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Abstract. An x-ray spectrograph consisting of aligned, radially ruled off-plane reflection gratings and silicon pore
optics (SPO) was tested at the Max Planck Institute for Extraterrestrial Physics PANTER x-ray test facility. SPO
is a test module for the proposed Arcus mission, which will also feature aligned off-plane reflection gratings. This
test is the first time two off-plane gratings were actively aligned to each other and with an SPO to produce
an overlapped spectrum. We report the performance of the complete spectrograph utilizing the aligned gratings
module and plans for future development. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported
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1 Introduction
Arcus1 is a proposed x-ray spectrograph to be installed on the
International Space Station. This spectrograph consists of sili-
con pore optics (SPOs)2 and blazed, radially ruled off-plane
reflection gratings optimized for the feature-rich soft x-ray
regime. The mission will utilize the SPOs being developed for
ESA’s Athena mission by cosine Research and reflection gra-
tings being developed in collaboration between the University
of Iowa and MIT/Lincoln Labs. The Arcus mission will answer
key science questions related to structure formation in the
Universe, supermassive black hole feedback, and stellar life
cycles. To meet its science objectives, Arcus will have a reso-
lution of λ∕Δλ > 2000 and effective area >400 cm2 in the criti-
cal science bandpass around the O VII and O VIII lines (22.6 to
25 Å). The mission will have a minimum resolution and effec-
tive area of λ∕Δλ > 1300 and >130 cm2 over the entire band-
pass (8 to 52 Å) with λ∕Δλ reaching ∼3000 at the longest
wavelengths.

Performance testing of aligned, off-plane reflection gratings
with an SPO module was carried out at the PANTER3 test
facility of the Max Planck Institute for Extraterrestrial Physics
in October 2014. During the tests, two radially ruled, laminar
profile, off-plane reflection gratings were aligned to the SPO
test module. The gratings used in this test were developed at
the University of Iowa and are detailed in Ref. 4. This test was
the first time that off-plane diffraction gratings were aligned
with an SPO and two off-plane gratings were aligned to one
another in situ to produce an overlapped spectrum. This paper

describes the performance of the spectrograph composed of an
SPO module and the aligned gratings module. The line spread
function (LSF) of the spectrograph, the line widths of the SPO
module alone, and the −1st-order Mg-K line of the complete
spectrograph are compared. While not covered in depth here,
comprehensive detail of the alignment methodology and results
will be given in Ref. 5. This paper is organized as follows: the
components of the spectrograph are detailed in Sec. 2, a brief
overview of the alignment procedure is given in Sec. 3, CCD
image reduction steps and measured line widths are presented
in Sec. 4, and a discussion of the results is given in Sec. 5.

2 Spectrograph Assembly
The spectrograph assembly tested at the PANTER facility con-
sists of an SPO telescope, off-plane reflection gratings, and a
CCD detector at the grating focal plane. A schematic of the
SPO, grating, and focal plane positions within the test chamber
is shown in Fig. 1. An image of the components installed in the
PANTER vacuum chamber during initial grating alignment with
a laser is presented in Fig. 2.

2.1 Silicon Pore Optics

SPOs have been developed for the past 10 years by a consortium
led by cosine Research and have become the main technology
for the x-ray mirror of the Athena mission.6 SPOs make use of
industry-standard superpolished silicon wafers. These wafers
are first diced into mirror plates of the desired rectangular
shape. Then each plate is wedged so that a focusing optic is
formed when multiple plates are stacked onto a conical mandrel.
Before being stacked, the plates are ribbed, leaving a thin
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membrane on one side used to reflect the x-rays and a number of
ribs on the other that are used to bond to the next plate. This
results in pores in the SPO stack, through which the x-rays
can reflect and travel to the focal plane detector. Plates may
also be coated to increase their reflectivity. An SPO stack is
very stiff and lightweight, and the stacking process is such
that the figure of the mandrel is reproduced with high fidelity.

For this campaign, a single SPO stack was built. The stack
consists of 13 plates, with radii of curvature between 450 and
439 mm (11 mm in the radial direction), width of 66 mm, and
length along the optical axis of 22 mm. Its geometry approxi-
mates that of a parabolic reflector in a Wolter I style optic. With
a focal length of 8.5 m (for the source distance at the PANTER
facility), the wedge on each plate was tuned to deliver the
required 10 arc second change in grazing incidence angle
between consecutive plates, resulting in a confocal system. For
on-axis measurements, the incidence angle is ∼1.6 deg. During
these tests, a mask was used to illuminate only the inner 66% of
the SPO stack in the azimuthal direction.

The SPO stack is shown in Fig. 3 prior to installation in the
PANTER vacuum chamber. Due to time and budget constraints,
the SPO module for this test was shaped using a simple alumi-
num mandrel rather than one made of high-quality polished
fused silica. Therefore, it is important to note that while
similar to the planned Arcus design in focal length and radii,
the performance of this SPO module is not characteristic of
the state of the art in SPO manufacturing.

2.2 Gratings

A diagram of the off-plane grating geometry is shown in Fig. 4.
In the off-plane mount, light that is incident onto the gratings at
a grazing angle and roughly parallel to the groove direction is
diffracted into an arc. The diffraction equation for the off-plane
mount is

EQ-TARGET;temp:intralink-;e001;326;242 sin αþ sin β ¼ nλ
d sin γ

; (1)

where γ is the polar angle of the incident x-rays defined from the
groove axis at the intersection point, 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 gratings tested at PANTER have a laminar (rectangular)
groove profile and average groove spacing of 6033 grooves∕
mm. The grating substrates are 100 × 100 × 0.7 mm3 Si wafers
with a central grooved area of 25 × 32 mm2, where the long
dimension is in the optical axis. The grooves are radially
ruled such that the spacing between adjacent grooves decreases
toward the focus to match the convergence of the telescope,
described in detail by McEntaffer et al.4

Fig. 1 Block diagram of the test chamber silicon pore optics (SPO)
and grating integration.

Fig. 2 The SPO as viewed from the source direction during optical
alignment. The active alignment grating module is visible in the
background.

Fig. 3 The SPO module prior to installation in the PANTER chamber.

Fig. 4 Geometry of the off-plane grating mount.4
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For this test, two gratings were actively aligned together to
demonstrate a technique for aligning nested diffraction gratings
in an active alignment module (AAM). The AAM consists of
slots for the grating wafers and an exterior skeleton into
which five picomotors are mounted in order to align sequential
gratings to an initially installed, fixed reference grating. The
AAM is shown in Fig. 5, where two of the five picomotors,
which are used to control grating yaw, are visible on the top of
the module and three motors are partially visible on the front of
the module, which control pitch and roll actuation of the active
grating. The step size of each picomotor is ∼30 nm, which
translates to angular step sizes of ∼0.1 arc second in roll, pitch,
and yaw. For this test, only one additional grating was installed
and aligned to the reference grating, though the procedure could
be repeated to add more gratings as desired. For an incidence
angle of 1.5 deg, the two grating AAM stack intercepts
25 mm of the 44 mm (57%) illuminated azimuthal extent of
the SPO and 3 mm of the 11 mm (27%) radial extent of the
SPO, or ∼15% of the total SPO beam. For the remainder of
this paper, the AAM will refer to the entire module once the
active grating was aligned with the reference grating and bonded
into place, and the picomotors and springs were disengaged.

2.3 Detectors

Three detectors were in use at the focal plane in the PANTER
chamber during this test, TRoPIC, the ROSAT position sensitive
proportional counter (PSPC),7 and PIXI. TRoPIC is a single
photon counting detector with 75 μm pixels operated in
frame-store mode. TRoPIC is a prototype of the eROSITA
detector and is identical apart from its smaller format of 256 ×
256 compared to 384 × 384 and a lower operating temperature
of ∼ − 100°C.8 The PANTER facility also has a spare of the
ROSAT PSPC detector, which we utilized for macro imaging
of orders and for rough alignment due to its large active area
(80 mm diameter) though relatively course spatial resolution
of ∼250 μm.9,10 PIXI is a Peltier and water cooled Princeton
Instruments PI-MTE-1300B integrating in-vacuum CCD with
20 μm pixels in a 1340 × 1300 format.3 All three detectors
are shown in Fig. 6. PSPC and TRoPIC are mounted onto
the same translation stages and were able to image the 0 and
�1st orders. PIXI was mounted on a separate vertical translation

stage sharing the other movements with TRoPIC and PSPC and
was able to reach negative orders. This paper focuses on data
obtained with the PIXI detector.

3 PANTER Testing
To investigate the performance of the spectrograph, the gratings and
SPO were installed into the detector chamber of the PANTER test
facility. The PANTER beamline consists of a multitarget electron
impact x-ray source at the head of a 1 m diameter, 120 m long vac-
uum chamber. The beamline ends in a 3.5 m by 12 m test chamber,
which easily accommodates the SPO, gratings, and detectors.

The gratings were mounted into the PANTER chamber
within the AAM with five degrees of freedom relative to the
SPO and CCD. In the coordinate space of Fig. 1, the z position
was set based on initial physical positioning and verified by
laser distance measurement. Linear translation stages in the x
and y directions were used to position the grating module into
the x-ray beam. A goniometer stage was used to control grating
yaw, and a rotation stage controlled pitch. Roll alignment of the
gratings was set via mechanical tolerance within the mount. All
of the grating module stages were controllable outside of the
vacuum chamber. The SPO light is incident on the gratings at
an angle of 1.5 deg. This incidence angle was set using the sep-
aration between the SPO focus and the zeroth-order reflection of
an optical laser mounted at the head of the beamline and has
an uncertainty of ∼1 cm over the 8 m throw (∼4 arc min). The
chamber was then evacuated, and the PSPC was used to find
the various diffraction orders and to initially zero the reference
grating yaw. A mosaic image of the diffraction orders taken by
the PSPC detector is shown in Fig. 7. In the mosaic, the active
and reference gratings are purposely offset in pitch to illustrate
both gratings, and the image is labeled with the various observ-
able diffraction orders. We note that �3rd-order Mg-K was also
visible with the PIXI detector, though it is not within the spatial
extent of the PSPC mosaic. The reader will observe that the effi-
ciency in orders is symmetric about the zeroth order. This is due to
the current test gratings having laminar rather than blazed groove
profiles. For blazed gratings, the efficiency would be biased on a
single side of the zeroth order, thus increasing signal-to-noise in
those orders. The scatter observed around the zeroth order is attrib-
uted to residual specular reflection off of the semitransparent wafer
tape on the nonactive region of the gratings.

Of the lines observed, Mg-K has the narrowest natural
line width of (ΔE∕Epeak ¼ 0.36 eV∕1254 eV)11,12 compared

Fig. 5 The active alignment module (AAM) as viewed from the x-ray
source direction. The top two picomotors control the active grating
yaw, while the three motors on the face of the grating (image right)
actuate roll and pitch. The gratings are partially visible in the center
of the AAM standing on their sides.

Fig. 6 The x-ray detectors at the PANTER facility. From left to right:
PIXI, TRoPIC, and ROSAT position sensitive proportional counter
(PSPC).
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to Cu-L (3.5 eV∕930 eV), O-K (6 eV∕525 eV), and Fe-L
(3.5 eV∕705 eV). However, these line widths are theoretical
values, and we note that solid target x-ray sources may include
additional broadening effects. Experimental results13 suggest
that in this case, Mg-K may be broadened to 1.1 eV (FWHM).
We address this potential contribution to the spectrograph line
width in Sec. 5. The best statistics were achieved in the �1st-
order Mg-K line compared with the lower count-rate, higher
orders. The relative order efficiencies for these gratings are pre-
sented in Ref. 4, demonstrating the large difference in efficiency
among the �1st, �2nd, and �3rd orders at the Mg-K energy.
Although we observed some small flux from the −2nd and −3rd
orders, due to time limitations of the test campaign, we obtained
high statistic observations of only the −1st-order Mg-K line,
whose LSF we use to characterize the spectrograph performance.

4 Reduction and Resolution
This section outlines the reduction steps taken to extract LSF
measurements from the CCD images taken at PANTER.

To process the raw PIXI images, a dark frame is first sub-
tracted from the integrated image. The dark frame is a 1340 ×
1300 array whose pixels are the median value of N dark expo-
sures taken consecutively. The dark frames are taken at the same
position with the same exposure duration and close in time to the
observation frames. The dark-corrected background is charac-
terized by two background regions of the same size but spatially
offset from the observation extraction region. The dark-cor-
rected images are thresholded by setting to zero any pixels
that fall below three times the background σ value. It is impor-
tant to note that PIXI is not a photon counting detector and that
the result of this processing is an image whose pixels represent
(corrected) integrated analog-to-digital units (ADU).

To calculate the dispersion direction LSF, the image is first
collapsed in the cross-dispersion direction. However, the SPO
focus is asymmetric and is much wider in the cross-dispersion
direction compared to the dispersion direction. Thus, any mis-
alignment with respect to the CCD x and y directions would
broaden the apparent LSF. Therefore, the image is rotated via a
rotation matrix to account for any misalignment with the CCD
prior to collapsing in the cross-dispersion direction. The applied
rotation angle is found by performing a least squares fit of the
form u ¼ mvþ b, where u is in the dispersion direction, to the
image weighted by each pixel value. Such a fit is illustrated in
Fig. 8. The applied rotation angle is the one that minimizes the
slope of the spectral line with respect to the CCD axis as illus-
trated in Fig. 9, where the fitted slopes are plotted versus an
array of rotation angles. The best rotation is found as the inter-
cept of this linear relationship where the fitted slope is 0, indi-
cated in the plot by a dashed horizontal line.

Figure 10 shows the cropped and rotated PIXI image and
projections of the SPO focus before grating installation. The
point spread function (PSF) of a grazing incidence x-ray tele-
scope is dominated by figure error and by scatter, with the scat-
tering contribution being greatest in the in-plane reflection
direction. For a full 360-deg optic, the PSF is circular with a
bright, dense core surrounded by scatter dominated wings.14

The PSF can be limited in a preferred direction by subaperturing
the incident light, creating a focus that is narrow in the chosen
direction. The effect of subaperturing for the test module is
apparent in Fig. 10, where the focus is much broader in the
in-plane direction of the SPO contrasted with a narrow focus in
the off-plane (grating dispersion) direction. The LSF of the
spectrograph is dominated by the extent of the PSF in the
dispersion direction and is limited by the telescope focus in
addition to aberrations added by the gratings.

The rotated CCD image is collapsed in the cross-dispersion
direction, and the resulting line width characterizes the LSF of
the telescope. The SPO focus is not well described by a simple
Gaussian model. Therefore, to avoid relying on an underlying

Fig. 7 A mosaic image of the diffraction orders from an Mg target
taken by the PSPC detector. The color scale indicates energy, which
decreases in the dispersion direction from zeroth order. The image is
plotted in a log scale to bring out the individual lines, which are labeled
on the right-hand side of the image, and the x and y units are PSPC
pixels.

Fig. 8 Least squares fit of the form u ¼ mv þ b (where u is in the
dispersion direction) applied to the image weighted by each pixel
value.
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distribution, the line width is described in this paper by the
half-energy width (HEW) in the dispersion direction, where
the HEW contains the central 50% of the line’s integrated counts
as calculated from its cumulative distribution function (CDF).
A spline interpolation is applied to the CDF points, allowing
the HEW boundaries to fall between pixel values. The spline
interpolated CDF of the SPO focus is shown in Fig. 11, where
the vertical dash-dot lines indicate the upper and lower HEW
bounds. The HEW is converted to arc seconds from the 20 μm
pixels using the focal lengths of the SPO (8.5 m) and gratings
(8 m), resulting in conversion factors of 0.49 and 0.52 arc
second/pixel, respectively.

As noted above, PIXI is not a photon-counting CCD, and
images are instead in units of integrated ADU without the
availability of a direct conversion to photons. The uncertainty
on ADU in each bin does not follow Poisson statistics, and an
error based on the (incorrect) assumption of Poisson statistics
yields unrealistic uncertainty on the measured HEW of ≲0.1%.
Instead, to estimate its uncertainty, the HEW is calculated indi-
vidually in each of the subframes of the PIXI integration and the
uncertainty is taken as the standard deviation of the HEW over
these subframes divided by

ffiffiffi

n
p

, where is the number of sub-
frames (the standard error). For the Mg-K PIXI integration
presented here, this procedure is carried out with 19 300 s sub-
frames in the total integration. However, the SPO focus image
contains only a single 60 s subframe. Thus, the uncertainty in
the HEW cannot be estimated in the same manner, and an uncer-
tainty is not quoted. In order to most directly compare with the
single long integration of the SPO focus, the HEWof the Mg-K
line is measured from the summed image over all of the 19
subframes.

Figure 12 shows the width of the processed SPO focus in the
grating dispersion direction (dashed line) overplotted with the
−1st-order Mg-K line (solid line) representing the overall
spectrograph focus. The structure of both focuses appears sim-
ilar, and the HEW of the SPO focus is found to be 2.36 arc
seconds, while the HEWof the Mg-K line is found to be 2.15�
0.02 arc seconds. We note that the Mg-K line width may
be broader than the calculated line natural line width for an elec-
tron impact source. Measurements carried out for the AXAF
XSS Electron Impact Point Source suggest that the Mg-K
line width may in fact be closer to 1.1 eV. In this case, the
line width of Mg-K would be large enough to contribute to the
measured HEW of the spectrograph above the uncertainty.

5 Discussion
As a proof of methodology, we have demonstrated a spectro-
graph composed of SPOs and an aligned off-plane reflection
grating module at the PANTER test facility. The LSF of the

Fig. 10 The SPO focus imaged with PIXI is shown with projections in
the dispersion and cross-dispersion directions. The image is plotted in
units of PIXI pixels.

Fig. 11 Spline interpolated cumulative distribution function of the
SPO focus. Units on the left y axis are normalized to the sum of
the line counts, while units on the right axis are in analog-to-digital
units. Vertical dash-dot lines indicate the upper and lower bounds
of the half-energy width (HEW).

Fig. 9 Slope of the spectral line with respect to the CCD axis versus
applied rotation.
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spectrograph assembly is characterized by the HEW of the
−1st-order Mg-K line. The HEW of the SPO module is mea-
sured to be 2.36 arc seconds in the dispersion direction, while
the HEW of the spectrograph is measured to be 2.15� 0.02 arc
seconds. As noted in Sec. 3, previous experimental measure-
ments suggest that the width of the Mg-K line from a target
source may be broadened to 1.1 eV (FWHM) compared to
the calculated natural line width. In this case, the spectrograph
focus would include a non-negligible contribution of 0.62 arc
seconds from the line width. Thus, the actual LSF may be as
narrow as 2.06 arc seconds. However, we are unable to inde-
pendently verify the true width of the Mg-K line with the results
of this test campaign.

The overall spectrograph Mg-K line width is found to be nar-
rower than that of the SPO. A narrower line width for the
spectrograph focus is likely attributable to the grating module
subaperturing the light from the SPO in the radial direction.
While the SPO focus is an integration over all 13 of the SPO
plates, the unmasked regions of the two gratings intercept light
from ∼50% of the SPO’s azimuthal extent and ∼30% in radius.
Thus, any stack error contributions in the SPO will have a rel-
atively larger impact on the width of the SPO focus than on the
final spectrograph focus. The spectrograph HEW includes con-
tributions from the telescope figure, telescope alignment, and
grating contributions in the form of grating alignment, grating
figure, and groove induced aberrations. While we expect grating
groove induced aberrations to be small (∼0.5 arc seconds) based
on previous measurements,4 we cannot currently deconvolve
these individual contributions. In future tests, a mask would be
utilized to stop down the azimuthal extent of the SPO in order to
characterize the contributions of the SPO as a function of
radius and allow for deconvolution of the telescope and grating
contributions.

The performance of the total spectrograph is currently lim-
ited by the LSF of the SPO module, which does not yet meet the
Arcus resolution requirements. Given the dispersion for this test,
dλ∕dx ¼ 0.21 Å∕mm, in order to reach the Arcus requirement
of λ∕Δλ ¼ 1300 (FWHM) across the entire instrument
bandpass, the spectrograph HEW at Mg-K 1st order must be
18.3 μm, or ∼0.45 arc seconds, at the focal plane. Even in
the idealistic case of perfect gratings where the SPO accounted

for the entire error budget, the SPO would need to produce
an LSF about four times better than the current module. The
SPO module focus extent in the dispersion direction is highly
dependent on the figure of the SPO plates and on their align-
ment. Thus, improved performance can be achieved by reducing
figure error in the optic. The quality of the forming mandrel is
critical to the figure of the final optic. The current SPO test mod-
ule plates were shaped using a simple aluminum mandrel due to
time and budget constraints. In the future, figure quality of the
SPO modules will be improved through the use of high-quality
polished fused silica mandrels, which have previously been
demonstrated by cosine research to produce optics with superior
figure.6
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