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The ability to freely control the polarization of X-rays enables measurement tech-

niques relying on circular or linear dichroism, which have become indispensable

tools for characterizing the properties of chiral molecules or magnetic structures.

Therefore, the demand for polarization control in X-ray free-electron lasers is

increasing to enable polarization-sensitive, dynamical studies on ultrafast time

scales. The soft X-ray branch Athos of SwissFEL was designed with the aim of

providing freely adjustable and arbitrary polarization by building its undulator

solely from modules of the novel Apple X type. In this paper, we study the mag-

netic model of the linear inclined and circular Apple X polarization schemes. We

characterize the polarization by measuring the angular electron emission distri-

butions of helium for various polarizations using cold target recoil ion momen-

tum spectroscopy. We demonstrate the generation of fully linear polarized light of

arbitrary angle, as well as elliptical polarizations of varying degree.
1. Introduction
The ability to control the polarization of an X-ray beam

opens up a wide field of scientific applications. Experimental

techniques which rely on the linear or circular dichroism of

molecules and materials have become indispensable tools in

the field of X-ray spectroscopy at synchrotrons over the past

decades (van der Laan et al., 1986; Chen et al., 1990; Ade

& Hsiao, 1993; de Groot, 1994; Stöhr, 1995; Huang et al.,

2004; Stamm et al., 2007; Wietstruk et al., 2011; van der

Laan & Figueroa, 2014). Such measurements require rotat-

ing the linear polarization from e.g. linear horizontal (LH) to

linear vertical (LV) or changing the helicity from e.g. circu-

lar right (C+) to circular left (C-). X-ray circular dichroism

(XCD), for instance, is a powerful method to obtain stereo-

chemical information on molecules (Hergenhahn et al., 2004)

and X-ray magnetic circular dichroism (XMCD) is routinely

used to study the properties of magnetic materials (Stöhr, 1995).

Thus, the extension of such techniques into the femtosecond

time domain using X-ray free-electron lasers (XFEL) represents

a major step forward to study polarization-dependent ultrafast

processes (Higley et al., 2016; Malvestuto et al., 2022; Ilchen

et al., 2021; Yamamoto et al., 2019; Rouxel & Mukamel, 2022).

XFELs are light sources which deliver photon beams with

high brightness and short pulse duration of typically few to

tens of femtoseconds to enable the investigation of ultrafast

processes. The majority of XFEL facilities to date (Emma

et al., 2010; Ishikawa et al., 2012; Kang et al., 2017; Deck-

ing et al., 2020; Prat et al., 2020) employs planar undulators,

which produce linearly polarized light with a fixed angle. This

is mostly due to the simpler design of planar undulators com-

pared to helical ones and especially so compared to undulators

with variable polarizations.

Currently, two undulator-based methods exist to generate

variable polarized XFEL photon beams: 1) the so-called after-

burner scheme, where a standard planar undulator line is fol-

lowed by a short variable polarization undulator consisting

of Apple (Clarke, 2004) or Delta (Nuhn et al., 2015) type

modules and 2) a complete undulator line consisting only of

Apple or Delta type modules with full polarization control

capabilities. The afterburner scheme was successfully demon-

strated at LCLS in Stanford, USA (Lutman et al., 2016),

where a circular polarized X-ray beam with a few hundred

microjoules was produced. The ongoing upgrade to LCLS-II

(Raubenheimer, 2009; Tian & Nuhn, 2019) will also include

an afterburner. Commissioning of an afterburner has begun on

the SASE3 beamline of the European XFEL in Hamburg, Ger-

many (Li et al., 2017; Yakopov et al., 2022). An afterburner

design can be a more practical solution to add variable polar-

ization to existing planar-polarized XFELs with enough avail-

able space for the additional installations, as most of the undu-

lator line can remain to be of simpler and lower cost planar
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undulator modules. A potential drawback is the generally lower

attainable pulse energy for clean, variable polarizations, since

most undulator modules do not contribute significantly in this

scheme, while still adding towards a large footprint of the undu-

lator line itself. Furthermore, the design requires the inclusion

of an XFEL collimator. Full polarization control is implemented

at FERMI in Trieste, Italy in both its beamlines (FEL-1 and

FEL-2) (Allaria et al., 2015; Roussel et al., 2017), using an

undulator line which consists of six modules of the Apple II

design, generating photons from the ultraviolet to the soft X-ray

spectral range (up to around 300 eV). This design allowed also

investigation of a simpler crossed polarized undulator scheme

(Ferrari et al., 2015). While full polarization control in the entire

undulator line comes at the expense of requiring all undulator

modules to be of a more complex and expensive type, it also

offers several advantages: the undulator line is generally shorter,

allowing a compact machine design, provides cleaner polariza-

tion without the need to suppress any unwanted contributions,

and ensures that all modules contribute to the FEL lasing pro-

cess resulting in higher pulse energies for all polarizations. In

addition, experiments which don’t require specific polarizations

tend to gain from helical compared to standard planar polar-

ization, since helically polarized undulators can offer a signifi-

cantly shorter saturation length and higher saturation power, due

to better coupling between the electron and the photon beam

(Kittel et al., 2024).

The soft X-ray branch Athos is the most recent addition to

SwissFEL at the Paul Scherrer Institute in Villigen, Switzer-

land (Prat et al., 2020). It is by design an extremely versatile

undulator line offering full polarization control over the full

Athos energy range of 0.25 keV to 1.8 keV. Its commissioning

started in 2019 and has been in user operation since 2021 (Prat

et al., 2023). Athos is the first beamline to employ Apple X

undulator modules, the newest development in the well-known

Apple series: I, II and III (Calvi et al., 2017). Due to their radial

symmetry, Apple X type undulator modules have the additional

capacity to access the full range of the undulator parameter K at

all elliptical polarizations, without automatically generating a

gradient. The undulator line consists of 16 Apple X modules

with intra-undulator sections containing small magnetic chi-

canes between every two modules (Prat et al., 2016), which also

act as phase shifters. The undulator line is further split in two

equal parts by a large magnetic chicane, offering a delay from

−40 fs to 500 fs independent of polarization for two color oper-

ation (Prat et al., 2022). The flexible polarization control within

the undulator line allows a split-undulator operation, in which

different parts of the undulator can produce not only two pulses

with different photon energies, but also two different polariza-

tions.

The polarization of soft X-rays can either be determined

directly by diagnosing the properties of the generated light or

indirectly by detecting secondary particles which were gener-

ated by the X-rays and thus carry information on the polariza-

tion. In polarimeters (Staub et al., 2008; Allaria et al., 2014),

an analyzer crystal is typically rotated around the beam axis

and differences in X-ray transmission or reflection are analyzed

to retrieve the polarization state of the X-ray beam. An alter-

native common method to determine the polarization relies on

measuring the well-characterized angular emission patterns of

photoelectrons ejected from rare-gas atoms by polarized light.

One experimental realization to do so makes use of an assembly

of electron spectrometers mounted around the beam propaga-

tion direction to measure the electron yield at different angles

to reconstruct the polarization. This technique has been success-

fully applied at multiple facilities for polarization characteriza-

tion (Viefhaus et al., 2013; Veyrinas et al., 2013; Allaria et al.,

2014; Lutman et al., 2016; Hartmann et al., 2016). Here, we

employ cold target recoil ion momentum spectroscopy in order

to reconstruct the angular electron emission pattern to charac-

terize the variable X-ray polarizations generated by the Apple X

undulators at Athos. Analogous to photoelectron spectroscopy,

this measurement technique relies on the well-characterized

photoelectron emission patterns from polarized light. How-

ever, instead of detecting the photoelectrons at different angles

directly, we detect the recoil ion momenta which are equal to

the photoelectron momenta through momentum conservation.

Using a so-called Reaction Microscope (ReMi) or Cold Target

Recoil Ion Spectrometer (COLTRIMS) (Ullrich et al., 2003),

we are able to reconstruct the full three-dimensional electron

emission pattern for each polarization. This is a clear advantage

compared to measurements with arrays of electron detectors,

where covering all emission angles is nearly impossible due to

the amount of spectrometers that would be needed.

In the present work, the dependence of the X-ray polariza-

tion as a function of the undulator phase is derived for both lin-

ear and elliptical polarization modes, where the undulator phase

is defined as the relative, longitudinal position of the magnetic

arrays of the undulator module. This model is then compared

to experimental measurements of the polarization state accom-

plished using recoil ion momentum spectroscopy of photoion-

ized He gas.

2. Design of the Apple X undulator

Apple X are the most recent evolution of the advanced polar-

ization planar light emitter (Apple) undulators (Schmidt &

Calvi, 2018). As it is the case with all predecessors, they consist

of four magnetic rows of permanent magnets assembled follow-

ing the Halbach configuration (Halbach, 1983). Each magnet

has the same geometry, but two different magnetization direc-

tions exist: one follows the beam axis (type A) and the other its

perpendicular plane (type B), also called the transversal plane.

Specific to the Apple X, the type B are magnetized at 45◦,

in the plane along the line which crosses the magnetic center.

Both magnet types come with positive or negative polarity and

a period (λu) is composed of four magnets, as schematically

presented in Fig. 1.
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Figure 1
The magnetic model of an Apple X generated by the RADIA code (Chubar

et al., 1998). The longitudinal position of each row is represented by the vari-

able φn = 0, at its initial position (before the change of variable) which gener-

ates an identical zero field on-axis. There are four different directions of mag-

netization, represented by four colors, where one set forms a single undulator

period λu.

The Apple X undulator is equipped with 8 motors (8 rota-

tional and 8 absolute linear encoders) to control independently

the radial and longitudinal positions of the four rows, as well

as their radial distance from the magnetic center. This radial

motion is the main difference with respect to the Apple III

undulators, which consist of the same magnetic arrays, but can

only be displaced upwards and downwards with a regular gap

drive system. Thus the type B magnets of an Apple III can

point towards the centre only at one gap (if at all), while in the

Apple X this is the case for any configuration. This characteris-

tic allows to reach the same photon energy for any polarization,

equivalent to an exchange of coordinates x′ = y and y′ = x. In

other words, it is always possible to change the helicity or to

rotate the polarization by 90◦ for any photon energy.

There are two main operation modes to change the polariza-

tion: one is called the parallel (P) mode and produces ellipti-

cal polarizations; the second is the anti-parallel (AP) mode and

produces linear polarizations with an arbitrary angle, α. In the P

mode opposite rows 1 & 3 are moved against 2 & 4 by the same

amount in the z-axis. By convention, when the four rows are at

the zero shift position, the undulator produces linear horizontal

polarized (LH) light: the electric field of the light is parallel to

the x-axis. When the rows are translated in the described fash-

ion, the light assumes a certain degree of circular polarization

(C) which increases to 100% when the shift is λu/4 (or 90◦) and

transforms to pure linear vertically (LV) polarized light at λu/2.

Similarly, for a parallel shift in the opposite direction, the polar-

ization changes from LH to C to LV but with opposite helicity:

at -λu/4 the circular polarization is left handed, while at +λu/4

it is right handed. At -λu/2 the light is again LV polarized with

no difference with respect to its symmetric configuration. In the

AP mode rows 1 & 3 are moved against each other, while 2 & 4

are static. This results in linear polarization angles (α) between

0 and 90◦. To cover the remaining angles (90◦ to 180◦), rows 2

& 4 are moved against each other, while 1 & 3 remain at zero

shift. This range α ∈ (0, 180◦) can be covered with only four

independent translational degrees of freedom.

3. Dependence of Stokes parameters on undulator
magnetic field

The polarization state of a beam of light is in general described

by a set of three parameters (S′
1, S

′
2, S

′
3) called the Stokes param-

eters. For fully polarized light, these represent a normalized

vector (denoted by primes) on the Poincaré sphere (Fig. 2a),

with vectors on the horizontal plane (S′
3 = 0) corresponding to

linearly polarized light of varying orientation and vectors hav-

ing a vertical component (S′
3 6= 0) possessing some degree of

ellipticity. Since the Stokes vector is normalized, it is sufficient

to know only two parameters to describe the shape and orienta-

tion of the polarization state, with the sign of the last describing

the helicity of elliptical or circular polarizations. A visualization

of the polarization state for a selection of Stokes parameters is

presented in Fig. 2b. Translation of the undulator magnet arrays

in the P and AP operation modes effectively correspond to a

rotation of the Stokes vector around the vertical and horizontal

planes, respectively. It is important to note, that the sign of the

S′
3 parameter is set by convention, depending if one is looking

towards or away from the direction of beam propagation.







4. Polarization measurement using recoil ion
momentum spectroscopyThe polarization of the soft X-ray pulses was determined using

cold target recoil ion momentum spectroscopy (COLTRIMS)

(Dörner et al., 2000). The technique is based on reconstruct-

ing the three-dimensional photoelectron emission patterns from

the well-understood photoionization process in helium atoms

with polarized light. Here, the angular electron emission pat-

tern is determined indirectly by detecting their mirror image,

the momentum distribution of the photoions. Due to momen-

tum conservation, the momentum imparted by an emitted pho-

toelectron is transferred in full to the photoion. Thus, by mea-

suring the three-dimensional momenta of the recoil ions, we are

able to reconstruct the three-dimensional emission patterns of

the photoelectrons and in turn the X-ray polarization. The mea-

surement is performed with the so-called Reaction Microscope

(ReMi) or COLTRIMS spectrometer at the Maloja endstation at

SwissFEL.

Here, we describe the basics of recoil ion momentum spec-

troscopy, the expected photoion/photoelectron emission pat-

terns, the experimental setup and the analysis of the polarization

measurements.

4.1. Recoil ion momentum spectroscopy

Photoionization of an isolated atom with an X-ray photon,

resulting in the emission of a single electron and a (recoil) ion,

is covered by the following equations of momentum conserva-

tion:

0 = px,ele + px,rec (19)

0 = py,ele + py,rec (20)

Eγ

c
= pz,ele + pz,rec (21)

Here, we assume that the X-ray photons with energy Eγ propa-

gate in the z-direction and we denote the momenta and masses

of the photoelectron and the recoil ion with pele and mele, and

prec and mrec, respectively. The electron’s binding energy is

Ebind. Combining momentum and energy conservation, under

the assumption that the resulting ion after photoionization stays

in its electronic ground state and neglecting the momentum of

the photons yields an expression, which describes a sphere in

momentum space with a constant radius (Dörner et al., 2000):

p =

√

2
melemrec

mele + mrec

(Eγ − Ebind) (22)

Thus, the products of photoionization (photoelectrons and

recoil ions) are ejected with the same absolute momenta p in

opposite directions. The emission pattern of the electron is mir-

rored in the emission pattern of the recoil ion. Due to the mass

ratio of 1
1836

between an electron and a proton, most of the

energy is carried by the photoelectron.

4.2. Photoionization with soft X-rays

In photoionization, the angular distribution of the emitted

photoelectrons from a certain atomic subshell is described by

(Schmidt, 1992)

dσ(hν, θ, ψ)

dΩ
=
σ(hν)

4π

(

1 + β(hν)

(

3

4
(1 − sinψ2 sin θ2

+ S̃′
1 cos θ2 − S̃′

1 cosψ2 sin θ2)−
1

2

))

,

(23)

where hν is the photon energy, σ(hν) the partial cross section

for a certain photon energy, θ the angle between the electric field

vector of the X-rays and the ejected electron, ψ the azimuthal

angle of the ejected electron around the horizontal plane, S̃′
1 the

reduced Stokes parameter which describes the excess of linear

polarization and β(hν) the photon-energy dependent asymme-

try parameter. Since our measurement is performed for a fixed

photon energy, the cross section and the β parameter are con-

stants. Thus, for a fixed photon energy and in the polarization

plane (ψ = 0), Eq. 23 simplifies to

dσ(θ, ψ = 0)

dΩ
=

σ

4π

(

1 +
β

4

(

1 + 3S̃′
1 cos 2θ

)

)

. (24)

Therefore, the photoelectron ejection characteristic can be

described by β if the cross section σ is known. In the soft X-

ray regime, the single photoionization process in the most sim-

ple neutral rare gas atom, helium with its two 1s electrons, is

well understood and characterized by β = 2 (Fig. 5). Thus, the

measured photoelectron or recoil ion angular distribution can

inversely be used to determine the angle and degree of linear

polarization of the photon beam.

Figure 5
Expected angular distribution of photoelectrons emitted from neutral helium

upon absorption of a single photon from a linear polarized beam, as described

by Eq. 23. The black surface mesh shows the magnitude of the cross section

(radial distance) versus the ejection angle relative to the polarization axis (θ,ψ)

while the colored sphere represents the angular distribution of photoelectrons

expected from the measurement for single photon ionization of helium with a

linearly polarized beam.

4.3. Reaction Microscope (ReMi)/COLTRIMS

We briefly summarize the key characteristics of our

ReMi/COLTRIMS, for details on the operation principle we

refer to Ref. (Dörner et al., 2000; Ullrich et al., 2003). A cold

atomic beam of helium atoms is generated using a 100 Hz



pulsed Even-Lavie valve (Even, 2014) with a backing pres-

sure of 10 bar in combination with two skimmers with 1 mm

diameter each. Given the comparably small ion recoil imparted

by the electron, the atomic beam must be sufficiently cold in

order to avoid thermal motion smearing out the reconstructed

ion momenta. Based on the expansion parameters for He (noz-

zle diameter = 150 µm), we estimate a gas temperature below

1 K (Scoles, 1988). The gas jet is mounted horizontally in the

x-direction and the electric field of the ion spectrometer is ori-

ented vertically in the y-direction at a 90◦ angle to the X-ray

propagation direction and to the gas jet (cf. Fig. 6).

Figure 6
Photoionization scheme used to measure the XFEL polarization. Helium atoms

from a pulsed gas jet are photoionized by absorption of a single X-ray photon

of linear horizontal polarization and a photoelectron is ejected while the pho-

toion recoils with opposite momentum. The photoion momenta are measured in

all directions using COLTRIMS, resulting in the 3D momentum distributions

(blue circles) when summed over several thousand events.

Singly charged helium ions, generated upon single photoion-

ization with the soft X-rays, are accelerated in a homogeneous

electric field of 0.83 V cm−1 over a distance of 6 cm. No drift

region is implemented. Using a 80 mm diameter hexagonal

MCP-delay-line detector (Jagutzki et al., 2002), the impact time

and position are determined, which allows to calculate the three-

dimensional momentum of each detected ion.

The momentum calibration for a recoil ion with charge Q and

mass m is based on the physical properties of the experimen-

tal setup, specifically the detector geometry, the spectrometer

length and the applied voltages. According to Eq. 22, the recoil

ion signal for a fixed photon energy shall be (in first approxi-

mation) on a sphere with radius 7 a u (atomic units) for singly

ionized He which has a binding energy of 24.6 eV. Using cir-

cularly polarized light (cf. Fig. 7 top right), which should result

in a circle in the xy-plane when averaging over many ionization

events, we can assess the quality of the calibration. Note, that

the momentum resolution in the y-direction is better than in the

x-direction due to the higher resolution that can be achieved in

the time-of-flight (TOF) measurement as compared to the spa-

tial resolution from the delay-line detector. This manifests as a

narrower momentum distribution in the y-direction.

For the calibration, we used a fixed photon energy of 700 eV.

The polarization angles for all measurements have been cali-

brated using the nominal setting for linear vertical polarization.

The calibration datasets contained approximately 3×105 counts

while the linear and elliptical polarization datasets contained

1.3 × 105 and 2.3 × 105 on average, respectively.

4.4. Polarization analysis

The recoil ion momentum maps can be analyzed to extract

the angle and degree of linear polarization of the FEL beam.

The 3D momentum distributions were first projected along the

propagation (pz) coordinate, yielding 2D recoil ion distributions

in px and py, which are demonstrated in Fig. 7 (top row) for

three basic polarization cases (LH, LV, C+). As noted above, the

difference in momentum resolution along the two orthogonal

axes is apparent. However, this does not change the total num-

ber of counts detected along each axis, and so does not strongly

affect the integrated distributions. These histograms were then

converted to polar coordinates and the counts were integrated

over the radial coordinate, providing distributions of total radial

counts as a function of the polar angle.

The resulting angular distributions were analyzed by fitting

to

dσ(θ)

dΩ
= A

(

1 + S̃′
1 cos (2 (θ − α))

)

, (25)

derived from Eq. 24, where A is a free scaling parameter, α is the

polarization angle and S̃′
1 =

√

S′2
1 + S′2

2 is the reduced Stokes

parameter which is obtained directly from the fit. From this,

S′
3 =

√

1 − S̃′2
1 is calculated assuming a fully polarized beam.

This assumption is necessary as S′
3 has no direct contribution to

the photoionization cross section and can only be estimated in

this experimental scheme using the residual of the S̃′
1 compo-

nent (Huang, 1980). For this reason, it is impossible to distin-

guish between circularly polarized and unpolarized components

of the angular cross section without measuring XCD signals.

Stokes parameters of S̃′
1 = ±1 and S′

3 = 0 correspond to lin-

early polarized light, S̃′
1 = 0 and S′

3 = ±1 correspond to circu-

lar polarized light and elliptical polarizations are characterized

by Stokes parameters in between. From these and the polariza-

tion angle α extracted from the fit, the Stokes parameters S′
1, S′

2

and S′
3 are obtained.

The bottom plots in Fig. 7 visualize the projections of the raw

photoion momentum distributions and their radial integrations

in polar coordinates for the aforementioned basic polarization

cases.







taining 100,000 counts requires approximately 20,000 X-ray

pulses, equivalent to 200 seconds of continuous acquisition at

the 100 Hz repetition rate of Athos. For these reasons, we envi-

sion that reaction microscopes, which are relatively common-

place at XFEL facilities, could be useful for ”one-time” precise

characterizations of the polarization output of an undulator line

where a high degree of angular sensitivity is required, rather

than as dedicated tools for routine and single-shot polarization

characterization where TOF arrays would be better suited.

5. ConclusionWe have demonstrated the generation and characterization of

linear inclined and variable elliptical polarizations at Swiss-

FEL’s soft X-ray beamline Athos by measuring the polariza-

tion state as a function of the undulator phase in both parallel

and anti-parallel operation modes. To this end, we derived two

separate functional models to control the polarization in Apple

X undulator modules in order to fulfill any Athos user requests.

We used cold target recoil ion momentum spectroscopy to deter-

mine the X-ray polarization, making use of the well-known pho-

toelectron emission pattern in He.

Our characterization results for polarizations in the anti-

parallel mode verify our model on the order of half a percent,

which is on the same order as the error we expect from the mea-

surement. Our characterization of polarizations in the parallel

mode revealed systematic deviations from the expected model

for elliptical polarizations, the origin of which cannot be deter-

mined in the present study and will require further XCD mea-

surements to directly measure the circular polarization compo-

nent without assumptions on the overall degree of polarization.

In short, Athos, an XFEL undulator line consisting only of

Apple X modules, enables an unprecedented degree of flex-

ibility as well as a clean polarization control in a compact

form. This degree of control allows new types of polarization-

sensitive measurements, currently unique to Athos, such as

independently polarized two color X-ray pump, X-ray probe

experiments.
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