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Relying on atomic-scattering factors from evaluated databases, a new model for the reflectivity of
x-rays on solid surfaces has been developed for FLUKA v4-6.0. This model accounts for the variation of
reflectivity as a function of the photon energy, its incidence angle, and linear polarization; surface-
roughness effects are also taken into account. FLUKA reflectivities agree well with those obtained from
state-of-the-art codes used for the characterization of optical devices, both for homogeneous solids and for
multilayer mirrors. This new capability renders FLUKA a nearly one-stop shop for synchrotron radiation
simulations: emission from bending magnets and wigglers, photon transport and interaction, electro-
magnetic (and hadronic when applicable) shower development in complex geometries, as well as x-ray
reflection at designated solid surfaces, can now all be accounted for in a single FLUKA run. This
streamlined FLUKA simulation workflow greatly simplifies the plethora of simulation tools that
Monte Carlo practitioners previously needed to rely on. Two application scenarios of this new reflectivity
model are showcased: first, the use of a multilayer mirror to deflect x-rays from an optical hutch onto an
experimental hall at the MINERVA beamline of the ALBA synchrotron and second, the assessment of the
photon flux near the interaction point at CERN’s Future Circular Collider (in its electron-positron stage) as
a result of upstream x-ray reflections.

DOI: 10.1103/lr4z-r8ph

I. INTRODUCTION

X-ray reflection is routinely exploited in synchrotron
radiation (SR) light sources for beam manipulation pur-
poses: carefully positioned and oriented mirrors and
multilayers are used to steer incoming x-rays from an
optical hutch toward experimental halls and to perform
wavelength filtering in the case of multilayers. Particle-
transport simulations for such scenarios often involve a
combination of tools [1–3]: a code for the generation of the
SR source term [4–9], a general-purpose code for photon
transport through the beamline and optical hutch [6–12],
and, should x-ray reflection be considered, a further code

for evaluating the x-ray reflectivity of the employed mirrors
and multilayers [4,5,13,14] before resuming the transport
simulation in a further step. Alternatively, an ad hoc
analytical synchrotron radiation shielding code [4] can
generate the SR spectrum from bending magnets or inser-
tion devices and can also calculate the reflectivity for a
commonly used coated mirror. However, if detailed source
terms or reflectivity from uncommon materials or complex
configurations, such as multilayer, are necessary, data from
specialized codes [5,13,14] will need to be extracted and
manipulated offline to then carry out the desired particle-
transport analysis [2,3]. The need for this combination of
tools renders simulation studies rather unpractical.
The reflection of x-rays also plays a surprisingly

relevant role in high-energy electron/positron colliders.
For instance, at the time of CERN’s Large Electron-
Positron Collider (LEP) [15], a machine with up to
104.5 GeV per beam, it was realized that upstream x-
ray reflections substantially contribute to the photon
background in the experimental regions [16]. Therefore,
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this effect is worth assessing in view of the ongoing design
of CERN’s Future Circular Collider in its electron-positron
mode (FCC-ee) [17].
To facilitate the laborious simulation workflow outlined

in the first paragraph, while also providing a tool to
address the issue raised in the second, a dedicated model
for x-ray reflection on solid surfaces has been developed
and implemented in the general-purpose particle-transport
code FLUKA [6–9]. This work is structured as follows: In
Sec. II, atomic-scattering factors from various evaluated
photon data libraries are discussed and, based on them, the
model implemented in FLUKA for x-ray reflection is
presented. Its dependence on incidence angle, photon
energy, and polarization is highlighted, both for coated
and multilayer mirrors (MLMs), with surface-roughness
effects taken into account. In Sec. III, this new FLUKA
model for x-ray reflection in transport is benchmarked and
validated against standalone state-of-the-art codes for
x-ray optics [5,13,14]. The practical use of this novel
FLUKA capability is demonstrated in two facility-design
scenarios. In Sec. IV, a FLUKA simulation of the
MINERVA beamline [18] at the ALBA synchrotron is
presented, involving a multilayer mirror to steer a flux of
x-rays incoming from an optical hutch toward an exper-
imental chamber. In Sec. V, the contribution of x-ray
reflection to the photon flux around the interaction point
(IP) of the FCC-ee is assessed. Finally, a summary and
conclusions are presented in Sec. VI.

II. FLUKA MODEL FOR X-RAY
REFLECTION

A. Optical model

In the context of a general-purposeMonte Carlo code like
FLUKA, where materials are assumed to be homogeneous
and isotropic, coherent effects such as x-ray diffraction in
crystals aregenerally disregarded [19]. Under these assump-
tions, the index of refraction nðq;ωÞ of the material
encounteredby an incoming x-ray canbe constructed as [20]

nðq;ωÞ ¼ 1 − reλ2

2π

X
s

N sfsðq;ωÞ; (1)

whereω is the photon frequency, λ is itswavelength, re is the
classical electron radius, N s is the number of atoms of
species s per unit volume, and the sum runs over all atomic
species present in the material composition. The (complex)
atomic-scattering factorsfsðq;ωÞdescribe the absorption of
a photon of frequency ω by an individual atom of species s
[20–22] and the subsequent emission with a wave vector
transferq. S-matrix calculations [23] suggest that for photon
energies strictly below the K absorption edge (tens of keV
for atomic numbers Z ≳ 30, order of keV for 30≳ Z ≳ 10,
and tens or hundreds of eV forZ ≲ 10 [24,25]), the variation
of the atomic-scattering factor for small q is mild. Thus,

the angle-independent atomic-scattering-factor (AIASF)
approximation is adopted in this work, wherein fsðq;ωÞ
is taken at zero momentum transfer:

nðωÞ ≈ 1 − reλ2

2π

X
s

N sfsðωÞ: (2)

Despite the limited interval of validity for this expres-
sion, we have used it over the entire photon energy range
considered in this work (from 100 eV up to 10 MeV). As
shown in Fig. 4, the higher the photon energy, the more
grazing (i.e., small) the angle with respect to the surface
has to be for the photon to be reflected. Thus, the small-
angle approximation embedded in Eq. (2) is, anyway, duly
respected for all photon reflection energies covered in this
work, regardless of atomic number and proximity to
absorption edges. For photon energies approaching typical
atomic binding energies (order of eV or tens of eV, i.e.,
toward the FLUKA photon transport limit of 100 eV),
one might expect binding effects to start playing a role,
questioning the incoherent sum of atomic-scattering fac-
tors in Eq. (2). At these photon energies, experimental
measurements or ab initio calculations of nðωÞ should be
resorted to [26]. As further detailed below, a dedicated
extension in the FLUKA implementation allows users to
bypass Eq. (2) and load custom indices of refraction if
needed.
AIASFs are complex quantities available from state-of-

the-art evaluated atomic databases. Care should be exer-
cised, since different libraries encode this quantity in
slightly different ways. We have adopted the evaluated
data of Henke et al. [20] as of August 2023 [27], in which
AIASFs are tabulated as (dropping the subscript s to
alleviate the notation)

fðωÞ ¼ f1ðωÞ þ if2ðωÞ; (3)

where limω→∞f1ðωÞ ¼ Z and limω→∞f2ðωÞ ¼ 0 [23].
This library covers photon energies from 50 eV up to
30 keV for atoms with 1 ≤ Z ≤ 92. We have extended the
Henke library to cover photon energies up to 10 MeV and
atomic numbers up to Z ¼ 100, such as to cover all
material compositions allowed in the general-purpose
Monte Carlo code FLUKA. This extension, henceforth
referred to as extended Henke, has been performed relying
on the EPICS2014 [25] database, wherein AIASFs are
instead defined as

fðωÞ ¼ Z þ f0ðωÞ þ if00ðωÞ; (4)

where

f0ðωÞ ¼ f1ðωÞ − Z (5)

is tabulated instead of the f1ðωÞ term of the Henke
database, while the adopted representation of the
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imaginary part remains unaltered: f00ðωÞ ¼ f2ðωÞ. A
Kramers-Kronig analysis [20,23] ensured the self-
consistency of the obtained AIASF. Figure 1 displays
the real (top) and imaginary (bottom) parts of the AIASF
as a function of the photon energy for Cu, in anticipation
of the application discussed in Sec. V. In this figure,
solid, dashed, dash-dotted, and dotted curves represent
EPICS2014, extended Henke (FLUKA), the original
Henke library, and the NIST [28] library, respectively.
Excellent agreement between EPICS2014 and Henke
AIASF is observed in the range of photon energies
considered in FLUKA (above 100 eV), especially at
energies above 1 keV, thereby justifying the extension
of the Henke AIASF with those of EPICS2014 at high
photon energies. The agreement also extends to the data
from the NIST library covering the energy range from 2 to
433 keV. For later reference, Fig. 2 displays the real (top)
and imaginary (bottom) parts of the index of refraction of
Cu, constructed with the prescription of Eq. (2) using the
extended Henke AIASF displayed in Fig. 1.

B. X-ray reflectivity on the surface
to homogeneous media

Photon reflection on solid surfaces at an outgoing angle
matching the incoming one readily follows from the boun-
dary conditions of the Maxwell equations [20,29,30].
Figure 3 schematically displays a photon with wave vector
ki propagating in a homogeneousmediumawith an index of

refraction naðωÞ and impinging on a homogeneous medium
b, with an index of refraction nbðωÞ. The incoming photon
wave vector forms an incidence angle θi with the planar
surface. Both media are assumed to extend sufficiently far
away from the boundary that onemaydisregard anypotential
reflection from the other end of the media. In the context of
FLUKA, photon polarization, albeit only linear, can be taken
into account along a user-defined direction specifying the
orientation of the electric-field vectorE, naturally normal to
the photonwave vector. The top and bottom panels of Fig. 3,
respectively, display an incoming polarization state Ei
normal (σ) and parallel (π) to the incidence plane spanned
by the incoming wave vector ki and the surface normal ẑ.
This figure also displays the wave vector kr of the reflected
photon at an angle θi, alongwith a possible polarization state.
Magnetic field components Bi are displayed for complete-
ness. In such a scenario, the reflection coefficients for σ
and π polarization follow from the Fresnel equations [30],
expressed here in terms of angles with respect to the surface
(and not the surface normal):

rσðω;θÞ¼
Erσ

Eiσ

¼
naðωÞsinðθiÞ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2bðωÞ−n2aðωÞcos2ðθiÞ

q

naðωÞsinðθiÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2bðωÞ−n2aðωÞcos2ðθiÞ

q ; (6)

rπðω;θÞ¼
Erπ

Eiπ

¼
n2bðωÞsinðθiÞ−naðωÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2bðωÞ−n2aðωÞcos2ðθiÞ

q

n2bðωÞsinðθiÞþnaðωÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2bðωÞ−n2aðωÞcos2ðθiÞ

q ;

(7)

that is as the ratio of reflected to incident electric-field
components for σ and π polarization, respectively. The
reflected-photon electric-field components follow readily:

Erσ ¼ rσEiσ; Erπ ¼ rπEiπ: (8)

Incidentally, the use of a complex index of refraction, as
per Eq. (2), renders these expressions applicable for both
dielectric and conducting media.
Not all photons impinging on a planar boundary reflect.

The reflectivity (i.e., the likelihood of reflection) for σ and
π polarization (Rσ and Rπ, respectively) follows from the
squared modulus of the reflection coefficients [30]:

Rσðω; θÞ ¼ jrσðω; θÞj2; Rπðω; θÞ ¼ jrπðω; θÞj2: (9)

Let Pσ and Pπ be the σ- and π-polarization-vector
amplitudes for a photon with arbitrary linear polarization,
normalized such that P2

σ þ P2
π ¼ 1. Its reflectivity follows

FIG. 1. Real (top) and imaginary (bottom) parts of the AIASF,
Eq. (3), for Cu. Curves represent the values from EPICS2014
(solid), the extended Henke database employed in FLUKA
(dashed), the original Henke data library (dot-dashed), and NIST
(dotted).
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from Eq. (9):

Rðω; θÞ ¼ P2
σRσðω; θÞ þ P2

πRπðω; θÞ: (10)

Finally, the reflectivity for an unpolarized photon beam
reads

Rðω; θÞ ¼ Rσðω; θÞ þ Rπðω; θÞ
2

: (11)

Figure 4 displays a bird’s eye view of the σ (left) and π
(right) reflectivity as a function of the photon energy and
incidence angle, Eq. (9), for photons impinging from
vacuum on Cu, computed using the index of refraction
shown in Fig. 2. The reflectivities of both polarization
states are quite similar, except for a narrow band of angles
near the Brewster angle (785 mrad) and photon energies
below 1 keV in this example. To further elucidate this
aspect, Fig. 5 displays the σ (solid curves) and π (dashed
curves) reflectivities as a function of the photon energy for
incidence angles of 10 mrad, 100 mrad, 785 mrad, and
1 rad. Indeed, accentuated discrepancies in reflectivity are
found only near the Brewster angle at photon energies well
below 1 keV.
The fact of having complex indices of refraction in the

expressions above yields complex reflection coefficients.

Thus, a phase shift between the incident and the reflected
polarization vector may easily be incurred. Figure 6 dis-
plays the phase shift for σ (top) and π (bottom) polarized
photons reflected from a Cu surface as a function of their
energy for angles ranging from 1 to 100 mrad. Note that
the phase shift can even reach π. This phase shift is
disregarded here, since FLUKA currently tracks linear
photon polarization, defined by a unit vector with real (not
complex) components. Thus, a detailed account of the
polarization state of the reflected photon is not attempted.
However, as shown in Figs. 4 and 5, σ and π reflectivities
coincide in most of the energy and angular domain where
the reflectivity is sizeable. Thus, the disregard of polari-
zation phase shifts is often inconsequential for the like-
lihood of reflection: it is only problematic at very low
photon energies (usually irrelevant in practical applica-
tions) and around the Brewster angle [30]. In practice, the
model presented here will still yield accurate reflection
coefficients as a function of linear photon polarization (at
least for the first—and often most relevant—reflection) for
photon energies down to 100 eV, while leading to an
approximate description of the reflected-photon polariza-
tion state. For simulations involving one or multiple
mirrors used to steer polarized x-rays along a beamline,
the energy spectrum of the photons reaching the end of the
line will be accurate, although their polarization state will
only be approximately described after the first reflection.

C. X-ray reflectivity on multilayer mirrors

The model outlined above describes x-ray reflectivity on
the surface of a homogeneous solid. It has been shown that
reflectivity is highest for grazing angles and low photon

FIG. 3. Schematic layout of the wave vectors and electric-field
vectors employed in the evaluation of the reflection coefficient,
Eqs. (6) and (7), for σ-polarized (top) and π-polarized (bottom)
x-rays. Magnetic field components shown for completeness.

FIG. 2. Real (top) and imaginary (bottom) parts of the index of
refraction of Cu, calculated with Eq. (2) and the FLUKA
extended Henke AIASF displayed in Fig. 1.
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energies. MLMs, instead, generally allow x-rays to be
reflected at larger angles and higher photon energies [31].
In addition, MLMs exhibit x-ray wavelength filtering
capabilities and are therefore widely employed in optical
beamlines of synchrotron light sources to select a narrow
range of photon wavelengths from the continuum SR
spectrum generated by a bending electron beam. We have
therefore extended our model to take into account x-ray
reflectivity in MLMs.
The individual building block of an MLM is a group of

two (or more) layers, typically alternating low- and high-Z
materials, each with a well-defined thickness, e.g., a Si
layer of thickness d1 and a W layer of thickness d2. The
stacking of Nl such groups of layers constitutes an MLM,
typically limited by vacuum (or air) on one side and a
substrate material on the other. Thus, the number of
physical interfaces between different materials is (for
two layers in the individual building block) 2Nl þ 1,
including the interface between vacuum/air and the first

layer, as well as the interface between the last layer and the
substrate.
Because of the periodic structure of an MLM, the

reflectivity of an incident photon must account for the
contribution of electromagnetic waves reflected on its
various inner interfaces. Let rp;2Nlþ1 be the reflection
coefficient of the interface between the last layer and the
substrate, rp;2Nl

that of the interface between the next-to-
last and the last layer, etc., for polarization p ¼ fσ; πg.
The MLM is assumed to be thin enough that photon
absorption within its volume is neglected, and furthermore,
the substrate is assumed to be effectively a semi-infinite
material, so that no photons are reflected back from its
deeper regions, i.e.,

rp;2Nlþ2 ¼ 0; (12)

for both polarization states p ¼ fσ; πg. This boundary
condition allows us to evaluate the reflection coefficients
of the subsequent upper layers of the MLM. Following
Parratt [32], one may recursively evaluate

rp;j ¼ a4j
rp;jþ1 þ Fp;j

1þ rp;jþ1Fp;j
; (13)

for j ¼ 2Nl þ 1; 2Nl; 2Nl − 1;…; 1, where

Fσ;j ¼
fj − fjþ1

fj þ fjþ1

; (14)

Fπ;j ¼
fj
n2j
− fjþ1

n2jþ1

fj
n2j
þ fjþ1

n2jþ1

; (15)

FIG. 4. Photon reflectivity of Cu as a function of energy and incidence angle for σ (left) and π (right) polarization.

FIG. 5. Photon reflectivity of Cu as a function of energy for σ
(solid) and π (dashed) polarization, for selected angles near the
Brewster angle (thick curves).
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fj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2j − cosðθiÞ2

q
; (16)

and aj ¼ expð−iπfjdjλ−1Þ accounts for the phase shift
accumulated by the photon as it traverses (half of) the layer
j. All ω dependencies have been temporarily dropped to
alleviate the notation. The reflection coefficients above
allow us to directly set the polarization state of the
reflected photon. Instead, the reflectivity (i.e., the like-
lihood of reflection) of the MLM for σ and π polarization is
given by

Rσ ¼ jrσ;1j2; Rπ ¼ jrπ;1j2: (17)

For a photon with arbitrary linear polarization, the
reflectivity follows from a weighted sum of the reflectiv-
ities above, as in the case of reflection on the boundary to a
homogeneous material, see Eq. (10).
Figure 7 illustrates the reflectivity of an MLM consist-

ing of 30 Si-W bilayers, with respective thicknesses of 4.1
and 1.2 nm, deposited on a Si substrate, for photon
energies from 100 eV to 10 keV at an incidence angle
of 122 mrad. The multilayer effects are visible with the
appearance of a conspicuous maximum around 1 keV.
Note that x-ray reflection on the boundary to a homo-
geneous material at these energies would not be possible
for such a large incidence angle, as elucidated by the
dashed and dot-dashed lines of the figure, corresponding to

the reflectivity on the surface of a homogeneous slab of Si
and W, respectively.

D. Surface roughness

Finally, it should be noted that surface roughness
greatly influences the reflection coefficient, both on
homogeneous media and on MLMs. Due to this surface
property, the normal vector is no longer constant: its
orientation depends on the position on the surface. We do
not expect to have a local map of the surface roughness;
instead, we adopt the effective approach described by
Névot and Croce [33] and Sinha [34], as customary in
x-ray software, whereby the reflection coefficient is
attenuated by means of a factor

fNC ¼ expð−2ki⊥kt⊥R2
qÞ; (18)

where ki⊥ and kt⊥ are the wave vector components
normal (⊥) to the reflecting surface for both incident
(i) and transmitted (t) photons, respectively, and Rq is the
root-mean-square (rms) average of the profile deviation
from the mean height, as per ISO 4287 [35]. The rms
average depends on the manufacturing process of the
specific component and should therefore be specified, at
least approximately, in its technical specification: it
typically ranges from 25 nm to 50 μm, although it can
drop to values in the order of a few Ångström in x-ray
mirrors. Since the wave vectors can be complex variables,
the Névot-Croce factor can itself be a complex quantity.
This implies a change for both the amplitude and phase of
the reflection coefficient. Evaluating the reflectivity for
homogeneous materials, the phase shift induced by the
roughness coefficient is disregarded for the same reasons
invoked in the discussion of the reflectivity itself. Instead,
since the reflectivity of MLM accounts for the phase shift
accumulated by the photon as it traverses the mirror
layers, the complex Névot-Croce factor is applied to the
reflection coefficient at each inner interface.

FIG. 6. Absolute value of the phase shift for σ-(top) and
π-polarized (bottom) photons reflected from a homogeneous Cu
slab as a function of the photon energy for 1 mrad (solid),
10 mrad (dashed), and 100 mrad (dot-dashed) incidence angle.

FIG. 7. Reflectivity for a σ-polarized photon incident at
122 mrad on a multilayer mirror composed of Si-W layers (see
text) on a Si substrate (solid line). Reflectivities of Si (dashed line)
and W (dash-dotted line) are shown for comparison.
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III. MODEL VALIDATION

The x-ray reflectivity computed with the FLUKAmodel
outlined above has been benchmarked against state-of-the-
art codes for the characterization of optical devices,
including XOP [5], XOPPY [13], and IMD [14]. These
codes allow users the possibility of selecting different
optical data libraries or even to provide their own. To
assess the differences in reflectivity arising purely from the
use of different codes, common optical data have been
used among them, namely, the Henke library, covering
photon energies from 50 eV to 30 keV. Figure 8 displays
the reflectivity of x-rays impinging on a homogeneous slab
of Cu (left) and Pt (right) as a function of their energy,
from 100 eV (lower transport limit of photons in FLUKA)
to 30 keV (upper energy limit of the Henke library), for
incidence angles from 10−3 rad (top) to 10−1 rad (bottom),
computed with FLUKA (solid curves), XOP [5] (dashed),
XOPPY [13] (dot-dashed), and IMD [14] (dotted).
Overall, very good agreement is observed among the four
evaluations; the residual differences in the lower right-
hand panel are due to the fact that FLUKA uses the latest

version of the Henke library (as of August 2023) while the
other codes rely on an earlier version.
Similarly, Fig. 9 shows the x-ray reflectivity on the same

photon energy scale and incidence angles for two MLMs:
on the left for 30 Si-W bilayers (4.1 and 1.2 nm thick,
respectively) on a Si substrate and on the right for 200
Mo-B4C bilayers (2 and 4 nm thick, respectively) on a Si
substrate. Note the absence of XOP curves for Mo-B4C
since the code does not support reflectivity calculations for
MLMs with compound materials. The agreement among
curves displayed in this figure is also excellent, even in the
region with a rich structure of peaks. Figure 10 extends the
upper-left-hand panel of Fig. 9 to 433 keV, showing curves
calculated with FLUKA and IMD. While FLUKA still
relies on the extended Henke data library, the IMD curve is
obtained employing NIST optical data [28], which covers
the energy range from 2 up to 433 keV. Note the excellent
agreement between the two curves also in this extended
energy, in view of the fact that virtually identical optical
data have been used strictly within the energy domain
they cover.

FIG. 8. Reflectivity of homogeneous Cu (left) and Pt (right) slabs as a function of photon energy, evaluated with FLUKA (solid
curves), XOP (dashed curves), XOPPY (dot-dashed curves), and IMD (dotted curves) for unpolarized photons at the indicated
incidence angles.
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While the FLUKA x-ray reflectivity model provided
here is effective and generally applicable, two extension
capabilities are provided. On the one hand, the user routine
USRCIR.f allows users to input their own complex index
of refraction should they have experimental data or

ab initio calculations refining the incoherent addition
performed in Eq. (1). On the other hand, the user routine
USRREF.f allows users to adopt their own evaluation of
the x-ray reflectivity or to link to external tools such as
XOP, XOPPY, and IMD.

IV. APPLICATION: THE MINERVA BEAMLINE
AT THE ALBA SYNCHROTRON

X-ray reflection at material interfaces is often exploited
in the experimental beamlines of synchrotron light source
accelerators. One or more mirrors are typically placed in
the optical hutch of the beamline to filter and select a
narrow interval of photon energies from the SR spectrum:
when synchrotron radiation photons impinge on an MLM,
the multilayer structure leads to reflection of photons
within a narrow energy band. These are then transported to
the experimental hutch in a stainless steel vacuum cham-
ber, while any remaining part of the spectrum must be
absorbed in appropriately placed shielding.
At present, various software tools are required to

perform radiation studies for synchrotron light beamlines

FIG. 9. Reflectivity as a function of photon energy for a Si-W (left column) and Mo-B4C (right column) multilayer mirror (see text)
evaluated with FLUKA (solid curves), XOP (dashed curves), XOPPY (dot-dashed curves), and IMD (dotted curves) for σ-polarized
photons at the indicated incidence angles.

FIG. 10. Reflectivity as a function of photon energy for a Si-W
multilayer mirror (see text) evaluated with FLUKA (solid
curves) and IMD (dotted curves) for σ-polarized photons at
the indicated incidence angle. The IMD calculation employs
NIST optical data.
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involving x-ray reflection [1–3]: a code such as FLUKA,
STAC8 [4], or XOP [5] for the generation of the SR
spectrum from bending magnets and wigglers (in addition
to undulators for the last two codes); a Monte Carlo code
such as FLUKA for the transport along the beamline up to
the mirror; a further code for evaluating the x-ray reflec-
tivity, such as XOP [5], XOPPY [13], or IMD [14]; a
second-step Monte Carlo simulation to transport photons
toward the experimental hall; and the necessary scripting
to coordinate data transfer among tools.
To demonstrate FLUKA’s integrated capabilities for the

design of SR beamline facilities, a simplified geometry for
the soft-x-ray MINERVA beamline at the ALBA synchro-
tron [18] has been implemented in FLUKA. The 3 GeV
electron beam was used as a source term (all simulation
results below are given per primary electron). Electrons
traverse a vacuum region of 1.384 m with a magnetic field

of 1.42 T normal to the orbit plane, thereby acquiring a
deflection of 11.25° [36]. While traversing this effective
bending magnet, electrons radiate the SR spectrum dis-
played in Fig. 11. The emitted SR photons travel 16.66 m
along the MINERVA beamline located in port 25 of the
ALBA storage ring with a restricted front-end aperture of
0.48 mrad and, finally, reach the optical hutch of the
experiment. There, the photons impinge upon an MLM
(M1), consisting of 30 Si-W bilayers deposited on a Si
substrate with thicknesses of 4.1 and 1.2 nm, respectively,
at a grazing angle of 7°, as shown in Fig. 12. The top panel
of this figure displays the photon fluence obtained with
FLUKA v4-5.1, prior to the inclusion of the x-ray
reflection model presented here. In the absence of x-ray
reflection, the SR photons impinging upon M1 are
absorbed. The bottom panel of Fig. 12 displays the photon
fluence obtained instead with FLUKA v4-6.0, equipped
with the x-ray reflectivity model presented here: incoming
SR photons impinging on M1 are clearly reflected toward
the entrance of the experimental hutch. Naturally, not all
photons are reflected, in accordance with the MLM
reflectivity displayed in Fig. 7. The sharp peak at 1 keV
in the multilayer reflectivity allows a flux of predomi-
nantly 1 keV photons to be reflected and transported
further along the beamline. Finally, we note that the MLM
specifications in the corresponding FLUKA card are
invoked at the moment of attempting a boundary crossing
in order to reflect the photon as needed. For all other
purposes, region M1 is treated in the simulation as a
homogeneous and isotropic Si region. Indeed, photon
absorption and interactions are disregarded in the multi-
layer structure (typically 1 μm thin).
A single FLUKA run sufficed to generate the SR

spectrum from a bending magnet, to transport SR photons
along the beamline, to handle the reflectivity on a multi-
layer mirror, and to further transport reflected photons to
the experimental hutch. This integrated workflow consid-
erably simplifies contemporary approaches relying on a
concatenation of various tools [1–3]. Thus, FLUKA can be
used as a single simulation tool to track SR photons from
production to the optical beamline elements, thereby
facilitating simulation studies, e.g., the analysis of thermal
load on optical surfaces.

V. APPLICATION: THE MACHINE-DETECTOR
INTERFACE FOR CERN’S FCC-EE PROJECT

At the time of CERN’s LEP collider [15], it was already
noticed that SR photons, particularly in the x-ray domain,
can undergo reflection on the inner surface of the accel-
erator beam pipe, allowing them to reach downstream
regions far beyond the first reflection point [16]. While this
phenomenon is strongly dependent on various accelerator
design aspects (e.g., the beamline element positions, their
material composition, and the surface roughness of the

FIG. 11. Synchrotron radiation spectrum generated in FLUKA
during the tracking along the full trajectory of a 3 GeV electron
beam in a bending magnet of the ALBA storage ring.

FIG. 12. Photon fluence in the optical hutch of MINERVA
beamline at the ALBA synchrotron obtained with FLUKA 4-5.1
(top) and FLUKA 4-6.0 (bottom).
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beam pipe), and to the considered machine optics, it might
lead to a higher photon flux throughout the machine, an
undesired background around the IP, and radiation damage
to the detector and the nearby beamline elements.
In view of the ongoing design of CERN’s FCC-ee

configuration, it becomes relevant to assess the contribu-
tion of upstream x-ray reflections to the radiation back-
ground around the IP. To address this potential issue, the
geometry of the MDI region of the FCC-ee was modeled in
FLUKA [37], covering the last 720 m of the electron beam
line toward the IP. This region includes magnetic elements
such as dipoles, quadrupoles, and sextupoles along the
beamline, as well as a solenoid field in the detector area
around the IP. In addition, collimators and SR masks are
present. The FLUKA region corresponding to the inside of
the beam pipe is assigned a vacuum material; inner-beam-
pipe regions corresponding to the position of the afore-
mentioned magnets have been assigned a magnetic field
following version 24.4 of the Global Hybrid Correction
optical lattice [38–40]. Figure 13 displays the adopted
FLUKA geometry for the last 120 m of the FCC-ee
electron line toward the IP.
Considering the Z-mode operation of the FCC-ee [41],

the source term in the simulations is a 45.6 GeV electron
beam, sampled with a Gaussian distribution in both
horizontal and vertical planes following the linear param-
eters of the aforementioned optics. SR emission in trans-
port [6] was enabled in FLUKA down to a threshold
energy of 100 eV in all vacuum regions with magnetic
fields. The solid curve in Fig. 14 shows the logarithmic
spectrum of produced SR photons along the various
magnets in the beamline. Nonsolid curves instead display
the contributions from various magnetic field regions,
namely, dipoles (dashed), quadrupoles (dotted), and the
solenoid field around the IP (dash-dotted); sextupoles did
not contribute appreciably. The dipole contribution, with
its distinct critical energy (Ec) of 19.47 keV [30,42], is
dominant. However, a much higher-energy contribution
due to SR emission in the solenoid field is also present,
albeit of reduced relative importance.
The fluence of photons, differential in energy and

in spatial coordinates, was scored along the beamline,

including the region around the IP. Two FLUKA simu-
lations were performed: on the one hand, a simulation with
x-ray reflection switched off, representing the perfor-
mances of FLUKAv4-5.1; on the other hand, a simulation
with x-ray reflection activated at all interfaces between the
beam-pipe vacuum and the materials of the beam pipe
itself (Cu), as well as collimators (Mo-C alloy), and masks
(W-Ni-Cu alloy), showcasing the enhanced capabilities of
FLUKA v4-6.0.
Figure 15 displays the spatial fluence of photons in the

last 20 m leading up to the IP, with photon reflection
deactivated (top panel) and activated (bottom panel). A
change of variables was performed to transform from the
slanted beamline of Fig. 13 (0.015 rad with respect to the
z axis) to the arrangement of Fig. 15, wherein the beamline
is parallel to the u axis and perpendicular to the v axis.
Indeed, in both panels, the photon fluence increases in the
last ∼8 m to the IP in view of SR production in the final-
focus quadrupole magnets and in the solenoid field around
the IP, as discussed above. While the top panel (x-ray
reflection off) exhibits a fairly monotonic photon fluence
along the beamline, the bottom panel (x-ray reflection on)
shows that SR produced in the aforementioned magnetic
field regions can indeed reflect multiple times along

FIG. 13. FLUKA geometry model of the last 120 m of the FCC-ee MDI region.

FIG. 14. FLUKA SR spectrum (solid curve) generated by the
passage of a 45.6 GeV electron beam through the various
magnets along the considered FCC-ee beamline. The dashed,
dotted, and dot-dashed curves represent the contributions from
dipole, quadrupole, and solenoid magnetic fields. The vertical
line indicates the critical energy (Ec) for SR emission in the
dipoles.
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the beam pipe. This effect allows photons to reach down-
stream regions and, specifically, the region around the IP.
Furthermore, discrepancies in photon spatial fluence due to
x-ray reflectivity naturally accentuate at off-axis positions.
Figure 16 displays the energy-differential fluence of

photons in a cylindrical region surrounding the IP, with a
radius r of 1 cm and a length of 31 cm. This region is
highlighted by a red box in Fig. 15. The solid curve in
Fig. 16 was obtained with x-ray reflection switched off.
Meanwhile, the dashed and dotted curves were obtained
with x-ray reflection activated, and an Rq parameter [see
Eq. (18)] set to 25 and 0 nm, respectively, the latter
implying a perfect-mirror surface. X-ray reflection at the

beam pipe, collimators, and SR masks leads to an increase
by a factor of up to 60% in photon fluence around the IP
for perfect-mirror surfaces (dotted line). This enhancement
naturally reduces with increasing surface roughness (see
the dashed curve, where a sizeable effect is nevertheless
still visible).
Figure 17 further resolves the energy-differential photon

fluence in the off-beam (radial) coordinate. The top panel
restricts the cylindrical scoring volume around the IP
to r∈ ½0; 0.2� cm, the middle panel to r∈ ½0.2; 0.4� cm
(thicker lines) and r∈ ½0.4; 0.6� cm (thinner lines), and the
bottom panel to r∈ ½0.6; 0.8� cm (thicker lines) and
r∈ ½0.8; 1.0� cm (thinner lines). Solid, dashed, and dotted
lines carry the same meaning as in the previous figure. As
anticipated above, the largest discrepancies introduced by
x-ray reflection are found at the farther off-beam radial
regions. Still, in the closest region to the IP, x-ray
reflectivity leads to differences in photon fluence of the
order of 15%.
This application demonstrates that, as was the case for

LEP, x-ray reflection in upstream regionsmight indeed lead
to an increase in the photon background in the detector
region of the FCC-ee by a factor that depends strongly on
the machine optics, the beamline element design, and the
surface roughness of the relevant surfaces (e.g., beam pipe,
SR masks, and collimators). Nevertheless, this application
showcases how the FLUKA model for x-ray reflection
presented in this work can be readily employed to assess the
magnitude of this phenomenon in the design, e.g., of
bespoke SRmasks and collimation systems for the FCC-ee.

FIG. 15. Spatial photon fluence in the last 20 m of the MDI region of the FCC-ee in Z mode, obtained in FLUKAwithout (top) and
with (bottom) x-ray reflection at the different vacuum-material interfaces (see text).

FIG. 16. Energy-differential photon fluence in a cylindrical
volume around the IP of FCC-ee in Z mode (see text) with x-ray
reflection deactivated (solid line) and activated on mirrorlike
surfaces (dotted line) and with a roughness characterized by
Rq ¼ 25 nm (dashed line).
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VI. SUMMARY AND CONCLUSIONS

Based on atomic-scattering factors from evaluated
photon data libraries, a new model for the reflection of
x-rays on solid surfaces and multilayer mirrors has been
developed and implemented in FLUKA v4-6.0. The
reflectivity is evaluated as a function of the photon energy,
its incidence angle with respect to the surface, its (linear)
polarization state, and the roughness of the surface. Both
homogeneous solids and multilayer mirrors are modeled.
The reflectivity evaluated with this new model has been
benchmarked against state-of-the-art computational tools
for x-ray optics (XOP, XOPPY, and IMD), with validation

carried out solely through code-to-code comparisons (as
opposed to experimental data), and a very good agreement
is obtained, both for mirrors and multilayers.
These enhanced capabilities allow a single FLUKA run

to simulate the emission of synchrotron light by charged
particles traversing bending magnets and wigglers (feature
available since release 4-3.0 of FLUKA [6]), the transport
of synchrotron radiation through complex geometries, the
reflection on multilayer mirrors (or homogeneous solids
such as the beam pipe itself), and the further transport of
reflected photons. This integrated workflow drastically
simplifies the concatenation of tools often required in
synchrotron light beamline studies.
Two applications have been presented, showcasing the

performance of this new model. On the one hand, the
reflection of synchrotron light on a multilayer mirror in
the MINERVA beamline at the ALBA synchrotron has
been explained, allowing the radiation study to be handled
in a single FLUKA run, instead of the various simulation
tools and steps that were previously required. On the other
hand, we show how this new FLUKA capability allows
one to assess the photon flux throughout the machine and
especially around the interaction point of the FCC-ee due
to upstream x-ray reflection within the beam pipe. Thus,
the model presented here offers enhanced capabilities in
the design of accelerator beamline elements. It is included
in the public release of FLUKA as of version 4-6.0.
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