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parametrization of single ionization
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parametrization of double ionization

F1!3(pr, p�) = F1!2 ⇤ F2!3
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dynamics of multiple ionization

Ph. Wustelt et al., Phys. Rev. A 91, 031401 (2015)
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saturation intensity & theory
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ionization of He+: ab initio intensity measurement 
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ionization of He+: ab initio intensity measurement 
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ionization of He+: ab initio intensity measurement 
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• ionization of ions
‣ ion beam apparatus

‣ experiments with Ne+

‣ future directions

• high-definition X-ray polarimetry
‣ Si channel-cuts
‣ diamond quasi channel-cuts
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high-definition X-ray polarimetry: why?

• analytics

• nuclear resonant scattering

•Faraday rotation in overdense plasma

•vacuum birefringence 
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X-ray optical activity of sugar   
[Marx et al., Phys. Rev. Lett. 110, 254801 (2013)]
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FIG. 3: Measurement of the polarization purity for the
Si(400) reflection using a 6-reflection channel-cut at 6 457 eV.
The inset displays the data on a double-logarithmic plot.

hind the analyzer the flux was detected by a photodiode
and an avalanche photodiode. The polarization purity
measurement, shown in figure 3, was performed by rotat-
ing the analyzer channel-cut crystal around the di�racted
beam of the polarizer channel-cut crystal. In each posi-
tion the rocking curve was measured and normalized to
the incoming photon flux in front of the polarizer. In the
crossed position the azimuth of the crystals was varied to
obtain the best polarization purity. The curve shows the
ratio of the integrated intensities of the rocking curves
in crossed and parallel positions of the analyzer channel-
cut. For this measurement a pair of Si(400) channel-cuts
with 6 reflections were used at 6 457 eV photon energy.

We have achieved a polarization purity of (2.4±1.2)�
10�10. At higher energies (12 914 eV) a polarization pu-
rity of (6.2 ± 3.1) � 10�10 was obtained. This is an im-
provement of nearly one order of magnitude for low en-
ergies and one and a half orders for the higher energies
as compared to our recently published previous results
[16] with 4-reflection channel-cuts that already had im-
proved the state-of-the-art by about two orders of mag-
nitude. The sensitivities corresponding to these purities
are unique in optics and can be expected to enable novel
applications such that polarimetry becomes similarly im-
portant as in the visible spectral region.

The extreme performance of the polarimeter can be
demonstrated by adapting a classical polarimetry exper-
iment in the visible, namely the measurement of optical
activity of sucrose. We inserted a 13mm long cuvette
filled with a sucrose solution (concentration ⇤ 400 g/l)
as a sample between polarizer and analyzer and utilized

a photon energy of 12 914 eV. Fig. 4 shows the intensity
behind the analyzer during the variation of the analyzer
angle in the vicinity of the crossed-polarizer position with
and without the sample. Each data point is the sum of
11 measurements with an acquisition time of 5 sec. In
order to reduce the influence of possible drifts, the full
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FIG. 4: Shift of the extinction position when a cuvette filled
with sucrose solution is inserted between polarizer and ana-
lyzer (black curve). The polarization plane is rotated by 0.9”
and an ellipticity �2 = 2.8 · 10�10 is induced. The green curve
displays the measurement without sucrose solution . Each
data point was measured 11 times. The inset displays the
position of the minimum for each measurement.

and empty cuvettes were exchanged after each measure-
ment. In addition, the absorption of the radiation in
the sample was measured independently. In the inset of
fig. 4 the angular position of the minimum intensity is
shown for each measurement with and without the sam-
ple. The curve without sample shows the stability and
reliability of the system with an error of about one arc
second, which is caused by noise due to the small number
of photons in the area of suppression. Due to absorption,
this e�ect becomes larger when a sample is placed in the
polarimeter.

The result of this experiment is a shift of the minimum
in direction of both, the ordinate and the abscissa. This
shift can be attributed to a rotation of 0.9” of the polar-
ization plane and an ellipticity �2 = (2.8± 2.5)� 10�10,
where � is the ration of the field strength in ⇥ and ⇤ direc-
tion. This demonstrates that a rotation of the polariza-
tion plane down to one arc second can be detected with
such a polarimeter. Further measurements will have to
be performed to analyze the origin of this phenomenon.

[1] C. G. Barkla, Nature 69 (1904) 463.
[2] R. Bellazzini, E. Costa, G. Matt, G. Tagliaferri (eds.),

Cambridge Univ. Press (2010)

[3] U. Spillmann, H. Brauning, S. Hess, H. Beyer,
T. Stöhlker, et al., Rev. Sci. Instrum. 79 (2008) 083101.

[4] H. Cole, F. W. Chambers and C. G. Wood, J. Appl. Phys.
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high-definition X-ray polarimetry: why?
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slow X-ray photons  
[Heeg et al., Phys. Rev. Lett. 114, 203601 (2015)]

• analytics

• nuclear resonant scattering

•Faraday rotation in overdense plasma

•vacuum birefringence 
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high-definition X-ray polarimetry: why?

Faraday Rotation [Schlenvoigt Proposal LCLS 2014] 
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• analytics

• nuclear resonant scattering

•Faraday rotation in overdense plasma

•vacuum birefringence 
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high-definition X-ray polarimetry: why?

[Di Piazza et al. Phys. Rev. Lett. 97, 083603 (2006)] 

[T. Heinzl et al.  Optics Communications 267, 318 (2006)]
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• analytics

• nuclear resonant scattering

•Faraday rotation in overdense plasma

•vacuum birefringence 
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high-purity X-ray polarizer
2
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FIG. 1: Kossel pattern of silicon at 12 914 eV. The bold black
circle represents the Si (800) reflection used for suppression
of the �-component. All other possible reflections are shown
with thin colored circles. The vectors ⇤s

o

and ⇤s
h

describe the
direction of the incident and di�racted wave respectively. In
order to avoid degradation of the polarization purity due to
multiple di�raction, the azimuth has to be chosen such that
the “distance” to the closest undisired reflections is as large
as possible.

impurities is the selection of a suitable crystal. Silicon
with an atomic number of just 14 is an attractive choice
because crystals of high perfection are readily obtainable
and can easily be worked on.

Besides the selection of the right crystal, the prepa-
ration of the channel-cuts requires sophisticated proce-
dures. First of all, the channel has to be cut in such an
orientation that multiple di�ractions are suppressed. The
degree of freedom that can be exploited is the azimuth
of the incident X-ray beam because the Bragg angle of
45� only restricts the elevation of the X-ray beam with
respect to the lattice plane. Therefore, each lattice plane
(or reciprocal lattice point, to be precise) may reflect all
incident directions lying on a (Kossel) cone. Our strategy
for minimizing the excitation of any unwanted reflection
is to choose the azimuth such that the X-ray beam avoids
the Kossel cones of all crystal reflections that can cause
multiple di�raction. A computer code (“Azimuth”) that
calculates all crystal reflections for a certain energy has
been developed for this purpose. As an example, Fig-
ure 1 displays the entire reflection system of silicon at
12 914 eV. Each colored line represents the intersection
of a Bragg reflection with a virtual sphere around the
crystal. Crossing of two or more of these lines indicate
unwanted multiple di�ractions. The number of crystal
reflection increases for shorter wavelengths. Hence the
“distance” to multiple reflection is reduced and one has
to expect that the polarization purity decreases. As a re-
sult of the optimization procedure, we chose two di�erent
crystal orientations for di�erent X-ray energies: Si(400)
at 6 457 eV and Si(800) at 12 914 eV. After the orienta-
tion of the crystal, a careful preparation of the crystal
surfaces has to be performed. The use of low-damage

FIG. 2: Scheme of the X-ray polarimeter, consisting of 6-
reflection channel-cuts.

saw blades and di�erent etching methods were found to
be essential. These measures suppress the intensity of
the long tails of the rocking curves, which could excite
multiple di�ractions.
The measurements of the polarization purities were

carried out at the Techniques and Instrumentation Test
beamline, ID06, of the European Synchrotron Radiation
Facility, ESRF, in Grenoble, France. During the mea-
surement the synchrotron was operating in the uniform
filling mode, with a storage ring current of less than
200mA. The horizontal and vertical rms electron beam
divergence was 10.3µrad and 2.9µrad, respectively. The
white beam was monochromatized by a double crystal
Si (111) heat load monochromator which leads to an en-
ergy bandwidth smaller than 1.5 eV. In order to suppress
the harmonics of the undulator radiation, which could
mimic a reduced polarization purity, the pitch of the
monochromator was slightly detuned. The energy was
adjusted with the help of a single silicon crystal mono-
lith with reflecting surfaces parallel to the lattice planes
(001) and (010). As a consequence, the intensity of the
double reflected beam reaches its maximum when the
energy has been adjusted such that the Bragg angle is
exactly 45.000�.
The schematic set-up of the X-ray polarimeter is shown

in figure 2. It is composed of a 6-reflection channel-cut
crystal as a polarizer and a 6-reflection channel-cut crys-
tal as an analyzer. Each channel-cut was mounted on
several goniometers and circle segments for adjusting the
Bragg angle, tilt and azimuth of the crystal. The an-
alyzer crystal is attached on an additional goniometer
to rotate the crystal around the di�racted beam of the
polarizer channel-cut. The full step resolution of the go-
niometers and circle segments (tilt, azimuth) are 0.9” and
30”, respectively. The incoming photon flux on the the
polarizer was recorded by an ionization chamber. Be-
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high-purity X-ray polarizer: Brewster effect

birefringence has a discovery potential for new particles where a parameter space is probed
that is not easily accessed otherwise. Realizing 10�11 polarization purity, i.e. a purity
matched to FEL X-ray photon numbers, would allow not only the detection of vacuum
birefringence alone but, in fact, precision experiments if a 10-PW-class laser with high
repetition rate is available. The discovery potential for “new physics” should be a strong
incentive to work towards 10-PW facilities at an X-ray FEL side or an electron accelerator
facility.

4 Addressing the roadblocks
High-purity x-ray polarizers are realized by taking advantage of suppressed di�raction of
the �-component close to 45⇥. The e�ect can be exponentiated by multiple reflections
which are fairly conveniently realized with channel-cut perfect crystals, see Fig. 1. In
order to avoid the detrimental e�ects of multiple di�raction, small atomic numbers Z
should be preferred. This led to the selection of silicon.

2 Grundlagen

Reflexionen erhöht werden. Die Begrenzung liegt dabei im Verlust an Intensität pro Re-
flexion, so dass nur endlich viele Reflexe realisierbar sind. Für die Unterdrückung der
⇥-Komponente durch Mehrfachreflexionen sind in Abbildung 2.8 die Rockingkurven für
eine und vier Reflexionen im Braggfall dargestellt. Die Polarisationsreinheit in diesem
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Abbildung 2.8: Unterdrückung der ⇥-Polarisation durch Mehrfachreflexionen. Dargestellt
sind die Rockingkurven für die Braggbeugung an Silizium (333) bei � = 1.54Ȧ nach einer und
nach vier Reflexionen.

Fall verbessert sich von �1 = 2, 91·10�2 nach einer Reflexion auf �4 = 2, 20·10�4 nach vier
Reflexionen. Für die Realisierung von Mehrfachreflexen werden in der Praxis Channel-
Cut Kristalle verwendet [8]. Das sind Kristalle, in die ein Kanal, zum Beispiel durch
Sägen, eingebracht wird (siehe Abbildung 2.9). Durch Reflexion an den Seitenwänden
dieses Kanals kann die Mehrfachreflexion realisiert werden. Ein weiteres Problem des

Abbildung 2.9: Im Bild ist die Seitenansicht(links) und die Draufsicht (rechts) auf einen
Channel-Cut Kristall dargestellt.

Polarimeterprinzips der Braggbeugung nahe 45⇥ ist, dass für jede Wellenlänge eine an-
dere Reflexionsordnung genutzt werden muss und damit eine komplette Neujustage des

13

3 Röntgenpolarimeter

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
1E-4

1E-3

0,01

0,1

1

 

 I/I
0

!"["]

1Reflexion
 theoretisch
 gemessen

4Reflexionen
 theoretisch
 gemessen

Abbildung 3.9: Am DKD mit FeK� gemessene Rockingkurven für eine und vier Si 400
Reflexionen bei einem Channel-Cut mit verbesserter Präparation.

Röntgenröhre mit Eisenanode, bei einem Braggwinkel von 45,48� durchgeführt. Es ist
zu erkennen, dass selbst nach vier Reflexionen die gemessenen Rockingkurven über zir-
ka vier Größenordnungen den theoretischen entsprechen. Diese Bearbeitungmethode der
Channel-Cuts ist demzufolge sehr gut für die Polarimetrie geeignet und wurde zur fi-
nalen Präparation der Channel-Cut Kristalle verwendet. In Abbildung 3.10 ist ein fer-
tig präparierter Channel-Cut dargestellt. Die Maße des Channel-Cut Kristalls sind so

Abbildung 3.10: Channel-Cut Kristall.

gewählt wurden, dass nur vier Reflexionen hindurchgehen können. Die Seitenflächen sind

24

Figure 1: Channel-cut silicon crystal

The channel-cuts were prepared in the Jena X-ray optics group in the framework of a
diploma thesis (Berit Marx under the guidance of Dr. Ingo Uschmann). Carefully sawing
and etching the crystals has a pivotal influence on their performance as polarizers. Using
conventional x-ray tubes, the procedure was optimized and the crystals were tested to the
level accessible by the limited photon flux generated by x-ray tubes.
The final measurements were performed at the European Synchotron Radiation Facility
(ESRF). We have performed a detailed analysis of the performance of the polarizers as a
function of a number of parameters. The highest purity was measured at a photon energy
of 6457 eV and reached a value as high as 1.5�10�9. This is an improvement of more than
two orders of magnitude as compared to previous results. A detailed report in the form
of a manuscript submitted to Optics Communications is attached. It may be appropriate
to mention that ESRF considers this work as a highlight of their operations and plans to
report on it accordingly.

As a natural consequence of the remarkably encouraging result of our first shot at
this problem, we decided to intensify and expand our e�orts on x-ray polarimetry even
more. We have several applications in mind that can take advantage of ultra-high purity
polarizers. We are even investigating the feasibility of a PVLAS-type experiment in the

3
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high-purity X-ray polarizer
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FIG. 1: Kossel pattern of silicon at 12 914 eV. The bold black
circle represents the Si (800) reflection used for suppression
of the �-component. All other possible reflections are shown
with thin colored circles. The vectors ⇤s

o

and ⇤s
h

describe the
direction of the incident and di�racted wave respectively. In
order to avoid degradation of the polarization purity due to
multiple di�raction, the azimuth has to be chosen such that
the “distance” to the closest undisired reflections is as large
as possible.

impurities is the selection of a suitable crystal. Silicon
with an atomic number of just 14 is an attractive choice
because crystals of high perfection are readily obtainable
and can easily be worked on.

Besides the selection of the right crystal, the prepa-
ration of the channel-cuts requires sophisticated proce-
dures. First of all, the channel has to be cut in such an
orientation that multiple di�ractions are suppressed. The
degree of freedom that can be exploited is the azimuth
of the incident X-ray beam because the Bragg angle of
45� only restricts the elevation of the X-ray beam with
respect to the lattice plane. Therefore, each lattice plane
(or reciprocal lattice point, to be precise) may reflect all
incident directions lying on a (Kossel) cone. Our strategy
for minimizing the excitation of any unwanted reflection
is to choose the azimuth such that the X-ray beam avoids
the Kossel cones of all crystal reflections that can cause
multiple di�raction. A computer code (“Azimuth”) that
calculates all crystal reflections for a certain energy has
been developed for this purpose. As an example, Fig-
ure 1 displays the entire reflection system of silicon at
12 914 eV. Each colored line represents the intersection
of a Bragg reflection with a virtual sphere around the
crystal. Crossing of two or more of these lines indicate
unwanted multiple di�ractions. The number of crystal
reflection increases for shorter wavelengths. Hence the
“distance” to multiple reflection is reduced and one has
to expect that the polarization purity decreases. As a re-
sult of the optimization procedure, we chose two di�erent
crystal orientations for di�erent X-ray energies: Si(400)
at 6 457 eV and Si(800) at 12 914 eV. After the orienta-
tion of the crystal, a careful preparation of the crystal
surfaces has to be performed. The use of low-damage

FIG. 2: Scheme of the X-ray polarimeter, consisting of 6-
reflection channel-cuts.

saw blades and di�erent etching methods were found to
be essential. These measures suppress the intensity of
the long tails of the rocking curves, which could excite
multiple di�ractions.
The measurements of the polarization purities were

carried out at the Techniques and Instrumentation Test
beamline, ID06, of the European Synchrotron Radiation
Facility, ESRF, in Grenoble, France. During the mea-
surement the synchrotron was operating in the uniform
filling mode, with a storage ring current of less than
200mA. The horizontal and vertical rms electron beam
divergence was 10.3µrad and 2.9µrad, respectively. The
white beam was monochromatized by a double crystal
Si (111) heat load monochromator which leads to an en-
ergy bandwidth smaller than 1.5 eV. In order to suppress
the harmonics of the undulator radiation, which could
mimic a reduced polarization purity, the pitch of the
monochromator was slightly detuned. The energy was
adjusted with the help of a single silicon crystal mono-
lith with reflecting surfaces parallel to the lattice planes
(001) and (010). As a consequence, the intensity of the
double reflected beam reaches its maximum when the
energy has been adjusted such that the Bragg angle is
exactly 45.000�.
The schematic set-up of the X-ray polarimeter is shown

in figure 2. It is composed of a 6-reflection channel-cut
crystal as a polarizer and a 6-reflection channel-cut crys-
tal as an analyzer. Each channel-cut was mounted on
several goniometers and circle segments for adjusting the
Bragg angle, tilt and azimuth of the crystal. The an-
alyzer crystal is attached on an additional goniometer
to rotate the crystal around the di�racted beam of the
polarizer channel-cut. The full step resolution of the go-
niometers and circle segments (tilt, azimuth) are 0.9” and
30”, respectively. The incoming photon flux on the the
polarizer was recorded by an ionization chamber. Be-

birefringence has a discovery potential for new particles where a parameter space is probed
that is not easily accessed otherwise. Realizing 10�11 polarization purity, i.e. a purity
matched to FEL X-ray photon numbers, would allow not only the detection of vacuum
birefringence alone but, in fact, precision experiments if a 10-PW-class laser with high
repetition rate is available. The discovery potential for “new physics” should be a strong
incentive to work towards 10-PW facilities at an X-ray FEL side or an electron accelerator
facility.

4 Addressing the roadblocks
High-purity x-ray polarizers are realized by taking advantage of suppressed di�raction of
the �-component close to 45⇥. The e�ect can be exponentiated by multiple reflections
which are fairly conveniently realized with channel-cut perfect crystals, see Fig. 1. In
order to avoid the detrimental e�ects of multiple di�raction, small atomic numbers Z
should be preferred. This led to the selection of silicon.
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Abbildung 2.8: Unterdrückung der ⇥-Polarisation durch Mehrfachreflexionen. Dargestellt
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Abbildung 3.9: Am DKD mit FeK� gemessene Rockingkurven für eine und vier Si 400
Reflexionen bei einem Channel-Cut mit verbesserter Präparation.

Röntgenröhre mit Eisenanode, bei einem Braggwinkel von 45,48� durchgeführt. Es ist
zu erkennen, dass selbst nach vier Reflexionen die gemessenen Rockingkurven über zir-
ka vier Größenordnungen den theoretischen entsprechen. Diese Bearbeitungmethode der
Channel-Cuts ist demzufolge sehr gut für die Polarimetrie geeignet und wurde zur fi-
nalen Präparation der Channel-Cut Kristalle verwendet. In Abbildung 3.10 ist ein fer-
tig präparierter Channel-Cut dargestellt. Die Maße des Channel-Cut Kristalls sind so

Abbildung 3.10: Channel-Cut Kristall.

gewählt wurden, dass nur vier Reflexionen hindurchgehen können. Die Seitenflächen sind
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Figure 1: Channel-cut silicon crystal

The channel-cuts were prepared in the Jena X-ray optics group in the framework of a
diploma thesis (Berit Marx under the guidance of Dr. Ingo Uschmann). Carefully sawing
and etching the crystals has a pivotal influence on their performance as polarizers. Using
conventional x-ray tubes, the procedure was optimized and the crystals were tested to the
level accessible by the limited photon flux generated by x-ray tubes.
The final measurements were performed at the European Synchotron Radiation Facility
(ESRF). We have performed a detailed analysis of the performance of the polarizers as a
function of a number of parameters. The highest purity was measured at a photon energy
of 6457 eV and reached a value as high as 1.5�10�9. This is an improvement of more than
two orders of magnitude as compared to previous results. A detailed report in the form
of a manuscript submitted to Optics Communications is attached. It may be appropriate
to mention that ESRF considers this work as a highlight of their operations and plans to
report on it accordingly.

As a natural consequence of the remarkably encouraging result of our first shot at
this problem, we decided to intensify and expand our e�orts on x-ray polarimetry even
more. We have several applications in mind that can take advantage of ultra-high purity
polarizers. We are even investigating the feasibility of a PVLAS-type experiment in the
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Reflexionen erhöht werden. Die Begrenzung liegt dabei im Verlust an Intensität pro Re-
flexion, so dass nur endlich viele Reflexe realisierbar sind. Für die Unterdrückung der
⇥-Komponente durch Mehrfachreflexionen sind in Abbildung 2.8 die Rockingkurven für
eine und vier Reflexionen im Braggfall dargestellt. Die Polarisationsreinheit in diesem
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Abbildung 2.8: Unterdrückung der ⇥-Polarisation durch Mehrfachreflexionen. Dargestellt
sind die Rockingkurven für die Braggbeugung an Silizium (333) bei � = 1.54Ȧ nach einer und
nach vier Reflexionen.

Fall verbessert sich von �1 = 2, 91·10�2 nach einer Reflexion auf �4 = 2, 20·10�4 nach vier
Reflexionen. Für die Realisierung von Mehrfachreflexen werden in der Praxis Channel-
Cut Kristalle verwendet [8]. Das sind Kristalle, in die ein Kanal, zum Beispiel durch
Sägen, eingebracht wird (siehe Abbildung 2.9). Durch Reflexion an den Seitenwänden
dieses Kanals kann die Mehrfachreflexion realisiert werden. Ein weiteres Problem des

Abbildung 2.9: Im Bild ist die Seitenansicht(links) und die Draufsicht (rechts) auf einen
Channel-Cut Kristall dargestellt.

Polarimeterprinzips der Braggbeugung nahe 45⇥ ist, dass für jede Wellenlänge eine an-
dere Reflexionsordnung genutzt werden muss und damit eine komplette Neujustage des
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birefringence has a discovery potential for new particles where a parameter space is probed
that is not easily accessed otherwise. Realizing 10�11 polarization purity, i.e. a purity
matched to FEL X-ray photon numbers, would allow not only the detection of vacuum
birefringence alone but, in fact, precision experiments if a 10-PW-class laser with high
repetition rate is available. The discovery potential for “new physics” should be a strong
incentive to work towards 10-PW facilities at an X-ray FEL side or an electron accelerator
facility.

4 Addressing the roadblocks
High-purity x-ray polarizers are realized by taking advantage of suppressed di�raction of
the �-component close to 45⇥. The e�ect can be exponentiated by multiple reflections
which are fairly conveniently realized with channel-cut perfect crystals, see Fig. 1. In
order to avoid the detrimental e�ects of multiple di�raction, small atomic numbers Z
should be preferred. This led to the selection of silicon.

2 Grundlagen
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3 Röntgenpolarimeter
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Abbildung 3.9: Am DKD mit FeK� gemessene Rockingkurven für eine und vier Si 400
Reflexionen bei einem Channel-Cut mit verbesserter Präparation.

Röntgenröhre mit Eisenanode, bei einem Braggwinkel von 45,48� durchgeführt. Es ist
zu erkennen, dass selbst nach vier Reflexionen die gemessenen Rockingkurven über zir-
ka vier Größenordnungen den theoretischen entsprechen. Diese Bearbeitungmethode der
Channel-Cuts ist demzufolge sehr gut für die Polarimetrie geeignet und wurde zur fi-
nalen Präparation der Channel-Cut Kristalle verwendet. In Abbildung 3.10 ist ein fer-
tig präparierter Channel-Cut dargestellt. Die Maße des Channel-Cut Kristalls sind so
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Figure 1: Channel-cut silicon crystal

The channel-cuts were prepared in the Jena X-ray optics group in the framework of a
diploma thesis (Berit Marx under the guidance of Dr. Ingo Uschmann). Carefully sawing
and etching the crystals has a pivotal influence on their performance as polarizers. Using
conventional x-ray tubes, the procedure was optimized and the crystals were tested to the
level accessible by the limited photon flux generated by x-ray tubes.
The final measurements were performed at the European Synchotron Radiation Facility
(ESRF). We have performed a detailed analysis of the performance of the polarizers as a
function of a number of parameters. The highest purity was measured at a photon energy
of 6457 eV and reached a value as high as 1.5�10�9. This is an improvement of more than
two orders of magnitude as compared to previous results. A detailed report in the form
of a manuscript submitted to Optics Communications is attached. It may be appropriate
to mention that ESRF considers this work as a highlight of their operations and plans to
report on it accordingly.

As a natural consequence of the remarkably encouraging result of our first shot at
this problem, we decided to intensify and expand our e�orts on x-ray polarimetry even
more. We have several applications in mind that can take advantage of ultra-high purity
polarizers. We are even investigating the feasibility of a PVLAS-type experiment in the
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experimental setup

3 Röntgenpolarimeter

3.1 Aufbau des Polarimeters

Der Aufbau des Röntgenpolarimeters ist in Abbildung 3.1 schematisch dargestellt. Das
Polarimeter besteht aus einem Channel-Cut als Polarisator und einem zweiten Channel-
Cut als Analysator. Je nach verwendeter Röntgenquelle kann der erste Kristall mit Hil-
fe einer Kondensorlampe oder eines Justierlasers zum einfallenden Röntgenstrahl posi-
tioniert werden. Die grobe Höhenausrichtung erfolgt dabei mit Hilfe eines Reiters auf
einer Stativstange. Um den Braggwinkel einzustellen, ist auf dem Reiter ein Präzisions-
goniometer der Firma Huber (Ganzschrittauflösung: 1,8“) angebracht. Dieses ist mit
einem Goniometerkopf verbunden, auf dessen Drehzentrum der Kristall gehaltert ist.
Der Goniometerkopf besteht aus zwei Translationsschlitten und zwei Wiegen. Die eine
Wiege dient zur Einstellung des azimutalen Einfalls des Röntgenstrahls auf die Beu-
gungsebene. Mit der anderen erfolgt die Neigungseinstellung des Kristalls, wenn mit
einer Röntgenröhre als Strahlungsquelle gearbeitet wird. Die Schlitten werden zur Fein-
positionierung der Lage des Channel-Cuts zum Röntgenstrahl genutzt. Dieser ist mit
Klebwachs auf dem Halter befestigt, um eine Deformation der idealen Kristallstruktur
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Abbildung 3.1: Aufbau des Röntgenpolarimeters in schematischer Darstellung. Der
Röntgenstrahl wird im ersten Channel-Cut durch Braggreflexionen bei 45� linear polarisiert.
Der zweite Channel-Cut, auf dem Bild in der Auslöschungsposition stehend, dient als Analy-
sator.
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extinction curve

Fig. 9: Polarization purity measurement at Eph= 6.5 keV (λ =1.9 Å) with six reflection 
Si{004}-channel cut crystals
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Fig. 8:  Scheme of the polarizer and analyzer setup with analyzer in   
transmission (top) and analyzer in suppression (bottom)

Marx et al., Phys. Rev. Lett. 110, 254801 (2013)
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limitations: multiple diffraction

3 R

¨

ontgenpolarimeter

Einfallsvektoren, die am Kristall gebeugt werden können. Dabei werden die Laue In-
dizes ausgeschlossen, für die sich der Strukturfaktor zu Null ergibt. In Abbildung 3.4
beschreibt der violette Kegel alle Einfallsvektoren, für die die Braggbedingung an einer
Netzebenenschar mit den Laue Indizes hkl erfüllt ist. Er wird als Kosselkegel bezeichnet

  

[hkl]

θ
B

gebeugter 
Strahl

φ

[h'k'l']

einfallender 
Strahl

Abbildung 3.4: Der Kosselkegel stellt die Braggbedingung für eine Netzebene in drei Di-
mensionen dar. Im Bild sind für zwei verschiedene Netzebenen die möglichen Einfallsvektoren
eingezeichnet, bei denen es zur Beugung kommt.

und veranschaulicht, dass die Braggbedingung den azimutalen Winkel ' als Freiheits-
grad o↵en lässt.
Im nächsten Schritt rechnet das Programm die Schnittkreise der Kosselkegel aller beu-
genden Netzebenenscharen mit einer Kugel vom Radius eins aus. Für die Ausgabe wird
diese noch in Richtung des Hauptreflexes gedreht, der für die Beugung bei 45� im
Channel-Cut genutzt werden soll. Überall dort, wo der Kosselkegel des Hauptreflexes
sich mit denen der anderen Netzebenenscharen schneidet, liegt ein Mehrstrahlfall vor.
Dieser führt genau dann zu einer Umweganregung, wenn die Di↵erenz der Laue Indizes
zwischen Haupt- und Nebenreflex eine Netzebene ergibt, auf der es zur Beugung kommen
kann. Dabei ist zu beachten, dass auch dort Umweganregungen entstehen können, wo
eigentlich durch den Strukturfaktor verbotene Kosselkegel, den des Hauptreflexes schnei-
den. In Abbildung 3.5 ist am Beispiel für � = 1.11Ȧ die mit Azi berechnete Schnitt-
kreiskugel für Silizium mit Blick auf den 444-Reflex dargestellt. Es ist zu erkennen, dass
es bei dieser Wellenlänge nur noch kleine Abschnitte auf dem Kosselkegel des Hauptre-
flexes gibt, für die keine Umweganregungen stattfinden. Aus den Berechnungen ergibt
sich, dass je kürzer die verwendete Wellenlänge ist, die Bereiche ohne Mehrstrahlfälle
immer kleiner werden, da immer mehr Beugungsordnungen die Bragggleichung erfüllen
können.
Im letzten Schritt berechnet das Programm den Einfallsvektor des Hauptreflexes, der
am weitesten von Mehrstrahlfällen entfernt ist. Dieser wird mit den zum Orientieren und
Sägen notwendigen Seitenflächen-Normalenvektoren des Channel-Cuts ausgegeben. Die
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sh
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FIG. 1: Kossel pattern of silicon at 12 914 eV. The bold black
circle represents the Si (800) reflection used for suppression
of the �-component. All other possible reflections are shown
with thin colored circles. The vectors ⇤s

o

and ⇤s
h

describe the
direction of the incident and di�racted wave respectively. In
order to avoid degradation of the polarization purity due to
multiple di�raction, the azimuth has to be chosen such that
the “distance” to the closest undisired reflections is as large
as possible.

impurities is the selection of a suitable crystal. Silicon
with an atomic number of just 14 is an attractive choice
because crystals of high perfection are readily obtainable
and can easily be worked on.

Besides the selection of the right crystal, the prepa-
ration of the channel-cuts requires sophisticated proce-
dures. First of all, the channel has to be cut in such an
orientation that multiple di�ractions are suppressed. The
degree of freedom that can be exploited is the azimuth
of the incident X-ray beam because the Bragg angle of
45� only restricts the elevation of the X-ray beam with
respect to the lattice plane. Therefore, each lattice plane
(or reciprocal lattice point, to be precise) may reflect all
incident directions lying on a (Kossel) cone. Our strategy
for minimizing the excitation of any unwanted reflection
is to choose the azimuth such that the X-ray beam avoids
the Kossel cones of all crystal reflections that can cause
multiple di�raction. A computer code (“Azimuth”) that
calculates all crystal reflections for a certain energy has
been developed for this purpose. As an example, Fig-
ure 1 displays the entire reflection system of silicon at
12 914 eV. Each colored line represents the intersection
of a Bragg reflection with a virtual sphere around the
crystal. Crossing of two or more of these lines indicate
unwanted multiple di�ractions. The number of crystal
reflection increases for shorter wavelengths. Hence the
“distance” to multiple reflection is reduced and one has
to expect that the polarization purity decreases. As a re-
sult of the optimization procedure, we chose two di�erent
crystal orientations for di�erent X-ray energies: Si(400)
at 6 457 eV and Si(800) at 12 914 eV. After the orienta-
tion of the crystal, a careful preparation of the crystal
surfaces has to be performed. The use of low-damage

FIG. 2: Scheme of the X-ray polarimeter, consisting of 6-
reflection channel-cuts.

saw blades and di�erent etching methods were found to
be essential. These measures suppress the intensity of
the long tails of the rocking curves, which could excite
multiple di�ractions.
The measurements of the polarization purities were

carried out at the Techniques and Instrumentation Test
beamline, ID06, of the European Synchrotron Radiation
Facility, ESRF, in Grenoble, France. During the mea-
surement the synchrotron was operating in the uniform
filling mode, with a storage ring current of less than
200mA. The horizontal and vertical rms electron beam
divergence was 10.3µrad and 2.9µrad, respectively. The
white beam was monochromatized by a double crystal
Si (111) heat load monochromator which leads to an en-
ergy bandwidth smaller than 1.5 eV. In order to suppress
the harmonics of the undulator radiation, which could
mimic a reduced polarization purity, the pitch of the
monochromator was slightly detuned. The energy was
adjusted with the help of a single silicon crystal mono-
lith with reflecting surfaces parallel to the lattice planes
(001) and (010). As a consequence, the intensity of the
double reflected beam reaches its maximum when the
energy has been adjusted such that the Bragg angle is
exactly 45.000�.
The schematic set-up of the X-ray polarimeter is shown

in figure 2. It is composed of a 6-reflection channel-cut
crystal as a polarizer and a 6-reflection channel-cut crys-
tal as an analyzer. Each channel-cut was mounted on
several goniometers and circle segments for adjusting the
Bragg angle, tilt and azimuth of the crystal. The an-
alyzer crystal is attached on an additional goniometer
to rotate the crystal around the di�racted beam of the
polarizer channel-cut. The full step resolution of the go-
niometers and circle segments (tilt, azimuth) are 0.9” and
30”, respectively. The incoming photon flux on the the
polarizer was recorded by an ionization chamber. Be-
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•smaller lattice parameter

- Distance between Umweganregungen increases 

- higher photon energy 

• less absorption → high reflectivity

Fig. 15: Calculation of Diamond, Si- & Ge-(004) Darwin-Prince  
curve @ θB=45°

5.43 Å

silicon

3.56 Å

diamond

Fig. 14: lattice parameter for silicon & diamond 

Fig. 16: Calculation of Diamond, Si- & Ge-(004) double crystal  rocking 
curve
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• expensive → synthetic 

diamonds

• synthetic diamonds are small 

- no channel-cuts 

- quasi channel cut

• Crystal defects 

• available with only one 

surface orientation

Fig. 17: Synthetic diamonds Fig. 18: Quasi channel-cut

Fig. 19: X-ray topography in transmission  
 geometrie

Fig. 20: Stress-induced birefringence 
observed with polarization microscope 
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Lichtstadt Jena: where photonics is at home

• ionization of ions
‣ ion beam apparatus

‣ experiments with Ne+

‣ future directions

• high-definition X-ray polarimetry
‣ Si channel-cuts
‣ diamond quasi channel-cuts


