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crystal. purity could be improved to 2.2 x 10~°. For users, an advanced polarimeter
without beam offset is now available at beamline POl of the storage ring
PETRA III.

1. Introduction

Nuclear resonant scattering of synchrotron radiation (NRS) is
an established methodology ranging from the study of struc-
ture and dynamics of condensed matter (Gerdau & de Waard,
1999, 2000; Rohlsberger, 2004) to the realization of quantum
optical phenomena (Siddons et al., 1995; Toellner et al., 1995;
Rohlsberger et al., 2010, 2012; Schulze, 2018). In 1974, Ruby
discussed the idea to use synchrotron radiation as source for
Mossbauer measurements for the first time (Ruby, 1974).
The advantages of synchrotron radiation in comparison with
radioactive sources are the much higher brilliance, energy
tuneability, time structure and linear polarization of the pulsed
beam. The first experiment demonstrating nuclear resonant of
synchrotron radiation took place in 1985 at the storage ring
DORIS (DESY, Hamburg) employing the 14.4 keV resonance
of “Fe (Gerdau et al., 1985). Nuclear resonances have a very
narrow energy bandwidth of typically 107 to 10~ "' eV, in the
case of *’Fe the natural linewidth is 4.7 neV. The challenge of
this method is to discriminate the small fraction of nuclear
resonant scattered photons against the energetically broad
synchrotron beam. NRS beamlines at synchrotrons of the
third generation like P01 at PETRAIII provide 7 X
10" photons s " within an energy bandwidth of around 1 eV
after double-crystal silicon high-heat-load monochromators.
There are different techniques to discriminate the resonantly
scattered photons against the nonresonant background, which
are often used in combination. Usually, the time delay of the
scattered photons due to the nuclear lifetime is exploited by

o] A/A,’,D time filtering. Today, this is done by using avalanche photo-

: magretic S (640) ooppr e diodes (Kishimoto, 1992; Baron, 2000). In the higher energy

e 1 range from 15 to 50 keV it is done with plastic scintillators

oy 4 (Metge et al., 1990). The time filtering method alone is not
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adequate for discrimination and has to be combined with an
® improvement of the signal-to-noise ratio, in general by high-
OPEN @ ACCESS resolution monochromators (Faigel et al., 1987; Toellner, 2000;
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Figure 1
Schematic setup for nuclear resonant scattering with the polarization
filtering method. The incoming radiation from the left is polarized by
the first channel-cut crystal. Subsequently, the beam impinges on the
magnetically anisotropic sample under investigation. The green arrow
indicates the direction of the external magnetic field that induces optical
activity via X-ray magnetic linear dichroism. The analyzer crystal in the
crossed setting transmits only the photons which have undergone nuclear
resonant o- to mwr-scattering.

Shvyd’ko, 2013). Other methods which are used to suppress
the nonresonant background are: grazing-incidence anti-
reflection (GIAR) films (Grote et al., 1991; Alp et al., 1993),
multilayer structures (Trammell & Hannon, 1978; Rohlsberger
et al., 1993), high-speed shutters (Toellner et al., 2011), the
nuclear lighthouse effect (Rohlsberger et al, 2001) and
polarization filtering (Toellner et al., 1995; Alp et al., 2000;
Siddons et al., 1995). The last one is a technique that makes use
of the strong optical activity that is inherent to the nuclear
scattering process. In this technique an X-ray polarimeter is
used to filter the resonantly scattered photons that have
undergone a change in their polarization state with respect to
the white beam, if the nuclei are exposed to a magnetic field
(see Fig. 1).

Hitherto X-ray polarimeters for NRS are based on Bragg
diffraction in channel-cut crystals with Bragg angles near
the Brewster angle for X-rays of 45° (Ramaseshan & Rama-
chandran, 1954; Hart, 1978). For the nuclear resonance of STFe
at 14.413 keV, typically silicon (840) channel-cut crystals with
two asymmetric reflections and a Bragg angle of 65 = 45.1° are
used. Polarization purities of §, = 6 x 10~ (Toellner et al.,
1995) and 8, = 4 x 107® (Rohlsberger et al, 1997) were
achieved with such polarimeters. The degree of polarization
purity &, is defined as the ratio of the transmission of the
m-component to the transmission of the o-component (Alp
et al., 2000).

For the equipment of a nuclear resonance beamline with a
zero beam-offset polarimeter, we have improved these values
by using four reflection channel-cut crystals with smaller
asymmetry angles. These improvements enable the polari-
meter to be used as a user instrument. The corresponding
design and its performance are discussed in this article.

2. Design

The following design study is optimized for the high-resolution
dynamics beamline P01 at PETRA III (DESY, Hamburg,
Germany). The beamline provides an energy bandwidth of
0.4 eV at 14.41 keV employing a cryogenically cooled high-
heat-load double-crystal Si (311) monochromator. The diver-

gence of the beam (FWHM) amounts to 9 prad vertical and
17 prad horizontal. At the installation point of the polarimeter
the beam size is 0.8 mm in the vertical and 2.5 mm in the
horizontal.

The polarimeter design has to provide sufficient photon flux
for the experiments on the one hand and a good polarization
purity to suppress the nonresonant background on the other.
Considering the ratio of the energy bandwidth of the polarizer
and the natural line width of the *’Fe-isotope, the upper limit
for the degree of polarization purity of the polarimeter has to
be ideally better than 1 x 10~%. In addition for a permanent
installation of the polarimeter there should be no beam offset
after the polarizer. This enables a convenient swap-in/swap-
out mode of operation with a minimum of adjustment needed
for the instruments downstream of the polarizer.

To make use of the full X-ray beam delivered by the
undulator, the angular acceptance of the polarizer crystal
should match the divergence of the incident beam. This is not
easy because the intrinsic Darwin width of 45° Bragg reflec-
tions in the regime of hard X-rays are in the range of a few
microradian, but there are two options to achieve this. On
the one hand, one can use collimating lenses to decrease the
divergence; on the other, it is possible to enhance the angular
acceptance of the polarizer by using asymmetric reflections.
Asymmetric reflection means that the diffracting lattice planes
are not parallel to the crystal surface. The asymmetry para-
meter b, where

_sin(0g + o)
sin(fg — )’

¢y

is used to quantify the asymmetry, where 65 is the Bragg angle
and « is the asymmetry angle which defines the angle between
the crystal surface and the diffracting lattice planes. By defi-
nition, « is counted negative if the incidence angle relative to
the crystal surface is smaller than the exit angle. Under the
condition of asymmetric reflection the angular width of the
rocking curve D for a symmetric reflection changes to D_,

D_=D/vb, @)

on the input side of the crystal. The more negative the angle of
asymmetry « is, the larger the angular acceptance will be. This
is accompanied by a broadening of the geometric beam width
S, , where

S, =S_/b, (©)

at the output side and a decrease of the angular divergence of
the exit beam, so that the product of beam size and angular
divergence stays constant. S_ denotes the beam size at the
entrance side. Another advantage of asymmetric reflections is
the improvement in the degree of polarization purity.

To polarize the radiation, we use Bragg reflections close to
the Brewster angle of 45°. Silicon (840) provides an Bragg
angle of A = 45.1° for the nuclear resonance of >’Fe. The
deviation of 0.1° results in a polarization purity of 1.1 x 10~*
for a single symmetric reflection.

By increasing the number of reflections n inside the
channel-cut crystal, §, can be strongly enhanced. However,
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Table 1

Calculated polarization purities §, for different asymmetry angles «,
number of reflections n, accepted angular width of the incoming beam D
and angular acceptance of the channel-cut crystal D,. S, describes the
broadening of the geometric beam width and (/,,.</Iy), the ratio of the
diffracted intensity at the rocking curve maximum to the incident
intensity. The best X-ray polarimeters for NRS so far use an asymmetry

angle of a; = —43° (Rohlsberger et al., 1997) and n = 2 reflections.
We chose an asymmetry angle of oy = —28° and n = 4 reflections to
improve Jy.
o D_ D, S,
@) n (urad) (mrad) (mm) (Imax/I0)s o
0 1 1.9 1.9 2.5 0.95 1.1 x 107
0 2 1.9 1.8 2.5 0.9 1.6 x 1077
0 4 1.9 1.7 2.5 0.81 54 x 107"
—28 1 34 34 8.1 0.93 92 x 107
—28 2 34 32 8.1 0.87 1.1 x 1077
28 4 34 3.0 8.1 0.76 25 x 1078
—43 1 9.9 9.9 68.1 0.83 45 %x 107
—43 2 9.9 9.0 68.1 0.68 1.1 x 1078

with increasing number of reflections, the diffracted intensity
and angular acceptance decreases. So the combination of
asymmetric reflections with channel-cut crystals can increase
the polarization purity while maintaining angular acceptance.
However, the increase in asymmetry with a simultaneous
increase in the number of reflections leads geometrically to
an enlargement in crystal size. Accordingly the number of
reflections inside the channel-cut crystal and the size of
asymmetry is limited. Table 1 gives an overview of the design
parameters for different asymmetry angles and number of
channel-cut reflections.

In order to achieve a polarization purity of better than 10,
channel-cuts with four reflections each should be used. The
degree of asymmetry of —28° chosen by us represents a
compromise between photon intensity and crystal size. This
will lead to different efficiencies for polarizer and analyzer,
due to the different source divergence values in the horizontal
and vertical direction at beamline PO1. An adjustment of the
efficiencies as well as a full utilization of the divergence of the
beamline can be achieved by combining the polarimeter with
collimating X-ray lenses after the monochromator, also at this
asymmetrie angles. The throughput of the polarimeter in
combination with lenses is then 0.46 in parallel position. The
new ultra-low-emittances sources (APS-U, PETRA IV) will
improve the efficiency of the polarimeter, due to the better
horizontal divergence.

The advantage compared with the —43° system is, besides
the improvement of the degree of polarization purity, also an
improvement of the transmitted photon intensity, as well as a
smaller asymmetry angle which keeps the size of the channel-
cut compact. In addition, the smaller asymmetry leads to a
greater penetration depth of the radiation, which has less
requirements on the processing of the surfaces, and relieves
the adjustment of the channel-cut crystals.

Another important aspect of polarimeter design is indis-
pensable to achieve high polarization purity levels: this is the
azimuthal orientation of the channel-cut crystals to avoid
multiple-beam cases (Marx et al., 2013). To minimize their
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Figure 2
Kossel cone of Si (840) for 65 = 45.1°. The azimuthal angle ¢ has to be
carefully aligned to achieve a high polarization purity §,.

influence, there is the possibility to rotate the crystal
azimuthally, i.e. around an axis that is perpendicular to the
diffracting lattice plane (see Fig. 2) in order to find the
azimuthal position with the largest distance to neighbouring
Umweg reflections (Renninger, 1937). We chose an incidence
vector of V; = (0.33,0.92,0.20) on the crystal surface in the
Cartesian coordinate system. Figure 3 shows the dispersion of
Umweg reflections in the vicinity of the polarizing Bragg
reflection as a function of the azimuthal angle ¢. The optimum
position is the azimuth with the largest angular distance to
Umweg reflections, marked by the cross.

For a permanent installation of the polarimeter on a
beamline it is of great advantage for users if the beam offset &
of the polarizer is compensated for. This can be achieved by
separating the four-reflection channel-cuts of the polarizer
into two two-reflection channel-cuts in antiparallel (n, +n)
setting (see Fig. 4).
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The black cross illustrates the chosen azimuthal orientation of the
polarimeter crystals. The coloured lines show the angular distance of the
incident vector to Bragg angles of other crystal lattice planes for the first
reflection. The azimuth angle ¢ = 0° corresponds to (1 3 0).

(a) ()

Figure 4

Two four-reflection polarizers in comparison. (a) A four-reflection
channel-cut with beam offset 4. (b) A quasi-channel-cut consisting of
two-reflection channel-cuts in (n, +n) setting, with zero beam offset.
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Figure 5

DuMond diagram for two asymmetrically cut two-reflection channel-cut
crystals in comparison with one four-reflection channel-cut, as shown in
Fig. 4. The vertical axis shows the detuning of the energy from the nuclear
resonance of E = 14.4125 keV. Due to the small energy bandwidth of the
nuclear resonance, there is no intensity loss in the setting without beam
off-set.

The DuMond diagram (DuMond, 1937) in Fig. 5 compares
the (E, 8)-space of the diffracted X-ray radiation for the two
polarizer settings. The solid green and grey lines represent
plots of the Bragg equation shifted by 2 FWHM/2 of the
rocking curve for a two-reflection and four-reflection channel-
cut. Blue shaded is the diffracted phase-space for the two two-
reflection channel-cut crystals in (n, +n)-setting, grey shaded
for the one four-reflection channel-cut crystal. So there is a
nearly 50% loss if one wants to use the full energy bandwidth
of the Si(311) monochromator of 0.4 eV in combination with
lenses. For nuclear resonant scattering experiments at °Fe,
however, only an energy bandwidth of 4.7 neV is required, so
that the photon intensity within the nuclear bandwidth is the
same in both polarizer settings.

3. Experiment

We have characterized the performance of the polarimeter at
the high-resolution dynamics beamline P01 at PETRA III in
Hamburg. During the measurement, the synchrotron was
operating in the 40-bunch filling mode at a storage ring current
of 80 mA. The energy of the the Si (311) high-heat-load
monochromator beamline was adjusted to the 14.4125 keV
resonance of *’Fe. As polarizer and analyzer, four-reflection
Si (840) channel-cuts with an asymmetry of oy = —28°, o, =
28°, a3 = —28° and a4 = 28° were used. For the determination
of the polarization purity of the polarimeter, the analyzer
crystal was rotated from the parallel position to the crossed
position. In each position the rocking curve of the Bragg
reflection was measured. The photons were detected via
photodiode and APD behind the analyzer. The incident
photon flux from the polarizer was monitored by an ionization
chamber. The measuring time was 0.5 s per measuring point in
the parallel position and 1 s per measuring point in the crossed

7 . :
10000 + lnon-resonantly scattered photons ]

© E

(= ]

S 10004 ——measured -

S —— calculated

2 1003

2 3

o

e

o

10

0 50 100 150

time after excitation [ns]
Figure 6
Time spectrum of a 9.3 um-thick foil of *Fe (95% enrichment)
magnetized at 45° to the polarization direction. The red line is a fit to
the data via the program package CONUSS (Sturhahn, 2000). The use of
the polarimeter makes it possible to fit the time spectrum already 1.5 ns
after excitation.

position. The degree of polarization purity is determined by
dividing the integrated intensity of the measured rocking
curve in the crossed position to the integrated intensity of the
rocking curve in the parallel position. This results in a degree
of polarization purity of 8, = (2.2 + 2.0) x 10~°. Figure 6
shows as an example a time spectrum of a 9.3 pm *’Fe-
enriched film, measured with the designed polarimeter.
The total data collection time was 69 min. To maximize the
XMLD signal, the film was magnetized 45° to the polarization
direction.

The use of the polarimeter allows the suppression of non-
resonantly scattered photons, indicated by the blue arrow in
Fig. 6. In contrast to the method with high-resolution mono-
chromator and time discrimination, polarization filtering
makes the full spectrum already 1.5 ns after excitation acces-
sible. This will enable access to short-lived isotopes like '**Tm
and '"Os with lifetimes of 5.9 and 3.4 ns, respectively. More-
over, the early times after resonance excitation are highly
interesting to reveal the dynamics of cooperative effects
like superradiance or the collective Lamb shift in X-ray
quantum optics.

4. Conclusion

We have developed a polarimeter for the 14.4 keV nuclear
resonance energy of >'Fe that uses four asymmetric reflections
each for the polarizer and analyzer. With this polarimeter,
we improved the degree of polarization purity by more than
one order of magnitude compared with previously published
performances of polarimeters working at this energy. The
purity of this polarimeter is still limited on the one hand by
multiple-beam-cases and on the other hand by the divergence
of the beam from the undulator (Schulze, 2018). As a second
feature, the polarizer was designed to be composed of two
channel-cuts in Bartels geometry. This allows the polarimeter
to be inserted into the beam path without any beam offset.
The polarimeter setup was installed as a user instrument for
swap-in/swap-out operation at beamline PO1 at PETRA III
(DESY, Hamburg) (see Fig. 7).
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Figure 7
Permanent setup of the polarizer consisting of two channel-cut crystals in Bartels geometry at
beamline P01 of PETRA III. The incoming beam from the right is polarized by two two-reflection
channel-cuts in (n, +n)-setting.

Besides operation in the forward direction, the analyzer,
consisting of one four-reflection channel-cut crystal, can be
mounted on the 26-arm of a 6-26-goniometer. This enables,
for example, the polarization-dependent investigation of layer
systems in reflection geometry. Recently, this setup was the
key for the discovery of several quantum optical effects in the
X-ray regime (Heeg et al., 2013, 2015; Haber et al., 2016).
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