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ABSTRACT =
o
Spectroscopic techniques are essential for studying material properties, but the small cross sections of some methods may result in low 3
signal-to-noise ratios (SNRs) in the collected spectra. In this article, we present methods, based on combining Bragg spectroscopy with g
photon counting and deconvolution algorithms, which increase the SNRs, making the spectra better suited to further analysis. We aim to £
provide a comprehensive guide for constructing spectra from camera images. The efficacy of these methods is validated on synthetic and
experimental data, the latter coming from the field of high-energy density (HED) science, where x-ray spectroscopy is essential for the
understanding of materials under extreme thermodynamic conditions.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0251153
I. INTRODUCTION detectors consist of individual units, called pixels, arranged in
The birth of spectroscopy as a scientific discipline can be olrlderedt?lrratys. Eagﬁ r];l)fill,,l.s i)mposgd c;ftv:o dIISthttﬁotmp oients
traced back to Joseph von Fraunhofer’s work with diffraction grat- (hence the term “hybrid"): semiconcuctor fayer that captures
. . . . . photon energy and a readout electronics layer that amplify and
ings, which were the first instruments to systematically divide the . g
. - : . quantify the signal produced by the photon capture.
spectral component of electromagnetic radiation, dispersing them - . - .
) - . 1 . . ) . X-ray spectroscopy is an essential tool in multiple areas of
into distinct regions of space.” Following this, the invention of the ; : - o
. . : physics as it enables the experimental examination of numerous
photographic plate in the mid-19th century enabled the first per- - ; . ’ " o i
manent recording of spectral lines, representing the earliest material properties, including chemical composition, electronic
example of a light detector. The following discovery of the photo- struct141re, and dynamic processes at the atomic and mol.ecular
electric effect, along with the development of quantum mechanics levels. The. deep pene.tratlon.of X rays allows for the exploration of
to support the underlying theory, led to the development of  bulk material properties, while their short wavelengths enable the
modern detectors, such as photomultiplier tubes (PMTs)” and later excitation of inner-shell electrons and detailed probing of material
semiconductor-based detectors such as charge-coupled devices structure, expanding the range of spectroscopic techniques available.
(CCDs) and finally hybrid detectors,” which are the widely used The recent developments in bright x-ray sources, primarily led by
nowadays and will be the detectors considered in this work. These x-ray free electron lasers (XFEL)" and laser-plasma-generated
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sources,”” have been particularly beneficial to the field of high-
energy density (HED) physics and the study of matter under
extreme conditions of temperature, pressure, and density. Such
systems are typically highly transient, short-lived, and created in
small volumes and, thus, require a dedicated set of experimental
diagnostics and data analysis approaches for their study. Modern
x-ray sources are ideally suited to such explorations because of their
short pulse durations (typically ps—fs, but access to the attosecond
regime is readily available®), tunable photon energies, narrow band-
widths (ranging from ~1% to 0.01% of photon energy’), and access
to high x-ray intensities up to 10 Wem™2."" Importantly, much
progress has been made in exploiting the short pulse durations of
x rays for time-resolved studies of dynamical processes by coupling
these sources with other drivers such as high-power or high-energy
optical lasers."'~"”

In this work, we will focus on methods developed to cater to
the needs of HED science, an area of growing importance due to
its relevance to astrophysical phenomena'* and practical applica-
tions such as inertial confinement fusion energy'”~'” and materials
development.'®'"? The short-lived nature of experimental realiza-
tions of such systems requires in situ diagnostics—often spectro-
scopic—to evaluate the physical properties of interest such as
structure factors,”””' ionization potential depression,””’ x-ray
opacities,z"l’z‘7 and collisional ionization rates.”””*® This information
can be extracted from “self-scattering” experiments, where the x
rays both create and probe the extreme conditions™" or in
“pump-probe” configurations where the samples are prepared
using alternative drivers, and then probed at some later time by the
x rays.” "

X-ray spectroscopy is predominantly performed using disper-
sive elements such as crystals or gratings, coupled with a detector
in various geometries. These elements disperse (or selectively trans-
mit in scanning mode™) the spectral components of the radiation
emitted by the target, which are then collected by the detector. In
Sec. 11 B, we will analyze separately two of the most common
crystal-based configurations in HED science: The flat crystal and
the von Hamos geometries. Additionally, we will focus on how to
treat camera images characterized by low photon counts, except for
small regions around transition lines—a common occurrence in
x-ray spectroscopy. These low photon numbers typically arise from
the low cross sections of the spectroscopic processes employed,
short exposure times, and limited solid angle coverage. If the
photon density is low everywhere on the camera and resolution
requirements are not stringent, single-photon counting spectro-
scopy (SPCS),”* a method suited to pixel detectors, becomes prefer-
able to dispersive spectroscopy. In SPCS, photon energies are
determined based on the signal generated by each photon hit,
rather than their position on the detector. Although SPCS is widely
used with modern detectors, it falls outside the scope of this discus-
sion and will not be covered in this article.

The objective of this work is first to provide a step-by-step
guide on how to construct a spectrum from the initial detector
images, a resource that, to our knowledge, is not found in the exist-
ing literature as a single comprehensive document but rather scat-
tered across various sources. In doing this, we will also present
methods for enhancing the signal-to-noise ratio (SNR) and the res-
olution of a camera image, which are capable of simultaneously
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treating regions with high and low photon density. Despite these
features being common and completely general, we will showcase
these techniques on experimental data coming from HED science.

Il. METHODS

In this section, we outline the techniques used to construct
the spectrum from the initial camera image. For completeness, we
will begin with a brief overview of how a semiconductor pixel
detector works, which will be beneficial for subsequent discussions.
Next, we will detail the process of finding the energy map for two
of the most common types of spectrometers. Finally, we will
explain how to go from the analog-to-digital units (ADU) map to
the distribution of photon hits by means of single photon counting
algorithms and image deconvolution techniques. In the following,
we will disregard the physical processes that produce the photons
arriving at the spectrometer and focus only on the problem of con-
structing a spectrum from the initial matrix Ay, whose elements
represent the total signal on pixel (i, j). Here, the pixels form a two-
dimensional array labelled by i =1, ..., N, and j =1, ..., N, with
N, and N, representing the number of pixels in the vertical and
horizontal directions, respectively. As an example, Fig. 1 illustrates
the construction, from the corresponding camera image, of the
emission spectrum of warm-dense MgF,. These data, taken from
Ref. 23, were obtained by irradiating MgF, with intense x rays
approximately 300 eV above the atomic K-edge of Mg (~1303 eV).
As described in Ref. 30, this radiation generates a population of Mg
and F ions in various ionization states, with their relative abun-
dances determined by the rates of atomic processes. The energy of
photons emitted during electron photodecays depends on the ioni-
zation state of the ion involved, yielding a series of spectral lines.
The resulting spectrum is divided into different regions based on
the signal intensity, which corresponds to the local photon density
on the camera. These data will be analyzed in Sec. III B using the
image processing methods introduced in Secs. II A-II E.

The construction of the spectrum can be divided into three
sequential steps:

1. Computing the energy map of the camera. This process
involves determining the energy associated with each pixel, Ej.
As we will see, these energies represent averaged values for each
pixel, accounting for effects such as source broadening and
finite pixel size. These effects mix the energies of photons
hitting a single pixel, ultimately reducing the maximum achiev-
able spectral resolution. Section II B details the techniques for
computing this energy map.

2. Estimating the photon hits on the detector. For a given camera
image, Aj, this step calculates the most likely distribution of
photon hits on the detector, Ng, providing a good estimate for
the number of photons hitting each pixel (i, j). The methods for
performing this operation will be discussed in Sec. II D.

3. Constructing the spectrum. This final step involves placing Ng
in the appropriate energy bin according to the energy map Ej,
with corrections applied for the varying solid angles associated
with each energy level.

The details of how the image is converted to a spectrum depends
on the specific geometry of the spectrometer. While all the
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FIG. 1. Example of the construction of a spectrum (right) from the corresponding camera image A; (left), which is a 2048 x 2048 pixel array. The image presents areas
with different photon densities, labelled in the associated spectrum. In this example, the signal is the emission spectrum of warm-dense MgF, from Ref. 23. The bright
arcs in the image correspond to the K and satellite emission lines, emitted from different ionization states of the Mg ions. The varying intensities of these lines reflect the

relative abundance of ions in each state.

spectrometers relevant to this work are based on Bragg’s law and
this is ultimately used to construct the spectrum, in practice spe-
cific geometries (such as the von Himos geometry, which is given
some attention later) may allow for simpler dispersion equations.

A. Pixel detectors

Pixel detectors are integral components in the detection and
measurement of light in various scientific applications, including
spectroscopy, astronomy, and medical imaging. These detectors
work by converting incoming photons into electronic signals that
can be quantified and analyzed. A simplified diagram of a pixel
detector is shown in Fig. 2. The general functioning of a pixel

® @

Semiconductor

Electrodes

|
4 Pixel 1 >4 Pixel 2 < Pixel 3 >

FIG. 2. Simplified scheme of a pixel detector section illustrating how charge
spreading can distribute a photon across multiple pixels.

detector involves several stages: Photon absorption, charge genera-
tion and collection, charge transfer, and signal readout.

1. Photon absorption. The process begins when photons enter the
detector and strike the photosensitive surface, usually made of a
doped or compound semiconductor (e.g., doped silicon, GaAs). At
x-ray energies, photons interact with the semiconductor atoms via
photoionization, generating electron-hole pairs. The number of
these pairs is approximately proportional to the energy of the
photon hitting the surface, with random fluctuations quantified by
the Fano factor.”” The efficiency in converting the photon energy
into electrons energy is instead measured by the quantum effi-
ciency (QE),” which is essentially the probability that a photon
will be photoabsorbed, creating a photocurrent.

2. Charge Generation and Collection. The generated electrons are
collected in potential wells created by an array of electrodes on
the detector surface. Each pixel in the detector corresponds to
one potential well. The number of electrons collected in each
well is roughly proportional to the energy contained in the light
hitting that pixel, making the detector highly effective for captur-
ing detailed images. However, thermal noise, which is intrinsic
to the detector and depends on its temperature, can also generate
electron-hole pairs, known as “dark current,” which disturbs the
measurement.”” Additionally, the electron cloud generated by
photon absorption can diffuse over multiple pixels, causing
image blurring. This diffusion is quantified by the point spread
function (PSF),”® which is a two-dimensional decaying function
(typically a Gaussian, but sometimes distorted) with a character-
istic width referred to as charge spreading radius (R,).””"’ The
spreading radius can be estimated both theoretically and experi-
mentally’”*' and depends on various parameters, including

detector thickness and incoming photon energy. While reducing

the sensor thickness can mitigate this spreading effect, it also

¥%:20:81 G202 IdY 0L

J. Appl. Phys. 137, 134501 (2025); doi: 10.1063/5.0251153
© Author(s) 2025

137, 134501-3


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

decreases the probability of photon absorption, thereby impact-
ing the quantum efficiency. Furthermore, even though R is rig-
orously dependent on the photon energy—affecting the depth at
which the photon is absorbed (see Fig. 2)—we assume it to be
constant in this article, as we can restrict our analysis to a
portion of the detector illuminated by a sufficiently narrow
photon energy range, thanks to Bragg spectroscopy.

3. Charge Transfer. Once the exposure is complete, the collected
charge needs to be transferred to the readout electronics. For
modern hybrid detectors, this is done in situ with the readout
electronics connected to each individual pixel. In the case of
CCDs, this is achieved through a process known as charge
transfer, where the charges are moved sequentially through the
CCD’s structure to the output register. This transfer is carefully
controlled to preserve the spatial information of the image. The
loss of electrons occurring in this operation, which is not
present in hybrid detectors, is measured by the so-called charge
transfer efficiency.”>** For these reasons, hybrid detectors offer
faster and more accurate readout than traditional CCDs.

4. Signal Readout. In the final stage, the collected charges are
read out by converting them into a voltage signal. This is done
using a charge amplifier that translates the charge into a corre-
sponding voltage. The voltage signal is then sent to an
analog-to-digital converter (ADC), which converts it into digital
counts known as analog-to-digital units (ADU).** These ADUs
represent the total energy of the photons incident on each pixel,
combined with noise, and form the basis of the digital image.

For our analysis, we are interested in knowing the following
detector characteristics: R;, the level of noise of each pixel, and the
ADU counts associated to a photon of energy E, ADUy(E), which
will, in general, depend on the pixel. The noise on each pixel is mea-
sured simply by running the detector multiple times while the
source is blocked (known as “dark runs”*’) and then looking at the
statistics of the empty frames for each pixel across the different
shots. The dark runs are taken regularly during an experiment to
measure the pixel noise as the detector conditions naturally change
over time, and their mean, usually computed excluding tail values to
account for anomalies (e.g., stray photons), is then subtracted from
the raw image to remove any bias on the ADU values due to
thermal noise. Typically, this subtraction is executed by the facility’s
software, as part of automatic post-processing. Additionally, it is
now common for facilities to provide the detector images, with the
background subtracted, in energy units. The ADU to energy unit
conversion of detectors, i.e., AD Uy (E), is already regularly measured
as part of performance testing and can automatically be applied to
the raw ADU image in a post-processing step. However, in this
article, we will always assume to work with background-subtracted
images, but in ADU units, and we will show how to compute
ADUg,(E) directly from the experimental images. While R; is typi-
cally given in the camera documentation, accounting for the charge
spread between pixels remains a task for the user as it is computa-
tionally quite intensive and not always necessary depending on the
detector geometry or experiment. Finally, image post-processing
often includes masking or correcting faulty pixels, with special
attention to edge pixels, where leakage currents can reduce charge
collection efficiency."®

METHOD pubs.aip.org/aip/jap

In the regions with low photon densities, which cover most of
the detectors in our cases, we are able to identify a photon hit by
searching clusters of neighboring pixels with ADU counts consis-
tently above the noise. This technique, known as single photon
counting, allows us to count the photons on the detector, thereby
reducing the uncertainties in estimating N/ by exploiting the
spatial correlation between ADU values of neighboring pixels. The
small regions with medium to high photon densities require
instead more elaborated techniques to improve signal quality,
which will be discussed in the following. Although it is possible to
estimate the energy of the photon directly from the ADU count, as
done in SPCS,”>*"*® working in dispersive (or Bragg) spectroscopy
enables us to determine the energy of the photons by their posi-
tions, facilitating the use of the photon counting techniques.

B. Energy calibration

For both spectrometers of interest here, the energy map
depends on the geometrical parameters of our setups (e.g., source-
detector distance),

Ej = E(xj;, i A), (1)

where x; and y/. are the coordinates of the center of pixel (ij) on
the planar detector and A collects all the geometrical parameters.
These parameters will be used as fitting variables to find the energy
map, ensuring that it is consistent with known experimental lines.
Let us now separately examine two types of geometries that are
commonly used, particularly in HED physics experiments.

1. Flat crystal spectrometer

We begin by assuming that the rocking curve of the reflecting
crystal”” is a Dirac delta centered at the Bragg angle, 85, and that
the sample acts as a point source, thereby neglecting source broad-
ening. Under these assumptions, using Bragg’s law"~ and referring
to Fig. 3, one can derive the following relation betwe<_en Ej;, the
coordinates of the pixel, and the geometrical parameters:*’

Ej = E(GB (x;], ygj; A))

_ he
* 2dsin (03 (x’l ¥ A))
he llro + Rrg|

T 2dy. (ro +Rr;j) ’ @

where 0y is the Bragg angle associated with pixel (i, j), h is the
Planck constant, ¢ is the speed of light, and d is the spacing
between the reflecting planes of the crystal. In this work, we con-
sider the first-order reflection (n = 1), but the generalization of
equations to any arbitrary order # is straightforward. The geometri-
cal quantities 9, r};, and R are given by the following expressions
(see Fig. 3):

ro = D (cos B, 0, sin0g), 3)
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FIG. 3. Flat crystal (FC) spectrometer geometry with an illustration of source broadening (inset). The laboratory frame is defined by Z being the normal of the crystal, X
such that ry is contained in the X — Z plane, and y chosen for the frame to be an orthonormal right-handed triad. The camera frame is defined with X and y aligned with
the pixel array, Z orthogonal to the camera plane, and the origin O’ at the center of the detector.

(4)

/ )
r,'j = (xi]" )’,-]'; 0)>

R= Rx(ax)Ry(ay)Rz(az)' (5)
Here, R is the rotation matrix that specifies the orientation of the
camera relative to the laboratory frame, parametrized with Euler’s
angles (o, oy, @,).”" Such angles, along with the distance D from
the source to the camera origin O’ and the Bragg angle 05 associated
with O/, constitute the geometrical parameters A for fitting and
determining the energy map. In order to do this, we first identify, in
terms of pixel coordinates, a bright curve S, on the experimental
image Aj; associated with an emission line of known energy E,

Sep = 16 fD), § =1, Ny] with () = max_ Ay,

(6)

where N; and N, are appropriately chosen to isolate the emission
line of energy E. A more sophisticated and accurate method is to fit,
for each row, the emission line to an analytic function and to take
the peak of the fit as the line position. This approach is less suscep-
tible to noise and allows for sub-pixel resolution, by constructing
the energy map on a finer sub-pixel grid. However, for the purposes

of this paper, we adopt the method described by Eq. (6). As a
second step, we compute the relative theoretical contour
{(i. )] Ej = E} using Eq. (2) with a guess for A,

Su(A) ={(i, gl A)), i=1,..., N}

: . . = (7)
with g(i; A) = min |E;(A) — E|.
j

Sexp and Sy, are parametrized with i as the independent variable
because of the expected shape for these curves. Finally, we calculate
a loss function £, dependent on the geometrical parameters A, mea-
suring a distance between the experimental line Sex, and the theo-
retically computed contour Sy,

Ny
L = > () — g MY ®)
Y i=1

At this point, we can minimize £ over the space of the geo-
metrical parameters with standard optimization routines.”” The
loss function can include multiple emission lines by summing the
loss functions of each individual line, as previously defined. This
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summation can include different weights for each line, proportional
to their intensities. Figure 4 illustrates an example of this calibra-
tion for the Mg spectrum discussed earlier. Here, the geometrical
parameters of the setup are determined by fitting the Mg Ko line
and are found to be

(0> @y, @) = (— 1.9°,55.8°,0°)
D =79.5mm 9)
0p = 34.7°.

As we see from these values, it is common practice to work with
the camera orthogonal to rp in order to maximize the solid angle
coverage of the detector, as well as to minimize any grazing inci-
dence broadening in the sensor layer (see Sec. II B 3). In this work,
we disregard the uncertainties in the A parameters arising from the
fitting process, as their impact on the final energy map is minimal.
This is justified by the fact that these errors are typically small,
especially when multiple emission lines are used for fitting.
Consequently, their contribution to the energy map uncertainties
is negligible compared to the broadening effects discussed in
Sec. II B 3.

2. Von Hamos spectrometer

In the von Héimos (VH) geometry,” an axis (the dispersion
axis) is drawn between the source and the detector, and the detec-
tor surface lies along this line (see Fig. 5). A cylindrically bent
crystal is then placed parallel to this axis, with the crystal posi-
tioned at its radius of curvature below this axis. The crystal will,
therefore, focus the reflected rays back on to the dispersion axis at a
distance twice as a far away in the dispersive direction. This results
in a simple dispersion relationship between the photon energy E,
the position from the source to the front of the camera along the

o 150
--- Si (E = 1253.6) eV
250 125
500 100
750 75
5. 1000 50 g
1250 25
1500 0
1750 -25
2000 -50

0 500 1000

X

1500 2000

FIG. 4. Detector image of MgF, emission spectrum with the theoretically com-
puted energy contour (red) fitted to a Mg Ke line.
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dispersion axis L, and the position on camera along the dispersion
axis Xcam,

ke
T 2d

- (L+Xcam)2’

E
4R?

(10)

where R is the radius of curvature of the crystal, and the remaining
symbols have the same meaning as before. The calibration is
straightforward and involves the optimization of R and L using
analogous techniques to those described for the flat crystal geome-
try. Bright emission lines with known energies are well-suited to
this task. Two sets of lines that cover the detector range are ideal
for the calibration and should result in a very well-constrained dis-
persion relationship. We show an example of an experimental cali-
bration in Fig. 6.

The primary benefit of a von Hamos spectrometer is its collec-
tion efficiency. By focusing all the rays onto a single axis instead of
arcs as with the flat crystal spectrometer, it is easier to detect events
above the noise. As the bending process deforms the lattice of a
perfect crystal, its rocking curve becomes extended, which degrades
the intrinsic resolution of the crystal.”>° It is, therefore, common
to use mosaic crystals as the dispersive crystal to further increase
the collection efficiency of the spectrometer. Common examples of
such crystals are highly annealed pyrolytic graphite (HAPG), highly
oriented pyrolytic graphite (HOPG), and lithium fluoride (LiF). A
mosaic crystal is one that consists of small perfect crystallites with
their normal vectors randomly distributed around the crystal
surface normal. As a result, in contrast to perfect crystals where
reflections only take place around the Bragg angle within the
rocking curve, the Bragg condition can be satisfied anywhere on a
mosaic crystal by finding a crystallite appropriately angled to the
normal (see Fig. 5). This effect increases the area of the crystal
reflecting a certain photon energy on a specific spot of the detector
(mosaic focusing). The end result is that von Hamos spectrometers
have very high collection efficiencies and so are often employed in
situations where photon numbers are very low, such as in x-ray
Thomson scattering (XRTS) and resonant inelastic x-ray scattering
experiments.”

As the x rays are focused onto the dispersion axis, the spec-
trum is produced by integrating over a few pixels along the non-
dispersive direction. The number of pixels used is chosen to maxi-
mize the signal-to-resolution ratio (see Ref. citenumpreston).
Outside this region of interest (Rol), unfocused x rays are disre-
garded, as different photon energies overlap on the same pixels.

The drawback to mosaic crystal VH spectrometers is that their
resolution tends to be worse than for flat crystal spectrometers. The
bulk of this is due to the mosaicity of the crystal, which both
enhances depth broadening and itself contributes directly to the
broadening. As a result, photons of a specific energy are sent to dif-
ferent locations on the detector rather than to a precise, nominal
point, producing a non-trivial broad and extended instrument
function.”” Furthermore, the mosaicity causes broadening in the
non-dispersive direction, resulting in a characteristic X-shaped
instrument function across the detector, with wider crystals produc-
ing a more extreme shape.””*’ This broadening leads to the afore-
mentioned energy mixing outside the central Rol. If the
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FIG. 5. Von Hamos spectrometer setup with an illustration of mosaic focusing (inset). The mosaicity of the crystal increases the area that reflects a certain photon energy.
For the correct functioning of the spectrometer, the crystal must be placed halfway between the source and the center of the detector. As in the flat crystal case, g is

defined as the Bragg angle associated with the center of the detector.

spectrometer lies slightly out of focus, the broadening in the non-
dispersive direction can become curved, in either direction,
depending on the vertical position of the crystal and its various
physical properties such as mosaicity. Indeed, we observe this sort
of defocusing in the energy contours (Fig. 6), where emission lines
show a backward sweep.

Focal aberrations are in fact an additional factor that can
degrade resolution,’” but this effect can be reduced by using a rela-
tively narrow crystal.”>”” Typical resolutions of von Hamos spec-
trometers range from 1 to 10s eV.”*"%

3. Broadening effects

The energy of each photon should map precisely to a corre-
sponding position on the detector. In practice, however, various
broadening mechanisms can cause photons of the same nominal
energy to be recorded at different locations on the detector. As the
spectrometer is calibrated so that spatial points on the detector cor-
respond to specific energies, there is no way to distinguish between
a photon arriving at its nominal position, and a photon with a dif-
ferent energy landing at the same point due to some broadening
effect. This effect is described by a point spread function, also
known as an instrument function (IF), and results in the observa-
tion of broadened features and a loss of spectral resolution.

While high-resolution spectra are generally desirable, there is
a trade-off between resolution and signal intensity as the very

effects that result in broadening also tend to result in higher spec-
trometer efficiencies. For example, a broader rocking curve reduces
resolution but increases crystal reflectivity, while a larger pixel size
leads to greater quantization errors yet allows more photons to be
detected by a single pixel, yielding a better SNR.

Broadening effects are generally complex to account for, as the
instrument function (IF) can be strongly geometry-dependent and
varies between experiments and setups. Furthermore, the IF rigor-
ously depends also on the photon energies incident on the
crystal.”” In other words, the broadening of the spectrum due to IF
cannot be expressed as a simple convolution but must be formu-
lated as a Fredholm integral equation (FIE),

1) = JK(E, Eo)lung (Eo)dEo, ()

where I and I, represent the measured and original spectra,
respectively, and the kernel K(E, E;) is the energy-dependent
instrument function. Methods for determining K are outlined in
Ref. 57 and rely on a combination of quasi-elastic signal measure-
ments and theoretical modelling of the IF. Once K is known, I,
can be retrieved using standard techniques for solving FIEs. Even
in cases where the dependence of IF on the incident energy could
be neglected—making the calculation of I, a simpler deconvolu-
tion problem—finite spectral windows and experimental noise
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FIG. 6. Detector image of Fe emission using a von Hamos spectrometer from
the experiment reported in Ref. 55, with a zoomed inset around the central dis-
persion axis, indicated by the red dotted line. The two vertical bright lines in the
inset correspond to the isoenergy contours of the Fe K-alpha lines. Generally,
the central dispersion axis may be slightly tilted relative to the detector’s edge.
This tilt is accounted for by adjusting the region of interest while moving along
the dispersive direction. However, Eq. (10) remains valid, as corrections due to
the tilt are typically negligible.

introduce instability in the deconvolution process. As a result, a
small amount of noise in I can cause significant distortions in I,,.

We list the main effects that deteriorate the resolution of the
measured spectra.

¢ Finite pixel size and quantization error: Pixels are rectangles
with sides of finite length L, causing each pixel to collect

photons within an energy range of order O(%h‘:i‘r’lsz%i %’). The
energy calibration of a pixel Ej; thus represents an average
energy. For the cameras used in the experiments, typical L,
values are in the range of ~10-100 um,”’ which is generally suf-
ficiently small to measure a smooth spectrum with energy bins
of <2eV. The energy bin width AE must be chosen as small as
possible to reduce the quantization error (~ AE/+/12) but large
enough to contain several E; in order to obtain smooth spectra.
As an aside, there is a trade-off to be considered in pixel size—
while smaller pixels will have less pixel broadening, they also
suffer from increased charge spreading between pixels. If the
charge of a photon is spread between too many pixels, it may
become difficult to detect signal above the noise. As a result,
there is a balance between the possible energy bin size and the
ability to reliably detect photons above the noise. These two
broadening effects, unlike the ones discussed next, degrade reso-
lution without affecting the correspondence between photon
energy and its position on the detector.

e Source broadening (SB): As the incident beam has a finite size,
photons leave the target from a region on the sample with an

METHOD pubs.aip.org/aip/jap

effective size D;, typically ranging from several nm to dozens of
pm, and up to hundreds of um for synchrotron and
laser-plasma-based sources. This region is often approximated as
a circle, although imprints of the beam show that the laser
spatial profile can be more complex.”* Additionally, as samples
have finite thickness, photons also emerge from different points
from within the sample. Consequently, photons of the same
energy emitted from different points in the sample will reach the
detector at different points, representative of the shape of the
source, which results in photons of different energies landing on
the same point, broadening the measured spectrum (see Fig. 3).
The energy uncertainty on each pixel, due to this effect, is of
order O( ZTP’CW ).

Depth Broadening (DB): A photon can travel a finite depth
into a crystal before being reflected out again. As a result, it
reflects at a point displaced from the nominal position it would
reflect from on the surface and will, therefore, hit the detector at
a different point. The DB resembles an exponential function as it
represents the probability a photon reflects from a certain depth
in the crystal. For perfect crystals, this is typically a very narrow
function and does not contribute significantly to the broadening.
However, for mosaic crystals, the broadening can be substantial
(several eV) due to the distribution of the crystallites’ and is
made even broader by non-negligible multi-reflection paths
within the crystal.”” When the path travelled inside the crystal is
much smaller than its attenuation length—a necessary condition
to maintain the crystal’s reflectivity—the SB is proportional to
t/sin(60g), with t representing the crystal thickness. Since ¢
cannot be reduced excessively without compromising reflectivity,
it is important to avoid working at overly shallow incidence
angles. The same consideration applies to the detector, where
small incidence angles influence the depth and, depending on
Ly, the pixel position of the photoabsorption, thereby impacting
pixel detection and increasing charge spreading.’’

Finite width of the rocking curve: Another source of energy
broadening is the finite width of the crystal rocking curve (RC),
Dy, which can be computed using dynamical diffraction
theory.”” The RC allows for a photon that does not satisfy the
Bragg condition to nevertheless be reflected from the crystal,”
albeit with a lower probability. For perfect crystals, their intrinsic
RC can be calculated using dynamic diffraction theory, and it is
an extremely narrow function.”” Typical values for Dy are
dozens of urad. For mosaic crystals, the mosaic distribution of
the crystallites also contributes to the RC and is about an order
of magnitude larger than the intrinsic RC of the crystallites.”’
The energy uncertainty per pixel from this effect is then simply
of order O(2<Dyy). Dy is generally weakly dependent on the
photon energy®” and is often assumed to be constant for typical
spectrometer energy windows.

For the geometrical setup of the Mg experiment, summarized
by Parameters (9), with typical values for L,, Ds, and Dy, the
energy resolution losses produced by these effects are of around
0.5-1¢eV. In many scientific fields, these resolution losses are of
secondary importance, as other factors such as source bandwidth
dominate.”® Nevertheless, they must be considered if one wants to
reach high resolutions (sub-eV). These resolutions can be achieved
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by means of specific experimental setups, characterized by large
source—-detector distances and high resolution crystals with very
narrow RC.°”"" However, these features also tend to decrease the
SNR of the images. It is, therefore, useful to contrive alternative
methods that mitigate these resolution losses, without compromis-
ing the signal intensity. One potential solution to overcome the res-
olution limitations imposed by the finite pixel size is to analyze the
charge distribution between neighboring pixels. Techniques used to
manage charge spreading, based primarily on centroid calculations,
have been successfully employed in the past to handle such correla-
tions and achieve sub-pixel resolutions.’”! Nevertheless, it is
important to note that these methods are applicable only when the
pixel dimensions are sufficiently small compared to R and in low
photon-density regimes. In Sec. II D, we will introduce an alterna-
tive approach to treat these correlations, based on deconvolution
algorithms capable of also handling cases with large photon densi-
ties on the detector.

The remaining three effects can be mitigated by studying the
instrument function of the experimental setup and solving the
involved integral equation mentioned earlier. Assuming the pixel
size effect to be negligible or already accounted for, we can study
the broadening due to the spectrometer instrument function by
irradiating the target with a monochromatic source and compare
the elastic scattering measured on the spectrometer to a high-
resolution beam spectrometer.”” For this method to work, a mate-
rial with very weak inelastic scattering in the vicinity of the elastic
scattering must be chosen. Good choices include plastics such as
polymethyl methacrylate and polypropylene, or metallic
glasses.””””" Another common way to determine the resolution of a
setup is from emission lines with known line shapes, e.g., Holzer
et al’s 3d metal transition lines.”” In any case, the FWHM of the
instrument function used provides an estimate of the spectrometer
resolution.

C. Experimental estimation of camera parameters

A fundamental quantity for converting the ADU map to the
distribution of photon hits is the RMS of the camera read noise,
on, which measures the level of thermal noise in the detector. This
can be measured pixel-wise by running the camera without a
source and calculating the variance of the pixel values during these
dark runs. However, for simplicity, we will consider this quantity to
be constant across the camera, which is a reasonable approximation
for the typical detectors employed.”””” In these cases, oy is directly
inferable from the histogram of the camera images with signal
present, the shape of which we will now discuss.

We will assume the detector images have undergone dark
image subtraction, so that the expected value of the ADU count for
a pixel not hit by any photon is zero. Additionally, for our cases,
the analysis of the histogram is simplified because, in Bragg spec-
troscopy, photon energies are determined by their position on the
detector. Consequently, we can subdivide the camera into regions
(e.g., rectangles that tile the entire camera) sufficiently small to
approximate ADUy,(E), the ADU counts produced by a photon of
energy E, as constant (ADUj,) in each region. The shape of the his-
togram for a single region is in general a series of peaks centered
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approximately in the following sequence of values:

P,=¢{-n-ADU,, n=0,1,2,..., (12)
where { is a constant smaller than 1 (typically around 0.8-0.9),
whose origin will be discussed below. The nth peak contains the
pixels that are likely to have been hit by # photons. In reality, only
the initial peaks of this sequence will appear in the histogram,
depending on the density of photon hits, which is measured by the

so-called fill fraction A. This important parameter is defined as

21— # photons on the camera (13)
"~ # pixels in the camera

Each peak is broadened by the intrinsic noise of the detector
and the charge spreading, quantified by oy and R;, respectively.
The magnitude of these broadening effects determines whether the
peaks will be merged together or remain distinct. Additionally,
charge spreading systematically shifts the peaks, initially centered at
nADUsy,, toward lower ADU values, as some of the photon energy
is deposited across multiple pixels. The constant { in Eq. (12)
accounts for this shift, decreasing as R; increases. To illustrate these
effects, in Figs. 7(a)-7(d), we present histograms generated from
synthetic camera images with various levels of noise and fill frac-
tions. More details on the fabrication of these synthetic images
are provided in Sec. III A. Alongside these synthetic data, we
include an experimental histogram for MgF, in Fig. 7(e) for data
from Ref. 23.

If ADU,(E) is not provided by the facility, it can be directly
inferred from the position of the first peak in the series given by
Eq. (12), which corresponds to single photons hitting pixels on the
camera. Similarly, from the width of the peak centered around 0,
we can estimate oy. Intuitively, the more the peaks merge together,
the more challenging it becomes to accurately determine these
quantities. In such cases, one approach to extract these two param-
eters is to fit the experimental histograms to a theoretical model.
This model can be constructed (see Sec. III A) given certain values
for ADUg, oy, and A, which can be estimated from the expected
number of photons, and R;, usually provided in the camera
documentation.

D. Estimate of the photon hits distribution

The objective of this section is to describe how to compute the
distribution of photon hits, N,-}Jf , from the camera image Ajjs thereby
eliminating the distortions due to thermal noise and charge spread-
ing. Depending on the spectrum of photons hitting the camera, the
image will have regions with different local fill fractions (see
Fig. 11), which must be treated with distinct methods. Therefore, to
process the image, we apply the following two techniques:

(1) Photon counting algorithms: To address regions with small
fill fractions (A < 0.1), where single photon clusters are
present, we use photon counting algorithms. These algorithms
can identify single photon clusters, exploiting the correlation
between neighboring pixels to reduce the uncertainty on the
photon detection.

¥%:20:81 G202 IdY 0L

J. Appl. Phys. 137, 134501 (2025); doi: 10.1063/5.0251153
© Author(s) 2025

137, 134501-9


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

0 500 1000 1500 200C 0 500 1000 1500
ADU counts ADU counts
10° 4
{ (e)
107 4
% 105 4
X
a
#
103 4
10! ; ‘
Onoise ADUg,
IIII-I T T T T T T T
—-40 -20 0 20 40 60 80 100 120

ADU Value

FIG. 7. (a)—(d) Synthetic histograms of 700 x 700 images for various levels of
noise and fill fractions. ADUy, is taken equal to 120. (e) Histogram of the
camera image reported in Fig. 1.

(2) Image deconvolution techniques: To treat the regions with
large fill fractions (4 = 1), where agglomerated clusters are
present (see next section), we process the image with the
Richardson-Lucy deconvolution method.”

As we will see, these two operations can be carried out sequentially,
improving the signal quality across the entire range of 4, including
also intermediate fill fractions. Considering the discussion in
Sec. II C, we will assume in the following that the camera parame-
ters ADU,,, o, and R, are known.

1. Clustering algorithms

If we suppose, as is often the case, that the charge produced
by a photon does not spread further than a pixel side length, then
the shapes of single-photon clusters (i.e., the pixels in which the
charged produced by the photon has leaked) are few and given in
Fig. 8. As there are only 13 possible shapes, a simple clustering
algorithm can be employed to identify these clusters and
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re-accumulate the intensity back on to the central pixel. The
benefit of doing so is that this makes the pixel brighter relative to
the background, allowing for more of these events to be included
once the final thresholding is performed.

The first step to identify the photon hits from the ADU map
is thresholding the camera image. Although different choices are
possible for the thresholding value, here, we chose 1.50y, as a
good compromise to cut the noise and retain the signal,

A
pr {o”

The thresholding value can be chosen in a systematic way by analyz-
ing their performance over multiple synthetic images for a given set
of parameters (ADUy,, o, and R;). This method is briefly described
in Appendix A. After thresholding, the pixels with an ADU value
different from zero are the ones that most likely received a contribu-
tion to their ADU by a photon hit. One may also set pixels exceed-
ing some upper threshold to zero to mask out possible faulty pixels
or high intensity events that do not correspond to real signal.

Next, we locate any clusters and determine whether they fall
into one of two cases:

A; > 150y

A,’j <1.5 ON.- (14)

(1) Single-photon clusters. If the shape of the cluster C matches
that in Fig. 8, then the charge spread is considered to originate
from the brightest pixel, and we accumulate all the ADU
values of the cluster onto its brightest pixel @, 7),

o th
0= 24
jee (15)

! P P <
Aij—Ofor (1,j) € Cand (i, j) # (G, j).

(2) Agglomerated clusters. In this case, we do not modify the
ADU values,

A= Af;’. (16)

After the clustering algorithm is applied, the image is thresholded once
more with a higher threshold, assuming that any events that fall below
the threshold did not originate from a single photon event. For this
work, we choose (ADUy, — o) as the second threshold, which results
in discarding roughly 20% of the single photons (A}; has a larger vari-
ance than Aj;) but eliminates almost entirely noise fluctuations. This
second threshold can also be systematically determined using the
method outlined in Appendix A. Charge accumulation over the bright-
est pixel can also be carried out by considering the centroid of the
single-photon cluster, enabling subpixel resolution.” However, this
more advanced process is beyond the scope of our discussion here.

In Fig. 9, we report an example of this operation using a syn-
thetic camera image (see Sec. III A for more details). As is
observed, agglomerated clusters remain unchanged by this algo-
rithm and will be addressed in Sec. IT D 2.

Exploiting the correlation of ADU values across neighboring
pixels enables us to boost the signal. As an example, consider three
adjacent pixels arranged in an L-shape, with ADU values between
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FIG. 8. The four layouts for a single photon cluster. The brighter pixel repre-
sents the pixel hit by the photon. Each of the last three can rotate by 90°, 180°,
and 270° to produce 13 layouts in total.

the first and second thresholds. If the correlation is ignored and,
consequently, we do not accumulate the ADU values on the bright-
est pixel, all three pixels will be zeroed after the second threshold-
ing, resulting in a loss of signal that likely corresponds to a photon.
In fact, a simple analysis shows that it is significantly more likely
that three L-shaped pixels with values above 1.5 oy are caused by a
photon compared with noise.

In addition to this, thresholding mitigates noise-related fluctu-
ations in the reconstructed spectrum. The noise reduction is
approximately proportional to P(N}; > 1) < 1, where P(N} > 1)
is the probability that at least one photon lands on pixel (4, j). This
result can be derived by considering the variance of the random
variables Aj; ~ NgADUsp +m; (see Appendix B) and Afjh (as
defined earlier), where 1 represents the random noise on pixel i,
which is assumed to be Gaussian-distributed with mean 0 and vari-
ance oy: 1;; ~ N(0, oy). First, fixing the number of photons Ng,
we find

VNI

V(A4IN]) = V(ny) = o3, YN,

o3 Aj > Koy (17)

V(AJINT) = {0

where V(-) represents the variance and xoy is a generic threshold
proportional to oyn. Now, taking the mean values E over the

A,’j < KON,>
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random variable N}, we obtain
E(V(Aj) = oy PN} = 0) + oy P(N} = 1) + - - - = oy,
E(V(A])) = 0- P(N] = 0) + o3 P(N] > 1) < o3,

having taken as an approximation that P(A; < K6N|Ng >1)=0
and P(A; > K'GN|N1-§ = 0) = 0. Summing the ADU values over the
energy contours preserves the ratio between the variance of the raw
and thresholded values.

2. Images deconvolution

To address charge spreading and noise contributions in regions
with large A, we apply the Richardson-Lucy (RL) deconvolution algo-
rithm™* to the matrix A} . This method is an iterative procedure,
based on Bayesian inference, that computes the most likely expected
values V;; of the Poissonian and independent variables Xj;, given a
realization Ry, which has been blurred out by a known kernel func-
tion H and corrupted by random noise. In formulas,

R = (X*H)ij+77ij,

Xjj ~ Poisson(Vy), n; ~ N, o%), (19)

RL algorithm
Ry — =y,

where * denotes the convolution symbol and Xj; and 7; are uncorre-
lated random variables for each i and j. It is intuitive to see that this
problem is analogous to our case, where Xj; is the number of photons

landing on pixel ij, Vj; is the intensity of the spectrum at that pixel
energy I(Ej), H is an effective charge spreading function (defined in
Appendix B), n; is the thermgl noise on pixel ij, and Rj is the ADU
map. Therefore, defining Agm as

m RL algorithm Aboc (20)

i i o

it will constitute an estimate for I(E;), which is the quantity we are
interested in. A more rigorous justification for the application of this
method is presented in Appendix B.

In Fig. 9(d), we illustrate the result of applying the RL algo-
rithm to the camera image already treated with the photon counting
algorithms. As observed, the algorithm decomposes the agglomer-
ated clusters into the most likely distribution of photon hits (still in
ADU units), leaving the single-photon clusters unchanged. The
comparison between the reconstructed map Agmc and the original
photon hits is excellent, with only very few mismatches.

Finally, we convert the camera units to photon numbers,
which provides the intensity in the measured spectrum,

'RVOC
14 v
- , 21
i~ ADU,, @

E. Construction of the spectrum and solid angle
corrections

The final step is to construct an estimate of the photon emis-
sion spectrum, S(E), in the direction of the detector, based on the
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Single-photon
cluster

FIG. 9. lllustration of the various steps in the camera image processing. (a) Map of photon hits on the camera for a small A, to which thermal noise and charge spreading
have been applied to obtain the camera image (b). The same image processed with the clustering counting algorithm (c) and then with the deconvolution algorithm (d). In
the figure, we indicate an example of a single-photon cluster and of an agglomerated cluster. All camera images, except the first initial photon map, are in ADU units.

photon hit distribution Ng obtained in Sec. II D. In the following,
we will assume the emission spectrum to be independent of the
unit direction k in the solid angle detected by the camera Q. If
this assumption does not hold, the following discussion remains
largely unaffected, except that the calculated spectrum will repre-
sent values averaged over all detected directions for a given energy.
S(E) describes the probability that, given a source spectrum, a
photon of energy E will be scattered in the direction observed by
the camera. Its units are sr"'eV~!. The measured spectrum I(E)),
which represents the probability of detecting a photon within a
given energy interval, can then be expressed as follows:

~ (EtAE/2 R
I(E) = J dQ(k)J dE S'(E, k)
: Quer E—AE/2 (22)
I=1,..., Ny

where E and k are the energy and unit wave vector of the photons,
AE is the energy resolution, and N, is the number of energy bins.
Here, S'(E, k) is the emission spectrum S(E) modified by the action

of the Bragg crystal, summarized in the shape function F(E, k),
S'(E, k) = S(E)F(E, k). (23)
Integrating Eq. (22) over the energies, we obtain
I(E) = J dQ(k) §'(k; E)). (24)
Qger

Given the energy-dispersive effect of the crystal on the radiation
and assuming that crystal broadening (including depth and mosaic-
ity effects) is sufficiently small, S'(k; E;) can be approximated in the
following way:

s ~ E+AE/2

S'(hs B) = S(B) = J dE S(E)
E—AE/2 (25)

Vk | E; = argmin|E(k) — Ej|

Ul
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and equal to zero for all the other values of k. Here, E(k) is given
by Eq. (2), with

ro + Rr

1’227, "= (¥, ¥, 0). 26
lro + Rr'|| P00 o

Now, the integration over the solid angle in Eq. (24) becomes

IE)=SE)- Y Q @7)

ijlE;EAE)

Having denoted the interval (E; — AE/2, E; — AE/2) as A(E;) and
Q;; the solid angle associated with pixel ij. This solid angle for the
flat crystal spectrometer can be computed through the following
formulas:

(2/)lab = R(é/)cam with (2/)cam = (0,0, 1), (28)

x9o=2'(Z 1) with (ro), = D(cos B, 0, sin 6p), (29)
(xO)cam - (0’ 0) D/)) (30)

|XO|:|2,'T0|:DI —

W =rg—x+x —  (Nem =", 0), (31)

with (ro)cam = R_l(ro)lab and (xj)cam = (xl’ }”: 0)’ (32)

x=x+2 — ®)am="y",D), (33)
_ dxdycos(B)  dxdy|xo| D
Q(xa }/) = |x|2 = |x|3 = (xll2 +y”2 n D/2)3/2 > (34)

where the relative quantities are defined in Fig. 10. Similar reason-
ing can be carried out for computing the solid angles in the von
Hadmos geometry.

The intensity I(E;) can be estimated (see Appendix C) from
the distribution of photon hits Ng as

IEy=> NI (35)
ij|Ej EAE
Putting Eqs. (27) and (35) together, we obtain an estimate S(E,) for
the emission spectrum,
y ~
Dilyean Ni ()

S(E) = = )
Zij\E,-jEA(Ez) Q; Q(E)

(36)

When summing the number of photons over the energy contours
associated to these bins, we will reduce the fluctuations due to the
thermal noise and Poissonian statistics, thanks to the large
numbers of pixels.
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lll. RESULTS

In this section, we apply the discussed methods to both syn-
thetic and experimental data. The synthetic data will be utilized to
evaluate the algorithms’ performance in enhancing resolution and
SNR for different conditions. The experimental data will instead
demonstrate how these methods can amplify specific spectral fea-
tures that would otherwise be weak, showcasing the efficacy of
these techniques in real situations.

A. Synthetic data

In order to test our techniques, we generated some artificial
camera images through the following steps, further illustrated in
Fig. 11:

(1) We create a 40 x 40 array to represent the camera pixels and a
finer 4000 x 4000 subgrid to depict its surface. For simplicity,
the energy contours on the camera are vertical, corresponding
to the columns of the pixel matrix.

(2) A number of photons, specified by the selected 4, are sent onto
the subgrid. Their energy, which determines the pixel column
they land on, is sampled from the spectrum S(E;) shown in
Fig. 11(a) and then converted to an ADU value, taking
ADU,, = 120.

(3) Charge spreading is applied by convolving the subgrid image
with a gaussian kernel of width R,. The ADU values of the
subgrid belonging to the same pixel are then summed together
to obtain the actual camera image [see Fig. 11(c)].

(4) Finally, gaussian random noise with standard deviation oy is ;Cj
added to the image [Fig. 11(d)]. 2
N
o
We evaluated the performances of our techniques for different &
values of A, R;, and oy by computing the £, distance between g
S
I Camera
Ll €T :JAI coordinates
<o T<Z
o=
Camera orientation is y =1
defined relative to
laboratory frame ' Oy

Laboratory
frame

Origin/Mirrored source Sample/Source

FIG. 10. Scheme for the solid angle calculations in the flat crystal spectrometer
case.
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FIG. 11. (a) The normalized spectrum used for producing the synthetic camera images. (b) The charge deposited on the camera surface, with the pixel grid depicted.

(c) The ADU map on the pixel grid. (d) The final camera image with the noise applied.

S(E;) and the reconstructed spectrum S(E;). The latter is obtained
by integrating the processed camera images along its columns and
then normalizing it for comparison with S(E;). In Fig. 12, we
compare, for A = 0.1 and A = 1, the original spectrum with the
spectra reconstructed using different methods to treat the camera
image. These methods include simple thresholding, only the
photon counting algorithm, only the deconvolution algorithm, and
the sequential application of photon counting and deconvolution
techniques (“Hybrid” mode), as discussed in Sec. II D. Panel (a)
shows that, for small 4 values, the photon counting algorithm
alone outperforms the deconvolution algorithm alone and the
simple thresholding. This is because, in regions with very few
photons—where ADU counts are mostly produced by noise—the
photon counting algorithm achieves higher accuracy, outweighing
the contributions from regions with a stronger signal. In contrast,
for large A values [panel (b)], the photon counting algorithm offers

little improvement over the thresholded image, whereas the decon-
volution algorithm is able better to treat the regions with many
photons, enhancing and better resolving the closely spaced spectral
features (as seen in the two spectral lines at the lower end of the
energy range). The sequential application of these two techniques
(“Hybrid” mode) combines their benefits, yielding the best perfor-
mances for both values of . We note that the applied method can
have a substantial effect on the extracted spectral features, such as
spectral linewidths or line ratios, which are often used as key diag-
nostics in experiments. For the RL deconvolution, we used the
built-in Python function.”” The number of iterations used in the
RL algorithm was selected from a range of values by determining
which provided the best match between the processed and original
spectrum. The optimal value, found to be 100, was also applied to
the analysis of experimental data, considering comparable levels of
noise and charge spreading to the synthetic images.
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FIG. 12. The original spectrum compared, for 2 = 0.1 (a) and 2 =1 (b), to the spectra reconstructed with different methods: Only the photon counting algorithm
(“Photon counting”), only the deconvolution algorithm (“Richardson-Lucy”), both the techniques combined (“Hybrid”), and none of them (“Simple Thresholding”). The

camera parameters are R; = 0.4 and oy = 30.

To evaluate performance, we study the quality of the spectrum
reconstructed from the “Hybrid”-processed image compared to
that obtained by “Simple thresholding” of the raw image as a func-
tion of the filling fraction. The effect of changing the noise level is
included in this study, as the ratio /oy is the dominant parameter
determining the quality of the reconstruction. This analysis was
conducted for two values of the charge spreading, Ry = 0.3 and
R; = 0.6 in pixel units, and its results are reported in Fig. 13. As
anticipated, the “Hybrid”-processed image consistently yields a
higher quality spectrum than the thresholded image across all 1
values and for each R,. The smallest difference occurs at intermedi-
ate A values, where neither the photon counting algorithm nor the
deconvolution algorithm is particularly effective. Additionally, the
quality of the reconstruction improves for smaller R and larger 4,
reaching an asymptote as A — 0. This behavior is expected, as a
larger number of photons on the camera reduces the Poissonian
error and the relative strength of noise, while a smaller R; facilitates
the deconvolution process and the identification of the threshold-
ing value, better separating the Oth and 1st peak in the histogram
of photon counts.

B. Experimental data

In this section, we show the application of our analysis
approach to a real camera image and the resulting improvements in
the spectrum obtained. Figure 14 reports the MgF, emission spec-
trum introduced earlier, computed either with simple thresholding
or with the image processing described in Sec. II D (“Hybrid”
mode). The parameters used in these operations (ADUy, on, A)
were determined by fitting a synthetic histogram to the experimental
one [see Fig. 7(e)]. To generate the synthetic histogram, we used an
estimated spectrum computed by integrating the camera signal over
the energy contours defined by the energy map and the parameters

of the PIXIS-XF camera (the detector employed for this experi-
ment), which were provided in the relevant documentation.”” From
this documentation and the fitting process, we obtained R, = 1.7 in
pixel unit, ADUy, = 43 ADU and oy =4 ADU, which were

applied in the processing of the experimental images. For threshold-
ing, we used the values specified in Sec. II D 1, expressed as a func-
tion of oy. The error bars for the two spectra were computed using
250 . :
—6— Hybrid, R, = 0.3
\ — @ - Simple Thresholding, R, = 0.3
\ el Hybrid, R, = 0.6
2 \ = [@ :Simple Thresholding, R, = 0.6 J

0 . , .
1072 107

FIG. 13. L, distance between the original spectrum and the one reconstructed
from the processed and thresholded image as a function of the filling fraction,
for two values of Rs. Note that the asymptote value is not zero, as discrepan-
cies from charge spreading and finite pixel size persist in the limit A — oo.
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FIG. 14. Emission spectrum of MgF, obtained with simple thresholding (red)
and processing the images with the photon counting and deconvolution
methods (blue). Error bounds are indicated by shaded regions. The peaks in
the spectrum correspond to the K (from 1250 to 1370 eV) and K (from 1430
to 1500 eV) emission lines of the different ionization states of the Mg ions.

Poissonian inference and neglecting noise-related errors, drastically
reduced by thresholding and integration over the energy contours.
Details of these error calculations are provided in Appendix C.

The enhancement of features is particularly noticeable for the
narrowest and most intense ones, such as the low-energy peaks
around 1260 eV. We believe that such improvements are mainly
due to the reduction of the background noise, and they could,
therefore, be essential when the physical information of the probed
system is contained in weaker features (e.g, Raman scattering
peaks). Moreover, the enhanced resolution achieved through the
deconvolution algorithm for the narrowest and most intense peaks
has significant implications for HED science, where line ratios and
widths play a critical role. In this example, line ratios are essential
for determining relative ion populations and, consequently, plasma
temperature.”” Temperature is also commonly inferred using x-ray
Thomson scattering via detailed balance, where precise line ratio
measurements are equally crucial.”® On the other hand, accurate
estimation of linewidths can be important for determining internal
electromagnetic field intensities and collision dynamic through
Zeeman, Stark, and collisional broadening.””™** For the photon
counting algorithm to be effective, it must be applied to single-shot
images rather than averaged ones, where single photon clusters are
reduced by summation. This requirement, combined with the
typical size of a camera image (here 2048 x 2048 pixels), makes the
process time-consuming for real-time analysis. However, this pro-
cedure can be performed during post-analysis, where time con-
straints are less demanding. The current implementation takes
approximately 8 min to process a single 2048 x 2048 image, which
remains quite slow even for post-analysis. Improving the efficiency
of these algorithms would greatly enhance their practical usability.
Additionally, the computation can be parallelized by distributing

METHOD pubs.aip.org/aip/jap

different regions of the image across multiple processors, signifi-
cantly reducing processing time.

IV. CONCLUSIONS

In summary, we have provided a detailed guide for construct-
ing spectra from the relative camera images for two of the most
common geometries employed in x-ray spectroscopy. Specifically,
we examined the computation of the energy map and the solid-
angle correction for the pixel array, the estimation of important
camera parameters such as the thermal noise intensity, and pre-
sented techniques to estimate the distribution of photon hits from
the raw camera data, with the aim of increasing the SNR. These
image processing techniques are based on the sequential combina-
tion of clustering algorithms and deconvolution methods for treat-
ing simultaneously regions with different local fill fractions. The
application of these methods to both synthetic and experimental
data demonstrated notable improvements in SNR and feature
clarity, demonstrating their importance in contexts where the mea-
sured physical features are weak and the precise determination of
linewidths and intensities is crucial. Future work could explore
enhancing the capacity for multi-photon cluster identification,
including expanding the variety of allowed cluster shapes.
Additionally, it would be useful to integrate this work with studies
on the instrument function and combine the improvement to the
SNR demonstrated here with an access to enhanced resolution.
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APPENDIX A: DETERMINATION OF THRESHOLDING
VALUES

The two thresholding values can be determined using the fol-
lowing procedure. First, we generate N; synthetic images (see also
Sec. III A) for specified parameters (ADUs,, o, R;) and for a small
fill fraction (e.g, 4 =0.1) so that single-photon clusters are pre-
dominant. Each of these synthetic images is then processed with
the photon clustering algorithm, applying a trial pair of threshold-
ing values, and divided by ADUj, to reconstruct the photon hits
map {N"}. The reconstructed photon maps are then compared to
the original photon map {N°?%}, and a global loss function is com-
puted,

N
Loss = Ni D LE(IN™Y, — (N7, (A1)
S =1

where {N"}, and {N°"} are two matrices and L is the Frobenius
norm. The optimal threshold pair is obtained as the one that mini-
mizes this loss function.

APPENDIX B: PROBABILITY DISTRIBUTION OF THE
ADU COUNTS

Let us focus on regions with high local A, where the photon
counting algorithm leaves pixel values unchanged. While this dis-
cussion can be extended to include thresholding and charge accu-
mulation operations, doing so adds complexity without altering the
fundamental concepts. First, consider the signal on a sufficiently

METHOD pubs.aip.org/aip/jap

fine subgrid k, I = 1, 2, ... (see also Sec. II A),

Ay = ZADUSP(NZ/,/ + Brr)He—k 1-1>
T

(B1)

where H is the charge spreading function and Nky,,, ~ Poisson(Iyy),
with Iy denoting the spectral intensity at subpixel (k'I'). The term
By ~ N(0, /NI, is a compound probability distribution account-
ing for random fluctuations in e-h pairs production, quantified by
the Fano factor f. This factor is usually small (e.g., f =0.12 in
Silicon’"), and therefore, this noise source is often neglected. The
value Aj; is obtained by summing Ay over the subpixels within
each pixel and then adding the thermal noise specific to the pixel,

A=Y Au+tm (B2)

kIE (i)

where k, | € (i, ) indicates that subpixel (k,l) lies in pixel (i, j).
Using the properties of the Poisson distribution and neglecting the
e-h pairs production noise, we can now write

A

i = Z ADUg,Poisson(Iyy)Hy—k 1-r + 1;

KIEG)) KT

= ADU, Poisson

Z ZIk’l/Hk—k’ v |

kIE(G,)) KT

= ADUj, Poisson Ly Z Hiw 1-r | + 1y

77 KIEG])  klE(y)

~ ADUj, Poisson Zfi/j/ Z Hiw v | + 15
i KTE( ) kIE())
= ADU, Poisson (Z LipHi s H) +
T
= ADU;, > Poisson(Iyj)H; i j_j + 1,
i/j/
(B3)

where we reasonably assumed Iy to be constant within each pixel
and equal to Iyy. Here, we defined Iy = > i Ier = Nplijs
with N, representing the number of subpixels per pixel, and an
effective charge spreading function as

~ 1
Hifi’ - =

(B4)
N, e et
'K E(f) ikE(if)

Hy oy

The translation invariance of H follows directly from the inherent
translation invariance of H. Equation (B3) proves that the opera-
tion defined by Eq. (20), combined with the division in Eq. (21),
yields an estimate for I.
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APPENDIX C: ERROR CALCULATIONS

We begin by computing the best estimate of the parameter I
(also the mean) of a Poisson distribution, given an observation #,

n,—I

I
N ~ Poisson(I) = P(N =n|l) = e'
n!

(@)

Assuming a flat prior distribution for I over a large interval
[0, M] (since I cannot be infinitely large), and noting that

Pln) = [ PllyPUI) = [MdIle! L~ L
large, from Bayes’ theorem, we find

if M is sufficiently

_ P(nnP)

PUln) = =5 5= = PGlD. (C2)

From this equation, we can calculate the best estimate for I as

M n,—1

M I"e
(DY(n) = J dIIP(I|n)J dII
0

0 n!

~n+1. (C3)

Similarly, we determine the error on this estimate as the standard
deviation of P(I|n),

(2= (DD () =~ Vi + 1.

To analyze our case, we consider I(E) = ZMEUEAEI Ni}]f as a reali-
zation of the random variable I(E;) ~ Poisson(Q(E;)S(E;)). Here,
we are disregarding the contribution to I(E;) from noise, which is
generally small due to the thresholding operations and the sum-
mation over many pixels. Additionally, we are not considering
the error propagation through processing steps, taking instead
directly NZ- as the estimate of the photon hits map. Under these

(C4)

assumptions, the spectrum and its error, for each energy bin, are
given by

(S(ED) = I(fz’()—g)l o(S(ED) = 7”5(1;)“ (C5)

As a final consideration, we observe that the error normalized to
the signal, o(S(E;))/(S(E)) = 1/v/I(E) + 1, correctly decreases

as the number of photons per bin increases.
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