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Abstract

We perform a study on the Compton scattering of a photon beam off atomic targets. The main
focus of this study is the influence of the momentum distribution of the target electrons on the
polarization transfer in Compton scattering from the incident to the scattered photons. For this
purpose we developed a Monte Carlo simulation of the Compton scattering process based on the
relativistic impulse approximation. This simulation provides information on the double
differential scattering cross section as well as the linear polarization of the scattered radiation over
the entire energy range of the Compton peak for arbitrary incident linear polarization
characteristics. Furthermore, we compare the predictions yielded by the simulation to data
obtained in an experiment where a highly linearly polarized hard x-ray beam with a photon energy
of 175 keV was scattered off a thin gold foil target. Both the simulation as well as the experimental
results suggest a deviation of the linear polarization of the scattered radiation at the center of the
Compton peak compared to scattering off a free electron at rest and a change of the polarization
over the Compton peak due to the influence of the initial electron momentum.

1. Introduction

The inelastic scattering of a photon off an electron is referred to as Compton scattering, named after A. H.
Compton, who first demonstrated this effect in 1923 [1, 2]. The incident photon of energy E scatters off the
electron by transferring part of its energy to the electron. The scattered photon thus propagates with a
reduced energy E' under the polar scattering angle 6. In the most basic picture of Compton scattering, the
initial electron is assumed to be free and at rest. In this free electron approximation (FEA), the energy E’ of
the scattered photon is well defined by the incident photon energy and the polar scattering angle. The
interaction cross section can be described by the Klein—Nishina-formula [3]. Including the polarization of
the incident and scattered photons as well as the polarization of the electron, a more complete picture of the
scattering process is provided by the transfer matrix formalism [4, 5].

For a realistic description of inelastic photon scattering off bound electrons, the electron cannot
considered to be initially at rest, but its momentum density distribution needs to be taken into account. The
impulse approximation (IA) [6-9] treats Compton scattering as the inelastic scattering of photons off an
ensemble of free electrons with a momentum distribution according to the electron momentum density. The
electron momentum distribution results in a Doppler broadening of the otherwise sharp energy of the
scattered photon for a given observation angle, i.e. the so-called Compton profile. This model provides
especially accurate results for scattering off weakly bound electrons, i.e. electrons in the higher atomic
orbitals [10] resulting in energies of the scattered photon close to the center of the Compton profile [9].
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However, a recent study highlights that, considering the emission of electrons in the Compton scattering
process, even when the energy transfer in the scattering is much larger than the ionization energy of the
electron in its initial state, the IA fails to reproduce all details of the Compton scattering process [11]. A more
precise description of bound Compton scattering beyond the IA is provided by a scattering matrix

approach [12, 13]. An overview of the various approaches to describe bound Compton scattering is found

in [14], however in the present work we will focus on the IA approach.

While the double differential cross section (DDCS) of Compton scattering (differential in energy of the
scattered photons w’ and in the solid angle ) is already well understood and described, so far a thorough
investigation of the polarization transfer in the Compton scattering off bound electrons is missing. The
present work addresses this gap by a consideration of the linear polarization of the incident and scattered
radiation. A special focus is laid on the linear polarization of the scattered photon beam over the entire
Compton profile and on the influence of the electron momentum distribution of the target atom on the
polarization transfer from incident to scattered photon beam. For this purpose, a Monte Carlo simulation
was developed which describes Compton scattering off an atomic target and provides information on the
DDCS as well as the linear polarization of the scattered radiation over the entire Compton peak [15]. After
an introduction into the basic physical concepts needed for this work in section 2, the simulation is described
and discussed in section 3. In section 4 we present an experiment in which we investigate the scattering of a
hard x-ray photon beam off a gold target and compare the results with our simulation in section 5.

2. Compton scattering of polarized photons

The basic concept of Compton scattering, taking into account the (linear) photon polarization is illustrated
in figure 1. The incident photon of energy fiw propagates along the z axis and scatters off an electron under
the polar scattering angle 6 with an azimuthal scattering angle ¢ between the x—z plane and the scattering
plane (defined by the incident and outgoing photon directions). The scattered photon has a reduced energy
Fiw’ while the energy difference AE = fiw — Fiw’ is provided to the (recoil) electron. The energy of the
scattered photon depends on the incident energy and the scattering angle 0

B hw
S+ (1= cosh)

mec?

huw’

(1)

with m, being the electron rest mass and c the speed of light. For unpolarized incident photons, the angular
distribution of the scattered photons is provided by the Klein—Nishina formula [3] with . being the classical

electron radius
do 2o (hw'\® [(hw  hw R
— =2 (=) [ = —sin“0 | . 2
(dQ)KN 2 (hw) (hw T ) @

Including the polarization of the incident and scattered photons into the description provides a more
complete picture of the scattering process. The polarization of a photon beam can be defined by the Stokes
vector

P=(1,P,,P,,P;). (3)

While the Stokes parameter P5 describes the circular polarization of the photon beam and is not of
interest in this study, the Stokes parameters P; and P, define the linear polarization of the photon beam. The
Stokes parameters are closely related to the degree of linear polarization Py and the polarization angle x
which is the orientation of the major polarization component with respect to a reference plane

P; =Py - cos2y (4)
P, =Py -sin2y. (5)

For the incident photon beam, the Stokes vector P; is conveniently defined with respect to the x—z plane,
while the Stokes vector of the scattered photon beam is defined with respect to the scattering plane spanned
by the incident and scattered photon beam. For a scattering scenario, in which an incident photon beam with
a certain linear polarization undergoes Compton scattering in the direction indicated by the polar and
azimuthal scattering angles 6 and ¢, the scattering cross section and Stokes vector of the scattered photon
beam can be calculated via the transfer matrix formalism [4]

do N .
o Be=T(0) () P ©
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Figure 1. Concept of Compton scattering.

The rotation matrix M (¢) transforms the Stokes vector of the incident photon beam into the scattering
plane

0 0
cos(2¢)  sin(2¢)
—sin(2¢) cos(2¢)
0 0

M(¢) = (7)

S O O =
—_— O O O

The scattering process itself is described in the transfer matrix T. The individual components of the
matrix include the scattering cross section and the polarization transfer from the incident to the scattered
photon beam. For Compton scattering, the transfer matrix is given by [5]

, % + % —sin?0  —sin0 0 Tos

() = é (hw’) ' —sin?6 1+ cos?6 0 Tis ®)
2 hw 0 0 2cosf Ty
T30 T5 T, T3

The last row and column of the transfer matrix are related to the circular polarization of the incident and
scattered photon beam. As the circular polarization is not investigated in this work, the exact expressions for
these entries are not given in detail for better readability and can be neglected here. Except for T3 these
entries depend on the spin-polarization of the target electron, which is (on average) 0 for atomic targets
without external fields.

For the scattering off bound electrons, the electron binding properties and momentum distribution
influence the scattering dynamics. In the IA, these influences can be treated as an integration over the
electron momentum distribution to extract the DDCS of Compton scattering [14]. This concept is the basis
of the simulation presented in the following chapter, where the DDCS and the Stokes parameters of the
Compton scattered beam are calculated as a sum of the individual scattering events.

3. Simulation

The Compton scattering of an incident photon beam with a photon energy E;, off an atomic target is
simulated [15]. For the simulation, it is assumed that the scattered photons are detected by an extended
detector which is positioned at the polar and azimuthal observation angles 6 and ¢ at a distance d from the
scattering center. The simulation is performed according to the IA, meaning that for each individual
simulation step the electron momentum is sampled from the electron momentum distribution (defined by

3
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the bound electron wave function in the momentum space) and a photon beam scattering off electrons with
this momentum is calculated. Thus, under the observation angle, defined by the detector position relative to
the scattering center and the incident photon beam axis, the outgoing photon beams from different
scattering geometries, defined by the specific electron momentum, are superimposed. This results in
‘effective’ DDCS and Stokes parameters for the scattered radiation which are obtained by a sum over the
results for the cross section and Stokes parameters of the individual events. Three polarization states of the
incident photon beam are considered for the simulation, being a fully linearly polarized beam with P, ; = 1,a
fully linearly polarized beam with P, ; = 1 and an unpolarized incident photon beam (P ; = P, ; = 0). This
allows for a calculation of the scattering process for arbitrary linear polarization states by superposition of
the ‘pure’ polarization states according to (6)

d?o d?o
- . P =(1— P . p ). - . P L
(dew) p=(1=Pii=Py) (dew)Pi_o f,pi=0
1,i dQdw p £,P =1

d’o
P =2 Pip, 1. 9
+ Py, (deW>pz . £,P, =1 9)

In the simulation, # scattering events are simulated. For each of these events, the following process is
repeated for the three polarization states of the incident photon beam.

The incident photon beam obtains an energy E which is chosen within a certain energy range dE around
the center energy Ei,. The polar and azimuthal scattering angles 6 and ¢ in the laboratory frame are varied
according to the opening angle defined by the detector geometry. For the electron off which the photon beam
scatters, an electron orbital is chosen at random, considering the corresponding numbers of electrons in each
orbital. From this, the electron is attributed with a momentum according to the electron momentum density
distribution in the corresponding orbital [16, 17]. The electron momentum is distributed randomly into its
x-, y- and z-components.

The Compton scattering is calculated in the electron rest frame. As the Stokes vector for a photon beam
propagating in the x—z plane is invariant under a Lorentz transformation along the x axis [18], first the system
is rotated such, that the electron momentum in the rotated system is solely oriented along the x axis and the
incident photon propagates in the x—z plane. Then, the system is Lorentz transformed into the electron rest
frame. This transformation results in a red- or blueshift of the photon energy and a transformation of the
scattering angles depending on the (orientation and absolute value of the) sampled electron momentum.

In the electron rest frame, the scattering process can be treated as Compton scattering off free electrons.
The energy relation between the incident and the scattered photon beam is calculated according to (1). The
differential scattering cross section and the Stokes vector of the scattered photon beam are determined via the
transfer matrix formalism (equations (6)—(8)). Note, that as by the transformation to the electron rest frame
the scattering angles and the incident photon energy are varied depending on the sampled electron
momentum, this means, that the polarization of the scattered photon is influenced by the sampled electron
momentum.

After calculation of the scattering event, the system is transformed back to the laboratory system. For
this, again a rotation is performed such, that the scattering plane is the x—z plane and the back
transformation is along the x axis. Afterwards a Lorentz transformation to the (rotated) laboratory system is
performed. While the Stokes vector does not change under the Lorentz transformation, the scattering cross
section is boosted according to [19]

o1 o)
dw _72.(1_5@59)2 da”’

where the primed coordinates correspond to the electron rest frame and the unprimed ones correspond to
the laboratory frame. Here, § is the ratio of the electron velocity to the speed of light and + is the relativistic
Lorentz factor. Additionally, the energy of the Compton scattered photon is red- or blue-shifted in the
transformation from the electron rest frame to the laboratory frame. Since for inelastic scattering off a bound
electron, the transferred energy needs to surpass the corresponding binding energy, the energy difference
between incident and scattered photon in the laboratory frame is checked. Events which do not fulfill this
condition are discarded.

After the transformation back into the laboratory frame, a final rotation of the system is performed in
order to orient the scattered photon beam along the z axis and the incident photon beam within the x—z

4
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Figure 2. Spread of the resulting energy of the Compton scattered photons depending on the electron momentum. 10° photons
with an incident photon energy of 200 keV and a linewidth of dE = .25keV were simulated scattering off a Xenon atom and
observed under (a) = 60° and (b) § = 90°. For an explanation of the pronounced edges visible in both data sets at 165.4 keV
and 194.6 keV see text.

plane. Finally, the results for the cross section and for the Stokes parameters P; yand P, s of the scattered
photon beam are stored on an energy-resolved array, separately for the individual electron orbitals.

The energy resolved DDCS for each orbital is calculated as a sum of the individual events, normalized to
the total amount of events in the orbital and the energy-width of the arrays. Additionally, the result needs to
be multiplied by the amount of contributing electrons in the respected orbital. Similarly, the behavior of the
Stokes parameters can be calculated as a sum of the product of the individual Stokes parameters and the
corresponding cross section, normalized to the summed values of the cross sections. The complete energy
resolved DDCS and Stokes parameters for scattering off the entire atom is given by the sum of the individual
contributions from each orbital.

Figure 2 shows the dependence of the energy of the Compton scattered photons on the momentum of the
bound electron. The simulation was performed with # = 10° photons with an incident photon energy
Ein = 200keV in an energy range of dE = 0.25keV scattering off a Xenon atom (Z = 54). The scattered
radiation was observed under (a) # = 60° and (b) 6 = 90° with a point-like opening angle. As expected,
most simulated electrons carry only small momenta due to the momentum density distribution. For these
scattering scenarios, the scattered photon energy will only vary slightly from scattering off a free electron
with no momentum as only small Doppler corrections are possible. With increasing electron momenta, also
scattering scenarios with increasing variations of the scattered photon energy become possible. As only
scattering events where the difference between incident and scattered photon energy exceeds the binding
energy of the electron can contribute to bound Compton scattering, abrupt steps in the amount of events
contributing to a certain scattered photon energy occur, where the energy condition is not fulfilled for certain
electron orbitals. For instance, the pronounced edge visible in both data sets at 165.4 keV are due to the K
edge ionization potential introducing a cutoff for K shell electrons to contribute to Compton scattering.

As the scattered photon energy depends both on the absolute value and orientation of the electron
momentum, different absolute electron momenta can lead to the same scattered photon energy. Thus, the
DDCS and polarization characteristics of the scattered photon beam at certain energies across the Compton
peak are the superposition of the individual scattering cross sections and polarization states for these different
scattering scenarios. The resulting DDCS and linear polarization of the scattered photon beam across the
Compton peak for the simulated parameters used in figure 2 are presented in figures 3 and 4. As expected, the
cross section strongly decreases towards the tails of the Compton peak since the probability of the electron
carrying a sufficient momentum also decreases towards these regions. This also results in the increased noise
especially in the polarization values, as only few events were calculated with the simulation settings in this
regime. Additionally, at energies, where the binding energy exceeds the difference between incident and
scattered photon energy (Er~ 165keV for the K-shell and E;~ 195keV for the L-shell) a sharp decrease of
the cross section is visible. The simulation results for the DDCS are compared to an analytical calculation
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Figure 3. Simulated results (black) for the Compton scattering of a 200 keV photon beam off Xenon atoms under = 60°, ¢ =0
with n = 10° photons. The top row shows the DDCS compared to results from an analytical calculation based on the relativistic
IA (red). The lower three rows present the Stokes parameters P , P, rand the degree of linear polarization Py ; compared to the
FEA (blue dot and dashed line). The individual columns show the results for P, ; = P, ; = 0, P, ; = 1 and P, ; = 1. The inserted
plots show a zoom of the center of the Compton peak £1keV.

using the relativistic IA as proposed by Ribberfors [8]. For our implementation of this treatment we followed
equations (30) to (41) in [20]. Both, the simulated behavior and the analytical model show similar results,
especially at the center of the Compton peak, confirming the validity of the simulation. However, towards the
tails of the Compton peak, the results of the simulation and the standard relativistic IA calculation deviate.
This deviation is best seen in the case of a fully linearly polarized photon beam scattering at § = 90°, ¢ =0.
The reason for this behavior is twofold: first, within the relativistic IA calculation only the electron
momentum projection p, on the scattering vector between incident and scattered photon beam is used [21],
while the simulation treats the entire three dimensional electron momentum. Second, in the treatment by
Ribberfors, the (linear) polarization of the incident photon beam is not considered. To account for polarized
radiation, we used the polarization-dependent variant of the DDCS in our implementation of the relativistic
IA. The deviation between simulation and analytical calculation are most pronounced for a polarized beam
and an observation angle of # = 90° as here the expected scattering cross section gets minimal for an
incident photon energy of Ej, = 200keV. This effect is easy to understand in the limit of Thomson scattering,
where the scattering cross section under 6 = 90°, ¢ =0 is zero for 100% linear polarization of the incident
photon beam while any deviation from this scattering angle due to a non-vanishing initial electron
momentum results in a non-zero cross section. Thus, in this situation all radiation that is detected under an
observation angle of 90° is expected to originate from scattering geometries where theta is unequal 90°. In a
similar way, the effect of non-vanishing electron momentum on the observed scattered radiation is most
pronounced when the DDCS for the case of zero electron momentum is minimal.

Also the polarization of the scattered photons shows a distinct pattern across the Compton peak,
dependent on the polarization state of the incident photon beam. If the incident photon beam is unpolarized
or for co-planar scattering geometries, where the scattering plane coincides with the polarization plane of the
incident photon beam, the scattered photon beam will also be only polarized parallel or perpendicular to the
scattering plane. Thus, for this geometry P, ; = 0 across the entire Compton peak, as is also expected for
Compton scattering off a free electron in this geometry. Otherwise, the polarization of the scattered photon
beam will vary across the Compton peak. Curiously, even at the center of the Compton peak, the
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Figure 4. Same as figure 3 for § = 90°, ¢ = 0°.

polarization of the scattered photons slightly varies compared to scattering off a free electron. This behavior
stems from the influence of the higher momenta electrons, which is at the center small but still visible and
leads to a slight change in polarization of the scattered photon beam. Additionally, not only a depolarization
of the scattered photon beam is possible, but the Stokes parameters can also be increased, depending on the
exact scattering scenario (0, @, Pin, Ein). As for the DDCS, also the Stokes parameters show distinct steps at
the energies related to certain electron shells. This hints to distinct polarization features for Compton
scattering off the individual electron orbitals.

Figure 5 shows the DDCS and the Stokes parameter P ¢ resolved for the individual electron shells for
scattering both an unpolarized and a fully polarized photon beam of energy Ej, = 200keV observed under
0 =90°, » = 0°. Again, it is clearly visible, that the electron shells only contribute, if the energy difference
between incident and scattered photon is sufficient. The center of the Compton peak is dominated by
scattering off the loosely bound electrons in the higher shells. Vice versa, the influence of the electrons from
more strongly bound shells becomes dominant for an increasing distance from the maximum of the
Compton peak. This correlates to the higher probability of the lower shell electrons to carry a higher
momentum. Regarding the polarization of the scattered photon beam in the peak center, contributions from
the higher shells show behavior close to the scattering off a free electron. However, the contribution from
inner electron shells, stemming on average from higher electron momenta, leads to stronger deviations from
the FEA. While these parts only contribute slightly due to their relatively small cross section in the center
region, the strong deviation can explain the overall observed deviation at the Compton peak center.

4. Experiment

In an experiment at the High Energy Materials Science Beamline P07 [22] of the third generation
synchrotron facility PETRA III @ DESY in Hamburg, a photon beam with a photon energy of E;,, = 175keV
was scattered off a gold foil target. The experiment is described in detail in [23]. From an analysis of the
angular distribution of Rayleigh scattering in this experiment, the Stokes parameters of linear polarization of
the synchrotron beam were determined to be P; ; = 0.988 +0.004 and P, ; = 0.023 £ 0.047.

In this work, we focus on the radiation being Compton-scattered off the gold target and detected by a
double-sided segmented silicon crystal detector [24]. The used detector was positioned under different polar
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Figure 5. Compton scattering of a photon beam with an energy of Ei, = 200keV off the individual electron shells of a Xe atom
observed under 6 = 90°, ¢ = 0. The upper row shows the DDCS and the lower row the Stokes parameter P; .

Table 1. Different positions of the Compton polarimeter used in the experiment at PETRA III [23].

0 63.4° 65.2° 88.2° 71.7° 89.1°
0] 0 158° 161° 133° 136°

and azimuthal scattering angles, see table 1. In particular, the linear polarization of the Compton scattered
radiation is analyzed. For this purpose, the used detector can serve as an energy-resolving Compton
polarimeter in an energy range of 50 keV—200 keV. The determination of the linear polarization of the
analyzed radiation here is based on events, where the detected photons are not directly photoabsorbed but are
Compton scattered within the detector and subsequently the scattered photons are also detected at another
position on the detector. The resulting azimuthal scattering pattern of these events will follow the azimuthal
scattering cross section of Compton scattering and thus allows for a precise determination of the linear
polarization of the investigated radiation [25]. For an in-depth description of the Compton polarimetry
technique in general [26] and of the Compton polarimetry based on double-sided segmented semiconductor
crystal detector in particular [25, 27, 28]. Note, that we analyze the photon beam being Compton scattered
off the gold target and for the determination of the linear polarization of the scattered photon beam, we
analyze events, were additionally full Compton scattering events within the detector crystal are registered.

The energy-resolved spectra are obtained from direct photo-absorption events in the detector (indicated
by a single energy deposition within the detector crystal). Figure 6 shows a calibrated example energy
spectrum obtained with the Compton polarimeter positioned at observation angles of § = 89.1°, ¢ = 136°
in an energy range between 60 keV—180 keV. The spectrum results from averaging the energy information
from the front side contacts and the backside contacts of the detector crystal. The energy resolution of the
detector can be estimated from the Rayleigh peak, assuming a Gaussian peak profile including correction
terms, similar to the procedure performed in [23]. Here, for simplicity only a step function in the detector
response is assumed as correction term. From an adjustment of a Gaussian peak shape plus the step function,
a detector resolution of ~ 1.7keV FWHM is determined.

The linear polarization of the detected photons can be determined from the double-hit events on the
detector (i.e. two separated energy depositions at different positions in the detector per event). These can be
events corresponding to Compton scattering within the detector crystal where one deposition corresponds to
the energy loss in scattering, i.e. the recoil electron while the second deposition corresponds to the photo
absorption of the scattered photon. Combining information on the energy and position of these events, the
azimuthal Compton scattering distribution in the detector is reconstructed. Following (1), the double-hit
events can be filtered for true Compton events and the individual energy depositions can be attributed to be
the scattering position or the photo absorption of the scattered photon. As Compton scattering is anisotropic
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and preferentially perpendicular to the polarization direction of the incident radiation (see

equations (6)—(8)), from the (azimuthal) scattering distribution, the linear polarization, i.e. the Stokes
parameters Py and P,, of the analyzed radiation can be determined. Note, that we analyze the radiation that
was previously Compton scattered off the gold foil target and now undergoes subsequent Compton
scattering on the detector for the polarimetry.

Similar to the approach used in [29], our reconstruction algorithm for the polarization of the analyzed
radiation is based on a fitting of a linear combination of Monte Carlo simulated scattering distributions with
fixed polarization state of the incident radiation to the experimental data. Based on the orientation of the
polarization of the scattered photon beam, the polarization states for the model distributions are chosen
from a set of fully polarized light being oriented under either y = 0° (Ipo) or x = 90° (Iggo ) and either
X =45° (I4s0) or x = 135° (I1350 ) and completely depolarized light (Iy). The simulated model distributions
are obtained from a simulation based on an EGS5 Monte Carlo code for photon and electron transport in
matter [30, 31]. These model distributions are superimposed with the Stokes parameters of the radiation P; ;
and P, ; as free parameters. The fitting procedure is performed with the iminuit package [32]. For an
estimation of the uncertainties in the fitting parameters, i.e. the Stokes parameters, the Minuit.hesse()
function is used, providing asymptotic errors according to the Hesse matrix approach. To avoid systematic
errors due to binning effect, the fitting is repeated for different bin-sizes of the scattering distributions.
Additionally, for estimating the statistical uncertainty of the simulated distributions, for each of these steps a
bootstrapping approach is used to resample these.

This method is performed for different energies across the Compton peak. For this, only double-hit
events with a summed energy in a certain energy window are used to reconstruct the Compton scattering
distribution within the detector. In our analysis, we set the energy window to be £1.5keV as a trade-off
between good statistics and still low broadening effects due to the change in polarization with energy.

5. Results and discussion

First, the energy—resolved spectrum in figure 6 is investigated. The center energy of the broad Compton peak
from inelastic scattering off the foil target depends on the polar scattering angle 6. For the shown spectrum,
the center of the Compton peak is at 131keV. For an analysis of the Compton peak, each of the scattering
scenarios from table 1 is simulated with the simulation described in section 3 with n = 10® photons. The
results for the DDCS are folded with a Gaussian to match the resolution of the detector and corrected by the
efficiency of the detector. The efficiency curves are obtained by the same code based on EGS5 as described in
the previous section. For a fit of the DDCS to the experimental spectra additionally a constant offset and,
similarly to the fit of the Rayleigh peak, a step function in the detector response is assumed (both also
efficiency corrected). The fitted intensity profile shows an excellent agreement with the measured spectrum
over a broad energy range for each measurement position. Especially, the high energy tail of the Compton
peak is well described by the simulated DDCS, even up to the elastic scattering peak. On the low energy side
of the peak, the DDCS fit matches the peak structure of the Compton peak well over a broad energy range
(here over 10keV from the peak center). The deviation between the measured spectrum and the fit far from
the peak center can probably be explained by the background of unknown shape and origin in the spectrum
and the simplifications in modeling the detector response.

The total intensity of the Compton scattering peak can be extracted for each measurement by integrating
the fitted intensity profile over the scattered photon energy. From this, an estimation of the angle-DDCS of
Compton scattering can be performed based on the ratio of the intensities of the Compton peak and the
elastic (Rayleigh) scattering peak. For obtaining this relative cross section, the necessary angle-differential
cross sections of Rayleigh scattering are provided in [23], where a similar method was used. Especially for the
broad Compton peak, the detector response can not be estimated well across the entire energy range, thus for
the determination of the intensities of the Compton and Rayleigh peaks, the detector response is ignored and
only the terms for the peak profiles are considered. This is justifiable, since the response terms provide only
minor corrections to the total intensities. Additionally, the expected angle-DDCSs for Compton scattering
can be determined by an integration of the DDCS provided by the simulation over the scattered photon
energy. For this, an incident linear polarization of P, ; = 0.99 is assumed. The angle-DDCSs are presented in
table 2. From this comparison already a good agreement between experiment and simulation can be seen.
Additionally, the expected cross section for the FEA based on (6) (multiplied by the number of electrons
Z =179) is presented. As expected, the FEA results slightly vary from the simulation and show on average a
stronger disagreement with the experimental values.

The Stokes parameters P; and P, for the Compton scattered radiation in the center of the Compton peak
are presented in table 3. Next to the experimental results, the expected values are shown both for a
calculation in the FEA and results extracted from the simulation. The uncertainties in the values obtained
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Figure 6. Energy spectrum obtained from scattering 175keV photons off a gold target at = 89.1°, ¢ = 136°. The individual
components are labeled.

Table 2. Angle-differential cross sections of Compton scattering off gold atoms. The cross sections are presented in mb sr—1.

(6,9) Experiment Simulation FEA
(63.4°,0) 901 +42 945 976
(65.2°,158°) 1168 £ 61 1299 1361
(88.2°,161°) 577 +53 555 538
(71.7°,133°) 2245+ 69 2351 2491
(89.1°,136°) 1620 + 83 1790 1846

Table 3. Stokes parameters P, and P, for the Compton scattered photon beam in the center of the Compton peak. The experimental
values (exp) are compared to both estimated Stokes parameters resulting from a calculation in the FEA and values resulting from the
simulation (sim). The uncertainty in the simulation stems from the uncertainty in the incident photon polarization, for the FEA values
also uncertainties in the scattering angles 6 and ¢ are included.

(6,9) Py pEa P rEa P sim P sim Py exp Py exp

(63.4°,0) +0.877(17)  +0.047(96)  +0.877(25)  +0.044(93)  +0.894(28)  +0.088(41)
(65.2°,158°)  +0.002(58)  +0.931(07)  +0.000(60)  +0.920(10)  +0.049(33)  +0.847(32)
(88.2°,161°)  —0.727(23)  +0.158(07)  —0.701(28)  +0.143(05)  —0.671(42)  +0.135(50)
(71.7°,133°)  —0.818(13)  +0.505(18)  —0.813(14)  +0.500(19)  —0.772(23)  +0.553(23)
(89.1°,136°)  —0.921(03)  +0.052(03)  —0.913(04)  +0.046(02)  —0.909(26)  -0.033(35)

from the simulation are based on the uncertainty of the polarization of the incident photon beam, for the
FEA values, additionally uncertainties in the scattering angles Af = 0.1° and A¢ = 1° are included. While
the FEA should be best at the center of the Compton peak, still non-negligible differences to the simulation
are visible, especially for non-zero azimuthal scattering angles ¢ # 0. The experimental results are for most
positions well in accordance with both values within the uncertainties, however being closer to predictions
from the simulation.

The polarization of the Compton scattered radiation across the Compton peak is displayed in figure 7.
For each scattering angle, the Stokes parameters and the degree of linear polarization of the scattered beam
are shown over an energy range of —9keV to +12keV from the center of the Compton peak in steps of 3keV.
Additionally, the expected polarization characteristics resulting from the simulation is shown. For
comparison, also the estimated polarization from the FEA is displayed. While no complete overlap between
the data points and either model can be reached, the simulated polarization results in a better representation
of the polarization for each scattering position. Especially for the degree of linear polarization, the
experimental data hint to a depolarization towards the tails of the Compton peak, which is also expected by
the simulation results.

In order to better elucidate the comparison between the experiment and calculations, the deviations of
the measured polarization characteristics from both models (simulation and FEA) are shown in figure 8 for
each analyzed data point shown in figure 7. For better comparison, the deviations are normalized to the
uncertainties of the experimental data points. For both the FEA and the simulation, the mean of these
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Figure 7. Polarization of the Compton scattered beam across the Compton peak. The experimental data (blue points with
errorbars) are obtained in energy windows with a width of 21.5keV. The predicted Stokes parameters and degree of polarization
from the simulation are indicated by the solid black lines. Additionally, the red lines show the polarization according to the FEA.
The shaded areas show the uncertainties in the theory values.
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Figure 8. Left: Deviation of the measured polarization characteristics to both the FEA (red) and the simulation (black)
normalized to the experimental uncertainties for each shown data point in figure 7. The vertical lines and shaded areas show the
mean and standard deviation of the normalized deviation. Right: Mean normalized deviation for P s for each energy window.

deviations is non-zero. However, especially for the degree of linear polarization, the (absolute) mean of the
deviations is smaller for the simulation. Additionally, the spread of the individual deviations, indicated by
their standard deviation, is smaller for the model based on the simulation than for the FEA for all analyzed
polarization characteristics. This confirms the better description of the polarization behavior by the
simulation compared to the FEA.

The right plot in figure 8 shows for both models (FEA and simulation) the mean of the normalized
deviation (from the measured values) for the degree of linear polarization resolved for each energy distance
from the Compton peak center. While again the mean normalized deviation for the simulation is lower than
for the FEA model for each energy difference, a clear systematic trend is visible, as for each energy distance
the mean deviation is negative, meaning the measured linear polarization is lower than the predictions. This
deviation is for the simulation almost non-existent around the center of the Compton peak and gets more
pronounced for higher energy distances. An explanation for this trend is a background in the measured
spectrum for which no correction was applied. From the fit of the Compton peak in figure 6, a non-zero
background radiation is clearly visible. This background will also influence the polarization of the analyzed
radiation and probably cause a depolarization. As the signal-to-noise ratio decreases towards the tails of the
Compton peak, the background polarization will especially influence the measured polarization for these
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regions leading to the stronger deviation here. However, since the polarization of the background is
unknown, a correction for this small influence is not possible.

Assuming, that the simulation provides a correct representation of the polarization of the scattered beam,
at least in the center of the Compton peak, the results provided in table 3 can be used to estimate the
polarization of the incident photon beam. For this, P ; and P, ; are adjusted in (9) for each position such,
that Ps equals the experimental values. From the weighted mean of the individual results, the Stokes
parameters for the incident radiation are P; ; = 0.9896 =+ 0.0063 and P, ; = 0.012 4 0.018. This result is in
good agreement with a previous result from the experiment [23] and thus is a further confirmation of the
validity of the simulation. Additionally, this shows, that depending on the spectral feature of interest (either
the elastically or the inelastically scattered photons), the incident photon polarization can independently be
determined based on the other spectral features of the scattered photons.

6. Conclusion and outlook

We have investigated the linear polarization of Compton scattering off bound electrons. For this purpose, we
developed a Monte Carlo simulation of the Compton scattering process based on the concept of the IA. In
this simulation, the three-dimensional electron momentum is taken into account and the scattering process
is calculated in the electron rest frame using the transfer matrix formalism. The simulation provides the
DDCS and the linear polarization of the scattered photon beam energy-resolved across the entire Compton
peak. For the DDCS, a good agreement is found with an existing calculation based on the treatment
proposed by Ribberfors especially for unpolarized incident photons. However, for scattering of a polarized
incident photon beam off a high-Z target, our simulation shows a strong deviation from the existing model
at the tails of the Compton peak, especially pronounced for scattering into directions, where the
Klein—Nishina cross section is minimized. A special focus was set to the polarization transfer from incident
to scattered photon across the Compton peak, this has not been thoroughly investigated so far, to the best of
our knowledge. The simulation indicates a strong influence of the bound electron momenta on the
polarization of the scattered photon beam. Especially the scattering off inner-shell electrons strongly deviates
from Compton scattering off free electrons, even at the center of the Compton peak. This can especially be
seen by the abrupt change in the linear polarization at the K-shell edge of the scattering atoms and can be
attributed to the higher probability for high electron momenta in the stronger bound shells.

The findings of the simulation are also confirmed in a qualitative manner by experimental data from a
measurement performed at beamline P07 of PETRA III @DESY. In this experiment a highly polarized hard
x-ray beam with a photon energy of 175keV was scattered off a thin gold target. The energy-resolved
intensity profile of the scattered radiation was reproduced in a broad energy range by the simulated DDCS
with only minor correction terms for the detector response. Additionally, the linear polarization of the
Compton scattered radiation was investigated for certain photon energies across the Compton peak. In the
center of the Compton peak, the linear polarization is in good agreement with both estimations from the
FEA and the simulation based on the relativistic IA within the uncertainties. Across the Compton peak, the
experimental findings indicate a change of the linear polarization, and in particular a decreasing degree of
linear polarization as the photon energy gets further away from the center of the Compton peak. This
behavior is well in accordance with our simulation. However, due to experimental limitations, only a small
energy range of the entire Compton peak around the center was investigated in the experiment, while the
strongest effects are expected at the far tails of the peak.

For a more thorough investigation of the polarization transfer in Compton scattering we propose
multiple follow—up experiments. As it has been seen in the simulation, a sudden change in polarization is
expected at the K-edge. Shifting the incident photon energy or using a different atomic target, the position of
the K-edge can be changed such, that it moves in the energy range we are able to investigate. Another
approach would be to investigate only Compton scattering off K-shell electrons. This could be done by a
coincident detection of the fluorescent radiation from a K-shell vacancy. The question of whether effects
beyond the IA have to be considered in the description of the Compton scattering on bound electrons, is out
of the scope of this work and needs to be addressed in future.
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