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Possible Polarization Measurements in Elastic Scattering at
the Gamma Factory Utilizing a 2D Sensitive Strip Detector
as Dedicated Compton Polarimeter

Wilko Middents,* Giinter Weber, Uwe Spillmann, Thomas Krings, Marco Vockert,
Andrey Volotka, Andrey Surzhykov, and Thomas Stohlker

For photon energies from several 10 keV up to a few MeV Compton
polarimetry is an indispensable tool to gain insight into subtle details of
fundamental atomic radiative processes. Within the SPARC collaboration
several segmented semiconductor detectors are developed that are well
suited for application as efficient Compton polarimeters. In this report, these
recent developments are reviewed and it is discussed how Compton
polarimetry can be employed at the upcoming Gamma Factory.
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1. Introduction

Photon polarimetry is an indispensable
tool to gain insight into subtle details
of the directionality of photon emis-
sion processes. This is in particular
true in astrophysics where complemen-
tary information on the characteristics of
the radiation, such as angular distribu-
tions, are not accessible.[?] But also in
the laboratory it is desirable and often
necessary to take into account the polarization characteristics
of incoming and outgoing particles to provide the most rigor-
ous tests of our theoretical understanding of the underlying pro-
cesses. A lot of radiative processes, such as X-ray scattering,>]
ion—atom collisions!®! and radiative electron capture,!! exhibit
distinct polarization features, thus a complete measurement
must also include the polarization analysis of the process. More-
over, it was recently shown that X-ray polarimetry can also be used
as a tool for monitoring the polarization of particle beams, such
as electrons!”! or ions.[®

Possible ways to analyze the polarization characteristics of
a photon beam highly depend on the energy regime. For low-
energy photons in the IR to UV range standard polarimetry
techniques using optical active media are well developed and
applied since a long time. Moving to higher photon energies, in
the soft to medium X-ray regime polarimetry techniques based
on Bragg diffraction” are commonly used. However, when
going to photon energies above several tens of keV all these
techniques cease to be efficient. In this regime Compton scat-
tering becomes the dominant polarization-sensitive interaction
process, ranging up to a few MeV photon energy. Its sensitivity
to the (linear) polarization of the incident radiation is due to
the fact, that the scattered photon is preferentially emitted in
the direction perpendicular to the incident photon’s electric
field vector, whereas emission in the parallel direction is less
probable. Compton polarimetry is based on the analysis of the re-
sulting anisotropy of the emission pattern of Compton scattered
photons.

Within the Stored Particles Atomic Physics Research Col-
laboration (SPARC),'®!!] covering atomic physics at GSI and
FAIR, several X-ray detectors were developed on the basis of
large double-sided segmented semiconductor crystals that are
well suited for the application as Compton polarimeters. In
the recent years, these detectors enabled measurements of the
polarization transfer in Rayleigh scattering!'? as well as in the
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Bremsstrahlung process!”! as well as the polarization charac-
teristics of photons emitted by radiative electron capturel®],
and of characteristic transitions within highly charged, heavy
ions.[13) Recently, a dedicated Si(Li) Compton polarimeter was
commissioned that features a significantly improved energy
resolution of about 1 keV at a photon energy of 60 keV.'""] In this
work we will report on the aforementioned developments of the
Compton polarimeters and discuss their possible application at
the upcoming Gamma Factory.

2. Compton Polarimetry

Compton scattering, being the inelastic scattering of a photon
on a free (or quasi—free) electron, can be described by the Klein—
Nishina formula which gives the angular differential cross sec-
tion of the process

do 1o (W) (W by _
dQKN( P = 270 < hv > < hv * 2sin”fcos ¢> @

Here r,, is the classical electron radius, v is the frequency of an
incident photon and v/ = V/(6) is the frequency of the outgoing
photon, scattered under the polar angle 8. The aforementioned
anisotropy is given by the dependence on ¢, being the azimuthal
angle between the electrical field vector of the incident photon
and the propagation direction of the scattered photon. This can
be used to reconstruct the degree of linear polarization and the
orientation of the polarization axis of a photon beam from the az-
imuthal emission pattern of Compton scattered photons, as first
described by Metzger and Deutsch in 1950."%! For an extensive
overview of Compton polarimetry the reader is referred to the re-
view by Lei, Dean, and Hills.!®!

During the last two decades, several segmented large-volume
semiconductor detectors were developed as dedicated Compton
polarimeters by the SPARC collaboration. One of these detectors
is shown in Figure 1a. It consists of a lithium-diffused silicon
crystal allowing an efficient use of the detector for photon ener-
gies up to 200 keV. The detector crystal (Figure 1b) has a thickness
of 9 mm and an active area of 32 mmx32 mm which is segmented
on front and back side into 32 strips of 1 mm width each with the
strips on front and backside being oriented perpendicular to each
other. This segmentation of the crystal, leading to an array of 1024
pseudo-pixels, makes it into a high-resolution position-sensitive
detector. Each of these strips has its own readout electronics with
a cooled preamplification stage leading to an energy resolution
of less than 1 keV at a photon energy of 60 keV.'"*l The detector
crystal serves as Compton scatterer and detector for the scattered
photons at the same time. This “monolithic” polarimeter design
is much more efficient compared to former polarimeter setups
where individual detectors are used as a scatterer and an absorber
and typically only a small fraction of the complete azimuthal scat-
tering distribution is covered. If an incident photon is Compton
scattered inside the detector crystal and the scattered photon is
absorbed inside the crystal as well, information about time, en-
ergy and position of both interactions can be used to reconstruct
the Compton event.'’] A typical reconstructed scattering profile
can be seen in Figure 1c. Here the center of scattering was set
to zero while the x—y profile shows the detected Compton scat-
tered photons. From this reconstruction of the scattering events
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the azimuthal scattering profile, as shown in Figure 1d can be
received in order to extract the degree of linear polarization and
the orientation of the polarization vector.['8]

2.1. Example Application of the Compton Polarimeter:
Polarization Measurements in Elastic Scattering of Hard X-Rays

Applying the Compton polarimeter in experimental studies al-
lows in-depth tests of the polarization-dependent features in fun-
damental processes. One such fundamental process in which
polarization studies will allow for more rigorous testing is the
elastic scattering of hard X-rays by atoms.}] Depending on the
scattering partner, one can differentiate into separate processes.
The scattering by bound electrons is referred to as Rayleigh
scattering,®! while nuclear Thomson scattering!®! and nuclear
resonance scattering!?!! describe elastic scattering involving the
nucleus as scattering partner. Additionally Delbriick scattering
describes the scattering of photons by vacuum fluctuations in the
presence of a heavy nucleus.[?? The total scattering amplitude
A(0) depends on the angle 0 between incident and scattered pho-
ton and is given by the coherent sum of individual amplitudes
for each process

A(0) = AR (@) + AN () + AR (9) + AP)(9) )

For the scattering by a closed-shell target atom, the absolute value
of the scattering amplitude |A(6)|? is resolvable into the compo-
nents |A(6), |* and |A(6);|* describing the parts of the scattered
radiation being polarized perpendicular and parallel to the scat-
tering plane, as spanned by the directions of incident and outgo-
ing photons. These quantities can be accessed by state-of-the-art
calculations using the S-matrix approach.*l The (squares of the)
amplitudes A, and A, can be employed to calculate all the prop-
erties of the scattering process. Most naturally this can be done
within the framework of the density matrix approach. Since the
detailed discussion of the density matrix of incident and scattered
radiation has been presented in the literature before, for exam-
ple, refs. [23, 24], here we restrict ourselves just to the main ex-
pressions. For example, the angle—differential cross section of the
scattering of incident light with the degree of linear polarization
Py, is given by

do

a0 ——(0,9) = [|A||

)1 +1AL0)1°]

+ %Pl,i[lAH(H) 2~ |AL(0)7] cos(2¢) G)
with ¢ being the azimuthal scattering angle between the polar-
ization plane of the incident beam and the scattering plane. The
geometry of the described process of an initially linearly polar-
ized photon beam being scattered on an atomic target explaining
the used angles is shown in Figure 2.

The scattered beam will then be polarized with a certain
degree of linear polarization P;; under the polarization angle y
to the scattering plane. It makes sense to introduce the Stokes
parameters P, and P, that are defined by the fractions of
the intensities of the scattered beam polarized under different
angles to the scattering plane
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Figure 1. a) An image of the Compton polarimeter. b) Schematic principle of the detector crystal. The segmented crystal structure is shown. When an
incident photon is Compton scattered on the detector, the scattered photon can as well be absorbed inside the detector. After a sufficient number of
(scattering) events have accumulated, the angular distribution of scattered photons follows the Klein—-Nishina formula. ¢) An example image of the
Compton scattering distribution detected by the Compton polarimeter on the detector screen. The data set was generated by a Monte-Carlo simulation
of the detector. The orientation of the polarization vector of the incident beam and the direction of the azimuthal scattering angle are shown as well. d)
The azimuthal scattering profile of (c) where spurious effects due to the pixel geometry of the detector screen were avoided by normalizing the data to
an isotropic distribution, meaning P = 0.

Xy & Iy — Iy
A P1f=—=PlfCOS(2)()

Scattering plane Iy + Iy 4

(] I.—1

N P2f=u=Pz,fSin(2)()
Lis + Iz
___________ >

Incident polarization plane Assuming no occurring circular polarization component, as is

valid for most highly linearly polarized radiation sources, the
Figure 2. The geometry of elastic scattering of a linearly polarized incident  Gtokes parameters can be written in terms of the components
photon beam on an atomic target. The polarization plane of the incident of the scattering amplitude as!**
beam is spanned by the wave vector k; and the polarization vector €; of
the incident beam. The scattered beam, spanning the scattering plane with
the incident beam is defined by the polar scattering angle 6 between the 5 ) ) )
incident and scattered beam and the azimuthal scattering angle ¢ between _ 1A 1" = [ALI" + Py cos (29) [lAII| + 1AL ]
the polarization plane of‘theilnudent beam and the scattering plane. The Lf |A|2 + A, |2 + Py, cos (2¢) [|A” |2 — |AJ.|2]
angle between the polarization vector of the scattered beam ¢, and the (5)

scattering plane is the polarization angle y. 2P, sin (Z(D)RC(A”Ai)

P, =
T 1AR + 1AL + Py cos (20)[|A - 1A, 1]
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For a complete characterization of the scattering process not only
the scattering cross section is of interest but also the polarization
characteristics need to be regarded. While the cross section mea-
surement only gives the sum and difference of the absolute val-
ues of the scattering amplitudes, determining the Stokes parame-
ters provides access to the real value of the (product of) scattering
amplitudes. Thus a much more sensitive test of the theoretical
models can be achieved.

For photon energies from a few keV to the MeV range Rayleigh
scattering is the dominant component of elastic scattering while
the other contributions being Delbriick scattering, nuclear
Thomson scattering and giant dipole resonance scattering first
become relevant at higher photon energies.[*! While polarization
characteristics of Rayleigh scattering are theoretically studied in
great detail,[>*?’] for a long time polarized X-ray sources were
not intense and polarimeters not efficient enough to perform
an elastic scattering study in which both the polarization of the
incident and the outgoing radiation are determined. Before the
introduction of powerful sources of hard X-rays, such as the
third-generation light-source PETRA III at DESY, incident polar-
ized photon beams were produced from intense gamma sources
whose radiation was polarized by scattering from a production
target before it could be used in a scattering experiment as
shown in Figure 1 of ref. [23]. The need to collimate the emitted
photons to form a beam both at the point of initial emission from
the gamma source as well as after the polarizer target results
in low flux of the incident beam. Combined with the relatively
low cross section of the elastic scattering process itself in com-
bination with the need for the scattered photon to subsequently
undergo Compton scattering in the polarimeter detector, the
lack of sufficiently intense polarized X-ray sources restricted the
study of Rayleigh scattering polarization features to scenarios in
which either the angular-differential scattering cross section of a
linearly polarized incident beam or the polarization of the scat-
tered radiation resulting from an unpolarized incident beam was
measured.!?]

With the advent of third-generation synchrotron radiation fa-
cilities, the generation of intense, highly-polarized hard X-rays
became possible reaching up to energies of a few 100 keV. More,
the development of efficient Compton polarimeters, as described
above, enabled highly efficient polarimetry measurements for a
broad energy regime from a few 10 keV to ~300 keV. By com-
bining the intense radiation emitted by a third-generation syn-
chrotron source with detection by a highly efficient Compton
polarimeter in scattering experiments, the underlying theoret-
ical models of Rayleigh scattering can be tested with unprece-
dented accuracy.

Utilizing the High Energy Materials Science Beamline P07!%)
of the third-generation synchrotron radiation facility PETRA III
at DESY and a dedicated highly efficient Compton polarimeter, it
was possible for the first time to apply a highly linearly polarized
incident photon source (close to 100%) for the measurements
of the linear polarization of elastically scattered hard X-rays.!'?]
The highly linearly polarized synchrotron beam with a photon
energy of hv =175 keV was scattered on a thin gold target
(see Figure 3 for an example spectrum of such a scattering
experiment).

Using the dedicated Compton polarimeter the polarization of
the elastically scattered radiation was then analyzed for scatter-
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Figure 3. A typical scattering spectrum of hard X-rays with a photon en-
ergy of hv = 175 keV being scattered on gold foil measured with the ded-
icated Compton polarimeter under a scattering angle @ = 63°. The spec-
trum shows the characteristic fluorescence lines K, and K of the gold
target, the angle-dependent Compton peak of X-rays being Compton scat-
tered within the gold target and the Rayleigh scattering peak which has the
same energy as the incident beam. Only focusing on detected photons in
an energy window around the Rayleigh peak, as shown by the red dashed
vertical lines, the polarization features of the elastic scattering peak can be
analyzed.

ing within the polarization plane of the incident synchrotron
beam. For this purpose, only the detected photons in a nar-
row energy window around the elastic scattering peak were ana-
lyzed. The study showed a strong depolarization of the scattered
beam, which is most pronounced for scattering angles of = 90°,
well in accordance with theoretical predictions when including a
small depolarization of the incident synchrotron beam. The ex-
act position of the strongest depolarization of the scattered beam
strongly depends on the photon energy of the incident beam and
is shifted toward lower polar scattering angles for higher photon
energies due to relativistic effects. The depolarization of the scat-
tered beam under a certain polar scattering angle 6 depends on
the degree of linear polarization of the incident beam and the
atomic target. By comparing the measured depolarization of the
scattered beam under certain scattering angles with the theoret-
ical predictions for an incident synchrotron beam with a photon
energy of 175 keV being scattered on gold atoms, the degree of
linear polarization of the used beamline P07 of PETRA III could
be determined to be P;; = 98%.

For a full test of the polarization-dependent features of
Rayleigh scattering one has to investigate the scattered radiation
not only within the polarization plane of the incident beam but
also for nonzero azimuthal scattering angles, ¢ # 0°,12%] since
this setup enables to analyze the variation of both Stokes pa-
rameters P, ; and P, ;. An experiment on Rayleigh scattering for
nonzero azimuthal scattering angles was recently performed at
beamline P07 of PETRA III and the data analysis is to the mo-
ment of this publication still ongoing.

At higher photon energies of hv 21 MeV also the other
constituents of elastic scattering, in particular Delbriick scat-
tering should be testable using this approach. So far however,
due to the used detector crystal the detection efficiency of
the Compton polarimeter is not sufficient above energies of
300 keV. Further upcoming improvements of the detector setup,
as explained in the following chapter, will in future allow for
efficient polarimetry for even higher photon energies up to the
MeV range.

© 2021 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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Figure 4. CAD-drawing of the planned detector setup. In front the lithium-
diffused silicon detector is installed followed by a high-purity germanium
crystal as stopping detector. Both detector crystals show a strip structure
making them position-sensitive.

3. Possible Application of Compton Polarimetry at
the Gamma Factory

3.1. Telescope Compton Polarimeter Setup with an Additional
Segmented Ge-Crystal

With the described Compton polarimeter setup using a seg-
mented silicon crystal highly efficient polarimetry measure-
ments are possible up to around 300 keV. However for higher
photon energies the detection efficiency strongly decreases due
to the decreasing photoabsorption cross section of the crystal ma-
terial leading to a reduced stopping power as well as due to the
fact that for higher photon energies Compton scattering under
forward angles becomes more and more likely. To overcome this
drawback and realize a polarimeter setup for even higher photon
energies in the MeV range a new detector setup was developed
as can be seen in Figure 4. In this detector setup the already de-
scribed lithium-diffused silicon detector is followed by a high-
purity germanium crystal in a telescope structure. The higher
nuclear charge Z of germanium leads to a higher photoabsorp-
tion cross section even for higher photon energies overcoming
the drawbacks in the reduced stopping power. Similar to the sili-
con detector, the germanium-crystal is as well separated in a strip
structure with each strip being read out separately by a cooled
preamplifier. For Compton events with both the scattering of an
incident photon and the absorption of the scattered photon be-
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ing detected in the crystal, the same reconstruction process as
described for the silicon-detector is possible.

Additionally photons being Compton scattered in the silicon
detector under forward angles can be absorbed in the germanium
detector. Combining the information in time, energy and posi-
tion of both detectors simultaneously allows to also reconstruct
such scattering events. Both the improved detection efficiency of
the germanium crystal by a higher photoabsorption cross section
and the combination of two crystals in a telescope structure to
account for Compton scattering under forward angles will make
the improved detector setup suitable for measurements at even
higher photon energies which will allow polarization analysis in
the MeV range.

3.2. Possible Polarization Analysis of Delbriick Scattering

First mentioned in a commentary on a publication by Lise
Meitner,!??l Delbriick scattering is known today as one of the
most fundamental nonlinear quantum electrodynamics (QED)
processes.”! In this process, high-energy photons are elasti-
cally scattered off the electromagnetic field of a nucleus as a
consequence of the formation of virtual electron—positron pairs.
In the past multiple efforts were made to observe Delbriick
scattering experimentally by measurement of the cross section
of elastic scattering of unpolarized high-energy photons on
atoms.?% In these studies, a good agreement between exper-
imental results and theoretical calculations of the scattering
cross section was achieved only upon theoretical account of the
Delbriick component. However, for Delbriick scattering itself a
conclusive experimental prove of theory is still missing. A much
more sensitive test could be performed using a linear polarized
photon beam as stated in Ref. [31] since for a scattering angle
of 90° nuclear Thomson scattering and giant dipole resonance
vanish. In their recent paper Koga and Hayakawa presented a
more in depth analysis of a possible experimental scenario using
a polarized y-ray beam and measuring the differential scattering
cross section for scattering within the polarization plane of the
incident beam.3?! They show that the scattering cross section
regarding the part of the scattered radiation being polarized
in the scattering plane will be highly dominated by Delbriick
scattering for certain polar scattering angles 6 while the other
scattering constituents are strongly suppressed. This makes an
isolated measurement of the Delbriick scattering cross section
feasible.

We would like to suggest an alternative approach to the pre-
cise measurement of Delbriick scattering, much similar to the
studies on the polarization transfer in Rayleigh scattering, us-
ing a linearly polarized y-ray beam. Additionally to the measure-
ment of the scattering cross section our approach suggests the
measurement of the degree of linear polarization P;; and polar-
ization angle y of the scattered photon beam by the improved
Compton polarimeter in order to determine the Stokes parame-
ters P r and P, ;. A possible experimental scenario would be the
following: A highly linearly polarized very intense photon beam
of photons in the MeV range (e.g., 1.1MeV) as can be provided
by the Gamma Factory is scattered on a thin target foil (e.g., tin,
72=50, gold, Z=79 or lead, Z=82) and the scattered radiation is
then detected by the Compton polarimeter.

© 2021 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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The theoretical calculations regarding the best scattering an-
gles and expected polarization characteristics of the scattered
beam in such a scattering experiment regarding Delbriick scat-
tering still have to be performed. For this also possible interfer-
ences occurring from the different scattering constituents have
to be taken into account. However, as can already be seen for the
Rayleigh scattering experiment, the simultaneous measurement
of the scattering cross section and the linear polarization of the
scattered beam using our Compton polarimeter, a much more
stringent test of Delbriick scattering can be achieved than given
solely by cross section measurements.

4, Conclusion

The 2D-sensitive Si(Li) strip detector has proven to be a valuable
tool for Compton polarimetry exploiting the polarization sensi-
tivity of Compton scattering already for photon energies up to
200 keV. By testing the polarization-dependent features of funda-
mental processes like Rayleigh scattering of hard X-rays, much
more stringent tests of the underlying models are possible than
achievable by only relying on cross section measurements. An
additional installation of a segmented germanium crystal in a
telescope geometry behind the already installed segmented sil-
icon crystal will allow for the polarization analysis at even higher
photon energies up to the MeV-range. In particular, these novel
detector developments open a route for the polarization studies of
Delbriick scattering, as can be performed at the Gamma Factory.
This will allow stringent tests of the theories that describe non-
linear QED processes in the presence of extremely strong elec-
tromagnetic fields.
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