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Expressions for the potential resolution in the case of image formation from infra-
red radiation emitted by the heated surface of an object are derived based on the rela-
tion for the accuracy of the estimate of the squared modulus of the spatial spectrum of
the image of the object from a series of short-exposure images distorted by the atmos-
phere. It is shown that this observational regime is preferable for objects whose angu-
lar dimensions are larger then the atmospheric limit of the resolution.

In our preceding papers'? we evaluated the possi-
bility of speckle-interferometric methods of image for-
mation based on the visible solar radiation reflected by
the object. We showed that for angular size of the
object 69z 6,, where 0, =41/(rn - ry) is the average
“atmospheric” resolution,® A is the wavelength, and 7,
is Fried’s parameter, characterizing the region of corre-
lation of the atmospheric distortions of the field on the
aperture,® a resolution of ~ 1077 rad is achievable,
while for 8, < 6, a resolution of up to 2 - 10~®rad is
achievable. The latter value corresponds to a diameter
D of the telescope aperture of about 30 m, which pre-
supposes the use of synthesis telescopes (STs).> For
this diameter it is possible to form effectively an image
of an object at infrared wavelengths in the transmis-
sion windows of the atmosphere (for example, 8—
12 pm) based on the thermal radiation from the solar-
heated surface of the object. This range is character-
ized by the following positive characteristics:

— the possibility of round-the-clock observation
owing to the fact that for A > 4 pum there is no scatter-
ing of sunlight in the earth’s atmosphere;®

— there is no occlusion of the thermal images;
and,

— the effect of atmospheric distortions is signifi-
cantly reduced.

To illustrate the latter feature we note that ac-
cording to the 5/3 law for the structure function of
the distortions D, (v) the size 7, depends on the
wavelength A as 2% and increases from 0.1 m at
A =0.6 um to 2.5 m at A = 10 pm. In reality, appar-
ently, the correlation region reaches a size of
3..5m. The point is that the Ilaw
D(v) = 6.88(v/7y)* "3 is valid only if v < L,, where
L, ~ 10 m is the saturation interval of the structure
function (the outer scale of turbulence). The slowing
down of the growth of Do) at v ~ L, which is
significant for telescope apertures D z L,, is what
leads to the increase in the correlation size. At the
same time that 7, increases the wvariance
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(12 =1/2D,()) of the phase distortions decreases

as A2 According to the estimates of Ref. 7, at
0.6 um it equals ~ 10°rad® and at 10 um it equals
about 4 rad®. Finally, the correlation time interval
of the distortions T, increases substantially in the IR
region. Since T, ~ ro/oy,’ where oy is the average
value of the fluctuations of the fluctuations of the
transport velocities of separate atmospheric layers, in
the IR range T, increases from 0.01 to 0.3 ... 0.5 sec.
All these features make IR observations very promis-
ing, and this is what encouraged us to estimate the
corresponding potential resolution.

Following the method adopted in Ref. 2 we
shall define the maximum resolution 0, as the inverse
of the maximum spatial frequency f, at

which Q(f) = 5. Here Q(f) denotes the signal-to-
noise ratio (SNR), which characterizes the accuracy
of the estimate of the squared modulus of the spatial
-2

spectrum (SS) ‘O(f)‘ of the image of the object
based on the recorded series of M short-exposure
(distorted by the atmosphere and recording noise)
images (Sis). The SNR O(f) satisfies a general ex-
pression of the form
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where E is the average energy of one short-exposure
image; o’ is the variance of the SS of the recording
noise; Sy, S, and S, are the areas of the regions of
correlation of the spatial spectrum of the distributions,
respectively, of the undistored image of the object, the
short-exposure image, and the recording noise; and,

<‘H (A )‘2> is the optical transfer function (OTF) of the

“atmosphere-telescope” system. Expanding the terms
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appearing in Eq. (1), according to Ref. 2, we obtain
the following more detailed representation:
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where & is the transmission coefficient of the optical
system of the telescope; m is the quantum efficiency
of the detector; py and p, are the spectral densities of
the received fluxes of the signal radiation from the
object and the background radiation, respectively (it
is assumed that the detector operates in the back-

2
ground-limited regime); Sy = (60 +4kJ is the av-
n,
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erage angular size of the short-exposure image,
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Al. = R./f is the spectral correlation interval of the
spatial spectrum of the short-exposure image; A\ is
the spectral range of the recorded radiation; T is the
exposure time of the short-exposure image; 7, is the
effective size of the spatial region of correlation of
the atmospheric distortions, equal approximately to
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Dy is the diameter of a separate receiving aperture of
the synthesis telescope, and B(f) is the SNR of the
telescope. The latter function depends on the type of
synthesized telescope.

From this standpoint two basic concepts are dis-
tinguished:®> segmented telescopes. In which a quasi
continuous “giant” mirror is assembled from a large
number of almost adjoining aspherical fragments,
and Dy = D; multimirror telescopes, consisting of a
small number Ny of receiving telescopes with diame-
ter Dy which are separated from one smother by am
appreciable distance and which operate in the regime
of coherent and in-phase addition of light fluxes In
the common focal plane, and D > Dy. In the first
case the OTF of the synthesis telescope is virtually
identical to the OTF of a classical telescope and can
be approximated as

B(f) =1 - f/f, (5)
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where fy = D/) is the diffraction cutoff frequency.
In the second case, with a more efficient, from the
viewpoint of image formation, arrangement of Ny
telescopes, it is equal to approximately

B(f) = 1/N. )

In what follows, so as not to limit the analysis, we
shall assume that B(f,) = 0.1, which corresponds to
either f, = 0.9/ or Ny = 10. In addition, we shall
assume that D > ry, but Dy~ 7y, so that in both
cases ¥, ~ 1.

For the further analysis the values of py and p,
must be determined. It is shown in Ref. 6 that the
equilibrium temperature ¢, of the surface of a spheri-
cal object with radius » and having no internal en-
ergy sources and absorbing and emitting radiation as
a black body with the coefficients o and ¢ is equal to

174
t = 645-[0.0475 <., o.ooa] _
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The corresponding maximum Ay, and the peak
Wiax of the spectral density W(A) of the radiation are
given by®

s
A = A/ t'; W B te' (8)

max max
where

A =2898 um - K,

B=129-10"W.m?. um™". K.

Typically o/e~ 1.5, which leads to the wvalues
t, = 340 K, Apax = 8.5 um, and

Wiax =59 W -m™2 - um™". At the same time in the
transmission window 8 ... 12 um at the average wave-
length 29 =10 um and the width of the range
AL = 4 um the average radiation density

Wy=55W . -m?. um".

The density of the radiation from the object in
unit solid angle is equal to & - 7* - W, while the den-
sity of the received radiation in the plane of the aper-

g1’

ture of the telescope is equal to L
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where R is the range to the object, ¢, is the elevation
angle of the object, and K, is the transmittance of the
atmosphere. As a result we find that the density p, of
the radiation from unit solid angle per unit time per
unit area of the receiving aperture in unit spectral
range is given by
cosecy

p.=Swk °

® u 98 (9)
Substituting into Eq. (9) the characteristic values
e=0.6, K,=0.8, and ¢y =n/6 with T, =340 K
and rewriting the density in terms of the number of
photons according to the rule 1 W =35 - 10" pho-
tons - sec™! (A is given in pm), we have
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po = 3-"10x n-z-s-'-p--l-alw-‘. (10)

In the IR range the recording noise is caused by
fluctuations of both the signal radiation from the
object and the background thermal radiation of the
atmosphere and the mirrors of the telescope. Assum-
ing that both the atmosphere and the mirrors are
characterized by the temperature ¢, = 300 K, based
on the data presented in Ref. 6, we conclude that
the clear-sky radiation density with A = 10 um is
equal to 5.3-10"m™2 - sec™"- um™" - sr'. The effec-
tive radiation density of the telescope mirrors from a
unit area into wunit solid angle is equal to
g, - K, -W, (&) /m where g, is the emissivity of

the mirrors (g, = 0.05) and K,, is the number of
“thermal” mirrors in the optical and mechanical
channel (K, ~5); this leads to the value
12310 m 2 -sec™! - um™ - sr7'. As a result we
find that the effective density of background photons
is equal to

- 1020 =2, _-1 -1 =1
pb 1.8-10 m 'S um cenv (11)

i.e., in the IR range (unlike the visible range) the
signal power is equal to the background power. This
leads to the fact that from the standpoint of the ab-
solute magnitude of the achievable resolution it is
preferable to form Images of large objects. Indeed,
for 8y ~ 6, < 0, the ratio Q, as follows from Eq. (2),
is proportional to 0y and increases monotonically as
0y increases, reaching saturation for 0y = 0,.

We shall make in these limiting cases quantita-
tive estimates of the potential resolution, making the
assumption that T > T.=0.4s, A\, < A\ = 4 um,
£=10.6,n1=0.5 r) =4 m. For 0, > 0, we have

Qlf) = 6.8-10'3/R—E-n-_7'cp:/[p° +p) (/)78 =
= 1.16-10*v H/f°. (12)

Solving the equation Q(1,/6,) =5 we obtain the de-
pendence of the resolution 0, on the number of im-
ages M in the form

-8
0, - L
M 13)

which for M = 100 leads to the value 8, = 0.8:107% rad.
We stress that the significant improvement of the
resolution as compared with the visible range
(07 ~ 107" rad) is mainly connected with the
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significant decrease, examined above, in the effect of
the atmospheric distortions, in particular, as the ra-
dius 7y increases.

For a small object with 6y ~ 0, we have
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Solving the equation for 69 = 6, we obtain the de-
pendence

-8
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N

(15)

which for M = 100 gives the value 6,= 5 - 1077 rad.
In conclusion we note that to achieve a resolu-
tion of ~ 107® rad at the wavelength A = 10 pm it is
necessary to construct a synthesis telescope with an
aperture diameter D = 10° m, which is almost im-
possible. But, in building the currently more realis-
tic synthesis telescopes with an equivalent diameter
of about 25 m, which are intended for operation in
both the visible (8~ 2 1078 rad) and infrared
(84 ~ 4 - 1077 rad) ranges, because of the large mar-
gin with respect to the resolution (SNR) in the lat-
ter case optimization of the construction of the syn-
thesis telescope Is best done for the visible range.
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