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Abstract

This chapter contains an overview of the basic principles of X-ray and gamma-
ray imaging for astronomy that achieve high angular resolution with non-
focusing optics. Specific topics include systems with single-grid masks, with
pairs of grids known as bi-grid collimators, and with more than two grids
known as multi-grid collimators. A discussion of each type is given along with
advantages and limitations of the various design options and descriptions of
actual implementations.
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Introduction

At most wavelengths, imaging is based on optics that use reflection from a curved
mirror or refraction through a lens to focus the incident light onto a multielement
detector. This provides a direct image of the source. However, at very short
wavelengths (≤0.1 nm, equivalent to photon energies ≥10 keV), the physics of
reflection or refraction can render such direct imaging impractical so that other
techniques must be employed for hard X-rays and gamma rays (e.g., Ramsey
et al., 1993; Bradt et al., 1968, 1992). This is particularly true for imaging with
high angular resolution (few arcsecs or less) and/or over a large (≥1◦) field of
view (FOV), both of which are critical for solar flare observations. For imaging at
shorter wavelengths than is currently possible with focusing optics, it is necessary
to resort to collimators, masks, and/or grids that provide an imaging capability
by using absorption or scattering rather than reflection or refraction. They are
used to selectively block or transmit the incident flux depending on the arrival
direction of the photons. This can effectively transform the information about
the angular distribution of the incident radiation into either a spatial variation
or a temporal variation in the detected photon flux, i.e., they produce spatial or
temporal modulation. Such systems are implemented as a single absorbing layer
with apertures (mask), a pair of separated grids (bi-grid collimator), or multiple
grids (multi-grid collimator).

A related approach uses so-called Söller collimators (Soller, 1924) that consist of
a set of continuous blades, each oriented parallel to the desired direction of photon
travel so as to restrict the photon transmission to a limited range of angles. Such
collimators can be scanned across the field of view to provide limited angular
resolution, but they are currently seldom used for solar X-ray or gamma-ray
imaging, so we will not consider them further here. They are useful, however, for
coarsely constraining the FOV (e.g., to limit background).

Configurations of collimator-based imagers are quite diverse, and many are
adaptable to a wide range of spacecraft constraints. The choice of collimation
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approach – whether to use a single mask, a bi-grid, or a multi-grid collimator, and
whether to use temporal or spatial modulation – depends on various design drivers.
These include the available mass, volume, and possible collimator length; the type of
spacecraft attitude control (three-axis or spin stabilized); the detector characteristics
(particularly the spatial resolution and energy range and resolution); and the relative
scientific importance of angular and temporal resolution, FOV, and sensitivity.

In this chapter, we will primarily review grid-based imaging in X-rays and
gamma rays as used for solar flare observations. Solar imaging can have very
different requirements than other astrophysical targets. Solar flares cover a wide
range of intensities with the strongest being much more intense than other astro-
physical sources. They are relatively short-lived with durations of minutes to hours
and variations on timescales down to sub-seconds. They require coverage of spatial
scales from an arcsec to a few arcmin over a ∼1◦ FOV to image a flare at any
location on the visible side of the Sun.

In the following sections, we discuss the different types of systems in their
historical order and conclude with a color-coded summary table and a referenced
list of past missions that used the various architectures.

Multi-Grid Collimators

Generalities

A set of collimators, each pointing in a slightly different direction, and terminated
by a detector element (pixel) independent of the others can be realized with a multi-
grid system. As depicted in Fig. 1, a pair of grids modulates into a series of peaks
the transmission of a point source as function of its position across the field of
view. Inserting additional grids suppresses the response at intermediate peaks. If
enough additional grids are inserted, this can provide a system that has only one
response peak across the FOV. A single such collimator can be rastered in time, or
a fixed array of such collimators can be employed, each with its peak response in
a (slightly) different direction. In either case, the result is a direct imaging system,
effectively equivalent to a conventional focused telescope in that it has multiple
detector elements, each of which is sensitive to a specific area on the source. The
angular resolution is determined by the pitch of the collimator grids.

The advantage over the indirect imaging provided by single-grid or bi-grid
systems is that no image reconstruction is required and hence the signal from strong
sources does not affect the detection of weak ones. A significant disadvantage,
however, is that the available frontal area of the instrument must be divided among
many small subcollimators, each with its own look direction. Alternatively, for
scanned systems, a given source is observed with a low duty cycle, especially since
the location of the source is usually not known a priori. In either case, the sensitivity
to any given source in the FOV can be very low since only a small fraction of the
time or area can be spent on observing the source of interest.
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Fig. 1 Top: Possible photon paths for bi-grid and multiple grid collimators, illustrating the
periodic maxima in their response and the effect of intermediate grids. Bottom: Corresponding
plots of the effective area as a function of incident angle. For a given collimator length, the angular
resolution is given by the ratio 1

2 grid pitch/separation; the response envelope (FOV) is defined by
the detector and grid size. The intermediate grids affect the period

Multi-Grid Example Application: HXIS on SMM

The Hard X-ray Imaging Spectrometer (HXIS) on the Solar Maximum Mission
(SMM) (van Beek et al., 1980) is a good example of the mutli-grid approach (Figs. 2
and 3). It had 8′′ (over a 160′′ FOV) and 32′′ (over a 6.6′ FOV) pixels. There is a
priori no limitations to the FOV covered, although the number of “collimators” can
get prohibitively large. For example, to cover a 1◦ (twice the solar diameter) circular
angular area with 8′′ pixels, more than 105 equivalent collimators would be needed.

Bi-grid Systems: Fourier Imagers

Generalities

A bi-grid modulation collimator (Oda, 1965) consists of two separated grids. Each
grid consists of a large number of parallel slats that are opaque to the photons to
be imaged (X-rays or gamma rays), while the slits between the slats are transparent
to these photons. This provides a way to decouple the achievable imaging angular
resolution from the spatial resolution of the detector placed behind the collimator to
measure the modulated photon flux transmitted by the two grids.

Bi-grid collimators fall into two broad classes: those that generate a spatial
pattern in the transmitted photon flux that depends on the incident direction (spatial
modulation) and those that impose a distinctive time dependence on the transmitted
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Fig. 2 The HXIS instrument on SMM. The collimator contains ten grid plates, each divided
into sections as indicated on plates 1 and 10. Each plate carries four grids. The images formed
are analyzed by the position-sensitive detector system containing in total 900 mini-proportional
counters. (Reproduced from van Beek et al. (1980) with permission from Frank Van Beek)

photon flux (temporal modulation). In the former case, the detector must have only
sufficient spatial resolution to measure the spatial pattern, whereas in the latter case,
no spatial resolution is required at all. In both cases, the use of bi-grid modulation
collimators opens the way to obtaining much higher angular resolution within a
given instrument envelope than would otherwise be possible with current detector
technology.

In a bi-grid collimator using spatial modulation (sometimes called an imaging
collimator), the pitch and orientation of the front and rear grids differ by small
amounts so that they have slightly different spatial frequencies. As a result, for a
given direction of incidence, the transmitted flux forms a large-scale Moiré pattern
that has one or a few cycles across the detector as shown in Fig. 4a and b. The phase
of this Moiré pattern (i.e., the location of its maximum) depends sensitively (and
periodically) on the incident photon direction. It goes through a complete cycle
with a change of photon direction given by the ratio of the average grid pitch to
the separation between the two grids. Although the Moiré pattern really consists
of a large number of narrow stripes (corresponding to the grid pitch), it can be
characterized by a detector whose spatial resolution needs to be good enough to see
only its large-scale “envelope.” Therefore, the spatial resolution requirement on the
detector is determined by the grid diameter (Solar Orbiter’s STIX uses effectively
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Fig. 3 Contour plots of the 1980 April 30 limb flare observed by SMM/HXIS at energies between
3.5 and 8 keV. An Hα overlay (shaded area) is shown in two of the images. The shading of the
HXIS image, top left (small scale), is proportional to the count rate in each 8′′ × 8′′ elements.
The solar limb is indicated, with the corona above and the disk below. (Reproduced from van Beek
et al. (1981) with permission from Frank Van Beek)

only four pixels for each subcollimator), while the angular response of the collimator
as a whole is determined by the much smaller grid pitch.

Alternatively, in a time-modulation collimator, the top and bottom grids have
identical pitch and orientation as shown in Fig. 4c and d. If the photon direction
with respect to the collimator changes as a function of time, the total transmitted
flux also varies with time. The angular period of this transmitted flux is given by
the ratio of the grid pitch to the distance between the two grids, and the FWHM
angular resolution is just half this period. Such time variations can be measured
with a detector that need not have any spatial resolution whatsoever, and so it can be
chosen or optimized on the basis of other considerations such as spectral resolution
or high-energy response.

It has been shown (Makishima et al., 1977; Prince et al., 1988) that the amplitude
and phase of the primary sinusoidal component of one of the quasi-triangular
patterns seen in Fig. 5 provide a direct measurement of a single Fourier component
of the source angular distribution. Thus, the response of a bi-grid collimator is a
precise mathematical analogue to that of a pair of antennas in a radio interferometer,
whose correlated signal also measures one such Fourier component. In both the
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Fig. 4 Schematic illustration of the transmission of two types of bi-grid collimators. Panels (a)
and (b) show a system that produces spatial modulation of the incident flux. This is achieved by
making the front and rear grids with slightly different pitch. For the two incident beam directions
shown, the total transmitted flux is about the same, but the location on the detector of the maximum
transmission is significantly shifted. Alternatively, panels c and d show a system that produces
temporal modulation of the incident flux as the direction to the source is changed. In this case, the
grid pitches are identical, but changing the incident direction changes the total detected flux

X-ray/gamma-ray and radio cases, images can be reconstructed from a set of Fourier
component measurements made at a large number of angular frequencies. This
perspective on the response of a bi-grid collimator greatly simplifies analyses of
its angular response.

Useful insights into the response of a bi-grid collimator can be gained by
considering the link between its transmission as a function of time (or position
for an imaging collimator) and its transmission as a function of incident photon
direction. If the slits and slats of the grids are of equal width, then this dependence
has a quasi-triangular form. For the case of a rotating collimator, Fig. 5 shows
the modulation as a function of time and grid phase, along with their harmonic
(Fourier) decomposition, and for three slit-to-pitch (s/p) ratios. Due to the nonzero
thickness of the slats, the effective s/p can vary as a function of angular offset of the
source from the collimator axis (see Fig. 6 for the RHESSI case). The harmonic
decomposition of the transmission is displayed in Fig. 7 as a function of this
effective s/p.

For a point source, the amplitude of the modulation pattern is proportional to the
source intensity, and the timing (or location in the case of spatial modulation) of
the transmission maximum depends on the source direction. Note that there is no
information contained in the period since that is determined by the collimator’s
design and/or its changing orientation with respect to the source. The Fourier
series decomposition of the modulation profile in Fig. 5 showcases the fact that
information about angular resolutions at integer multiples of the fundamental
subcollimator (SC) FWHM exist, albeit at poorer signal to noise, and can also be
exploited in the imaging process.
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Fig. 5 Illustration of the time variation over one rotation period of the transmission of the radiation
from a point source at infinity through a bi-grid collimator with effective slit-to-pitch ratios of 0.25,
0.5, and 0.75, mounted on a spinning spacecraft. The variations in the period of the modulation
arise since, in the plane orthogonal to the grid slits, the source apparently moves with simple
harmonic motion (the grid phase is Φ = 2πρ cos(ωt − α), where ρ (here, ρ = 4) is the angular
offset of the source with respect to the collimator imaging axis in fractions of the grid’s angular
pitch p/L, ω = 2π/T where T is the collimator spin period and α is the grid’s reference
orientation about the imaging axis. For simplicity, spin axis and imaging axis were here assumed
the same, and the thin-grid approximation was used (s/p constant throughout the FOV), but that is
not generally the case. Decomposition of the transmission profile into its first few Fourier series
terms is also shown (colored lines). They can have negative values

At this point, it is useful to introduce the concept of “visibilities” borrowed from
radio astronomy. Their application in the context of bi-grid collimators is explained
in the (Hurford et al., 2002) appendix. (See also the RHESSI Science Nugget #39
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Fig. 6 RHESSI effective slit-to-pitch ratio as a function of angular offset from the grid (imaging)
axis, due to the shadowing created by the slats’ thickness. The geometric approximation presented
here is valid at low energies, but should be corrected at gamma-ray energies for the effective
thickness of the slats. At a nonzero incidence angle, the photon path may cross only a small corner
of a rectangular slat. This would still block low-energy X-rays but only a fraction of the high-
energy gamma rays. Note that for RHESSI, subcollimators 6 & 9 were chosen to be thick enough
to block gamma rays. SC 8 had the widest field of view but could block photons only at energies
below ∼700 keV

Fig. 7 Fourier series
decomposition of the bi-grid
transmission as a function of
slit-to-pitch ratio s/p

available from https://hesperia.gsfc.nasa.gov/rhessi3/news-and-resources/results/
nuggets/.) Roughly speaking, a visibility is a complex number that contains the
amplitude (provided by the detectors) and phase (provided by the aspect system)
of a particular Fourier spatial component of the source region. It includes all
corrections for pointing excursions, transmission variations, and detector sensitivity
effects. Thus, the inverse Fourier transform produces a “dirty map” of the source
with most of the instrumental artifacts removed.

Although a time-modulation collimator can use a simpler detector system with
limited, or even no, spatial resolution, some provision must be made to continually
move the collimator with respect to the source so as to change the relative direction
of the incident photons. This can be done by mechanically rocking the collimator,

https://hesperia.gsfc.nasa.gov/rhessi3/news-and-resources/results/nuggets/
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or by exploiting random motions (as with an unstably pointed balloon platform).
However, a common approach is to mount the collimator on a rotating spacecraft
to form a rotating modulation collimator (RMC; Schnopper et al., 1968). As the
collimator rotates, its response over a limited range of angles is quasiperiodic as
shown in Fig. 5. Over a half-rotation, the amplitude and phase of the modulation
measure a set of Fourier components at a complete set of orientations at the spatial
frequency determined by the grid pitch and separation. In the parlance of radio
interferometry, the system measures spatial frequencies in a circle in the uv (spatial
frequency) plane in analogy to Earth rotation synthesis, except on a much more
rapid timescale determined by the spacecraft rotation rate.

Early implementations of the rotating modulation collimator were used for
surveys where the system detected point sources over a relatively wide FOV. Mertz
(1967) also suggested using such collimators as imaging devices for extended
sources. The most ambitious implementation to date of such an imager is RHESSI
(Lin et al., 2002), which uses a set of nine RMCs to image extended solar flare X-
ray and gamma-ray sources (Hurford et al., 2002), achieving angular resolutions as
high as 2.3 arcsec. The effectiveness of multiple RMCs in characterizing extended
sources is based on the fact that a bi-grid collimator cannot modulate X-rays from
a source whose angular width is much larger than the collimator resolution. As a
result, comparison of the modulation amplitude among collimators with different
angular resolutions can provide a measurement of source size (e.g., Schmahl &
Hurford 2002 and Fig. 8).

One measure of the performance of an RMC as an imager is the dynamic range
of its images, i.e., the ratio of the brightest source in the FOV to the faintest credible
feature. The dynamic range can be limited by any of three broad factors. First, a
typical set of RMCs measures only a few dozen to a few hundred independent
Fourier components, each of which is fully represented by a single complex number.
Since the number of observables is so limited, there is an unavoidable limitation on
the complexity of the images that can be reconstructed. Second, photon statistics
can be a limitation in both astrophysical and solar observations. This translates
directly into a statistical uncertainty in the measure of each Fourier component that
again limits the achievable dynamic range. Third, as with any instrument, there are
inevitable calibration uncertainties that constrain the accuracy of each measurement.
In practice, the relative magnitude of these factors depends on the circumstances.

Fig. 8 Relative modulation
amplitude for each of the nine
RHESSI subcollimators as a
function of the FWHM of a
Gaussian source
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Fig. 9 Contour plots of Yohkoh/HXT images at different HXR energies overlaid on a Yohkoh/SXT
SXR image. (Reproduced from Masuda (2002) with permission from S. Masuda)

Bi-grid Example Application: Yohkoh/HXT’s and ASO-S/HXI’s Fixed
Subcollimators with Sine/Cosine Components

The Hard X-ray Telescope (HXT; Kosugi et al., 1991) on the Japanese Yohkoh
mission, a 3-axis stabilized spacecraft, had 64 fixed bi-grid subcollimators of various
pitches and orientations. It measured just 32 components covering spatial scales
from 8 to 20′′ (Fig. 9). China’s Advanced Space-based Solar Observatory (ASO-S),
launched in 2022, has a similar instrument, the Hard X-ray Imager (HXI Zhang
et al., 2019), which has 91 subcollimators, including 1 without grids for total
flux knowledge. With this approach, each spatial scale and orientation requires a
“cosine” and “sine” subcollimator pair (cosine, slits of both grids are aligned; sine,
slits of both grids have a relative alignment offset of a quarter of the grid pitch). Such
pairings are not needed for STIX and RHESSI types of imaging (see next sections).

Bi-grid Example Application: Solar Orbiter/STIX’s Fixed
Subcollimators Using Moiré Patterns and Coarse Detectors

The Solar Orbiter mission carries an instrument (Fig. 10) called STIX, the Spec-
trometer Telescope for Imaging X-rays (Krucker et al., 2020) covering a 4–150 keV
energy range. It is described in greater details in a separate chapter of this volume.

STIX has 30 imaging subcollimators whose front and rear grids have slightly
different pitch and/or orientation to create moiré patterns projected on the surface
of what is effectively a 4-pixel CZT detector (1 detector per SC), to measure
30 visibilities (Fig. 11) covering 10 angular scales (from ∼7′′ to ∼3′) in several
orientations. Some early results are displayed in Fig. 12.
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Fig. 10 Photographic view of the STIX instrument. (From Krucker et al. 2020)

Bi-grid Example Application: RHESSI’s Rotating Modulation
Collimators (RMCs)

RHESSI Design
A separate chapter of this book provides a detailed description of RHESSI and its
scientific legacy. Here we provide an abbreviated account of its use of multiple
bi-grid modulation collimators on a rotating spacecraft to provide high angular
resolution imaging spectroscopy of both X-rays and gamma rays from solar flares.

RHESSI (Lin et al., 2002) was designed with the primary scientific objective of
understanding particle acceleration (both electrons and ions) and explosive energy
release in magnetized plasmas at the Sun. Previous X-ray measurements, coupled
with measurements at other wavelengths, had shown that in order to achieve that
goal for electron acceleration, hard X-ray imaging was required with an angular
resolution in the few-arc-second range at energies from below 10 keV to several
hundred keV. Such an angular resolution was necessary to separate chromospheric
footpoint sources and distinguish them from the hot coronal sources, and to
determine the spectra of the bremsstrahlung emission from nonthermal electrons
at energies well above that of the thermal emission from plasma with temperatures
ranging from below 10 MK to in excess of 50 MK. In addition, it was necessary to
have an effective sensitive area of ∼100 cm2 in order to detect weaker events while
also avoiding saturation for the largest events. This corresponds to a requirement for
handling a dynamic range of some 105 in flare X-ray intensity from small GOES
B-class events to the largest X10-class events. For RHESSI, this dynamic range was
achieved by using two sets of aluminum attenuators that were automatically moved
in front of the detectors to absorb an energy-dependent fraction of the incident flux
when the total count rate exceeded ∼104 counts s−1 detector−1 (Smith et al., 2002).

In order to achieve the goal of understanding ion acceleration, gamma-ray
imaging and spectroscopy were required at energies between hundreds of keV
to tens of MeV. At these energies, lines and continuum emission are produced
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Fig. 11 STIX measurement
of a visibility. Two panels on
the top-left: front/rear pair of
grids for one subcollimator.
Close inspection shows that
they have slightly different
pitch and orientation. The
combined transmission for an
on-axis point source yields a
moiré pattern (bottom-left
panel). A simulation for an
off-axis source shows the
location of detected photons
(top-right panel), as seen by a
detector with four large pixels
(blue). Accumulated counts
in the four pixels are shown
in the center-right panel.
Differences among these
counts (bottom right) yield
the real and imaginary parts
of the Fourier component
independent of background.
The sum over the four pixels
yields the incident flux (plus
background), independent of
the visibility. There is also a
cross-check that is
independent of the visibility,
flux, and background. (From
Krucker et al. 2020)

Fig. 12 Solar Orbiter/STIX contours overlaid on Solar Dynamics Observatory/AIA 1600 Å
image. (From Massa et al. 2022)
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Fig. 13 Perspective of RHESSI showing the components necessary for imaging. (After Hurford
et al. 2002)

through nuclear reactions of accelerated protons and heavier ions interacting with
the ambient thermal ions in the solar atmosphere. Large-volume detectors were
required with sufficient sensitivity and fine energy resolution in this difficult energy
range where the photon penetrating power becomes so large.

After reviewing the different available techniques for imaging X-rays and gamma
rays as discussed in this chapter, it was realized that the only practical method of
satisfying these observational requirements within the constraints of NASA’s Small
Explorer (SMEX) program was to use collimator-based Fourier-transform imaging
(Hurford et al., 2002). With only a single instrument involved, it was possible to
simply rotate the whole spacecraft in a spin-stabilized configuration to achieve the
desired modulation of the incident flux. The resulting RHESSI instrument design is
shown in Fig. 13.

RHESSI consisted of two essentially identical sets of nine grids mounted on front
and rear grid trays. (All the grids were made of tungsten except for the finest grid
pair that was made of molybdenum for ease of etching.) A corresponding set of nine
cooled ultrapure germanium detectors was mounted behind the rear grids to measure
the modulated X-ray and gamma-ray flux passing through the bi-grid collimators.

The RHESSI Imaging Concept
The basic RHESSI imaging concept is described in Hurford et al. (2002) and
illustrated in Fig. 14. The RHESSI instrument encodes imaging information through
the RMC technique, in which a set of nine bi-grid collimators rotates with the
spacecraft, sweeping possible observing directions across the solar disk and rapidly
modulating the detected photon flux in the process. An example of the counting rate
time profile for an off-axis source is shown in Fig. 5. Imaging information is encoded
in the amplitudes and phases of the X-ray counting rate modulations in the different
detectors as the spacecraft rotates at nominally 15 rpm. RHESSI is thus termed a
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Fig. 14 Geometry of the RHESSI imaging process. Light from a distant point source passes
through two identical grids, each with a slit/slat pitch of p and separated by a distance L. A
detector records a photon only if it passes through both grids; thus, the detected flux depends on
the orientation of the grids relative to the source direction. In the spacecraft frame, this direction
changes continually due to spacecraft rotation, thus providing a temporally modulated signal that
provides information on the source direction. (After Hurford et al. 2002)

“Fourier imager” because it provides imaging information through measurement of
the spatial (or, more accurately, angular) Fourier components of the X-ray source(s)
that produce these modulated time profiles.

The requisite knowledge of the orientation of the instrument on time scales short
compared to the finest modulation time scales was obtained with the solar aspect
and roll angle systems. The solar aspect system (SAS) consisted of the three lenses
shown in Fig. 13 mounted on the front grid tray to focus optical images of the Sun
onto three linear diode arrays (labeled SAS CCDs in the figure) on the rear grid
tray. It provides sub-arcsec knowledge of the radial pointing with respect to Sun
center. Two optical roll angle systems (RASs, not shown in the figure) were pointed
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perpendicular to the spin axis to detect multiple stars each spacecraft rotation and
provide the necessary roll angle information. The combined SAS and RAS data
enables the absolute orientation of the grids to be determined on millisecond time
scales and allows X-ray sources to be located on the solar disk to sub-arcsec
accuracy (Fivian et al., 2002).

At X-ray energies up to ∼1 MeV, the use of rotating modulation collimators
(RMCs) allowed for the measurement of many (over a hundred) spatial frequency
(i.e., Fourier) components, covering a broad range of angular size scales from 2 to
180′′.

The only other solar X-ray imager using RMCs was the Solar X-ray Telescope
(SXT) on the Japanese Hinotori spacecraft, launched in 1981 (Enome, 1983). It
consisted of two orthogonal bi-grid modulation collimators on a spacecraft rotating
at 4.3 rpm.

Various computational techniques have been devised to generate images of the
X-ray sources from telemetered data. These are discussed in detail in Piana et al.
(2022). They include methods based directly on the measured counting rates in the
nine germanium detectors and those based on the visibilities derived from these
counting rates. The former methods include CLEAN, forward fitting, and Pixon;
the latter include forward fitting, Bayesian optimization, maximum entropy, etc.
One additional capability is to directly generate maps of the flux of the energetic
electrons that produced the measured bremsstrahlung X-rays (Piana et al., 2007).

An example of RHESSI’s ability to image in X-rays is shown in Fig. 15. The
RHESSI contours for two different times and energy ranges show the classic double
footpoint hard X-ray sources from precipitating nonthermal electrons accelerated
in the flare and lower-energy emission from thermal plasma in a coronal loop-
like structure. Note that in the later right-hand image, a coronal hard X-ray source
becomes visible as the footpoints fade in brightness.

Fig. 15 Contour plots from RHESSI images for a flare on January 20, 2005, superposed on a
TRACE UV image. (From Krucker et al. 2008)
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Fig. 16 Contour plots of
RHESSI images superposed
on a TRACE EUV image.
(From Hurford et al. 2006)

As pointed out in Section “Generalities”, an advantage of using bi-grid rotating
modulation collimators is that the detectors do not have to have any spatial
resolution. All the imaging information is encoded in the temporal modulation of
the detector counting rates as the spacecraft rotates. This allowed a single cylindrical
large-volume (7.1 cm dia. × 8.5 cm long) germanium detector (Smith et al., 2002)
to be used behind each collimator. These detectors were able to cover the full energy
range required to satisfy both the electron and ion acceleration goals. This was
achieved by electronically separating each detector into two segments, a ∼1 cm
thick front segment, optimized for lower energy photons at energies below a few
hundred keV, and a ∼7 cm thick rear segment, optimized for higher energy photons
up to >10 MeV.

The fine (∼1 keV FWHM) X-ray energy resolution of these detectors allowed
accurate measurement of the exponentially falling thermal bremsstrahlung spectra
and power-law nonthermal spectra that can be as flat as ε−2 or as steep as ε−10. The
∼2 to 5 keV gamma-ray energy resolution allows all of the nuclear lines, except
for the intrinsically narrow neutron capture line at 2.223 MeV, to be fully resolved
and line shapes to be determined. Thicker tungsten grids for two of the coarser
collimators with angular resolutions of 35 and 183 arcsec allow for modulation at
the highest energies and have enabled RHESSI to make the first ever gamma-ray
imaging in the neutron capture line (Hurford et al., 2006) shown in Fig. 16.

Single-Grid Imaging Systems

Generalities

Detector technologies continue to improve such that the location of where an X-ray
or gamma-ray photon first interacts in the detector plane can be determined with a
spatial resolution comparable to the size of the grid slits or slats in a bi-grid system.
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Such a sophisticated detector plane can be utilized to modify a bi-grid system into
a single-grid system by obviating the need for a rear grid. The resulting single-grid
system continues to leverage the principles of bi-grid imaging but with twice the
photon throughput compared to the analogous bi-grid system (i.e., ∼50% versus
∼25%). Furthermore, the modulation shape is now square-wave rather than quasi-
triangular, which increases the signal-to-noise ratio.

For a grid with a uniform pitch and held at a fixed orientation relative to the
detector, as nominal for a bi-grid collimator, the detector would need to provide
spatial information in only 1D (perpendicular to the grid slats). In practice, detectors
are commonly able to provide spatial information in 2D, which can be leveraged
for further enhancements relative to bi-grid approaches. First, the grid can be of a
more complex design, such as having multiple pitches distributed in zones. Second,
for approaches based on modulation via rotating, only the single grid needs to be
rotated, and the detector plane can stay fixed in orientation.

The finest half-pitch of the grid cannot be smaller than the location resolution of
the detector, and thus the achievable angular resolution for imaging is dependent on
the wavelength of interest and the detector technology. At X-ray energies, the pixels
of modern pixelated solid-state detectors can be large enough (hundreds of microns)
to fully absorb an X-ray in a single pixel, yet still fine enough to be matched with a
fine grid for high-resolution imaging.

However, at gamma-ray energies, each incident photon can undergo a sequence
of interactions due to Compton scattering and pair production, and the spatial
separation between partial energy depositions can be on the order of centimeters.
Thus, to achieve fine location resolution for where the gamma-ray first interacted
with the detector, the detector needs to be able to determine which of the partial
energy depositions occurred first. Otherwise, the location resolution of the detector
will not be better than the spatial extents of the gamma-ray scatter tracks.

Rotating Modulator (RM)

The rotating modulator (RM), as originally proposed by Durouchoux et al. (1983) as
the single-grid analogue of a bi-grid RMC, consists of a uniform-pitch grid rotating
in front of a fixed array of identical detectors (Fig. 17).

The location of where a photon interacted in the detector plane is determined
simply through which detector absorbed the photon, with the individual detectors
not providing any further location information. Accordingly, each detector must be
large enough to fully absorb the most energetic photons of interest. At gamma-
ray energies, this requirement means that the size scale of the detector, and
correspondingly the location resolution of the detector plane, is no smaller than
a few centimeters. For a compact gamma-ray instrument, the achievable imaging
angular resolution is thus, at best, on the order of 1◦.

Nearly three decades later, Louisiana State University built a laboratory proto-
type RM shown in Fig. 18 called the Lanthanum Bromide-based Rotating Aperture
Telescope (LaBRAT; Budden, 2011). The detector plane consisted of 19 cylindrical
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Fig. 17 Illustration of the
design for an RM instrument.
A rotating grid of coarse slats
with a uniform pitch is
situated in front of an array of
detectors. The location
resolution on the detector
plane is achieved by knowing
which detector absorbed the
photon. (From Durouchoux
et al. 1983)

DETECTOR PLANE

ROTATING MODULATOR

ROTATION AXIS

INCIDENT PHOTONS
θ

scintillators, each 3.8 cm in diameter. The rotating grid consisted of lead slats with
a uniform pitch of 7.6 cm, and was situated 1.16 m in front of the detector plane.
Thus, the nominal angular resolution was ∼2◦. Testing with LaBRAT demonstrated
the RM imaging concept, and the developed image-reconstruction technique had
success with resolving sources below ∼1◦.

As with a bi-grid collimator with a uniform pitch, a given RM is suited for a
single angular scale. Although the RM could in principle have multiple grid pitches,
the practical size of the grid combined with the required coarse grid pitches limits
the number of grid slats. Imaging across a wide range of angular scales would likely
require multiple RMs in parallel, spanning a range of grid pitches, especially if good
sidelobe response is required. Even so, the limit of ∼1◦ imaging angular resolution
is not adequate for purposes such as solar observations, which desire an angular
resolution at least as fine as a few arcseconds.

Multi-Pitch Rotating Modulator (MPRM)

A multi-pitch rotating modulator (MPRM) has been built as part of the Gamma-
Ray Imager/Polarimeter for Solar flares (GRIPS, Duncan et al., 2016) balloon
instrument, which had its first Antarctic flight in 2016. The key enabling technology
of the MRPM is a detector plane with very high location resolution.
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Fig. 18 Photo of the LaBRAT laboratory prototype RM. The rotating grid (left in photo) consisted
of lead slats at a uniform pitch, and the detector plane (right in photo) consisted of 19 cylindrical
scintillators. The location resolution of the detector plane is achieved by knowing which detector
absorbed the photon. (Reproduced from Budden (2011) with permission from B. Budden)

GRIPS utilizes 3D position-sensitive germanium detectors to localize individ-
ual energy depositions to �0.5 mm (Fig. 19). Each GRIPS detector is of planar
geometry (7.5×7.5×1.5 cm), with fine-pitch strip contacts on the cathode face
and orthogonally oriented fine-pitch strip contacts on the anode face. An energy
deposition in the detector is located in 2D by noting which cathode strip and
which anode strip measure the pulse of charge, and is further located in the third
dimension by measuring the time difference between the cathode pulse and the
anode pulse. It is then possible to separately measure the 3D location of each of
the individual energy depositions as a gamma-ray Compton scatters through one or
more detectors. Using Compton-scatter kinematics, the initial energy deposition can
then be determined. With ∼2 orders of magnitude better location resolution than
possible with an array of single detectors, the MPRM can achieve high imaging
angular resolution and span a wide range of angular scales simultaneously.

The GRIPS MPRM is composed of bundles of slats with pitches ranging quasi-
continuously from 1 to 13 mm (Fig. 20). To support imaging up to ∼10 MeV, the
slats are made of a tungsten-copper alloy with a depth of 2.5 cm. Each bundle of
slats uses spacers to hold the slats at the correct pitch, and the bundles are held at
their ends by the frame. With a grid-detector separation of 8 m, the imaged angular
scales range from 12.5 to 162.5 arcsec FWHM. Measuring 13 different angular
scales simultaneously results in the excellent sidelobe response as summarized in
the “Conclusions” Section.
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Fig. 19 Photo of a GRIPS 3D-position-sensitive germanium detector. The detector dimensions
are 7.5 × 7.5 × 1.5 cm, and the visible face shows the strip contacts with a pitch of 0.5 mm. The
reverse face (not shown) has strip contacts with the same pitch, but oriented in the perpendicular
direction (i.e., approximately horizontal in this photo)

Fig. 20 Photo of part of the
GRIPS MPRM, showing the
variety of grid pitches from
1 mm to 13 mm. The slats are
made of tungsten-copper
alloy with a depth of 2.5 cm.

For a given source direction, a given location on the detector is modulated by a
grid pitch and grid orientation that varies over time. Figure 21 displays an example
back projection from a point source. The image is formed by adding successive
probability maps from each captured photon.
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Fig. 21 GRIPS back projection of a point source, showing the superposition of successive
probability maps of source location. No image deconvolution was applied

Comparison with Coded-Aperture Imaging

Modulation-based imaging via a single, complex grid in front of a position-sensitive
detector plane has strong similarities to coded-aperture imaging (see chapter in this
volume on “�Coded Mask Instruments ”). In both cases, the detector plane needs
to provide position information that is at least as good as the smallest feature size
of the grid/mask, which is set by the desired minimum imageable angular scale. An
initial image of the source can be generated by combining the back projections of
each photon to the sky based on the transparent parts of the grid/mask. As is typical
with indirect imaging, both have limited imaging dynamic range because a bright
source in the field of view contributes to the statistical noise of every pixel across
the detector plane.

We compare the MPRM with the uniformly redundant array (URA), which is
a common form of coded-aperture imaging. Both imaging approaches exhibit very
good sidelobe response. The obvious drawback of the MPRM is that it requires
the grid to be rotating, and the rotation half-period sets the minimum timescale for
producing an image. The URA is preferred when imaging on short timescales is
needed, or in implementations where it is not tenable to rotate either the mask alone
or the instrument as a whole. An alternative to the MPRM would be a single-grid
system with a nonrotating multi-pitch grid that is the analogue of a bi-grid fixed
collimator, but then the discretization of measured orientations results in less clean
sidelobe response.

Unlike typical applications of URAs for astrophysical observations, high-
resolution imaging at gamma-ray energies requires the thickness of the grid/mask
to be ∼1 − 2 orders of magnitude greater than the feature size of the grid/mask. The
MPRM can be straightforwardly constructed by stacking slats that can be supported

https://doi.org/Coded Mask Instruments
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at the ends. In contrast, the URA is not inherently self-supporting, so modifications
to the design are needed to be able to support such a large aspect ratio for the
features. If the necessary mechanical support results in attenuation or scattering in
the energy range of interest, the performance of the URA will be degraded.

In addition, the 1D-like construction of the MRPM lends itself to simpler and
less time-consuming characterization and calibration than the 2D URA. The angular
scales of the MPRM are also segregated into the individual bundles, as opposed to
being highly multiplexed together as in the URA, which allows for straightforward
propagation of how fabrication tolerances affect imaging performance.

With respect to producing images, image reconstruction for the MPRM is a
laborious process of back projection and deconvolution and/or applying forward-
fitting image reconstruction techniques. In contrast, image reconstruction for the
URA is computationally straightforward because the illumination pattern on the
detector plane can, in principle, be “decoded” by a matrix multiplication. That said,
for compact sources, it is possible to extract individual visibilities from just the event
list of an MPRM and perform visibility-based analysis, which would not be possible
for a URA.

Finally, an important consideration of single-grid imaging is that nonuniform
detector background can distort images. The MPRM inherently enables nonuniform
detector background to be characterized because each detector pixel is varied rapidly
between exposed and not exposed. The URA nominally requires a dark exposure
(i.e., looking away from the source) or an inverse exposure (i.e., with an antimask).
One could rotate the URA to obtain the benefits of time modulation, but then that
would remove one of the key advantages of the URA: not having to rotate.

The MRPM and the URA are both powerful indirect-imaging approaches that
can take full advantage of the latest in detector technologies. The choice of one over
the other will be driven by the above considerations.

General Grid System Design

Initial (“Optical”) design

The optical design is almost purely geometric. Most of the steps are common to all
grid-based imaging systems:

1. Start with opaque and thin slat assumptions.
2. Angular scales are given by p/2L, where p is the grid pitch and L the grid

separation. Select the minimum grid pitches to define the instrument’s best
angular resolution and the maximum grid pitches to define the spatial scales
beyond which the source will not be properly imaged.

3. Distribute pitches between the two extremes to achieve the desired main-lobe
and sidelobe response (uv-plane distribution). When dealing with arrays of
collimators each of uniform pitch (e.g., RHESSI, STIX, etc.), the weighting can
be easily done in software after the observation.
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4. Select desired slat thickness. The slats have to be thick enough to be opaque to
the incoming radiation. This results in a limited FWHM field of view of ∼p/2t,
where t is the slat thickness, and a varying slit-to-pitch ratio, s/p, across the field
of view. For the six finest RHESSI grids, the effective s/p ratio varied from ∼60%
to ∼40% across solar disk, due to shadowing by the finite depth (thickness along
optical axis) of the slats (Fig. 6). This was taken into account during imaging
reconstruction. The modulation efficiency (a full discussion of which is beyond
the scope of this chapter) is diminished by both partial grid opacity and when s/p
does not equal 1/2.

The performance of any collimator or mask system is subject to two physical
limitations. The first limitation is purely geometrical and is set by a combination
of three factors. Specifically, the minimum thickness of the grid is determined by
the requirement that the grid be opaque at the maximum energy of interest. This
thickness constrains the FOV to an angle given by the ratio of slit width to grid
thickness. The slit width in turn is closely tied to the angular resolution (1/2 slit
pitch/grid separation). For a collimator of a given length (i.e., grid separation),
this combination of factors imposes an unavoidable physics-driven trade-off among
angular resolution, FOV, and maximum energy.

The second limitation is diffraction. This sets a lower limit to the energy range
since at lower energies the front grid can function as a diffraction grating. This
is discussed in Section “Diffraction” with the ultimate limitation on the angular
resolution that can be achieved shown in Fig. 22 as functions of energy and grid
separation.

Both of these limitations can be relevant in practice. For example, RHESSI’s
angular resolution above ∼1 MeV is limited to 35 arcsec by a requirement that it
maintain a 1◦ FOV. With a 1.55-m-long collimator, RHESSI is also prevented from
achieving 2.3 arcsec resolution below 4 keV by diffraction.

Fig. 22 Diffraction limit on
the possible FWHM angular
resolution (θD) for bi-grid
imaging as functions of the
X-ray energy (E) and
grid-to-grid separation,
calculated under the Rayleigh
criterion for a single slit.
(From Prince et al., 1988)
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Fig. 23 Diffraction “carpet” at 10 keV for the RHESSI finest grid (pitch = 34 microns), assuming
an infinite number of slits. The horizontal dashed line corresponds to the 1.55 m distance between
the RHESSI front and rear grids. (a) Linear scale. (b) Logarithmic scale

Diffraction
When the wavelength of observations becomes large and the Fresnel number
F = s2/Lλ becomes �1 (where s is the slit width and L the grid separation),
Fresnel diffraction seriously perturbs the geometric optics assumption (λ = 0) that
is typically used when computing grid responses. The single-slit Fresnel number
criterion is akin to constraining the size of the first Fresnel zone ∼ √

λ/L to be
smaller than the angular extent of a slit s/L as seen from the opposite grid. The latter
typically corresponds to the angular resolution of the collimator. This consideration
leads to the best angular resolution that can be achieved as a function of photon
energy and grid separation displayed in Fig. 22.

In the diffraction regime, Lindsey (1978) explains in detail the computation
of diffraction patterns from one or more grids composed of an infinite series of
equally spaced slits (Fig. 23), and Crannell et al. (1991) give the following simplified
formula for the factor, D, to multiply the modulation amplitude of a bigrid collimator
to account for diffraction: D = cos(πLh2λ/p2), where L is the grid separation,
p is the grid pitch, h is the harmonic number (1, 2, or 3), and λ is the X-ray photon
wavelength. As indicated by the periodicity in this formula, the diffraction pattern
indeed repeats itself up to a certain distance where, due to the fact that the grid is not
infinite in size, the waves from each slit become isophasic, and the pattern becomes
that of a classical grating in the far-field. The transition from one regime to the other
occurs at a distance of ∼g2/2λ (where g is the overall grid size), and each regime
is well established an order of magnitude below or above that value.

Grid Manufacture

The minimum grating pitch, together with the requirement that the grating be
thick enough to stop photons in the desired energy range, drives the choice
of manufacturing technique and the material to be used. As a result, several
technologies have been used to fabricate the grid or mask “optics” of collimator
systems. For coarser grids, mechanical assembly of conventionally machined parts
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Fig. 24 Grid fabrication techniques. Left: Schematic illustration of stacking photo-etched layers
to achieve a thick grid with fine slits. Right: RHESSI 9-cm-diameter, 1-mm-thick grid whose
slits have a 35 μ m period and a field of view of ∼1◦ in a plane perpendicular to the slits and
>20◦ perpendicular to the slits. (From Lin et al. 2002)

is the typical choice. At intermediate pitches, down to ∼1 mm, electron discharge
machining is a viable option (e.g., Crannell et al., 1991). For finer grids, stacking
of thin photo-etched foils as shown in Fig. 24 has been used for RHESSI (Lin et al.,
2002) and for STIX (Krucker et al., 2020) to achieve pitches as fine as 35 μ m in
1-mm-thick tungsten. Finer grids cannot be made with this technique because the
smallest features that can be produced by chemical etching are of a similar size to
the foil thickness and there is a limit to the availability of thinner tungsten foils.

Lastufka et al. (2020) investigated new fabrication techniques to make the
fine grids needed for their proposed Micro Solar-Flare Apparatus (MiSolFA), a
compact X-ray imaging spectrometer designed for a small 6U microsatellite. They
were successful in producing engineering grids using the LIGA (Lithographie,
Galvanoformung, Abformung; or X-ray lithography, electroplating, and molding)
fabrication technology. They used a carbon substrate on which they manufactured
gold slats with a thickness of more than 200 μ m and a pitch as fine as 15 μ m,
far outperforming etching methods. Laser cutting may also be a future relevant
technology.

Alignment, Aspect, and Calibration

In this section we provide a broad overview of alignment, aspect, and calibration
issues that differ from those used by conventional optical systems.

Bi-grid Collimators
The description of such systems in Section “Bi-grid Systems: Fourier Imagers”
assumes an idealized hardware implementation. Such an implementation features
“ideal grids” that have negligible thickness but are perfectly opaque at X-ray
energies of interest, have a 50% slit-to-pitch ratio, and otherwise have perfect
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metrology. The position and orientation of the grids are perfectly maintained by
the metering structure that is, itself, fixed relative to an aspect system that provides
pitch, yaw, and roll information on the direction to the star field or to the solar disk.

The inevitable deviations of the as-built instrument from this ideal state affect the
optical performance and so must be determined prior to launch. Directly calibrating
the as-built performance using conventional techniques would be problematic since
X-ray and gamma-ray beams with the required properties are, in most cases, not
available. However, the performance of bi-grid collimators can be well-determined
from quasi-two-dimensional characterization of the front and rear grids separately.
Specifically, for RHESSI, optical scanning of the surfaces of each grid with micron
positional accuracy was used to determine the slat pitch, position, orientation,
and uniformity. A good estimate of the slit width can also be made from these
measurements. In addition, low spatial resolution X-ray transmission measurements
as a function of energy and incident angle were made using radioactive sources to
determine the slit width, grid thickness, and overall transmission.

These optical and X-ray measurements were combined into a model for each
grid from which the transmission as a function of energy and incident angle can be
reliably inferred. These combined transmission profiles of the front and rear grids
as a function of position then provide the basis for a realistic estimate of the imager
response as a function of energy and incident angle. The experience with RHESSI
showed that redundant determinations were good at the 2% level.

The interpretation of the grid pair data can be done using CAD techniques. In
practice, a much more efficient approach is to express the response (as a function
of energy and incident angle) in terms of just three parameters – the average
transmission, the amplitude, and phase of the periodic response as a function of
incident angle. These three parameters fully describe the relevant response and vary
smoothly with energy and incident angle.

Since the parameters can be analytically adapted to the as-built performance,
the calibration is based on knowledge of the as-built hardware, as opposed to
requiring that the hardware meet high metrology requirements. Furthermore, this
knowledge can be obtained after the fact and applied to previous observations.
Thus, in many cases, post facto knowledge of the in-flight metrology can be used to
fully compensate for degradation caused by imperfect or misaligned grids and other
practical considerations.

An example of this knowledge vs. control dichotomy is the relative twist of the
front and rear grids. In fact, this need only to be aligned to a precision given by the
ratio of grid slit to grid diameter, rather than grid slit to separation. Similarly, if the
elements of the aspect system are built into the grids or the grid mounts as was the
case for RHESSI (e.g., Zehnder et al., 2003), then mechanical flexure in the overall
metering structure is equivalent to a variation in pointing and is reflected in the
aspect solution. With photon tagging, short integration times, and a high-cadence
aspect system, such variations can be fully compensated for during analysis.

In practice, the knowledge vs. control trade-off with RHESSI enabled observa-
tions with ∼arcsecond resolution to be obtained with a metering structure that was
stable to ∼arcminutes and with pointing stable to ∼a degree.
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One distinguishing feature of bi-grid systems is that the transverse location of
the detector need only be located to an accuracy better than the grid size, not the
grid-aperture size. This is particularly useful since it supports late stage integration
of the detector and grid optics. The distance of the detector from the rear grid is
generally not critical, unlike the focus requirements of a focusing imager.

The alignment requirements for multi-grid collimators are much more severe
than for bi-grid collimators since the intermediate grids must be positioned and
maintained to a precision that is small compared to the grid pitch. This requirement
was met, however, by the HXIS instrument on SMM with ∼25 μ m grid apertures
(van Beek et al., 1980).

Systems with 2D Detectors
The significance of internal alignment and tolerance issues depends on the type
of mask or collimator system employed. For mask systems that include detectors
with two-dimensional spatial capability, the primary requirement is that the relative
positions of the mask and detector be known in inertial coordinates to an accuracy
small compared to the angular resolution. This must be achieved on timescales that
are longer than the integration time. The requirement can be met if both the metering
structure and pointing platform are stable. Alternatively, as with RHESSI, one can
trade mechanical and pointing stability for data rate by using photon tagging, short
binning times, and a high-cadence aspect system.

The fact that photons are received in various areas of the spatially sensitive
detectors (further reinforced by any jitter the collimator is subject to) ensures that
no single source location is disadvantaged. This is in contrast to RMC systems that
have limited ability to image a source that is within a pitch angular separation from
the spin axis. Also, every detector pixel “sees” all angular scales, and this eases
some calibration issues. For example, in a RHESSI-like bi-grid, each detector is
associated with a particular angular scale, and inter-detector sensitivity errors lead
to certain spatial scales being under- or overemphasized with respect to the others.

Conclusions

Grids and masks have provided the basis for X-ray and gamma-ray imaging
since the 1960s (Bradt et al., 1968, 1992) (Also see the list of missions found
at https://universe.gsfc.nasa.gov/archive/cai/coded_inss.html.). Table 1 compares
the capabilities of imagers using the three different schemes: single grid, bi-grid,
and multi-grid. Table 2 summarizes the characteristics of a representative set of
instruments that have made observations either on spacecraft or on high-altitude
balloons, with Fig. 25 displaying a few point spread functions for comparison. Their
capabilities have grown as grid and detector technologies have improved.

The different techniques that have been employed have both advantages along
with significant disadvantages. The design requirement that the detector area be
comparable to that of the grid or mask makes it much more difficult to reduce

https://universe.gsfc.nasa.gov/archive/cai/coded_inss.html.
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Fig. 25 Point spread functions of GRIPS, RHESSI, Solar Orbiter/STIX, and FOXSI (Focusing
Optics X-ray Spectroscopic Imager Krucker et al., 2013). The RHESSI subcollimators #6 and #9
were the only ones thick enough to modulate gamma rays at energies above ∼1 MeV, and hence,
this combination is shown separately. Top: Natural weighting (all visibilities are weighted equally)
and abscissa in arcsecs. Middle: Natural weighting and abscissa in units of the FWHM of the main
lobe. Bottom: Uniform weighting (where individual visibilities are weighted such as to preserve
the density of uv points in Fourier space) and abscissa in units of the FWHM of the main lobe

background for applications that require high sensitivity. Sensitivity is further
affected since the telescope mask or collimator intentionally blocks between about a
half to three quarters of the incident photon flux. In source-limited situations where
background is not an issue, the ability to detect weak sources in the presence of
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strong ones is limited by the fact that all sources contribute noise to the detection of
each source component. Image quality is also significantly constrained for complex
sources (single-mask and bi-grid systems).

In recent years, masks and collimators have been partially supplanted by
technical developments in grazing-incidence optics for low-energy applications that
require only intermediate resolution and narrow FOVs. In such contexts, focusing
optics has a commanding advantage where sensitivity and background rejection
are the main drivers or where morphologically complex sources need be imaged.
Nevertheless, there will continue to be many applications where mask and grid-
based imaging is appropriate. As we have seen, the technique can be adapted to
platforms which are three-axis stabilized, rotating, or unstably pointed (as with
balloons). It can also be implemented in a wide range of size scales, from compact
designs of a few centimeters in scale to configurations requiring extended booms
on scales of meters. It can provide angular resolutions from seconds of arc to
degrees over FOVs from ∼1◦ × 1◦ to ∼1 sr (see also the Hemispherical Rotational
Modulation Collimator Imaging System; Kim et al., 2019). For a given instrument,
the same “optics” can be used over a wide range of energies, a feature that greatly
aids co-location of images and imaging spectroscopy. Therefore, in applications
where either compactness, low mass, wide FOV, high angular resolution, or high-
energy response is required, masks, grids, and collimators will continue to provide
the imaging technique of choice.
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