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Abstract. We consider the operation principles of noise-
immune near-IR receiver —transmitters with the quantum
sensitivity limit, in which active quantum filters based on
iodine photodissociation quantum amplifiers and iodine lasers
are used. The possible applications of these devices in laser
location, laser space communication, for the search for
signals from extraterrestrial civilisations and sending signals
to extraterrestrial civilisations are discussed.
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1. Introduction

The parameters of the basic elements of laser information
systems designed to operate in space should satisfy rather
high requirements. Thus, laser receivers (LRs) should have
the high sensitivity, selectiveness, and noise immunity, while
laser transmitters (LTs) should have the highly stable
emission line wavelength, the high radiation directivity, and
should be continuously tunable for compensating for
Doppler shifts and matching the emission line with the
reception band of an LR. The emission line should fall into
the atmosphere transparency window. The development of
a receiver —transmitter consisting of an LR with an active
quantum filter (AQF) based on an iodine photodissociation
quantum amplifier and an LT representing a magnetic-field-
tunable iodine photodissociation laser made it possible to
achieve the LR and LT parameters restricted only by the
physical limit, thereby satisfying the requirements indicated
above.
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2. Active iodine quantum filter

Experimental studies of the possibility of reception of weak
laser signals by using optical quantum amplifiers have been
initiated in papers [1, 2]. The quantum sensitivity limit has
been achieved by using an iodine photodissociation
quantum amplifier [3—5] operating at the P, s —>2P3/2
transition of an iodine atom at 1.315 pm (228.1 THz). This
transition is characterised by a rigidly frequency-fixed
narrow luminescence line with the FWHM Av=
0.01 cm™! [6] with a long radiative lifetime of iodine
atoms in the 2P1/2 excited state equal to 0.13 s [4—6]. Note
that the iodine photodissociation quantum amplifier also
solves an extremely important problem of filtration and
selection of the useful signal. Unlike usual passive filters
suppressing frequencies lying outside the signal spectrum,
the signal in the AQF is selected due to amplification at
frequencies belonging to the signal spectrum, and therefore
this filter is called an active quantum filter [7—9].

The limiting high sensitivity of the LR with the AQF was
achieved in [10] due to specific features of the active medium
of the AQF such as its high optical homogeneity, the rapid
recombination of iodine atoms in the ground *P; /2 state to
the initial molecule [4, 5], and a considerable excess of the
gain (x>0.1cm™") over the absorption coefficient
(B <10* cm™") for radiation at 1.315 pm [11]. Because
of the high optical homogeneity of the active medium, a
signal emitted by a point source can be focused, after
amplification in the AQF, to a diffraction-limited spot,
i.e. the single-mode amplification regime is realised [12]. A
comparison of photographs in Fig. 1 shows that the
achieved resolution is close to the diffraction-limited one.
The diameters of central maxima in the absence and
presence of amplification in the AQF are virtually the
same. The rapid recombination of iodine atoms in the
’p, /2> ground state to the initial molecule depletes the lower
laser level, which allows the minimisation of the AQF
quantum noise because the spectral brightness density of
spontaneous emission (quantum noise) of one of the two
polarisation states at the optical amplifier output is [1, 2, 13]
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where ,,. = hev? is the spectral brightness density of
vacuum [13] at the laser transition frequency; n; and n, are
the populations of the lower and upper laser levels; g; and
g, are their statistical weights, respectively; and K(v' — v) is
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the gain at frequency v’. Because the gain is high and the
absorption coefficient is low, a device with the AQF has
almost 100 % quantum yield. The gain index exceeding
0.1 cm™! provides the gain as high as K > 10° at the gain
line maximum in the AQF active medium of length
~ 60 cm [10]. This is a few orders of magnitude higher
than the value K,,;, = 10° above which the receiver noise is
determined only by the quantum noise of the AQF.

a b ¢ d

Figure 1. Images of a diffraction point without AQF pumping (a, ¢) and
upon AQF pumping (b, d). The signal is attenuated by a factor of 5000
and intensified by a factor of 3000. To visualise the first diffraction ring
of the Airy pattern, the photographs (a, b) were overexposed.

Thus, the combination of the possibility of amplification
at one spatial mode, the minimal quantum noise, the 100 %
quantum yield, and the high gain K > 10’ provides the
achievement of the limiting high sensitivity of the iodine
AQF receiver, which is equal to one photon per mode for
the time 1, =9—13ns (1, = VInK/cAv [14-16]) for
K=10"—-10" and the signal-to-noise ratio s/n = 1. The
energy sensitivity is iw = 1.5 x 107" J.

These conclusions were experimentally confirmed in [10].
Experiments were performed with an iodine AQF pumped
by radiation from a coaxial cavity flashlamp with a
stabilised discharge. To improve the optical homogeneity
of the active region, an optical filter was placed between a
cell with the operating gas and the inner wall of the cavity
flashlamp, which suppressed radiation at wavelengths
shorter than 200 nm. The discharge circuit provided the
continuous growth of the discharge current in the flashlamp,
the current pulse being bell-shaped. The half-maximum
duration of the current half period was 60 ps. The inner
diameter of the AQF cell was 2 cm. The working gas was
n-C;F5I at a pressure of 1.25 kPa. At this pressure, pumping
is virtually homogeneous over the gas volume and the
luminescence line at the laser transition is broadened due
to the Doppler effect.

Figure 2 shows the typical oscillogram of the output
voltage of an electron video amplifier recorded upon
irradiation of the AQF by an optical signal attenuated
with filters down to a few tens of photons and focused after
amplification in the AQF on a photodiode connected with
the video amplifier. For s/n = 1, the reception sensitivity
equal approximately to three photons was achieved even
when the reception angle exceeded three times the diffrac-
tion angle of the AQF and the signal duration was not
matched with the AQF gain line width. Indeed, the duration
7, of the signal pulse should be equal to 7, ~ 1/cAv,, where
Avy = Av/v/In K [16]; however, in fact 7, was four times
larger than the optimal duration 7, ~ 10 ns. The achieved
sensitivity is well consistent with the sensitivity of the LR
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Figure 2. Output voltage of an electron video amplifier with the effective

averaging time 7, ~ 30 ns observed when a 40-ns optical pulse contai-
ning approximately 20 photons was fed to the AQF input.

with the AQF calculated in [10, 17] for the case t, > .,
where 1, = 7,4/In2/21 ~ 3 ns is the correlation time of the
quantum noise of an optical amplifier [16].

The LR sensitivity, defined as the minimal detectable
number of photons in a pulse for s/n =m, is

S =m0 (cr.Ave) (K P/K,. )

Here, 7, is the effective averaging time of the video
amplifier;
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KO —v) = KU K= K0), o(v/ —v) = g(v' —v)/g(0);
g(v' —v) is the shape of the luminescence line at the laser
transition; Av, = [* @ (v —v)dv’ = 1/g(0) is the effective
linewidth, which is related to Av for a Gaussian shape by
the expression Av, = 1Avy/n/In2 ~ 1.06Av; K is the signal
gain (for the condition that t,cAv> 1 and the signal
frequency coincides with the gain line frequency K, = K);
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VY = W(Or/Od) = (4/775)2(0r/0d)_1

AN v ei2gs ).
x(1 (Jo +JD)(1 = &%) 77dE ); “4)
T Jo

where o, is the reception solid angle determined by the size
of the reception area of a photodiode and the focal distance
of a lens focusing radiation on the photodiode; o4 =
(n/4)*2%/ A is the solid diffraction angle determined by the
area of the light pupil of the amplifier; J, = Jo[né(o,/04)"?],
Jy = Ji[né(o,/04)"/?] are Bessel functions;

L=L(o/og) =1~ J(%|5:1/2 - J12|5:1/2 (5)
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is the Rayleigh function. The dependences L, ¥ and @ on
0,/0q are shown in Fig. 3. Expression (2) was obtained by
neglecting all noises except the quantum noise of the AQF.
This is justified if the AQF gain exceeds K, at which the
AQF noise is higher than photodiode and video amplifier
noises [10, 17].
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Figure 3. Dependences of L, ¥, and @ on o,/0y4. The dashed curve shows
the dependence (/4)(o,/ od)'/ 2, which is the asymptotics of the function
O for o, /o4 > 1.

3. Reception sensitivity of an array
photodetector

An AQF can amplify signals within large solid angles
determined by its geometrical dimensions. The solid angle
within which the AQF efficiently amplifies signals with the
almost constant gain can exceed the solid diffraction angle
by many orders of magnitude. To realise such a broad field
of view of the receiver, it is necessary to use either a
photodiode array or a TV camera. However, if the angular
size of the photosensitive area of a photodiode or a pixel of
the TV camera is close to the AQF diffraction angle, then
during the movement of the diffraction spot of a signal over
the photodiode array, the output signal of the array will be
strongly attenuated when the spot falls into the gaps
between reception areas, which will cause the reception
instability. The reception of the signal will be more stable, if
the diffraction spot overlaps several photodiodes. Then, the
reception angle for one array element becomes smaller than
the diffraction angle, and the question arises of whether this
will be accompanied by the loss of the LR sensitivity.

It follows from expressions (3)—(5) and is seen from
Fig. 3 that for o,/o4 — 0 the function ©(o,/04) — 1. This
value almost coincides with the value of @ for o, /04 =~ 1, i.e.
when the reception angle is equal to the diffraction angle.
Therefore, as the ratio o,/04 decreases, the value of S tends
to its limit:

S = m(eteAve) (K72 K,. (6)

Thus, if the quantum noise of the AQF plays a key role,
the LR sensitivity does not decrease even when the reception

angle of one reception element is considerably smaller than
the diffraction limit [18]. This is explained by the fact that
the quantum noise decreases proportionally to o, /oy, i.e. as
the useful signal energy does, unlike the shot noise of the
photodetector and thermal noise of electrical circuits of the
video amplifier. It is clear that when the ratio o,/04 is small
enough, the signal energy can become smaller than the
energy of these noises. Let us see how much the ratio o,/04
can be reduced without the loss of the LR sensitivity.

Taking into account the shot noise of the photocurrent
caused by the spontaneous emission of AQF and the
received signal, as well as taking into account the dark
current of the photodetector, thermal noise of resistive
elements, and noise of the electron amplifier, we obtain
the reception sensitivity in the form [17]
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where y = tIl,; Il is the passband (in hertz) of the electron
amplifier at the 1/v/2 level of the maximum of its gain
modulus (usually, y is slightly smaller than 0.5); T, is the
optical path transmission; S :2m2F/17 is the quantum
limit of the photodetector sensitivity; # is its quantum
efficiency; F is the noise coefficient;
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average dark current; i,, is the average shot current of the
video amplifier, which can be calculated from expression (7)
in [17]. Expression (7) of this paper transforms to (2) if the
condition
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is fulfilled, where e is the electron charge and 6 <1 is a
positive number. Because ©® ~ 1, ¥ =~ | — (n/4)20r/0d, and
L~ (n/4)%0,/oq for o,/oq4 <1, we obtain from (8) the
quadratic equation in X = (1/4)* x o,/04:
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It can be shown that if K > 10°, then (K) ~ K/vInK
and (K?) ~ K?/v2InK. Then, if F~ 10, 1 =0.5, 7y ~ 0.5,
we obtain Q &~ v/2yF and expression (9) gives
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Let us neglect the noise of the electron amplifier, which is
lower than the dark current noise (for example,

ige 2 x 1077 A for an LFD-2 photodiode). By assuming
that T,,~ 1, we obtain the inequality o./04 > 800
x (In K)1/4/\/5K. By setting 6 = 0.1, we find that for the
gain K = 10°, the ratio o,/04 can be reduced without the
sensitivity loss down to 5 x 1072, i.e. the planar reception
angle can be 14 times smaller than the planar diffraction
angle [18]. This leads to a practically important conclusion
that the size of one element of a photodiode array can be
substantially smaller than the size of the diffraction spot of a
received signal in the focal plane of the optical system
focusing the signal on the photodiode array. In this case, the
LR sensitivity should remain at the same level as during the
reception within the diffraction angle. This conclusion also
concerns the sensitivity of image intensifiers at the ultralow
light level illumination.

4. Image intensification

As mentioned above, a solid angle within which an AQF
efficiently amplifies signals with an almost constant gain
can exceed the solid diffraction angle by many orders of
magnitude. In this connection it was reasonable to verify
the possibility of using the AQF as an image intensifier [12].

The optical scheme of the experiment is presented in
Fig. 4. A radiation pulse from master oscillator (/) was
directed by spherical mirror to object mask (3) and then
was incident on spherical mirror (4) located at a double
focal distance from the mask. The mask was imaged by
mirror (4) at a 1:1 scale at the centre of AQF cell (7) and
then was transferred by mirror (8) with a magnification of
5.8 to white mat screen (9) and detected with TV camera
(10) sensitive at a wavelength of 1.315 pum.

Radiation scattered by screen (9) and detected with the
TV camera was attenuated by more than four orders of
magnitude compared to the incident radiation. In this case,
the luminescence emission noise did not exceed the TV
camera noise and did not remove the TV camera from its
dynamic range during the operation time of the AQF which

6 5
. /l/ o — \\ 4
1/ \

Figure 4. Optical scheme of the image-intensification experiment: (/)
master oscillator; (2, 4, 8) spherical mirrors; (3) object mask; (5)
aperture; (6 ) calibrated filters; (7) AQF cell; (9) white mat screen; ( 10)
TV camera.

was several milliseconds. Although this optical scheme could
not be used to detect extremely weak signals, it was applied
to study the image intensification in the presence of optical
inhomogeneities produced in the active region of the AQF
during its operation. Near mirror (4), aperture (5) of
diameter 1 cm was mounted, diffraction from this aperture
determining the resolution of the system. The diameters of
AQF cell (7) and mirror (8) were considerably larger than
the diameter of aperture (J5).

First we verified the quality of the optical path. Object
mask (3) was a circular aperture of diameter 0.2 mm, which
corresponded to the size of the diffraction point at a
distance of 150 cm from spherical mirror (4) for aperture
(5) of diameter 1 cm. The pumping of the AQF was not
switched on, and a signal from the master oscillator was
attenuated by calibrated filters (6) down to the required
level. The image of the diffraction point recorded in this case
is shown in Fig. la. Then, the signal was attenuated by
additional filters by a factor of 5000 and amplified in the
AQF by a factor of 3000 (see Fig. 1b). The photographs
obtained in these experiments were specially overexposed to
observe the first diffraction ring of the Airy pattern. By
comparing photographs in Figs la and b, we see that the
resolution close to the diffraction limit was achieved in both
cases. The diameters of the central maxima in the photo-
graphs are almost the same. After amplification, only the
intensity distribution in the first diffraction ring changes.

The first Airy ring is unnoticeable in the photographs
obtained similarly but with the normal exposure (Figs lc
and d).

After it became clear that diffraction points were
intensified virtually without any distortions, we performed
the image intensification for a more complicated object. An
object mask with a circular hole was replaced by a mask
with a hole in the form of an airplane silhouette. The length
of the object corresponded to seven diffraction sizes, while
the span of the airplane wings was equal to five diffraction
sizes. As in the previous series, we obtained photographs
without amplification and after attenuation and subsequent
amplification (Fig. 5). One can see that the image of a rather
complicated object almost is not changed after the 3000-fold
intensification in the iodine AQF and can be easily
identified.

a b

Figure 5. Airplane silhouettes before image intensification (a) and after
attenuation by a factor of 5000 and intensification by a factor of 3000

(b).

5. Separation of the useful signal against
the background of a high-power light source

Due to the high gain K > 10° in conjunction with a small
width of the AQF gain line (Av, < 0.0l cm™'), the
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sensitivity of the AQF receiver remains virtually invariable
even when a signal is observed against the background
produced in fact by any high-power natural light source.
Thus, it was shown in [17] that if the signal is received
against the background of a high-power light source, the
reception sensitivity will be described by the expression

S VSql 5202 2
S=——— S O°A(1+ A ——
2LKSTOP+{ (1+%) +L2K52T02p
. 2 . 1/2
X|:<@> +qullderTe:|} 7 (10)
2 ne
where
A:1+(2yF/;1T):—|—2,@ (K)
1+ % (K?)
B((2yF/InT)E+%B] 1 A
_|_j[( vE/n );Lgﬂ . Yop. (11)
(1+2) (K?) Ave

(K) and (K?) are calculated now by adding the background
emission to the AQF quantum noise; Av,, is the trans-
mission bandwidth of the optical path; # = HBye /By, is
the ratio of the spectral brightness density of the back-
ground radiation source to the spectral brightness density
of vacuum at the laser transition wavelength in atomic
iodine. As K is increased, the ratio (K°)' /K, tends
asymptotically to the value calculated in the absence of
background radiation. When the gains are high enough, the
second and third terms in (11) become much smaller than
unity, and expression (10) for o,/oq <1 changes to the
expression S~ S(1 + %), from which it follows that the
reduction of the sensitivity during the reception of a signal
against the background of a light source with the spectral
brightness density % times higher than the spectral bright-
ness density of vacuum at the reception wavelength will be
35S = #8S.

If the background source is treated as the black body,
the relative decrease in the sensitivity is equal to the ratio of
the spectral brightness densities of the black body and
vacuum at a wavelength of 1.315 pm:

85/S = B/ Brac = lexpllir/kT) — 1], (12)
where 4y, is the spectral brightness density of the black
body at temperature 7 at a wavelength of 1.315 pum.
According to (12), the sensitivity of an AQF receiver
against the solar disk treated as the black body at
T = 6000 K (in the absence of solar radiation losses in
its way to the AQF) is reduced approximately by 18 %. On
the Earth surface, where solar radiation is attenuated by the
Earth atmosphere, the sensitivity is reduced even weaker,
approximately by 12% [17,19,20]. This conclusion was
verified in model experiments on the reception of signals
against the background of a plasma radiation source (ISI-1
Podmoshenskii source) with the brightness temperature of
40000 K [17]. Due to radiation losses in the elements of the
optical path, the effective brightness temperature of the ISI-
1 source was 16000 K, which corresponds to #,,. by the
spectral radiation density at 1.315 pm. Figure 6 presents
voltage oscillograms at the video amplifier output recorded
by feeding simultaneously the signal and ISI-1 radiation
amplified in the AQF into the photodiode. The optical

0.50 T
>
S :
& :
] :
3 !

> i | i i

0 .-
-0.25 : 3 : :
0 5 10 15 20 25
Time /ps
Figure 6. Output voltage of the electron video amplifier with the

averaging time 90 ns observed when an optical pulse and radiation of
the ISI-1 source from the AQF output was incident on a photodiode (the
ISI-1 radiation pulse begins within 8 ps after the high-frequency electric
induction produced by the ignition pulse; the useful signal pulse arrives
after 13 ps.)

pulse duration was the same as before, while the angle ratio
was 0,/o4 ~ 1.

For the ratio s/n =1, the reception sensitivity was
approximately three photons outside the ISI-1 pulse and
six photons within the ISI-1 pulse, i.e. the sensitivity was
impaired by half against the background of the bright ISI-1
radiation source. Thus, if the pulse duration is reduced from
40 to 10 ns and a video amplifier with the effective averaging
time up to 10 ns is used, then the probability of detecting a
signal at 1.315 pm consisting of approximately three pho-
tons against the solar radiation background will exceed 0.9.
This conclusion is also valid for stars of spectral classes
included between classes M and F with the surface temper-
ature lower or close to the solar surface temperature [21].

6. Iodine lasers

The main element of the LR described above is the iodine
AQF. Optical signals that should be received by this LR are
emitted by iodine lasers. At present high-energy iodine
photodissociation lasers exist which emit kilojoule, nano-
second pulses in diffraction beams. Also, high-power
repetitively pulsed oxygen-iodine lasers emitting nearly
megawatt pulses have been developed.

The advent of such lasers was favoured by the develop-
ment of a number of pump sources such as high-power
xenon flashlamps [5], high-current open electric discharges
[4], intense explosive shock waves [22—24], and high-power
singlet-oxygen generators [25]. Of decisive importance were
the specific properties of the active medium of iodine lasers
such as a long lifetime of excited iodine atoms achieving
hundreds of microseconds and providing the accumulation
of energy in the active medium emitted then in the form of a
giant pulse; a low absorption coefficient (f < 107* em™!) of
the active medium at the laser radiation frequency, which
allows the laser length scaling in a broad range and
increasing the output energy; and a high optical inhomo-
geneity of the active medium permitting, in conjunction with
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phase conjugation methods [26, 27|, the emission of dif-
fraction beams. The parameters of iodine lasers developed
for well-known Iskra [28, 29] and Asterix IV laser setups
[30—32] are presented in Table 1.

Table 1.

Pulse dura- Radiation

tion /ns

Beam ene-
rgy /kJ

Beam dia- .
Laser setup divergence

/rad

meter/cm

Iskra”™ (All-Russian
Research Institute

of Experimental
Physics, Sarov,

Russia) 50

20-25 025-1.0 107°

ok

«Asterix IV»
(Max-Planck-
Institut fiir Quan-
tenoptik, Gar-

ching, Germany) 29 2.1 5.0 2x107°

"Pump source: high-current electric discharge;
“*Pump source: xenon flashlamps.

7. Magnetic-field compensation for the Doppler
shift and the transmission of the 1.315-pm
radiation through atmosphere

To match the spectrum of a signal coming from a moving
source with the AQF amplification line, it is necessary
either to shift the AQF amplification line or to shift
preliminarily the spectrum of the signal. It is known
[33—-36] that the amplification line can be shifted with the
help of a magnetic field. However, in this case the
amplification line splits into many components, while the
AQF gain and selectivity drastically decrease. The spectra
can be matched by shifting preliminarily the laser source
spectrum with the help of a magnetic field. In the magnetic
field of strength of about 400 Oe, lasing at the 3—4 lines
passes to the 2—2 line, and then can be continuously tuned
by a few inverse centimetres with increasing the field
strength up to 75 kOe.

It is important that radiation at 1.315 pum falls within the
transparency window of the Earth atmosphere. Measure-
ments showed [36] that the absorption coefficient of the
surface atmospheric layer is 2 x 107" cm™! and is manly
determined by water vapours whose concentration decreases
with altitude. The energy loss of a signal propagated
through the whole atmosphere will be smaller than 20 %
(the atmosphere transmission is 7, > 0.8). In this case, the
dispersion of the refractive index of air [21] will not distort
the signal shape because for Av/v = 107° the group delay is
smaller than 2 x 107'¢ s.

Based on the performed experimental and theoretical
studies, we can conclude that it is expedient to use the iodine
AQF and iodine lasers in laser location and laser probing,
especially in the presence of intense background illumina-
tions. In addition, they can be used for cosmic laser
communications and for the search for signals from
extraterrestrial civilisations and sending signals to these
civilisations. The methods for receiving and processing
weak pulsed laser signals in iodine AQF systems are
protected by RF patents [9, 18, 37—40].

8. Possibilities of remote laser ranging by using
an iodine AQF

Figure 7 presents the scheme of laser ranging setup with an
AQF LR. The distance R at which diffusely reflecting
objects of area A4, can be located by using such an LR with
the angular diameter of the field of view ©, = 100’ can be
estimated from the expression

R~ VT[(' /2m) (A, A E/QE)] . (13)
Here, o' is the albedo of a located object; E, is the
illumination pulse energy; E, = mhw is the input energy of
the LR, which is determined by its sensitivity and specified
signal-to-noise ratio; A, is the area of a receiver—trans-
mitter optical antenna; and Q, = 1@2/4 is the solid angle
of the locator field of view. Let us assume that 7, ~ 0.8 and
0.1 <o’ <0.5. Figure 8 shows the dependences of R on the
product A,A,E, for m=10 and «'=0.1 and 0.5. At
present an iodine photodissociation laser emitting 10-J
pulses at a repetition rate of 25 Hz and the radiation
divergence 3 = @, = 100’ = 0.5 mrad can be developed.

Thus, it follows from Fig. 8 that, by using a telescope
with a primary mirror of diameter ~ 1 m for transmitting
and receiving signals, the laser location of diffusely reflecting
objects of area ~ 1 m’ can be performed at distances
~ 1000 km.

9. Possibilities of laser space communication
by using an iodine AQF

The development of long-range noiseless space communi-
cation lines between a space craft in the deep space and a
ground space communication station or a space-craft
station on a circumterrestrial orbit is an urgent problem.
Let us see the possibilities of the iodine AQF LR in this
respect.

Let the area of aperture of the transmitting and receiving
optical antennas of a laser space communication (LSC)
complex is A, and A,, respectively, the distance between
them is R, the spectral noise power density of the commu-
nication channel is p,, its passband is A f, the quantum yield
of the receiver is y,, and the radiation wavelength is 1. By
using the Shannon formula [41] for the data transfer rate, we
obtain that when a diffraction-quality radiation pulse is
generated, the amount of information transferred during the

pulse duration 7, is

B = Afrylog[l + (g E/ pul frp(AA /27 R7)]. (14)
If Aft, ~ 1, then by using an iodine AQF in the LR for
which p, = fiw, 7 = 1, under the condition that a signal is
detected with the probability exceeding 1 —m? and the
pulse energy

E, > mhwl*R*/ A A, (15)
no less than one bit of information can be transferred. In
this case, the Doppler frequency shift is assumed compen-
sated. If the transmitting and receiving antennas of the
complex are circular with diameters D, and D,, respectively,
then A, = nDZ/4 and A, = nD?/4. To receive the signal
reliably, it is necessary to provide the signal-to-noise ratio
m = 3. The LT power in the continuous operation regime is
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Figure 7. Scheme of a location device: (/) 1.315-um laser; (2) pump unit; (3) steering mirror; (4 ) drive and mirror (3) control unit; (5, 6) concave
and convex mirrors of the receiving telescope; (7) first AQF; (8) first focusing lens; (9) diode array; (10) strobe formation unit; (//) dynamic
filtration unit; ( /2) beamsplitter; ( /3 ) optical delay line; ( /4, 15) first and second optical gates; ( /6 ) optical gate control unit; ( /7) second AQF; (18)
second focusing lens; (/9) TV photodetector; ( 20) functional processing unit; (27) data processing unit; ( 22) external target indication unit; a; — a,
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Figure 8. Dependences of the distance to an object located with an iodine
AQF LR on the product of the area of a receiver-transmitter optical
antenna, the object area and the illumination laser energy for m = 10 and
o' =0.1(I)and 0.5(2).

Py = cAvyE,, where cAv, =~ cAv/v/In K ~ 300, which corre-
sponds to the bit rate of 300 Mb s~ .

Table 2 presents the values of D, D,, E;, and P, for the
iodine AQF LSC complex [42] used in different space paths,
beginning from the near space (within the moon orbit) up to
the far boundaries of the Solar system (up to the Pluto

orbit). These values demonstrate the high efficiency of the
complex. Within the near space, the required LT power is
quite moderate (P, = 0.6 mW). This allows one to use
tunable laser diodes in LTs [40], which are similar to those
used in modern fibreoptic communication lines. This com-
plex can be also used for LSC with Mars, which requires the
employment of a 2-W LT, as well as for LSC within the
Solar system.

Table 2.

Space path R/m D./m D /m E/J P /W
Earth—Earth’s

satellite on a sta-

tionary orbit 4% 107 05 05 11x107" 02x107°
Earth—Moon 4x10% 05 05 32x107'2 06x107°
Earth—Mars 3.75%x 10" 05 8 L.I1x10% 2
Earth—Pluto 6x10% 05 8 28 x107% 560

Thus, the LSC complex with the iodine AQF LR can
provide the efficient broadband communication with space
crafts and stations within the Solar system. Such a complex
can successfully compete with modern space communication
systems operating in the radio-frequency range, which are
inferior to LSC systems with respect to a number of
parameters, for example, in the bit rate and amount of
data transferred. Its use in the near space within the moon
orbit will provide the increase in the bit rate and amount of
data transferred approximately by an order of magnitude.
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10. Possibilities of the search for signals
from extraterrestrial civilisations and sending
call signals

The problem of the search for signals from extraterrestrial
civilisations (ECs) and possible establishing a communica-
tion with them involves the solution of a number of basic
problems such as the choice of the signal wavelength, the
separation of the signal against the galactic background and
radiation background of the star under study, the reception
and detection of extremely weak signals with the proba-
bility close to unity, and the provision of the required level
of transmitted signals [43—45].

Because the EC, whose signals we want to detect, should
have technical devices similar to those created on the Earth,
the frequency choice in the optical range depends on
whether lasers have been created on the Earth emitting
radiation at this frequency with the divergence and pulsed
energy sufficient for its detection at distances at least of a
few tens of parsecs (1 pc = 3.08 x 10'® m). The choice also
depends on whether a receiver has been created for this
wavelength with the noise level close to the quantum limit
and virtually 100 % quantum yield, i.e. a receiver with the
quantum sensitivity limit.

Estimates by (15) show that in the visible and near IR
ranges for diameters of the primary mirrors of a trans-
mitting and receiving telescopes as in the space Hubble
telescope (2.4 m [46]) and a distance between them, for
example, 25 pc, laser pulses of energy E, =7 — 25 kJ are
required even if the quantum limit of the spectral noise
power density in the communication channel is p, = fiw and
74 = 1. This is a rather strict requirement for lasers emitting
still no more than 10 kJ in the Q-switching regime [47, 48].
The realisation of the project of the next large space
telescope [49] with the aperture of diameter 6.5 m [49]
would provide the reduction of E; by a factor of 50.
However, for the distance to the EC equal to 100 pc, the
requirements to the pulse energy again become very strict.
Therefore, it is desirable to use a communication wavelength
falling into the transparency window of the atmosphere and
apply ground-based optical telescopes with adaptive optical
systems in which the diameters of primary mirrors have
already achieved 10 m.

However, at distances more than 25 pc, even such
telescopes cannot resolve optically a star and a planet
separated by a distance of ~ 1 a.e. in the hypothetical
EC. But if the telescope is pointed at the star, the noise in
the communication channel increases. Therefore, the choice
of the wavelength for the search for EC signals in the optical
range also involves the creation of a narrowband filter at
this wavelength for selecting the signal against the radiation
background of the observed star without a noticeable dec-
rease in the receiver sensitivity. This means that at present
the most suitable receiver—transmitter pair for the search
for EC signals and sending signals to ECs in the optical
range is the iodine AQF —iodine laser pair [50—55].

Let an EC emit a laser beam with the diffraction
divergence toward the Sun. This beam will overlap the
Earth orbit at the distance R if the condition R1/D > 2a is
fulfilled, where ¢ = 1 a.e. is the distance from the Earth to
the Sun. Taking into account absorption in the Earth
atmosphere and assuming that absorption in the atmosphere
of a planet inhabited by the hypothetical EC is the same, we
obtain from (15) the inequality [50, 55]

D, > (8v3a/xT,)(ho/E)" (16)

providing the condition (m = 3).

It follows from (16) that, if the sensitivity of a receiver
used in experiments is close to the quantum limit even
against the radiation background of the star being observed,
the diameter of the mirror of the receiving telescope should
exceed 7 m if the laser pulse energy is 2 kJ [55]. Table 3 lists
some of the modern large optical telescopes [56— 58] which
could be used for the search for EC signals at a wavelength
of 1.315 pm. It is important that the atmospheric restriction
of the resolution of these telescopes is eliminated by using
adaptive optical systems capable of real-time compensating
for the atmospheric blurring of images [59].

Table 3.
Telescope Mirror Telescope location

p diameter/m p
KECK I 10 ..
KECK 11 10 Mauna Kea, Hawaii, USA
VLT 4x8.2 Paranal, Chile

GEMINI North 8
GEMINI South 8

SUBARU 8.2
GTC 10

Mauna Kea, Hawaii, USA
Cerro Pachon, Chile

Mauna Kea, Hawaii, USA

La Palma, Canary Islands, Spain

Taking into account the absorption of radiation in the
Earth atmosphere and assuming that absorption in the
atmosphere of a planet in the hypothetical EC is the same,
we obtain from (15) the expression for the range limit of the
EC signal detection with the probability exceeding 0.9
(m = 3):

R = (n/4V3)T,(E /o)’ DD, /1. (17)

By substituting 7, =0.8, D,=D,=10m, E =2 kJ,
pn=hw=15x10""17 into (17), we obtain R = 103 pc
[51, 55]. This is smaller only by 20 % than the distance
estimated in the case of space telescopes with the primary
mirror diameter of 10 m. Note that the limiting group delay
[60] for a signal at the frequency 228.1 THz and
Av/v =~ 107% does not exceed 5x 107" s even at interga-
lactic distances. This is much smaller than the optimal
duration 7, ~ 10 ns of signal pulses when the iodine AQF
receiver is used.

At present the projects of the 30-m [61], 42-m [58] and
even 100-m [62] optical telescopes exist. If the primary
mirror diameter of the transmitting and receiving telescopes
is 30 m, it follows from (17) that R = 930 pc. A sphere of
such a radius contains 10% stars [45] and more than 300
planets discovered at present [63].

Note also that the energy required to transfer a bit at the
wavelength A; = 1.315 pm over the specified distance by
using ground-based optical telescopes with Dg = 10 m is
considerably lower than that at the wavelength Ay =21 cm
by using the world’s largest Aresibo radio telescope [45] with
the antenna diameter D, =305 m. The ratio of these
energies E; and Ey, taking into account that p, at Ay
is determined by the galactic background with the equiv-
alent noise temperature 7y = 10 K [52], is described by the
expression [50, 51, 55]

E/Ey = (T,)” (ho/kTy)(1/2n)* (Ds/Dg)". (18)
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By substituting the above-presented values into (18), we
obtain Ej/Ey ~ 1/22. The energy required to send one bit
to the EC remote by the distance 25 pc by using ground-
based 10-m optical telescopes is about 90 J, as follows from
(15). If Dg =30m, then E;/Ey = 1/900. The required
energy per bit for the distance to the EC equal to 100 pc will
be ~ 20 J [54, 56]. Thus, communication at A; = 1.315 pm
requires radiation pulse of considerably lower energies than
communication at 2y = 21 cm. This result is consistent with
conclusions made in [64, 65]. Note also that the noise level
at 1.315 um is independent of the orientation of the
receiving telescope axis with respect to the direction to
the Galaxy centre.

Thus, already at present all the conditions exist for the
search for EC signals and sending, if necessary, signals to a
EC with the help of ground-based optical telescopes
equipped with adaptive optical systems at the 1.315-um
’p, 2 —>2P3/2 laser transition in the atomic iodine, which
can be used for this purpose as the natural frequency
reference.

11. Conclusions

We have considered the operation principles of noise-
immune near-IR receiver —transmitters with the quantum
sensitivity limit, using iodine lasers and active quantum
filters based on iodine photodissociation quantum
amplifiers. These devices can detect signals consisting of
only several photons against the radiation background of
the Sun and stars of spectral classes contained between
classes M and F.

It has been shown that the sensitivity of reception of a
signal from a point source by using a diode array or a TV
camera remains at the quantum limit level even when the
size of a pixel of the diode array is considerably smaller than
the size of the diffraction focal spot of the optical signal on
the array. This opens up the possibilities for intensifying
extremely weak images and creating all-day optical locators
which are capable to recognise the mages of objects of size
of several metres at a distance of thousands of kilometres
against the solar disk background.

We have discussed the laser space communication
complex with the iodine AQF, which can provide already
at present the efficient broadband communication with
space aircrafts and stations within the Solar system and
has parameters that are close to those predicted for 2020 [66]
in direct-photodetection systems under the condition that
noticeable progress will be achieved in optical technologies,
in particular, in the manufacturing of photodetectors and
passive optical filters.

We have considered the possibility of using a laser
receiver with an iodine AQF for the search for signals
from extraterrestrial civilisations and a laser transmitter
based on high-energy iodine lasers for sending signals to
these civilisations in the optical wavelength range.

References
1.  Basov N.G., Grasyuk A.Z., Zubarev 1.G. Zh. Prikl. Spektrosk.,
3, 26 (1965).

2. Basov N.G., Grasyuk A.Z., Zubarev 1.G., Zhevelev L.V. Trudy
FIAN, 3, 74 (1965).

3. Borovich B.L., Zuev V.S., Katulin V.A., et al. Kvantovaya
Elektron., 2, 1282 (1975) [ Sov. J. Quantum Electron., S, 695
(1975)].

10.

11.

12.

13.
14.
15.

16.
17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.
33.

34.

Borovich B.L., Zuev V.S., Katulin V.A., et al. Si/’notochnye
izluchayushchie razryady i gazovye lazery s opticheskoi nakachkoi
(High-current Emitting Discharges and Optically Pumped Gas
Lasers) (Itogi Nauki i Tekhniki, Ser. Radiotekhnika, Moscow:
VINITI, 1978) Vol. 15.

Brederlov G., Fill E., Vitte K. Moshchnyi iodnyi lazer
(High-power Iodine Laser) (Moscow: Energoatomizdat, 1985).
Zuev V.S., Katulin V.A., Nosach V.Yu., Nosach O.Yu. Zh. Eksp.
Teor. Fiz., 62, 1673 (1972).

Nartov S.S., Nosach O.Yu. Preprint FIAN, No. 21 (Moscow,
1994).

Nosach O.Yu., Orlov E.P. Preprint FIAN, No. 20 (Moscow,
1994).

Zemskov E.M., Kazanskii V.M., Kutaev Yu.F., et al. RF Patent,
No. 2133553, priority of 30.09.1997; Izobreteniya, No. 20, 480
(1999).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.
Kvantovaya Elektron., 30, 833 (2000) [ Quantum Electron., 30,
833 (2000)].

Zuev V.S., Korol’kov K.S., Nosach O.Yu., Orlov E.P. Kvantovaya
Elektron., 7, 2604 (1980) [ Sov. J. Quantum Electron., 10, 1521
(1980)].

Kutaev Yu.F., Mankevich S.K., Noach O.Yu., Orlov E.P.
Kvantovaya Elektron., 31, 419 (2001) [ Quantum Electron., 31,
419 (2001)].

Klyshko D.N. Fizicheskie osnovy kvantovoi elektroniki (Physical
Foundations of Quantum Electronics) (Moscow: Nauka, 1986).
Orlov E.P., Sizova .M. Preprint FIAN, No. 28 (Moscow, 2001).
Orlov E.P., Sizova .M. J. Rus. Laser Research, 23, 299 (2002).
Orlov E.P., Sizova I.M. Preprint FIAN, No. 29 (Moscow, 2002).
Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.
Kvantovaya Elektron., 32, 349 (2002) [Quantum Electron., 32,
349 (2002)].

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P. RF
Patent, No. 2249234, priority of 08.08.2003; Izobreteniya, No. 9,
1106 (2005).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.
Preprint FIAN, No. 27 (Moscow, 2001).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P. J. Rus.
Laser Research, 23, 235 (2002).

Grigor’ev LS., Meilikhov E.Z. (Eds) Fizicheskie velichiny.
Spravochnik (Handbook of Physical Quantities) (Moscow:
Energoatomizdat, 1991) pp 767, 791.

Zuev V.S. Preprint FIAN, No. 161 (Moscow, 1990).

Arzhanov V.P., Borovich B.L., Zuev V.S, et al. Kvantovaya
Elektron., 19, 135 (1992) [ Quantum Electron., 22, 118 (1992)].
Zarubin P.V. Kvantovaya Elektron., 32, 1048 (2002) [ Quantum
Electron., 32, 1048 (2002)].

Yuryshev N.N. Kvantovaya Elektron., 23, 583 (1996) [ Quantum
Electron., 26, 567 (1996)].

Zel’dovich B.Ya., Pilipetskii N.F., Shkunov V.V. Obrashchenie
volnovogo fronta (Phase Conjugation) (Moscow: Nauka, 1985).
Ragul’skii V.V. Obrashchenie volnovogo fronta pri vynuzhdennom
rasseyanii sveta (Phase Conjugation upon Stimulated Light
Scattering) (Moscow: Nauka, 1990).
http://www.vniitf.ru/rig/konfer/5zst/sectsiya4/4-01.pdf.
http://nauka.relis.ru/05/0302/05302002.html.

Baumhacker H., Brederlow G., Fill E., Volk R., Witkowski S.,
Witte K.J. Czechoslovak J. Phys., 41, 272 (1991).

Baumhacker H., Brederlow G., Fill E., Volk R., Witkowski S.,
Witte K.J. Appl. Phys. B, 61, 325 (1995).
www.pals.cas.cz/pals/doc/pb077[3].doc.

Belousova I.M., Bobrov B.D., Kiselev V.M., et al. Zh. Eksp.
Teor. Fiz., 65, 524 (1973).

Bobrov B.D., Kiselev V.M., Grenishin A.S. Kvantovaya Elektron.,
4, 619 (1977) [Sov. J. Quantum Electron., 7, 342 (1977)].

Fill E.E., Thieme W.H., Volk R. J. Phys. D: Appl. Phys., 12, 41
(1979).

Zuev V.S., Korol’kov K.S., Krylov A.Yu., et al. Kvantovaya
Elektron., 15, 1959 (1988) [Sov. J. Quantum Electron., 18, 1224
(1988).



Noise-immune laser receiver —transmitters with the quantum sensitivity limit

1017

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.
47.
48.

49.
50.

51

52.

53.

54.

55.

56.
57.
58.
59.

60.

61.
62.
63.
64.
65.

66.

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.

RF Patent, No. 2152056, priority of 23.06.1999; Izobreteniya,
No. 18, 434 (2000).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.

RF Patent, No. 2183841, priority of 24.01.2001; Izobreteniya,
No. 17, 327 (2002).

Akhmeneev A.D., Kutaev Yu.F., Mankevich S.K., et al.

RF Patent, No. 2191406, priority of 19.06.2001; Izobreteniya,
No. 29, 400 (2002).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.

RF Patent, No. 2248555, priority of 20.10.2003; Izobreteniya,
No. 8, 490 (2005).

Shannon C.E. Collected Papers. Ed. by N.J.A. Sloane,

A.D. Wyner (IEEE Press, 1993).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.

RF Patent Pending, No. 20081225173/09(030491) of 23.06.2008
(decision is made to grant a patent).

Cocconi G., Morrison P., in Interstellar Communication, Ed. by
A. Cameron (New York: Benjamin Press, 1963; Moscow: Mir,
1965); Cocconi G., Morrison P. Nature, 184, 844 (1959).
Schwartz R.N., Townes C.H., in Interstellar Communication, Ed.
by A. Cameron (New York: Benjamin Press, 1963; Moscow:
Mir, 1965); Schwartz R.N., Townes C.H. Nature, 190, 205
(1961).

Gindilis L.M. Poisk vnezemnogo razuma (Searching for the
Extraterrestrial Intelligence) (Moscow: Fizmatlit, 2004).
http://www.scientific.ru/hubble/st.html.
http://www.lInl.gov/str/Remington.html.
http://www.istc.ru/istc/sc.nsf/html/ projects.htm?open&lang
=ru&id=0105.

http:/ /www.jwst.nasa.gov/about.html.

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.
Preprint FIAN, No. 34 (Moscow, 2006).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.
Kvantovaya Elektron., 37, 685 (2007) [ Quantum Electron., 37,
685 (2007)].

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P. Trudy
Vserossiiskoi astronomicheskoi konferentsii VAK-2007
(Proceedings of the All-Russian Astronomical Conference
AAC-2007 (Kazan’, 2007) pp 341-343.

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P.

RF Patent, No. 2337379, priority of 27.10.2008; Izobreteniya,
No. 30 (2008).

Kutaev Yu.F., Mankevich S.K., Nosach O.Yu., Orlov E.P. Book
of abstracts of First IAA Symp. Searching for life signatures
(Paris: UNESCO, 2008) p. 24.

Kutaev Yu.F., Mankevich S.K., Orlov E.P. Vestnik SETI,

No. 13/30, 12 (2008).
http://astrotelecope.narod.ru/tele3links.html.
http://galspace.spb.ru/index62-2.html.
http://www.membrana.ru/lenta/?6779.

Terebizh V.Yu. Sovremennye opticheskie teleskopy (Modern
Optical Telescopes) (Moscow: Fizmatlit, 2005).

Kaplan S.A. (Ed.) Vnezemnye tsivilizatsii (Extraterrestrial
Civilisations) (Moscow: Nauka, 1969).

http://tmt.ucolic.org.
http://www.aura-nio.noao.edu/book/index.html.
http://www.allplanets.ru.

Rose Ch., Wright G. Nature, 431, 47 (2004).
http://www.nature.com/nature/journal/v431/n7004/extref/
nature 02884-s1.pdf.

Hemmati H., Biswas A., Boroson D.M. Proc. IEEE, 95, 2082
(2007).



