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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler The modified Boltzmann-Chandrasekhar equation of transport for photons is the proper framework for
describing the photon radiation field with a complete description of the polarization state. The characterization
of the radiation field requires a detailed knowledge of the interactions of photons with mater and comprises also
the contribution of the secondary electrons to the photon field through mechanisms like inner impact ionization
and bremsstrahlung. It will be shown a solution obtained without the need of solving the coupled transport
electrons-photons. With all these interactions, the theoretical characterization of the X-ray spectrum of emission
after excitation with a source of X-rays can be straightforwardly obtained from the albedo solution to the
equation. In this work it will be privileged a Monte Carlo (MC) solution. However, this solution is still far from an
experimental measurement modified by the radiation detection devices, comprised the pulse electronics. In this
work we put together a MC simulation able to get a detailed transport solution and a complete characterization of
the contributions of the detection chain. It is discussed the influence of the single contributions and how they
combine to make that a simulated X-ray spectrum matches well a real measurement.

1. Introduction resolution G(E, E) centered at the energy E.
Eqn. (2) can be replaced in Eqn. (1) to obtain:
It is well known that the measured intensity Ineasred(E) (Seltzer,

1981) and the modification due to the detector are linked through the Lyeasurea (E) = / ( / O(E E)G(E, E)dE”) o(ENI(E)dE. 3)
convolution integral

) L By exchanging the integration order in both integrals, it is possible to
Ineasurea(E) = / R(E,E)p(E)I(E)dE, @ get two integrals that represent the core of this simplified model (Fer-

nandez and Scot, 2009a):

where R(E, E) denotes the detector response for an incident photon with ; ; ;
energy E, ¢(E) the detector efficiency and I(E) the source intensity at Ineasurea (E) = / U(E)G(E,E)dE, (4)
the same energy. It is worth noting that sometimes the efficiency is
comprised into the response function. In this paper we prefer to show it , . A
sepa?ately for reasons I\)A/hich will be clear latzr.p ’ UE)= / Q(E, E)p(E)I(E)dE. (4b)

The detector response function . . .
P The integrals can be discretized and solved separately as follows:

"

R(E,E)= / O(E E)G(E . E)dE @ UE) =Y 0(E.E)IE)w(E,). (52)

depends on the continuous detector counting Q(E, E) produced by an

/ Deasurea(E;) = ) U(E,)G(Ey, E,) . 5b
incident photon of energy E, and on the broadening due to the detector a(E:) Z (E)G(E,, E:) (5b)
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Q(Es, Ek) and I (Ek) in Eqn. (5a) can be computed with a Monte Carlo code

while the efficiency (/)(Ek) needs to be determined independently. The
computation of Eqn. (5b) requires the knowledge of the detector reso-
lution G(Es, E;).

The model was first tested by using the Monte Carlo code MCSHAPE
(Fernandez and Scot, 2009b) with the basic efficiency model in section
2.2 to compute U(E;), and a symmetric Gaussian distribution for the
peak broadening G(Es, E;). The Ineqsurea(E:) computed with these ap-
proximations shown that the approach is robust but needs improve-
ments to match better the experimental spectrum.

In this paper we analyze and discuss the following improvements to
the solution not considered during the first stage.

(a) A better description of the photon transport by including, into the
Monte Carlo code, the photons contributed by secondary elec-
trons through the processes of bremsstrahlung and inner shell
impact ionization.

(b) A better description of the detector response by including the
escape due to Rayleigh scattering into the Monte Carlo code.

(c) A better description of the peak broadening to improve the
insufficient description of the symmetric Gaussian distribution.

(d) A better description of efficiency comprising the scattering on the
different devices inside the detector walls.

(e) The need to correct the pile-up distortion effects even in case of
acquisition with hardware correction.

It will be shown that the model in Eqn. (5) with these improvements
is sufficient to give a full description of a complex X-ray spectrum. All
the tests will be performed on a synchrotron measurement (Namito
et al., 2000) which requires a Monte Carlo code suitable for linearly
polarized X-ray photons. It will be shown that an almost perfect
description of the measurement is possible even when not all the char-
acteristics of the detector are fully known as in this case.

2. Modeling radiation transport and detector influence

A preliminary description of photon diffusion is obtained as solution
of the scalar Boltzmann equation for photons by considering the pre-
vailing interactions in the X-ray regime (characteristic lines produced by
atom relaxation after photoelectric effect, Compton scattering and
Rayleigh scattering). A more refined description adds the influence of
the electron photon coupling to include the contribution of brems-
strahlung, inner shell impact ionization and Compton ionization. The
level of detail of such descriptions represents an acceptable approxi-
mation for most of the applications involving unpolarized sources but it
is not adequate for polarized sources. In such a case, it is necessary to
consider the influence of the source polarization state and its modifi-
cation due to the collisions by introducing the Boltzmann-
Chandrasekhar equation, a vector equation able to describe the evolu-
tion of the polarization state through the multiple collisions (Fernandez,
1999).

Polarized photon transport (neglecting secondary electrons), studied
with deterministic methods (Fernandez et al., 1993), is very useful for
analyzing the influence of polarization on the photon field, but is limited
by the number of calculable collisions and by the geometry required by
the analytical solution. A Monte Carlo simulation is a good alternative
because it can be used to solve more complicated geometries with a
higher number of collisions and can also be used to describe the detector
response.

2.1. Monte Carlo code MCSHAPE

MCSHAPE, a Monte Carlo code developed at the University of
Bologna, stands out for its ability to simulate the diffusion of photons
with arbitrary polarization states, uniquely capturing the evolution of
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polarization throughout interactions with atoms. Utilizing the
Boltzmann-Chandrasekhar ‘vector’ transport equation, the code repre-
sents the photon polarization state through Stokes parameters I, Q, U,
and V quantities with intensity dimensions providing physical insights
into polarization (Fernandez, 2007). The simulation focuses on the
propagation of photons in heterogeneous media, originating from both,
polarized (e.g., synchrotron) or unpolarized (e.g., X-ray tubes) sources.

MCSHAPE’s modeling assumes that photons exclusively interact
within the target, with those escaping into empty space or air subject to
absorption but not returning to the target. This model effectively depicts
radiation behavior in two media of differing density, where the sample’s
density vastly exceeds that of the surrounding half-space.

In determining the scattering angle, the code employs a randomized
approach based on the phase function of the collision in the center of
mass reference system. Subsequently, the outgoing direction undergoes
conversion to the laboratory reference system.

Crucially, the polarization model in MCSHAPE involves a matrix
kernel to describe the collision term in the vector transport equation.
The code adopts a hybrid method for scattering angle selection, wherein
the final polar angle is randomly sampled for each collision event from
the scalar differential cross-section (isotropic for photoelectric effect,
anisotropic for Compton and Rayleigh scattering). The cosine of the
scattering angle is derived from a cumulative function built upon the
same distributive function used in the scalar representation of the
scattering kernel. Consequently, optimization pertains to the intensity
component I of the Stokes vector, while components Q, U, and V are
computed using weights. The azimuthal angle in the local center of mass
reference system is sampled uniformly.

Secondary electrons may also produce photons through two inter-
action mechanisms: the bremsstrahlung (which produces a continuous
photon energy spectrum) and the inner shell impact ionization (ISII) (an
inelastic collision which ionizes the interacting atom causing a vacancy
in an atomic shell that is filled through a relaxation process). These two
electrons’ radiative contributions can be introduced as additional
contribution terms to the photon field if they are computed externally. In
particular, the Bremsstrahlung contributions is relevant to reproduce the
background of the X-ray spectrum (Fernandez et al., 2015a).

The simulation model implemented in MCSHAPE has an option to
compute the inherent alterations introduced by the detection system in
the measured radiation spectrum. To comprehensively address this
aspect, the influence of the detector is evaluated in two distinct stages.
Initially, the diffusion of incoming photons into the detector is charac-
terized by a transport model dependent on the physical properties of the
detector material, including composition, density, and thickness. The
present transport model comprises the escape due to Rayleigh scattering
not included in previous versions of the MCSHAPE code. This contri-
bution is not detected as scape but produces a small reduction of the
detected signal.

As said before, the broadening and energy resolution, intricately
linked to the detection mechanism, are delineated using the indepen-
dent code RESOLUTION (Fernandez et al., 2015b).

2.2. Simple model of efficiency

Detector efficiency stands as a critical parameter in X-ray and
gamma-ray spectroscopy, holding paramount importance in various
applications. However, the comprehensive understanding of this prop-
erty is often accompanied by uncertainty, stemming from diverse defi-
nitions in literature (Knoll, 2000). These definitions not only hinge on
detection instrumentation but also intertwine with measurement tech-
niques, analysis software, and background radiation levels.

Efficiency, encompassing intrinsic, absolute, total, and peak effi-
ciency, delineates the fraction of detected pulses concerning emitted or
incident radiation. These metrics play a pivotal role in estimating a
detector’s count rate under specific measurement conditions. The effi-
cacy of a detector is contingent upon factors such as material
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Fig. 1. Simplified representation of a solid-state detector.

composition, geometry, source-detector distance, and the energy of the
radiation. In a general sense, all detectors yield an output pulse for each
quantum of radiation interacting within their active volume. The pro-
cess involves primary charged radiation giving rise to interactions,
typically ionization or excitation as soon as the particles reach the active
volume. After traversing a small fraction of their path, particles lead to
sufficient ion-vacancy pairs, ensuring that the resultant pulse is sub-
stantial enough to be detected. The efficiency of a detector achieving
100% counting efficiency implies that it can detect all particles entering
its active volume. Conversely, when radiation must cover an extensive
path between interactions, such as with gamma rays or neutrons, the

exp (—p,dv) exp (—pyda)

(1 —exp (= py(D = dp)))

{* . ﬂm}
=1-e

where N is the number of layers constituting the active detector; and for
the i-th layer, y; represents the total mass attenuation; p; the density; and
s; the thickness. The quantitative representation of intrinsic efficiency
within the MCSHAPE framework is obtained by comprising the attenu-
ation of the beam in the detector window and in the dead layer for the
simplified 1D detector shown in Fig. 1:

; ©

o(E)=

detector’s efficiency is inevitably less than 100%. Therefore, a clear and
precise understanding of detector efficiency becomes imperative to
establish a link between the number of detected pulses and the incident
photons or neutrons.

Absolute efficiency (egs) is defined as the ratio of the number of
recorded pulses to the number of incident radiation quanta. This ratio is
contingent not only on detector properties but also on the characteristics
of the geometry used during measurement, primarily the source-
detector distance.

Mpwmber of pulses recorded

Eabs =
Mpumber of incident radiation quanta emitted

This magnitude is reliant not only on the detector’s intrinsic prop-
erties but also on the specifics of the geometry employed during the
measurement, with a particular emphasis on the source-detector
distance.

Conversely, intrinsic efficiency (ein) is defined as the ratio of the
number of recorded pulses to the number of incident radiation quanta
emitted, incorporating intrinsic detector properties while eliminating
the influence of the solid angle subtended by the detector.

Mpumber of pulses recorded

Eint = Nyumber of incident radiation quanta emitted in solid angle of the detector

This metric, in contrast to absolute efficiency, no longer considers
the solid angle subtended by the detector as an implicit factor. The
intrinsic efficiency of a detector depends on its material composition, the
energy of the radiation, and the physical thickness of the detector in the
direction of incident radiation. Importantly, it significantly reduces
dependence on the source-detector distance.

MCSHAPE incorporates intrinsic efficiency in the computation of the
detector response; Focusing on a perpendicularly incident beam, the
efficiency ¢(E) is expressed as:

" attenuation in the the window Attenuation in the dead layer probability of attenuation in the active layer

)

The dead layer thickness can be estimated experimentally (Maor and
Rosner, 1978) and is assumed to be known.

Additionally, it was accomplished an estimation of the potential
contribution of scattered radiation in the walls of an 3D detector to the
efficiency curve. It was determined that the contribution of reflected
radiation is negligible compared to the incident radiation, with a
calculated influence of 1.56% for a detector of CdTe of known internal
geometry. This finding leads to conclude that reflected radiation can be
assumed irrelevant also for a Ge detector. Even when considering the
considerable complexity involved in efficiency calculations of real 3D
geometries, reflected radiation would yield only a marginal impact on
the overall efficiency determination (Giampieri, 2015).

2.3. Energy resolution

The function S(E') relies on the physical properties of the detector,
including geometry, composition, density, and thickness, and can be
determined using deterministic or Monte Carlo codes.

Energy resolution, intrinsic to the detector type, deviates from ideal
behavior. The Full Width at Half Maximum (FWHM) stands as a
commonly used parameter for characterizing energy resolution. It is
defined as the FWHM of a single energy peak divided by the peak
centroid and is expressed as a percentage.

2.3.1. Gaussian resolution

Imperfect energy resolution stems from various sources of fluctua-
tion, including operational drift, random noise, and statistical noise. The
discrete nature of measurements introduces statistical noise, depicted as
a Gaussian distribution:

E- 52 A oy E= B2

, A
G(EE)= T =0.939 : 8
(E,E) v e wams ™ €))




J.E. Fernandez et al.

where ¢ ~ ZMIM; E represents the centroid; and A represents the peak

area.

However, due to the non-independence of processes within the de-
tector, the resolution computed through purely statistical methods is
notably lower than the observed. The combination of statistical noise,
electronic noise, and operational drift contributes to the overall energy
resolution, appropriately represented by a Gaussian function with
FWHM given by:

FWMHoyera= | (FWHM). 0+ (FWHM L+ (FWHM),,, ©

2.3.2. HYPERMET resolution

In specific instances, particularly with Solid-State Detectors (SSD),
deviations from the ideal Gaussian line shape may occur, manifesting as
skewed profiles with elongated tails from the peak centroid to zero en-
ergy. To rectify this, corrective models are essential. Charge carrier
trapping and incomplete collection (Phillips and Marlow, 1976; Camp-
bell and Maxwell, 1997; Campbell et al., 1985), can lead to count de-

ductions from the full energy peak, resulting in an exponential
distribution denoted as:

T(io, i) = HDe< ‘ ) i< g (10)

0,i > iy

where Hp, corresponds to the amplitude of the tail; i corresponds to the
channel; and iy corresponds to the full energy line channel.

The process of gathering electric charge and the presence of elec-
tronic noise can lead to a Plateau, extending from the central point of the
peak to zero energy. The plateau is represented with the function M(iy, i)
in which the parameter Hs correspond to the height of the plateau
(Fernandez et al., 2015b).

The convolution of T(iy, i) and M(iy, i) with the Gaussian distribution
produces the shelf and the tail functions:

S, 1) = s erfe (’;/’;) an
Dliy, i) = %HD <_) e <_> erfe (’G_\/‘E‘) + %) a2

The parameters Hp, Hs, and o, referred to as HYPERMET parameters,
are energy dependent. There exist different computer codes which
compute the HYPERMET correction (Fazekas et al., 1997; Fernandez
et al., 2015b; Ménesguen and Lépy, 2021).

2.3.3. RESOLUTION code

RESOLUTION is a software tool designed to incorporate the impact
of energy resolution smearing and incomplete charge collection into
simulated X-ray and gamma-ray spectra, reflecting the energy deposi-
tion spectrum within the detector. The using algorithm utilizes a
modified model of Campbell (Campbell et al., 1985) to express SF(E),
representing the shelf fraction, TF(E), representing the tail fraction and
proper of the model. The fitting parameters used to define the three
coefficients of the model depend on the specific detector and are
empirically determined (Campbell and Maxwell, 1997). In the RESO-
LUTION algorithm ( Fernandez et al., 2015b), the parameters HS and HD
in the HYPERMET function are derived from SF and TF through the
incorporation of appropriate normalization factors.

2.4. Pile-up correction of the measurement

Radiation emission is a process randomly spaced in time. At high
counting rates pulses may have time gap smaller than their width, giving
place to the pulse pile-up. It has three consequences: loss of counts (since

Radiation Physics and Chemistry 220 (2024) 111648

Table 1

Ge detector and FWHM parameters.
Thickness (cm) 0.1
Density (g/cm3) 8.92
W (keV) 2.9600000E-03
F 5.9999999E-02
a (keV) 1.0000000E-06

b 2.000000

AEglec (keV) 0.2500000

the sum of the pulses is detected instead of the separate pulses) and
wrong energies of the piled-up pulses. Therefore, the whole spectrum
results distorted since the lost pulses are not collected at the proper
energies. Modern detectors usually comprise built-in electronics which
partially reduce pile-up effects either by limiting the pulse tail (i.e. Rise
Time Discrimination, RTD) and/or by using additional rejection circuits.
It is worth mentioning that PPU is exclusively attributed to the de-
tector’s pulse handling circuitry and is not related to the detector
response function.

The Deterministic Rectangular Pulse Pile-Up (DRPPU) method ad-
dresses the correction of residual pulse pile-up (PPU) in radiation de-
tectors even after PPU reduction circuitry. DRPPU introduces a first-
principles balance equation for second order PPU, offering a post-
processing correction for X-ray measurements. Specifically applied to
rectangular pulse shapes, the method employs a deterministic iterative
procedure with demonstrated convergence. In essence, DRPPU serves as
an efficient corrective measure for mitigating the impact of pulse pile-up
distortions in radiation detector measurements (Sabbatucci and Fer-
nandez, 2017).

3. Results and discussion
3.1. Description of the measure

In the reference measure, a mono-energy photon-scattering experi-
ment was conducted at the BL-14C beamline of a 2.5 GeV synchrotron
light facility. Utilizing photons from a vertical wiggler and a Si (1,1,1)
double crystal monochromator, a linearly polarized mono-energy
photon beam was generated. The experimental set-up is described in
(Namito et al., 2000). The data that we have are relative to carbon and
copper (Y. Namito and H. Hirayama, Private communication with raw
experimental data from KEK synchrotron). In this work only the copper
spectrum will be considered. The source is linearly polarized with linear
polarization degree P = 0.885. The source energy is 40 keV. To see the
effect of the polarization, the scattered spectrum is collected by two Ge
detectors. One Ge detector (Ge2) was in the plane of the incident po-
larization vector (¢ = 0°), and the other (Gel) in the plane perpendic-
ular to it (¢ = 90°). The scattering angle is & = 90°. This set-up was
simulated by MCSHAPE v. 271. Since the code can represent only 1D
geometries, for each target two runs of the code were performed to
repeat the experimental conditions. For each run, the incoming and the
take-off angles are both 45°. The azimuthal angle is 0°. The detector is
assumed to be a Ge layer of 1 mm thickness. For the Gel situation, the
source considered is linearly polarized in the plane perpendicular to the
scattering one, while for the Ge2 situation we use a source with linear
and parallel polarization respect to the scattering plane.

3.2. Steps to describe the experimental X-Ray spectrum

A two stage MCSHAPE calculation is performed. In the first stage
(transport), the code simulates the transport of the photons in the target;
the resulting emerging spectrum is scored. Please note the improvement
in the background description of MCSHAPE when the photon transport



J.E. Fernandez et al.

Delta peak P P

Total profile
weeeeeeeeeeeee  Shelf S
Exponential tail D
Gaussian profileG
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Energy

Fig. 2. Different functions which contribute to the description of a single peak
under the HYPERMET model.

0.1 * experimental data
MCSHAPE comprising bremsstrahlung
0.01 (coupled transport photon-electrons)
0.001
3
© 1E-4
=2
(2]
§ 1E-5
£
1E-6
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Fig. 3. MCSHAPE spectrum simulation comprising contributions from photon-
electron coupling.

0.1+
« experimental data

MCSHAPEcomprising bremsstrahlung
(with detector response)

0.01 o

0.001

1E-4 o

1E-5 4

intensity (a.u.)

1E-6 §

0 5 10 15 20 25 30 35 40 45
Energy (keV)

Fig. 4. MCSHAPE spectrum simulation comprising detector response without
the peak broadening due to detector resolution.
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013 * experimental data
3 —— MCSHAPE+bremsstrahlung
0.01 _ (with detector response

after Gaussian RESOLUTION)

intensity (a.u.)

0 5 10 15 20 25 30 35 40 45
Energy (keV)

Fig. 5. MCSHAPE spectrum simulation comprising detector response with
Gaussian broadening computed with the code RESOLUTION.

Table 2
HYPERMET parameters used in the RESOLUTION code.

Co 7.000000 o parameter
c 0.0000000 E+00
co 0.0000000 E+00 o = co+ c1E+ c2E? + c3E®
c3 0.0000000 E+00
bo 1.5000000E-02 Tail fraction
b1 9.9999997E-06
by 0.0000000 E+00 TF = bo exp(b1E) + by exp(bsE)
bs 3.0000001E-06
EN 4.9999999E-03 Shelf fraction
a 0.0000000 E+00
as 0.0000000 E+00 SF = ap + a; exp(azE)
0.1 5

» experimental data
—— MCSHAPE comprising bremstrahlung
plus detector response and RESOLUTION

0.01 4

0.001 5

1E-4 -

1E-5 A

Intensity (a.u.)

1E-6 A

4
Ll I Ipulse pile-up
1E-8

0 5 0 15 20 25 30 35 40 45
Energy (keV)

Fig. 6. MCSHAPE spectrum simulation comprising the detector response and
the HYPERMET broadening computed with the code RESOLUTION. The un-
explained part of the spectrum located at 16 keV can be ascribed to pile up
(right arrow) of the Cu K-lines (left arrow) having half of the energy.

includes the photons contributed by secondary electrons through the
processes of bremsstrahlung and inner shell impact ionization. Brems-
strahlung is responsible for the continuous background. Even if the
extent is not high, it has a big visual impact on the spectrum description
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0.1 +  Pile-up corrected measure (b=4.31 10?2)
——MCSHAPE comprising bremstrahlung

0.01 with detector response and RESOLUTION

0.001
1E-4

1E-5

Intensity (a.u.)

1E-6

1E-7

1E-8 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45

Energy (keV)

Fig. 7. Simulation matches the experimental spectrum after the pile-
up correction.

(Fernandez et al., 2015a).

In the second stage MCSHAPE computation (detector response
function), the output of the transport run is used as source and the de-
tector as target. In this case a better description of the detector response
is obtained by including into the Monte Carlo the escape due to Rayleigh
scattering. The simplified model described by Eqn. (7) in section 2.2 is
sufficient to characterize the efficiency since the influence of multiple
scattering inside the walls of the detector is negligible. The beam is
supposed to hit perpendicularly in the middle of the detector. The output
of this second stage is the spectrum including the detector response
function (see Fig. 4).

The postprocessing code RESOLUTION is then used to add the energy
resolution of the detector. Table I shows the parameters used to calculate

SIMULATION
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the FWHM for the Ge detector.

Firstly, it is assumed a Gaussian distribution (see Fig. 5). The spec-
trum description is insufficient, especially in relation to the Cu lines
under 10 keV. It is apparent the bad description of the low energy tail of
the peaks.

The next step consists in determining experimentally the HYPERMET
parameters for the code RESOLUTION. This operation usually requires
the measure of single isolated peaks at different energies to reach a
definitive detector characterization. In absence of such a set of mea-
surements, the HYPERMET parameters in RESOLUTION are obtained by
using the measurement itself. The two low energy Cu K peaks and the
Rayleigh peak at 40 keV allow to determine the set of RESOLUTION
parameters (see Table 2).

With these parameters it is possible to obtain the spectrum in Fig. 6.
It is apparent the good description in the whole energy range except for
the peak near 15 keV which can be considered the pile-up of the two
characteristic peaks of Cu lying at half of the energy.

Pile-up distortion is frequently present in radiation measures even in
the case of acquisition with hardware correction and need to be cor-
rected with adequate software. Fig. 7 shows the previous experimental
measurement post-corrected with the code DRPPU (Sabbatucci and
Fernandez, 2017) to reduce the pile-up effects. After the PPU correction,
the simulation matches almost perfectly the resulting experimental data.

4. Conclusions

The representation of an X-ray fluorescence spectrum requires an
adequate model to describe the modifications of the detection system on
the measurement. The mathematical model described by Eqn. (4) rep-
resents a simple and robust answer. The practical application to a
measurement requires the use of the discretized set of Eqn. (5). The
complexity of the problem requires that the pieces involved must fulfill
the following stringent conditions: to use an adequate transport simu-
lation tool capable of describing the physics to a higher extent; to
perform an adequate simulation of the detector response; to describe
well the detector efficiency; to describe well the resolution of the de-
tector; and sometimes you discover that pulse pile-up is still present and

MEASUREMENT

MC simulation of direct transport
as a solution of the photon
transport equation (Fig 2)

MC simulation of direct transport
including electron coupling as a
more refined solution of the
photon transport equation (Fig 3)

Convolution of the simulated
solution with the detector response
(additional MC simulation) and

the efficiency (Fig 4)

Convolution the detected solution
with the HYPERMET resolution
(Fig 6)

Experimental
measurement with
electronic
limitation of pile-
up (Figs 2-6)

Experimental

measurement with
external  pile-up
correction (Fig. 7)

Fig. 8. Steps illustrated in Section 3 to obtain the final guess in Fig. 6. Figs. 2-6 show comparisons with raw experimental data. Fig. 7 shows the comparison of the
final simulation stage with experimental data after recovering from pile-up.
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needs to be corrected a posteriori.

For both, the simulation of the direct photon transport and for the
detector response, it was used the Monte Carlo 1-D code MCSHAPE v271
which is suitable to describe the photon transport of sources with arbi-
trary states of polarization. The transport simulation has been corrected
to include coupled electron-photon contributions like bremsstrahlung
and inner shell impact ionization. A second step of the same MC code is
used to simulate the detector response. The simple model given by Eqn
(7) is sufficient to describe the detector efficiency since multiple scat-
tering inside the detector walls computed with a 3-D MC code is negli-
gible. The most important correcting piece is the peak anisotropy in the
RESOLUTION postprocessing. The inclusion of the HYPERMET param-
eters has demonstrated to be fundamental for obtaining a better result.
The spectrum obtained after these corrections clearly shown the pres-
ence of pile up peak; therefore, it was necessary to apply a post-
processing pile-up reduction. The simulation steps are summarized in
Fig. 8.

It has been shown that the general model represented by Eqn. (4) is
adequate; the addition of the described set of corrective steps helps to
reach excellent results; and the corrections can be performed even with
incomplete knowledge of the detector.

The practical application of the corrections requires the use of
different simulation codes like MCSHAPE, RESOLUTION and DRPPU. In
the future it is expected to complete the integration of all the corrective
steps in a unique piece of software.
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