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The *P, /2 — P, /2 laser transition in atomic iodine
and the problem of search for signals from extraterrestrial

intelligence

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

Abstract. It is proposed to search for signals from
extraterrestrial intelligence (ETI) at a wavelength of 1.315
pm of the laser P, n— 2p, /2 transition in the atomic iodine,
which can be used for this purpose as the natural frequency
reference. The search at this wavelength is promising because
active quantum filters (AQFs) with the quantum sensitivity
limit have been developed for this wavelength, which are
capable of receiving laser signals, consisting of only a few
photons, against the background of emission from a star
under study. In addition, high-power iodine lasers emitting
diffraction-limited radiation at 1.315 pm have been created,
which highly developed ETI also can have. If a ETI sends in
our direction a diffraction-limited 10-ns, 1-kJ laser pulse with
the beam diameter of 10 m, a receiver with an AQF mounted
on a ten-meter extra-atmospheric optical telescope can detect
this signal at a distance of up to 300 light years, irrespective
of the ETI position on the celestial sphere. The realisation of
the projects for manufacturing optical telescopes of diameter
30 m will increase the research range up to 2700 light years.
A weak absorption of the 1.315-pm radiation in the Earth
atmosphere (the signal is attenuated by less than 20 %) allows
the search for ETI signals by using ground telescopes
equipped with adaptive optical systems.

Keywords: extraterrestrial intelligence, space communication, fre-
quency reference, iodine lasers, active quantum filter, quantum
sensitivity limit, diffraction-limited divergence, optical telescope,
adaptive optical systems.

1. Introduction

The principal possibility of the space communication with
extraterrestrial intelligence (ETI) by using electromagnetic
waves in the microwave range was demonstrated in
pioneering papers of Cocconi, Morrison [1] and Drake
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[2]. Schwartz and Townes [3] showed that the space
communication can be also performed in principle in the
optical range by using lasers. The possibility of a search for
ETI signals in the optical range was also discussed in [4—6].
The development of science and technology stimulated
theoretical and experimental investigations devoted to a
search for ETI signals [7—10]. However, no ETI signals
have been reliably detected so far.

The problem of a search for ETI signals and commu-
nication with ETT involves a number of basic technological
tasks, which should be solved to make this problem real.
These tasks are:

(1) The choice of radiation wavelengths suitable for the
search for ETI signals.

(i1) The development of methods for the signal separa-
tion against the background of the galactic noise and
emission of a star around which a planet with the assumed
ETI rotates.

(iii) The provision of the detection sensitivity sufficient
for detecting the ETT signal with the probability no less than
0.9.

(iv) The provision of the required energy of the
communicated signal.

In connection with the first problem, we mention that
the authors of [1] substantiated the expediency of searching
for the ETI signal at a wavelength of 21 cm of the radio line
of hydrogen. As for the optical range, the authors of [3]
pointed out that ‘..perhaps it would be appropriate to
examine high-resolution stellar spectra for lines which are
unusually narrow, at peculiar frequencies, or varying in
intensity’ and that ‘...the choice probably being dictated by
the availability of suitable maser material to produce the
desired frequency’.

The principal possibility of solving the last three
problems by laser methods was analysed in [3—6]. It was
assumed that high-power diffraction-limited lasers will be
used in a transmitter, and the useful signal will be separated
against the background of the star emission with the help of
narrowband filters, which virtually do not absorb the useful
signal, and detected by photon detectors with the 100 %
quantum yield providing the maximum possible reception
sensitivity. The attempts to create receivers and transmitters
with such ideal parameters have been unsuccessful for a long
time.

The aim of our paper is to consider the new possibilities
for solving these problems, which appeared due to the
development and improvement of laser methods. At present,
a receiver with a narrowband iodine active quantum filter
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(AQF) operating at a wavelength of 1.315 um and having
virtually ideal parameters is developed [11-23] and high-
power diffraction-limited iodine lasers are created [25—34].

The principal difference of the AQF from passive optical
filters is that the signal is separated in it by amplifying a
narrow spectral line containing the signal. As we will show
below, the second and third problems mentioned above can
be solved by using the receiver with the iodine AQF. The use
of high-power diffraction-limited iodine lasers in the trans-
mitter allows one to solve the fourth problem and, therefore,
the first one — the choice of the radiation wavelength suitable
for a search for ETI signals.

2. Parameters of an iodine active quantum filter

The experimental studies of the possibility of detecting
weak laser signals by using optical quantum amplifiers were
initiated in papers [35, 36]. The quantum limit of the
sensitivity was achieved in the iodine AQF [11-23] based
on a photodissociation quantum amplifier, which amplifiers
the 1.315-um radiation at the laser 2P1/2 —>2P3/2 transition
of the atomic iodine [24]. The possibility of using the iodine
optical quantum amplifier as an AQF for receiving
extremely weak signals against a strong illumination
background is caused by the following characteristic
features of the active medium of photodissociation lasers:

(1) the gain-line frequency is strictly fixed and the line
FWHM is Ay~ 0.01 cm™! for the gain close to unity (the
linewidth decreases with increasing gain);

(ii) the gain of the active medium of the laser (above
0.1 cm™!) greatly exceeds its absorption coefficient (less than
107* em™! ;

(iii) the real lifetime of the excited iodine atoms is
hundreds of microseconds;

(iv) the active medium has a high optical homogeneity;

(v) the lower level of the laser transition is not occupied
by iodine atoms.

These features of the active medium, found in exper-
imental studies, make the use of the iodine AQF expedient
for a search for ETI signals. Consider in more detail the
consequences following from these features and present the
results of experimental studies confirming them.

The gain exceeding 0.1 cm™' provides the signal gain
K > 10° for active medium lengths of AQFs less than 1 m
[14, 18], which is much more than the gain at which the
quantum noise of the AQF exceeds the shot and thermal
noise of photodiodes and elements of electrical circuits. In
this case, only the quantum noise of the AQF is detected in
the experiment.

Due to a rapid depletion of the lower energy level and
almost a complete absence of iodine ions on it because of
their rapid recombination, the AQF noise is minimal. Owing
to the high optical homogeneity of the AQF active medium,
the signal emitted by a point source can be focused after
amplification in the AQF in a diffraction spot [15], i.e. the
single-mode amplification can be realised. Because the gain
of the AQF active medium greatly exceeds the absorption
coefficient, the ultimately high sensitivity can be achieved,
which is restricted by the quantum limit of one photon per
mode for the time 1/cAv, which varies approximately from 9
to 12 ns with increasing the AQF gain from 10° to 10°.

In [14, 18], for the signal-to-noise ratio equal to unity for
signals with a FWHM of 40 ns, the experimental sensitivity
equal approximately to three photons was achieved, which is

three times worse than the quantum limit. This is caused by
the fact that the signal duration was not matched with the
AQF gain linewidth, the signal reception angle exceeded the
diffraction AQF angle by a factor of three in [14], while in
[18] the reception angle was equal to the diffraction angle
but the pulse duration and the averaging time of a video
amplifier were not matched with the AQF gain linewidth.
The quantum limit (one photon per mode) will be achieved
for the diffraction reception angle, if the signal pulse
duration is matched with the AQF gain linewidth, i.e.
the pulse duration is shortened approximately to 10 ns,
and a sufficiently broadband video amplifier is used. The
external view of the AQF is shown in Fig. 1.

Figure 1. External view of the iodine AQF developed at the N.G. Basov
Department of Quantum Radiophysics, P.N. Lebedev Physics Institute,
RAS.

Due to the high gain in combination with a small gain
linewidth of the AQF, the sensitivity of the AQF receiver
detecting signals spectrally matched with the gain line
remains virtually invariable even upon observation of
signals against the background of any high-power natural
light source. Thus, if a signal is detected against the
background of the Sun disc, which has the surface temper-
ature 6000 K, the sensitivity will decrease only by 12 %
[16, 17].

This statement was verified in model experiments by
detecting a signal against the background of a plasma
radiation source (ISI-1 Podmoshenskii source) with the
brightness temperature 40000 K [18]. Figure 2 from [18]
shows the oscillogram of the output voltage of an electron
amplifier with the effective averaging time of 90 ns, which
was obtained by applying a 40-ns optical pulse against the
background of the radiation pulse from the ISI-1 source to a
photodiode connected with the amplifier. For the signal-to-
noise ratio equal to unity, the reception sensitivity achieved
in [18] was three photons outside the pulse from the ISI-1
source and six photons within this pulse. Thus, if an ETI
sends signals at 1.315 um to us, the iodine AQF can be used
to detect them efficiently against the star emission back-
ground. Therefore, the iodine AQF provides the solution of
the second and third problems of the space communication
in the IR spectral range.

The methods of detecting and processing weak pulsed
laser signals in iodine AQF systems were verified and
protected by patents [13, 19-23].
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Figure 2. Oscillogram of the output voltage of an electron amplifier upon
detection of an optical pulse and the ISI-1 radiation from the AQF by a
photodiode (the effective averaging time is 90 ns). The ISI-1 radiation
pulse starts within 8 microseconds after the time counting origin,
immediately after the high-frequency electric interference from the
ignition pulse; the useful signal pulse appear at the 13th microsecond.

3. Parameters of atomic iodine lasers
and estimates of the range of communication
with extraterrestrial civilisations

Let us now discuss the possibility of providing the energy of
signals required for communications with ETI. The specific
features of the active medium considered in section 2 and
high-power pump sources elaborated at present resulted in
the development of high-energy 1.315-pym iodine photo-
dissociation lasers pumped by xenon flashlamps [25, 26],
high-current open electric discharges [26—28], and by
radiation of strong shock waves initiated by explosives
[29-31]. High-power repetitively pulsed and cw oxygen—
iodine lasers were also developed [32].

For example, lasers pumped by pulsed xenon flashlamps
and high-current open electric discharges emit nanosecond
and subnanosecond pulses with energy of up to a few
kilojoules in one beam [33, 34], while lasers pumped by a
strong shock wave initiated by explosives emit megajoule
microsecond pulses [29, 31]. The output power of cw
oxygen—iodine lasers approached the megawatt level [32].
The high optical homogeneity of the active gas medium of
the iodine laser in combination with phase-conjugation
methods allows the generation of diffraction-limited pulses.
At present, such lasers are being further developed in many
laboratories worldwide.

Thus, laser receivers with the ultimate sensitivity and
high-power, high-energy diffraction-limited lasers operating
at a wavelength of 1.315 pum have been developed. In other
words, the efficient transmitter—receiver pair has been
realised which has a vast dynamic range of output powers
and pulse energies and the diffraction-limited divergence of
radiation and the ultimate sensitivity. In addition, the
receiver of this pair can separate efficiently the A=
1.315 pm signal against the background of the star emission
only with a weak loss of the sensitivity.

All these properties of the active medium of atomic-
iodine lasers, which can be used for communication with
ETI, make the 1.315-pum line of the 2P]/2 —>2P3/2 transition
in atomic iodine a candidate for the natural frequency

reference. This solves the first problem of optical commu-
nication with ETI formulated in Introduction, because it is
reasonable to assume that the above considerations and
approach to the solution of space-communication problems
are also accessible to the representatives of the assumed
ETI, which can be even at a higher development level than
the Earth civilisation. In this case, they also should conclude
that the 2P1/2 —>2P3/2 transition of the atomic iodine is
promising for generating signals directed to other civilisa-
tions.

Let us now estimate the ultimate range at which signals
from an ETI can be detected by using the AQF receiver and
the transmission range of signals emitted by an iodine laser.
Let us assume that the ETI of a planet rotating around a
star over the elliptic orbit with the major semiaxis a emits
1.315-um laser pulses of energy E to the direction of our
solar system and the extra-atmospheric iodine AQF receiver
is located in our solar system.

Figure 3 presents the principal scheme of the AQF
receiver. An optical pulsed signal sent by the ETT is incident
on primary mirror (/) of a receiving telescope directed to
the star under study and is focused to AQF (2). The signal
behind the AQF is focused by optical system (3) on
photodetector (4) whose output electric signal is fed to
electron video amplifier (5). The output signal of the video
amplifier is fed to processing unit (6).

Figure 3. Principal scheme of the AQF receiver: (/) primary mirror of
the receiving telescope; (2) AQF; (3) focusing lens; (4) photodetector;
(5) video amplifier; (6) signal processing unit.

The distance R between the star under study and the
receiver is, as minimum, a few tens of parsec
(1 pc =3.08 x 10"® m, 1 light year = 9.46 x 10'* m). For
a distance more than 25 pc (above 80 light years) and «
equal  approximately to  the  astronomic  unit
(lau. =1.5x 10 m), the observed maximum angle 9
between a radiation source located near the planet with
the assumed ETI and the star is ¢/ R and is less than 0.04 arc
seconds, which virtually excludes the possibility of the
optical resolution of the radiation source and star even
by using the receiving telescope with the primary mirror of a
ten-meter diameter. Therefore, all the radiation both from
the ETI radiation source and the star falling into the
aperture of the receiving telescope is incident on the
photodetector. Therefore, to separate the useful signal
against the radiation background from the star, the spectral
filtration is required, which is performed with the AQF.

We can assume that the probability of life origination is
highest for the single stars of the initial main sequence,
which belong to spectral classes located between classes F5
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and K5 [37]. The surface temperature of these stars does not
differ strongly from the Sun surface temperature [38] and
the brightness of their radiation is close to that of the Sun.
Therefore, the sensitivity of the iodine AQF receiver almost
will not change when signals are received against the
background of radiation from such stars, as mentioned
above.

The main elements of a laser transmitter are a laser and
an astronomical telescope playing the role of a transmitting
antenna. Let us assume that the ETI transmitter contains
the same elements and is located outside the atmosphere of
the ETI planet. If the total energy E of a pulse emitted by
the transmitter is distributed uniformly over the aperture,
then it is known [39] that the angular energy density in the
direction to the centre of the diffraction pattern is

=23 1)
where S, is the transmitter-aperture area equal to D> /4 for
a circular aperture of diameter D,. If the receiver is also
located outside the Earth atmosphere at the centre of the
diffraction pattern, the energy received by the detector is

IS, S.S;
b= R~ 2R27 @
where S, is the receiver-aperture area (if its is circular, then
S, =D} /4); D, is the diameter of the primary mirror of
the receiving telescope; and R is the distance between the
transmitter and receiver.

Consider first the process of signal receiving from a
radiation source, which is used by the assumed ETI to
communicate with our solar system. Let us discuss the
reception of single pulses in which each of the pulses should
be found and received; in this case, the pulse repetition rate
is not important for detecting. If the development level of
the ETI is such that the ETI knows the parameters of the
laser transition in atomic iodine, the optimal duration of the
pulse received by the AQF is also known. Therefore, we will
assume that the ETI transmitter sends diffraction-limited
~ 10-ns laser pulses. As mentioned above, pulses of such
duration are well spectrally matched with the gain line of the
iodine AQF for the gain K ~ 10°.

For the signal-detection probability to exceed 0.9, the
energy of the detected signal should exceed the quantum
noise of the AQF by a factor of three, i.e. the signal-to-noise
ratio should be equal to three. By expressing this energy,
which represents the sensitivity of the receiver for the given
signal-to-noise ratio, in the number of photons N;, we
obtain from the condition E, > e&N;3, where &= hc/l =
1.5%x 107" J is the 1.315-um photon energy, and from
expression (2) we obtain the condition to which the distance
R should satisfy for the signal sent by the transmitter to be
detected by the receiver:

n/ E\/D.D
R< - — L 3

As pointed out above, in the iodine AQF the single-
mode amplification can be realised in which the quantum
noise of the AQF is one photon per mode per ~ 10-ns pulse
[15]. Therefore, N3 = 3.

Let us assume that £ =1 kJ, as for nanosecond single-
beam iodine lasers [33]. The diameter of the primary mirror
of the receiving telescope is set equal to 10 m, as for modern

ground telescopes, such as KETIK I and KETIK II in
Mauna Kea (Hawaii, USA) and GTC in La Palma
(Canaries, Spain) [40, 41].

Let us assume that the diameter D, of the primary mirror
of the ETI transmitting telescope is also 10 m. By sub-
stituting the above values of N3, E, E., and D, into
expression (3) and taking into account that this expression
can be used both in the case when we receive signals sent by
the ETI and when we send signals, which are received by the
ETI, we conclude that we can send and receive signals for
distances between civilisations up to 300 light years
(~90 pc).

Note that a sphere of such radius contains approx-
imately 10° stars [10, p.49].

4. Discussion of results

One can see from (3) that the distance R increases
proportionally to the product of diameters of the trans-
mitting and receiving telescopes and the square root of the
pulse energy. Note that if the sensitivity of the iodine AQF
receiver and the divergence of radiation of iodine lasers are
close to their physical limit, the energy of emitted pulses
and the telescope aperture can be considerably increased.
For example, projects exist for constructing the 30-m and
100-m telescopes [42—44]. If both civilisations used tele-
scopes with diameters D, = D, = D = 30 m, the commu-
nication range achieved for 1-kJ pulses would increase up
to 2700 light years (~850 pc). A sphere of such radius
contains already about 10° stars [10, p.49] and more than
200 planets discovered at present [45].

These estimates concerns civilisations of type I according
to Kardashev [46]. Signals from ETI much more highly
developed than our civilisation can be, probably, received
from considerably greater distances.

Let us now compare the pulse energies required for
communication with a ETT at the 1.315-pm laser transition
in atomic iodine and the 21-cm radio line of hydrogen. We
assume that the spectra of pulses in both cases are matched
with the frequency characteristics of receivers, the distance
from to the ETI is the same and the diameters of the
transmitting and receiving telescopes (radio telescopes) are
the same. Let us assume that in the first case the diameters
of primary mirrors of the telescopes are D = 10 m and in the
second case the diameters of the antennas of radio tele-
scopes are Dy = 305 m. The antenna of the world largest
Aresibo radio telescope has such a diameter [10]. By using
expression (3) and taking into account that the sensitivity in
the radio-frequency range is determined by the background
at temperature 7= 10 K [10] and in the IR range — by the
quantum noise, we obtain the ratio of the compared energies

E_ e (ZV(Da) L @
Ey kT \ gy D) 27

for the same signal-to-noise ratio.

Thus, the energy of the 1.315-um pulses required for
communication with the ETI is lower by a factor of 27 than
that of the 21-cm pulses. Taking into account the projects of
optical telescopes with D = 30 m, this ratio becomes equal
to ~1/2000. Note that the area of the Aresibo radio
telescope (0.73 x 10° m?) is close to the constructive limit
for ground-based radio telescopes. The area of space radio
telescopes rotating in orbits around the Earth achieves
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10° m? [10], and in this case the ratio E/Ey is equal to 1/
1000. In any case, we see that the energy of the 1.315-um
pulses required for communication with ETI is lower than
that of the 21-cm pulses. In addition, the noise level at
1.315 pm is independent of the orientation of the axis of the
receiving telescope with respect to direction to the Galactic
centre.

Note that the 1.315-um radiation is virtually not
absorbed in the Earth atmosphere. As shown in [47], the
absorption coefficient in the near-ground layer is ~2 x 107’
cm ™', Absorption is mainly caused by water vapour, whose
concentration decreases with height. The signal is attenuated
after its propagation through the entire Earth atmosphere
by less than 20 %, especially when a detector is located high
over the sea level.

A weak absorption of the 1.315-um radiation in the
Earth atmosphere allows a search for and transmission of
the ETI signals almost without a decrease in the commu-
nication range by using ground-based optical telescopes
equipped with adaptive optical systems, which are capable
of real-time compensation for the atmospheric spread of
images. For example, the size of the corrected images of
stars at a wavelength of 1.2 pm on a 8.2-m VLT telescope of
the south observatory at the Paranal mount (Chile) was 0.04
arc second, coinciding virtually with the theoretical limit for
a telescope of this diameter [42]. A similar resolution was
achieved in 10-m KETIK I and KETIK II telescopes [48].

Thus, by using the proposed receiver mounted on a 10-m
ground-based astronomical telescope equipped with adap-
tive optics, the search for signals from ETI at distances up to
240 light years (~75 pc) can be performed already at
present. The communication with these ETI can be per-
formed with the help of a transmitter based on an atomic
iodine laser.

If ground-based telescopes with adaptive optical systems
and the diameter of the primary mirror equal to 30 m will be
constructed, the communication range, taking into account
absorption in the atmosphere, will be 2200 light years
(~700 pc).

5. Conclusions

We have proposed to perform a search for signals from
extraterrestrial intelligence at a wavelength of 1.315 um of
the laser 2P1/2 —>2P3/2 transition in atomic iodine. This
wavelength is promising for this purpose because at present
the efficient transmitter—receiver pair operating at this
wavelength is realised. It consists of a high-power
diffraction-limited iodine laser and an active quantum
filter (with the bandwidth less than 0.01 cm ™' and the gain
~10°) with the quantum sensitivity limit based on the
iodine photodissociation amplifier.

The AQF receiver is in fact a new technical device for
astronomical observations of the outer space for searching
for ETI signals. Such a receiver provides the selection and
detection of weak signals consisting of only a few photons
against the emission background of the star under study.

The range of communication with ETI similar in their
development to our civilisation is estimated. Thus, this
range for 10-ns, 1-kJ pulses and the 10-m space telescopes
of the transmitter and receiver is 300 light years (~90 pc).
The realisation of 30-m optical telescopes will increase the
communication range up to 2700 light years (~850 pc).

A weak absorption of the 1.315-um radiation in the

Earth atmosphere (2 x 1077 cm™') mainly caused by water
vapour allows the search for ETI by using ground-based
optical telescopes equipped with adaptive optical systems,
the communication range decreasing only by less than 20 %.
Thus, by using the 10-m telescopes such as KETIK I and
KETIK II at Mauna Kea (Hawaii, USA) or GTC at La
Palma (Canaries, Spain), the communication range can be
up to 240 light years (~75 pc). With the use of 30-m ground-
based telescopes equipped with adaptive optical systems, the
communication range will be increase up to 2200 light years
(~700 pc).

Thus, the 1.315-um line can be used as the natural
frequency reference for a search for ETI signals and sending
signals to stars with planetary systems where the life can be
assumed. At this wavelength, the sharp aiming at the chosen
star can be performed and the search for ETI signals can be
carried out over the entire celestial sphere irrespective of the
direction to the Galactic centre.

Because no ETI signals have been detected at other
wavelength so far, the authors believe that it is necessary
already now to develop and realise the program for studying
radiation from nearest stars with planetary systems suitable
for life and then from remote stars with the aim of searching
for ETI signals at a wavelength of 1.315 pm. We can assume
that, if a signal with the spectral brightness greatly exceeding
the natural brightness of a star will be detected in a narrow
spectral range at the wavelength of the laser transition in
atomic iodine, this will mean the detection of a signal of the
artificial origin.
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