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Bengt EDLEN

We dedicate this volume to the late Professor Bengt Edlén (1906-1993) to the memory
of his 100th birthday. To the astronomical community Edlén is best known for this
explanation of the strong emission lines in the solar corona spectrum.

Edlén started his scientific career in Siegbahn’s spectroscopy laboratory in Uppsala.
Siegbahn had received the Nobel Prize for physics in 1924 for his studies of X-ray spec-
tra, and Edlén got the task of bridging the wavelength gap between X-ray and optical



vi Dedication

spectroscopy. His first important results came as early as 1929, when he published
experimental results for He-like ionic systems, i.e. Lit, Be?t, B3T etc., which at that
time had become a target for the application of quantum mechanics.

Edlén’s doctoral thesis from 1934 contains extraordinarily extensive and careful
analyses of the spectra and energy levels of various ions of the eight lightest elements
(H to O). The famous astrophysicist H. N. Russel evaluated it as follows: “It is su-
perb work and so complete that it should be the definitive treatise on the subject.
I need not emphasize how great its astrophysical value has been and will continue
to be”. Still today this thesis is the only source for experimental wavelengths for
many fundamental resonance lines in astrophysically important ions. In fact, Edlén
pointed out a small difference between measured and calculated energies in hydrogen-
like ions, and this was the first detection of the Lamb shift, later predicted by quantum
electro dynamics.

Edlén had a great interest in astronomy and astrophysics. His pioneering work on
spectra of ionized carbon, nitrogen and oxygen led to extensive line identifications
in spectra of Wolf-Rayet stars, and the early (1933) division of these stars into two
parallel sequences: WC(C-rich) and WN (N-rich). The optical lines from these ionized
spectra originated from higher quantum states, as the resonance lines appear in the
far-UV region. From the low energy levels of Fe VII, which had been determined in an
experimental analysis, Edlén derived wavelengths for forbidden transitions, applying
the same technique as Bowen had used for O2* about 10 years earlier. Edlén and
Bowen published in 1939 a joint paper on the identification of forbidden Fe®* lines
in Nova Pictoris. This was at that time the highest ionization state found in any
astrophysical object.

Thus, the spectral lines from highly ionized atoms that could be detected in the
optical region were either allowed transitions between high quantum states or forbid-
den transitions between low quantum states. This fact came to be the solution behind
Edlén’s identification of the strong emission lines, observed during a solar eclipse in
1969. The well-known astronomer Harlow Shapley stated in 1933 that “the coronal
lines are our most conspicuous riddle in astronomical spectroscopy”. From extrapo-
lations of his own laboratory measurements Edlén concluded in 1942 that the lines
originated from forbidden transitions in very high ionization stages of Ar, Ca, Fe and
Ni. The strongest line, the green coronal line at 5303 A, is emitted by Fe'*. The
impressive fact about the identifications of the coronal lines is that forbidden tran-
sitions do not appear in laboratory sources, and that the conclusion was based on
extrapolations from measurements in lighter elements. The intriguing fact was that
the temperature in the solar corona must be about 2 million degrees, which seemed
unlikely in comparison to the 6000 degrees on the solar surface.

Edlén was a person of high integrity, free from tactical and political considerations
about scientific matters. He was very accurate and had high demands on quality. Edlén
was a member of many academies and served on the Nobel Committee for Physics
during 1961-1976. He received the Gold Medal of the Royal Astronomical Society
in London, which at that time was regarded as the highest sign of recognition in
astronomy.
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Edlén’s contribution to astrophysics is to a great extent associated with identifica-
tions of prominent lines in spectra of various astrophysical objects. Spectral lines are
the outstanding source of detailed information about these objects. They also offer a
great challenge. One of the authors (S. J.) had the privilege of being a PhD student
in his group, and much material in this volume comes from a major research project
on iron, suggested by Edlén.
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This book is based on the early research by V. L. in 1972, which was continued after
almost 30 years together with S. J., when V. L. was the Tage Erlander Professor at
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1
Introduction

Astrophysical lasers (natural lasers in space) present a challenging scientific problem
lying at the intersection of several fields of physics: astrophysics, atomic physics, and
laser physics. They have just recently become the subject of not only theoretical but
also experimental studies owing the rapid progress in observational astronomy. The
decisive role in this progress can be ascribed to one of the most powerful instruments
in the history of astronomy — The Hubble Space Telescope (HST), successfully oper-
ating since 1990. The Space Telescope Imaging Spectrograph (STIS), which was later
installed on HST, has been utilized with great success for seven years. Among many
fruitful observations of a diversity of astrophysical objects, HST/STIS spectra have
been obtained in the UV, visible, and near-IR ranges of one of the brightest objects
in our Galaxy, Eta Carinae and its surrounding nebula. The high spatial and spec-
tral resolution of HST/STIS made it possible to study the spectra of the star and a
number of ejected gas condensations separately from each other. A great number of
anomalous spectral lines were registered in these spectra, and the interpretation of
them led us to conclusions about the action of astrophysical lasers and the existence
of nonlinear optical effects in gas condensations. We will describe these phenomena
in the present book, which explains the reason why a photo of Eta Carinae and its
surrounding nebula (Homunculus) is presented on the front cover of the book.

The discovery of astrophysical lasers described in this book is a natural step in the
progress starting with the invention of laboratory masers and lasers to the discovery
of natural masers in Space. Thus, lasers and masers are “programmed” by Nature,
and their discovery seems to be quite logical. In reality, however, the way to create
or detect them is not programmed at all but is rather non-direct, individual and
dramatic. To understand the history of quantum electronics, the great discovery of
the 20th century, the reader is referred to the memoirs of the laser pioneers (Townes,
1994, 1999; Maiman, 2000).

The history of masers and lasers shows that some scientific phenomena are discov-
ered in the laboratory before they are observed in Nature, but the order can also be
reversed. For example, thermonuclear fusion of light nuclei was proposed to operate
inside stars before anyone managed to initiate such nuclear reactions on Earth in the
form of the thermonuclear explosion of a hydrogen bomb. But, the nuclear fission chain
reaction was utilized first in nuclear reactors and bombs and later discovered in Nature
(the natural nuclear reactor in Oklo, Africa). An analogous development has occurred
with masers and lasers. After the maser had been invented in the laboratory the maser
effect was discovered in space in the form of stimulated emission of microwave radiation
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in molecules (OH, H5O etc.). As a consequence, the search for maser microwave radi-
ation from space became the main method to search for molecules in space by using
radio astronomy. This was simply based on the fact that stimulated emission is many
orders of magnitude more intense than spontaneous emission in the microwave region.
Recently we have discovered the laser effect at visible and near infrared wavelengths
in an astrophysical plasma. This means that both the maser and laser effects, first
created under laboratory conditions, have later been discovered to operate in certain
environments in Space.

1.1 Historical remark

The principles behind the operation of masers and lasers were discovered during the
decade between 1950 and 1960 (Gordon et al., 1954; Basov and Prokhorov, 1954;
Schawlow and Townes, 1958). These fundamental pioneering studies received the high-
est international recognition. The experimental demonstration of lasers and the sub-
sequent exponential progress in both the development of lasers themselves and their
applications confirmed the significance of this discovery.

It is fairly interesting to consider the origin of quantum electronics, which appeared
because of the development and synthesis of two avenues of research in physics: classi-
cal electromagnetic physics (we can call it “radio”) and quantum physics (we can call
it “optics”). Both these fields are combined by Maxwell’s equations. The creation of
quantum physics was based on atomic physics and optical spectroscopy and it later
became the one of foundations of physics as a whole.

Fig. 1.1 shows a selected sequence of key discoveries, ideas, and experiments, which
resulted in the creation of quantum electronics. The main sequence of events, which
led to the discovery of the laser is shown by solid arrows. The possibility of discovering
a laser by amplification of light in a medium having an inverted level population took
never place, and that is indicated by the question mark in Fig. 1.1. Although lasers
could be discovered along the optical avenue, they were in reality discovered after the
construction of masers, i.e. because of the progress along the radio avenue. At first, the
concepts of quantum physics and the invention of microwave sources of electromagnetic
radiation for radar led to the development of radio spectroscopy, and then masers
(molecular generators) were created. Thereafter the extension into the optical region of
the concept of the resonant cavity feedback, 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 the extremely important role of the
interrelation and synthesis of various fields of science and technology in scientific and
technical progress. Although lasers could be discovered independently of radio, this
did not happen. It 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 note that natural masers operating under
astrophysical conditions on the OH radical at A = 18.5 cm (Weaver et al., 1965) and
on the HoO molecule at A=1.35 cm (Cheung et al., 1969) were discovered in radio
astronomy in the mid 1960s, ten years after the invention of the first laboratory masers.
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Optics Radio
Maxwell Equations
Quantum hypothesis Discovery of electromagnetic
(Planck, 1900) waves (Hertz)
Light (:uanta

(Einstein, 1905)
v

Atomic and molecular

spectroscopy
A

Idea of stimulated emission Radio electronics
(Einstein, 1916)
Schrodinger equation  (1925)
Quantum theory of radiation
(Dirac,1927)

Idea of population inversion,
light amplification(1930s)

Microwave radar (1940s)

Microwave spectroscopy
(1940-50s)

Masers (1954)

=

Radio astronomy

—

Lasers (1960) Discovery of natural
(astrophysical) maser (1965)
Optical
astronomy

Quantum electronics

Discovery of
astrophysical lasers

Fig. 1.1 Sequence of discoveries in optics and radio resulting in the birth of quantum
electronics.

Since the brightness temperature of the microwave radiation of astrophysical masers is
as high as 10'2-10'® K, it can only be explained as amplification caused by stimulated
emission in a medium with an inverted population of low-lying molecular levels. This is
another scenario of a discovery that could have been made earlier. Astrophysical lasers
emitting in the optical range, which are discussed in this book, were discovered quite
recently, forty years after the creation of the laboratory laser. However, their roots can
be traced back as early as in the 1930s—1940s, i.e. long before the creation of lasers and
masers. In those years, astrophysicists explained the appearance of anomalous spectral
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emission lines of an element as a result of fluorescence due to a wavelength coincidence
with an absorption line of another element — the Bowen mechanism (Bowen, 1934,
1935). They also used the relations between the pump and emission rates, which
in modern terms is equivalent to the conditions for inverted population (Thackeray,
1935). This is another unrealized scenario of the discovery of laser action based on
astrophysical observations.

1.2 From astrophysical masers to astrophysical lasers

The first interstellar maser transition included the ground electronic state of the OH
hydroxyl radical at a wavelength of 18.5 cm but it was not initially recognized as a
maser (Weaver et al., 1965; Weinreb et al., 1965). However, the laboratory masers had
already been invented (Gordon et al., 1954; Basov and Prokhorov, 1954), which allowed
the understanding of the physical mechanism behind this phenomenon to be applied to
the space maser (Davies et al., 1967). Townes (1993) remarked: “ .. the first suggestion
I can remember that it (OH mysterium) might be maser came from Shklovskii. This
was just informal conversation with me. We talked about it, and the possibility certainly
seemed reasonable ... One of the things I've always admired about Skhlovskii is that
he would challenge anything ... You should all read his book.” (Shklovskii, 1991).

Many observations characterized the emission of OH masers to be time-variable,
polarized (linearly or circularly), and having narrow line widths. These characteristics
are typical for most astrophysical masers (Elitzur, 1992; Gray, 1999). Masers in space
have been found in transitions of OH, water (Cheung et al., 1969), SiO, ammonia,
methanol and many other molecules (Townes, 1997) and also in recombination lines of
hydrogen in the submillimeter range (Strelnitskii et al., 1996). Astrophysical masers
occur in several places in the Universe: in the vicinity of newly born stars and in regions
of ionized hydrogen (HII regions), in circumstellar shells around stars at the end of
their life (red giants and supergiants), in shock-regions where supernova remants are
expanding into an adjacent molecular cloud, and in the nuclei and jets of active galaxies
with various mechanisms of pumping. Detailed studies of masers has proceeded along
with the development of very long baseline interferometry (VLBI), which provides
angular resolutions better than 0.1 mas (milliarcsec).

C. H. Townes (1993) also made an interesting remark on the early years of research
on astronomical masers:

“Masers and lasers have of course been of economic and technical importance, as
well as of scientific interest. I sometimes point out to politicians and other adminis-
trative types that if radio astronomy had been sponsored more strongly in the United
States we probably would have had masers and lasers sooner. Masers could have been
detected long ago in the sky — probably as early as the 1930s, and certainly immedi-
ately after or during World War II they could easily have been detected, but nobody
was looking. The United States as a whole did not do very well by radio astronomy
shortly after the war, as compared to the British and the Australians. They generally
did a wonderful job, but still not quite enough.

Suppose someone had indeed looked, and seen this peculiar maser radiation. What
would they have thought if they detected such radiation before masers were thought of
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in the lab? Would they have attributed it to Little Green Men, just as Little Green
Men was initially used as the origin of pulsars because nobody understood them. The
maser radiation would have been seen to be modulated, of all things. A very successful
SETI operation? No such phenomena could happen naturally according to thinking of
that time. However, I'm sure that someone would have figured it out before long and
concluded yes, that is what’s happening — the molecular states are inverted, and we
get amplification. That would probably have suggested trying out such an idea in the
laboratory. So masers and lasers — highly applied technology, in a sense — could well
have come out of astronomy”.

The first proposals suggesting laser action in stellar atmospheres in non-local ther-
modynamical equilibrium (non-LTE) were presented at the end of the 1960s (Menzel,
1969; Smith, 1969; Letokhov, 1972a). Menzel (1969) considered in a general form the
radiation transfer equation and suggested, from some assumptions on the ratio of
occupation numbers (populations) for the upper and lower levels, the possibility of
negative absorption (amplification) of light. Smith (1969) examined theoretically the
possibility of obtaining population inversion in the simple atomic p-shell configurations
(2p? and 3p?, ¢ = 2,3,4) under astrophysical plasma conditions assuming excitation by
electron collisions. Letokhov (1972) presented explanations of numerous line intensity
anomalies observed in optical stellar spectra suggesting the possibility of stimulated
emission due to inverse population of the transitions, particularly the 8446 A line of
O1. The excitation mechanism considered for the oxygen atoms was optical pumping
caused by an accidental wavelength coincidence between an O1 absorption line and
H Lyg at 1025.72 A (Bowen, 1934). A detailed study of the possibility of stimulated
emission in stellar atmospheres, including line narrowing and scattering feedback, and
the OT case in particular, was presented by Lavrinovich and Letokhov (1974).

The first experimental observation of non-thermal emission (laser action) in the
infrared (IR) range was done for the 10 pm COs lines in the atmosphere of Mars and
Venus (Johnson et al., 1976). The direct line absorption of mid-IR solar flux by COq
and Ny with collisional transfer of energy to CO5 were proposed as plausible excitation
mechanisms. Subsequent experiments confirmed laser action in the CO5 molecule in
Martian and Venusian atmospheres (Mumma et al., 1981).

The discoveries of astrophysical lasers in the optical range for Fe™ ions (Johansson
and Letokhov, 2002; 2003a; 2004c) and O atoms (Johansson and Letokhov, 2005¢)
are quite non-trivial features, since the spontaneous radiation dominates the visible
range in space and masks possible stimulated radiation. The occurrence of inverted
population of quantum states, which is necessary for the laser effect, is much less
probable for atomic energy levels in the optical region than for low-lying molecular
states in the microwave range. A similar situation is true for non linear optical effects,
which are produced quite easily in the laboratory, but occur only under very special
conditions in astrophysical plasmas. We found evidence of the existence of resonance-
enhanced two-photon ionization (RETPI) in Space in the vicinity of a hot blue star
(Johansson and Letokhov, 2001a; Johansson et al., 2006).

The sites for our initial discoveries were special gas condensations in the close
vicinity of the very massive LBV (luminous blue variable) star n Carinae. This did
not occur accidentally since 1 Carinae is one of the most luminous stars of the Galaxy.
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Table 1.1 Maser/laser action in space

— microwaves molecules OH, 18.5 cm Weaver et al., 1965
H>0, 1.35 cm Cheung et al., 1969
> 100 molecular Townes, 1997
species
— submillimeters atom H** Strelnitskii et al., 1996
- 1R molecule COg, 10 pm Johnson et al., 1976
(Mars, Venus) Mumma et al., 1981
— optical waves ion, atom Fe™ v« 1pum Johansson, Letokhov,
01, 8446 A 2002, 2003a
Eta Carinae, Johansson, Letokhov,
gas 2005¢
condensations

The environment of this extended object can be observed in very high angular (spatial)
and spectral resolution simultaneously using the Hubble Space Telescope (HST) with
its Space Telescope Imaging Spectrograph (STIS) on board (Kimble et al., 1998). This
unique instrument has provided a huge volume of information about Eta Carinae and
its environment in the form of high-resolution spectra between 1150 and 10400 A
(Gull et al., 2001). Parts of this spectral information were difficult to interpret, which
attracted our attention. It finally led to the discovery of such unusual features as laser
effect and RETPI occurring in astrophysical environments, and they are described
in this book. In the future, when observations at very high spectral and angular
resolution will be performed with large ground-based telescopes, such phenomena can
presumably be studied in gas clouds associated with other objects (LBV, hot stars,
symbiotic stars, stellar chromospheres etc.).

In Table 1.1 we present the milestones of progress in the discoveries of astrophysical
masers and lasers from the microwave to the optical wavelength regions. However,
before we proceed with a detailed description of these “new” effects we give some
basic elements of atomic physics, astrophysics and quantum electronics. This may be
useful and valuable to the reader, since astrophysics and quantum electronics have
long-standing but poorly known links.

1.3 Amplification conditions for an atomic ensemble

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

(i) The equilibrium Boltzmann distribution of the population of the quantum states
of particles in the ensemble.

(ii) The equilibrium state of the electromagnetic radiation, in which an ensemble
of particles with a given equilibrium temperature is located, i.e. the absence of
external radiation.



Introduction 7

(@) (b) () (d)
4
3 4 3 = 3 —o
2 3
) T3 Wcoh
Weon Weoh Weon CPT state
> 2
k]
1 T 1 —000000- | —odosoo- |
T > T T3> T)
AN, >0 AN, >0 AN, <0 AN; <0
ay >0 ap>0 ap>0 a3 >0

Fig. 1.2 Various methods for obtaining amplification, based on producing population inver-
sion in three-level (a) and four-level (b) schemes, by means of Raman scattering without the
population inversion (c), and using the coherent superposition of states 1 and 2 without the
population inversion for levels 2 and 3 (d). To obtain amplification in schemes (a) and (b),
incoherent pumping at a moderate rate — especially in 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 in the 3 —1
transition is required and CPT states 1 and 2 should be present.

(iii) The equilibrium (random) distribution of the phases of the wave functions of
quantum states, i.e., the absence of the non-zero (non-fluctuation) average polar-
isability or coherence 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, by selective incoher-
ent pumping of an excited level in a three- or four-level atom scheme (Figs. 1.2a, b,
respectively). It is used in virtually all lasers (Siegman, 1986).

A strong violation of the second equilibrium condition can cause amplification even
without an inverted population. It occurs in a Raman laser (Woodbury and Ng, 1962)
where a transparent medium in a strong laser field becomes amplifying at the Stokes
frequency of Raman scattering. The equilibrium population of the levels is determined
only by the presence of intense monochromatic radiation in the ensemble (Fig. 1.2¢)?.
Note that, in this case, the laser pumping radiation only has to be intense and can have
a broad spectrum (of the order of the Raman line width), whereas a high coherence
is not required.

When amplification is produced by violating the first and second equilibrium con-
ditions, the active medium is in an incoherent state, which is natural because the

IWe do not consider the possibility of inversion-free amplification due to the recoil effect, when
emission and absorption lines have different frequencies. Free relativistic electron lasers are a spect-
acular example of such a situation.
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phase relaxation time in an ensemble is usually much shorter than the population
relaxation time. Coherence is produced only when the active medium is placed into an
optical cavity with the selection of 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 spontaneously owing to the “phase transition” in the “active medium +
intracavity radiation” system (Lamb and Scully, 1967).

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 equilib-
rium (random) distribution of phases (more exactly, phase differences) of the wave
functions of a pair of 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). Owing to such a matching, a quan-
tum system in the ensemble can be prepared in a superposition antisymmetric state of
two stationary quantum states (1 and 2 in Fig. 1.2d). Such a state is called a coherently
population trapped (CPT) state (Alzetta et al., 1976; Arimondo, 1996). 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 des-
tructive interference of two opposite quantum transition routes 1 —3—2 and 2 —
3 — 1. This effect is related to the electromagnetically induced transparency (Harris,
1997), when a coherent electromagnetic field produces the CPT state from which ra-
diation is not absorbed. This effect was used to demonstrate the inversion-free laser
operating due to the violation of the third equilibrium condition in the A-scheme
shown in Fig. 1.2d (Zibrov et al, 1995) and in the V-scheme (Padmabandu et al.,
1996).

The first equilibrium condition can be easily violated in astrophysical conditions.
In this case, the inverted population appears because of the spatial inhomogeneity of
density, temperature and other parameters of the astrophysical medium (gas clouds
near star, 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 and continuous or quasi-stationary regimes for producing the population
inversion. In the pulsed regime, the pumping rate of a level should exceed its rel-
axation rate, which for optical transitions is usually greater than 108 s~! (while for
forbidden transitions the relaxation rate sometimes reaches 1 s=!). Under astrophys-
ical conditions, this situation is unlikely because the characteristic time of pulsed
astrophysical phenomena, which can be used for pumping, is much longer than the
population relaxation time for quantum particles.

In the continuous wave (CW) 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 (Javan
et al., 1961) (Fig. 1.2b). In this case, population inversion always exists in such a
transition, and the pumping rate should provide a certain density of the inverted level
population, which is required for obtaining the threshold amplification. This regime
is used in all CW lasers, and it seems to be the most probable for astrophysical
lasers. It is realized most clearly when the radiative lifetimes of the two corresponding
levels are substantially different (in an appropriate way). In this case, the inverted
population appears in an isolated quantum system without any collisions, which is
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typical for rarefied gaseous circumstellar or interstellar matter. Astrophysical lasers?
operating according to such a scheme in medium-excited (5-10 eVpgevels of Fe II at
a wavelength of ~1 pwm have recently been discovered in gas condensations close to
one of the brightest and most massive stars, n Car, in the Galaxy (Johansson and
Letokhov, 2002, 2003a).

However, although collisions of particles at higher densities in stellar atmospheres
return the ensemble of particles back to the equilibrium state, collisions can also play
a positive role by significantly depleting the lower level. It may seem strange, but
the role of collisions in the enhancement of the intensity of emission lines in stellar
atmospheres according to the typical laser scheme (Gould, 1965) was discussed in
astrophysical papers back in the 1930s (Thackeray, 1935). Since the questions related
to stimulated emission were discussed in these papers, they are considered separately
in Chapter 7.

To violate the second equilibrium condition, an intense monochromatic excitation
is required, which can usually only be generated by a laser. A Raman line is always
amplifying, and the gain is proportional to the intensity of the external radiation within
the Raman line width (Woodbury and Ng, 1962). One specific observation of Raman
scattering under astrophysical conditions is of special interest, viz. the scattering of
the O VI resonance lines at A = 1032 and 1038 A by the 1s — 3p transition in neutral
hydrogen HI (close to resonance with H Ly at 1026 A) reported by Schmid (1989).
Owing to such scattering, the hydrogen atom was found in the 2s state, and the
Raman line was observed in the visible region redshifted from H Ba a (at 6825 and
7082 A). This effect was observed under special astrophysical conditions in symbiotic
stars, where strong VUV emission lines of highly ionized atoms irradiate the high-
density regions of neutral hydrogen. The gain in 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 differences 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). Nevertheless,
Sorokin and Glownia (2002) put forward a bold hypothesis about the possibility of
inversion-free amplification of the 3p — 2s transition in hydrogen (H Ba «) under
astrophysical conditions. The relaxation of the phases of quantum states in rarefied
gases (of density lower than 108 cm™3) can indeed occur very slowly (for minutes
and longer), but in the excited 2s state of H I it only occurs for 0.12s (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. Sorokin and Glownia (2002) assume that such a process
can be induced by two intense incoherent emission lines, H Lya at 1215 A and H Bao at
6563 A, by spontaneous decay of excited states of an atom in two completely different
channels, although the probability is extremely low. It would be very interesting to

2We call an astrophysical laser amplifier the astrophysical laser (APL). Conditions under which
the APL is transformed to a generator owing to an incoherent feedback produced by scattering are
discussed in Chapter 14.
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detect this process, because it is an example of an unusual phase transition of an
ensemble of quantum particles from an incoherent to a coherent state. At present, only
one example of such a phase transition is known, viz. when an amplifying incoherent
laser medium is placed in an open resonator, which drastically restricts the number
of high-quality spatial modes of stimulated emission, i.e. laser action with positive
resonance feedback.

1.4 Structure of the book

The subject of this book is evidently interdisciplinary by its character as it lies at
the intersection of astrophysics, atomic and molecular spectroscopy, and laser physics.
Historically, all these fields have been connected by common roots, whereas astro-
physical lasers just confirm these ancient ties. Within the framework of this book it is
impossible and pointless to consider all these fields in detail, but we will try to give the
necessary elements in simple language. This is done in a concise form in Chapters 2—6.
Then, in Chapter 7, we consider the general questions of astrophysical lasers including
the astrophysical predecessors of lasers dating back to the 1930s.

The pumping mechanisms of astrophysical lasers are based on the use of radiation
energy from the nearest star. The radiation energy of a star can be absorbed in space
clouds, which causes a spatially inhomogeneous distribution of kinetic and internal
energy of particles (atoms, ions, radicals, molecules) and, finally, an inverse popula-
tion in certain quantum transitions in the process of particle collisions. Astrophysical
lasers of this type can be called collisionally-pumped lasers, some of which were pre-
dicted theoretically. However, some collisionally-pumped lasers have been discovered
experimentally: IR COs lasers in the atmospheres of Mars and Venus, and hydro-
gen far-IR lasers in the Orion Nebula. Collisionally-pumped astrophysical lasers are
briefly discussed in Chapter 8. We expect that the progress of getting higher angu-
lar and spectral resolution in IR astronomy will make it possible to discover other
collisionally-pumped lasers in Space.

Chapters 9-12 are concerned with astrophysical lasers based on a Bowen-type of
resonant pumping due to accidental wavelength coincidences of emission and absorp-
tion lines. It is just such lasers, radiating in the red and near-IR wavelength regions
in FeIl and OT transitions, that were discovered in gas condensations close to n Cari-
nae. With the development of optical telescopes having high angular resolution and
high-resolution spectrometers these lasers may be discovered indirectly in the vicinity
of hot stars in spite of the obvious difficulties of overcoming the spontaneous radiation
in the optical range.

The studies of astrophysical lasers have just begun since the spectral resolution of
the existing optical telescopes is still insufficient to prove directly the laser effect by
measuring the true sub-Doppler spectral width. This challenging problem, discussed
in Chapter 13, is common for all astrophysical lasers. Unlike the microwave range, the
resonance scattering in the optical range is of great importance. Resonance scattering
may prove to be essential in converting an astrophysical laser, acting as an amplifier,
into an astrophysical laser with scattering feedback, which is due to the return of
radiation energy into the amplifying region (Letokhov, 1967a, 1996). This interesting
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problem of laser physics is under consideration in Chapter 14, the material of which
may prove to be useful for future investigations of astrophysical lasers.

Chapters 15-16 deal with two problems, which are not connected directly with
astrophysical lasers but are closely related to them: Firstly, the possible existence
of nonlinear optical effects in Space, particularly the resonance-enhanced two-photon
ionization under astrophysical conditions (Johansson and Letokhov, 2001a), and sec-
ondly the connection of lasers for interstellar communications (Schwartz and Townes,
1960; Townes, 1983).



2

Elements of Radiative
Quantum Transitions

This Chapter presents only some basic elements of the theory of radiative quantum
transitions in a two-level system which are needed to describe the properties of astro-
physical lasers as well as their distinctions from astrophysical masers and laboratory
lasers. A more detailed description can be found in many classical textbooks referred
to below.

2.1 Spontaneous and stimulated emission

The concept of two types of radiative processes — spontaneous and stimulated emis-
sion — was introduced by Einstein (1916) as he analyzed the interaction between radia-
tion quanta and atoms (molecules). This interaction is followed by an energy exchange
which is necessary to keep thermodynamical equilibrium. In his next work, Einstein
(1917) introduced the term momentum exchange in an elementary emission event or
in radiation absorption. Both these processes — energy and momentum exchange —
play a fundamental role in astrophysical conditions in general and in the formation of
radiation in stellar atmospheres, in particular (Mihalas, 1978).

The next step was a semiclassical consideration of emission processes, where the
electromagnetic field was classical and the atom quantum-mechanical. This consider-
ation is not complete but it verifies Einstein’s thermodynamic approach. Finally, the
complete quantum theory of emission (spontaneous and stimulated) and absorption
processes, when both the atom and the field are quantized, was elaborated by Dirac
(1930, 1957). The quantization of an electromagnetic field results in a more succes-
sive description of the probabilities of spontaneous and stimulated emission both in
thermodynamical equilibrium and under non-equilibrium conditions. The latter is par-
ticularly important in describing masers and lasers when the particle ensemble (atoms,
molecules) as well as the electromagnetic field are in thermodynamically nonequilib-
rium conditions.

Let us now briefly consider all these approaches and introduce concepts and nota-
tions which are necessary for further discussions.

2.1.1 Thermodynamical equilibrium — Einstein
coefficients A and B

Einstein (1916) introduced the concepts of spontaneous and stimulated light emis-
sion in studying the thermodynamical equilibrium between the ensemble of atoms
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(molecules) and thermal radiation. The spectrum of this black body radiation is
described by the distribution U(v) recognized by Planck 16 years before:

o= () ey el e

where the spectral radiation energy density U(v) varies with the temperature T and
the frequency v = w/27. Einstein obtained the Planck distribution using the following
arguments which are given literally (except for some designations changed):

‘Let us consider the gas from similar atomic particles being in statistical equi-
librium ... with thermal radiation. Assume that each particle may be ... only in
discrete states 1, 2, ... m, n..., etc. with energies Fq, Fs ..., etc. By analogy with
statistical mechanics or directly from the Boltzmann principle or, finally, from ther-
modynamic considerations it follows that the probability W,, of the state n and,
respectively, the relative number of particles in the state n is

Wy = gne_%, (2.2)
where k is the Boltzmann constant, and g, is the statistical “weight” of the state
n, i.e. a constant characteristic of a quantum state and independent of gas temp-
erature T'.

Assume now that a particle can pass from state m to state n absorbing radiation
with a certain frequency v = v, and from state n to state m emitting radiation
of the same frequency. The change in energy due to radiation in this case comes to
E,— E, ... (Fig. 2.1).

At thermal equilibrium the number of particles passing from m to n per unit time
in radiation absorption is equal to that of particles passing from n to m in radiation
emission. Simple hypotheses can be established for these transitions which may be
of two types:

(a) Spontaneous emission. This transition from n to m is with radiation emission
with the energy E), — E,,. This transition occurs without outer actions. One

En’gn [ 1 n
BymU(vom)
hvnm Anm BnmU(vnm)
Emngm
[ 1 m
Spontaneous T Absorption
emission
Stimulated
emission

Fig. 2.1 Three main types of radiative quantum transitions between two quantum levels.
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can hardly imagine that it is similar to something else but radioactive decay.
Let the number of transitions per unit time be

Anle’l7

where Ay, is a constant belonging to a combination of m and n, N, is the
number of particles in state n.

(b) Stimulated emission. Stimulated emission is conditioned by radiation acting on
a particle; it is proportional to the radiation density U with the corresponding
frequency... In our case the radiation can induce both the transition n—m
and the transition m — n. The number of n — m transitions per unit time is
expressed in this case as

BnmNn U’
and the number of m — n transitions is expressed as
BII]IINHI U7

where the constants B,, and B, relate to a combination of the states
n and m.

Thus, the equation
(Apm + BumU)Ny = B N U (2.3)

can be used as a condition of statistical equilibrium of the transitions n — m and
m —n. On the other hand, (2.2) gives

ElliE!I)
N _ gne” T (2.4)
N gm '
From Eq. (2.3) and (2.4) we have
_En—FEny
Apmgn =U (Bnmgn6 kT — angm>~ (25)

U is the density of radiation with frequency v which is emitted or absorbed at
transitions n — m and m — n. For this frequency our equation gives a relationship
between T and U. Assuming that U grows without limit as 7" increases, we must
have

Bnmgn = angm (26)
As a result, we get
A 1
U= ( “m) — . (2.7)
Bum exp (EnkTEm> -1

This is the Planck relation between the radiation energy density and the tempera-
ture T', the constants being still undetermined. The constants A, and By, could
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be calculated directly if we have electrodynamics and mechanics modified for the
quantum hypothesis.

The fact that Ay, /Bam and (B, — Ep,) can depend not on a special property of a
particle but only on the corresponding frequency v follows from the condition that
the radiation density U must be a universal function of 7' and v. Furthermore, from
Wien’s displacement law

U@dznﬁf(%) (2.8)

it follows that the relation A, /Bum must be proportional to v and (E, — Ey,) is
in proportion to v. Accordingly we have

En - Em = hVnm7

where h denotes the Planck constant.

Of course, I willingly admit that the three hypotheses dealing with spontaneous
and stimulated emission do not become truthful results at all due to the fact that
they culminate in the Planck radiation formula. But their simplicity, common char-
acter, easy consideration as well as a natural transition to a limiting case of Planck
linear oscillator (in terms of classical electrodynamics and mechanics) enable me to
think it rather probable this consideration will form the basis for future theoretical
representation.’

Shortly before Planck, Rayleigh derived the following expression for equilibrium

radiation energy fluency in the classical limit k7T > hv:

V2
U =8r—5kT. (2.9)

The Planck quantum distribution (2.7) must coincide in this limit with (2.9). Hence
we can express the ratio of the Einstein coefficients Ay, /Bom as:

Anm 81/?
= :hv( 7;3” ) (2.10a)

where the factor on the right of (2.10a) is the Rayleigh—Jeans expression for field
oscillator density known in classical physics:

82
p(v) =

3 [Hz ' em™3]. (2.11a)
¢

The radial frequency w = 27v (rad/sec) is used also. In these terms Eq. (2.10a) and
(2.11a) have the form

Anm CL)Q
o= hw <7T263> (2.10b)
2
w
p(w) = 23 (2.11b)

respectively.
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The values of the Einstein coefficient A, for a given transition n—m of an
atomic particle depend on the properties of the particle and must not depend on the
type (configuration) of the radiation field (unless the particle can be considered a free
particle).

2.1.2 Semiclassical approach

In a semiclassical approach the atom is described quantum-mechanically with the
Schrédinger equation, and the electromagnetic field is considered classically, and the
interaction of a quantized atom with a classical field is described with the interaction
Hamiltonian Hiy¢ in the Schrédinger equation. The field-atom interaction energy is
considered low and, consequently, the external field slightly disturbs the stationary
quantum states of the atom. In a dipole approximation, when the field amplitude Eq
varies a little on the atomic dimensions (ag is the Bohr radius < A, the electromagnetic
field wavelength A = ¢/v), the Hamiltonian Hiy can be presented in simple form

Hiy = —dEgcoswt, w =27y, (2.12)

where d is the full electric dipole atomic moment of an atom
d=-e> 1 (2.13)

and r; is the i-th electron’s coordinate.

The semiclassical approach allows us to calculate the Einstein coefficient B for
a stimulated quantum transition. These calculations can be found in many classical
books (Fermi, 1932; Bethe, 1964; Rybicki and Lightman, 1979; Loudon, 1983) to which
we refer readers interested in the details. The quantum-mechanical calculation in the
present approximations for the Einstein coefficient B gives the expression

7 |y |

Bnm = )
3 h?

(2.14)

where d,,;, is the dipole moment matrix element determined by the standard expression
dnm = /‘IJ:d\IIde7 (215)

and ¥, and ¥, denote the wave functions of the stationary atomic states n and
m. The integration is performed over coordinates of all the electrons of the atom.
Averaging for all possible orientations of the dipole momentum d results in the factor
1/3 in (2.14).

Thus, if we know the wave functions of the stationary atomic states n and m
we can find the Einstein coefficients By, and Bp,. If in a dipole approximation
dnm = 0 (for example, for quantum atomic transitions between levels with the same
symmetry), we can perform a quantum-mechanical calculation in the next
order multipole approximations (quadrupole and magneto-dipole transitions)
(Chapter 3).
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The semiclassical approach makes it impossible to calculate the Einstein coeffi-
cient A, for spontaneous emission because it requires field quantization discussed in
subsection 2.1.3. But the expression for Apy, can be obtained from (2.10) and (2.14).
This combination results in (Sobel’'man, 1979)

-2
4w§m s Y g
Apy = — 1 1 I 2.16
3he3 n ( )

So, the mean lifetime of the excited state n with respect to the spontaneous transition
to m (but not to other possible states!) is expressed as

1
Thm i (2.17)

In a dipole approximation, the matrix element of the transition n —m in (2.14) is
determined from (2.15). The selection rules are dictated by the conditions under which
d,n, becomes equal to zero. For example, in the case of the one-electron hydrogen atom,
d,n, is zero for transitions between spherically symmetrical S-states. This transition is
forbidden to emit one photon. Transitions between S- and P-states are allowed as d,,
for them is nonzero. S- and P-states are states with the orbital angular momentum
of electron L = 0 and L = 1, respectively, (Chapter 3) and, hence, the selection rule
states that AL = +1.

For a many-electron atom, the matrix elements Eq. (2.15) for all the electrons
are summed. In this case the selection rules are dictated by the change in the total
momentum J of all the electrons. The matrix element is nonzero when the final state
Jm takes one of three values of J, £ 1 or J,,, i.e. the selection rule assumes the form
AJ =0,=+1.

The parity of wave functions is very convenient for understanding selection rules.
This property describes the variation of the wave function at a mirror reflection of all
the coordinates of the electrons. When

U (—ry,—ra,...) =T (ry,ro,...), (2.18a)
the wave function is even, and when
\I/(—I‘l,frg,...) =-v (1‘1,1‘2,...)7 (218b)

it is odd. As the dipole momentum d is an odd function, the matrix element d,, is
zero when the parity is the same for the initial n and the final m states. Hence in
allowed transitions the parity must change.

Forbidden transitions in many-electron atoms have a non-zero probability as the
parity in them is determined by the sum of the electronic orbital momenta. Such
transitions are much less probable than allowed transitions but quite observable if
there are not other collisional (nonradiative) deactivation mechanisms of the excited
atoms. This situation is, for example, quite typical for rarefied gases, especially under
astrophysical conditions (Chapter 5).
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The selection rules in the higher (after dipole) approximations (electrical quad-
rupole, magnetic-dipole) for many-electron atoms are briefly discussed in Chapter 3
and in detail, for instance, in monographs (Condon and Shortley, 1963; Shore and
Menzel, 1968; Sobel’'man, 1979).

2.1.3 Quantum theory

A comprehensive description of spontaneous and stimulated emission is given by the
quantum radiation theory (quantum electrodynamics) by Dirac (1930). In its simplest
form it was formulated by Fermi in 1932. According to this formulation, the atom
and the radiation are considered in a big (as compared to the atom) cube. In classical
physics such a cube (a cavity) is regarded as a system having natural oscillations called
harmonic oscillators (modes). The mode density is described by the Rayleigh—Jeans
distribution (2.11). A manifold of such harmonic oscillators (modes) interacts with
the matter (atoms).

In quantum theory, harmonic oscillators are thought to be quantised rather than
classical. The energy of each oscillator in this case is

Ey = (n+3) hw, (2.19)

where n =0,1,2,..., so the ground state energy of the oscillator equals (1/2)hw. The
interaction of an atom with oscillators causes the number of photons to change by £1
for emission and absorption respectively. The relation with Maxwell’s equations for a
classical field is realized by normalizing the classical field amplitude. To do this, the
radiation energy density U is taken equal to the product of Aw and the probability of
presence of one photon in a unit volume. The photons obey Bose-Einstein statistics
that admit an unlimited number of photons in a quantum state, and the statistical
weight n of identical photons is equal to n! rather than to 1 as it must be in a classical
approximation.

As an example, let us point out some details of the quantum theoretical treatment
of atom-radiation interaction, which will be necessary below in considering sponta-
neous and stimulated emission not only for 47 steradians but also into a limited solid
angle in a certain frequency range. Some details of this complete consideration can be
found in many books (e.g., Loudon, 1983; Sobel’'man, 1979).

The electric field strength E can be expressed in the form of expansion in terms of

plane waves e!&r—«t)

E= Z Z ikex, (akpeikr + ai‘(pe_ikr)7 (2.20)
k p=1,2

where the wave amplitudes ax, are determined from the condition of radiation density
normalization. The Hamiltonian of the interaction of an atom with each of the plane
waves in (2.20) has the form

Hint = - pekp (a'kpeikr + altpeiikr)a (221)

MeC

where p is the atomic electron momentum. In case of several electrons p = > p;.
i
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Fig. 2.2 Ilustration of dkd) element of k-space which contains N oscillators (modes) of
electromagnetic field.

The wave vector k can be oriented in space within 47 steradians. The number of
field oscillators (modes), with k confined within the solid angle element d and the
absolute value of the wave vector confined in the interval (k, k+dk) (Fig. 2.2), is
expressed as

V Vv

N = ——dk = ——k*dkdQ, (2.22)
(2m) (2m)
i.e. the number of oscillators per unit volume Ny = dN/V is
k2 w?

This results in the above-derived expression (2.11b), derived above for mode density
p(w) = dN/dw in the case d? = 47 and for one photon polarization in a mode. The
expression (2.23) is more convenient considering spontaneous and stimulated emission
into a limited number of modes and within given spectral dw and angular df2 intervals.
The matrix element H;,; with respect to the wave functions of the “atom + field”
system is nonzero only for quantum transitions where the number of photons n changes
only by unity. Our calculations give the following key expression for the probability
of emission of a photon polarized by e to an element of the solid angle d2 at atomic
quantum transition between the states n and m (Fig. 2.2) (Sobel'man, 1979):

2

ikr 2
dWham = D le(n| pe™ [m)[” ((n) + 1) d2, (2.24)

e‘w
2whedm
where (n) is the average number of photons of a given polarization within the interval
k,k + dk, m. is the electron mass, and the matrix element for n — m is written in a
more compact form than (2.15). By analogy, the probability of absorption at the same
quantum transition is expressed as

2

_ ikr 2
AWinn = g|e<n|pk |m)|* (n) dS2. (2.25)

e‘w

2hedm
Expressions (2.24) and (2.25) confirm strictly Einstein’s hypothesis on the elemen-

tary processes of emission and absorption. In the absence of external photons in field
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oscillators ({n) = 0) only spontaneous emission is possible. With (n) # 0 stimulated
emission may occur and it is related to spontaneous emission by the fundamental
Dirac law

Wem = wep(1 + (n)). (2.26)

It should be underlined that ws, means spontaneous emission only to a certain range
of frequencies and angles, i.e. to a field oscillator (mode).

The relation between the average number of photons (n) in the interval (w,w + dw)
and d and the spectral intensity J(w) (in erg/cm?) can be found in a simple way.
The value of J(w)dwd) must produce an energy flux, within the interval dwd(), which,
in turn, is related to the number of field oscillators (modes) in this interval Np, the
average number of photons in a mode (n) and photon energy

J(w)dwdQ) = Ny (n) clw (2.27)

where N is determined by (2.23). This results in a simple relation between J(w)
and 7
8m3c?

In the case of isotropic equilibrium radiation with the temperature T' the average
number of photons in a field oscillator (mode) is given by the expression

1

(n) = SRl 1 (2.29)
In the general case of nonequilibrium, for example, directed monochromatic laser
radiation (n) could be very large but only for a limited number of modes (only for
one mode in an ideal case). The radiation of astrophysical lasers can be assigned to
an intermediate case when the directivity is far from the diffraction limit (i.e. one
mode) but, nevertheless, the radiation solid angle Q may be much smaller than 47
(Chapter 6).

Now let us turn back to the general expressions (2.24) and (2.25) for the probabil-
ities of photon emission and absorption in the transition n — m. The atomic size a is
much smaller than the radiation wavelength A. Therefore, in a matrix element kr < 1
and, hence, in a first (so-called dipole) approximation we can consider e’s* ~ 1. In this
case the matrix element (n| pe’* |m) = me (n |ve| M) = —iwme (n |r|m), and the value
e{n|r|m) = dym is the matrix element of the electric dipole moment of the atomic
transition n—m, v, is the atomic electron velocity. In this (dipole) approximation
the expressions (2.24) and (2.25) become simpler

w3

. 2
AW = 5= eduul* ((n) + 1) 2 (2.30)

and

w3

mn — 5_ a9z dmn 2 Q 2.31
AWann = 5 e () d (2.31)
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The expression for spontaneous emission probability is usually derived for isotropic
(d2 = 47) naturally polarized (the sum of two polarization states) emission of ran-
domly oriented dipole moments. This is given by the factor 47 x 2 x 1/3 in (2.30) for
(n)y = 0:

4w

3
VVI?& = 3hc3 |dnm|2 = Anm; (232)

It naturally coincides with the expression (2.16) obtained above in a semiclassical
approximation.
The expression for stimulated (induced) emission probability takes the form

Wind — WP

nm nm

4m3c?
where (n) is the mean number of photons determined from (2.28), and account is taken
of the haling (n) for one polarization of naturally polarized radiation. Accordingly the
absorption probability is determined by the relations

; 4m3c?

Wabs = wind = wip 22

In calculations it is often more convenient to use a more simple expression for

induced emission and absorption rates (s~!), where the cross-sections (cm?) of the

corresponding elementary processes are used. The absorption cross-section oy, for

example, is defined as the ratio between absorbed energy hwW2P$ and incident energy
flux J(w)dw, i.e.

J(w) (2.33)

J (w). (2.34)

hwWabs A2 AL

abs
— = 2.35
T (<) J (w) dw "4 dw (2:35)
where d) = 4m since the photon flux directivity is not essential for the total

absorption probability (Fig. 2.4 — page 25). The expression (2.35) contains a spectral
range of incident radiation dw. An atom can absorb (emit) over a certain frequency
range depending on the absorption (emission) spectral line shape. The integral (total)
probability of spontaneous emission appearing in (2.35) can be written as

Apm = /anm (w) dw, (2.36)

where aym, (W) dw is the probability of spontaneous emission in the frequency range
(w,w + dw), depending on the spectral line shape. The line shape is determined by
several mechanisms discussed in Section 2.2. Here we present expressions for cross-
sections in terms of statistical weights (degenerations), g, and gy, for levels n and m,
which for simplicity have been omitted so far:

A2 gn
O'ilbrf (w) = Zj;anln(w)7 (237)
gmaﬁlbns (w) = gnoiﬁg(w)- (2.38)

In the next Section we will consider the nature of broadening of atomic spectral
lines, i.e. the spectral shape anm (w).
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2.2 Broadening of spectral lines

In astrophysical conditions the broadening of spectral lines is governed by radiative
decay, collisions of atoms and electrons and Doppler effect due to thermal motion of
the atoms. Below, these mechanisms are discussed to the minimal extent needed for
the forthcoming Chapters.

2.2.1 Radiative (natural) broadening

In an approximation of stationary quantum atomic states the spectral lines must
be infinitely narrow as the energy of these states is determined precisely. Owing to
spontaneous emission, however, the excited states are decayed with a rate determined
by the probability of spontaneous emission (2.16). The decay is described by the
exponential law e~ "m! where v,, = Anm. For an optical transition, for example,
1/9nm is of the order of 1078 sec, i.e. much longer than the period of electron motion
in an atom wpm, ~ 107! sec. That is the reason why the approximation of stationary
quantum states is rather good.

At first glance, it is the transition rate -, that must determine the spectral line
width of the transition n — m according to the Fourier transform of the exponential
decay law. In other words, weak (forbidden) spectral lines should be very narrow. But
this is only true for the case where the final state m is the ground one, i.e. absolutely
stable. In the general case, it is not true for transitions between excited states.

The problem of radiative broadening of spectral lines was solved by Weisskopf
and Wigner (1930). They proved that the spontaneous emission spectrum depends
on the rates of radiative decay of both the upper and the lowest states. It is quite
natural because in the quantum theory of radiation the matrix elements of a quantum
transition between n and m depend on the wave functions of both states which decay
with their individual rates 7, and 7. So the quantum calculation of the spectral
distribution a,m,(w) given above by the expression (2.36) results in

1
Anm (W) - Anml (239)

27 (0 — wo)” + (1/2)"

which has a Lorentz contour with a total width of v where

Y=+ Ym (2.40)

at the central frequency wy = wym. The formula (2.39) shows that the spectral line
must be wide when the lifetime of the initial and/or the final state is short, no matter
whether the intensity of the line itself is determined by ~,,. Fig. 2.3 illustrates this
situation. Naturally, v, and vy, include all the decays to the low-lying states, with v,
included into v, and, as a rule, Yum < n-

Radiative broadening is small as compared with Doppler broadening (§2.2.3) but
it is fundamentally important because of its prevailing value in the spectral line wings,
i.e. for |w — wnm| > (9m + Ym). Hence the spontaneous decay of excited atomic levels
results in a Lorentz shape of the spectral line (2.39) with its total width « (2.40).
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Fig. 2.3 Radiative broadening of spectral line due to radiative decay of upper (n) and lower
(m) levels.

Stimulated transitions make a contribution to the radiative broadening of spectral
lines, too. According to the quantum theory of radiation, radiative decay is explained
by the finite lifetime of a stationary state (quantum level). Therefore, every level has
its finite width according to the uncertainty principle. The decay rate I';, of the level
n, however, depends not only on the spontaneous decay rate v, but also on the sum
of rates for all the types of radiative transitions for levels n to m

I, = Yn + WIllrl'll’cli + WI?l?lS (241)

For the laser transition n — m the rate of induced emission due to radiation even to
several modes may exceed the rate of spontaneous decay An, and even vy,. So, strictly
speaking, the radiative broadening in laser operation, with due regard for stimulated
transitions changing the level population, that is, under saturation condition, may be
essential.

2.2.2 Collisional broadening

An atomic particle moving in a gas (plasma) collides from time to time with other
atoms, ions and electrons. All the collisions can be classified as inelastic, when the
internal energies of the colliding particles change, and elastic, with the internal energy
remaining constant. The frequency of nonelastic collisions is usually much smaller than
that of elastic ones. In elastic collisions the particle trajectory changes, as well as the
phase of the wave function of the particle state changes, in a random way. In these
cases the atom emits a sinusoidal wave where a phase shift by a random value in a
random time interval occurs.

The Fourier transform f; (w) of the sequence of such sinusoidal waves with a ran-
dom duration 7 has the form

sin? [(w — wo) 7/2] .
27 [(w — wp) /2]°

|fr @)I* = (2.42)
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For independent random collisions the Poisson distribution P(7) is valid (7 = 7¢on):
P (T) = ’ycoue_’yco“T (243)

Using (2.41)—(2.43) we can obtain a spectral contour of radiation broadened owing to
collisions

[(w) = / P (T) Yeou | fr (wﬂdT, (2.44)
0
which has the form of a simple Lorentz contour
I'(w) = 1ol L (2.45)
T (W= wo)” + Voo
The corresponding width is given by
Aweoll = 27colt, (2.46)

where 701 is the collision frequency.

In the simplest case the collision frequency 7eon in a gas (plasma) having the
density Ny of colliding particles with the velocity v and the effective cross-section of
collisions oo (V) can be expressed as

Yeoll = N / w(v)ocon(v)dv = Ny (vocon) , (2.47)

where w(v) is the velocity distribution of colliding particles, and (vocen) is the short
notation of the averaging on velocity distribution. Collisions with different types of
particles (neutral atoms and ions, electrons) have different effective cross-sections. The
idea about them can be inferred from other books (Traving, 1968). It is convenient
to use the effective collisional cross-section for neutral atoms oo = Wag, where ag =
0.5-107® cm denotes the Bohr orbit of the hydrogen atom. In this case we can use
the average value of the free path length ¢ in

0= (Noma2) ™" ~ 10Ny (cm), (2.48)

for hydrogen atoms with their concentration Ng.

The collisions are responsible for Lorentz contour broadening (2.45). Radiative and
collisional broadening results in a total Lorentz contour with a homogenous half-width
of the spectral line

A("-)hom =7+ choll =7+ 270011- (249)
In an astrophysical rarefied plasma characteristic for hosting the astrophysical lasers

discussed in this book the collisional broadening is much less than radiative
broadening.
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2.2.3 Doppler (nonhomogeneous) broadening

When an atom moves with velocity v at an angle ¢ relative to the direction of obser-

vation (Fig. 2.4a), the frequency of the observed radiation, w is shifted owing to the

Doppler effect

1 _ 3

1-@/eose (1 ~ ¥ cos g0), (2.50)
571/2 c

[1 ~ (v/e) ]

where wy is the radiation frequency of an atom at rest. With v < ¢ the value of the
Doppler shift Aw = w — wy is

W = Wyo

Aw _v cos ¢, (2.51)
wo C

and the spectral line width is determined by the so-called homogeneous width (2.49)
as shown in Fig. 2.4b. If the atoms are at thermal equilibrium, the projection of their
velocity in the chosen direction on an observation, for example the z-axis v = vy =

v cos , obeys the Maxwellian distribution (Fig. 2.4¢)

w (vy) = ﬁexp [— (12‘)2] (2.52)
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Fig. 2.4 Influence of the Doppler effect on the shape of a spectral line: (b) Doppler shift
due to an atom, moving with velocity v. The Doppler effect shifts the emission frequency
from vo to v; (c¢) thermal distribution of atom velocities and (d) corresponding Doppler
inhomogeneously broadened spectral line. The upper curve (b) is the response of particles
moving with velocity v as in (a). The lower curve (d) is the response due to atoms over the
entire thermal distributions.
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where u is the mean square velocity of particles with their mass M at the temper-

ature T 12 12
2T W (T
u= <M) =1.28-10 (A) [cm/s], (2.53)

where A is the atomic weight of a particle in atomic units. Thus, random thermal
motion causes a Doppler broadening with a Gaussian profile of the spectral line

9(©) = <o [— (522 )]
= <2\/?> AuluD exp [4€n2 <wAw;}0)21 (2.54)

where dwp = wo(%) is the Doppler half-width on the level 1/e. The full Doppler width
at half-maximum of the spectral line

KT\ /2
Awp = 2Vn26wp = 2wy <2£n2MQ> =7.16-10 "wy (T/A)"/?. (2.55)
c
The total contour is a sum of many (convolution) Lorentz contours (Fig. 2.4d)
according to the velocity distribution over a fixed direction of observation and the
corresponding Doppler frequency shift wov/c:

A 7 w (v) dv
Tw) = 27 / (w —wo — wov/e)® + (v/2)* (2:56)

—00

In case of Maxwellian velocity distribution w(v) this total contour is known as the
Voigt contour.

In astrophysics we use the so-called “damping factor”, i.e. the ratio between the
Lorentz homogeneous width Awpem (2.49) and the Doppler width (2.55)

AWhom ¥+ 27coll —
a 25WD 25WD n AWD ( or ’y >> 70011) ( )

This factor is important in the theory of spectral line formation in stellar atmospheres
and nebulae (Mihalas, 1978).

Doppler broadening is often called inhomogeneous as it masks the true homoge-
neous broadening governed by radiative decay and collisions (Fig. 2.4d). In linear inter-
action of light with a spectral transition the information on the true width is masked
by the Doppler effect. But astrophysicists gain information on the homogeneous width
by observing the far wings of the Lorentz contour which decreases as the frequency
detuning (w — wp) is much slower than the Gaussian profile wings. In nonlinear inter-
action (under quantum transition saturation), particularly with anisotropic radiation,
the difference between homogeneous and inhomogeneous broadening is of fundamental
importance. This difference is essential for astrophysical lasers (Chapter 6) as it pro-
vides the basis for nonlinear laser spectroscopy free of Doppler broadening (Letokhov
and Chebotayev, 1977).
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2.3 Resonance scattering of radiation

Resonance scattering of radiation by atoms is one of the basic radiative processes
responsible for the formation of spectral lines in gaseous astrophysical media (stellar
atmospheres, nebulae, etc.). This rather complex process (which includes radiative
decay, collisions, and thermal motion of atoms) has been studied in astrophysical
literature for decades. The results of these studies are summed up in an excellent
monograph by Mihalas (1978). Below we shall restrict ourselves just to a minimum of
these results needed for further consideration.

2.3.1 Coherence of scattering in the atomic frame

Coherence of scattering has a wide meaning in astrophysics as the presence of correla-
tion between the frequencies of incident and scattered radiation (coherent scattering)
or its absence (incoherent scattering). For a motionless isolated atom (atom in its own
frame of reference) only coherent scattering is possible which is dictated by the laws
of conservation of energy and momentum — accurate enough to exclude the negligible
but fundamentally important frequency shift due to the recoil effect (Minogin and
Letokhov, 1987; Letokhov, 2007). In the atomic frame the presence of collisions makes
both coherent and incoherent scattering possible, depending on the collision frequency.
And, finally, the above statements remain true for a moving atom in its own frame. For
isotropic scattering in the observer’s coordinate system the frequency always changes,
i.e. the scattering is incoherent. But, this statement is also strictly valid, too, for the
central part of the Doppler contour when the mean frequency shift due to scattering is
comparable with the Doppler width. When the radiation from the atoms with velocity
v > u is scattered, i.e. at the far wing of the Doppler contour, a certain frequency
correlation is retained since the frequency shift in this case is comparatively small, i.e.
of the order of dwp. The scattering here is partially coherent.

For simplicity, let us consider resonance scattering in the three cases illustrated in
Fig. 2.5. In case (a) the lowest state of an isolated (free) atom is the ground state,
i.e. it has a zero radiative width. In this case a scattered photon with frequency w,
because of the absence of perturbations in the upper state, has the same frequency as
an incident photon. The scattering cross-section o averaged over atomic orientations
is determined by the expression (Loudon, 1983)

Osc (W :/\—ZQ w :)\—2 (7/2)2
sc( ) ( ) o'rr (win)2+(7/2)27

0 (2.58)

where v = v, i.e. (2.58) coincides with (2.37) for the absorption cross-section at
transition 0 — n. At the central frequency wqg the resonance scattering cross-section is
determined by the simple expression

/\2

o (2.59)

Osc (WO) =

In the case of an isolated atom we should distinguish the absorption probability of a
photon and the excitation probability of an atom. At first sight it seems that a photon
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Fig. 2.5 Various cases of resonance coherent and noncoherent scattering of light by an atom
with: (a) radiative decay of upper level n; (b) collisional decay of upper level; (c¢) radiative
decays of both (upper and lower) levels. Spectra of incident light on frequency w (left side)
and spectra of scattered light with frequency w’ (right side) are shown also.

with this frequency w # wy in the Lorentz wing will excite the atom too but, according
to (2.37) and (2.39), with a probability that is ((w — wp)/v)> times less than at the
centre of the line. But, that is not true since it contradicts the energy conservation
law of the “atom + photon” system. An isolated atom cannot transfer the excess (or
acquire the shortage) of its energy i (w — wp). An atom can enter an excited state only
in a two-photon absorption process (absorption of two photons simultaneously) with
reemission of one photon with the frequency w’ = 2w — wy (Makarov, 1983). When a
photon is absorbed with the frequency w such that |w — wg| > 7, the atom scatters
the photon but remains excited virtually for a very short time 1/ |w — wo|. It is evident
that, in the case of a non-isolated atom interacting with other particles (reservoir),
the excitation of the atom becomes possible.
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In the case (b) (Fig. 2.3) the lower level remains narrow but the excited level is
broadened not only by radiative decay with the probability 7, but also by collisions
with a frequency much larger than ~,. The spectral line shape remains, as before,
Lorentz-like (§ 2.2.2) with its full width (2.49). In this ultimate case the frequency of
the reemitted photon w’ cannot be correlated at all with that of the incident photon.
The incoherent scattering cross-section is determined in this case by an expression
like (2.58) where the full width v must mean the full width due to radiative decay
~vn and collisions 27con, i.e. (2.49). This case does not exist under the conditions of
astrophysical lasers because they always have low density of atoms, ions and electrons.
It is included here just to make the illustration of coherent and incoherent scattering
complete.

In case (¢) (Fig. 2.5) the atomic levels m and n are broadened by radiative decay
but after absorbing a photon with the frequency w the atom returns to the initial
level. The expression for photon absorption probability Aw with photon reemission
hw' was derived by Weisskopf (1933) and later on by Woolley (1938). The expression
for resonance scattering cross-section in this process is rather cumbersome. It is given
in the monograph by Mihalas (1978). Here we consider only a specific feature of the
reemitted photon spectrum. There are two peaks: at the incident photon frequency
w and at the frequency of the centre of spectral line wy with characteristic radiative
widths v = v, +vm and vy, respectively. The details of this spectrum are not essential
here because, under astrophysical conditions, the Doppler effect causes a much larger
broadening of the scattered radiation spectrum.

These are the properties of radiation scattered by a fixed or a moving atom in
its own coordinate system. The change to the coordinate system of the observer who
gets the light scattered by randomly moving atoms makes the picture much more
complicated and interesting.

2.3.2 Doppler redistribution of frequency

In astrophysical gas media thermal motion results in an essential redistribution of the
frequency of radiation by resonance scattering from moving atoms. Without going into
details of the complicated calculations given, for example, by Mihalas (1978), we shall
restrict ourselves to qualitative results.

Even if the scattering is coherent in the atomic coordinate system (the case (a)
in Fig. 2.5), in the observer’s coordinate system the frequency is redistributed owing
to a random Doppler shift of frequency at scattering. In the Doppler contour nucleus
(Jw —wo| < 36wp), for example, full frequency redistribution of scattered radiation
occurs, i.e. the resonance scattering is fully noncoherent.

Outside the Doppler nucleus of the spectral line, particularly in far wings (Jw — wo]
> 3dwp), the resonance scattering is incoherent by approximately two-thirds and
coherent by one-third. The conservation of a certain part of coherence is thus
explained. With large frequency shifts of order (w — wp) in the Maxwellian distribu-
tion there are no fast atoms, which could compensate for this detuning by the Doppler
broadened line. Therefore, the scattering in the far-removed wing of the Doppler line is
more coherent than in the line core, where the resonance scattering is fully incoherent
owing to the Doppler redistribution of frequency.
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The spectral profile of the resonance scattering cross-section is essentially
deformed. Instead of the Lorentz contour (2.39), a Gaussian profile is formed
(described by dwp > « in the expression (2.54)). The cross-section of resonance
scattering at the centre of the line, wy ol (wp), for a Doppler-broadened transition
is related to the scattering cross-section in the absence of Doppler broadening (i.e. at
a radiation-broadened transition) as

US]% (wo) = < EnZAZ)D) O';gd (wo) = aoggd (wo), (2.60)

where a = (7/Awp) VIn2 is the damping constant (2.57). For example, the value of
this constant in such an important case as hydrogen resonance line Lya (1215 A) is
a=4.7-10"%for T = 10* K.

In the far wings, however, the fraction of atoms moving with v > u is negligible
and they do not contribute to the cross-section of resonance scattering in contrast
to atoms with low velocities v < u. The cross-section of resonance scattering from
these slow atoms, with |w — wp| > dwp, is determined by radiative decay because the
Lorentz profile in a wing is much more intense than the Doppler profile. So, the cross-
section of resonance scattering on a spectral line wing is determined not by (2.60) but
by the expression

(v/2)°
(w—wo)® + (v/2)*

Usri (|w - w0| > AWD) = Usc(wo) (2.61)

where oy (“0) is described by (2.58). The same considerations, as illustrated in Fig. 2.6,
are valid for the resonance absorption cross-section o,ps(w) as well. We shall make use
of them below when discussing optically dense media.

The frequency redistribution at resonance scattering is essential when explaining
the profile of spectral lines in stellar atmospheres (Mihalas, 1978). For the physics
of astrophysical lasers acting at the centre of the Doppler contour this point is less
important. The Doppler diffusion of frequency, however, is essential for evaluating
the parameters of the hydrogen resonance lines Lya and Ly, which are sources of
pumping excited states in other atoms and ions that give rise to an inverse population
and a laser effect.

2.3.3 Number of resonance scattering events — escaping
of photons

In an astrophysical rarefied plasma, which is the medium of astrophysical lasers, the
elementary act of resonance scattering occurs repeatedly because the optical density 7
of such a medium is very high. The probability of collisions is usually many orders less
than the resonance scattering cross-section, so the main part in the plasma is played
by radiation processes. The optical density of resonance scattering (and resonance
absorption) at the centre of the line for an ensemble of atoms, with density Ny and
average size L, is given by the expression

70 = 0sc (Wo) NoL = Tabs (wo) NoL. (2.62)

The value of 7y for resonance lines is usually very high (¢g7o > 1).
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Fig. 2.6 Spectral dependence of resonance scattering cross-sections for slow atoms without
Doppler effect (narrow Lorentzian profile) and for moving atoms with Doppler effect (wide
Gaussian profile) illustrating effect of radiative decay on wings.

The cross-section of resonance coherent scattering determines the free path length
of a photon, /., with the frequency w in an ensemble of scattering atoms with their
density Ny:

1
Osc (w) No ’

In a region with the dimensions L > /., a photon will perform random walks until it
escapes this region. The number of such scattering acts, Ny, in a spherical area with
its diameter L is given by the simple expression

lse (w) = (2.63)

L 2
Ny =~ <£> =12, (2.64)

i.e. Ng. seems to be huge.

In reality under astrophysical conditions (nebulae, gas condensations, outer layers
of stellar atmospheres) the expression (2.64) is not valid because of the Doppler redis-
tribution of frequency at scattering. In this case after several scattering acts a photon
may find itself on a wing of the Doppler contour, where ls.(w) > ls (wp). Such a
photon is able to leave the scattering volume even when it is far from a surface layer
with a thickness of about fs. (wp). This is illustrated by Fig. 2.7, where photons with
their frequency ws in the far wing have a path length much shorter than photons with
w1 near the centre of the spectral line.

The processes of Doppler diffusion of frequency, its relation to the number of
random scattering acts Ny, and the probability of photons escaping the scattering
area through the wings of spectral lines, are responsible for the formation of spectral
lines of stellar atmospheres and nebulae. These processes were studied in many papers
in the mid 20th century and results have been presented in many review papers (for
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Fig. 2.7 Multiple resonance scattering of photons with various of frequencies in spherical
volume.

example, Hummer and Rybicki, 1971; Mihalas and Athay, 1973) and monographs
(Sobolev, 1962, 1963; Ivanov, 1971; Mihalas, 1978). In our further discussions we shall
only need some key results of these fundamental studies.

If Doppler diffusion of frequency is allowed for, the number of random scattering
acts Ny essentially falls because of the escape of photons in the Doppler contour wings
(Avrett and Hummer, 1965):

Nio =~ 7 {ﬁn (%)} v (2.65)

This expression is valid when amy < 1. With a very high optical density the scattering
becomes essential in a Lorentz contour wing which gives rise to the following expression
for Ngc

Ny (%)1/2 (2.66)

The variation of the spectral distribution of radiation at multiple scattering is
illustrated in Fig. 2.8a, where the spectrum deformation near the Doppler nucleus,
i.e. for ary <« 1, is shown. The spectral distribution of the absorption line shows
the same deformation (Fig. 2.8b). The flattening of the radiation spectrum reflects
its approach of a radiation spectrum to the black-body radiation intensity at the
corresponding temperature. This situation agrees with the definition of the effective
(spectral) temperature of radiation line. In the case of the absorption spectrum this
flattening corresponds to 100% absorption with 79 >1 at the centre of the line and to
the manifestation of absorption in the far-removed wings of the spectral line.

To describe how the profile of an observed absorption line depends on the optical
density 7y, the so-called curve-of-growth is used in astrophysics. Since the details of
this curve used for quantitative analysis of stellar spectral lines (Greenstein, 1960;
Emerson, 1996) are not essential for us, we shall restrict ourselves to the qualitative
growth pattern shown in Fig. 2.9. The vertical axis in Fig. 2.9 gives the area under the
spectral line contour (integral intensity), which is proportional to the product of the
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Fig. 2.8 Symmetrical evolution of spectral lines in optically thick media: (a) emission line in
resonance scattering media; (b) absorption line in absorbing media. ¢ is the optical thickness
for centre of spectral lines.

line intensity and its width. For simplicity this area is normalized to 1, when 79 = 1
for @ = 1. The whole plot is given in log—log scale as is common in astrophysical
literature. The initial linear section of this curve, where a < 1, corresponds to the
growth of the spectral line height up to the beginning of its flattening. Below this
limit the scattering (absorbing) medium is optically thin and there is no repeated
scattering. Then, when 1 < 79 < 1/a, the growth becomes saturated in an optically
dense medium. This results in a spectral line flattening and a very slow increase of
the width caused by a sharp fall of the Gaussian wing in the Doppler profile. Finally,
in an optically very dense medium, where 7y > 1/a, the spectral width continues to
grow at the expense of a rise of the Lorentz wing caused by homogeneous (radiative
in our case) broadening.

The dependence of the spectral width of the scattered radiation Awg;g on the num-
ber of scattering events Ny, can be approximately estimated in a diffusion
approximation

Awdiff >~ (5(,«1[)\/ NSC, (267)
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Fig. 2.9 Curves of growth of integral spectral intensity (II) of line with Doppler and radiative
broadening (7¢ is optical density, a = v/Awp — damping factor).

where dwp is the mean step of frequency variation at scattering which is approximately
equal to the Doppler half-width dwp.

The diffusion of the scattered radiation spectrum inside a scattering ensemble of
atoms is most important for understanding the optical resonance excitation of other
atoms whose absorption frequency is near the frequency wg of scattered light. The
probability of photon escape 3 is determined by the expression

p= 1 (1—e"™). (2.68)

70

The exact expression for the Doppler contour within the range 1 <« 79 < 1/a has the
form (Osterbrock, 1962)
1 T0 1/2
6= 7_0 [Enﬁ} . (2.69)
The main effect consists of a decrease of 3, which is proportional to 1/79. The photons
are scattered and redistributed in frequency mainly within the Doppler nucleus having
the width |w — wo| < Awp and, as they approach this limit, they escape the scattering
area. Therefore, the spectrum of the escaping radiation has two peaks at frequencies
|w —wo| >~ 3dwp and a dip at the centre of the Doppler contour. The qualitative
form of the spectrum of this radiation is shown in Fig. 2.10 for various values of the
optical density 70 = o (wo) No (L/2), where L is the diameter of a spherical scattering
volume.
Multiple resonance scattering leads to a radiation trapping effect when a photon
moves inside the scattering area during many scatterings (Holstein, 1947). For a reso-
nance transition to the ground state this causes an effective increase in the radiative
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Fig. 2.10 Spectra of radiation escaping from spherical volume with optical density 70 =
0sc (wo) NoL/2 (L is diameter of scattering volume obtained by numerical solution of radiation
transfer equation (from Klimov et al., 2002).

lifetime of an excited atom 7, up to the value

ol = Tn%, (2.70)
where 3 is the escape factor determined from (2.68) and (2.69). The radiation trapping
effect in optically dense atomic media is considered comprehensively in a monograph
by Molish and Oehry (1998).

In the treatment above, the scattering area has everywhere been assumed to be
free from non resonance absorption (xnr = 0). But, if xn # 0, the presence of non
resonance absorption somewhat changes the ratio of line intensity with different 7.
This can be explained by the fact that the average physical path of a photon in a
scattering medium Lpy, is larger than the medium itself L. Indeed, Lpn ~ Neclse
L (Em'o)2, i.e. the effect can be observed but with 7y >1. In this case even slight non
resonance absorption, with x,, ~ 1, considerably affects the radiation intensity. The
variation of the non resonance absorption factor for various spectral lines may cause
the ratio between their intensities to change. This effect was numerically estimated to
explain the abnormal ratio between the intensities of two very bright spectral Fe II
UV lines (2507/2509 A) and their satellites, the ion Fe II in gas condensations near
the blue star Eta Carinae (Klimov et al., 2002).

In the general case, the radiation intensity inside a medium and its observable value
at the boundary of the scattering area are described by transfer equations including
frequency redistribution at scattering, death of photons because of absorption, etc.
Radiation transfer equations and their solutions are considered in many special mono-
graphs (Sobolev, 1962; Ivanov, 1971; Mihalas, 1978) to which we refer our readers.



3
Elements of atomic spectroscopy

One of the prerequisites for obtaining stimulated emission of radiation and natural
laser action in cosmic plasmas is the presence of atoms or ions having an atomic
structure that allows for a build-up of population inversion. The atomic structure is
equivalent to the set of stationary energy states that result from the various arran-
gements of electrons, as regards orbit, angular momentum and spin, predicted by
quantum mechanics. A detailed knowledge of the atomic structure is, in general, ess-
ential for the understanding of the processes behind the formation of emission lines
that appear in spectra of low-density astrophysical plasmas. In this Chapter, atomic
structures of increasing complexity are illustrated by energy level diagrams of atoms
or ions, for which fluorescence and natural laser radiation have been proposed.

In this Chapter we will also define the terminology used in connection with atomic
structure, transitions and various processes because the spectroscopic language differs
between atomic and stellar spectroscopy and this may constitute a barrier in scientific
communication between the two fields. Stellar spectroscopists are trained in the use
of Charlotte Moore’s atomic data tables from the 1940s and 1950s (see e.g. Moore,
1945), which introduced the “multiplet numbers” for complete and incomplete tran-
sition arrays between LS terms (see below) of opposite parity. This notation system
has not been pursued in extensions of data tables or databases that are caused by
extended analyses of atomic spectra. It can thus not be used to give a complete nota-
tion of all lines observed in a stellar spectrum. Laboratory spectroscopists use standard
spectroscopic notations, which are dependent on the coupling model used to describe
the atomic structure. There could be more than each for each particular atom.

To address the two different systems of labeling of spectral lines we will make a
compromise and use LS notation for energy levels and transitions except for those
lines which are better known as members of well-known line series, e.g. Lya, Ly3, Ha
(Balmer «) etc. in hydrogen. We will avoid multiplet numbers as no physics can be
read out from them.

3.1 Basic concepts

We give here some introductory terminology and a brief explanation behind the various
atomic structure concepts used in this book.

3.1.1 Structure and interactions

The atomic structure of an atom (ion) is determined by the hierarchy (amount of
energy) of the various interactions. The dominating contributions come from the
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Coulumb interactions: the electron—nucleus and the electron—electron interactions.
The electron—nucleus interaction depends on the principal quantum number n and
gives the gross structure. The general structure includes electron—electron interaction,
which splits up the gross structure with a dependence on the orbital quantum number
l. The collection of energy states associated with given values of n and [ is called a
configuration.

The smaller interactions, called relativistic effects, are associated with the elec-
tron’s spin (s) and a relativistic treatment of the electron. The interaction between
the spin and the electron’s orbit is called spin—orbit interaction, which contributes
energy and causes the fine-structure splitting. The resulting energy state is called a
level, and is independent of atomic model characterized by its parity, energy, and total
angular momentum J. The parity is odd if the sum of the individual j-values for the
valence electrons is odd, and even for an even sum of j-values.

Depending on the hierarchy (relative strengths) of the various interactions different
atomic models are applied when making a theoretical treatment of the atom. One
basic consideration is the relative strength between the spin—ban and electron—electron
interactions. When the spin—ban interaction (or the relativistic effects) is much smaller
than the electron—electron interaction the LS coupling model is valid, whereas the
opposite case is described by jj-coupling. (The latter applies when two valence electrons
are well separated.)

3.1.2 LS coupling

As mentioned above, the LS coupling model of atoms is the one mostly referred to
in astronomical literature, and the old atomic data tables of multiplets are based on
that concept. Since the spin—orbit interaction is small in LS coupling the fine-structure
splitting is small. The coupling conditions are:

(a) The orbital angular momenta of the electrons are coupled to give a total orbital
angular momentum L = ¥;l;.
(b) The spins of the electrons are coupled to give a total spin S = ¥ s;.

The combination of a particular S value with a particular L value comprises a spec-
troscopic term, the notation for which is 25t1L. The quantum number 2S5 + 1 is the
multiplicity of the term. The S and L vectors are coupled to obtain the total angular
momentum, J = S + L, for a level of the term; the level is denoted as 251L .

For two electrons the total spin is S = 0 or 1, i.e., the terms are singlets (S = 0)
or triplets (S = 1). For strict LS-coupling, transitions between levels in the singlet
and levels in the triplet systems are forbidden. However, such LS-forbidden transi-
tions occur in practice and they are called inter-combination lines (see two-electron
systems below). Their strength in a spectrum indicates the validity of LS coupling in
the specific case.

3.1.3 Terms, levels, and transitions in LS
coupling — equivalent electrons

Simple rules govern the derivation of possible LS terms within a given configuration:
11 + 12 = L, where L = ll + lg,ll + ZQ — 1,‘11 — 12| and S1 + S2 = S, where
S = S$1 + S2,81 — S2.
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The LS term is written as 2°+1L. The J-value for the individual fine-structure
levels within the term is derived in a similar way:

L+S=J, where J=L+S,L+S5—1,....|L—S|. The level is written as >>*1L;.

As an example, for the 3d4p configuration 3d gives Iy = 2 and 4p gives lo = 1. This
results in L = 3,2, 1, which correspond to F, D and P terms. The total spin is S =1
or S = 0, yielding triplets and singlets. The six LS terms of 3d4p are 3F, 3D, 3P, 'F,
'D and 'P. The J-values for 3F are 4,3,2 and J = 2 for 'D. The 3d4s configuration
has only two terms, one 'D and one 3D term.

The possible transitions between the levels in two configurations, e.g. 3d4s-3d4p
are called a transition array, whereas the transitions between two LS terms of the
array form a multiplet. The 3d4s ®Dy-3d4p 3F3 line belongs to the corresponding
3D - 3F multiplet. The order of the two terms in the transitions as written above, with
the lower-energy term on the left, is standard in atomic spectroscopy. The transitions
allowed follow certain selection rules for electric dipole radiation: Change of parity and
AJ = =£1,0 (excluding 0 — 0). These selection rules are model independent, but in LS
coupling also the selection rules AS =0 and AL = £1,0 (excluding 0 — 0) are valid.

When a configuration contains equivalent electrons, e.g. 3p?, the derivation of LS
terms is more complicated. In two-electron systems half of the LS terms obtained for
non-equivalent electrons, e.g. 3p4p, are omitted because of the Pauli principle. The
np? configuration contains one P, one 'D and one 'S term.

3.1.4 Complex spectra

The atomic systems discussed above have the property that all spectral series converge
on one series limit, the ionization limit. In contrast to this we define complex spectra
as atomic systems having multiple series limits. These can arise when

(a) the ground configuration of the next higher ion, the parent configuration, con-
sists of more than one LS term, e.g. p2, d® etc.

(b) there is more than one configuration at very low excitation energy, as is for
example the case with the transition elements

(¢) the fine structure splitting of the parent term is large (occurs for heavy elements)
in systems with one series limit.

The first case applies to spectra of the p-shell elements, e.g. N I. The next higher ion,
N, is iso-electronic with C I having 2p? as the ground configuration. Thus, 2p? is
the parent configuration of N I and it has three LS terms, *P, 1D, and 'S. These form
the parent terms or series limits of N I. The structure of N I is built up by adding an
electron to each of the parent terms in the parent configuration. For example, the LS
terms of the 2p23p configuration in N I are derived by applying the so-called branching
rule in the following way: add the 1 of the outer electron to the L, of the parent term
to get the total L value, and do the same with s and S,. We start with the *P parent
term, which is given in parentheses in the LS description of the final level:
2p2(*P)3p: Le = 1,l=1= L =2,1,0 give D, P and S terms, and S, =1, s = 1/2 =
g = 3/2, 1/2 give quartets and doublets. The result is *D, 4P, S, 2D, 2P, 2S. The
full LS notation is 2p?(*P)3p *D, 2p?(*P)3p *P etc.
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2p2(1D)3p: Le = 2,1 =1 =L = 321 give F, D and P terms and S, = 0, s =
1/2 = g = 1/2 gives doublets. The result is ?F, 2D, 2P. The full LS notation is
2p?(1D)3p?F etc.

2p%(18)3p: L.=0, I=1= L=1 gives one P term and S, = 0, s = 1/2 = g = 1/2 gives
doublets. The result is 2P and the full LS notation is 2p?(1S)3p?P.

The configuration 2p? 3p is split up in three subconfigurations 2p?(ML)3p, based on
three different parent terms. Each subconfiguration is a one-series limit representation.
The strongest lines in a complex spectrum correspond in most cases to transitions
between subconfigurations having the same parent term.

3.1.5 Metastable states, pseudo-metastable
states — forbidden lines

The ground configuration of a complex spectrum contains several LS terms that cannot
decay by obeying the selection rules for electric dipole radiation (E1). Hence, they have
long radiative lifetimes (order of ms—s) compared to other excited states (order of ns—
ws). Such levels are called metastable states. In laboratory sources the metastable
states decay by collisional deexcitation, which is also the case in dense astrophysical
plasma. However, in low-density astrophysical plasma, such as a nebula, the metastable
states may decay radiatively in electric quadrupole (E2) or magnetic dipole (M1)
radiation. Such transitions are in astrophysics called forbidden lines.

In complex spectra with many valence electrons and many parent terms the ground
configuration may extend above the next higher excited configuration. For example,
in spectra of singly ionized iron group elements that may result in transitions from
high 4s states down to lower 4p states. Such high 4s states show metastability with
radiative lifetimes of the order of milliseconds even if they can decay in what seems
to be regular LS transitions, and they are called pseudo-metastable states.

3.2 One-electron systems
3.2.1 Omne-electron atoms and ions

The simplest of all atomic systems is the hydrogen atom, as it only contains one
electron and one proton. In the special case of hydrogen — a one-electron-atom —
the energy of the stationary states only depends on the principal quantum number,
n, and is thus well described by the Bohr atomic model. This is the so-called gross
structure of the atom, shown in Fig. 3.1a, only regarding the attraction between the
electron and the nucleus. If the energy level system is displayed according to the orbital
quantum number (as an ordinary one-electron system, such as Li or Na) the spectrum
of radiative transitions between even- and odd-parity levels is illustrated in Fig. 3.1
which also indicates the fine-structure levels of the various terms and assigns them in
LS notation. This is only for convenience as no coupling of electrons occurs. It should
be noted that in most practical cases the gross structure of hydrogen is enough for
illustration, as the various fine-structure components are not resolved in astrophysical
spectra.

Owing to the high cosmic abundance of hydrogen its spectrum lines are dominant
in astrophysical spectra. The principal excitation process of hydrogen emission lines
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Fig. 3.1 The gross energy level structure of hydrogen (atom energy level diagram) (a).
An extended diagram including the spectral lines Lya and Ly, which are important for
astrophysical lasers (b).

in low-density media (e.g. the interstellar medium (ISM)) around stars is radiative
capture or recombination, as discussed in Chapter 4. The recombination spectrum
occurs all the way from 912 A to far out into the microwave region. For direct radiative
line pumping by hydrogen the most important lines are the Lya and Ly transitions,
indicated in Fig. 3.1b. During the cascading of HI downwards in the energy level
diagram after recombination, a substantial proportion of the H atoms are populating
the n = 2 and n = 3 states, producing a substantial flux in Lya and Ly3. We will
see later in Chapter 4 applications of resonant line pumping of transitions in other
elements by Lya and Lyg, resulting in inverted population and stimulated emission of
radiation. We have also inserted Balmer alpha (Ha) to make the reader familiar with
the diagram.

3.2.2 Alkali and alkali-like spectra

The influence on the level structure of the orbital angular momentum is evident when
looking at the alkali atoms, where there is one valence electron outside a closed rare
gas shell. The shielding of the nucleus by the core electrons is the second largest
effect in the level diagram as it splits up the gross structure for a given n. It is
sometimes referred to as the penetration effect, where the valence electron penetrates
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Fig. 3.2 Energy level diagram of neutral sodium, Nal (a), and Li-like carbon CIV (b).

the atomic core and experiences an effective net charge that is strongly dependent on
1, the geometric eccentricity of the orbit. In Fig. 3.2a we show the structure of the
sodium atom, Na I, with its famous Na D lines around 5990 A, where the difference in
binding energy between the 3s and the 3p electrons corresponds to the photon energy
of the Na D lines. However, at such a long optical wavelength the Na D lines have very
little possibility of having any influence on line pumping in astrophysical media. This
possibility increases, however, when looking at ions of elements that are iso-electronic
with the alkali spectrum of Lil, such as CIV and NV (Fig. 3.2b).

Owing to the much shorter wavelength of the resonance lines and the high cosmic
abundance these species are involved in a number of fluorescence processes in various
astrophysical objects, e.g. symbiotic stars, which are binary systems with a hot and
a cool component. The resonance line of triply ionized carbon, C IV at 1550 A, is
formed close to the hot star, and it photo excites resonantly singly ionized iron, Fell.
This interaction results in a selective population of certain FeII levels, which decay by
emission of radiation in fluorescence lines. In the symbiotic star RR Tel the wavelength
coincidence between one of the C IV resonance lines and quite a moderate Fell line
results in the selective photo excitation of a specific FelIl level at about 8 eV, which
decays in ten observed transitions. These transitions become significant fluorescence
lines in the ultraviolet spectrum of RR Tel contributing to the cooling of the nebula
(Johansson, 1983; Hartman and Johansson, 2000).



42 Astrophysical lasers

3.3 Two-electron systems

3.3.1 Alkaline earth elements and iso-electronic spectra

The alkaline earth elements are two-electron systems having two valence electrons
outside a closed rare gas shell, i.e. having two ns valence electrons. Among these,
magnesium and calcium have high cosmic abundances and contribute strong lines in
astrophysical spectra. Among two-electron systems with similar atomic structure one
should also include iso-electronic ions of other abundant elements, such as Be-like C III,
Mg-like Al 11, and Si III. The two possibilities of parallel and anti-parallel spins of the
two valence electrons are reflected in two types of LS terms: triplets and singlets. The
connection between the two spin systems introduces the concept of inter-combination
lines or spin forbidden transitions, which play a major role in astrophysical emission
line spectra.

The strong LS-coupling in Mg I is demonstrated by the atomic parameters describ-
ing the inter-combination line to the ground state, 3s? 'Sy — 3s3p 3Py (see Fig. 3.3).
The resonance transition at 2852 A within the singlet system 382180 ~ 3s3p Py has
a transition probability (A-value) of 5-10% s=!, whereas the inter-combination tran-
sition at 4571 A has an A-value of 2102 s~!, i.e. six orders of magnitude smaller. In
general, the intensity ratio between the resonance line and the inter-combination line
get considerably smaller for heavy elements.

The presence of inter-combination lines in astrophysical emission line spectra ind-
icates low densities, and the intensity ratio between spin-forbidden and spin-allowed
lines is used as a density diagnostics in planetary nebulae (Osterbrock and Ferland,
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Fig. 3.3 Energy level diagram of neutral magnesium MgI.
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part of the energy level diagram of the Mg-like spectrum of SiIII (b).

2006). To illustrate the significance of inter-combination lines in low-density media
we show in Fig. 3.4 the region 1780-1930 A of the blob spectrum of Eta Carinae, as
recorded with the High Resolution Spectrograph (HRS) onboard the Hubble Space
Telescope (HST). Besides a Ly« pumped fluorescence FeIll line, the intercombination
line of Si IIT at 1898 A is very dominant in this wavelength region. An extract of the
energy level diagram of the Na-like Si IIT system is also displayed in Fig. 3.4 to indicate
the location of the intercombination line. The Si IIT line might be enhanced in the
Eta Carinae spectrum owing to resonance-enhanced two-photon ionization (RETPI)
(Johansson et al., 2006).

3.3.2 Elements with two electrons or two holes in the p-shell

The elements having an atomic structure with two valence electrons in an open p-
shell show similar energy level diagrams to elements with four p-electrons, which is
equivalent to two electron holes in the p-shell. Some of the most important elements
in astrophysics meet this description — carbon (C I) with the ground configuration
2p2, and oxygen (O I) with the ground configuration 2p*. The corresponding elements
in the 3p-shell are silicon (Si I) and sulphur (S I) with the ground configurations 3p?
and 3p?, respectively. All these elements have their resonance lines far down in the
ultraviolet wavelength region. In Fig. 3.5 we show the energy level diagrams of C I
and O I. The diagrams of Si I and S I will be very similar to the diagrams of the
homologous elements C I and O I, respectively.
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Fig. 3.5 Energy level diagrams of OI and CI.

The ground configuration of the four p-shell elements mentioned above consists of
three LS terms, 3P, 'D and 'S, whereas in all groups of elements discussed above there
has only been one LS term, viz. 'S in the alkaline earth elements and 2S in the alkali
elements. In these latter two groups the resonance line corresponds to a transition
where An = 0, i.e. the transition occurs within the same electron shell. (The only
exceptions are hydrogen and helium where the resonance transitions require An = 1.)
The consequence of An = 0 transitions is that the resonance lines of the alkali atoms
appear in the optical wavelength region (e.g. Na I at 5890 A), which is also the case for
the inter-combination lines of the alkaline earth elements (e.g. Mg I at 4571 A). The
spin-allowed resonance lines of the alkaline earth elements occur at somewhat shorter
wavelength. In the p-shell atoms the situation is different. The excitation of the ground
configuration requires at least a An = 1 transition, which for C I and O I means a
2p—3s or a 2p—3d jump. The energy involved in a jump to an outer shell is often larger
than the transition energy within a shell, which means that the resonance lines in C I
and O I appear in the far-ultraviolet region, at 1600 A and 1300 A, respectively. Thus,
to trace the behaviour of two of the most important elements in the galactic evolution
of stars there is in many cases a need for satellite observations. The forbidden [O1] line
at 6300 A (indicated in Fig 3.5) has been observed in spectra of cool stars recorded
with ground-based telescopes, and it has been used for abundance studies (Zoccali
et al., 2006). In hotter stars the O 3s—3p transitions in the near-infrared region are
observed and used for abundance.
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3.4 Complex spectra — with emphasis on Fell
3.4.1 Definition and properties of complex spectra

In Section 3.1.4 we defined complex spectra as energy level systems that are built on
more than one low series limit. We gave three different cases behind the formation of
complex spectra:

1) the ground configuration of the next higher ion, the parent configuration, consists
of more than one LS term, e.g. p2, d? etc.

2) there is more than one configuration at very low excitation energy, as is the case,
for example, with the transition elements

3) the fine structure splitting of the parent term is large (occurs for heavy elements)
in systems with one series limit.

We gave as an example of case 1 the structure of N I, which is built on three different
LS terms, 3P, 'D, and 'S of the parent configuration 2p? in N II. The same is true for
P I, as phosphorous is homologous with nitrogen.

In this Subsection we will focus on the complex spectra of transition group ele-
ments, often referred to as the iron group filling the 3d shell, the palladium group
filling the 4d shell, and the platinum group filling the 5d shell, respectively. However,
in the neutral atoms the binding energy (BE) of the nd electron is often smaller than
the BE for the (n + 1)s electron, i.e. in the iron group the 4s electron is more tightly
bound than the 3d electron for neutral atoms. In spectra of the first ions (the second
spectra) the BE’s of the nd and (n+1)s electrons are very similar, and the combination
of cases 1 and 2 above results in very complicated level structures. This is illustrated
in Fig. 3.6 by the level structure of Zr II, for which the BEs of the 4d and 5s electrons
are very similar (case 1), and the parent configurations 4d?, 4d5s, and 5s? contain
eight different LS terms (case 2). This means that the structure of Zr II is built on
eight different parent terms, and it represents a simple complex spectrum.

3.4.2 Astrophysical importance of Fe Il

The structure of singly ionized iron, Fell, deserves a special Section as it is involved
in, and many times dominates, spectra of nearly all astrophysical sources. The high
cosmic abundance of iron, the level structure of Fell with its line-rich spectrum, and
the match between stellar temperature and the ionization energy of Fe I explain the
richness of FeIl lines in stellar spectra. It is interesting to note that this wealth of Fe IT
lines had already been noticed at the time when only optical spectra were available,
but the real wealth became more evident with the satellite-ultraviolet observations as
well as the near-IR observations with sensitized photographic plates.

The large number of Fell lines in stellar spectra increases the probability of acci-
dental wavelength coincidences with lines of other elements. In normal stellar spectra,
like the solar spectrum, where absorption lines appear in the background Planck rad-
iation, such coincidences are notified as blends. Such features are in general useless
in, for example, abundance analyses, where the total area of the absorption line pro-
file is a measure of the relative abundance of an element. However, in astrophysical
emission line spectra the discrete line radiation is a reemission of energy supplied by a
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Fig. 3.6 Term diagram of a rather simple, complex spectrum, Zr II, having three parent
configurations with a total of eight parent terms.

nearby star, and such a spectrum may contain information about surrounding nebular
regions. As mentioned in the introduction and discussed in detail in Chapters 9-12
various cases of the fluorescent Bowen mechanism occur in low-density media outside
stars and in most of these cases Fe Il and H Lyaare involved. Eta Carinae is probably
the best example of a star that has been thoroughly studied as regards fluorescent
emission lines originating from surrounding clouds or blobs. The most frequent ion
participating in these fluorescence processes is Fe™, and that is the reason why FeIl
is selected as a representative of a really complex spectrum. We will emphasize the
importance of considering the level structure of FeIl when we treat the fluorescence
and laser processes in detail in this book.

3.4.3 The atomic structure of FeIl

FelIl has seven valence electrons, and the level system is based on two low parent
configurations in FeIIl: 3d® and 3d®4s. We present the energy levels in two separate
diagrams: the singly excited (SE) level system 3d®nl in Fig. 3.7, and the doubly excited
(DE) system 3d°4snl in Fig. 3.8. The SE system is thus built on the 16 parent LS terms
in the 3d% ground configuration of FeIIl, having an energy span of about 98000 cm ™!
(12.1 eV). The 16 parent terms are located above the ionization limit of FeII, which is
defined by the ®D term in Fe III. The vertical line, starting on the °D term in Fe III and
terminating on the (°D)4s subconfiguration in FeIl, contain several boxes, which rep-
resent the location of the 3d®(°D)nl subconfigurations in FeIl. The lowest dashed box
includes 62 metastable levels, and the smaller box 12 pseudo-metastable levels. The
level mixing occurring between levels in the left-most 5p box and two high 4p boxes,
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Fig. 3.7 The singly excited (SE) system of the complex spectrum of FeIl, built on the lowest
parent configuration of FeIII, 3d%, having 16 parent terms. The level mixing, metastable and
pseudo-metastable states are indicated by dashed line and boxes.

all of odd parity, is also indicated. To the lower right in Fig 3.7 we have included
the 3d” configuration, for which the Pauli principle for equivalent electrons excludes
some terms. Thus, the LS terms of 3d” cannot be assigned to a particular parent
term.

As shown in Fig 3.9, all these subconfigurations can now be displayed as a one-
electron system with one series limit, the °D term of FeIIl. This procedure can now be
done for each of the parent terms in FelIll representing a one-electron system, where
one valence electron (nl =4s, 4p, 5s, 4d, etc) is added to the parent term ML to form
the subconfigurations 3d®(ML)nl in Fell. The energy difference between the parent
term and a valence electron represents the binding energy of that particular electron.
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Fig. 3.8 The doubly excited (DE) system of the complex spectrum of Fell, built on the
lowest grand parent configuration of Fe IV, 3d°®, having 16 grand parent terms.

It is clear from Fig 3.7 that the pattern of the location of the parent terms in FeIll
is similar to that of the (ML)nl boxes for a given valence electron. This means that
the binding energy for a valence electron is nearly independent of the parent term.
The recipe, the so called branching rule, for deriving the LS terms within the various
boxes is given in the beginning of this Chapter.

The spectroscopic notation of configurations, subconfigurations, LS terms etc. used
so far in this chapter is the unambiguous standard notation defined in atomic spec-
troscopy. However, in the astronomical literature a simplified notation is used, which
is developed from the extensive work on the solar spectrum by C. Moore-Sitterly.
She tabulated all the energy levels known in the 1950s in three volumes: the Atomic
Energy Levels (AEL), where all levels are presented as LS terms (Moore, 1949, 1952,
1958). From these tables she arranged all observed and some predicted spectral lines
in LS multiplets in the Multiplet Tables — one for the optical region (A > 3000 A)
(Moore, 1945) and one for the satellite-ultraviolet region (A < 3000 A) (Moore, 1962),
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Fig. 3.9 One set of subconfigurations, 3d°(*D)nl (the leftmost one in Fig. 3.7), displayed as
a one-electron system (see e.g. Fig. 3.2).

the limit set by the opacity of the earth’s atmosphere. The extensive use of these out-
dated tables by astronomers creates communication problems between laboratory and
stellar spectroscopists. Moore-Sitterly introduced a non-physical “quantum number”
by giving the LS terms preceding letters in the following way: Starting from below in
the level diagram the LS terms of the same multiplicity (doublet, quartet, sextet, etc.)
and of even parity were labeled a, b, ¢ in order of appearance, and in the same way the
LS terms of odd parity were labeled z, y, z, etc. These notations are also used in the
Multiplet Tables. In the extracted level diagrams in Chapters 9-12 we have also used
these simplified notations in the figures, but we have written out the full spectroscopic
notation in the text. It should be mentioned that the Moore-Sitterly system breaks
down in complex spectra, since the LS coupling is only valid for the low energy levels
and the concept LS multiplet has in most cases no physical meaning.

The doubly excited (DE) system is displayed in Fig 3.8. For atomic physics reasons
concerning the strength of the electrostatic interactions between the electrons it is
more reasonable to couple the pair of outer valence electrons, 4s4s, 4s4p, and then
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couple these pairs to the grand parent configuration in Fe IV. This will result in the
configurations 3d®(ML)4s? and 3d®(ML)4sdp. In the examples of lasing transitions
in Chapters 9-12 only a few LS terms of the DE system are involved, and we will
not go into more detail of the properties of this system. We will notify the reader
about the fact that since the two 4s electrons result in a closed shell, they will not
contribute any angular or spin momenta, so the resulting LS term will be the same as
the corresponding grand parent term.



4

Elementary excitation processes
in rarefied plasmas

An atom (ion) in a rarefied astrophysical plasma near a hot (blue) star takes part in a
chain of radiative and collisional processes initiated by the UV radiation from the star.
Fig. 4.1 illustrates in a simplified way the sequence of these processes. The UV black-
body radiation P(w) from the star photoionizes atoms A and thus creates a low-density
plasma. Collisions between the formed photoions A* and the electrons recombine with
a certain probability to make neutral atoms in the ground state A or in excited states
A*. The excited atoms A* decay to the ground state A by emitting photons in allowed
radiative transitions. A very small fraction of the atoms are kept in metastable states
for a longer time. Collisions between electrons themselves and with ions result in a
thermalization at a definite temperature T, determined by the intensity of the stellar
UV radiation. The collisions of electrons with atoms also lead to their excitation and
ionization. The emitted recombination lines of atom A can resonantly excite atoms
(ions) of a different transition or even a different element in the plasma if one of their
absorption lines coincides in wavelength with one of the recombination lines.

The main constituents of an astrophysical plasma are hydrogen (90% of the atoms)
and helium (10%) with the ionization potentials I(H) = 13.6eV and I(He) = 24.6¢eV,
respectively. Therefore, the processes mentioned occur mainly with hydrogen as well
as helium but in the vicinity of hotter stars and at a short distance from them. Here
we shall restrict ourselves to processes that involve the hydrogen atom. More detailed
information on elementary processes can be obtained from the monographs by Massey
and Burhop (1952) and by Sobel'man et al. (1981).

4.1 Photoionization of atoms

The dependence of the photoionization cross-section on the frequency v for a hydrogen
atom in state n (n = 1 is the ground state), where v > v, and v, is the ionization limit
(Lyman limit A\, = 912 A, v, = 3.3 -10'® Hz), is determined with a good accuracy by
the Kramers’ formula

64 ve\3 mad

where o = e?/hc is the fine structure constant, maZ is the geometrical cross-section
of an atom, and ag = h?/me? = 0.529-10~% cm is the Bohr radius. This relation is
plotted in Fig. 4.2, where we can see that the photoionization cross-section has its
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Fig. 4.1 Basic processes under irradiation of atom A by black-body radiation with UV short
wavelength wing (a), including resonance excitation of impurity atom B (b) by recombination
spectral line of atom A (c).
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Fig. 4.2 Frequency dependence of photoionization cross-section of hydrogen oi(v) near ion-
ization threshold (Lyman limit) v. = 3.3 - 10'® Hz (A = 912 A).

maximum at the ionization limit and then, just above the limit, rapidly decreases
according to the law (v./ v)g. For complex atoms, however, the frequency dependence
o; (v) is more complicated, with several so-called autoionization resonances of dif-
ferent widths. The absolute values of o; = op, near the ionization limit lie within
10718—-10719 ¢m? (Ditchburn and Opic, 1962).

Figure 4.3 presents the ionization potentials for the neutral atoms of the first 40
elements in the periodic table. All of these and even heavier elements can be found in
astrophysical plasmas according to their average abundance in the Universe. The dia-
gram shows that, even when the entire stellar UV radiation is absorbed because of pho-
toionization of hydrogen, radiation with the wavelength A > A. is able to photoionize
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Fig. 4.3 Ionization potential I of elements with atomic number Z. Iy — ionization potential
of hydrogen.

most of the other elements with lower ionization potentials I < Iy. This is essential
for neutral regions, where the electron density and energy are too small to ionize other
elements by collisions.

Under irradiation by a spectral brightness of P(v,Q) (in photons/cm?-s-st - Hz)
the photoionization rate W; = Wy, (in s™!) is determined through the cross-section
oi(v):

Wi = 7 / o1 (V)P (v, Q) dvdSQ. (4.2)

For isotropic equilibrium radiation this expression is reduced to
o0
Wi =4r / o; (v) P (v, 7) dv. (4.3)
The presence of a UV wing in the radiation spectrum is essential for photoionization

of hydrogen (Fig. 4.2a). Therefore, UV radiation often means radiation with A < A, =
912 A.

4.2 Recombination

Radiative recombination is the reverse process of photoionization. For hydrogen, for

example,
H' +e™ (¢) = H(n,e) + hv, (4.4)

where ¢ = mwv? /2 is the electron’s kinetic energy, i.e. the energy (hv—I.) transferred to
a photoelectron by radiation with the photon energy hv > I. = Iyy. The cross-section
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of radiative recombination to the level no.(n) depends on the electron velocity in
the same manner as the photoionization cross-section depends on the excess of photon
energy hv over the ionization potential I.. The cross-sections of photoionization o' (v)
and radiative recombination o (v) are related by the Milne relation

ot (v) = S (2 ) oi(v) (15)

gi+1(1) \mev
where g;(n) is the statistical weight of level n of the atom, and g;11(1) is the statistical
weight of the ion in the ground state. In the temperature range T, = (5—10) - 103 K,
typical for a low-density astrophysical plasma, the recombination cross-section is about
1072% cm?, i.e. much smaller than the geometrical cross-section of the hydrogen atom
nag.

The photo electrons appearing in the astrophysical plasma will reach equilibrium
with the rest of the charged particles at a certain temperature T,. Thus, the recom-
bination rate (in ¢cm?/s) at the temperature T, can be expressed by the factor of
recombination to a bound state n as:

an (To) = [ or (n,v) vf(v)du, (4.6)
[

where f(v) is the velocity distribution of the electrons (Maxwell-Boltzmann

distribution)
m \*? 5 mu?
f(v) =4r <27TkTe) v” exp { (2k’Te>} . (4.7

The dependence of «, on the final quantum state n for hydrogen is given in
Table 4.1. The most probable recombination is to the ground state n = 1. But, in
astrophysical plasma with high optical density, a photon L. in the Lyman continuum,
i.e., with energy hv > I, is absorbed again to photoionize another H atom. Through
recombination and successive radiative decays from high-lying states 70 per cent of all
recombination to excited states populates the 2p levels and gives rise to radiation in
the Lya line. The total factor of recombination to all the states is equal to the sum

over all final states
a(T) = o (T). (4.8)

Table 4.1 Recombination coefficient o, for hydrogen at
T. = 10" K (in units 107'% ¢cm?®/s)

ays = 3.6 oy, = 9.7 ayq =11 ant = 5.5
Q3 = 7.8 Qazp = 20 a3q = 17

Nog — 23 Qop = 54

a1 = 160

ap = Y a, = 420; ap = a — a5 = 260
n=1
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The dependence of «(T.) on the temperature is well described by the approximate
expression

(-1
VT

where, for generality, the parameter Z is introduced as the degree of ionization of the
recombining ion, i.e. for a singly ionized atom, e.g. H*, Z = 2, for a doubly ionized
atom Z = 3, etc.

The probability of recombination per time unit W, depends on the electron den-
sity ne and the recombination factor

a(T.)~3-1071 [cm® - s71], (4.9)

Wiee = neax (Te) - (4.10)

The expressions above for the rates of photoionization and radiative recombina-
tion allow us to consider the ionization balance in a hydrogen gas cloud (nebula, gas
condensation) where astrophysical lasers seem to operate.

4.3 Electron excitation and ionization

A collision between an atom and an electron with such a high kinetic energy € = mv?/2
that it exceeds the excitation energy FE, of the n-th state, or the ionization energy
I, can excite or ionize the atom, respectively. The cross-sections of such collisional
processes have values within a wide range around the gas-kinetic cross-section 7a3.
Different methods of estimating these cross-sections for atoms and ions are considered
in detail in the exhaustive monograph by Sobel’'man et al., (1981). Here we restrict
ourselves to illustrative data for the hydrogen atom.

Fig. 4.4 shows the excitation cross-section(s) for the allowed 1s-2p and forbidden
1s-2s transitions of HI as a function of energy £ The experimental results and the
calculations in a simplest Born approximation show a satisfactory agreement. Acco-
rding to the dipole character of this approximation, the calculated cross-section for
allowed transitions (Fig. 4.4a) is above the experimental curve whereas the agreement
is fairly good for forbidden transitions (Fig. 4.4b). But these cross-sections are many
orders less than for the cross-section of resonance radiative transitions. Therefore, the
metastable states are excited either by a cascade of radiative decay from high-lying
states or through collisional electron excitation from the ground state.

Fig. 4.5 shows the cross-section of ionization from the ground state for hydrogen
as a function of electron energy £. It can be seen that this cross-section is much higher
than that of radiative recombination in a rarefied plasma.

4.4 Total and local thermodynamic equilibrium
(TE and LTE) in plasma

In the case of a gaseous (plasma) medium hosting astrophysical lasers it is very im-
portant that at least one pair of levels of at least one component (atom, ion) should
be under nonequilibrium in this medium. The main mass of particles in this case may
still be under thermodynamical equilibrium. In a total equilibrium state the atoms
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Fig. 4.4 Effective cross-sections (in units wag) for the allowed 1s-2p (a) and forbidden 1s-2s
(b) transitions of the H atom: (1) experiment and (2) Born approximation (modified from

Sobel'man et al., 1981).
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Fig. 4.5 Effective cross-section (in units wag) for ionization of the H atom from ground state
(1) experiment and (2) Born approximation (modified from Sobel’'man et al., (1981).
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S(e)

Fig. 4.6 Maxwell distribution of electron energy in electron ensemble with temperature
T. = 10*K.

(ions) and the radiation are under thermodynamical equilibrium, where the frequency
distribution of radiation is described by the Planck distribution (2.1), and the distribu-
tion of atoms among the stationary energy levels by the Boltzmann distribution (2.2).
In the plasma they must be supplemented by the energy distribution of electrons
and the distribution of atoms among the various ionization stages (the ionization
balance).

The distribution of electrons with energy £ is determined by the Maxwellian dis-
tribution derived from the velocity distribution of atoms (4.7)

£ = %T-?’/?\i@e—a”, (4.11)

which, for convenience, is written in unit energy (1 eV = 11605 K) for £ and the
temperature 7. Fig. 4.6 illustrates this distribution for an electron gas with 7, = 10*
K and kT, ~ 1 eV. The electrons in the tail of this distribution can excite energy
levels in most atoms, except for hydrogen and helium which require an energy from
10 to 20 eV to be excited by electrons.

The distribution of atoms over different ionization stages (Z) is described by the
Saha distribution

3/2
N(Z+1) _ 9741 3 mkT, / o1z /kT. (4.12)
N @) 9z me \ 2mh? ’ |

where Iz is the ionizing potential of atom Az, n is the density of free electrons with
temperature T, gz is the statistical weight of the ground state of atom Az (Z =1
corresponds to a neutral atom). At high temperatures and in complex atoms the
statistical weights are replaced by the partition functions to account for excited states.
In cold plasmas (kT. < I;) the degree of ionization is low, but as the temperature
increases up to the levels Ty_1 < T < Ty, where Ty is the temperature for which
N@Z+D) = N(Z) | the degree of ionization becomes high.
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The properties of astrophysical media (stellar atmospheres, nebulae, etc.) are det-
ermined from their radiation, which implies that they are open systems in terms of the
thermodynamics. But the degree of their “openness” is usually low as the radiation
flow in the characteristic time for establishing thermodynamic equilibrium is much less
than the total radiation energy in the system. Therefore, the concept of local thermo-
dynamic equilibrium (LTE) has been introduced for such media. It is assumed that at
LTE the distribution of kinetic and internal (excitation, ionization) degrees of freedom
is identical to that at thermodynamical equilibrium. But, under LTE conditions these
distributions depend on the local temperature. Thus, the intensity distribution is not
necessarily determined by the Planck distribution for a given local temperature of the
atoms, electrons, and ions since the radiation may come from areas having different
local temperatures. In such a situation the population distribution over the energy lev-
els may differ from the Boltzmann distribution and even include population inversion
of some level pairs. These are the cases that are of interest for astrophysical masers
and lasers.

4.5 Non-LTE astrophysical media

Deviations from LTE are observed in stellar atmospheres as the plasma density de-
creases. LTE is achieved in deep layers of the atmosphere where the ionization of atoms
takes place mainly by collisions. In these deep layers the population distribution over
levels in atoms (ions) and adjacent ionization states is described by the Boltzmann—
Saha distribution, and the frequency distribution of radiation by the Planck distribu-
tion. Towards the upper layers of the atmosphere the role of collisions decreases and,
finally, in the uppermost layers the excitation of atoms by collisions is small as com-
pared to excitation by radiation processes. Thus, in the uppermost layers of a rarefied
stellar atmosphere radiation processes are dominant, and, therefore, the population
of levels well below the ionization limit is not described by the electron temperature
T. but by the effective radiation temperature at the frequency of the photo excita-
tion. This change from LTE to non-LTE is illustrated qualitatively in Fig. 4.7, where
FE), is the conventional boundary in excitation energy between the LTE and non-LTE
regimes corresponding to upper and lower energy levels, respectively. This boundary
depends on the plasma density, and it is rising when the density decreases. Thus, the

1 L.
—— :l LTE levels

Non-LTE levels

Ey— —

Fig. 4.7 Transition of LTE populations of excited levels to non-LTE populations of lower
levels depending on density of plasma.
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variations from LTE in astrophysical media are conditioned by the fact that the ene-
rgy distribution of free particles (atoms, electrons, and ions) can sometimes not be
characterized by a single temperature.

The population N, (non-LTE) of an atomic level is expressed in terms of the pop-
ulation of the same level N, (LTE) at LTE using the coefficient b,

Ny (non-LTE) = b, N, (LTE), (4.13)

where the population N, (LTE) is determined by the Boltzmann and Saha distribu-
tions. The factor b, characterizes the degree of deviation of the level population Ny
from local thermodynamical equilibrium. For astrophysical lasers it is essential that
by, for some energy levels can be much larger than 1.

The situation with non-LTE and b, > 1 for a certain pair of levels may occur around
the energy E ~ E}, (Fig. 4.7), where the upper level is collisionally excited, whereas
the lower level is depleted by fast radiative transitions to lower levels. The probability
for this process to occur forms the basis for the so-called collisional astrophysical lasers
considered in Chapter 8.

4.6 Non-LTE: photoselective excitation

The probability of pronounced deviation from LTE exists in multicomponent media.
This situation is rather characteristic of astrophysical plasmas, which may contain
a mixture of nearly all the elements in the periodic table, normally in accordance
with their cosmic abundance. Table 4.2 gives us an idea of the mean abundance of
some elements, which are of importance for astrophysical lasers. In a typical and real
situation a relatively low number of B atoms are surrounded by A atoms (usually
hydrogen) whose concentration is several orders higher (Ng >~ (1073~1075)N,). The
A atoms control the whole process of LTE, and the influence of the fewer B atoms
can, in principle, be neglected. There are, however, rare but important exceptions
to this general statement. For example, one of the intense absorption lines of the B
atoms may accidentally coincide with a broad emission line of the A atoms as shown
in Fig. 4.8. As a result, a considerable fraction of radiation energy of the A atom may
escape through radiation of the excited B atom. The radiation of the B atom occurs
at longer wavelengths and can be much more transparent in an astrophysical medium
than the radiation of the A atom.

For astrophysical lasers the most important fact is that, in the process of accidental
photoselective absorption, the level population of the B atom may differ greatly from

Table 4.2 Relative abundance (in number
of atoms) of some chemical elements (in %)

H-92.5 Ne - 7.4-1073
He - 7.3 Si-29-1073

C-3.7-1072 Ca—-22-107*
N -0.93-1072 Mg~ 1.5-107°

O-68-1072 Fe —1.85-1073
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Fig. 4.8 Non-LTE in two-component media with emission line w21 of main LTE-component
A (a) and coinciding absorption line of minor component B (b) with strong non-LTE popu-
lation of long-lived level n(c).
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Fig. 4.9 Definition of effective (spectral) temperature of spectral line (gray contour) by
comparison with spectral brightness of black-body radiation with equivalent T .

LTE, i.e. b, > 1 for certain levels. A cascading radiative decay to lower levels may
bring an excited atom to a long-lived state. In the absence of collisions in a rarefied
medium this may result in an abnormally high population of this level, very far from
LTE (Fig. 4.8). This situation leads to the inverse population discussed in Chapters
10-12 generated by hydrogen atoms (A) and applied to Fet ions and OT atoms (B).

The probability of photoselective excitation of the B atom can be expressed in
terms of an effective (spectral) temperature Tog of the radiation from the A atom by
using (2.29) and (2.34)

’ ’ B A
wrr =% o (4.14)
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The effective temperature of a monochromatic line is determined by comparing it
with the spectral brightness of nonpolarized black-body radiation, which, at Teg,
has the same spectral brightness at a line frequency determined by the Planck
distribution (2.1)

c 2 1
P(T=—UT=">—— 4.15
= ot 75, o () 1 Y

where A1 = ¢/v12. This is illustrated in Fig. 4.9. In an optically thick medium a cap-
tured spectral line may have Tog much higher than the temperature of the continuous
radiation. This fact is a prime consideration in the treatment of optically pumped
astrophysical lasers.

A situation similar to photoselective excitation may occur owing to resonance
transfer of energy in collisions between atoms (molecules) with close energy levels.
Such resonance collisions have cross-sections materially exceeding the gas-kinetic cross-
sections maZ. This case can be realized for vibration-excited Ny molecules colliding with
CO4 molecules in planetary atmospheres (Chapter 8). But, it is the radiation of the
nearest star that always serves as a primary source of energy.



5
Astrophysical rarefied gas/plasma

The ranges of gas (plasma) density, energy density and temperature in astrophysical
media are rather wide. For astrophysical lasers the most interesting media are those
where significant deviations from LTE occur. Then, it is necessary that the collisions
of particles do not dominate over radiative transitions, i.e. collisions should play a
limited part in establishing steady state, which allows non-LTE in the plasma. Since
the probability of radiative (allowed and forbidden) transitions of atoms (ions) in the
optical spectrum lies typically within Any, ~ 1—108 s~1, this gives an upper estimate
of the particle concentration (hydrogen atoms) in the gas

~/ Anm

Ny < ~ 10"—10" cm 3.
<00011Ue>

This density range covers the upper layers of stellar and planetary atmospheres,
gaseous nebulae and gas condensations. Exciting and ionizing the atoms require that
the kinetic energy of the electrons or the energy density of the photons must be suf-
ficiently large. This criterion is probably met where nearby stars are of spectral class
B and O known to be rich in UV radiation. The deviation from LTE caused by pho-
toselective excitation requires that the effective temperature of the exciting spectral
line exceeds Tpq < 10* K. Therefore, the gas condensations near to blue stars and the
upper layers of stellar atmospheres are suitable astrophysical media for the laser effect
to be active. They are placed in the lower part of the diagram in Fig. 5.1. It is very
difficult to observe the laser effect in a stellar atmosphere because of the photospheric
background radiation. The observations of the upper atmosphere or chromosphere of
a single star require a very high angular resolution and will perhaps become possible
with future instruments. However, spectral information about the outer parts of a star
can be obtained for eclipsing binaries. Here we shall restrict ourselves to gaseous media
with low densities nearby a hot blue star (blobs, shells, etc.). Regarding density they
take up an intermediate position between planetary nebulae and stellar atmospheres,
and it is in these gas condensations that laser effects and even nonlinear optical effects,
the subject of this book, may take place.

5.1 Low-density gas nearby a hot star — Stromgren sphere

As far back as the classical work of Strémgren (1939) the ionization state of the
hydrogen gas in the vicinity of a star was modelled (Fig. 5.2). The simple model is
very convenient to describe processes in nebulae, shells, and gas condensations because
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Fig. 5.1 Density scale of various gas/plasma astrophysical media. Gas condensations in the
vicinity of hot blue stars are places of discovered astrophysical lasers.
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Fig. 5.2 Stromgren sphere (a) separating ionized (HII) region and neutral region (HI)
gas (b).

hydrogen is approximately 90% of the nearby stellar gas. It is usually convenient for
describing a real multicomponent astrophysical medium as He is only photoionized
by far UV radiation (Ige = 24.6 €V), and the remaining elements contribute only
impurity concentration.

The formation rate of photoionized HT atoms in a unit volume is expressed as

SN(H) = Wi(r)N(H), 6.1

where the photoionization rate W; determined by (4.3) depends on the spectral bright-
ness of the radiation P(v,r) in the actual volume at the distance r from the star. This
radiation occurs in the UV spectrum with the Lyman continuum v > v, at a narrow
solid angle €. The rate of disappearance of ions as a result of recombination of HT
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ions in a unit volume is given by the expression

d
—aN(HJF) = —aN(H")n, = aN?(HT), (5.2)
where the recombination probability is given by (4.10), and the electric neutrality of
the medium is taken into account: N (H+) = ne. Under steady conditions character-
istic of astrophysical media these rates must be the same, i.e.

Wi(r)N(H) = aN?(H"). (5.3)
This condition dictates the concentration ratio between ions and neutral atoms
()N (H 1/2
N(H+){”7“zk()] . (5.4)

In the vicinity of the star, at distances r < Ry, the H atoms are completely ionized
owing to a high radiation intensity, while that is not the case at distances r >R.
At distances r > Ry the radiation intensity, proportional to 1/r?, is not sufficient for
complete ionization of H, as shown in Fig. 5.2. The distance Ry, at which this transition
occurs, i.e. the distance where N(H') = N(H), is referred to as the Strémgren radius
and its corresponding sphere with r = Ry as the Stromgren sphere. Let us estimate a
value of Rg in terms convenient for a reader not familiar with this concept.

The photoionization probability W;(r) depends on the radiation dilution factor w
as the radiation propagates at a distance r > Ry from the stellar surface

Q To 2 1/2
w=--41- 1_(7) , 5.5
4 { [ r } (55)
where € is the solid angle at which a star with its radius ro can be seen at the distance
r from the centre of the star. For distances r > 7y the dilution factor has a simple

form . )
w=7 (%0) . (5.6)

Thus, the photoionization probability W is determined by the expression (4.3) reduced
because of the dilution factor w

o0
W; = w/ oi(v)P(v, T)dv, (5.7)
Ve
where the frequency dependence of the cross-section o;(v) is shown in Fig. 4.2.

The cross-section rapidly decreases above the ionization limit. For example, for
hv — Iy ~ 3 eV, the cross-section for hydrogen is only half of its value at v.. So we
can simplify expression (5.7) by using the averaged cross-section (o;) ~ oi(Ig + 3 €V)
and the average number of photons in the Lyman continuum emitted by a star with
temperature T per unit time in all directions

Le = 4n(4m12) /OO P(v,T)dv. (5.8)

Ve
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Fig. 5.3 Number of Lyman continuum photons emitted by star per sec as a function of star
temperature according Harvard spectral classification of stars (adapted from Avrett, 1976).

Fig. 5.3 shows the dependence of L. on the temperature T of the stellar photosphere of
different spectral classes. In this approximation the photoionization of H at a distance
r from the star is determined by a simple expression

L. <0'i> L.
Wi(r) ~ w (o; 5 = . 5.9
(r) < >(47r) rd  (8m)"r? (5.9)

The Stromgren radius R, is determined from its definition that the densities of H
ions and H atoms are the same at the point »r = Ry as shown in Fig. 5.2

NH") =NH) = — (5.10)

where Ny is the total density of hydrogen. From (5.4), (5.9), and (5.10) we can derive
a simple estimate for Ry

(5.11)

p oo L [2(0) Lo 12
S_87'1' OéNO '

For example, for the hydrogen density Ny = 102 cm™> nearby a B-class star with
T = 30,000 KL. = 10*7 s71 (Fig. 5.3), {0i) ~ 3-107¥cm? (Fig. 4.2) and, ac-
cording to (4.9), the recombination factor a with T, = 10* K, we have Ry ~ 0.56 -

10'8 cm = 0.18 pc (1 pc = 3.09 - 10'® cm). This value agrees with the results of more
precise calculations.
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The thickness of the transition layer dr between the HII and HI regions is very
small as compared to Rs. It depends on the free path of a photon in the Lyman
continuum near the ionization boundary

1 1

or ~ £, = Notow’ (5.12)
where y. = (07) Ny is the photoionization absorption factor (cm™!) of this photon. For
the above numerical instance, 6r ~ 3-10'® cm = 1073 pc. The value of §r corresponds
to the unit optical density of a photon in the Lyman continuum 7. = dry. = 1. At
the distance 7 S R + 6r the radiation of the Lyman continuum drastically falls off,
and a low degree of ionization is maintained by photons at frequencies far from the
ionization limit.

The transition boundary between the HII and HI regions is characterized by a
sharp change in the parameters of the medium. In the transition region the fraction of
HT increases drastically and at the same time the ion density in the Lyman continuum
decreases sharply. Thus, in this narrow region 7. ~ 1 and in the HI region 7. > 1.
The free path length of a Lya photon in the scattering region #5. is much shorter than
in the Lyman continnum £, because of a great difference between the cross-sections of
resonance scattering o2 and photoionization (o;)

127
sc

le = 0,7 (5.13)
o

where oy (Lya) is derived from (2.61) to be og. ~ 1.4 - 107 ¢cm?. In the transition
region £, ~ dr, and s, ~ 10~46r. Hence, according to (2.66), a Lya photon can here
be subjected to 10*-10° events of resonance scattering and only thereafter escape the
transition zone through the far wings of the spectral line (Fig. 2.19). In the HI reg-
ion the escaped photons undergo strong resonance scattering in the radiative wings
because of a high HI density and the very high optical density in the line wings det-
ermined by (2.63) to be: arg(Lya) > 1, where a is the damping factor (2.57) (Adams,
1972).

A drastic change in the parameters of the hydrogen gas in a thin transition layer
can be observed at sufficient angular resolution studying the fluorescence radiation
from other atoms obtained by resonant excitation by Lya (Chapter 9 and following).
It should be kept in mind, however, that the simple plasma model used here does
not allow, for example, for the “microturbulence” of the real astrophysical plasma.
This effect causes additional Doppler broadening, which somewhat smoothes out the
sharpness of the transition boundary.

The effective conversion of photons of the Lyman continuum to resonant Ly«
photons and their repeated scattering (capture) must cause an increase in the effective
spectral temperature of Lya. This effect is considered further in Section 5.3 by an
example: gas blobs of hydrogen near to a hot blue star.

5.2 Planetary nebulae

Among gaseous diffuse nebulae the so-called planetary nebulae (PNe) are close to the
subject of this book as they have a comparatively high density of particles, Ny ~
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Fig. 5.4 Picture of M57 Ring Nebula taken by Hubble Space Telescope (HST) (Credit HST
team and NASA). (See Plate 1)

103—10° em™3. Owing to their extension on the sky they resemble the planets in
the solar system, when observed with a telescope, from which they got their name.
Planetary nebulae often look like small discs and ovals and sometimes like rings. For
illustration, a photo of the Ring Nebula (PN M57) in the constellation Lyra is shown
in Fig. 5.4 with a shape reminiscent of the Saturn rings. It is located at a distance
of 2-10% light years from Earth and its diameter is around one light year. On the
average, the angular dimensions of planetary nebulae are less than 10 arcsec and the
mean radius is Ry ~ 107 cm. However, the dimensions of various PNe may differ
by orders of magnitude. They can be very peculiar in shape but 20% of them are
ring-shaped (shown in Fig. 5.4), which makes their intepretation simpler.

PNe represent an important stage of stellar evolution in the Galaxy as they are
expanding shells of gas expelled by a star. In the centre of a planetary nebula there is a
star (its nucleus) with a very high photospheric temperature of T = 105 K. The main
part of the radiation energy of such stars lies in the far UV spectrum. However, the
emission of a nebula in the visible range is caused by the absorption of unobservable
UV photons, which are converted to longer wavelengths owing to recombination, and
are reradiated in the visible spectrum. But, because of the high temperature of the
stellar radiation, this conversion occurs not only for H and He atoms but also for other
elements (O, N, Ne, S, etc.) and their multiply charged ions.
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The ionization/recombination equilibrium in PNe for hydrogen is described by the
Stromgren model (1939), which was developed for hydrogen-rich diffuse nebulae in the
vicinity of hot stars of spectral O- and B-class. The results obtained by Stromgren and
briefly described in Section 5.1 are applicable to PNe. The Stromgren boundary Ry lies
inside a planetary nebula. A high effective temperature of the radiation of the central
star results in photoionization of atoms, Hel (I, = 24.6 eV, A\ (Hel) = 504 A),
and ions, HeIl (Jgerr = 54.6 eV, A\.(HeIl) = 228 A). The Stromgren radius for He Il
is closer to the central star, i.e. inside the PN, since the photoionization of Hell
demands short-wavelength UV radiation, Ry can be estimated from (5.11), where the
recombination factors a for Hel and Hell should be used, and L. means the total
stellar radiation in the continua of HeIl or Hel.

In the case of elements (atoms) with a larger number of electrons (O, N, Ne, S,
etc.) several Stromgren zones can arise for each element in successive ionization stages.
For oxygen atoms, for example, ionization zones from OV to OT (O** to neutral O)
can occur, if the radiation temperature of the star T ~ 1.5 - 10° K. This extended
Stromgren model is illustrated in Fig. 5.5 for oxygen in a PN. Close to the central star
oxygen exists as four times ionized, i.e. as O V, which requires that UV radiation at
A\ < 160 A is absorbed in this zone. Photons with A\ < 226 A will be absorbed in the
next zone, and so on.

The information on planetary nebulae implies that the radiation temperature T
of the central star (nucleus) lies within the range 4 - 102—10° K, i.e. it is very high.
The electron temperature(s) of the planetary nebulae, however, is much lower and lies
within the range T, ~ (10—15) - 10° K. This is due to the fact that, firstly, the stel-
lar radiation reaching the nebular part is subjected to strong dilution (w =~ 107'3).
Secondly, it can also be explained by recombination radiation and subsequent cas-
cade radiation (emission) of excited hydrogen atoms and impurity atoms. The chem-
ical composition of the PN agrees with that of the central star. Therefore, besides

Planetary

Forbidden
lines of O 11

Allowed
lines of O III

Fig. 5.5 Distribution of ranges with various degrees of photoionization and corresponding
emission lines for oxygen.
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hydrogen and helium, planetary nebulae contain heavier elements O, N, Ne, S,
Fe ..., etc. with a total concentration of about 0.1% of the hydrogen abundance. The
radiation from the heavy elements easily escapes the PN, which leads to thermostat-
ting the electron temperature. Owing to the low density, excited atoms can irradiate
not only in allowed but also in forbidden transitions, which is a characteristic feature
of PN.

The distribution of line radiation over the ionization zones is shown in Fig. 5.5
with oxygen as an example. Spectral lines of OII caused by recombination are evi-
dently emitted in the OIII zone and the lines of OIIl must be emitted in the O IV
zone, and so on. But, besides allowed lines, there are forbidden lines in the emis-
sion line spectra. In the O III zone, for example, very intense lines of unknown origin
as well as abnormally intense emission lines from highly excited states of OIII were
observed early Bowen (1928, 1947). Based on his analysis of the laboratory spec-
trum and level system of OIIl, Bowen managed to explain both these puzzles. The
first one was attributed to the existence of low-lying, long-lived (metastable) levels
of OTII decaying by radiative transitions that are forbidden in a dipole approxima-
tion (see Section 3.1.5). The second puzzle was explained in rather an exotic way —
a high-lying state of OIII is populated by photoselective excitation by (a) the strong
resonance Lya line of Hell. The frequency of the He II line coincides accidentally
with the frequency of an absorption line of OIII, originating from two fine struc-
ture levels in the ground term. Both these mechanisms are illustrated in Fig. 5.6.
Since they are closely related to the subject of book we consider them in more detail
later.

5.2.1 Forbidden transitions

Many atoms and their iso-electronic ions have long-lived (metastable) excited states
(Chapter 3). A classical example is the 2s state of the hydrogen atom, which under-
goes radiative decay to the ground state 1s, only by two-photon transitions with the
probability As; ~ 8 s~!. Hydrogen atoms fall into this state as a result of recombina-
tion and radiative decay of high-lying states. Two-photon radiation of hydrogen has
a broad spectrum in the UV range and makes a contribution to the continuous radia-
tion of interstellar media. Other atoms (ions) have long-lying metastable states whose
radiative decay is forbidden in a dipole approximation, too. Such a case for OIII is
shown in Fig. 5.6a, where the 'Dy and 'Sy states have radiative lifetimes 7, = 38 s
and 0.6 s, respectively. In laboratory light sources, forbidden transitions are usually
not observed because of quenching collisions. And when observed in nebular spectra,
they were for several years even attributed to the unknown element “nebulium” until
Bowen (1928) explained them as forbidden radiative transitions of O III, O II, N IT etc.
from low-lying metastable states.

In the photoionized rarefied plasma of a PN the density of hydrogen and electrons
usually lies within the range of Ny, n. < 10* ecm™3. Therefore, the collision frequency
Yeol (2.47) and the probability of excitation of metastable levels by electrons W,
satisfy the condition

We7 Yeoll < AmOv (514)
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Fig. 5.6 Schematic partial diagram of O I1I, illustrating the electron excitation of low-lying
metastable states (a) and the Bowen mechanism of optical excitation and following fluores-
cence (b, c).

where Ao is the radiative transition probability for a forbidden line connecting the
metastable state with the ground state. The electron temperature in a PN 7, S 10* K,
provided through photoionization of hydrogen by central star radiation, is sufficient
to excite both metastable levels in OIII by collisions with electrons with an energy
of E > 2.5 eV (and 5.3 eV). The OIII ions are produced by photoionization ow-
ing to a very high effective radiation temperature 7Ty of the central star. Since the
probability of excitation by electronic collisions W, satisfies the condition (5.14) such
collisions do not deactivate the metastable states. The population of two metastable
levels with different energies depends on the electron temperature, so the electron
temperature T, can be measured using the intensity ratio of two forbidden lines
(Ambartzumian, 1933). It is reasonable that in nebulae with a higher hydrogen den-
sity and, hence, electron density n. (for example, n, > 107 cm~2) the depletion of
metastable levels increases because of the more frequent collisions between electrons
and atoms.

Another potential channel of depletion of a metastable level m may be, in principle,
induced allowed transitions to an upper level n under continuous UV stellar radiation
at a radiation temperature Ty > T,. Transitions to the ground level are insufficient
because they are compensated for by the same transitions from the metastable ground
level according to the detailed balancing principle (2.6). The rate of stimulated
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absorption is determined by Eq. (2.26), which in our case can be presented as

Q w
- = Aum )
471') () exp(hvym/kTs) — 1

Win = Aumn < (5.15)

where () is the solid angle of radiation of a star in the location of the PN, w is the
dilution factor (5.6), (n) is the occupation number for the equilibrium Planck radiation

of a star with temperature Ty at the transition frequency v, and kT > hvgy. In
this case the ratio between rates of absorption depletion and radiative decay of a

metastable level is
Winn Amn hvmn
i Amowexp ( T, ) . (5.16)

Even with high values of An,/Amo =~ 108—10%, because of strong dilution of the
stellar radiation, Wy, < Amg, i.e. upward transitions do not reduce the lifetime of
the metastable state m.

The situation is approximately the same for photoionizing transitions in the con-
tinuum. The photoionization rate W;, according to (4.2), is

L (Vc - VmO)

Wi >~ {(opn) ) (5.17)
P R?\]

where (opn) is the photoionization cross-section, L(ve — vmo) is the total luminosity of
the central star (photons/s) in the continuum v > v.—vp for a metastable state in the
atom (ion), and Ry is the distance from the central star to the nebula. Even with a
high effective temperature of the star T, ~ 10° K, W; < 1 s~! owing to a long distance
Ry . However, for levels with a long lifetime (5 102 s7!) and for nebulae near to the
star, the effect of photoionization depletion of the metastable level must be taken
into account. This, in particular, is true for metastable hydrogen atoms appearing in
nebular clouds near to the central source in blue star Eta Carinae (Johansson et al.,
2004).

Complex atoms (ions), such as Fe II, have metastable high-lying states, which are
essential for the formation of inverse population and a laser effect in gas blobs near to
blue stars, more dense than PNe (Chapter 11).

5.2.2 Accidental coincidences of spectral emission
and absorption lines

Planetary nebulae with a high degree of ionization are characterized by intense emis-
sion lines observed in the UV spectrum, often originating from high-lying states. Most
of them result from recombination, but some lines, e.g. O IIT (3444 A, 3429 A, 3133 A,
etc.), have abnormally high intensities. Bowen (1934, 1947) explained the anomalous
intensities in an original manner directly related to astrophysical lasers. He showed
that the anomalous OIII lines are caused by radiative decay of one and the same
upper level of OTII (Fig. 5.6b). This level is excited by the optically strong HelI line
at 303.78 A, because of an accidental wavelength coincidence with an OIII line at
303.80 A, as shown in Fig. 5.6b, ¢. The 303.80 A line feeds the upper level of the
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Fig. 5.7 Coincidence of wavelength of Hell Lya emission line and OIII absorption line.
Detuning AX ~ 0.02 A is compensated for by Doppler diffusion of optically thick HeII Lya
emission line.

strong optical O III lines at 3444 A, 3429 A, and 3133 A, known as fluorescence (see
also Chapter 3).

The excitation efficiency of a fluorescence line depends on the overlap between
the emission and absorption line profiles as indicated by the wavelength difference or
detuning. In case of the radiative interaction between the pair HeII-O III discussed
in the previous paragraph the value of the detuning A\ = 0.02 A is four times the
Doppler half-width of the HeII Lya line (1 Avp = 0.55-1072 A). However, the optical
density 7o for the HeII line at 303.78 A in PNe is very high because it is the hydrogen-
like resonance line Hell Lya. It plays the same role as the HI Lya line at 1215 A
in the hydrogen spectrum. The cross-section of the radiative transition for this line
O2p—1s = 0.6 - 1071 cm? (for T = 10* K and Agp_2s = 1010 s71). With a Hell
density of N(Hell) ~ 10% cm~2 in the photoionization area of the nebula the free
path of the HelIl Lya photon according to (2.64) is fs ~ 1.6 - 1012 cm. For diffusive
broadening of the line up to the value of the wavelength detuning (Fig. 5.7) less
than 102 scattering events are enough. This value is much less than the number of
scattering events Ny, = (ARN/ls) ~ 10* in a nebula with a thickness of the Hell
shell of ARy ~ 106 cm.

The efficiency of the Bowen fluorescence process is rather high. It can be defined
as a fraction of all the HeIl Lya photons that are formed through recombination and
converted into a fluorescence line of OTIII (except the direct transitions 2p3d-2p?).
The values of the observed efficiencies are typically about 0.5 (Pottasch, 1984). Such
high values can be understood from Fig. 5.7. In view of the Doppler diffusion about
half of the long-wavelength wing of the He Il emission line passes through the Doppler
contour of the O IIT absorption line. Hence, a continuous “run off” of all the long-wave
photons takes place. The Hell Lya photons, which have not been absorbed by the
O1II ions and have crossed the absorption line contour, can cross it again by scattering
with a short-wave jump of the scattered photon frequency. This short-wave jump is
very important since the average frequency jump of the Lya photon at scattering is
approximately equal to half the Doppler width of the He II line AAp(Hell)/2, which
is twice as much as the Doppler width of the O III absorption line.
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Owing to another accidental wavelength coincidence, a different OIII line at A =
374 A is able to excite NIII in PNe. But, a large number of absorption lines in spectra
of many atoms and ions coincide with a restricted number of strong emission lines.
Conclusively, the Bowen mechanism itself and similar fluorescence processes for other
pairs of elements have proved to be extremely important for astrophysical optically
pumped lasers, e.g. the pairs HI Ly« and Fell, HI Ly3 and O I considered in Chapters
9-12.

5.3 Gas condensations (blobs) in the vicinity of a hot star

Gas condensations (GC) near to hot stars are the most interesting nebular medium
of astrophysical lasers owing to their being in the relatively high density and their
being in the vicinity of the central star. It became possible to discover and study
such compact GCs within our Galaxy thanks to the advance of modern methods of
optical astronomy, e.g. the Hubble Space Telescope and large adaptive telescopes, and,
particularly, high-spatial resolution imaging interferometry (Saha, 2002).

The most detailed information on compact gas condensations has been gained
from HST data of the close surroundings of Eta Carinae. These data have become
the starting point for our studies of astrophysical lasers. Eta Carinae is one of the
most studied but still not well understood massive stars in our Galaxy (Davidson and
Humphreys, 1997). A critical question is whether the central object is a binary or a
single star. The interpretation of recent observations favours the binary star model
(Damineli, 1996). The luminosity of the central object is 5 - 10 times higher than
that of the Sun Lg, i.e. it is one of the brightest stars in our Galaxy. Eta Carinae is
classified as a luminous blue variable (LBV) star, and it has experienced a vigorous
life for two centuries. After a strong eruption in the 1840s a huge bipolar nebula,
known as the “Homunculus” because of its shape, has grown around it. In the 1840s,
Eta Carinae was after Sirius, the second brightest object in the sky and then its
apparent magnitude dropped because of the surrounding, obscuring gas. About 160
years after the eruption, the nebula occupies about 20” in the sky, which is 45,000
astronomical units at a distance of 2.3 kpc (~7500 l.y.). The high angular resolution
of the Hubble Space Telescope has made it possible to obtain wonderful images of
the Eta Carinae Homunculus, one of which is displayed on the cover of this book.
The physical process behind The Great Eruption, as it is called, or behind later and
smaller eruptions, is not fully understood. The periodical events appearing every 5.5
years (Damineli, 1996) may indicate that the central object is a binary star. During
these events, having a duration of a few months, spectra of the GCs change drastically
with time. The information embedded in all spectra recorded with ground-based and
space-borne (e.g. the HST) instruments during the event around midsummer 2003 is
still far from being extracted and interpreted.

The near vicinity of the central star was investigated by speckle interferometric
techniques which resulted in the discovery of a complex nodal structure. In the equa-
torial region of the star three bright compact condensations were discovered (Weigelt
and Ebersberger, 1986), referred to as the Weigelt blobs B, C, and D. At the distance
of R, ~ 1016 cm (several light days) from the star the projected spatial extension of
a blob is of the order of 10'® cm, and its density Ny =~ 107-10' cm =3 (Davidson and
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Fig. 5.8 Eta Carinae’s near surrounding with compact blobs B, C, D (reprinted from van
Boekel et al., 2003 with courtesy and permission Elsevier). (See Plate 2)

Humphreys, 1997). Fig. 5.8 shows images of these Weigelt blobs taken with the Very
Large Telescope Interferometer (VLTI) in Chile by van Boekel et al. (2003).

The surprising fact with these strange compact ejecta nearby the star is that they
move at low velocities, about 50 km/s. The high angular resolution of HST and speckle
interferometers, as well as the low velocities of the blobs, allows the studying of the
spectra of these objects separately from the central star and high-velocity ejecta. These
observational facts made it possible to conclude that the blobs emit simultaneously
both allowed and forbidden spectral lines, which had previously been associated with
the central star. Moreover, many lines are narrow, i.e. emitted from comparatively
cold areas of the blobs in spite of the fact that these are very close to the very bright
central star (Davidson, 2001a, b). The two-temperature structure of the GC in the
form of a hot and a cold region dictates the position of the Stromgren boundary inside
the blob. For this purpose, the volume-average density of hydrogen Ng(~Ny) must
satisfy the condition (see Chapter 10):

: 1/2
Wi > , (5.18)

Ccr
No > NO = <<0’i>Da
where N§* is the so-called critical density of hydrogen (Johansson and Letokhov,
2004a), at which the photoionizing radiation of the Lyman continuum of a hot star is
absorbed in the region of a gas condensation with diameter D. The photoionization
model of a GC is discussed in more detail in Chapter 10 by the example of blob B in
the vicinity of Eta Carinae. This simple model qualitatively explains the origin of the
complex spectra registered with the Hubble Space Telescope including their periodic
changes (Hartman et al., 2005). It was the observation of strange spectral lines in the
blob spectra that led us to the nature of abnormal FeIl lines and to detect those Fe Il
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Fig. 5.9 Typical thermal (near-UV, visible, near-IR) radiation densities (¢V/cm?) in various
astrophysical emission-line objects. HLya emission is not included here, but most other 0.1-
1.5 pwm emission is included (adapted and modified from Davidson, 2001b).

and OT transitions that are involved in the astrophysical lasers and are described in
Chapters 10-12.

The radiative processes occurring in compact gas condensations near a star are
similar to those in a planetary nebula, and the GCs can thus be studied by using the
extensive research of planetary nebulae (Seaton, 1960; Pottasch, 1984; Kwon, 2000).
But, there is an essential difference related to the much shorter distance between the
blob and the star and, hence, by a much smaller (ten orders of magnitude) flux reduc-
tion due to radiative dilution. Therefore, a gas condensation like a Weigelt blob has a
high internal radiation density comparable to the free energy density of charged parti-
cles. Fig. 5.9 illustrates typical thermal radiation (near-UV, visual, near-IR) densities
in various astrophysical emission-line objects including the ejecta (the GCs) near Eta
Carinae (Davidson, 2001b). These ejecta have a relatively high energy density almost
comparable with broad-line regions (BLR) of active galactic nuclei (AGNs) or quasars.
Hence, such gas condensations near to a hot star can be referred to as radiation-rich
regions.

As a conclusive result, a photoionization—recombination cycle in GCs near hot
stars produces very high intensities of the hydrogen resonance lines Lya and Lyg
(see Fig. 3.1) formed through recombination. Because of this fact the effective spec-
tral temperature of such lines is many orders of magnitude higher in the GCs than
in planetary nebulae. Moreover, this temperature can be comparable to the surface
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temperature of the star in spite of the fact that the distance of the GC from the star
exceeds the stellar radius by about 102 times. This effective spectral temperature is,
however, that high only for some spectral lines and not for the entire continuum. It
is quite sufficient for the formation of abnormally bright spectral lines of Fell, for
example, and for the occurrence of the laser effect (Johansson and Letokhov, 2002,
2007).

The effect of a high spectral temperature of HI lines in the Weigelt blobs (Johans-
son and Letokhov, 2004a) can exist in other compact gas condensations as well, but
that is still beyond the reach of detailed investigations.

5.4 Surroundings of symbiotic stars

Like the gas condensations near to hot stars the surrounding nebulae of symbiotic
stars are also remarkable astrophysical media, in which astrophysical lasers can ope-
rate. Symbiotic stars are long-period (a few years) variable binary systems, whose
unresolved composite spectra have various origins (Kenyon, 1986). Boyarchuk (1969)
proposed that a symbiotic star was composed of three sources. Firstly, the spectrum
contains characteristics usually associated with a red giant. Secondly, the spectrum
has a feature typical for a compact hot source, such as a white dwarf with an effective
temperature of T ~ 10*—10° K. Finally, the two stars are embedded in an ionized
nebula with an electron temperature of about 7, ~ 15 - 10*> cm and an electron den-
sity of ne > 10% cm™3. The presence of a surrounding nebula has been confirmed by
the observation of a Raman process by Schmid (1989). The cool component, i.e. the
red giant, produces many emission lines in the optical region, which are observable
owing to the low continuum level. The gas dynamics and gas flow between the cool
and hot components is complicated in symbiotic stars. Most symbiotic stars show LS-
allowed as well as LS-forbidden, (intercombination) lines from higher ions, which are
associated with the hot regions of the symbiotic star.

[ Slow expanding shell

Red
giant

Fig. 5.10 Mutual position of large cold star and small very hot star. Intensive UV irradiation
of extended cold gas surrounding the large star is provided by the close bright companion
(dwarf) in this symbiotic star system.
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The symbiotic stars represent a late stage of stellar evolution including a brief
span in the life of a binary star. Because this late stage has a very short timescale,
symbiotic stars are very rare stellar objects. An interesting feature of a symbiotic star is
the presence of a gas flow from the cool component irradiated by bright UV light from
the hot component. A schematic representation of a symbiotic binary star containing a
red giant, a white dwarf and accreting material from the giant’s stellar wind is shown
in Fig. 5.10. High energy photons emitted by the white dwarf ionized a part of the
wind (HII region), although some of the circumstellar nebula remains neutral. This
unusual situation is favorable for building up non-LTE conditions and, therefore, for
the operation of astrophysical lasers. The symbiotic stars, that are studied in detail,
are located in our Galaxy. However, even if they are extended objects they are still
not possible to resolve spatially, but belong to the challenges for future high-resolution
experiments with ground-based or even orbital instruments.



6
Basic elements of laser physics

The basics of laser physics have been described in many classical monographs (e.g.,
Sargent et al., 1974; Siegman, 1986; Svelto, 1998; Yariv, 1976). The readers can use
these books for details. The purpose of this Chapter is to present the basic elements
of laser science. Knowledge of these elements will allow the readers of later chapters to
more easily distinguish the specific properties of astrophysical lasers from properties
of laboratory lasers. The latter knowledge is essential for the development of methods
to search for astrophysical lasers. It goes without saying that brief description of
laser physics elements is restricted only by continuous wave (CW) gas lasers with
nonhomogeneous amplification spectral line, which are closest to astrophysical lasers.

6.1 Amplification coefficient

The usual way to obtain light amplification in laser media is to use population inversion
of quantum levels of a particle (atom, ion, molecule). Other possibilities of amplifica-
tion, which are due to the presence of noncoherent or coherent radiation from another
source in the medium, have been considered briefly in Section 1.3. In this book we
restrict ourselves to the case of inverted populations, as other possibilities are not
realistic in natural masers and lasers. Particles with an inverted population, Ny > N;
of the levels F»> and Eq, are located far from each other because of the low particle
density Ny (N;® > Ai2). Thus, the density of the inverted population AN = ANy,
is connected with the average densities of population of levels Ny and Ns:

AN = (N2 - 92N1>. (6.1)
g1

The amplification coefficient s;(w) and the shape of the amplification spectral
line due to the 2 — 1 transition are determined by the expression:

21 (W) = ANO’Ql (w) (62)

The cross-section o2 (w) of the radiative transition 2 — 1 is determined by expressions
(2.37) and (2.38), which might be presented in a more convenient form:
A2 A2
091 (W) = %a (w) = %Amg (w). (6.3)
The function a(w) describes the amplification of a spectral line with normalization
(2.36), g(w) is the form-factor amplification line with normalization [ g (w)dw = 1. In
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case of a Lorentz contour with the FWHM Aw, expression (6.3) can be written as
w—uw’ o
— Wo
1+(2 , 6.4
(2252) ] (6.4
where the cross-section of the radiative transition for the center of the line is:

Al Azt
2r Aw’

021 (w) =021 (wo)

0921 (wo) = (65)
Expressions (6.2) and (6.5) are convenient for estimations.

However, in the case of small values of the radiation and collision widths in com-
parison with the Doppler width Awp, which corresponds to a low pressure of the
media active in astrophysical lasers, it is necessary to use the following expression for
o921 (w) according to (2.54),

a1 (W) = T2 (wo) exp [—44712 (“’A_ “’Oﬂ (6.6)

WD

instead of expressions (6.4) and (6.5). Expression (6.6) differs from (6.5) for Aw = Awp

by the coefficient (7r£n2)1/2 = 1.5. It emanates from a difference in the amplitudes
between the Gaussian and Lorentzian profiles for equal area Agq (2.36). For a simple
estimation of the amplification coefficient this difference is insignificant, since the main
coefficient in a1 (wp) is (A21/Aw) ~1075-1072 < 1.

So far, it has been assumed that the amplification is independent of the light
polarization. The real atoms and molecules have an angular momentum J,,, which has
2Jn4+1 projections on a chosen direction corresponding to 2.J,11 magnetic sublevels.
The contribution of the magnetic sublevels to the amplification depends on their pop-
ulation. An unequal population of the various sublevels because of selective pumping
leads to a polarization dependence on the amplification. The presence of a magnetic
field eliminates the orientation degeneracy of the angular momentum J due to Zeeman
splitting of the magnetic sublevels. In this case the frequency splitting of the o+ and
o~ components of amplification connects to the strength of magnetic field. This effect
was studied in details for astrophysical OH masers (Elitzur, 1991, 1992; Vlemmings,
2007). The observation of polarization properties of astrophysical lasers will be the
subject of future research.

6.2 Saturation of amplification

The amplification for low intensity radiation does not depend on the intensity and it
is called linear amplification. The rate of stimulated transitions in the linear regime
is small as compared to the rates of population relaxations of levels 1 and 2 for an
amplified transition. Let us estimate the saturation intensity I, of amplification at
which the inverted population AN and, correspondingly, the amplification coefficient
will be reduced by a factor of 2. We consider the simplified level scheme shown in
Fig. 6.1. To avoid cumbersome expressions and still reveal an effect, the upper level 2
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Fig. 6.1 Simplified model of quantum transitions of four-level laser: 2-1 is the transition
with inversion of level populations N1 and Nz, 1 is the fast decaying level (11 < 72), Wexc is
the rate of level 2 excitation (pumping rate).

is populated with the rate Wey(s™!) by excitation of particles with density Ny. The

excited particles in levels 1 and 2 relax during the times 71 and 79, respectively. Let

us set 71 < To, so that there is population inversion in levels 1 and 2, i.e. AN > 0.

In this approximation, which in laser physics is known as a “four-level scheme” and

which is typical for an astrophysical CW laser, the coefficient of linear amplification
0 Is:

g, equals:

agl = UQIAN = 021N2 = 021 (WCXCTQ) NO (67)

For simplicity, assume that for the portion of excited particles Ny in expression (6.7)
Ny <« Ny because Weyxe < 1/75.

6.2.1 Homogeneous broadening

To account for the outgoing of particles from levels 2 and 1 due to stimulated tran-
sition with rates Wo; = 0911 and Wis = o121, the expression for the amplification
coefficient is:

0
@21 0 I )
Qg = ———— = 1+ , 6.8
1 + W21’7'2 21/( Isat ( )
where I is the radiation intensity within the amplification spectral line (in photons/

cm? - s). This simple expression can be derived easily for the steady-state regime, con-

sidering the balance of populations in levels 1 and 2 and accounting for the smallness
of stimulated transitions 1 — 2 because 7y < 7 and, hence N; <« N,. So, if the
rate of stimulated transitions Ws; is comparable with the relaxation rate 1/75 the
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amplification coefficient is halved. It takes place at I = Ig,;, where

Isat =

[photon/cm2 . s} . (6.9)
02172

The expressions (6.8) and (6.9) can be generalized for the case of arbitrary times 7
and 7o, for the value Wy being comparable with 1/75. However, it leads to more
cumbersome expressions, which do not change the physical meaning of the saturation
effect.

Strictly speaking, in the estimations of the level populations made above, we
implied that the rate of induced transitions Ws; is less than the rate of the dephas-
ing of the phase difference of the wave functions of states 1 and 2. In other words,
Ws1 < Aw, where Aw is the amplification line width. This assumption is always valid
for astrophysical lasers as long as the so-called saturation parameter G is satisfied by
the conditions:

G =1/l € T2Aw. (6.10)

In this approximation we neglect the coherent effects such as Rabi oscillations and field
splitting of energy levels (Sargent et al., 1974) which are improbable in astrophysical
lasers. We refer the reader to the papers on saturation of a two-level atom in chaotic
monochromatic fields (Zoller, 1979; Ficek et al., 2000).

The most essential assumption is that all particles in levels 1 and 2 interact with
resonant directed radiation, which can have a spectral width much narrower than the
spectral width of the amplification line 2—1 (Fig. 6.2b). It corresponds to homoge-
neous broadening of the amplification spectral line. The shape of this amplification
line is unchangeable during saturation as shown in Fig. 6.2b. A Doppler-broadened
spectral line is, in essence, a set of a large number of much narrower spectral lines
from particles with different velocities (Section 2.2). Therefore the Doppler broadening
is often described as inhomogeneous broadening.

6.2.2 Doppler broadening
Let us for clarity introduce the following spectral widths (Aw = 27 Av):

(1) Alhom is the homogeneous spectral width determined by the sum of radiative
and collisional widths (Fig. 6.3a);

(2) Avgeom is the geometrical broadening of the spectral interval for the interaction
between the radiation and the gas due to a finite divergence of radiation (Fig. 6.3b):

AVgeom = <6> Avp, (6.11)
™

where Avp is the Doppler width. For isotropic radiation (@ = 7) and Avgeom = Avp
(Fig. 6.3¢);

(3) Avypt is the spectral interval of the Doppler profile involved in the interaction
with radiation (Fig. 6.3b):

AVint = AZ/hom + AVgeom- (612)
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Fig. 6.2 Saturation of amplification by the directed beam with frequency v (a) and evolution
of spectral line shape in the case of homogeneous (b) and Doppler broadened (c) lines. Solid
lines are linear amplification and dashed lines are saturated amplification.

Thus, when spectral-line broadening is inhomogeneous, the light wave interacts
only with the particles with which it is at resonance. The portion of particles that
interact with the field depends on the ratio between the homogeneous width and the
Doppler width. Strictly speaking, it depends also on the spatial wave configuration.
A plane travelling wave described by E cos (wt — kz) interacts only with particles
located within the spectral range of the homogeneous width Awyom at the resonance
frequency w = wp + kv (Fig. 6.2¢). In other words, the travelling light-wave interacts
only with the particles that have a definite velocity projection on the travelling wave
propagation direction,

|w — wo — kv| < Alhom. (6.13)

Let us underline the fact that the resonance width depends also on the divergence of
a light beam according to geometrical broadening (6.11), which increases the spectral
interval Avjye of the light beam interaction with the Doppler profile up to the value
given in (6.12) as shown in Fig. 6.3b. If a monochromatic field is isotropic, i.e. comprises
a series of waves that propagate in different directions, all the particles can interact
with the field, whatever the velocity may be (Fig. 6.3¢). In this limiting case of isotropic
radiation the geometrical broadening (6.11) coincides with the Doppler width Avp.
In the saturation regime the radiation interacts and saturates the Doppler profile in
the spectral interval Avy,, causing “hole burning” inside the Doppler profile (Fig. 6.2¢).
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Fig. 6.3 Illustration of the effect of the divergence of the monochromatic field on the resonant
interaction width with inhomogeneously (Doppler) broadened spectral line for: (a) plane light
wave; (b) light field with angular divergence ©; (c) isotropic monochromatic field.

Strictly speaking, it is necessary to account for the effect of an intensity broadening
of Aviyt (Letokhov and Chebotayev, 1977):

I
AVint (I) = AVhom 1+

= AthomV1 + G, (6.14)

sat

The intensity broadening takes place until Avi,; < AVpepp, i.e. in the wide intensity
range:
~ Avp \?
Isat < I < Isat (Aylnt> . (615)

For higher intensities the whole Doppler profile interacts with the directed stimulated
radiation.

In the case of Doppler-broadened amplification line, the dependence for a
homogeneously broadened line (6.8) is replaced by a gradual dependence of the inten-
sity saturation (Letokhov and Chebotayev, 1977):

a —a0/<1+1>1/2—0‘81 (6.16)
2T Isat _\/].“rG. '

This dependence is valid until the intensity broadening of the interaction interval
Avint, determined by expression (6.14), reaches the Doppler width Avp. It takes place
at high intensities determined by the interval (6.15). Thereafter, all Doppler profiles
interact with the directed radiation.
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Fig. 6.4 Saturation of amplification by isotropic monochromatic (a) of homogeneously (b)
and Doppler broadened amplification line (¢). Solid lines are linear amplification and dashed
lines are saturated amplification.

The monochromatic isotropic radiation (Fig. 6.4) interacts with all Doppler
profiles in the linear and saturated amplification regimes (see expression (6.8) for
the homogeneous broadening). In other words, the isotropic radiation provides the
“homogenization” of the Doppler profile. As a result, the saturation of amplifica-
tion occurs without distortion of the line shape (Fig. 6.4b,c). This is essential for
understanding the influence of the amplifying volume geometry on the spectral line of
astrophysical lasers.

6.3 Laser with resonant optical feedback (cavity)

The idea of light amplification by stimulated emission in a medium with inverted
population has been mentioned in a number of publications over a 20-30-year period
of the 20th century. However, this idea had slightly opened the way to finding how to
produce a beam of identical photons, but subject to one condition: identical photons
to be fed to the input of the amplifying medium. Otherwise, any imperfection of the
light beam at the input of the amplifying medium would be repeated in an amplified
form at the output. All conventional sources emit chaotic radiation, from which it
is impossible to extract a flow of identical photons of any intensity for a subsequent
amplification. A more revolutionary idea appeared, namely, to place the amplifying
medium (molecular beam) in a resonant cavity (Gordon et al., 1954; 1955; Basov and
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Fig. 6.5 Laser with resonant coherent optical feedback by means of the Fabry—Perot cavity
(a), and longitudinal resonant modes of cavity with amplification spectral line (b).

Prokhorov, 1954; 1955), wherein the photon loss factor was lower than the gain factor,
i.e. to introduce a positive resonant optical feedback. The amplification process could
then be started with a single or a few spontaneous photons that, while repeatedly
passing through the amplifying medium, give birth to a large number of identical
photons. This chain process of undamped multiplication of identical photons is usually
called generation or oscillation, and the device developed and used is known as the
maser in the case of microwaves, and the laser in the case of light. However, the idea
of the quantum oscillators (masers and lasers) entered the field of optics from the
radio field, as illustrated by the “arrow across from “Maser (1959)” to “Laser (1960)”
in Fig. 1.1.

Thus, the key idea of masers and lasers was using resonance optical feedback in the
form of a closed cavity for the masers and an open cavity for the lasers. The Fabry—
Perot cavity was the first simple version of the open cavity for the laser (Prokhorov,
1958; Schawlow and Townes, 1958), as shown in Fig. 6.5. The generation takes place on
a limited number of resonant modes with well-defined optical field configurations if the
number of resonant modes within the amplification line above threshold is limited. In
the optimal case the standing waves are formed along the optical axis of a cavity with
the frequency interval Avy, = ¢/2L (see Fig 6.5) — a Gaussian field distribution with
a spherical or almost plane wavefront is formed in the lateral direction. In this case
the generated light wave is spatially coherent. Such a feedback may be called coherent
or resonant. This type of feedback performs two functions: (1) it returns some part
of the electromagnetic energy emitted by the active (amplifying) medium and (2) it
forms an electromagnetic field configuration in the cavity owing to the constructive
interference between the incident and reflected waves.

6.3.1 Simple consideration

It is convenient to characterize the laser medium by an amplification coefficient dis-
tributed per unit length at a given frequency a(w). Energy losses in the medium



86 Astrophysical lasers

and on mirrors, including useful output light through the partially transparent mir-
ror, can for simplicity be described by a loss coefficient « at the resonant frequencies
of the modes. It is important that the amplification coefficient o exceeds the loss
coefficient v for some number of resonant modes within the amplification line only
(Fig. 6.5b).

The light wave of a single-mode laser in the classical case, illustrated in a simplified
way in Fig. 6.5, has the form:

E (t,x,y,2) = E (z,y) sin (wt — kz), (6.17)

where E(z,y) is the transverse electric field amplitude distribution. The sinusoidal
expression describes the longitudinal distribution of the standing wave field inside the
laser cavity, part of which exists in the form of a coherent traveling wave. The intensity
of radiation, with no regard to frequency and phase, is
1= = B2 [photons/em? - § (6.18)
=—— otons/cm” - s|. .
hw 81 P
A change of intensity I of single-mode laser radiation inside the amplifying non-
coherent medium, in the case when the phases of the independent dipole emitters
(two-level systems) are not correlated, is given by the simple kinetic equation:

Ldr

o =la(l)—~]1. (6.19)

When the initial (linear) amplification coefficient g > =, the laser is above the thresh-
old. Then, the intensity of radiation grows exponentially up to the steady-state value
I, at which the saturated amplification equals the losses:

ag

a([st) = 1+

Lsat

It is convenient to use the coefficient of amplification excess above the threshold,
1N = ag7y, because the steady-state intensity is

Iy = Lt (p — 1). (6.21)

Simple dependences of amplification of intensity and of the steady-state intensity at
an excess of the pumping rate above threshold are shown in Fig. 6.6. Let us now
leave out the considerations of interaction of laser modes with different frequencies, a
synchronization of modes etc., because astrophysical lasers do not require these details.

6.3.2 Quantum considerations

Laser oscillations start from the level of spontaneous photons inside the resonant mode
of a cavity, for which «y > . Quasi-classical equations (6.19) do not account for the
spontaneous emission and, hence, do not describe the initial process of oscillation.
For correct description of the initial stage, the right part of (6.19) must contain a
term with the number of spontaneous photons. These are emitted at a spontaneous



Basic elements of laser physics 87

(@) (b)

@

Fig. 6.6 Intensity dependence of amplification providing the steady-state operation of laser
(a), and steady-state intensity I+ dependence of the excess of the pumping rate above
threshold in the quasiclassical limit (solid line) and the quantum regime (dashed line) nearly
threshold.

decay rate Ay by excited particles of density N> inside a cavity, which is occupied by
radiation (mode volume). The quantum consideration of laser action is presented in
the monographs of Sargent et al. (1974), Meystre and Sargent (1990).

In quantum language Eq. (6.19) can be presented in the form

d {(n)

9\
dt

— c[a((n)) =] () + Ay / NydN, (6.22)
where (n) is the mean number of photons in mode n, and the last term describes the
addition of spontaneous photons to the cavity mode. This simplified equation allows
us to trace the change of the mean number of photons in the mode, (n) = > nP (n),
starting from spontaneous emission, as well as to understand the gradual change of the
line intensity or (n) near the threshold of oscillation, as shown in Fig. 6.6b. However,
Eq. (6.22) does not allow us to understand the dynamics of the evolution of the
distribution number of photons P(n) in the mode. That requires the presentation
of the field in the form of quantum harmonic oscillators with corresponding flows of
transition probabilities up and down, as shown in Fig. 6.7.

The quantum theory of lasers has been developed in works of the Lamb and Scully
(Sargent et al., 1974) and Haken (1970) schools. Below we elucidate the elements of
quantum theory following the works of Lamb and Scully (1967).

The evolution of the photon number distribution P(n) in the mode n during the
transition through the threshold can be studied by means of the so-called master
equation for the distribution P(n). This master equation defines the photon number
in mode n with energy nfiw, coupled with the levels having the energies (n — 1) fw
and (n + 1) hw by amplifying and dissipative quantum transitions. The amplification
rate (s7!) can be described by the coefficient ac and the loss rate by the
coefficient ~c:

lip(n):—(n—|—1)aP(n)+naP(n—1)

cdt
—mP(n)+yn+1)P(n+1). (6.23)
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Fig. 6.7 Flows of probabilities of up and down transitions between quantum states of quan-
tized harmonic oscillators (adapted from Sargent et al., 1974).

The coefficient « in this equation describes the saturation amplification, which for
weak saturation (G < 1) can be presented in the form

(&7s)

a:m:a[l—(n+l)G]. (6.24)

The corresponding quantum transition rates are shown also in Fig. 6.7.

It is clear that the value ac(n+1)P(n) in equation (6.23) is the flow of the probabil-
ity of transitions from state |n) of the photonic field to state |n + 1), caused by photon
emission of the excited atoms. The similar interpretation of the value ae(n + 1)P(n)
follows directly from the origin of the agc coefficients corresponding to the rate of
induced transitions.

So, the product of the value apcP(n) and the number of final states (n+1) defines
the total rate of photon output from the field states |n) to the state |n + 1). By analogy,
the term agenP(n — 1) is the flow of probabilities from state |[n — 1) of the photonic
field to state |n). The term ye(n+1)P(n+1) describes the probability flow from state
|n — 1) to state |n) caused by decay of |n — 1) states due to loss of light.

Expansion of the expression (6.24) in the small parameter (degree of saturation)
G = I/l in the case of the quantized field gives the interpretation of the terms
responsible for the saturation of a laser media. Thus, the linear term of the expansion

(n+1)age(n+ 1) GP (n) = ageG (n + 1) P (n) (6.25)

corresponds to the process in which the photon is absorbed at first and emitted later.
An analogous explanation can be given for the expansion terms of higher orders. The
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higher order terms are not essential for us, because the steady-state distribution P(n),
governing the laser photon statistics, exists already at the weak saturation.

The distribution P(n) of the number of laser mode photons n depends on the rates
of stimulated transitions and cavity losses. Let us consider the statistics of the laser
photons for the steady-state oscillation regime below (n < 1) and above ( > 1) the
oscillation threshold.

Equation (6.23) in the steady-state regime and a small degree of saturation (G < 1)
is reduced to follow the equation for the photon distribution:

—ap(n+1)P(n) + apnP(n — 1) —ynP(n) + y(n+ 1)P(n + 1). (6.26)

This second order differential equation can be written for consequent values of n. As a
result of this operation the system of equations is reduced to two systems of equations.
Each of these equations is the first-order difference equation

agnP (n—1) —ynP (n) = 0. (6.27)

This difference equation has the solution

P(n) = <1 - Os)) (‘?)n (6.28)

with the standard normalization
Y Pn)=1 (6.29)
n=0

Hence, the probability of photon absence inside the cavity of the laser below the
threshold (ag < ) is

P0)=1- % (6.30a)
and the probability of presence of a single photon is:

P(1) = (1 - O;°> (f’) : (6.30D)

etc. Fig. 6.8a shows the steady-state distribution of photon numbers below the thresh-
old and for a very small excess of the pumping rate above the threshold.

It is quite interesting to compare expression (6.28) with the distribution of the
number of photons in a single mode of black-body radiation at the same frequency w:

P (n) =exp(—nhw/kT) /[1 — exp (—hw/EkT)] . (6.31)

The comparison of the distributions (6.28) and (6.31) shows that the statistical prop-
erties of laser radiation below the threshold of laser operation coincides with the
statistical properties of black-body radiation in a single mode at the same frequency
w and at an effective temperature determined by the expression

Qo

exp (—hw/kT) = e (6.32)
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Fig. 6.8 Graphs of photon number probabilities (steady-state distributions) P(n):
the generation threshold (solid line) and slightly above the threshold (dashed line
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threshold (20%) for the mean number of photons (n) = 400 (solid line) and (c¢) Poisson
distribution for the same (n) (dashed line) (adapted and modified from Sargent et al., 1974).

)

This temperature can be called the effective temperature of laser radiation below the
threshold of oscillation.

Equation (6.23) above the threshold of oscillation (ag/y > 1) for the steady-state
regime can be written in the form:

- (O;(%G> P(n) + (OfG> P(n—1) —ynP(n) +y(n+1)P(n+1)=0.  (6.33)

This difference equation of the second order is reduced to two difference equations of
the first order:

2
(?G) P(n—1)—ynP (n) = 0. (6.34)

This equation has the normalized solution in the form of the Poisson distribution
P(n)= %e*“ﬁ (6.35)

with the average number of photons in mode (n):

o2
(n) = 2G. (6.36)
Y

Thus, in the case of a significant excess of the threshold of laser oscillation the statistics
of the number of laser photons in single mode is governed by the Poisson distribution
(6.35) (Fig. 6.8b). This distribution corresponds to the coherent state of a laser field.
Fig. 6.8¢c illustrates the gradual passage through the initial noncoherent distribution
to the steady-state Poisson distribution during laser generation. This evolution has

been studied in experiments by Arecchi (1965).
The descriptive presentation about the relative value of the fluctuations of the
photon number of a laser field gives the Mandel parameter, (), which determines the
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normalized deviation of the mean-quadratic photon number from the square of the

mean value: > )
2
(n?) — (n)
= — 1 6.37
In the case of Poisson statistics for the photon number: () = 1. For Q > 1 the photon
statistics is super-Poisson, and for () < 1 the statistics is sub-Poisson. For single-mode
laser radiation the Mandel parameter equals:
Q=—1_. (6.38)
Qo — 7

Correspondingly, the distribution of the photon number below the threshold oscillator
(g < ) is sub-Poisson, and above the threshold (o > ) the distribution P(n) is
always super-Poisson. In the case of a significant excess of the threshold (ag > ) the
distribution P(n) is close to Poisson distribution.

6.4 Coherent properties of laser light

An optical cavity, i.e. an optical system forming the light field with a stable spatial
configuration at frequency w close to the resonant frequency wg of the optical am-
plifying transition (Fig. 6.5), provides the coherence of laser light. The amplification
ag > v compensates for the damping of the light oscillations caused by unavoidable
losses. For lasers with a large active volume V = a?L > A3, where a is the transverse
size and the length of the active laser media, an open cavity is most convenient. The
number of modes with a given polarization and with the propagation vectors within
the solid angle € along the optical cavity axis and within the spectral width Av of

the amplification lines equals:

V Av
N, = 29?7 (6.39)

The minimal solid angle is determined by diffraction

3\ 2
Qmin = Qaif =~ (a) : (6.40)

In this case the number of modes with wave vectors within the solid angle Q4;; with

given polarization equals
2L Av 2L
Ny =——=—Avw. 6.41
A v c Y ( )
Thus, the frequency interval between neighbouring longitudinal modes is Av/N,, =
¢/2L [Hz], as shown in Fig. 6.5.

6.4.1 Spatial coherence

A Fabry—Perot open cavity is the optical feedback system, which provides the drastic
reduction of the density of high-quality modes. Between two parallel mirrors the two
opposite light waves can propagate along the optical axis. Some part of the radiation
will be lost because of diffraction at the mirror edges. The off-axis waves have big losses.
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The radiative (diffractional) losses cause the formation of weakly decaying modes with
the definite stable spectral configuration of the electromagnetic field. The Fabry—Perot
cavity has small diffraction losses in the case of a high Fresnel number

a2
N=—>1. 6.42
I (6.42)
This is due to the angular size of one mirror, which is less than the diffraction(al) angle
A/a viewed from the point of the location of the other mirror. The Fresnel number
equals approximately the number of Fresnel zones, which are observable on one of the
mirrors from the position of the other mirror. The diffractional losses are very small
for N > 1, but grow drastically for N < 1.
A laser with a Fabry—Perot cavity emits a light beam with a diffraction diver-
gence of

A

o= (6.43)
This beam has a definite phase along the wavefront that provides full spatial coherence
of the light field. Practically, an open cavity with spherical mirrors is more stable and
convenient. A laser with spherical mirror(s) emits a divergent spherical wave with
a definite phase along the spherical wavefront (Fig. 6.9a). Such a spherical beam is
spatially coherent, too, and can be transformed easily to the directed beam with a
diffractional divergence. A laser can operate inside a thin optical fiber or thin optical
layer with the transverse size of the same order as the optical wavelength. The output
divergence of such a laser is large (Fig. 6.90), but again, owing to the definite phase
along the wavefront, such a divergent light beam can be converted to a directed beam
with a diffraction divergence. The spatial coherence (diffractional directivity) of the
laser beam is one of the most impressive properties of lasers.

6.4.2 Temporal coherence and spectral bandwidth

The amplitude of laser oscillations of the ideal single-mode laser, according to (6.21), is
stable to an accuracy of the quantum fluctuations, governed by the photon distribution
P(n). The quantum fluctuations are responsible for phase fluctuations of the laser
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Fig. 6.9 Transformation of the divergence of the coherent light beam from a laser with a
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'

confocal Fabry—Perot cavity (a) and a very thin fiber or diode laser (b).
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wave. Spontaneous photons are occasionally merged with the single mode and shift
the phase of the wave by a very small random value. This effect causes a diffusion of
the phase and produces the bandwidth of the laser radiation spectrum, which can be
called the natural linewidth of the laser.

In order to study the phase fluctuations of the laser field, it is quite convenient
to present the electromagnetic field in the form of a complex vector (Fig. 6.10). This
vector undergoes small changes in phase and amplitude due to arriving spontaneous
photons to the mode. For a laser, far above the threshold, the amplitude fluctuations
are negligible. That field strength can be written in the form

E (t) = \/(n)e!®®miwot (6.44)

where (n) is the mean number of photons with frequency wy. The phase O(t) makes
a one-dimensional random walk around a circle, as indicated in Fig. 6.10.

The quantum laser theory gives the distribution P(©), which is governed by the
diffusion equation

OP(©,t)  _9’P(O,1)
5 =D (6.45)
D is the diffusion coefficient oc
D = — [rad/sec], (6.46)

(n)
where amplification a gives the arriving rate of spontaneous photons to the mode.
The phase diffusion causes the decay of the mean amplitude of an electric field:

(B () = / dOP(0,1)E (0) = Eye=", (6.47)

and leads to a spectral shape with a finite bandwidth of the laser oscillations:

D

Sy = (6.48)

T (w—wp)’ + D2

Fig. 6.10 Electromagnetic field as a vector with fluctuating amplitude and diffused phase
due to a spontaneous photon, merged with the arriving to laser mode (adapted and modified
from Sargent et al., 1974).
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and the full bandwidth at half-weight:

a—7v)c

o (
Awigs = 2D = = = (6.49)

This limiting (natural) spectral width of a laser mode was derived by Schawlow and
Townes (1958). The natural bandwidth is very small for lasers, ranging from 10~2 Hz
for He-Ne lasers to 10° Hz for miniature diode lasers.

The possibility of generating a light wave with a very narrow spectrum, which
does not restrict the interaction time with quantum emitters, was quite nontrivial for
physicists in the 1960s. It is worth giving the following citation on this subject from
the Lamb article (Lamb et al., 1999):

To many physicists steeped in the uncertainty principle, the maser’s performance,
at first blush, made no sense at all: Molecules spend so little time in the cavity of a
maser, about one-ten-thousandth of a second, that it seemed impossible for the fre-
quency of the radiation to also be narrowly confined. Townes recalls a conversation
with Niels Bohr on a sidewalk in Denmark in which Bohr emphasized this very argu-
ment. After Townes persisted, he said: “Oh, well, yes, maybe you are right”. But, the
impression was that he was simply trying to be polite to a younger physicist.

To conclude this brief discussion of the unique properties of coherent laser-light
one of the authors (V.L.) remembers the discussions in the early 1960s of the nature
of a coherent laser field and the comparison of the laser light with the radiation of an
extremely hot black body. Let us assume that an ultranarrow filter and a diaphragm
form a beam of black-body radiation having the same intensity, spectrum, and div-
ergence as a laser beam. The electromagnetic wave of the perfect laser has a stable
amplitude and frequency, and a slightly fluctuating phase. There is no linear spec-
trometer that can distinguish the single-mode laser radiation from the hypothetical
black-body radiation mentioned above. However, the nonlinear correlation measure-
ments will demonstrate a great difference. The laser wave has negligible fluctuations of
the amplitude (shot noise of photons) and relatively slowly varying phase (Fig. 6.11a).
In quantum terms, this means that the distribution of photon number in mode P(n)

(@)

<n>

E(t)
Filtred P
BBR ‘

Fig. 6.11 Comparison of single-mode radiation of laser (a) and single-mode radiation of
hypothetical very bright black-body radiation (BBR) (b). Classical light wave (a) and photon
number probabilities P(n) (b).
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has a very narrow peak. At the same time, however, the light wave of a single mode
of the hypothetical black-body radiation has deep fluctuations of the amplitude and
the phase with the correlation time determined by the spectral width of the radiation
(Fig. 6.11b):

1
AZ/racl ’

(6.50)

~
TCOI‘I‘ -

In quantum terms the distribution of the photon number in single mode P(n) is very
wide even for (n) > 1. This fundamental difference is a result of the resonant optical
feedback in the presence of an amplifying medium.

6.4.3 Coherent state of light field

“Coherent states” of light, which have been introduced and studied by Glauber
(1963a, b), may be considered as an example of one-dimensional classical harmonic
oscillations. The properties of coherent states are most similar to properties of the
classical oscillator. The laser coherent field is almost classical and, hence, the coherent
states are relevant to the laser light.

Let us assume that the harmonic oscillator is in a quantum state with the wave
function ¥, which can be designated |n) for brevity. The mean values of the coordinate
x and the momentum p in such quantum states are equal to zero:

o (t) = (n|2[n) =0, pa(t) = (n[p|n) = 0. (6.51)
In terms of classical mechanics
x (t) = xo cos (wt + ). (6.52)
It is possible to find a state ., for which the following relationship is valid:
x () = (ae |2] ) - (6.53)
Such a state was expressed by Shrodinger (1926) as:

|y = 6_# Z % |n) (6.54)

n=0

The mean number of vibrational photons (for a classical oscillator) or photons in the
field oscillator in this coherent state is

(n) = |af?, (6.55)

and the probability of occupation P(n) of an oscillator in the state |n) is determined
by the Poisson distribution

P(n)=e"™ M. (6.56)

For the coherent state

(Az)’ =7% —2® = —, (6.57a)
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and
(Ap)® =p* —p* = ——. (6.57b)
The expressions (6.57a, b) give
h
AxAp = 2 (6.58)
i.e. in the coherent state the product of the uncertainties of (a) the coordinate and
(b) the momentum is minimal.

Let us move from the classical oscillator (6.52) to the quantum field oscillator
(6.45). The quantum field states with a given number of photons n are called Fock
states. Glauber (1963a, b) studied the coherent properties of laser light in terms of
photon distribution P(n) and Fock states. He found that the coherent states can
be presented in the form of the coherent superposition of the states (6.54) with given
photon number (Fock states). This result leads to a Poisson distribution for the photon
number P(n) in the coherent state:

|a|2n

P(n) = |(n] a)* = 71"

(6.59)

with a width of about |a/.

Fig. 6.12 illustrates a coherent field state of single laser mode with the mean am-
plitude |a| =~ \/@ and phase ¢ + ©. Here the phase angle ¢ relates to the mean
measuring field, and angle © is the angle of the field before the measurement. The
amplitude and phase in the coherent state have minimal uncertainties. The contribu-
tion of the phase uncertainty is shown in Fig. 6.12:

1 1
fp=——= 6.60
Y= 3l 2 o (6.60)
ImE
Phase
noise
Amplitude
noise
F) f E i 12
i)\// - E/:/ (<n2>*<l’l>2) :%
K o+

Re E

Fig. 6.12 Geometrical representation of the amplitude and phase fluctuations of the coherent
state of laser field E.
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The uncertainty of the photon number An equals
An = |a] = v/(n). (6.61)
Thus, the product of the uncertainties from photon number and phase equals:

Andp = % (6.62)
This result is similar to the Heisenberg relationship although it does not result in a
direct consequence of a commutative relationship between the operators for the num-
ber of photons and the field phase. However, the expression (6.62) describes correctly
the balance of the uncertainties of phase and amplitude. The strictly definite phase of
the field corresponds to large amplitude fluctuations and vice versa. This effect leads
to a concept of the squeezed states of the field, for which an ellipse of uncertainties
is valid instead of a circle. For details the interested reader should consult quantum
optics monographs (Loudon, 1983; Scully and Zubairy, 1987; Meystre and Sargent III,
1990; Walls and Milborn, 1995).

6.5 Laser as an amplifier

A laser medium without a resonant cavity is an amplifier of optical waves. There are
two types of amplifiers, which are shown in simplified forms in Fig. 6.13. The amplifiers

(a) Laser amplifiers hw

= 0 ] | |I>

Optical isolator

(b) O Fiber amplifiers
(==
hw
umping —

g

©
hw

fiw

/ © o S~
Amplifying medium
Fig. 6.13 Laser amplifier with controllable amplification of external laser radiation in a

multi-stage system (a) a fiber system (b), and a noncontrollable amplification of spontaneous
emission (c).
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of the first type (Fig. 6.13a, b) have quite a large amplification K = exp(aL). These
amplifiers operate as controllable amplifiers of a relatively weak continuous wave or
pulsed input of an optical signal. The suppression of the internal noise of the spon-
taneous photons is an important feature of such an amplifier. In the ideal case every
amplified photon corresponds to a spontaneous photon. However, the amplified (stim-
ulated) photons are emitted to the mode of the signal only, whereas the spontaneous
photons are emitted in 47 steradians (to all modes within the amplification line).

Another situation occurs in the amplified medium with an uncontrollable ampli-
fication of its own spontaneous emission in the absence of an external optical signal
(Fig. 6.13¢). This amplification regime is parasitic because in it the uncontrollable
self-generation of the amplified medium takes place. Various methods of optical iso-
lation of separate cascades of the chain of amplifiers are used in order to suppress
the parasitic generation. On the other hand, this is the only way to construct an am-
plifying laser where the input optical photons for amplification are very rare or the
possibility of using the optical feedback does not exist. Particularly, it is true for the
important case of X-ray free-electron lasers (X-ray FEL), operating in the regime of
saturated amplified spontaneous emission (SASE regime). In the limiting case of the
fiber amplifier laser, where the geometrical divergence is less than the diffractional
divergence, the laser has the spatial coherence, determined by the diffraction (but
without temporal coherence!). Temporal coherence is possible in the pulsed regime
only, where the duration of the amplifying pulse is 7 ~ 1/Aw, and Aw is the spectral
bandwidth of the amplifying pulse.

6.5.1 Amplification of coherent light

Laser amplifiers are used for two main purposes: for the amplification of the energy of
high-power laser pulses and to compensate for the attenuation of the signal in a laser
fiber communication line. The generation of a high-energy pulse inside the laser itself
is a very difficult problem because of the limited volume of the laser medium inside a
cavity with the required interferometric accuracy (Letokhov and Ustinov, 1983). The
distortion of the optical quality of a large volume of active medium was one of the main
limitations for the development of a laser weapon. High-power laser pulses are needed
for triggering inertial thermonuclear reactions. A huge, multicascade laser setup has
been constructed for this purpose (Basov et al., 1966). One of the main problems with
the operation of a chain laser amplifier with high amplification K = exp(agL) was
the optical isolation of cascades of the amplifier by means of Faraday cells, saturable
absorbers etc. to prevent self-generation of the chain before the arrival of an amplifying
optical pulse.

The laser fiber amplifiers of low-intensity optical signals (Fig. 6.13b) are used widely
in optical telecommunication lines. The pumping of such doped solid-state fiber ampli-
fiers is provided by very effective low-cost semiconductor lasers. This trend of quantum
electronics has reached a mature industrial level.

When the input optical signal has a low intensity I;, < st (photons/cm? -s), the
amplification is linear on the length

1 Iin
Llin =—1In ( > (663)

&%) Lsat
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Fig. 6.14 Change in the amplification coefficient 32 during the transition from the linear

amplification regime to the saturated amplification regime. (b) Growth in the intensity of the
amplified spontaneous radiation in the linear and saturated regimes (Lin is the length, over
which the linear, non-saturated amplification and exponential growth of intensity occur). The
insert shows a schematic of the four-level radiative cycle involving the laser transition.

The same is true for, the amplification of a laser pulse with the input energy flux
& (photons/cm?) < Egut, where &, is the energy flux at saturation Ep = 1/209;
(photons/cm?). The intensity (or energy flux) grows exponentially in the linear regime
as exp(agL). When I = I (or €S Esat), the amplification becomes saturated, and
all the energy per unit length (%AN hw) stored in the laser medium is extracted as
emission stimulated by the amplified radiation. The intensity of the amplified radiation
grows linearly with length in the saturation regime. Fig. 6.14 illustrates an evolution
of the intensity and amplification per unit length during the transfer from linear
amplification to saturated amplification.

However, in the presence of linear losses the intensity (or energy flux) stops grow-
ing at some level because the extracted energy is only able to compensate for the
linear losses (Prokhorov, 1963). This effect can be understood from simple quantita-
tive arguments. Let us consider the length element of an amplifier AL < 1/7y. The
maximal energy of a pulse is achieved when the value of the energy extracted by stim-
ulated emission from this length element AL(ANy/2) (photons/cm?) equals the value
of the energy loss EA L~y in the same length element. It leads to an expression for the
maximal (limiting) energy flux Epax:

ANy

—_— hotons/cm? - s 6.64
50 [photons/en” - (6:64)

Smax =

In the case of amplification of continuous wave (CW) radiation, it is necessary to
take into account the time of recovery 7. of the amplification a after the strong
saturation, which is determined by the rate of pumping of the active laser medium.
Then the expression for maximal (limiting) intensity is

ANy
2707—1"60 )

(6.65)

Imax =
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This limitation of intensity is important for an astrophysical laser amplifier owing to
the existence of linear losses of radiation (dust etc.).

Astrophysical laser amplifiers operate in the regime of uncontrollable amplification
of multimode radiation in a low-pressure active gas medium. In this regime the transit
from linear to saturated amplification is accompanied by distortion of the spectrum
of the amplifying spontaneous radiation. Because of this, the laser amplifiers with
Doppler-broadened amplification spectral lines are most interesting for us.

6.5.2 Amplification of spontaneous emission

The spectrum of spontaneous emission coincides with the shape of an amplification
line. Thus, the spontaneous emission has maximal amplification at the centre of the
line:

I(v) =1 (v)e*™L (6.66)

i.e. there is spectral narrowing as shown in Fig. 6.15a. Such a narrowing is determined
by the parabolic shape of the top of the amplification line (Yariv and Leite, 1963):

AI/()
Av=——2 6.67
v vV1+agL ( )

where L < Ly,, and Ay is the bandwidth of the spontaneous emission (amplification
line). This expression is valid for the saturated amplification too, but L must have a
saturated value because of the reduction of «. Allen and Peters (1972b) have considered
the saturated amplification regime in details.

The main contribution to the change of the spectum of the amplified spontaneous
emission is given by the distortion of the amplification line itself due to the saturation.
It occurs in the case of inhomogeneous broadening, particularly for Doppler broaden-
ing of the amplification line, as shown in Fig. 6.2¢c. The top of the amplification line is
flattened because of saturation by the minimum of the amplification (“hole burning”)
and, hence, the narrowing of the amplifying spectra transit to the “rebroadening”

(@) (b)

1(v)
- Narrowing

_ Rebroadening
v op(v
- o(v)

ag(V)

Fig. 6.15 Illustration of spectral narrowing of amplified spontaneous emission for a homo-
geneous broadened amplification line (a) and the rebroadening of the spectra in the case of
the saturated (dashed line) inhomogeneous amplification line (b).
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spectra of the amplifying spontaneous emission in the saturated regime. This is illus-
trated in Fig. 6.15b. Maeda and Yariv (1973) have observed this effect in laboratory
experiments on the Xe amplifier tube at A = 3.51 pm, and Casperson (1977) later
published a more detailed analysis of it.

Astrophysical amplifying volumes can have various shapes (spherical, elliptical,
wire-like, etc.). It means that the spectrum of amplified spontaneous emission depends
on the geometry (divergence) of the emission. The equation of radiative transfer allows
us to consider this effect. This task has been considered (Das Gupta and Das Gupta,
1991) for a plane-parallel cylindrical slab of an active amplifying medium with axial
symmetry but not for an astrophysical laser with scattering. In principle, the equation
of radiation transfer can be applied to astrophysical lasers.
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Introduction to
astrophysical lasers

Ideas of the nonequilibrium state of matter, which is out, of thermodynamical equilib-
rium with radiation, ideas of inverted population of quantum levels, and the possibility
of an amplification (but not an oscillation!) were born in the final 30 years of the 20th
century. Some of the considered schemes are surprisingly similar to the schemes for
laser pumping, so they are worthy of an overview here.

7.1 Amplification under non-LTE conditions

Menzel (1969) discussed in a general form the possibility of inverted population and
amplification of radiation in stellar atmospheres in non-LTE conditions. His analysis
is based on the radiative transfer equation in a “microscopic” form, denoting the
population of the upper (2) and lower (1) levels of the radiative transitions by Ny and
Ny, respectively,

dl(v) _ hv
dr 4w

hv N-
NoAzig(v) — ENIBH (1 - sz;) gw)I(v), (7.1)

where I(v) is the spectral intensity of radiation, g(v) is the form-factor of the spectral
line (fooo g(v)dv = 1), i.e. the mean intensity J, weighted over the line profile:

J= /OOO I(v)g(v)dv, (7.2)

and ¢; and go are the statistical weights of levels 1 and 2. The Einstein coeflicients
in Eq. (7.1) are: Agy, the transition probability for spontaneous emission from “2” to
“1” per second per particle in state 2; ByoJ, the transition probability for stimulated
absorption (radiative excitation) from lower “1” to “2” per second per particle in state
1; and Bs;J, the transition probability for stimulated emission from “2” to “1” per
second per particle in state 2.

Under the condition of radiative equilibrium the number of radiative transitions
per second per unit volume from state 1 is equal to the number of radiative transitions
per second per unit volume into state 1, i.e.

N1BiaJ = Ny Aoy + NyBoy J. (73)
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The Einstein coefficients are connected by the expressions:

2h13
g1B12 = g2B2;1 and Ay = 2 Boy. (7.4)
The absorption coefficient «(v) is determined by
hvay
ay = (N1B12 — N2Bay) g(v). (7.5)

The Boltzmann relation for the relative populations, N1 and N», of levels 1 and 2 with

energies F; and Fs is
Ny g9 Ly — Ey
—= == —— . 7.6

Ny glexp< KT ) (7.6)
Menzel (1969) used a dimensionless parameter b (see Chapter 4) to indicate the degree
of departure from thermodynamical equilibrium of a nebular gas at a temperature of

T. for the electron gas. This b-parameter (non-LTE coefficient) is equal to unity for
thermodynamical equilibrium. In the general case, Eq. 7.6 can be written:

N2 bggg hv
Do (2292 _w — B, — Ey. .
N, (blgl>eXp< kT)’ hw = E> = B, (7.7)

As long as hv/kT is much greater than 1, we can usually neglect the term repre-
senting the stimulated emission in Eq. (7.1). If (b2/b1) is close to unity, i.e. for local
thermodynamical equilibrium (LTE) the second term on the right side of Eq. (7.1) is
approximately equal to the source function:

hv3 hv -t
Sy, = —- — | -1 . 7.8
& [ ) - &
Menzel (1969) noted that in many cases (nebulae, highly extended stellar atmospheres)
b tends to be high for the low metastable levels, i.e. the low excited levels of the
same parity as the ground state tend to have b-values much less than unity. For
transitions, for which bo/b; > 1, the stimulated emission may exceed the absorption

at high temperatures, i.e. o, determined by Eq. (7.5) will be negative. This case at
non-LTE is referred to as inverted population and gives a net negative absorption.

7.2 Astrophysical predecessors of the laser

Astrophysics was a major driving force of atomic spectroscopy in the last century
because astronomical spectra of stars, nebulae, and galaxies gave the main infor-
mation on the structure and development of the Universe. Spectroscopy of stellar
atmospheres was intensively studied (Unséld, 1968) and modeled in parallel, with the
development of computers. The emission of a star detected by an observer includes
continuous Planck radiation of the photosphere, which propagates through the outer
stellar atmosphere and line radiation from the enveloping regions. Therefore, depend-
ing on whether absorption or spontaneous emission dominates, the discrete absorption
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or emission lines of the stellar atmospheres are observed against the background of the
continuous photospheric spectrum. If the continuous radiation is very intense, while
the brightness of spontaneous emission of the atmosphere is low, discrete absorption
lines are observed. This is the typical case for most stars, even though a discrete line
spectrum can be observed in wavelength regions outside the Planck curve of continuous
radiation.

However, spectra of many stars contain bright emission lines (Merrill, 1956). This is
possible if the emission line intensity is comparable with the intensity of the continuous
photospheric spectrum at the corresponding line wavelength. For this reason, bright
lines can only be observed in spectra of extended objects or in wavelength regions
where the photospheric emission is comparatively weak. Bright emission lines are
very often observed in spectra of variable stars and binary stars as well as nebular
regions.

Three excitation mechanisms are mainly involved in the explanation of the occur-
rence of bright emission lines: collisional excitation, excitation by recombination, and
the Bowen mechanism (Bowen, 1934, 1935). The last of these is the first example of
the coincident excitation process discussed in Chapter 9, which explains the presence
of anomalously bright lines as fluorescence. These are generated by photoexcitation
by accidental resonance (PAR), i.e. a wavelength coincidence of a strong emission line
of one element with an absorption line of another element. The most famous case is
the He IT Ly « excitation of O III (Bowen, 1934), but also other cases were reported
early on (Thackeray, 1935). The authors of these papers came up with ideas that are
in fact the early predecessors of the concept of obtaining an amplifying laser medium
by producing an inverted population of the energy levels.

It was known early on that emission lines of neutral oxygen, OI, at 8446 A
(3p°P° — 3s3S°) and 7774 A (3p°P° — 3s°S°) show an anomalous behavior in spec-
tra of Be stars (Sletteback, 1951; Merill, 1956). The 8446/7774 intensity ratio is
much greater than the laboratory value. Bowen (1947) assumed that this could be
explained by fluorescence in the 8446 A line caused by a wavelength coincidence bet-
ween the bright H Lyf line (1025.72 A) and the absorption line of O I at 1025.77 A
(2p3P° — 3d3D°). A partial energy level diagram of OT showing these transitions is
presented in Fig. 7.1a.

The anomalous ratio of the line intensities (8446 A and 7774 A) could later be
explained by stimulated emission due to the population inversion for the 8446 A
transition. Since the lower 3s3S° level of the transition has a shorter lifetime than
the upper 3p3P° levels, the inversion can be achieved by moderate CW pumping of
the upper levels (Letokhov, 1972a; Lavrinovich and Letokhov, 1974). The 8446 A
line is further discussed in connection with laser action in astrophysical plasmas in
Chapter 12.

An example of a similar intensity anomaly concerns the Mg II lines A = 3848 A and
A = 3850 A of the multiplet, 5p?P° — 3d2D (Fig. 7.1b). The first line can sometimes
be much brighter than the second one (Merill, 1951, 1956). Attempts were made to
explain this anomaly by the wavelength coincidence between the Mg IT 1025.87 A
(3528 — 5p2P3/2) absorption line and H Ly/3 at 1025.77 A. However, the absence of an
analogous anomaly for another line at 3614 A (5p?P° — 45%8) from the same upper
level casts doubt on this mechanism (Merill, 1956).
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Fig. 7.1 Astrophysical schemes of pumping and fluorescence of levels in OI (a) and Mg II
(b) by HLy/3 emission explaining the appearance of bright lines at 8446 A (O1) and 3848 A

(Mg II).

The intensity anomalies in stellar spectra discussed in the 1950s were mostly obs-
erved for long-period variable stars of late spectral classes (M and S stars). Certain
multiplets were observed in emission, for which the relative intensities of the lines
differed from their laboratory values (Merill, 1952). One example is the anomalous
behavior of the A = 4101 A and A\ = 4511 A resonance lines of In I corresponding
to 5p?P — 6s%S transition (Fig. 7.2a). The 4511 A line was predominantly observed
in emission rather than in absorption, which could be explained by photoexcitation
of the upper 28 level (marked “3” in Fig. 7.2) owing to the wavelength coincidence
between the resonance absorption line of InT at 4101.72 A and strong emission in the
Balmer H§ line at 4101.75 A.

Figure 7.2a shows the scheme of transitions between the three lowest levels of In I,
5p2P1/2 (1), 5p2P3/2 (2) and 65281/2 (3), involved in the 3 — 2 fluorescence caused by
Hé pumping in the 1 — 3 channel. This was discussed by Thackeray as early as 1935
(Thackeray, 1935). The condition for the appearance of an emission rather than an
absorption line in the 3 — 2 transition as found by Thackeray proved to be coincident
with the population inversion condition. Let us assume that radiation of intensity
I3 pumps the resonance channel and that radiation of intensity I»3 is emitted in
the anomalous 3 — 2 transition. Since the 2 — 1 transition is parity forbidden with an
extremely low probability, a cyclic loop involving the states 1, 2, and 3 is “impossible”.

Since the In atom has a low ionization potential (5.76 €V), it is reasonable to include

ionized atoms in state 4 into the scheme. Regarding the conditions

Py = Py, Piyy=2Py, P3;=2P;3, (7.9)
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Fig. 7.2 Schemes of cyclic transitions in InI considered by Thackeray (1935) for explaining
the bright emission line at 4511 A observed owing to excitation by the 4101A H§ line: (a)
photoionization depletion and (b) collisional depletion of the metastable *Pj /5 level (2).

for the various transition rates, taking into account the degeneracy of the levels and
the fact that levels 1 and 2 belong to the same term, Thackeray (1935) obtained the
following expression for the steady-state level populations n;:

Py P 2 P
= - = N3Ps3 |2P13 + P24+ P13 2 . (7.10)

N- = N.
"Pis+ Py 22(P23+P24) Po3

Therefore, the ratio of the number of emission (3 — 2) and absorption (2 — 3) events
at the frequency va3 is (Thackeray, 1935):
_ NsPsy | Pou(Pis — Pas)
N3 Pss 3 (Pr3 + Paa)

(7.11)

For v > 1, the cyclic 1 — 3 — 2 — 4 — 1 transition occurs, resulting in the predominant
emission at the 3 — 2 transition.
Note that the condition of the cyclic transition v > 1 in the 3 — 2 direction is
simultaneously the population inversion condition for levels 2 and 3:
_ N3P Nzozz N3 [Ny

_ _ - 2o, 7.12
NoPy3  Naoaz g3/ 92 (7.12)

where oy, is the cross section for the radiative n — m transition. Therefore, the mech-
anism 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 PAR mechanism of excitation (Fig. 7.1) is in fact the astrophysical ana-
logue of a three-level scheme with optical pumping. Astrophysicists have proposed
the schemes to explain anomalies in stellar spectra, which anticipated a number of
laser schemes. For example, Fig. 7.2b shows another scheme of transitions between
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the lower levels of InI, which was also proposed by Thackeray (1935) 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 is achieved by fast collisional relaxation of
the metastable level 2. This scheme is very close to the scheme of a collisional laser
proposed by Gould (1965).

Stimulated emission lines should be narrower than spontaneous emission lines. The
narrowing of the spectrum can be quite sufficient for the unambiguous determination
of the origin of the emission line. This effect should be considered in more detail tak-
ing into account the existence of a large optical thickness for the amplifying (pumped)
and pumping transitions and resonance scattering of radiation. In principle, two oper-
ating regimes are possible: the amplification of the photospheric emission in a stellar
atmosphere and the amplification of the spontaneous line emission of the outer atmo-
sphere. 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
intrinsic spontaneous noise. In the latter case, the laser amplifier can be transformed
to an oscillator owing to an inevitable scattering of radiation if the rate with which
the radiation returns to an amplifying region due to scattering exceeds the rate with
which radiation escapes to the environment. Then, resonance scattering results in the
appearance of noncoherent energy feedback into the amplifying medium (Letokhov,
1967a). This effect should divide the amplifying region into many separate regions,
with lasing thresholds achieved in each of them. The effect of noncoherent feedback
in the astrophysical laser is considered in more detail by Lavrinovich and Letokhov
(1974) and Letokhov (1996) (see Chapter 14).

7.3 How is laser action manifested under
astrophysical conditions?

The characteristic feature of laser action in laboratory lasers is a high brightness of
emission, which is also inherent in astrophysical masers operating on microwave tran-
sitions in molecules. Because the brightness temperature of astrophysical masers is
extremely high (10'2-10'5 K), one can make an erroneous conclusion about “laser
action” in the optical range from an anomalously high line intensity and an anoma-
lous intensity ratio. This wrong conclusion is based primarily on misconceiving the
fundamental difference between stimulated emission in a laboratory laser and an as-
trophysical laser. Stimulated emission in a laboratory laser (as distinct from sponta-
neous emission, Fig. 7.3) takes place in a very limited number of spatial modes of
the cavity, i.e. in a very narrow solid angle. In an astrophysical laser (amplifier) both
types of emission (stimulated and spontaneous) occur in all spatial modes, i.e. in a
solid angle of about 47 steradians. Secondly, in the optical range the rate of sponta-
neous emission in allowed transitions is very high (108-10° s~1) and comparable with
the rates of stimulated absorption and emission, whereas in the microwave range the
rate of spontaneous emission is negligible. Thus, microwave emission becomes only
observable through stimulated emission.

This misconception leads to a non-optimal strategy in the search for laser action
in the optical wavelength range. It is worth considering ways of detecting optical
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Fig. 7.3 Spontaneous and stimulated laser emission, integrated over the direction of the
total emitted power (a) and over the power of directed radiation (b).

astrophysical lasers by specifically having the importance of this misconception in
mind. For this purpose let us consider various possible ways to manifest laser action
by investigating various properties of optical spectral lines: integrated (total) intensity,
spectral width, and divergence of radiation.

7.3.1 Integral intensity of a spectral line

The active medium of a laser emits a large 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. 7.3a). Above the lasing threshold, the upper-level
population remains constant at the threshold level (continuous regime), while the total
above-threshold pump energy is transformed to stimulated emission. This emission is,
however, emitted in a limited (especially over the angle) number of modes. For this
reason, the intensity of the emission directed along the laser beam greatly exceeds that
of the spontaneous emission within this small solid angle (Fig. 7.3b). Therefore, the
high intensity of laser emission is explained by its low divergence and a small observa-
tion angle (only along the direction of the laser beam). Under astrophysical conditions,
the situation is completely different. Even an anisotropic stimulated radiation of an
APL is emitted within a large solid angle and should therefore not be anomalously
bright against the background of spontaneous emission in allowed transitions.
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Fig. 7.4 Isotropic microwave emission of a gaseous space cloud without inversion (a) and
with inversion in 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.

This fact brings up the question: Why is the emission of an astrophysical maser
so anomalously bright? The reason is completely different from the laser case and
is usually not discussed in the literature. Figure 7.4 shows schematically the origin
of microwave emission from a gaseous space cloud without and with inversion at
the transition frequency we;. In the absence of population inversion (Fig. 7.4a), a
very weak spontaneous microwave emission is observed because of an extremely small
Einstein coefficient in the microwave region (Ag; = 1077"—107Y s71), corresponding to
a spontaneous radiative lifetime of 0.3-30 years (!). Obviously, collisions occur more
often even in a rarefied stellar medium. This means that even the weak spontaneous
emission is suppressed by collisions, and a greater part of the pump energy degrades
over a non-radiative channel, i.e., an observer does not detect it (Fig. 7.4a). If the
pump is intense enough to provide an inverted population in the 2 — 1 transition
(Fig. 7.4b), and the size L of the gaseous cloud provides a gain factor aL > 1 yielding
a considerable gain (K = expal ~ 101°-10'), stimulated emission develops. Since
the rate W3} of stimulated transitions can become comparable to the rate of collisional
(unobservable) relaxation and even exceed it, almost all the pump energy converts to
observable stimulated emission, which can have an enormous brightness temperature.
In other words, because of the maser effect, an extremely 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 (Fig. 7.4b). The astro-
physical maser has thus a high brightness because it is not related to pumping by any
microwave radiation.

There is a completely different situation with the astrophysical laser in the optical
spectral region (Fig. 7.5). Let us assume that level 3 is photo 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 (Fig. 7.5a) in the system of three levels (1, 2, 3), we
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Fig. 7.5 The spontaneous isotropic emission in a medium without inversion of population
(a), and spontaneous and stimulated isotropic emission in a medium with inversion of popu-
lations (b).

observe, for example, a pair of spontaneous emission lines, with an intensity ratio equal
to the ratio of the Einstein coefficients A3o and Az;. We assume for clarity that the
3 — 2 transition in Fig. 7.5 is very weak (A3y < Asz1) and, hence, almost all energy of
particles excited to level 3 relaxes by the 3 — 1 spontaneous emission at the frequency
ws31-

Assume now that the spontaneous decay time 75 of level 2, to which particles from
level 3 undergo transitions comparatively rarely, is much shorter than for level 3, so
that the population inversion always exists for the 3 — 2 transition (Fig. 7.50). When
the size of the amplifying region is sufficiently large the gain in the 3 — 2 transition may
exceed the ratio of the spontaneous decay rates As;/Asq. In this case, the stimulated
transition rate W5t can become not only equal to the spontaneous decay rate As;
but can also exceed it. As a result, the stimulated emission at the frequency wss has
became the main relaxation channel of particles in level 3. In this case, the intensity of
the weak 3 — 2 line or rate of stimulated radiative transition increases and approaches
the pumping rate of level 3 (but does not exceed it).

It is appropriate at this point to distinguish between two different ways to pump
level 3: (1) collisional excitation by electrons or recombination of ions and electrons
(Chapter 8); (2) photo-excitation by an intense line of spontaneous emission from
another element (the PAR process further considered in Chapter 9).

In the first case the laser line (3 — 2) of stimulated emission can obviously not be
brighter (in photon/cm? - sec) than a spontaneous line exciting level 3. For this reason,
the criterion that a laser line in an allowed transition should have an anomalous inten-
sity compared to bright pumping lines cannot be used in the search for laser action.
This circumstance differs substantially from the case of masers, where the pumping
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source has a different nature (not microwave emission) and its intensity can, there-
fore, be very high. The conversion of the excitation energy to stimulated microwave
emission makes the maser anomalously bright. It is clear from this simple qualitative
reasoning that laser action should be manifested in an increasing intensity of wvery
weak spontaneous emission lines (i.e., the transitions with small Einstein coefficients)
up to the intensities of spontaneous bright emission lines of allowed transitions. For
this reason, the search for laser action using a criterion for the integrated intensity
of allowed spectral lines presents a rather difficult task. The search for laser effect in
forbidden transitions with usually weak lines is much more successful since in the case
of strong laser action these spectral lines might be as intense as allowed spectral lines.

The same arguments are valid for the case of collisional pumping of level 3 and
population inversion in the 3 — 2 transition. The difference between collisional pump-
ing and optical pumping is the limitation of the intensity of the laser line in the 3 — 2
transition, which is determined by the rate of collisional excitation of level 3. The
fast 3 — 2 decay in an allowed transitions will provide a high intensity of spontaneous
emission, which might mask the contribution from stimulated emission. However, the
situation can be much more favorable in the case of forbidden transitions with in-
verted population (N3 > Ny) and a sufficient gain coefficient (ageL > 1). The case of

an intermediate rate T(;lll of collisional deexcitation of level 3:

Tallow <K Teoll K Tforbs (7.13)

where Tallow, Tforb are the decay times of allowed and forbidden transitions, respec-
tively, is particularly favorable for detection of a laser effect. In this case the brightness
of a weak spectral line can be very high owing to conversion of non-radiative deexci-
tation to stimulated emission just as it occurs in microwave masers (Section 7.3).

This simple qualitative consideration demonstrates that the search for laser ac-
tion in the optical range must be oriented towards the observation of weak forbidden
spectral lines. The search for maser action in the microwave range is more straight-
forward because of the absence of a significant spontaneous emission. This discussion
answers to some degree the question raised by Strelnitskii (2002): why are natural
masers (APM) so widespread, but natural lasers (APL) are not? Our answer looks at
a first glance very similar to his explanation based on a low intensity of saturation of
optical spectral transitions and a corresponding limitation of the exponential growth
of intensity as compared with microwave ones.

The intensity for saturating the n — m transition is determined by expression (6.9),
where 7., =72 is the relaxation time of population inversion determined by collisions
and radiative decay. o,y is the cross-section (cm?) of stimulated (radiative) transitions
m — n, determined by expression (6.5). The Einstein coefficient A,,, for spontaneous
radiative decay in the m — n transition (Amy Or wWmy) is defined by (2.32). The apparent
decrease in Iy, at short wavelengths disappears because of an increase in A, and
finally we get a simple universal expression for oyy:

-8 3 Wmn |dmn|2 714
O.l’l'lIl - ™ Aw hc ) ( ' )
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where (Awmn/wmn) is the relative spectral width (usually the Doppler width). The
value of o, is of more or less the same order of magnitude in the visible, IR and
microwave ranges, when the spectral line width is determined by Doppler broaden-
ing. Thus, the difference of saturation intensity (in photons/cm?-s) for visible and
microwave transitions depends on the difference in relaxation times 7. of the popu-
lation inversion, which does not crucially depends on wavelength.

Thus the rareness of observation of laser action in the optical range is explained
most probably by the high probability of spontaneous emission, which hampers a
formation of population inversion and particularly the possibility of observing a laser
effect in allowed transitions.

7.3.2 'Width of a spectral line

The most convincing “signature” of laser action with strong amplification in astro-
physical media without cavities, i.e. an astrophysical laser amplifier of spontaneous
emission, is the narrowing of the spectral line. The spectral narrowing can take place
even without an enhancement of the integrated intensity of the spectral line. This
problem has been studied theoretically for APMs (Litvak, 1970; Allen and Peters,
1972a,b) and has been confirmed in many observations (see, Elitzur, 1992), thanks to
very high spectral resolution in radio astronomy. The APL case was considered by
Lavrinovich and Letokhov (1974, 1976). The effect of spectral narrowing depends on
the divergence of the stimulated emission, as the divergence of radiation affects the
character of resonant interaction of radiation with the Doppler-broadened spectral line
(Letokhov, 1996). This problem is considered in Chapter 13.

Unfortunately, the spectral resolution in optical astronomy today does not allow
the direct measurement of the “true” spectral width of radiation or the shape of a
spectral line. Thus, the method of the heterodyne intensity correlation spectroscopy
with local laser heterodyne and spatially separated optical telescopes, called a Brown—
Twiss—Townes heterodyne spectrometer (Johnson et al., 1974), has been proposed for
the measurements of the spectral line width of APLs at sub-Doppler spectral resolution
(Lavrinovich and Letokhov, 1976; Johansson and Letokhov, 2005a). The possibility of
such future experiments is further discussed in Chapter 13. Thus, the most convincing
and unambiguous proofs of laser action in the optical range might only be possible to
obtain in the future.

7.3.3 Divergence of radiation

The most obvious evidence of laser action in a laboratory laser with a cavity is the
small divergence of the stimulated emission against the background of the isotropic
spontaneous radiation (Fig. 7.3 and Fig. 7.6a). It was the most convincing demon-
stration of laser effect in the first ruby laser (see Maiman, 2000). The natural APL
without a cavity may operate in two possible regimes: (1) a regime of amplification
of spontaneous emission due to stimulated radiative transitions and (2) a regime of
generation (oscillation) occurring due to backscattering of radiation to the amplifying
medium above the threshold, which is called a “laser with nonresonant (noncoherent)
feedback” (Letokhov, 1967a). The divergence of the stimulated radiation in the first
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Fig. 7.6 Divergence of stimulated and spontaneous emission of three different laser sources:
(a) laboratory laser with an open resonant cavity, which has directed stimulated emission with
diffractional divergence; (b) laser amplifier of spontaneous emission (laboratory or natural),
which has a geometrical divergence of stimulated spontaneous emission; (c¢) laser oscillator
with nonresonant (noncoherent) scattering feedback, which has isotropic spontaneous and
stimulated emission.

regime is determined by the geometry of the amplifying medium (Fig. 7.6b), i.e. by
the ratio between the diameter d and the length L of the active medium. In this sec-
ond regime the stimulated radiation as well as the spontaneous radiation is isotropic
(Fig. 7.6¢).

The possibility of finding a quantum “signature” of stimulated emission has been
discussed by Dravins (2001). However, the quantum properties of amplified sponta-
neous emission and spontaneous emission are not distinguishable (Letokhov, 1967b).
Firstly, the distinction occurs only when stimulated emission of very many identical
photons takes place in a very limited number of spatial modes of the cavity. This
causes a high occupation number (n) of these modes and results in a coherence of
the stimulated radiation (Glauber, 1963a,b). However, this is not the case with APLs.
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Secondly, the distinction can appear owing to the narrowing of spectral lines in ampli-
fied spontaneous emission. In this case the statistical properties of stimulated radiation
are manifested in the form of an increased time correlation of the intensity fluctuation,
which was exploited in the Brown—Twiss intensity correlation interferometry (Hanbury
Brown, 1974). As mentioned above, this approach has been suggested as a diagnostic
tool for APLs (Lavrinovich and Letokhov, 1976; Johansson and Letokhov, 2005a), and
will be further considered in Chapter 13.



8

Basics of collisionally pumped
astrophysical lasers

The present book is focused on astrophysical lasers and nonlinear optical effects under
astrophysical conditions. So far we have only explained how these effects arise due to
resonant photoexcitation. Nevertheless, for completeness it is relevant to also discuss
collisionally pumped mid-IR and submillimeter masers/lasers, which form a connecting
link between microwave masers and optical lasers. Collisional excitation of atoms (ions)
and molecules is the typical excitation mechanism in laboratory lasers of various types.
In some lasers (recombination plasma lasers) electron collisions ionize the atoms, which
may form a population inversion after recombination. Some lasers (CO2—No—He gas-
lasers) benefit from resonant energy transfer from the collisionally excited particles (No
molecules) to the lasing particles (CO2 molecules). These mechanisms occur also in a
long-wavelength astrophysical laser, which operates in the continuous-wave (steady-
state on an atomic/molecular timescale) regime. Therefore, the formation of inverted
population in astrophysical lasers (APLs) is possible according to one of the “golden
rules” of quantum electronics: the lifetime of the lower level of a lasing transition
should be shorter or much shorter than the lifetime of the upper level independent of
the excitation mechanism.

The source of pumping energy in astrophysical lasers is radiation energy from the
atmosphere of a central star, which irradiates the surrounding gas media (clouds, blobs,
shells, disks, etc.) Photoionization of these media provides the storage of free energy
of ions and electrons, the heating and turbulence in the medium, the recombination
of ions and electrons etc., i.e. non-LTE conditions. A number of theoretical predic-
tions of non-LTE situations with population inversions in atoms (ions) and molecules
were made in the 1970s and 1980s, and they are reviewed very briefly in Section 8.1.
The observations of mid-IR and submillimeter lasers were successful only for atomic
hydrogen in MWC 349 (a hydrogen recombination laser) and COs in the Martian and
Venusian atmospheres (Sections 8.2 and 8.3).

8.1 Proposals of population inversion by

collisional pumping
Elementary processes of excitation of atoms and ions were considered briefly in
Chapter 4. All these processes operate in both laboratory and astrophysical lasers.
Particularly these processes have been useful for proposals of population inversion by
collisions. Let us summarize the numerous theoretical predictions for ions, helium, and

the OH radical.
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8.1.1 Fine-structure levels of ions

One of the early proposals to extend the astrophysical maser (APM) effect into a
short-wavelength region was done by Smith (1969). He considered the population in-
version for fine-structure levels of excited states of ions of several low ionization states
obtained under specific astrophysical conditions (typical values of temperature and
density in planetary nebulae) and assuming excitation by inelastic electron collisions
and the ionization balance determined by the Saha equation. He examined the situa-
tion where excitation collisions from the ground state to higher levels are important,
but where all other collisional rates are negligible compared with radiative excita-
tion and deexcitation rates (Fig. 8.1a). Species with a simple atomic structure, such
as the ground configurations 2p? and 3p? (¢ = 2,3,4) with long-lived metastable
states, were considered. The population of the levels in the 2p9 and 3p9 configurations
were studied with rate equations for ionization equilibrium in a wide range of elec-
tron densities ne = 10 — 10'° ¢cm™3 and electron temperature T, ~ 2 - 10* K. It was
found (Smith (1969) that the typical gain coefficient is o ~ 107> /light year (~10~23
ecm~!) at an electron density of about 10° cm™3. Only three forbidden transitions
([O111] 3Py — 3P, at 88.2 um; [O11I] ®Py — 3Py at 51.7 wm (2p? configuration); [S I11]
3P — 3P, at 33.6 um (3p? configuration) have a predicted gain length 1/« of the or-
der of light years. These values exceed significantly the absorption coefficient (~10724
cm~ 1) for free-free electron transitions.

Fig. 8.1b shows the scheme of the 2p? fine-structure levels for O III and some
forbidden radiative transitions between them (Smith, 1969). In this structure the larger
decay rates for the 4 —3 and 2— 1 transitions tend to cause inverted populations
between levels 3 —2,3— 1, and 2—1 at electron densities n, ~ 10° — 1055 cm™3.
Fig. 8.2 presents the results of the calculations of inverted population between the
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Fig. 8.1 Collisional excitation by electrons, and population inversion of fine-structure levels
of ions: (a) a general model of the excitation of P ions in an astrophysical plasma; (b)
example of inversion in the 3 — 2 (51.7 pm), 2 —1 (88.2 pm), and 3 — 1 (32.6 wm) transitions
of the 2p? configuration of OIII (adapted from Smith, 1969).
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Fig. 8.2 Relative population behavior of Py and *P; (OIII 2p?) in Fig. 8.1b as a function
of electron density for T. = 2 - 10* K. The inset enhances the deviation from monotonic
behavior. The error bars in the inset were calculated for a correlated 20% change in the
collision strengths. OIIT (*P2 — *P1) is not inverted at T, = 2 - 10* K (from Smith, 1969).

3Py and 3P; levels in the ground term of OIII for T, = 2 - 10*K in a wide range of
electron densities. At T, = 10* K the population inversion does not exist. Thus, this
case of collisional excitation provides the formation of inverted population only in a
relatively narrow range of plasma parameters (Te, ne, etc.).

A later detailed-balance analysis was presented by Greenhouse et al. (1993), who
showed that population inversion exists also within the ground term and first excited
terms of multiply charged atoms. The authors considered the possibility of laser radi-
ation in infrared coronal lines because of high (>100¢V) ionization stages and higher
densities in a collisional ionization balance. Inversion of population was predicted for
many coronal lines of multicharged ions (from N V to Fe III) in the spectral range
from 2.2 to 25um for electron densities of n. ~ 10—10° cm™ and temperatures
T, = 10°°—1055 K. The results from these calculations of laser-gain lengths and
column densities for infrared coronal lines are presented by Greenhouse et al. (1993).

Electron collisions in a high-temperature astrophysical plasma can provide the
formation of inverted population and yield gain in many transitions of various ions.
For example, it was shown (Ferland, 1993) that the [Fe VI] 6.08 um line must have a
gain at low (n. < 10'% cm™3) densities. The author underlines that this is the only
line of approximately 500 ionic lines incorporated in CLOUDY (Ferland, 1993), which
has undergone strong maser effects during routine testing of the code.

The most promising sources for far-IR maser observations are those highly non-
thermal ones with large fluxes in the infrared, such as quasi-stellar objects (QSO),
Seyfert nuclei, AGN, and perhaps our galactic nucleus. Anyway, observation of maser
action in these transitions will be difficult because of the small gain. Nevertheless,
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the observation of IR laser radiation in coronal lines in AGN can provide valuable
new information about the structure and evolution of Seyfert nuclei (Smith, 1969;
Greenhouse et al., 1993, 1996).

8.1.2 Hell and Hel in stellar envelopes

A similar method of computer calculations of rate equations for the level populations
in collisional radiative equilibrium was used to search for inverted populations in
transitions of HeIl (Varshni and Lam, 1976) and HeI (Varshni and Nasser, 1986).
The model accounts for electron excitation and deexcitation of levels, ionization and
recombination with electrons, and radiative decay. Compared to Smith (1969) the
authors considered even simpler atomic structures and population inversion in allowed
transitions in the optical range: HeIl (4686 A, n = 4—n = 3 transition) and Hel
(7281 A, 3'S-2'P°; 6678 A, 3'D-2'P°; 4921 A, 4'D-2'P° transition). The calculations
led to a small density of population inversion AN ~ 10*—10° cm~? for helium densities
of N(He) ~ 10'3—10% cm~2 and significant electron densities Ny ~ 10**—10® cm—3
at T, ~ 10*—10° K. It corresponds to a large amplification of oL even for small lengths
L = 10°—10'° cm. However, the ranges of the parameter values for a positive gain are
relatively narrow.

Varshni and coworkers suggested that such parameter values are achievable in sur-
face layers of early type stars, particularly for high-temperature stars with a high
mass-loss rate. Fast expansion of an astrophysical plasma (e.g. the extended atmo-
sphere of a Wolf-Rayet star) should lead to fast recombination cooling and a corre-
sponding non-LTE situation. Such schemes have been suggested for laboratory plasma
recombination lasers (Gudzenko and Shelepin, 1963, 1965).

Observation of lasing in these transitions will be very difficult because of the high
intensity of spontaneous emission in these permitted lines. The stimulated emission of
radiation can yield some intensity enhancement as a result of the competition between
the transition rate of stimulated emission and the rate of collisional (nonradiative)
deexcitation (relaxation) of the inverted population. A significant laser effect can be
expected in forbidden lines or in recombination transitions between highly excited
states in the far-IR range (Section 8.2).

8.1.3 OH radical and H;0O molecule in star-forming regions

Modeling of OH maser emission associated with star forming regions (Gray et al., 1991,
1992) was extended to far-IR transitions of the OH radical (Doel et al., 1993). The au-
thors predict population inversion and gain coefficients of the order of
10" ecm™! at Hy density up to 5 - 108 cm™3 for kinetic and local dust temperatures
up to 125 K. The wavelengths of inverted far-IR transitions are 53.25 pwm, 115.14 wm,
138.83 wm, and others. The requirement for amplification lengths of a few 10'4 cm in
comparatively dense gas suggests that such far-IR OH lasers will be pointers to the
densest and most massive regions of shock-compressed gas (Doel et al., 1993).
Strong IR emission from gas phase water has been observed by the Infrared Space
Observatory (ISO) in the star forming the Beclin-Neugebauer source in Orion in the
wavelengths range 6-8 pm (Gonzalez-Alfonso et al., 1998). The central star in Beclin-
Neugebauer object must have a Lyman continuum emission rate equivalent to that
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of a main sequence B0.5 star if the HII gas is photoionized (Fig. 5.3). It provides
a basis for considering the possibility of laser action in vibrational transitions of the
water molecule in astrophysical conditions, bearing in mind that the infrared water
recombination lasers operated successfully in supersonic plasma expansion in the lab-
oratory (Michael et al., 2001). An ion-electron dissociative recombination mechanism
proposed by these authors can be relevant for generating population inversion in water
molecules in the astrophysical environment.

8.2 Hydrogen recombination far-IR laser in MWC 349

The hydrogen atom is a very promising quantum system for masing/lasing in an
astrophysical plasma. Firstly, hydrogen is the most abundant element in Universe.
Secondly, hydrogen in the vicinity of a normal star is photoionized, i.e. it has a signifi-
cant amount of free energy acquired from the star. Thirdly, the recombination popula-
tion of highly excited levels and their fast radiative decay have the inherent properties
that contribute to the formation of population inversion, as shown in Fig. 8.3. Calcu-
lations have predicted population inversion in IR and far-IR transitions of hydrogen in
HII regions (Seaton, 1959, 1964; Goldberg, 1966; Brocklehurst, 1970) with the possi-
bility of high gain (Krolik and McKee, 1978). The lifetime 7, of a highly excited state
with principal quantum number n is proportional to n?, i.e. lower levels decay more
quickly than upper levels. Thus, it is the ideal situation for lasing in the weak transi-
tion n+1—mn (n>> 1) in comparison with strong transitions according to discussions
of the manifestation of the laser effect (Chapter 7).

The first experimental indications of a possible population inversion and gain K =
e with G = aL =~ 2 for the Pfund #(n = 7—5) transition of hydrogen at 4.65uwm
from the spectrum of the Orion-BN /KL source were published by Smith et al. (1979).
This result was obtained by means of measurements of the intensity ratio of the
Pfund 8 and Brackett a(n = 5 — 4) lines. The expected intensity ratio for the optically
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Fig. 8.3 Simplified quantum level scheme of a hydrogen recombination maser/laser, based
on cascade population and fast radiative decay of highly excited states.
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thin case is 0.20. The intensity of the Pfund [ line observed in December 1976 is
comparable to that of Brackett o. Smith et al. (1979) considered the intensity of the
spectral lines in the optically thick limit case and concluded that the population in
the Pfund ( transition is inverted. The Brackett « transition is not inverted; a gain
in Pfund g of G = al. & 2 could explain the observed intensity ratio. The population
inversion arises because the rates into the levels, from cascading and from radiative
recombination, are comparable to the rates out of the levels by spontaneous decay
with 7,41 > 7, (Fig. 8.3). This effect occurs in small dense HII regions around the
Beclin-Neugebauer (BN) source in Orion. A small size for the emitting region around
BN provides a natural explanation for the observed time variations of the Pfund 3
flux of the order of months. If the Pfund [ radiation is being amplified, the time
variations may be due to effects of inhomogeneity and geometry, which change the
gain or the direction of the radiation (Smith et al., 1979). Variations on this timescale
are common for astronomical maser sources (Elitzur, 1992). The final conclusion of
Smith et al. (1979) was as follows: “If the hydrogen lines are optically thick, and if
the Pfund 3 radiation from BN is in fact being amplified, Pfund (§ is the shortest
wavelength transition in which astrophysical masing has yet been observed, and the
region could approximately be said to contain a hydrogen laser”. However, when this
observation was later repeated (Scoville et al., 1983), the Pfund ( line at 4.65 pm was
not as bright.

Further progress and confirmation of laser effects in HI was obtained in more
long-wavelength transitions in the far-IR range by Strelnitskii et al. (1996), who chose
the peculiar object MWC 349. It is a very hot, luminous (30,000 Lg) star in the
constellation Cygnus at a distance of 1200 pc. It is surrounded by a massive disk of gas
and dust, in which many masers have been discovered. These include submillimeter
hydrogen recombination masers/lasers, particularly the H3283 maser at 336.6 GHz
found by Thum et al. (1995) and the H26cx maser at 1775 GHz (169 pm) (Strelnitskii
et al., 1995). (Hna denotes the hydrogen transition n + 1 —n, i.e. between the levels
with principal quantum number n 4+ 1 and n.) The astrophysical submillimeter maser
at 169 pm has an intensity six times brighter than the non-amplified spontaneous
H26c emission at the same wavelength. Thus, MWC 349 was a promising candidate
source for detecting high-gain astrophysical lasers in the far-IR range (Smith et al.,
1996).

The experiments with the 91 ecm telescope of the Kuiper Airborne Observatory
(KAO) using a cryogenic grating spectrometer enabled the observation of the hydro-
gen lines H10« (52.5 pm), H12« (88.8 pm) and H15a (169.4 um) in MWC 349 (Strel-
nitskii et al., 1996; Smith et al., 1997). The detected far-IR lines showed radiation in
excess of the predicted intensity of spontaneous emission. Fig. 8.4 compares the ob-
served and predicted fluxes, the latter from the simplest spontaneous emission model
for the optical, near-, mid- and far-IR, and submillimeter ranges. The intensitites of
lines from levels having n = 2—7 are due to spontaneous emission. The millimeter and
submillimeter lines (from levels having n = 21—41) show a significant excess above
the level of spontaneous emission, which confirms previous observations that they are
amplified by maser action. The new observed mid-IR lines (n = 10, 12, 15) also have
an enhanced level above the spontaneous emission. The detection of these laser lines
proves that population inversion exists in the recombination spectrum of hydrogen
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Fig. 8.4 A log-log plot of the ratio of fluxes F'/Fspont versus \, where F is the observed inte-
grated flux for a hydrogen na line of wavelength A, and Fiypont = —7 log n —12.24. A triangle
indicates a spontaneous line, large circles indicate masing millimeter and submillimeter lines,
and small circles with error bars indicate three KAO-detected infrared lines (from Strelnitskii
et al., 1996).

down to n ~ 10—15 at densities higher than 10® cm™3, which is in accordance with
many previous (Storey and Hummer, 1995) calculations.

Strelnitskii et al. (1996) estimated the gain factor K and brightness temperature
Tp using the angular size of the natural laser source in MWC 349. They assumed
that H15a forms in the disk at an optimum density of n. ~ 10° cm™3 at the radial
distance R ~ 5 AU from the star. Using the value of the observed integrated flux and
some assumptions about the width of a single-peaked line they obtained a radiation
temperature T S 107 K for the laser. For the input spontaneous radiation tempera-
ture of the laser Ty, ~ 10* K (the typical physical temperature of the gas in the HII
region) the amplification factor is K >103. Similar values of Tp and K were esti-
mated for the H10« line. A simple modeling explains why the detectable amplification
turns on near n =40 and n < 10 (Strelnitskii et al., 1996). These experimental results
were confirmed in a study using the Infrared Space Observatory (ISO) spectrometer
(Thum et al., 1998).

Thus, the observed far-IR lasers may be strong amplifiers with an amplification
and effective (brightness) temperature comparable to or greater than those for the
millimeter masers in the same source (Martin-Pintado et al., 1989). The luminosities
(L ~0.01 —0.1Lg) estimated by Strelnitskii et al. (1996) are comparable to those of
the strongest molecular masers (Gwin et al., 1992).

8.3 IR CO. laser in the atmospheres of Mars and Venus

The first observations of nonthermal (laser) emission lines of the 10um COg band
in the atmospheres of Mars and Venus were performed by Johnson et al. (1976) by
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means of a 10 wm IR heterodyne spectrometer with sub-Doppler spectral resolution.
Unexpectedly strong emission had previously been observed (Betz et al., 1977) from
both planets at the line centers of the 00°1 —[10°0—02°0]; vibrational-rotational band
of 12C'60,. The emission lines had a Gaussian shape with a width corresponding to
kinetic temperatures of about 170 K for Mars and 200 K for Venus. Altitudes for the
10 pm peak emission were estimated to be near 80 km for Mars and 120 km for Venus.
Subsequent detailed studies confirmed the natural IR lasing in the mesospheres and
tropospheres of Mars (Mumma et al., 1981) and Venus (Deming and Mumma, 1983).

The measurements of the Doppler profile of the Mars and Venus IR laser lines
were made at 5 MHz spectral resolution, but search for possible narrowed emission
from gain regions was carried out at 2 MHz resolution. The typical measured profile
of the R8 line in Mars spectra is shown in Fig. 8.5. The three main contributions to
the emitted radiation are separately identified: (a) thermal emission from the warm
surface with atmospheric absorption, (b) self-emission from the atmosphere, and (c)
the amplified resonant spontaneous emission within the Doppler profile. No narrowing
of the Doppler profile was found, which is explained by the low value of the gain.
The vertical amplification is only 0.3% (Mumma et al., 1981), and the evaluated
amplification along the horizontal tangent path through the mesosphere would be
~10% on Mars and slightly less on Venus (Deming and Mumma, 1983).

Betz et al. (1977) examined the excitation process of the 10 um COq emission of
these natural lasers. They found that the emission was present only on the planet’s day-
side and that the intensity was approximately proportional to the local solar radiative
power incident on the planet’s surface. They examined several excitation mechanisms
and showed that the IR emission was pumped by absorption of the combination band
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Fig. 8.5 Fully resolved shape of the R8 line of the 10.4 pm CO2 band on Mars. The line
shape corresponds to a kinetic temperature of 128 K (from Mumma et al., 1981).
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Fig. 8.6 Molecular physics of a natural CO» laser. Radiative and collisional processes affe-
cting the pumping of this laser in the mesospheres of Mars and Venus are identified.

00°0—10°1 followed by resonant collisional energy transfer of a v3 quantum to another
CO4 molecule, which is similar to the laboratory CO4 laser (Fig. 8.6). Radiative decay
of the excited v3 level is fast but the optical depth of the v3 band is very high, and
the v3 photon is thereby trapped, allowing a buildup of the population of the 00°1
vibrational level. Mumma et al. (1981) studied the kinetic and excitation temperature
on Mars and showed that the population of the upper vibrational level is inverted
to that of the lower level (10°0,02°0). Deming and Mumma (1983) constructed det-
ailed atmospheric models for Mars and Venus and confirmed the combination band
solar pump proposed by Betz et al. (1977). They showed that about 1/30,000 of the
solar constant of Mars is converted to amplified spontaneous emission at 10 pm. An
independent confirmation of the 10 wm laser action on Venus and Mars was provided
by theoretical studies of Gordiets and Panchenko (1983, 1986) and Stepanova and
Shved (1985).

It was suggested to make an oscillator by using the planet atmosphere as a gain
medium and using huge mirrors in aerosynchronous orbit for the resonator. Generated
directed output power could be used for laser communication over interstellar distances
(Mumma, 1993).
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Basics of optically pumped
astrophysical lasers

From general point of view, all astrophysical lasers are optically pumped by radiation
of a nearby star. In the case of the collisionally pumped APL the star radiation con-
verts to the kinetic and free energy of colliding particles. In the case of the so-called
optically pumped laser, the resonant pumping of lasing particles takes place in the
strong emission line of one element (usually the intense emission lines of hydrogen
Lya, Lyg, etc.). Such a pumping scheme requires a rare accidental coincidence of two
strong emission and absorption lines and is not employed today in laboratory lasers.
However, Schawlow and Townes (1958) mentioned the scheme for the first laser using
cesium vapor pumped by a line of mercury. The idea was reborn in astrophysical lasers
but not in the direct form.

Optical (visible and near-IR) astrophysical lasers are pumped by selective photoex-
citation performed through a PAR process: the PAR acronym stands for “photoexcita-
tion by accidental resonance” and was introduced by Kastner and Bhatia (1986). Let
us consider some known examples of PAR and how inversion of population is created
by the PAR effect in astrophysical conditions.

0.1 Bowen accidental resonances and fluorescence lines

The most famous case of the PAR process is the well-known Bowen mechanism (Bowen,
1934) mentioned in Section 5.2, in which a wavelength coincidence between the He Il
Lya line and a ground term transition in O III results in a transfer of excitation energy
from He IT to O III. The subsequent decay of O III yields optical emission lines observed
in spectra of gaseous nebulae. Bowen (1934) also noted the wavelength coincidence
between cascade transitions in the OIIl decay and ground term transitions of NIII,
which yielded enhanced NIII lines. Bowen’s explanation of the origins of both the
fluorescent OIIT and the forbidden OTII lines (Bowen, 1928) laid the foundation for
the interpretation of distinct emission lines in nebular spectra. In this Chapter we
will briefly review the continued studies of PAR processes in medium-density regions
around stars.

The probability of coincidence of two narrow spectral lines is very low. However,
it is enhanced by two factors. Firstly, the most intense emission lines belong to light
elements (HI, HeI, HII etc.) from hot regions. These lines usually have large Doppler
widths (2.55) with Awp/wy =~ 1073-107% (see example in Fig. 5.7). Secondly, the
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strong emission lines (Ly«, LyS, HI etc.) appear in astrophysical regions with very
high optical depth 7. As a result of multiple scattering (Chapter 2), the real spec-
tral width according to (2.67) is much larger than the Doppler width. So these rare
coincidences are very useful for the existence of optically pumped astrophysical lasers.

Since the discovery of the Bowen mechanism, similar PAR, processes have been pro-
posed as the mechanism behind strong nebular emission lines. Bowen (1947) suggested
that the wavelength coincidence between H Ly and OT caused the excitation mecha-
nism behind the OT line at 8446 A observed to be strong in emission in many near-IR
astrophysical spectra. Some other examples are mentioned in Chapter 7 (Fig. 7.2),
e.g. the HJ pumping of an In I line, observed in variable stars (Thackeray, 1935).
Cowley (1970) has summarized the PAR processes that were known at the end of
the 1960s and were identified by fluorescence lines observed in astrophysical spec-
tra in the optical region. For observational and atomic structural reasons most of
the driven species concerned neutral atoms of abundant elements. A renewed inter-
est in PAR processes appeared when satellite-ultraviolet (A > 1200 A) spectra became
available from the International Ultraviolet Explorer (IUE) launched in 1978. Chro-
mospheric emission lines from spectra of cool giants became visible in the absence of
short wavelength Planck radiation. Chromospheric emission lines had been seen at
even shorter (<2000 A) wavelengths in satellite solar spectra. Many lines were asso-
ciated with high excitation states of FeIl and could be explained by pumping (Brown
et al., 1984). Johansson and Jordan (1984) investigated the HLya pumped fluores-
cence lines of Fe Il in the satellite-UV solar spectrum and the IUE spectrum of RR Tel.
The strong coupling between H Lya and Fell occurred because the wavelengths for
transitions between the low aD term (1 eV) and several 5p states in Fe Il matched the
Lya wavelength. The large number of Lya pumped Fe IT fluorescent lines is due to the
complex atomic structure of iron, and their strengths in spectra of many objects reflect
the high cosmic abundance of iron. In a comprehensive paper on the cool giant star
Cru by Carpenter et al. (1988) all PAR processes operating in the outer atmosphere
of the star were described and tabulated with the corresponding fluorescence lines
listed.

Two decay routes of the pumped Fe II levels result in two sets of combined primary
and secondary fluorescence lines (see Fig. 9.1). The two decay routes occur because
of level mixing between low 5p states and high 4p states at about 11 eV. Firstly, set
one: the 5p states decay to 5s (primary decay) in the near-IR region and subsequently
(secondary decay) to 4p at 2700-2800 A, and secondly, set two: the high 4p states
decay to high 4s states (primary decay) at about 2500 A and subsequently to low 4p
states (secondary decay) at IR wavelengths. Both sets end up in the lowest 4p states,
which decay very rapidly to the ground term (a®D) through resonance transitions,
or to a*D. A small part of the decay from the low 4p states populates quartet levels
up to about 3 eV. The second set of fluorescence lines will be discussed in detail in
Section 11.2.

Another group of objects showing numerous fluorescence lines are the symbiotic
stars, which are binary systems consisting of one hot and one cool component. The
two stars cannot be spatially resolved but the large span in ionization in the composite
spectrum reveals the binarity. Spectra of symbiotic stars show many discrete emission
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Fig. 9.1 Schematic energy level diagrams illustrating the three cases of radiative cycles
(broad lines) with PAR excitation of FelIl by HLya.

lines from permitted (E1) s well as forbidden (E2, Ml) transitions of several ionization
states in the optical and UV regions, where the Planck radiation is faint between
the continuous spectra of the hot and the cool components. One of the objects first
studied with the IUE was RR Telescopii showing a forest of narrow emission lines
in the TUE region (1200-3200 A). The presence of secondary Fe IT fluorescence lines
around 2800 A (see above) was pointed out in the pioneering paper by Penston et al.
(1983). Johansson (1983) identified 10 strong lines originating from the same upper
energy level of Fe II, y*Hy; /2, as being pumped by one of the IV resonance lines at
1550 A in a PAR process. Later, the presence of O VI was indirectly detected in RR
Tel through a PAR process producing fluorescence in Fe IT (Johansson, 1988). The
wavelengths of the resonance lines of O VI at 1030 A are below the lower cutoff of
IUE and could therefore not be directly observed from any object. At this time O VI
implied the highest ionization temperature detected for RR Tel.

A systematic search in TUE spectra for Fe II fluorescence lines driven by O VI, CIV
and Lya was performed by Feibelman et al. (1991). The O VI pumped lines were of
special interest for exploring the possibility of using the Fe II lines as a diagnostic for
the unobservable O VI lines. Feibeiman et al. studied spectra of 13 symbiotic stars,
14 planetary nebula nuclei (PNN) and three novae. They found Fe II fluorescence to
be quite common and strong in symbiotic novae as well as in normal novae. The lines
were also seen, but relatively weakly, in central stars of some planetary nebulae, but
were not detected in extragalactic AGNs.
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A detailed study of the PAR processes in the IUE and HST regions of RR Tel has
been published by Hartman and Johansson (2000), where a total of 33 pumped energy
levels and 120 fluorescence lines of Fe Il were identified. New PAR processes and Fe 11
fluorescence lines in two other objects at even shorter wavelengths have been presented
by Harper et al. (2001) on the basis of FUSE spectra. The interaction between the
radiation from high temperature species such as C3* and N** and particles of low-
temperature species like Fe™ has recently been discussed by Eriksson et al. (2006) in
terms of topology of AG Peg and 19 other symbiotic stars. The excitation mechanism,
location and origin of about 600 observed lines, many of which are fluorescence lines,
have been investigated.

The development of astronomical instrumentation has permitted quantitative stud-
ies of the original Bowen lines of O III and N III and cast doubts about the efficiency of
the excitation process. Sternberg et al. (1988) showed that a competing process that
could populate the upper levels of the OIII Bowen lines is charge transfer between
hydrogen and O3*. On the basis of photometrically observed line ratios Kastner and
Bhatia (1991) showed that the presence of N1II lines in spectra of planetary nebulae is
not a result of the O IIT pumping proposed by Bowen (1934). They found that the N IIT
populations were nearly in statistical equilibrium. Ferland (1992) pointed out that the
NIII lines are produced by “continuum fluorescence”, i.e. the photoexcitation is obt-
ained by the Planck radiation. Direct measurements of the intensities of the observed
NIIT and OIII lines in AG Peg and RR Tel (Eriksson et al., 2005) and in RR Tel
(Selvelli et al., 2007) have been compared to predicted intensities from simple models.
Eriksson et al. found that the O IIT pumping contributes most of the N III intensity in
RR Tel, but another process is operating in parallel in AG Peg. However, Selvelli et al.
found that the O III pumping is solely responsible for the N III emission in RR Tel.

9.2 Inversion of population by accidental
resonance pumping

The early idea of possible astrophysical lasers (Letokhov, 1972a) was associated with
the explanation of intensity anomalies observed for O I in spectra of emission line
objects. The OT lines at 7774 A and 8446 A in the spectra of Be stars were known
to show strange relative intensities (see, e.g., Slettebak 1951; Merrill 1956) as the
observed ratio between the A8446 feature (the 3s3S°-3p3P triplet transition) and the
A7774 feature (the 3s°S°-3p°P transition) was much greater than the ratio derived
from laboratory data. Bowen (1947) proposed that the A8446 line is enhanced by
fluorescence caused by a wavelength coincidence between H Ly at 1025.72 A and
three ground-state transitions (2p>P5-3d3D°) of OT at 1025.76 A. According to the O
I-level scheme in Fig. 7.1a, the cascading of the H Ly3 pumped 3d3D° term feeds the
upper levels of the enhanced A8446 feature. A detailed quantitative study of the “H
Ly3/0I PAR process” has been performed by Kastner and Bhatia (1995).

The anomalous ratio between the intensities of the A8446 and A\7774 lines in spectra
of Be stars can be naturally explained by stimulated emission of radiation (laser action)
in the \8446 line (Letokhov, 1972a; Lavrinovich and Letokhov, 1974). An inverted
population is built up in the 3s-3p transition (3 — 2 in Fig. 7.1a) as a result of PAR
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by H Lyg3, according to Bowen’s scheme (Bowen, 1947) for spontaneous and stimulated
radiative pathways. Moreover, Bennett et al. (1962) obtained continuous wave (CW)
lasing at 8446 A under laboratory conditions. Population inversion was achieved in an
electric discharge in a mixture of oxygen and a noble gas at a low pressure. Similar
conditions can exist in some regions of stellar atmospheres. The normal intensity of
the A7774 line can be naturally explained, since the lower level has a long radiative
lifetime, and no population inversion or gain can be obtained for this transition.

For the following discussion we emphasize that the particular part of the level
scheme of O I involved in the population inversion and intensity gain in the A8446
line is the classical four-level quantum electronics scheme (Siegman, 1986) shown in
Fig. 1.2b. The specific features of this scheme are: (1) any excitation of level 4 is fol-
lowed mainly by its decay to state 3; (2) 73 > 72; i.e., state 3 has a longer radiative
lifetime than state 2, to which it is radiatively coupled; and (3) in the ideal case, the
decay of state 2 again leads to the population of the initial state 1. This means that an
atom (ion) can repeatedly participate in the radiative cycle, whose rate depends on the
relationship between the excitation rate W22 and the decay rate 1/73 under the condi-
tion 79 < 73. All of the most effective lasers of both gas and solid-state types operate
according to this scheme. The particle densities in these four-level solid-state labora-
tory lasers are certainly very high, and the decay processes at the intermediate stages
4 —1 and 2 — 1 are radiationless because of the interaction between ions and phonons
in crystals. Under astrophysical conditions, however, we restrict ourselves solely to
radiative transitions. This is based on the fact that the transition probabilities in the
optical region are, in general, much higher than the probability for collisional deexci-
tation, even in astrophysical plasmas with densities up to 10'3-10'® cm™3. Using the
four-level scheme as a prototype, one can understand the development of population
inversion under isotropic and steady-state, but nonequilibrium, irradiation. Consider
a four-level scheme (Fig. 9.2a), in which the selective excitation of level 4 always gives
rise to population inversion in the 3 — 2 transition. To better understand the need for
selective excitation, consider first the case in which such an atomic system interacts
with a radiation field in thermal equilibrium having a temperature of T;,4. One should
then consider both spontaneous and stimulated emission as well as absorption in the
transitions of such a system, as illustrated in Fig. 9.2.

The four-level system, like any atomic system, must reach a population distribution
among all four levels following the Boltzmann law for T;,4. The system is in radia-
tive interaction with the matching frequencies (energy differences) of the equilibrium
radiation spectrum (horizontal lines in Fig. 9.2b), and does not involve any collisions.
This fact refers not only to the internal degrees of freedom of the particles, but also
to the translational degrees of freedom. This statement requires that only the recoil
effect should be taken into account in radiative interactions.

Even if some of the quantum transitions only interact very weakly with the rad-
iation field, all the levels will reach a Boltzmann distribution at a rate defined by
the strong allowed transitions. For example, let the 3 — 2 transition in Fig. 9.2a be a
“semi-forbidden” line with a low transition probability, which is plausible in complex
atomic systems. In such a case, the population in state 3 results from the 1 —4—3
sequence of allowed transitions. However, the number of particles accumulated in state
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Fig. 9.2 (a) Scheme of a four-level atom with relevant radiative transitions, showing the
radiative interaction between the four-level atom and (b) black-body radiation (BBR), (c)
BBR and emission line absorbed in the 1 — 4 transition, and (d) distorted BBR with intensity
enhancement at the wavelength of the 1 —4 transition. (F, is the energy of level n; A,
Bix are the Einstein coefficients, Tyaq is the radiation temperature, and Ty, is the kinetic
temperature.)

3 will not exceed the equilibrium value, since it will be depleted in the reverse sequence
3 — 4 — 1 by stimulated radiative transitions in absorption and emission. Even though
state 3 is “pseudo-metastable” no population inversion can naturally be built up in
the 3 — 2 transition. These basic facts are included here merely to show explicitly that
only deviations from the Planck frequency distribution of the radiation can cause level
populations to deviate from the Boltzmann distribution and specifically give rise to
population inversion in an internal transition.

In a PAR process a strong spectral line of one atom (ion) can excite level 4 in
another atom (ion) in a selective way at a rate that is high enough to build up a
population inversion in the 3 — 2 transition (Fig. 9.2¢). Obviously, the effective spectral
temperature, Tyg, of this pumping radiation must exceed the equilibrium temperature
of the atoms (ions) being excited. The equilibrium temperature Ty, in Fig. 9.2¢ means
the kinetic temperature of particles (electrons, ions, etc.) in the astrophysical medium.
The rare collisions of these charged particles with the four-level atom (ion) may lead
to excitation of the lower level 2, but it is not significant if Ty, < Traq.

Johansson and Letokhov (2003c¢) concluded from this general discussion that there
are needs for non-equilibrium radiation in order to obtain inverted-level populations
and that PAR is a most favorable process. PAR provides the optimal photoselective
excitation conditions for level 4 in our four-level atom (ion). In principle, however, it
is quite possible that population inversion can be formed as an effect of CW radiation
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even without PAR. The requirement in such a case is a nonequilibrium frequency
distribution of the CW radiation (Fig. 9.2d). Mustel (1941) showed that the continuous
spectrum of a stellar photosphere could strongly differ from the Planck distribution.
For pumping in the four-level scheme it is necessary that the blue wing of the spectral
distribution is more intense (compared to the Planck distribution) than the red wing,
as shown in Fig. 9.2d. It is not difficult to obtain the general expressions for the degree
of nonequilibrium required for the exciting radiation in order to obtain a population
inversion in the 3 — 2 transition. However, these expressions are unwieldy and are of
no great interest in the search for quantum transitions with population inversion. It
is more expedient to obtain simple expressions for the degree of population inversion
and gain in the case of PAR in a four-level system in which the formation of inversion
is obvious.

We restrict ourselves to applying the four-level system (Fig. 1.2b) to atoms (ions)
in a dilute astrophysical plasma in which the following nonequilibrium conditions are
satisfied: (1) all collision rates are much lower than the rates of radiative processes;
(2) a PAR process is operating at an effective radiation temperature Teg, providing
the population of state 3 by the 1—4 — 3 excitation-deexcitation sequence; (3) the
radiative lifetime 73 of level 3 exceeds the lifetime 7o for level 2; and (4) the local
plasma temperature Ty, is substantially lower than Teg. Obviously, under these con-
ditions level 3 is excited by PAR more effectively than level 2 is excited by interactions
with the astrophysical plasma, so the inverted population is maintained in the 3 — 2
transition.

The inverted population density ANy = (N3/g3 — N2/g2) depends on the excita-
tion and decay rates of the levels involved. The population of level 3 is controlled by
the efficiency of the PAR process

N3 N1> ( AE41>
No _ (N (= , 9.1
93 ( g1 P ET g (0-1)

where we assume a branching fraction of 1 for the 4 — 3 transition — i.e., all atoms
(ions) excited to level 4 decay to level 3. The population of level 2 is determined by
two factors: (1) the spontaneous radiative decay of level 3 in the 3 — 2 transition

Ny 1 N3 N1 AFEy
o2 o (= exp | — , (9.2)
g2 T3 g3 g1 T3 kTes
and (2) the interaction with the astrophysical plasma with temperature Tiip,
Ny <N1 > ( AFEy )
i —_— ex — 5 93
92 g1 P\ T (9:3)
ie.,
o o o)+ () oo ()
— =—|exp| — + | —exp | — . 9.4
g2 G P\ T T3 P\ W (0:4)

The inversion condition (N3/g3) > (N2/g2) is satisfied because of the following two
factors: (1) the decay of state 2 is faster than the decay of state 3, and (2) Tyin < Teft;
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that is, the temperature of the astrophysical plasma is lower than the temperature of
the PAR radiation, which is not in equilibrium with the plasma. Equations (9.1) and
(9.4) yield the inverted population density.

In the outline above we have intentionally simplified the analysis in order to em-
phasize the basic physics and important parameters before obscuring it with relevant
numbers, which differ drastically for different atoms (ions), quantum transitions, and
parameters of the astrophysical plasma. Reasonable estimates for real cases have been
made earlier, such as O I pumping by H Ly/ (Lavrinovich and Letokhov, 1974) and
Fe Il pumping by H Ly« (Johansson and Letokhov, 2002, 2003a). Following the scheme
outlined here, more detailed models for complex spectra with a multitude of energy
levels are still to be developed.

Let us now proceed to an ensemble of four-level atoms occupying a plasma with
a geometric depth of L along the line of sight. The linear amplification coefficient in
the 3 — 2 transition for such an ensemble is

K = exp(asz - L) (9.5)

where ago is the amplification coefficient per unit length defined by expression (6.2)
(with indexes 3, 2 instead of 2, 1). When the amplification parameter agoL > 1, the
probability of stimulated emission in the 3 — 2 transition substantially exceeds that
of spontaneous emission. In that sense there is a laser effect in the 3 — 2 transition.
It is important to emphasize that the present case involves the total probability of
stimulated emission of radiation in all free-space modes and not just a single mode,
as is the case with the laboratory cavity laser. Thus, the stimulated emission effect
is substantial, since the small occupation number of photons in a single free-space
mode is compensated by contributions from all the isotropic radiation modes. This
peculiarity has already been pointed out in connection with the study of laser effects
with amplification in a scattering medium (Letokhov, 1967a, b).



10

Anomalous spectral effects in the
Weigelt blobs of Eta Carinae

Astrophysical lasers in the visible and near-IR ranges have been discovered in the
Weigelt blobs of the luminous blue variable (LBV) star Eta Carinae (n Car). This mas-
sive (M =100 Mg) and luminous (L = 6-10° Lg) star is a most remarkable stellar obj-
ect located close enough (~7-102 light years) to be observed in great detail (Davidson
and Humphreys, 1997). Using speckle interferometry Weigelt and Ebersberger (1986)
discovered three remarkably compact objects at an angular distance between 0.1" and
0.3" northwest of the star, which corresponds to distances from the star of the order
of 10'6 cm, a few light days. The objects have been called “the Weigelt blobs” after
their discoverer. The blobs are moving at low speeds of the order of 50 km /s (Davidson
et al., 1997) and are producing many hundreds of intense, narrow emission lines unlike
the spectra of any other known objects. Thus, the spectral lines from different parts
of n Car have unique properties in many respects: intensity, spectral width, time and
position variations (Davidson, 2001a, 2001b). It will be shown below that a number of
spectral puzzles in the Weigelt blobs are conditioned by a high radiation energy density.

Spectra of n Car and its nebula have been obtained in high spectral and spatial
resolution with the space telescope imaging spectrograph (STIS) onboard the Hubble
Space Telescope (HST), where the slit has been positioned across and beside the star,
along with and tilted against the direction of the bipolar lobes (Fig. 10.1). Distinct
emission line spectra appear at particular locations close to the star, and they are very
different from the spectrum of the star itself (Morse et al., 1999). A forest of narrow
Fe II lines is one of the puzzles in the understanding of the object (Johansson and
Zethson, 1999). At a projected position of about 0.2" above the star an emission line
spectrum with narrow and bright UV lines of Fe II is related to the Weigelt blobs,
which are probably located in a disk perpendicular to the expansion direction of the
bipolar lobes. Fig. 10.2 shows a part of the STIS spectrum around 2500 A, where the
central star is positioned at 0 along the vy-axis, giving the spatial scale in arcseconds.
The blob spectrum (at 0.2" in Fig. 10.2) contains two spectacular features at vacuum
wavelengths 2507.55 and 2509.10 A, which are among the strongest single features
in the whole observed spectrum of the blobs between 2000 and 10,000 A. The lines
have been identified as transitions from two highly excited (11.1 eV) energy levels of
Fell (Johansson and Jordan, 1984). The appearance of these bright UV lines in Eta
Carinae has been explained as line fluorescence generated through photoexcitation by
H Lyo in a Bowen mechanism, in spite of a wavelength detuning of A\ ~ 2.1-2.4 A
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Fig. 10.1 General view of a two-dimensional (angle, wavelength) observation along the slit
(upper image), which is passing through the central star of Eta Carinae and (bright strip on
the middle image). The blobs are resolved from the star by the STIS camera on board of
HST. The wavelength range is chosen to include the strong hydrogen Balmer « line (from
Ishibashi with courtesy and permission). (See Plate 3)

(Johansson and Hamann, 1993). The blob spectrum contains a number of Fe II lines
from highly excited levels in the near-IR, which are also explained by fluorescence
generated by H Lya. The small width of the bright UV lines of Fe II implies such
a relatively low temperature of both the Fet ions and the electrons, that it is not
sufficient for collisional excitation to populate the highly excited levels of Fe II.

This fact and the extraordinary strength of the two features at A = 2507 A and
A = 2509 A in the blob spectrum of 1 Car suggest a selective excitation mechanism
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Fig. 10.2 Extract from the high resolution UV spectrum of the massive star eta Carinae
recorded with the space telescope imaging spectrograph (STIS) onboard the Hubble Space
Telescope. The vertical scale gives the distance (in arcseconds) from the central star (located
at 0) to the Weigelt blobs and other gaseous condensations of matter expelled from the
star. Of special interest is Weigelt blob B at about 0.2" “above” the star, showing a distinct
emission line spectrum on a very weak continuous background. Two extraordinary features
around 2507.5 and 2509.1 A (vacuum rest wavelengths) in the blob spectrum required a
specific excitation mechanism to be explained. (See Plate 4)

(Fig. 9.1). As a possible explanation of the extraordinary strength and anomalous in-
tensity ratios of these lines and their satellites, natural lasing of Fell in the UV range
was suggested (Johansson et al.,, 1996). However, based on theoretical atomic data,
lasing is in fact impossible because of the inappropriate decay times for the upper and
lower states (opposite in sign to the requirement (6.1)). This puzzle stimulated our
research of unusual radiative processes in the n Car environment, particularly in the

Weigelt blobs.

10.1 Structure of HII/H | regions in the Weigelt blobs

The first spectral observation of 7 Car with HST led to crude estimations of a density
between 107 and 10! atoms/cm? for the blobs (Davidson, 2001b), and they were based
on values of the optical density 7y of H Ly«. This can compensate for the wavelength
detuning of H Lya at 1215.671 A relative to the wavelengths of two closely spaced spec-
tral transitions in Fe Il, namely, a4D7/2 — 4p4G9/2 (1218.213 A) and a4D7/2 — 5p6F9/2
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(1217.848 A) (Johansson, 1978), which absorb the H Ly« radiation. The correspond-
ing wavenumber detuning is Av = 160 cm~!. For the long-wavelength edge of the
H Ly« emission line of neutral hydrogen to coincide with the comparatively narrow
absorption lines of FeII at around 1218 A (their wavenumber spacing amounts to some
20 cm™1), it is necessary that its optical density is about 1 for the detuning Av relative
to the H Ly« line center:

7(Av) = o (Av) Nug D =~ 1, (10.1)

where Ny is the density of the neutral hydrogen, and o (Av) is the resonance scatter-
ing cross-section in the far (Av > dvp) Lorentz wing of the natural radiative broad-
ening of H Lya. The value of o (Av) is determined by the known expression (Mihalas,

1978):
ovp OVrad/2 2 OVpOVrad
Av) = =0pg——5— 10.2
o (Av) =00 (5Vrad) ( Av ) 70 (2A0)% (102)

where the first ratio is the Voigt factor, the second one is an effect of detuning, and
rad = 7 = Az1/2mc = 2.5-1072 cm ! is the radiative width of H Lya. From Egs.
(10.1)—(10.2) we get a simple estimation of the required optical density at the line
center of HLya (2.62):

- - (o) o (2AV)2 - 6
T0 =— UoNHID - O'(AV) - 5de6VD = 7 10 . (103)

The cross-section oy ~ %AQ(éurad/éuD) ~ 1.4-10~™ c¢m?, if we insert dvp = 1.8 -
10""Hz = 6 cm™! for Ty ~ 10* K. It means that NyrD ~ 5 - 102° cm~2 in blob B,
which is emitting intense UV lines of Fell. For the size of blob B, D ~ 10'® cm, the
required density of neutral hydrogen Ny ~ 5 - 10° cm™3.

For a given value of Ny it is possible to estimate the value of Nyir on the basis of
photoionization/recombination steady-state balance (Johansson and Letokhov, 2001c).
However, the homogeneous photoionization model for the blob is not valid. This con-
clusion follows from the ratio of the resonant radiative cross-section for Ly« at the
center of line, oo(Ly,,), and the average value of the photoionization cross-section
above the ionization limit op,(Ly,) ~ 3 - 107 ¥cm? (or o; in Section 4.1). These par-
ameters determine the optical density 7,, for the photoionizing radiation (Lyman
continuum) in the spectral range (v, 2v.), which provide the main contribution to the
photoionization rate Wy, (or Wi in Section 4.1):

Ton &~ 2P (Lya) ~ 1.4 - 10° > 1. (10.4)
o)

The radiation from 1 Car can thus photoionize only a small front part of blob B. This
follows from a basic requirement (Eq. 10.3) for radiation transfer broadening of Ly«
which should excite the absorption line of FeIl. So, the border (Strémgren radius)
between the HII zone (the active zone considering the generation of Lya) and the
passive HT zone lies inside blob B. The stellar radiation can homogeneously ionize the
blob only at EUV frequencies v > 10v., where 7,,(10v.) ~ 1. However, the intensity
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of the radiation from 7 Car having such an extreme energy is negligible and cannot
contribute to the formation of bright UV Fe II lines.

If we assume that the radiation of the central star n Car does not suffer from
any substantial weakening while traveling the comparatively short distance Ry =~
3-10'%cm to the nearest and brightest blob B, then the hydrogen, which is located in
the front part of blob B facing n Car, should be in its ionized state H II. For this reason,
the total hydrogen concentration Ny = Ny1 4+ Ny must be substantially higher than
the estimate given above for HI based on the width of H Lya. A simple estimate for the
ratio between the HII and HI densities under steady-state conditions is determined
by the ratio between the photoionization rate Wy, of the HI atom by radiation (at
hv > 13.6eV) from n Car and the recombination rate Wi of the HII ion:

Nunr Wpn

= > 1. 10.5
NHI Wrec ( )

The recombination rate of the HII ions depends on density Ny because the
electron density n, in the electrically neutral nebular medium is equal to Nyyr:

Wiee(HIT) = aNgn(s™1), (10.6)

where a(Te) is determined by the approximate expression (4.9) and T is the electron
temperature of the blob. Thus, the density of HII is defined by an expression similar
to (5.4) type:

th)1/2

Nun = (NHI
a

(10.7)

The photoionization rate Wy, is governed by the flux of photons with hv >
13.6 eV from 7 Car, taking into account the dilution factor w, determined by (5.6),
where 74 is the radius of the photosphere of n Car and R}, is the distance from the
blob B to n Car. Wpy, also depends on the photoionization cross-section oy, (v):

th = Q/Jph (I/)P(I/) dv ~ Uph-[ph7 (108)

where P(v) is the spectral brightness (photons/cm?-s-sr-Hz) of the black-body
radiation from the photosphere of n Car, opp is an average effective photoionization
cross-section introduced above, and Iy, is the integrated intensity (photons/cm? - s) of
the stellar radiation at the blob surface in that spectral range, which gives the main
contribution to the photoionization rate. If one describes the radiation spectrum of
the photosphere of np Car as that of a black body with a temperature of T = 30 - 103 K,
one can then approximately estimate the photoionization rate Wy, to be 0.02-2 s~!
for R, = 3 x (10'—10' c¢m). For other more remote blobs the value Wy, decreases
in proportion to (Rp,/R)?, where R is the distance of another blob from the central
star in n Car.

The steady-state density of H atoms in blob B, required in accordance with
Eq. (10.3), is sufficiently high and can completely absorb the ionizing radiation of
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n Car. Indeed, the order of magnitude of the photoionization depth £, in blob B may
be estimated from the following expression, similar to (5.13):
Whoh Nur

Wrec - 6€ph NHI ’

Eph ~ 5‘€ph (10.9)

where 00,y is the thickness of the transition layer (HII/HI region) between the com-
pletely ionized HII region and the region of very weak ionization of HI (by the weak
and extremely short-wavelength (hv > 13.6 eV) radiation of n Car), and defined in
the same simple approximation as (Mihalas, 1978):

1 1
opnNo  opn (Nt + Num)

Con & (10.10)

where opy, is the photoionization cross section above the photoionization limit. For
simplicity opn is given by some average value of op, >~ 3 - 10718 cm?.
We will first estimate the critical hydrogen density, N§", at which the photoioniza-

tion depth £,y satisfies the condition
lon ~ D, (10.11)

which means that the boundary of the Strémgren sphere is exactly at the rearmost
layer (opposite to i Car) of the blob B, so that the entire volume of the blob is subject
to photoionization. We use Egs. (10.7)—(10.9), considering that the density of HII in
the HII/HI region suffering photoionization is equal to Ny, to obtain

1/2
w2 I 1/2
NE ~ [ —2h — (= . 10.12
0 <0phDa> (aD ( )

For the blob B we can adopt I, ~ 3- 1016 ph/cm2 -8, taking into account the dilution
factor w ~ 1076, Correspondingly, from Eq. (10.12) we get the value N§* ~ 107 cm~3.
This means that only at Ny < N§' is the entire volume of the blob B uniformly
photoionized, and at Ny > NgT, it is only the outermost layer of the blob with a
thickness of £, that is photoionized.

As an illustration, Fig. 10.3 presents the optical density 7y, both in the photoionized
region HII/HT and in the HI region, as a function of the total hydrogen density Ny in
the blob under consideration. At Ny < N§* = 107 cm™3 the entire volume of the blob
is uniformly photoionized, and the remaining small proportion of neutral hydrogen
atoms provides for an optical density 79 whose value is lower than the necessary
values given by Eq. (10.3). Higher 7y values can only be reached at Ny > N§', when
only the outermost layer of the blob is photoionized. In the transition region where
No ~ N§ =~ 107 ecm~3, the photoionization limit passes inside the volume of the
blob, i.e., in the distance range between Ry, and Ry, + D from n Car. In this ionized
region, the optical density 7y reaches its steady-state value, as the reduction of the
photoionization volume is being offset by the rise of the recombination rate Wie., which
can be seen from the right-hand bottom branch of the curve 79(Ny) in Fig. 10.3. In
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Fig. 10.3 Optical thickness, 70, of HI Ly« (for the center of the line) as a function of the
total density, Ny, of neutral (HI) and ionized (HII) hydrogen in blob B. N§* is the maximum
(critical) density, for which the whole blob volume is ionized. At No > N§* the blob volume
is partially ionized, in the front layer of the blob (from Johansson and Letokhov, 2001c¢).

this HII/HI region, Lya photons are created and they diffuse isotropically, i.e. into
the practically non-ionized HI region as well, where the intensity of the Lya radiation
is naturally weakened. This HI region has a huge optical density 7y for the photons,
which can reach the required values given by Eq. (10.3). The optical thickness of the
transient layer HII/HT with physical width 0¢,, can be estimated as:

1

7~ NI 6000 ~ 55—“11 ~2.10°, (10.13)
p

where Nffj ~ %No is the average concentration of HI in the transient layer, and
0l is determined by Eq. (10.12). The high density of HI compensates for the small
width of this layer and as a result the optical thickness of the transient layer 7' is
almost equal to the optical thickness 7y of the whole active zone. Nevertheless, these
values of 7y are much less than the required amount given in Eq. (10.3) for the Ly«
excitation of Fell. At the same time, the remaining, dissipating (passive) volume of
the blob is also large enough to provide for 7y ~ 107 (the vertical branch of the
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curve in Fig. 10.3) and the appropriate broadening of the Ly« line as a result of the
Doppler diffusion of the radiation. The Ly« radiation, diffusing from the active region
into this passive volume, can excite the UV fluorescence in Fell in a photoselective
fashion, thanks to the compensation of the detuning between the wavelengths of Ly«
and the absorption line of FelIl. The Fell ions are always being formed in the passive
region of the blob on account of photoionization by the radiation of n Car in the
range 7.6 eV < hv < 13.6 €V that passes through the HII/HT region without suffering
practically any absorption through photoionization. Hamann et al. (1999) also noted
that the Fell lines do not form in HII regions, but rather in partially ionized zones
behind the HII/HT recombination front.

The above crude qualitative analysis shows that intense UV Fell lines can be
observed only in those blobs whose hydrogen density No > NS, which provides for
7o > 107 in the passive HI zone of the blob. These estimates have been modified to
account for the effect of a stellar wind surrounding the Weigelt blobs (Johansson and
Letokhov, 2004c).

10.2 High effective H Lya temperature in the
Weigelt blobs

According to the simple estimations in Section 10.1 the column density of neutral
hydrogen nyy = NyD, for WBs (particularly, WB “B”) near n Car is estimated to be
higher than 4 - 102! cm™2, where Ny is the HI density and D is the size of the WB.
This means that the WB is optically thick for the Lyman continuum (A < 912 A), i.e.

Te = oph (ve) NuD > 1, (10.14)

where opp (1) is the photoionization absorption cross section near the ionization limit.
Eq. (7.14) leads us to conclude that two spatially separated but adjacent regions are
formed in the WB: a hot HII region facing the central star and a cold HI region
behind it. These two regions are separated by the Stromgren boundary that passes
inside the WB. The cold HI region is responsible for the numerous narrow Fell lines
that can be divided into two categories: i) fluorescence lines from high-lying levels
photoexcited by Ly« and ii) forbidden lines from low-lying, metastable levels.

The condition in Eq. (10.14) ensures the formation of a cold HI region where the Fe
atoms are ionized by radiation with A > 912 A, which passes through the HII region.
This fact provides the basis for the physical model of the formation of the A = 2507 A
and A = 2509 A lines (Johansson and Letokhov, 2001¢; Klimov et al., 2002) in the WBs
at distances Ry, ~ (102 - 103) rs from the central star, where ry is the radius of n Car.
Another critical requirement is that the distance to the star Ry, is small enough to ens-
ure a high Lya spectral temperature at the frequency of the Fe Il absorption line. The
Lya temperature T}, in the WB region can be estimated by the evaluation of the radi-
ation from n Car with A < A, absorbed in the WB (Johansson and Letokhov, 2004a).

Let us consider a spherical WB with a diameter D < Ry, (Fig. 10.4). Condition
(7.14) is satisfied if the hydrogen density Ny exceeds a critical value (10.12). The
integrated intensity of the hydrogen-photoionizing stellar radiation with A > 912 A
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Fig. 10.4 The geometry of Eta Carinae and the Weigelt blob that blocks the Lyman con-
tinuum radiation so that the front part (the HII region) is completely ionized and the back
part (the HI region) contains Fe™ ions. The Fe™ ions are selectively photoexcited by Lya
photons that diffuse either from the HII region of the blob or from the nearly torus-shaped
region of the stellar wind of Eta Carinae behind the blob, which is also ionized by the Lyman
continuum.

that reaches the WB surface is

Ion = Q/P (v, Ty) dv ~ QP (v, Ty) Avpy, (10.15)

where P (v, T,) is the spectral Planck intensity distribution (photons-cm=2-s=%.sr 1.

Hz_l) for a star with a photospheric temperature T;. For an estimation we can use
the effective frequency range Avyy, = 7€V above the ionization limit, where P(r) and
opn(v) are large enough. At Ty = 30-10° K, P (v, Ty) Avpn =2 10?3 photons - ecm™?s™ .

For N > N{, the neutral HI component of the WB absorbs almost all of the
Lyman continuum radiation from the central star. The absorbed power is

Poips (v —ve) ~ QOSabS/P (ve, Ts)dv

= Qr?D?P (ve, T) Avph, (10.16)
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where g = 47() is the solid angle subtended by the WB from the central star and
Sabs = (m/4) D? is the area of the WB disk. The absorbed energy is reradiated in the
hydrogen recombination spectrum, with the largest fraction (7 = 0.7) being emitted
in the H Ly« resonance line. The maximum optical density 7o(Ly«) in the HII region
at the center of the line is

= 20 ()~ 5103, (10.17)
Oph

where 09 = 012 (Lya) = 1.4 - 107 ecm™2 is the resonant scattering cross section at
the center of the line, opp (1) = 3-107'8 cm?. Ly« radiation is diffusively confined in
the HII region, but the diffusive confinement time is limited by the fact that the num-
ber of scatterings is limited. This limitation is attributable to the Doppler frequency
redistribution during the scattering of Lya photons, which ensures a relatively fast
photon escape from the confinement region through the wings of the Doppler profile
(Osterbrock, 1989). Since the optical density 7y is limited by 73" = o0¢/opn and the
damping factor for Lya is & = Avyaq/Avp, the optical density in the Lorentz wings is
aty* =~ 1. Therefore, Lya photons escape from the HII region through diffusion with
the Doppler width increasing by a factor of 8 ~ (In 75“)1/2 ~ 3 (see Section 2.3). Thus,
the total power emitted by the WB surface in the Ly« line is

Pory (Lya) ~ 47 Sem P (Viya, To) (Avpf), (10.18)

where T, is the Lya effective spectral temperature and S, = 7wD? is the area of
the emitting surface of a spherical WB. In reality, Sen can differ slightly from 7D?
because of the peculiar shape of the emitting surface of the HII region (Fig. 10.4).

The mean Lya spectral intensity at the WB surface is determined by the Planck
distribution at frequency v,(Lya) and by the spectral brightness temperature T,
where the spectral broadening during the confinement is taken into account. In steady
state, assuming that the absorption of the confined Ly« radiation in the HII region
of the WB is negligible, we obtain

nPabs (V - VC) = Pem(Lya)~ (1019)

Hence, the brightness temperature T, for the Ly« radiation from the WB can be
estimated from Eq. (10.19):

P (vya, Tn) = 20 Apn

TORLP (e T, (10.20)

The dilution factor for the radiation from the central star is largely offset by the
spectral compression of the absorbed Lyman-continuum energy into a relatively narrow
recombination Ly« line. The compression factor f is

o AVabs o Al/ph

f B AVem B AVDﬁ

~ 107, (10.21)

where Avyps >~ Avpy is the effective spectral width of the photoionization absorp-
tion, Avem = BAvp is the width of the Lya spectrum, and Avp = 6cm™! is the
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Fig. 10.5 Ilustration of the “spectral compression” effect in the blob in the vicinity of a hot
star which enhances significantly the effective temperature of hydrogen spectral lines due to
photoionization-photorecombination.

Doppler width of the Ly« line. Fig. 10.5 illustrates the effect of spectral compres-
sion. The absorbed spectrally broad Lyman continuum with v > v, in course of the
photoionization-photorecombination cycle is converted to a relatively narrow Lya (or
Lyf) spectral line with effective temperature Teg(Lya) < Ty. However, this temper-
ature is comparable with the surface temperature of the star T,g. For example, in
the case of blob B n Car: T, ~ 30,000K, Tog(Lya) = T, ~ (10—15)10® K. This effect
is the key for optical pumping FeIl and OT astrophysical lasers (Chapters 11 and 12).

For the closest vicinity of the central star, it is convenient to introduce a spectral
brightness conversion parameter yp,:

)\ (a7 2 Sa S
'Ybr:"hw( iy ) (Sb )f~ (10.22)

This parameter includes the absorbed energy conversion ratio 7, the spatial dilution
factor w, the mode density enhancement factor (Aryq/ )\)2, the ratio of the absorption
and emission areas, and the key spectral compression f > 1. The following equation
relates the temperatures T, and Ty (for hvrya > KTy, kT, ):

hI/Lya hl/c
=1 = 10.23
KT nYpr + KT ( )

This relation is virtually equivalent to the expression for the source function in Ly« in
terms of the source function in the Lyman continuum known for a nebula illuminated
by a star (Sobolev, 1962, 1963).



Anomalous spectral effects in the Weigelt blobs of Eta Carinae 143

Note that the intensity of the Lya radiation inside the HII region of the WB is
higher than on the surface of the WB by a factor of § that accounts for the diffusive
confinement of the radiation:

§=p%=Inm" ~8-10. (10.24)

According to the calculations by Auer (1968), the intensity of the Ly« radiation can
be even a factor of 20 to 25 higher because of the confinement effect. Given this effect,
the increase in the Ly intensity described by Eq. (10.23) can be written in a more
accurate form:

hv,

hnya e
kT

(10.25)
For the Weigelt blob B of n Car, v,,d ~ 1072, which corresponds to T,, ~ (10—15) -
103 K inside the gas blobs. This value is comparable to or even higher than the electron
temperature, implying a sharp change of the energy balance in the WB compared to
a classical planetary nebula. Actually, the ratio p of the Ly« radiation energy density
inside the WB, E(Ly«), to the free energy density, Ef., stored in charged particles
(HII ions and electrons) becomes equal to

E(L D Viya
po Blye) Dt (10.26)
E fr c Ve

where n, is the electron density (or the density N, Nuir). This ratio has a simple
physical meaning: the ratio of the lifetime of a Ly« photon inside the WB, 7, %6 , due
to the diffusive escape through the spectral line wings, to the ion recombination time,
1/(nean). If we assume for the WB B of n Car that ne ~2-10% cm™ and D = 105
cm, then this ratio will be g = 10. The ratio of the density of E(Lya) to the density
of the charged-particle kinetic energy FEy;, is even higher, because hv. > kT. The
density of the Ly« energy E(Lyca) is higher than the density of the Lyman continuum
energy FE(Ly.) at least by a factor of § ~ In 7" or even more (Auer, 1968). Therefore,
the following equation is valid for an optically thick (for Ly.) WB:

E (LyOé) >F (Lyc) s Efr > Ekin- (1027)

This equation means that the photoprocesses in the WB are governed by Lya and the
Lyman continuum, Ly, radiation. Such Weigelt blobs may be called radiation-rich
WBs, to distinguish them from standard thermal planetary nebulae (Aller, 1984).
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Astrophysical lasers on the
Fell lines

Astrophysical lasers operating in optical Fell lines in the range 0.9-2 pm in stellar
ejecta of Eta Carinae (n car) were discovered (Johansson and Letokhov, 2002, 2003a)
on the basis of observations with the Space Imaging Spectrograph (STIS) on board
the Hubble Space Telescope (HST). This unique instrument provides high spectral
resolution in a broad wavelength range (1150-10400 A) and a near-diffraction-limited
angular resolution (~0.1 arcsec) (Kimble et al., 1998). Beginning in 1998, the erup-
tive star 7 Car became one of the most remarkable targets for this instrument (Gull
et al., 1999). It is an exceptionally interesting astrophysical object expelling enormous
amounts of material into its surroundings. In the immediate vicinity of the central
star at a distance of 100-1000 stellar radii (ry = 3 - 103 cm), compact gas conden-
sations, called the Weigelt blobs B, C, and D, of exceptional brightness have been
discovered (Weigelt and Ebersberger, 1986). More detailed observations (van Boekel
et al., 2003) at near-IR wavelengths with high angular resolution confirmed a com-
plex morphology of bright blobs and the existence of stellar wind in the vicinity of 7
Car on the scale of 5 milliarcsec (Fig. 5.9). The blobs and surrounding stellar wind
are unique astrophysical plasmas having a higher density Ny > 108 cm ™3 than plan-
etary nebulae (Ng ~ 10* cm™3) and located only a few light days away from the
luminous central star. The sequence of basic radiative processes in the Weigelt blobs
initiated by stellar black-body (Planck) radiation acting on HI and Fel and followed
by pumping due to an accidental resonance (PAR) between Fell and Ly« is shown
on Fig. 11.1. A modelling of the spectrum of the Weigelt blobs (Verner et al., 2002)
has verified the importance of Lya pumping to reproduce the fluorescent Fell lines
and continuum pumping to reproduce low-excitation Fell as well as [FeIl] lines. As
Ny is relatively high, the blob will almost completely absorb the Lyman-continuum
radiation from the central star. The Stromgren border, separating the regions of com-
pletely ionized (HII region) and neutral hydrogen (HI region), is thus located inside
the blob. The HII region is adjacent to the HI region. The intensity of the Ly« recom-
bination line in the HII region of the blob is 103-10* times higher than that coming
from the central star (Johansson and Letokhov, 2001e; Klimov et al., 2002). We get a
unique situation in the HI region where a partially ionized mixture of many elements
is exposed to an intense Ly« flux coming from the HII region. This is similar to a typ-
ical “laser” situation where the pumping flash lamp irradiates the nearby active laser
medium.
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Fig. 11.1 Illustration of the main radiative processes in the Weigelt blobs, involving pho-

toionization of HI and Fe I by stellar black-body radiation and subsequent resonant excitation
of Fell by intense H Ly« radiation.

Preliminary data on laser effects in the Weigelt blobs have been published in the
form of short letters (Johansson and Letokhov, 2002, 2003a). The more detailed treat-
ment of the laser schemes related to the energy level diagram of Fell, a detailed
analysis of the amplification in various schemes, and a discussion of the spectral width
of laser lines were presented by Johansson and Letokhov (2004c). Below we give a
description of the FeII astrophysical laser based on that paper.

11.1 Radiative excitation and relaxation of Fell levels

A large number of observed as well as predicted absorption lines of Fell fall within
a spectral width of 3 A around HI Lya. The transitions start from low metastable
states as illustrated in Fig. 9.1 (Johansson and Jordan, 1984). There are about 15
emission lines/A observed in the laboratory spectrum of Fell in the wavelength reg-
ion around Lya. The number is probably even higher for absorption lines, some of
which could be pumped by Ly« in astrophysical plasmas. Consequently, numerous Ly«
pumped fluorescence lines of FeIl have been identified in spectra of various emission
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line sources, e.g. chromospheres of the Sun and cool stars (Jordan, 1988a, b; Harper
et al., 2001), symbiotic stars (Hartman and Johansson, 2000), and the environment of
AGNs (Netzer, 1998).

The Weigelt blobs outside i Car are rather special because of their high optical
density for Lya, 7, ~ 108, and their short distance to the central star. The ratio of the
Einstein coefficients for Lya and the pumped absorption lines of Fell is ~ 102, and
since all Fe atoms in the HI region are ionized the abundance ratio Npey /Ny ~ 104,
Since the optical density for the Fell absorption lines is in the range g, 11 =~ 10—100,
the resonant intervals within the wide Lya profile are fully absorbed. A significant
density of absorption lines should result in a total absorption of Ly« in the HI region
of the blob.

The photoselective excitation rate of state 4 is defined by

-1
g4 hvia
Wel)?c = A4lgf1 |:eXp (kTa ) — 1:| y (111)

where the indices 1 and 4 correspond to the level notations in Figs. 11.2b, ¢. The
Einstein coefficient for spontaneous decay is A4; = 1.2 - 107 s~! (Kurucz, 2002), and
T, = Teg(HI Lya) is the brightness (or effective) temperature of Ly« inside blob B.
According to the qualitative picture given above, the stellar Lyman continuum radia-
tion is transformed into intense Lya radiation. A more detailed analysis of this “spec-
tral compression” effect is presented in (Johansson and Letokhov, 2004a), and it shows
that T, is comparable with the effective temperature of the stellar photosphere (Sec-
tion 10.4). In the case of n Car, we adopt kT, ~ 1.0—1.5 eV (T, ~ (12—18) - 10* K),
which means a photoselective excitation rate Wil ~ 103—10" s1. We must empha-
size that, without compensation for the dilution factor by the “spectral compression”
effect the value of W1} will be about 1 s~!, making it impossible to provide an inverted
population in the 3 — 2 transition.

The numerous possible pathways of the radiative relaxation (decay) of the Lya-
excited Fell levels can be grouped into two categories as illustrated in Fig. 11.2:

(1) spontaneous decay back to the low metastable states without any accumulation
in higher states (Fig. 11.2a);

(2) spontaneous decay via long-lived higher states (“bottleneck”), which cause an
inverted population with an associated stimulated emission (Figs. 11.2b, ¢).

The first type of pathway (Fig. 11.2a) is dominating for all photoexcited states, and
the type illustrated in Fig. 11.2b occurs as a result of accidental level mizing (ALM),
discussed in Section 11.2. The general case is a combination of (1) and (2), where the
branching fractions from level 4 determine the population in 3. The branching fractions
for the decay feeding the long-lived states are thus determined by the strength of the
level mixing. In case (2), i.e. those Lya pumped Fell levels having large branching
fractions to feed the pseudo-metastable (PM) states. It should be pointed out that
the continuum pumping, shown by Verner et al. (2002) to increase the population of
the low metastable states through cascading, cannot directly populate the PM states
owing to parity considerations.
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Fig. 11.2 Three types of radiative decay schemes of high-lying FeIl levels photoexcited by

Lya: (a) a fast radiative decay down to metastable states via short-lived levels without any
“bottleneck” effect; (b) a radiative decay via high, pseudo-metastable states (the “bottleneck”
effect) with formation of an inverted population; (¢) a radiative decay with “bottleneck” effect,
inversion of population and return to the initial state.

If level 2 in case (2) decays to the initial state, i.e. the level being pumped, we
obtain a closed radiative cycle (Johansson and Letokhov, 2003a). This is determined
by the possible decay channels of state 2 and their branching fractions, which may
vary among the set of short-lived states (lifetime of a few ns) fed by the decay from the
PM states. The distribution of the decay of state 2 is also important for permanent
pumping of the low-lying metastable states, with lifetimes of the order of one second.
Two examples of pathways containing radiative “bottlenecks” are shown in Figs. 11.2b,
c. They represent closed radiative cycles, but with different efficiencies because the
branching fractions differ considerably in those transitions that bring them back to
the initial level. These two pathways of radiative decay also have different lifetimes
of the “bottleneck” levels 3’ and 3": a ms-lifetime for level 3’ and a s-lifetime for 3"
(Figs. 11.2b, ¢). The branching fractions for the weakly closed cycle (0.1%) and for
the strongly closed cycle (85%) are indicated in Fig. 11.2b, c.

The rate of collisions between excited Fet ions and H atoms, with a maximum den-
sity of 10'° em ™3, is less than one per second. The presence of forbidden lines from the
long-lived metastable states (lifetime of about 1 s) verifies that the relaxation of the
excited Fe™ ions is purely radiative (Fig. 11.3). Most important are the “closed” radia-
tive pathways including Lya pumping, spontaneous decays and stimulated emission,
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Fig. 11.3 Time scale of spontaneous radiative and collisional relaxation of highly excited
Fell states. An intermediate range including pseudo-metastable states is favorable for obt-
aining an inverted population in the 3 — 2 transition in Fig. 11.2.

since they provide a collision-free and pure radiative conversion of intense Ly« rad-
iation into the intense and anomalous AA2507/09 UV lines of Fell (Johansson and
Letokhov, 2003a).

11.2 Spectral peculiarities in Fell

Two properties, one atomic and one astrophysical, make the spectrum of Fell very
dominant in the spectra of cosmic sources. A complex atomic structure with a large
density of energy levels and a high cosmic iron abundance result in numerous lines in
ultraviolet and optical spectra — absorption lines in stellar atmospheres and emission
lines in nebular regions. Although FeIl has been thoroughly studied in the laboratory
and more than 1000 energy levels have been found, ultraviolet stellar spectra still
contain unidentified lines of Fell.

The specific atomic astrophysics problem discussed in this Chapter involves two
special features that are extremely rare in simple spectra but characteristic for complex
spectra: accidental level mizing (ALM) and the presence of “pseudo-metastable” (PM)
states. Level mixing is a well-known effect, which in its simplest form depends on
deviations from a pure coupling scheme for the electrons, and a final state is described
as a linear combination of, for example, pure LS states. Such mixing of levels may
be well predicted by theory even for complex systems. Perturbation and level mixing
as a result of configuration interaction are also in general taken care of by detailed
calculations. However, two energy levels having the same parity and J-value may
also mix if they accidentally fall very close to each other in energy. They can have
completely different LS character and belong to different configurations. Such an ALM
is very difficult to predict in quantum mechanical calculations.

The presence of PM states is the crucial feature in the radiative processes discussed
in this paper, but before we define the concept “pseudo-metastable” we give a brief
description of metastable states. A metastable state in an atom (ion) is a state that
cannot decay to a lower state by electric dipole (E1) radiation, i.e. obeying the selection
rules for parity and J-value. Hence, all states of even parity that are located below
the lowest state of odd parity are by definition metastable, and they have radiative
lifetimes of the order of 1 s. Metastable states are generally collisionally deexcited but
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in low-density astrophysical plasmas the probability for collisions is very low. Under
such nebular conditions the metastable states decay radiatively in electric quadrupole
(E2) or magnetic dipole (M1) transitions observed as forbidden lines. There are 62
metastable states in FeII belonging to the three configurations Sd%4s, 3d” and 3d°4s?.
One of the three low even-parity configurations containing the metastable states is
the ground configuration 3d%4s. In Fig. 3.7 we show a condensed energy level diagram
for Fell, arranged according to the “branching rule” for the build-up of the structure
of complex spectra. Thus, by starting with the next higher ion, FeIll, we add a 4s-
electron to each LS term (the parent term) of the ground configuration 3d°. The
resulting LS terms in Fell are represented by one box for each parent term. All
4s boxes are connected by a dotted line in Fig. 3.7. Since the 4s binding energy is
independent of the parent term the pattern of connected 4s boxes mimics the pattern
of the parent terms. The next higher configuration in the diagram is the odd-parity 4p
configuration, represented by gray boxes. Thus, according to the definition all levels
in the boxes located below the lowest gray 4p box are metastable. These are placed
in a marked box in the diagram.

Owing to the extended structure of the parent terms the 4s configuration extends
above 4p, i.e. the highest 4s boxes are located above the lowest 4p box (see Fig. 3.7).
This is a special feature of the transition elements. In Fell, six observed (and two
unknown) LS terms of the 3d%4s configuration are located above the lowest LS terms
of 3d%4p, which means that a 4s electron can make a downward transition to a 4p state.
The lifetime of these high 4s states is of the order of 1 ms, three orders of magnitude
shorter than for pure, metastable states but six orders of magnitude longer than for
ordinary, excited states. Because of their long lifetimes we call them PM states, and
they are marked in a dashed box in Fig. 3.7. It looks as if the PM states keep a
fraction of the metastability of their sister LS terms in the same configuration, even
if LS-allowed decay channels become available. Without looking at the spectroscopic
origin of these PM states, but just their LS assignment, it is not possible to distinguish
them from other LS terms. However, the transition probability of their decay to 4p is
six orders of magnitude smaller than for normal allowed transitions. It turns out that
this is the crucial feature behind the explanation of the laser action in Fell observed
in Eta Carinae.

The two cases of four-level schemes in FeIl involved in the radiative processes are
shown in Figs. 9.1a and 9.2b. The low 4s box (at 1 eV) in Fig. 9.15a is the a*D term
in the lowest 4s box in Fig. 3.7. It can be pumped by Lya to several 5p levels around
11 eV, which is discussed in detail in Section 11.3. Owing to a near coincidence in
energy, there is an ALM between some of the lowest 5p levels and some high 4p levels,
as indicated in Fig. 3.7, and a mixing of states from two consecutive members (4p
and 5p) in a Rydberg series is very rare. The ALM means that the high 4p levels
(denoted 4p" in Fig. 9.1a), which belong to LS terms of the (bF)4s and (b*F)4p
subconfigurations, are also radiatively populated by Lya. The fast decay from 5p is
to 5s (in the near-IR) and back to 4s via 4p. The fast decay from 4p" is down to 4s"
in Fig. 9.1a, i.e. along the vertical line down to (b3F)4s and (b3P)4s in Fig. 3.7. With
all other strong 4s—4p transitions the corresponding lines fall around 2500 A. These
4s" levels are the PM states discussed above, and they can decay in slow transitions
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to the low 4p states at 5 eV (40,000 cm~1). The 4p levels have fast decays back to the
metastable 4s levels, as shown in Fig. 9.1a.

The case outlined by the scheme in Fig. 9.1 starts from a higher metastable 4s
level (marked 4s’), which is excited up to a 4sdp state by Ly« radiation. The natural
decay for this pumped state is down to a 4s? state at about 7 eV. This level belongs
to the 3d°4s? configuration, which is not included in Fig. 3.7. It has about the same
properties as the PM states discussed in the first case above, but the lifetime is about
three orders of magnitude smaller, or about 1 ws. The 4s? state decays in a “two-
electron jump” to 4p, i.e. to the same 4p levels as for the 4s" state in the first case.
The 4p level has a branch to the metastable 4s’ level and even in this case we can find
a closed cycle for the radiative excitation and deexcitation.

11.3 Population inversion and amplification
in Fell transitions

There are a number of decay schemes in Fell creating an inverted population due
to a radiative “bottleneck”. The main schemes are shown in Figs. 9.1a, b, where few
selected energy levels and radiative transitions from the level- and line-rich spectrum
of the complex system of Fell illustrate a photo-selective excitation by Lya and a
subsequent cascade of radiative decay channels. A remarkable feature in the decay
schemes is the existence of PM states. They decay relatively slowly (radiative lifetimes
from 10 ws to 1 ms) in permitted transitions to lower, rapidly decaying states (lifetimes
of a few ns). However, the time elapsing between successive collisions between excited
FeT ions and H atoms, the main component of the WB with a maximum density of
Ny = 10'% em~3, is one second or even longer. Therefore, the relaxation of the Ly«
excited FeT ions occurs without collisions in a purely radiative way.

The cascade of radiative decay of the Ly« excited states is characterized by a pe-
culiar time hierarchy as illustrated in Fig. 11.3. On the time scale given in the figure
one can distinguish between three relaxation regions: a fast spontaneous decay, a slow
spontaneous decay, and a much slower collisional relaxation. Therefore, the sponta-
neous radiative decay from the Lya pumped states results inevitably in an inverted
population in the transition from the PM state (the 3 — 2 transition in Fig. 11.2),
which acts as a “bottleneck” for radiative decay in the absence of collisions. If the
inverted population density and the optical path length for this transition are large
enough, the spontaneous radiation will be amplified owing to stimulated emission in
the atomic ensemble. The stimulated emission enhances the intensity of the weak lines
generated by the slow spontaneous radiative decay of the PM states, and it becomes
comparable with the intensity of the fast, spontaneous transitions populating them.

A steady state population inversion is thus achieved in the 3 — 2 transition with a
density of

AN'FQ:N?,—NQ %Ng (112)

since Ny < N3 owing to the much faster decay of level 2. The small influence of the
statistical weights has been neglected as their ratio is close to one. Since the short-
lived levels 4 and 2 can be regarded as empty relative to the long-lived levels 1 and 3

the radiative excitation W12 produces the following steady-state distribution of the
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populations Nj (in the initial level 1) and N3 (in the long-lived excited level 3):

Ny = NWwi

exc

73, (11.3)

where Ay3 > W22 i.e. coincides with (6.7). Since the rate of stimulated emission in the

exc?

3 — 2 transition, Wsa, is not included in Eq. (11.3), all Fell ions can be accumulated
in level 3 if Wi > 1/73(N3 > Nj). In the lasing volume, however, W3, can be
much higher than 1/73, and a fast closed radiative cycle will therefore maintain the

population of level 1 in such a way that

W14
N3 :]\]1$_7 (114)
Wel)élc +7—3 !
or even
N3 = Ny, (11.5)

when the excitation rate is large (W22 > 1/73).
The linear amplification coefficient for the 3 — 2 transition is defined by the stan-

dard expression
Q39 — O'32AN, (116)

where AN is the inverse population density defined by Eq. (11.2). The stimulated emis-
sion cross-section ogq is given by (6.5) with degeneracy factor gs/gs. At the temper-
ature of T' ~ 100—1000 K in the relatively cold HI region, Avp ~ (300—1000) MHz,
i.e., 032 = (0.6—2) - 10713 ecm?2. Thus, the amplification coefficient may be estimated
by the expression

32 — JgQ(W(})?CTg)ﬁNFe, (117)

where (3 is the fraction of the Fe' ions in state 1 relative to all Fe™ ions (all irons
atoms in the HI region of the blob are supposed to be ionized).

The fraction [ is governed by the excitation rate of level 1 and its radiative lifetime
71. The excitation rates for collisional population of level 1 (i.e. by recombination of
Felll and electron collisions) are negligible in comparison with the radiative decay
rate 1/71 because of the low electron density (n. = 10*—10% cm~2) in the HI region.
The electrons are generated in the photoionization process of iron as well as other
elements having an ionization potential of IP < 13.6 eV. However, the most important
channel for populating the metastable state 1 is the radiative decay of the high Fell
states selectively excited by Ly« or other intense lines. These excitation channels can
provide for an excitation rate >1//71a~1 s~! and hence sustain the relative population
of state 1 at a level of 3 ~ 1072. This would correspond to an approximately equal
distribution of the Fe™ ions among the 60 metastable states, including state 1. Leaving
the calculation of a more accurate value of 3 for future modeling, we adopt here a
qualitative estimate of 3 ~ 1072. An evidence for a substantial population in the
metastable states is provided by the observation of strong, forbidden lines, e.g. from
state 1, in the optical region of HST spectra of the blob (Zethson, 2001).
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With these assumptions, we can use Eqs. (11.1) and (11.6) to estimate the
amplification coefficient for the 3 — 2 transition to aga ~ (3 - 10718 —10716) Ng,(cm™1),
where N, =~ 1074 - Ny. To create a cold HI region in the blob the hydrogen den-
sity N must exceed a critical value, the so-called critical density N ~ 108cm—3
(Johansson and Letokhov, 2001¢, €). Thus, for azs > (3-10714-107!2) cm~! and a
blob diameter of D == 10'® cm, which can be regarded as the size L of the amplifying
region, oL~ (30-100) at an effective blob temperature of Lya of T,, ~ (12—18)-10% K.
The amplification coefficient ass is, according to Eq. (6.5), sensitive to the spectral
width of the amplification line. From this point of view the cold HI region is more
suitable as a lasing medium than the hotter HII region, causing a higher Doppler
width in the 3 — 2 transition.

Let us emphasize that the amplification coefficient ass according to Egs. (11.7)
does not depend strongly on the Einstein coefficient Asy, since Aza ~ 1/73 as long as
the branching fraction for the 3 — 2 transition is dominating in the decay of state 3.
The (aL)-values obtained correspond to fairly high values of the linear (non-saturated)
amplification K = exp(aL). In the saturation regime, however, the intensity of the
weak line A3 (in photons/cm? - s) approaches that of the strong line \43. Thereafter,
the amplification regime becomes saturated. This means that the rate of stimulated
transition approaches the pumping rate of level 3 provided by the spontaneous 4 — 3
decay. Under such conditions the intensities of both these lines grow in proportion to
the propagation length L.

11.4 Radiative cycling with stimulated emission

Many of the radiative decay schemes of Lya pumped FeII levels contain three sponta-
neous transitions before the electron ends up in a low-lying metastable state. In some
of these schemes there is a high probability that the final state of the electron is the
same as the initial state, i.e. there is a high branching fraction of the final transition
connecting states 2 and 1. This is the case illustrated in Fig. 9.1a. However, the res-
onant photoexcitation of an atom (ion) and the subsequent spontaneous decay may
lead to an accumulation of atoms in an intermediate long-lived state, in which the
atom resides for a long time (“a dark state”). Such a bottleneck in the spontaneous
decay chain limits the cycling rate of photoexcitation 4+ fluorescence, i.e., limits the
efficiency of the conversion of UV photons into less energetic fluorescence from the
absorbing atom. This effect is illustrated in Fig. 11.4 in a simplified scheme of a four-
level atom, which represents a number of real cases in multilevel atoms (ions). Let us
consider the “cycling effect” from a more general point of view.

The bottleneck in the radiative decay chain, e.g., level 3 in Fig. 11.4a, is fed by
photoexcitation in 1 — 4 and a fast spontaneous decay, 4 — 3. This leads to an accumu-
lation of atoms in the pseudometastable state 3 having a lifetime 73 > 74. For a high
photoexcitation rate Wiy > Asz, the intensities of the fluorescent lines 4 — 3 and
2 — 1 are limited by the intensity of the “weak” transition 3 — 2 owing to the transfer
of atoms from the initial state 1 to the long-lived state 3. In a stellar atmosphere,
for example, the density is high enough for collisional relaxation 3 — 2 to take place
(Fig. 11.4b). It is, however, effective in a cyclic process (Thackeray, 1935) only if state
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Fig. 11.4 A radiative cycle in a four-level atom having allowed radiative transitions 1 — 4,
4—3,2—1 and a metastable (pseudo-metastable) state 3 with a slow spontaneous radiative
decay 3— 2: (a) an isolated atom without collisions (on the time scale A3,'); (b) an atom in a
high-density environment, which provides a fast collisional relaxation in the transition 3 — 2;
(c) a collision-free ensemble of atoms with an inverted population in the 3 — 2 transition and
a significant amplification, which provides a fast stimulated radiative relaxation 3 — 2.

2 is the ground state of the atom. Otherwise, the collisions will open the closed cycle
by relaxation from state 3 to other excited states. The accumulation of atoms in state
3 creates a population inversion in the transition 3 — 2 at an appropriate column den-
sity AN3o L, where A N3 is the population density and L is the size of the ensemble of
atoms. If WF¢ > Ay, the rate of stimulated transitions W55 > Ass, and the channel
of weak spontaneous decay will be filled up by fast stimulated decay (Fig. 11.4c). Thus,
the rate for radiative cycling becomes enhanced as well as the energy transfer from
the pumping UV line to the fluorescence lines. We showed (Johansson and Letokhov,
2003a) that such a radiative cycle with stimulated radiation operates in Fe IT pumped
by intense HLy« radiation in compact gas condensations. This mechanism explains
the origin of two unusually bright fluorescence lines at 250.7 and 250.9 nm observed in
spectra of high spectral and spatial resolution recorded by STIS onboard the Hubble
Space Telescope (Kimble et al., 1998).

11.4.1 Strong radiative cycle

Let us discuss the closed cycle containing Lya absorption, spontaneous decay with
emission of the bright UV AA2507/2509 lines, stimulated emission at 1.68 and 1.74 pm,
and a fast UV transition to the initial state. The diagram in Fig. 11.5 includes a few
of the known energy levels of Fell, which, together with the inserted transitions and
atomic data, are relevant in the present study of a strong radiative cycle. The broad (a
few hundred ecm™!) Ly« line almost coincides in wavelength with two FeIl transitions
level a*D7/5 (level 1 in Fig. 11.5) to the close levels (°D)5p°Fg , and (b*F)4p*Gg,
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Fig. 11.5 A partial energy level diagram (with parameter values) of Fell showing a closed
loop with strong radiative cycling. The cycling includes a selective photoexcitation of the
highest level 4 by intense Lya radiation and a millisecond pseudo-metastable “bottleneck”,
causing population inversion. (Lifetimes and A-values are from Bergeson et al., 1996; Kurucz,
2002; Raassen, 2002).

(marked 4 in Fig. 11.5), the frequency difference (detuning) being Av = —160 cm™!
and —185 cm ™!, respectively. The detuning is compensated by the Doppler shift or
the broadening of Lya (see Section 11.6). The line at 2509.1 A to state 3 (c*F7/2)
is the main decay channel from (b*F)4p*G9 /2 (state 4) with a branching fraction of
about v =~ 0.9. Owing to the small energy difference there is an ALM between the
two energy levels in state 4, (5D)5p6F8/2 and (b3F)4p4Gg/2, resulting in similar decay
schemes (Johansson, 1978). As discussed above, level 3 is a PM state, with a lifetime
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of 1.5 ms, but in contrast to a pure, metastable state it can decay slowly by electric
dipole radiation to the short-lived states 2 (z*D% /2 and 7*Fy /2)- To get strong radiative
cycling it is important that state 2 decays by returning a large fraction of the Fe™ ions
to the initial state 1, which is metastable with a radiative lifetime of about one second.
Assuming the blob conditions discussed in the previous section 7 (N a2 10°—10'° cm~3)
the time scale for collisions is much longer than the time scale for radiative decay of
state 3. Under these conditions the closed radiative cycle 1 -4—3—2—1 has a
“bottleneck” in the 3 — 2 transition. The linear amplification coefficient for the 3 — 2
transitions at 1.74 pm and 1.68 wm (Fig. 11.5) is defined for W14 < 75 (a rather
moderate requirement) by Eqgs. (11.4) and (11.7), rewritten as:

A2, A
I — | 282 4132
32 [ 21 2 Av

} 73(BNre)- (11.8)

From Eq. (11.8.) we get that the amplification coefficient azp (cm™1) for the scheme in
Fig. 11.5 is largely determined by the factor (Aso73). Its maximum value is Aga73 = 1
in the ideal case, i.e. when there is only one radiative channel of spontaneous decay
from state 3. In the real case (see Fig. 11.5) discussed here the factor Ase7s =~ 0.15.
Rough estimates of asoL > 10, where L ~ 10'cm is the length of the amplifying
medium, can be obtained for T,, > 10,000 K and Ny ~ 108 ecm ™2 or T}, > 8000 K and
Ng ~ 10° cm 3.

For an ensemble of atoms with sufficient density and size the channel 3 — 2 will
open for a fast stimulated decay, and the duration of the whole radiative cycle is
determined by the rate of the slowest excitation channel rather than by the Wl rate
of the slowest spontaneous decay Ass. For a high brightness temperature of Ly« in
the range T, ~ 15-10% K the excitation rate is Wl ~ 5-10% s~1, giving a duration of
the total radiative cycle in Fell of 7eycle = 2 - 10~* s. Hence, the Fe ions can undergo
a maximum number of cycles (71/Teycle & 3.5 - 10%) during the lifetime of the initial
state 1.

A large number of radiative cycles containing a stimulated channel provide a large
intensity enhancement of the AA2507/2509 fluorescence lines (4 — 3) due to the sup-
pressed accumulation of Fe™ ions in the PM state 3 and the corresponding depletion
of the initial state 1. If the density Ng. and the size L are not sufficiently large for
the ensemble of atoms the amplification will be small and the stimulated channel will
not operate. In such a case the radiative “bottleneck” limits the rate of the radiative
cycling in Fell to the time 77 = 1.5 ms and the intensities of the two UV lines A3
become normal.

High-resolution spectra of the blobs outside n Car, spatially resolved from the
central star, show the anomalous brightness of the two AA2507/2509 lines. Further
observational evidence in the blob spectrum for the radiative cycle is the presence
of one “bottleneck” line at 8674.7 A (Zethson, 2001), which is an intercombination
line with an extremely low transition probability As; ~ 13 s~! (Raassen, 2002). The
“bottleneck” transitions around 1.7 wm indicated in Fig. 11.5 have been observed in
ground-based spectra of ) Car (Hamann et al., 1994). The 3 — 2 transition from ¢*F7 5
at A =1.74 pm and 1.68 pm appear relatively stronger than lines from the other fine
structure levels of c4F. Since the ground-based spectra of  Car contain integrated
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light from a larger region than the Weigelt blobs discussed here the absolute intensities
cannot be compared with the intensities measured in the HST spectra.

Moreover, according to the observations made in (Gull et al., 2001), the UV lines
of the 2— 1 transition at 2740 and 2756 A have an integrated intensity comparable
with that of the bright lines of the 4 — 1 transition. The width of these spectral lines
is great because of the substantial optical density in the 4 — 1 transition and the
corresponding resonance transfer radiation broadening. Resonance radiation trapping
increases the effective lifetime of level 2, but still it remains much shorter than the
long lifetime of level 3 and does not prevent the formation of an inverted population
in the 3 — 2 transition.

11.4.2 'Weak radiative cycle

In some of the schemes of Lya pumped Fell levels there is a low probability that the
final state of the electron is the same as the initial state, i.e. there is a low branching
fraction of the final transition connecting states 2 and 1. Such a case is illustrated
in Fig. 9.1b. A more detailed scheme of the microsecond “bottleneck” with relevant
atomic data is given in Fig. 11.6. The primary spontaneous decay of state 2 is to the
metastable state la at 1 eV, and a weaker branch populates the initial state (1b at
about 3 eV) of the closed radiative cycle. In this case, state la is the same as state
1 in the millisecond “bottleneck” discussed in previous Section 11.4.1, which gave a
strong radiative cycling. The low branching fraction of 0.1 % for the 2 — 1b transition
at 5116 A produces a closed cycle but a weak radiative cycling. Some feeding of the
initial level, state 1b, is provided by the radiative cycle discussed in Section 11.4.1
which means that there is only need for an initial population in state la to start the
pumping processes of both the ms- and ps-“bottleneck” cycles.

The Lya radiation populates a high-lying state of FeIl from the metastable state
a'Gy; s2- This excitation scheme is operative in various objects, verified by the obser-
vation of the spontaneous radiative decay in the primary cascade as a fluorescence line
at 1869 A (Johansson and Jordan, 1984) as well as the secondary cascade at 9997 A
seen in many objects as a prominent feature. Based on the extended laboratory anal-
ysis of FeIl (Johansson, 1978), the 9997 A line was first identified (Johansson, 1977)
in the near-IR spectrum of n Car (Thackeray, 1969). A plausible explanation of its
appearance in the spectra of some astrophysical objects was ascribed to the excitation
scheme shown in Fig. 11.6 (Johansson and Zethson, 1999).

According to theoretical calculations (Kurucz, 2002), the main radiative decay from
state 4, 3d5(a2F)4s4p(3P)4G(1)1/2 (hereafter sp*G), occurs to the fine-structure levels
of b*G with branching fractions of 0.83 to J = 11/2 and 0.04 to J = 9/2. The most
natural representative of state 3 in Figs. 9.1b and 11.6 is thus b4G11/2 with a radiative
lifetime of 11 us. Hence, it has a relatively slow spontaneous decay, Azy = 8-10% s71,
to level 2 (z4F8/2), which has a much shorter lifetime (/3 ns).

Using HST/STIS, Gull et al. (2001) have recorded spectra of blob B in 7 Car at high
angular and spectral resolution. The spectrum contains the intense 9997 A line (see
Fig. 11.7), which can be excited by Ly« radiation according to the excitation and decay
scheme shown in Fig. 11.6. The 9997 A line is thus a transition from a microsecond
PM state, which belongs to a different configuration (3d®4s?) from the millisecond
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Fig. 11.6 Diagram showing the creation of population inversion in the 3 — 2 transition of
Fell because of a microsecond “bottleneck”. Since only a small fraction of the Lya pumped
Fell ions return to the initial state, 1b, the closed loop 1b — 4 — 3 — 2 — 1b generates a weak
radiative cycling.

PM state in Section 11.4.1. Since the lower state of the 9997 A transition is short-
lived (a few ns) an inverted population is built up, and the gain is determined by the
rate of photoexcitation provided by the Lya radiation. The high intensity is naturally
explained by stimulated emission of radiation, and the amplification coefficient of
this transition is about one order of magnitude higher than in the case of the ms
“bottleneck” because of the factor (Asa73) in Eq. (11.8).

11.4.3 Combination of strong and weak cycles

The existence of a great number of metastable states and the high density of high-lying
energy levels in Fell cause several coincidences between absorption lines and Lya and
thereby the generation of inverted population. In this Section we give examples of
cascade schemes from the same millisecond “bottleneck” but with both strong and
weak radiative cycles.



158 Astrophysical lasers

l.e—12
Blob Pa7
""""""" The star 7'y, = b'Gyy
Flux
erg/cm?2-s
0.5.e—12

9850 9900 9950 10,000 10,050 10,100
Wavelength (A)

Fig. 11.7 Comparison of HST/STIS spectra of the central star (flux scale on the right-hand
axis) and Weigelt blob B (flux scale on the left-hand axis) in n Car showing the intensity
enhanced blob lines at 9913 and 9997 A (see details in text).

Fig. 11.8 presents two transition schemes, which provide for the amplification of
the extremely weak Fe Il lines at 9391.5 A, 9617.6 A and 9913.0 A and some other lines
around 2 pm. The difference between the two groups is only the PM states, which
have different J-values but belong to the same LS term. The two schemes represent
a combination of the previous ones discussed in Sections 11.4.1 and 11.4.2 due to
the fact that there are two sets of possible “bottleneck” 3 — 2 transitions. In one set,
state 2 consists of sextet levels explaining the extremely low transition probability Ass
in the intercombination lines at AA9391/9617 in Fig. 11.8a and \9913 in Fig. 11.8b.
Since the sextet levels decay mainly to the ground term in Fell and only in a very
slow decay to the initial level, the closed 1 —4 — 3 —2— 1 radiative cycle becomes
very weak. However, as with the case described in Section 11.4.1 PM states can also
decay to quartet levels in state 2, which combine strongly with the initial state. The
corresponding PM transitions occur in the near-IR region around 2 pm.

The amplification coefficient for the 2 wm lines should be of the same order of
magnitude as for the 1.7 pm lines in Fig. 11.5, whereas it is reduced for the lines in
the range 9300-9900 A owing to the smaller A value. The reduction of the Einstein
coefficients Aso has, in principle, no effect on the amplification coefficient, provided
that the upper level 3 decays radiatively only to one low laser level. However, this is
not the case here, and the faster decay to the quartet levels in a time of 73 ~ Az,
reduces the amplification coefficient (11.6) for the transitions to the sextet levels by
a factor of Azsm3 ~ 1072, But, the large gain margin is sufficient to ensure oL > 10,
even for the weak lines, and all three lines mentioned above are observed and identified
in the blob spectrum of i Car (Zethson, 2001). Two of them, the laser lines at 9617 A
and 9913 A, are shown on Fig. 11.9 as intense features in the blob spectrum but not
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Fig. 11.8 Partial energy diagrams of Fell showing two examples of combined strong and
weak radiative cycling due to alternative decay routes of the two pseudo-metastable states
c*Ps /2 (@) and Py /2 (b). The “bottleneck” effect generates inverted population and lasing
in the 3 — 2 transitions to sextet and quartet levels, which have quite different branching
fractions (BF) to the initial state 1.

observed in the stellar spectrum. Moreover, the two lines at 9617.6 A and 9391.5 A
should be very weak in spontaneous emission and have an intensity ratio of 2.5, deter-
mined by the branching ratio (Gull et al., 2001) as intense lines with equal intensities.
This is naturally explained by their formation through a stimulated mechanism, which
operates under saturated excitation conditions with a common pumping source and a
common upper level. The “peculiar” intensity ratio observed for the AA9391/9617 lines
forms perhaps the strongest argument for lasing (Hillier, private communication). The
laser lines around 2 pm in the strong radiative cycle of Figs. 11.8a, b appear, like the
1.7 pwm lines in Fig. 11.5, as prominent features in the ground spectrum of n Car
(Hamann et al., 1994). The absence of the laser lines in the stellar spectrum (see
Fig. 11.9) is due to collisional relaxation of the PM states in the stellar atmosphere/wind
implying a Boltzmann population distribution.

11.5 Effective temperature of Lya from radiative cycle

The functioning of a radiative cycle with stimulated Fe Il emission initiated by selective
excitation by Lya according to the scheme in Fig. 11.5 gives an alternative method of
estimating the effective temperature of Lya, independently of the estimation described
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Fig. 11.9 Comparison of HST/STIS spectra of the central star (flux scale in right axis) and
the Weigelt blob B (flux scale on left axis) in n Car with the two lasing lines AA9617, 9913
generated in the level schemes in Fig. 11.8 and discussed in Section 11.4.3.

in Section 10.2 (Johansson and Letokhov, 2004a). The selective photoexcitation by
Lya radiation transfers Fell from the low-lying metastable state 1 to the short-lived
odd states 4 (5p6F8/2, 4p4G8/2). These levels decay to state 3 (predominantly to
C4F7/2 and, to a lesser extent, to C4F9/2), emitting intense )\)\2507/2509A lines. For
T(Lya) = T, 2 1210 K, the photoexcitation rate Wey.(1— 4) exceeds the radiative
decay rate for states 3:

h |
Wexe = Aar [GXP (k;14> — 1:| Z — 103 Sil, (119)

where Ay; = 1.4-107 s~ is the Einstein coefficient for the 4 — 1 transition. Thus,
if condition (11.9) is satisfied, then Fe' ions will be accumulated in the pseudo-
metastable c*Fg s2,7/2 states. The lifetimes of these levels are of the order of a mil-
lisecond, because they are associated with the truly metastable Fell levels, but they
lie above the next, higher configuration of opposite parity in the complex atomic struc-
ture (state 2 in Fig. 11.5). This accumulation of ions in “pseudo-metastable” states is
unusual and is an important ingredient of a model deriving the origin of the anoma-
lous AA2507/2509 A lines. It should be emphasized that at densities Ny < 103 cm ™3,
collisions give no contribution to the relaxation of the long-lived Fell states.
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Fig. 11.10 The exponent (az2D) in the amplification factor K = exp(as2D) versus the
effective (spectral) radiation temperature T, for two hydrogen densities Ny.

The accumulation of FeII in the ‘pseudo-metastable’ state 3, c*F5 /2, automatically
leads to population inversion levels with respect to the low-lying short-lived states 2
(z4D(7) /2 and z*Fy s2)- For a sufficiently large WB and high Fell density, the arising
amplification increases the intensity of the spontaneous radiation due to stimulated
transitions whose rate is much higher than the spontaneous decay rate. Note that the
inverse population of AN3s = N3 — Ns emerges always, irrespective of Wey., because
the lifetime of the lower level 2 is very short (3—4 ns). Satisfying condition (11.9), the
inverse population is at a maximum, whereas for Wey. < 1/73, the amplification factor
ago for the 3 — 2 is given by (11.7). The stimulated radiation cross section for the 3 — 2
transition is 039 =~ (1.2—3.7)- 10716 ¢cm?, and N; = foNr. is the population density of
the initial level 1, where fy is the fraction of the Fe' ions in state 1. Fig. 11.10 shows
a plot of the exponent G = 032D in the amplification factor K = exp(as2D) for the
3 — 2 transition against the spectral temperature T, for two hydrogen densities Ny in
the WB and for D = 10° and f ~ 10~2. The uncertainty in (a32D) is attributable to
the temperature uncertainty in the HI region, 7' = 100—1000 K, and the corresponding
uncertainty in the Doppler width for the 3 — 2 transition, Avp ~ (200 — 600) MHz.
A decrease in N3 for Weye < 103571 at T, < 12 - 103 K may well be offset by an
increase in Fell density to achieve the required amplification factor. For example, at
T, ~ 10* K, the excitation rate is Wey. = 10% s™1; to obtain a high amplification
factor and, accordingly, the 1 —4— 3 —2—1 radiative cycle involving stimulated
radiation, the population of the initial state Ny should be increased by a factor of 10
by increasing the WB density and, accordingly, Ng, by a factor of 10. If, however,
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T, is lower than 8000-9000 K, a large decrease in amplification takes place, which is
difficult to offset by increasing N;. Therefore, an independent estimate of T,, > 10* K
follows from the experimental observation of the intense Fell AA2507/2509 A lines
that arise from cyclic transitions.

11.6 Sources of Lya radiation pumping of Fell
in the Weigelt blobs

The blobs in n Car are embedded in the photospheric radiation and the wind from
the central star. Let us speculate about possible sources for Lya radiation capable of
pumping Fell within the blobs. Firstly, the Ly« radiation emitted by the photosphere
of n Car can excite Fet ions in blobs located at distances of Ry, ~ (300—1000) - rs,
where 74 =~ 3-10'3 cm is the stellar radius. But, even at such a relatively close location
of the blob a dilution factor of w = (rs/2R},)> = 10-6—10~5 substantially weakens the
intensity of the Lya radiation reaching the blob and makes it incapable of producing
the bright 2507/2509 A lines (Johansson and Letokhov, 2001e¢).

The stellar wind of n Car is an important characteristic of the star’s surroundings,
the mass loss rate of the star being substantial (Davidson and Humphreys, 1997).
Spherical (Hillier et al., 2001) as well as aspherical (Smith et al., 2003) models of the
stellar wind of n Car with a terminal velocity of vy ~ 500—1000 km - s~! have been
considered. In accordance with models by Lamers and Cassinelli (1999) of the stellar
wind its velocity is almost close to the terminal value everywhere between 1 Car and
the WB. The Lyman continuum radiation from the star, Ly., photoionizes the stellar
wind and, after the subsequent recombination, a wide Ly« profile is produced. Another
potential source of ionizing radiation is a binary companion, but in the discussion
below about Lya formation inside the blob it is not important to distinguish between
the individual components in a binary system. It is possible to consider three cases
of irradiation of the blob by radiation from the stellar wind depending on the size of
its Stromgren radius in the stellar wind, Rsq, relative to the distance Ry, between the
blob and the star as illustrated in Figs. 11.11a—c.

(a) Rsir > Ry, (Fig. 11.11a). In this case the Ly, radiation reaches the blob without
significant attenuation and can photoionize the front part of it. If the hydrogen density
in the blob exceeds the critical density Ney ~ 108 cm™3 (Johansson and Letokhov,
2001¢, e; Klimov et al., 2002) the Stromgren boundary of the blob, defined intersects
the blob. The front part of the blob produces an intense Ly« radiation with T, >
10* K. Thus, the dilution of the photospheric Ly radiation falling on to the blob is to
a great degree compensated by spectral compression of absorbed broadband radiation
to a 103-10* times more narrow Ly« profile (Johansson and Letokhov, 2004a). Under
these conditions the blob is very different from a typical planetary nebula since the
dilution factor w = (rs/2L)? is many orders of magnitude greater than for a planetary
nebula (w ~ 10715-10712),

(b) Rgyr < Ry (Fig. 11.11b). In this case the Lyman continuum is blocked out for
the blob. This means that the entire volume of space between i Car and the blob is
an ionized HI region, with the Stromgren boundary for the stellar wind being located
between the star and the blob. Since hydrogen is not fully ionized, the blob does not
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Fig. 11.11 A schematic model of a Weigelt blob, located at a distance Rp from the hot,
luminous star n Car and subject to the stellar radiation and wind. (a) A local Stromgren
boundary, Rstr, between the HII and HI regions is located inside the blob. Stellar radiation
in the Lyman continuum (Lyc, hv > hve = 13.6 eV) photoionizes hydrogen only in the front
part of the blob. Radiation in the range 7.6 eV< hv < 13.6 eV passes through the HII region
and photoionizes iron atoms, which have a density of Ng. ~ 10~* Ny in the HI region. Intense
Lya radiation from the HII region excites Fell resonantly in the HI region (lasing volume).
The Stromgren boundary for the stellar wind Rsy 3> Rb; (b) the stellar wind is optically
thick for Ly. and the blob is a one-component HI medium. Only remote, blue-shifted Ly«
radiation from the stellar wind can irradiate the HI region containing FeII; (c¢) the Stromgren
boundary in the wind lies behind the blob (RStr ~ Ry), providing intense, red-shifted Lya
photons for efficient excitation of FeIl.
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have two regions as in the previous case, where the HII and HI zones are adjacent
to each other (Fig. 11.11a). A single-component blob (a HI region) is probably too
cold to emit the bright UV Fell lines. It will therefore make sense to assume that the
optical density of the Lyman continuum 7()\.) < 1 in the region between n Car and
the blob.

(¢) Rsir > Ry, + D (Fig. 11.11¢). In this case the Strémgren boundary outside
the blob is located slightly behind it. This can be considered as an optimal situation
for pumping of FelIl in the blob for two reasons. First, the Lya photons produced in
this torus-like zone beyond the blob are red-shifted and A), = A (vt/c) cos ©, where
A\, =the wavelength shift, A\g =the rest wavelength, vy =the terminal stellar wind
velocity and © is the viewing angle as indicated in Fig. 11.11¢. The red-shifted and
broadband Ly« radiation irradiates the HI region of the blob without any need for
diffusion Doppler broadening. It can penetrate the whole HI region, since its optical
density 7(Ao + A)) in the far wing of Lyc is not abnormally high, where AX = 2.4 A
is the shift of the Fell absorption line relative to the center of Lya.

Second, the dilution factor for the Lyman continuum irradiating the stellar wind
(see geometry in Fig. 11.11¢) will largely be compensated for by the conversion of
Ly. into narrower Ly« radiation in the stellar wind in the vicinity of the blob. The
optimal case is when the size of Rg;, coincides with the distance to the irradiated part
of the HI region in the blob, which will require a significant density of the stellar wind
near the blob. The critical hydrogen density in the stellar wind, N,,, that can provide
Rsir ~ Ry, is connected with the critical density of the blob itself, N, required to
locate the Stromgren boundary inside the blob, by the approximate expression:

Net/Ner =~ (D/Ry)2 . (11.10)

For the adopted values of the distance to the star Ry, ~ (300—1000) rs ~ 10'¢-3 -
106 ¢m and the size of the blob, D ~ 105 ¢m, Ny, is some tenths of Ng, ~ 108 cm™3,
i.e. a relatively high density of the stellar wind close to the blob. This very approximate
estimate of N in the vicinity of the blob (0.15" from n Car) agrees with other
estimates, based on observed and modeled spectra of the stellar wind (Hillier et al.,
2001). The evaluation of Eq. (11.10) agrees with direct measurements of the size and
shape of the stellar wind and the blobs in 1 Car (van Boekel et al., 2003). Of course,
all these qualitative speculations should be the subject of detailed modeling of the
stellar wind with the blob included in future considerations.

11.7 Andromeda spectral puzzle

The observation of laser effects in astrophysical conditions provides additional infor-
mation about the physical conditions (density and kinetic temperature of the active
zone, effective temperature of unobservable VUV resonance spectral lines) in gas con-
densations in the vicinity of hot stars. Moreover, the observation of unusual spec-
tral lines and their interpretation in the context of stimulated emission phenomena
makes it possible to detect extragalactic lasers and the gas condensations themselves
(Johansson and Letokhov, 2003b). Let us consider this interesting possibility.
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Fig. 11.12 A diagram of the hydrogen density versus the distance from the central star
showing the parameter space in which the anomalously bright A\2507/09 lines appear. Ade-
quate parameter values for n Car are given, and the parameter range for the Weigelt blobs
is indicated.

Davidson (2001a) has pointed out the amazing similarity between the UV spectra
of AE And in M 31 and the core of 7 Car according to data obtained by Szeifert et al.
(1996). He emphasized that this intensity anomaly was at the time known only for
these two stars and required special attention. The appearance of the anomalously
bright 2507/2509 A UV spectral lines in the Weigelt blobs has been explained by four
effects (Chapters 10, 11): (1) photoselective pumping of highly-excited levels of FeIl
by HI Lya VUV 1215 A line; (2) high effective temperature (10—15-10% K) of Lya in
the Weigelt blobs; (3) an inversion of population and stimulated emission on highly
excited levels of Fell (from medium-excited pseudo-metastable states of Fell); (4)
a strong radiative cycling in a closed four-level schemes (all levels excited) involving
both spontaneous and stimulated transitions.

According to the discussion in Chapters 10 and 11 one can state that the anoma-
lously bright A2507/09 Fell lines are intrinsic characteristics of gas condensations
(blobs), provided that the following two conditions are satisfied: (1) the hydrogen con-
centration in the blob is high enough for the Lyman continuum radiation to be blocked
and a quasi-neutral HI region to be formed therein, and (2) the blob is located close
enough to the central star for an HII region to form near the blob (either within its
front part or in the stellar wind region near its rear part) and emit intense Ly« radia-
tion (in the red wing of Ly«) capable of photoexciting Fell in a selective way. These
conditions are qualitatively illustrated in Fig. 11.12 by means of two main parameters
— the distance R}, from the central star in terms of its photospheric radius r5 and the
critical (minimal) hydrogen density Ny for the given distance R. The hydrogen density
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Fig. 11.13 Ultraviolet spectra of AE And in M 31 and a 0.5" spatial region of  Car (adapted
from Szeifert et al., 1996); right: geometry of the compact gas condensations illustrating the
site of the anomalously bright AX2507/09 lines.

Ny should exceed some critical value N§* determined by Eq. (11.10). Equation (11.10)
means that the local Stromgren boundary separating the HII and HI regions is inside
the blob. For blob B in i Car, with D < 10'® cm and 7, = 30 - 10% K, the critical
density N§* > 10® cm~3. The maximal distance R is determined by the requirement
of a minimum effective temperature of Lya, T, > 10°K. The approximate value in
Fig. 11.12 is based on observational data for the distance of blob B from 7 Car.

Davidson (2001a) has pointed out the amazing similarity in the UV spectra around
2500 A between AE And in M 31 and 5 Car and its surroundings. However, the
spectrum of AE And represents integrated light of the whole object in contrast to the
spatially resolved HST spectra of n Car. To the left in Fig. 11.13 we show fragments
of these spectra according to data from Davidson et al. (1995) and Szeifert et al.
(1996). In both cases the AA2507/09 Fell feature is very bright. Davidson (2001a)
emphasized that this intensity anomaly was at the time known only for these two
stars and required special attention.

AE And is an extremely luminous blue star with a temperature probably as high
as that of n Car (T ~ 30-10® K). The strength of the A\2507/09 feature suggests that
the immediate vicinity of AE And hosts gas condensations with a hydrogen column
density np greater than the critical density, defined by condition (11.10).

Due to the huge distance, AE And and its surroundings are observed in integrated
light, and it is not possible to associate the radiation observed with any specific region
of the object. This means that the intensity of the AA2507/09 lines from possible
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gas condensations should exceed that from AE And itself. The lines from the gas
condensations would otherwise be indiscernible from the stellar black-body radiation
in the same spectral interval.

In the HST/STIS spectra of n Car, the Weigelt blobs are spatially resolved from the
central star itself, which allows us to directly study the conditions where the AA2507 /09
lines are formed. Fig. 11.13, however, shows for comparison a 0.5" spatial extract of
the HST/FOS spectra of n Car recorded with the 0.3" circular aperture (Davidson
et al., 1995) and the FOS spectrum of AE And (see Fig. 3 in Szeifert et al., 1996).
The similarity of these spectra around 2500 A may imply similarities in the plasmas
where the A\2507/09 lines are formed. For example, blob B of i Car intercepts the
radiation of the star within a significant solid angle of (D/Ry,)? = 0.07, where the
distance to the star is R}, ~ 4 - 10'® cm. Under these conditions intense AA2507/09
lines can appear even against the stellar black-body radiation. In the case of AE And,
the angular size of a potential GC seen by the star the star should not be smaller than
for the n Car case.

Based on the model Johansson and Letokhov (2001c, e; 2003a) developed for
the formation of the AA2507/09 lines in the Weigelt blobs, and the similarity between
the spectra of 7 Car and AE And in M 31 (Szeifert et al., 1996), one can consider the
observation of very intense AA2507/09 lines as a method for seeking such circumstel-
lar gas condensations even without access to high spectral and spatial resolution. The
anomalous brightness make the lines appear in spite of stellar background radiation.
The spike seen in low resolution (Fig. 11.13) does not provide any information about
the intensity ratio of the AA2507/09 lines and their intensities relative to their satellite
lines. These ratios will be different when the spectrum refers to a local region spatially
resolved from the central star (as is the case of the blobs in  Car) and when the spec-
trum represents the whole extended object, i.e. radiation from the stellar photosphere
and from the surrounding gas condensations.

This example demonstrates a new indirect way to detect a hidden spatial inhomo-
geneity (gas condensation) in the vicinity of an extragalactic blue star without having
access to high spatial resolution for direct observation of such a spatial structure.
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Astrophysical laser in the
O 8446 A line

The next astrophysical laser, on line 8446 A OT has been discovered by means of
HST/STIS spectral data also by Johansson and Letokhov (2005¢). However, the laser
effect on this line was predicted many years ago by Letokhov (1972a) on the basis of
the multiple astronomical observations of the anomalous intensity ratio of the O I lines.

12.1 Spectral anomalies in O in stars

The anomalous intensity ratio between the OT triplets at 8446 and 7774 A (Fig. 12.1)
observed in spectra of various astrophysical sources has been thoroughly discussed
in the astrophysical literature (Fig. 12.1). The two multiplets arise from the 3s-3p
transition in the triplet and quintet systems of O I, respectively, and they have about
the same excitation potential. However, the lines from the triplet system appear much
stronger in emission than the quintet system lines in many astrophysical emission line
spectra. This anomaly was first noticed by Hiltner (1947) in the spectra of x Oph,
and explained by Bowen (1947) as being due to selective photoexcitation of the triplet
system by the wavelength coincidence of the bright H Ly3 1025.72 A and the 2p 3P-3d
3D transitions at 1025.76 A. The subsequent decay of the 3d 3D levels to 3p®P creates
overpopulation in the upper levels of the A 8446 multiplet. The effect was studied and
discussed for several Be stars (Slettebeck, 1951; Burbidge, 1952; Merill, 1956). In many
of these objects, the 7774 A line appears in absorption. In a study of near-IR spectra
(8200-11200 A) of 25 “peculiar emission-line objects” recorded at Haute Provence
by Andrillat and Swings (1976) the O )\ 8446 line was present in all spectra, and
anomalously strong in most of them. The phenomenon of the 8446 A line has been
studied for stellar atmospheres extensively (Strittmatter et al., 1977; Damineli, 2001).
At the time when satellite spectra became available in the ultraviolet region, the
decay of the lower levels of the \ 8446 lines, i.e. the 2p-3s triplet transition at 1302 A,
could be investigated. For example, Haisch et al. (1977) showed that the anomalously
bright OT UV triplet in the spectrum of Arcturus could be explained by cascading
from the LypB-pumped 3d levels. The OT A1302 lines were later studied extensively
in cool star chromospheres by Jordan and coworkers (see e.g. Jordan, 1988a), and
detailed modeling of the lines in the Sun and stars was done by Carlsson and Judge
(1993). Fluorescence due to Ly pumping was also shown to be active in the solar
chromosphere (Skelton and Shine, 1982).
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Fig. 12.1 Simplified energy level diagram of O I with relevant transitions inserted and exci-
tation mechanisms indicated.

The O 8446A multiplet has also been observed in the Orion Nebula. By imaging
the Orion Nebula in the OT 8446 A line, Miinch and Taylor (1974) found a unique
filamentary structure not seen in the 6300 A line of [OT]. They explained the high
level of fluctuations as being due to the resonant excitation of 8446 A by Ly3. Grandi
(1975) proposes direct starlight photoexcitation as the population mechanism. Grandi
(1980) also examined spectra of 16 Seyfert galaxies, 13 of which showed broad O1 A
8446 emission. In all these cases, Grandi concludes that Ly3 pumping is the excitation
mechanism, which requires large oxygen abundance, a source of Ly3 photons and a
large depth in Ha. Kastner and Bhatia (1995) employed a detailed model of the
oxygen atom under optically thin conditions to calculate fluorescent line intensities
expected in the photoexcitation by accidental resonance (PAR) process in which Lyf3
photoexcites O 1. They applied their model to verify the operation of the PAR process
behind the 8446 A lines observed in spectra of classical novae.

A detailed analysis of the population of the OI levels under PAR excitation con-
ditions has raised the question about an inverted population in the 3p®P levels and,
accordingly, the possibility of laser effect in the 8446 A transition in astrophysical



170 Astrophysical lasers

sources (Letokhov, 1972a; Lavrinovich and Letokhov, 1974). However, such an effect
has earlier been very difficult to observe because of insufficient angular resolution and
also because of the difficulty of distinguishing the PAR excitation mechanism from
collisional excitation and recombination processes in stellar atmospheres.

A much more favorable situation exists for gas blobs at such an angular distance
from a central star that observations of spectra from the central star and the gas blobs
are spatially resolved. It has become possible mainly due two recent fundamental
achievements in observational astronomy, both of which have been applied in obs-
ervations of Eta Carinae. Firstly, the development of high-angular-resolution speckle
interferometry made it possible to discover the Weigelt blobs located only some tenths
of an arcsec from the central source (Weigelt and Ebersberger, 1986). Secondly, the
Hubble Space Telescope (HST) with the High Resolution Spectrograph (HRS) and
later the Space Telescope Imaging Spectrograph (STIS) (Kimble et al., 1998) made
it possible to observe spectra of Eta Carinae at high spectral and angular resolution.
The acquisition of such spectral data (Gull et al.,, 2001) made the interpretation of
the photophysical processes occurring in the Weigelt blobs simpler and more certain.
These observational circumstances made it possible to detect the inverted population
and stimulated emission of the Fe II spectral lines in the wavelength range 0.8—2 pm
(Johansson and Letokhov, 2002, 2003a, 2004¢) (Chapter 11).

Johansson and Letokhov (2005¢) explained, within the framework of a simple model
and using HST/STIS data (Gull et al., 2001), the behaviour of the O I A8446, O T A6300
and O T A\7774 lines in spectra of the Weigelt blobs in Eta Carinae. They demonstrated
that the population inversion and stimulated emission occurs in the 3p >P-3s 3S tran-
sition (A8446) generated by H Lyg radiation in a PAR excitation mechanism. This is,
to a certain degree, a natural extension of the concept of the Fe II laser operation in
the Weigelt blobs.

12.2 Excitation mechanism of O in the Weigelt blobs

The Weigelt blobs are characterized by a relatively high (10"—10% cm~2) hydrogen
density (Davidson and Humphreys, 1997). The front part of the blobs absorbs the
Lyman continuum radiation at A <912 A (I =13.595eV) (Chapter 10). The ioniza-
tion potential of OT is somewhat higher (Io; = 13.616 €V), so, in principle, oxygen
should remain unionized in the HI region of the Weigelt blobs. This would be a unique
situation wherein the OII spectrum should be absent and the PAR excitation of O1
should be distinct. In other words, the anomalous behavior of the intensities of the
OT A8446 lines should be extreme. This is confirmed in spectra obtained with the
HST/STIS instrument (Gull et al., 2001).

Fig. 12.2 illustrates qualitatively the geometry of the irradiation reaching one of
the Weigelt blobs by the photospheric radiation from Eta Carinae. It is similar to the
irradiation geometry of the Fell astrophysical laser studied in detail by Johansson
and Letokhov (2004c). The Lyman continuum radiation photoionizes the front part of
the blob, but fails to penetrate deep inside it because of the high hydrogen density. In
other words, the Stromgren boundary is located in the front part of the Weigelt blob
(Fig. 12.2). As a result, oxygen atoms (in contrast to their iron counterparts) cannot
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Fig. 12.2 Geometry of the irradiation of a Weigelt blob by radiation from the central source
in Eta Carinae and by the H Ly( radiation coming from the frontal HII region of the blob
and from the stellar wind.

be photoionized by radiation at A>912 A. Therefore, the HI region of the blobs is
also an OT region with a temperature Ty, of a few thousands K (Verner et al., 2002).
The role of other processes that can ionize oxygen (e.g. charge exchange with HII) is
not significant in this particular case because of lack of HII inside the blob. This is
a key point in the explanation of the mechanisms responsible for the appearance of
anomalies in the O spectrum.

Fig. 12.1 presents a simplified energy level diagram of OI, the relevant quantum
transitions and three processes whereby low-lying forbidden transitions and allowed
transitions between highly excited states can be excited. In the absence of OT ions,
radiative recombination cannot populate the 3p 5P term, and, accordingly, the O1
7774 A quintet transition should not appear in the spectrum of the Weigelt blobs.
This is confirmed by the HST/STIS data (Gull et al., 2001) in this spectral region as
shown in Fig. 12.3b). On the other hand, the presence of Ly[ radiation from the HII
region of the blob and from the stellar wind provides for resonant photoexcitation of
3d 3D levels. By cascading, the 3p ®P levels get populated, which is implied by the
appearance of the (OT) 8446 A fluorescence line, as shown by the HST/STIS spectral
data (Gull et al, 2001) in Fig. 12.3a. Thus, a characteristic of the Weigelt blobs is
an extreme ratio between the intensities of the O1I spectral lines A8446 and A7774,
much higher than that observed in stellar atmospheres. In many cases, the 7774 A
line is observed in absorption in stellar spectra owing to the long lifetime of the lower
quintet level. It is quite natural that both O I excitation mechanisms — PAR excitation
and recombination excitation in the presence of OF ions — are effective in the outer
atmospheres of stars.

The HST/STIS Weigelt blob spectrum (Gull et al., 2001) presented in Fig. 12.3¢
shows the forbidden OI 6300 A line. If collisionally excited, this is evidence of a
substantial electron temperature (T, = a few kK) in the HI region of the Weigelt
blobs (Verner et al., 2002). The energetic edge of the distribution of electrons with
such a temperature is high enough to provide collisional excitation of the low-lying
metastable levels in O1, which explains the appearance of the [O1] 6300 A line. It
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Fig. 12.3 Narrow wavelength intervals of the HST/STIS spectra of the Wegelt blobs B and
D (top) and the central source (bottom) of Eta Carinae containing the O1 line relevant to (a)
laser action (8446), (b) a recombination line (7774), and (c) a forbidden line (6300) (spectra
extracted from the paper by Gull et al., 2001).

should also be pointed out that in the case of an optically thick 1302 A line the
trapping of resonance radiation can populate the 3sS. With a branching fraction of
the order of 1075 the 3S level can decay radiatively to 2p*'D in the 1643 A transition,
thereby yielding a collision-free contribution to the population of the upper level of
the forbidden 6300 A line. Note, in this connection, that it would be interesting to
analyze the kinetics of the intensity variation of this line during the course of the
spectral events of Eta Carinae. Such an analysis would provide additional information
about the major excitation process and possibly the temperature and electron density
in the HI region of the Weigelt blobs.

12.3 Inverted population and amplification coefficient
of the 8446 A line

Fig. 12.4 presents a partial diagram of the energy levels in O I that participate in the
PAR excitation by the HLy3 radiation and formation of the intense (OT) 8446 A
fluorescence lines (Bowen, 1947). In this Chapter, we consider only the sharp resonant
pumping by Ly/3 of two O lines, but for a broader Lyf profile (AX > 3—4 A), all 3d
3D and 3p ®P fine-structure levels will be populated.

The frequency detuning, Av, between the centre of Ly3 at A = 1025.722 A and
the OT absorption lines at 1025.762 and 1025.763 A is only 0.04 A. In the case of O1,
there is no problem in compensating for the frequency detuning between the pumping
radiation and the absorption lines compared to the case of the astrophysical laser
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Fig. 12.4 Partial level diagram of O1I including levels relevant to the inverted population
between levels 3 and 2 due to resonant pumping by accidental resonance (PAR) by LyS3. The
A values are from the compilation by Wiese et al. (1996). (The fat lines indicate one of the
pathways of pumping of fine-structure components.)

operating in Fe IT. Two photoexcited levels (see 4 in Fig. 12.5), decay radiatively to two
fine-structure levels, 3, by emitting radiation at wavelengths A\y3 = 11287 and 11286
A, which is outside the wide spectral interval observed with the HST/STIS facility.
The next radiative decay channel is the 3 — 2 transition accompanied by the emission
of radiation at A\3p = 8446.4 and 8446.8 A. Most important is the fact that the lower
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Fig. 12.5 The amplification coefficient azs (cm™') of the 3 — 2 transition for the pathway
indicated in (broad lines) as a function of the effective (spectral) temperature T of Lyg
radiation for various densities of O 1.

levels of these transitions decay radiatively to the ground state within approximately
1 ns, i.e. 20 times faster than the decay of the upper levels, 3. For this reason, there
always exists an inverted population in the allowed 3 — 2 transition, since the role of
any collisional quenching on this timescale occurring in the Weigelt blobs is negligible.
The possible role of resonance radiation trapping in the A1302 line is discussed below.

The inverted population in the 3 — 2 transition is defined by Eq. (11.2), where N,
is the density of oxygen atoms in level n. Once excited to level 4, the oxygen atoms
can decay radiatively to the initial state 1 at the rate A4 or to level 3 at the rate Ay3.
Therefore, the steady-state population of level 3 is related to the excitation rate Wi,
by the relation

Wi A
N3 — Nl exc 43

—_— - 12.1
Ayr + Az Az (12.1)

where N; is the density of oxygen atoms in the ground state, which is equal to the
density No of OT in the Weigelt blobs (Na, N3, Ny < N; ~ No), and W22 is the

exc

rate of photoselective PAR excitation of OI by the Ly radiation. The rate W12 is

exc

governed by the effective (spectral) temperature T of the Ly radiation according to
Eq. (11.1).
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The inverted population density of levels 3 and 2, A N3, is defined by the expression

AN. A A h -1
25 9043 A4 {ex ( ”14) - 1} , (12.2)
No g1 Asp Agr + Aus kTg
which, considering that hvys > kT, can be reduced to
AN: A A h
32 L 94ss A exp (— V14> (12.3)
No g1 Asp Agr + Aus kTg

Most closely tuned to resonance with Ly3 are two of the five components in
the 2p*3P-2p3d3D multiplet of O, namely, those at A = 1025.762 and 1025.763 A
(Fig. 12.4). In accordance with the schematic diagram of the cascading radia-
tive decay of the excited levels, 4 (Fig. 12.4), population inversion occurs in two of
the three fine-structure components of the 3 — 2 transition: at A = 8446.4 and 8446.8
A Using the existing data Johansson and Letokhov (2005¢) could not make a detailed
analysis of these two pathways of PAR, yielding the two laser lines 8446.4 and 8446.8
A and a comparison of anomalous intensity ratios expected from stimulated emission.
This is not surprising, since, unfortunately, the spectral resolution of the HST/STIS
data (Gull et al., 2001) is inadequate to discriminate between these two spectral lines
and the unpumped line at 8446.2 A. To estimate the magnitude of the ratio, let us
consider the strongest PAR and cascade radiative decay pathway in Fig. 12.4 (solid
lines):

1025.762 A — 11287 A — 8446.4 A
(1—4) 4-3) (3—2) (12.4)
For this pathway, we use the following Einstein coefficients in expression (12.3): Ay; =

7.7-107 571 Ayz = 3.1-107 s7! and Azy = 3.2 107 s71 (Wiese et al., 1996); and
statistical weights: g1 = 5 and g4 = 7. In that case, eq. (12.3) assumes a simpler form,

No

h
~ 0.96 exp (— k;i”‘) (12.5)
5

The amplification coefficient for the 3 — 1 transition, ase, is defined by the standard
expression (6.2), where o3z is the cross-section of the 3 — 2 radiative transition, given
by (6.5).

To make numerical estimates, we adopt the following parameters: (1) the density
of oxygen atoms, No ~ 103Ny where Ny is the density of hydrogen atoms in the
Weigelt blobs, Ny ~ 107—108 em ™2, and (2) the Doppler width Awd? = 2nAVY =
21 - 2.8 - 10° Hz for the HI region of the blob having a temperature of T ~ 5 - 103 K.
All these quantities should be considered approximate, but they are quite acceptable
for estimation purposes. For example, we adopt the solar oxygen abundance Np ~
1073 Ng even if a lower value has been discussed for  Car. However, as shown in
Fig. 12.5, amplification of the OI 8446 A lines occurs in a wide range of oxygen
densities, and an exact value for the O abundance in the Weigelt blob is not critical for
the result of this analysis. For the cross-section o3o we get the following value, typical
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of an allowed transition: o35 = 1.1 -107'? cm?. Fig. 12.5 shows the amplification
coefficient a3y as a function of the effective (spectral) temperature T of the Lyf3
radiation for various densities of oxygen No. The density No = 10° cm ™2 corresponds
to Ny = 10% cm™3 in the central part of the blob. The low density No = 10? cm ™3
corresponds to the wings of the blob with the bell-shaped distribution of the density
Ny. As one can see from Fig. 12.5, the gain per unit length, ass, reaches 1071° to
10712 em~! at temperatures Tj &~ (7.5—15)-103. With the Weigelt blob diameter D =
10 cm, such a gain can give a linear amplification coefficient of K = exp(azaD) >
exp(1—10), which is quite a perceptible quantity.

12.4 Spatial features of the O laser in the Weigelt blobs

The source of the Lyf radiation is the HII region of the given blob (Fig. 12.2) as well
as the stellar wind surrounding the blob. However, the Ly radiation is absorbed not
only by the OI atoms, but also by H atoms in the HI region of the blob. To gain
an insight into this situation, Fig. 12.6 presents the maximum-normalized absorption
spectral lines of OT and HI (responsible for the PAR excitation) in the HI region of
the blob at a temperature of 5000 K. Also shown in this figure are the Ly3 emission
lines from the HII region of the blob at a temperature of 20,000 K and from the stellar
wind. The widths of all these spectral lines are governed by the Doppler effect.

Let us estimate the absorption coefficient of the OT A1025.77 line in the HI reg-
ion of the Weigelt blobs. The absorption cross-section at the centre of this line is
o1a ~ 107" cm?. With the OI density No = 1072 x Ng = 10° cm ™3, the abs-
orption coefficient for the Lyf radiation at the center of the OT 1025.77 A line is
k= 1/1%. ~ 1072 ecm~!. This means that level 4 is most effectively excited in the

exc

shell of the blob at a low density, No. When the detuning from the line center reaches

LyB HI emission line LyB H I emission line
from H II zone from stellar wind
Ly H I absorption line O I absorption line
in H 1 zone in HIzone

SO R S
1025.72 A 107 A 1025.77 A

Fig. 12.6 Location and shape of the absorption and emission spectral lines of OI and HI
in the narrow 1025 A interval related to the PAR excitation of OI by Lyg radiation.
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as high a value as Av = 1.5Avp, the absorption coefficient drops by a factor of 10%,
and the excitation depth of OT reaches 12, . ~ 10'3 ¢cm on account of excitation at the
wings of the Doppler profile.

However, one should take into account the gradual decrease of the densities Ny
and No on the periphery of the blob and the perceptible level of the amplification
coefficient a3y at low Ng densities (Fig. 12.5). In the outer shell of the blob, the
penetration of the Ly radiation, and hence the PAR excitation of O I by this radiation,
is effective enough and, at the same time, the density of O I atoms is quite sufficient, for
amplification to take place: aga ~ 1071 em™! at T ~ 10,000 K (Fig. 12.5). Fig. 12.7
qualitatively illustrates the radial distribution of the No density and Ly intensity in
the blob that leads to the conclusion that the amplification a3s predominantly takes
place exactly in the outer shell of the blob where 12, . ~ 10'2—10'3 cm.

exc

In the case of excitation of OT at a depth of I%, . < D, where D is the diameter

of the blob, the maximum amplification length along the chord line of the amplifying
shell is given by

Lamp = 2 (lexc D). (12.6)

For D = 10 cm and (5,103 cm, the amplification length is Lamp =~ 2 - 104 cm,
which is quite sufficient to obtain a substantial amplification at 8446 A. At the effec-
tive (spectral) temperature of the Ly radiation within the Weigelt blobs, stimulated

emission takes place inside a spherical shell with a ring-like stimulated emission zone

(a)
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Fig. 12.7 The qualitative radial distribution of the OT density inside the blob (a), the
corresponding intensity attenuation of LyS and the amplification zone (b) in a spherical
shell.
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for the observer. This effect can be observed with a ground-based telescope having a
spatial resolution a few times better than D.

Secondly, let us estimate the effect of the presence of HI on the absorption of
the radiation exciting OI. As can be seen from Fig. 12.6, the red Doppler wing of
the Ly( absorption line can have an effect on the absorption of radiation in res-
onance with the absorption line of OT because of the higher (by a factor of 103)
density of HI. The absorption of the Ly radiation at the centre of the O A14 lines is
lower than its absorption at the centre of the line by approximately a factor of 107°.
The ratio between the absorption cross-sections at the centers of LyS and the OI
A14 lines is

ou (Lyg) _ Az (LyB) Awd (Aa)
oor(Ma)  An (OI) Awl (Lyp)

=0.2. (12.7)

With Ng/No =~ 103, the absorption coefficient of the Ly radiation by hydrogen,
ru(Ly3 ), at the frequency of the O T absorption line centre is ryy ~ 10~22071, and it is
still lower in the red Doppler wing of the O A\14 spectral line. Thus, the contribution
of hydrogen to the absorption of radiation exciting O is not more than 1 per cent of
its absorption by OT itself, and has thus no effect on the excitation depth ley. of the
latter. As one can see from Fig. 12.6, the O atoms can be excited to make the 1 —4
transition by both the Lyg radiation of high Doppler width that comes from the hot
HII region of the blob and the Ly( radiation of the stellar wind.

A very high optical depth of the pumping Lyg radiation in the Weigelt blobs with
hydrogen density Ny ~ 10% cm =2 can affect the lifetime of the lower laser level 2 (3s
350%) and hence the population inversion due to trapping of radiation in the 1— 2
transition (1302 A line). In fact, Lyp radiation can only penetrate into the outer
shell of the blob, where the amplification of the 8446 A line can take place, as shown
in Fig. 12.7. The estimated hydrogen and oxygen densities in this shell region are
Nu ~ 10*—10° em ™3 and No ~ 10—10? cm 3, respectively. These values correspond
to an excitation length loy. >~ 102103 ¢cm. However, it is necessary to account for the
possible influence of the optical depth in the O T A1302 line, since a large optical depth
and corresponding resonant trapping of radiation can enhance the effective lifetime of
level 2, the lower level in the A\8446 laser lines (Holstein, 1947).

The radiative cross-section for the most intense fine-structure component of the
resonance multiplet (the 1 — 2 transition in Fig. 12.4) is given by

2
g2 Aiy Ao
021 = ———

=4.6-10"" cm? 12.8
g1 27 Awd! oms ( )

where go/g1 = 3/5,A421 = 3.4-10% s7!, and the Doppler width Aw?! = 27-1.9-
109 Hz. Using these parameter values for the outer shell of the blob with local densities
of N ~ 10*~10° em ™2 and No ~ 10—10% ecm~2 and with an excitation (pumping)
length of lex. =~ 10'3—10" cm, the optical depth for the A 1302 line is 712 = 0yolexe
No = 4.6.
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The enhancement of the effective lifetime, ¢S, of level 2 is determined by the
following expression (Holstein, 1947; Molish and Oehry, 1998):

Tod log (7,3/2)

teff _
2 1.05 o

(12.9)
where t5 is the radiative lifetime of level 2.

The effective lifetime of level 2 thus becomes t$f ~ 2.6ty ~ 4.4 ns, ie. t5f <
ts = 31 ns. Thus, the estimated influence of the resonant radiative trapping on the
population inversion AN3s is about 10-20 per cent and cannot decrease the inverted
population in the thin outer shell of the blob considered here (Fig. 12.7). Nevertheless,
it is necessary to have in mind the sensitivity of the inverted population in the 8446
A line for resonant radiative trapping in the 1302 A line under different space plasma
conditions.

12.5 Possible O lasers in stellar atmospheres
and Orion Nebulae

The OT transition at 8446 A is ideal for lasing with optical pumping in a classical four-
level scheme not only in the Weigelt blobs, but also in other conditions. In Sections
12.3 and 12.6 above, we have mentioned the anomaly in the behavior of the 8446 A
and the 7774 A lines in spectra of Be stars (Merrill, 1956; Slettebak, 1951).

The appearance of the population inversion and the gain in the O I 3p 3P-3s 3S tran-
sition in atmospheres of Be stars was analyzed by Lavrinovich and Letokhov (1974).
They considered a gas consisting of oxygen atoms at a density Ny and temperature Tj
in the radiation field and with spectral density U and frequency w =~ wy; in balance
equations for the population in steady-state conditions. 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 contribution of non-radiative transition is small). If the gas were
in equilibrium with the radiation, the radiation temperature would be coincident with
the gas temperature Ty. However, stellar regions show hotter radiation emitted by the
photosphere at a temperature Ty, which noticeably exceeds Tp.

The density of OI atoms in the atmosphere located near the external boundary of
the photosphere (in the inverting layer) is Ng ~10°—10% cm ™3, the gas temperature is
Ty ~ 1.5-10* K, and the effective temperature of the Be star photosphere is T ~ 3-10* K
(Allen, 1973; Boyarchuk, 1957). According to calculations of Lavrinovich and Letokhov
(1974), assuming that the radiation temperature in the 1 — 2 transition is ~Tj, the
required brightness temperature of the pump radiation at the threshold should be
4-10* K. However, to obtain the population inversion, for example, AN33 ~ 1075 N this
temperature should be greater (~4.1-10* K). The estimation of the possible gain o for
the 8446 A line of O in the atmosphere of a Be star is quite favorable. For Asy = 3-107
s71 and Awp ~ 5-10'0 57! the cross section for the 3 — 2 radiative transition is,
according to (6.5), 032 ~ 1072 cm?. For AN3, ~ 1 cm ™3, this corresponds to a gain
at the line center ass ~ 10712 cm~!. Taking into account that the extension of the
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atmosphere of a Be star is about 10'>—~10'* cm, we can conclude that an inverted
population with a linear gain factor L ~ 10—100 appears in the stellar atmosphere.

Note the possibility of photoexcitation of the photosphere by continuous radiation
without a resonant coincidence, according to the scheme in Fig. 9.2d. To obtain the
population inversion in this case, in some transition, the spectrum of continuous radia-
tion should be in non-equilibrium. Mustel (1941) showed that the continuous spectrum
of the photosphere can strongly differ from the Planck distribution. For example, in all
symbiotic stars short-wavelength emission from a hot star irradiates the atmosphere
of a cooler star. Under such conditions, laser action can also be observed in atoms
and ions.

Another potential region for the appearance of population inversion and gain is
found in, for example, planetary nebulae. In the Stromgren boundary region, the bright
Lyp line, generated in the HII region, irradiates the HI region, where oxygen is in the
neutral state. The photoionization limit for the 8446 A O1 line (Io; = 13.618 eV) lies
above the Lyman emission continuum limit (13.5985 eV). Under such conditions Ly
should efficiently excite neutral oxygen in a comparatively thin Stromgren boundary
region. Therefore, it is quite probable that a strange behavior of the 8446 A O1I
line in the Orion Nebula observed by Miinch and Taylor (1974) can be attributed to
laser action. The authors of this paper discovered a unique intense structure in the
intermediate HII/HT region only by observing the very intense 8446 A line. At other
lines of OT and at the Ha Balmer line (which should be present in the same regions
as the intense LyS line), radiation has a spatially amorphous structure, without any
filaments.

Miinch and Taylor (1974) explained this unique fact by assuming the existence of
solid particles in the intermediate region, which would in some way affect the mor-
phology and the emission spectrum of OI, and they pointed out the necessity of a
further study of this strange situation. High-resolution spectroscopic measurements
with a Fabry—Perot interferometer (Miinch and Taylor, 1974) showed that the width
of the 8446 A line was approximately 25% narrower than that of the 6300 A line.
It seems more natural to explain this fact by a gain in the 8446 A transition, where
a population inversion should exist. Of special attention is the remarkable fact that
an (unidentified) point radiation source — “emitting object” (Gull et al., 1973) — is
observed in the Orion Nebula, where the 8446 A line is not observed(!). This suggests
that the radiation pattern of the amplifying region can be anisotropic, with a max-
imum that is not directed to an observer. This possibility is worth studying in the
future.
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Narrowing of spectral lines
in astrophysical lasers

In the absence of feedback, the amplifying medium of the astrophysical laser represents
an amplifier of spontaneous emission (Section 6.5). Because of the large size of the
astrophysical amplification region, the condition

a A

> (13.1)
is always fulfilled, where a and L are the transverse and longitudinal sizes of the
amplification region, so that the radiation divergence 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 exis-
tence of a peculiar instability of the spherical geometry of radiation from a saturated
amplifier. The probability of the formation of spherical amplification regions even in
boundary astrophysical regions, where the appearance of the population inversion is
most probable, is very low. Therefore, it is most likely that the formation of anisotropic
patterns of stimulated emission will depend on the geometry of the amplification regi-
ons, although it is unlikely that the directivity of radiation will be high. The latter
remark is essential for the following qualitative explanation of the emission spectrum of
a saturated amplifier when the amplifying spectral line is inhomogeneously broadened
owing to the Doppler effect.

13.1 Role of geometry in the saturation regime
on spectral narrowing

In the regime of linear amplification of spontaneous emission, the width of its spectral
lines decreases because of a predominant amplification of emission at the line center,
which is described by the following expression (Litvak, 1970; Casperson and Yariv,
1972; Allen and Peters, 1972a, b; Cook, 1977):

Ay B (13.2)

(1+0%, L)
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where o, is the linear coefficient per unit length (cm™!) on linear amplification length
Lyin. 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 maser saturated amplifier (Litvak, 1970). That the narrowing of the
spectral line ceases upon saturation and the spectrum broadens again up to the width
of the gain line, is shown qualitatively in Fig. 13.1. This conclusion has been confirmed
by many experimental data for astrophysical masers (Reid and Moran, 1981; Elitzur,
1992) with one exception. Barrett and Rogers (1966) observed an anomalously narrow
emission line of the 18.5cm OH maser, whose width corresponded to the Doppler
width at the temperature 7' ~ 5 K. This phenomenon is not explained so far. It
was pointed out (Letokhov, 1996) that the conclusion of Litvak (1970) on limited
narrowing is valid only for directional emission, when the saturation of the Doppler
profile is accompanied by a flattening of its peak as shown in Fig. 13.1. In reality,
the saturation of the Doppler profile under the action of isotropic radiation is not
accompanied by its deformation but occurs uniformly (Fig. 13.2), while the narrowing
of the isotropic radiation line is not followed by its broadening and should obey the
law similar to (13.2):

I ~1/2
Av ~ Avp (1 + agQLhn + / a(r)dr) (13.3)
L

lin

where Ly, is the length of linear amplification, and L— Ly, of saturated amplification
with an integrated value |[ LLl _a(r)dr. The additional spectral narrowing of isotropic
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Fig. 13.1 (a) Elongated shape of the amplification volume, (b) change of the spectral profile
of the inhomogeneously broadened amplification line under strong saturated conditions, and
(c) evolution of the line width Av of the spontaneous radiation being amplified in such a way
that the spectral line changes from an initial narrowing to a rebroadening at L = Liiy.



Narrowing of spectral lines in astrophysical lasers 183

radiation in the saturated regime will stop the rebroadening of the spectrum and
moreover will produce further narrowing of the spectral line (Fig. 13.2). This probably
explains the anomalously narrow width of the emission line of the OH maser (Barrett
and Rogers 1966). The fact that this case is quite rare confirms the conclusion that
a nearly spherical geometry of the amplifying region occurs rarely because of the
spherical nonstability of the saturation regime.

Thus, from this qualitative consideration we can, for simplicity, generalize a sum-
mary in the following three limiting geometrical cases: (a) elongated volume, (b) spher-
ical volume, and (c) disk-like volume.

(a) Elongated amplification volume (Fig. 13.1a). In this case, the angular divergence
O of the amplified radiation is governed by the angular spread of the lasing region:

a
0~ (13.4)

where a and L are the lateral and longitudinal sizes of the lasing volume, respectively.
In rarefied gas condensations, the collisional broadening is very small. A more or less
directed light beam interacts with the narrow spectral range Avy, determined by
expression (6.12).

If © < t, amplification gets saturated first at the center of the Doppler profile, and
then the amplification saturation gradually spreads over the entire profile. As a result,
the spectral profile of saturated amplification becomes flat (Fig. 13.10), which gives
rise to the reverse effect — a spectral rebroadening of the radiation being amplified
under saturated conditions, the spectral rebroadening effect (Fig. 13.1c). This effect
was analyzed by Litvak (1970) in the case of microwave space masers.

(2)

Amplified _—
spontaneous radiation

(®) (©
a(v) 4 Av A

Linear A
e v
amplification Dopp

Saturated
amplification

<

(=)
<V

o

L L

Fig. 13.2 (a) Spherical shape of the amplification volume, (b) absence of changes in the shape
of the inhomogeneously broadened spectral line upon saturation by isotropic radiation, and
(¢) corresponding absence of the spectral rebroadening effect.
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(b) Spherical amplification volume (Fig. 13.2a). With this geometry of the ampli-
fying region, the amplified radiation is isotropic. The saturation of the Doppler profile
under the effect of isotropic radiation occurs equally for the entire profile, i.e., without
any change in the shape of the amplified line, as shown in Fig. 13.2b. In this case,
the effect of rebroadening of the amplified radiation is absent (Fig. 13.2¢), and the
spectral width of the radiation is defined by (13.3). The spectral width Av for the
isotropical case can be even less than the value defined by Eq. (6.67) and much less
than Avpepp.

(c) Disk-like amplification volume. This is an intermediate case between (a) and
(b). In the direction along the disk plane, amplification saturation takes place under
the effect of radiation with a geometrical angular divergence of © ~ a/b, where a is
the thickness of the amplifying disk and b is its diameter. When © < 1t amplification
should be saturated first in the narrow central region of the Doppler profile after which
the top of the profile should become flat, as in the case with an elongated volume (a).
Thus, in the present case (c) the width of the laser line should be comparable with the
Doppler width Avp. However, if saturation is attained in the direction perpendicular
to the disk plane as well, the quasi-isotropic radiation will provide for saturation of
the entire Doppler profile, as in the case with a spherical amplifying volume (b). One
could then expect that the laser line rebroadening effect will be absent, so that the
line will narrow in accordance with Eq. (13.3):

Av~ B0 (13.5)

V1+adya

For astrophysical lasers active in the wavelength range 0.9-2.0 pm in the Weigelt
blobs of n Carinae (Chapters 11 and 12), any of the different types of geometry of
the amplifying region mentioned above can be possible. What is important at the
moment is that the laser lines observable in the range 0.9-2.0 pum can have a width,
Av, somewhere between Avp down to (0.1-0.3) - Avp. The magnitude of Avp for the
Fell lines from the HI region of the blobs depends on the temperature T and can
amount to Avp ~ 300—1000 MHz, since T is in the range 100-1000 K. Accordingly,
the laser line width Av can lie between 30 and 1000 MHz. To measure such lines
adequately requires a spectral resolution of R ~ 107, which is very difficult to achieve
with the standard spectroscopic techniques.

Strictly speaking, it is necessary to solve the equation of radiation transport to
find out the spectral bandwidth, intensity, and size of astrophysical lasers. This has
been done by Litvak (1974b) for astrophysical OH and HoO masers. He considered the
equation of transfer radiation

d

%I(r, k) = a(r,k)I(r,k) + G(r, k). (13.6)
Here « is the local amplification tensor coefficient (cm™!) for signals of wave vector
k as influenced by the saturation effect of strong signals (in various directions) at
position r, and the function G(r.,k) is the source of radiation due to spontaneous
emission and scattering. The derivative with respect to the ray path lengths, ds is
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justified only when wave properties are changing slowly over distances comparable to
a wavelength. The tensor properties takes into account polarization properties.

The obtained results are quite interesting. Firstly, the actual size of hot laser
(bright) spots are possibly 100-1000 times smaller than the size of the amplification
zone (for sources near the compact HII regions). Secondly, appreciable saturation
broadening restricts the spectral narrowing in accordance with Eq. (13.2). It is quite
explainable by Eq. (6.14), that Avyep, is the full Doppler width and Doppler contour
behaves as a “homogenized” spectral line in the isotropic radiation. According to
Litvak (1974a,b), the partially saturated sphere shows the expected line narrowing
in the hot spot and the line broadening in the surrounding saturation region. But
the output bandwidth might be 1//2 times smaller than the Doppler width, while
the bandwidth for filamentary masers stays on the Doppler bandwidth due to the
rebroadening in the case of inhomogeneous Doppler broadening under the condition
(6.15), as shown in Fig. 13.1.

The influence of the geometrical shape on the radiation properties (spectral width,
apparent size of hot (laser) spot) of space masers was considered in later works
(Bettwieser, 1981; Watson and Wyld, 2003) using extensive calculations for spheri-
cal and disk masers. In contrast to previous studies in which various approximations
are made, the full equations were solved for frequency-dependent radiative transport
that includes the thermal motion of the molecules and the high degree of saturation.
The spectral line profiles for spheres and disks were found to rebroaden to the full
Doppler width with increasing saturation in essentially the same way as the narrow-
ing for a linear maser. The variation with frequency in the apparent angular sizes of
masing spheres and thin disks was found to be negligible at frequencies within the
spectral line at which the saturation is significant (Watson and Wyld, 2003). These
results are quite striking because the isotropic spontaneous radiation and amplifica-
tion should exclude the distortion of Doppler profile and rebroadening of amplifying
isotropical radiation. Also the spectral line widths associated with some of the bright-
est astrophysical masers (the HoO flares) are much less than the Doppler widths.

The solution of the transport equation (13.6) in the optical case will account for
an effect of resonance scattering, which is essential in the laser case. The solution of
one particular case without accounting for Doppler redistribution of frequency during
the resonance scattering is presented in Chapter 14.

13.2 How to measure the narrow spectral line width
of astrophysical lasers

The best proof of the appearance of the laser effect in certain spectral lines in astro-
physical media would be the observation of the amplification-induced narrowing of the
spectrum. Since the spectral line width may be considerably smaller than the Doppler
width, such measurements can be carried out only with the aid of high-resolution
spectral instruments (e.g., the Fabry—Perot etalon). Excellent results with such meas-
urements were obtained by Miinch and Taylor (1974). They showed that the width of
the 8446 A line from a source in the Orion Nebula is narrowed by approximately 25%
compared to the 6300 A line (see Section 12.4).
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In the 1950s, R. Hanbury Brown and Q. Twiss proposed and developed a new
method under the name intensity interferometry (Hanbury Brown and Twiss, 1957,
1958; Hanbury Brown, 1974), which is characterized by its very high spatial (angu-
lar) resolution. It produced accurate diameter measurements of 36 bright stars, using
a pair of 6.5 m collectors and a 188 m baseline. The method was perhaps the first
among a series of new techniques based on advanced technology that led to substan-
tial progress in attaining levels of high and ultra-high resolution in astronomy (see
review by Saha, 2002). For example, the speckle interferometry technique helped to
discover the Weigelt blobs in the vicinity of Eta Carinae (Weigelt and Ebersberger,
1986). To master new wavelength regions and achieve high spectral resolution levels,
the intensity interferometry method was modified to become heterodyne interferome-
try (Johnson et al., 1974). This technique uses a local monochromatic laser oscillator
to produce beats between the light wave of the star of interest and the coherent laser
wave of the local oscillator. The method can be considered intermediate between inten-
sity interferometry and direct interferometry. Townes and co-workers made successful
observations in the 10 um infrared window of the atmosphere using a CO- laser as a
local oscillator (Johnson et al., 1974; Townes et al., 1978). The baseline used consisted
of a pair of auxiliary telescopes spaced a few meters apart at Kitt Peaks solar tele-
scope. This technique provided the observation of CO; laser action in the mesospheres
of Mars and Venus (Section 8.3).

The statistics of the fluctuations in the radiation emitted into a small solid angle by
a noncoherent source coincides with the statistics of an equilibrium thermal radiation
in a narrow spectral range (astrophysical amplifier or oscillator). For such light the
correlation function for the intensity fluctuations

k() = (AJ(t+ T)AJ(L), AJ(E) = J(t) — (J(t)) (13.7)

(the brackets indicate averaging over time) is connected with the spectral line width
Av by the relation

k() = (JO)?|v ()%, ~(7) = exp(—TnAv), (13.8)

here y(7) is the normalized function of mutual coherence (Mandel and Wolf, 1963).
By measuring the intensity-intensity correlation function k(7), we can obtain infor-
mation about the spectral line width Av. The spectrum constriction should manifest
itself in the appearance of correlations with a characteristic time 7o, &~ 1/mAv. The
variation of the baseline d of a pair of auxiliary telescopes enables the detecton of
the disappearance of correlations, which corresponds to a diameter D of a radiation
source:

D ~ \oLo/d (13.9)

or to a large angular resolution ¢ ~ Xg/d for baselines of a few and more meters.
Figure 13.3 presents a schematic diagram of a Brown-Twiss—Townes (BTT) optical
heterodyne interferometer that can be used to measure both the angular size and
emission spectrum of the FeIl and O1T laser line sources in the Weigelt blobs of Eta
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Fig. 13.3 Brown—Twiss—Townes optical laser heterodyne intensity correlation interferometer
with two separated telescopes, local tunable laser diode heterodyne of frequency vhet.-

Carinae. A specific feature of such a correlation interferometer is the use of a 0.8-1um
tunable monomode diode laser as a local oscillator and an optical fiber to transport
this monomode laser radiation. This is much easier to accomplish than to transport the
space laser radiation received by the telescopes. The distance d between the telescopes
should meet the requirement in angular resolution that the radiation emitted by the
Weigelt blob studied is separated from the photospheric radiation of Eta Carinae, i.e.,
Lo

d>~ X\ 7D (13.10)
where Ly = 10?2 cm is the distance to  Car, D ~ 10'® cm is the diameter of the
Weigelt blob, and f is the fraction of the blob region, in which the laser effect takes
place to produce the radiation received by the ground-based telescopes. For estimation
purposes, one can set f = 1, and the necessary distance between the telescopes will
then be d ~ 10% cm. By choosing d ~ 10* cm, one can in principle analyze laser
radiation coming from blob regions as small as one tenth of the size of the blob.

At the high-speed photomixer, the wavefront of the radiation being received should
be matched with diffraction-limited accuracy to that of the local laser oscillator rad-
iation over the entire area s of the photodetector in accordance with the antenna
theorem for photomixing (Letokhov, 1965; Siegman, 1966). In that case, sQ ~ A2,
where () is the field of view or aperture. The heterodyne field of view will then be
© ~ 1.2)\g/ag, where ag is the diameter of the primary telescope mirror. Modern
avalanche photodiodes (Prochazka et al., 2004) with a quantum efficiency n ~ 1 are
most suitable to use as a high-speed photomixer. The photomixer signals of interme-
diate frequency f = vy — v, where vy is the laser heterodyne frequency and v is
the frequency of the desired spectral line frequency of the astrophysical laser radia-
tion being received, should be processed with a correlator. The measured correlation
functions of the signal intensity fluctuations as a function of frequency (Fig. 13.4a)
should provide information about the Fourier transformation of the spectral profile
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Fig. 13.4 Expected dependence of the correlation signal intensity as a function of (a) the
heterodyne frequency detuning and (b) the spacing of telescopes d.

of the radiation being received. The spectral resolution R will be determined by the
reception bandwidth B (Hz) of the photomixer radio signals:

Cc

= —. 13.11

At B ~ 10% Hz the spectral resolution R ~ 3 - 10, which is sufficient to measure
the emission spectrum of an astrophysical laser having a spectral width that is tens of
times narrower than the Doppler width. The dependence of the correlation signal on
the distance d between the telescopes should give information on the angular size ¢
(~/Q) of the blob region, wherein the astrophysical laser of interest is active at the
wavelength Ao under study (Fig. 13.4b). However, the key problem for the experiment
proposed is the signal-to-noise ratio S/N that poses the requirement for the primary
mirror diameter ag of the telescopes, the reception bandwidth B, and the observation
time 7.

With heterodyne detection, one can control the intensity of the local laser oscillator
and thus raise the signal level above the noise level of the electronic circuits used. As
a result, one can reach the quantum noise limit, at which the signal-to-noise level is
given by (Abbas et al., 1976; Rothermel et al., 1983)

S nP

N  hvB’
where P is the power of the source, B = Av is the bandwidth of a single fre-
quency resolution element of the mixing signal, and 7 is the quantum efficiency of
the photodetector-mixer. If the signal is integrated over time 7, the S/N ratio is

(13.12)

enhanced by a factor of (Br)'/2, and becomes
S P /7T\1/2

The S/N ratio drops with the increasing bandwidth B = Av. To measure the profile of
a spectral line having a width of tens and hundreds of MHz, i.e., much wider than B, it
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is not necessary to scan the entire profile with a spectral resolution of B. It is natural
to suppose that the spectral profile of the APL radiation is bell-shaped. Therefore,
it is sufficient to measure the signals within very narrow bands B, a few Hz wide, at
several points on the profile and integrate over a sufficiently long time at each sampling
point. In that case, one can achieve a sufficient increase in the S/N ratio without any
loss of essential information. To estimate the S/N ratio in the case of astrophysical
laser lines from the Weigelt blobs, one can use the HST/STIS data for the integrated
intensity of one of these lines (Gull et al., 2001). For example, the intensity of the
9997 A line from the Weigelt blobs BD amounts to 2-10~*2erg/cm? - s - A. With the
primary telescope mirror area A ~ a3 of the order of 1 m?, one can expect a power of
2-10~% erg/s within the limits of the Doppler profile Av < 1 A. From this we get a
lower limit estimate of the S/N ratio:

T

S . 1/2
2519, . .
=212 1077(3) (13.14)

For n~ 1,7~ 10%s, and B = 1 kHz, we get S/N ~ 4-103.

The estimate based on Eq. (13.14) should be considered as very approximate, as
it can be either greater or smaller by at least an order of magnitude for the following
reasons. On one hand, the size of the laser volume in the Weigelt blob can be smaller
than that of the whole blob whose emission is received by the HST/STIS. Therefore,
the integrated intensity of the 9997 A line can be lower than the value used for the
estimation. On the other hand, the spectral width of the astrophysical laser radiation
can be an order of magnitude smaller than 1 A according to data by Gull et al. (2001)
and even smaller than the Doppler width. It can enhance the S/N by a factor of
(1 A/ANLaser). Furthermore, the divergence of the APL radiation in the case of an
elongated volume for the amplifying medium can be much smaller than 4w. In any
case, the estimates above point to the feasibility of the proposed experiment with the
power of the radiation received varying over wide limits because of the existing variable
parameter (7/B)'/2. Let us underline that the proposed experiment can already be
performed using existing pairs of ground-based telescopes in the southern hemisphere.
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Possibility of scattering feedback
in astrophysical masers/lasers

In this Chapter we consider the possibility that a maser/laser amplifier in space is
converted to a generator (oscillator) by means of a positive energy feedback provided
by a small scattering of electromagnetic radiation back to the amplifying medium.

Masers are based upon placing the amplifying medium in a resonance cavity
(Gordon et al., 1954; Basov and Prokhorov, 1954), and lasers, upon placing this
medium in an open Fabry—Perot cavity (Schawlow and Townes, 1958; Prokhorov,
1958). In both these cases, the oscillation of an electromagnetic field takes place in
a limited number of resonant modes, and so the generated electromagnetic field is
spatially coherent. Such a feedback may be called coherent and resonant (Fig. 6.5).
This type of feedback fulfills two functions: (1) it returns some of the electromag-
netic energy emitted by the active medium and (2) it forms a stable electromagnetic
field configuration in the cavity because of the constructive interference between the
incident and reflected waves.

However, other types of positive feedback are also possible, where there occurs
a return of electromagnetic energy into the amplifying medium without any stable
phase retention, i.e., without formation of a small number of resonant modes. This
was demonstrated by Ambartzumian et al. (1970) using ruby crystals with a high
amplification and with scattering surfaces. Escape of radiation from such a laser sys-
tem because of scattering is the predominant loss mechanism for all modes. As a
result, instead of individual high-quality resonances there appear a large number of
low-quality resonances, which overlap and form a continuous flat spectrum of modes.
The absence of resonant feedback means that the spectrum of the radiation being gen-
erated tends to be continuous, i.e., it does not contain discrete components at selected
resonant frequencies (see review by Ambartzumian et al., 1970). The only resonant
element left in the laser is the amplification line of the active medium. Therefore, after
reaching a threshold the oscillation spectrum narrows continuously towards the center
of the amplification line. It was found that the process of spectral narrowing is much
slower than in an ordinary laser with resonant feedback, and that this limits the width
of the spectrum in the pulsed mode operation. In the steady-state or continuous-wave
(CW) mode the spectrum width is determined by fluctuations.

The statistical properties of the radiation in the case of nonresonant feedback
are somewhat unusual for a laser. It has been shown that it possesses the statistical
properties of the radiation of an extremely bright “black body” in a narrow range of
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Fig. 14.1 Radiation intensity of a maser amplifier (left) and a maser oscillator (right) as a
function of the pumping rate.

the spectrum. The radiation of such a laser has no spatial coherence and is not stable
in phase. Since the only resonant element in a laser with nonresonant feedback is the
amplification line of the active medium, the mean frequency of the radiation generated
does not depend on the dimensions of the laser but is determined only by the frequency
of the center of the resonant amplification line. If this frequency is sufficiently stable,
the radiation of this kind of laser has a stable frequency.

Before going into the details of various scattering feedbacks it is worth mentioning
other possible differences of amplification and oscillation regimes (Letokhov, 1996).
First, unlike an amplifier, the oscillator has a sharp threshold. Fig 14.1 presents a
qualitative relationship between the emission intensity of a maser amplifier and the
pumping rate under saturated, and unsaturated conditions. If the pumping rate is
localized near the threshold, the small variations of pumping rate will lead to signif-
icant variations of the output intensity of the maser/laser. Second, an oscillator is a
dynamic system with corresponding dynamic properties due to positive feedback. In
particular, the rapid change of pumping rate can lead to a transient variation of the
output intensity of the maser/laser (Letokhov, 1967b). Fig. 14.2 illustrates qualita-
tively the dynamic response of a maser amplifier to a fast increase of the pumping
rate. A sudden and very fast increase of the luminosity of a central star can induce a
transient oscillation of the pumping rate of a nearby maser/laser. This phenomenon
may occur in the vicinity of supernovae.

14.1 Noncoherent scattering feedback

The laser with nonresonant scattering feedback may be more properly referred to
as a laser with noncoherent feedback. Such a laser can be built around an amplifying
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Fig. 14.2 Dynamical response of a maser amplifier (left) and maser oscillator (right) to a
fast increase of the pumping rate.

medium with nonresonant scattering particles inside it, i.e., on the basis of a scattering
medium with amplification (Letokhov, 1967a), shown in Fig. 14.3a. There is a variety
of nonresonant scattering mechanisms — microparticles, Rayleigh scattering, etc. Let
us consider briefly the specific features of such a laser with nonresonant, noncoherent
feedback.

Take for the sake of simplicity an ensemble of identical dielectric particles with an
average number per unit volume, Ny, and a complex permittivity € = €9 +14 GZ,,
where €:> 0 in the vicinity of the frequency wq. Let Qs be the scattering cross-section,
and @), the cross-section for amplification of light at a frequency w of the particle. Here
we consider the case when each particle scatters and amplifies. Naturally, the results
obtained can easily be extended to the case of different amplifying and scattering
particles, and also to the case of scattering particles immersed in a uniform amplifying
medium.

Consider the case when the average dimension of the region occupied by the cloud
is R, the mean-free path of a photon owing to scattering is Ay = 1/QsNy, and the
wavelength of the emission A\ satisfies the inequalities

R> A >\, (14.1)

/3

whereas the mean distance between the scattering particles N, /3 is much greater

than \:
Ny 3\ (14.2)
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Fig. 14.3 Noncoherent scattering feedback by means of nonresonant scattering on particles
(a), or resonant scattering on lasing atoms (molecules) (b).

Then the change in flux density J,,(r,t) of photons of frequency w at the point r can
be described as follows in the diffusion approximation:

19, (r,)
c ot

where D is the diffusion coefficient, A is the Laplace operator, and ¢ is the mean
velocity of light in the region occupied by the particles. The frequency dependence
of the photon density is connected with the resonant nature of the amplification.
The cross-section @, (r,t) does not remain constant, since the imaginary part of the
permittivity 6: (r,t) depends on the photon flux density owing to the saturation
effect.

The process of diffusion multiplication of photons described by Eq. (14.3) is in
many ways reminiscent of the diffusion of neutrons in a homogeneous nuclear reactor.
In the solution, we can therefore make use of certain results known for the diffusion

= DAJ, (r,t) + Q. (r,t) NoJ,, (r,t), (14.3)
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of neutrons (Weinberg and Wigner, 1958). At the same time, in our case there are a
number of essential differences connected with the resonant and non-stationary nature
of the amplification cross-section @Q,,(r,t).

The diffusion coefficient in an absorbing medium with anisotropic scattering takes
the form (Weinberg and Wigner, 1958):

Xs
D=——-+—, 14.4
3E - ) )
where xs = QsNy; a, = Q<N are the macroscopic coefficients per unit length for
scattering and amplification; ¥ = x5 + «q; @ is the mean cosine of the scattering
angle. In the case we are discussing ys > «,; and therefore:
1 Ag

“Eeiom a0 a) 149

For axisymmetrical scattering (Rayleigh type) i = 0. In the case of preferential forward
scattering (fi > 0) the diffusion coefficient increases.

The imaginary part of the particles’ permittivity 6; (r,t) in the case of homoge-
neous line broadening can be represented in the form

e (r,t)=a(w) € (r,t), (14.6)

where a(w) is the form-factor of the normalized absorption line shape (2.58). The
quantity € (r,t) is determined by the pumping power and depends on the photon
intensity. The equation for € (r,t) can be written in the form:

o€ rt) 1 (r,t) = —20, € (r,t)/a(w)Jw(r,t)dw + 1), aan
ot Ty Ty

where 0, = 0(wy) is the cross-section for radiative transitions of the ions in the dielec-

tric particles responsible for resonance amplification; 77 is the longitudinal

relaxation time describing the spontaneous decay of amplification; g’ (r) is a term

proportional to the pumping power. In the steady-state case, in the absence of gener-

ation, é:,(r,t) = é”(r).

The system of Eqgs. (14.6) and (14.7) completely describes the stimulated emission
of a cloud of scattering and amplifying particles. Boundary conditions must be set
in order to solve it. The photon density is very low at the outer boundary of the
medium. However, it cannot be zero, since photons diffuse from the cloud and can
pass through the boundary surface. We can introduce the distance d, at which the
photon flux extrapolated linearly outwards from the boundary of the medium would
be zero. This distance, which is called the linear extrapolation distance, is defined by
the expression (Weinberg and Wigner, 1958):

2 2
d==2"1~ ZA,. 14.8

The right-hand side of Eq. (14.3) describes the attenuation of the emission due
to diffusion “spreading” and amplification. There is obviously a threshold at which
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the emission losses are compensated for by the amplification. At the threshold the
amplification saturation can be neglected, i.e. é: (r,t) = g (r). Let us consider the
case of uniform pumping € (r) =€,, when the complex permittivity is the same for
all scattering particles. Then the solution of the problem is reduced to the solution of
Eq. (14.3) with a cross-section @, (r,t) = @, that is constant in ensemble and time.
The general solution of Eq. (14.3) takes the form:

Jo(r,t) = anW¥y (r) exp [~ (DB] — QuNy) ct], (14.9)
where U, (r) and B, are the eigenfunctions and eigenvalues of the equation
AV, (r) + B2V, (r) =0 (14.10)

with the boundary condition ¥, = 0 at a distance d from the boundary, a, are
arbitrary constants determined by the initial distribution J(r,¢) when ¢ = 0.
The threshold condition follows at once from (14.9):

DB? — NyQy =0 (14.11)

where B is the lowest eigenvalue By, (usually B = By), Qo = Qu,,wo is the frequency
of maximum amplification.

If the region occupied by the ensemble of scattering particles takes the form of a

sphere of radius R, then (Weinberg and Wigner, 1958):
1 nmwr nn bt

AV, (r)=~-sin——, B,=-—, B=—. 14.12

()= sin g R R (14.12)

Thus, the threshold radius Ryp, of such a random laser is determined by the expression

R = 7 [3 (1 — 1) coxsc] (14.13)

The cross-sections Qs and Qg are determined by the geometry and the value of the
complex permittivity € = €¢ + ¢ e” (wo) of the scattering particles. For simplicity
let us consider the case of spherical particles with a radius d > 1/k = A\/2x. For
approximate estimates in the region (€9 —1) & 1, it is possible to use: Qs ~ S; Qo ~
2ndayS; i = 0, where 7 is the mean transmission factor of the boundaries of a dielectric
sphere. Then the expression for the critical size of the active scattering media becomes:

32d
3nayg

Rine ~ ¢° (14.14)

where g = N, 1/3 /2d is the ratio of the average distances between particles to their
diameter.

The emission spectrum of the laser with a nonresonant scattering feedback also has
interesting features due to scattering. Let us, as above, consider them in the diffusion
approximation. Note that, with the steady-state value for the integral intensity J(r,t)
the spectral density J,(r,t), may be non-stationary. The non-stationary nature of the
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spectrum consists of a continuous narrowing of the emission spectrum after the start
of generation. This is easy to check by examining the equation for the spectral den-
sity (14.3) for a stationary value of the amplification cross-section Qo and stationary
spatial distribution of the photon density. We will neglect the distortion of Q¢ due to
saturation, so AJ, = —B2J,. Equation (14.3) is then reduced to the following:

10J,

c Ot
Since a(wO)QONO = 1)327

= -DB*J, +a(w) QoNoJ,. (14.15)

Jo (8) ~ exp {—[a (w) = a(wo)] QoNoct}- (14.16)

By expanding the function of the line form a(w) near the center of the line wy we find
the law for spectrum narrowing in the steady-state generation:

Awo

\/ (Q()Noct/ In 2) ’

where Awy is the full width of the amplification line at half-maximum.

Spectral narrowing proceeds, as usual, up to a certain fluctuation limit. In practice
the most important part is played by the unavoidable fluctuations (Brownian motion)
of the scattering particles, which leads to a random shift in the photon frequency due
to the Doppler effect from the scattering particles. If at each scatter the frequency of
a photon changes by a mean amount dw < wy, then the change in the spectrum can
be found by examining only the frequency diffusion of the photons, i.e., by examining
the spatial and frequency diffusion separately. In this case we can use the frequency
diffusion equation,

Aw(t) = (14.17)

VoL ) o
c Ot ¥ Qw?

+QUJN0JUJ7 (1418)

where D,, is the frequency diffusion coefficient defined in the mode used by the exp-
ression

(0w)”
D, = . 14.19
oA (14.19)
The stationary solution of Eq. (14.18) takes the form
(w—wo)* [QoNNo
Jo = J, - 14.20
0 €Xp l Awo D, ( )

or, by substituting the value D, and Ag, we obtain

2
J., = Joexp _Ww—wo)” QQO]. (14.21)

Awqydw Dy
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The expression for the stationary width of the spectrum at half-maximum is of the
form:

(14.22)
0

1/2
Awgy = [(4 In 2) Awpdw gsl .

The steady-state spectral width Awyg; is the geometrical mean of the amplification line
width Awp (Doppler width Awp) and the frequency jump dw during the frequency
diffusion.

Laser action in scattering and amplifying media (random lasers) has been observed
in the laboratory for laser crystal powder (Markushev et al., 1986) and in a laser dye
solution with TiOs microparticles (Lawandy et al., 1994). They confirmed the main
properties of a random media laser (threshold, narrowing of spectral lines etc.).

The diffusion model of a random laser does not account for random interfer-
ence of photons, for instance the weak localization of photons in backscattering from
amplifying media (Zyuzin, 1994). These effects are becoming more essential for small
volume random lasers comparable with A3, when the number of spatial modes is not
very high. In a random microlaser the scattering noncoherent feedback converts to
scattering coherent feedback (Cao et al., 2003). However, this limiting case is very far
from astrophysical conditions.

14.2 Resonant scattering feedback

A scattering feedback may have a resonant character as a result of the resonant scat-
tering by the amplifying atoms (molecules) (Fig. 14.3b). The maximum resonant scat-
tering cross-section, hence the minimum photon mean-free path, and accordingly the
minimum scatter losses, coincides with the maximum amplification. For that reason,
the lasing frequency coincides with the amplification line center.

To determine the resonance scattering coefficient per unit length one must know
the cross-section for resonance scattering of radiation by a single particle. The cross-
section for resonance scattering of radiation of frequency w into 47 steradians is related
to the cross-section of the radiative transition by (Letokhov, 1972b):

3 3 Anm
o) =t @) (52, (14.23)

where the cross-section for a resonant radiative transition between two levels at the
frequency w is given by the expression (Heitler, 1954):

FZ

abs,em
Opiom (W) = 0p—— = a (w) o0y, 14.24
) =0 =@ (1420
A2 Aum
= — 14.2
DT o0r T (14.25)

where A, denotes the probability of a radiative transition between the two levels con-
sidered, and I" is the homogeneous half linewidth, determined by the full levels falling
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inside a spectral interval of width 2I', corresponding to homogeneous broadening. In
a line an inhomogeneous broadening Awp, because of the Doppler effect, say, oq is
determined by Eq. (6.3), and the Lorentz contour should be substituted by a Doppler
contour with the width Awp. The resonance scattering cross-section is always smaller
than the resonance emission or resonance absorption cross-section.

The coefficient for resonance scattering per unit length into a unit solid angle by
particles in either the lower n or the upper m levels is equal to

Xse (W) = 0sc (W) (N + Ny). (14.26)

The coeflicient for resonance scattering into the solid angle AS2 is related to the reso-

nance amplification coefficient apyn = o Ny — afnbran by the expression
AQ
Xnm (w) = 4o (4]‘[) Omn (W); (1427)

where the factor ¢g is defined as

Anm (Nm + Nn) _ Anm Nr?,m
I'(Np —N,) T ANpw'

qo = (14.28)
where the effect of Doppler broadening is incorporated in the amplification coefficient
O (w), and Nr(l),m = Ny + Ny. The coefficient yg for resonance scattering per unit
length into all directions will be

X0 = qoa(w). (14.29)

The relationship between the resonance amplification and resonance scattering
coefficients is defined by the product of the factors (Anm/T) < 1 or Aym/Awp and

NO
(amz) > 1.
The expressions for threshold (14.13) and steady-state spectral width (14.22) can
be modified for the case of scattering on lasing/masing particles using Eq. (14.27). For
example, the threshold radius is

Ry =7 (3a0xsc)_1/2 = 1t/a/3q. (14.30)

At ap > xsc the lasing threshold with a noncoherent resonant scattering feedback is
only reached with a high amplification per scattering length lsc = 1/xsc. It is precisely
such a case that can be realized in space masers (Section 14.3). Resonant scattering is
very weak in the long-wavelength region (for I" > A,,,), but becomes quite substantial
in the visible and UV regions (space lasers), where A, and I' may be commensurable
of the values.

The expression (14.22) for the steady-state width of the spectrum should account
for a large value of the frequency jump dw due to Doppler shift on scattering atomic
particles: dw ~ Awp. As a result the Awg, is

Awg ~ Awpgq'/?, (14.31)
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i.e. the steady-state spectral width Awg; is comparable with Doppler width. It means
that the Doppler scattering rebroadening compensates for the spectral narrowing due
to resonant amplification. In other words the spectral output of a space laser ampli-
fier can be much narrower than a space laser oscillator with resonant scattering on
amplifying atomic particles except cases with ¢ < 1.

14.3 Space masers with scattering feedback

For the sake of generality let us now consider the possibility of scattering feedback in
space masers, eventhough the subject of this book is optical space lasers. The univer-
sally accepted theoretical approach to the space maser models is the traveling-wave
amplifier model (Litvak, 1970; Elitzur, 1992). This approach explains the main emis-
sion characteristics of many observed maser sources. But thanks to the development
of radio interferometric techniques and the creation of very-long-base
radio interferometer systems (VLBI), powerful H,O maser outbursts have lately been
observed experimentally (see Clegg and Nedoluha, 1993). For example, interstellar
masers have long been known to be variable on timescales from several years to a
few days, but recent observations (Clegg and Cordes, 1991), have suggested that
OH maser sources may show variability on timescales of a few minutes. The mi-
crowave emission of these powerful space masers exhibit new properties that make it
greatly different from the emission of the earlier HoO masers (Rowland and Cohen,
1986). Recent observations demonstrate the effect of very fast flares of HoO masers.
Attempts made to explain these flares within the framework of the standard space
maser model in the form of a traveling-wave amplifier have run into serious difficul-
ties. Thus, the effort of interpreting the compact OH and H5O radio emission sources is
still important.

A generator mechanism has long been suggested for the production of intense
narrow-band radiation in population-inverted space maser media (Letokhov, 1966,
1972). Feedback in this case can be formed on the account of nonresonant scattering
of radio emission by electrons or microscopic dust particles (Letokhov, 1966), or as a
result of resonance scattering by the active molecules themselves (Letokhov, 1972b).
Scattering in the maser model with a noncoherent feedback can help to explain unusual
properties of compact space masers (Truitt and Strelnitski, 2000).

Resonance scattering over the characteristic amplification distance 1/a(w) will
return into the solid angle AQ according to Eq. (14.28). The required threshold am-
plification Ky = exp [a (w) L], on passage through the cloud, equals

1%

K,

where the factor ¢ is defined by Eq. (14.28).

The relation can readily be derived for a simple configuration of an elongated
amplifying cloud, in which one may neglect the angular dependence and consider the
propagation of radiation beams of flux, P, and P_, in two opposite directions along
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(a) (b)
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Fig. 14.4 Amplifying cloud with weak backscattering: (top) angular distribution of radia-
tion; (bottom) intensity distribution along cloud Py and P- being propagated in two opposite
directions (linear regime) and total intensity P = Py + P_.

the z axis (Fig. 14.4), with allowance for backscattering:

1P, 0P,

et Tar (@00 Prdxe P

10P_. OP_

EW — W = (OZO — XO) P_+ XbSP+' (1433)

Here, xps is the coeflicient for resonance backscattering per unit length into the solid
angle AQ of the cloud, and ¥ is the coefficient for resonance scattering per unit length
in all directions. By solving the above system of equations, we can find a condition for
exponential growth of power with time (a threshold condition):

Qo — Xo

Ko = el@oxo)l 5 (14.34)
Xbs
or
1—¢q 4m
Ko>——— 14.

where L is the length of the cloud and ag — xg is the effective amplification per unit
length corrected for losses by resonance scattering. If the medium contains additional
nonresonant losses y per unit length, the amplification «g in condition (14.34) should
be replaced by an effective amplification oy — 7.

One can obtain the value of the threshold amplification for other geometries of
the amplifying cloud by considering the scattering of radiation in all directions in
the presence of amplification, as has been shown in (Letokhov, 1967a). But, it is not
possible to apply these results directly, because in the space maser ag > xo; i.e., we
have weakly scattering active media. The generation threshold for the case of a weakly
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scattering medium may be written in the more simple form

AQ
q (47() ~exp (aL) > 1

T T
Probability Amplification
of resonant per pass
scattering (14.36)

(1) OH maser. The transition probability for the strongest A-doublet lines of OH is
I'12 = 8-107sec™t. The homogeneous width 2I" of the transition depends, according
to Eq. (14.36), on the combined contribution of the pumping rate (longitudinal relax-
ation) and the broadening effects of collision with atoms (transverse relaxation). The
contribution of the pumping rate is quite different for different pumping mechanisms.
In the model of pumping by ultraviolet radiation the contribution to the quantity
I is 1075—1078 sec, and the relative inversion reaches AN/N =~ 0.1-0.01, where
N = N, + N, (Litvak et al., 1966). For pumping by infrared radiation this contribu-
tion to the homogeneous width, according to Litvak’s (1969) estimates, would be 10~*
and 1072 sec™! for far- and near-IR radiation, respectively. In the case of collisions
with H atoms the contribution to the homogeneous width depends on the density of
atoms. If we adopt the quite high value 10° cm™3 for the density of hydrogen atoms
in OH clouds, the contribution from collisions would yield a broadening of about 10~*
sec™!. This contribution to I' is decisive for the mechanism of pumping by ultraviolet
radiation, and is also important for pumping by far-IR radiation. In these cases the
quantity I' ~ 1074 sec™!, and with AN/N ~ 0.1 a cloud, having a geometrical solid
angle of, say, AQ = 0.2 sr, would require an amplification upon passage of Ky < 108,
in order to be self-excited. Although many of the values (AN/N, the density of H
atoms, the divergence of radiation) adopted for this estimate are admittedly rather
arbitrary, it seems entirely possible that the threshold amplification upon passage
through the maser-generator model with feedback as a result of resonance scattering
could explain the observations with less amplification than is required in the maser-
amplifier model (Ko ~ 1011—10'2 (Cohen et al., 1968)). If the homogeneous width
of the transition has a higher value (for example, in the case of pumping by near-IR
radiation T’ ~ 1072 sec™! (Litvak, 1969)), the necessary amplification would increase
(Ko > 109 if we adopt the same estimates as before for AQ and AN/N), and the
proposed model will no longer offer an appreciable advantage over the model of
amplification of a traveling wave.

(2) H20 maser. In the case of galactic HoO clouds (Knowles et al., 1969) the
situation is more definite. Amplification will take place for the transition 615 — 5o3
between high rotational sublevels of the ground vibration state (the energy of exci-
tation is AE = 447 cm™!) (Cheung et al., 1969). The homogeneous width of the
transition will be relatively large here, and will be determined by the spontaneous
decay of the 615 and 5o3 states to the lower rotational states 55, 514, 412, 439:
T10+T20 = T6,5—50; + 505 —a,, = 0.77+0.42 =~ 1.2 sec™ . Since the radiative transition
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616 — Bo3 has a probability I'is = 2-107?s71g™!, the factor ¢ is given by

T N s
q= Tro b Ton AN = 107°, (14.37)
provided that No/AN is of the order of several units, and accordingly the threshold
amplification will be Ky > 10'°. Such an amplification is of the order of, or higher than,
the amplification required for passage through the maser-amplifier model (Knowles et
al., 1969).

A choice between the maser-amplifier model and the model of a maser with feed-
back can be made for galactic maser regions on the basis of special supplementary
observations. For example, it would be important to measure the characteristic peri-
ods Ty, of intensity variation when measuring the size L of compact emission regions
by means of radio interferometry with a very long baseline (Cohen et al., 1968).

In principle the most important distinction between the maser amplifier and maser
generator models is the difference between their emission spectrum widths. For the
maser amplifier, the narrowing of the emission spectrum is due to the predominant
amplification at the center of the amplification line, a(w). As a result, the emission line
width Aw is smaller than the Doppler width Awp by a factor of 1/v/agL according to
Eq. (13.2). The observed four- to five-fold narrowing of the emission spectrum agrees
well with the estimate from Eq. (13.2). Under amplification saturation conditions, the
radiation intensity I o apL and thus Aw/Awp x I —1/2 which also agree with the
experimental data of Rowland and Cohen (1986).

The calculation for a generator model with a strong resonance scattering yielded
the following expression for the emission line width under steady-state conditions due
to spontaneous emission (Lavrinovich and Letokhov, 1974; Letokhov, 1996):

1/2
Av/Avp = <Nm1)

14.
Nrn - Nn <7’L0> ( 38)

where (ng) is the emission power in terms of the number of photons per degree of
freedom of a multiple-mode maser generator field. However, the expression in Eq.
(14.38) can be used for an astrophysical maser with weak scattering feedback.

In the case of resonant scattering on the lasing atomic particles themselves the
Doppler rebroadening will compensate for the one-pass amplification narrowing of the
spectral width. As a result, the spectral line of laser emission of the total amplifying
volume will be governed by Eq. (13.3) for a one-pass saturated amplifier. However,
in the potentially possible case of nonresonant scattering on microparticles (dust) the
contribution of Doppler broadening of scattered light is negligible. In this hypothetical
case it is quite possible to obtain very narrow spectral lines in the generator regime.

The emission statistics of a generator with a noncoherent feedback were studied
theoretically by Letokhov (1967b). The distribution function of the number of quanta
in the k-th radiation mode, ny, was found to be given by the expression

()"

P () = o (14.39)
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i.e., the distribution was found to be of the Bose-Einstein type. At (ng) > 1, Eq.
(14.39) yields a Gaussian distribution. It was precisely this type of distribution that
was experimentally observed in the case of the OH maser (Evans et al., 1972). However,
the statistical distribution (14.39) is the same for amplified spontaneous emission. In
other words, the statistical properties can not be used for the discrimination between
amplifier and generator in noncoherent feedback regimes of space masers/lasers.

14.4 Space lasers with resonance scattering feedback

The concept of a maser with a noncoherent resonance scattering feedback can be
extended to optical quantum transitions in atoms, for example, in stellar atmospheres
(Lavrinovich and Letokhov, 1974). The attractiveness of the generator model lies
in the fact that a high gain per pass is not required when the scattering is suffi-
ciently effective, since above the threshold, when the gain per pass exceeds the loss
per pass, the intensity grows in the course of many passes. The authors calculated
the so-called threshold or the critical radius ry, at which the spherical volume is
on the threshold of self-excitation. For the case when o (w) < x (w) the solution of
the problem is known (Letokhov, 1967a); however, depending on the values of the
quantities determining « (w) and X (w), the relation between the latter quantities
can be arbitrary, and it was necessary to consider the problem in its general form.
The linear approximation, neglecting saturation effects, can be used in determining
the threshold.

The equation satisfied by the radiation intensity J, at the frequency w in the case
of low particle densities Ny and coherent resonant light scattering (scattering without
a change in frequency) with a spherical indicatrix has the form (Sobolev, 1960):

: 1 }
COSQ% _sinfdJ, 10J, o (@) — Xse ()] Ju + L(W)/deg’ (14.40)

ar r 00 * c ot 47
where df) = sin dfdy and c is the velocity of light.
Equation (14.40) admits the separation of variables. Denoting the separation

constant by S, and representing the solution of the equation in the form J,, = Jy,, (¢)
Jiw (1,0, ), we obtain for Jy,, (t) the equation

8J0w/8t = CSJ()W, (1441)

whose solution is: Jo, (t) = Jou,(0) exp(cSt). For S > 0 this solution corresponds to
the appearance of temporal instability — the exponential growth of the intensity in
time or of the generation. The threshold regime corresponds to the value S = 0. We
then have the following equation for Ji,:

8J1w sin 6 8J1w Xsc
— = — Y = Q. 14.42
cos 6 Ir r 90 (aw Xsc) J1w + At /led ( )

The solution of Eq. (14.42) is a complex problem, and one of the most serious
difficulties is the necessity for us to take into account the dependence of Jy, on the
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angle 0. Averaging of Jy,, over the directions (i.e., over 6 ) will lead to a solution for
the critical radius R.,. The method of averaging adopted here is called Eddington’s
approximation. Carrying through a procedure similar to the one used by Sobolev
(1963) it is possible to replace Eq. (14.42) with the following approximative equation:

d*(rJ)
dr? + SQ(XSC - a)(rJ) =0, (1443)
where
1 r )
J= 3 / J1,sin 6 do (14.44)
0

It is assumed that no radiation is incident on the medium from outside. Then Ji,,
(Rer,0) = 0 for /2 < 6 < 7, and the approximate boundary condition can be written
in the form

1 L
J(Re) =2H(R,),H = i/le sin 0 cos 0d6. (14.45)

us
2

Furthermore, it is necessary to impose on J the condition J — const as r — 0, which
corresponds to the requirement of finiteness of the solution at r» = 0.
The solution to Eq. (14.43) has, under the indicated boundary conditions, the form

const

J = sinbr, b = 3a(xse — @), 0 <7 < R, (14.46)

The condition (14.46) leads to the following relation between R, and b:
tg bRer = 20bRcr/ (200 — b*Rey) - (14.47)

This relation is essentially a threshold condition. In principle, all the solutions ¢, for
which a > iy (Rer) (where ayp, (Rer) is the threshold value) are possible. Physically,
however, it is clear that the solution possessing the least threshold value ayp,(Rer)
does not allow the other possible solutions (at least before the onset of saturation).
Fig. 14.5 shows a qualitative plot of the behavior of R, as a function of a at fixed
Xsc for the solution possessing the least threshold. In the limiting case when a < xsc
(the region I) the result coincides with the form of the solution (14.14) in the diffusion
approximation (Letokhov, 1967a).

Let us now estimate the critical dimension R, for the O I laser, using the estimates
for ap obtained in Chapter 12. The parameter ¢ in Eq. (14.29) equals 1 according to
(14.28), because Apy, /2T ~ 1 for pure radiative transversal phase relaxation and

% ~ 1 (Ny < N3,AN3; ~ N3). It means that Xégr) ~ a(w), i.e., the resonant

amplification and resonant scattering lengths are equal. According to results plotted
in Fig. 14.5 the critical radius Rer ~ 1/ ~ 1/xgc-
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Fig. 14.5 The dependence of the critical (threshold) radius Ry in units of the scattering

length 1/xsc on the ratio a/xsc. In region I the ratio a/xsc < 1 and Rerys ~ 7 (3Ot0/xsc)7l/2
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whereas in region II the ration a/xsc > 1 and Rerxs ™~ o/ Xsc-

It is a rather surprising situation, when the amplification length lamp = 1/a equals
the scattering length li. = 1/xsc, i.e. a single event of stimulated emission in the
amplifying transition corresponds to a single event of resonant scattering of a photon
on the atom in the upper state of the transition. Naturally, the critical radius R, is
of about the same order as lamp and lg. in such a case. This situation does not exist in
laboratory lasers, because 2I" > A, for all known lasers. Actually, the time of phase
relaxation (dephasing or decoherence) of the wave function of the quantum state of
the lasing particle in laboratory laser media, 1/2T, is much shorter than the radiative
decay time of the quantum state, A l. For example, the ratio A, /2T ~ 10°(!) for
Cr3* ion in a ruby laser. Thus, the resonant scattering is not observable in laboratory
lasers. Otherwise, it would be a huge hindrance for laser action. An astrophysical laser
(not maser!) medium is a diluted astrophysical plasma, in which the radiative decay
is a very fast relaxation (phase and population of quantum state) process, and the
resonant scattering should be an essential feature of a space laser.

Diffusion light confinement inside a volume with the critical radius R, can lead to
an independent action of many separated laser volumes in the saturation regime, i.e.
the forming of laser clusters for a large size of the amplifying volume (L > R.;). This
effect would be similar to a spatial-temporal non-stability of nonlinear (saturated)
active media having the characteristic time variation on the scale Ty, >~ Rer/c (a
few minutes). High spatial and temporal resolution observations of the OT 8446 A
line (see Chapter 12) can perhaps detect this effect in the lasing Weigelt blobs of
Eta Carinae.

The transition of an amplification regime to an oscillation regime for the case
when Is. ~ 1/« cannot be accompanied by a narrowing of the spectrum. The Doppler
rebroadening of resonantly scattered light on moving atomic particles will eliminate
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the spectral narrowing because of resonance amplification. However, the spectral
narrowing of the amplification length is still retained in the case of weak scatter-
ing (lsc > 1/a). Moreover, the narrowing effect can be very large (up to 10%) in
the case of nonresonant scattering on microparticles (dust) owing to multipass prop-
agation of light because of the absence of significant Doppler effect on scattering
microparticles.



15

Nonlinear optical effects
in astrophysical conditions

Studies of the possibility of nonlinear phenomena occuring in an astrophysical medium
have a long history. The Soviet physicist Sergei Vavilov mentioned this possibility
many years ago (before the laser era) in the case of the solar atmosphere with its
high intensity of light radiation (Vavilov, 1960). The isotropic optical properties of an
astrophysical plasma permit the existence of noncoherent nonlinear effects only when
they do not require phase-matching conditions of the light waves. There are a number
of such effects: absorption, excitation, and ionization in a two-photon process, and
Raman scattering. The linear Raman scattering effect (Fig. 15.1a) was discovered in
the nebula of a symbiotic star by Schmid (1989). This interesting phenomenon may
deserve a more detailed study for the understanding of unidentified stellar emission
lines. Two-photon absorption by vibrationally excited Ho molecules was considered by
Sorokin and Glownia (1995, 2000) as a possible explanation of the long-standing mys-
tery concerning the origin of the optically diffuse interstellar absorption bands (DIBs)
(Whittet, 1992). While intriguing, this suggestion overlooks several critical spectro-
scopic and astrophysical problems (Snow, 1995). Johansson and Letokhov (2001a, b, ¢)
considered the resonance-enhanced two-photon ionization (RETPI) of atoms and ions
in radiation-rich gas condensations. The presence of this effect was supported by the
observation of an anomalous and variable intensity of the Si III intercombination line
at 1892 A in the Weigelt blobs of Eta Carinae (1 car) (Johansson et al., 2006). We
will discuss this effect below in more details.

15.1 Photoionization processes in radiation-rich
astrophysical plasma

Photoionization processes have been known to play an important part in the physics of
planetary and gaseous nebulae (Aller, 1956, 1984; Pottasch, 1984; Osterbrock, 1989), as
they are responsible for the inflow of radiative energy from the central star (stars). The
short-wavelength radiation provides the photoionization absorption of hydrogen and
helium, whose atoms repeatedly take part in this process. The H and He ions recombine
with electrons, thus providing for the permanent conversion of the absorbed stellar
radiation into kinetic energy of the photo electrons produced, and radiative energy of
the recombination transitions, especially the high-intensity EUV lines in the Lyman
series of HI and Hell and the resonance lines of HeI. This line radiation suffers from
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Fig. 15.1 Possible subsequent “bound-free” photoionization transition via metastable 3
state.

resonance scattering due to diffusion trapping in optically dense nebulae, which results
in Doppler diffusive broadening of the spectral lines and an increase of their intensity
inside the nebula. Both these effects are important for the radiative cooling of the
nebula due to the escape of trapped photons through the wings of the spectral lines
(the Zanstra effect) (Zanstra, 1949), and the escape of optically thin fluorescence lines
of other elements produced in a Bowen mechanism (Bowen, 1935). The latter is caused
by an accidental wavelength coincidence between an H or He line and an absorption
line (1 — 2) of these elements (see Chapter 9).

The efficiency of the resonant excitation by the Bowen mechanism is especially
illustrated by two UV Fe II lines around 2508 A (Fig. 10.2) observed with the Hubble
Space Telescope in high spectral and spatial resolution of the Weigelt blobs in 1 Car
(Johansson et al., 1996). The abnormally high brightness of these lines is associated
with the Bowen excitation of FeII from the low-lying metastable state a*D; /2 (state
1 in Fig. 15.1) by H Ly« (Johansson and Hamann, 1993). To explain the high bright-
ness of these lines and the abnormal intensity ratios between them and their satellite
lines, Johansson and Letokhov (2001¢) considered the possibility of a subsequent pho-
toionization of Fell from the long-lived states C4F7/279/2 (state 3 in Fig. 15.1), in
which Fell gets accumulated as a result of the fast UV 2— 3 decay. It is impor-
tant to note that the rate of the photoionization process involving diluted radiation
from the central star is much slower than the photoionization rate associated with the
intense radiation from the trapped H Lyc line, whose wavelength at 1215 A is shorter
than the threshold wavelength required to photoionize Fell from the state c*F; /2
(A=1244 A). This statement is based on a high effective temperature of Ly« in the
Weigelt blobs due to effect of “spectral compression” of absorbed Lyman continuum
radiation (Section 10.2). The rate of the subsequent photoionization of state 3 of FeIl
is lower than or comparable with the rate of the stimulated transition (lasing) and
radiative cycling of excited FeIl ions (Section 11.4).
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Fig. 15.2 Various schemes of resonance-enhanced two-photon ionization (RETPI) by two
monochromatic spectral lines with various detuning Av of exciting spectral lines v1 : 1 <
Av in (a) and (b); dv1 > Av in (c¢) and (d), and a small binding energy of the excited state
in (b) and (d).

The slow recombination rate of the photoions produced in rarefied nebulae res-
ults in an accumulation at a comparatively low photoionization rate. Johansson and
Letokhov (2001a) have considered the possibility that ions (for example Sill, SiIIlI)
can be created by resonance-enhanced two-photon ionization (RETPI) in a low-density
(Ng < 10'° ecm™3) astrophysical plasma, in which the HLya line is supposed to
have a sufficiently high intensity. One example of such a plasma is gas condensations
(blobs) near a hot star, and the best-known case is the Weigelt blobs near n Car
(see Chapter 10). The photoionization-recombination cycle in these blobs leads to
the formation of intense HI, Hel, and Hell resonance lines with effective spectral
temperatures of the order of (10—20) - 10% K close to the photospheric temperature of
the star (Johansson and Letokhov, 2004b). This unique situation differs radically from
the conditions in a typical planetary nebula located orders of magnitude further from
the central star, where the main role in exciting and ionizing atoms is played by the
electron energy, while the photon density is negligible (Pottasch, 1984; Osterbrock,
1989). The first indications of the RETPI effect in an astrophysical plasma have been
found in spectra of the Weigelt blobs (Johansson et al., 2006).

Another example of a radiation-rich region is the environment of an active
galactic nucleus (AGN), although the origin of the high-intensity radiation in
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these objects has a different nature (Osterbrock, 1989; Robson, 1986). In the broad-line
regions of AGNs, the ionization parameter (the ratio of the density of the
ionizing photons and the density of free electrons) can reach 10~2—10~3. High-intensity
lines of H, He, and Hell arise during the photoionization conversion of the bright,
short-wavelength radiation of the AGN into recombination lines of these species. In
such radiation-rich regions, photoionization processes can play a more
dominant role than ionization by electron collisions (see, for example,
Filippenko, 1985).

A high intensity of VUV resonance lines, e.g. HI, Hel, and Hell, in radiation-
rich regions provides the possibility of a series of RETPI processes X — X — X
etc., which has also been considered by Johansson and Letokhov (2001c). In subse-
quent papers, this possibility was examined for the elements C, N, O (Johansson and
Letokhov, 2001b, d) and the rare gases Ne, Ar (Johansson and Letokhov, 2004b), with
the involvement of intense H Ly, 3,y as well as Hel and HeII lines. These results are
reviewed in the following Sections 15.2-15.4.

15.2 Rate of resonance-enhanced two-photon ionization
in bichromatic radiation

Let an isolated atomic particle XN (a neutral atom or an ion in a given ionization
state N) reside in an isotropic radiation field with a spectral intensity of P;(v) [in
photons/cm? - s Hz]. Also let the spectral width of the radiation field dv; exceed the
Doppler width Avp of the allowed transition 1 — 2, and the shift Av (hereafter called
“detuning”) of the central frequency vy of the radiation field from the allowed transi-
tion 19 exceed the spectral width §vq (Figs. 15.2a,b). In that case, the one-quantum
resonant excitation to level 2 is impossible because the energy defect hAv cannot be
transferred to a third partner in a rarefied nebular medium. But resonance scattering
of the radiation is possible here, and its probability is determined by the Lorentzian
wing of the natural (radiative) broadening v = As; of the transition 1 — 2, whose
amplitude is proportional to (5% )? (Weisskopf, 1933). The direct excitation of level
2 is only possible as a result of the two-quantum excitation of a virtual level with
an energy of 2hry and the subsequent spontaneous emission of a photon with a fre-
quency of h(2v1 — v12). According to Makarov (1983), the probability of this process
is proportional to (%WAV)“, and it is substantially lower than the resonance scattering
probability.

However, the atomic particle XN can virtually be in the excited state 2 with a
probability of Ws. It is not difficult to calculate Wy and express it in terms of the
Einstein coefficient As;. For simplicity we assume that the radiation field with the
amplitude F is linearly polarized and acts in a coherent fashion at the frequency 1
detuned by Av from the frequency v1s. Actually, the quantity W5 is independent of
the polarization of the radiation. In the case when the frequency detuning Av > dvq,
the oscillations of the wave function amplitudes are faster than the oscillations of the
field amplitude. Under such a condition the interaction of the radiation field with a
two-level quantum system can be treated in a coherent way. According to perturbation
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theory we have
1 dMM2) 2
== = 15.1
We 1%:(2h~2nAy) ’ (15.1)

where the summation is extended over all magnetic sub-levels of state 1, and Av is
expressed in Hz. The quantity d™1M2) is the dipole moment of the transition between
sublevels M; and Ms.

Next we want to express the sum of the squared dipole moments on the right-hand
side of formula (15.1) in terms of As;. We can use the well-known formula relating the
matrix element of the dipole moment operator for a pair of non-degenerate sublevels to
the rate 7511\41 M2) of spontaneous transitions between these sublevels (see, for example,

Sobel'man, 1979):

M M. 4w My M)\ 2
YoM = 37;; (dé1 : 2)) , (15.2)
where wo; = 2mr1. The total decay rate of any magnetic sublevel M is
Ao = Z’Y(MZMI (15.3)
M,

We use another well-known formula for the matrix elements of vectors (see, for exam-
ple, Landau and Lifshitz, 1958) and obtain

Z (dgéwQMl))Q = Li’gQAQl. (154)

4w

We express E? on the right-hand side of formula (15.1) in terms of the radiation
intensity I; (in photons/cm?-s) at the frequency w; = 2mvy:

8
E? = %‘hulll. (15.5)

Finally, by substituting formulae (15.4) and (15.5) into Eq. (15.1), we get

_ 1 @)\7%1 A21 |~ 1 @)\%11421
3213 g1 M1 (Av)? 3213 g1 (Av)?

Ilv (156)

where g7 is the statistical weight of the ith level, and the lower level 1 is the ground
state, and A1 = A2;. Note that there is no need here to account for the Doppler
broadening Avp of the transition 1 — 2. The shift Av in the transition frequency of
all atomic particles is much greater than Avp, and they are practically equally excited
to the virtual level, no matter what velocity they have.

The ionization energy of the atomic particle in the virtually excited state is (IP —
hvy), where IP is the ionization potential of XN. It is lower than either the photon
energy hvs of the same radiation field or the photon energy of a second intense field
with an average frequency vo, for which hvy > (IP — hiq). In that case, there exists
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a certain probability that the atomic particle will make a two-quantum transition
through the virtual level to the ionization continuum at a rate Wéi)(s’l) given by:

W = waw2 (15.7)

where Wéi) is the photoionization rate of the excited level 2 expressed in terms of
the overlapping integral of the spectral radiation intensity P»(v) and the spectral
dependence of the photoionization cross-section of the excited level, og;(v):

X
Wt = / o2i (V) P2 (v) dv. (15.8)
IP—hv

The radiation in the first-step excitation can also serve as a radiation in the second
step, provided that (IP — hrq) < hry. In the case of relatively monochromatic intense
trapped lines inside the nebula, the spectrum width drs is much smaller than the
spectral resonances for photoionization from the excited state (Fig. 15.2a), so that the
photoionization rate from this state can be written as

W3 & a21 (1) I, (15.9)

where I5 is the intensity of the narrow-band radiation at the frequency v, (in photons/
cm?-s). Based on these considerations, one obtains from formulae (15.6-15.9) an
expression for the rate of the resonance-enhanced two-photon ionization of an atomic
particle in a two-frequency isotropic radiation field (subject to the condition
(|Av > d14]):

@) _ A3, g2 Aan
Ph 327 g1 (Aw)?

021112, (15.10)

where Av is expressed in Hz. In the case of intense non-monochromatic photoionizing
radiation (for example, diluted, but spectrally wide, black-body radiation from the
central star as shown in Fig. 15.2b) it is necessary to use expression (15.8) for an
estimation of W2

The intensity of a spectral line I1 can be compared with the intensity of the black-
body radiation at the corresponding wavelength A, and can be described in terms of
the effective temperature Teg:

8w ov

POT) = 55 Gogirm 1

[photons/cm2 -8 (15.11)
where 0v is the spectral line width [in Hz]. According to estimations (Johansson and
Letokhov, 2004a) the effective temperature Tog of Ly« inside the radiation-rich Weigelt
blobs in 1 Car T,z ~ (10 — 20) - 10° K. For example, for HLya (A = 1215 A) at
Tog = 15-103 K and v ~ 25 cm™ !, the intensity P ~ 0.6-102° photons/cm?-s, which
corresponds to 102 W/cm? of CW (continuous wave) EUV radiation, a figure as yet
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unattainable in spite of the status of present day advanced laser technology. Such
high radiation intensity at a comparatively small occupation number of the photon
quantum state field mode,(n) ~ 5-107*, is explained by the large number of free space
field modes within the limits of a solid angle of 41 steradians and the large spectral
width dv.

In terms of the effective temperature Tog of the equivalent Planck radiation (15.11),
the RETPI rate (15.10) may be represented in the form

2 g2 (51/1(51/2 g92; hl/1 -t hl/g -1
Wy ==-2 A — ) -1 -1 .
" ng (Az/)2 A3 °! [exp <kTe1ff) } P kT

(15.12)

Since dv in the case of HLya and other, short-wavelength intense lines (HI, Hel,
Hell) is much greater than k¥7); and k7%, Eq. (15.12) may be represented in the
more simple form

29201015 09

(15.13)

Ay, exp ( hin hus )

kKT kT%

As an example, let us consider a sequence of ions having oo; ~ 107'7 cm? and Ay ~
10° s~1. For HLya (A1 = 1215 A) with a spectral width v ~ 30 cm~! and a detuning

of Av =~ 1000 cm ™!, the rate Wéi) reaches values of 1078107 s~! at a temperature

Tog ~ (13—15)-10% K. This value of Wp(i) is very small for laboratory laser experiments
(Letokhov, 1987), but it is quite substantial under nebular conditions, for which the
recombination rate Wy is very low. At Wéﬁ) > Wiee there will occur an accumulation
of photoions in the next higher ionization state.

To understand the efficiency of the RETPI process, let us compare its rate Wy,
with the rate of ionization by electrons. In both cases, there exists the exponential
factor exp (—), where E = h (v +v3) > IP, IP is the ionization potential, and
T is the corresponding radiation or electron temperature. Thus, the main difference
between collisional ionization by electrons and collisionless RETPI by photons lies in
the difference between the pre-exponential factor denoted by A, and Ay, respectively.
According to (15.13), in the case of RETPI

- 2 go 0v1 0V O
g (Av)® A3 .

ph (15.14)

and for the case considered above, Ay, &~ (1—10)s™!. In the case of electronic exc-
itation, the corresponding non-exponential factor is A, = (n.v.0.), where v, is the
velocity of electrons with the energy £ > IP,n, is the electron concentration, o, is
the electronic ionization cross-section. For ne ~ 10° cm™3, 4, = 1072-1073 <« Aph.
Therefore, the rate of formation of ions by RETPI is higher than that through collisions
with energetic electrons, and it is quite comparable with the recombination rate of the
photoions produced. For this reason, the concentration of photoions (for example,
X(N+1)) is much higher than that provided by collisions with the electrons having
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kinetic energy Eiyi, > IP, where IP is the ionization potential of XN. Accordingly, the
recombination emission lines of XN become brighter. In addition, the concentration of
the ions produced (for example, X (N +1)) becomes sufficient for a subsequent RETPI
and as a result of that the appearance of bright emission lines from X (N + 1).

In some cases the frequency detuning Av is only a few tens of a cm™!, i.e., it can
be smaller than the spectral line width 6v4 (Fig. 15.2¢). In such an exact acciden-
tal resonance, as is the case in the Bowen mechanism, the excited level is actually
populated. The maximum excitation probability W5 would be limited by the effective
temperature T of the exciting radiation, provided that the radiation is in equilibrium

with the resonant atoms:
th -1
Wy = -1 . 15.15
? [exp (kTelH) } (15.15)

In this case of exact resonance the biphotonic ionization rate increases and reaches,
according to (15.7) and (15.15), its maximum

—1
W (i) = o ) o [oxw (1) -1 (15.16)
eff

or

-1
(2) N 02i (1/2) hvy
th (1 — Z) = Sﬂ)\i%zéyg [exp <kTelff —1

hV2 -1

X {exp (kTeQH> 1} (15.17)
As will be demonstrated below, in some cases the photon energy in the photoionization
process might be very small (in the visible region) as shown in Figs 15.2b,d, and the
diluted black-body radiation of the central star can contribute to the rate of step-wise
photoionization. The rate of the RETPI process, which involves black-body radiation
in the second step, depends upon the condition of the nebula, and in particular upon
the distance from the central star.

Expression (15.10) for the probability of RETPI of an atomic particle per unit
time can be written in the form

w® = g1, (15.18)
where the coefficient 3 (in cm? - s) is
2 A
5 o Pz 91 Aa (15.19)

32m3 972 (AV)z 09; '

Expression (15.18) for Wl(f ) s presented for the case when the line width vy at
frequency vy satisfies the condition dv; <« Av and the photoionization cross-section
09; varies only slightly within the width of the line at v, as is shown in Fig. 15.2a.
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The cross-sections for two-photon absorption (in cm?) at the frequencies v; and v
are given by the expressions

o =81 (15.20)
and
ol =pAr. (15.21)

Accordingly, the coefficients for two-photon absorption per unit length are given by
the expressions

X§2) _ U§2)NO = 3@ L,N, (15.22)
and
Xg2) _ U§Q)N0 =B N, (15.23)

where Ny is the density of two-photon-absorbing particles (in cm~3). The numbers of
absorbed photons ni and ny per unit time per unit volume at frequencies vy and o
are the same, and are given by the expression

ny =ny = \\I1 =PI, = 8L 1LNy = WP N, (15.24)

For example, if the probability Wl(f ) ~1075-10"7 s~! and the density of two-photon-
absorbing particles is Ny ~ 10% ecm ™3, the coefficients for the two-photon absorption
are much smaller than 10720 cm~!.

15.3 RETPI of Sill in the Weigelt blobs of Eta Carinae

The RETPI process can compete with ionization by collisions between atoms (ions)
and free electrons in a radiation-rich astrophysical plasma, in which the radiation
energy density is comparable with or even higher than the energy density of free
electrons. Such an astrophysical plasma can, for example, be represented by a gas cloud
ejected from a hot star. The best-known case is the Weigelt blobs (WBs) near Eta
Carinae. The emission line spectra of the WBs have been resolved from the radiation
of the central star by means of the STIS two-dimensional spectrograph aboard the
Hubble Space Telescope (Gull et al., 2001). The STIS observations show that the WBs
emit a number of extremely bright spectral lines which need the unusual explanation,
for example, of the RETPI process.

Simple estimates show that the effective spectral temperature of Ly« inside the
blobs T ~ (10—15) - 10° K (Johansson and Letokhov, 2004a). This value is compa-
rable to or even higher than the electron temperature, which implies a sharp change
of the energy balance in the WBs in comparison with classical planetary nebulae. This
change is explained by the fact that the dilution factor of the radiation reaching the
blobs from the central star is compensated for by the effect of “spectral compression”.
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Thus, the Lyman-continuum radiation, which is absorbed in the photoionization of
hydrogen, is emitted in the relatively narrow lines H Lya, 3,~ as a result of radiative
recombination. The WBs may therefore be regarded as radiation-rich nebulosities to
distinguish them from thermal planetary nebulae (Aller, 1984).

The WBs represent naturally a suitable astrophysical plasma in which the RETPI
effect may occur. To verify this fact, one can, in principle, investigate the ionization
equilibrium among various elements in the blobs aiming at finding some indications of
the RETPI process. Such indications could be abundance depletion or enhancement of
some particular ion compared to predictions from an ionization equilibrium governed
by electronic ionization. Another possibility is to investigate spectral anomalies that
are apparent for some ions. This approach is especially valuable, since RETPI is a
purely radiative process depending on the intensity of the H Lya, 3,7 radiation. At
the same time, there is the well-known “spectral event” in 7 Car, a periodic attenuation
of the intensity of some lines occurring every 5.5 years and having a duration of about
three months (Damineli, 1996). For many of these lines it has been shown that their
intensities depend on H Lya, 3,~ radiation. Thus, data recorded during these three
months allow for a discrimination of the excitation mechanism of the spectral lines
in the WBs (Hartman et al., 2005). In general, the radiatively excited lines should
vanish during the spectral event, whereas the recombination lines should remain, as
the recombination time in the HI zone of the WBs exceeds three months.

Following this strategy of finding proofs of the existence of the RETPI effect,
Johansson et al. (2006) proposed an explanation of the spectral anomaly of the Si III]
intercombination line in spectra of the Weigelt blobs. The emission lines of various
elements in the WBs were summarized by Zethson (2001). In particular, he noted
that, in 1999, the Si II1] 3s? 1S-3s 3p 3P; intercombination line at 1892 A was the
third strongest emission feature in the satellite UV region of the observed spectrum
(only surpassed by the 2507 and 2509 A Fell fluorescence lines). However, there is no
sign of the Si III] line in the data recorded during the spectral event in 1998. This is
perhaps the most striking example of the influence that the spectral event imposes on
the WB spectrum.

The same effect was observed during the spectral event of 2003. Figures 15.3a and
b show the drop of the intensity of the Si ITI] A1892 line according to the HST/STIS
CCD-data of the Weigelt blobs taken during the event in June 2003, as part of the
HST Treasury Project of n Car. The slit of the spectrograph was centered on Weigelt
blob D, which is the main contributor to the observed line emission. For some position
angles of the slit, the adjacent blobs B and C are not fully excluded from the field
of view. Thus, B and C also contribute to the observed flux, but this contribution
does not change the general behavior of the curves in Figs 15.3a and 15.3b. The
rate of the intensity decrease for the Si III] line coincides approximately with that
of 12 Fell spectral lines excited by Ly« radiation (Hartman et al., 2005). This fact
suggests that the excitation of the Si IIT] A1892 line should also be associated with
Lya radiation.

The ionization potential of Si I is 8.12 eV, i.e. it is lower than the ionization
potential of HI. Therefore, ionization of Si I can be achieved by means of stellar
Planck radiation in the spectra range 912 A < X\ < 1527 A that penetrates inside the
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Fig. 15.3 Time variation of the intensity of the anomalous intercombination SilIlII] line at
1892 A observed in the Weigelt blobs of Eta Carinae during the spectral event 2003. Upper:
spectral profiles of the line; lower: the intensity change during a period of two years around
the event. The data are part of the HST Treasury Project of Eta Carinae.

WB. The RETPI of Si II to form Si IIT can occur as a result of two-photon absorption
of H Ly« radiation (Johansson and Letokhov, 2001a). But in that case, the excess of
energy provided by the two Ly« photons after ionizing Si II to Si III, 2hv(Lya)-IP
(Si IT), amounts to 4.06 eV. This is insufficient to populate the 3s3p>P; state of Si 11T
whose excitation energy is 6.553 eV. However, the RETPI of Si IT under the effect of
a combination of two different Lyman lines, Lya and Ly~y, provides for the excitation
of a state in the Si II continuum at an energy of ' = 6.608 eV. This is £ = 0.055 eV



218 Astrophysical lasers

Sill 16 A (0.055 V)

""" STI (5.553 ¢V)
Lyy
3s218, P
16.346 eV
(131.838 cm1)
Av,=2175 cm’! i—'" | LR |
Av,=2935em 14 Aol )
Lyy
972 A
(993 &)
Lya 1215A
(1360 A)
3p D

21)0

Fig. 15.4 Two possible pathways of resonance-enhanced two-photon ionization (RETPI) of
SilIl by H Ly and H Ly~ radiation providing excitation of the 1892 A Si I11] intercombination
line.

higher than the excitation energy of the triplet state. Based on this fact, two possible
pathways of the RETPI of Si II are illustrated in Fig. 15.4.

The coupling between the excited state in the Si II continuum and the 3s3p3P;
triplet state of Si III may prove quite enough for its excitation, followed by a rad-
iative transition to the ground state in Si III, i.e. emission of the Si III] A1892 in-
tercombination line. This is the only allowed radiative decay channel of the 3s3p 3P
state, and because of a relatively strong LS coupling the transition probability of this
LS-forbidden line is A = 1.67 - 10* s=! (Kwong et al., 1983).

Considering that the Ly« and Ly~ spectral H lines are generated in the HII zone
of the stellar wind as well, the energy difference in the excitation of the triplet state
is even smaller than E = 0.055 eV (= 16 A). With the terminal velocity vierm of the
stellar wind from n Car being as high as +625km/s (Hillier et al., 2001; Smith et al.,
2003) the two photons, Lya and Ly~, irradiating the WB from the opposite side,
reduce the difference to 10 A, which increases the coupling between the continuum
states of Si II and the triplet state of Si III.
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Energetically, the RETPI process proposed could also populate the J = 0 and
J = 2 levels of the 3s 3p 3P term, yielding an energy difference £ = 0.022eV
(=6 A) for the J = 2 level. However, the radiative decay of this level involves a
forbidden transition at 1882.7 A whose gA-value is six orders of magnitude smaller
than the value for the observed A1892 intercombination line. The forbidden A1882 line
is not observed, which could partly be due to collisional ion-electron coupling between
the J =2 and J =1 levels.

The rate Wy;(s™!) of the RETPI of Si II under the effect of the Lya + Ly~ two-
frequency radiation for each of the pathways, (a) and (b), of Fig. 15.4 is defined by
the expressions, which follow from (15.13):

Va0V, hv

a2 9% ga v hve
Wi, ~ — v’ . 2 A% exp (— kT§H> exp (— kT§H> (15.25)
and
2 Svubv, ob hv, hv.
b av y 27 Ab @ Y
Wh ~ — B’ . —)\% A3, exp ( k‘TC‘iH) exp < k‘T;jff) (15.26)

where dv, and dv., are the spectral widths of the Ly and Ly~ lines, Av, = 1800 cm ™!
and Av, = 2920 cm ™! are the frequency detunings of the Ly and Ly~ lines relative
to the 4d ?D3/5 and 3d ?D3/, intermediate quasi-resonant levels, respectively. Ao and
A, are the wavelengths of the Lya and Ly lines, 0%, and o5, the cross-sections for
photoionization from the 4d 2D and 3d 2D, A3, and A% the Einstein coefficients
for the 4d 2D — 3p 2P and 3d 2D — 3p 2P radiative transitions, and T¢¥ and Tf;ﬂ
are the effective (spectral) temperatures of the Ly« and Ly~ radiation, respectively.
In the scheme in Fig. 15.4 we have only included parameter values for the ground
state transitions, 3p 2Py, —4d ?D3/5 and 3p ?Py 5 — 3d 2Dy, but there are also
contributions from the 3/2 —5/2 and 3/2 — 3/2 fine structure transitions.

Let us make a very approximate estimate of the rates W¢, and W}, of the RETPI
of Si IT under the effect of the Lya and Ly~ radiation with the spectral widths dv, ~
dv, ~ 500 cm ™!, which corresponds to the widths of these lines in the HII region of the
stellar wind in the vicinity of the WB. Assuming approximately that Ap; ~ 109 s~!
and o9; ~ 107!® cm?, we obtain the following estimate:

hv, hv.
a b [e% —1
Wi, ~ Wy, >~ 0.2 - exp (_k eoé) exp <_k 53) [5 ] (15.27)

Figure 15.5 presents the relationship between the total rate of the RETPI process
involving the two pathways, Wi, = W& + WP, and the effective temperatures T<f
and T¢% in the range (10—20) - 10* K. The approximate estimate of the rate of the
RETPI of Si II accompanied by the excitation into its ionized continuum close to the
triplet state of Si III lies in the range 10721076571,

To use this estimate to get an explanation of the intensity observed for the Si IIT A
1892 line (Fig. 15.3) seems quite natural. However, such an estimate would be rather
approximate, since the volumes of the WBs and the stellar wind regions wherein this
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Fig. 15.5 Rate of RETPI (s™') of SilIl as a function of the effective (spectral) temperatures
of Lya and Ly~y.

intercombination line is generated by the RETPI process are unknown. The abundance
of Si in the WB is only approximately known, as is the degree of coupling between the
triplet state of Si IIT and the ionization continuum of Si II. Nevertheless, one can note
that, with the total volume of the WB and the surrounding stellar wind region being
V ~ 10%" cm?, the Si abundance Ng; = 5 - 107° Ny, with Ny ~ 10® cm ™3, and the
coupling constant of the order of unity, the Si II RETPI rate Wy; ~ 10~"—10"8 s~}
explains fairly well the observed intensity of the 1892 A Si III line, from the blobs
which is 7-107'2 erg-cm~2 s~ A~! (Gull et al., 2001).

Johansson et al. (2006) made the first attempt to use the rich observational data on
emission line spectra of the radiation-rich Weigelt blobs and searched for evidence for
resonance-enhanced two-photon ionization (RETPI) in an astrophysical object. This
object is special for this purpose for several reasons. First, the availability of spectral
data from HST/STIS with excellent spatial resolution (no overlap with the radiation
from the central star). Second, the effect of a periodical reduction of the ionizing
radiation from the central star during the “spectroscopic events” makes it possible
to distinguish between the radiative (collision-free) and recombination (collisional)
excitation mechanisms (Hartman et al., 2005). It is rather tempting to search for
other anomalies in the spectra of the Weigelt blobs to reveal possible contributions
from the RETPI process in the ionization of elements.

15.4 Successive RETPI schemes for some light elements

Analysis of the allowed quantum transitions in the carbon atom and subsequent carbon
ions, on the basis of the data published in Bashkin and Stoner (1975), points to the
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Fig. 15.6 Chain of the successive RETPI schemes for carbon: CI— CII (left), CII — CIII
(right). (For CIII — CIV and CIV — CV, see Fig. 15.7.)

possibility of RETPI with suitable pairs of intense trapped lines of HI, Hel, and He Il
in the EUV region extending from HLya (1215 A) to HelIlLyy (243 A). Out of a
large number of suitable pairs of lines, Johansson and Letokhov (2001d) included only
those which have close coincidences with allowed transitions in the carbon atom or
the carbon ions. We have not considered transitions characterized by either a large
frequency detuning Av or a low transition probability As; as the RETPI rate could
be low according to (15.10) and (15.13).

The RETPI schemes for carbon (Figs. 15.6, 15.7) provide a path to C V. However,
there is no suitable quasi-resonance for CV with any of the EUV spectral lines of
H and He, which means that this ion is the end ion in the successive RETPI chain
CI-CII—-CII—CIV—CYV. For each step in the chain, the relative frequency
detuning (Av/va1) does not exceed 1.5 - 1072, At an effective radiative temperature
of the spectral lines in the range (15-20)-10% K the total RETPI chain achieves a
relatively high rate of 1076—10"% s~!. In some steps, CI— CII for example, the
photoionization of the virtually excited state 2 can be carried out by radiation over a
very broad spectral region: Ao < 1.2um. This means that the rate ngl defined by Eq.
(15.8) can be high enough even for photoionization caused by the diluted black-body
radiation from the central star. However, this rate depends on the radiation dilution
factor, i.e., the distance from the central star.



222  Astrophysical lasers

(@ (b)
\
| ©
@ @ 584 A Hel
AE =6 eV A AE~324ev -
/ . AE=940 cm™!
f AE =0.54 eV P 5
P 64.49 eV 1
47.89 eV LyaHI Lyn>eHI
Lya He Il ‘1215/:\ 1
EN5Y- SR C ) i’ BN 2s4p 'P° @ P Av = 3200 cm
AV =7600 cm™! T\ 5
4p-P°
Lyp He Il
256 A Lya He ll
243 A
Lyy Hell
@ ==t =
t
AV =330 cm™!
LyyHI
972 A

(D_ 282 Is

Fig. 15.7 Chain of successive RETPI schemes for carbon: CIII — CIV (left) and CIV—CV
(right). (For CI and CII, see Fig. 15.6.)

O 7

Analogous to the carbon scheme, RETPI of nitrogen can lead to NV. Moreover, for
the RETPI cases NI — NII and NII— NIII, the detuning from the exact resonance
frequency is very small, 300400 cm~! and +£100 cm ™!, respectively. Therefore, one
can expect that the relative concentration of the NI and NI ions will be low because
of the significant shift of the photoionization balance toward multiply-ionized nitrogen
ions. As for carbon, the virtually excited states in the low ionization stages of nitrogen
are close enough to the ionization limit to be entirely photoionized by the black-body
radiation from the central star.

Similar RETPI schemes for oxygen can terminate with the O V photoion. Specific
features of oxygen are the existence of several very close resonances between O I and the
lines H Lyg, v, and §, and the close proximity of virtually excited oxygen states to the
ionization limit. Obviously the ionization balance OI— O1II should be substantially
shifted toward OII.

All the excitation and ionization steps for the RETPI process in carbon, nitrogen,
and oxygen are summarized in Table 15.1, which shows the chains for the atoms and
successive ions of these elements. The atoms and ions are exposed to pairs of spectral
lines with progressively increasing photon energies: HI+HI, HI+ Hel, HI+ Hell,
HeI+ Hel, and finally He IT + He II.



Table 15.1 Chains of subsequent schemes of RETPI for C, N, and O based on strong EUV lines of Hi, Hel and HII

Pairs of photoionizing spectral lines of HI, Hel and He Il

Element HI + HI HI + Hel HI + Hell Hel +Hell Hell + Hell
C CI—-CII(11.26eV) CI—CIII CII— CIV CIV—=CV
1215 A + 1215 A (24.38 V) (47.89 eV) (64.49 eV)
CII— CIII 1026 A +584 A 972 A + 303 A 243 A +584 A
1026 A + 972 A 537 A +1215 A 303 A + 1215 A
CIV—-CV
243 A + 919 A
N NI—NII (14.53eV) NII— NIII NIII— NIV NII — NIII NIV—-NV
972 A + 1215 A (29.60 eV) (47.45 eV) (29.60 eV) (77.47 V)
949 A + 1215 A 537 A + 1215 A 303 A + 1215 A 1085 A + 584 A 243 A + 303 A
0 OI—O0II O1I— OIII OTIl - OIV OIV—=0V
(13.62 eV) (35.12 V) (54.93 eV) (77.41 V)
1026 A + 1215 A 537 A + 1026 A 303 A 4584 A 237 A +303 A

(972 A) + 1215 A
(949 A) + 1215 A
(937 A) + 1215 A
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It seems reasonable that the proposed elementary process of photoionization by
the intrinsic EUV radiation trapped in radiation-rich gas condensations should be
taken into consideration when calculating the ionization balance of those elements,
whose observed spectral lines are essentially the only information available on the
processes occurring inside the blobs. Since the RETPI rate W;Ei) apparently can exceed
the collisional electron ionization rate W,, RETPI will enhance the corresponding
recombination lines, which are frequently interpreted in the framework of ionization
by electron collisions as being the result of an anomalous abundance effect.

From this standpoint, one can understand that the existing determinations of the
chemical abundance from spectral data frequently disagree. For example, an anoma-
lous ratio often observed for the abundances of CIV and CII can be explained by the
RETPI of CIII, carried out jointly by the H Ly~ line (972 A) and HeIl Lya at 303 A
or directly by HeIILyg at 256 A (Fig. 15.7).

Analysis of the permitted photon transitions for neutral Ne and Ar atoms and
their ions indicates the possibility of RETPI under the action of appropriate lines or
pairs of lines of HI, Hel, and Hell in transitions to the ground state in the EUV;
these lines usually have large optical depths, intensities, and line widths. Using the
Grotrian diagrams for neon and argon (Bashkin and Stoner, 1975) and original data
for Nell (Person, 1971), NelIIl (Person et al, 1991), NeIV (Kramida et al, 1999),
ArT and ArII (Norlén, 1973), ArIII (Hansen and Persson, 1987), and ArIV (Bredice
et al., 1995). Johansson and Letokhov (2004b) selected from among the large number of
quasi-resonant coincidences those having the closest resonances with some permitted
photon transitions for Ne and Ar atoms and their ions.

All these schemes are summarized in Tables 15.1 and 15.2, which present the chains
of successive RETPI processes active on the atoms and ions that have been studied
so far. In the processes considered the atoms (ions) interact with radiation of one or
two spectral lines with progressively increasing photon energies: HI + Hel, HI 4 HeII,
HeI+ Hell, and HeII 4+ HelIl. The resulting set of successive-RETPI schemes for Ar
strongly resembles that for Ne, although it includes other combinations of intense
EUV spectral lines. Johansson and Letokhov (2001a, b, d; 2004b) concluded that the
elementary RETPI processes considered should be taken into account in ionization-
balance calculations for specific spectral lines, especially for radiation-rich regions. One
would expect some non-monotonic appearance of certain ionization states owing to the
existence of favorable near coincidences between the frequencies of intense emission
lines and of absorption lines of the atoms and ions. The resulting non-monotonic
appearance of successive ions can lead to deviations from standard models if electron
temperatures are estimated without including the effects of RETPI. The same is true
for estimates of the abundances of elements based on emission lines, which arise via
recombination of ions whose formation rate is enhanced due to RETPI. In contrast to
electron-collisional ionization, the probability of the RETPI process displays a non-
monotonic dependence even on the effective temperature of the radiation, since W2(12 )
is sensitive to the offset Av, which has various values for various ions. RETPI is
only a purely collision-free photon process when it is initiated from the ground state.
However, in some of the schemes considered, RETPI is initiated from a low-lying
excited level with an energy less than a few eV. In this case, some links in the RETPI



Table 15.2 Chains of successive-RETPI schemes for Ne and Ar based on HI, Hel, and Hell lines in the EUV

Pairs of photoionizing HI, HeI, and Hell lines

Element HI + Hel HI + Hell Hel + Hell Hell + Hell
Ne Nel— Nell (21.56 eV) NelIl — Nelll (40.96 V)  Nelll—NelV (63.45 V) NelV—NeV
584 A + 1215 A 303 A +1215 A 256 A + 584 A (97.11 eV)
ArI— ArII (15.76 eV) Nelll — NelV (63.45 eV) 234 A + 303 A
584 A 237 A + 1025 A
ArIl— ArIII (27.63 eV)
930 A + 584 A
584 A +1215 A
522 A + 1215 A
515 A + 1215 A
Ar ArT— ArlII (15.76 eV) ArIIT — Ar1V (40.74 eV)

303 A
ArIV— ArV (59.81 eV)
1025 A 4256 A

584 A + 584 A

303 A

ArIV — ArV (59.81 eV)
522 A + 303 A

ArV — ArVI (75.92 eV)
522 A 4+ 237 A
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chain rely on collisions. However, it is unlikely that these links will become a bottle
neck for the chain, since the cross-sections for the electronic excitation of the low-
lying levels are much greater than the cross-sections for the electronic ionization of
the corresponding ions in the collision-dependent chain. Nonetheless, this remains a
subject for a specialized analysis of specific models for ionization balance in radiation-
rich astrophysical plasmas.
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Laser and interstellar
communications

The astrophysical laser is a natural quantum-electronic “device” of an extreme size.
Its location can be seen at the end of the size-active laser particle density diagram
shown in Fig. 16.1. In the centre of this diagram, the first laboratory masers and
lasers are located. At the upper end of the diagram, the astrophysical masers and
lasers are located. The scale of the diagram in Fig. 16.1 covers 20 orders of magnitude
(1) both in size and density. The astrophysical lasers discovered are based on optical
pumping, and they operate according to a scheme similar to the one suggested for the
first laboratory laser 50 years ago by A. Schawlow and C. Townes (1958). We believe
that laser amplification and stimulated emission of radiation is a fairly common and
widespread phenomenon, at least for gas condensations nearby bright stars.

However, the revelation of the laser effect in space is less evident in the optical
region of the spectrum than is the maser effect in the microwave region, where the
maser gives rise to strong radiation lines of an exceptionally high brightness tem-
perature (101°—10'° K). In the optical region, the laser effect raises the intensity of
weak forbidden lines up to the intensity of strong allowed lines providing that there
is a selective photoexcitation of the upper levels in the lasing transitions. This is
explained by the huge difference (~ 10°—~10'® times) between the spontaneous emis-
sion rates and the inverse population production mechanisms in the optical and
microwave wavelength regions.

The main difficulty in detecting the laser effect is the presence of intense sponta-
neous emission, which masks the effect of stimulated emission. Therefore, the obser-
vation of forbidden transitions is a most promising way of detecting the laser effect
in space. The intensity of the laser line should become comparable with the intensity
of lines that are due to allowed spontaneous emission of radiation and resulting from
the optical pumping (direct or indirect) of the upper level. This takes place only in
the volume of inverted population with a size L > 1/a, where « is the amplification
coefficient per unit length. In such a case, a spectral line, expected to be weak, must
appear as a spectral line of normal intensity, typical for an allowed transition. This is
exactly what we have found to be the case with several spectral lines of Fe Il pumped
indirectly by the intense H Lya radiation (1215 A) in a dense gas condensation (blob)
in the vicinity of the variable blue star Eta Carinae.

Observation of the narrowing of some spectral lines originating from the lasing
zone would be the best proof of the occurrence of astrophysical lasers. It can be done
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with a Brown-Twiss—Townes interferometer with a joint laser local heterodyne (diode
lasers) having a distance between two telescopes of several meters. Progress of very
large optical telescopes with laser heterodyne reception of photons will make this task
more realistic in the next decade.

The problem of observation of an astrophysical laser with required ultra-high
angular and spectral resolutions is very close to the problem of the optical SETI
(Search for Extraterrestrial Intelligence). This problem is a conceptual extension of
the SETT program in the microwave range into the optical range. The idea to use a
laser for interplanetary and interstellar communications (Schwartz and Townes, 1960)
was born immediately after the invention of the laser. It is quite natural because
an operating powerful laser emits a beam of exceptionally directed, coherent, intense
light, i.e. this beam is the “galactic” lighthouse. Actually, this laser lighthouse can
be detected (visible) on interstellar distances. Townes (1983) raised the question: at
those wavelengths should we search for signals from extraterrestrial intelligence? He
concluded that, apart from the microwave range, experiments at much shorter wave-
lengths are needed. The detection by photon counting in the optical range has more
advantages than the linear detection in the microwave range. There are other adv-
antages too (size of the telescopes, power of extraterrestrial transmitter etc.) (Betz,
1985). The possibility of the detection of signals at distances of about 100 light years
can be considered as a first step, and the detection at distances of 100-1000 light
years would be a second step in perspective. The first experiments have been per-
formed (Reines et al., 2002) and new ones will be performed in the future. Planned
experiments (Dravins et al., 2005; Dravins, 2007) with high temporal resolution and
heterodyne direction with spatially separated telescopes are especially important as
regards the detection of extraterrestrial laser light.
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The observation of a laser effect in the atmospheres of Mars and Venus (Chapter 8)
of the CO4 molecule at the wavelength 10 pm lead to the project of the planetary laser
for interstellar communications (Sherwood et al., 1992). We are witnesses of an initial
stage of the birth of a new astrolaser technology, and it is very difficult to foresee the
future results and consequences of this trend. It is acceptable now to present fantastic
ideas, including the possibility of a natural amplification of the travelling laser signal
in some sites of the interstellar medium, gravitational lensing of a laser signal with
corresponding enhancement of intensity due to focusing of the optical beam, and many
others new conceptions.
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Appendix A
Useful units

Fundamental and other constants

Speed of light in vacuum c 2.997 924 58-10% cm/s
Planck constant h = 2nh 6.626 068 9-10727 erg/s

h 1.054 571 6- 10727 erg/s
Electron charge e 1.602 176 487-10~1° C
Electron rest mass m 9.109 382-10~28 g
Proton mass mp 1.672 621-10724 g
Atomic mass unit a.u.m. 1.660 538-1072* g
Rydberg constant R 1.097 373 157 cm ™!
Stefan-Boltzmann constant o 5.674 400-107° erg/s-cm? - K*
Boltzmann constant k 1.380 650 4-10716 erg/K
Bohr radius ap 0.529 177-108 cm

Astronomical Constants

Mass of Sun My 1.989-10% g

Radius of Sun Rq 6.9598 - 10° cm

Luminosity of Sun Lo 3.82-10% erg/s

Effective temperature of Sun  Teg 5770 K

Astronomical unit AU. 1.495979-10"% cm

Parsec pc 3.0857-10'8 cm = 3.2616 Ly.
Light year Ly.  9.4607-10'7 cm = 0.3066 pc

Mass of Earth 5.98-10%" g
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Other Units

Length Fermi Fm
Angstrom A
micron pm

Time day d
year v

Angle  degree 1°
minute 1
second "
rad

1013 ¢cm
1078 cm
10~% cm

86400 s
3.156-107 s

7/180 = 1.74-1072 rad
1 =7 = 291-10~*
rad

1" = 4.85-15% rad
57.296°

Spectral and Energy units

lem™1=1.23968-10% eV

= 1.9857-10716 erg

lerg = 0.50360-10' cm~! = 6.2426-10'! eV

leV = 8065.541 cm~!

= 1.60217653 - 10~ 12 erg — 11604.50 K.
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111, 129, 146, 158, 175

electromagnetically induced transparency 8

n Carinae 1, 5, 6, 10, 35, 43, 46, 71, 73-75,
132-135, 137, 139-141, 143, 144, 149,
170-172, 184, 186, 187, 205, 207, 215,
217, 227

Fabry—Perot cavity 85, 92, 190

forbidden Febt lines vi

forbidden lines 39, 68—70, 118, 139, 147, 149,
151, 227

forbidden transitions vi, 8, 17, 37, 55, 111,
116

Gaussian profile 22, 26, 30, 31
Gaussian shape 122

H20O molecule 2, 118

Hamiltonian 16, 18

homogeneous broadening 25, 26, 80-82, 84,
198

homogeneous spectral width 81

homogeneous width 25, 26

Hubble Space Telescope (HST) 1, 6, 43, 67,
73, 74, 127, 132-134, 140, 144, 151, 156,
158, 160, 166, 167, 168, 170-173, 175,
189, 216, 217, 220

Inhomogeneous broadening 26, 81, 100, 198
ionization 5, 11, 38, 40, 41, 44-49, 53-58 etc.
potential(s) 51-54, 105, 151, 170, 211, 213,
214, 216
stages vi, 57, 68, 117
isotropic radiation 81-82, 84, 131, 182-185,
210, 212

Lamb shift vi

laser clusters 205

Lorentz contour 22, 24, 26, 30, 32

Lorentz homogeneous width 26

Lorentz wings 28, 34, 141

Lyman continuum 54, 63-66, 74, 118, 135,
139, 140-144, 146, 162-165, 170, 208, 216

Maxwell-Boltzmann distribution 54

Maxwellian distribution 25, 57

metastable states 39, 47, 51, 55, 69, 70, 116,
126 etc.

microparticles 206

Milne relation 54

multiplet numbers 36

Natural linewidth 93

OH maser(s) 4, 79, 118, 182, 183, 199, 201,
203
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OH radical 2, 115, 118

optical heterodyne interferometer 186

optical pumping 5, 106, 111, 142, 179, 227

oscillation 18, 81, 85-87, 89-93, 95, 102, 112,
190, 191, 205, 210

Photoexcitation 104, 105, 115, 124, 127, 132,
152, 154, 157, 160, 168, 169, 171, 180,
227

photoionization 51-55, 63-66, 68, 70, 71, 74,
75, 106 etc.

photoselective absorption 59

Planck distribution 13, 57, 58, 61, 130, 141,
180

Planck radiation 15, 45, 71, 103, 125-127,
144, 213, 216

Planck relation 14

Quantization 12, 17
quantum number 49

Radiative (natural) 22

radiative broadening 22-24, 34, 210

radiative equilibrium 102, 111, 118

radiative width 27, 135

Raman lines 9

Raman scattering 7, 9, 207

recoil effect 27, 128

recombination 4, 40, 51-55, 63-65, 67-69, 71,
72, 75, 104, 110, 118 etc.

relative strengths 37

resonance transition 34, 42, 44, 125, 132

resonant cavity 2, 84, 97, 113

RETPI (resonance enhanced two-photon
ionization) 5, 6, 43, 63, 207, 209, 210,
213-225

Ring Nebula 67

Saturation parameter 81

scattered radiation 27, 29, 33, 34

scattering area 31, 34, 35

scattering cross-section 27, 29-31, 135, 192,
197, 198

Shklovskii 4

Space Telescopes Imaging Spectrograph
(STIS) 1, 132-134, 140, 144, 153, 156,
158, 160, 170-173, 175, 189, 215, 216,
220

spectral line broadening 82

spin 36-38, 42, 44, 50

spontaneous decay 22, 23, 110, 120, 146

spontaneous emission 2, 13, 17, 20-22, 86,
87, 97, 98, 100-104, 107-114, 118, 120,
122, 123, 131, 159, 181, 184, 202, 203,
210, 227

spontaneous transitions 150, 152

stimulated emission 1-3, 5, 8, 10, 12-15,
18-20, 36—40, 84, 99

stimulated transitions 23, 79, 80, 89, 109, 113

Stromgren radius 64, 65, 68, 135, 162

Stromgren zones 68

Thermodynamical equilibrium 5, 12, 55,
57-59, 102, 103

thermonuclear fusion 1

threshold condition 195, 200, 204

threshold of oscillation 87, 90

triplet system(s) 37, 168

Weigelt blobs 73, 74, 76, 132-134, 137, 139,
141, 143-146, 156, 162, 165, 167,
170-172, 174-179, 184, 186, 189, 205 etc.





