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ARTICLE INFO ABSTRACT

Keywords: A geometrical and physical model of Wolter-I type mirrors has been implemented in Geant4 for the design
X-ray telescope of the enhanced X-ray Timing and Polarimetry observatory (eXTP). It can simultaneously simulate the mirror
eXTP responses to X-rays and charged particles. A new geometry class G4Hyperboloid is created and verified, which

Geant4

allows an exact surface profile description of Wolter-I optics. A physics model for the interaction of X-rays and

matter is implemented to effectively estimate the focusing performances with reasonable accuracy, including
the effective area and the point spread function. Scattering models of charged particles at grazing incidence
are discussed. The multiple scattering model provided by the latest Geant4 release can be used instead of the
single scattering model with reasonable accuracy and CPU cost when the step size is properly constrained.

1. Introduction

The enhanced X-ray Timing and Polarimetry observatory is a space
mission aiming to study physics under extreme conditions [1]. It carries
four types of instruments to study X-rays in the energy range of 0.5—
30 keV. Two of these instruments, i.e. the spectroscopy focusing array
(SFA) and the polarimetry focusing array (PFA), use Wolter-I optics to
focus and image X-rays. The mirror performance in reflecting X-rays
and charged particles is crucial to the detailed design of the mission.

The X-ray focusing performances have a great impact on the sen-
sitivity, background evaluation and data processing strategy. Various
physics models and ray-tracing codes are dedicated to the design of
optical systems [2,3], e.g. ZEMAX, Q and WISE. In addition, optical
physics can be incorporated into Geant4 [4] as an external module
to simulate the interaction between X-rays and matter [5-7], e.g. the
generic ray-tracing toolbox XRTG4 [5].

Besides, low-energy charged particles are funneled by the focus-
ing mirror onto the focal plane detectors (FPDs), which can induce
background and detector damage. The proton funneling effect was
unexpected and discovered by the missions of Chandra and XMM-
Newton [8,9], while electron diverters were equipped on many X-
ray focusing telescopes. To estimate the proton funneling effect, the
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Firsov model and the elastic Remizovich model are implemented in
Geant4 [10,11]. The Coulomb scattering physics and the other im-
plemented scattering physics in Geant4 are validated in comparison
with the experimental measurements at grazing incidences [12,13]. The
single scattering model is proven to be the closest to the experimental
data. Such models are used to evaluate the residual background of
FPDs, induced by low-energy protons [14,15].

In conventional Geant4 simulations, the exact geometry model for
the Wolter-I type focusing mirrors is missing and the best possible
physics processes for space applications need to be verified regularly
in each Geant4 release. To evaluate the performances and optimize the
design of eXTP, it is essential to firstly describe the mirror response to
X-rays and charged particles in the simulation with reasonable accuracy
and processing time. In this work, the exact geometry model of the
mirror is established in Geant4. The physics model for the interaction
of X-rays and matter is implemented to estimate the effective area and
point spread function (PSF) of the focusing mirror (Section 2). The
Coulomb scattering model built-in Geant4 toolkit and the implemented
scattering physics of the elastic Remizovich model are compared and
discussed in Section 3.
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Fig. 1. Schematic view of the nested confocal Wolter-I type mirror of eXTP.

2. Response to X-rays

A ray-tracing model based on Geant4 is implemented in this work.
The main purpose is to estimate the overall achievable performances of
the Wolter-I optics, i.e. effective area and imaging quality, with both
reasonable calculation time and physical accuracy. In this section, the
geometry and physics models are described, followed by corresponding
verification and results.

2.1. Geometry models

SFA and PFA onboard eXTP are equipped with Wolter-I optics [16]
to focus and image X-rays. Each optics assembly consists of a parabolic
surface (primary segment) and a hyperbolic surface (secondary seg-
ment) with grazing-incidence reflection. The current optics configura-
tion foreseen for eXTP comprises 45 mirror shells, which adopts Nickel
substrates and Gold reflective coatings. It has a focal length of 5.25 m
and a field of view (FOV) of >12/, dedicated to the photon energy
between 0.5 keV and 10.0 keV. The length of mirror shells is 600 mm
including primary and secondary segments and the aperture radius
ranges from 112 mm to 238 mm [17]. A schematic view of the nested
confocal mirrors can be seen in Fig. 1.

The geometry library of the Geant4 release includes the G4Hype
class for one-sheet hyperboloids, but it does not provide a possible
description for two-sheets hyperboloids. So the Wolter-I mirror pro-
file was usually approximated by double-cone or many consecutive
conical segments in simulations [5]. In this work, a new geometry
class, G4Hyperboloid, is implemented in the Geant4 toolkit, which has
the same structure and design as the other quadratic surface classes
already built-in Geant4, e.g. G4Ellipsoid, G4Paraboloid and G4Hype.
The G4Hyperboloid class realizes an exact geometric description of
Wolter-I type mirrors together with the already existing G4Paraboloid
class.

The main advantage of this work is that the geometric aberration
due to the double-cone approximation can be fully eliminated. The half
energy width (HEW), i.e. angular diameter collecting 50% of photons,
is usually used to characterize the angular resolution of the imaging
system. This quantity can be directly obtained from the fractional
encircled energy function (EEF), defined as the fraction of the total
energy in PSF, see Fig. 2. The on-axis HEW for a double-cone profile
with a perfectly smooth surface is 45.84"” in the current mirror config-
urations, which is already larger than the scientific requirements of the
mission (30”). In fact, a perfect parabolic-hyperbolic profile of Wolter-
I mirror has no intrinsic aberration on-axis. Thus the exact geometric
description ensures the accuracy of the subsequent simulation and also
simplifies the implementation of the physics and the statistical models
that represent the effects of the surface roughness.
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Fig. 2. On-axis PSF for the double-cone mirror profile with a perfectly smooth surface
(left). On-axis EEFs for the double-cone profile and the parabolic-hyperbolic profile
with a perfectly smooth surface, respectively (right).

2.2. Physics models

The imaging quality of the mirror depends not only on the intrinsic
properties but also on many other effects, including aperture diffrac-
tion, mirror shape accuracy, surface finishing level, mounting and
alignment error, etc. Provided the X-ray energy range (above 0.5 keV)
of interest for the mission, the aperture diffraction has negligible effects
on the angular resolution [2,3,18]. The PSF broadening effect is then
mainly due to the differences between the real shape and the perfect
shape of mirror surfaces. The differences are usually classified into the
figure error and the microroughness depending on the spatial scale of
the geometric irregularities. Even though the boundary between the
two regimes is not known prior, the figure error typically corresponds
to a large spatial scale, while microroughness is usually due to a spatial
scale close to or smaller than the wavelength of photons. The model in
this work considers both the figure error of large spatial scales and the
microroughness effect.

The figure error with large spatial scales can be estimated by the
geometric optics, where the photon is perfectly reflected in a mirror-
like way and the local surface normal is tilted at a very small scale.
For each photon that impinges on the reflective layer, the efficiency is
determined by the Fresnel reflectivity as a function of photon energy
and incident angle [19]. It is calculated by the Fresnel equation with
a complex index of refraction, whose value is obtained from the data
libraries of Center for X-ray Optics (CXO) [20]. The angle of reflection
is equal to the incident angle with respect to the local surface normal,
whose direction gets tilted with the presence of large-scale deforma-
tions. The perturbation function of the local surface normal for each
interaction can use either a random distribution [21] or a certain mirror
profile [22].

When the spatial scale is smaller and gets close to the wavelength
of the photon, the geometric optics is not applicable anymore since
the photons should be treated as waves. The photons are scattered in
all directions due to diffraction, also known as X-ray scattering (XRS).
The fraction of scattered photons obeys the well-known Debye-Waller
formula [23]:

) 167262 sin? 6,
S o] —expl-—2 ¢t

1
To 2 (€)]
where o, is the microroughness, 1 the photon wavelength and 6,
the grazing-incidence angle. The microroughness is usually quantified
using the surface root mean square (rms). The scattered intensity per
radian within the smooth surface limit follows [2]:
drI; 1642
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where P(f) is the power spectral density (PSD) of the surface, f
the spatial frequency and 6, the scattering angle. Different PSD for-
mulas based on the surface finishing level can be used [24], e.g. a
power-law approximation P(f) « 1/f". It is obvious that the XRS is
energy-dependent and sensitive to the shape of PSD, especially at the
high-frequency domain.

2.3. Verification

The physics model for the interaction of X-rays and matter is imple-
mented in Geant4 utilizing the boundary process [5,10]. The process
is invoked once a photon from the vacuum reaches a pre-defined
reflective surface. All the information on particles and geometries is
accessed through the built-in function of the Geant4 toolkit. Then
the appropriate change of photon properties based on the selected
scattering model is invoked for each track.

The ray-tracing model in Geant4 is verified in terms of the effective
area and the angular resolution calculations. For the effective area,
the comparison between the simulation and the analytical calculation
is illustrated in Fig. 3 for one mirror shell (aperture radius equals
143 mm). At each energy, 10° photons are generated to limit the
statistical error. It takes a few seconds of processing time on a current
standard computer system. The well-known analytical formula is used
for the estimation of the effective area both on-axis and off-axis, for an
astronomical source at infinity [25]:

/2
A (4,0) = 4ROL/ (ag — 6 cos @)r(a))r(ay)de 4
0

where 6 is the off-axis angle, R, the radius at the intersection plane,
L the length of the mirror segment (here the primary segment length
L, equals the secondary segment length L,), «, the grazing-incidence
angle at the intersection plane, ¢ the azimuthal angle and r the reflec-
tivity. The grazing-incidence angle in the primary and secondary seg-
ments can be estimated, for a small off-axis angle # and an astronomical
source at infinity, as follows:

a;(¢) = @y — O cos @ ©)

a (@) ~ ay + 0 cos @ 6)

The comparison shows a good agreement between the simulation
and the analytical formula, both on-axis and off-axis, in terms of the
peak positions and the overall shape, see Fig. 3. The observed discrep-
ancy is probably due to the assumption used to deduce the analytical
formula [25]. Nevertheless, the discrepancy is within 3% in the whole
energy range. Thus the model in Geant4 provides a reasonable and
efficient calculation of the effective area.

The calculation of the PSF broadening effect is more complicated.
For simplicity, the same PSF formula due to figure error is used as a
slope perturbation function for each photon reflection. The width of the
slope perturbation function has to be changed to account for multiple
reflections. It is observed that the shape of PSF can be well reproduced
by testing two examples, Gaussian shape PSF and Lorentzian shape PSF,
respectively (see Fig. 4). The Lorentzian shape PSF follows:

2|w|
7T(LU2 + 4192)
which corresponds to a specific profile error proposed in [22]. Besides,
the effect of microroughness can be superimposed on the introduced
figure errors. It allows a more realistic PSF simulation, which extends
the flux out of the core and generates characteristic skirt of photon
scattering (see Fig. 5). According to the Debye-Waller formula, the
microroughness effect is energy-dependent and sensitive to the shape
of PSD. Photon has a higher probability of scattering as the energy
increases. For example, photons of 10 keV get an increase of 3.44"” in
HEW compared to 1 keV photons, assuming a power-law shape PSD
with the power index equal to 1.5 and the microroughness 0.5 nm.

PSF@) = (@]
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Fig. 3. Effective area curves as a function of photon energy at different off-axis angles
for one mirror shell (aperture radius equals 143 mm), calculated by the ray-tracing
model of Geant4 and the analytical formula, respectively.
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Fig. 4. PSFs obtained from the ray-tracing model of Geant4 and the analytical formula,
with the Gaussian shape (left) and the Lorentzian shape (right) slope perturbation
functions.

100
¢ 1lkeV; no XRS; HEW=13.57"
1 } 1lkeV; with XRS; HEW=13.57"
10 t  10keV; with XRS; HEW=17.01"
102 i Y
] =z .
g 103 o A
8 e P
I oot : e, |
% \
a » !
10> ) 4”’,; }0’“
Fi iy
e w r F ‘ ” N
10-7 ‘ ‘ ‘
-100 -50 0 50 100

radius (arcsec)

Fig. 5. PSFs at different photon energies and surface conditions.

As a brief summary of this section, the geometry and the physics
models of the interaction between X-rays and matter are verified. The
ray-tracing model is able to estimate the effective area with reason-
able accuracy. The main characteristics of PSF can be reproduced at
different photon energies and surface conditions.

2.4. Results

The nested confocal Wolter-I mirror geometry is established with 45
shells incorporated. The spider structure is excluded from the present
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Fig. 6. Effective area curves of 45 mirror shells, depicting clearly the energy depen-
dence (left), while the vignetting function shows a clear dependence on the off-axis
angle (right).
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Fig. 7. PSFs at different off-axis angles (ranging from 0’ to 8') within the FOV for
1 keV photons (left). 10° photons are simulated for each condition. EEFs of the eXTP
mirror at different off-axis angles for 1 keV photons (right).

work. The off-axis angle and the energy dependence of the focusing
performances are presented in this section.

The total effective area with different off-axis angles and corre-
sponding vignetting functions are plotted in Fig. 6. The simulation
result on-axis is compared to the work of S. Basso et al. [17]. The
observed discrepancy is less than 3%. The current mirror configuration
has 914.2 cm? on-axis effective area at 2 keV and 629.0 cm? at 6 keV.
Since the measured PSF data of the eXTP focusing mirrors is currently
scarce, the calculation is performed simply by using the Gaussian shape
perturbation function (¢ = 3.6”) and the power-law shape PSD (n = 1.5,
o = 0.5 nm). On-axis and off-axis PSFs within the FOV, as well as
corresponding EEFs, are plotted in Fig. 7. It shows an insignificant
shape change up to 8’. The HEW only increases by less than 2" as the
off-axis angle rises from 0’ to 8'.

3. Response to charged particles

The physics models behind the funneling effect are reviewed in
this section. The first part focuses on the interaction of protons and
matter at grazing-incidence angles. The second part is dedicated to the
scattering of low-energy electrons.

3.1. Response to protons

3.1.1. Physics models

The funneling effect was firstly explained in terms of repeated
Coulomb scatterings and finally escaping from the reflective layer [26].
When a particle passes through matter, it can suffer numerous Coulomb
scatterings, namely multiple scattering process (MSC). The Geant4
toolkit provides several models with different formalism for MSC, in
consideration of processing time and calculation accuracy [27]. These
models include Urban MSC model [28] (G4UrbanMscModel), single
scattering (SS) model [29] (G4CoulombScattering) and Wentzel-VI MSC
model [30] (G4WentzelVIModel).

Nuclear Inst. and Methods in Physics Research, A 963 (2020) 163702

The Urban MSC model belongs to the “condensed” simulation,
which gives the cumulative effect on the angular and the spatial
distribution after consecutive Coulomb scatterings. On the contrary,
the SS model is a “detailed” simulation, which samples each elastic
Coulomb scattering with a very large number of steps. The SS model
gives the best calculation precision and serves as the benchmark for
all MSC models. Wentzel-VI MSC model is a mixed algorithm, which
uses the single and multiple scattering models for hard (scattering angle
0 > 0,,.., where 6, is a parameter of the model) and soft scattering
(scattering angle 6 < 0,,,), respectively. It is now the default MSC
model in Geant4 10.5.

In addition to the Coulomb scattering models provided by Geant4,
other numerical results have also been used to reproduce the funneling
effect [10-12]. V. Remizovich et al. [31] have solved the Boltzmann
transport equation for protons in dense matter and deduced the dif-
ferential back-scattering coefficient. The material-independent angular
distribution R(y, y) under elastic scattering assumption is deduced as
follows:

1 w* 3
Ry, ) = m(H_—w2 + o’ arctanw) 8)
3y 1/2
w=(—on"" ©
(wz—w+1+(1/2)2)

wherey = £, x =L, ¢, is the grazing-incidence angle, ¢ the scattering

polar angle and ¢ tﬁe scattering azimuthal angle. It can be used in the
Monte Carlo code to sample the outgoing angles when a proton hits the
reflective layer of the mirror [11,12].

3.1.2. Verification

It is known that the Urban MSC model and the Wentzel-VI MSC
model with default configurations cannot reproduce the funneling ef-
fect for soft protons in Wolter-type mirrors, while the SS model has
this capability [12]. According to the proton trajectories calculated by
the SS model (see Fig. 8), it implies that most of the protons leave
the reflective layer very close to the initial incident point (0,0). Thus
similar to the electron back-scattering problem, it requires very strong
limitations in the very first few steps, i.e. fine enough step size, when
particles pass across the boundary. Otherwise, the probability to escape
from the layer is much smaller as particles propagate deeper inside the
matter. In the case of grazing incidences, the geometry is more special.
Even though the average angular deviation for each proton trajectory
is small, the lateral displacement can be large enough for protons to
leave the boundary, especially at the beginning of the trajectory.

The implementation of the elastic Remizovich model in Geant4
requires several parameters from the users [11,12], including the
energy range, maximum grazing-incidence angle and binning in the
two-dimensional probability density function (PDF). The energy range
and the maximum grazing-incidence angle determine when the im-
plemented scattering physics is invoked. The sampling of polar and
azimuthal angles needs to divide the two-dimensional PDF into discrete
bins. Provided 0.1° per bin, it requires 1620000 bins in the full phase
space, i.e. from 0° to 90° for the polar angle and from —90° to 90°
for the azimuthal angle. Thus limited angular range can be selected to
reduce calculation time, e.g. from 0° to 10° for the polar angle and
from —10° to 10° for the azimuthal angle, depending on the setup
configuration.

The implemented scattering physics and the internal Coulomb scat-
tering physics provided by Geant4 10.5 are then quantitatively verified
within the same simulation framework of V. Fioretti et al. [12]. The
same results as those of V. Fioretti et al. [12] are obtained, which
proves that the elastic Remizovich model is properly implemented
and the simulation framework is correctly set up. One example of the
angular and the energy distributions of scattered protons is plotted in
Fig. 9. The default configuration of the MSC model cannot reproduce
the proton funneling effect as expected, with only very few protons
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Fig. 8. Proton trajectories in the reflecting layer with the kinetic energy E, = 250 keV
and the grazing-incidence angle § = 0.36°, by using the SS model. The incident
direction of protons is along the X-axis.
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measurements with the same conditions.

escaping from the reflective layer. In this work, the MSC model com-
bined with a StepMax class to limit the step size (s, = 0.5 nm) can
better reproduce the angular distribution of scattered protons, by taking
the SS model as a reference. Besides, a discrepancy of the energy loss
between the model calculations and the experimental measurements is
observed in Fig. 9. It indicates that some energy loss mechanisms might
be missing in model calculations for low-energy protons at grazing-
incidence angles, e.g. the collective energy loss due to the surface
conditions on an atomic level [13].

The accuracy of the MSC model with a fixed maximum step size (e.g.
0.5 nm) varies with proton energy. For soft protons, e.g. E, = 100 keV,
the maximum step size of 0.5 nm is not fine enough for a precise an-
gular distribution generation, and the main discrepancy appears at the
low scattering angles for small grazing-incidence angles (see Fig. 10).
It depicts that an energy-dependent step size is needed. The relative
processing time and physical accuracy of the MSC model combined
with the StepMax class are quantified in Table 1 when the grazing-
incidence angle is equal to 0.36°, by taking the SS model as a reference.
The relative CPU processing time of the SS model for each energy is
equal to 1, respectively. The rms of the normalized residual (RMR) is
used to quantitatively describe how the two histograms of scattering
probability match each other. The normalized residual is obtained from
the 42 test [32].

The MSC model with default configurations is conventionally dis-
carded for the explanation of the funneling effect. In this section, the
MSC model is shown to have the capability to reproduce the SS model

Nuclear Inst. and Methods in Physics Research, A 963 (2020) 163702
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Fig. 10. Scattering probability at different proton energies, E
E, = 750 keV (right), for 3 different grazing-incidence angles.

» = 100 keV (left) and

Table 1

Summary of the relative processing time and the calculation accuracy of the MSC
model combined with the StepMax class, by taking the SS model as a reference. The
grazing-incidence angle is equal to 0.36°. See text for the definitions of CPU and RMR.

S E, = 100 keV E, =250 keV E, =750 keV

(nm) CPU RMR CPU RMR CPU RMR
0.1 0.47 1.03 0.87 0.91 1.62 1.08
0.5 0.12 3.27 0.19 1.45 0.37 1.16
1.0 0.08 5.31 0.1 2.42 0.20 1.19
2.0 0.05 7.88 0.07 3.75 0.10 1.37

when the step size is fine enough. It provides reasonable accuracy and
takes reduced calculation time compared to the SS model, especially in
the high-energy region.

3.2. Response to electrons

3.2.1. Physics models

The modeling of the low-energy electron scattering is a key com-
ponent in the Geant4 toolkit and has drawn a lot of attention, since
many physics applications rely on the accuracy of this process, e.g.
electron therapy in medical physics. A specific MSC model, Goudsmit—
Saunderson (G4GoudsmithSaundersonMscModel), is implemented in
Geant4 for the electron scattering. In default settings, it is used for
the low-energy region, while the Wentzel-VI MSC model for the high-
energy region. In the Goudsmit-Saunderson MSC model, the spatial-
angular correlations of electrons for certain step-length are calculated
depending on single, multiple or no scattering situations, whose prob-
ability is pre-calculated and sampled at each step. It has been demon-
strated that the Goudsmit-Saunderson MSC model exhibits a reasonable
agreement with the SS model, but with a lower CPU cost [33,34].

3.2.2. Verification

The validation of the low-energy electron scattering is usually per-
formed in terms of the backscattering coefficient [33,34], defined as the
ratio between the number of electrons backscattered from the sample
surface and the total number of incident electrons. Many experimental
measurements in the past have obtained the backscattering coefficient
at normal or small incidence angles rather than small grazing-incidence
angles. There is also a lack of angular and energy loss distributions.
As a result, the verification here for the mirror response to electrons
is not straightforward. The SS model is taken as a reference because
P. Dondero et al. [34] have demonstrated that the SS model gives the
best agreement with the available experimental data sets in terms of
the backscattering coefficient above 0.1 keV.

Fig. 11 plots the scattering probability and the energy loss distribu-
tion of scattered electrons within the same experimental configurations
as described in the last section (E.- = 250 keV, 6 = 0.36 °). The lowest
electron energy is set to be the same for the two models and low enough
(50 eV) to avoid the threshold effect. The comparison shows that the
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Fig. 11. Comparison of the scattering probability (left) and the energy loss (right)
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Fig. 12. Scattering probability at different electron energies, E.. = 100 keV (left) and
E.. = 750 keV (right), for 3 different grazing-incidence angles.

funneling effect calculated by the SS model is more intense than that
by Goudsmit-Saunderson MSC model. The differences get smaller for
the high-energy electrons, see Fig. 12. The distribution of protons is
also plotted in Fig. 11 (E, = 250 keV, ¢ = 0.36 °). Compared to the
scattering probability of protons, the distribution of electrons is much
flatter, nearly one order of magnitude lower at small scattering angles.
It means that electrons are much less focused by the Wolter-I mirror
onto FPDs than protons if the SS model is assumed to be the dominant
model for protons.

In this section, the default MSC model for electrons
(G4GoudsmithSaundersonMscModel) is verified by taking the SS model
as a reference. It can reproduce the funneling effect of electrons at
grazing incidences, but with lower scattering probability than the SS
model. Similar to the treatment for protons, the SS model can be used
for the low-energy electrons, while the MSC model for the high-energy
electrons, e.g. when E.- >1 MeV.

3.3. Results

The physics models behind the funneling effect are described in the
last section for both protons and electrons. They are now applied to the
eXTP optics to simulate the mirror response to charged particles.

The mono-energetic protons from circular plane geometry impinge
the aperture at certain off-axis angles with respect to the optical axis.
The simulation produces the mirror response to protons (see Fig. 13),
including the transmission probability and the energy loss distributions
at 3 different incident energies. The transmission probability, defined as
the ratio between the number of charged particles reaching FPDs (area
2.7 x 2.7 cm) and the total number of incident particles on the aperture,
decreases exponentially as the off-axis angle rises. However, a bump is
observed around 0.6° off-axis angle in all physics models and incident
proton energies. This structure corresponds to the protons reaching
FPDs that undergo one scattering rather than multiple scatterings in
the mirror, similar to X-ray “straylight”. The MSC model combined
with the energy-dependent s,,,, is able to reproduce the distributions
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Fig. 13. The mirror response to protons at different incident energies, including the
transmission probability and the energy loss distributions. The energy loss distribution
is calculated by the SS model. It is scaled for better visibility.

of the SS model. Besides, the elastic Remizovich model is energy and
material independent and provides the upper limit of the transmission
probability when the off-axis angle is smaller than 2°.

The energy loss distributions of protons are also plotted in Fig. 13.
The elastic Remizovich model assumes that there is no energy loss.
The Coulomb scattering models, the SS model and the MSC model
combined with the StepMax class, have similar energy loss distributions
(consistent with the results in Section 3.1.2, see Fig. 9). Only the results
from the SS model are plotted in Fig. 13 for better visibility. The
slope of the energy loss distribution changes at different off-axis angles.
For example, an exponential fit gives slope parameters -0.37 keV~1, -
0.48 keV1, -0.38 keV~! for 0°, 0.6°, 1.2° off-axis angles respectively,
at E, = 250 keV. The softening of the distribution around 0.6° off-axis
angle means that small energy loss is favored, which corresponds to a
decreased number of scatterings in the mirror.

The same characteristics are observed in the mirror response to
electrons as well (see Fig. 14), with a bump appearing around 0.6° oft-
axis angle in the transmission probability curve. Since electrons are less
focused by Wolter-I mirror than protons, the transmission probability is
generally a few times lower than that of protons. In addition, the energy
loss distribution is peaked at very small values with a tail on the right.
Consequently, the energy loss of electrons through the mirror can be
neglected.
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Fig. 14. The response to electrons at different incident energies, including the
transmission probability and the energy loss distributions. The energy loss distribution
is calculated by the SS model. It is scaled for better visibility.

4. Conclusions

Geant4 is widely used in space applications. However, the geom-
etry library of the Geant4 release lacks the exact description for the
Wolter-I type focusing mirror. In this work, the exact geometry model
of Wolter-I focusing mirror is implemented and verified, using the
newly developed geometry class G4Hyperboloid and the existing class
G4Paraboloid.

The physics processes dedicated to space applications are reviewed
in this work. The physics model for the interaction of X-rays and
matter at grazing incidences is implemented in Geant4. It takes into
account the figure error of large spatial scales and the microroughness
effect of the surface. It can produce general optical performances with
reasonable accuracy. For charged particles, the physics models behind
the funneling effect of the focusing mirror are discussed. The MSC
models with proper step limitations are shown to have the capability
to reproduce the results of the SS model, with reasonable physical
accuracy and reduced processing time.

The focusing mirror of the future space mission eXTP is imple-
mented and studied in this work. The responses to X-rays and charged
particles of eXTP focusing mirror are produced within the same simula-
tion framework of Geant4. These results can help estimate the in-orbit
background, optimize radiation shielding and facilitate the payload
design in future work.
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