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I N various astrophysical systems the states of atoms,
molecules, and ions are characterized by their concen-
trations, velocity distributions, and degrees of ioniza-
tion and excitation. Until recently, however, no atten-
tion was payed to the spin states of these particles. It
was assumed that the spins* are chaotically distributed,
i.e., that all spin directions are equally probable. To
take account of the spins was only to introduce appro-
priate statistical factors in the expressions for the in-
tensities of spectral lines.[1~5] Under ordinary terres-
trial conditions there is a chaotic distribution of spins.
In the rarefied cosmic medium, however, the situation
is quite different. There is no thermodynamic equili-
brium. There are directed fluxes of radiation and of
particles. The spin state of particles is as a rule
anisotropic, i.e., the spins are oriented.

One distinguishes two types of orientation of particle
spinst —alignment and polarization.[6~9] In the case of
alignment the spins of the particles are oriented ani-
sotropically, but in such a way that directions along
and opposite to a symmetry axis are equivalent, while
in the case of polarization these directions are not
equivalent, the spins pointing predominantly in one
direction.

Orientation of spins arises in two qualitatively dif-
ferent situations: a) static orientation, which becomes
established in a system in thermodynamic equilibrium
when there is a sufficiently strong external magnetic
field, and b) dynamic orientation, which arises in a
nonequilibrium system owing to interactions of the
particles of the medium with a directed flux of radia-
tion or of fast particles passing through the medium.

*By the spin of a particle we mean its total angular momentum rela-
tive to its center of mass.

t Sometimes the term "polarization" is used instead of "orienta-
tion," and conversely. [10] It is useful, however, to use the word polari-
zation only for states characterized by a polar vector, and to use the
term "orientation" in a wider sense.

Analyses of the physical conditions in various cos-
mic objects have shown [u~121 that dynamic orientation
must be a phenomenon of very wide occurrence, the
spins of the particles being as a rule aligned and not
polarized. The main mechanism of the alignment of the
spins is the resonance scattering of directed unpolar-
ized radiation coming from stars and nebulas.

This phenomenon leads to a number of interesting
astrophysical consequences. For example, alignment
of particle spins can decidedly alter the transparency
of a medium for resonance radiation. This is import-
ant, since almost all our information about the cosmic
medium (its chemical composition, degrees of ioniza-
tion and excitation, and so on) is obtained from data on
the passage of resonance radiation through the medium
in question.

I. STATIC ORIENTATION

In the absence of external fields a medium in ther-
modynamic equilibrium is isotropic, i.e., all directions
are equivalent and the energies of particles do not de-
pend on the orientations of their spins in space. In
other words, particle states that correspond to differ-
ent values of the projection Μ of the spin I along an
axis of quantization are degenerate in energy: CM
= €M, for any possible values of Μ and M' (I, I - 1,
I - 2, . . . , - I). Accordingly, by the well known Boltz-
mann formula113·1

Λ,Λ. ./ΛΙ*-« ( ' - Μ - ' Μ · ) / Μ \ (1)

the populations R I M of a l l the (21 + 1) s t a t e s c o r r e -
sponding to different or ientat ions of the sp in w i l l be
equal, so that all possible values of the projection Μ
are equally probable. This means that the spins of the
particles are oriented chaotically, i.e., on the average
there is no orientation. This is the situation, for ex-
ample, in dense layers of the atmosphere, where the
populations of energy levels of the particles are deter-
mined by collisions with the equilibrium gas.
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Particle spins in a medium in thermodynamic equili-
brium will be oriented if there is a sufficiently strong
external field so that the magnetic energy is larger
than or comparable with the thermal energy,

V-H > kT. (2)

In this case, as is well known, an energy level of the
particles will be split into (21 + 1) sublevels with dif-
ferent values of M, and according to the Boltzmann
formula (1) the populations of these sublevels will be
different. The largest population will be that of the
sublevel with the lowest energy, corresponding to
Μ = I if the magnetic moment of the particle is posi-
tive, μ > 0, or to Μ = - 1 if the moment is negative,
μ < 0. This means that the spins of the particles are
predominantly oriented along the field Η for μ > 0,
or against the field for μ < 0. This is called a static
orientation. But the condition (2) which is necessary
for a static orientation, is practically never satisfied
in any known astrophysical systems. For example, in
interstellar gas [ 1 4 ] (on the assumption of local thermo-
dynamic equilibrium) Τ ~ 100°K and Η ~ 10"β Oe, so
that kT ~ 10"" erg, but μΗ ~ 10"26 erg. Even in mag-
netic s tars [ 1 6 ] with Η ~ 103 Oe and Τ ~ 104oK the
quantity μΗ ~ 10"17 erg is much smaller than kT
~ 10"12 erg. Pulsars are a possible exception, but the
observations show that they are nonstationary and
doubly nonequilibrium systems. Accordingly, equili-
brium static orientation of particle spins does not oc-
cur under cosmic conditions.

Π. DYNAMIC ORIENTATION
In the absence of thermodynamic equilibrium, as we

have already said, a different type of orientation is
possible in principle—dynamic orientation, in which the
spins of the particles of a medium are oriented as the
result of their interaction with a directed flux of radi-
ation or of particles.

The point is that the optical, x-ray, and radio radi-
ation of stars and nebulas, and also directed beams of
particles, in passing through the cosmic medium and
interacting with it, not only change the momentum dis-
tribution of the particles of the medium, but also orient
the spins of these particles. While the first of these
effects (light pressure and solar wind) have been dis-
cussed repeatedly in the astrophysical literature,1 1"5 1

the second effect (the dynamic orientation of atoms and
molecules in the cosmic medium) has not been dis-
cussed until very recently. Meanwhile the two effects
are indissolubly connected, since in a collision both
momentum and angular momentum are imparted to a
particle. The second process is even more effective,
in the sense that an incident flux first orients the par-
ticles of the medium and thereafter moves them along
in the direction of its propagation.

The primary cause of dynamic orientation of spins
is the spin-spin and spin orbit interaction between
particles of the medium and particles of an incident
flux—photons, protons, electrons, etc., both polarized
and unpolarized. But this interaction can lead to orien-
tation only if the angular distribution of the incident
particles is anisotropic. In particular, a directed flux
of unpolarized light falling on a nonoriented medium
and being scattered, leads to alignment of the spins of

the particles of the medium even if the scattering is
spherically symmetric.

Under cosmic conditions the most effective mecha-
nism of orientation of the spins of atoms, molecules,
and ions is the resonance scattering of photons. This
is true for the following reasons. First, the cross sec-
tion for resonance scattering is extremely large,
Qy ~ πλ2. Second, because electromagnetic waves are
transverse, the spin of the photon, Sy = IB, unlike
those of other particles, is always completely oriented—
aligned along (or else opposite to) the direction of
propagation of the wave. Third, fluxes of radiation are
in many cases anisotropic, whereas the angular distri-
bution of particles is as a rule isotropic.

For optical alignment of particle spins it is neces-
sary that the probability of interaction of the particles
with the radiation be larger than or at least compara-
ble with the probability of collision with other particles,

Besides this it is necessary that the flux of radiation be
sufficiently anisotropic:

Ω , / 4 π < 1 . (4)

Orientat ion of s p i n s a s the r e s u l t of opt ica l pumping
in laboratory e x p e r i m e n t s w a s f irst obtained by
Kastler. 1- 1 7" 2 0 1 Under laboratory condit ions, however ,
the or iented p a r t i c l e s quickly r e l a x into the i sotropic
equi l ibr ium s t a t e , and the ma in problem i s to s u p p r e s s
the re laxat ion caused by c o l l i s i o n s b e t w e e n the part i-
c l e s t h e m s e l v e s or the ir c o l l i s i o n s with the w a l l s . [ 2 0 " 2 5 1

Meanwhi le t h e r e a r e great r e g i o n s of c o s m i c s p a c e
where t h e r e a r e pract ica l ly no c o l l i s i o n s and a l l the
condit ions n e c e s s a r y for opt ica l a l ignment e x i s t
natural ly and continual ly. Nature i tse l f continuously
mainta ins s u c h an or ientat ion. T h e s e r e g i o n s a r e the
upper l a y e r s of s t e l l a r and planetary a t m o s p h e r e s , the
interplanetary medium, c o m e t s , i n ters te l la r g a s c louds
c l o s e to s o u r c e s of radiat ion, the s h e l l s of novas and
supernovas and of q u a s a r s , c e r t a i n nebulas, and s o on.
A s p e c i f i c feature of a l l t h e s e o b j e c t s 1 " ' 1 6 1 i s that they
a r e opt ical ly t ransparent, the radiat ion f luxes in them
a r e rather large and s trongly an i sotrop ic , and the g a s
densi ty i s tr i f l ing and the re laxat ion negligibly s m a l l .
Under t h e s e condit ions r e s o n a n c e s c a t t e r i n g of the
radiat ion m u s t n e c e s s a r i l y lead to a l ignment of the
part ic le s p i n s . There fore we can s ta te that dynamic
orientat ion of part ic le s p i n s , unlike s tat ic or ientat ion,
i s a widely o c c u r r i n g phenomenon in the U n i v e r s e .

ΙΠ. THE RESONANCE MECHANISM OF SPIN
ALIGNMENT

The degree of alignment of the spins of particles as
a result of optical pumping, and the change of the
transparency of the medium caused by this alignment,
depend on the spins of the particles and on the nature
of the orienting radiation. There can be either an in-
crease or a decrease of the transparency of the medium
for the resonance radiation. In particular cases com-
plete induced transparency is possible. To illustrate
the mechanism of such alignment and change of trans-
parency we shall give a simple and effective example.

Suppose a two-level atom with spin la = 1 in the



S P I N S T A T E S O F A T O M S A N D M O L E C U L E S I N T H E C O S M I C M E D I U M 431

π

E -

FIG. 1. Diagram illustrating the mech-
anism of alignment of the spin I a as the
result of resonance scattering of radia-
tion.

ground state and spin Ijj = 0 in the excited state is in
a directed flux of unpolarized radiation Fig. 1). Μ is
the projection of the angular momentum I of the atom
along the axis of quantization, which is directed along
the incident photon b e a m . In the case of unpolarized
light the beam contains equal numbers of photons with
right and left c i rcu lar polarizat ions, corresponding to
angular momentum projections m y = 1 and m y = - 1
along the axis of quantization. There a r e no photons
with the projection m ^ = 0 because the e lectromag-
netic field is t r a n s v e r s e .

According to the law of conservation of the angular
momentum component, in the absorption of a resonance
photon the atom can go into the excited state with m y
+ M a = Mb = 0 only from the sub levels M a = =F1, and
the t rans i t ion from the sublevel Ma = 0 is forbidden.
Therefore the atoms that get into the sublevel M a = 0
cannot thereafter get out of this s tate unless there is a
collision with another a tom. On the other hand, in the
decay of the excited s tate t h e r e can be t rans i t ions into
a l l of the substates M a , and indeed with equal probabil-
i t ies, s ince fc = 0, and a l l of the proper t ies of a
physical sys tem with spin z e r o a r e independent of its
orientation in space; in par t icular , the matr ix elements
that determine the t rans i t ion probabilit ies a r e independ-
ent of the projections m ^ and Ma.

Accordingly, in the given case every act of s c a t t e r -
ing will give an increase of the population of the sub-
level M a = 0 and corresponding d e c r e a s e s of the popu-
lations of the sublevels M a = ± 1 . Under prolonged a c -
tion of the beam of resonance photons practically a l l of
the a toms, independently of their original orientat ions,
must go over into the sublevel Ma = 0, and the medium
will become t ransparent to the orienting radiation it-
self.

Complete induced t ransparency of a medium is of
course possible only if t h e r e a r e no collisions between
a t o m s . Moreover, it was assumed above that the
orienting radiat ion is directed in a narrow solid angle
along the axis of quantization.

Under laboratory conditions the experiment has
been done with metastable atoms He I m , using the
trans i t ion 3S1 = 3 P ? . [ 2 5 ]

It must be emphasized that we a r e h e r e speaking not
about the induced t ransparency of a medium that a r i s e s
in very intense radiation fluxes, when the populations
of the upper and lower s ta tes become equalized, but of
induced t ransparency associated with the orientation of
the spins in the lower s ta te , which occurs even when
the intensity of the radiat ion is smal l .

In the orientation p r o c e s s t h e r e is an increase of
the order ing of the spins of the part ic les of the medium;
that i s , the entropy of the medium d e c r e a s e s . But this

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

s i n c e t h e r e i s a s i m u l t a n e o u s i n c r e a s e o f t h e e n t r o p y

o f t h e r a d i a t i o n t h a t g e t s s c a t t e r e d . B e f o r e s c a t t e r i n g

i t w a s c o n c e n t r a t e d i n a n a r r o w s o l i d a n g l e , a n d a f t e r

t h e s c a t t e r i n g i t s a n g u l a r d i s t r i b u t i o n h a s b e c o m e m u c h

m o r e n e a r l y i s o t r o p i c .

I V . T H E D E S C R I P T I O N O F O R I E N T A T I O N

Unlike static orientation, which is completely de-
termined by the single p a r a m e t e r μΗ/kT, dynamic
orientation can depend in a complicated way on a num-
b e r of p a r a m e t e r s , and it can have a wide variety of
c h a r a c t e r i s t i c s . The spin state of part ic les can not
only consist of a s ta t i s t ica l mixture of s ta tes with dif-
ferent value of M, but also can involve coherent super-
position of such s t a t e s . t l 3 ] In this case the spin or ienta-
tion can be described only in t e r m s of a polarization
density matr ix , and it does not suffice to give the pop-
ulations of the sublevels with various values of M. In
a cosmic medium however, only the longlived multiplet
levels of the ground s ta te of an atom or molecule a r e
populated. Their magnetic sublevels do not overlap
even in the very s m a l l magnetic fields Η ~ ΙΟ"6—10~7

which a r e typical for the in ter s te l la r medium; that is ,

(W + Wc)h < μ # <tkT. (5)

F u r t h e r m o r e , the excitation of these sublevels is
stochastic in c h a r a c t e r . The density matr ix for such a
stationary s tate of the part ic les is diagonal in the
energy. Owing to the condition (5), however, a density
matr ix diagonal in the energy will also be diagonal in
Μ in a coordinate system with the axis of quantization
in the direction of H. Accordingly, under these condi-
tions the spin s tate of the part ic les can be described
in t e r m s of the populations R I M of the magnetic sub-
levels (i.e., the diagonal e lements of the polarization
density matr ix) and the direction of Η is practically
an axis of symmetry of the sys tem. The stationary
values of the populations R I M of the sublevels a r e de-
termined by the system of balance equations

RIM (6)

where W I M _ T / M ' is the probability of the t rans i t ion
IM — I 'M' . In each actual case one must take into a c -
count the specific scheme of levels and the transi t ion
probabilit ies owing to a l l possible causes—coll is ions,
direct and cascade transit ions—and also the specific
spectrum, angular distribution, and polarization of the
orienting radiat ion. Each concrete case is individual
in a double s e n s e . We can, however, c a r r y out a gen-
e r a l t rea tment and br ing out the basic relat ions that
enable us to calculate the populations R J M of the mag-
netic sublevels in various actual conditions. Such a
general t rea tment is possible for the following r e a s o n s :

1) The coll is ions with the equilibrium gas, if they
do give appreciable contribution W c ~ W^, will only
lead to a decrease of the degree of orientation produced
by the optical pumping, but will not change the charac-
t e r of this orientation. But in the most interesting
astrophysical cases Wc <C W^ and collisions can be
neglected altogether.

2) Only dipole t rans i t ions a r e of importance for
optical pumping. Therefore there a r e only three types
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of resonance levels, namely levels with spins Ib = la
- 1, Ib = la, a n d h = h. + *> where I a is the spin of
the ground state.

3) If there are several resonance levels with the
same spin value ^ , then optical pumping through these
levels leads to exactly the same resultant populations
IRlaMa as pumping through a single level with the spin

la·
4) The probabilities W T M _ T ' M ' > and consequently

also the populations R j ^ of the magnetic sublevels, do
not depend on the details of the angular distribution and
polarization of the radiation; if the conditions (5) are
satisfied they are completely determined by just three
parameters p m . These parameters are the diagonal
elements of the density matrix of the resonance radia-
tion in the representation characterized by definite
values of the projection of the angular momentum of
the photon on the axis of quantization, m y = 1, 0, - 1.
The parameters p m are normalized so that they
represent the (dimensionless) numbers of photons in
the corresponding cells of phase space. Furthermore
the probabilities of direct dipole transitions of electric
or magnetic type are given by the relations^26-1

-Pm), ·> HIM,
(7)

where y 0 is the total probability of spontaneous transi-
T'IW'

tion and the C — are Clebsch-Gordan coefficients.
LMlm

It is important to emphasize that decidedly different
angular and polarization states can correspond to the
same values of the p m .

In the case of isotropic unpolarized radiation
Pi (ν) = Ρο (ν) = ρ-, (ν) = /νλ»/2Αν, W

where 3V i s the intens i ty of the radiat ion

( e r g c m " 2 s e c " 1 Hz" 1 s r " 1 ) .

In the c a s e of a d i r e c t e d f lux of po lar i zed radiat ion

p ± 1 (v) = (3/2) (Ωγ/4π) (XVV (Θ)/Αν)

X {1 ± η c o s 9 - (sin2Θ/2) [1 —( —1)Λξcos2a]},

p0 (v) = (3/2) (Ωτ/4π) (λ3/, (Θ)/Λν) sin2 θ [1 - ( - 1)Δ ξ cos 2α], . g

where η and ξ are the degrees of circular and linear
polarization, θ is the angle between the direction of
the beam and the direction of H, a is the position
angle characterizing the linear polarization, Δ = 1 for
electric dipole transitions, and Δ = 0 for magnetic
dipole transitions.

V. THE POPULATIONS OF THE MAGNETIC SUB-
LEVELS

The most important case for astrophysics is the
alignment of spins by directed unpolarized radiation of
small intensity ( p m <ξί 1). To graphically illustrate the
dependence of the optical resonance polarization on the
directions of the pumping and on the spin characteris-
tics of the atom, Fig. 2 shows the stationary values of
the populations R I M °f the magnetic sublevels for a
two-level system with the respective spins la and Ib
in the ground and excited states. Owing to the features
of optical pumping listed in the preceding section, the
results of the calculations for a two-level system can
be used to calculate the spin alignment of actual many-
level systems for an arbitrary angular distribution of
the orienting radiation. [ 1 2 ]

The values of R I M for various I a and ^ are shown
in polar coordinates as functions of 6, the angle between
the directions of the orienting beam and of the field H.
A circle shows the equilibrium populations R^Ma for
any Ma, which become established in an isotropic
medium in the absence of directed fluxes of radiation
and particles. All of the graphs are to the same scale.
Comparisons between them show graphically how the
nature and degree of the orientation change with in-

In'2

FIG. 2. The populations RMa of
the magnetic sublevels of a state with
spin Ia, as established by optical
pumping through a level with spin Ifc
under the action of directed unpolar-
ized radiation.
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c r e a s e of the value of I a with various re lat ions b e -
tween la and Ifo.

As can be seen from Fig. 2, for I a s 1 the popula-
tions R l a M a

 w i t h different values of M a a r e not the
s a m e for any direct ion of the orienting beam, except at
g = 54°44'8" and θ = 125°15'52", where s in 2 θ = 2/3 and
Pi = Po = P-i· Alignment of spins I a = 0 and I a = ya is
impossible.

If the orienting radiation is predominantly directed
along the magnetic field (θ < 55° or θ > 125°) then in
the cases Ib = Ia a n d Ib = la + 1 the sub levels with
the maximum value | M a | = I a a r e most heavily popu-
lated. If, on the other hand, the orienting radiation is
directed mainly t r a n s v e r s e to the field Η (55° < θ
< 125°), the most heavily populated sub levels a r e

those with the smal les t value of | M a | (0 or f2).
The situation is exactly the opposite in the case Ifc

= Ia - 1. In par t icular , in the case of pumping along
the magnetic field (θ = 0° or θ = 180°) for I a = 1 and
Ib = 0 a l l of the a toms a r e concentrated in the level
M a = 0, whereas for I a = 1 and Ib = 1 a l l of the atoms
a r e concentrated in the levels with | M a | = 1.

We must a lso point out the very high degree of
orientation in the case I a » 1 and Ib = I a + 1 for
θ ~ 0° and θ « 180°, when the atoms a r e predominantly
concentrated in the sublevels | M a | = I a .

Figure 2 also allows us to determine values of
R^Ma. i n the m o r e genera l case when the angular d i s-
tribution and degree of l inear polarization of the r a d i a -
tion a r e a r b i t r a r y , s ince then p x =p_i and the ent ire
situation is determined by only a single p a r a m e t e r , the
rat io Po/Pi, to which there corresponds a definite ef-
fective value of the pumping angle Θ,

(10)

A s a l r e a d y n o t e d , t h e v a l u e s of R I M r e p r e s e n t e d

g r a p h i c a l l y in F i g . 2 e n a b l e u s , w i t h o u t s o l v i n g t h e

b a l a n c e e q u a t i o n , t o e s t i m a t e t h e p o p u l a t i o n s R l a M a °f

t h e m a g n e t i c s u b l e v e l s of t h e g r o u n d s t a t e of a m a n y -

l e v e l s y s t e m s u b j e c t e d t o o p t i c a l p u m p i n g wi th r a d i a -

t i o n w i t h a n a r b i t r a r y s p e c t r u m . In c a s e s in w h i c h t h e

p r e d o m i n a t i n g effect i s t h a t of r e s o n a n c e l e v e l s wi th

t h e s a m e v a l u e of Ib, t h e r e s u l t i n g p o p u l a t i o n s R l a M a

w i l l b e t h e s a m e a s for a s i n g l e r e s o n a n c e l e v e l I b ,

i n d e p e n d e n t l y of t h e n u m b e r of l e v e l s t h r o u g h w h i c h t h e

p u m p i n g g o e s . In t h e g e n e r a l c a s e i t i s n e c e s s a r y t o

k n o w t h e r e l a t i v e c o n t r i b u t i o n s of a l l t h e r e s o n a n c e

levels with Ib = Ia — 1, with ϊ^ = I a , and with Ib = Ia
+ 1.

In this way, for example, we can determine the
nature of the alignment of the spin I a = % of the 0 Π
ion in a flux of hard ultraviolet radiat ion with a con-
tinuous spect rum. The only allowed transi t ions from
the ground state ( l s 2 2 s 2 2 p s ) 4 S a / 2 a r e those to the
s ta tes ( l s 2 2 s 1 2 p 4 ) 4 P , ( l s 2 2 s 2 2 p 2 n s ) 4 P , and
( l s 2 2 s 2 2 p 2 n d ) 4 P . [ 2 7 ] Each of these resonance s ta tes is
a t r ip let—a group of closely spaced levels with spins
\> = 2̂» Ib = %> a n c * Ib = %—and the ra t ios of the con-
tributions of these sublevels a r e 2 : 4 : 6 . The c o r r e -
sponding es t imate made from Fig. 2 agrees well with
the exact value

! = (2-6 + cos'- θ)/(2 + 1.4 sin3 Θ).
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The r e s u l t s we have given also allow us to es t imate
the spin alignment of atoms and molecules that a r i s e s
owing to their interaction with a directed beam of fast
e lectrons or protons, s ince the field of a fast charged
part ic le is to a large extent equivalent to the field of a
t r a n s v e r s e electromagnetic wave . [ 2 6 ]

VI. SPECIAL FEATURES OF THE ALIGNMENT OF
ATOMS AND MOLECULES WITH HYPERFINE
STRUCTURE

The situation is somewhat m o r e complicated in the
case when there is hyperfine splitting of the levels,
owing, for example, to the interaction of the angular
momentum I e * of the electronic s t r u c t u r e with the
angular momentum I n u c of the nucleus, or to Λ-type
doubling in molecules . The ground state of the par t ic les
is no longer a single level, but i s a whole group of
closely spaced levels with different values of the tota l
spin F = I e l + I n u c , and al l of these levels a r e popu-
lated, since the probabilit ies of radiat ive t rans i t ions
between them a r e very smal l . The interaction with a
directed flux of radiation (optical pumping) changes the
relat ive populations of the magnetic sublevels, and
also causes a t rans fer from one level to another.
Therefore to descr ibe the spin s tate of the par t ic les in
a given case it is necessary to indicate the populations
of the magnetic sublevels of a l l the levels of the hyper-
fine s t r u c t u r e of the ground s t a t e .

As examples, we show in Figs . 3 and 4 the popula-
tions R F M o i the magnetic sublevels of the hyperfine
multiplet for the ground s ta tes of hydrogen atoms, Η I,
F a = 0 and 1, and of Na I a toms, F a = 1 and 2. In the
absence of the hyperfine interaction, i .e., for I n u c = 0,
alignment of the spins of these atoms is altogether im-
possible, since in the ground state the spin of the e lec-
tronic s t r u c t u r e is If = Yt· The only resonance t r a n s i -
tions from a ground s ta te 2 Si/ 2 a r e to s ta tes 2 Pi/ 2 and
2 P 3 / 2 . In such t ransi t ions t h e r e is no change of the spin
state of the nucleus, since for pract ica l purposes
electromagnetic radiation interacts only with e lec t rons .
Because of this optical pumping through the s tate
2 Ρι/ 2 ( ξ 1 = y 2 — I^ 1 = y 2 ) does not give any alignment
of the spins F a , and pumping through the s tate 2P3/ 2

leads to alignment only if the hyperfine s t r u c t u r e com-
ponents of the resonance s ta te 2 P 3 / 2 a r e split apart ,
i .e., when owing to the spin-spin interaction (1^1.inuc )
the spin s tate of the nucleus can change during the life-
t ime of the atom in the excited s t a t e . Therefore the
degree of alignment of the spins F a will depend essen-
tially on the s ize of the hyperfine splitting in the ex-
cited s tate 2 P v 2 - In the case of Na I the components
Fb = 3, 2, 1, 0 a r e a lmost completely split, and t h e r e -
fore the degree of alignment of the spins F a =1 and
F a = 2 is high; for F a = 2 the ra t io ( R M = 2 2 - R
- RM-o)/ R M-o amounts to 66 p e r c e n t / 2 1 ' 2 4 ' 3 0 1 For the
Η I atom, on the other hand, the components Fb = 1 and
2 of 2 P 3 / 2 have an overlap of almost 95 percent, and
the interference t e r m that cancels the effect is large.
Therefore the degree of alignment of F a = 1 is lower;
the ra t io ( R M = I ~ R M = O ) / R M = O is only 2.6 percent.
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FIG. 3. The populations RpM ° f the magnetic sublevels of the
ground state of hydrogen atoms, 2g^, F = 0 and F = 1, which are es-
tablished as the result of pumping by directed unpolarized ultraviolet
radiation, 0 is the angle between the direction of the field Η and that
of the beam of radiation.

FIG. 4. The populations R F M of the magnetic sublevels of the
ground state of Nal atoms, F = 1 and F = 2, which are established as
the result of optical pumping by directed unpolarized radiation, θ is
the angle between the direction of the field H o and that of the beam
of radiation.

But even this amount of alignment can have a very im-
portant effect on the transmission of the radio radia-
tion at λ = 21 cm corresponding to the resonance
transition between the levels Fa =1 and Fa = 0 of the
hyperfine structure of the ground state of Η I, since
in the equilibrium state with no pumping the populations
of these levels of Η I are almost equal and the medium
is practically transparent for the radiation at λ = 21 cm.

Finally, we note that an especially strong orientation
effect under cosmic conditions must occur in those
astrophysical systems in which there is maser ampli-
fication of radio radiation, for example in cosmic
sources of radio radiation from OH, [ 3 1 B ] H2O, [33~35]

etc. The propagation in the medium of an intense,
directed, polarized, and highly monochromatic radia-
tion corresponding to the resonance transition between
hyperfine-structure levels of the ground state must
itself lead to orientation of the particle spins in both
resonance levels, the lower and the upper; if there is
a high degree of circular polarization of the radio radi-
ation the result will be that the particle spins will be
polarized, not aligned.

VH. PROPERTIES OF AN ORIENTED MEDIUM

The optical properties (refraction and absorption)
of a medium containing particles with polarized or
aligned spins are strongly dependent on the direction

of observat ion and the po lar izat ion of the incoming

radiat ion. In such an or iented medium t h e r e can be

propagation in a g i ven d i rec t ion of two independent

waves with orthogonal polarizations κ* and κ-, and
with different speeds and different rates of damping
(or increase) K+ and K-. The difference between K+

and Κ. has the result that orignally unpolarized radi-
ation passing through an oriented medium acquires the
polarization κ+ or κ-, depending on whether K+ < K-
or K- < K+. In this case [condition (5)] the dependence
of the optical properties of the oriented medium on the
populations RJJJ of the magnetic sublevels is deter-
mined by only the average values of Μ and M2,

Μ
 ΙΜ' Μ

 ΙΜ'

I n t h e a b s e n c e o f p o l a r i z a t i o n a n d a l i g n m e n t

In the case of polarization <M ) * 0, and in the case of
alignment (M) = 0 but <M2> * <M 2) 0; for <M2>
> (M 2 )0 the spins are aligned predominantly along the
field H, and for < M2) < < M2 )0 they are predominantly
transverse to the field H.

The characteristic polarizations κ+ and κ- depend
on the angle «> between the direction of propagation of
the radiation and the direction of H. They are given by
the following expression [κ+ = κ- - (ττ/2)][3β]:

(12)

where A = [ - 6 I b > i a . 1 ( 2 I a - 1) + « ^

+ 5i b ; i a + 1 (2 l a + 3)](2Ia + 1); cos 2* = (J+ - J.)/(j+ + J.)

and sin 2κ = (JJ( - J x )/( J| | + JjJ are the degrees of
circular and of linear polarization. The quantity

e b a characterizes the ratio of the mean popula-
tions of the upper and lower levels.

In the case of a dipole resonance transition the co-
efficients of absorption (or amplification) of the radia-
tion with the polarizations κ* and κ. are given by the
following relation*:

KJK0 = (1 - e-*»«lhT) + (3/2) Β {[(Ma) + (-1)7""1- <j | f 6 ><ΓW r ]

X cos ϋ cos 2κ± + 4"> [(21 a + i) ((Ml) - (MX)

- (2/,, + 1) ((Mi) -(M$)o) e-*b«lkT\ {d ~ 3 sin2 # sin2 [κ± - (π/4)]}.

( 1 3 )where Β"1 = - ^ β ^ , ^ - ι - Iada + D 5 l b ) l a

+ ( I a + l)°Ik,Ia+i; K o is the absorption coefficient in
the case of chaotically oriented spins and zero popula-
tion of the upper level. The first term in (13) charac-
terizes the transmission of the radiation in the absence
of orientation and alignment. The second and third
terms are respectively due to the polarization and the
alignment of the spins.

In the case of an "aligned" medium, which is most
important for astrophysical applications, the charac-
teristic polarizations κ* = n/4 and κ- = ir/4 (sic) are
linear polarizations; the transparence of the medium

for optical radiation ( e ' e b a / k T < 1) is different for
the polarizations parallel and perpendicular to the
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FIG. 5. Angular dependence of the coefficient of absorption (K
< 0) of resonance radiation I a -* Ij, by particles with aligned spins I a

for R i a > Rij,. Κχ and Κχ correspond to two perpendicular linear po-
larizations. The thin-line dashed circles show the value of Κχ = Κ|| in
the absence of orientation.

*If the condition (5) is not satisfied, there is an additional contri-
bution to the transition probability from the terms of the density ma-
trix which are not diagonal in M. As noted earlier (Sec. IV), however,
the condition (5) is fulfilled in the cosmic medium.

magnet ic f ield H, and i s g iven by the fol lowing r e l a -

t i o n s (F ig . 5 ) :

KH/Ka = 1 + c {(Ml) - (M%)a) ( 1 - 3 sin2

Κ±/Κο = 1 + c ((Ml) - (M|)o),
(14)

w h e r e c = ( 3 B / 2 A ) ( 2 I a + 1). The d i f ference be tween

the v a l u e s of K|| and K^ m u s t lead to a l inear polar i-

zat ion of the t ransmi t ted radiat ion, with the d i rec t ion

of the po lar i zat ion v e c t o r re la ted to that of the m a g -

net ic f ie ld.

Accord ing ly , sp in a l ignment c a n have v a r i o u s large

ef fects on the t r a n s p a r e n c y of a med ium for r e s o n a n c e

radiat ion. The opt ica l t h i c k n e s s of the med ium i s d e -

c r e a s e d for s o m e l ines and i n c r e a s e d for o t h e r s , s o

that sp in a l ignment l e a d s to a n o m a l o u s intens i ty r a t i o s

of the l i n e s in a mult ip let .

M o r e o v e r , when t h e r e i s hyperf ine sp l i t t ing the sp in

or ientat ion of the p a r t i c l e s of a med ium can i t se l f have

the r e s u l t that in i t s p a s s a g e through the med ium the

radio radiat ion c o r r e s p o n d i n g to a t rans i t ion b e t w e e n

hyper f ine-s t ructure l e v e l s of the ground s t a t e w i l l b e

ampl i f ied ins tead of attenuated ( F i g . 6). The point i s

that a c c o r d i n g to (13) with sp in or ientat ion individual

m a g n e t i c s u b l e v e l s of the upper l e v e l may have a popu-

lation i n v e r s i o n a s c o m p a r e d with the c o r r e s p o n d i n g

lower s u b l e v e l s , even if the a v e r a g e population of the

upper l e v e l i s l e s s than that of the lower l e v e l

( e S i ) . Accord ing ly , a s the r e s u l t of o r i e n t a -

t ion t h e r e i s a poss ib i l i t y of coherent ampl i f icat ion of

r e s o n a n c e radio radiat ion p a s s i n g through a m e d i u m .

This sort of situation for Η I and OH has been treated
[̂37,38,39]̂

VIE. POSSIBLE ASTROPHYSICAL METHODS MAKING
USE OF THE PHENOMENON OF COSMIC SPIN
ORIENTATION

Accordingly, spin orientation of the particles of a
medium can decidedly alter its optical properties for
resonance radiation. Therefore in the analysis of the
spectra of various astrophysical objects it is necessary
to take the possibility of orientation into account. In
astrophysics the number of atoms of a given type, or
more exactly the total number along the line of sight,
JNdl, is usually determined by constructing the so-
called growth curve, which gives the dependence of the
equivalent width w^ of an absorption line on the cor-
responding optical thickness τ, for various lines. In
the construction of this curve one must allow for the
effect of alignment, especially for those atoms that
correspond to lines with τ ^ 1. Alignment of the parti-
cle spins Ia leads, in particular, to a change of the
relative intensities of lines corresponding to optical
transitions between a given level Ia and different
levels I5. Such an anomaly in the relative intensities
manifests itself in a large spread of the points which
should fall on the growth curve; such a spread can
usually not be eliminated by a simple variation of
parameters. The spread can be eliminated, however,
by introducing into the values of the optical thickness
τ corrections for the spin alignment, in accordance
with Eq. (14). We emphasize that these corrections,
although they are indeed determined by a single
parameter, are different for different Ib, not only in
magnitude, but also in sign. Accordingly, the construc-
tion of a growth curve with allowances for alignment
allows us not only to determine the total number of
atoms in the level Ia, JN dl, but also to estimate the
effective value of the quantity ( M a ) , which charac-
terizes the degree of alignment of the spin la· The
correctness of this interpretation can be confirmed by
the fact that the choice of a single additional parameter
allows the elimination of the spread of a large number
of points on the growth curve. Values of JN dl found
with allowances for spin orientation are in general dif-
ferent from values obtained by the usual method. In
other words, the effect in question can give corrections
to the values of the partial densities of atoms, mole-
cules, and ions; that is, generally speaking it can
change the data on chemical composition, degree of
ionization, and excitation.

K,>0 /(„>/?
K.,<0

FIG. 6. Angular dependence of the coefficient of absorption (K
< 0) or amplification (K > 0) of resonance radiation I a ->• Ij, by parti-
cles with aligned spins for <RlaMa> ~ <RIbMt^· K i z n A K | | correspond
to two perpendicular linear polarizations. The solid line is for amplifi-
cation, Κ > 0, and the dashed line for absorption, Κ < 0.
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Moreover, inclusion of this effect can give qualita-
tively new information regarding the anisotropy of the
physical conditions in objects under investigation,
primarily about the anisotropy of the radiation field.
This can be extremely important. For example, in a
number of cases it is not known in advance where
spectral absorption lines are produced—in the immedi-
ate neighborhood of the source of continuous radiation,
in its envelope, or far from the source, in a gas cloud
which is accidentally in the line of sight. In the former
case the particles are in a flux of intense directed
radiation and the degree of spin alignment is high;
therefore by determining the effective value of ( M 2 )
we can estimate the distance from the source of the
orienting radiation to the absorbing region.

Finally, the fact that the populations RJM of the
magnetic sublevels, which are established as the re-
sult of optical pumping, depend on the direction of the
magnetic field Η enables us to use this phenomenon to
determine the direction of Η in the region of space in
question. As we see from (14), an analysis of the spec-
trum with spin orientation effects included allows us to
determine not only the effective value of ( M 2) but
also the effective value of the angle i> between the
direction of the magnetic field Η and the direction of
observation. To calculate the total optical thickness of
a medium we must integrate the attenuation (or ampli-
fication) coefficient along the line of sight, r = JK dl.
In doing so we must allow for the fact that the direction
of the magnetic field H, i.e., the angle ύ-, like the
parameter ( M2), depends on the coordinate 1. The
direction of Η in the region in question can vary. As a
rule, however, there is a regularly behaving component
of H. There is a large-scale magnetic field regular on
the average even in such regions as the interplanetary
medium/4 0 1 the interstellar medium in the Galaxy,'-41-'
and so on.

We shall give a concrete illustration of the method
of determining H. [ 3 0 ] The doublet of lines Di
(λ = 5896) and D2 (λ = 5890) in the spectrum of comets
arises owing to single scattering of solar radiation by
Na I atoms in the atmosphere of the comet. The ratio
of the intensities of Di and D2 naturally depends on
the angle of scattering, i.e., it is determined by the
differential cross sections for scattering of the radia-
tion. As for the Di line, it is unpolarized and the plot
of its angular distribution is spherically symmetric
and does not depend on either the direction of Η or on
the populations RFaMa °f the magnetic sublevels. The
situation is different for D2, which is partially linearly
polarized; its degree of polarization and angular dis-
tribution are decidedly anisotropic and depend on the
populations R F a M a of the magnetic sublevels of the
hyperfine structure, F a = 1, 2, of the ground state of
Na I. The spins of the Na I atoms in the atmosphere of
the comet are oriented owing to the scattering of the
solar radiation itself. In Fig. 4 we gave the dependence
of the populations of the magnetic sublevels Fa =1 and
Fa = 2 of the ground state of Na I on the angle θ be-
tween the direction of Η and the direction of the pump-
ing, i.e., in this case the direction toward the Sun. The
values of R F M uniquely determine the angular distri-
bution of the scattered radiation. Therefore by meas-
uring the intensities of the Di and D2 lines and the

degree of polarization of the D2 line one can determine
two angles characterizing the effective direction of Η
in the region of interplanetary space where the head of
the comet is located at the given time. We emphasize
that this method can be applied also in the case of
small fields for which other optical methods are of no
use.
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