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A phenomenological theory of the spectroscopic properties of a gray substance is c~n-.
structed. The Einstein coefficients for absorption and for forced and spontaneous radiat~on
are determined. An expression is obtained for the energy level di~tribution function. ~t IS
shown that a gray substance possesses properties closely resembhng those of a classical .
electrodynamic system. A solution of the problem considered is essential for the explanatiOn
of the laws of absorption and emission of light by complex molecules.

1. From the point of view of the absorption and
emission of light, complex molecules such as the
molecules of dyes form an intermediate link between simple diatomic molecules and complex condensed systems, the radiation of which approximates
in character that of a black body. The spectra of
diatomic molecules are basically discrete and,
what is especially important, strictly individual.
The spectra of complex molecules also possess a
certain individuality: the positions of the absorption and fluorescence hands are different for the
various molecules. However, this individuality is
extremely limited, since the intensity distribution
in the long wave length absorption hands and in the
fluorescence hands is the same in many molecules.
Complex molecules also possess other important
special characteristics. In them the laws of mirror
symmetry of the absorption and emission hands are
followed, the positions and forms of the emission
hands are independent of the w~ve length of the
existing liight, and so forth 1 • 2 •
The absence of specificity in the spectra of
complex molecules is connected with the presence
in such molecules of a very large number of oscillational degrees of freedom and with the very
intimate interaction between them and the transfer
of oscillational energy within the molecule.
Neverthdess, there is conserved in them the
basic division of the energy into electronic and oscillational, and also the specificity of the discrete
electronic levels which is manifested in the existence of definite hands in the absorption and
emission spectra.
1 B. S. Neporent, J, Exper. Theoret. Phys. USSR 21,
172 (1951};, lzv. Akad. Nauk SSSR, Ser. Fiz. 15, 533
(1951)
2 B. S. Neporent and B. I. Stepanov, Usp. Fiz. Nauk
43, 380 (1951)

The class of compounds to he treated here is
different in principle, and consists of highly condensed systems, so-called gray bodies. In their
absorption and thermal emission spectra there i.s
no selectivity whatsoever; all wave lengths of mcident radiation are absorbed equally, and the
spectral composition of the radiation is just that
of the equilibrium radiation, differing from it only
in rate 3 • Fluorescence is absent in such bodies,
since absorbed energy is quickly transformed into
thennal energy. These features are connected with
the very strong interaction between the electrons
and the nucleus, as a consequence of which a
division of the energy of the system into electronic
and oscillational is completely inadmissible. We
may speak only of the total energy of the system
as a whole. In the present work we treat of the
spectroscopic characteristics of a gray body --- the
distriihution function for the energy levels and the
transition probabilities between them for absorption
and emission of light. The solution of this problem will make possible the determination of these
quantities in processes of emission and absorption
of light by complex molecules.
2 We first consider a condensed substance (not
necessarily gray) with a complex spectrum of allowed energy values and in thermal equilibrium. In
view of the strong interaction of the various elements, it is impossible to distinguish in it isolated
centers of absorption and emission --- it appears
uniform. The Einstein coefficients must he related
not to the atoms or molecules, hut to a certain
smalll volume v of the substance under investiga0
.
3
f
tion. Let there he n such volumes m 1 em · I
the density of radiant energy within the substance

----

3 Sh. Fabri, Obshchee Vvedenie v Fotometriiu ( General Introduction to Photometry), ONTI, 1934
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under investigation is equal to u ( v ), then the
number of quanta h v in the frequency interval
d v that are absorbed in one second in the
volume d 'T, with transitions from the levels E (in
the interval dE) to the levels E -t h v, is equal to

no(£, T)dEBahs (E, v)u(v)dvdt.
Here B a h s (E, v) is the Einstein coefficient of the
volume v 0 for the pair of levels E and E + h v, and
np ( E, T) dE is the number of volumes with energies in the interval from E to E + dE. The distribution function p(E) has the usual form

p(E, T)

= C (T)

g (E) e-EfkT,
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For large values of h vI k T the role of forced emission is insignificant, whereas for small values of
h vI k T it is very essential. During forced radiation the corresponding quantum is emitted in the
direction of propagation of the incident quantum. As
Frish 4 has emphasized, this circumstance allows
one to consider forced emission as a special kind
of "negative absorption". Experimentally, one
measures not the magnitude dE h but the magnitude
a 5

dE'ahs = dE ahs- dEforced
em

(6)
00

(1- ehvfkT) nu (v) hvdv dt ~ C

=

0

(1)

X (T) g (E) e-E/hTB,abs (E, v) dE.
where g(E) is the statistical weight and C( T) is
a normalized constant. The total number of quanta
absorbed during transitions from all levels E is
equal to

nu (v) dv dt ~ p(£, T) Bahs (E, v) dE.

The coefficient of proportionality a between the
quantity of absorbed energy and the quantity of
light energy u ( v) dv d 'Tin the volume d 'Tis called,
in accordance with the terminology of Frish, the
absorytion capacity. Thus

0

il

The corresponding energy absorbed is

( v,

T)

(2)

X hv

00

If the substance is being acted on by radiant
energy, then besides absorption there will always
be forced emission. The energy of the forced emission is equal to

d£'..!, 8
--- =

u (v)dv dT

n (1- e·-hv I kT)

(7)

00

dEahs. = nu(v) hvdvdt ~ p(E, T)Bahs (E, v)dE.
0

=

~

C (T)g(E)e-E I hTBabs(E, v)dE.

u

Analogously to Eqs. (2) and (5) we can write an
expression for the energy of spontaneous emission
per second

dE!~ont nh-1 dvdt ~ p (£ + hv, T) A (E, •1) dE

(8)

0

forced
d Eem
=nu (v) hvdvdt

\

~

p(E+ hv, T)

(3)

=w(v, T)dvdt.

0

X Bem(E, v)dE.
Here B (E, v) is the Einstein coefficient for
forced ;;ission for transitions from the level
E + hv to the level E (the magnitude E referring
ahvays to the lower level). Since

A = B

+

'IP

g (E)
g(E+hv) '

then
00

(E, v) = B ahs g(£) / g (E + hv), (4)
hv, T) = C (T) g (£ hv) e--(E+hv) I kT,

+

w(v, T)=nhv ~p(E+hv, T)A(E,v)dE
0

81thv 3

1

=a ('I, T) v• ehvfkT _

then Eq. (3) is equal to

-hv f kTdE ahs.
dEfor(:ed
em - e

81thvs
ahs

Bem

p (E

Here w( v, T) is the (spontaneous) emissive power
of the substance under investigation. Since

(5)

1·

4 S. E. Frish, Usp. Fiz. Nauk 43, 512 (1951); Vestn.
Leningrad State Univ. 8, 130 (1953)

(9)
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3. We now consider a gray substance. We shall
call a gray substance any substance whose absorption capacity is the same for all frequencies
and whose radiation power is proportional to the
radiation power of a black body*. From this it
follows that
a (v, T) = n (1 - e-hv/I<T)

(lO)

""

hv ~ C(T)g(E)e-EtkTBabs_(E, '~)dE=P,

nBahs (v)u(v)dv = pll

(v)t!::_

(16)

hv

the left side is the number of quanta absorbed per
unit volume per second. In the right member
u ( v) d v / h vis equal to the number of quanta of
the given frequency per unit volume. Hence for a
gray substance with h v » kT the number of quanta
absorbed is proportional to the total number of
quanta~-- the probability of absorption being equal
for quanta of any frequency. Since B
is inabs

0

where P is a certain constant. This equation,
together with the normalization condition
co

~ C(T)g(E)e~E/hTd£= 1
0

(11)

can serve for the determination of the unknown
function B
( E, v ). Making the substitution
abs

Babs

1 B' (E)
(£, v) = P-h
n v

( 1:2)

in Eq. (10), we obtain
00

(I-e-11vthT)~ C(T)g(E)e--E/hTB'(£)=1. (1 3 )
0

Equation (13) in conjunction with Eq. (11) has a
solution only for high frequencies (h v » kT). In
this case the factor ( 1 - e·h v/ k T) is equal to
unity. An exact calculation shows that the solution is perFectly well defined:

B'

=

1.

(14)

This same result may he obtained from simple
qualitative concepts. Actually it follows from Eq.
(12) that B' is independent of the temperature. If,
taking account of this fact, we attempt to solve
Eq. (13) in conjunction with Eq. (ll) by way of the
function B ' (E), then any function B ' (E) chosen
so as to satisfy Eq. (13) for one temperature will
not satisfy Eq. (13) for any other temperature.
Thus the solution of Eq. (10) for h v » kT has
the form

B ahs (v) =

pI nhv.

(15)

The dependence of B
on v has a simple sigabs
nificance. Actually in the equation

* In what follows we shall speak of a gray substance
rather than of gray bodies, since we are not interested in
the dimensions nor in conditions on their boundaries.

dependent of E, the probability of absorption of a
quanltum is also independent of the state of the
body (its energy) at the instant of its interaction
with the photon. Thus, for a gray substance, the
probability of absorption of a quantum depends
neither on the properties of the substance (E),
nor on the properties of the quantum. The conceptual llimit of the complete absence of selectivity in
the processes of interaction between light and
matter is realized in the gray substance.
4. The solution of Eq. (lO) has been obtained
for h v » kT. It is not applicable for h v ""'kT
nor for h v < kT. Moreover, it may he shown that
in general a solution of Eq. (lO) valid for all
temperatures does not exist. This means that Eq.
(lO) itself must he invalid, that is, that the absorption capacity a ( v, T) cannot be constant for
all ranges of frequency. If a( v, T) is constant for
h v );:> kT, then for h v < kT it depends in one
degree or another on v, and this in turn means that
a gray substance, in the sense in which we have
defined it, does not exist in nature. This last
asselltion is not contradicted by the known experimental facts. Actually the usual definition of a
gray substance is based on the study of absorption
capaeity in a wide range of wavelengths --- the
ultraviolet, visible and near infra-red regions. In
all these regions a is constant. Only by going
over into the region of the far infra-red and the
region of radio waves can we observe first a small,
and then a more notable, deviation from this law.
The deviation from the law a = const on going
over into the region h v""' kT is connected with
the appearance of forced emission, the energy of
which depends on the frequency and the temperature
even for gray substances. If we assume that the
coefficient B a b s retains the value of Eq. (15) even
for small v, then the absorption capacity of a
gray body with account being taken of forcetl ew.ission is equal to

a ('1, T)

= (1 _

e-hvfhT) P.

(17)
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In the limiting cases of very small v ( v-> 0) and
very high temperatures ( T _,. oo ), the absorption
capacity is negligibly small, and, consequently,
a gray substance, as, indeed, any other, loses its
ability to absorb incident radiation. The absorption that does occur is completely balanced by
forced emission.
S. Knowing the Einstein coefficient (15) characterizing the probability of absorption of incident
radiation, and using the general relation (4), we
can readily write the expression for the Einstein
coefficient for forced emission

Bern

= _!!____ g (E)
nhv g(E+hv) ·

(18)

Expressions (18) and (15) contradict each other; the
coefficient B
is independent of the energy of
abs

the initial level, while the coefficient B depends
em
on it. Selectivity is not among the properties of
absorption by a gray substance. At the same time,
according to Eq. (18), selectivity is a very characteristic property of forced emission. This contradiction may be eliminated only if we make a supplementary specification regarding the properties
of the function g (E) and require that the ratio
g (E)/ g ( E + h v) be independent of E. Differentiating the relation

g (E

+ hv) =

j(h-1) g-(E)

first with respect to E and then with respect to hv,
and comparing the results obtained, one can readily
show that the function g (E) must have the form

g(E) = Ae-"E.

(19)

There now arises the further question of the significance of the parameter cc. At first sight we
might suppose that it is arbitrary (positive) and
that different gray substances have different
values of cc. However, this supposition also
meets with a contradiction. Actually, according to
Eq. (16), the probability of absorption of a quantum
by a gray substance is independent of the frequency of the incident light. At the same time the
probability of forced emission of a quantum, which
is equal to
nBem ll (v) dv

u(v)dv/hv

(:{(E)

= p g(E+hv) =

Peahv,

(20)

will depend on v. Consequently, for cc =I= 0 the
well-known selectivity of the process of interaction between light and matter is still observed.
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This cannot he allowed for a gray body, and hence
cc = 0, g (E) = 1 for arbitrary E, and the distribution function has the form

p (E)=

Ce-E!hT.

(21)

6. The result obtained is, at first sight, somewhat paradoxical. In considering questions of
chemical kinetics it is customary to suppose that
in complex molecules the statistical weight g (E)
is equal to EL-l' where L is the number of oscillational degrees of freedom. The corresponding
distribution function then takes the ususal form
.0 (E) =CEL-Ie -E/kT .

(22)

In the application of this equation it is often forgotten that it is a rough approximation. Actually
the expression (22) can be obtained if we assume
that the energy of a molecule can be represented
as the sum of 2L quadratic terms, that is, if we
cmnpletely disregard the anharmonicity of the
potential function, W!ich includes also the interaction of the separate degrees of freedom. In
actual complex molecules, and even more so in
gray substances, these conditions are never
realized. We recall that a characteristic property of the objects we are here considering is a
strong interaction of the separate degrees of
freedom and an interchange of energy among them.
The degree of complexity of a molecule is characterized not only by the number of oscillational
degrees of freedom L, but also, and primarily, by
the magnitude of the interaction between them.
From our point of view, a gray substance represents
a case of extreme complexity. Hence a function
p(E) of the type of Eq. (22) is absolutely inapplicable. Calculations based on the optical properties of a gray substance (absence of selectivity)
show that the form of the distribution function is
given by Eq. (21), that is, that the simple distribution function
for a gray substance is very simple --- it coincides
with the distribution function for a classical
harmonic oscillator with one degree of freedom.
Consequently, in the presence of a very strong interaction between the separate degrees of freedom
the form of the distribution function ceases to
depend on their number. The whole object --- the
gray substance --- acts as a single system. In
such systems the entire energy of the whole
system cannot in principle be represented in the
form of a sum of energies localized in the separate
degrees of freedom. In the given case the statistical
weight, which for weakly interacting degrees of
freedom is determined by the number of possible
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means of distribution of the energy> is equal to
unity*.
We could also have arrived at just this result
in another manner. Let us suppose that, on solving
the probl!em in the zeroth approximation and
neglecting certain forms of interactions, we
determine that the energy levels are completely
degenerate. It is well-known that taking account
of interactions always leads to a removal of
degeneracy, to a splitting of levels. If this interaction is very great, then the degeneracy will always be removed, even in the case of a complex
spectrum of energy values.
7. The Einstein coefficients for a gray substance
are equal to
Bahs

(v) ==Bern (v) =

p
-h-,
rl

v

87tV2 p

A(v)=v3 n . (23)

From Eq. (23) it follows that the probability of
spontaneous radiation of a gray substance, A ,
em

depends only on the frequency and, further, that
the dependence itself is very simple (A "' v 2 ). An
analogous dependence does not exist in simple
quantum mechanical systems (A depends on the
properties of both of the combining levels of energy).
At the same time it occurs in classical electrodynamics even for the simple dipole. The oscillational energy of the dipole is proportional to
v 2 , the energy radiated per second by the dipole
is proportional to v 4 , and the ratio of the radiated
energy to the self energy is v 2 • An exact calculation shows (see, for example, reference 5)
that this ratio is equal to

The mag111itude of y determines the rate at which
the radiation intensity falls off, and corresponds
to the transition probability in quantum theory.

5 F. A. Korolev, Spectroscopy of High Resolving
Power, GITTL, 1953, Eq. (4)
* An analogous result is obtained in the quantum

mechanical treatment of the electrons of complex atoms.
The energy of the entire atom cannot be represented in
the form of a sum of energies of the separate electrons.
In just th:is way only the orbital moment of the entire
atom has a definite significance, whereas the orbital
moments of the separate electrons do not. If by introduction o:f an external field we eliminate the degeneracy connected with the various orientations of the
vector L :in space, then the statistical weights of all
the energy levels will equal unity.

Thus from the point of view of the laws of light
emission a gray substance is notably closer to a
classical object than to a quantum mechanical one.
The quantum properties of an object are washed
out in proportion to its complexity, to the increase
in its number of degrees of freedom and to the
growth of the interaction between them: a discrete spectrum of allowed energy values is converted into a continuous one, and the transition
probabilities between all levels spaced at equal
intervals from each other become equal.
It is evident that a gray substance cannot be
compared to a single classical dipole. A classical
dipole radiates only one frequency (within the
limits of the natural line width), whereas a gray
body radiates all frequencies. A gray body can
be compared only with an infinite assembly of
dipoles of all frequencies, that is a system of
charges moving according to some aperiodic laws.
In this last case a solution in a Fourier series will
contain all frequencies.
We note that the magnitude
nA {v) dv _
p
-

87tV2 d

v"

'I

(24)

has a very simple physical interpretation. The right
side coincides with the number of independent
nat1LJral oscillations of the equilibrium radiation in
the frequency interval d v and in unit volume.
The numerator of the left side represents the
number of quanta hv in the interval d v emitted
(spontaneously) by unit volume of the substance.
Thus the number of quanta emitted by a gray substance is proportional to the number of frequencies
which the equilibrium radiation must contain.
This again shows that the probabilities are
determined to a significant extent by purely classical considerations.

8. It must be emphasized that the definition of
a gray sub!;ltance is different in principle from the
definition of a black body. A body which absorbs
all the energy incident on it, that is, transmits none
and reflects none, is called a black body. A
body which is not black in small volumes (thicknesses) may become practically black in large
vol1llme. A black body need not necessarily be
made up of gray material. Different frequencies
may be absorbed differently. It is only necessary
that the thickness of the body be large and that
the energy of all frequencies be absorbed completely. Moreover, the definition of a bla~k body
is eonnected in principle with the properties of
the medium. A body which is black with respect
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to one medium may cease to be black in another
medium. In the former case both the body and the
medium must have the same index of refraction. A
change in the index of refraction of the medium
leads to the appearance of reflected waves. We
have defined the nature of a gray substance differently. Its properties are not connected with
the medium nor, moreover, with the dimensions of
a body, but are determined exclusively by the properties of its own structure, by the large interaction of atoms and molecules. At the same time a
black body may be very simple in composition but
very large in volume.
It must be kept in mind that the absorption
capacity (7) cannot be set equal to unity, although
this mistake has sometimes occurred in the literature. Actually the absorption capacity (7) is the
absorption oflight per unit volume per unit time and
consequently involves the dimension of time. The
emissive power w ( v, T) involves the dimension of
time in the same way, and only their ratio is
independent of time. It is impossible to define
the concept of a black body from Eq. (9).
9. The results obtained above for the laws of
absorption and emission of light by a gray substance should aid in the clarification of the
laws of absorption and emission of light by complex
molecules. From the point of view of the structure
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of the oscillational energy levels and the transitions between them, these objects are clearly
quite close to a gray substance. From the point of
view of the structure of the electronic energy
levels and the transitions between them, they are
near to simple molecules. They retain, at least
approximately. ,the division of the totl}l energy of
the system into electronic energy and energy of
nuclear motion. On analyzing the experimental
material, Neporent 1 • 2 came to the conclusion that
the probabilities of transitions between oscillational levels of higher and lower electronic
states are almost independent of the magnitude of
the oscillational energy in the initial state. In the
opinion of Neporent they depend only on the frequency. These experimental facts indicate that
many properties characteristic of a gray substance
are present also in complex molecules. Of course,
for the complete explanation of the spectroscopic
properties of complex molecules it is necessary to
take into account specifically the interactions of
the electronic and oscillational energies. This
question is open to further development.

Translated by Brother Simon Peter, F.S.C.
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