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TheMarshall Grazing Incidence X-ray Spectrometer (MaGIXS) is a sounding rocket instrument that °ew on
July 30, 2021 from the White Sands Missile Range, NM. The instrument was designed to address speci¯c
science questions that require di®erential emissionmeasures of the solar soft X-ray spectrum from 6 – 25Å(0.5
– 2.1 keV). MaGIXS comprises a Wolter-I telescope, a slit-jaw imaging system, an identical pair of grazing
incidence paraboloid mirrors, a planar grating and a CCD camera. While implementing this design, some
limitations were encountered in the production of the X-ray mirrors, which ended up as a catalyst for the
development of a deterministic polishing approach and an improved meteorological technique that utilizes a
computer-generated hologram (CGH). The opto-mechanical design approach addressed the need to have
adjustable and highly repeatable interfaces to allow for the complex alignment between the optical sub-
assemblies. The alignment techniques employed when mounting the mirrors and throughout instrument
integration and end-to-end testing are discussed. Also presented are spatial resolution measurements of the
end-to-end point-spread-function that were obtained during testing in the X-ray Cryogenic Facility (XRCF)
at NASAMarshall Space Flight Center. Lastly, unresolved issues and o®-nominal performance are discussed.

Keywords: Soft X-ray spectrometer; imaging spectrometer; solar spectroscopy; optical fabrication; optical
alignment; X-ray testing.

1. Introduction

Since the earliest sounding rocket °ights in the
1940s, ultraviolet (UV), extreme ultraviolet (EUV),

and X-ray spectral observations have been used to
measure physical properties of the solar atmosphere.
During this time, there has been substantial im-
provement in the spectral, spatial, and temporal
resolution of the observations in the UV and EUV
wavelength ranges. At wavelengths shorter than
100Å, however, observations of the solar corona
with simultaneous spatial and spectral resolution
are limited, and not since the late 1970s have

*Corresponding author.
This is an Open Access article published by World Scienti¯c
Publishing Company. It is distributed under the terms of the
Creative Commons Attribution 4.0 (CC BY) License which
permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

OPEN ACCESS
Journal of Astronomical Instrumentation, Vol. 11, No. 2 (2022) 2250010 (21 pages)
#.c The Author(s)
DOI: 10.1142/S2251171722500106

2250010-1

J.
 A

st
ro

n.
 I

ns
tr

um
. 2

02
2.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 7

1.
23

5.
82

.1
27

 o
n 

06
/3

0/
22

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.

http://dx.doi.org/10.1142/S2251171722500106


spatially resolved solar X-ray spectra been mea-
sured (Doschek & Feldman, 2010). Nonetheless, X-
ray spectroscopy has unprecedented potential for
providing unique capabilities for answering funda-
mental questions in solar physics (Del Zanna et al.,
2021; Young, 2021). Soft X-ray (SXR) wavelengths
are notably dominated by emission lines formed at
high temperatures, and spectroscopic information
from this regime is an untapped resource for probing
highly energetic physical processes that have been
largely inaccessible.

The Marshall Grazing Incidence X-ray Spec-
trometer (MaGIXS) is an instrument that was
designed in response to this critical gap in solar
observations and packaged for testing as a sounding
rocket payload. Using X-ray spectroscopic techni-
ques implementing a series of ¯nely polished grazing
incidence mirrors, in combination with a specially
designed grazing incidence grating with varied line
spacing, MaGIXS is capable of measuring the solar
spectrum from 6 – 25Å (0.5 – 2.1 keV) with both
spatial and spectral resolutions. As a sounding
rocket mission, the powerful set of plasma diag-
nostics provided by MaGIXS addresses a long-
standing question in solar physics concerning the
nature of coronal heating in active region structures
(Athiray et al., 2019). Table 1 lists the instrument
requirements derived from the mission science that
will be presented in Savage et al. (2022).

The wavelength band selected for MaGIXS
includes strong emission lines formed in the tem-
perature range of interest, as shown in Table 2.

Figure 1 shows the emissivity functions (GðT Þ)
for these spectral lines derived using CHIANTI
atomic database version 9.0.1 assuming coronal
abundances (Schmelz et al., 2012) and the standard
CHIANTI ionization equilibrium (Del Zanna et al.,
2015). The spectral resolution goal is driven by the
desire to separate the Fe XVII 17.05Åline from the
Fe XVIII 17.62Åline. The e®ective area require-
ment is derived from calculating predicted count
rates in this wavelength range, as described in detail
in Athiray et al. (2021), to provide the signal-to-
noise ratio needed for the spectroscopic analysis
after summing the data over the �300 s sounding
rocket °ight. The exposure duration is set so the
brightest lines in this wavelength range will not
saturate the detector.

Table 1. Key proposed science and instrument requirements.

Science requirement Instrument requirement

Observe emission lines formed
by 3–10MK plasma formed
by a variety of elements

Observe 6 – 25Å
(0.5 – 2.1 keV)

Spectrally resolve strong
emission lines

Spectral resolution < 100mÅ

Spatially resolve unique active
region structures

Spatial resolution < 6 00

Have adequate e®ective area to
make a de¯nitive
measurement after summing
300 s of data acquired during
a sounding rocket °ight

E®ective area > 1� 10�3 cm2

Have adequate cadence to
accommodate a short
enough exposure so that the
brightest lines do not
saturate the detector

Cadence < 10 s

Table 2. Key emission lines in the MaGIXS spectral range,
ordered by increasing wavelength.

Spectral line
Wavelength

[Å]
Energy
[keV]

Log maximum
temp

Mg XII 8.42 1.47 7.0
Mg XI 9.16 1.35 6.8
Ne X 12.13 1.02 6.75
Fe XX 12.83 0.96 7.05
Ne IX 13.45 0.92 6.6
Fe XIX 13.52 0.92 6.95
Fe XVIII 14.20 0.87 6.9
Fe XVII 15.01 0.83 6.75
Fe XVII 15.26 0.81 6.75
O VIII 16.00 0.78 6.5
Fe XVII 16.78 0.74 6.75
Fe XVII 17.05 0.73 6.75
Fe XVIII 17.62 0.71 6.9
O VIII 18.97 0.65 6.5
O VII 21.6 0.57 6.3
N VII 24.8 0.50 6.3

Fig. 1. The emissivity functions of the MaGIXS spectral lines
listed in Table 2, calculated using CHIANTI atomic database
version 9.0.1 with coronal abundances (Schmelz et al., 2012)
and ionization equilibrium (Del Zanna et al., 2015).
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This paper provides a technical overview of the
MaGIXS instrument and discusses the motivations
for the optical design and mirror fabrication, the
opto-mechanical design and alignment approach,
and measurements of the spatial component of the
point-spread-function of fully integrated instru-
ment. The instrument calibration, which was car-
ried out in parallel to the optical alignment, has
been reported in Athiray et al. (2020, 2021),
henceforth referred to as Calibration I and
Calibration II, respectively.

The most challenging aspect when developing
the MaGIXS instrument was achieving the high
spatial and spectral resolution requirements given in
Table 1. The resolution requirements acted as a
forcing function to develop and implement new
techniques in grazing incidence mirror and grating
fabrication. They also drove the design of the me-
chanical structures (optical bench, mirror mounts,
mechanical interfaces) and subsequent fabrication
methods. Despite these advancements in fabrication
and the sophisticated opto-mechanical design,
MaGIXS did not achieve these resolution require-
ments; however, the progress made on the devel-
opment of fabrication and alignment techniques has
paved the way for future instruments.

2. Technical Approach

The MaGIXS instrument consists of a grazing in-
cidence telescope and spectrometer with a CCD
camera, slit-jaw context imager, and avionics. It
was designed to be housed in a 17-inch diameter
rocket skin and °own aboard a two-stage Terrier-
Black Brant sounding rocket.MaGIXS is an MSFC-
led experiment, with partners from the Smithsonian
Astrophysical Observatory (SAO), the Massachu-
setts Institute of Technology (MIT), Izentis LLC,
and the University of Central Lancashire (UCLan).

2.1. Optical design

The MaGIXS optical design is driven by the need
for ¯ne spatial and spectral resolutions over a

medium-sized active region (� 6 0 FOV, Warren
et al. (2012)), packaged inside of a standard
sounding rocket experiment volume. The most basic
design requirements called for a focusing optic,
dispersive and re-imaging elements, and a detector.
Given the resolution speci¯cations over the ¯eld of
view, the optical system needed to exhibit mini-
mized astigmatism, coma and ¯eld curvature for o®-
axis imaging. Several optical design concepts were
considered for MaGIXS and those are discussed in
Kobayashi et al. (2010). Ultimately, the design
settled on a Wolter-I telescope feeding a spectrom-
eter comprised of a ¯nite conjugate mirror pair and
a planar grating, and a low-noise CCD camera.
Figure 2 shows the layout of the optical design,
while Table 3 provides system and component-level
properties. The ray trace model for this design
produced an intrinsic 5.6 00 angular and 22mÅ
spectral resolution.

The original optical design included a narrow
slit (2.8 00 (15�m) wide �8 0 (2.5mm) long) at the
telescope focal plane; however, after calibration was
concluded the slit was replaced by a 12 0 (3.84mm)
wide �33 0 (10.6mm) long slot. This modi¯cation
was motivated by the lower than expected count
rates, as described in Calibration II, Sec. 2.2. In-
creasing the size of the ¯eld stop converted the in-
strument from a slit to a slit-less imaging
spectrometer, which produces spatially and spec-
trally overlapped images.

2.1.1. Wolter-I telescope

The Wolter-I telescope consists of a paraboloid
primary and a hyperboloid secondary mirror in a co-
axial arrangement on a single contiguous substrate
(Wolter, 1952; van Speybroeck & Chase, 1972). A
Wolter-I prescription was chosen because of its well-
studied on- and o®-axis imaging performance, and
also because of production heritage at MSFC
(O'Dell et al., 2015). The telescope mirror was a
single, thin-shell nickel–cobalt replicated optic. This
particular Wolter-I design is reasonably fast (f/7.2),

Fig. 2. The MaGIXS optical layout.
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which means the prescription calls for a steeper cone
angle, and larger sag (departure from a cone) than,
for example, telescopes that °ew aboard ART-XC
(Gubarev et al., 2013, 2014), FOXSI (Krucker et al.,
2013; Christe et al., 2016), and IXPE (O'Dell et al.,
2018; Ramsey et al., 2019). The graze angle at the
intersection plane is 0:96�, which meets the criteria
for total external re°ection across the 0.5 – 2.1 keV
energy range. Additional telescope mirror properties
are listed in Table 3.

2.1.2. Spectrometer mirrors

The spectrometer mirror design was optimized to
reduce o®-axis aberrations. The ¯nite conjugate
arrangement of the single-paraboloid spectrometer
mirror pair meets the Abb�e sine condition, which
implies stigmatic imaging and signi¯cantly reduced
coma. The ¯rst spectrometer mirror (SM1) lies

confocal with the telescope mirror, while the second
spectrometer mirror (SM2) focuses on the colli-
mated beam from SM1. Both SM1 and SM2 were
replicated from a common mandrel. Physical prop-
erties of the spectrometer mirrors are provided in
Table 3.

2.1.3. Grating

The grating is a silicon substrate with a highly
chirped varied line-space ruling, located down
stream of SM2. The grating disperses the converg-
ing rays from SM2 to the CCD detector. The grat-
ing was designed using Zemax OpticStudio and the
line period and line frequency are provided in
Table 4. The varied line space (VLS) planar dif-
fraction grating, fabricated by Izentis LLC, operates
at a 2� graze angle, with a 1:6� blazed line pro¯le.
The grating was fabricated by way of a direct-write,

Table 3. Optical system, components, and their properties.

Category Parameter Value

Observation Wavelength range 6 – 25Å
Energy range 0.5 – 2.1 keV
Field of view (observed) 33 0 � 12 0ð28:83 0 � 3:73 0Þ

Entrance Filters Type 150 nm Al on 70 lines per inch Ni mesh

Telescope Type Wolter-I
Focal length 1.09m
Intersection radius 73.06mm
Substrate (thickness) Replicated Ni-Co (1mm)
Coating (thickness) Iridium (10 nm)
Measured HPD (active aperture)a 16 00

Spectrometer Mirrors (�2) Type Paraboloid
Focal length 0.652m
Radius (max.; min.) 41.91mm; 39.21mm
Substrate (thickness) Replicated Ni-Co (1mm)
Coating (thickness) Iridium (10 nm)
Measured HPD (active aperture)a 17 00

Grating Type Re°ective, planar, varied-line-space
Substrate (thickness) Monocrystalline silicon (10mm)
Coating (thickness) Iridium (10 nm)
Measured e±ciency (1st order) 14% at 12.50Å(0.99 keV)

Focal Plane Filter Type 150 nm Al on 200 nm of polyimide

Detector Type 2 k� 1 k frame transfer CCD
Pixel size 15�m
Plate scale (spatial; spectral) 2.8 00/pixel; 11mÅ/pixel

Instrument Performance Angular resolution (HPD)b 28 00 – 30 00 (spatial component)

Spectral Resolution 150mÅ
Resolving Power 74 – 98 (�=��) at 9.88Å– 14.55Å
E®ective area 0.005 cm2 at 12.25Å(1.01 keV)

Notes: aThe active aperture is the 34� sub-aperture incident on the planar grating.
bAngular resolution in the spatial (cross-dispersion) axis.

P. R. Champey et al.
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E-beam lithography process onto a 10mm thick
silicon substrate. The silicon substrate was cut so
that the orientation of the crystal plane (with re-
spect to the cut surface) having Miller index ¼
f111g matched the prescribed blaze angle. The
f111g Miller index refers to the plane that crosses
the X, Y, Z axes of a crystal at an intercept ¼ 1.
During the etching process, the f111g crystal face is
etched at quicker rate, resulting in a saw-tooth
(blazed) pattern. The grating was coated with a
10 nm thick layer of iridium at MSFC. The ¯rst- and
second-order di®raction e±ciencies were measured
using the Advanced Light Source beam line 6.3.2 at
Lawrence Berkeley National Laboratory (LBNL).
The ¯rst-order e±ciency at 12.25Å(1.01 keV) is
14%. The full set of measurements are reported in
Calibration II (Sec. 4.6.1 & Fig. 11). A paper on the
MaGIXS grating development, fabrication, and ef-
¯ciency measurements will be prepared at a later
date.

2.1.4. CCD camera

The MaGIXS science camera is a second generation
MSFC-developed camera with lineage from the
Chromospheric Lyman-Alpha Spectro-Polarimeter
(CLASP; Champey et al., 2014, 2015), and is a
recon¯gured version of the High-Resolution Coronal
Imager re-°ight (Hi-C 2.0/2.1) camera (Rachmeler
et al., 2019). The primary di®erence between the
Hi-C 2.0/2.1 and MaGIXS camera is the mode of
operation.

The MaGIXS science camera uses a CCD230-42
back-illuminated, astro-processed, un-coated sensor
manufactured by Teledyne e2v. This sensor is a 20
48� 2064 pixel array, with 15�m square pixels. The
detector is operated in frame transfer mode, mean-
ing the central 2048� 1024 region is the active
light-collecting region, while the remaining 2048�
1040 pixels are divided into two, mechanically
masked storage regions. When a new image is ini-
tiated, the stored charge in the light-collecting re-
gion is shifted to the storage regions of the sensor to

be read out, while the active region continues to
integrate.

The CCD is passively cooled to maintain a
temperature below �65�C during observations to
minimize the dark current (thermal noise). During
operation in vacuum, liquid nitrogen (LN2) is
pumped into the payload and through a copper
block (cold reservoir) that is connected to the cop-
per CCD holder via an electrically isolated bundle of
braided copper strands. The cold reservoir is cooled
to �125�C in order to have adequate thermal mass
to maintain the CCD temperature set point of
�65�C throughout operation. Figure 3 shows a
CAD model of the MaGIXS camera and the braided
copper cold strap.

2.1.5. Entrance and focal plane ¯lters

There are two sets of ¯lters for blocking visible and
UV light — one set at the entrance aperture of the
telescope and a single focal plane ¯lter in front of the
CCD detector. The entrance ¯lter is 150 nm of Al on
70 lines per inch nickel mesh, the same design is
utilized for several of the EUV ¯lters on the
Atmospheric Imaging Assembly (AIA) that is
aboard the Solar Dynamics Observatory (SDO;
Lemen et al., 2012). The focal plane ¯lter is 150 nm
Al deposited on a 200 nm polyimide substrate,
similar to Al-poly ¯lter on the X-ray Telescope
(XRT) aboard Hinode (Golub et al., 2007). Both
sets of ¯lters are supported by custom designed

Table 4. Grating ruling.

y [mm] Period: 1
T [nm] Frequency: T [lines/mm]

32 541.6 1846.5
0 476.19 2100.0
�32 415.01 2409.6
�41 398.45 2509.7

Fig. 3. A CAD model of the MaGIXS camera. The CCD chip
is supported by and thermally coupled to a copper frame. The
copper frame has an electrically isolated thermal path to the
cold reservoir via the braided copper strap.

The Marshall Grazing Incidence X-ray Spectrometer
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frames and the ¯lter materials were applied to the
frames by the Luxel Corporation.

2.2. Optics development

The replicated optics fabricated at MSFC are elec-
tro-formed around a mandrel in which a prescrip-
tion was single-point diamond turned into the
surface, then subsequently polished to a ¯ne spec-
ular ¯nish. Similar to lapping techniques used in
normal-incidence optical surface fabrication, X-ray
mandrels are polished with cylindrical, concave lap
tools that work on the surface in conjunction with
various slurries and colloidal compounds. This pro-
cess is e®ective for removing residual single point
diamond turning tool marks and mid- and high-
frequency ¯gure errors, as well as for super-¯ne
surface ¯nishing that can readily achieve � 5Å
root-mean-square (RMS) surface roughness. How-
ever, lap tools have a tendency to introduce low-
frequency ¯gure errors into the surface, with larger
sag prescriptions su®ering more.

Many of the nickel–cobalt replicated mirrors
produced at MSFC yield point-spread functions
(PSFs) with half-power diameter (HPD) angular
resolution between 18–30 00 (Gubarev et al., 2014;
Ramsey et al., 2019; Champey et al., 2019). Table 5
compares several grazing incidence telescope sys-
tems developed at MSFC that make use of nickel–
cobalt replicated mirrors. Note that MaGIXS is a
faster system (i.e. optical surfaces have larger sag, or
curvature), with three additional re°ective surfaces
as compared to the other instruments listed. Imag-
ing resolutions are listed for the fully integrated
MaGIXS instrument, as well as for individual mir-
ror performance measured from component level
X-ray testing, which is discussed in Sec. 2.2.3.

2.2.1. Deterministic CNC polishing

Overcoming the fabrication challenges associated
with the tight 6 00 angular resolution requirement led
to the pursuit of developing a robust process for
re¯ning mandrel surface ¯gures. Both of the
MaGIXS mandrels served as a path¯nder for de-
terministic polishing speci¯cally tailored to correct
low-spatial frequency ¯gure errors, leading to high-
resolution grazing incidence mirror mandrels. The
process utilizes a Zeeko IRP 600X CNC polishing
machine and is deterministic due to its ability to
provide precise control of polishing tools that are
guided by a meteorological feedback cycle (Gubarev
et al., 2016; Davis et al., 2019). The process has
demonstrated an ability to reduce low-frequency
¯gure errors at spatial wavelengths > 7mm. At
shorter spatial wavelengths (< 5mm), new tools
must be developed to extend the response of the
process into this range.

Figure 4 shows the before and after residual
¯gure error on the paraboloid segment of the Wol-
ter-I telescope mandrel and is the result of ¯ve
polishing iterations with the Zeeko machine. The
blue pro¯le is the result of an axial pro¯le mea-
surement taken after removing residual diamond
turning tool artifacts using a pitch-lined polishing
lap. The green pro¯le is from a measurement taken
after the ¯nal ¯gure correction pass. Only the fea-
tures between 10–115mm in axial position were
addressed. The large deviations at the ends of the
pro¯les were not corrected because they lie near
physical edges on the mandrel that are avoided
while polishing. The transition from the paraboloid
segment to the hyperboloid segment is continuous,
so the polishing tool can reach closer to this plane.
Therefore, the avoided zone near the transition is

Table 5. MSFC-produced grazing incidence telescope systems.

Instrument [class]
Focal

length [m] # of Re°ections
# Nested
mirrors HPD [arcseconds]

HEROES [Balloon] 6.0 2 12/13 25–30
ART-XC (SRG)a [Navigator (Russia)] 2.7 2 28 27.5
FOXSI [Sounding Rocket] 2.0 2 7/10 20
IXPE [Small Explorer] 4.0 2 24 22.5
MaGIXS [Sounding Rocket] 2.5b 5c 1 28–30
Telescope Mirror 1.1 2 1 16
Spectrometer Mirrors (�2) 0.63 1 1 17

Notes: aSpectrum-Roentgen-Gamma high-energy astrophysics observatory.
bDistance from entrance aperture to detector.
cIncludes grating.

P. R. Champey et al.
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� 5mm, whereas the avoided zone near the abrupt
edge is � 15mm.

The data shown in Fig. 4 are the relative ¯gure
error in linear units. However, the local slopes in the
¯gure error at di®erent spatial wavelengths were
used as the metric to track corrections. Axial slope
errors were reduced from > 4 00 to 0.72 00 on the pa-
raboloidal segment (Fig. 4), and from > 6 00 to 1.26 00
on the hyperboloidal segment (Champey et al.,
2019). Including both the axial and azimuthal
components of the ¯gure errors, the combined RMS
slope error of the region corrected on the mandrel
are 1.0 00 and 1.55 00 on the paraboloid and hyperbo-
loid segments, respectively. It is important to note
that due to limitations imposed by the current
metrology approach, the azimuthal ¯gure error
component was not addressed during this polishing
e®ort.

2.2.2. CGH null metrology

The single paraboloid spectrometer mandrel surface
¯gure was also corrected using the same determin-
istic process described above. However, a custom
designed computer-generated hologram (CGH) null
optic was used to supplement the metrology. The
spectrometer mandrel prescription had � 20�m
departure from a cone over an 80mm segment,
which was found to be near the limit for plane-wave
interferometric metrology. Without the CGH, the

fringe density was too large for the detector to re-
solve, which resulted in data dropouts. The CGH
null operates in double pass and generates a test
beam wavefront that matches the mandrel. The
non-compensatable errors in this particular CGH is
45 nm peak-to-valley across the 4 inch aperture (in
the azimuthal plane). The resulting interferogram is
3D surface error measurement of the mandrel with
respect to the CGH phase function.

Figure 5 shows the relative ¯gure error for the
spectrometer mandrel before (blue) and after
(green) employing the deterministic polishing pro-
cess. The feature at X ¼ 16mm was unintentionally
imparted into the ¯gure during a series of prior lap
polishing iterations. The deterministic polishing
iterations removed enough material to generate a
°at pro¯le down to the bottom of the valley until
further corrections became limited by the metrology
accuracy. The axial RMS slope errors at 7mm
spatial wavelength were reduced from 3.0 00 (blue
pro¯le) to 0.4 00 (green pro¯le). The slope near the
edge of the mandrel (X ¼ 5mm) and the remaining
valley (X ¼ 16mm) are the largest contributors to
the RMS slope error. Similar to the green pro¯le in
Fig. 4, mid-frequency errors are also present.

One of the key components of the deterministic
process is measuring and characterizing the 2D wear
function (in°uence function) of the polishing tools.
The wear function is well behaved and has little
temporal variation, which makes it ideal for using as
a ¯ducial to register the Zeeko machine with the
mandrel and for tracking the wear rate of the sur-
face between polishing iterations. The accuracy to

Fig. 4. Relative ¯gure error of the paraboloid segment on the
telescope mandrel. The before pro¯le (blue) contained large
amplitude, low-frequency slope errors. The after pro¯le (green)
shows the corrected surface that no longer contains the low-
frequency errors (spatial wavelengths >7mm). Still present,
however, are mid-spatial wavelength (2–5mm) errors that do
not respond to the tools used in the process. The global positive
slope in the green pro¯le does not have a signi¯cant impact on
performance, although it does translate to a small shift
(< 1mm) in focal length of the telescope mirror.

Fig. 5. Relative ¯gure error of the spectrometer mandrel,
measured with a CGH. The before pro¯le (blue) shows a large
valley at X ¼ 16mm. This feature was unintentionally impar-
ted into the ¯gure during a series of prior lap polishing itera-
tions. The after (green) pro¯le shows the corrected surface
where much of the valley was corrected. Still present are mid-
spatial wavelength errors similar to those seen in Fig. 4.

The Marshall Grazing Incidence X-ray Spectrometer
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which the 2D wear function could be measured and
tracked improved from 8:4� 4:1 nm without any
null, to 2:2� 0:4 nm with the CGH null. This ex-
periment demonstrated that supplementing me-
trology with a null optic yielded about a factor of
four increase in accuracy of the registration between
the mandrel and the Zeeko machine.

Note that a null optic was employed for the
spectrometer mandrel, but not the telescope man-
drel. The telescope mandrel prescription has less
curvature and therefore was measured using plane-
wave interferometry with su±cient accuracy for the
process to be e®ective.

2.2.3. Replicated mirror performance

A key component of this development process was
to determine if the error-corrected surface propa-
gates through the process of replicating a mirror
shell. A series of X-ray tests were designed to
characterize the PSF and measure imaging perfor-
mance as a function of pupil location. The three
replicated grazing mirror were tested in the Stray
Light Test Facility (SLTF) 100m X-ray beam line
at MSFC. An overview of the experiment design
and preliminary on-axis PSF measurements are
reported in Champey et al. (2019). In one test, the
telescope mirror entrance aperture was masked and
only allowed the active aperture (the portion of the
aperture that would be incident on the grating) to
image the point source. This provided a direct

measurement of the on-axis PSF from the 34� active
aperture. This masked aperture test was imple-
mented when testing the TMA, but was not per-
formed when testing the individual spectrometer
mirror tests. Despite not having direct measure-
ments of the PSF produced by the active aperture of
the spectrometer mirrors, their full-width half-
maxima (FWHM) and HPDs were obtained indi-
rectly using out-of-focus images.

The out-of-focus images yield an annulus that is
the far-¯eld response of the exit pupil of the mirror.
Thus, the cross-section of the annulus at any given
azimuthal angle is a component of the in-focus, on-
axis PSF. Figure 6(a) is an X-ray image produced
by the ¯rst spectrometer mirror where the CCD
camera was placed 6mm in front of the mirror's
focal plane. The image was processed to remove the
background and was ¯ltered to suppress residual
noise below a threshold. The 100� corrected sector,
denoted in the image, shows an enhanced response
and correspondingly a narrower annular width as
compared to the remainder of the mirror. A pair of
¯ducials were a±xed to the entrance aperture of the
mirror (Fig. 6(b)) to verify clocking of the mirror in
the X-ray image.

Figure 7 shows two pro¯les that are the result of
integrating the annulus over azimuth range � ¼
125� to � ¼ 225� at steps of �� ¼ 5�. The left panel
shows the integrated pro¯le obtained from the
defocused image in the left panel of Fig. 6, while the
right panel shows the integrated pro¯le from a

(a) (b)

Fig. 6. Left: An X-ray image produced by Spectrometer Mirror 1 (SM1) with the detector placed 6mm inside of the mirror's focal
plane. The sector bound by azimuth angles � ¼ 125� to � ¼ 225� had ¯gure errors corrected via the deterministic polishing process.
Right: SM1 in a test mount, looking at the entrance aperture from the direction of the source. Two ¯ducials were placed at the 0� and
90� locations that are meant to block X-rays, creating two shadows in the image that are used to register the clocking of the exit
pupil.

P. R. Champey et al.
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similar defocused image produced by the second
spectrometer mirror (not shown). These pro¯les are
a close approximation to the on-axis, in-focus PSF
generated by the sector of the annulus included in
the integration. The pro¯les were ¯t with a 1D
Gaussian function plus a constant background
term. The FWHM ¼ 2:35�, where � is the standard
deviation of the Gaussian ¯t. The HPD is computed
directly from the data by taking the cumulative sum
in the �X and þX directions from the center of the
pro¯le peak. The corrected sector on the mandrel
led to mirror imaging performance of FWHM ¼ 14 00
and HPD ¼ 16 00 for SM1, and FWHM ¼ 13 00 and
HPD ¼ 17 00 for SM2. The average net improvement
was a 9% reduction in FWHM, a 7% reduction in
HPD and a 15% increase in throughput, as com-
pared to the non-corrected remainder of the mirror.

In both Figs. 7(a) and 7(b), the pro¯les have a
feature at the base of the peak that begins at
X � 10, but does not appear on the opposite side.
The source is photons scattered in the radial plane
(normal to the annulus) and the asymmetry is due
to the fact that pixels that lie interior to the annulus
detect a larger fraction of the annulus than pixels
that lie exterior. This does have an impact on the
HPD measurement. A more detailed analysis of out-
of-focused images that considers this scattering be-
havior and pupil aberration will be discussed in a
future paper (Champey et al., in preparation).

The same analysis was performed on an out-of-
focus image produced by the telescope mirror
(Champey et al. (2019), Fig. 6(a)), which deter-
mined the corrected 100� sector on the telescope
mirror performed with a �40% increase in

throughput and �20% decrease in the FWHM as
compared to the remainder of the mirror. The
resulting imaging performance measured from the
error corrected sector seen in the out-of-focus image
was FWHM ¼ 12 00 and HPD ¼ 16 00. For compari-
son, in Champey et al. (2019) Fig. 5(b), the masked
PSF image shows a preliminary HPD ¼ 14 00. The
same image has since been reprocessed to remove
residual noise and the cumulative sum was recom-
puted over a larger, 50� 50 pixel region. The
resulting HPD ¼ 16 00.

2.3. Instrument layout and mechanical
design

The MaGIXS system is divided into four sub-as-
semblies — the Telescope Mirror Assembly (TMA),
the Spectrometer Optical Assembly (SOA), the
CCD camera assembly, and the secondary slit-jaw
(SJ) imaging system for context imaging. Figure 8 is
a rendering of the instrument CAD model that
illustrates the system layout and the mechanical
design.

2.3.1. Optical bench

The optical bench is composed of three 17-4 PH
H1100 stainless steel tubes, with welded 17-4 PH
H1100 °anges. The tube and °ange assemblies were
precision machined in a single operation to meet
tight °atness and parallelism tolerances between
opposing °anges. Each of the optical bench inter-
faces utilizes a pair of pins, which allows for simple
and repeatable reassembly during the alignment

(a) (b)

Fig. 7. The integrated pro¯les (azimuth range � ¼ 125� to � ¼ 225�) from the 6mm out-of-focus X-ray images. Panel (a) is the
pro¯le extracted form the image shown in Fig. 6(a) (out-of-focus image from SM1). Panel (b) is the pro¯le extracted from a similar
out-of-focus image from SM2. The plate scale ¼ 4:35 00/pixel.

The Marshall Grazing Incidence X-ray Spectrometer
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process. The same is true for the interfaces between
the optical assemblies and the optical bench. The
TMA, SOA, and camera interfaces have 6-point
mounts, where combinations of spacers and shims
are used to adjust focus, tip, and tilt.

17-4 PH H1100 was selected as the material for
the optical bench due to its thermal and structural
properties. Instrument level dynamic analyses
assessed the performance of the design in both °ight
and test environments. The analyses demonstrated
that the design performed with adequate margin in
the °ight environment de¯ned by the sounding
rocket handbook (SRPO, 2015) and the de°ection
of the optical bench under gravity (a 1-G lateral
(X, Y) load) during ground testing was adequate for
alignment and calibration.

2.3.2. Optics assemblies

Optical alignment and mounting of the mirrors and
grating were performed at SAO. A thorough de-
scription of the TMA and SOA alignment and as-
sembly process are reported in Hertz et al. (2020).
The single shell Wolter-I optic is supported on a
titanium mounting °ange and is attached by six
titanium °exures via nickel bonding pads, as shown
in Fig. 9. The nickel pads and titanium °exure
material were selected for their close coe±cient of
thermal expansion (CTE) match to reduce thermal
distortions to the optical surface. The TMA carries
a cross-hair reticle, which lies at the center of the
TMA aperture, and a °at reference mirror bonded
to a cutout in the titanium mirror mounting °ange.
The mounting interface to the optical bench is
designed to be adjustable, allowing for focusing and
tip/tilt corrections. The interface also has a pair of
dowel pins that mate with an over-sized hole and
slot, which allows lateral translation across the in-
terface, and increases the tip and tilt adjustment

stroke. After the alignment is complete, the over-
sized holes are ¯lled with epoxy, encapsulating the
pin and setting the alignment.

Also included in the TMA is the telescope
mirror cover, which serves a dual purpose for pro-
tecting the mirror and supporting the entrance ¯l-
ters, reticle, and sun sensors. The reticle lies at the
center of the cover and is aligned to the optical axis
of the mirror - this process is discussed in Sec. 3.2.
The sun sensor mounts to the mirror cover via a 3-
point mount adapter plate. Prior to launch, the
angular o®set of the sun sensor to the TMA is
measured using a theodolite and subsequent
adjustments are made by inserting shims between
the adapter plate and mirror cover interface.

The spectrometer mirrors are held individually
using the same mounting design as the TMA, but
with only three °exures and nickel bonding pads. As
illustrated in Fig. 10, the individual mirror assem-
blies attach to opposite sides of the SOA interface
plate. The grating is mounted to its own titanium

Fig. 9. The telescope mirror assembly (TMA). The telescope
mirror is bonded to six tangential °exures with nickel pads and
is supported by a titanium mounting °ange. A mirror cover
on the front side of the mirror supports the entrance ¯lters,
the cross-hair reticle alignment reference and the sun sensor
mount.

Fig. 8. The MaGIXS instrument mechanical layout. The 17-4 stainless steel optical bench has a single mechanical interface to the
sounding rocket skin, located near the slit plane (image plane of the Wolter-I telescope). The TMA, SOA, and detector assembly are
all supported by the optical bench.

P. R. Champey et al.
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structure and is also attached using a °exure and
bond pad system. The grating mount ¯ts over the
SM2 mounting °ange and attaches directly to the
SOA interface plate. Like the TMA interface design,
SM1, SM2 and the grating mounts are designed to
be adjustable for focusing and tip/tilt corrections
and then the alignment is locked into place by en-
capsulating the dowel pins with epoxy.

2.4. Slit-jaw imager

The MaGIXS slitjaw imager (SJI) design includes a
metallic slot plate positioned at the focus of the
Wolter-I telescope mirror and a simple visible light
re-imaging assembly. The slot plate is coated with a
phosphor extreme ultraviolet (EUB) to visible light
conversion material, and the re-imaging assembly is
composed of a commercial o®-the-shelf lens and low-
light camera (Vigil et al., 2021). Because of the low
sensitivity of the phosphor coating to soft X-rays,
the entrance ¯lters installed for °ight were designed
to pass EUV photons to the telescope that were
then focused onto the slot. During calibration, the
SJI aided in pointing the instrument toward the
X-ray point source. The camera is sensitive to

visible light and therefore was capable of tracking
the image of the guide laser focused by the TMA.
Figure 11 shows the SJ view of the slot used for
calibration at the X-ray Cryogenic Facility (XRCF)
(Calibration II, Fig. 2) fully illuminated with white
light as well as examples of the visualization of the
guide laser while pointed on and o® the slot. The
system was e®ective in determining the pointing
orientation when performing X-ray tests with the
slot and hole array reported in Sec. 3.5. The Python-
based pointing and visualization software were
tested during calibration, which helped to develop
the ¯nal version used for °ight.

2.5. Avionics

The MaGIXS avionics unit consists of a Data Ac-
quisition and Control System (DACS), low noise
power supply, signal conditioning and a vacuum
gauge. The avionics system is designed to be mod-
ular so that it can be easily recon¯gured to operate
with MSFC developed camera systems, context
imagers, and payload sensors. The avionics system
for MaGIXS was re-purposed from Hi-C 2/2.1, with
a few minor changes to the con¯guration and a new

Fig. 10. The spectrograph optics assembly (SOA). The spectrometer mirror pair and the grating assembly attach to a common
interface °ange. The spectrometer mirror pair mounts and grating mount all have an adjustable mechanical interface to aid in their
respective alignments.

Fig. 11. Slit-jaw images obtained during X-ray testing at the XRCF. (A) Modi¯ed slot fully illuminated with white light. Positions
along the slot, S2, S0 and S1 are labeled and correspond to results shown in Fig. 18. (B) Edges of the guide laser illuminates edges of
slot at position S0. (C) Guide laser image is fully visible while pointed o® of the slot. The locations of the guide laser pointed on the
center of the slot and o® the slot relative to the fully illuminated slot are shown (green and red star, respectively).
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mount to ¯t into the 17 inch diameter skin section.
A detailed description of the avionics system is
given in Rachmeler et al. (2019).

3. Integration, Alignment and X-Ray
Testing

3.1. Alignment error budget

The principal challenge forMaGIXS was co-aligning
each of the ¯ve grazing incidence elements in series,
displaced along the optical axis. A sensitivity anal-
ysis was performed on the optical system to assess
the in°uence of various misalignment terms on the
system's imaging and spectral performance
(Champey et al., 2016). The process included per-
turbing single components, e.g. each of the three
mirrors and grating individually, and the spectrom-
eter as a sub-assembly (SM1, SM2 and grating).
UsingZemaxOpticStudio ray tracing software, pitch,
yaw, de-center and defocus misalignment terms were
introduced into the model, and the resulting RMS
spot radii, shift in dispersion on the detector, and
fractional vignetting were evaluated as the ¯gures of
merit for system performance. The results of this
study were used to construct an alignment error
budget and to derive opto-mechanical tolerances for
the optics mounts and optical bench. The most crit-
ical alignment in the system is the relative tip and tilt
between SM1 and SM2 mirrors. This needed to be
controlled within 5 00 in order to keep o®-axis aberra-
tions minimized and avoid vignetting. In general, the
relative alignment between the three spectrometer
optics (SM1, SM2, and the grating) have the largest
in°uence on system performance. A table comparing
alignment tolerances derived from the error budget
with as-built values is provided in Hertz et al. (2020),
Table 1 therein.

3.2. Grazing incidence mirror mounting

The strategy for aligning the MaGIXS system was
based on ¯rst locating the optical axes of each
grazing incidence mirror and then aligning it to a
pair of optical references. Each mounting °ange
carries a double-sided 19mm diameter precision °at
reference mirror and a positive reticle (cross-hair)
that serves as a reference for centering of the optical
axis in X,Y (Sec. 2.3.2).

Grazing incidence mirror to °ange alignment
was performed in a vertical orientation; the optical

axes of the grazing incidence mirrors were parallel
with the gravity vector. During setup, a Wilde
T3000 auto-collimating theodolite was co-aligned to
the optical axis of the Centroid Detector Assembly
(CDA) (Glenn, 1995). The theodolite was used to
sight the reference mirrors on the mounting °anges.
The mounting °anges were subsequently adjusted
for tip and tilt using micrometers until the reference
mirrors were brought into alignment with the the-
odolite, and therefore the CDA test beam. Micro-
meters were also used to translate the °anges
laterally in X,Y and bring the reticle into alignment
with the optical axes of the CDA test beam. The
grazing incidence mirrors rested on a separate 5-axis
¯xture that allowed for tip/tilt, X,Y translation,
and focusing. After both mounting °anges and the
grazing incidence mirrors were aligned with the
CDA, the mirror was bonded in place. The end re-
sult of this assembly step was an accurate knowl-
edge of the position of the optical axis for each of the
grazing incidence mirrors with respect to the refer-
ences located on the mounting °anges. More details
and measurements from the MaGIXS grazing inci-
dence optics mounting and alignment process are
given in Hertz et al. (2020).

For an in¯nite conjugate grazing incidence
mirror (telescope with object at in¯nity), the system
operates in double pass and the CDA is placed at
the focus of the mirror. The CDA emits a blue-light
(488 nm) pencil laser beam that is steered in a cir-
cumferential pattern around the annular aperture of
the mirror under test. The beam re°ects o® of the
test mirror surface and exits through the front
(entrance aperture). The beam is then incident on a
°at mirror and is re°ected back through the test
mirror, returning to the CDA. In the case of a ¯nite
conjugate system (i.e. the SM1 and SM2 spec-
trometer mirror pair), the CDA operates in single
pass mode, with the CDA placed at one focus and a
satellite camera placed at its conjugate. In either
con¯guration, the camera detects the focused spots
from the test beam and calculates their centroids.
The distribution of these centroids at the detector
plane is a trace of the mirror's PSF.

Figure 12 provides CDA outputs from a single
scan of the aligned spectrometer mirror pair. Each
point marks the centroid of the focused test beam,
and the colorized vector bridging each point indi-
cates the direction of the scanning beam, as well
as the azimuthal position in annular aperture.

P. R. Champey et al.
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Figure 12(a) shows a balanced alignment between
SM1 and SM2, where the RMS spot diameter was
minimized over the full aperture. Figure 12(b)
shows a preferential alignment between SM1 and
SM2 that minimized the RMS spot size for the error
corrected sub-aperture between azimuth angles
125� to 225� that falls onto the grating (see
Sec. 2.2.3, Fig. 6(a)). This alignment solution for the
mirror pair was the desired aligned state of the SM1
and SM2 pair.

3.3. TMA and SOA focusing

System integration and alignment were completed
over several steps that began with focusing the
TMA with the slot plane. The full system, TMA and
complete SOA, were aligned on an optics table in
the XRCF 10 k clean room. Throughout this phased
integration and alignment process, a total of 17
X-ray tests were completed, and the data from these
tests provided con¯dence and useful feedback to
the indirect optical alignment techniques being
performed.

3.3.1. TMA focusing

The ¯rst objective was to locate the on-axis focal
plane of the TMA. The TMA was mounted to the
telescope section of the optical bench, which was
supported by the skin interface plate (SIP). The
reference mirror on the TMA was aligned to the
reference mirror on the SIP using the theodolite for
measurement and shims at the mounting interface
for adjustment. In place of the slit was a CCD
camera that detected the X-ray image from the

TMA. The TMA was translated in the focal direc-
tion (Z-axis) to produce intra- and extra-focused
annuli, from which HPDs were calculated.

Figure 13 shows the measurements from the
TMA integrated with the optical bench (red \þ"
markers) and measurements from a standalone
TMA test in the SLTF, prior to integration with the
optical bench (black circles). A pair of lines were ¯t
to the SLTF data (gray dashed lines) and the in-
tersection of these two lines imply the location of
best focus (smallest spot size). The corresponding
shift in focus (�f) for the XRCF HPD measure-
ments was solved using the linear ¯ts from the
SLTF data. With the shift in focus known relative
to the best focused spot, the proper shim thickness
was determined for focusing the TMA with the slot
for ground testing (¯nite source distance). Then by
applying the thin lens equation, the °ight (in¯nite
source distance) shim thickness was determined.

3.3.2. TMA-SOA focusing

Focusing the SOA followed the same approach as
TMA focusing. With the TMA integrated to the
optics bench, the SOA (without the grating) was
mounted to the optics bench and a CCD camera
was mounted on-axis near the SOA focal plane. The
distance (front focus) of the SOA from the TMA
focal plane was determined from the CDA mea-
surements and was controlled with a set of spacers.
The CCD camera was placed at an intentionally
out-of-focus position to image the TMA and the
SOA combination. The camera was subsequently
shifted to a position on the opposite side of the SOA

(a) (b)

Fig. 12. CDA scans of the aligned SM1 and SM2 pair. (a) is a CDA scan of the mirror pair that was aligned to produce a
symmetrical, minimized RMS spot size. (b) is a CDA of where the mirror pair was preferentially aligned to produce a minimized spot
over the sub-aperture that is dispersed by the grating.
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focal plane and a second out-of-focus image was
captured. Using the same technique described in
Sec. 3.3.1, the distance to the on-axis focal plane of
the TMA-SOA combination was determined.

3.4. System alignment approach

The TMA and SOA are confocal at the slot plane
and are separated by a span of 1.6m, as shown in
Fig. 14. The TMA, the slot at the TMA focal plane,
and the SOA were to be precisely aligned using the

reference mirrors and reticles located on each of the
three sub-assemblies. The series of alignments de-
scribed below were performed on an optics table and
in the ¯eld before and after vibration testing.

3.4.1. Alignment setup

Using the references on the TMA and SOA, the
relative alignment of the assemblies was measured
with a theodolite and a pair of external °at mirrors
placed on a laboratory optics table. The °at mirrors

Fig. 13. TMA half-power diameter at relative defocus positions. The black circles are half-power diameters determined from TMA
X-ray tests in the Stray Light Test Facility. The gray dashed lines are two separate ¯ts to the data shown as the black circles and the
intersection of these two lines implies the location of the best focused position. The red \þ" markers are the HPDs measured from
TMA tests in the X-ray Cryogenic Facility beam line. From these combined data, the shim sizes required to focus the TMA with the
slot were determined for both ground testing (¯nite source) and °ight (in¯nite source) con¯gurations.

Fig. 14. The instrument CAD model showing a detailed view of the TMA focal plane and entrance to the SOA. The X-ray beam
focused from the TMA is incident on the slot and is imaged by the Slit-jaw camera. After passing through the focal plane, the beam
diverges and enters SM1 where it is collimated then re-focused by SM2. The principal challenge during integration was aligning the
TMA and SOA and ensuring the optical axes of the two sub-assemblies were centered with the slot.

P. R. Champey et al.

2250010-14

J.
 A

st
ro

n.
 I

ns
tr

um
. 2

02
2.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 7

1.
23

5.
82

.1
27

 o
n 

06
/3

0/
22

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



were designated as the transfer surface (12-inch
diameter °at mirror) and the absolute reference
(4-inch diameter °at mirror). Both mirrors were °at
within �=20 (32 nm) peak-to-valley. The theodolite
was mounted to a 2-axis translation stage, which
was required for the theodolite to be repositioned in
order to sight targets at various X,Y positions.
Figure 15 shows the placement of the theodolite,
absolute reference, and the transfer surface, all with
respect to the instrument. The 4-inch diameter
absolute reference was positioned between the the-
odolite and the instrument and placed at a X,Y
location such that when the instrument was rolled
180�, the mirror did not obstruct any of the line of
sights of the theodolite to the reference mirrors in
the instrument. The transfer surface was placed
near the rear of the instrument and was tilted to-
ward the theodolite. This surface was strategically
placed so that it could be sighted by the theodolite
at the X,Y positions dictated by the line of sight of
each target - this was a requirement of the test.

Since the reference targets are not co-located,
the theodolite must be translated and realigned to
sight each of the targets. However, in moving the
theodolite, all spatial reference is lost and the two
independent measurements no longer have any
meaningful relationship. The purpose of the transfer
surface is to serve as a common plane that is used to

compare measurements of two independent, non-co-
located surfaces. In addition, the absolute reference
is an external reference that serves as a global ref-
erence plane between the set of measurements
obtained in the 0� and 180� orientations. The
measured plane of the absolute reference is sub-
tracted from the measured planes of the reference
targets and transfer surface, tying each measured
surface to a global reference.

3.4.2. TMA-SOA alignment

The plane of each reference mirror was measured
and recorded in a spreadsheet. Each data point
consists of an angular measurement in the
\horizontal" axis (yaw), and \vertical" axis (pitch)
of the target surface. With the theodolite ¯xed in
the X,Y plane, the theodolite is slewed back and
forth between the reference mirror and the transfer
surface, producing a pair of measurements for both
surfaces. The di®erence between successive mea-
surements is computed, then averaged. The process
is repeated for each target, and then repeated again
for all targets with the instrument rolled 180�.
Rolling the instrument is a technique used to
quantify and remove any contribution from the
mechanical structure de°ecting under a 1-G gravity
load. De°ection measurements under a 1-G load are
given in Table 6.

Figure 16 shows a schematic of how each ref-
erence was measured and provides a top view of the
measurement layout. Each dashed line represents a
line of sight of the theodolite when recording mea-
surements. In Fig. 14, the skin interface plate is a
solid surface, so there is no line of sight to the SOA
reference mirror when looking boresight from the
TMA end of the instrument. To measure the SOA,
the instrument was °ipped so that the theodolite
had a line of sight with the SOA reference mirror,
and the back side of the SIP reference mirror. The
SIP reference mirror serves as a transfer and allows
for direct comparison of the angular o®set between
the TMA and SOA reference mirrors.

Fig. 15. The theodolite alignment setup for measuring the
TMA and SIP reference mirrors. The theodolite is an auto-
collimating Leica Wilde T3000 model, mounted to an X,Y
translation stage. The relative placement of the absolute ref-
erence and the transfer surface is required so that the absolute
reference does not move between measurements taken at 0� and
180� orientations. It is also required that the theodolite must
sight the transfer surface at each X,Y position dictated by
theodolite line of sight for each target.

Table 6. De°ection of the TMA and SOA under a 1-G load
(mean� 1�, sample size, n ¼ 10).

Assembly Yaw angle [arcseconds] Pitch angle [arcseconds]

TMA 46� 15 38� 4
SOA 49� 15 30� 14

The Marshall Grazing Incidence X-ray Spectrometer
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Using the same setup in Fig. 16, the linear
o®set of the three reticles (TMA, SIP, and SOA)
was measured and corrected. The process was sim-
ilar to what is described above except that the
reticles are printed onto a transparent fused silica
substrate, so auto-collimation does not come into
play. When looking boresight down through the
TMA reticle, adjusting the focus of the theodolite
eyepiece brings the downstream SIP and SOA
reticles into sight. Initially, the theodolite was po-
sitioned such that the eyepiece reticle is centered on
both the TMA reticle and the SIP reticle (i.e. the
optical axis of the theodolite pierces the centers of
both reticles). The X,Y position of the theodolite
remained ¯xed and the theodolite angular position
was recorded, along with the angular position of the
transfer surface. Next the theodolite was returned
to line of sight established for the TMA and SIP
reticles and was re-focused bringing into view the
¯nal SOA reticle. The theodolite was slewed, cen-
tering the eyepiece on the SOA reticle, and the
angular position of this line of sight and the location
of the transfer surface was recorded. Applying the
distances between the theodolite axis of rotation
and the three reticles, the o®set in X,Y (decenter-
ing) was calculated. This measurement procedure
was repeated twice – once at 0� roll angle, and
again at 180� roll angle. The de°ection of the sys-
tem due to the 1-G load was compensated in the
centering adjustment. The end result was in both 0�
and 180� orientations, the net centering o®set in the
vertical axis (parallel to gravity) was equivalent to
the measured 1-G de°ection. During °ight, when
gravity is o® loaded, the system would move into
alignment.

The tip/tilt error and decentering of the sub-
assemblies were corrected at the SOA mounting
interface to the optical bench. A set of three shims
were machined and polished to within 10�m and
placed at three of the six fastener locations. The
other three fasteners also had custom spacers ma-
chined but were installed after the alignment of the
assembly was set. The de-centering of the two sub-
assemblies was corrected via a pair of centering
¯xtures that used ¯ne thread pitch adjusters. The
¯xtures were placed over the SOA mounting inter-
face, with the outer ring attached to the optical
bench °ange and an inner ring attached to the SOA.
The adjusters, located on the outer ring, pushed
against the inner ring, allowing for precise, in-plane
lateral translation of the assemblies across the
bolted interface.

The left panel in Fig. 17 shows the evolution
from the initial mounting of the SOA to the optical
bench (red marker), to when the system was
aligned. The ¯rst correction attempt (orange
marker) reduced the error in pitch signi¯cantly, but
doubled the error in yaw, indicating the misplace-
ment of a shim. The pre-calibration measurements
(pink markers) are measurements taken after
alignment was complete, but prior to the XRCF
calibration tests. From pre- to post-calibration
(green markers), a shift was observed in the mea-
surements of the relative alignment between the
TMA and the SOA (yaw � 0:6 0, pitch � 0:8 0). The
cause of this shift is not known. The right panel of
Fig. 17 is rescaled to show the cluster of TMA to
SOA alignment measurements taken post-calibra-
tion. The co-variance con¯dence ellipses are shown
as green, blue and red dashed lines, representing 1,

Fig. 16. Top view of the alignment setup. The dashed lines represent the line of sight of the theodolite as it sights the various
target. The reference mirrors used to align the optics sub-assemblies are labeled as \RM."

P. R. Champey et al.
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2, and 3� con¯dence levels, respectively. Each in-
dividual green marker is measurement that was
taken after the alignment between the TMA and
SOA was broken (to change test con¯guration) and
then realigned.

3.5. End-to-end X-ray test

End-to-end X-ray tests were performed in the
XRCF 500m evacuated beam line. The XRCF's
Manson source with Ni, Zn, and Mg anodes was
used to generate X-rays, and the beam normaliza-
tion detector (BND) was used to measure the source
irradiance. The ¯rst series of end-to-end tests made
use of a slot and hole array placed at the TMA
focus. The slot was 10mm long, and 0.38mm wide
and had three 1mm diameter holes at the center
(on-axis) and two on either side at �9:5 0 o®-axis, as
shown in Calibration II, Fig. 2 therein. This ¯eld
stop was used in place of the slit at the TMA focal
plane to help overcome di±culty pointing the in-
strument toward the X-ray source with the ¯ve-axis
mount (FAM) inside of the vacuum chamber. A low
X-ray count rate made real-time image feedback
impractical with the smaller slit. The 1mm diame-
ter holes are much larger than the size of the focused
spot from the TMA, so they do not block any
focused photons from reaching the spectrometer.

Figure 18 shows a composite image of the
focused spots from imaging three di®erent source
targets. The data have been processed to correctly
include photons whose charge clouds were detected
over multiple adjacent pixels. The image has been
smoothed with a 3� 3 pixel box kernel and the color
bar units are photons per second. Wavelength

dispersion is along the detector X-axis and the
spatial (imaging) component is along the detector
Y-axis. The ¯rst- and second-order spectra were
detected for the Mg and Zn lines, with the second
order Ni line falling just o® the edge of the detector.
There are three distinct spots along the Y- axis that
appear for the Mg and Ni lines at the �9:5 0, 0 0, and
þ9:5 0 ¯eld angle locations (S2, S0 an S1, respec-
tively). However, in the case for observations with
the Zn target, data were collected for S0 position
only. For these tests, the instrument roll angle was
set such that the dispersion axis was perpendicular
to the gravity vector. In Fig. 18, the Y-axis is par-
allel to the gravity vector.

3.5.1. PSF characterization

The PSF was evaluated using two approaches. In
Calibration II, the PSF was ¯t with a 2D Gaussian
function and the HPD was calculated from image
data. The caveat to this approach is that along the
dispersion axis, the spatial and spectral point
spreading are coupled. Thus, integrating the fo-
cused spots along the dispersion axis is one way to
suppress the in°uence of the spatial-spectral cou-
pling and assess only the spatial component. The
focused spots along the spatial axis in Fig. 18 were
cropped and then summed along the X-axis. In the
case of the Ni-L�, � line pair, the image was cropped
such that the L� and L� spots were segregated. The
result was a 1D pro¯le along the spatial axis of the
focused spots for each line species.

Figures 19(a) and 19(b), top panel, show the
focused spots for the Mg-K�(1.25 keV) and
Ni-L� (0.85 keV) lines extracted from Fig. 18

Fig. 17. The TMA-SOA alignment. Each point is a theodolite measurement of the TMA and SOA reference mirror o®set. The left
panel shows the evolution from the initial mounting of the SOA to the optical bench, to when the system was aligned. The right
panel is rescaled to show the cluster of TMA to SOA alignment measurements taken post-calibration. The 1, 2, and 3� con¯dence
ellipses are plotted for the post-calibration measurements.
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and rotated 90�. The bottom panels are the pro¯les
of the spots integrated along the detector X-axis
(dispersion axis), plotted as the black curve. Each of
the spot pro¯les was ¯t with the sum of two 1D
Gaussian functions (fuchsia dashed curves) from
which the FWHMs are calculated (red solid lines).
The FWHMs are listed in the text box in the upper
left corner of the bottom panels.

The HPD was also computed from the inte-
grated pro¯les at each ¯eld angle. HPD is calculated
by taking the cumulative sum, centered at the peak
of the spot's pro¯le. In Fig. 20, the cumulative sum
is plotted against radius from center of the peak for
both Mg-K� (20(a)) and Ni-L� (20(b)) ¯rst order.
Interpolation was used to calculate the width of the
pro¯le containing 50% of the total photon counts.
The half-power-radius is indicated by the

intersection of the black dashed line at 50% of the
normalized power and vertical dashed lines for each
curve. The HPDs shown in the legend of Fig. 20 are
plotted against the ¯eld angle in Fig. 21.

The HPD of the spatial component of the
MaGIXS PSF are plotted over the �9:5 0 ¯eld of
view in Fig. 21. Included in the ¯gure is the second-
order Mg-K� line and the range of predicted HPD
obtained from component-level PSF characteriza-
tion (gray box). The upper HPD limit is 31 00 and
was calculated by convolving the PSFs of the TMA
and spectrometer mirrors (Champey et al. (2019),
Fig. 8). The lower limit is 28 00 and was estimated
from the root-sum-square (quadrature sum) of the
HPDs measured for the active apertures of the
TMA and spectrometer mirror pairs (Sec. 2.2.3).
The average HPD of the fully integrated instrument

(a) (b)

Fig. 19. Images of the focused spots and PSF pro¯les for the Mg-K� (n ¼ 1) (left panel) and Ni-L� (n ¼ 1) (right panel). The PSF
pro¯les are the result of integrating over the spots in the dispersion axis (Detector X-axis). A sum of two 1D Gaussian functions were
¯t to each of the three spot pro¯les and are over-plotted onto the pro¯les as the fuchsia dashed line. The vertical dashed-dot gray
lines indicate the mean of Gaussian ¯t to the core, and the horizontal red lines denote the FWHM.

Fig. 18. The composite X-ray image containing all of the data collected from the fully integrated calibration tests. First- and
second-order spectra were detected for the Mg-k� and Zn-L�; � lines. The ¯rst-order Ni-L�; � line is detected near the center of the
image, with the second-order line falling just o® to the right side of the detector.

P. R. Champey et al.
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was 20 00, 26 00 and 30 00 at the S2, S0 and S1 ¯eld
positions, respectively.

The di®erence in HPD performance predicted
from component-level X-ray tests and the mea-
surements from the end-to-end X-ray tests are rel-
atively small. The average HPD measured for the S1
position falls within the expected range, while the
HPD at the S0 position falls just below the bottom
of the range by a di®erence < 10% (< one pixel).

Despite the agreement between S0 and S1 with
the component level predictions, S2 shows a nar-
rower spot and correspondingly smaller HPD. The
cause of the variation in performance across the
�9:5 0 ¯eld of view is not immediately understood

and a follow up investigation supplemented with
°ight data is being performed. Discussed below in
Sec. 4 is an observed misalignment between the
optical axis of the TMA and the slot, which may be
a contributor to this response in the performance.
Preliminary results of the °ight data imply the
spatial resolution is consistent with the HPD mea-
sured at the S0 position, however the analyses are
not complete. This issue will be probed more as the
°ight data is processed to a higher level and will be
revisited in Savage et al. (2022).

4. Discussion

MaGIXS had a successful °ight and recovery on
July 30, 2021, detecting X-ray spectra of a pair of
active regions near the western solar limb. The
systems within the instrument operated nominally
during °ight, with avionics, CCD camera and SJ
system not reporting any issues. The °ight data
show that comprehensive success criteria were met.
A mission paper (Savage et al., 2022) is in prepa-
ration and will discuss °ight data processing, anal-
ysis, and initial science results.

However, during fabrication, integration and
°ight, several observations were made indicating
the instrument was not in an optimal state. Chan-
ges from the original design, either due to choice or
evolution of the design, fabrication limitations, and
mistakes during assembly that impacted X-ray
performance during °ight are discussed.

4.1. Large point spread function

Despite the advancements in correcting ¯gure errors
via deterministic CNC polishing, the replicated
mirrors did not meet the 6 00 resolution goal. There

(a) (b)

Fig. 20. The cumulative sum of pro¯les in Fig. 19, for both Mg-K� (n ¼ 1) (left panel) and Ni-L� (n ¼ 1) (right panel). The HPD
for each curve is indicated by the intersection of the dashed lines.

Fig. 21. HPD imaging performance for Mg-K� (n ¼ 1 and
n ¼ 2) and Ni-L� (n ¼ 1). The gray box bounded by the black
dash-dot lines represents the range of HPD predicted from
component level X-ray testing. The 31 00 upper limit was com-
puted by convolving the X-ray PSFs from the TMA and the
spectrometer mirror pair. The 28 00 lower limit was computed
from the root-sum-square (quadrature sum) of the HPD mea-
surements discussed in Sec. 2.2.3. A clear gradient in resolution
is observed across the �9:5 0 ¯eld of view. The cause of this
feature is being investigated further with the °ight data.

The Marshall Grazing Incidence X-ray Spectrometer
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are known contributing factors that impacted the
resolution. First, the Wolter-I telescope mandrel
was damaged and repaired during a deterministic
polishing operation. The 100� error-corrected seg-
ment was not part of the damaged area. Although,
the underlying aluminum substrate is suspected to
have been warped, causing non-circularity in the
mandrel, which was observed as a hexafoil shape in
the defocused TMA images reported in Champey
et al. (2019).

Another contributor imparted stresses in the
replicated mirrors that impact resolution. During
replication, discontinuities in the electric ¯eld near
the ends of the mirror segment cause ¯gure errors
that propagate � 20mm from the mirror edge into
the focusing optical surface. There was no ability to
measure or model this e®ect at the time the
MaGIXS mirrors were produced, but results from
more recent work indicates this is the dominate
source of stress induced ¯gure errors in the repli-
cated mirror. In Sec. 2.2.3, observed improvements
to the error-corrected mirror sectors are reported,
but it is likely the imaging performance of the rep-
licated mirror which is limited by these edge e®ects.

4.2. Alignment issue

Observations during ground testing suggest:
An alignment issue between the optical axis of the
system and the slot. Heliostat testing at the White
Sands Missile Range, NM, implied that the image
formed by the TMA and detected by the SJI was
o®set from the center of the slot by up to 9 0. This
o®set was accounted for when pointing the instru-
ment during °ight. However, an preliminary anal-
ysis of the °ight data suggests that while some
alignment o®set is detected in the observations, the
alignment o®set is less than 9 0.

In retrospect, this issue was ¯rst detected when
performing the TMA focusing X-ray tests. The test
concluded that the on-axis focal spot of the TMA
was o®set from the center of the CCD that was in
place of the slit (Calibration II). It was not realized
that this result indicated an alignment o®set be-
tween the TMA and the center of the slot. To cor-
rect for this issue, a tip and tilt adjustment at the
TMA is needed to force the on-axis focus to the
center of the slot. This could be done by repeating
the TMA focusing test discussed in Sec. 3.3.1.

The apparent net e®ect is thatMaGIXS operated
at an o®-axis ¯eld angle, potentially diminishing

throughput and resolution. This was corroborated
when revisiting the ray trace model and producing a
¯eld-dependent vignetting function. At the observed
o®-axis ¯eld angle, vignetting reduces throughput to
< 10%, which shows agreement with the measured
e®ective area reported in Calibration II. This will be
investigated further in Savage et al. (2022).

4.3. Reduced throughput and change from
slit to slot

The original MaGIXS design included a 15�m
(2.8 00) wide by 2.5mm (8 0) long slit. During the ¯nal
assembly, the slit was exchanged for a 3.84mm
(�12 arcmin) wide by 10.6mm (33 0) long slot.
There were two drivers for this design change. The
¯rst was the measured �80% reduction in e®ective
area reported in Calibration II, which was likely due
to the misalignment of the slit to the TMA optical
axis. The second was the recent development of an
overlappogram inversion algorithm (Cheung et al.,
2019; Winebarger et al., 2019; De Pontieu et al.,
2020).

5. Conclusion

MaGIXS is designed as a sounding rocket instru-
ment in response to a critical gap in solar soft X-ray
observations. The requirements are to observe soft
X-ray spectra of spatially resolved solar active re-
gion loops with simultaneous spatial (5 00) and
spectral (22mÅ) resolution. Several challenges as-
sociated with meeting these goals propagated down
to the grazing incidence optics fabrication and the
alignment of the system. The Wolter-I telescope and
the spectrometer mirror pair were the ¯rst set of
mirrors to be replicated from a mandrel that un-
derwent a CNC deterministic polishing process. The
process was e®ective for correcting large-amplitude,
low-frequency ¯gure errors that led to improve-
ments in replicated mirror performance. In addition,
technical advancements in a direct-write process for
dense, highly chirped line rulings led to successful
grating fabrication. Lastly, the approach for indi-
rectly aligning the grazing incidence mirrors from a
series of references enabled repeatable alignment of
optical assemblies on a laboratory optics table, and
in the ¯eld. The synergy of these technologies,
processes, and methods resulted in a well-executed
MaGIXS instrument.

P. R. Champey et al.
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MaGIXS had a successful °ight and recovery on
July 30, 2021. During the °ight, MaGIXS observed
a pair of active regions on the western limb. These
observations, in-°ight performance and results will
be presented in Savage et al. (2022), and other fu-
ture works. Despite the unresolved issued discussed
above, MaGIXS has demonstrated a revolutionary
concept for grazing incidence imaging spectroscopy.
The development of this concept is meant for far
more than an single sounding rocket mission.
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