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INTRODUCTION

.HE problem of forbidden lines in atomic spectra
arose comparatively recently, 30 or 35 years ago.
P r io r to this t ime atomic spectroscopy had achieved
a relatively high level of development. Atomic spec-
t r a of all the elements known at that t ime had been
investigated in fairly great detail and both classical
and quantum theories of radiation had been formu-
lated, although the quantum theory was far from
complete.

According to the classical theory, the electr ic
dipole radiation was always produced simultaneously
with the multiple radiation of all o rde r s , although it
was considerably more intense than this multipole
radiation. This description was carr ied over com-
pletely into the quantum formulation. Hence, in
both the classical and quantum theories , only the
spontaneous electr ic dipole radiation was invest i-
gated at the beginning. It was only for this type of
radiation that transition probabilities were com-
puted and selection rules formulated. Transitions
which did not obey these rules were considered i m -
possible and were called forbidden. States from
which atomic optical transit ions to lower levels
a r e impossible were called metastable. It was
thought that atoms could remain in these states
for ra ther long periods of t ime and usually made
transi t ions to other s tates by means of collisions
of the first or second kind, by absorption of rad ia -
tion, or by virtue of various fields which disturb
the selection ru les .

A comparison of the theory of radiation with the
experimental data indicated a completely sa t is fac-
tory agreement. At the beginning of the 1920's
almost all the lines in atomic spectra produced in
the laboratory had been identified; that is to say,
these lines were found to be in agreement with
the Ritz combination rule , according to which lines
a re to be associated with differences between defi-
nite atomic energy levels. Among the lines which
had not been identified were certain lines which
were observed in the spectra of celestial bodies
— in planetary nebulae, the solar corona and the
Northern lights.

Since none of these lines could be associated
with elements which were then known it was b e -

lieved that they were produced by elements which
had not yet been identified. Because of the c i rcum-
stances under which these mysterious spectra l lines
were discovered, these elements were called r e -
spectively "nebulium," "coronium," and ' 'geocoro-
nium.'' In 1924, however, one of these lines was
produced under laboratory conditions. In a helium
discharge at a p res su re of 1 mm Hg which con-
tained a small admixture of oxygen (as an impur-
ity) a green emission line was observed which
was later identified as a line from geocoronium
(X5577.34A). In time it was found that there was
no place for these elements in the periodic table
and these mysterious lines became one of the more
interesting problems in spectroscopy. An explana-
tion was first given in 1928 by Bowen, who noted
that the lines from "nebulium" were actually for-
bidden lines for the atoms OII, Nil , and OIII,
while the lines in geocoronium were forbidden lines
for OI. The wave numbers for the lines in nebu-
lium and geocoronium coincided exactly with the
difference in the t e rms corresponding to low-lying
metastable states and ground states of these atoms.
It was more difficult to identify the lines in coron-
ium, but these too were found to be forbidden lines
for highly ionized atoms of well-known elements.

Immediately after the identification of the for-
bidden lines, a new question arose — were these
lines due to spontaneous or induced radiation?
The second alternative was rejected because the
density of the gas in the non- te r res t r ia l bodies
was obviously very small (for example in plane-
tary nebulae this density is of the order of 1000
atoms per cubic centimeter) and the existence
of a field strong enough to disturb the selection
rules was excluded. An argument in support of
this interpretation was the fact that the forbidden
lines in Oil were observed in interstel lar space,
where the gas density is less than 20 atoms per
cubic centimeter . Thus the forbidden lines for
OII, NII, and other elements were interpreted
as ar is ing from spontaneous radiation and were
not bound by the selection rule for electric dipole
radiation. In this connection it became necessary
to reformulate the quantum theory of radiation.
This was first done in 1928 by Rubinowicz, who
showed that the selection rules for multipole r a -
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diation a r e different from those for electr ic dipole
radiation and that these rules a re different for dif-
ferent order multipoles; thus the multipole rad ia -
tion could not always be expected when electr ic
dipole radiation was observed. It was found-that
the selection rule for second-order multipole r a -
diation* (taking account of the various types of
electron coupling) allowed for transit ions c o r r e -
sponding to spectral lines which formerly had been
assigned to nebulium, coronium and geocoronium.

When it was established that the majority of
forbidden lines were to be associated with spon-
taneous multipole radiation, and that as far as
"forbiddenness" was concerned these lines were
equivalent to electr ic dipole radiation, the notion
of forbiddenness was reconsidered. In 1936, Bowen
had already directed attention to the provisional
nature of the concept of forbidden lines and had,
as a convenience, divided all lines (whether or
not they obeyed the selection rules for electric
dipole radiation) into two groups: (1) those char -
acterized by high transition probabilities (10~3 —
109 s e c ' 1 ) , and (2) those characterized by small
transition probabilities (102 sec" 1 or l e s s ) . 1 A
more sophisticated definition of forbiddenness was
given by Mrozowski,2 who defined as forbidden all
lines which, for unexcited atoms, have a very small
transition probability as compared with the usual
transition probabilities for the given atoms; in this
formulation the transit ions being compared must
refer to levels with approximately the same quan-
tum numbers . The last provision is necessary in
order to exclude remote t e rms in a s e r i e s , since
these have small transition probabilities as com-
pared with the first lines in the s e r i e s . In.some
cases the notion of "very smal l" was interpreted
as 10~3 and in others 10~4. It is apparent that the
notion of forbidden lines i s well taken in the Mroz-
owski formulation but that it leads to a classif ica-
tion system which involves certain difficulties. Al -
though the old idea of forbidden lines is somewhat
inconvenient, and actually reflects a part icular
stage in the development of atomic spectroscopy,
we shall use it hereinafter (the old concept of
"forbiddenness" is the generally accepted one) .

Forbidden lines a r e observed in different r e -
gions of atomic, molecular, and nuclear spectra
and encompass the frequency range from gamma
rays to radio waves. A study of these lines leads
to a more fundamental understanding of the prop-
er t ies of mat ter in various s ta tes . Forbidden lines
a re especially important in astrophysics. The in-

tensity of these lines yields information on the den-
sity, temperature , chemical composition, and other
important propert ies of various non- te r res t r ia l
bodies. Forbidden lines a re also important in
nuclear spectroscopy. This importance s tems
from the fact that the forbidden lines in gamma
spectra a re generally more intense than the allowed
lines.

In the present review we shall consider the i m -
portant resul ts of theoretical and experimental r e -
search on forbidden lines in atomic spectra . Sec-
tions 1 and 2 a re devoted to the general features
and classification of spontaneous forbidden lines
while Sees. 3 and 4 deal with the forbidden rad ia-
tion of celestial bodies and lines which a r e induced
by various fields. In conclusion we consider briefly
the problem of obtaining forbidden lines in the lab-
oratory and present a brief survey of the important
unsolved problems pertaining to forbidden radiation
in atoms.

1. GENERAL CHARACTERISTICS OF SPONTANE-
OUS FORBIDDEN LINES

As has been indicated in the introduction, the
existence of intense forbidden lines in the spectra
of celestial bodies made it necessary to formulate
a quantum theory of multiple radiation. This theory
was formulated in the 1930's. At first electr ic quad-
rupole and magnetic dipole radiation were studied,
since these encompass almost all the multipole
lines encountered in atomic spectra. Somewhat
later an investigation was made of th i rd-order
multipoles and it was only relatively recently (in
the 1940's) , in connection with the rapid develop-
ment of nuclear spectroscopy, that a need arose
for the development of a theory for multipole r a -
diation of any order . The simplest derivation of
the formulas for the fields and for the probability
of multipole radiation of any order in the nonrela-
tivistic case is that due to BerestetskiY.3 Because
the present paper is concerned with atomic spec-
t r a , we deal chiefly with second-order multipole
radiation. Quantum theory gives the following
formulas for the radiation intensity of multipole
lines of this kind4 (for natural excitation):

(1.1)

o, b

/ m (A,B) = N(a)

*By second-order multipole radiation we mean electric
quadrupole and magnetic dipole radiation; third-order radiation
refers to electric octupole and magnetic quadrupole, etc.

(1.2)

a, b
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where A q and A m a re the probabilities for e lec -
t r i c quadrupole and magnetic dipole t ransi t ions, Q
is the atomic electr ic quadrupole moment, a tensor
with components

(Li + 2Si) is the magnetic dipoleM = - - - -
2moc

moment of the atom, Lj and Sj a re the orbital
moment and spin of the i-th electron; N ( a ) is
the number of atoms in the initial state a at a
given instant of time; b refers to the final s tate;
A and B a re the states associated with the upper
and lower energy levels between which the t r a n s i -
tion takes place; YJ indicates that the intensity

a,b
of the line (A, B) is equal to the sum of the in-
tensit ies of its components, v is the frequency.

Computing the matr ix elements in Eqs. (1.1)
and (1.2) we can establish the selection rules for
various atomic t ransi t ions. These ru les were first
established by Rubinowicz, Brinkman and Blaton5"7

who showed that these rules depend on the type of
radiation and on the nature of the electron coupling
in the atoms. For example, in the case of Russe l l -
Saunders coupling, i .e. , normal coupling, these
rules a re as follows:

Electr ic quadrupole radiation
feven t e rms —

A) A/ = 0, ± 1 , ± 2 ; J1 + J2>2; J even t e rms ,

Am = 0, ± 1, ± 2 ; odd t e r m s —
Lpdd t e rms

B) AL = 0, ± 1 , ± 2 ; A5 = 0.

Magnetic dipole radiation

{even t e rms —

even t e rms ,

odd t e rms —

odd t e rms
B) AL = 0, ±

where AJ is the change in the quantum number J,
the total angular momentum of the atom; Am is
the change in the magnetic quantum number (the
projection of the total moment on the z ax is ) ;
AL and AS a re the changes in the quantum num-
be r s for the orbital and spin moments of the atom
and An is the change in the principle quantum
number. The selection rule i s easily generalized
to the case of 2k-pole radiation where k is the
order of the multipole (k = 1 denotes dipole r a d i -

ation, k = 2 denotes quadrupole radiation, k = 3
denotes octupole radiation and so on):

2 k -pole electric radiation

A) A / = 0 , + 1 , ± 2 , . .

Jx A- J2 > k;

±k;

= 0, ± 1, ±2, ±k;

even t e rms —j
even t e rms , I for k

odd t e r m s - [ e v e n

odd t e r m s , J

even t e rms —"
odd t e r m s ,

odd t e rms —
even t e rms

for k
'odd

B) AL = 0, ± 1 , ± 2 ±k; ±S = 0;

-pole magnetic radiation

A) A/ = 0, + 1 , ± 2 , ± k;

B)

= 0, + 1 , ±2, ..., ±k;

AL = 0, ± 1, ± 2 , . . . ±k; A1S
I = O.

even t e rms —
even t e rms ,

odd t e r m s —
odd t e rms

even t e rms —
odd t e r m s ,

odd t e rms —
even te rms

[ f o r k
[ o d d

J

I for k
( e v e n

J

The selection rules given under B a r e satisfied
exactly only in the case of normal coupling. If there
is a departure from normal coupling these rules a re
violated to a greater or l esser extent. Thus, for
light atoms, which exhibit normal coupling (in p a r -
t icular , hel ium), the rule AS = 0, i .e. , the so-called
intercombination rule , is strictly observed ( t r ans i -
tions of the type l sn s 1L — l s n s 3L' a re str ict ly for-
bidden ); on the other hand, in the heavy elements
(in part icular , mercury) the rule AS = 0 does not
hold at all . This and the violation of the rule AL =
0, ± 1 , ± 2 , . . . , ± k a r e explained as follows. De-
par tures from normal coupling occur as a resul t of
the spin-orbit interaction in the atom; this in te rac-
tion is very small for the light elements but in-
c reases with atomic number. This interaction
changes the wave functions. If the change is small
the modified wave function for any t e rm is not very
different from the pure Russell-Saunders wave
function for the same t e rm. A calculation shows8

that in this case there should be a small but i nc reas -
ing (with atomic number) admixture of wave func-
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tions of the other Russell-Saunders t e rms of differ-
ent multiplicity and different L; however, all t e rms
(including the given t e r m ) a r e characterized by the
same value of J and a re of the same configuration.
Thus, a given state can have propert ies which apply
to states with different values of L and multiplicity;
for this reason it is possible to have weak t r a n s i -
tions which a r e not compatible with rule B. For
large spin-orbit interactions, i .e. , j - j coupling,
L and S a r e no longer good quantum numbers
and selection rule B loses i ts meaning completely.

The rule An = 0 is satisfied str ict ly only in
the nonrelativistic approximation. Thus, for ex-
ample, a calculation of the probability for the
l s 2 S 0 — 2s2Sj/2> transition in HI car r ied out
with relativist ic wave functions shows that it is
to be associated with magnetic dipole radiation
although the transition violates the rule An = 0.8

It is apparent that the majority of the selection
rules a re the same for magnetic dipole and e l ec -
t r i c quadrupole radiation. Hence it is only in c e r -
tain part icular cases that these two effects can be
distinguished by means of the selection ru les . Char-
acter is t ic rules a r e , for example, J t + J2 = 1 for
magnetic dipole radiation and AJ = ± 2 for e lectr ic
quadrupole radiation. The transit ions

7 = 0 ^ 7 = 1 and 7 ^ 7 + 2

refer respectively to pure magnetic dipole and pure
electr ic quadrupole transit ions if all the remaining
rules for these multipoles a re satisfied.

Having numerical values for the nonvanishing
matr ix elements ( a | Q J b ) and ( a | M | b ) , it is
possible to determine, as is apparent from Eqs.
(1.1) and (1.2), the probabilities for various atomic
transi t ions. A knowledge of the absolute or relat ive
probabilities for these transit ions is of considerable
help in investigating multipole l ines . In par t icular ,
from a knowledge of the relative probabilities of
the components of the multipole lines it is possible
to get some idea of the assignment to various mul -
t iplicit ies. A knowledge of these probabilities is
especially important in work on forbidden lines in
the spectra of non- te r res t r ia l bodies. A knowledge
of the absolute probability for transit ions and in-
tensit ies of the corresponding forbidden lines, de -
termined from observed data, can be used to find
the concentration of metastable atoms of various
elements. If the electron temperature and density
a re known, using the quantum theory of radiation
the astrophysicist can establish the density of
atoms in the ground state and, in the final analysis,
can determine the chemical composition of a non-
t e r r e s t r i a l body.10"13

A calculation of the probabilities for multipole

transit ions has been car r ied out by a number of
investigators; the most important work (aside
from that cited8) is that of Condon, Shortley,
Garstang and Pasternak.1 4"1 7 The transit ions
which have been investigated in greatest detail
(relative and absolute probabilities for the e lec -
t r i c quadrupole and magnetic dipole cases) a r e
those between levels characterized by the follow-
ing electron configurations p2 , p3 , p4 , d2, d3,
d4, and d5. The calculations for the p2 , p3 , and
p4 configurations have been car r ied out for the
most general case , i .e . , intermediate electronic
coupling.8 The resul ts of the calculations a re t ab-
ulated as functions of a parameter x>* which
var ies from the value zero , in the case of normal
coupling, to infinity, for j - j coupling. Rather good
est imates of this parameter a r e available for v a r i -
ous atoms.1 8 The electr ic quadrupole transition
probability (in contrast with that for magnetic d i -
pole t ransi t ions) contains the square of the radial
integral s q :

p)dr, (1.3)

which is of order unity (in an atomic system of
uni ts ) . As has been mentioned above, at small
deviations from normal coupling the wave functions
that correspond to definite t e rms in intermediate
coupling can be given as a linear combination of
the wave functions for Russell-Saunders t e rms of
the same J, for the same configuration. The c o -
efficients a re functions of the parameter x- For
example, in the p2 configuration

(1.4)

where the primed t e rms denote intermediate coup-
ling while the unprimed t e rms denote normal coup-
ling. The coefficients a and b are : 8

25 125 ,
8 6 4 * •

5 V / 2 25 ( 1 . 5 )

T h e s e l i n e a r c o m b i n a t i o n s m e a n t h a t c e r t a i n o f t h e

t r a n s i t i o n s t h a t a r e f o r b i d d e n i n t h e c a s e o f p u r e

n o r m a l c o u p l i n g a r e a l l o w e d i n i n t e r m e d i a t e c o u p -

l i n g . T y p i c a l e x a m p l e s a r e t h e m a g n e t i c d i p o l e

t r a n s i t i o n s b e t w e e n d i f f e r e n t t e r m s , t h e e l e c t r i c

q u a d r u p o l e t r a n s i t i o n s b e t w e e n t h e t e r m s y s t e m s

( 3 p £ _ ^ D j ) , a s i s a p p a r e n t f r o m E q s . ( 1 . 4 ) a n d

( 1 . 5 ) a n d s o o n . T h e p r o b a b i l i t i e s f o r t h e s e t r a n -

*X = =^- , where f and F a are the e n e r g i e s of the s p i n - o r b i t

and e l e c t r i c i n t e r a c t i o n s r e s p e c t i v e l y .
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sitions a re proportional to x2 and x4 and a re
considerably smal ler than the probabilities for
the corresponding multipole transit ions for normal
coupling (for example, x2 for OIII 2p2 is 10"4).
However, for wave lengths in the optical region
( \ 4 5 8 0 A ) , according to Shortley8

- l
sec

1 sec" 1
(1.6)
(1.7)

and a re considerably smal ler than the probability
for the corresponding electr ic dipole transition,
which is

= 2-10' sec"1 . (1.8)

The foregoing indicates how small the probabilities
for these forbidden transit ions a re as compared
with those for electr ic dipole t ransi t ions. The order
of magnitude of these probabilities ranges from
10~2 sec" 1 to 10~9 sec"1 , i .e. , they a re smal ler
than Ad by factors of 109 — 1016.* The same con-
siderations apply for the probabilities for h igher-
order multipole transit ions since the rat io of two
successive multipole electr ic or magnetic t r a n s i -
tions is (27ra/\)2 (a is the radius of the atom,
X is the wave length); for the optical region the
numerical value of this rat io is approximately
1O"6.5 This rat io increases considerably in the
x-ray region and exhibits a strong dependence on
atomic number: t

Because of the extremely small probabilities
for the forbidden transit ions as compared with
the allowed transi t ions, the forbidden lines a re
only weakly allowed. However there a re special
conditions under which both types of lines become
comparable in intensity; indeed, in come cases the
forbidden lines become stronger than the allowed
lines. In this connection if is of interest to con-
sider the dependence of line intensity on the con-
ditions of excitation. In general, the intensity of
any line is given by the expression1

(1.9)

•True, as the atomic number increases y also increases and
in heavy elements such as lead it becomes of order unity;2 none-
theless, the statement concerning the small probability of elec-
tric quadrupole and magnetic dipole transitions ( as compared
with electric dipole transitions) still applies, as can be seen
from Eqs. (1.6)-(1-8).

tit is apparent from what has been said above that there is
no contradiction between the "old" and "new" concepts of for-
bidden lines ( see introduction) for the overwhelming majority
of atomic spectra. It is only in the x-ray region that contradic-
tions arise.

where N' is the number of atoms excited to the
given state per unit t ime;* B is the probability of
energy loss by the atom in collisions of the first or
second kind (this depends strongly on the conditions
within the radiation source) ; C is the probability
for transition to a higher state by absorption of r a -
diation; Aj, A2, A3, . . . a re the probabilities for
radiation of various lines and Aj is the probability
for radiation of the line being considered.

The transition probability A^ between two states
is usually defined as the reciprocal of the mean
lifetime of the atom in the higher state if the t r a n -
sition being considered is the only transition avai l -
able (A{ should contain t e rms which depend on the
radiation density but these are almost always smal l ) .
The probability Aj can be given in the form of a
se r ies A^ = A ^ + Ajq + A j m + . . . the first t e rm
of which is the probability for the electr ic dipole
transition; the other t e r m s represent the probabil-
it ies for various multipole t ransi t ions. Even where
simultaneous electr ic dipole and multipole r ad ia -
tion is possible (where both a re spontaneous and
obey appropriate selection ru les ) it is impossible
to detect the multipole lines in pract ice . Hence,
great interest attaches to forbidden lines which
a r i se in transit ions from metastable levels. As
has been noted in the introduction, transit ions from
such levels to lower levels a re usually forbidden by
the selection rules for electric dipole radiation.
Since most of these rules a re derived on the basis
of approximations some are usually discarded
(usually two a re retained1 9) . In this case in the
denominator of Eq. (1.9) we a re generally left with
only B and C (all the Aj a r e of order 102 sec" 1

or smal l e r ) and this expression becomes

/ = (1.10)

where Aj^ is the probability for one of the mul t i -
pole t ransi t ions.

The quantity B depends on the number of col l i -
sions of the first and second kind which the me ta -
stable atom experiences with other atoms and e lec -
trons . According to the kinetic theory of gases , in
ai r under normal conditions an atom undergoes 1010

collisions (elast ic and inelastic) per second. At
lower p res su res the number of collisions is reduced
in proportion to the p r e s su re . At the lowest p r e s -
sure (approximately 10~3 mm Hg) for which it is
possible still to have radiation in discharge tubes
the number of collisions per second is reduced to
10*. In this case the probability of collisions of

N'
• , where N is taken from

Eqs. (1.1) and (1.2).
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the f irs t and second kind per unit t ime become
much smal ler than unity.

We shall consider collisions of the first and
second kind in somewhat grea ter detail because
these a re frequently used to obtain atoms in meta -
stable s ta tes .* It is of interest to note the follow-
ing features which pertain to these collisions.

Collisions of the first kind between atoms and
electrons occur more frequently at values of the
electron kinetic energy which a r e greater than the
excitation energy of the atom; on the other hand,
collisions of the second kind occur more frequently
at low electron velocities. The probability of a
collision of the first or second kind between one
atom and another atom or an ion is small if the
excitation energy and the velocity of the second
atom or ion is approximately the same as the
energy and velocity of the first atom. It b e -
comes significant, however, when the relative
velocities of the colliding par t ic les become com-
parable with the velocity which a free electron
acquires at the excitation potential and increases
as these velocities increase.2 0

The probability of a collision of the first or
second kind, for which the excitation energy of
one atom is transformed into energy of relat ive
motion of the colliding par t ic les , i s usually small
but may be significant in those cases in which one
of the colliding atoms has a small excitation energy
as compared with the other or when it can lose
(or gain) only a small part of this energy in the
collision (the lat ter situation obtains if the atom
has a close-lying excited s ta te ) . Examples of
this type a re transit ions in the argon atom from
the ground state 6 2 P t / 2 to the metastable state
6 2 P 3 A in collisions of the first kind with argon
atoms (in a discharge at constant tempera ture) , 2 1

and in transit ions of mercury atoms from the ex-
cited non-metastable state 6 3 P t to the metastable
state 6 3 P 0 in collisions of the second kind with
argon or nitrogen atoms.1 9 Collisions of the second
kind between two atoms a re very important when
one of the atoms excites the other by virtue of loss
of its own energy. Such collisions a re most p rob-
able in the case in which the excitation energies of
both atoms a re comparable. (A small difference
between these energies can be compensated by the
relat ive kinetic energy) . t For example, in col l i -
sions of mercury atoms, excited to the 6 3Pj level
with sodium atoms the latter a r e excited to s ta tes ,

•The problem of collisions between different particles has
been considered in great detail in a recently published mono-
graph by Massey and Burhop.79

tThese collisions are responsible for the resonance effect
in so-called sensitized fluorescence.

the energy of which a re approximately the same as
the energy of the 6 3 P t state.1 8 If there a re no
such levels the probability of collisions of this kind
falls off rapidly. Molecules a re especially effective
in these collisions since they have available a large
number of energy levels so that it is very likely that
there will be levels with energies close to the en-
ergy of the excited atom. It should also be noted
that in collisions of the second kind between two
atoms the spin plays an important ro le . In par t icu-
lar , the most probable collisions of the second kind
are those in which the total spin of the colliding
atoms is not changed.22

A quantitative investigation of collisions of the
first and second kind involves great experimental
difficulties and work in this field has been started
only in recent yea r s . Here we should mention the
work of the Soviet physicists Fr ish , Zapesochnyf,
Bogdanova et a l . 2 1 ' 2 3 " 2 7 * These papers a re con-
cerned chiefly with the ro le of collisions of the first
kind between atoms and electrons in the excitation
of allowed lines in electron beams and in g a s - d i s -
charge plasmas character ized by Maxwellian e l ec -
tron velocity distributions; in the first case an in-
vestigation has been made of the effect of cascade
transit ions on the population of the atomic levels.
A quantitative investigation of collisions of the s e c -
ond kind has also been car r ied out for collisions
between excited mercury atoms and sodium atoms;
these a re responsible for the sensitized f luores-
cence of sodium vapors . Other important problems
have also been treated.

Usually the probability B [cf. Eq. (1.10)] for
collisions of the first and second kind is large com-
pared to the radiation probability; hence lines co r -
responding to the optical transition from a meta -
stable state to a lower state a re essentially forbid-
den. To obtain forbidden lines in atoms of any e l e -
ment the quantity B must be made as small as
possible. This objective is usually achieved as
follows. Atoms of the element being investigated
(for example, OI) a r e excited to metastable states
in a mixture containing an inert gas or some other
gas, the atoms of which have high excitation ene r -
gies compared with the energies of the metastable
atoms (for example, the energy of the first meta -
stable state in OI is 5.3 ev while the energy of the
first excited state in the atom of the inert gas is of
the order of 10 — 20 ev) . Thus there a re no col l i -
sions of the second kind between the metastable
atoms of the gas being investigated and the atoms
in the mixture. The gas must be kept at a low p r e s -
sure (approximately 2 mm Hg) for the following

*A comprehensive bibliography is given in the review paper
by Frish.23
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reasons: at higher pressures there are collisions
of the ОI atoms with the oxygen molecules, and
at lower pressures there are collisions with the
walls of the container. The higher the degree of
ionization of the gas being investigated the more
difficult it is to use the method described above
because at increased ionization there is an increase
in the number of free electrons with small veloci-
ties; this situation results in an increase in the
number of collisions of the second kind.

We now consider briefly the problem of r e -
moval of an atom from a metastable state via
absorption of radiation. The probability of ab-
sorption of radiation will be denoted by С As is
well-known, this quantity is proportional to the
radiation intensity at the wave length at which the
atom in a stable or metastable state is capable of
absorption.

The fact that the quantity С is large is one of
the important factors which suppresses the pro-
duction of intense forbidden lines in the atmo-
spheres of many stars. For example, in the atmo-
sphere of the sun the radiation density is so strong
that the atom Ca II is removed from its ground
4s2 *S state by absorption of radiation 2 x Ю4

times per second.1 Nevertheless, there are highly
ionized atoms (belonging to the first long period
in the periodic table) for which С is rather
small and for which the conditions for excitation
of intense forbidden lines are satisfied. This situ-
ation is explained by the fact that the transition of
highly ionized atoms from a metastable or ground
state to the first non-metastable state occurs at
the limit of the ultraviolet, whereas the radiation
density of a relatively cold star such as the sun is

small in this region of the spectrum. As far as for-
bidden lines of weakly ionized and neutral atoms
are concerned, we may note these can achieve sig-
nificant intensities only when the radiation density
is small in the visible region of the spectrum.
This situation (and a reduction in the magnitude
of B) are satisfied only in certain non-terrestrial
bodies such as gaseous nebulae, young stars in r e -
cent stages-of development, certain old stars with
extensive atmospheres, and so on.

In investigating different orders of magnitude
of the sum В + С we may note certain features
which pertain to the intensities of forbidden lines.
Suppose that a given metastable state of the atom
gives some forbidden line. Then, the intensities
of these lines [as is apparent from Eq. (1.10)] will
be related as the probabilities of the corresponding
transitions. The situation is completely different
in the case in which the sum В + С is small so
that В + С « Aj + A2 + . . . + Ai . . . ; in this
case Eq. (1.9) assumes the form:

the case in which
( A i - A l k ) + we have

I = N'h». (1.12)

It follows from Eq. (1.12) that in the latter case the
intensity of the forbidden lines is determined only
by the density of metastable atoms; thus the ratio
of intensities of the individual lines depends to a
considerable degree on the statistical weights and
the excitation potentials of the metastable levels.

Of great importance in the study of multipole
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lines is the theory of the Zeeman effect, which was
developed in the 1930's.1 '5 '7 The resul ts of theore t -
ical investigations of the simple Zeeman effect a re
given in Table I. Here Am denotes the change in
the magnetic quantum number, a is the angle b e -
tween the direction of observation and the magnetic
field, 7T and <r denote the plane of polarization
paral le l and perpendicular to the magnetic field,
right c i r . denotes r ight -c i rcular polarization, left
c i r . denotes left-circular polarization. It should
be noted that the polarization propert ies of the in-
dividual Zeeman components remain the same in
the complex Zeeman effect although the components
for a given Am become multiple.

It is apparent from Table I that the longitudinal
effect is the same for all order of multipole r ad i -
ation; this is not t rue for the t ransverse effect. The
latter is different for each type of multipole r a d i -
ation so that it can be used to determine the ass ign-
ment of a line to one or another of the multipole
o rde r s . In this way the whole quadrupole se r ies
p 4 1 D - p 4 1 S , OI; s 2 S —d 2 D, Nal and KI was
determined, as were the magnetic dipole lines of
P b l , 3Pj — iS, A 4618 A.28"31

The theory of the Zeeman effect has been formu-
lated in fairly great quantitative detail. The p rob-
ability for each of the Zeeman transit ions A"J;m ,

J ,m
has been computed as a function of the quantum
number m. As in the case of electr ic dipole r a -
diation, these probabilities obey the two sum rules :

S AJ, rnA/', m'. (1.13)

where m' = m ± 1, m ± 2, m ± 3 (depending on
the order of the multipole) and

2 A J • Tfi ij VI jj, m' AJ
A/', m' — ATI Zj -nj'.m —AJI, (1 14\m' m' V-1-'*̂ /

where Ai, and A<J, a re the transition probabil i-
t ies in the absence of the field; these do not depend
on m and satisfy the well-known relation

(2J+1)AJ. = (2J' + l)Aj,. (1.15)

Different magnetic field cases have been con-
sidered: the weak field (anomalous Zeeman effect)
and the intermediate and strong field cases (simple
Zeeman effect). It has been found in the second
case that at some definite field strength the se l ec -
tion rules can be violated. Thus, for example, in
the case of quadrupole radiation we find the for-
bidden components with AJ = ±3 . 3 2

A theory has also been formulated for multipole
radiation of atoms in external fields character ized
by various kinds of symmetry. This theory has
been of importance in the study of spectra of the

r a r e - e a r t h ions in crysta ls and solutions. Both
the theory and its modifications have been consid-
ered in detail by El'yashevich in a monograph de -
voted to the spectra of r a r e - e a r t h elements.3 3 It
is shown in this monograph that multipole radiation
is present for any tr iply-charged r a r e - ea r th ion in
crystals which have electron configurations of the
type 4 fk where k var ies from 1 in Ce IV to
13 in Yb IV. In transit ions between individual
levels pertaining to this configuration, it is pos -
sible to have both magnetic dipole and electric
quadrupole lines and induced electr ic dipole l ines.
We shall direct our attention to the first two kinds.

Since the interaction of the ion with the field of
the crystal lattice is small , the selection rules for
electr ic quadrupole and magnetic dipole radiation
for the quantum numbers J and L remain approx-
imately the same as in the case of free atoms. The
situation with regard to the selection rule for the
quantum number m is somewhat different. These
rules a re satisfied rigorously only in cases in
which the atomic system possesses an axis of
cylindrical symmetry, i .e. , an isolated axis of in-
finite order . In crysta ls characterized by a ro ta -
tional axis of n-fold symmetry the selection rules
for the quantum number m do not actually lose
force but become a part icular case of more gen-
era l selection rules ; more precisely, they become
the selection rules for the so-called crys ta l lo-
graphic quantum number /x, i .e. ,

Ap-0, ± 1

for magnetic dipole radiation and

V - 0 , ± 1 , ± 2

(1.16)

(1.17)

for electr ic quadrupole radiation; the quantum num-
ber m is related to y. by the expression

m = fi-t- kn, (1.18)

where k is any whole number.33

Fur thermore , as a consequence of the existence
of isolated axes in the crystal the multipole r ad ia -
tion of r a r e - e a r t h ions must have definite polar i -
zation proper t ies ; these a re character is t ic of the
various multipoles and of the various axes of sym-
metry.3 3

An estimate has also been made of the probabil-
it ies for both magnetic and quadrupole transit ions
for r a r e - e a r t h ions in crystals ; this estimate is
made using Eqs. (1.1) and (1.2) and taking account
of the splitting of the ionic levels and the per turba-
tions of the ionic wave functions due to the lattice
fields. According to El'yashevich33 the maximum
theoretical values for these probabilities a r e
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, = 0.5 sec
sec

"1

"1 (1.19)
(1.20)

The directional propert ies of the radiation of
these ions in crystals has been investigated theo-
retically by Hellwege,34 '35 whose analysis is based
on the assumption that the multipole axes of the
ions a r e oriented in definite directions with r e -
spect to the crystal lattice. On this basis theo-
ret ical predictions a re made of the possible resul ts
of experimental investigations of the dependence of
intensity on radiation direction for the various mul-
tipole lines (taking account of splitting in the ionic
field of the c rys t a l s ) . Hellwege has also analyzed
in detail the possibility of establishing the fixed
direction for the electr ic and magnetic moments
of ions in crys ta ls , using the experimental data
for various crystal sys tems. He has shown that
this possibility exists if the following requirements
a re satisfied:

1. All the multipole moments of a given type
must be parallel to one crystallographic direction.

2. This direction must coincide with one of the
axes of the indicatrix.

It turns out that the f irs t of these conditions is
not satisfied in cubic crystals while the second is
not satisfied in tr icl inal c rys ta l s . The fact that
the different types of multipole radiation have dif-
ferent directional propert ies is also used as the
basis for the interference method of studying mul -
tipole radiation. The interference method was p r o -
posed by S. I. Vavilov.36 '37 Vavilov showed that the
nature of Fresnel interference for diverging in te r -
fering rays (distribution of intensity and polar iza-
tion ) depends strongly on the nature of the elemen-
tary radiator , that is to say, on whether the radiator
is an electr ic or magnetic dipole or an electr ic
quadrupole. For example, the dependence of the
visibility of the interference bands on the angle <p
between the interfering rays is different for dipole
and quadrupole electr ic radiation:37

T/ _ 1+COSCf

y _ l + COS C[>
sin'tp,

(1.21)

where V =
1 + i

I and i a re the maximum and
I - i

minimum intensities in the interference field. It
is also found that in the case of magnetic dipole
radiation there is a displacement of the interfer-
ence pattern (by one band) as compared with e lec-
t r i c dipole radiation.

The theoretical description given above has been
verified experimentally. Experimental data obtained
by Zaldel and Larionov, Hoogschagen, Sevchenko,

and others 38~47 in observations of narrow bands in
the spectra of triply charged ions of the lanthanides
in crysta ls and in solutions* indicate that the n a r -
row bands a r e actually due to forbidden transit ions
between levels in the f - she l l s . The resul ts of an
investigation of polarization and measurements of
probabilities for these transitions were found to
be in agreement with the theoretical predictions
and indicate that some of the transit ions a re mag-
netic while the others are due to induced electr ic
dipole radiation. It may be noted that in one of the
papers by Freed and Weissman,47 devoted to an in-
vestigation of the spectra of solutions of Eu IV
sal ts , the Vavilov interference method was used
successfully to examine the nature of the radiation.

In the early 1940's a theory was developed for
hyperfine s t ructure and for the Zeeman effect in
second-order , hyperfine multiple radiation. It
was established48 that the intensity rat ios for hy-
perfine components in magnetic dipole radiation
obeyed the rules derived in the usual theory for
hyperfine s tructure in electr ic dipole lines.49 How-
ever the relative intensities of the components of
the hyperfine s t ructure of electr ic quadrupole
lines were first obtained by Rubinowicz50 for the
intensities of the components of the fine s tructure
multiplets by substituting the quantum number F,
J and I ( F = J + I, where I is the nuclear spin)
for J, L and S. The selection rule for F r e -
mains the same as for J, i .e. ,

A^ = 0, + 1 , ± 2 , . . . , ±k; F1 + F2>k; (1.22)

AM = 0, ± 1, ± 2 , . . . ,
±k(M= -F, -F+l, ..., F-i, F) (1.23)

for 2 -̂ -pole radiation.
These theoretical analyses played an important

par t in determining the multipole assignments of
various forbidden l ines. For example: the electric
quadrupole assignment of the 5313-A line, the mag-
netic dipole assignment of the 4618-A line and the
mixed nature of the 7330-A line in the spectrum of
lead, and the quadrupole assignment of the 2815-A
line ( 2 D 5 / 2 - 2 S y 2 ) in Hgll.51"54 The theory of hy-
perfine s t ructure was also used for multipole lines
in Bi l , Sb and Asl.55>56

2. ATOMIC MULTIPOLE RADIATION

We now make a more detailed analysis of differ-
ent kinds of multipole radiation. We consider first
electr ic quadrupole radiation. We shall not dwell
here on the laws of this radiation, developed in the
preceding section, which was devoted to the general

*A comprehensive bibliography is given by El'yashevich.33
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propert ies of multipoles, but shall deal chiefly with
the multiplet s t ructure of quadrupole l ines. As is
well known, the intensity ratio for the components
of a quadrupole multiplet is equal to the ratio of
the corresponding transition probabili t ies. The
relat ive probabilities

— .
have been computed

for the case of Russell-Saunders coupling and t e rms
of the same multiplicity. These probabilities are
functions of the quantum numbers J, L, and S.
As an example we present two of the formulas from
Condon and Shortley:4

Q(,J-i)P(J-2)P(J-i)P(J) „
(7-1)7(27-1)

P(J + 2)Q(J)Q(J+\)r2 (2.2)

where

= - e | 2 xt | z'SL) (a"SL | Vi \ a'SL -

+ (aSL | x; | a'SL - 1) (a"SL -i\yi\ a'SL - 1)], (2.3)

I, (2.4)

the expression for G is s imilar to that for H
(cf. reference 4).

All the formulas for the probabilities have
twenty-five possible transit ions L —•• L' = L,
L ± l , L ± 2 and J — J ' = J, J ± l , J ± 2 . It is
easy to see that the formulas satisfy the selection
rule J t + J2 > 2. The probabilities for the A^ . J
transit ions obey the following sum rules : '

(2.5)

(2.6)

where Ah, and At< a r e independent of J; J ' = J ,
J ± l , ±2 ; g j = 2 J + 1 is the statist ical weight for
a sublevel with a given J. The rules given in (2.5)
and (2.6) a re similar to those in (1.13) and (1.15)
and the well known rules given by Ornshteln, Burger,
and Dorgelo for electric dipole radiation. In general,
Eqs . (2.1) — (2.5) do not apply for intercombination
transit ions and for multiplets induced by external
fields. Calculations show57 that in the latter cases
the departures from the relations in (2.1) — (2.5)
become less important as the multiplet splitting
is reduced and as the quantum number L increases .
Equations (2.1) — (2.5) have been verified exper i -
mentally for the quadrupole multiplets 2S — 2D in
alkaline metals5 8 and

MHs 6D - 3rf64i-2 6S, 3d?*F-3d*4s*S, Fell

in the spectrum of the s t a r 77-Carinae,59 although
the last multiplet has not been resolved completely.

We consider the f irs t multiplet in somewhat greater
detail. This multiplet, more precisely the quadru-
pole doublet 1 ^ a — 3 2D^/2y2* (A.4642.17A, KI;
\5165.35A, Rbl; X6894.7A, C s l ) , t was inves-
tigated by means of anomalous dispersion in
1929 by Prokof'ev.58 The Rozhdestvenskii "hook"
method was used in this work. Prokof'ev showed
that the intensity ratio for the components of the

9 j + i 9
doublet was ———- = — and also for the first t ime

verified experimentally the fact that the ra t io of the
probabilities for the quadrupole and corresponding
(i .e . , occupying approximately the same places in
the spectral s e r i e s ) electr ic dipole transit ions was
of the order of 10~6 as predicted by theory. For ex-
ample, in Rbl the calculated rat io for A ^ : A 2 P

where A2^ is the probability for electr ic dipole
transition for the first line of the resolved ser ies
1 2|3i/2 — 2 2pi/2,3/2 i s 2.9 x io~6 while the exper i -
mental value is 2.7 x io~6 .5 8 '5

Somewhat later Blaton60"62 developed a theory of
anomalous dispersion for electr ic quadrupole r ad i -
ation. One resul t of this theory showed that the
quantity N — 1 (N is the refractive index) in the
vicinity of a quadrupole absorption line is 4 t imes
la rger than in the vicinity of the dipole line with
the same transition probability and frequency.

Electr ic quadrupole lines a r e also found in x-ray
spectra . For example, the line K - M j y in the
spectra of elements with atomic number Z = 20 —50,
56 — 58, 7 3 - 7 9 , 82, 90 the line K - N i y > v in the
spectra of elements with Z = 39 — 50, 56^ 57,
73 — 74, 77 — 79, and the line LJJJ -Nyi^vi l i n t n e

spectra of elements with Z = 72 — 82, 90, 92 and
so on.63

Theoretical and experimental investigations5 '58

have also been made of the dependence of the in-
tensity of electr ic quadrupole lines formed in a
given spectral se r ies as a function of the quantum
number n. The behavior of these lines is com-
pletely different from the behavior of lines a s s o -
ciated with induced radiation, frequently even those
which obey the same selection ru les . Whereas the
intensity of the quadrupole lines falls off rapidly
with increasing n, the intensity of the induced
lines increases up to a certain value of n and
then falls off. These features of the behavior of
quadrupole and induced lines a re frequently used
experimentally as a means of distinguishing b e -
tween the two effects.

Of the remaining features of electr ic quadru-
pole radiation, we note the small width of quad-

•Numbers 1, 3, and 2 are introduced purely arbitrarily (for
listing the terms).

tHere we give the first lines of the doublets being considered.
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rupole lines as compared with dipole lines (a
consequence of the long life time of metastable
atoms At and the relation AE • At >: h/27r, where
where AE is the width of the level) and the d i r e c -
tional dependence of the radiation intensity. For
example a maximum radiation intensity is found at
an angle a = 45° ra ther than a = 90° ( a is the
angle between the radiation direction and the mul -
tipole axis) as is the case in dipole radiation.

We now consider magnetic dipole radiation. The
analyses of magnetic and electr ic dipole radiation
are very s imilar both in the classical and quantum
mechanical formulations. For example, the formu-
las for the intensities of the electr ic and magnetic
fields of a magnetic dipole a re obtained from the
corresponding formulas for electr ic dipole rad ia-
tion by making the substitutions E — H, H — - E,
and D — M, where D and M are the electr ic
and magnetic dipole moments respectively. The
formulas for the relative intensities of the com-
ponents of ordinary multiplets and hyperfine s t ruc -
ture multiplets a r e the same for both types of r a -
diation. There is also a similari ty between the
Zeeman effects. As is apparent from Table I, the
data on polarization propert ies of magnetic dipole
lines a re obtained from the corresponding data for
electr ic dipole lines by interchanging -K and a.

An important distinguishing feature of magnetic
dipole radiation is the fact that its production is
intimately related with the existence of spin in the
electron and the fact that the electron has different
gyromagnetic rat ios for the orbital and inherent
magnetic moments. If there were no spin, or if
the gyromagnetic rat ios were the same, the mag-
netic moment of the atom would be proportional
to the total angular momentum and would become
an integral of the equations of motion. Its compo-
nents would be expressed by diagonal matr ices in
the quantum theory formulation and would vanish
for t ransi t ions.

All magnetic dipole lines can be divided into
three groups:

(1) "Pure l ines," i .e. , lines that obey the se lec -
tion rule for Russell-Saunders coupling (with the
necessary exclusion of the rule Jj + J2 = 1) since
it is only in this case that they cannot also be in an
electr ic quadrupole radiation state ,

(2) inter combination lines, and
(3) "pract ical" magnetic dipole l ines, i .e. , lines

due to magnetic dipole and electric quadrupole r a -
diation, with the former predominating (these lines
will be discussed below).

Of the first two groups, the second has been in-
vestigated in grea ter detail. This group includes
magnetic dipole l ines, some of which have been

mentioned above, and also a se r ies of other lines
which a re found chiefly in the spectra of celestial
bodies. As a consequence of the fact that they a r i se
chiefly by virtue of perturbation, these lines a re
character ized by small transition probabilit ies,
even as compared with the probabilities of "pure"
electr ic quadrupole t ransi t ions. For example,2

the probability for the intercombination magnetic
dipole transition % — 3 P t in OI is 9 x 10"2

sec" 1 while the probability for the electr ic quad-
rupole transition 'SQ —• 1D2 in OI is 2 sec" 1 .
As the atomic number increases the probability
for intercombination transitions also increases
(in part icular , in the case of lead the transition
% — 3Pt has a probability of 50 sec" 1 ) .

According to Mrozowski2 the lines in the first
group cannot be resolved by ordinary spectroscopic
methods.* They a r i se predominantly in transit ions
between components of both fine s t ructure and hy-
perfine s t ructure of the same t e rm. A more c a r e -
ful investigation has been made of the transit ions
between levels of the hyperfine s t ructure of the
ground states of the alkali atoms. These levels
a re due to the magnetic interaction between nuclei
having nonvanishing spin and the outer electrons.
Since the ground state is characterized by J = h,
the levels a re determined by the quantum numbers
F = I - | and F = I + | , where 1 is the nuclear
spin. These transit ions a r e defined by the selection
rule AF = ± 1. These transit ions are investigated
most effectively by the magnetic resonance methods.
The effectiveness of this method resul ts from the
following.64"66

As is well known, hyperfine levels a re very
close to each other and for this reason the Bohr
frequency corresponding to the level difference is
extremely low — say 1.5 x io 8 to 1.2 x 1010 sec"1 ,
that is to say, these frequencies fall in the rad io-
frequency region. Because of the low frequencies,
the lifetime of the excited level of the hyperfine
structure is very long and the intensity of the cor -
responding spontaneous magnetic dipole lines is so
weak that direct observation is essentially impos-
sible. To strengthen these lines, it is necessary
to reduce the lifetime, say to 10~4 sec.6 6 This pos -
sibility is realized inside a magnetic resonance
apparatus which is t raversed by a beam of excited
atoms. As is well known (cf. Fig. 1), four mag-
netic fields a re used in a magnetic resonance s y s -
tem: two deflection fields H^ and Hg, a fixed
field H Q , and an oscillating field Hw . In general
the roles played by these fields a re as follows.

*With the exclusion of lines corresponding to the transition
3P, — 3P0, which are observed in the spectrum of the solar
corona.
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FIG. 1. Motion of an atomic beam in a magnetic resonance
apparatus: D)heater, E)slit, G)detector, A, B, C)magnets.
(HA and HB are the deflection fields, Hc is the fixed
field.) F) region of high-frequency field, Ha.

The oscillating magnetic field Hw acting on the
excited atoms at the appropriate frequency, p r o -
duces ra ther intense induced magnetic dipole lines
which can be observed either in absorption or e m i s -
sion. The presence of the fixed field resul ts in a
Zeeman effect for these l ines. The emission ox-
absorption of any of the Zeeman components co r -
responds to a change in the effective magnetic
moment of the atom and this change is detected
by means of the deflection fields H^. and Hg. It
should be noted that the magnitude of this change
depends to a considerable degree on the field H Q .
It has been shown66 that at small values of H Q the
above mentioned change is much la rger than is the
case in strong fields,* although the Zeeman spl i t -
ting goes in the opposite way. Hence in resolving
these lines one usually uses a weak magnetic field
for H Q (severa l hundred gausses ) . The Zeeman
splitting is then used to find the frequency Av
corresponding to magnetic dipole transition b e -
tween hyperfine s t ructure levels in the ground state
of the atom.

As an example we may present the data obtained
in an experiment car r ied out with this method in
lithium. The field BQ ranged from 0.25 to 1.5
gauss for Li6 and 0.15 to 3500 gausses for Li7.
In the lat ter case only those Zeeman components
were investigated which corresponded to the s e -
lection rules AF = 0, AM = ± 1 , where M is the
magnetic quantum number. The values of Av a re
found to be (228.28 ± 0.01) x 106 sec" 1 and
(803.54 ± 0.04) x i o 6 sec" 1 for Li6 and Li7 r e -
spectively. Using the measured values of Av it
is possible to determine the rat io of the magnetic
moments of the two isotopes; this rat io agrees with
the resul ts obtained by nuclear resonance exper i -
ments.6 5"6 8

The resul ts of measurements of Av for the
other alkali metals (and indium) a re shown in
Table II. The third column contains Av in wave

numbers . As is apparent from Table II, the uncer-
tainty in the measurements is ra ther small , approx-
imately 0.01%.66

The quantity Av has been measured with ex-
tremely high precision in hydrogen and deuterium,
as is indicated by the following data:69

Av (HI) = (1420.40573 ± 0.00005) 10s s ec" 1 ,
Av (Dl) = (327.384302 ± 0.000030) 106 sec"1

(2.7)
(2.8)

Lines at frequencies given by (2.7) and (2.8) have
been observed in the radio spectra of interstel lar
gas .

Recently the magnetic resonance method has
been used to study hyperfine s t ructure in excited
atomic states of hydrogen and the alkali meta ls .
The resul ts were used to determine the nuclear
electr ic quadrupole moments.70"74

A large number of forbidden lines (in part icular
the above mentioned "pract ical" magnetic dipole
lines) a re due to electr ic quadrupole and magnetic
dipole radiation simultaneously, that is to say, s o -
called mixed radiation. As an example we have
lines corresponding to the transit ions 4D — 3 P,
3P2 — 3 P i in the p2 configuration; 2P —>2D,
2P — 4S and 2D — 4S in the p3 configuration,
and so on. The mixed nature and the relative con-
tribution due to each type of second-order radiation
in the intensity of any forbidden line assigned to the

P2, p*, and p4 configurations a re given in r e fe r -
ence 8. The probabilities for these second-order
multipole transit ions a r e expressed as functions
of a known (tabulated for various elements) pa -
ramete r x (cf. above) and the unknown radial in-
tegral (1.3). For example, the corresponding
strengths for the lines in the 1D2 —• 3Pj transition
for small deviations from Russell-Saunders coup-
ling a re :

(2.9)

(2.10)

where Sq is the radial integral. It is apparent
from Eqs. (2.9) — (2.10) that to find the relative

TABLE II

*So long as the effective magnetic moment does not change
sign in the transition.

Atom

Na23

K«
K"
Rb8s
Rb"
Jn"3

Jn1"
Cs113

Av-lO-esec-i

1771.75±0.01
461.75±0.02

1285.7 ±0.01
254.02±0.02

3035.7 ±0.2
6834.1 ±1.0

11387.0 ±4
114139.0 ±3

9192.6 ±0.5

Av ( in cm"1)

0.059102
0.015403
0.042887
0.008474
0.10127
0.22797
0.3799
0.3807
0.30665
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probabilities for the multipole transit ions it is
necessary to know the integral s q . It is extremely
difficult to compute this integral because the e l ec -
tron density distribution in the outer part of the
atom is not known with the required accuracy.
Pasternack1 6 has estimated one of these integrals
for light atoms, using an approximation method
(the Har t ree-Fock fields and hydrogen-like wave
functions with a constant shielding t e r m ) . More
exact values of this integral, especially for the
heavy atoms, have been obtained by semi-empir ical
methods. From the intensity rat ios of two lines
which derive from the same excited level it is pos -
sible to determine the rat io of the probabilities for
the magnetic dipole and electr ic quadrupole t r an -
sitions at the outset; then, comparing this rat io
with the theoretical rat ios obtained by expressions
such as (2.9) and (2.10) (for different l ines) one
can determine Sq. The calculation (and the con-
siderations given above) can be verified by apply-
ing the same method to other lines which derive
from the same level.

The method described above for determining s q

and the use of this determination for finding the
percentage composition of the radiation has been
applied to Pb I. On the basis of the measurements
the rat io of the line intensities for A. 4618 A,
^Q —3Pj and X 5313 A, ^ Q — 3P 2 in lead and the
formulas in (2.7) and (2.8), a value s q = 240 is
obtained.2 Then, from the known value of Sq and
(2.9) and (2.10) a theoretical determination is made
of the electr ic quadrupole percentage in the mixed
line A.7330A, 'Dj — 3 P t , in P b l (about 6%).
However a direct measurement of the intensities
of the electr ic quadrupole and magnetic dipole Zee-
man components of the X 7330 A line gives the e lec -
t r i c quadrupole percentage as 2.2%. According to
Mrozowski the second resul t is more rel iable. In
reference 2 examples a r e given of forbidden mul -
tiplets in T e l , OI and B i l which a re especially
convenient for carrying out experiments to de te r -
mine Sq.

The Zeeman effect offers a powerful method for
investigating mixed multipole radiation. The theory
of the Zeeman effect for mixed multipole lines has
been given in references 8 and 48. The most i m -
portant resul ts of this work is the conclusion that
there is an interference effect between the electr ic
quadrupole and magnetic dipole radiation. The ca l -
culated theoretical intensities of the Zeeman com-
ponents corresponding to the selection rule Am =
± 1 consists of three par t s : two of these correspond
to the probabilities for pure magnetic dipole and
pure electr ic quadrupole transit ions, while the la t -
t e r resu l t s form the interference of the two rad ia -

tions. It has been shown by calculation that the
presence of these interference t e rms does not
affect the total probability for a transition between
two levels; the only effect is a change in the angular
distribution of the radiation. The dependence of the
interference t e rms on the percentage composition
of the mixed radiation has also been established.
For example, if the rat io of intensities of the Zee-
man 7r components for "pure" dipole magnetic
tr iplet a r e (in accordance with the intensity ru le)
6 : 3 : 1 , in the presence of electr ic quadrupole
radiation the indicated rat io is ( t r ansverse )
( 6 - 2 x ) : ( 3 + x ) : ( l - x ) , while the longitudinal
factor is (6 + 2 x ) : ( 3 - x ) : (1—x), where x is
the interference correction, which is proportional
to the square root of the percentage of electr ic
quadrupole radiation. In part icular ,2 for the
7330-A line x is 0.6.

So far the interference effect has been observed
only in the observation of the t ransverse Zeeman
effect of the mixed line A. 7330 A, 1D2 —

3 P t in
Pbl . 5 3 The intensities of the individual v compo-
nents have been measured and the resu l t s of the
measurements have been compared with the values
of these intensities computed on the basis of the
work in reference 48. The interference c o r r e c -
tions and the hyperfine s t ructure lines produced
as a resul t of the presence of the odd isotope Pb207

are found to be very important for obtaining good
agreement between the experimental and theoret-
ical resu l t s .

Of the other work on mixed multipole radiation
we may mention the pure electr ic quadrupole nature
of the 2D — 4S transition in NI,75~76 and the almost
pure magnetic dipole nature of the 2P —- 4S t r an -
sition in N I;2 est imates have also been made of
the component percentages in the radiation of the
well-known nebular lines X 4959 A, 1 D 2 — 3 P t and
X 5007 A, 1D2 —

3 P 2 in OIII.77 Because of the
small percentage of electr ic quadrupole radiation
(0.1%) the lat ter may be assumed essentially
magnetic dipole l ines. However the radiation
composition has not been determined for very
many of these lines and further work will be r e -
quired for solution of this problem.

In concluding the present section, we consider
the problem of observing th i rd-order multipole
radiation in atomic spectra. Lines of this type
have not been observed in the optical region and
their observation in the x-ray region is open to
doubt.78 The difficulty in observing magnetic
quadrupole and electr ic octupole lines is a resul t
of the following. As has already been mentioned,
the probability of th i rd-order multipole transit ions
is very small , even as compared with second-order
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multipole t ransi t ions. For X4580 A these are r e -
spectively:78

sec
sec "1

(2.11)
(2.12)

Consequently the time interval between two succes -
sive excitations of the atom (for example between
two collisions with other a toms) must be several
hours ( A m ) or even more than a month (A^) in
order for the atom to lose its excitation energy by
emission of a photon. Fur thermore it should be
noted that these lines obey the Laporte selection
rule, as do electr ic dipole l ines, and a re produced
in transit ions between states with different electron
configurations. When | J - J ' | < 1 it is completely
possible for both types of lines to be excited s imul-
taneously; the magnetic quadrupole and electr ic
octupole a r e very much weaker and a re ra ther
completely masked by the electr ic dipole l ines.
It is true that there can be those lines which satisfy
the selection rule 2 < | L — L' | < 3, which a re not
subject to the masking effect indicated above; how-
ever , these a r e extremely weak.78 From what has
been indicated above it follows that these lines can
be observed only under conditions which obtain in
gaseous nebulae and only in cases in which the atom
has metastable levels and other levels between
which only th i rd-order multipole transit ions can
take place. As has been shown in reference 78,
cases of this kind a re extremely r a r e .

Obviously everything that has been said with r e -
spect to the observation of th i rd-order multipole
lines applies for higher order multipoles.

3. FORBIDDEN LINES IN THE SPECTRA OF
CELESTIAL BODIES

Forbidden lines have been observed in the spec-
t r a of planetary nebulae, the solar corona, new
s t a r s , and other celestial bodies. The wave length
region available to astronomical observation lies
between 3,000 and 10,000 A.* Although forbidden
lines were discovered a long t ime ago (as far back
as the 1880's) , because of the extreme difficulty
of producing them in the laboratory (cf. reference 2)
the identification of these lines has been very slow.
Even at the present t ime there a re unidentified
lines in the spectra of the solar corona and other
celestial bodies.

The method of identification is simple in con-
cept but complicated in execution. The wave num-
ber of the investigated line is compared with the
difference of any two t e rms of the tentatively p r o -

*If we neglect the radio-frequency region, which has become
important in recent years ( cf. below).

posed atom; these t e rms a re taken from a p re l im-
inary careful analysis of the spectrum of this e l e -
ment. If it is found that these differences coincide
the investigated line is assigned to a definite e l e -
ment and transition. If there is no complete spec -
t ra l analysis of the atoms or ions of the element
in question the t e rms a r e determined by extrapo-
lation or interpolation from atomic spectra of
other elements which have the same spectral
s t ructure . The validity of the identification, as
can be seen from the foregoing, depends to a con-
siderable degree on the accurate determination
of the wave lengths of the lines being investigated
and the t e rms in the various atoms or ions. It has
been found that almost all forbidden lines in the
spectra of celestial bodies a r e due to second-order
spontaneous multipole radiation ( i .e . , magnetic d i -
pole or electr ic quadrupole radiation) for neutral
or ionized atoms of the various elements.

The most intense forbidden lines a r e found in
the spectra of planetary nebulae. This situation
ar i ses because of the physical conditions which
prevail . The density of mat ter in these nebulae
is extremely small (of the order of 10~18 g /cm 3 )
and the temperature is relatively low (approxi-
mately 10,000°K); thus there is a long mean t ime
between collisions (the order of a minute) and the
result ing radiation density is small (10~6 —10~8

of the radiation density at the surface of the sun) .
Consequently neither collisions nor the radiation
field a re able to keep metastable atoms from d e -
caying spontaneously to lower levels and, as is
apparent from Eqs. (1.11) — (1.12), the intensity
of the forbidden lines is determined chiefly by the
number of such atoms. Since this number is large
in these nebulae the intensity of the forbidden lines
is appreciable. However, the accumulation of meta -
stable atoms depends on the excitation mechanism.

Astrophysicists have considered three excita-
tion mechanisms for these spectral l ines: (1) photo-
ionization with subsequent recombination, (2) flu-
orescence, and (3) excitation by electron impact.
In all three cases the emission of the nebulae de -
r ives from the radiant energy of the central s ta r .

It is difficult to believe that the forbidden lines
a re excited by the first of these mechanisms. In
the case of ionized atoms such as OIII, Nil , e tc . ,
this mechanism cannot be reconciled with the ob-
served data. This can be shown by using the ex-
ample of the well-known nebular lines X 5007 A
and X4959A from OIII. Let us assume that these
lines a re excited by a recombination mechanism,
i.e. , the OIII atoms a re first ionized and then
capture free electrons; this capture is followed by
cascade allowed transit ions to the metastable state,
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whence the system decays to a lower level via the
emission of forbidden l ines. However, because
the ionization potentials in OIII and Hell (54.5
ev and 54.2 ev) are almost the same,8 0 both of
these atoms should absorb energy from the s tar
in the same region of the spectrum and the O III
and He II lines should be of approximately of the
same intensity. However, in actual fact, the OIII
line is much stronger than the Hell line.

The accumulation of metastable atoms ( re su l t -
ing in the excitation of forbidden l ines) by means
of the other two mechanisms was first considered
theoretically by Ambartsumyan.81 He showed that
if the excitation of atoms to metastable levels is
due exclusively to radiation, in order for meta-
stable atoms to accumulate the following condition
must be satisfied:

^ « J ; > (3.1)

where w is the ratio of the spectral radiation den-
sities of the part icular nebula and the central s ta r .
A21 is the probability for emission of a forbidden
line, A23 is the probability for a transition to a
higher level, the subscript 2 denotes the metastable
level and the subscripts 1 and 3 denote levels below
and above the metastable level. Because w is so
small (w = 10~13) the condition in (3.1) is usually
satisfied in planetary nebulae (with the exception
of those cases in which the lifetime of the meta -
stable state is extremely long; for example, the
2 3S state in hel ium). If, however, excitation of
the atoms obtains by virtue of collisions with free
electrons (the electrons usually a r i se in photo
ionization of atomic hydrogen) the accumulation
of metastable states requires that the following'
inequality be satisfied:

a 2 1 «A 2 1 , (3.2)

where a21 is the probability of a collision of the
second kind between the metastable atom and an
electron while A21 is the probability for a spon-
taneous transition. This situation also obtains in
these nebulae, as is apparent from a consideration
of the physical conditions which exist.

The latest calculations82 for OIII show that the
efficiency of collision excitation of forbidden lines
requires that still another requirement must be
satisfied:

/Ve>4-102, (3.3)

where N e is the density of free electrons. This
inequality is also satisfied in these nebulae; a c -
cording to an estimate of the electron density c a r -
ried out by various methods,11 Ne is approximately
1O3-1O4 .

It should be noted that the inequalities in (3.1)
and (3.3) also are satisfied in other celestial bodies
whose spectra exhibit forbidden lines in spite of the
fact that the physical conditions are somewhat dif-
ferent from those in planetary nebulae.

The prevailing opinion is that collision excitation
of forbidden lines is more effective than f luores-
cence excitation. This situation is indicated by the
lower excitation energies (order of 1 —10 ev) of
the majority of metastable levels as compared with
the kinetic etaergies of the free electrons. The e lec-
tron temperatures in various planetary nebulae gen-
erally lie within the limits 6,000 — 10,000°K,10 co r -
responding to a mean kinetic energy of 1 — 1.5 ev
for the electrons.

According to collision theory the number of e lec-
tron collisions F12 which transfer atoms from the
ground state 1 to the excited state 2 is given by the
following expression when the electron velocity d i s -
tribution is Maxwellian:82

^ - 8 . 5 4 . 1 0 - — 4 (3.4)

where Nt is the number of atoms in state 1, T e

and N e a re respectively the temperature and den-
sity of the free electrons, 2J t + 1 is the statistical
weight for state 1, ha>21 is the excitation energy,
ft ( 1 , 2) is the so-called collision strength (analo-
gous to the line strength) , which is related to the
effective cross section a ( 1 , 2 ) for collisions be -
tween an atom and electron with mass m and ve -
locity v by the expression

o (1,2)= 0 - 1 4 2 2 Q ( 1 ' 2 ) - (3-5)

The number of collisions of the second kind F21,
which transfer excited atoms back to the ground
state, is computed from the expression

-1 = ° - ^ ' 1 U i. 2/. + 1 (3.6)
e

and represents only several percent of the number
of optical t ransi t ions, under the conditions which
obtain in these nebulae.10

If the atom has several metastable levels,
through the use of statistical equilibrium it is pos -
sible to determine the relative populations from
statistical equilibrium considerations; from this
knowledge it is then possible to determine the in-
tensity rat ios for the corresponding forbidden lines.
For example, if there are two metastable levels,
2 and 3, where E3 > E2 from statistical equilib-
rium considerations we haye:10

+ F32, (3.7)
+ F23, (3.8)
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TABLE III

9=2

Nil
OIII
F1V
NeV

0(1,3)

2.39
1.73
1.21
0.84

2

0
0
0
0

(1,3)

.223

.195

.172

.157

9=3 '

OH
Fill
NelV
NaV

a(1,2)

1.44
1.00
0.68
0.43

a (i,3)

0.218
0.221
0.234
0.255

9=4,

FII
Nelll
NalV
MgV

0(1,2)

0.95
0.76
0.61
0.54

^ (1,3)

0.057
0.077
0.092
0.112

where A2i, A31, and A32 a r e the probabilities
for the corresponding optical t ransi t ions. The left
sides of Eqs. (3.7) and (3.8) represent the t r ans i -
tions which increase the populations of levels 3
and 2 respectively while the right sides indicate
the transit ions which reduce these populations. By
substituting the values of F and A in Eqs. (3.7)
and (3.8) and eliminating Nt it is possible to find
the ratio N3 /N2 , the relative populations in levels
3 and 2, and the quantity N2A2ihu;2i/N3A32hu)32, the
relative intensity of the 1 — 2 and 2 — 3 lines.

So far the theory indicated above for collision
excitation has been verified only for forbidden lines
in OIII, which a r e the most intense lines in these
nebular spectra . According to Ambartsumyan80 the
rat io of the total intensity of well-known nebular
lines Nj (X4958.93A, 3T?1 —

 iD2, OIII) and N2

( \5006.86A, 3 P 2 —'Dj , OIII) to the ratio of the
aurora line A.4363.19A, ^ 2 — % , OIII is :

33000
JX4363

(3.9)

where T e is the electron temperature .
Equation (3.9) is found to be in satisfactory

agreement with the observed data. The theory de -
veloped for forbidden lines in O III should make
it possible in the future to use the absolute inten-
sit ies to determine the temperature of the central
s tar and the abundance of OIII in these nebulae.12

Equations (3.4) — (3.9) indicate the important
role played in this theory by the accuracy of the
determination of the numerical values of the pa-
r a m e t e r s £2 and the transition probability A.
Because it is extremely difficult to determine
these quantities experimentally, for the most part
they have been found purely theoretically, using
quantum-mechanical methods. The calculation of
the parameter £2 (the effective c ross section for
electron excitation of forbidden lines in various
atoms and ions) has been undertaken by Hebb and
Menzel (OIII) , Aller (Oi l ) and others.8 2 '8 3"8 5

The calculations a re based on the quantum theory
of collisions.79 '86 The partial wave method is used
and an analytic approximation of the wave function
is obtained by the Slater method,82 the Har t r ee -
Fock method, and so on. The most accurate values

of <T and £2 for forbidden transitions in various
ions (Ni l , Oil , OIII, and Nel l l ) have been ob-
tained by Seaton, who used the Har t ree-Fock
method.85 However even in the most accurate ca l -
culation e r r o r s of ±40% are possible (in the abso-
lute values of a and £2). Seaton also has made
est imates of the corresponding parameters £2 for
the ions FIV, Ne V, F III, Ne IV, Na V, FII , Na IV,
and Mg V (with accuracy up to a factor of 2 ) .
Table III l is ts the values of £2 from Seaton for
transit ions in various ions from the normal level
3P (level 1) to the metastable 4D and *S levels
(levels 2 and 3) in the np^ configuration (q = 2
and q = 4) and also from the normal 4S (level 1)
to metastable 2D and 2P levels (levels 2 and 3)
of the np*! (q = 3) configuration. The numerical
values of £2 obtained by these est imates a re shown
in heavy type.

If £2 is known, the effective cross sections a
are computed from Eq. (3.5). In those cases in
which the kinetic energy of the colliding electron
is comparable with the excitation energy of the
atom or ion these c ross sections turn out to be
sizeable — approximately 10 —100 t imes greater
than the gas-kinetic c ross sections.

We have already indicated the great value of a
knowledge of both the relative and absolute proba-
bilities for forbidden transit ions for lines which
a re of interest in astrophysics. Probability ca l -
culations have been given chiefly by Shortley, Aller,
Baker, and Menzel.8 The accuracy of the resul ts
of these calculations depends to a large extent on
the accuracy with which the wave functions for
complex atoms are known, i .e. , to the extent to
which it is possible to compute various types of
atomic interactions (spin-spin, spin-orbit , con-
figuration). As an example, Table IV l ists the
resul ts of the most accurate (at the present t ime)
calculation of the transitions for I s 2 2s2 2p2 con-
figurations for the iso-electronic sequence C I,
NII, O III, and FIV.87 The calculation has been
carr ied out with refined wave functions which take
into account the correlation between electrons;
these functions have been found by a variational
method which is a development of the method de -
scribed in reference 88. As is apparent from
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TABLE IV
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Am ('Ds.'Pj)
Aq(

1D.2,
3P,)

Aq ( ^aP . )
An (1D2,

SPO)
Aq (^o,1^)
Am^So^Pl)
AnCS^P,)

CI

0.0M8
0.0M5
0.0460
0.0621
0.0'32
0.62
0.002
0.0423

Nil

0.0027
0 04114
0.0292
0.0M7G
0.0«30
1.350
0.030
0.0M6

OIII

0.0195
0.0451
0.0066
0.0=78
0.0M4
2.00
0.214
0.0389

FIV

0.0937
0.03161
0.034
0.0426
0.0547
2.60
0.94
0.0028

Table IV, in the probabilities for mixed multiple
transit ions *D2 —

 3 P t and *D2 —
 3P2 the mag-

netic dipole par t is considerably greater than the
electric-quadrupole par t .

By taking account of the various interactions
between electrons it is possible to get better values
for the probabilities for forbidden transit ions and
for atomic energy levels;89"90 these more refined
values provide improved means of identification
for l ines. In part icular , it has been shown in ref-
erences 91 and 92 that taking account of configura-
tion interactions makes it possible to avoid certain
uncertainties in the identification of the Ca XV
lines in the corona. In 1954 Layzer91 established
the fact that in highly ionized atoms the strongest
interaction takes place between configurations
which have the same sequence of principle quantum
numbers and the same parity. In work car r ied out
by Garstang92 a more general expression for the
strength of lines which correspond to all possible
forbidden transit ions between levels assigned to the
I s 2 2s2 2p2 configuration was found taking account
of the perturbing effect of the I s 2 2p4 configura-
tion. On the basis of an analysis of these expres -
sions and the appropriate expressions from re fe r -
ence 8, Garstang has shown that if in these formu-
las one takes the line strengths derived by neglect-
ing the configuration interaction, using the exper i -
mental values ra ther than the theoretical values
for the t e r m s , the largest part of the configuration
interaction is still taken into account. This resul t
is i l lustrated by a detailed calculation for CaXV.
In reference 92 formulas have also been obtained
for the transition probability between te rms of the
I s 2 2s2 2p4 configuration which take account of the
interaction with I s 2 2p6 configuration. This in te r -
action makes possible the following two-electron
configuration transi t ions:

and 2pe lSQ

We now present a brief analysis of individual
forbidden lines, start ing from the nature of the

metastable states of atoms with different electronic
sys tems. Knowing the exact values of the differ-
ences between metastable states and the ground
levels for different atoms it is possible to predict
all possible forbidden l ines.

One-electron systems (HI, Hell , Li III, e t c . ) .
These systems a re characterized by one metastable
state — 2s 2S</2.* For a long t ime, in accordance
with the Dirac theory, it was assumed that the
2s 2S]/2 level coincides with the 2p 2Pi/2 level.
In 1947, it was shown by means of the magnetic-
resonance method that these levels a re shifted
with respect to each other by 1062 ± 5 Mcs.94 This
shift was interpreted in t e rms of quantum e lec t ro-
dynamics.95 Calculations showed96 that the 2s 2 S 0
— I s 2S t /2 transition could be accompanied by the
emission of one or two photons, with the two-photon
transition being almost 108 t imes more probable
than the single-photon transition. The lifetime of
the atom in the metastable 2s 2 S 0 state is 0.14
seconds. Neither one-photon nor two-photon t r an -
sitions have been observed in the spectra of ce l e s -
tial bodies.

Two-electron systems (He I, Li II, Bell i , e t c . ) .
The metastable states a re the I s 2s *S and I s 2s 3S
states . The forbidden transit ions a re : I s 2s *S —
Is 2 *S and I s 2s 3S — Is 2 1S. Because strictly nor -
mal coupling obtains in the helium atom the spon-
taneous transition I s 2s 3S — I s 2 4S is not very
likely in either the one-photon or two-photon case .
For this reason transitions from the 3S level to
the *S level take place chiefly by means of col l i -
sions. However the I s 2s XS — I s 2 lS transit ions
a re more probable if accompanied by the emission
of two photons. It is believed that a two-photon
transition of this kind takes place in nebulae.13

Three-electron systems (L i I , Bel l , Bi l l , e tc . )
do not have metastable levels.

Four-electron systems (Be l , BII, CIII, NIV,
e t c . ) . The basic metastable states a re 2s 2p 3P 0

*Two-electron transitions are discussed in reference 93.

•Metastable states which arise as a consequence of level
splitting into hyperfine sub-levels are not taken into account.
Transitions between the hyperfine sub-levels are considered
above.
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TABLE V

GI

Nil

OIII

FIV

NeV

Calculated
Calculated
Observed
Calculated
Observed
Calculated
Observed
Calculated
Observed

9822.9
6548.4
6548.06
4959.5

4958.93+0
3996.3

3997.40+0
3344

3345.84+0

.03

.04

.01

9849.5+0.3
6583.9+0.1
6583.37
5007.6+0.2
5006.86+0.02
4059.3+6.3
4060.23+0.03

3424
3425.87+0.03

8727
5755
5754
4363
4363
3532

D2-iSo

.4+0.1

.0+0.1

.57

.2+0.1

.19+0.01

.2+0.3

2972

3f

4621
3063

»i-iso

.4+0.1

.0+0.1

IDs

1.3
1.9

2.5
3.1

3.8

2
4

5
6

So

.7

.0

.3

.6

First
non-
met a-
stable

9
20

36
58

86

and 2s 2p 3 P 2 . As an approximation it may also
be assumed that the 2s 2p 3 P t level is metastable,
especially in the light elements, since the probabil-
ity for the 2s 2p 3 P t — 2s2 *S transition is very
small in these elements because of the almost pure
normal coupling; the order of magnitude of this
transition is the same as that for ordinary forbidden
transi t ions. In B e l the *S —-3P line lies in a r e -
gion available to observation and corresponds to
wavelengths lying in the limits A. 4548 ± 5 A.1

Five-electron systems (BI , CII, NIII, OIV,
e tc . ) . There a re two metastable s ta tes : 2s2 2p 2 P t / 2

and 2s 2p2 4 P . The metastability of the latter is
explained by the small probability for intercombi-
nation transi t ions. The 2s 2p2 4P — 2s2 2p 2Pj/2
transit ions have been observed astronomically only
for BI , at wavelengths of 3300 ± 300 A) . For the
atoms indicated above the 2s2 2p 2P3 /2 - - 2s2 2p 2Pi/2

transition lies in the far infrared; however as the
atomic number of the element is increased it slowly
shifts towards wavelengths which a re amenable to
astronomical observation. It has been observed in
the spectrum of the solar corona only for argon XIV
( \ 4412 A).9 7*

Six-electron systems (CI , Nil , OIII, FIV,
NeV, e t c . ) . The ground state is the 3 P 0 s tate;
the metastable states a r e the 3 P 1 , 3 P 2 , *D2 and
^o s ta tes . All these belong to the 2s2 2p2 con-
figuration. To a considerable degree it may also
be assumed that the 2s 2p3 5S level is metastable
since the intercombination transit ions 3P — 5S,
*D — 5S and *S — 5S a re characterized by low prob-
abili t ies. The 3P —5S lines may be significant
under atmospheric conditions and a re found in the
observed region of the spectrum only for C I. With
regard to the transitions between the 3 P 0 , 3 P t and
3 P 2 t e rms we may note that two of these have been
observed in the highly ionized atom CaXV. These

3P 0 and

*It had been assumed earlier that the 4359-A corona line
was due to the aP3/j -» 2Py, transition. The correction was made
by Edlen in 1954.97

are the corona lines X 5694.42 A, 3P 1

X 5446A, 3P 2 — 3 Pt .*
The calculations indicate that the probability of

the forbidden transition % — 3P 0 is zero while the
probabilities for the transit ions *D2 —

 3 P 0 and
*S — 3P 2 a re small (1000 t imes smal ler than the
probability for the *S — 3 P t t ransi t ion) . 1 Conse-
quently the main forbidden lines a re : 3Pj — 1D2,
3 P 2 —

1D2, 1D2 —
JS0 and 3 P t —

 lS0. There is some
historical background with regard to the terminol-
ogy of these forbidden lines. The first two lines
a re called nebular lines since lines of this type
were most intense in nebulae, while the third line
is called an aurora line since the most intense line
in the spectra of the polar aurora and night sky
a r i ses from the 'SQ — *D2 transition. Lines a r i s -
ing from S1 — 3P transit ions a re called t r a n s -
aurora l ines.

In Table V a re given the resul ts of the identifi-
cation of these lines for various elements accord-
ing to the data of Bowen.1 '99 Columns 4 — 6 list
data on the excitation potentials of the metastable
levels *D and *S as compared with the lowest
potentials for the non-metastable levels. All of
the former a re considerably below the lat ter .

Only one of the forbidden lines in CI has been
observed: A.4621.5A, 3 P t —

1 S . " Lines of the other
elements have been found in spectra of various c e -
lestial bodies and the data of the observations a re
in excellent agreement with the calculated resu l t s .
It may be noted that the lines in Ne V were p r e -
dicted by extrapolation.

The lines investigated in greatest detail a re
those of OIII (cf. Fig. 2). Only three of these
(given in Table V) a r e available to astronomical
observation. Bowen first proposed that these were
due to electron impact (these lines were used to
verify the theory of collision excitation).

The relative intensities of the 3P — *D2 and

*This identification now seems to be open to question97"98

(cf. below).
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FIG. 2. Diagram for the terms in the 0 III ion. The forbid-
den transitions are indicated in the lower part of the diagram.

^ 2 — ^o lines a re different in the spectra of dif-
ferent celestial bodies. Whereas in nebulae the
nebular lines a re more intense than the aurora
lines, in the polar aurora (and also in early stages
of new s t a r s ) the opposite hold t rue . This is ex-
plained by the difference in the prevailing physical
conditions. In the nebulae the intensity of the lines
is determined chiefly by the number of metastable
states and not by the transition probabilities, be -
cause almost all of the metastable atoms make
spontaneous transit ions to lower s ta tes . Since the
JD2 state has a lower excitation potential and a
higher statist ical weight than the 'So state, the
number of atoms in the ^ state is greater than
in the 'SQ; consequently the 3P — 'D2 line is
more intense than the 1D2 —

1S0 line.

In the polar aurora , where the density of matter
and radiation is not as small as in nebulae, the in-
tensity of the lines depends to a considerable de -
gree on transition probabili t ies. Since the proba-
bility for the iS0 — 1D2 transition is much greater
than that of the lD2 — 3P transition (cf. Table IV),*
the aurora line is more intense than the nebular
line. These conclusions may be generalized to all
forbidden lines of the P — D and D — S type for
the p2 and p4 configurations and lines of the
S — D and D — P type for the p3 configuration
since the metastable D states are characterized
by much lower excitation potentials and longer life-
t imes than the S and P s ta tes .

Seven-electron systems (NI , Oi l , F i l l , NelV,
NaV, MgVI, e tc . ) . The metastable s ta tes , which
are chiefly s2 p3 configuration are the 2D5/2,
2D3/2, 2P!/2 , and 2P 3 / 2 . The stable level is the
4S level. The observed forbidden multiplets 4S —2D
and 2D — 2P a re given in Table VI, taken from
Bowen.1 '99

The first of the multiplets in Oil (A.3726.16A,
A.3728.91 A) a re the brightest lines in the spectra
of the nebulae and interstel lar space. The lifetime
of the 2D state is approximately 5 hours and is
almost 15,000 t imes greater than that of the 2P
state, while the excitation potential is lV2 t imes
smal ler . Thus, the features indicated above with
respect to the 2D and 2P levels a re verified in
OIL The NI lines 4 S - 2 D (X.5199A) and 4 S - 2 P
(X3466 A) have been observed in the spectra of
polar aurora; however the observation of the NI
lines 2D —2P (X10400 A) in the infrared region

TABLE VI

«S-D5/2

NI
on

NelV

Calculated
Observed
Calculated
Observed

Observed

5198.5
5197.94
3726.2

3726.04
±0.02

5200.7
5200.41
3729.1±1
3728.80
±0.03

10397.8

7319.92±0.C

4714.25
±0.03

4715.61
±0.06

10407.3
7318.6 | 7319.4

7330.19±0.06
I
4725.62
±0.02

4724.15
±0.02

of the radiation of the night sky are open to ques-
tion100 (cf. below).

Eight-electron systems (OI , FII , Nell l , NalV,
MgV, A1VI, e t c . ) . A feature of these systems is
the fact that all the metastable states of the 2p4

and 2p2 configurations a re 3 P, JD, and %. The
first configuration differs from the second only in
the inversion of the 3P term (the stable state is
the 3P2 s t a t e ) . The main transit ions a re JD2 —•
3Pi, 1 D 2 - ' 3 P 2 , %^ JD2 and 4S0 —

 3Pj (the t r a n -

characterized by much smaller probabilit ies.
The following lines of OI a re observed in the

nebulae: X6363.82 ± 0.02A, 3 P 1 - 1 D 2 ; A 6300.31 ±
0.004 A, 3P2 — ^ 2 ; and the following lines from
Nelll : A.3967.47 ± 0.002A, 3 P t — ^ 2 and A.3868.76
± 0.02 A, 3P2 —

1 D 2 . " The solar corona exhibits the
following line from CaXIII: X4086.3 A, 3 P 2 - 3 P 1 . 9 8

Some of the forbidden lines from A XI have been
observed in the spectra of new stars . 1 0 1

Forbidden lines of OI corresponding to the
sitions XD2 — ' ''Po and are •This is true both for O III and O I.
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TABLE VII

SHI
CIIV
AV

Observed

tt

3 P 2 - 1 D 2

7530.54±0.01
6435.10±0.05

зРг-^г

8045.63±0.05
7005.67±0.09

6312.06+0.05
5323.29+0.10
4625.54±0.04

3721.8

TABLE VIII

SII

G1III

AIV

KV

Ob-
served

*»

»•

t t

»S-2D5/2

6716.42

5577.66
±0.08
4711.33
±0.02
4122.63
±0.05

6730.78

5537.60
+0.24
?740.2
±0.02
4163.3
±0.05

4S-2P 3 / 2

4068.6
+0.03

4076.35
±0.03

2 D 6 / S - « P 8 / S

7237.26
±0.22

2D 3 / 2 -2P 3 /2

7170.62
±0.08

2D3/2-2P]/2

7262.7C
±0.24

!

SI
АШ
KIV
GaV

Observed

»»

TABLE IX

3 P 2 - 1 D 2

7135.80±0.05
6101.83±0.08
5309.18±0.04

SP!-li32

7751.06±0.15

6086.92±0.11

>D2-1SO

7726.5
5191.82±0.03
4510.9+0.08

3P!-1S O

6526.9

transitions i —* *О2 and • 3 P have been ob-
served in the spectra of the polar aurora and the
radiation of the night sky (these are considered
in greater detail below).

Nine-electron systems (FI , Nell, Nalll, MglV,
etc.). Only two forbidden lines have been observed
(in the solar corona): Л3328 A, CaXII and A. 5536 A,
Ar X;98 both of these correspond to the transition
2 P j h — 2Рз/г. The other transitions between meta-
stable states do not lie in the region in which astro-
nomical observations are possible.

Ten-electron systems (Nel, Nail, MgUI, A1IV,
etc.). All the forbidden transitions lie in the far
ultraviolet and have not been observed.

Eleven-electron systems (Nal, Mgll, A1III,
etc.) have no metastable states.

Twelve-electron systems (Mgl, A1II, Si III,
etc.). The metastable states are: 3s 3p 3 P 0 and
3s 3p 3 P 2 ; the stable state is 3s2 ^o. Forbidden
transitions have not been observed for these sys-
tems.

Thirteen-electron systems (All, Sill, PHI,
SIV, etc.). Only two forbidden lines have been ob-
served: A. 5302.9A from FeXIV and X 3001A
from Ni XVI, corresponding to the transition
2 P 3 / 2 — 2 P t / 2 . The first of these is the brightest
line in the solar corona. It has also been observed
in the spectra of new stars. 1 0 1

Fourteen-electron systems (SiI, PII, SIII,
CIIV, AV, КVI, etc.). The metastable states
which are of astrophysical interest are lS, lD,
and 3 P . All of these are in the 3s2 3p2 configu-
ration. The forbidden lines observed in the spec-
tra of nebulae are given in Table VII." In addition,
identification has been made of three corona lines
which are assigned to transitions between compo-
nents of the 3 P term: namely, X 6701.8 A, NiXV
( 3 P 2 — 3 Pt) , Л.10746.8А FXIII ( 3 P t —

 3 P 0 ) and
A. 10798 A Fe XIII ( 3 P 2 —

 3 P t ) , and one line from
FeXIII X 3388 A assigned to the transition 4D2 —-
3 P 98

Fifteen-electron systems (PI , SII, СИП, AIV,
KV, CaVI, etc.). The basic configuration is
3s2 3p3. The stable level is 4S; the metastable
levels are 2D and 2 P . In Table VIU are given the
results of observations in nebulae of the forbidden
lines 4 S - 2 P , 4S—-2D and 2 D - 2 P . " The 4 S - 2 P
lines in Cl III are masked by one of the lines from
Ne III. Transitions between components of the meta-
stable levels have not been observed.

Sixteen-electron systems (SI, C1II, A III, KIV,
CaV, etc.). The metastable states are assigned to
the ground configurations 3s2 3p4 are 3 P , XD, and
*S. The results of observations of forbidden lines
assigned to this system are given in Table IX."
These lines are observed chiefly in the spectra of
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nebulae. Forbidden lines have not been observed
in Cl II. Both components of 3 P 0 —

 JD in Ca V
have also been observed in the spectra of new s t a r s ,
where A. 6087 A of CaV is one of the brightest
lines in the spectra . The following corona lines a re
assigned to sixteen-electron systems: X 7891.9 A
FeXI, S p j — 3 P 2 and A.5116A NiXIII, 3 P t — 3P2 .9 8

17, 18 and 19-electron sys tems, with a few ex-
ceptions, have no metastable s tates characterized
by transit ions which lie in regions available to a s -
tronomical observations. The spectrum of the solar
corona exhibits two forbidden lines: A. 6374.5 A FeX,
2 P l / 2 ^ 2 P ^ 2 and *• 4232.4 A NiXII, 2P3 /2 ~* 2Pi/2 ;
the first of these lines is assigned to the seventeen-
electron system while the second is assigned to a
nineteen-electron system. The line from Fe X has
also been observed in the spectra of new stars . 1 0 2

The t e rms of other electron systems have not
been classified with sufficient completeness and
the identification of the forbidden lines for these
configurations in the spectra of celestial bodies is
far from complete. The most rel iable investiga-
tions have been of lines of various iron ions — Fe II,
Fe l l l , FeV, FeVI, FeVII, and FeVIII103 (the Fe
lines in the corona have been already mentioned
above). Twenty-six lines of this kind a re observed
in nebulae. Also observed a r e eight forbidden lines
from Mn V and MnVI and ions of titanium, chro-
mium and other elements in the first long period
of the periodic table (K, Ca, Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn). The absence of lines
for heavier elements is apparently a resul t of the
fact that these elements do not occur in large
amounts in the nebulae.

Usually the atoms that a re more highly ionized
emit more intense forbidden lines; this can be ex-
plained as follows. As is well known, the differ-
ence between the low excitation potential of meta -
stable levels and the relatively high excitation po-
tential of the f irs t non-metastable level increases
with the degree of ionization. For example, where-
as the excitation potential of the first non-metastable
level for Mn II and Fe II is 5 volts, in Mn VI and
FeVI these potentials a re 65 — 70 volts; at the same
time the excitation potential of the metastable levels
remains approximately the same in both cases :
1.9 — 2.5 volts .1 Consequently transit ions of a
highly ionized atom from a metastable level to the
first non-metastable level and back occur in the
far ultraviolet and the forbidden lines of highly
ionized atoms may a r i se even when the total in -
tensity of the radiation is large if the spectral
density of the radiation in the far ultraviolet is
smal l . An example of this kind is the presence
or absence of forbidden lines of highly ionized

atoms in slightly ionized atoms in the solar corona
and in the spectra of other celestial bodies, under
suitable physical conditions.

The majority of the forbidden lines a r e due to
mixed radiation, i .e. , e lectr ic quadrupole and mag-
netic dipole radiation. Only a relatively few of
these lines are pure electr ic quadrupole, intercom -
bination or pure magnetic dipole l ines. For ex-
ample in the p2 and p4 configurations the pure
electr ic quadrupole transit ions a re 1S — *D,
3 P 2 —

 3Po and *D — 3 P 0 while the pure magnetic
dipole transit ions a r e % — 3Pj and 3 P t —

3P 0 . In
the case of the p3 configuration there is only one
pure electr ic quadrupole transition 2D5 A — 2Pi/2 •

The two radio lines at 21 cm and 91.5 cm d i s -
covered recently (in 1951 and 1955 respectively)
in spectra from interstel lar gas a re pure magnetic
dipole l ines. These lines a r i se in transit ions b e -
tween sublevels of the hyper fine s t ructure of the
ground states of atomic hydrogen (21 cm) and
deuterium (91.5 c m ) . The lifetime of the me ta -
stable sublevel of the hyperfine s t ructure of atomic
hydrogen is extremely long — on the order of 107

yea r s . In deuterium this lifetime is a hundred
times la rger . The possibility of a spontaneous
radiated transition to the normal level is due to
the extremely rarified nature of inters tel lar gas.

Investigations of radio waves from hydrogen
a re of extreme importance in astronomy. At the
present t ime, on the basis of observations of this
radiation it has been possible to draw, some very
important conclusions as to the density and t em-
pera ture of inters te l lar gas, the s t ructure and m o -
tion of the galaxy, the hydrogen mass which s u r -
rounds the Magellanic clouds and so on.104

We shall consider in somewhat greater detail
the forbidden lines observed in the spectra of the
polar aurora , the radiation of the night sky, and
the solar corona, since an investigation of these
lines is of great importance in the study of the
physical processes which a re involved.

The green line from OI ('D^ — ^ o ) , the wave-
length of which is 5577.3445 ± 0.0027 A according
to the data of Wegard and Harang (1937) along
with the so-called "red tr iplet" 3P - JD (Fig. 3)

FIG. 3. Forbidden
transitions in atomic
oxygen.
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TABLE X

01
Transition

Probability

1SO-»1D2

2.2

iSo-̂ ap

0.0908

1D2-I-3PO

0.0000022

iDa->3Pj

0.0026

1D2-.SP2

0.0078

a re the brightest lines in the spectra of the polar
aurora and the radiation of the night sky. The
identification of the forbidden lines from OI has
been car r ied out by laboratory methods,106 as men-
tioned in the introduction. The most precise values
for the transition probabilities for these lines have
been obtained by Pasternak1 6 (cf. Table X).

Starting from the data in Table X it is easy to
find that the mean lifetime for the lS0 level is
0.43 sec; the mean lifetime for the JD2 level is
95 sec . This great difference in lifetimes for the
JD2 and ^ levels is responsible for the change in
color of the polar aurora as a function of height.
In the upper par t of the polar aurora the p ressu re
is lower than in the bottom par t . Hence the number
of collisions which metastable atoms experience
there [ OI ( ^ ) ] is much smal ler and almost all
of these atoms can radiate; as a consequence the
red tr iplet is found to be brightest. With a r educ -
tion in height the number of collisions increases
and the total number of metastable atoms [ OI ( ^ J
does not radiate, and some make transit ions to the
metastable lS0 s ta te . However, as a consequence
of the shor ter lifetime atoms in the ^ Q state these
radiate to a greater degree than the OI (*D2)
atoms. As a resul t , the intensity of the red lines
falls off with height while that of the green line in-
c r ea se s . Obviously, to obtain a complete quantita-
tive picture of the behavior of these lines the ex-
citation mechanism must be known.

Three different mechanisms have been proposed
for the excitation of forbidden lines in the spectra
of the polar aurora and the radiation of the night
sky: collision effects, photo-chemical effects, and
fluorescence.

The first of these is somewhat s imilar to the
mechanism for excitation of forbidden transitions
in nebulae. The basic role is played by electrons
with low energies (approximately 7 —10 ev ) . In
collisions between such electrons and hydrogen
molecules the latter dissociate into two atoms
(dissociation energy 5.09 ev) ; one of these r e -
mains in the ground state while the second is ex-
cited to the metastable ^ state (excitation po-
tential 2 volts) or to the 1S0 state (excitation
potential 4.2 vol ts ) . This is followed by spontane-
ous transit ions ^0 — ^ 2 and JD2 —

 3P of the
OI atoms with the emission of the green and red
lines. These optical transit ions a r e possible be -

cause of the low density of the upper layers of the
atmosphere.

The next question concerns the origin of these
low-energy electrons. According to Dauvillier107"108

these electrons a re a resul t of ionization of atoms
by fast part icles emitted by the sun. In the com-
position of the corpuscular radiation of the sun*
there a re light ions and a large number of e l ec -
t rons , some with energies ranging up to 106 ev;
ionization of the atoms and molecules of the a t -
mosphere takes place chiefly as a resul t of col l i -
sions with these electrons.

Even if the collision excitation mechanism is
able to explain the production of forbidden rad ia -
tion in the polar aurora it is certainly not capable
of explaining the radiation of the night sky. In con-
t r a s t with the polar aurora , the radiation of the
night sky exhibits a very weak latitude effect, if
any 113,100 D a Uvill ier, in order to establish the
validity of electron excitation for forbidden lines
assumes in this case that the sun, in addition to
emitting powerful periodic fluxes, also emits a
constant low intensity flux of charged part icles.1 0 8

However the marked differences in the spectra of
the polar aurora and the radiation of the night sky,
and other effects, in part icular the fact that the
green line in the spectrum of the night sky exhibits
an intensity maximum soon after midnight, indi-
cates some other mechanism for the excitation of
the forbidden radiation, probably a photo-chemical
mechanism.

According to Chapman the photo-chemical ex-
citation mechanism may be described as follows.100

During the day oxygen molecules dissociate into
atoms as a resul t of the absorption of ultraviolet
radiation from the sun. During the night these oxy-

*At the present time the corpuscular theory for the produc-
tion of the polar aurora is generally accepted since no other
theory can explain the relation between the polar aurora and
the periodic processes that take place on the sun ( for example
the relation to sun spots), the dependence of these effects on
the magnetic field of the earth (the so-called latitude effect),
or other characteristic features (the shape and time variation).
Although this theory, in the form in which it has been formulated
by Birkelaud, Stfirmer, and Boguslavskii109"111' 105 has a num-
ber of shortcomings, it would seem to be the only available
means of explaining these effects. Obviously some modifica-
tions of the theory will be required. An important attempt along
these lines is that suggested by Chapman and Ferraro.112



F O R B I D D E N L I N E S IN A T O M I C S P E C T R A 233

gen atoms recombine when tr iple collisions take
place; the result is the excitation of one of the
atoms to the metastable 1S0 level in accordance
with the relation

(3.10)

(3.11)

'Pi/1

This is followed by the transit ions

O I - 1 ^ - * 1 / ) , , and ^D^^

which are accompanied by the emission of the
green line and the red tr iplet .

According to a calculation carr ied out by
Elvey,115 the recombination process described
by (3.10) takes place with greatest intensity at a
height of 160 km; on the other hand the total
height of the atmospheric layer in which radia-
tion of the forbidden lines from O I is observed
is approximately 50 km (from 120 km to 170 km).

The intensity of the green line does not reach
a maximum immediately at twilight but consider-
ably later, around midnight. Khvostikov explains
this effect by the fact that the height at which
maximum photo-ionization of O2 molescules
takes place does not coincide with the height at
which maximum recombination, described in
Eq. (3.10), occurs . The first height level is a s -
sociated with the height at which the highest con-
centration of oxygen atoms is found and is much
higher than the second; the delay is due to the
time required for the O I atoms to descend by
diffusion to the height at which the recombination
is a maximum.

However, there are some difficulties in the
photo-chemical excitation hypothesis. The d i s -
sociation energy of the oxygen molecule, which
is liberated in recombination, is 5.1 ev while the
excitation energy of the 1S0 level is 4.2 ev.
Hence part of the energy goes into relative kinetic
energy of the part icles which are produced and
should lead to Doppler broadening of the emitted
forbidden l ines. This broadening has not yet been
observed. The chief shortcoming of the photo-
chemical theory is the fact that it cannot explain
the polarization of the forbidden lines from O I;
this polarization effect has been established by
Khvostikov.116

It is possible that both excitation mechanisms
(collision and photo-chemical) operate simultane-
ously, with the first predominating in the polar au-
rora and the second in the radiation of the night sky.

A third mechanism—fluorescence—can also
explain certain of the features of the radiation
of the twilight sky.

The increase in intensity of the red line from
O I (3P2 — lB2, X6300A) at twilight with the ab-
sence of a twilight effect in the green line from.

FIG. 4. Forbidden
transitions in atomic
nitrogen.

'Os/i
2

O l f ' D j - 1S0 , X5577A) indicates that the ex-
citation mechanisms are different for the red and
green l ines. On the basis of a careful analysis of
the excitation conditions of these lines, taking ac -
count of the dependence of the density of oxygen
atoms on height on the diffusion of O I atoms
and the fact that the brightness of the red line
increases strongly with the appearance of the
first slash even at the uppermost layers of the
atmosphere, Khvostikov100 has proposed a r e s -
onance fluorescence mechanism for the produc-
tion of the X6300A line at twilight. The O I
atoms ( P2) absorb radiation from that part
of the continuous spectrum of the sun which co r -
responds to wavelengths near X6300A and make
transition to the JD2 level; then, in returning,
they radiate the red line.* The high intensity of
the O I line at X6300A when the sun has set
below the horizon is due to the abnormally high
selective reflection of the sun's rays at 6300A
in the upper layers of the atmosphere, which
contain atomic oxygen.100

Great interest attaches to the presence of
forbidden lines of atomic nitrogen in the rad ia-
tion from the high levels of the atmosphere. We
have already noted that only two of the forbidden
lines of N I (cf. Fig. 4), namely 4S — 2 P \ 3 4 6 6 A
and 4S — 2D X5199A have been observed in the
spectrum of the polar aurora; these a re found to
be much weaker than the forbidden lines of O I.
Searches for forbidden lines of N I in the rad i -
ation spectrum of the night sky have not as yet
been successful. In order to facilitate identifica-
tion a good deal of preliminary work has been
carr ied out on these l ines. The transition proba-
bilities,16 precise wavelengths,118 and excitation
potentials of the metastable level have been de -
termined; also, a self-consistent field anal-
ysis has been used to compute the relative
intensity of the components of the doublet
4S - 2 D:I (*S 3 / 2 - 2 D 5 / 2 ) / l ( * S 3 / 2 - 2 D,/ 2 )=0 .87 . 119

*The absorption of solar radiation also occurs in the polar
aurora, which is illuminated by the sun, but leads to a different
effect—a considerable weakening of the green line. It is prob-
able that this effect is due to absorption of ultraviolet photons
by metastahle atoms [O I ('So)].117
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The analysis of the excitation of forbidden lines
in NI is as yet not complete. It is assumed that
these lines a r i se chiefly as a resul t of inelastic
collisions between nitrogen molecules and atoms
and metastable oxygen atoms. However, an e s t i -
mate of the intensity ratio for 4S —2D and 4S —2P
lines made on this basis does not agree with the
observed data.100

As we have seen, the forbidden lines observed
in the spectrum of the solar corona may be a s -
signed to a few elements, the atoms of which a re
highly ionized ( F e X — XI, XIII —XIV; C a X I I -
XIII, XV; NiXIII, X V - X V I ; AX, XIV). The ab -
sence of forbidden lines from other elements may
be explained either by the small quantities of these
elements in the solar corona, the small concentra-
tion of metastable ions, or the fact that the lines
from the metastable ions lies in a region of the
spectrum which cannot be observed.

Almost all of the corona lines have been identi-
fied by Edlen (the first two lines were identified
in 1939). Four lines remain unidentified: A. 3454,
A. 4567, A.3801 and A. 4359 A. The identification was
attended by great difficulties. Only four lines were
identified on the basis of the location of the c o r r e -
sponding t e rm differences as obtained from r e -
solved lines in the spectra of Fe X — XI, Ca XII —
XIII.120~121 The remaining lines were identified by
a complicated extrapolation procedure in which
intermediate electron coupling and various fea-
tures of atomic spectra were taken into account.
For example, in finding the 2P t e rms assigned to
the 3s2 3p and 3s2 3p5 configurations, the s o -
called "proper" doublet rule was used: v(2Pz/2 —
2 P t 2) ~ (Z —a) 4 , where Z is the atomic number
and CT is a constant which is essentially independ-
ent of Z.98

When lines a re associated with a given ion the
identification of the corona lines is verified by a
comparison of the relative intensities obtained
from the observed data with those obtained theo-
retically. The theoretical calculation is based on
the assumption that the corona lines a re excited
by electron impact* and is car r ied out by the method
described below. The comparison of the theoretical
and observed values of the relative intensities of
these lines has been found satisfactory.98 The only
discrepancy occurs for lines from CaXV. Edlen
has identified the A. 5694 A line with the 3Pj — 3 P 0

transit ion in CaXV while Waldmeyer assigns the
line A.'5446 A to the 3P 2 —

 3Pi transition. The
observed intensity ratio for these lines (the ratio
of the first to second) is approximately 6. The

theoretical calculations carr ied out by Shklovskii98

give a value lying in the range 1.05 —1.58 (for all
possible values of the concentration of free e lec-
trons and electron temperature in the corona) . If
we assume that the A. 5694 A line corresponds to
the 3P2 —

 3 P t transition and the A. 5446 A line
corresponds to the 3 P t — 3P 0 transition, accord-
ing to Shklovskii the resul ts of the theory (0.38 —
0.97 )98 show a still greater contradiction with the
observations. In this connection Shklovski? has
maintained that the identification of the A. 5694 A
and A.5446A lines is incorrect . Later, however,
it was found according to the data of reference 122
that the A. 5445 A line was considerably weakened
by certain Fraunhoffer l ines. If account is taken
of this weakening, the intensity ratio for the X 5694 A
and A. 5446 A lines becomes 1.6, in good agreement
with the first of the Shklovskit resul ts indicated
above.

The ra ther sizeable discrepancy between the
differences of the extrapolated t e rms 3 P t —

 3 P 0

and 3 P 2 —
 3Pj and the wave numbers of the corona

lines A. 5694 A and A. 5446 A which was first found
was later removed by taking account of the configu-
ration interaction in the extrapolation procedure,
as we have already indicated.91 '92 '87

The corona lines a re characterized by sizeable
widths (approximately 1A) ; this value far exceeds
the natural width for spontaneous forbidden lines
and indicates the existence of high velocities for
the radiating ions. It is impossible to explain this
Doppler broadening by the motion of matter in the
corona since the velocity associated with this m o -
tion is small (5 — 10 k m / s e c ) . It is assumed at
the present t ime that the Doppler broadening of the
corona lines is a consequence of the high t empera -
ture of the mat ter in the corona; this temperature
reaches millions of degrees. Other indications of
this high temperature are the high degree of ioni-
zation of F, Ca, Ni and A, the absence of r ecom-
bination lines for hydrogen in the spectrum of the
corona, and a number of other effects.80 The mech-
anism by which the solar corona is heated has been
analyzed in detail by Shklovskif.98 According to this
author the heating of the corona resul ts from the
existence of electr ic fields inside the corona;* a l -
though these fields are weak they continuously
transfer kinetic energy to charged par t ic les ,
chiefly electrons. ShklovskiY has shown that even
very weak fields (of the order of 10~8 v / c m ) a re
sufficient for achieving a high electron t empera -
ture in the corona.

Artificial earth satellites have been of great

*We are not neglecting photo-excitation, but this mechanism
is important only in certain cases.98

*The variable magnetic fields on the sun are postulated as
the source of the electric fields in the corona.
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importance in investigations of radiation in the
solar corona and in the upper levels of the ear th ' s
atmosphere. On the basis of resul ts obtained with
rocket experiments Krasovskit123 concludes that
the mechanism described in Eq. (3.11) cannot be
used to explain the emission of the line X 5577 A
and the red tr iplet . A careful analysis has been
made of the possibility of other reactions for the
excitation of metastable levels in oxygen and
Krasovskii has shown that the reactions responsible
for the excitation of the 'So and ^ Q levels must be
different; he has proposed the following as more
probable reactions:

(1) for the % level

(2) for the *D2 level

O(1Z>2),

(3.12)

(3.13)

(3.14)

where O^ and OH^ are used to indicate vibration
excitation of the oxygen and hydroxyl molecules.

Rocket experiments have also served to furnish
an interesting correlation between the ultraviolet
radiation from the sun (in the region 0 — 20 A)
and the intensity of certain corona lines (X 5303 A
FeXIV, A.6702A NiXV).124

4. FORBIDDEN LINES INDUCED BY VARIOUS
FIELDS

It is possible to obtain forbidden radiation of
two kinds in discharge tubes. The first kind is
character ized by lines whose intensity reaches a
maximum at low current densities and falls off as
the current is increased. The lines of the second
kind a r e characterized by different behavior: the
intensity of these lines is proportional to the square
of the current density. The first group of lines is
due to spontaneous radiation, such as has been con-
sidered in the ear l ie r sections; the second kind is
radiation which is induced by ionic fields. Although
the field due to neighboring ions which acts on an
atom var ies in magnitude and direction, because
of the relatively slow variation of the Coulomb
field with distance it may be assumed as a first
approximation that the ionic field is constant over
the entire atom.2 Hence it is of importance to study
forbidden lines which a re induced by external con-
stant electr ic or magnetic fields.

The analysis of electric dipole radiation induced
by a fixed electr ic field is relatively easy. The ef-
fect of the fixed electric field on the atom may be

considered as a limiting case; i .e . , the effect of a
variable periodic electr ic field of zero frequency.*
The quantum theory of Raman scattering of light
gives the following expression for the dipole mo-
ment induced by a field E of frequency a;:125

(E0.dfm)dift

! i 2 { !
I dmi , (E,-dfm)difcim> qifc ]

i — a. J ' (4.1)

where d j^ and d m j a re the dipole moments of
the system in the absence of the field, cjmk and
w mi —t"e the Bohr frequencies, Eo is the field
amplitude. If we set _ = 0 in Eq. (4.1) we obtain
the dipole moment induced by the fixed electric
field:

ft (4.2)

It is apparent from Eq. (4.2) that the induced dipole
moment dii\ , differs from zero only in the case in
which there is a level i and levels m and k such
that e lectr ic dipole transitions are possible in the
absence of a field. Assuming this , we obtain for
the induced electr ic dipole lines the selection rules
AJ = 0, ± 1 , ±2 , even states -£=^even s ta tes , odd
states 5— odd states and, in the case of Russel l -
Saunders coupling, AL = 0, ± 1 , ±2, AS = 0, i .e. ,
the same selection rules (with the exception of
Ji + J2 s 2) as for electric quadrupole radiation.
It also follows from Eq. (4.2) that the probability
for induced electr ic dipole transit ions is propor-
tional to the square of the electr ic field intensity
of current density, in complete agreement with ex-
perimental r e su l t s . Fur thermore , this probability
depends to a considerable extent on the location of
level i with respect to the k and m levels. If
level i is close to either k or m, one of the de -
nominators in Eq. (4.2) is markedly reduced and
the probability for an induced transition is in-
creased considerably. Since the energy levels tend
to approach each other as the principle quantum
number n is increased the intensity of the induced
electr ic dipole lines must first increase (with the
number of the line index) to some maximum and
then fall off (as a consequence of the fact that d m i
is reduced with increasing n ) . The existence of
this maximum serves to explain the experimental
fact that with a gradual increase in the field first
one observes only those lines of the forbidden
se r i e s which correspond to these maxima; t he re -

*The radiation of atoms induced by periodic fields exhibits,
as is well known, resonance effects.
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after the other lines a re gradually observed. The
unique dependence of the intensity of induced lines
on the quantum number n sharply distinguishes
these lines from spontaneous electr ic quadrupole
l ines. The induced dipole lines a re also dist in-
guished from the spontaneous quadrupole lines by
the considerable width, a resul t of the Stark effect.
In the general case the sum rules do not apply for
induced forbidden lines (as contrasted with the
quadrupole l ines) ; it is only in the case of large L
and small multiplet splitting that they have any
meaning.126 '57

All these features of electr ic dipole radiation
induced by a fixed electr ic field were first r e -
ported experimentally in the lines of the forbidden
ser ies in He I and KI, observed in absorption.127"129

It should be noted that forbidden lines induced
by a ra ther strong (not molecular) electr ic field
a re polarized.157 The degree of polarization of the
different components has been studied by Miliyan-
chuk, who has established, for example, that the
•K -component in the n2 S t/2 — m2 Sj A lines of single-
electron atoms observed in a direction perpendicular
to the direction of the electr ic field is weaker than
that of the a component.158

If the density of charged part icles in the d i s -
charge is high enough or if the atoms a re in high
excited s ta tes , the molecular field over the entire
atom cannot be assumed to be uniform. The electr ic
dipole radiation induced by a weak inhomogeneous
electr ic field has been investigated theoretically in
great detail by Miliyanchuk.158"162 The selection
rules for this radiation a r e found to be the same
as those for octupole electr ic radiation, with the
exception of the requirement J t + J2 >*3 which
here takes the form Jt + J2 > 1. The intensity
variation of the lines is almost the same in se r i e s
induced by non-uniform and uniform electr ic fields,
but in the first case the intensity of the lines in-
c reases much more rapidly with the quantum num-
ber n (as n8) than in the second case (as n4) .1 6 0

If uniform and non-uniform electr ic fields act
simultaneously (as is usually the case in a d i s -
charge) , in the first approximation the non-uniform
field has no effect on the intensity of the forbidden
lines induced by the uniform field.161 This theore t -
ical conclusion has been verified in the work c a r -
ried out by Prilezhaeva and her colleagues,163 who
measured the intensity of the forbidden lines in the
P — P se r ies of lithium in the spectrum of a carbon
a r c .

Forbidden transit ions induced by uniform and
non-uniform electr ic fields a re easily distinguished
from each other since they obey different Laporte
ru les . However, it is more difficult to distinguish

the electr ic dipole transit ions induced by non-uni-
form electr ic fields from the spontaneous dipole
transit ions (e lect r ic) since most of the selection
rules a re the same in both cases . However, one
can make use of the Zeeman effect to distinguish
between these lines.159

In a non-uniform electric field (or in a magnetic
field) one sometimes encounters a so-called "com-
plementary multiplet." The essence of this effect
is that additional components with AJ = ±2, ±3
appear in an ordinary electr ic dipole multiplet.
The complementary multiplet 4 3P — 4 3D Zn I
observed in the arc is apparently an effect of this
kind.164

Examples of forbidden lines induced by a non-
uniform electr ic field a re the lines of the 2 2S —
m2 F in Tl I, observed in the positive column of
a glow discharge165 and the weak lines 1 ^ o — 5 ^ 3 ,
l ^ Q — 6 ^ 3 , in Ba l and 1 2 S - 6 2 F in KI ob-
served in a spark discharge.166

A ra ther detailed investigation of electr ic dipole
radiation of r a r e - e a r t h ions, induced by electr ic
fields in crystals and solutions, has been car r ied
out in reference 33. The production of induced
electr ic dipole transit ions between the levels of the
f -shell of the ion and the crysta l , i .e. , transit ions
between levels of the same parity, is due to the ab -
sence of a center of symmetry in the field, as is
the case in many point symmetry groups in c rys ta l s .
The central symmetry of the field can also be d i s -
turbed by ionic vibrations. The absence of a center
of symmetry in the field leads to the appearance of
an odd par t U ^ d in the lattice potential where
Uodd consists of two t e rms — a static t e rm and a
dynamic term: 3 3

U'odd =U,odd ' vib- (4.3)

Here Uocjd represents the interaction of the la t -
tice field with the ion in an equilibrium position
while Uvjk represents the same interaction when
the ion is not at the equilibrium position.

The order of magnitude of Uvifo is determined
from the expression

R
'v ib ' • u.odd (4.4)

w h e r e U e v e n i s t he even p a r t of t h e l a t t i c e p o t e n -
t i a l , R i s the amp l i t ude of the ionic v i b r a t i o n s ,
and ro i s of the o r d e r of the d i m e n s i o n s of the
e l e c t r o n s h e l l . The e x i s t e n c e of an odd p a r t in t h e
l a t t i c e po ten t i a l l e a d s to a v io la t ion of t h e s e l e c t i o n
r u l e s . F o r the quan t i t i e s J and L we obta in the
s e l e c t i o n r u l e s | AJ | s 4 and | AL | < 4 in t h e
c a s e of a f ield without a c e n t e r of s y m m e t r y and
I A J I < 2 and | AL | < 2 in the c a s e of a f ield with
a c e n t e r of s y m m e t r y , but wi th accoun t be ing t a k e n
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of the odd dynamic par t of the lattice potential Uv ib.
It is also possible to have transit ions which obey
the selection rules | A J | < 6, | AL | < 6 and
| AJ | < 4, and | AL | < 4 respectively, but these
a re character ized by extremely small probabil i-
t ies . 3 3 The selection rules for the quantum num-
ber m a re the same as those in the case of mag-
netic and quadrupole radiation which become in the
corresponding rules for the crystallographic num-
ber ju: ti = 0, ± 1 if we do not take account of the
dynamic par t of the lattice potential and | A/j. | < 2
or | A/z | _ 4 if we consider the linear or cubic
t e rms of this par t respectively. In a part icular
case, when the crystal is characterized by inver-
sion axes of order n, these selection rules assume
the form

A!*= ±Y' ± 0 - j ) ' (4.5)

The maximum probability for induced electric d i -
pole transit ions has been computed by El 'yashe-
vich33 and found to be 104 sec"1 ; as is apparent
from Eqs. (1.19) — (1.20) this is much larger than
the maximum probabilities for quadrupole and mag-
netic t ransi t ions.

The induced electr ic dipole radiation of r a r e -
earth ions in crysta ls and solutions has been ob-
served experimentally by a number of the invest i-
gators who have already been mentioned.

The Zeeman effect is very character is t ic of
induced electr ic dipole l ines, and is frequently used
as a means of identification. Both the longitudinal
and t ransverse effects a re different for the dipole
and spontaneous quadrupole l ines. Thus, for lon-
gitudinal observation in the case of quadrupole r a -
diation, components with Am = ±2 a re absent; in
the case of dipole radiation induced by a constant
electr ic field, these components appear. The same
applies to the component with Am = 0 under t r a n s -
ve r se observation. In addition it has been found
that for this induced dipole radiation the sum of the
Zeeman u and IT components are not equal.2

The Zeeman effect has also been studied in de -
tail for electr ic dipole lines induced by isotropic
electr ic fields.130"132 These fields a r e usually p r o -
duced by a random distribution of ions; under these
conditions the mean values of the field components
a re the same in any direction. In this case the Zee-
man pattern is again different for spontaneous quad-
rupole and induced electr ic dipole l ines. In Fig. 5,
as an example, we show the Zeeman components
for these two types of lines produced in P — S
transit ions in He I as obtained under t ransverse
observation.133 The schemes refer to the quadru-
pole (1) and dipole (2) lines where the upper and
lower vert ical lines denote the a and IT compo-

-2
-1

Scheme

•H -1

1

*2 -Z

0 t ,

I.S ' I.S

S c h e m e 2

FIG. 5. Zeeman effect for electric dipole lines induced by
isotropic electric fields ( detailed explanation given in text).

nents respectively; the numbers on the horizontal
lines denote the values of the respective Am com-
ponents while the lengths of these lines denote the
relat ive intensities for the a and IT components
a re equal (in contrast with the behavior of lines
induced by a fixed electr ic field).

An investigation has also been made of the Zee-
man effect in lines induced by molecular electr ic
fields in which there are no components parallel
to the magnetic field. In this case it is found that
for t ransverse observation the Zeeman splitting of
the induced dipole lines arising from P — F and
P — P transit ions is almost identical with the Zee-
man splitting of spontaneous electr ic quadrupole
and magnetic dipole lines respectively. These
splittings a re different, however, for longitudinal
observation. By means of this effect it has been
possible to establish, the induced nature of the lines
2 i p _ - 4 3F (X4921A), 2 3 P 1 ) 2 - 4 3F (A.4471A)
and 2 J P —5 J P (X4383 A) in the spectrum of
helium. One of these lines, 2 3Pi,2 — 4 3F> n a s

been observed in the spectra of certain class B
s t a r s , indicating the existence of ionic fields. The
P — G lines in the spectrum of helium have been
assigned to induced radiation ( ra ther than spon-
taneous octupole radiation as had been believed
earl ier) . 1 3 3" 1 3 6

Miliyanchuk159 has investigated the Zeeman
effect in lines induced by a weakly inhomogeneous
electr ic field for the general case . The selection
rules for the magnetic quantum numbers a r e found
to be Am = 0, ± 1 , ±2, ± 3 . The polarization of the
component characterized by Am = ± 3 is the same
as that of the component with Am - ± 1 in the r e -
solved line. The remaining components are el l ip-
tically polarized for all directions of observation.
The shifts and intensities of the components m —
m + <5 and - m — - m - 6 (6 = 0 , 1 , 2 , 3 ) a re
different.

Forbidden atomic transit ions can be induced in
a strong magnetic field alone (without an electric
field). For this effect to take place it is necessary
that the field strength be sufficient to break the
coupling between the L and S moments of the
atom; under these conditions, the perturbed wave
functions cannot be found in the first approxima-
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tion alone. Thus the moment J = L + S is no
longer constant in direction and the selection rule
AJ = 0, ±1 no longer applies. A calculation of the
correct ions which a r i se in the higher approxima-
tions leads to the additional selection rule AJ = ±2;
in very strong fields we find the selection rule AJ
= ± 3 . It should be noted that forbidden lines can
appear in relatively weak fields if these fields a r e
strong enough to produce a "par t ia l" Paschen-Back
effect. Forbidden lines induced by a magnetic field
have been observed in the (P — D) tr iplets of Ca l ,
Zn l , Cdl and in the (P — D) doublets of Al l and
Call .3 7

AH the above considerations relating to the p r o -
duction of forbidden f ine-structure lines under the
effect of a magnetic field also apply to hyperfine
s t ruc ture . Because the hyperfine splitting of t e rms
is small , even relatively small fields break the
coupling between J and I, leading to the appear-
ance of the forbidden transit ions AF = ±2, ± 3 .

The production of forbidden lines of the type d e -
scribed above is also possible in the spectra of
atoms or molecules which have magnetic moments
if these atoms or molecules approach each other
very closely; under these conditions the magnetic
fields which a re set up become rather la rge . Since
the Zeeman splitting is proportional to the f irs t
power of the magnetic field these forbidden lines
should be considerably more diffuse than the for-
bidden lines induced by an electr ic field (in the
lat ter case the relative sharpness of the forbidden
lines a r i se s by virtue of the quadratic Stark effect2).

We may also consider one other type of forbid-
den line which appears in an external magnetic
field. As is well known, the Zeeman components
of lines for which there is no fine s t ructure obey
the following selection ru les : Amj = 0, Ami = 0
(•K components) and Amj = ± l , Ami = 0, (CT com-
ponents ), where m j and mi a re quantum numbers
which determine the projection of the moments J
and I respectively. If the lines exhibit hyperfine
s t ructure the first of the indicated selection rules
re fe rs to the number m p , i .e. , the ir components
obey the rule Amp = 0 while the a components
obey the rule Amp = ± 1 where m p is the m a g -
netic quantum number, corresponding to the total
angular momentum F = J + I. Since m p = m j +
mi , the selection rule for m p will be satisfied
for various changes of the quantum numbers m j
and mi which lead to the appearance of "extra"
Zeeman components. For example, in addition to
the resolved n -components whioh satisfy the s e -
lection rules Ami = 0> Amp = 0, and Amj = 0,
the re must be ?r components that obey the s e l ec -
tion rules Amp = 0, Amj = ± l and Ami = ± l .
The intensity of these components is proportional

to (Ahc/2g (J)/x0H)2 (A is the hyperfine s t r u c -
ture constant, g is the Lande g factor, H is the
magnetic field) and consequently decreases with
increasing field and with diminishing A.138"139

Forbidden n and a components have been ob-
served experimentally by Gerasimov and Frish,1 4 0

who observed the Zeeman effect for the absorption
lines in cesium ( \4593.2A, \4555.3A, and
\ 8 5 2 1 . 1 A ) , rubidium ( \7800 .3A) , and sodium
(\5889.56 A) . It should be noted that the hyperfine
st ructure of the lines listed above was not resolved;
the existence of the effect was indicated indirectly
— in the appearance of the forbidden components.

TABLE XI

Polarization

a

Component shift

AX (A)

*0.232

0.117

-0.117

*-0.232

0.237

*0.107

-0.107

-0.237

Av (cm~i)

•-1.090

-0.552

0.552

•1.090

-1.114

•-0.503

0.597

1.114

Fractional parts
of normal
splitting

4
—g-Avo=-1.109

—g-Avo=-O.554

2
-—-iii0— 0.554

4
-y-Avo=l.lO9

—g-Avo=-l.lO9

3-Avo=-O.554

2
-3~Avo = 0.554

4
-Tj-Av,,—1.109

Table XI shows the resul ts of these observations
on one of the cesium lines (A.4593.2A, 6 2S]/2 —
7 2Pi/2) through the use of a magnetic field of
17,800 gausses; also shown a re the corresponding
displacements of the components of the fractional
par ts of the normal Lorentz splitting (the forbidden
components a re denoted by the a s t e r i sk s ) . As we
have seen the forbidden n components a re found
close to ±4/3Av0, while the a components a re
close to ± 2/3 Au0 where the location of the latter
exhibits some asymmetry. This asymmetry is ex-
plained by the non-uniform intensity of the forbid-
den components; this effect means that their com-
mon center of gravity is somewhat displaced.140*

Forbidden lines a r i se in the magnetic field of

•The existence of an asymmetry in the displacements and
intensities of the forbidden components is explained by
Miliyanchuk158 bythe fact that under the experimental con-
ditions of Frish and Gerasimov these components arise under
the effect of the intermolecular inhomogeneous field.
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the nucleus (without external f ields) . The exis t -
ence of nonvanishing spin and magnetic moment in
a nucleus leads not only to hyperfine s t ructure but
also to the appearance of forbidden transi t ions.
As is well known, the hyperfine t e rms a re found by
means of perturbation theory.141 The perturbation
operator used is the energy of the magnetic in ter -
action between the electron shell and the nuclear
spin

V=-VLI'BJ, (4.6)

where /xj is the magnetic moment of a nucleus with
spin I, while Hj is the magnetic field produced
by the electron shell with a total angular momen-
tum J (neglecting the spin of the nucleus) . The
correct ions for the energy in the first approxima-
tion a re computed frdm the unperturbed functions
in the representation y, J2, I2, F2 , F z where
F = J + I is the total angular momentum (including
the spin of the nucleus) , y represents all the r e -
maining mechanical var iables , which a re not wr i t -
ten explicitly. In this case the selection rules for
the various multipole transit ions remain the same
as in the case in which there is no interaction b e -
tween the magnetic moment of the nucleus and the
atomic shell (if we do not take account of the ad-
ditional analogous rules for the quantum numbers
F and m p ) . The resul t of a calculation will be
more prec i se , the larger the spin-orbital in te rac-
tion as compared with the interaction V. If this
second quantity is not small compared with the
first , in order to obtain the energy correction and
the selection rules it is necessary to use the f i r s t -
approximation wave functions. These a re of the
form

t',J'i=J
V 0 ) (Y ' . - / '>n> (4-7)

where (•/ , J ' , F ' | V | y , J, F) is the nondiagonal
perturbation mat r ix element and E (y ' , J ') —
E (y, J ) is the difference between the f ine-s t ruc-
ture levels. The nondiagonal elements a r e com-
parable in magnitude with the difference between
the hyperfine s t ructure sublevels and vanish when
AF * 0; AJ * 0, ±1 . 1 4 2

It is apparent from Eq. (4.7) that the hyperfine
s t ructure t e rms for given J and F a r e , in the
first approximation, l inear combinations of the
other t e r m s of the zeroth approximation with the
same F but with the other quantum numbers dif-
ferent; all t e rms will be la rger for a value of J '
for which the difference in levels of the fine s t r u c -
ture E (y ' , J ') — E (y, J ) is smal le r . The exis t -

ence of these linear combinations or, to put it an-
other way, this mixing of fine s t ructure s ta tes ,
leads to violations of the selection rule and thus
explains the production of forbidden l ines.

Forbidden lines induced by the magnetic field,
of the nucleus have already been observed in atomic
spectra of bivalent elements — mercury and cad-
mium. These lines a r e Hgl: \2269.80A, 6 s ! 'So

— 6 sp 3P 2 (f irst investigated in 1927 by Rayleigh) ,143

\2655.58A, 6 s 2 ^ — 6sp 3 P 0 (f irst obtained in
fluorescence by Wood) and X2967.5A, 6 s p 3 P 0 —
6sd 1 D 2 , 1 4 4 and also the lines in Cdl:

X3141 A, 5s 2^o-5sp 3 /> 2 and X3320A, 5s21S0-5sp3P0,

f irs t observed in 1931.145 The nature of these lines
was not established immediately. For some time
they were something of a puzzle. On the one hand
they could not be assigned to one of the spontaneous
multipole radiation lines since they did not obey any
of the appropriate selection rules ; on the other hand,
from an analysis of the excitation conditions it was
impossible to draw any conclusion as to the possible
production of these lines by virtue of external fields.*
Bawen was the first to propose that these lines were
induced by the magnetic field of the nucleus. This
theoretical proposal of Bowen was first investigated
by Goudsmit and Bacher in 1932 who used the line
X 2967.5 A.146 Taking account of the interaction of
the nuclear spin with only one of the outer s e lec -
trons in the mercury atom (the interaction with d
electrons is a hundred t imes weaker) and consid-
ering only the first te rm in the summation in (4.7),
(using the 3Di te rm (because of the fact that it was
closest to the JD2 t e r m ) , these authors were able
to obtain correct ions for the hyperfine s t ructure
sublevels of the ' D ^ and 3D2 t e rms for both odd
isotopes of mercury: Hg199 (I = V2) and Hg201

(I = 3 /2) . It was found that the difference between
the hyperfine s t ructure levels with the same F
for the t e rms JD2 and 3D t increases as compared
with the ideal scheme ( i .e . , as compared with the
resul ts of calculations in the zeroth approximation).
Goudsmit and Bacher also verified the appearance
of the forbidden line 3 P 0 —

1D2, also in the case in
which the interacting t e rms have only one sublevel
with the same F; the ratio of intensities for the
forbidden and corresponding displaced line is given
by the simple expression

± = A-., (4-8)

•Later Miliyanchuk160 showed theoretically that at high
pressures the probability for forbidden transitions of the type
'So — 3P2 to a considerable degree was affected by the inhomo-
geneity of the molecular field.
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where A is the distance between the indicated
sublevels when the t e rm interaction is neglected,
and <5 is the change in this distance due to the
interaction of the t e r m s .

Three papers have been devoted to the theory
of other forbidden l ines. In all this work the same
hypothesis has been used concerning the production
of these lines under the effect of the magnetic m o -
ment of the nucleus. In the first of these papers1 4 7

calculations have been made of the relative inten-
sit ies of the hyperfine s t ructure components of the
Hgl line ^o — 3 P 2 . In the second142 investigation
has been made of the forbidden line Hgl ^ Q — 3P 0 .
The intensity ratio was obtained for the two odd
isotopes Hg199 and Hg201 which have spins I t = V2

and I2 = 3/2 respectively (the spin of the other i so -
topes is ze ro ) ; in part icular ,

(4.9)

where g (Ii) and g (I2) a re the gyromagnetic
rat ios and pj and p2 a re the percentage compo-
sition of these isotopes. It has been established
that the t e rm causing the strongest perturbation
of the 3 P 0 t e rms is 3 P t ; on the assumption that
the nondiagonal and diagonal elements of the pe r -
turbation matr ix a re the same (y ' , J ' , F ' | V | y,
J, F ) an est imate has been made of the intensity
ratio for the transitions A (3P0 — lSt)) and
A (3Pj — ^ o ) . In the last paper148 an investigation
has been made of the forbidden transit ions 3P 0 —-
^ o and 3P 2 — ^o for mercury , cadmium and zinc.
The 3P 2 t e rm is also most highly perturbed by the
3 P t t e rm. It has been found that the ratio in (4.9)
also applies for the transition 3P 2 — ^ Q .

In addition, a semi-empir ica l method (using
the experimental data on hyperfine s t ructure and
the calculated resul ts of the nondiagonal elements
of the perturbation matr ix) has been used to obtain
numerical values for the rat ios of the probabilities
for the 3 P 0 —- ^o and 3 P a —

 1S0 transit ions as
compared with the resonance transition 3Pj — ^
for mercury , cadmium, and zinc. These numerical
values a re found to be of the same order of magni-
tude. However, lines corresponding to these t r a n -
sitions have been found only in mercury and cad-
mium. The absence of such lines in zinc may be
explained by the fact that the multiplet levels 3P0 ,
3 Pj , and 3P 2 for the zinc atom are very close to
each other so that transit ions of the atom from
the metastable levels 3P 0 and 3P 2 to the non-meta-
stable level 3P4 a re enhanced, thereby implying
that it is difficult to achieve the concentration of
metastable atoms required to obtain an observable
intensity for the iS0 — 3P 0 and lS0 — 3P2 l ines.

To supplement the cited resul ts of the theoret-

ical work, we should also note that the Bowen hy-
pothesis concerning the origin of the lines 1S(j —
3P0 , 'Srj — 3 p 2 and 3P 0 —'Dj , leads in itself to
the following features of the lines: F i rs t , only the
odd isotopes Hgl, Cdl , and Znl should radiate
(the magnetic moments of nuclei of the even i so -
topes of these elements a re ze ro ) ; second, the
hyperfine s t ructure of these elements should be
different for different values of the spin; third,
when several odd isotopes a re present an isotopic
shift should be observed.

All these features and the resul ts of the theo-
ret ical work cited above have been verified in the
experimental work of Gaviola, Mrozowski and other
authors.149"153 Gaviola149 has found the ratio of the
probabilities for Hgl A ( 3 P 0 — 'SQ) and Hgl
A (3Pj — %). Mrozowski150"151 has investigated
all three forbidden lines of mercury . These lines
were obtained by optical excitation in mercury
vapor containing an admixture of nitrogen. Mrozow-
ski was able to establish the presence of an isotopic
shift in all of these lines and has measured the r e l a -
tive intensities of the hyperfine s t ructure compo-
nents for the 1SQ — 3P2 and 3 P 0 —

1D2 l ines; he has
also observed other features which a r e found to be
in good agreement with theory. In references 152
and 153 it has been shown that the intensity of these
lines for both mercury and cadmium are propor-
tional to the number of odd isotopes (the lines
were excited in mercury vapor and cadmium vapor
containing different isotopic composition).

On the basis of all that has been said concern-
ing the effect of the magnetic moment of the nucleus
on forbidden transit ions, it can be concluded that
the interaction between the electr ic quadrupole
moments of the nucleus with the electron shells
should also lead to the production of forbidden l ines.
As yet only the effect of the electric quadrupole m o -
ment of the nucleus on the hyperfine s t ructure levels
of various atoms has been investigated (in par t icu-
lar , europium, potassium, cesium, and so on154"155).
The electr ic quadrupole moments of nuclei a r e de -
termined mainly from the experimental data on the
hyperfine s t ructure .

CONCLUSION

Of all the possible forbidden lines, only a r e l a -
tively few have been obtained under laboratory con-
ditions.* These lines have been observed in both
absorption and emission spectra. In absorptionf
it is especially convenient to investigate the lines

•This is discussed in greater detail in Mrozowski.2

tin absorption spectra both spontaneous and induced for-
bidden lines have been observed; for example, the aS —m 2D
series in the alkali metals,93 the 'S,, —3P2 line mercury143, etc.
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that a r i s e in transit ions between high metastable
states and ground s ta tes , because it is very diffi-
cult to obtain a high density of atoms in high me ta -
stable s ta tes . The absorption method of studying
forbidden lines has advantages and disadvantages.
On the one hand this method allows a considerable
simplification in the measurements of the t r ans i -
tion probabilities since there is no concern with
the populations of metastable levels; on the other
hand it is extremely difficult to measure the inten-
si t ies of weak absorption lines and this makes it
necessary to study very thick layers of gases or
vapors . It should also be noted that the absorption
.method can be used only for studying transit ions
in which one level must correspond to the ground
state .

Emission forbidden lines a re obtained most f r e -
quently in discharge tubes. These tubes can have
internal or external electrodes; the external e lec -
trodes a r e especially convenient in cases in which
the required vapor p ressu re can be achieved only
at high tempera tures . As has already .been indi-
cated, to obtain sufficiently intense spontaneous
forbidden l ines, the investigated gas must be mixed
with small amounts of intert gases or other gases
whose atoms or molecules have high excitation
potentials. The presence of an inert gas leads to
an increase in the probability of excitation of the
investigated atoms, since elastic collisions of
atoms of this gas with free electrons reduce the
mean kinetic energy of the latter to values com-
parable with the energy of the metastable levels.
The actual role played by the inert gas in the p r o -
duction of forbidden lines has as yet not been
clarified.

Another important method of obtaining forbidden
lines is the fluorescence method. In this case the
atoms of the mater ia l investigated first absorb
radiation and make a transition to high excited
sta tes ; then, by radiation or collision with other
atoms, they make transit ions to metastable levels.
So far this method has been applied only in mercury
(Wood and Gaviola148). Mercury vapors have been
investigated at room temperature; in this work he -
lium or nitrogen was present in the fluorescence
tube. The mercury atoms a re excited to the 3 P t

level by irradiat ion with resonance radiation at
A.2537 A and then, via collisions, make transit ions
to the metastable 3P 0 s tate . It would appear to be
desirable to apply this method in other cases .

A third important method for the production and
investigation of forbidden lines is the rad io-spec-
troscopy method. We have considered the method
and its application above.

All optical methods involve great difficulties in
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the measurements of intensities of weak forbidden
lines, all the more so since the latter a re frequently
close to smeared-out l ines. In order to overcome
these difficulties, generally speaking, one prefers
to take steps which result in an improvement in
the excitation conditions for the forbidden lines
rather than improvement of the detection apparatus,
since small changes in the excitation conditions can
resul t in intensity increases of several hundred
t imes. 2

Under laboratory conditions one usually inves-
tigates forbidden lines in neutral atoms. Forbidden
lines of singly ionized atoms can be obtained with
reasonable intensity only at very low p ressu res
and only in the absence of an inert gas.2 Research
in the laboratory production of forbidden lines in
highly ionized gases is just beginning.* This p rob-
lem is one of great importance.

Up to this time the overwhelming majority of
forbidden lines observed in the spectra of celestial
bodies have not been obtained in the laboratory and
a second very important problem is a complete and
accurate calculation of the transition probabilities
associated with these lines. A calculation of this
kind for the basic configurations of atoms in the
first two short periods of the periodic table has
been car r ied out ra ther carefully, as we have a l -
ready indicated. However, the calculation of the
probabilities for forbidden transit ions pertaining
to the configurations dn , d11"^, etc. , which a re
character is t ic of atoms in the first long period,
has only just begun (with the exception of the work
by Pasternack and Garstang16"156). It should be
noted that in order to obtain accurate numerical
values for these probabilities one must have highly
accurate values for the radial integral Sq.

Although the general theory of forbidden lines
is of interest in astrophysics and has been con-
sidered in a ra ther large number of papers , cases
in which this theory has been applied to actual lines
a re r a r e . At the present time only the theory of
"nebular" lines may be considered well-developed.

A number of problems relating to the theoretical
and experimental aspects of forbidden atomic r a -
diation a re still not solved. These include the fol-
lowing: (1) further development of the theory of
inter-configuration and other interactions, (2) the
identification of the remaining unidentified four
corona lines and other lines in the spectra of
celestial bodies, (3) the discovery of spontaneous
multipole lines higher than the second order ,
(4) further investigations of the interference effect
in mixed radiation, (5) the observation of pure mag-
netic dipole lines in the optical region, and so on.

*If we neglect ions in crystals and solutions.
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