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The geometric and physical models of Wolter-I type mirrors have been developed based on Geant4,
which can simultaneously simulate the mirror responses of X-ray and charged particles. It is used
to better design the payloads of the enhanced X-ray Timing and Polarimetry observatory (eXTP).
A new geometry class G4Hyperboloid is created and validated, which allows an exact surface pro-
file description of Wolter-I optics. The physical model for the interaction of X-rays and matters
is extended to effectively estimate the focusing performances with reasonable accuracy, including
effective area and point spread function. Scattering models of charged particles in grazing incidence
are discussed. Multiple scattering models are demonstrated to have the capability to reproduce the
funnelling effect with reasonable accuracy and CPU cost, when the step size is properly constrained.
In the end, a preliminary design of magnetic diverter is performed, as an example of the application
based on the mirror responses.

I. INTRODUCTION

The enhanced X-ray Timing and Polarimetry obser-
vatory is a space mission aiming to study physics under
extreme conditions [1]. It carries several types of instru-
ments to study X-rays in the energy range of 0.5-30 keV.
Two types of the instruments implement Wolter-I optics
to focus and imagine X-rays, namely spectroscopy focus-
ing array (SFA) and polarimetry focusing array (PFA).
The mirror performances are crucial for the detailed de-
sign of payloads, including the mirror responses of X-rays
and charged particles. The X-ray focusing performances
have great impact on the sensitivity of focal plane de-
tectors (FPDs). On the other hand, Wolter-I type op-
tics behave like a concentrator for charged particles, in-
ducing additional background and radiation damage to
FPDs. In order to evaluate the performances and opti-
mize the design of eXTP, it is essential to describe the
mirror response of X-rays and charged particles in detail
with reasonable accuracy.
The simulation of the mirror responses of X-rays and

charged particles is usually performed with separate
models and tools. The design of an optical system is
a complex task. Various physical models and ray-tracing
codes are dedicated for such kind of tasks [2, 3], e.g. ZE-
MAX, Q and WISE. In addition, optical physics can be
incorporated into Geant4 [4] as external module to sim-
ulate the interaction between X-rays and matters [5–7].
For example, a generic ray-tracing toolbox XRTG4 based
on Geant4 has been developed to reproduce the measured
effective area with accuracy about 5% and the main prop-
erties of point spread function (PSF), with simplified ge-

ometry and X-ray scattering model [5].

Wolter-I type mirror is designed to focus X-rays, but
it can also concentrate charged particles onto FPDs,
namely the funnelling effect. It has drawn attention
since the launch of XMM-Newton and Chandra, on which
significant performance degradation of FPDs was ob-
served due to an increase of charge transfer inefficiency
(CTI) [8, 9]. The physical mechanism behind the fun-
nelling effect is still not clear. Various physical mod-
els [10–16] have been proposed in the last few years. The
funnelling effect was firstly explained such that a proton
undergoes numerous scattering in layer, deflected from its
original direction, and finally escapes the layer. Several
multiple scattering models and single scattering model
have been investigated in case of grazing incidence, indi-
cating that single scattering model has the best possible
accuracy [17, 18]. Numerical solutions, which give the
angular distribution of the scattered protons, have also
been used for the explanation of the funnelling effect [17–
20], including the Firsov model and elastic Remizovich
model.

In this work, the exact geometrical model of the mir-
ror is established, and the physical models are extended
in the same simulation framework of Geant4. The X-ray
response of the mirror is described in section II. The
possible physical mechanisms behind the funneling ef-
fect are discussed in section III, followed by their mirror
responses. The mirror response of X-rays and charged
particles can be used as input data for detailed design
of the payloads. An example of magnetic diverter design
for protons is provided in section IV.
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II. X-RAY RESPONSE

A ray-tracing model based on Geant4 is developed in
this work. The main purpose is to quickly estimate the
overall achievable performances for X-rays in Wolter-I
optics, i.e. effective area and imaging quality. In this
section, the geometrical and the physical models are de-
scribed, followed by corresponding validation and results.

A. Geometrical and Physical Models

Two types of the instruments of eXTP are equipped
with Wolter-I [21] optics to focus and imagine X-rays.
The optics consist of a parabolic (primary segment) and
a hyperbolic surface (secondary segment) with grazing-
incidence reflection. In the current mirror configurations
of eXTP, the optics have a focal length of 5.25 m and
a field of view (FOV) of 8′, dedicated for the photon
energy range between 0.5 keV and 10.0 keV. The length
of the optics is 600 mm including primary and secondary
segments and the aperture radius ranges from 112 mm
to 238 mm. The preliminary design comprises 45 mirror
shells, which adopts Nickel substrate and Gold reflective
coatings. A schematic view of the nested confocal mirrors
can be seen in figure 1.
Geant4 10.5 geometry library does not provide possi-

ble description for hyperbolic surfaces. So the Wolter-I
mirror profile was usually approximated by double-cone
or many consecutive conical segments in simulations [5].
In this work, a new geometry G4Hyperboloid is imple-
mented in Geant4 toolkit, realizing an exact geomet-
ric description of Wolter-I type mirrors together with
G4Paraboloid class. The main advantage of this work
is that the geometric aberration due to double-cone ap-
proximation can be fully eliminated. The half energy
width (HEW), i.e. angular diameter collecting 50% of
photons, is usually used to characterize the angular res-
olution of the imaging system. This quantity can be di-
rectly obtained from the fractional encircled energy func-
tion (EEF), defined as the fraction of the total energy
in the point spread function, see figure 2. The on-axis
HEW for a double-cone profile with perfectly smooth sur-
face is 45.84′′ in the current mirror configurations, which
is already larger than the scientific requirements of the
mission (typically 30′′). In fact, the perfect parabolic-
hyperbolic profile of Wolter-I mirror has no intrinsic aber-
ration on-axis. Thus an exact geometric description en-
sures the accuracy of the subsequent simulation and also
simplifies the implementation of the physical and sta-
tistical models that represent the effects of the surface
roughness.
The imaging quality of mirror depends on not only the

intrinsic properties but also many other effects, includ-
ing aperture diffraction, mirror shape accuracy, surface
finishing level, mounting and alignment error etc. Pro-
vided the energy range of X-ray (above 0.5 keV) inter-
ested for the mission, the aperture diffraction has neg-
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FIG. 1. Schematic view of the nested confocal Wolter-I type
mirror of eXTP.
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FIG. 2. On-axis PSF for double-cone mirror profile with per-
fectly smooth surface (left). On-axis EEF function for double-
cone profile and parabolic-hyperbolic profile with perfectly
smooth surface, respectively (right).

ligible effects on the angular resolution [2, 3, 22]. The
PSF broadening effect is then mainly due to the differ-
ences between the real and perfect shape of the mirror
surfaces. The differences are usually classified into figure
error and microroughness depending on the spatial scale
of the geometric irregularities. Even though the bound-
ary between the two regimes is not known priori, the
figure error typically corresponds to large spatial scale,
while microroughness is usually due to the spatial scale
close to or smaller than the wavelength of photons. The
model in this work considers figure error of large spatial
scale plus microroughness effect.

Figure errors with large spatial scale can be treated by
geometric optics, where photon is perfectly reflected in a
mirror-like way and the local surface normal is tilted at a
very small scale. For each photon impinges on the reflec-
tive layer, the efficiency is determined by the Fresnel re-
flectivity as a function of the photon energy and incident
angle [23]. It is calculated by the Fresnel equation with
complex index of refraction, whose value can be approxi-
mated by anomalous dispersion theory or obtained from
the data libraries of Center for X-ray Optics (CXO) [24].
The angle of reflection equals to the incident angle with
respect to the local surface normal, whose direction gets
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tilted with the presence of large-scale deformations. The
perturbation function of local surface normal for each
interaction can use either a random distribution [25] or
certain mirror profile [26].
When the spatial scale is smaller and gets close to the

wavelength of the photon, geometric optics is not ap-
plicable any more 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 [27]:

Is
I0

= 1− e−
16π

2
σ
2

sin
2

θi

λ2 (1)

where σ is the microroughness, λ the photon wavelength
and θi the grazing-incidence angle. The scattered inten-
sity per radian within the smooth surface limit follows [2]:

dIs
dθs

=
16π2

λ3
sin θi sin

2 θs
1

2
P (f) (2)

f =
cos θi − cos θs

λ
(3)

where P(f) is the power spectral density (PSD) of the
surface, f the spatial frequency and θs the scattering an-
gle. Different PSD formula based on the surface finishing
level can be used, e.g. a power-law approximation [28]
P(f) = Kn/f

n. It is obvious that the XRS is energy de-
pendent and sensitive to the shape of PSD, especially at
high-frequency domain.
The physics process of photons and matter in grazing-

incidence is implemented in Geant4 by means of bound-
ary process. The process is invoked once a photon from
vacuum reaches a pre-defined reflective surface. All the
information of particles (energy and momentum) and
geometries (surface normal) are easily accessed directly
from the toolkit. Then the change of photons based on
the selected scattering model is invoked for each track.

B. Validation

The ray-tracing model in Geant4 is validated in terms
of effective area and angular resolution. For effective
area, the comparison between simulation and analytical
calculation is performed in figure 3 for one mirror shell.
At each energy, 106 photons are simulated in Geant4 to
limit the statistical error. The well-known analytical for-
mula is used for the estimation of effective area both
on-axis and off-axis, for an astronomical source at infin-
ity [29]:

A∞(λ, θ) = 4R0L

∫ π/2

0

(α0 − θ cosϕ)rλ(α1)rλ(α2)dϕ

(4)
where θ is the off-axis angle, R0 the radius at the inter-
section plane, L the length of the mirror segment (here

the primary segment length L1 equals to secondary seg-
ment length L2), α0 the incident angle at the intersection
plane, ϕ the azimuthal angle and r the reflectivity. The
incident angle in the primary and secondary segments
can be estimated, for a small off-axis angle θ and an as-
tronomical source at infinity, as following:

α1(ϕ) ≃ α0 − θ cosϕ (5)

α2(ϕ) ≃ α0 + θ cosϕ (6)

The comparison shows good agreement both on-axis
and off-axis in terms of the the peak positions and the
overall shape, see figure 3. The observed discrepancy
is probably due to the assumption used to deduce the
analytical formalism [29]. 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.
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FIG. 3. Effective area curve as a function of photon energy at
different off-axis angles for one mirror shell, calculated by ray-
tracing model in Geant4 and analytical formula (left). The
residual analysis of the results from the ray-tracing model and
analytical formula (right).

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

PSF (ϑ) =
2|w|

π(w2 + 4ϑ2)
(7)

which corresponds to a specific profile error proposed
in [26]. What’s more, the effect of microroughness can be
superposed 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 figure 5). According to the Debye-Waller
formula, the microroughness effect is energy dependent
and sensitive to the shape of PSD. Photon has higher
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probability of scattering as the energy increases. For ex-
ample, photons of 10 keV get an increase of 3.44′′ in HEW
compared to 1 keV photons, assuming the power index
of PSD n = 1.5 and microroughness of PSD σ = 0.5 nm.
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In this section, the geometry and physical models of
the interaction between X-rays and matters are validated.
The ray-tracing model is able to estimate the effective
area with reasonable accuracy. The main characteristics
of PSF can be reproduced at different photon energies
and surface conditions.

C. Results

The geometry of one single shell and correspond-
ing physical models are validated in the last section.
The nested confocal Wolter-I mirror is then established
with 45 shells incorporated. But the spider structure
is excluded because it complicates the mirror perfor-
mances [30], which is out of the extent of the present

work. The off-axis angle and energy dependences of fo-
cusing performances are presented in this section.
The total effective area with different off-axis angles

and corresponding vignetting functions are plotted in fig-
ure 6. The current mirror configuration has 828.6 cm2

on-axis effective area at energy 2 keV and 587.2 cm2 at
6 keV. PSF calculation is performed by using Gaussian
shape perturbation function (σ = 3.6′′) and power-law
PSD (n = 1.5, σ = 0.5 nm). On-axis and off-axis PSF
within FOV, as well as corresponding EEF, are plotted
in figure 7. It shows insignificant shape change up to 8′.
The HEW only increases by less than 2′′ as the off-axis
angle rises from 0′ to 8′ (see figure 8). The results re-
ported here are consistent with the numbers published
in [1].
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FIG. 6. Effective area curve of 45 mirror shells, depicting
clearly the energy dependence (left), while vignetting function
shows a clear dependence on the off-axis angle (right).
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(right).

III. CHARGED PARTICLE RESPONSE

The physical mechanism behind the funnelling effect
are reviewed in this section. The first part focuses on the
interaction of protons and matters. The second part is
dedicated to the low-energy scattering of electrons.
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A. Proton Response

1. Physical Models

The funnelling effect was firstly explained that pro-
tons undergo numerous scattering and finally escape
the reflective layer. Due to the large number of
possible interactions, an exact Monte Carlo simula-
tion is very time consuming. The Geant4 toolkit of-
fers several models with different simulation accuracies
for multiple scattering process (MSC), including Urban
MSC model [13] (G4UrbanMscModel), single scattering
model [14] (G4CoulombScattering) and Wentzel-VI MSC
model [15] (G4WentzelVIModel).

The Urban MSC algorithm belongs to the ”condensed”
simulation, which gives the cumulative effect of the angu-
lar distribution and spatial distribution after consecutive
scattering. For high energy particles and large geome-
tries, it provides satisfactory calculation precision (a few
percent for HEP applications) as well as reasonable com-
putation speed [31]. On the contrary, single scattering
algorithm is a ”detailed” simulation, which samples each
elastic scattering with enormous number of stepping, i.e.
CPU time. It is usually used in low-energy region and
small geometry where Urban MSC algorithm is inappli-
cable. It gives the best calculation precision and serves
as the benchmark for all MSC models. Wentzel-VI MSC
algorithm is a mixed model, which uses single and mul-
tiple scattering algorithms for hard and soft scattering,
respectively. It is now the default MSC model in Geant4
10.5, except for electrons and positrons in the low-energy
region.

In addition to the MSC models provided by Geant4,
other numerical results have also been used to reproduce
the funneling effect [18–20]. Remizovich et al [11] have
solved the Boltzman transport equation for protons in
dense matter and deduced the differential back-scattering
coefficient. In order to get rid of the material-dependent
parameters, Remizovich et al assumed that protons un-
dergoes purely elastic scattering without energy loss in

grazing incidence. The material-independent angular dis-
tribution R(ψ,χ) with polar and azimuthal angles is then
deduced from the differential back-scattering coefficient,
as following:

R(ψ, χ) =
1

12π2ψ1/2

( ω4

1 + ω2
+ ω3 arctanω

)

(8)

ω =
( 3ψ

ψ2 − ψ + 1 + (χ/2)2
)1/2

(9)

where ψ = ζ
ζ0
, χ = ϕ

ζ0
, ζ0 is the incident angle, ζ the scat-

tering polar angle and ϕ the scattering azimuthal angle.
Then it can be used in Monte Carlo code to sample the
outgoing angles when a proton hits the reflective layer of
the mirror.

2. Validation

The Urban MSC model and Wentzel-VI MSC model
with default configurations are known that they cannot
reproduce the funnelling effect for soft protons in the
Wolter-type mirrors, while single scattering model has
the capabilities [18–20]. According to the proton tra-
jectories calculated by the single scattering model (see
Figure 9), it implies that most of the protons leave the
reflective layer very close to the initial incident point
(0,0). Thus similar to electron back-scattering problem,
it requires very strong limitations in the very first few
steps, i.e. fine enough step size, when particles across
the boundary. Otherwise the probability to escape the
layer is much smaller as particles propagate deeper inside
the matter. In case of grazing incidence, the geometry
is more special. Even though the average angular de-
viation for each proton trajectory is small, the lateral
displacement can be large enough for protons to leave
the boundary, especially at the beginning the trajectory.
Geant4 provides different sets of step limits op-

tions [15], including fMinimal, fUseSafety, fUseDistance-
ToBoundary and fUseSafetyPlus. These options give dif-
ferent simulation accuracies and stabilities at their own
costs of CPU time. However, even by using the most
strict step limitation (i.e. fUseDistanceToBoundary), Ur-
ban MSC model and Wentzel-VI MSC model still cannot
reproduce the funnelling effect for soft protons, i.e. al-
most no proton leaves the refractive layer (see Figure 10).
This is probably due to the assumption that the distance
to boundary is the half length of the mirror shell (few cen-
timeters) rather than the thickness (few tens of nanome-
ters) due to grazing incidence. In addition, the continu-
ous energy loss process (i.e. ionization) can also impose
a limit on the step through SetStepFunctionMuHad in-
terface. The pattern of trajectories changes dramatically
with new parameters in SetStepFunctionMuHad. What’s
more, the most straight forward method to limit maxi-
mum step size is to implement a StepMax class as an
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FIG. 9. Proton trajectories in reflecting layer with kinetic en-
ergy Ep = 250 keV and grazing-incidence angle θ = 0.36◦, by
using G4CoulombScattering. The incident direction of proton
is along the X axis.

artificial physics process, along with G4Region specify-
ing certain logic volume to it. The pattern of proton
trajectories with maximum step size of 0.5 nm becomes
very similar to the one obtained from the single scattering
model at Ep = 250 keV. The calculation time is reduced,
especially for high energy protons.
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FIG. 10. Proton trajectories in reflecting layer with kinetic
energy Ep = 250 keV and grazing-incidence angle θ = 0.36◦,
by using G4WentzelVIModel and different step limitations.

In terms of Remizovich model, several parameters
need to be provided by users [18, 20], including energy
range, maximum incident angle and binning in the two-
dimensional probability density function (PDF). The en-
ergy range and maximum incident angle, allowing the ac-
tivation of the process, are conventionally between 30 keV
and 1000 keV and 1◦. The sampling of polar and az-
imuthal 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 polar angle and from -90◦ to 90◦ for azimuthal angle.
Thus limited angular range can be selected to reduce cal-
culation time, e.g. from 0◦ to 10◦ for polar angle and from
-10◦ to 10◦ for azimuthal angle, depending on the setup
configuration.

The simulation results with different scattering models
are then quantitatively compared with the experimental
measurements [32], which were performed at the Van-de-
Graaff accelerator facility of the University of Tübingen.
The experimental configurations need to be implemented
in simulation for better validation, including the proton
beam profile and detection system. The proton ener-
gies are broadened after passing through degraders, e.g.
245±32 keV. The proton beam has spatial distribution in
the cross section, approximated by Gaussian distribution
with σ = 0.21 mm. The scattered protons are measured
by shift-able Silicon surface barrier detectors with a colli-
mator in front to decrease the background. Each detector
has detection efficiency almost 100%, energy resolution
10 -20 keV and covers around 1.3 µsr solid angles [32]. A
schematic view of the experimental set-up can be seen in
figure 11.

Au layer

proton detector

p

collimator

Ni substrate

θ

FIG. 11. Schematic view of the experimental set-up for proton
scattering measurement at grazing incident angles θ ranging
from 0.3◦ to 1.2◦, adapted from [32]. A single shell sample
from eROSITA mirrors was used (10 cm×10 cm), with Gold
coating (50 nm) and Nickel substrate (270 µm).

The angular and energy distribution of scattered
protons are plotted in figure 12 for model calculations
and experimental measurements, respectively (inci-
dent Ep = 250 keV). The main discrepancy appears
at the low scattering angles. G4CoulombScattering
and G4WentzelVIModel combined with StepMax
(smax = 0.5 nm) are able to better reproduce the exper-
imental angular distribution. The default configuration
of G4WentzelVIModel cannot reproduce the funnelling
effect at all as expected. What’s more, the accuracy
of G4WentzelVIModel with a fixed maximum step
size (e.g. 0.5 nm) varies with the proton energy. For
soft protons, e.g. Ep = 100 keV, the maximum step
size of 0.5 nm is not fine enough for a precise angular
distribution generation (see figure 13). Remizovich
model overestimates the probability at low scattering
angles. It can be used to provide the upper limit of
the transmission probability. On the other hand, the
energy loss distribution obtained from Geant4 models
is significantly lower than that from the measurements,
which remains unexplained.
The multiple scattering models with default configu-

rations are conventionally discarded for the explanation
of the funnelling effect. In this section, MSC models are
validated to have the same capability to reproduce the
funnelling effect when the step size is fine enough, e.g.
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FIG. 12. Comparison of scattering probability (left) between
model calculations and experimental measurement, with pro-
ton kinetic energy Ep = 250 keV and grazing-incidence angle
θ = 0.36◦. Comparison of energy loss distribution (right) be-
tween model calculations and experimental measurement with
same conditions.
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FIG. 13. Scattering probability at different proton energies,
Ep = 100 keV (left) and Ep = 750 keV (right).

maximum step size of 0.5 nm for Ep > 250 keV. It pro-
vides reasonable accuracy and reduced calculation time
compared to the single scattering model, especially in the
high-energy region.

B. Electron Response

1. Physical Models

The modelling of low-energy electron scattering is a
key component in 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 medi-
cal physics. Specific MSC model, Goudsmith-Saunderson
(G4GoudsmithSaundersonMscModel), is implemented in
Geant4 for low-energy electron scattering. In default,
it is used for low-energy region, while Wentzel-VI MSC
model for high-energy region. In Goudsmith-Saunderson
MSC model, the spatial-angular correlations of electrons
for certain step-length are calculated depending on sin-
gle, multiple or no scattering situation, whose probability
is pre-calculated and sampled at each step. It has been

demonstrated that Goudsmith-Saunderson MSC model
exhibits a reasonable agreement with single scattering
model at lower CPU cost [33, 34].

2. Validation

The validation of low-energy electron scattering is usu-
ally performed in terms of the backscattering coeffi-
cient [33, 34], defined as the ratio between the number of
electron backscattered from the sample surface and the
total number of incident electrons. Many experimental
measurements in the past have obtained the backscatter-
ing coefficient at normal or small incident angles rather
than grazing incident angles. And there is also a lack
of angular and energy loss distribution. As a result, the
validation here for the mirror response of electrons is not
straight forward. Single scatter model is taken as a ref-
erence because Paolo Dondero et al [34] have demon-
strated that single scattering model gives the best agree-
ment with the available experimental datasets in terms
of the backscattering coefficient above 0.1 keV.
Figure 14 plots the scattering probability and energy

loss distribution of scattered electrons within the same
experimental configurations as described in the last sec-
tion (incident Ee− = 250 keV). The distributions of pro-
ton are also plotted for better comparison. The lowest
electron energy is set to be the same for the two mod-
els and low enough (50 eV) to avoid any possible effect.
The comparison shows that the funnelling effect calcu-
lated by the single scattering model is more intense than
that by Goudsmith-Saunderson MSC model. The differ-
ences are smaller for high-energy electrons, see figure 15.
Compared to the scattering probability of protons, the
distribution of electrons is much flatten, nearly one order
of magnitude lower at small angles, which means that
electrons are much less focused by the Wolter-I mirror
onto FPDs than protons.
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FIG. 14. Comparison of scattering probability (left) and en-
ergy loss distribution (right) for the two electron scattering
models.

In this section, the default MSC model for electrons
(G4GoudsmithSaundersonMscModel) are validated by
taking single scattering model as reference. It is able
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to reproduce the funnelling effect of electrons in graz-
ing incidence, but with lower scattering probability com-
pared to the single scattering model. Similar to the treat-
ment for protons, the single scattering model can be used
for low-energy electrons, while the MSC model for high-
energy electrons, e.g. Ee− > 1 MeV.

C. Results

The physics processes behind the funnelling effect are
validated in the last section for both protons and elec-
trons. They are now applied to the eXTP optics to sim-
ulate the mirror response of charged particles.
The proton response of eXTP mirror is plotted in fig-

ure 16, including the transmission probability and en-
ergy loss distribution for different incident energies. The
transmission probability, defined as the ratio between the
number of charged particles reach FPDs (typical area
2.7 × 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 physical models and incident pro-
ton energies. This structure corresponds to the protons
reaching FPDs that undergo one scattering rather than
multiple scattering in the mirror, similar to ”straylight”.
The MSC model combined with StepMax is able to repro-
duce the distribution of single scattering model at high
proton energies, but not in the low-energy region. It im-
plies that more strict step limitation instead of 0.5 nm is
needed at Ep = 100 keV. In addition, Remizovich model
is energy and material independent, and provides the up-
per limit of the transmission probability.
The energy loss distribution of protons is also plot-

ted in figure 16. Since both model calculations
have similar results, i.e. G4CoulombScattering and
G4WentzelVIModel combined with StepMax, only the
ones from the former model are plotted for better visi-
bility. 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 keV−1,
- 0.38 keV−1 for 0◦, 0.6◦, 1.2◦ off-axis angles respec-

tively, at Ep = 250 keV. The softening of the distribution
around 0.6◦ off-axis angle means that small energy loss is
favoured, which is corresponding to the decreased num-
ber of scattering in mirror.
The same characteristics are observed in the electron

response of mirror as well (see figure 17) with a bump
appearing around 0.6◦ off-axis angle in the transmission
probability curve. Since electrons are less focused by
Wolter-I mirror than protons, the transmission proba-
bility is generally 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 ne-
glected.
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FIG. 16. The proton response of mirror at different incident
energies, including the transmission probability and energy
loss distribution. The energy loss distribution at different off-
axis angles is scaled for better visibility.

In recent update of the mirror design, a Gold layer
(100 nm) with an overcoating of Carbon (10 nm) is pro-
posed as the reflective layer. The new design can increase
the effective area in collecting X-rays, see details in [35].
The transmission probability for charged particles with
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FIG. 17. The electron response of mirror at different incident
energies, including the transmission probability and energy
loss distribution. The energy loss distribution at different off-
axis angles is scaled for better visibility.

new mirror configurations is investigated in this work.
Figure 18 shows that the transmission probability is in-
creased by few times. It probably indicates that the ma-
terials for the reflective layer with smaller atomic mass
enhance the funnelling effect.

IV. APPLICATION: PRELIMINARY

MAGNETIC DIVERTER DESIGN

Charged particles are non-negligible components in the
cosmic environment. And the funnelling effect of Wolter-
I mirrors focuses charge particles onto FPDs, which can
induce performance degradation. Proper magnetic di-
verter can be implemented at the exit pupil of focusing
mirror to reduce the flux of charged particles. Based on
the mirror response as discussed in the previous sections,
a design of magnetic diverter can be performed directly
within the same simulation framework of Geant4. The
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FIG. 18. The transmission probability of protons (left) and
electrons (right) respectively, by using different relective layer
materials.

current design in this work aims to deflect protons.
In order to avoid X-ray obstruction, 18 spokes of per-

manent magnets and their dimensions (except for the
height) are constrained by the ray-tracing results with
the presence of optical spider structure (see figure 19).
The magnets are currently placed 15 cm away from the
mirror to avoid any possible magnetization or deforma-
tion of the mirror components. In the case of eXTP mis-
sion, the angular distribution of protons suggests a uni-
form magnetic induction B at different radius, and the
requirement of Bl = 392.7 G·cm for minimum deflection
angle θmin = 0.5◦ at proton energy Ep = 100 keV. How-
ever, it is difficult to produce a uniform magnetic field in
reality. Instead, three Nd-Fe-B magnets are used in each
spoke with slightly different dimensions and properties,
whose magnetic dipole is oriented on the spider plane to
produce an azimuthal magnetic field.
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FIG. 19. The spatial distribution of photons with the presence
of spider structure, at a plane 15 cm away from the exit pupil
of mirror (left). The polar angle distribution of protons that
reach FPDs, calculated by G4CoulombScattering at the same
plane (right).

The magnetic field is calculated by using the Python3
toolbox magpylib [36], which applies analytical formalism
for ideal hard magnets. The magnetic induction B field
(see figure 20) is then imported into Geant4 to simulate
the trajectory of charged particles under field. Figure 20
illustrates that the proton flux in front of FPDs (typical
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area 2.7 × 2.7 cm) at energy Ep = 100 keV is decreased
by one order of magnitude with the presence of magnetic
diverter, regardless of the applied physics list. In addi-
tion, the magnetic diverter designed for protons acts as
a electron concentrator due to charge difference. How-
ever, the magnetic field is so intense for electrons that it
shields incident electrons at energy Ee− = 100 keV with
∼100% efficiency.
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FIG. 20. Magnetic induction B field distribution in space
(left). The comparison of proton transmission probability
with and without the presence of magnetic diverter (right).

V. CONCLUSIONS

The Wolter-type mirror responses of X-rays and
charged particles are investigated in this work. It can
help design the payloads of the eXTP mission in detail,
e.g. the background estimation and radiation shield op-

timization. First of all, the geometric model of Wolter-
I optics is established and validated in Geant4, with a
newly developed geometry class G4Hyperboloid and al-
ready existing class G4Paraboloid. It can eliminate the
systematic error introduced by conventional geometric
approximation.
The physical model for the interaction of X-rays and

matters is extended in Geant4. The figure error of large
spatial scale and microroughness effect of the surface are
taken into account. It provides quick access to the perfor-
mances of Wolter-I type optics with reasonable accuracy,
including effective area and point spread function.
The physical mechanisms behind the funnelling effect

of charged particles are discussed. It shows that most of
charged particles escape the reflecting layer at the very
beginning of the trajectory, requiring fine step size in
simulation. Multiple scattering models with proper step
limitation are demonstrated to have the capability to re-
produce the funnelling effect with reasonable accuracy
and calculation cost.
A preliminary design of the magnetic diverter is per-

formed within the same framework of Geant4, by using
directly the results of the mirror response. The current
magnet configuration can decrease the proton flux at
Ep = 100 keV by one order of magnitude and electron
flux at Ee− = 100 keV by almost 100%.
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