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CHAPTER T. The Basic Concepts 	
/3

As is well known, thermodynamic equilibrium is an asymptotic

concept that is unattainable in a strict sense. In sufficiently'
M,

	

	
dense astrophysical objects (in stars, for example), local thermo-

dynamic equilibrium (L.T.E.) is probably achieved to a first approx-

imation. For this, at each,point of space the translational velo-

cities of the particles are described by a Maxwell distribution,

the populations of discrete energy levels by a Boltzmann distribu-

tion, and the ionization and dissociation by a Saha distribution,

all with a single value T of the temperature, but the temperature

changes from point to point and, furthermore, the radiation field

can differ from the equilibrium value by any amount. The indicated
equilibrium distributions can be established only for the condition

that a detailed balance of all the quantum transitions occurs. The
translational motion of the particles, which is "made Maxwellian"

most easily, performs the "leading part" in the establishment of LTE,

I

	

	 since the velocities of the chaotic motions of the particles are

usually determined by their mutual elastic collisions and not by

other processes. Under such conditions for thermalization (that is,
for bringing the gas into a state that is characteristic for LTE)

of the other degrees of freedom of the gas, it is sufficient that

these degrees of freedom be controlled by the collisions, that is,

that the transitions between the aar.-responding energy levels occur 	 /^{

significantly more frequently as the result of collisions than from

other causes.

The concentrations of parti",les in the interstellar gas .,clouds

are insufficient for collisional thermalization of the majority of

the energy levels of the molecules. Only the lowest levels, between

which radiative transitions occur more rarely than collisional trans-

itions even at the comparatively low densities, turn- out to be the
best cases )f thermalization. If some part of the levels is therm.al-

ized, then one calls such a state."partial LTE".

*Numoers in margin indicate foreign pagination,
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•	 In some cases transitions that are induced by the equilibrium

2.7 degree radiation of the universe (the primeval fireball back-

ground) can become the dominant processes in the replenishment and

emptying of certain levels.. The populations of such levels are also

thermalized; they are described by the Boltzmann equation with a

temperature T=2 °7 K.

Another situation, where the probabilities of transitions under

"the action of collisions and of the radiation field are comparable,

is attained considerably more frequently in the interstellar clouds.

Then the "competition" of the collisional and radiative processes

can lead to any distribution of the populations, since collisional

and radiative transitions are subject to different selection rules.

Just such extremely non-equilibrium situations will be the subject

of discussion in this article.

Let us introduce some concepts which are useful for the anal-

ysis of non-equilibrium processes in interstellar molecules.

It is convenient to characterize the ratio of the populations

of two arbitrary levels 1 and 2 (for definiteness let us assume

that Level 2 is the upper one) by means of the excitation temperature,

Where n l and n 2 are the populations of the levels (the number of 	 '/5

molecules in a given level per cm 3 divided by the statistical weight

of the level), AE is the energy difference between the levels, and

k is the Boltzmann constant.

In the general case the molecules are located in the environ-

ment of a Maxwellian gas with a kinetic temperature T K and in a
radiation field with a temperature- A ;,	 We shall call the ratio of

f;
`	 the populations of the two levels non-equilibrium if T eX¢TK , O ^ .

If there are a total of two levels in the system (m=2),, then Tex

always lies between TK and T,	
.. _...	 ^.0 ..... ,.	 ,.....
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One can be convinced of the correctness of this almost obvious state-

anent after solving a system of steady-state equations for the two
levels. And if m>2, that is, exchangerby the populations of these
two levels (we shall call them "signal" levels) with other levels
is possible, then a violation of Condition (2) is possible in

princip .e. Here one of the following situations is realized:

!% 0 t	
OX	 K	 ^

r

'	 21	 v	 `da ? .G' .r' , 	to

The transition from Level. 1 to Level 2 is called "anomalously

cooled" in Case 1 and "anomalously heated" in Case 2. In these
c	

two cases the excitation temperature goes out beyond the limits of

the interval bounded by the temperatures of the two "thermostats"

with which the molecules interact, retraining, however, positive.

But, as is evident from Equation (1), the excitation temperature

can also be negative (Case 3) if n 2 >n l . (Of course, this does not
contradict any physical principles; of course, Tex is not a physical
temperature, but is just a convenient parameter to describe the dis-

tribution of the molecules over the energy levels). Case 3 is called

the "population inversion" or the "inversion of the transition from /6

i
	 Level 1 to Level 2 11 . As Equation (1) shows upon the onset of the

inversion, TeX changes with , an abrupt jump from +^ to -- and, for
a further increase of the .relative population of the upper level, it
increases monotonically, approaching zero from the direction of

negative values.

The specific processes which lead to a non-equilibrium distri-

bution of the populations of the levels are called "pumping processes".
Case 3 is of special interest, since a population inversion is a

necessary and sufficient condition for the appearance of maser
amplification of the emission for a given transition.

The interstellar medium is a unique "laboratory" in which one

can find regions with the most diverse relations of the probabilities

3
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for collisional and radiative transitions. Therefore, both cases

of thermalization of the molecular transitions by collisions (or

by the 2.7-degree background) and also all three cases of the non-

equilibrium relation of the populations are observed here.

It is relevant here to turn our attention to the failure of

the terms "anti-inversion" and "anti-maser effect" with which one

often characterizes Case 1. Actually a break in the continuous

-change of Tex occurs upon the inversion of the ,populations; here a

qualitatively new effect, the maser amplification of the emission,

appears abruptly. For the anomalous cooling of the transition

(Case S'), there is nothing similar; here there are no singular

points in the change of TeX , Therefore, Case 2 (of the anomalous

heating transition) is an analogy to Case 1, but Case 3 is not.

Each of the two opposite cases, thermalization and non-equili-

brium state, is of interest from•the point of view of possibly

extracting astrophysical information from the observations. But the

second case is considerably more sensitive to model selection than 	 /7

is the first. If one is certain that a given transition is thermal-

ize d, then the excitation temperature of the transition derived from

the observations (for an optically thick cloud, the temperature simply

equals the brightness temperature at the center of the line) directly

determines the lI anetic temperature of the gas (or the temperature

of the equilibrium background radiation). Furthermore, in the case

of collisional thermalization, one can immediately estimate a lower

limit for the gas concentration from the condition that the populations

of the levels are controlled by collisions and not by radiative

transitions.

If a strongly non-equilibrium nature is indicated for the popu-

lation distribution, then a detailed analysis of the possible pump-

ing mechanism is necessary. In this case the physical conditions in

the cloud are determined indirectly by the selection of that pumping

model which describes the observed properties of the lines in the

best manner. But the strongly non-equilibrium cases are of interest
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from another point of view, too; they demonstrate the vast dI ver-

sity of the specific physical situations in Vhe interstellar clouds,

which lead to the attainment of powerful heat engines on a'aosmic"
scale.

The main observational manifestations of the extremely non-

equilibrium processes proceeding in interstellar and ciieumstellar

clouds are briefly examined in the fol+lowing chapter, and in Chapter

;II are the elements of the theory for these processes. One can

find more detailed information in the symposium [l], in the author's

survey [2] and in the monograph [3].

CHAPTER II. The Observations
	

/8
1

The fact that, in the rarefied interstellar clouds, the popula-

tions of the discrete energy levels are, as a rule, non-equilibrium,.

has been well-known for a long time. Furthermore, starting from the

general properties of the interstellar medium, some researchers pre-

dicted the possibility of such radical effects as population inversion

and maser amplification several years before the discovery of cosmic

masers (see, for example, [4], page 494). And, nevertheless, when

the molecular cosmic masers were actually discovered, the scales of

the directed energy transformation processes occurring in them sur-

passed all expectations.

The first maser sources for OH molecules were discovered in 1965

(see [51)•. Now the number of known sources exceeds 150. Radio lines
which arise in transitions between the sublevels of several low rota-

tional levels in the ground electronic and vibrational state are

observed in emission.

5

t
e



I

03

4

Figure 1

A diagram of the lower energy levels of OH is shown in Figure

1. Each rotational lbvel is split into two components as a result 	 /9

of the interaction of the orbital moment of the valence electron

with the rotational moment of the molecule's nuclear core (A is the

doubling). Each of the components of the A-doublet is, in turn,

split into two components of the superfine structure (the y result of

the interaction of the molecule's total angular momentum with the

proton's spin). All four transitions between the sublevels of the

ground rotational state that are permitted by the selection rules

are observed in maser emission (but not in one source simultaneously).

Besides, emission in the lines of higher rotational states, that is

evidently also of a maser nature, was observed in several sources.

Why do we think that the emission in the OH radio lines under-

goes maser amplification?

In the first place, because this radiation is characterized by

a strikingly high intensity. In the long-wavelength (Rayleigh-

Jeans) region of the spectrum, it is convenient to use the brightness

temperature -	

^z M

as a measure of intensity, where X is the wavelength, I is the inten-

6
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sity of the emission and k is the Boltzmann constant. The bright-

ness ,temperature of thermal emission cannot be greater than"the
kinetic temperature. In the case of just the OH emission lines,

the brightness temperatures reach ti10 1 3 O K, whereas the kinetic

temperatures of the emitting gas, ,fudging from the observed line

widths are T,,ti^.00°K. This already indicates that tre radio transJ.-
tions of OH are overheated to a very strong degree by some pumping

mechanism, that is, the emission is not thermal. But will one	 /10

possibly succeed in explaining such a high emission intensity without

resorting to the hypothesis of maser amplification, that is, by

remaining in the region of positive excitation temperatures?
w	 +

Two circumstances do not allow one to do this. First are the

observed small dimensions of the OH sources: the condensations

which emit separate Doppler details in the spectrum have diameters

from 1 1110 to 10 15 cm, and the distances between them are ti1016Cm.

This indicates that the size L of the emitting condensation along

the line of sight cannot be >1016 cm in order of magnitude. Second,

the allowable concentration of any particles in the region of

emission is limited by the observed line widths: for concentrations

n,>>10 13 cm-3 , collis onal broadening becomes larger than the observed

widths. Even more rigid limitations on the total concentration of

particles (n<10 9 to 10 10 cm-3 ) result from an analysis of the

possible pumping mechanisms (Chapter III).

With allowance for these two facts, we attempt to explain the

observed brightness temperatures without going.out beyond the limits

of positive excitation temperatures. After solving the usual equa-

tion of transfer for a one-dimensional medium and going over from
intensity to brightness temperature, we shall find that, at outflow

from the medium, the brightness temperature in the center of the

line is ti

x	 —
..



Where T is the optical thickness of the med t.um at the central fre-

quency of the line:

^- 41
s	 n

a is the absorption coefficient, A l2 is the Einstein coefficient /11

for the probability of a spontaneous transition, and db is the.

line width. We neglected the background radiation, since its

brightness temperature is insignificant in comparison with the

brightness temperature of the OH lines. Further, since TeX is very

great then, as is evident from Equation (5), T must be small. It

is easy to be convinced that T«1 for any reasonable values of the
q uantities which enter into Equation (5). This is an effect of

"clearing" of the medium that is connected with an increase of the

role of induced emission at large values of Tex . For 'r<<l, Eaua .-
tion (4) gives .TB r TeXT or taking Equation (5) into account,

z
.v	 f2 L1 .

(6)

Thus, at very large TeX values, the brightness temperature ceases

to depend on Tex .	 This one again is a result of "clearing" of the

medium.	 Actually; we shall obtain exactly the same expression for

T 	 as Equation (6) after simply summing in the necessary manner

..	 ,. all the events of the molecules' spontaneous emission (with allow-

<;. 'ante for the fact that for kT 	 >>AEthe populations n 	 and n12	 l	 2ex
are practically equal). 	 Substituting into Equation (6) values of

the parameters that are typical for OH sources (bti18 cm, Al2ti10-11

sec -1 , DE-1.1 . 10 -17erg, wti10 3Hz, TB tilo 13OK), we shall find

a' n1Lti1027 cm 	 and, allowing for the fact that L < 1O 16 em, we shall

i obtain n 1 >10 11 cm-3 .	 Since only a part of the OH molecules are

 found in Levels 1 and 2, the total concentration of these molecules

must be still higher.	 As far as the concentration of hydrogen

atoms (or molecules) is concerned, for a normal cosmic abundance

of oxygen [0]/[a]ti7.10-4, it will then be at least three orders
`.

of magnitude higher than the concentration of OH molecules, that

is, for certain, it will exceed the maximum allowable value of
°• nti10 ^ 3 cm

_ 3 .
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Thus, it is impossible to explain the pbserved intensities 	 /12

of the Oil Lines by only tho spontaneous emission of the molecules;
the conclusion that the emission in these lines undergoes signi-

ficant amplification inside the source appears to be inescapable.

It is necessary for amplification that the absorption coeffi-

cient become negative which, as is egident from Equation (5), can

be achieved only with a negative value for T eX (that is, by a popu-

lation inversion), since all the other quantities which determine

a are significantly positive.

	

•	 Although the very authors of the discovery of the OH emission

sources, astounded by the sharply non-equilibrium ratio of the

intensities of the superfine radio line compon6nts, decided that a

part of the lines is not emitted by OH but by some other material

(the famous "Mysterium"; see 15.10, many researchers very quickly

and obviously independently of each other suggested the concept of

maser amplification in a medium with an inverted population of the

levels to explain the features of the OH lanes which were observed.

Not only the enormous intensities of the OH emission but also other

unusual properties of this emission, in particular, the high degree

of polarization and its marked unsteadiness find a natural, explana-

tion in the framework of this concept. In some cases the emission

is 100; circularly polarized. As far as variability is concerned,

the line .intensities, the line profiles and,the parameters of polar,

ization are subject to it. The characteristic times of variability

are months or weeks.

Emission with similar properties at a frequency of 22.2 GHz,

which corresponds to a single radio transition of the H 2O molecule

(the 616- 5 23 rotational transition), was discovered in 19 68 in the

direction of many OH sources (see [61).

A diagram of the rotational energy levels of H 2O is shown in

Figure 2. H2O sources are characterized by still smaller dimen-	 /13

sio ns (some condensations have an observed diameter of ti1013cm),

9
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by hiCher brightness temperatures (lip to 10 0 5°K), by more pro-

nounced unsteadiness, but by a small:- Degree of polaranon and,
moreover, only linear polarization ic y observed.

The brightest of the OH and H 2O sources are closely asso-

ciated with well-known astrophysical objects; with strong ionized

hydrogen regions, with high luminosity cool stars that have strong

excesses of infrared radiation (the infrared stars), and also with

infrared sources which do not show up in the optical range. The

Of! and H 2O sources ghat are observed in the directio4 of HTI regions

gravitate towards the densest and most compact condensations of

ionized hydrogen which, from all signs, are young HII regions which

did not succeed in expanding and are surrounded by recently born

hot stars,

maser

loo'.

/ •̂' L̂ . ,., « h i. a.+ti. _ . .r wi. , ..Iw. w.. .a «.3.'nIV	 1.. 

i

Figure 2

The spectrum of a maser source that is associated with a

HIT (ionized hydrogen),region at first glance appears to be a

chaotic superposition of narrow lines (their equivalent Doppler

width is til km/sec) that are scattered over tens and sometimes

over hundreds of km/sec in radial velocity. Radio •interferometric /14

observations with very long baselines have allowed one to deter-

mine that, to each narrow detail in the spectrum there corresponds

a separate bright condensation on the sky with a diameter from

10
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O.L.x 	 to 10 1  cm. The condensations are grouped into nests with
typ^.aa.l d ..ans ns of ,,10 em which arr scattered on a general area
with a diamc; ts^r of ti10 17am. The intensity changes of the spectral
components are sometimes correlated in broad intervals of the
spectrum. On the other hand, intensity variations in opposite

phasos were noticed for details that are very close i n radial

velocity.

a one assur«es that each maser condensation associated with an

H11 radon radiates isotropically, then the radla.tion power of the

`r ,O condensations turns out to be within the limits from 10 30 to

1033 ergs/sec, and the radiation power of the condensations of OH

is from 1.0 27 to 1029 ergs/sec. One must emphasize that.the assump-

tion of isotropic radiation for individual condensations does not

affect the estimate of the total power for the source. after assum-

ing that each condensation radiates anisotropically into a solid

angle of ,Q sterradians, we must suppose that the observed condensa-

tions (whose radiation beams are randomly oriented in the direction

of the Ea:^th) amount to a S2A r part of the total number of conden-
sations, so that the total radiation power has the same equal effect

as for the assumption of isotropy for the individual radiators.

The indicated luminosities of the maser sources are comparable with

the luminosities of dwarf stars, but it is necessary to allow for

the fact that maser sources emit all their power in a narrow spec-

tral line. The number of resonance radio photons emitted by the

source appears to be enormous: from ti10 45 to ti10 49 photons/sec.

The spectra of sources that are associated with infrared stars

have a more regular structure. These sources emit most strongly in

the 1.612 Ariz line of OH (the	 _ 1	 2 transition in the state

2 7r3/2 , M	 3/2). Two groups of Doppler details that are separated

by an interval of 10 to 50 km/sec are observed in the 1612 Piz line.

The emission in the other OH lines and in the H 2O line is usually

situated within the interval. The interferometric observations

shoti,Ted that the maser condensations which correspond to individual

/15
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spectral details are included in an extenuive region with a typicaly 	 ^
diameter of '14 16 am which evidently appears to be a flattened gas	 t

and dust envelope around the infrared star.

The majority of infrared stars belong to the class of long-

period variables. It has been noticed that the OH and H2O maser

emission, as a rule, changes its itensity in phase with the changes

of thy: infrared flux from the star. However, individual.cases of

anticorrelation of the fluxes of the maser and infrared radiation

are observed (see 173)•

The luminosities of the maser sources associated with the

infrared stars are, on the average, less than those for sources asso-

ciated with HII regions and usually do not exceed tilO 115 photons/sec

both in the OH line and in the H2O line.

Compact sources of silicon monoxide (SiO) maser emission were

discovered very recentl y (see C8). These sources are unique in the
sense that they emit from excited vibrational molecular states,

Rotational transitions were observed both in the first,anu second

excited vibrational states, whose excitation energies are, in tem-

pevature units, ti18000K and ' 35 00 oK, The SiO sources are very

closely associated with the H 2O sources; particularly, a very close

coincidence of their radial velocities is observed. Observations of

emission from excited.vibrational states indicate general excitation

of the molecules in the SiO and H2O sources. All transitions that 11:6

have been observed in excited vibrational SiO states reveal signs

of maser amplification

The OH, H 2O, and SiO maser sources are a special group of

molecular sources. All of them are no doubt closely related with

individual stars or protostars. They have compactness of the

radiating condensations and a high power of the pumping mechanisms,

which act in a small volume.

Signs of maser amplification or of strong overheating of the

radio transitions are observed in the emission of a number of other

12



molecules (CH 3Ofl, CH, 
11C  

,X ), but, by all probability, these are
sources of an entirely different type; they are considerably more

extensive, they are not so clearly associated with starlike objects,

and they have significantly less pumping power.

The "anti-inversion" phenomenon (we shall use this.term which

we have,groSArn accustomed to for the sake of brevity, remembering,

however, what was said in connection with this in a previous dis-

course) is observed only in extensive interstellar clouds. Absorp-

tion in the radio line of the formaldehyde (H 2C0) molecule at a

wavelength of X6.2 em was discovered in 1969 in many directions in

the galaxy (see [91). This line, being formed for transitions

between the 1 11 and 110 rotational le^rels (see Figure 3) is almost

always observed in absorption, even in those cases where, in the

direction of the absorption, even in those cases where, in the

direction of the absorbing cloud, there is no known radio source

whatsoever with a continuous spectrum which could serve as a "hot"

background. In such a situation, only the universal cosmic back-

ground (the primeval fireball radiation), whose brightness tempera-

ture amounts to a total of only 2. 0 7 K, can-be absorbed. Since the
H 2C0 molecules absorb this radiation, the excitation temperature

0
of the 111-110 transition must be lower than 2. ,7 K.	 /17
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But the kinetic temperature in the interstellar clouds is, for

certain, higher than 3 0K (this has boon determined from observations
of the radio lines of other molecules); consequently, the indicated

transition of formaldehyde isj "a&U-invorted". The phenomenon of

"anti- inversion" is also observed in CH radio transitions in extended,
dense interstellar clouds and in the atmospheres of comets.

CHAPTER 111. The Theory

1. The Thermodynamics of Cosmic Masers and "anti-masers"

In the operation process of a cosmic maser or "anti-maser"..

cyclical energy transformations occur; therefore, one can consider
a maser or an "anti-maser" as some heat engine. A thermodynamic

analysis allows one to develop in a clear form the general laws
governing the operation of a cosmic heat engine and to formul_ a
some general requirements for any p umping model.

As was already said, anomalous_ cooling, anomalous heating,

or the inversion of some transitiona l- 2 are possible only in the
presence of an exchange by the populations with "external-" layers.

Here the sequence of the elementary processes which provide for non, /19

equilibrium populations can be fairly complex, but the directed

transfer of populations between the signal levels is always the

final result,. The fundamental diagrams for the operation of the

cosmic heat engines are depicted in Figure 4. Here the set of levels
that are external in relation to the signal transition 1-2 and
situated either higher than (the left-hand diagrams) or lower than

(the right-hand diagrams) the signal transition has been conditionally
denoted by the number 3. Transitions which do not occur in reality

are shown by thin arrows, and they only show the direction of the

resulting transfer of the populations. The diagram once more con-

vinces one of the fact that, in each pumping diagram, the presence

of both a source and of a discharge of energy, is °°•required:"` ""' "`'"""'

14
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Figure .4. Diagrams for the operation of cosmic heat
heat engines.

1,2 are the signal layers; 3 is a "generalized" external
layer.

As for every heat engine, the source must be hotter than the

discharge. If the source and discharge are not in equilibrium,

then their temperatures are understood to be a parameter which

characterizes the energy density near those energies which corres-

pond to the quantum transitions of the "working" molecules. As

usual, the higher the temperature of the sources Ts and the lower
the temp erature of the discharge Td , the higher is the efficiency
of the process

eff. < 1 - ( Td/Ts ).	 (7).

Furthermore, the quantum nature of the cycle for a cosmic heat

engine allows one to formulate some additional requirements of a

15
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general nature which the pumping mechanism must satisfy. For

example, if a radiation field is the energy discharge, then, as is,

evident from Figure 4, each maser photon emitted by the medium (or

each photon of cold radiation absorbed in the medium in the case of

"anti-inversion"" requires the "annihilation'") ( the exit from the
medium o:; a true absorption -^id.1,Mn the medium) of at least one dis-
charge photon. Similar cond 1, t.'.- ^:ned firm up the requirements pre
sented for each model of pumping.,

2. The models of pumping for cosmic masers and '*, anti-masers". /20

The mechanisms of pumping are usually classified according to

the source of energy. In this sense there are three types of Dump -
ing that are conceivable for molecules:

1) Radiative,

2) Collisional, and

3) -Chemical.

The primary excitation of the molecules is accomplished by
emission for radiative pumping, as the result of inelastic colli-

sions for collisional pumping, and as the result of chemical reactions

for chemical pumping One usually calls pumping "chemical" if the
non-equilibrium nature of the populations appears as a result of a

chemical reaction although, strictly speaking, in the case of

endothermic reactions, the source of the excitation energy for the

molecules is not chemical energy but the energy of the collision

which led to the reaction. One can also say the same thing about

photochemical reactions; one often calls the mechanisms of pumping

based on them "chemical", although, in the strict sense, according

to the source of energy, they are radiative.

In the majority of the models of pumping that have been sug-

gested, the non-equilibrium populations of the signal levels arise

as a result of the cascade transitions of molecules from levels

that are situated higher up, where the molecules end up as a result

of the primary excitation by the source of pum ping. During cascade

16
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transitions photons are emitted which provide for the discharge of

energy. For all such pumping mechanisms, there exists a limita-

tion on the total density of particles; this results from the

requirement that the collisions do not L nder the cascade transi-

tions of a molecule. If C, is the total concentration of the
i

exciting particles, •„ is the velocity of their motion with respect

to the working molecules, and T(-) is the cross-section of an

intramolecular transition under the effect of a collision, then

h,. " .. is the probability coefficient for a collisional transition

(sec
-1

) and the indicated re q uirements are written as:

AC	 (8)
or

I	 A	 (9)

where Ac is a typical value for the probability coefficient of one

element of a cascade transition, and a line over the terms indi-

cates averaging with respect to velocities.

For example, the cascade transitions over the rotational levels

that are often invoked in pumping models are characterized by a

spontaneous decay probability A cti0.1 to 1 sec -1 ; for collisions

with neutral atoms and molecules at temperature T Kt ,10 2 to 103oK

til0
_10 cm3

/sec, and for collisions with electrons

v C, .10 -7 cm3/sec. In this case, we find from Equation (9) that the

concentration. of neutral particles in the region of pumping cannot
exceed ti10 9 to 10 10 cm- 3 , and the concentration of electrons cannot

be greater than ti • 10 6 to 10 7 cm-3.

It is evident from the diagrams depicted in Figure 4 that all

the radiative mechanisms of pumping must satisfy the requirement:

for each "maser" photon, there is a minimum of one pumping photon.

This	 ;^ often turns out to be an insurmountable difficulty

for radiati ,_ i,: dels that are satisfactdry in other respects.

In its turn, each collisional mechanism must satisfy the con

I Y ',^	 17
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dition: for each "maser" photon, there is a`,minimum of one colli-

sional excitation, that is,

ni	 "	 (10)

	where 4 is the total number of "maser" photons emitted for the 	 /22

sources in a unit of time v1„, is the concentration of working mole•

cules, and V is the volume of the source. Condition (10) determines

the lower limit of the product of the concentration of exciting

particles and of working molecules:

IrVal ,, 	 ( ^ 1 )

Thus, the collision mechanism, as a rule, turns out to be

efficient only in a fairly narrow interval of concentrations that

is determined by the set- of Conditions (9) and (11).

in light of what was said above about the important role of

energy discharge, it appears to be expedient to classify pumping

mechanisms not only according to the type of source, but more fully,

according to the combination of the source and discharge. One can

then divide the pumping mechanisms that have been suggested up until

now into the following groups: collisional-radiative, radiative-

radiative, and radiative-collisional.

Let us examine several specific examples.

The mechanism suggested by the author in [10] and independently

by R. Hills (^_ee [1], pp 64-66) serves as an example of the colli=
sional-radiative mechanism of pumping for H2O maser sources. This

I

	

	
is its essence. For concentrations of hydrogen atoms (molecules)

which do not exceed ti10 9 cm-3 , the H 2O molecules which collide

with them go over into excited rotational states that are situated

higher than the working levels 5 23 and 6 163 but they return back

not as a result of collisions, but mainly by means of spontaneous

cascade transitions along the ladder of rotational levels. The basic

cause of the inversion which occux ys here for the 616-523 transition

eA
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is different in those positions which the 616 and 5 23 levels

occupy in the groups of levels with their own values of the rota-

tional quantum number	 that is, in the groups ^^ =6 and 	 5

respectively. Specifically, the 616 level is lower in its '- group*/23

whereas the 5^ 3 level occupies the middle postion in its `? -group.

The selection rules permit only one "strong" spontaneous transi-

tion from any Tavel Lower in its le -group: to the next lower level

of the neighbor:ng I -group. Thanks to this property, molecules

must be accumulated in the lower levels if, during collisions,

they are excited into fairly high levels and are deactivated by

means of cascade transitions. Actually, if a molecule fell into

any one of the lower levels at some stage of the cascade transition,

then, from then on, it will be lowered only along the lower levels,

that is, it is seemingly "captured" by the set of these levels.

In other words, there exists a directed transfer of the populations

into the set of the lower levels from the set of the remaining

levels ,'thanks to which the populations of the lower levels turn

out, on an average, to be higher than the populations of the levels

adjacent to them. In particular, the population of the 616 level

can exceed the population of the 5 23 level, that is, a transition

that is necessary for us will turn out to be inverted. This pump-

ing mechanism was investigated in detail in Ell] and [12]. Colli-

sions do not absolutely have to be the primary source of excitation

-of the molecules. It can, for example, be the chemical reaction

OH + H 2 + H 2O + H + 0.69 eV, which leads to' the formation of rota-

tionally excited H 2O molecules.

In order to provide the observed brightness temperatures for

a H 2O maser emission, the number of inverted molecules in the line

of sight in a column of unit cross--section (a quantity which one

can call the "projected density") must be no less than 10 16 cm 2

(see [21). The projected density of the molecules for each rota-

tional level in the vicinity of the signal levels will be of the

very same order of magnitude: n 2Lti10 16 mc 2 . Since the effective

cross-section for H 2 0 molecules•'.for the absorption of rotational
	 /24

photons k2\,10 -1 cm 2 , the maser condensations must be optically

thick in the rotational lines (T = n 2 Lk 2»1). Multiple scattering
2
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of the rotational photons handers their outflow from the medium.

Goldreich and Kwan [13] concluded on this basis that collisional
pumping of 1120 does not have an effective energy discharge and
cannot operate in the most powerful sources. One may not regard
this conclusion as final. First, for an elongated geometry of

the maser condensations, a fairly effective outflow of-the photons

is possible in directions with low optical thickness. Second,
if the dust in the region of pumping is colder than the gas (which
is very probable),. then it turns out to be an effective absorber

of infrared photons and, in principle, cannot only provide for

the necessary energy discharge, but can also shift the balance
n	 of the quantum transitions in the molecules in the direction of

increasing the inversion for the 616-523 transition 9see [14] and

1151). True, if the emission of the powerful maser condensations
is isotropic, then relative concentrations of dust that are two to

three orders of magnitude greater than in ordinary interstellar

clouds are required. (There is an error in the example shown
in [14]: one must increase the relative concentration of dust

particles to ti10 -10 . This error led the author to a false con-
clusion about the incorrectness of the expression for the rate of

annihilation of photons on dust that has been suggested in [i3].

As an example of the radiative-radiative mechanism, let us

.examine the mechanism of infrared pumping for OH sources that has

been suggested by I. S. Shklovskiy [16] and studied in more detail

by M. Litvak [17]. The resonance emission in the rotational or

vibrational-rotational OH lines from an external source is the

source of the primary excitation for the molecules here. However,

the immediate cause of the appearance of inversion for some trans-

itions or other between the sublevels of the 2 7x 3/2 ,	 = 3/2 .ground	 /25

state are the multiple scattering features- of• photons in'°°the •°rota- ,

tional lines which connect this state with the two nearest rota-

tional states 27r3/2, " = 5/2 and 27i1/2,
	 1/2. Each pair of

sublevels with the given parity (+,-) of the ground state is

connected by three permitted transitions with a pair of sublevels

of an excited state with the opposite polarity.. This is shown in

20



Figure 1 for the lower components of the A-doublets of the ground
state and of the 2 7r 1/20	 - 1/2 state andfor ` the upper components

2of the A-doublets of the ground state and of the rr 3/2 , ` = 5/2

state. Pumping is accomplished thanks to "coupled" lines which

have a common upper level. Because of a difference in the line

strengths the photons in the "coupled" lines are scattered differ-

ently in a cloud: in individual parts of "a cloud a relative accum-

ulation of photons in the strong line occurs and in other parts '

• the opposite occurs. The absorption of "excess" photons with sub-

sequent re-emission of "deficient" photons leads to an effective

transfer of populations between the superfine sublevels of the

ground state.

The nature of the population transfer depends significantly

on whether or not the superfine line components overlap, that is,

on the ratio of the line widths to the value of the superfine

splitting of the levels. If the lines do not overlap, the trans-

fer of'the populations is identical for the upper and lower pairs

of a A-doublet, since the strengths of the lines connecting these

pairs with the sublevels of the excited states are identical.

As a result an overpopulation of either the upper or lower super-

fine sublevel occurs that is identical for both components of

the A-doublet. It is easy to consider that pumping here operates 	 /26
only in relation to the satellite lines: either the 1612 MHz

-transition turns out to be "overheated" and the 1720 MHz transi-

tion is "supercooled", or vice versa, but the principal lines

remain unaffected.

If such a partial overlap of the superfine line components

occurs, then pumping effects are also possible for the principal

lines. The values of the superfine splitting differ fairly

strongly for different components of the A-doublets, and, there-
fore, the degree of overlap of lines can be greatly different for

transitions from the sublevels of the upper and lower components
of the A-doublet. In this case the transfer of populations

between the superfine sublevels can have an entirely different

nature for the upper and lower components of the A-doublet.

21.
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Such a situation, for example, is possible where, for the upper

component, the lower sublevel will turn out to be overpopulated,

and for, the lower component, the upper sublevel is overpopulated.

Then the principal line at 1 665 MHz will be amplified.

The radiation field in definite components of the rotational,

lines is the energy discharge for such infrared pumping. The

{	 question about the adequacy-of the discharge in this mechanism of

'pumping has not yet been investigated, It is possible that

definite difficulties will arise here. In this case the discharge

is significantly Local,: crudely speaking, it occurs for those

superfine components of a transition whose radiation field in this

source region turned out to be "colder" than the radiation field

of the other components because of the effects of multiple scatter-

ing that have been described above. The typical :dimensions of a

region in which the discharge favors inversion of a given transi-

tion in any case must be less than the typical distances between

individual emitting condensations with different radial velocities:

R<10 15 cm. The total number of photons in the discharge line leaving /27

the region of pumping cannot be greater than the number which a
1

region of great optical thickness with the same dimensions emits:

(12)

where TeX is the temperature of the ̂emission-in the discharge line

and 4 v-	 = au/ e is the relative Doppler width of the line. The

excitation temperature of the OH rotational transitions probably

does not exceed the kinetic temperature which, judging from the

widths of the OH maser Lines (with allowance for possible narrowing

because of exponential amplification .; see [21), must not be greater

than 500°K. Substituting such a value of T and the corresponding
ex

value 4 Y/y	 2.10-6 into Equation (12), we shall obtain L c<3 . 10 3

photons/sec.' At the same tinie, the maser luminosity of the indivi-

dual condensations in the most powerful. OH sources exceeds this

value by at least several times (assuming isotropic emission;
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pumping is hotter than the gas, which can, for example, occur

periodically in the vicinity of a cool variable star whose radia-
tion rapidly heats the dust particles but not the gas. The infrared
emission'of the heated dust, which induces transitions of the mole-

cules from the ground state into excited vibrational states, serves

as the source of pumping and collisions of the excited molecules

with particles of the cold gas, which lead to radiationless reverse

transitions into the ground vibrational state, are the discharge.
The authors did not investigate the total balance of transitions in
the H2O molecules which interact with the infrared radiation; they

only showed that the infrared emission of the dust

drains off molecules from the 5 23 level more'frequently than from

the 616 level. If one assumes that collisional deactivation from

an excited vibrational state refills these levels at approximately

the same rate, then the entire cycle must lead to an inversion of

the 616-523 transition. This scheme is satisfactory from a thermo-

dynamics point of view; there is both an energy source and discharge.

But the point is that, in reality, the process described will not

control the populations of the signal levels; during.the interaction

of the H2O molecules with the quasi-equilibrium infrared emission,

an effective exchange by the populations of each rotational level
with a large number of other levels is unavoidable, and not an

exchange with some one Level.; therefore, the cycle described "drowns"

..

see [1] throuh	 Anisotropy of the radiation (an elongated
geometry for the condensations, for which the maser emission

flows out from the "ends" and the discharge photons flow out
in lateral directions) can save the situation. Unlike colli-
sional-radiative pumping that has been described above, in this
case involcing cold dust as a discharge appears to be unpromising,
since dust will absorb both the discharge photons and also the
,source photons to approximately the same degree, which will simply
lead to a decrease of the pumping power.

Let us gust consider the example of the radiative- col,l.isional
mechanism of pumping for H 2O sources suggested by Goldreich and

Hwan [13]. The mechanism opeiates if the dust in the region of	 /28
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among a groat many others.	 Furthermore, calculatione show that
the total balance of transitiono in the H 2O molecules which .inter-
act with the quaai--equilibrium infrared emission has just cooling
of the 0 -528 transition as ita result and not heating of it
(see g113 and [181).

In the mechanism of Goldreich and Kwan, as also in all other
models of pumping that have been suggested until now, it is, 	 /29
'required that the total concentration of particles not exceed	 j

A-10 9 cm_
3 

(in this case this is connected not with the suppression 	 {

of cascade fluorescence, but with the unacceptably rapid equaliz-

ation of the dust and as temperatures for ,. , -.109 cm-3 ). However,
h

if one eliminates the unlikely assumptions of strong anisotropy
for the sources and of their physical dimensions being much larger

than the observed interferometric dimensions, then one succeeds in
reconciling the enormous emission intensities of the most powerful

sources with the indicated upper l.K.;t:t for the density only at the

prise of the assumption that the working molecules themselves

make up a significant fraction of all the particles in the zone
of amplification (see [19]). Although one may not consider this

assumption as absolutely unrealistic, of course it appears to be,

fairly artificial. It is more likely that the H2O and OH tolecules

are only a small admixture to the H2 molecules and are markedly less

in concentration than such stable molecules as, for example, CO.

But then, to provide the necessary numbers of working molecules,
one must assume that the total concentration of particles in the

zone of amplification is significantly greater than 10 9 cm-3 and

most likely is no less than 10 11 to 1012 cm-3 . At present the
author is investigating the possibility of cosmic maser pumping at

such high densities.

P

As a rule, the correct investigation of the pumping mechanism

is a laborious process (especially if one must allow for multiple
scattering of the photons). In this case, however, "the game is

worth the risk", because a more profound understanding is "being
gained" of the very distinctive physical processes which go on in

cosmic heat engines.
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