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Off-Plane reflection gratings were previously predicted to have different efficiencies when the incident
light is polarized in the transverse-magnetic (TM) versus transverse-electric (TE) orientations with respect
to the grating grooves. However, more recent theoretical calculations which rigorously account for finitely
conducting, rather than perfectly conducting, grating materials no longer predict significant polarization
sensitivity. We present the first empirical results for radially ruled, laminar groove profile gratings in
the off-plane mount which demonstrate no difference in TM versus TE efficiency across our entire 300–
1500 eV bandpass. These measurements together with the recent theoretical results confirm that grazing
incidence off-plane reflection gratings using real, not perfectly conducting, materials are not polarization
sensitive. © 2016 Optical Society of America

OCIS codes: (050.1950) Diffraction gratings; (120.2130) Ellipsometry and polarimetry; (040.7480) X-rays, soft x-rays, extreme
ultraviolet (EUV); (350.1260) Astronomical optics; (340.6720) Synchrotron radiation.
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1. INTRODUCTION

Off-plane reflection gratings offer a promising method to reach
the high resolution and throughput required by the next gen-
eration of soft X-ray observatories[1, 2]. The conical diffraction
pattern of the off-plane (or ‘conical’) mount lends itself to favor-
able packing geometries compared to gratings in the in-plane
mount. Gratings may also be blazed to preferentially disperse
light to a single side of zero order, thereby increasing signal to
noise in those orders and reducing the required detecting area.

There have been significant discrepancies in the recent lit-
erature as to whether X-ray reflection gratings in the off-plane
mount exhibit strong polarization sensitivity. Off-plane grat-
ings were previously predicted to exhibit significant differences
in efficiencies when linearly polarized light is incident in the
transverse-magnetic (TM) orientation compared to transverse-
electric (TE) [3]. And, indeed, a difference in efficiency between
the two polarization orientations was later reported for a 14◦

blazed off-plane reflection grating by Seely et al. 2006 [4]. How-
ever, the measured efficiency difference did not follow the theo-
retical predictions. More recent theoretical calculations by Goray

& Schmidt 2010 [5] show that the predicted polarization de-
pendence largely disappears when calculations are carried out
with rigorous treatment for the finite conductivity of the grat-
ing surface as opposed to the simplifying assumption of perfect
conductivity applied in the previous studies. However, no ex-
perimental measurements have so far been reported that confirm
this response.

Any variation in efficiency between linear polarization orien-
tations should be well understood to employ off-plane gratings
on future missions. Without sufficient knowledge of the inherit
instrumental polarization sensitivity, measurements of polarized
sources could be modulated by an unknown and potentially
energy dependent factor based upon observational orientation.
Moreover, well characterized polarization sensitivity of off-plane
gratings could offer a way to extend the polarimetry capabilities
of future X-ray missions in the soft X-ray regime. To reexamine
the potential polarization sensitivity of X-ray reflection grat-
ings in the extreme off-plane mount, we performed efficiency
measurements of laminar profile gratings at the Physikalisch-
Technische Bundesanstalt (PTB) beamline at the BESSY II syn-
chrotron facility between 300–1500 eV. In this paper we compare
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Fig. 1. Geometry of the off-plane grating mount[2].

our measurements to theoretical predictions and find good agree-
ment with models for real, finitely conducting gratings. The
experimental setup for this study is described in §2, results and
modeling in §3, extension to measurements of blazed gratings
in §4, and discussion is given in §5. Portions of this work were
published at SPIE 9603: Optics for EUV, X-Ray, and Gamma-Ray
Astronomy VII in 2015, paper number 960318 [7].

2. TEST METHODOLOGY

A. Off-plane Geometry
A diagram of the off-plane grating geometry is shown in Figure 1.
In the off-plane mount, light that is incident onto the gratings
at a grazing angle and quasi-parallel to the groove direction is
diffracted into an arc. The diffraction equation for the off-plane
mount is

sin α + sin β =
nλ

d sin γ
, (1)

where γ is the polar angle of the incident X-rays defined from
the groove axis at the point of intersection, d is the line spacing
of the grooves, α represents the azimuthal angle along a cone
with half-angle γ, and β is the azimuthal angle of the diffracted
light. The grooves are radially ruled such that the spacing be-
tween adjacent grooves decreases toward the focus to match the
convergence of a telescope for a spectrometer instrument. Radial
ruling minimizes groove profile-induced aberration by ensuring
a constant α for all rays at the grating surface and constant β per
wavelength at the focal plane [2].

For gratings in the off-plane mount, we refer to linearly po-
larized light whose electric field vector lies in the plane defined
by the incident ray and the grating normal as TE polarization (p
polarization), and define TM polarization as when the electric
field vector lies in the plane of the grating (s polarization). This
is in contrast to the more familiar example of in-plane mounting,
where s polarization corresponds to the TE case, and p polariza-
tion to TM. The switch is due to the altered groove orientation
with respect to the field vectors.

B. Beamline Measurements
We tested an off-plane reflection grating for efficiency versus
energy at two polarization orientations at the PTB soft X-ray
beamline at the BESSY II electron storage ring [8, 9]. The PTB
soft X-ray radiometry beamline utilizes an SX-700 plane grating

Fig. 2. Ellipso-scatterometer operated at the BESSY beamline
designed to carry out scattering and reflectivity measurements
at specified polarization orientation.

monochromator and covers a spectral range between 35–1700 eV.
The new in vacuum ellipso-scatterometer of PTB, see Figure 2,
is operated at this beamline and allows rotation about the axis
of the incoming, linearly polarized (98.7%), photon beam. This
facility therefore enables measurements at arbitrary polarization
orientations. The SX700 beam is also extremely stable while
tuning the energy: well below 0.001◦ in the azimuthal direction
and negligible in the angle of incidence.

The grating tested at the PTB beamline has a laminar (rect-
angular) groove profile and an average groove spacing of
6033 grooves/mm on a 25 mm × 32 mm ×0.7 mm Si wafer
coated with 80 nm of Au. The mounting orientation is illus-
trated in Figure 3. The grating was carefully aligned with a graz-
ing incidence angle of 1.5◦. Because the grating is not blazed
and is thus not biased toward either side of zero order, it was
mounted with the incident beam aligned parallel to the grat-
ing groove direction with no yaw (rotation about the grating
normal axis) applied. The critical azimuthal alignment of the
grooves with respect to the incident beam utilizes the symmetry
of diffraction intensity and high order positions in the conical
mount. The grating was first mounted with the electric field
vector perpendicular to the plane of incidence (TM polarization)
and measurements taken between 300 – 1500 eV in steps of 50 eV
at 0, ±1st, ±2nd, ±3rd, and ±4th orders. The grating was then
rotated 90◦ about the incident beam axis, and the same energy
measurements were carried out in the TE configuration.

3. RESULTS AND MODELING

The efficiencies for 0th through 4th order TM and TE orientations
measured at the PTB beamline are plotted in Figure 4. The
measured TE efficiency is plotted using solid lines and TM using
dashed lines. While statistical uncertainty in the reflectivity
at each energy for single polarization is very small (near the
plotted line width), we estimate that a small alignment error
of ∼ 0.01◦ in the azimuthal angle in our experiment between
the two polarization orientations can completely account for the
small differences observed between TM and TE efficiency. We
therefore observe no significant polarization sensitivity.
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Fig. 3. Diagram of the grating mount orientation to the PTB
beam. Light is incident from the bottom of the image at a
graze angle of 1.5◦ with respect to the grating plane and par-
allel with the groove direction. The diffracted orders are ob-
served along an arc at the detector plane, where positive or-
ders are diffracted to the right of zeroth order in the image.

Fig. 4. Measured 0th – 4th order efficiencies of the laminar
gratings measured at the PTB beamline. TE efficiencies are
plotted as solid lines, while TM efficiencies are plotted as
dashed lines. We observe no significant difference between
the efficiencies for the two polarization orientations.

To compare our empirical results to theoretical predictions,
efficiency calculations for the grating were carried out using
PCGrate-SX v.6.1. PCGrate-SX is a software suite which models
the efficiency of diffraction gratings using a boundary integral
method for arbitrary groove profile and orientation, including in-
plane and off-plane geometries. We model the laminar grating
grooves as a sine trapezoidal profile, shown in Figure 5, which
allows for realistic rounding of the groove corners apparent in

Fig. 5. Example of the sine trapezoidal groove profile used to
model the laminar grating response with PCGrate-SX.

Scanning Electron Microscopy (SEM) measurements of the grat-
ing which were previously presented in McEntaffer et al. 2013
[2]. We investigated several probable groove profile responses
by applying small variations to the model groove dimensions to
best qualitatively describe the data within expectations.

PCGrate-SX v.6.1 was also used in the previous study which
predicted significant polarization sensitivity for gratings in the
off-plane mount [3]. It is important to note that the efficiency
calculations in PCGrate-SX v.6.1 are made through application
of the theory of invariance [10, 11] to express the off-plane effi-
ciencies of a perfectly conducting grating in the form of a linear
combination of efficiencies in the simplified in-plane geometry.
However, the resulting efficiencies are limited to the idealized
case of a grating with infinite conductivity. Goray & Schmidt
2010 [5] carried out more rigorous integral method calculations
including finite conductivity for blazed, X-ray reflection grat-
ings in the extreme off-plane mount, which demonstrate that
the effect of real conductivity in this regime is non-negligible.
The authors compare their results to those obtained under the
assumption of perfect conductivity and find that the more rig-
orous treatment has little impact on the predicted TE efficiency.
However, including finite conductivity strongly alters the pre-
dicted TM response. The resulting TM and TE efficiencies differ
by no more than a few tenths of a percent. Thus, accounting for
finite conductivity largely removes any polarization dependence
on the predicted efficiency in the extreme off-plane mount at
shallow graze angles.

Because there is not a predicted strong polarization effect for
off-plane gratings when real surface conductivity is accounted
for, the dominant polarization effect should in this case be due
only to the reflection coefficients derived from Fresnel equations
for a given surface material, incidence angle, and energy range.
Thus, a small correction to produce TM efficiencies may be man-
ually calculated from the TE predictions via these well known
coefficients. For a grazing incidence angle, γ, the fraction of
incident light that will be reflected, R, is given as (for derivation,
see ch. 3 in [6])

RTE =

∣∣∣∣∣n2 sin γ −
√

n2 − (1 − cos2 γ)

n2 sin γ +
√

n2 − (1 − cos2 γ)

∣∣∣∣∣
2

(2)

RTM =

∣∣∣∣∣ sin γ −
√

n2 − (1 − cos2 γ)

sin γ +
√

n2 − (1 − cos2 γ)

∣∣∣∣∣
2

, (3)

for the TE and TM orientations, respectively. Here n is the
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Fig. 6. Efficiency versus energy predicted by PCGrate-SX
utilizing the invariance theorem (perfect conductivity). TE
(TM) efficiency is plotted a solid (dashed) line. Each plot cor-
responds to a single order, with 0th order plotted top-left, 1st

order top-right, 2nd order bottom-left, and 3rd order bottom-
right. PTB measurements are plotted with filled (hollow) dia-
monds for the TE (TM) orientation. The sine trapezoidal pro-
file parameters are listed at the bottom of the figure.

energy-dependent complex index of refraction of the grating
surface material. As the graze angle, γ, becomes very shallow,
the ratio of these coefficients approaches unity. At our energy
range and shallow graze angle, the value of RTE/RTM differs
from unity by only a few tenths of a percent.

We performed a correction of the perfect conductivity pre-
dicted TE efficiencies using the reflectivity coefficients to manu-
ally predict the expected TM response. We present the PCGrate-
SX v.6.1 modeled efficiencies assuming perfect conductivity in
Figure 6 and compare to the corrected efficiency predictions in
Figure 7. In both plots, the measured TE and TM efficiencies
are over-plotted as filled and hollow diamonds, respectively.
We find that the perfect conductivity model predictions for the
case of TE polarization gives good agreement to the measured
response, but poor agreement for the case of TM polarization,
supporting the calculations including finite conductivity pre-
sented by Goray & Schmidt 2010. After applying the reflectivity
correction to predict TM response, the TE and TM predictions
lines are now indistinguishable in Figure 7, consistent with our
measurements. We note that the model rms roughness value
that qualitatively best matches our empirical measurements is
∼ 3 nm rms (shown in plot) while recent AFM measurements
suggest a lower surface roughness value of 1.6 ± 0.5 nm rms.

We compared the corrected perfect conductivity results to
two calculation methods that rigorously include finite surface
conductivities. The first finite conductivity methods is PCGrate-
SX v.6.6, an expanded version of the boundary integral equation
solver that allows inclusion of finite conductivity for off-plane
mounting. The finite conductivity integral method approach
used by PCGrate-SX v.6.6 is detailed in Goray & Schmidt 2010,
who find that it converges ∼ 5 slower than the perfect con-
ductivity model at the same level of accuracy in the case of

Fig. 7. PTB measurements over-plotted onto modeled effi-
ciencies where the TM response has been manually calculated
from the TE PCGrate-SX predictions corrected by reflectivity
coefficients, in agreement with calculations assuming finite
conductivity.

a Au-coated blazed off-plane grating. The second calculation
method is JCMsuite, a rigorous Maxwell solver based on the
finite-element method [12, 13]. A concern for Maxwell solvers
in the x-ray regime is that the incident wavelength is several
orders of magnitude smaller than the typical dimensions of the
computational domain. This can be critical due to the increased
computational effort. However, the dominant component of the
wave vector is out-of-plane, enabling very fast and accurate so-
lutions to the problem. Well-converged solutions were obtained
for both the finite element Maxwell solver method JCMsuite and
the boundary integral solver PCGrate-SX v.6.6.

All three models are plotted in Figure 8, showing good agree-
ment between the finite conductivity boundary integral equation
method, finite-element Maxwell solver, and the corrected perfect
conductivity model. The three model results were calculated
for the same idealized groove profile without surface roughness
included. The finite-element Method of JCMsuite does not allow
a direct modeling of surface roughness due to a discrepancy
between the incident wavelength and the computational do-
main size. Correction to the calculated ideal grating diffraction
efficiencies can be made using an approximation such as the
well known Debye-Waller approach, or through a more rigorous
Monte Carlo approach using measured real AFM profiles (see,
e.g. Goray 2010 [14] and Ch. 12.9.10 in Antonakakis et al. 2014
[15]).

4. CONFIRMATION WITH BLAZED GRATING MEASURE-
MENTS

The diffraction efficiency of two holographically ruled 9◦ and
16◦ Pt-coated blazed gratings made by Jobin Yvon were previ-
ously measured at the PTB synchrotron facility in 2011. These
gratings do not represent the current state-of-the-art in grating
manufacturing, but can still be used to verify accurate modeling
results. These measurements were taken with the gratings only
in the TM orientation, largely due to mounting convenience and
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Fig. 8. Reflectivity coefficient corrected TM perfect conductiv-
ity efficiencies (solid lines), over-plotted with rigorous finite
conductivity calculations using PCGrate V.6.6 (plus marks),
and Maxwell solver calculations using JCMsuite (dashed
lines).

lack of knowledge of the modeling inconsistencies. During the
beamline tests, both gratings were mounted in their Littrow and
anti-Littrow orientations. The Littrow orientation corresponds
to an applied yaw to the grating such that the projection of the
diffraction vector of the blazed wavelength on the xy plane is
normal to the major grating facet, where the major facet is the
grating face adjacent to the blaze angle. We define the anti-
Littrow orientation as when the opposite yaw is applied to the
grating.

New atomic force microscopy (AFM) measurements of the
two blazed gratings were taken by the University of Pennsyl-
vania which are shown in Figures 9 and 10. It is clear from
the AFM results that the groove profiles of these gratings vary
considerably over the grating surface. In order to account for
profile variation, several groove profiles were extracted from
the AFM data and used as direct input to PCGrate to estimate
the predicted efficiency response. Nine profiles were extracted
from grating U3787 (from measurements at two positions on
the grating surface, and five from U3731 (for which we only ob-
tained one measurement region at the grating center). For both
gratings, PCGrate was run separately for each extracted AFM
groove profile, yielding multiple values of modeled efficiency at
each energy. The results of the individual profile models were
used to make confidence intervals of one standard deviation
about the average AFM model efficiency at each energy. We
modeled both Littrow and anti-Littrow orientations using the
AFM groove profile samples and compare to the experimental
synchrotron measurements in Figures 11 and 12 for U3731 and
U3787, respectively. The efficiency response is very sensitive to
the groove profile, and the large variation in the actual groove
profiles of the sample is apparent in the resulting AFM efficiency
swaths. The measured synchrotron results for both gratings
at multiple mounting geometries agree with the corrected TM
orientation model predictions within the one standard deviation
bounds derived from the sampled AFM groove profiles.

Fig. 9. AFM Measurements of 16◦ blazed, Pt-coated grating
measured at the PTB beamline.

Fig. 10. AFM Measurements of 9◦ blazed, Pt-coated grating
measured at the PTB beamline.

Fig. 11. Measured synchrotron response of the 16◦ blazed,
Pt-coated grating measured at the PTB beamline (solid line)
overplotted with the one standard deviation confidence inter-
val of the model predicted response for a sample of groove
profiles extracted from the AFM measurements.
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Fig. 12. Measured synchrotron response of the 9◦ blazed, Pt-
coated grating measured at the PTB beamline (solid line) over-
plotted with the one standard deviation confidence interval of
the model predicted response for a sample of groove profiles
extracted from the AFM measurements.

5. DISCUSSION

We carried out experimental measurements of an off-plane grat-
ing with 6033 grooves/mm at a graze incidence of 1.5◦ and 0◦

yaw in the two fundamental linear polarization orientations and
observe no polarization sensitivity. Our measurements support
theoretical results by Goray & Schmidt 2010 [5] who demonstrate
that the predicted strong polarization sensitivity of reflection
gratings in the extreme off-plane mount disappears when real
conductivity of the grating surface is taken into account. They
show that calculations which make use of the invariance theo-
rem, and thus assume perfect conductivity, strongly differ from
the predicted response for finite conductivity gratings when
light is incident in the TM orientation (E-field parallel to grating
surface). However, the orthogonal TE orientation predictions are
not strongly affected by the assumption of perfect conductivity,
and so may still be used to predict grating response.

In agreement with the theoretical results of Goray & Schmidt
2010 [5], we find that we are able to produce accurate predic-
tions for the TM polarization state by correcting the results of
the perfect conductivity model TE efficiencies by the ratio of the
reflectivity coefficients. Doing so yields predictions that match
our empirical results for both linear polarization orientations for
a laminar gratings and previous measurements of two blazed
gratings at the TM orientation. Additionally, these corrected per-
fect conductivity results are in good agreement with calculations
performed with finite surface conductivity via two methods:
the expanded boundary integral method PCGrate-SX V.6.6, and
the finite-element method JCMsuite. The more simple perfect
conductivity model has an advantage of faster computation
time, particularly in the case of a single rough grating layer, and
therefore may be preferable to more rigorous methods for some
applications in this regime.
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