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Abstract. A review of lasers operating under natural
astrophysical conditions is presented. A principal difference
between the conditions for obtaining inversion and amplifi-
cation in an astrophysical laser and in well-known astro-
physical masers is considered. The data for a recently
discovered Fe II ion astrophysical laser are presented. The
parameters of the astrophysical laser amplifier are discussed
and the possibility of its conversion into the astrophysical
laser with the incoherent feedback is considered, as well as
the methods for studying the width of the emission spectrum
of the astrophysical laser.
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inverted population.

1. Introduction

The principles of operation of masers and lasers were
discovered during a decade between 1950 and 1960 in the
first independent and then interrelated investigations
performed at the P.N. Lebedev Physics Institute, Russian
Academy of Sciences, and at the Columbia University
(USA). These fundamental pioneering studies received the
highest international recognition [1]. The experimental
demonstration of lasers [2, 3] and the subsequent exponen-
tial progress both in the development of lasers themselves
and their applications confirmed a great scale of this dis-
covery. The role of N.G. Basov in this progress is unique
because he and his disciples were in the forefront of a rapid
development of quantum electronics for a few decades.
However, in fact all these advances are only the beginning
of the ‘laser century’ because a real scale of the mastering of
the optical range by coherent sources of electromagnetic
radiation will be manifested in full measure only in the XXI
century.

It is fairly interesting to consider the origin of quantum
electronics, which has appeared due to the development and
synthesis of two trends in physics: classical electromagnetic
physics (we will call it ‘the radio trend’) and quantum
physics (we will call it ‘the optical trend’) because quantum
physics was created based on atomic physics and optical
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spectroscopy and then became the foundation of physics as
a whole). Both these trends are combined by Maxwell’s
equations.

Fig. 1 shows the selective sequence of key discoveries,
ideas, and experiments, which resulted in the creation of
quantum electronics. The main sequence of events, which
have led to the discovery of a laser, is shown by the solid
arrows, while the possibilities of the discovery of a laser by
amplifying light in a medium with the inverted level popu-
lation that have not taken place are shown by the dashed
arrows. Although lasers could be discovered along the
optical trend, in reality they were discovered only after
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the creation of a maser, i.e., due to the progress in the radio
trend. At first the concepts of quantum physics and the
creation of microwave sources of electromagnetic radiation
for radars led to the development of radiospectroscopy, and
then masers (molecular generators) were created. And only
thereafter the extension of the concept of the cavity feed-
back to the optical region, where the idea of the inverted
population of energy levels involved in optical transitions
was proposed long ago, resulted in the creation of a laser.
This confirms once more an extremely important role of the
interrelation and synthesis of various fields of science and
technology in the scientific and technical progress. Although
lasers could be discovered independently of the radio trend,
this did not happen, which again confirms the inevitability
of the discovery itself despite the fact that its specific
scenario is unpredictable and always has its own personal
and subjective aspect.

In this connection, it is interesting to call attention to the
fact that natural masers operating under astrophysical con-
ditions on the OH radical at 4 = 18.5 cm [4] and on the H,O
molecule at A= 1.35cm [5] were discovered in radio
astronomy in the mid-1960s, ten years after the creation
of first laboratory masers in Moscow and New York.

Because the brightness temperature of the microwave
radiation of astrophysical masers is as high as 10" — 108 K,
it can be explained only by the amplification due to stimu-
lated emission in a medium with the inverted population of
low-lying molecular levels. This was another scenario of a
discovery that could be made earlier. Astrophysical lasers
emitting in the optical range, which are discussed in this
paper, were discovered quite recently, forty years after the
creation of the laboratory laser. However, their roots can be
traced as early as 1930s—1940s, i.e., long before the creation
of lasers and masers. In those years, astrophysicists
explained the appearance of anomalous spectral emission
lines (pump lines) of an element by their coincidence with
the absorption line of another element (the accidental
Bowen coincidence [6, 7]). They also used the relations
for the pump and emission rates, which are equivalent in
the modern terms to the condition of the inverted popu-
lation [8] (see Section 3). This is also another unrealised
scenario of the discovery of the laser action based on
astrophysical observations.

2. Operation conditions
for the astrophysical laser”

Electromagnetic radiation can be amplified by an ensemble
of quantum particles only when the thermodynamic equilib-
rium is strongly violated, i.e., when at least one of the
following equilibrium conditions is violated:

(1) The equilibrium Boltzmann distribution of the
population of the quantum states of particles in the
ensemble or of the average squares of the amplitudes of
the wave functions of states.

(i1) The equilibrium state of the electromagnetic radia-
tion in which an ensemble of particles with a given
equilibrium temperature is located, which is equivalent to
the absence of external radiation except the equilibrium
radiation of the ensemble.

*We call an astrophysical laser amplifier the astrophysical laser (APL).
Conditions under which the APL is transformed to a generator due to an
incoherent feedback produced by scattering are discussed in Section 8.

(iii) The equilibrium (random) distribution of phases of
the wave functions of quantum states, i.e., the absence of the
average nonzero (non-fluctuation) polarisability or coher-
ence in the ensemble.

The violation of the first condition, resulting in the
population inversion for some pair of levels, can be achieved
by many methods, for example, upon selective incoherent
pumping of an excited level in the three- or four-level
scheme (Figs 2a, b, respectively). For this reason, it is used
virtually in all lasers [9].
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Figure 2. Various methods for obtaining amplification, based on

producing the population inversion in three-level (a) and four-level (b)
schemes, by means of Raman scattering without the population inver-
sion (c), and using the coherent superposition of the states 1 and 2
without the population inversion for the levels 2 and 3 (d). To obtain
amplification in schemes (a) and (b), incoherent pumping with a
moderate rate [especially in the scheme (b)] is required. To obtain
amplification in scheme (c), pumping with a very high spectral intensity
is required (not necessarily coherent). To obtain amplification in scheme
(d), coherent pumping at the 3 — 1 transition is required and CPT states
1 and 2 should be present.

A strong violation of the second equilibrium condition
can cause amplification even without the population inver-
sion. The example is a Raman laser [10] when a transparent
medium in a strong laser field becomes amplifying at the
Stokes frequency of Raman scattering in a medium with the
equilibrium population of levels only due to the presence of
intense monochromatic radiation in the ensemble (Fig. 2¢)*.
Note that in this case, laser radiation should be only intense
and could have a broad spectrum (of the order of the
Raman linewidth), whereas its high coherence does not
required.

When amplification is produced by violating the first and
second equilibrium conditions, the active medium is in an
incoherent state, which is natural because the phase relaxa-
tion time in an ensemble is usually much shorter than the
population relaxation time. Coherence is produced only by
placing the active medium into an optical cavity, which
selects a finite number of spatial modes, in which a high rate
of stimulated emission is maintained. In other words, the
coherence of radiation is produced spontancously due to the
‘phase transition’ in the active medium + intracavity
radiation system [11].

A substantially different situation takes place in the case
of the third equilibrium condition, which can be violated
only when special measures are taken. The equilibrium

*We do not consider the possibility of inversionless amplification due to
the recoil effect, when emission and absorption lines have different
frequencies. Free relativistic electron lasers are a spectacular example of
such a situation.
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(random) distribution of phases (more exactly, phase differ-
ence) of the wave functions of some two quantum states can
be violated under the action of an external coherent field,
which matches the phase difference of the wave functions of
two states interacting with this field (one- or two-frequency).
Due to such a matching, a quantum system in the ensemble
can be prepared in a superposition antisymmetric state of
two stationary quantum states (1 and 2 in Fig. 2d). Such a
state is called a coherently population trapped (CPT) state
[12, 13]. A particle in the CPT state absorbs radiation
neither at the 1 — 2 transition nor at the 2 — 3 transition
(the 1 — 2 transition is assumed forbidden) because of the
quantum destructive interference of two counter quantum
transition routes 1 — 3 — 2 and 2 — 3 — 1. This effect is
related to the electromagnetically induced transparency [14],
when a coherent electromagnetic field produces the CPT
state from which radiation is not absorbed. This effect was
used to demonstrate the inversionless laser operating due to
the violation of the third equilibrium condition in the A
scheme shown in Fig. 2d [15] and in the V scheme [16].

The first equilibrium condition can be easily violated
under astrophysical conditions. In this case, the inverted
population appears due to the spatial inhomogeneity of the
density, temperature and other parameters of the astro-
physical medium (stars and gas clouds near them, etc.),
when the medium is in a stationary but not an equilibrium
state. By discussing this possibility for astrophysical media,
we should consider separately the pulsed [2] and continuous
quasi-stationary [3] regimes for producing the population
inversion. In the pulsed regime, the pumping rate of a level
should exceed its relaxation rate, which for optical tran-
sitions is usually greater than 107> s~! (while for forbidden
transitions, the relaxation rate sometimes achieves 1 s_l).
Under astrophysical conditions, this situation is unlikely
because the characteristic times of pulsed astrophysical
phenomena, which can be used for pumping, are much
longer than the population relaxation times for quantum
particles.

In the continuous (quasi-stationary) laser regime, the
effect of a faster relaxation of the lower level of the lasing
transition compared to that of the upper level is used [3]
(Fig. 2b). In this case, inversion always exists on such a
transition, and the pumping rate should provide a certain
density of the population inversion for the levels, which is
required for obtaining the threshold amplification. This
regime is used in all cw lasers, and seems the most probable
for astrophysical lasers, as was assumed in Ref. [17]. It is
realised most readily when the radiative lifetimes of the two
corresponding levels are substantially different (in an appro-
priate way). In this case, the inverted population appears in
an isolated quantum system without any collisions, which is
typical for rarefied gaseous circumstellar or interstellar mat-
ter). The astrophysical laser operating according to this
scheme on the highly lying levels of Fe II at a wavelength of
~ 1 um was discovered recently in a gas condensate in the
vicinity of the most massive and bright star 5 Car of our
galaxy [18].

However, although collisions of particles at higher
densities in stellar atmospheres return the ensemble of
particles to the equilibrium state, these collisions can also
play a positive role due to a predominantly collision dep-
letion of the lower level. Strange as it may seem, but the role
of collisions in the enhancement of the intensity of emission
lines in stellar atmospheres according to the typical laser

scheme [19] was discussed in astrophysical papers even in
1930s [8]. Because in these papers the questions related to
stimulated emission were discussed, they are considered
separately in Section 3.

To violate the second equilibrium condition, an intense
monochromatic excitation is required, which can usually be
generated only by a laser. A Raman line is always ampli-
fying, with the gain proportional to the intensity of external
radiation within the Raman line width. Only one observa-
tion of Raman scattering is known under astrophysical
conditions. In [20], Raman scattering of the O VI line at
4 =1032 and 1038 A by the 15 — 2P electronic transition in
neutral hydrogen HI (close to the resonance with the Ly,
Lyman line of HI at 1026 A) was observed. Due to such
scattering, the hydrogen atom was found in the 2S state and
the Raman line was observed in the visible region (at 6825
and 7082 A). This effect was observed under special
astrophysical conditions of symbiotic stars where strong
VUV emission lines of highly ionised atoms irradiate the
high-density regions of neutral hydrogen. The gain at
Raman lines is rather low, and only spontaneous scattering
can occur.

The spontaneous (without any coherent field) violation
of the third equilibrium condition, i.e., the condition of a
random distribution of the phase difference of the wave
functions of quantum states of independent particles in the
ensemble seems unlikely. (The only exception is an ensemble
of an ultracold gas of boson atoms of a sufficient density,
where the Bose-Einstein condensation is observed.) Never-
theless, the authors of paper [21] put forward a bold
hypothesis about the possibility of inversionless
amplification under astrophysical conditions at a Balmer
line in hydrogen (at the 3P — 2.5 transition). The relaxation
of the phases of quantum states in rarefied gases (of density
lower than 10% cm™) indeed can occur very slowly (for
minutes and longer), while in the excited 25 state of HI it
occurs for 0.12's (because of spontaneous two-photon
decay). However, to produce coherence of the 1S and 2S
states (or, more exactly, CPT states) of hydrogen, the
mechanism of spontaneous appearance of the CPT state
should exist. The authors of paper [21] assume that such a
process can be induced by two intense incoherent emission
lines, the 1215-A Ly, line and the 6563-A H, Balmer line
upon spontaneous decay of the excited state of an atom over
two completely different and quite discernible channels,
although its probability is extremely low. It would be very
interesting to detect this process, because this is an example
of an unusual phase transition of an ensemble of quantum
particles from the incoherent state to the coherent one. At
present, only one example of such a phase transition is
known, when an amplifying incoherent laser medium is
placed in an open resonator, which drastically restricts the
number of spatial modes of stimulated emission, i.e., makes
a ‘coherent’ ensemble.

3. Astrophysical predecessors of the laser”

Astrophysics was the main driving force of atomic
spectroscopy in the last century because the astronomical
spectra of stars, nebulae, and galaxies gave the main

* The material of this section is based on report [17], which was published
only as preprint no. 9 of the Institute of Spectroscopy, Russian Academy
of Sciences (Troitsk, 1972).
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information on the structure and development of the
Universe. The spectroscopy of stellar atmospheres has
received the most study [22].

The emission of a star detected by an observer represents
the continuous emission of the photosphere, which propa-
gated through the stellar atmosphere enveloping the
photosphere, and the line emission of the stellar atmosphere.
Therefore, depending on whether absorption or sponta-
neous emission dominates, the discrete absorption or
emission lines of the stellar atmosphere are observed against
the background of the continuous spectrum of the photo-
sphere. If the photosphere emission is very intense, while the
brightness of spontaneous emission of the atmosphere is
low, discrete absorption lines are observed. This situation is
typical for most usual stars.

However, the spectra of many stars contain bright
emission lines [23]. This is possible if the atmosphere-
emission intensity at the corresponding wavelength is
comparable with the intensity of the continuous emission
spectrum of the photosphere at this wavelength. For this
reason, bright lines can be observed only in the spectra of
stars having extensive atmospheres or the photosphere with
a comparatively weak emission. The bright emission lines
are very often observed in the spectra of unstable (variable)
or binary stars [24].

Three mechanisms are mainly used to explain the obser-
vation of bright emission lines [22, 24]: collision excitation,
excitation due to recombination, and the original mecha-
nism of fluorescence excitation, which is based on an acci-
dental coincidence of a strong emission line of one element
with an absorption line of another element [6, 7]. However,
in some cases these mechanisms cannot explain so far the
anomalous intensities of emission lines in stellar spectra.

It was pointed out in Ref. [17] that some anomalous
bright emission lines could be explained by stimulated
emission in the stellar atmosphere due to the inverted
population of the levels involved in optical transitions.
Consider most typical anomalies, which were explained
in papers [7, 8]. The authors of these papers came up
with the ideas, which are, in my opinion, the early
predecessors of the concept of obtaining an amplifying
laser medium by producing the inverted population of
the corresponding levels.

It is known that the O I emission lines of oxygen at 7774
and 8446 A in the spectra of the Be stars (the earlier stars of
the spectral class B with emission lines) exhibit the anom-
alous behaviour [23, 25]. The ratio of the intensities of the
8446-A (3p°P — 35°S°) and the 7774-A (3p°P° — 35°S°)
lines is much greater than the laboratory value. Bowen assu-
med [26] that this is explained by fluorescence caused by the
coincidence of the bright Ly; H I line (1025.72 A) with the
absorption line of OT at 1025.77 A (2p°P — 3d°D"). The
scheme of these transitions in OT is presented in Fig. 3a. If
this assumption were true, then not only the 8446-A line but
also the 11287-A line of the 3d°D° — 3p°P intermediate
transition in the cascade transition would be bright.
However, nothing of the kind has been observed in stellar
spectra [23]. In addition, to explain the observed intensities
of the hyperfine-structure components of the 8446-A line in
the line-coincidence model, it is necessary to assume that the
velocities of the regions of the line emission and absorption
greatly differ (up to 85 km s™') to provide the Doppler shift
compensating for the difference between the frequencies of
the emission and absorption lines [27].
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Figure 3. Astrophysical excitation schemes of the levels of OI (a) and
Mgl (b) by Ly; emission of HI explaining the appearance of bright
lines at 8446 A (O1) and 3848 A (Mg II).

The anomalous ratio of the line intensities can be
explained by stimulated emission due to the population
inversion at the 8446-A transition. Because the lower 3s3S°
level of the transition has a shorter lifetime than the upper
3p>P level, the inversion can be achieved upon moderate cw
pumping of the upper level [17]. Laser action in stellar
atmospheres and nebulae (at 1 = 8446 A) is considered in
Section 6.

An example of a similar anomaly is the MgII lines at
3848 and 3850 A (5p%P° — 3d°D) of the same multiplet
(Fig. 3b). The first line can be sometimes much brighter
than the second one [23, 28]. Attempts were made to explain
this anomaly by the coincidence of the 1025.87-A (35S —
5pPs3); absorption line of Mgll with the 1025.7-A Lyg
emission line of hydrogen. However, the absence of the
anomaly for another line at 3614 A with the same upper
level (5p 2p0 s 4 2S) casts doubt on this mechanism [23].

The intensity anomalies are most often observed in the
spectra of long-period variable stars of late spectral classes
(M and S stars). The certain multiplets are often observed in
emission in which the relative intensities of lines differ from
their laboratory values [29]. An example is the anomalous
behaviour of the 4101.72-A and 4511-A lines of Inl
observed upon transitions between the lower terms
(Fig. 4a). The 4511-A line is predominantly observed in
emission rather than in absorption. Such a behaviour was
explained by excitation of fluorescence from the upper 2S

3 — ") 3 —
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H; H;
4101 A 4101 A Photoionisation
depletion of
P the lower level
1 2 Py3
pzl\Collision depletion
11— 2P3/2 of the lower level 1 — 2P1/2
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Figure 4. Schemes of cyclic transitions in In I considered in Ref. [8] for
explaining the bright emission line at 4511 A observed upon excitation
by the 4101-A H; line: (a) collision and (b) photoionisation depletion of
the metastable 2P3 /2 level (2).
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level because of the coincidence of the resonance absorption
line of InT at 4101.72 A with a strong emission Hj line at
4101.75 A.

Fig. 4a shows the scheme of transitions between three
lower levels of In I upon excitation of fluorescence from
level 3, which was considered by Thackerey as early as 1935
[8]. The condition for the appearance of an emission line
rather than an absorption line at the 3 — 2 transition found
by Thackerey proved to be coincident with the inversion
condition. Indeed, let us assume that radiation of intensity
I;; acts on the resonance transition and radiation of
intensity /»; acts on the anomalous transition. The 2 — 1
transition is forbidden, and a cyclic transition between states
1, 2 and 3 is impossible in the atom. Because the In atom has
a low ionisation potential (5.76 eV), it is reasonable to
include atoms in state 4 into the scheme. Under the
conditions

Py =Py, Py =2Py, Py =2P;, (1)
for the transition probabilities, which take into account the
degeneration of the levels and the fact that levels 1 and 2
are the states of the same term, we obtain the following
expression for level populations #; in a stationary state:

n Py — Py
Py3 + Py 2(Py3 + Po4)

4 2 Py !
=n3 Py |2P;3+< Py +=- Pz —| . 2
n3 73 R R Poy 2

Therefore, the ratio of the numbers of emission (3 — 2) and

absorption (2 — 3) transitions at the frequency vy; is [8]

Py (P13 — Py3)
3(Pi3 + Py)

_mPyp

)

1y Po3

For o > 1, the cyclic | — 3 — 2 — 4 — 1 transition occurs,
resulting in the predominant emission at the 3 — 2 tran-
sition.

Note that the condition of the cyclic transition o > 1 in
the 3 — 2 direction is simultaneously the population inver-
sion condition for levels 2 and 3:

P n3o ny /n
a:ﬁ:ﬁ:j/£>1’ (4)
mPy;  moy g3/ &

where oy, is the cross section for the radiative k — m
transition. Therefore, the mechanism of amplification of
radiation due to stimulated emission has long been used
implicitly in the theory of stellar spectra for the description
of the so-called emission lines. The fluorescence mechanism
of excitation [6] (Fig. 3) is in fact the astrophysical analogue
of a three-level scheme with optical pumping [30, 31].
Astrophysicists have proposed the schemes to explain ano-
malies in stellar spectra, which anticipated a number of
laser schemes. For example, Fig. 4b shows the scheme of
transitions between the lower levels of Inl, which was also
proposed by Thackerey [8] to explain the 4511-A emission
line. The cyclic 1 — 3 — 2 — 1 transition in this scheme
and, hence, the population inversion for states 3 and 2 are
achieved due to fast collision relaxation of metastable level
2. This scheme is very close to the scheme of a collision
laser proposed by Gould [19].

Stimulated emission lines should be narrower than spon-
taneous emission lines. The narrowing of the spectrum can
be quite sufficient for the unambiguous determination of the
origin of the emission line. This problem should be con-
sidered in more detail, taking into account the existence of a
great optical thickness for the amplifying transition and
resonance scattering of radiation. In principle, two operat-
ing regimes are possible: the amplification of the photo-
sphere emission and amplification of the spontaneous
emission of the atmosphere. In the first case, we deal
with a narrow-band nonlinear laser amplifier of an external
broadband signal, and in the second case, with a resonance
laser amplifier of a spontaneous noise. In the latter case, the
laser amplifier can be easily transformed to an oscillator due
to an inevitable scattering of radiation if the rate of
radiation returning to an amplifying region due to scattering
exceeds the rate of radiation escape to the environment.
Then, resonance scattering results in the appearance of
incoherent energy feedback in the amplifying medium
[32, 33]. This effect should divide the amplifying region
into many separate regions, with lasing thresholds achieved
in each of them. The effect of incoherent feedback in the
astrophysical laser is considered in more detail in
Refs [34, 35] (see Section 8).

4. How is laser action manifested
under astrophysical conditions?

After the discovery of microwave space masers operating
on the OH radical [4] and H,O molecule [5], masers
operating on more than one hundred molecules were dis-
covered [36], as well as masers operating on highly excited
hydrogen atoms in the millimetre region [37]. Stimulated
emission of the CO, molecule in the IR spectral region at
10 pm was discovered in the atmospheres of Mars and
Venus [38, 39]. The characteristic feature of laser action is a
high brightness of emission of laboratory lasers, a high
brightness of emission also being inherent in astrophysical
masers operating on microwave transitions in molecules.
Because the brightness temperature of astrophysical masers
is extremely high (10'> — 10'® K) [36], one can make an
erroneous conclusion about ‘laser action’ by observing the
anomalous high intensity and the anomalous intensity ratio
even in the absence of inversion due to an inappropriate
relation between the lifetimes of the quantum levels invol-
ved in the ‘laser’ transition [40]. In this case, another,
sometimes rather nontrivial explanation of the anomalous
high intensity [41] and the anomalous intensity ratio for
spectral lines [42], should be proposed.

Let us explain the ‘mistake’ about a high brightness of
laser lines under astrophysical conditions by comparing the
astrophysical microwave maser with the astrophysical
optical laser pumped due to an accident coincidence of
spectral lines (the Bowen mechanism) [6]. First recall the
origin of an extremely high brightness of laser emission.
Although this explanation is trivial, it is descriptive and
useful for comparison of laboratory and astrophysical
lasers.

The active medium of a laser emits a great portion of
energy, both below and above the threshold, isotropically
and spontaneously in all spatial modes. Even well above the
threshold, the fraction of isotropic spontaneous emission
remains comparable with that of stimulated emission
(Fig. 5a). Above the lasing threshold, the upper-level



1070

V.S. Letokhov

population remains invariable at the threshold level (con-
tinuous regime), while the total above-threshold pump
energy is spent for stimulated emission, which is emitted,
however, in a limited (especially over the angle) number of
modes. For this reason, the intensity of the directional
emission, i.e., of the laser beam greatly exceeds that of the
spontaneous emission within this small solid angle (Fig. 5b).
Therefore, the high intensity of laser emission is explained
by its low divergence and a small observation angle (only
along the direction of the laser beam propagation). Under
astrophysical conditions, the situation is completely dif-
ferent. Because even incompletely isotropic stimulated
radiation of the APL is emitted within a large solid angle
(even in the case of the scattering feedback, see Section 7), it
should not be anomalously bright against the background of
spontaneous emission.

Isotropic spontaneous emission

N

Active medium Directional
stimulated
/ T \ emission
Pump

P out P, out

Directional
stimulated emission

Spontaneous

emission

Isotropic
spontaneous emission
Threshold P, Threshold P,
a b

Figure 5. Spontaneous and stimulated laser emission, integrated over the
direction of a total emitted power (a) and over the power of directional
radiation (b).

This brings up the question: Why is emission of the
astrophysical maser in the microwave range so anomalously
bright? The reason for this is completely different and is not
discussed usually. Fig. 6 shows schematically the origin of
emission of a gaseous space cloud without and with inver-
sion at the microwave transition frequency w,;.

WITHOUT INVERSION INVERSION
N, < N, Ny >Ny
P Microwave P ump
% ump isotropic
2 Wrel emission at

frequency w,;

Collision nonradiative Gaseous space cloud Collisiqn
relaxation relaxation
0 0 —
st
Wrel > AZ] W5| > Wre] > All

Weak spontaneous emission Intense stimulated emission

a b

Figure 6. Isotropic microwave emission of a gaseous space cloud without
inversion (a) and with inversion at the 2 — 1 transition (b). The pump
power in the absence of inversion is spent in the unobservable relaxation
channel. In the presence of inversion, the pump power is transformed to
the observed intense stimulated microwave emission.

In the absence of the population inversion, a very weak
spontaneous microwave emission is observed because the
Einstein coefficient is extremely small in the microwave
region (4, = 1077 — 107" s~ 1), corresponding to the spon-
taneous emission lifetime from 0.3 to 10 years (!). Of course,
collisions occur more often even in a rarefied stellar
medium, and even this weak spontaneous emission is sup-
pressed in collisions and a greater part of the pump energy
degrades over a nonradiative channel, i.e., an observer does
not detect it. If the pump is intense enough to provide the
population inversion at the 2 — 1 transition, and the size L
of the gaseous cloud provides the gain factor oL > 1 that
ensures a considerable gain (K =expal ~ 100 —10'),
stimulated emission develops. Because the rate Wi of sti-
mulated transitions can become equal to the rate of collision
(unobserved) relaxation and even exceed it, almost all the
pump energy is spent for stimulated emission being obser-
ved, which can have an enormous brightness temperature.
In other words, due to the maser effect, a weak spontaneous
emission line, which is not observed in radio astronomy, is
transformed to a strong stimulated emission line acquiring
energy from the unobserved channel. Therefore, the astro-
physical maser has a high brightness because it is not
pumped by another microwave radiation, which is very
weak.

A completely different situation takes place for the APL
in the optical spectral region (Fig. 7). Let us assume that
level 3 is optically excited by a spectral line of another
element (directly or via a high-lying state relaxing to
state 3). In the absence of population inversion in the
system of three levels (1, 2, 3), we observe, for example,
a pair of spontaneous emission lines, with the intensity ratio
equal to the ratio of the Einstein coefficients 43, and 43;.
We assume for clarity that the 3 — 2 transition in Fig. 7 is
very weak (A3, < A4z;) and, hence, almost all energy of
particles excited to level 3 relaxes due to the 3 — 1
spontaneous emission at the frequency ws;, whose intensity
is virtually equal to that of the line pumping level 3.

WITHOUT INVERSION INVERSION
N3 < N, < N; /// N3 > N,
e
Optical
/iso}:rf;ic _L
3 — 4 emission at 3 Wt
A31 23 5 frequency ,, A3] A32 g} 32 )

1 — 1 —
l Gaseous space cloud l

) ——— 0 ———
> T3 W3h ~ A,

Normal ratio of the intensities T, < 13

of spectral lines w;; and w3, . . .
Changed ratio of the intensities
of spectral lines w,; and w3,

a b

Figure 7. Passage from spontaneous isotropic emission in a medium
without inversion (a) to spontaneous isotropic and stimulated isotropic
emission in a medium with inversion (b).

Assume now that the spontaneous decay time 73 of level
2, to which particles from level 3 undergo transitions
comparatively rarely, is much shorter than 1/4,,, so that
the population inversion always exists for the 3 — 2
transition. Then, the 3 — 2 transition becomes amplifying,
and the gain may exceed the ratio of the spontaneous decay
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rates A3 /A3, when the size of the amplifying region is
sufficient. In this case, the stimulated transition rate W33 can
become not only equal to the spontaneous decay rate Aj;
but also exceed it. The main relaxation channel of particles
at the level 3 is stimulated emission at the frequency ws,. In
this case, the intensity of the weak 3 — 2 transition increases
and achieves that of the line pumping level 3 (but does not
exceed it).

In other words, the laser line of stimulated emission
cannot be brighter than a spontaneous line exciting level 3.
For this reason, the criterion of the anomalous intensity of
the laser line compared to other bright pumping spectral
lines cannot be used for the search for laser lines. This
circumstance substantially differs from the case of masers,
when the pump intensity is not related to microwave
emission and, therefore, can be quite high. The conversion
of the excitation energy to stimulated microwave emission
makes the latter anomalously bright. It is clear from these
simple qualitative reasoning that laser action should be
manifested in the increase in the intensity of very weak
spontaneous emission lines up to the intensities of spon-
taneous emission lines at allowed transitions, i.e., the tran-
sitions with small Einstein coefficients (43, ~ 1 — 10° s71).

Note that the above discussion concerns the optical
pump of APLs, which seems to be the most probable for the
optical range. It is not inconceivable that other pumping
methods exist, which are based on collisions. However, one
should bear in mind that the spontaneous relaxation rate
even for metastable levels is very high compared to that in
the microwave range. This makes the possibility of collision
pump producing the population inversion less probable than
purely optical excitation because of the coincidence of the
emission and absorption lines of two different particles.

5. Fe II astrophysical laser in the region
of gas condensation near a hot star

The vicinity of a bright star is a unique place where
hydrogen atoms (of the most abundant element of the
Universe) are photoionised under the conditions of high
vacuum by the VUV radiation from the star (Lyman emis-
sion continuum at A< =912 A). Free protons and
electrons being formed upon photoionisation recombine
in subsequent rare collisions by emitting characteristic
spectral lines of HI, 70 % of the energy being emitted in the
1215-A Ly, line. This spectral line is not observed at the
Earth because of absorption by the interstellar hydrogen at
an extremely low concentration. However, a substantial
role of the intense Ly, line is manifested in the effects
produced by this emission, in particular, upon resonance
photoexcitation of atoms and ions of other, more rare
elements. It is for this reason that laser action is observed in
the region of a compact gas condensation in the vicinity of
the # Car star [18].

The possibility to use resonance optical excitation for
pumping one chemical element by radiation from another
chemical element for producing the population inversion
and creating a laboratory optical laser was considered
already in the first paper where the laser was proposed
[43]. Such a coincidence of spectral lines is a quite rare
phenomenon because of a small width of the spectral lines of
free atoms and ions, and it is not virtually used in modern
lasers. However, this phenomenon is at the basis of the
mechanism of formation of some spectral lines of nebulae,

which represent mixtures of many atoms and ions irradiated
by intense spectral lines of hydrogen or helium [6]. The
possibility of laser action due to this mechanism was also
considered long ago [17], but this effect is difficult to observe
against the background of the intense emission of the star
photosphere.

The situation changed drastically after the creation of
the Hubble Space Telescope (HST) in combination with the
Space Telescope Imaging Spectrograph (STIS), which pro-
vides a high spectral and angular (~0.1") resolution in a
broad spectral range from 1150 to 10400 A [44]. Beginning
from 1998, the eruptive » Car star became a remarkable
observation object [45]. This star is an exclusively interesting
astronomic object, which ejects a huge amount of a stellar
matter to the environment during many explosions. In
particular, after a powerful explosion in 1840, this star
was the second in the brightness at the vault of heaven in the
South hemisphere. The ejected matter formed the huge
(8" x 16") environment of the star, which was called
Homunculus. This very inhomogeneous and structured
nebula is a remarkable object of our Galaxy. In particular,
compact gas condensations (GCs) emitting very bright Fe Il
lines were discovered in the nearest vicinity of the central
star at a distance Ry, = 100 — 1000 radii of its photosphere
[46]. These condensations are also unique astrophysical
objects because the concentration of hydrogen in them
(N =107 = 10" cm™?) [47] is much higher than that in
a typical planetary nebula (10* cm™>) and they are located
at a distance of only a few light days from the central star.

Because of a relatively high local concentration of
hydrogen in GCs, the Lyman continuum emission of the
n Car star is almost completely absorbed by them. In other
words, the Stromgren boundary [48] separating the region of
completely ionised hydrogen from the region of neutral
hydrogen passes inside the GC, as shown schematically in
Fig. 8, i.e., a completely ionised front part of the GC (the
HII region) is directly adjacent to the neutral HI region.
The spectral intensity of Ly, emission generated in the HII
region due to the photoionisation-recombination cycle is
10° — 10* times greater than the intensity of a weakened Ly,
emission coming from the central star. This occurs due to a
substantial compensation of the effect of weakening of the
star emission owing to a narrow-band Ly, emission formed
upon absorption of a broadband Lyman continuum and, to

Optical
pump Amplification
(Ly,)  region
_/
oL P
v
n Car/ —
.\\ ZZ — D Stromgren
| T ; —_— boundary
| S
Ly, -emissi
Y,-€mission Stimulated

region, T .. 0
¢ ac emission (9997 A

Local Stromgren and other lines)

boundary inside the GC

Figure 8. Photophysical model of a compact gas condensation (GC) near
the hot bright n Car star with the local Stromgren boundary between the
photoionised (H II) and neutral (H I) regions inside the GC [18].




1072

V.S. Letokhov

some extent, because of trapping of Ly, emission in the
optically thick (for Ly, emission) H Il medium. As result, a
unique situation takes place, when a weakly ionised mixture
of many readily ionised atoms in the neutral HI region is
exposed to radiation with a high spectral intensity at the Ly,
wavelength coming from the adjacent completely ionised
region. (This resembles a typical ‘laser’ situation, when a
flashlamp irradiates the adjacent active laser medium!) At
the same time, a high angular resolution of the HST/STIS
allows the observation of the emission spectra of GCs
separately from the bright emission of the photosphere
of the central 5 Car star [49].

Because of the high density of hydrogen, the Lyman
emission continuum (4 < 912 A) is completely absorbed in
the front part of the GC due to photoionisation of hydrogen
(Fig. 8) and approximately 70 % of this radiation is emitted
at 1215 A upon recombination (the Lyman o line). This
monochromatic radiation is strongly broadened during radi-
ation transfer in the optically dense neutral H I region of the
GC and is capable of exciting a number of quantum
transitions in the Fell ion in the unionised (rear) part of
the GC, as shown in Fig. 8. The Fell ions are produced
upon photoionisation of Fe at a concentration of about
10~*Ny by the star emission in the region 2 > 912 A. This
emission readily propagates through the photoionised front
part of the GC.

The spectrum of Fe II is rich in quantum transitions. The
density of the absorption lines of Fe II in the Ly, region is of
about 15 lines per 1 A. Upon diffusion of the Ly, emission
in the resonantly scattering HI region with a high optical
density, the spectral lines are strongly broadened (up to a
few hundreds cm™!). Due to such broadening, the Fe Il ions
are optically excited to high quantum levels [50]. This is
manifested in the appearance of the fluorescence lines of
Fell, which can be rather bright, as for example, the UV
fluorescence lines of Fe Il (at 2507 and 2509 A) [51]. Fig. 9a
shows the scheme of excitation of the 1 — 4 transition in
Fell by the 1215.671-A Ly, emission line [18]. The fre-
quency detuning Av is only 30 cm ™! and is compensated by
a strong broadening of the Ly, line (up to 300 cm™') during
radiation transfer. Stage 4 decays predominantly due to

a b
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— 107000 cm ™! Fast Slow radiative
5[;4(;0 Lo radiative relaxation of Collision
Fast radiative relaxation metastable states relaxation
R deca —_——— A
le;‘),,r:p y 1 1 1 1 1
) 869.1 A 10° 107 107 1 10° /s
1215.18 A 3 —
4 13 =11.5ps Inversion region
W b G 3 . H . €
p 40 9997 A (laser line)
2 Fip 2 o Long-lived state — the ‘bottleneck’
N Fast radiative of radiative relaxation
] 25000 cm decay, 1, = 3 ns
4 3
a Gip—— 2756 A
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Figure 9. Producing the population inversion at the 3 — 2 transition in
Fe I upon resonance excitation of the high-lying level 4 followed by the
cascade radiative decay to the long-lived ‘pseudo-metastable’ level. (a)
Scheme of the population inversion and transitions and (b) characteristic
times of the radiative and collision relaxation of the excited levels of Fe IT
[18].

radiative transitions to state 3, which has a rather small
Einstein coefficient (4, ~ 8 x 10* s™!). Because level 2
(Fig. 9a) decays very rapidly, the population inversion
always exists at the 3 — 2 transition, so that level 3 is a
‘bottleneck’ of radiative relaxation of the highly excited
Fell.

Let us make simple estimates of the gain a,; using the
model [41] of photoprocesses in the GC in the near vicinity
of the 5 Car star. The rate of photoselective excitation of the
state 4 is determined by the expression

, hvy. !
W§4:A41[exp (%)—1} : s)

GC

where 44, = 1.2 x 107 s7! is the Einstein coefficient for the
spontaneous decay of state 4 to state 1 and Tgc is the
brightness temperature of the Ly, emission inside the GC.
For kTge ~1.0—15eV [Tge ~ (12 —18) x 10° K], the
excitation rate is me ~10° —10* s7!.

The main decay channel (97 %) of the state 4 is the
radiative transition to two levels of the »*G fine structure.
One of the levels (the b*G, 52 level of state 3) decays
spontaneously with emission with the probability A;, =
8 x 10* s7! to state 2 (z 4F90/2) with a short lifetime (~ 3 ns).
It is at the 3 — 2 transition that the stationary population
inversion appears with the density AN:

AN = Ny — Ny = Ny = (W, 1) Ny, (6)

where N, < N; because of the fast decay of level 2;
13 = 11.5 us; N; is the population density of the initial
metastable level with the lifetime 7, ~ 0.77 s > 3.

The linear gain on the 3 — 2 transition (9997 A) is
determined by a standard expression

o3 = opAN, O

where AN is the inverted population density determined by
expression (6). The cross section o3, for the stimulated
transition is described by the expression

;2
b Ay
27 9n 2nAvp

®)

where Avp is the Doppler width of the 3 — 2 transition in
Fell. At the temperature of a relatively cold HI region
equal to 100—1000 K, the width is Avp ~ 300 — 1000 MHz,
ie., o3 ~ (0.6— 2) x 10~'* cm?. Therefore, the gain can be
estimated from the expression

03y = 032(Wpl4f3)fN0, )

where f'is the fraction of Fe II ions in the initial metastable
state with respect to the rest of the states of Fe II (all the
Fe I atoms are photoionised in the H I region).

The fraction f of ions is determined by the rate of
excitation of level 1 and its decay time. The rates of collision
mechanisms of excitation of level 1 (i.e., the recombination
of Fe?" jons and collisions of Fe™ with electrons) are
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negligible compared to the decay rate 1/t; because the
electron concentration in the HI region is low (n, ~
10* = 10° cm™Y) due to photoionisation of the atoms of
iron and other elements with the ionisation potential
I<13.6¢V.

The level 1 is predominantly populated due to optical
excitation of other transitions by a broad Ly, band. These
transitions occur from the lowest, more populated meta-
stable levels (with energy ~ 1 eV). After the decay of the
excited levels, low-lowing metastable and pseudo-metastable
levels with higher energies (2—3 eV) are populated. These
excitation channels can provide the excitation rate of level 1
of the order of 1/7;~1s™', thereby maintaining the
relative population f of state 1 equal, for example, to
~ 1072, This corresponds approximately to the uniform
distribution of Fe I ions among 90 metastable and pseudo-
metastable states, including state 1. The validity of this
estimate is confirmed by the observation of intense fluor-
escence lines of Fe Il at 2507 and 2509 A [51], which appear
upon selective excitation by the Ly, line of the transition
whose lower level a4D7/2 has the energy 0.99 eV.

According to (9), within the framework of these
assumptions, the linear gain at the 3 — 2 transition is
ap ~ (3% 10718 — 107N, where Ny~ 107Ny is the
density of iron atoms transformed to Fell. According to
the data [41] and calculations of the critical density of
hydrogen atoms in the GC [41], the concentration of Ny in
the GC is obviously higher than 10% cm™>. Therefore, for
>3 x 107 = 107'?) cm™" and the GC size D ~ 10'° [47],
which can be taken as the size of the amplifying region (see
Fig. 8), we have «L ~ 30 — 1000 for the brightness tempera-
ture of the Ly, line in the GC Tge = (12 — 18) x 10° K.

This corresponds to rather high values of the linear gain
K = exp (a3, L). However, for K ~ A3/ Ag ~ 10°, the inten-
sity of isotropic radiation in a weak A3, line approaches the
intensity of the A43 line, which provides excitation of level 3,
i.e., the pumping is depleted. In other words, the amplifi-
cation regime is saturated, and the intensity of the weak /3,
line becomes comparable with that of the A4 line, i.e., its
intensity (measured in photon cm™> s™') increases by a
factor of Ay3/Az ~ 10°. It is this effect that was observed
for a number of weak lines of Fell [49, 52].

Laser amplification and stimulated emission in the
optical region are probably quite common processes in
gaseous media in the vicinity of bright stars. They appear
due to the features of the relaxation of excitation of the
electronic levels of atoms (ions) in a rarefied circumstellar
and interstellar gas. Relaxation processes have different
characteristic times (see Fig. 9b). The radiative relaxation
caused by spontaneous emission occurs for 107 — 1073 s
(sometimes even for 107> —15s), whereas the collision
relaxation lasts more than 100 s (for the gas density lower
than 10° cm ™). In the case of selective excitation of an atom
(ion) with a complicated energy level diagram, the radiative
spontaneous relaxation in an isolated atom (ion) occurs only
due to radiative transitions, without any collisions, produc-
ing the population inversion for some pair of levels because
of the ‘bottleneck’ effect. If the GC size is sufficient to
obtain a substantial gain at the inverted transition, then a
faster relaxation, caused by stimulated emission, begins.
Therefore, the laser action provides the radiative cooling
caused by stimulated emission of GC at inverted transitions
along with spontaneous emission at conventional transitions
without the population inversion.

6. Oxygen atom astrophysical laser

We have mentioned in Section 3 the anomaly in the beha-
viour of the 8446-A and the 7774-A lines in the spectra of
the Be stars [23, 25], which was later naturally explained by
stimulated emission at the inverted transition at 8446 A [17]
upon pumping the upper level by the bright 1025.72-A Lyg
line of HI according to the Bowen scheme [26] shown in
Fig. 3a. Moreover, Bennett et al. [53] obtained cw lasing at
8446 A in a laboratory. The population inversion was
achieved in an electric discharge in a mixture of oxygen and
noble gas at a low pressure. Similar conditions can exist in
stellar atmospheres. The normal intensity of the 7774-A line
can be naturally explained by the laser action. Indeed, the
lower level of the transition corresponding to this line is
metastable, and no inversion and gain can be produced at
this transition. The appearance of the population inversion
and the gain at the 3p°P — 3s°S transition in O1 in atmos-
pheres of the Be stars was analysed in detail in paper [34].

One can see that the scheme of transitions in Fig. 3a
coincides with the scheme of a four-level generator and that,
due to a favourable relation between the probabilities 4;; of
the 3 — 2 and 2 — 1 spontaneous transitions (the proba-
bilities of spontaneous transitions calculated by the method
[54] and the degeneration multiplicity of the levels are:
Ay 5% 10% s, A3y~ Ay o Ay = Ay o2 Ayinr = 3%
107 s7', Ay =100 57!, Ay =2x10° 57 g, =09,
g =3, g3=9, g4 =15), the population inversion can be
produced at the 3 — 2 transition.

Consider a gas consisting of oxygen atoms with the
density N, and temperature T in the radiation field with the
spectral density U and frequency w = wy;. The balance
equations for population in the stationary case are presented
in [34]. It is known that the pump threshold in four-level
lasers is substantially determined by the population of level
2, which depends on the temperature of radiation acting at
the 1 — 2 transition (in the case under study, the contri-
bution of nonradiative transition is small). If the gas were in
equilibrium with radiation, the radiation temperature would
be coincident with the gas temperature 7). However, a more
hot radiation is present in stellar regions, which is emitted
by the photosphere and has the temperature 7, which
noticeably exceeds Tj,.

The density of OI atoms in the atmosphere region
located near the external boundary of the photosphere
(in the inverting layer) is Ny~ 10° — 10® cm™, the gas
temperature here is T ~ 1.5 x 10* K, and the effective tem-
perature of the photosphere is T, ~ 3 x 10* K [55, 56]. If we
assume that the radiation temperature at the 1 — 2 tran-
sition is ~T,, then, as follows from analysis [34], the
required brightness temperature of pump radiation at the
threshold should be 4 x 10* K, while to obtain the popu-
lation inversion, for example, ANj ~ 107°N,, this
temperature should be greater (~4.1 x 10* K).

Except optical pump, the contribution from collisions
with electrons into the population inversion at levels 2 and 3
(excitation of level 3 through the metastable level in Fig. 3a)
was also estimated. No inversion is obtained upon excitation
of the 1 — 2 transition by radiation with the temperature T*
in the absence of radiation at other transitions.

We can estimate now the possible value of the gain o for
the 8446-A line of O1 in the atmosphere of the Be star. For
Ay =3x107 s and Awp ~ 5 x 10'° 57!, the cross section
for the 3 — 2 radiative transition is, according to (8),
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030~ 1072 cm?. For AN;, ~ 1 cm™>, this corresponds to
the gain at the line centre o3, ~ 107> cm™'. Taking into
account that the extension of the atmosphere of the Be stars
is 103 — 10" cm [55, 56], we can conclude that the inverted
population with the linear gain factor oL ~ 10 — 100
appears in the stellar atmosphere.

Note the possibility of optical excitation of the photo-
sphere by continuous radiation without the resonance
coincidence. To obtain the population inversion in this
case at some transition, the spectrum of continuous
radiation should be nonequilibrium. Mustel’ [57] has shown
that the continuous spectrum of the photosphere can
strongly differ from the Planck distribution. Although in
the case of OI under study, the radiation spectrum is not
nonequilibrium enough for producing the population inver-
sion at the 3 — 2 transition, the nonequilibrium distribution
of radiation should be taken into account in the calculation
of other astrophysical situations when the gaseous circum-
stellar medium is found in spatially and radiatively
inhomogeneous conditions. Note among them first of all
the symbiotic stars, in which the short-wavelength emission
from a hot star irradiates the atmosphere of a colder star.
Under such conditions, laser action can be observed for
many atoms and ions.

Another potential region for the appearance of the
population inversion and gain, in particular, for the
8446-A OT line is the Stromgren boundary region, which
separates the ionised H II medium from the almost neutral
HI medium. In this boundary region, the bright Lyg line of
the HI region, generated to the H II region, irradiates the
HT region, where oxygen is in the neutral state because the
photoionisation limit for the 8446-A OI line (Io; =
13.618 eV) lies above the Lyman emission continuum limit
(13.5985 €V). Under such conditions, the Lyg line should
efficiently excite neutral oxygen namely in a comparatively
thin Stromgren boundary region. Therefore, it is quite
probable that a strange behaviour of the 8446-A OT line
in the Orion Nebula observed in paper [58] can be attributed
to laser action. The authors of this paper discovered a
unique intense structure in the intermediate H II/H T region
only by observing the very intense 8446-A line. At other
lines of OI and at the H, Balmer line (which should be
present in the regions of the intense Ly line), radiation has
a spatially amorphous stricture, without any filaments.

The authors of paper [58] explained this unique fact by
assuming the existence of solid particles in this intermediate
region, which affect in some way the morphology and the
emission spectrum of O I, and pointed out the necessity of a
further study of this strange situation. High-resolution spec-
troscopic measurements with the use of a Fabry—Perot
interferometer [58] showed that the width of the 8446-A line
was approximately narrower by 25% than that of the
6300-A line. It seems to me that all these observations can
be more naturally explained assuming the gain at the
8446-A transition, where the population inversion should
be certainly exist. Of special attention is a remarkable fact
that a point (unidentified) radiation source (‘emitting
object’ [59]) is observed in the Orion Nebula, which is
not observed at the 8446-A line (!). This suggests that the
radiation pattern of the amplifying region can be aniso-
tropic, with a maximum that is not directed to an observer.
This possibility should be specially studied with the help of
the HTS/STIS.

7. Radiation pattern and the emission spectrum
of an amplifying region

In the absence of a feedback (see Section 8), the amplifying
medium of the astrophysical laser represents a spontaneous
emission amplifier. This type of the laser device in most
common in the VUV and X-ray quantum electronics, where
it is difficult to produce the cavity feedback because of the
short amplification time and (or) the propagation of the
amplification region together with a pump pulse. Because of
the large size of the astrophysical amplification region, the
condition

a>2
N
L a

(10)

is always fulfilled, where @ and L are the transverse and
longitudinal sizes of the amplification region, so that the
radiation pattern is determined by the geometry of the
amplifying region. In the case of a nearly spherical
geometry (a ~ L), the radiation should be isotropic. This
statement concerns, strictly speaking, a linear amplification
regime. In the saturated amplification regime, a small
deviation from sphericity should be distinctly manifested,
and we can assume, based on heuristic considerations, the
existence of a peculiar instability of the spherical geometry
of radiation from a saturated amplifier. However, this
question calls for separate investigation. Because the pro-
bability of formation of spherical amplification regions even
in boundary astrophysical regions, where the appearance of
the population inversion is most probable, is very low
(although is not zero), it is most likely that the formation of
the anisotropic patterns of stimulated emission will depend
on the geometry of the amplification regions, although it is
unlikely that the directivity of these patterns will be high.
The latter remark is essential for the qualitative explanation
of the emission spectrum of a saturated amplifier when the
gain line is inhomogeneously broadened due to the Doppler
effect.

In the regime of linear amplification of spontaneous
emission, the width of its spectrum decreases because of a
predominant amplification of emission at the line centre,
which is described by a simple law [60—63]

I(v)
_ 11
! (1+aL)/? (an

where « is the gain coefficient per unit length (cm™'). This
occurs until the saturation of the inhomogeneously
broadened gain line is accompanied by the ‘flattening’ of
its peak. This effect was considered for the astrophysical
laser saturated amplifier and it was shown [62] that the
narrowing of the spectrum ceases upon saturation and the
spectrum broadens again up to the width of the gain line, as
is demonstrated qualitatively in Fig. 10. This conclusion
was confirmed by many experimental data for astrophysical
masers [1, 64—66] with the only exception. In paper [66], an
anomalously narrow emission spectrum of the 18.5-cm OH
maser was observed, whose width corresponded to the
Doppler width at the temperature 7~ 5 K. This phenom-
enon is not explained so far. It was pointed out in Ref. [35]
that the conclusion of paper [62] is valid only for directional
emission, when the saturation of the Doppler profile is
accompanied by flattening of its peak. In reality, the satu-
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ration of the Doppler profile under the action of isotropic
radiation is not accompanied by its deformation but occurs
uniformly [68] (Fig. 11), while the narrowing of the iso-
tropic radiation line is not followed by its broadening and
should obey the law (11). This probably explains the
anomalously narrow width of the emission spectrum of the
OH maser [67]. The fact that this case is quite rare confirms
the conclusion that the nearly spherical geometry of the
amplifying region is also encountered rarely.
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Figure 10. Evolution of the width of the spontaneous emission spectrum
in a saturated amplifier at the Doppler transition for a spherically
isotropic amplifier and directional emission of an elongated amplifier.
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Figure 11. Interaction of monochromatic isotropic (a) and directional
(b) emission with a Doppler profile. Because isotropic emission does not
burn a hole in the profile, the entire Doppler profile is saturated, without
any deformations [68].

The resolving power of both ground and space spec-
trometers in the optical range does not exceed R = v/Av
~2 x 10%, i.e., it is of the order of the Doppler width of
spectral lines emitted from regions with kinetic temperatures
lower than 10000 K. For this reason, unlike the astrophys-
ical maser, the experimental possibilities for investigations
of APLs are very limited at present (see Section 9).

8. Feedback due to scattering in the APL

In quantum electronics, a positive feedback with the help of
a Fabry—Perot resonator or its modifications is commonly
used [43, 69] (Fig. 12a). An open optical resonator per-
forms in fact two functions: the returning of a certain
fraction of radiation energy emitted by the active medium
back to the medium and the formation of a rather small
number (compared to a huge number in the volume

V> 2%) of stable configurations of the electromagnetic
field due to the constructive interference of incident and
reflected waves in the resonator elements. Therefore, the
positive energy and phase feedback takes place.
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Figure 12. Coherent phase and energy feedback provided by an open
Fabry —Perot resonator (a) and incoherent energy feedback produced by
scattering reflectors (b).

However, the positive feedback can be also effective only
over the energy but not over the phase, i.e., without the
establishment of a stable configuration of the electromag-
netic field in the active medium and without the formation
of a small number of resonance modes. This was demon-
strated in experiments supervised by N.G. Basov as early as
the mid-1960s [70—72]. In these experiments, a ruby crystal
with a high gain per round trip was placed between scat-
tering surfaces (Fig. 12b). When the gain per round trip in
the crystal is large enough (K > 1), even a small fraction of
the energy (2,/2n < 1) returned into the solid angle €, of
the amplifying medium (i.e., when K(Q,/2n) > 1) is suffi-
cient for lasing. A laser operating in such a regime is called a
nonresonance (or more exactly incoherent) feedback laser.
This terminology indicates the absence of the spatial cohe-
rence of emitted radiation, which is achieved when the two
conditions

a4
L a

Vs> A3 (12)

are satisfied, where V and a/L are the volume and the
angular aperture of emitted radiation in the amplifying
medium, respectively. If conditions (12) are satisfied, a huge
number (10° and more) of low-Q spatial modes of nearly
the same quality lie within even a narrow gain line of the
active medium. These modes overlap with each other by
producing the frequency-independent (nonresonance) Q-
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factor in such a scattering cavity (Fig. 12b). The resonance
gain line remains the only resonance element in such a laser,
resulting in a slow narrowing of the lasing spectrum to the
centre of the gain line [72]. The statistical properties of
radiation emitted by such a laser differ, of course, from the
properties of coherent light and are close to those of a very
bright black-body radiation in a narrow frequency region,
as was shown experimentally and theoretically [72].

The idea of a coherent scattering feedback was extended
to a more general case of a simultaneously amplifying and
scattering medium [73], which also has the lasing threshold,
exhibits the narrowing of the emission spectrum, etc, i.e.,
possesses many characteristics of a laser except the spatial
coherence. The radiation statistics of such a scattering laser
corresponds to the statistics of equilibrium high-temperature
radiation [74]. Many experiments were performed to create
scattering dye lasers [75], in particular, an ensemble of
microlasers on scattering particles [76]. In the latter case,
condition (12) is close to its violation, and therefore
fluctuation effects become noticeable upon the interference
of a comparatively small number of spatial modes. How-
ever, these effects are of no importance in huge
astrophysical media.

The possibility of transformation of the astrophysical
amplifier to the astrophysical maser using resonance amplifi-
cation was considered already in Ref. [77], in particular, for
amplifying H,O regions. The experimental data [78] show
that this effect can in fact explain the flares of H,O masers.
The role of scattering in the conversion of the APL amplifier
to a laser was considered in detail in paper [34].

Here, strictly speaking, we should distinguish three types
of scattering: (1) nonresonance scattering by electrons
accompanied by a large random Doppler frequency shift,
which substantially exceeds the Doppler width of the gain
line (Fig. 13a); (2) resonance scattering by amplifying par-
ticles themselves accompanied by the random Doppler shift

Nonresonance amplification

Nonresonance scattering losses

Resonance Laser line

amplification

Nonresonance scattering
by particles

Resonance amplification Resonance scattering

taking into account
the Doppler effect

Resonance
Losses

amplification

Resonance scattering Laser line

by atoms
b
Figure 13. Incoherent feedback produced due to nonresonance (a) and
resonance scattering taking into account the Doppler effect (b) caused by
moving scattering particles and atoms.

within the gain line width (Fig. 13b); and (3) nonresonance
scattering by microparticles whose thermal velocity is much
smaller than atomic velocities, so that the Doppler broad-
ening upon scattering is small (Fig. 13a).

The first case is inefficient for producing feedback
because of a small fraction of scattered photons returning
to the profile of the resonance gain line. The second case is
quite suitable for producing feedback, however, the lasing
line can narrow down according to (11). In this case, oL is
the gain factor per mean free path of a photon until its
scattering, because upon scattering the Doppler shift broad-
ens the line again up to the Doppler width. In the third case,
the narrowing of the emission line cause by feedback can be
quite substantial. The narrowing of the emission line of the
scattering feedback APL was calculated in Ref. [34] namely
for this case because the Doppler broadening appearing
upon scattering was neglected in this paper.

The amplifying and scattering medium has a threshold
(critical) radius, at which a fraction of photons leaving the
amplifying region due to scattering is exactly compensated
by a fraction of photons produced upon amplification [75].
This radius is similar to the critical radius of a neutron
reactor, in which neutrons are both multiplied and leave the
reactor due to scattering. The critical radius of the scattering
feedback APL was calculated in Ref. [34]. For the 8446-A
OI laser in the atmosphere of the Be star, ro ~ 10" cm,
which is substantially lower than the photosphere diameter
for stars of this class. Therefore, many independently
operating resonance scattering feedback APLs can appear
in the amplification region of a larger size (L > ry).

The transformation of the APL amplifier to the APL
oscillator affects not only the width of the emission line but
also the lasing dynamics. For example, an abrupt change in
the pumping rate W, differently affects the responses of the
amplifier and oscillator, as shown qualitatively in Fig. 14.
Of course, the characteristic times of these changes are of
the order of L/c, which corresponds months under astro-
physical conditions to times from a few minutes to a few
months. More detailed future observations will probably
give the answer to the real role of scattering feedback in
APLs and astrophysical masers.

Pump

EERR

AQ,

z

N Emission

W,

Amplifier
1

wiator
' j\/\m
t t

a b

/S

t

Figure 14. Dynamic response of the amplifier (a) and oscillator (b) to a
rapid change in the pump rate.
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9. On the observation of lasing
under astrophysical conditions

The observation of the narrowing of the emission spectrum
would be the best proof of lasing on some spectral lines in
stellar atmospheres or in the vicinity of stars. Because the
width of the spectrum in this case can be considerably lower
than the Doppler width, such measurements can be per-
formed only using high-resolution spectral instruments (for
example, a Fabry—Perot etalon). Note also that the nar-
rowing of the emission spectrum can be measured by the
correlation method with the help of the Brown-—Twiss
effect [79, 80], which was described in detail in paper [81]
and was also discussed in paper [82].

The statistics of fluctuations in emission of an incoherent
feedback laser observed within a narrow solid angle coin-
cides with the statistics of equilibrium (Gaussian) emission,
as was shown theoretically and experimentally in Refs. [72—
74]. For this reason, by using the correlation method,
emission of a stellar laser can be assumed incoherent
(Gaussian). The correlation function of the intensity fluctu-
ations /(¢) for such light

k() = (M(+0AI(), Al = 1)~ (1)) (13)

(the angle brackets denote time averaging) is related with
the width Av of the spectrum by the expression

k(t) = (1(0))* |y (o). (14)

where y(t)|2 =exp(— twAv). By measuring k(7), we can
determine Av. The narrowing of the spectrum should be
manifested in the appearance of correlations with the
characteristic time 7., ~ 1/mAv > (Avp)~!, where Avp is
the Doppler width of the amplifying transition. The
correlation method is also advantageous for such measure-
ments for the following reasons.

First, the narrowing of the spectrum results in the
corresponding increase in the brightness temperature of
emission and, therefore, in the increase in the signal-to-noise
ratio (S/N). Indeed, upon observation of the intensity
correlations of an incoherent source having the area X
and located at a distance of R from a detector [83], the
signal-to-noise ratio is

S 1/2 22y Tiwsy -
N k(t,70) Ay 2R exp KTy, )~ 1

(15)

where x is the quantum efficiency of the detector; ¢, is the
measurement time; 7, is the delay of the correlation mea-
surement; X4 is the area of the emission observation with a
telescope; and T, is the brightness temperature. One can
see from (15) that the signal-to-noise ration strongly
increases with increasing brightness temperature. The abso-
lute value of S/N also corresponds to experimental
possibilities. Indeed, for example, for R = 10" cm (100
light years) , k =107, 1, ~ 10° s, T, = 4r® ~ 102 cm2,
Ty~ 10" em? Av=10° s7', Koy /kTy, ~ 107 and 15 ~
1077 s, we obtain S/N ~ 100.

Second, when radiation is detected in two independent
spatial points, the correlation method can be used for

measuring the size of the lasing region, i.e., the critical
radius ry (the Brown—Twiss method [79]). The minimum
base by (the distance between the observation points)
required for the resolution of a source with the linear
size ry located at a distance R > r, from detectors is deter-
mined by the expression [§0]

3.8AR
bo == .
o

(16)

For example, for 1 =8446 A, R=10" cm, and ry=
10" cm, the base by ~ 5 x 10° cm (5 km) is required.
Such an experiment can be most conveniently performed
using the heterodyne detection, as was demonstrated by
Ch. Townes and co-workers in the region of 10 pm [84].
Progress in the development of tunable lasers, fibre optics,
and quick-response photodetectors allows one to carry out
such an experiment using the scheme shown in Fig. 15. This
scheme provides simultaneously the maximum sensitivity
and maximum spectral and spatial resolution. In addition,
the correlation method in insensitive to the inevitable shifts
of spectral lines due to different local velocities of APLs.

Spectral line

ofa source/~\
Telescope

ik
Filt§? d

A

Tunable frequency

of the laser heterodyne

Telescope

i

Optical fibre o

(«
)T l

Tunable laser heterodyne

Mixer

Q Q
B C T

Figure 15. Scheme for the correlation measurement of the width of
narrow lines of APLs by using two spatially separated telescopes and
heterodyne detection with a common tunable laser heterodyne.

10. Conclusions

The astrophysical laser is a natural quantum-electronic
‘device’ of an extremal size, which is located at the end of
the size-active laser particle density diagram shown in
Fig. 16. At the diagram centre, the first laboratory masers
and lasers are located. N.G. Basov made the fundamental
contribution and put all his heart and soul to the discovery
of these devices. At one end of the diagram, semiconductor
lasers are located, which were also initiated by pioneering
works of N.G. Basov and his co-workers at the dawn of
quantum electronics. Due to the discovery and realisation
of heterojunctions by Zh.I. Alferov [85], these lasers became
the most widespread lasers in quantum electronics and its
various applications. Finally, at the opposite end of the
diagram, the astrophysical masers and lasers are located, in
which the incoherent scattering feedback probably acts,
which was also discovered in the 1960s in studies supervised
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by N.G. Basov. Figuratively speaking, the scale of a huge  23.
and multidimensional personality of my teacher N.G. Ba-
sov is comparable with the scale of the diagram in Fig. 16 "
covering twenty orders of magnitude. '
AN/em™ P ;2
1 b aL~01-10 d 27:
a~ AN 52:«:: near»\‘_/ //‘)/: , 3 28.
10° - ,o d )\"' “Astrophysical 2.
First ~ ~ o 30.
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100 p s // . 4 lasers g;
7 7N 7Laserin \\ 33.
/ \ [ the Mars :
e e N 34.
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37.
Figure 16. Various laboratory and astrophysical masers and lasers in the 13
active medium particle density —active medium size diagram. ’
39.
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