are crucial
for the purpose of coincidence measurements with ions or elec-
trons. The spectrometer was operated under a vacuum condition of
<1.0 10~° mbar.

I1l. CHARACTERIZATION
A. Mosaic spread estimation

The mosaic crystal increases the efficiency but introduces aber-
rations and defocusing effects. In the XY-plane, the angular distri-
bution of the mosaic crystal causes defocusing (Aysp o) (see Fig. 1),
which depends on the mosaic spread (2«) [Eq. (2)]. This is not criti-
cal neither for the efficiency, since we use a large 2D detector, nor for
the energy resolution. In the dispersion plane (XZ-plane), the mosaic
crystal has a semi-focusing effect of the x rays under the condition
that the distances between the source and the crystal and between the
crystal and the detector are equal. This condition ensures to reduce
the broadening along the Z dispersion axis to Az ~ a* and con-
sequently minimizes the energy broadening caused by the mosaic
distribution of the crystal.”’ Any deviations on these distances can
directly affect the spectral resolution.

The mosaic spread can be measured, using a source of well-
defined (or of very small) dimension, by examining the defocused-
spot along the non-dispersive Y-axis. The mosaic spread («) can be,
therefore, obtained from the FWHM of the defocused-spot Ay, . by

the expression
o« = acrtan(( A yspor — 51)/2R), 2)

where s; is the dimension of the source along the y-axis.

This measurement was performed by the manufacturer (Opti-
graph) using Cu Ka lines, with s; = 13.7 ym. Its mosaic spread was
measured to be a = 0.057°.

B. Energy resolution

The energy resolution of the spectrometer has two main contri-
butions: geometrical and intrinsic. The geometrical one depends on
the experimental conditions (the size of the source and the orienta-
tion) and the detector resolution, while the intrinsic contribution is
specific to the crystal characteristics. The latter comprises mainly the
broadening associated with the stress induced in the lattice planes
due to the crystal bending (AEpenq) and that of the mosaicity of the
crystal.

ARTICLE scitation.orgljournal/rsi

C. Intrinsic contribution

AEpend depends on the Poisson ratio of the crystal, the penetra-
tion depth of x rays, and the bending radius (for more details, see
Ref. 28). For graphite, the Poisson ratio is 0.2, which roughly cor-
responds to AEpend = 0.075 at 3300 eV. This evaluation should only
be considered as a rough estimation of this broadening and must be
verified experimentally.

As long as the condition of equal source-crystal and
crystal-detector distance is respected, the semi-focusing effect of
the mosaic crystal takes place, and the energy broadening AEpsaic
is reduced to AEwosaic/E = (a/ tan(®g))>. With a = 0.057° and
Op = 34.06°, we find AEumosaic = 0.01 €V for an energy of 3300 eV,
i.e., this contribution is negligible.

D. Geometrical contribution

The geometrical contributions can be understood as an angu-
lar deviation from the exact Bragg angle. It can be derived from the
Bragg formula as the following expression:

AEG/E = A®/ tan(Op), (3)

A®* = A®s” + AOD’. 4)

A® summarizes any angular deviation from the exact Bragg angle.”’
A®g =5, /OP is the angular divergence in the plane of diffraction
caused by the finite source size s, along the dispersion direction Z.
A®p = D/OP is the angular divergence limited by the spatial reso-
lution of the detector D. OP = 2R/sin(@g) is the optical path length
between the sample and the detector.

The main contribution to the energy resolution of the spec-
trometer is actually dominated by the geometrical broadening. The
spatial resolution of the detector, equal to 100 ym, gives rise to
AEp = 0.28 eV. The width of the source, along the dispersing direc-
tion, contributes significantly to the spectral resolution.

We have carried out a series of measurements to determine the
overall resolution of the spectrometer. Two methods were used to
determine the resolution and the dispersion curve of the spectrome-
ter using the synchrotron radiation source.

1. Elastic peak

The elastic peak broadening depends only on the photon band-
width of the beamline and the spectrometer resolution. In Thomson
(elastic) scattering, the energy of the scattered photon is equal to
the energy of the incident photon. An Fe sample was placed (in
air) at the focal point of the GALAXIES beamline of the SOLEIL
synchrotron.’” The beam dimensions at the focus point are 30 (V)
x 80 (H) ,umz. A large window (120 mm diameter and made of thin
aluminized-Mylar consolidated by a laminar support) was installed
at the entrance of the spectrometer chamber.

The sample, the crystal, and the detector were set in the vertical
plane at 45° with respect to the incoming beam. The elastic peak
was recorded for several incident energies around 5900 eV at the
second order reflection and with a central Bragg angle ®p = 38.67°.
The distance between the sample and the crystal (and between the
crystal and the detector) was set to 800.2 mm.

Figure 2 shows the 2D image of two elastic peaks separated by
2 eV. These peaks, corresponding to excitation energies 5912 and
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FIG. 2. Raw image obtained by measuring two elastic peaks recorded at 5912 and
5914 eV photon energies.

5914 eV, were recorded by changing the energy of the photon beam
during the acquisition. The corresponding spectrum ( ) was
obtained by projection of the 2D image along the dispersion axis and
converted into an energy scale as explained in Sec. . Assum-
ing a Gaussian distribution of the photon bandwidth, the spectrum
was fitted with two Gaussian functions with the same FWHM width
of 1.70 + 0.03 eV. This width incorporates the photon bandpass of
the beamline (0.85 @ 6000 eV) and the instrumental function of the
spectrometer. After deconvolution of the beamline contribution, this
results in a spectrometer resolution of 1.47 eV corresponding to a
resolving power of E/AE = 4000.

It is noteworthy to mention that the focal aberrations, which
can be observed in (and also in ), are mainly caused by

[—a— data
[~ Fit Peak 1
Fit Peak 2
=== Cumulative Fit Peak|

200 -

150

counts

50

1
5905 5909 5913 5917 5921
energy (eV)
FIG. 3. Spectrum corresponding to two elastic peaks separated by 2 eV. It was

obtained by the projection of the 2D image ( ) along the dispersion axis and
converted into an energy scale.
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FIG. 4. Raw image corresponding to potassium Ka emission produced by
irradiation of the K sample with 5 keV photons.

the mosaic spread and the large aperture of the crystal as reported in
Ref. 31, in addition to eventual mechanical misalignments.

It should be mentioned that a resolving power of ~8000 was
recently reported by Abraham et al.’” using a lithium niobate crystal
in von Hamos geometry. XOP'’ calculations show that the integral
reflectivity of the graphite mosaic (002) crystal is three times higher
than that of the LINbO3(014) crystal at 2300 eV.

2. Potassium Ku«

In order to confirm the resolving power value obtained using
the elastic peak, we measured the fluorescent Ka potassium emis-
sion induced by the irradiation of the solid K sample by photons
of 5 keV issued from the GALAXIES beamline of the SOLEIL syn-
chrotron. The sample was placed at a distance of 2 m from the focus
point of the beamline. shows the 2D image corresponding
to the potassium Ka emission measured with a (central) Bragg angle
®p = 33.9°; the distance L is 896.5 mm.

shows a raw image corresponding to the mea-
sured potassium Ka emission. The emission spectrum ( ) is
obtained by the projection of this 2D image onto the z-axis of
the detector. Potassium Ko emission has two main contributions:
Kaq =3313.8 eV and Ka, = 3311.1 eV. A third less-intense contribu-
tion (Ka'’) is observed and has been already assigned by Kawai et al.
to the transition 1s™'3p™ — 2p™'3p™* and found to be particularly
sensitive to the chemical environment.

The obtained spectrum is the convolution of three lines with
the instrumental function. Three Voigt functions having the same
Gaussian width and Lorentzian width of 0.89 eV correspond-
ing to Ka; and Ka, contributions were used to fit the spectrum.
A Gaussian width (FWHM) of 1.70 eV was deduced from the fit.
This width represents the overall instrumental resolution including
(mainly) the broadening caused by the relatively large source height
(the measurement was performed out of the beam focus). This value
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FIG. 5. Potassium Ka emission spectrum obtained by projection of the 2D image
along the dispersion axis and changing to an energy scale as explained in
Sec. Il D 3. The spectrum has been fitted with three Voigt functions (see text
for details). The residual of the fit is plotted at the bottom.

is compatible with the resolving power, measured by elastic peak,
after taking into account the 1.5 eV energy broadening due to the
source height.

3. Energy calibration

The spectrometer has been calibrated by recording the elastic
peak at different incident energies. The energy was changed with a

5786 eV
400 |
o 300
< 5886 gV |
3 | 5906 eV J
© 200} / ﬁ ‘
5916 eV f ) ‘ )
100 - & f ( ﬂ 1l
VR L)
L L J Fd |
0 parnnd’ W "v...ow'l g ‘vhﬂ'm -ﬁ*'.m l-?'-fd -‘nn
s J0 s o0 5 10

projection Z (mm)

FIG. 6. Spectrum obtained by measuring elastic peaks. The energy of the beam
was changed during the acquisition with a step width of 20 eV from 5786
to 5906 eV and of 10 eV for the last point at 5916 eV. It should be noted
that the intensity variations are due to different accumulation times during the
measurement.
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FIG. 7. Dispersion curve obtained by plotting the incident photon energy as a func-
tion of the position Z of the peak maximum (from Fig. 6). The points were fitted
with a linear equation with a slope of —4.68 eV/mm.

step width of 20 eV between 5786 and 5906 eV and with 10 eV for
the last point at 5916 eV. The projection of the detector image on the
dispersion axis is shown on Fig. 6.

From the data plotted in Fig. 6, the position Z (in mm) for
the maximum of each elastic peak maximum is deduced. Figure 7
shows the energy of each elastic peak as a function of this posi-
tion Z. A linear relationship between the incident energy and the
position Z is obtained, with a slope of —4.68 eV/mm that was deter-
mined by a linear fitting procedure (Fig. 7). This value is in excel-
lent agreement with the value of —4.62 eV/mm calculated from
the dispersion equation [Eq. (5)] for ®p = 38.67°. This equation
is derived from the Bragg equation when the detector is oriented
perpendicularly to the (central) direction of the diffracted photons,
namely,

dE _ Excos(®p)
dz 2R ©)

IV. CONCLUSION

A new von Hamos spectrometer combining the HAPG crys-
tal and a microchannel plate-based detector working in the energy
range of 2-5 keV (at the first order of reflection) has been built and
successfully commissioned using synchrotron radiation (GALAX-
IES beamline, SOLEIL synchrotron). A resolving power E/AE of
4000 has been achieved with an energy window of 75 eV at a Bragg
angle of 38°. It will allow for studies in an energy range that has been
rarely explored.

The success of using an HAPG crystal in a von Hamos config-
uration encouraged us to move toward the construction of a multi-
crystal (up to 9) version of the spectrometer. The total efficiency of
the new spectrometer will be one order of magnitude higher than the
spectrometer presented in this paper.
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