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The optical design of the BOREAS beamline operating at the ALBA

synchrotron radiation facility is described. BOREAS is dedicated to resonant

X-ray absorption and scattering experiments using soft X-rays, in an unusually

extended photon energy range from 80 to above 4000 eV, and with full

polarization control. Its optical scheme includes a fixed-included-angle, variable-

line-spacing grating monochromator and a pair of refocusing mirrors, equipped

with benders, in a Kirkpatrick–Baez arrangement. It is equipped with two end-

stations, one for X-ray magnetic circular dichroism and the other for resonant

magnetic scattering. The commissioning results show that the expected beamline

performance is achieved both in terms of energy resolution and of photon flux at

the sample position.

1. Introduction

Advanced studies of the magnetic and electronic structure of

materials have greatly benefited from the development of a

manifold of powerful techniques, based on the resonant

absorption or diffraction of X-rays. These include X-ray

magnetic circular dichroism (XMCD), X-ray linear dichroism

(XLD) and resonant soft X-ray scattering (RSXS) (Stöhr &

Siegmann, 2006; Beaurepaire et al., 2013). They combine

chemical, orbital and crystal-site selectivity with an extremely

high magnetic sensitivity, down to isolated atoms (Carbone

et al., 2011). These properties, combined with the high bril-

liance of third-generation synchrotron sources, have made this

set of techniques invaluable for the investigation of ever more

complicated magnetic materials and nanometer-sized devices.

Within the recently developed national synchrotron radia-

tion centers in Europe, the ALBA facility (Einfeld, 2011) is

currently operating a storage ring with an energy of 3 GeVand

at a current of 130 mA. Among the seven operating phase I

beamlines, BOREAS (Beamline fOr REsonant Absorption

and Scattering experiments) is dedicated to the study of the

magnetic properties of materials by means of the techniques

based on the dichroism in the absorption or on the resonant

diffraction of X-rays. It is equipped with two end-stations:

HECTOR (High fiEld veCTOR magnet), dedicated to

XMCD/XLD, and MARES (MAgnetic REsonant Scattering

end-station), dedicated to RSXS.

BOREAS is based on a grating monochromator and covers

a very extended photon energy range, from 80 eV to above
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4000 eV, with high flux and energy resolution, together with

full control of the polarization state of the X-ray beam. The

energy region between 2000 and 4000 eV, where the inter-

esting L2;3 absorption edges of the 4d transition metals are

located, is particularly challenging for XMCD experiments.

Indeed, this range is usually covered with Si double-crystal

monochromators, because of the low diffraction efficiency of

gratings. The degree of circular polarization transmitted by

the common Si(111) crystals, however, depends strongly on

energy below about 4000 eV. It approaches zero around

2800 eV, where the Bragg angle is equal to the Brewster angle

(Rogalev et al., 2016), thus making XMCD experiments

impossible or very difficult in the energy range between 2500

and 3200 eV. The grating monochromator of BOREAS, on the

other hand, does not alter the polarization state of the X-rays

emitted by the beamline undulator, while its reduced diffrac-

tion efficiency compared with a crystal monochromator above

2000 eV is compensated by a constant and high degree of

circular polarization (this is typically chosen to be 75–85% at

BOREAS).

In this article, we describe the principal guidelines upon

which the optical layout of the beamline is based, as well as the

elements composing the various optical sections, and we

discuss the results of the first commissioning phase of the

beamline components, giving a detailed account of the photon

flux and energy resolution achieved at the sample position.

2. Optical layout design

The optical layout of BOREAS is shown in Fig. 1. This

includes a white-beam section with a plane mirror (PM) and a

toroidal mirror (TM), a monochromator section with two

spherical mirrors (SM1 and SM2), three plane gratings (PG),

and an entrance (ES) and an exit slit (XS), and finally a

refocusing section with two bendable plane elliptical mirrors

(PE1 and PE2). The final design is the result of the balance

between several constraints:

(i) The main working energy range should be covered by

the beamline with a single set of optical elements. This is

identified as the energy interval between 400 and 1600 eV,

where the most important absorption edges for studies of

magnetism (3d transition-metal L-edges, rare-earth M-edges)

as well as of organic/molecular systems (nitrogen and oxygen

K-edges) are situated.

(ii) The beamline should reach a minimum energy of 99 eV,

where the L2;3 absorption edges of Si are located, with circular

polarization.

(iii) The single insertion device that can be hosted at the

available straight section (section 29 of the ALBA storage

ring) should reach the highest photon energy compatible with

the above constraint using its first harmonic, in order to

maximize its flux with fully circular polarization.

(iv) The photon energy range above 1600 eV should be

covered without any degradation of the performance at the

lower energies and with the minimum possible number of

optical elements.

(v) The beamline monochromator should simultaneously

provide a good repeatability of the grating angular motion and

a fast scanning speed. This is a consequence of the fact that

dichroism experiments typically require the acquisition of

several energy scans with different light polarizations, which

are subsequently subtracted from each other.

(vi) The refocusing section has to provide variable X-ray

beam spot sizes at both end-stations, being located at 3 m

distance from one another along the X-ray beam propagation

direction.

(vii) The maximum distance between the source and the

sample position cannot exceed 41 m.
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Figure 1
Side and top views of the optical layout of the BOREAS beamline. The depicted optical elements are: ID = Apple-II undulator, PM = plane mirror, TM =
toroidal mirror, ES = entrance slit, SM1 = first spherical mirror, SM2 = second spherical mirror, PG = plane gratings, XS = exit slit, PE1 = first plane-
elliptical mirror, PE2 = second plane-elliptical mirror. The experimental end-stations are indicated as XMCD and RSXS.



The design of the beamline was consequently oriented

towards a fixed-included-angle, variable-line-spacing (VLS)

grating monochromator of the Hettrick–Underwood type

(Hettrick & Underwood, 1986; Underwood & Koch, 1997),

equipped with an entrance slit. This allows for simple energy

scanning with a single moving element (the grating), while

covering a wide photon energy range with a combination of

only three plane gratings and two retractable spherical pre-

mirrors within the dispersive section. In the following

subsections, each optical section and its elements are

described in detail.

2.1. Source

The source is a PPM (Pure Permanent Magnet) APPLE-II

helical undulator (Sasaki, 1994), inserted in the center of one

of the medium straight sections of the ALBA storage ring

(Campmany et al., 2013). This type of undulator is capable of

delivering linearly polarized light, in all directions within the

plane perpendicular to the propagation direction of the

photon beam, as well as circularly/elliptically polarized light.

The main characteristics of the BOREAS undulator are

summarized in Table 1. The minimum magnetic gap of the

undulator is limited to 15.5 mm for field homogeneity reasons,

while the total magnetic forces are limited to 20 kN. The

undulator has 22 periods of 71.36 mm length each, resulting in

a total length of 1569.92 mm. This insertion device has been

designed in order to allow for reaching the Si L2;3-edges (at an

energy of 99 eV) with circular polarization at a storage ring

energy of 3 GeV, while extending its first emission harmonic to

the highest possible energy. With the chosen parameters, the

source can be tuned to energies down to 59 eV in linear

horizontal polarization, 78 eV in circular polarization and

98 eV in linear vertical polarization. The first harmonic

extends up to about 1100 eV, while higher energies are

reached by using higher harmonics, trading off the circular

polarization rate in favor of the photon flux for higher odd

harmonics for experiments requiring circularly polarized light

up to 4000 eV.

2.2. White-beam section

The characteristics of the optical elements within the white-

beam section are summarized in Table 2. The main function of

the first optics section is to isolate the downstream mono-

chromator section from thermal drifts by absorbing most of

the power accepted by the beamline. Two mirrors are used to

deviate the beam away from the undulator axis, thus simpli-

fying the radiation shielding requirements, and to spread the

power density, thus simplifying the required cooling scheme of

each mirror. The first optical element of the beamline is a

simple plane mirror (PM), which must absorb most of the

heat-load without degrading the beam profile. A grazing-

incidence angle of only 1� has therefore been chosen in order

to stretch the power footprint as much as possible on the

surface of the mirror, so as to minimize the power density. PM

has two stripes, coated with Au and Ni, in order to maximize

its reflectivity across the whole energy range of the beamline.

The Au stripe has a higher reflectivity in the energy ranges 80–

150 eV, 800–2000 eV and above 3500 eV, while the Ni stripe

optimizes the reflectivity of PM in the remaining energy

intervals.

The second mirror (TM) has a toroidal profile and focuses

the beam vertically onto the entrance slit of the mono-

chromator, thus demagnifying the vertical source size by a

factor of about four. It also focuses the beam horizontally 2 m

upstream of the exit slit of the monochromator. This position

for the horizontal focus has been chosen in order to reduce the

power density at the exit slit without degrading the energy

resolution of the beamline. Due to its strong sagittal curvature,

this mirror has a single stripe coated with Au, and a low

grazing incidence angle of 1.15� which ensures high reflectivity

up to energies of the order of 4000 eV.

2.3. Monochromator

The dispersive section of BOREAS is based on a fixed-

included-angle, variable-line-spacing grating monochromator.

Although designs based on a variable included-angle offer

enhanced flexibility in terms of the tradeoff between energy

resolution, photon flux and higher-orders rejection (Follath &

Senf, 1997; Follath, 2001), we privileged a design with a simple

single moving element (i.e. the gratings pitch axis) during fast

energy scans. The chosen Hettrick–Underwood design has

also fewer optical elements along the dispersive section (just

beamlines
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Table 2
White-beam section optics specifications.

PM TM

Shape Plane Toroidal
Position (m) 18.425 19.0
Source distance (tangential/sagittal) (m) –/– 19.0/19.0
Image distance (tangential/sagittal) (m) –/– 12.1/4.6
Grazing incidence angle (�) 1.0 1.15
Geometrical surface size (mm) 480 � 60 450 � 50
Optical surface size (mm) 400 � 45 400 � 15
Blank material Si Si
Water cooling Side Side
Roughness (r.m.s.)† (nm) 0.13 0.16
Coating material Au/Ni Au
Coating thickness (nm) 50 50
Tangential radius of curvature (mm) 1 736652
Sagittal radius of curvature (mm) 1 148.65
Tangential slope error (r.m.s.)† (mrad) 0.75 0.89
Sagittal slope error (r.m.s.)† (mrad) 3.6 1.83

† Measured value.

Table 1
Undulator specifications.

Source type PPM Apple-II

Period (mm) 71.36
Number of periods 22
Magnetic gap (mm) 15.5–90.0
Magnetic length (mm) 1570
Polarization modes Circular/elliptical/linear

(0 to 90�)
Lowest energy (horizonal polarization) (eV) 59
Lowest energy (circular polarization) (eV) 78
Lowest energy (vertical polarization) (eV) 98



mirror and grating), thus maximizing the energy stability and

repeatability of the beamline.

The dispersive section includes an entrance slit (ES), two

interchangeable spherical mirrors (SM1 and SM2), three

interchangeable plane diffraction gratings (LEG, MEG and

HEG) and an exit slit (XS). The main characteristics of the

optical elements are listed in Table 3. The design has been

based on the requirement to achieve a resolving power of at

least E=�E = 5000 with entrance and exit slits gap not smaller

than 15 mm up to an energy of E = 2000 eV. This could be

achieved with the layout shown in Fig. 1, with the following

characteristics:

(i) The distance between ES and XS was fixed to 9.5 m, the

maximum allowed by the available floor space.

(ii) A monochromator exit arm (i.e. the distance between

the grating pole and XS) of 5 m, as a result of the best

compromise between the target resolving power and the

mechanical requirements (i.e. angular resolution and stability

of the grating pitch rotation mechanism).

(iii) Two fixed included angles were chosen, as determined

by the selected spherical mirror: 175� with SM1 and 177� with

SM2.

(iv) SM1 and SM2 are located upstream and as close as

possible to the gratings in order to achieve the maximum

possible vertical demagnification of the monochromatic beam

at XS.

The choice of the variable line spacing ensures the focusing

of all the wavelengths diffracted in the first inner diffraction

order at almost the same position of the exit slit (i.e. at a

grating–XS distance which varies by only a few millimeters

with varying energy), thus making energy scans possible with a

fixed position of the exit slit with negligible degradation of the

energy resolution. Moreover, the variable line spacing of the

gratings efficiently corrects for their aberrations, so as to

minimize the beam size at the exit slit. The groove density for

the VLS gratings is defined as DðyÞ = D0 þD1yþD2y2, where

y is the longitudinal coordinate (along the beam propagation

direction), D0 is the groove density in the centre of the grating

(y ¼ 0), and D1 and D2 are the coefficients of the linear and

quadratic variation of the groove density along the grating

surface. The energy range between 80 and 4500 eV can be

covered with only three gratings with different central line

spacing D0: LEG (D0 = 200 lines mm�1) covering the energy

ranges 80–300 eV (with SM1) and 250–600 eV (with SM2),

MEG (D0 = 800 lines mm�1) for the ranges 380–1700 eV (with

SM1) and 950–3000 eV (with SM2), and HEG (D0 =

1200 lines mm�1) in the ranges 600–2100 eV (with SM1) and

1900–4500 eV (with SM2). For each grating, D1 has been

optimized so as to minimize the energy dependence of the

longitudinal position of the focal spot at the exit slit.

Fig. 2 shows the diffraction efficiency of all combinations of

spherical mirrors and plane gratings of the BOREAS mono-

chromator, in the energy range 80–4500 eV, as calculated using

the code REFLEC (Schäfers et al., 2002) and with the ALBA

ray-tracing code ART (Nicolás et al., 2013). The mono-

chromator diffraction efficiency is thus above 15% for ener-

gies up to about 2500 eV. This is achieved in the lower energy

range of the beamline (up to about 600 eV) with a laminar

profile for LEG, that also ensures a good rejection of higher

diffraction orders. In order to maximize the grating diffraction

efficiency at energies above 1500 eV where MEG and HEG

are used in combination with SM2, a blazed groove profile has

been chosen with blaze angles of 0.64� and 0.55� for MEG and

HEG, respectively. With these blazed profiles, one achieves an

efficiency above 5% for energies up to about 4000 eV, while

keeping an enhanced higher-order suppression in the photon

energy range where MEG and HEG are used in combination

with SM1 (i.e. 350–1800 eV).
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1510 Alessandro Barla et al. � BOREAS beamline at ALBA J. Synchrotron Rad. (2016). 23, 1507–1517

Table 3
Monochromator optics specifications.

SM1 SM2 LEG MEG HEG

Shape Spherical Spherical Plane Plane Plane
Position (m) 27.6 26.933 28.1 28.1 28.1
Source distance (m) 4.0 3.333 – – –
Image distance (m) 5.5 6.167 – – –
Grazing incidence angle (�) 1.75 0.75
Geometrical surface size (mm) 250� 50 250� 50 170� 25 170� 25 170� 25
Optical surface size (mm) 200� 15 200� 15 150� 15 150� 15 150� 15
Blank material Si Si Si Si Si
Water cooling Side Side Side Side Side
Roughness (r.m.s.)† (nm) 0.08 0.15 0.12 0.12 0.13
Coating material Au Ni Ni Rh Au
Coating thickness (nm) 50 50 41† 35† 34†
Radius of curvature (mm) 151664 330597 1 1 1

Tangential slope error (r.m.s.)† (mrad) 0.19 0.19 0.21 0.19 0.22
Sagittal slope error (r.m.s.)† (mrad) 2.48 1.04 0.34 0.29 0.34
Line density (center), D0 (mm�1) – – 200 800 1200
Line density, linear variation, D1 (mm�2) – – 0.07994 0.31994 0.47997
Line density, quadratic variation, D2 (mm�3) – – 0.0000239 0.0000884 0.0001428
Groove profile – – Laminar Blazed Blazed
Groove depth† (nm) – – 34.6 – –
Groove-to-period ratio – – 0.775 – –
Blaze angle† (�) – – – 0.64 0.55

† Measured value.



2.4. Refocusing section

The refocusing section needed to be sufficiently flexible to

allow focusing of the X-ray beam at two end-stations located

at 3 m distance from one another along the beam propagation

direction. Moreover, at each end-station the user needs to

be able to tune the beam size to the specific experimental

requirements. In some cases (e.g. very tiny or inhomogeneous

samples) the beam should be reduced to the smallest achiev-

able size, whereas for other applications (e.g. very sensitive

samples for which a strongly reduced power density is

required) a defocused beam is envisaged. For these reasons, a

set of two bendable plane-elliptical mirrors (PE1 and PE2)

arranged in a Kirkpatrick–Baez geometry (Kirkpatrick &

Baez, 1948) have been chosen (see Table 4 for a summary of

their specifications).

The maximum distance between XS and the first experi-

mental end-station allowed by the available floor space is fixed

at 4.5 m. This impacts the maximum achievable demagnifica-

tion of the source at the image/sample point. With the choice

of placing the horizontally focusing mirror (PE2) downstream

of the vertically focusing one (PE1), in order to have a more

circular beam profile, the source demagnification is at best

about 2 in the horizontal direction and around 1 in the vertical

direction. In practice, PE1 focuses the beam vertically in a

range tunable between about 30 and 500 mm (40 and 1000 mm)

full width at half-maximum (FWHM) at the first (second) end-

station, while PE2 focuses the X-rays horizontally to a size

between 80 and 500 mm (250 and 1000 mm) FWHM at the first

(second) end-station. For a fixed total photon flux, the

combined available range of variation of the beam size allows

therefore for tuning the X-ray power density at the sample by

a factor of more than 100.

3. Operation and performance

3.1. Polarization

3.1.1. Linear polarization. Due to the absence of the on-axis

emission of even harmonics, the beamline operates system-

atically with odd undulator harmonics when linear polariza-

tion is required. The beamline undulator can be controlled in

order to change continuously the direction of the polarization

vector within an angle of 180� in the plane perpendicular to

the X-rays propagation direction. This is particularly advan-

tageous as it allows one to rotate the relative angle between

the photon polarization and the sample without any rotation

of the latter, which would unavoidably lead to changes in the

electron yield and in the sampling depth.

In order to demonstrate this operation mode of the beam-

line, Fig. 3 shows the XAS spectra recorded at the C K-edge

on a highly oriented pyrolitic graphite (HOPG) crystal, at an

incidence angle of 30� from the sample surface. The XAS

spectra show the expected strong polarization dependence,

due to the directionality of the C 2p orbitals (Hemraj-Benny

et al., 2006). Absorption into the �� orbitals dominates when

the light polarization is predominantly out of the graphitic sp2

carbon planes (polarization angle close to 0, corresponding to

horizontal polarization), while the �� resonances prevail when

the light polarization is parallel to the graphite carbon planes

(polarization angles close to þ90�, corresponding to vertical

polarization with positive undulator phase, or �90�, corre-

sponding to vertical polarization with negative phase).
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Figure 3
Polarization-dependent XAS of a HOPG crystal measured at the C K-
edge. The spectra are offset both horizontally and vertically for clarity.

Table 4
Refocusing section optics specifications.

PE1 PE2

Shape Plane elliptical Plane elliptical
Position (m) 35.2 35.6
Source distance (m) 2.1 4.5
Image distance (min/max) (m) 2.4/1 2.0/1
Grazing incidence angle (�) 0.75 0.75
Geometrical surface size (mm) 300� 40 300� 40
Optical surface size (mm) 240� 12 240� 12
Blank material Si Si
Water cooling – –
Roughness (r.m.s.) (nm) 0.5 0.5
Coating material Au Au
Coating thickness (nm) 50 50
Tangential slope error (r.m.s.)† (mrad) 1.08 1.2
Sagittal slope error (r.m.s.) (mrad) 5.0 5.0

† Measured on the mirror prior to mounting in its bender.Figure 2
Diffraction efficiency of all available combinations of spherical mirrors
and plane gratings.



3.1.2. Circular and elliptical polarization. The degree of

circular polarization emitted by the Apple-II undulator,

defined as the ratio P3 = S3=S0 of the Stokes parameters S3

and S0, is related to the parameters Kx and Ky, which are

proportional to the two perpendicular components of the

magnetic field of the undulator (Clarke, 2004). For a given

ratio Kx=Ky, P3 depends both on the photon energy and on the

undulator harmonic. For energies up to about 1000 eV, the

beamline is operated in the first harmonic with Kx=Ky = 1,

giving fully circularly polarized radiation. Taking into account

the finite angular acceptance of the beamline and the finite

emittance of the electron beam, the degree of circular polar-

ization calculated with ART is above 99.6% at all energies up

to 1050 eV when the full undulator beam is accepted, i.e.

integrating in an angular range of 0.24 mrad � 0.12 mrad

(horizontal � vertical), as shown in Fig. 4. P3 is above 99.9%

with a reduced angular acceptance of 0.06 mrad � 0.06 mrad.

Calculations including the measured magnetic field profile of

the undulator, performed using the code SPECTRA (Tanaka

& Kitamura, 2001), confirm that the degree of circular

polarization at the sample is of the order of at least 98% for a

beamline angular acceptance of 0.24 mrad � 0.12 mrad, while

it is above 99.5% for angular apertures below 0.12 mrad �

0.12 mrad.

Above 1000 eV, higher undulator harmonics are used, and

the beamline control offers full flexibility in the choice of the

harmonic and degree of circular polarization to be used for

each experiment. The choice is between maximizing the

degree of circular polarization at the expense of the photon

flux (due to the intrinsic absence of on-axis emission for even

harmonics and of on-axis emission of circular polarization for

all harmonics above the first) or maximizing the flux at the

expense of the purity of circular polarization. Fig. 5(a) shows

the photon flux calculated using ART for an energy of 1200 eV

for the second and third undulator harmonics as a function

of the ratio Kx=Ky, at a beamline angular acceptance of

0.24 mrad � 0.12 mrad. The data shown are normalized to the

flux in the second harmonic and Kx=Ky = 1. For Kx=Ky � 0.8

(i.e. for large P3), the flux is higher in the second harmonic.

However, for lower rates of circular polarization, the flux in

the third harmonic becomes quickly higher than that of the

second, while the latter shows little dependence on Kx=Ky.

The beamline can therefore be operated in the second

harmonic when a degree of circular polarization close to 100%

is desired. In this case, Fig. 4 shows that P3 is higher than

99.5% for energies up to 1800 eV with a reduced beamline

acceptance of 0.06 mrad � 0.06 mrad. However, P3 decays

quickly with increasing energy at the nominal beamline

acceptance of 0.24 mrad � 0.12 mrad. For this reason, in the

energy range between 1000 and 2000 eV, it is generally more

convenient to work with the third undulator harmonic and

with Kx < Ky. For example, with Kx=Ky = 0.63, besides the

increase of flux by a factor of almost three with respect to the

second harmonic with Kx=Ky = 1 (see Fig. 5a), the degree of

circular polarization P3 is independent of the beamline

angular acceptance and still high, in the range 95–97% as

depicted in Fig. 6.

At energies above 2000 eV, the difference between even

and odd harmonics is even more evident, as exemplified in

Fig. 5(b) for the case of the fourth and fifth harmonics at a

photon energy of 3000 eV. Here the odd harmonic has higher

flux than the preceding even one for any value of Kx=Ky. The

beamline is therefore operated with odd harmonics in this

energy range, with a ratio Kx=Ky = 0.4 delivering a rate of

circular polarization in the range 75–85%, depending on

photon energy, as shown in Fig. 7. It is worth noting that this
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Figure 4
Photon energy and undulator harmonic dependence of the degree of
circular polarization calculated for two extreme values of the beamline
angular acceptance, in the energy range 100–2000 eV.

Figure 5
Normalized photon flux as a function of the ratio Kx=Ky at selected
energies of (a) 1200 eV and (b) 3000 eV, for an angular acceptance of
0.24 mrad � 0.12 mrad.



low Kx=Ky mode of operation also minimizes the flux differ-

ence between linear and elliptical polarizations to a factor of

two as compared with 40 in the case of Kx=Ky = 1.

Finally, Fig. 8 depicts the Kx=Ky dependence of the calcu-

lated degree of circular polarization emitted by the undulator

in its first harmonic at a photon energy of 715 eV and the

corresponding dependence of the XMCD recorded at the Fe

L2;3-edges (normalized to its value at Kx=Ky = 1) on a film of

metallic Fe. The good agreement between experiment and

calculation confirms the correct operation of the undulator

and its control system.

3.2. Flux at the sample

The flux delivered by the beamline at the sample position

was measured with a Si photodiode for all photon beam

polarizations and combinations of plane gratings and spherical

mirrors, by using the Au-coated stripe of PM, and with ES and

XS openings fixed to 15 mm, corresponding to the standard

working conditions of the beamline.

Fig. 9(a) displays the photon flux measured at the sample

position (full symbols) with a beamline angular acceptance of

0.24 mrad � 0.12 mrad, for linear polarization, normalized to

beamlines
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Figure 7
Photon energy and undulator harmonic dependence of the degree of
circular polarization calculated for two extreme values of the beamline
angular acceptance, in the energy range 2000–4000 eV.

Figure 8
Kx=Ky dependence of the calculated degree of circular polarization
(continuous line, left axis) at 715 eV in first harmonic and of the XMCD
recorded at the Fe L2;3-edges on a metallic Fe film, normalized to its value
for Kx=Ky = 1 (red circles, right axis).

Figure 9
Measured (symbols) and calculated (lines) flux at the sample, with ES and
XS opening of 15 mm and 100 mA electron beam current, for (a) linear
polarization and (b) circular (up to 1100 eV) or elliptical (above 1100 eV)
polarization.

Figure 6
Comparison of the photon energy and undulator harmonic dependence
of the degree of circular polarization calculated for two extreme values of
the beamline angular acceptance, in the energy range 1000–2000 eV, with
second and third harmonics with Kx=Ky = 1 and with the third harmonic
and Kx=Ky = 0.63.



100 mA electron beam current and compares it with the flux

calculated under the same conditions by ray tracing (lines)

using ART, including the gratings diffraction efficiency as

calculated by REFLEC and ART. The first harmonic of the

undulator was used for energies up to 900 eV, above which

higher (odd) harmonics up to the seventh were used. Fig. 9(b)

shows the same comparison for circular (up to a photon

energy of 1100 eV) or elliptical (above 1100 eV) polarizations.

In the case of elliptical polarization (i.e. at photon energies

above 1100 eV), we used Kx=Ky = 0.63 up to 2400 eV and

Kx=Ky = 0.4 at higher energies.

For all combinations of gratings and spherical mirrors and

for all polarizations the measured flux perfectly follows the

calculated energy dependence. However, it is systematically

lower than what is expected from calculations, typically by a

factor of less than two, but increasing at higher energies. There

are a number of factors that contribute to this, which are not

accounted for in the simulation. Among them, the most

significant ones are the actual density of reflective coatings,

carbon contamination on mirror and grating coatings, small

misalignments and phase errors of the source.

3.3. Energy resolution

The energy resolution of the beamline was determined by

recording the absorption of gases in a gas cell permanently

installed at the beamline downstream of the monochromator

exit slit, at a gas pressure of about 6 � 10�6 mbar. This was

done at three photon energies corresponding to the L2;3-edges

of gaseous Ar (around 245 eV) and to the K-edges of gaseous

N2 and Ne (around 400 and 870 eV, respectively), thus effec-

tively allowing for the resolution of each grating to be deter-

mined for at least one energy. The shape of the gas absorption

peaks can be described by Voigt functions, which consist of the

convolution of a Lorentzian function describing the finite life-

time of the core hole as well as the vibrational broadening, and

a Gaussian function describing the photon energy bandwidth

of the monochromator. This method is generally reliable when

the energy resolution to be determined is of the same order of

magnitude as the natural width of the measured core-level

transition, corresponding to resolving powers not exceeding

�10000.

Fig. 10 shows the Ar 2p3=2 ! 4s absorption line, measured

with the LEG + SM1 combination with ES and XS opening

of 15 mm, together with the fitted Voigt profile. This yields

a Lorentzian FWHM of 112 (3) meV, in agreement with

previous reports (Zangrando et al., 2004; Belkhou et al., 2015),

and a Gaussian FWHM of 34 (3) meV, corresponding to a

resolving power E=�E ’ 7000.

Fig. 11 shows the N2 1s! �� absorption spectrum,

measured with the LEG + SM2 combination with XS opening

of 5 mm. Seven absorption lines are resolved and the spectrum

is thus fitted with a superposition of seven Voigt profiles. This

yields a Lorentzian FWHM of 114 (2) meV, in agreement with

previous reports (Strocov et al., 2010; Piamonteze et al., 2012;

Yamamoto et al., 2014; Belkhou et al., 2015), and a Gaussian

FWHM of 26 (2) meV, corresponding to a resolving power

E=�E ’ 15000. An alternative method, independent of the

uncertainty in the value of the Lorentzian width of the N2 1s

absorption lines, is based on the intensity ratio between the

first valley and the third peak of the N2 1s! �� spectra (Chen

& Sette, 1989), which is low (i.e. well below a value of 1)

at high energy resolving power, leading to highly resolved

spectroscopic features. We find a value of 0.66 in the spectrum

of Fig. 11, compatible with the values reported by Follath et al.

(2004), Piamonteze et al. (2012) and Belkhou et al. (2015),

which have been associated with a resolving power above

10000, in agreement with the Voigt fitting. For an XS opening

of 15 mm, corresponding to the standard working conditions

of the beamline, we find a Gaussian FWHM of 67 (2) meV,

corresponding to a resolving power E=�E ’ 6000.

Fig. 12(a) shows the Ne 1s! 3p absorption spectrum,

measured with the MEG + SM1 combination with XS opening

of 5 mm. The energy resolution is obtained by fitting the

measured line profile with a single Voigt curve, with a fixed

Lorentzian width of 245 meV, an average of the lowest values

for the width of the Ne 1s absorption line used in the recent

beamlines
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Figure 10
Ar gas 2p3=2 ! 4s transition measured with SM1 + LEG (symbols) and
corresponding fit with a Voigt profile (line).

Figure 11
N2 gas 1s! �� transition measured with SM2 + LEG (symbols) and
corresponding fit with the superposition of seven Voigt lines (line).



literature (Strocov et al., 2010; Piamonteze et al., 2012;

Yamamoto et al., 2014; Belkhou et al., 2015; Ohresser et al.,

2014). The fit yields an energy resolution of �E = 66 (5) meV,

corresponding to a resolving power of E=�E ’ 13000, which

reduces to �7000 with the standard openings of the XS of

15 mm. In Fig. 12(b) the Ne 1s! 3p absorption spectrum,

measured with the HEG + SM1 combination with XS open-

ings of 5 mm, is shown. The extracted energy resolution is

51 (5) meV, corresponding to a resolving power E=�E ’

17000. The latter goes down to �10000 under the standard

working conditions of the beamline, with an XS opening

of 15 mm.

The final comparison between the measured energy reso-

lution and that calculated by the ray-tracing for XS openings

of 5 and 15 mm are shown in Figs. 13(a) and 13(b), respectively,

for all combinations of gratings and spherical mirrors and by

taking into account the actual measured figure errors of all

involved optical elements. There is an excellent agreement

between theory and experiment, with resolving powers

between 5000 and 10000 for an XS opening of 15 mm and

in excess of 10000 at 5 mm XS opening. The only notable

discrepancy is found for the LEG + SM2 combination at the

Ar 2p3=2 ! 4s transition (corresponding to the low-energy

extreme of this grating/mirror combination) where the

measured resolution is considerably lower than the corre-

sponding calculation. For the low-energy end of a grating, the

beam footprint exceeds the geometrical acceptance of the

grating, and this induces photon beam diffraction (not

included in the ray tracing) which results in being the limiting

factor of the monochromatic spot size at the exit slit plane. A

further contribution in limiting the energy resolution can be

small fabrication errors in the D1 and especially D2 para-

meters of the grating, which have an amplified effect at the

low-energy extreme of its working range.

Due to the impossibility of determining experimentally the

energy resolution through the absorption of gases, we assessed

the performance of the BOREAS monochromator at energies

above 2000 eV by recording absorption spectra of various

solids. We present here two examples testifying the high

quality of the XAS spectra that can be recorded in this energy

range. Fig. 14(a) shows the S K-edge spectrum recorded on a

soil specimen of CaSO4	2H2O, while panel (b) of the same

figure depicts the Ru L2;3 XAS of a SrRuO3 thin film. All

spectral features are well resolved, as by comparison with

previously reported measurements performed with double-

crystal monochromators (Fleet, 2005; Liu et al., 2013). The

results of the first X-ray magnetic circular dichroism experi-

ment at the Ru L2;3-edges have already been published

(Agrestini et al., 2015).

3.4. Reproducibility of the photon energy scale

For XMCD experiments, which are based on the subtrac-

tion of pairs of X-ray absorption spectra recorded in sequence,

the reproducibility of the energy scale of the monochromator

in successive scans is an important parameter. Ideally, this

should be a small fraction of the energy resolution, which in

typical experiments is of the order of 100–200 meV. We have

verified the reproducibility of the BOREAS monochromator

by recording 120 successive XAS scans across the Ti L2;3-

edges on a thin film of TiO2. Each energy scan has a duration

of about 2 min, thus the test spans a time frame of more than

beamlines
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Figure 12
Ne gas 1s! 3p transition measured (symbols) with (a) SM1 + MEG and
(b) SM1 + HEG, and corresponding fits with a Voigt profile (lines).

Figure 13
Comparison between measured (symbols) and calculated (lines) energy
resolving power for an exit slit opening of (a) 5 mm and (b) 15 mm.



4 h. Fig. 15 shows, as black squares, the energy (relative to its

value averaged over all scans) of the sharpest peak at the Ti

L3-edge (indicated by an arrow in the inset of the figure) as a

function of scan number. The maximum deviations from the

average value of the energy are of less than 
10 meV, i.e. a

factor of about ten lower than the typical energy resolution,

with a standard deviation of about 5 meV. The reproducibility

can be further greatly enhanced by recording simultaneously

the XAS of a reference polycristalline TiO2 sample placed on

the tail of the X-ray beam (thus typically attenuating by only

about 1% the intensity of the beam on the main sample). In

fact, by rescaling the energy with such a reference, the

reproducibility is improved by a factor of ten, as shown by the

red circles in Fig. 15. For this reason, BOREAS is equipped

with a dedicated chamber, located far from any stray magnetic

field, equipped with a standard set of non-magnetic and

polycristalline reference samples covering the main absorp-

tion edges and with free space for more user-specified refer-

ence samples.

4. Concluding remarks

We have discussed the optical design of the BOREAS

beamline at the ALBA synchrotron radiation facility. It was

optimized for XMCD and RSXS experiments in the unusually

extended energy range 80–4500 eV, entirely covered with a

grating monochromator. The results of the commissioning, in

agreement with ray-tracing simulations, show the excellent

performance of the beamline in terms of both photon flux and

energy resolution and reproducibility.
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