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ABSTRACT

A Fourier-transform telescope for X-ray astronomy can be con-
structed from several modulation collimators [1,10]. We show fn detail
how this permits a precise mathematica] analogy with the theory of aperture
synthesis in radio astronomy, with each individual modulation collimator or
“subcollimator” providing the measurement of a single Fourier component of
the source angular distribution. Constructing a Fourier-transform tele-
scope with one-dimensional imaging collimators obviates the need for
mechanical scanning, so that time-variable sources such as solar flares
can be accurately mapped without space/time confusion. Other advantages
of a Fourier-transform approach for X-ray imaging include (i) high aperture
efficiency, (ii) the multiplex advantage across a chosen field of view, (i1{)
relatively simple structural and thermal requirements as compared with a
multiple-grid collimator, (iv) a need for only a modest position sensi-
tivity in the detector, and (v) high angular resolution with a relatively

compact telescope.
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1. Introduction -

Conventional imaging techniques use reflection or refraction of the
incident radiation. Since these processes do not work well at wavelengths s 28
image formation must rely on non-focusing collimation techniques. The
simplest form of collimator - the slat collimator, “lead pipe telescope",
or Soller collimator - has found wide application in X-ray astronomy because
it maximizes the signal from a known source while at the same time reducing
the background counting rate from unwanted sources. This approach works
most efficiently for a source whose location and angular size are already
known.

The (two-grid) modulation collimator introduced by Oda [1] represented
the first advance in collimator sophistication in X-ray astronomy. We
i1lustrate its principles in Figure 1. The modulation collimator has the
advantage of simultaneous measurements of signal and background; it also
has the ability to locate a source whose existence or location is not pre-
viously known. Extending the concept to multiple grids [2] or rotational
scanning [3] permits the formation of true images, either continuously
spread across the image plane [2] or subdivided into discrete picture
elements by subcollimators that feed independent counter elements [4].

A practical limit on the angular resolution of these multiple-grid colli-
mators 1s the need for mechanical rigidity of the support structure. The
structure must maintain the relative positions of the grids to a fraction
of the individual hole size, which in practical systems [4] may be as small
as 50u. In principle the fqrmation of images with a single grid [5,6,7]

avoids the need for a precise structure. The effective area of one of these
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Figure 1. Principles of operation of the two-grid modu-
lation collimator, showing how a point source produces a
triangle-wave modulation of the counting rate as the
collimator sweeps in angle. The angular resolution is
determined by the ratio of hole size to collimator length.
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multiple pinhole arrays may be quite large, and recent developments [8,9]
have shown that they may have an image quality as good as that of a simple
pinhole camera. In terms of high angular resolution, the position sensi-
tivity of the detector provides a practical limit.

A recent suggestion for a two-grid collimator [10] may combine high
resolution with moderate structural stability requirements. Makishima et
al. [10] refer to this concept as the multi-pitch modulation collimator
(MPMC): it consists of a set of two-grid modulation collimators each with
a different aperture spacing and/or orientation. Given an aperture spacing,
sources smaller than the corresponding angular scale will give modulated
signals as the collimator scans the sky, as shown in Figure 1. The key
concept of the MPMC consists of the fact that the fundamental Fourier
component of the signal modulation measures the corresponding Fourier com-
ponent of the angular distribution of the source. Thus a single subcollimator
determines the 1dentfca1 parameter measured by a two-element interferometer
as used in radio astronomy. As in aperture synthesis [11], a number of
such measurements can be combined to produce an image.

In sections that follow, we formally establish the analogy to radio astronomy
(Section 2) and show how to make the Fourier component measurements instan-
taneously, without mechanically scanning (Section 3). Section 4 discusses
the practical 1imits of these ideas, and Section 5 discusses the performance

of X-ray imaging systems on a comparative basis.

2. ANALOGY WITH RADIO ASTRONOMY

The response of a two-element interferometer in radio astronomy may

be written as



where B is the physical baseline (in units of wavelength), ;(t) is.its
projection orthogonal  to the source direction, g(t), and I(3) is the
source brightness distribution as seen by the primary beam of each antenna
(Fomalont and Wright [11], equation 10.11). Since the time variability

1s normally due to the diurnal source motion, the instantaneous response

can be rewritten as

R /'f. dx dy 1(x,y) e21‘l(ux * vy) (2)

where K is independent of- the source and the integral has been explicitly
written in terms of eastward and northward displacements (x,y) on the sky,
and (u,v) are the corresponding components of g(t). Note that the response
depends only on the spatial-frequency content in the source that corres-
ponds to u and v.

Equation 2 can be further simplified by rewriting the integral in
terms of (0,4), orthogonal coordinates in the sky parallel and perpendicular

R = Re {x /'ao Flo) 271 PO (3)

where F(8) =fd¢ I{0,4) d¢ is the projection of the source brightness
-0

—
to b,

-+
distribution perpendicular to b.



For a given source location, the baseline orientation determines the
orfentation of the coordinates (e,4), the fringe orientations, and the
baseline length (in units of wavelength) determines |El(= 1/fringe spacing).

To characterize the response of the modulation collimator in X-ray
astronomy, we represent the transmission pattern (Fig. 1) by a triangle

wave A(8) that repeats with angular period P:

Me) =1 -2le|/p -P/2 <5 <Pp/2 (4)
A(e = P) = A(9).

A scanning modulation collimator will sweep out the angular range P
during a finite time, and the counting rate as a function of time must
be converfed to the angular profile from an aspect solution that des-
cribes the collimator motion. We can make a more complete model of
the angular response with a function N(g) such that N(e)ae is the

probability of aN counts in the angular range aeo:

N(e) = A f[o.s F(#) Ale - ¢) +B] at dy (5)
where F(y) is the source brightness contribution [ph(cm2 sec radian)"]
integrated parallel to the collimator aperture ( we have assumed a
50% maximum response); B is the background rate in counts (cm2 sec)'], A the
detector area (cmz) and At the integration time (sec).

To establish the precise analogy with Equation (1), we define

2x

P/2 =5 e

v-%f Ne)e P do (6)
-P/2
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to be the complex visibility function measured by the given collimator.

In practice this will represent a sum over time-binned data.

(5) in (6), we obtain

7 2

Ve ‘/,. [F(y) A(e-y) + 2B] At e
P ) Zer2

do dy

-

Since A(e-¢) is periodic, this becomes

o L g 2L (ov)
= -/p;z F(y) Al0) at e do dy

and substituting for A(e) gives

o .211'

=9
e 2 AFQ%) at o P dy
"

->

whence

Re(V) = Re {const F(y) e dv

Substituting

(7)

(8)

(9)

(10)

in the same form as Equation (3), establishing the precise analogy.

This opens up for X-ray astronomy the use of all of the nomenclature

and methods of analysis of radio astronomy. Note that this identity

really is fortuitous, since for radio waves the characteristic sinus-

oidal variation of response with angle comes from wave interference,

while for X-rays it comes from geometrical shadowing.

A Fourier-transform telescope consists of a set of individual

modulation collimators (subcollimators) that feed discrete detector




units. A subcollimator is equivalent to one baseline or a simple two-
element interferometer in radio astronomy. A measurement of the ampli-
tude V = [Re(V)]2 + [In(v)]2 and phase ¢ = tan'][lm(V)/Re(v)] determines
all of the necessary information regarding the Fourier component measured
by a given subcollimator. Imaging results from the inverse Fourier
transformation of the visibility V(u,v), considered as a function of the
angular wavenumbers (u,v) defined by the collimator period P = 14/62 + vE
and orientation. A complete and well-defined image requires the measurement
of V(u,v) at a sufficiently dense [12] set of points in the (u,v)-plane.
Standard texts on radio astronomy [13,14] give full details of these manipy-

lations.

3. INSTANTANEOUS MEASUREMENT OF THE VISIBILITY

The scanning modulation collimator has the well-known property of
sensitivity to time variations, either in the source flux or in the
background. Time variability in background or source flux can mimic the
spatial modulations, thus causing uncertainty in their interpretation.

Hard X-ray observations are generally background-limited and also frequently

subject to such variabilities, and so the problem of space-time confusion is

an important one.
The imaging modulation collimator [2] (Figure 2) makes it possible

to measure a visibility function without scanning. As illustrated in
Figure 2,_a two-grid collimator can project a one-dimensional image of
an X-ray source onto a detector such as a position-sensitive proportional
counter. The dispersion of the image can be chosen arbitrarily by the

selection of the grid geometry. In the simplest configuration, n + 1
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Figure 2. Principle of operation of a simple imaging
modulation collimator. The lower grid has slightly
smaller holes than the upper grid. The response as a
function of position in the detector has the same tri-
angle-wave nature as the time function in Figure 1.
The angular resolution is the same (FWHM = d/D) but
the position dispersion of the "image" may be varied
by changing the grid parameters slightly.
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apertures in the front grid and n apertures in the back g;id distribute
exactly one period of a triangular response pattern across the detector area.
This spatial triangular response is equivalent to the temporal triangular re-
sponse illustrated in Figure 1. A point source at any angle y will produce
a peak counting rate somewhere on the detector; the location of this peak
corresponds to ¢ and its amplitude determines |[V|. Thus a simple two-grid
imaging collimator with a position-sensitive detector can measure one Fourier
component of the source angular distribution.

The combination of data from many such subcollimators, each with
its position-sensitive readout, permits the synthesis of an image as
discussed above. The illustration in Figure 3 suggests an obvious
means of constructing an imaging system, with the subcollimators
distributing the modulated count-rate along the sensitive dimension of
a position-sensitive detector. Different s1it orientations and spacings
generate the different Fourier components needed. In essence the
Fourier-component measurement consists of a three-parameter fit
(|vl, v, s) to each subcollimator output, where s is the mean count
level. This dictates a position sensitivity sufficient to accomplish
the measurement, as described in Section 4 in detail; in practice a
useful hard X-ray telescope must have a large area and the requirements
for position sensitivity are therefore not severe. The form of the count-
rate distribution is similar for each subcollimator, independent of the
slit spacing and the orientation of the grids. Figure 4 illustrates this,

with different (|V|, ¢) combinations for several subcollimators. We note
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Figure 3. Sketch of layout for a two-grid imaging colli-
mator and a position=-sensitive proportional counter. The
wire spacings differ (as illustrated in Figure 2) so that
one Fourier component is distributed along the direction
of position sensitivity. The slits do not need to have
the same orientation as this direction: the sketch shows
ten individual subcollimators or "baselines”.
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Figure 4. Schematically illustrates the count distribution
in five subcollimators (see Fig. 3) with position-sensitive
proportional-counter readout. Each subcollimator has dif-
ferent angular parameters and a different visibility.
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that if the subcollimators have the same field of view and the detector
properties are identical, the mean counting rate(s) should be the same for

each. This gives an additional check on telescope performance.

4. PRACTICAL LIMITATIONS

We describe in this section some of the constraints imposed by
practical considerations in the construction of Fourier-transform
telescopes for X-ray astronomy. The configuration is assumed to be
that sketched in Figurass 3 and 4, namely an array of one-dimensional
imaging subcollimators with position-sensitive readout.

(a) Coverace in the (u,v)-plane.

The optimum selection of coverage in the (u,v)-plane will

not be discussed in detail in this paper; in general the experience of
radio astronomy can again serve as a guide. One should aim at complete
coverage if true imaging is an important go;l. for example with
spatially complex sources or if confusion of numerous point-source
images is a problem. If simple models of a few sources can adequately repre-
sent the image, then limited (u,v)-plane coverage may be appropriate. In
general, dividing a given counter area into a larger number of subcollimators
does not drastically reduce the point-source effective area, although it does
affect the precision with which each visikility can be determined.

Compared to radio astronomy there are different practical con-
siderations in (u,v)-plane coverage for an X-ray synthesis telescope.

-
Because the earth's rotation causes the projected baseline b(t) of an
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interferometer to change continually, successive radio observations corres-
pond to different locations in the (u,v)-plane. Although not always
desirable, this effect is extensively used to extend (u,v)-plane coverage
using the techniques of earth-rotation synthesis. For a synthesis telescope
in an earth-orbiting satellite the X-ray astronomer has greater control.

By rotating the telescope to compensate for orbital motion, he can freeze
his position in the (u,v)-plane; not compensating ("orbital synthesis")
gives the same benefits as earth rotation synthesis. Deliberate rotation

of the telescope can provide the maximum possible extension of (u,v)-plane
coverage, on a wide range of time scales under observer control.

A second difference is that, while a radio interferometer with N
dishes or elements can have up to N(N-1)/2 baselines, the choice of those
baselines is c¢learly not independent. Except as discussed in section (¢)
below, the parameters chosen for one subcollimator of an X-ray synthesis
telescope do not affect the parameters for the other subcollimators,
thereby providing the X-ray astronomer with more flexibility in the choice
of "baselines".

(b) Finite Bins.

A modest practical 1imitation comes from the necessity of binning
the data into finite angular bins. The position resolution of the counter
and telemetry considerations will determine how many independent bins can
be used for each subcollimator. For M bins, the coarseness of the spatial

binning will reduce the measured visibility by a factor

ny = Vy/V. (1)
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where V,, is the measured visibility for Mbins and V = 1im V,. From

equation 6,

2

TR
T Ny (12)
where
N J//bk : gﬁ N(o) de (13)
5 o - B
and

& "7

2x0
p

sin (§)1 this dependence is shown in figure 5.

For N(8) of the expected form, N(e) = a + b cos(
M

=

+ 00) it can be shown
that Ny -

(c) Aperture Orientation.

In the important bractical case where detector position sensitivity
is primarily one-dimensional and in the same direction for all sub-
collimators, it is imp;rtant to know how this constrains the choice of
grid aperture orientations. Let 3 be the angle between the direction
of best detector resolution and the collimator resolution. The case of
g = 0° was implicit1y assumed in the discussion on Section 3. If w
is the collfimator width.or detector resolution in the other dimension,
(whichever is smaller), then the effect of 8 F 0° is equivalent to
degrading the detector resolution by (w tan g). If L is the collimator
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length over which response pattern repeats, then it is easy to show
that the signal-to-noise ratio is reduced over the g = 0° case by a

factor

M. sin (n/M
ng - B 8 (14)
k4
where MB L/w tan 8

Thus for subcollimators with a length/width ratio of 10, orientations with

[8] up to 80° are quite feasible as shown in Figure 5.

(d) Relative Visibility and Higher Harmonics

Since the transmission pattern a(o) contains many harmonics,

in principle each subcollimator could yield a set of visibility functions

28F iy ~

vn=—n7-i§e W e (15)
and thereby reduce the number of subcollimators required in a Fourier-
transform telescope. In practice, however, the visibility from even
the next harmonic (n=3) is reduced by a factor of 9 and requires a
factor of 3 improvement in detector spatial resolution. In addition,
any imperfections or misalignments reduce the visibility of the higher
harmonics disproportionately. Thus except for relatively low-resolution
subcollimators, with the best signal-to-noise ratio and the least sus-
ceptibility to imperfections and misalignments, the information content
of the higher harmonics will be small.

Ignoring the higher harmonics,we can fully characterize the output
of a subcollimator by N, the total number of detected counts, and v,

the relative visibility:
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] V . ’
= (16)

where s is the average count rate, N/M, in each of the M bins. From
this definition an unresolved source and zero background correspond to
W|l= 1, while either a resolved source or a finite background counting
rate will give|v|< | £

(e) Signal-to-Noise Ratio

We can obtain a simple relationship between the signal-to-
noise ratio and the parameters (v,N) that describe a given subcollimator

measurement. For M bins, the distribution N(@) can be approximated by

N = Fl:‘ (1 + vy cos -zp'- (°k‘°))

(17)
3% T PRI R
The visibility function
e
Vy = ZZ N e (18)
k=1 -
with amplitude
'vul g NIVHI- (19)
The variance of Vy may be calculated from
4=
M {5 ek
2 2
var VM = 2 2 Nk @
k=1 (20)
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.and the signal-to-noise ratio of iy then becomes

K ;,;; - J——-.,-J_:vnl ' (1)

(f) Misalignment Error.

The effect of misalignment by translation of the two grids
perpéndiculér to the optical axis to first order merely moves the
transmission "fringes* without changing their shapes. [ts effects can
be removed by in-flight monitoring of the grid locations. Rotation,
on the other hand, distorts the fringes. It does this, not by reducing
the net transmission, but by tending to flatten the peaks of the
triangle function A(@). We now describe the effect of rotational mis-
alignment in a quantitative manner.

A misalignment-consisting of a rotation through a small angle a, for a
subcollimator with width w, grid separation L, and aperture §, spreaas

the angular response maximum by 48, where

so = p (22)

In analogy to equations 11-14, the observed visibility is reduced by a

Max sin T (Figure 5), Where M = = ne £

factor | e A oW

a R M
As a reference point we can calculate a such that the visibility is

reduced to 90% of its peak value. This occurs when M, = 5 or a = 0.2 §/w,




ARl

As an example, W= 10 ¢m and § = 50y (which would yield P = 1 arc sec
for L = 10m) would need rotational stability of ¥ 20 arc sec.
Note that the tolerance requirements are » &, not £ as in the case

of multigrid systems. Since the subcollimator width, w, is normally

.much less than the separation, L, this results in a relative immunity to

structural distortions. In a practical situation one could maintain
. rotational alignment with a servo system, if a rigid siructure were

not possible to achieve easily.

5. APERTURE EFFICIENCY COMPARISONS AMONG GRID TELESCOPES

As mentioned earlier, one can construct hard X-ray imaging systems
with one, two, or many grids. Each approach has specific merits and
finds some applications. One-grid systems are simple and have high
aperture efficiency (~ 50%), defined as the fraction of total detector
area exposed to a point source. Hign angular resolution is difficult
to achieve without large mask-detector separations, however [15]. The
two-grid devices discussed here have somewhat lower aperture effi?iency
but may have high angular resolution. Finally, an n-grid telescope can °
have good sidelobe rejection, but will have poor aperture efficiency

if regarded as an imaging device.
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Table_ 1 summarizes these points for a model one-dimensional imaging
system with m pixels. We can define m as the ratio of field-of-viaw
angle to beam width (FWHM); a simple on/off chopping system with a
pencil beam would have m=2 and would efficiently deal with known point
sources with known background fields. Alternatively, if one cannot
confidently predict where a background field may exist, m > 10 is
desirable to eliminate confusion: [14].The one and two-grid schemes
multiplex the image, since each detector position-resolution element
may receive counts from the entire field of view. AlthOggh this'may
adversely affect the signal-to-noise ratio for weak sources in the
presence of strong sources, it provides a large increase in sensi-

tivity for isolated sources when their location s not known a

priori,

6. CONCLUSIONS

We have shown that a two-gri& medulation collimator for hard X-rays
naturally measures the Fourier components of an angular distribution,
and is thus exactly analogous to a two-element interferometer for radio
astronomy. This permits a full imaging analysis using the highly de-
veloped techniques of aperture synthesis. A two-grid collimator has
two major simplifications in comparison with other X-ray imaging schemes.
Firstly, the position sensitivity of the detector does not need to be
high in order to achieve high angular resolution; one can measure each
Fourier component with a relatively large subcollimator. Secondly, a

two-grid collimator does not present problems of structural rigidity
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except for a single motion, namely relative rotation of the two grids.
Thus if rotation can be compensated, the telescope structure will be
relatively immune to distortions induced, for example, by thermal
gradients. Thus the Fourier-transform telescope can combine high
aperture efficiency, the multiplex advantage, and structural and detector

requirements well suited to present-day technology.
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