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We have measured the polarization purity of undulator radiation at 12.9 keV, with hitherto

unachievable precision. We could measure a polarization purity of 1.8� 10�4 by using a silicon

channel-cut crystal with six Bragg reflections at 45� as analyzer. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890584]

The creation of extremely brilliant x-ray beams in syn-

chrotrons and free-electron lasers (FELs) would be uncon-

ceivable without undulators. Their history started in 1947,

when Ginzburg1 analyzed the idea for the first time in a theo-

retical paper. The first undulator was already built by Motz

and coworkers in 1953.2 Many studies on undulator radiation

have been performed since then. Pioneers have been Alferov

et al.3,4 and Nikitin and coworkers.5,6

The range of application of brilliant x-ray beams is large

and many experiments make use of the natural polarization

of the undulator radiation. Angle resolved photoion measure-

ments of molecules in gas phase,7 experiments on surface

magnetism,8 and magnetic small angle scattering9,10 are just

a few examples in this respect. For these kind of experi-

ments, it is important to know the exact polarization state of

the undulator radiation to avoid errors in the analysis of the

experimental data. Accordingly, polarization measurements

of undulator radiation have been performed. In the soft x-ray

regime multilayers11 and synthetic mica crystal polarizers12

were used. Kimura, e.g., used two Ru/Si multilayer mirrors

with a polarizance of 0.97, one as a phase shifter and the

other one as an analyzer, to carry out a full polarization mea-

surement on beamline 11 A at the Photon Factory. In the best

case, he measured a degree of linear polarization (DOLP) of

0.99 6 0.01 for a wavelength of 12.8 nm. Imazono made use

of a synthetic mica single crystal with the rotating analyzer

method to determine the degree of linear polarization of the

undulator beamline BL23SU at SPring-8 to 0.993 6 0.004

for a photon energy of 880 eV. The polarizance of their ana-

lyzer was determined to 0.997 6 0.002.

Here, we report on a respective experiment in the x-ray

regime. The accuracy in measuring the degree of linear

polarization was improved by two orders of magnitude to

0.99908 6 0.00005 using a silicon channel-cut crystal with

six Bragg reflections at exactly 45� as an analyzer. Our

method make use of the polarization properties at 45� of the

Thomson scattering amplitude. This has been exploited for

the first time by Ramaseshan for x-ray crystal polarimeters.13

The advantages of using multiple reflection were described

by Bonse and Hart in 1965.14

We performed the precision measurement on the undu-

lator polarization at the “High Resolution Dynamics

Beamline” P01 at PETRA III in Hamburg. To date, PETRA

III is the most brilliant storage-ring-based x-ray source. With

a circumference of 2304 m, a horizontal positron beam emit-

tance of 1.0 nmrad, and a positron energy of 6 GeV, brillian-

ces up to 1021ph=ðsmm2mrad20:1%BWÞ can be achieved.

During our measurements, the synchrotron was operating

in the 240 bunch mode with a ring current of 100 mA in top-

up mode. The schematic setup of the experiment is shown in

Fig. 1. The undulator U32 at P01 consists of two segments,

each 5 m long and with a minimum gap of 12.7 mm. In order

to fulfill the polarization condition of the channel-cut analyzer

crystal, i.e., a Bragg angle of exactly 45� for the Si (800)-

reflection, the x-ray beam was monochromatized at 12914 eV

by a Si (111) double-crystal monochromator with an energy

bandwidth of 0.013%. Due to its Bragg angle of hB¼ 8.8�, the

monochromator reflects both polarization components with

Rr
i ¼ 1 and Rp

i ¼ cos2ð2hÞ ¼ 0:91 for r- and p-polarization,

respectively. The adjustment of the energy was checked by a

specially prepared silicon crystal monolith, with reflecting

surfaces parallel to the (100) and (001) planes. Therefore, the

monolith is assembled in place of the analyzer crystal in the

setup. The intensity of the doubly reflected beam inside

the monolith is maximized when the energy fulfills Bragg’s

law at a Bragg angle of exactly 45.000�. The divergence of

the undulator beam was confined by a variably adjustable slit.

For analyzing the polarization of the incoming beam, a

6-reflection Si (800) channel-cut was used.

In order to record the rocking curves, the analyzer crys-

tal was mounted on a goniometer with a full-step resolution

FIG. 1. Experimental setup of the polarization measurement. The incoming

undulator radiation (UR) is monochromatized by a Si (111) monochromator,

then restricted by a slit (S) and finally analyzed by a 6 reflection channel-cut

crystal. The photon flux behind the monochromator is monitored by an ioni-

zation chamber (IC).a)Electronic address: berit.marx@uni-jena.de

0003-6951/2014/105(2)/024103/4/$30.00 VC 2014 AIP Publishing LLC105, 024103-1
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of 0.9 arc sec. A second goniometer with the same resolution

was attached on the first one to rotate the analyzer crystal

around the incoming beam (g-circle). The rotation axis of

the g-goniometer was adjusted with an alignment laser and

two variable slits defining the direction of the incoming

beam from the monochromator. When rotating the g-circle,

we measured an elastic distortion of the attached channel-cut

mount due to its own weight of less than 0.05�.
The entire analyzer setup was positioned 33 m down-

stream of the monochromator with the slit being placed

1.1 m in front of the analyzer. The distance between mono-

chromator and the center of the undulator is 48.5 m. For the

measurement of the photon flux Iphoto diode, a calibrated Si

photodiode was used as a detector behind the analyzer. An

ionization chamber behind the monochromator was used to

normalize the detected photon flux to the incoming photon

flux Ipitch from the undulator.

The polarization of the undulator radiation was meas-

ured by rotating the analyzer channel-cut crystal from 0�

(i.e., the linearly polarized undulator radiation is perpendicu-

lar on the diffraction plane of the crystal) to 90�. For each

analyzer position, the rocking curve was measured with an

integration time of 0.1 s per angular position. The measure-

ment was done for two different slit parameters: One for an

aperture of 1 mm� 1 mm and the other for 3 mm� 3 mm.

This restricts the horizontal and vertical divergences of the

beam to (1.0� 1.3) arc sec and (3.1� 3.8) arc sec, respec-

tively. Fig. 2 shows the measured rocking curves, which are

normalized to the photon flux incident on the analyzer, at dif-

ferent analyzer positions (varying from 1� to 95�) on loga-

rithmic and linear scales. For visual convenience, the

rocking curves have been shifted with respect to each other.

It is obvious that the shape of the rocking curves is atypi-

cal: The plateau-like wings of five rocking curves near the

passing direction were clearly indentified by a fault of the step-

per motor. These artefacts were corrected for the data analysis.

On the contrary, the rocking curves near the extinction

position show an increasing tip for both slit settings. This is

obviously an Umweganregung (multiple beam case) caused

by the orientation of the channel-cut crystal to the incoming

beam and has to be discarded for the calculation of the polar-

ization purity of the beamline. A precise alignment of the

channel-cut crystals like described in Refs. 15 and 16 is nec-

essary to prohibit this effect a priori in future measurements.

To determine the polarization of the undulator radia-

tion, we use the degree of polarization purity d0 (Ref. 17)

instead of the DOLP, because the values of DOLP are very

close to one. For the calculation of d0, the integrated inten-

sity of each rocking curve of Fig. 2 is determined and nor-

malized to the integrated intensity of the rocking curve in

the parallel direction (g¼ 0�). Fig. 3 shows the result of this

calculation, when effects of the step motor controlling and

FIG. 2. Rocking curves for a 6-reflection Si (800) channel-cut measured at different analyzer positions g and using a photon energy of 12.914 keV. The beam

was restricted to 1 mm� 1 mm for the red rocking curves and to 3 mm� 3 mm for the black ones. The lower panels display the same curves on a linear scale.

024103-2 Marx et al. Appl. Phys. Lett. 105, 024103 (2014)
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Umweganregung are discarded from the rocking curves.

The minimum of the curve corresponds to the polarization

purity. For the 3� 3-mm2 slit, the polarization purity is

(d0¼ 2.4 6 0.2)� 10�4, while the value for the 1� 1-mm2

slit is (d0¼ 1.8 6 0.2)� 10�4.

The theoretical estimation of the polarization purity of

the beamline can be done by using the angular spectral

power distribution of a plane strong undulator.18 The angular

spectral power distribution

d2Pm

dXdx
¼ Puc

�2 Fmr #;/ð Þ þ Fmp #;/ð Þ½ � fN Dxmð Þ (1)

of the harmonic m depends on the averaged total power emit-

ted by an electron in the undulator (Eq. (2)), which on its

part is a function of the classical electron radius r0, the speed

of light c, the rest mass of the positron m0, the undulator pe-

riod wave number ku, the undulator parameter Ku, and the

Lorentz factor c.

Pu ¼
r0cm0c2k2

uK2
uc

2

3
: (2)

The normalized angular distribution functions for the r- and

p-component

Fmr #;/ð Þ ¼ A
2
P

m1 c�# cos /�
P

m2 K�u
� �2

1þ c�2#2ð Þ3
; (3a)

Fmp #;/ð Þ ¼ A
2
P

m1 c�# sin /
� �2

1þ c�2#2ð Þ3
; (3b)

contain the sums of Bessel functions (Eqs. (5) and (6)) which

are depending on the parameters au and bu (Eq. (7))

A ¼ 3m2

p 1þ K2
u

2

� �2

K�2u

; (4)

X
m1
¼
X1

l¼�1
JlðmauÞJmþ2lðmbuÞ; (5)

P
m2 ¼

X1
l¼�1
½JlðmauÞ Jmþ2lþ1ðmbuÞ þ Jmþ2l�1ðmbuÞ�; (6)

au ¼
K�2u

4 1þ c�2#2ð Þ ; bu ¼
2K�uc

�# cos /
1þ c�2#2

: (7)

The angles # and / are spherical coordinates of a sphere

with the origin lying in the center of the undulator.

K�u ¼ Ku=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K2

u=2
p

and c� ¼ c=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K2

u=2
p

describe the

reduced undulator parameter and gamma factor. The spectral

function (Eq. (8)) depends on the number of periods Nu of

the undulator, which amounts to 154 for the undulator at P01

and the fundamental undulator frequency off axis x1

fN Dxmð Þ ¼ Nu

x1

sin
Dxm

x1

pNu

� �

Dxm

x1

pNu

0
BBB@

1
CCCA

2

: (8)

The deviation of the frequency to the frequency of the higher

harmonic is expressed by Dxm¼x�mx1.

By computing the spectral angular power distribution to

the second lowest power of K�u , and integrating over the

divergence and bandwidth given by the monochromator, one

gets the radiated power for each polarization component.

Table I shows the calculated polarization purity for the dif-

ferent slit sizes and for different slit positions, that means the

center of the slit is shifted to the center of the incoming

beam for the 3rd harmonic.

The theoretical calculations for an ideal undulator dem-

onstrates the dependence of the polarization purity on slit

size and slit position. The calculations show a better polar-

ization purity than the measured ones at the center of the

beam. A slight shift of the 1 mm� 1 mm slit position of

0.7 mm results in a value similar to the measured one. In

order to explain a polarization purity comparable to the one

measured for the 3� 3 mm2 slit, a shift of 1.5 mm would be

necessary. Because the alignment of the slit was only done

with a laser and photosensitive paper, a shift of the slit

towards the center of the beam cannot be excluded.

Nevertheless, the calculation is only an approximation for

real undulators, neglecting, for example, effects of positron

distribution, magnet errors of the undulator, and depolariza-

tion influences of used diamond and Kapton
VR

windows on

the beamline.

The polarization purity of beamline P01 at the PETRA-

III synchrotron was measured with a hitherto not achieved

precision. A polarization purity of 2.4� 10�4 and 1.8� 10�4

is obtained for two different beam sizes.

FIG. 3. Polarization purity measurement for two beam diameters:

1 mm� 1 mm—red dots and 3 mm� 3 mm—black squares, measured at a

photon energy of 12.914 keV.

TABLE I. Calculated polarization purities d0 of the 3rd harmonic for differ-

ent slit sizes and positions of the slit respective to the center of the beam.

shift (mm) 1 mm� 1 mm 3 mm� 3 mm

0 8.2� 10�6 5.9� 10�5

0.7 3.5� 10�4 4.8� 10�5

1.5 8.4� 10�2 1.5� 10�4

024103-3 Marx et al. Appl. Phys. Lett. 105, 024103 (2014)
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Our measurements show that the rotating-analyzer

method with a 6-reflection silicon channel-cut crystal is a

very sensitive method to determine the polarization purity of

undulator beamlines in the x-ray regime. As a result high

definition x-ray polarimetry can be used to determine the

precise polarization purity of synchrotron radiation and FEL

radiation which provides an important input parameter for

polarization sensitive measurements. Further it can be used

as a powerful diagnostic to prove the beam paths of positrons

or electrons through undulators as well as the high perform-

ance beam quality of real undulators providing synchrotron

radiation and hard x-ray FEL radiation.
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