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Towards perfectly linearly polarized x-rays
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In recent years, high-precision x-ray polarimeters have become a key method for the investigation of funda-

mental physical questions from solid-state physics to quantum optics. Here, we report on the verification of a

polarization purity of better than 8 × 10−11 at an x-ray free-electron laser, which implies a suppression of the

incoming photons to the noise level in the crossed polarizer setting. This purity provides exceptional sensitivity

to tiny polarization changes and offers intriguing perspectives for fundamental tests of quantum electrodynamics.
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I. INTRODUCTION

Polarization is a fundamental property of electromagnetic

fields. Its control and measurement are of importance in many

fields of modern optics from communication [1,2], ellipsome-

try [3], and remote sensing [4] to quantum cryptography [5–7]

and quantum optics [8]. In the x-ray range, polarization plays

a pivotal role as well. It provides insights into the structure

of materials via x-ray dichroism [9,10] and enables the de-

tection of quantum optical phenomena [11–13]. The advent

of x-ray free-electron lasers (XFELs) has paved new avenues

in x-ray physics, in particular, with polarized x rays. These

will allow, for example, the investigation of the structure of

the magnetic fields evolving in solid density plasma [14] as

well as the detection of a fundamental quantum physical phe-

nomenon, namely, vacuum birefringence [15–20]. As already

predicted in the early days of quantum electrodynamics [21],

even the empty space can change the polarization of light

in the presence of a strong electromagnetic field [15,16]. As

a consequence, linearly polarized light becomes elliptically

polarized after passing through the vacuum. The resulting

ellipticity scales linearly with the photon energy of the probe
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beam, and, thus, the intensity ratio of the elliptic axes scales

with the square. Therefore, x rays instead of visible light are

expedient to increase the signal significantly. But even with x

rays, the expected intensity ratio is below 10−11 for the fields

generated by multiple 100-TW lasers, which are currently

available at XFELs [17–20]. The effect will even be small

for the extreme fields provided by the 100-PW laser system,

which is currently under construction in Shanghai [22,23].

To reach the highest sensitivity to polarization changes as

well as a perfect control of quantum states in quantum optics,

the experimental realization of a perfect polarization state is

an aspired goal. However, there will always be a small portion

of light polarized in the orthogonal polarization state to the

desired one and unpolarized parts. For linear polarization,

a measure for the deviation from perfect polarization is the

polarization purity P. It is defined as the intensity ratio of two

orthogonal polarization states and would be zero in the case

of perfect polarization [24].

Based on previous work on x-ray polarizers [25–29], there

has been tremendous progress in their development in re-

cent years, especially through the development of channel-cut

crystals [30–34]. Whereas the principle is rather simple, the

design of these polarizers is not. Channel-cut polarizers facil-

itate multiple consecutive reflections with a scattering angle

2�B of 90◦ inside a channel, which is cut into a monolithic

crystal. At this angle, the polarization component parallel

to the scattering plane is strongly attenuated. However, the

crystalline structure influences the degree of polarization.

The choice of crystal material, its cut, and method of sur-

face treatment are, therefore, crucial for high polarization
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FIG. 1. Scheme of the experimental setup used to create perfect linear polarization. The XFEL radiation with a photon energy of 6.457

keV was collimated to a high degree by a beryllium lens, followed by mirrors, which guided the beam to the experiment. A high-heat load

monochromator (mono) selected and stabilized the photon energy and reduced the heat load on the polarizer. The polarimeter consisted of two

so-called channel-cut crystals made from silicon. Each of the crystals supported six consecutive reflections with a scattering angle of 90◦. The

analyzer crystal could be rotated around the beam to analyze the created polarization state.

purities [30,31]. Using highly optimized channel cuts, we

could already demonstrate a polarization purity of 2.4 ×

10−10 [31].

Imperative for high purities is the proper azimuthal orienta-

tion of the lattice planes to circumvent polarization-changing

multiple-wave diffraction [31,32]. If crystal structure and

orientation are highly symmetric, multiple-wave diffraction

will be suppressed effectively. Therefore, perfect polariza-

tion can only be achieved with low-order reflections at

cubic crystals, for instance, the 400 reflection of silicon or

diamond [32].

To achieve ultimate performance of an optical instrument,

the entire setup and not only parts have to be scrutinized.

Indeed, a recent theoretical work predicts that not only the

polarizers determine the polarization purity, but also the prop-

erties of the light source, in particular, its divergence [32]. For

perfect polarizers, the achievable polarization purity is limited

to

P ≈ σ 2
h + σ 2

v , (1)

where σh and σv are the root-mean-square divergences in

the horizontal and vertical directions, respectively [32]. At

third-generation synchrotron radiation sources, the horizontal

divergence σh of the undulator radiation is usually on the order

of 10 µrad. The polarization purity is, therefore, limited to

about 10−10 [33]. In contrast, XFELs provide laserlike x-ray

beams with much higher brilliance. Their radiation can be

collimated to a high degree by lenses to reach divergences of

less than 1 µrad [35].

In this paper, we report on the realization of an unprece-

dentedly pure linear polarization state realized at one of the

most brilliant x-ray sources.

II. EXPERIMENT AT THE EUROPEAN XFEL

The experiment was performed at the High Energy Den-

sity (HED) instrument of the European XFEL in Germany.

Figure 1 shows a sketch of the experimental setup. The XFEL

was operated in self-amplified spontaneous emission (SASE)

mode with a repetition rate of ten pulses per second and a

mean pulse energy of about 1.4 mJ. The x-ray beam was

collimated to a high degree by a beryllium lens located 229 m

behind the source. At 171 and 710 m behind the lens, the beam

size was measured to determine the divergence. The full width

at half maximum was 591 (898) and 244 (898 µm) in the

horizontal (vertical) direction, respectively. These values cor-

respond to a root-mean-square divergence of σh = 273 nrad

in the horizontal and a negligible divergence in the vertical

direction, which, in turn, is suitable to achieve a theoretical

limit for the polarization purity of 7 × 10−14 according to

Eq. (1). We estimate the error of this measurement to be 10%.

Crucial for the realization of high polarization purities are

the setting and stability of the photon energy. For this reason,

we used a monochromator with the added benefit of less heat

load on the polarizer. In contrast to mirrors, x-ray diffraction

at crystals only occurs if scattering angle and photon energy

fulfill the Bragg condition. Therefore, the monochromator as

well as the XFEL had to be precisely set to a photon energy

corresponding to the scattering angle 2�B = 90◦ within our

channel-cut crystals. In this experiment where the silicon 400

Bragg reflection was chosen, a photon energy close to 6.457

keV was required. We verified the setting of the absolute pho-

ton energy using a method similar to that of Bond [36] with

an accuracy of 1 eV. For that reason, the incident x rays were

reflected at a silicon crystal using the same Bragg reflection as

for the polarizers in two different settings: reflecting the x rays

upwards and downwards. If the angular positions of the crystal

for these two settings differ by 90◦, the wavelength is set

correctly. The 1-eV uncertainty corresponds theoretical to a

maximum deterioration of the polarization purity by 5 × 10−7

for one reflection and 1 × 10−33 for the chosen polarizers with

six consecutive reflections.

The core of the experimental setup, the polarimeter, con-

sisted of two optimized channel-cut crystals, each supporting

six consecutive reflections. The first crystal acts as a polarizer

to strongly enhance the polarization purity of the XFEL ra-

diation. The second one, the analyzer, is required to analyze

the resulting polarization state. It can be rotated around the

beam axis from the setting where the scattering planes of both

polarizers are parallel to the perpendicular one. The latter is
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also known as the crossed polarizer setting. Both crystals had

an optimized azimuthal orientation in such a way that the

projection of the incident beam on the lattice planes is along

the 〈011〉 crystallographic direction [32]. The inner surfaces

of the channels were treated by a combination of lapping and

etching to minimize distortions of the wavefront. Since the

distance between the two channel walls is only 6 mm, the

surfaces were lapped by hand. This allowed also to treat them

with a random motion.

Since we expected an intensity variation of, at least, ten

orders of magnitude when the polarization analyzer is turned

from the parallel to the crossed polarizer setting, we used

two different detectors to measure the intensity. For most of

the analyzer angles, the photocurrent of a photodiode was

used as a measure of the number of incident photons in a

given time interval. The photodiode was calibrated at the

Physikalisch-Technische Bundesanstalt. This calibration al-

lows the conversion from the measured photocurrent to the

radiation power and, consequently, to the number of incident

photons. The photocurrent was measured with a Keithley am-

peremeter, which was triggered to the XFEL’s repetition rate

of 10 Hz. Close to the analyzer angle of 90◦, an energy- and

space-resolving TIMEPIX detector [37] was used for single-

photon counting. The energy resolution allows distinguishing

multiple-photon hits and background radiation. The acquisi-

tion time window of the TIMEPIX detector was set to 10 s. At

each angular position, ten exposures were acquired resulting

in an integration over 1000 XFEL pulses. We used the time-

over-threshold mode to get information about the deposited

energy in each pixel. Faulty pixels were excluded from the

analysis. A cluster analysis within a region-of-interest allowed

the reconstruction of events that spread over several pixels.

The sum of the pixel values within these clusters allows the

reconstruction of one or multiple photon events and, thus, the

calculation of count rates. We checked with different mea-

surements that the count rates received with both detectors

are equal within the statistical uncertainty. Together, both

detectors covered a dynamic range of more than 11 orders of

magnitude.

III. RESULTS

As expected, the intensity behind the polarimeter dropped

dramatically by several orders of magnitude during the vari-

ation of the analyzer angle from the parallel (η = 0◦) to the

crossed setting (η = 90◦) as shown in Fig. 2(a). The data

points represent the integrals of the respective rocking curves,

two of which are shown exemplarily as insets. Because of

the integration over a finite number of XFEL pulses and the

stochastic nature of SASE radiation, there are small deviations

from the theoretical cos2(η) behavior. The insets (b) and (c)

show the count rate when the analyzer’s incident angle was

rocked at η = 0◦ and η = 90◦, respectively. In the latter, no

significant signal above background is observable, although

each data point was integrated over 1000 XFEL pulses. More

precisely, there are 11 counts in the angular range where

a signal is expected (marked region) and 11 counts out-

side. The latter corresponds to a background of 0.016 cps

(upper 95% confidence level) based on Poisson statistics.

Because of the low number of events, a reliable determination

(a)

(b)

(c)

FIG. 2. (a) Dependence of the intensity behind the polarimeter

when the analyzer was rotated from the parallel polarizer setting at

0◦ to the crossed polarizer setting at 90◦. The data points are the

integrals of the rocking curve normalized to the value at 0◦. The

solid line represents the cos2 behavior expected for perfect polarizers.

Insets (b) and (c) show the count rate when the analyzer crystal is

rocked in the parallel and the crossed setting, respectively. In the

latter, no rocking curve above the noise level can be detected. The

dotted lines mark the region in which the curve is expected.

of the proportion of scattered radiation and detector noise to

the background is not possible. It must be noted that there

were just 6 × 107 photons per pulse (6 × 108 photons per

second at 10-Hz repetition) behind the polarizer because of

the mismatch of the SASE bandwidth and the energy accep-

tance of the crystals, the reflectivity of the crystals, and the

absorption in air.

Figure 3 shows the throughput of the polarimeter upon the

variation of the analyzer angle η in a region close to η = 90◦

for a fixed incident angle corresponding at the maximum of

the rocking curve. The measurements were performed with an

energy- and space-resolving TIMEPIX detector accumulating

1000 XFEL pulses. For selected analyzer angles, also the spa-

tial distribution of the intensity is shown. This measurement

underpins that no photon above background (represented as

the gray-shaded area) could be detected at an analyzer angle η

of exactly 90◦. Consequently, only an upper boundary of the

polarization purity can be given. The ratio of the background

to the number of photons behind parallel polarizers gives an

upper bound of the polarization purity of 6.5 × 10−11 (95%

confidence level) if no remaining signal photons in the crossed

polarizer setting are assumed. If one assumes signal photons

hidden in the background, an upper bound can be estimated

based on the profile likelihood method [38]. For 11 photons in

the sidebands and 11 photons in the region where the signal is

expected, the method estimates an upper bound of 9.6 photons

per 100 s within the rocking curve width. This value accounts

for an upper bound of the polarization purity of 8 × 10−11

(95% confidence level).

IV. SIGNIFICANCE FOR FUTURE EXPERIMENTS

Does this result enable, for example, the detection of vac-

uum birefringence? Considering the 300-TW laser available
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FIG. 3. Variation of the count rate close to the crossed polarizer

setting. At exactly 90◦, the count rate lies within the background

noise (gray-shaded area). The values were obtained from the data of

an energy- and space-resolving TIMEPIX detector. The corresponding

intensity distributions are shown for specific positions at which in the

upper one the white rectangle highlights the region of interest used

for integration. The blue solid line describes the behavior of perfect

polarizers. Error bars represent the statistical error.

at the HED beamline of the European XFEL (with pulses

of 10 J and 30 fs) tightly focused to 2.5 µm, the ratio of

the number of polarization flipped x rays after the interaction

with the high-power laser to the number of incident x rays

is 4 × 10−14 according to ref. [20]. Considering the 6 × 107

photons per pulse behind the polarizer and a FEL pulse length

of 100 fs, one requires 6.5 × 109 laser pulses or, in other units,

41 yr to detect the polarization flipped photons above the

background with a confidence of 5σ . However, by decreasing

the absorption in air and using a seeded FEL beam with a nar-

row bandwidth, we expect a gain in flux behind the polarizer

of more than three orders of magnitude to about 1.5 × 1011

photons per pulse. This will drastically decrease the required

number of laser pulses to 2.5 × 106, which corresponds to

only 6 days acquisition time. A further prerequisite for such

an experiment, which is still under investigation, is a focusing

scheme for the FEL beam, which allows to match the spot

sizes of both lasers by simultaneously maintaining the high

polarization purity.

V. CONCLUSION

In conclusion, we demonstrated an unprecedented polar-

ization purity of better than 8 × 10−11 at the European XFEL,

which amounts to a suppression of the entire photon flux

of this highly brilliant source to the noise level. This is an

important step for future polarimetric experiments at XFELs.

On the one hand, the high sensitivity achieved is pivotal for

testing fundamental physical phenomena, such as vacuum

birefringence. On the other hand, the realized purity corre-

sponds to a well-defined quantum state of the x-ray photons,

which will open new opportunities for quantum optics at

XFELs. A comparison of the result with previous measure-

ments at synchrotrons [31,33] shows that the sensitivity of

x-ray polarimeters depends significantly on the parameters of

the source. Improving the flux before the analyzer by reducing

the mismatch between the SASE bandwidth and the energy

acceptance of the polarizers by a seeded XFEL will be an

important next step for applications with perfectly polarized

x rays.
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