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The 7y spectrum of a nucleus at the center of mass of a polyatomic molecule as affected by the change in
the vibrational state of the molecule incident to the emission or absorption of a y quantum by the nucleus
is discussed. Formulas are derived for vibrational-nuclear transition probabilities in symmetric molecules of
types XY, (D), XY;3 (Dy), XY, (Ty), XY3Z, (Dy,), and XY (O,), and for the intensities of the
components of the corresponding 7y-ray emission and absorption spectra.

PACS numbers: 23.20.Hr

1. INTRODUCTION. FORMULATION OF THE
PROBLEM

As is known, the spectrum of y transitions of a nu-
cleus in an atom or molecule has a discrete structure
associated with electronic transitions (for nuclei in
atoms) and electronic-vibrational-rotational transitions
(for nuclei in molecules). ™2! The considerable interest
that has arisen in the discrete y spectra of nuclei in
atoms or molecules is mainly due to the fact that this
spectrum can be altered by laser irradiation, which
excites the atomic or molecular levels from which
quantum transitions take place as a result of recoil.
Thus, in atomic and molecular gases one can compen-
sate the shift of y-ray emission and absorption lines by
producing additional components of the ¥ spectrum close
to these emission and absorption lines, **? and in the
case of a low-pressure gas one can produce narrow
frequency-tunable y resonances within a Doppler
broadened v line, ™!

The calculations reported in®3’ showed that the com-

ponents of the y spectrum associated with electronic
transitions have very low intensities in both atoms and
molecules, the corresponding transition probabilities
being proportional to the square of the ratio m,/M,
where m, is the electron mass and M is the mass of the
atom (or molecule). For this reason the y spectra of
nuclei in molecules associated with molecular vibra-
tional-rotational transitions resulting from recoil are
of especial interest.

Of course, even if the y spectrum of a nucleus in a
molecule is not associated with any change in the elec-
tronic state of the molecule, it must, generally speak-
ing, be associated with. molecular vibrational-rotation-
al transitions because of the transfer to the molecule,
simultaneously with the absorption or emission of a
y-ray photon, of both momentum and angular momen-
tum, which entails a simultaneous change in both the
vibrational and rotational states of the molecule. For
example, in the case of a y-active nucleus in a diatomic
molecule, it is impossible to treat the vibrational-nu-
clear and rotational-nuclear transitions separately,
even in the zeroth approximation, ®®? This situation
obviously obtains whenever the y-active nucleus does
not lie at the center of mass of the molecule. When the
y-active nucleus does lie at the center of mass of the
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molecule, however, one can treat the vibrational tran-
sitions alone, neglecting the rotational transitions.
This approximation is of especial importance for mole-
cules inwhich the position of the y-active nucleus at the
molecular center of mass is not accidental, but is due
to the symmetry of the molecule.

For experimental purposes it is important to know
the probabilities for molecular quantum transitions due
to recoil, for these determine both the change in the
molecular state and the structure of the y spectrum of
the nucleus in the molecule. The foundations for a
general theory of the emission and absorption of y ra-
diation by nuclei in symmetric polyatomic molecules
were developed inm, where the case of a molecule of
type XY, was treated without allowance for the degen-
eracy of the vibrations. The purpose of the present
paper is to discuss the y spectra of nuclei at the centers
of mass of the symmetric polyatomic molecules that
are of the greatest experimental interest, and to derive
specific formilas for the vibrational-nuclear transition
probabilities with allowance for the symmetry of the
normal vibrations as well as for the degeneracy of the
vibrational levels that is inevitable in the case of poly-
atomic molecules. In what follows we shall discuss
only a few frequently encountered types of molecules,
namely: triatomic molecules of type XY, (D.,), tetra-
tomic molecules of type XY;(D;,), pentatomic mole-
cules of type XY,(T,), hexatomic molecules of type
XY3Z;(Ds;), and heptatomic molecules of type XY,(O,).

2. GENERAL RELATIONSHIPS. EXCLUSION OF
ROTATIONS

In the zeroth approximation in the molecular Hamil-
tonian, the probability for a molecule having a y-active
nucleus! at its center of mass to execute a transition
from state a to state b as a result of recoil incident to
the emission or absorption of a ¥ quantum is determined

by the matrix element®?

M (b, a)=<blexp (—ikyu) |ad, 1)
in which a and b are sets of quantum numbers specifying
the vibrational and rotational states of the molecule be-

fore and after the interaction, k, is the wave vector of
v quantum, and u is the displacement vector of the nu-
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cleus from its equilibrium position at the center of
mass of the molecule, referred to a coordinate system
fixed in space. The energy E, of the emitted or ab-
sorbed photon is determined by the change E, - E, in
the internal energy of the molecule, and in the non-
relativistic approximation it is given by

E,=E+R+hkyv+ (E,—E,), (2)

in which E} is the nuclear transition energy, R =(E9?/,
2Mc? is the recoil energy of the molecule (M is the
molecular mass), v is the velocity of the molecule be-
fore the interaction, and the plus and minus signs
correspond to y-ray absorption and emission.

Let us determine the average energies expended in
exciting molecular vibrations and rotations when the
nucleus at the center of mass of the molecule emlts or
absorbs a y ray.

If we neglect the molecular rotations and assume that
a coordinate system fixed to the molecule is also fixed
in space, we can express the displacement u of the y-
active nucleus in terms of the normal coordinates of
the molecule. If we also assume for simplicity that
only one nondegenerate normal vibration is excited
(vibrational quantum %w) and that the molecule was
initially in the vibrational level v, =0, we can use the
results obtained inf? for the probabilities P(v,,v,) for
molecular vibrational transitions due to recoil. The
average energy expended in exciting one normal vibra-
tion of the molecule is given by the formula

S

Ev,t=2hm(v+v,)ﬁ<u, 0)—ho/2 = Z ho (v+'/2) P(v,0) —ho/2

=0 v=0

= Zﬁw(u-i-‘ z)—e -i LR(U) y (3)

in which m is the mass of the y-active nucleus, M is the

mass of the molecule, z =(R/kw) (M —m)/m) cos?y,
where 9 is the angle between the displacement vector

of the nucleus and the wave vector of the ¥ quantum, and
the bar indicates averaging over the molecular orienta-
tion or, what is the same thing, over the angle 3.

In determining the average energy expended in excit-
ing molecular rotations, we obviously cannot neglect
the molecular vibrations, since it is precisely on ac-
count of them that the angular momantum L =k,u sind
transferred to the molecule by the ¥ quantum does not
vanish. We assume as before that the nucleus is cou-
pled to only one nondegenerate normal vibration and
that the vibrational state of the molecule does not
change (v, =v, =0); then the average energy expended in
exciting rotations is the average over the vibrations of
the rotational energy of the molecule:

E,,—<(BL*»=Bk<u* sin’ 0=!/,R(B/ha) [ (M—m)[m]. 4)

Here B is the rotational constant of the molecule and,
as before, we have averaged over the molecular orienta-
tion. Of course the assumptions made above that only
one molecular normal vibration is excited and that the
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molecule was initially in the vibrational ground state
are not important and cannot affect the order of magni-

tude of the results obtained in Eqs. (3) and (4). Thus,
it turns out that
B,/ Ep~Blho, (5)

i.e., when a nucleus at the center of mass of a poly-
atomic molecule emits or absorbs a y ray, the ratio
of the average energy expended in exciting molecular
rotations to that expended in exciting molecular vibra-
tions is equal in order of magnitude to the ratio of the
energy of a rotational quantum to that of a vibrational
quantum. Since typical values of B/%w for polyatomic
molecules lie in or near the range 10™-102, it is a
good approximation to neglect the molecular rotations
and treat the ¥ spectrum of a nucleus at the center of
mass of a polyatomic molecule as the spectrum of
vibrational-nuclear transitions.

As was mentioned above, neglecting the molecular
rotations means identifying a coordinate system fixed to
the molecule with a coordinate system fixed in space.
Hence the displacement u of the y-active nucleus can be
expressed in terms of the normal coordinates @,, of the
molecule:

1 ) .
=—Y b..0., 6
u }%;b,o (6)

where m is the mass of the y-active nucleus, while the
components of the nuclear displacement vector b,
representing the displacement of the nucleus due to the
o component of the s-th normal vibration of the mole-
cule are elements of the matrix b'8 that effects the
orthogonal transformation of the normal-coordinate
matrix @ of the molecule to the matrix ¢ of the mass-
weighted Cartesian components of the nuclear displace-
ments. In accordance with (6), matrix element (1) can
be written as a product of matrix elements—one for
each normal vibration of the molecule that contributes
to the displacement of the y-active nucleus:

M(b,a)= H<v,

We note that if the normal vibration s’ does not con-
tribute to the displacement of the y-active nucleus (e.g.,
if it is the fully symmetric vibration of a molecule
having the y-active nucleus at the center of symmetry)
the corresponding matrix element vanishes except for
transitions in which the vibrational quantum number of
the corresponding normal vibration of the molecule
does not change: v% =v%

exp( ik;b,oQ.o/ V) | > ()

In the approximation we are considering, neglecting
the molecular rotations also means neglecting the rota-
tions associated with degenerate vibrations, Hence the
molecular wave function should be written in the form

[0>=0,(Q.) (8)

for a nondegenerate vibration, in the form
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o=@t~ Yo, (@) 0, Q) )

3, Vo,

(With v, +0, =v,) for a twofold degenerate vibration,
and in the form

) o @0, Q0. @)

g1 Vsa,, Tal,
57, Vs, Tty

9 1
Iv.> —( ot 1) (0.42) )
(10)

(With v+, +04, =0;) for a threefold degenerate
vibration; here the (I)”so(Qs°) are linear harmonic oscil-
lator wave functions. Since explicit expressions are
available for the wave functions 0% and |v%), the
calculation of matrix element (7) reduces to the calcula-
tion of matrix elements for each component ¢ of the
normal vibration. These matrix elements have been
calculated in, ™’ but in view of their importance for sub-
sequent applications, we give an expression for them in
terms of associated Laguerre polynomials:

W (Q.) lexp{—ik;b,,Q.m~"} (D (Q.0)>

[ AN 1 V2
= (TT') cxp{ = ——Z..C08" rz\‘;} Zga €OSY Qyq

—i (=) TN P=Im

XL ?(: cos® z,) - { -7, 7=2m
= el (11)

Here z, = (R/hiw,) (M/m) b%;, a,, is the angle between
the vector k, and the direction of the displacement of
the nucleus due to the ¢ component of the s-th normal
vibration of the molecule, and m =0, 1, 2,... .

In accordance with (11), the vibrational-nuclear tran-
sition probabilities are entirely determined by the pa-
rameters z,,. The main difficulty in calculating these
parameters comes from the necessity of determining
the b,,—the normalized displacements of the y-active
nucleus from its equilibrium position. When the mole-
cule has only one normal vibration of a given symmetry
type, the corresponding quantities b, can be easily
determined from the molecular symmetry, the Eckart
conditions, and the normalization condition, but when
there are several normal vibrations of the same sym-
metry type one can evaluate the b ,, generally speaking,
only if the constants of the secular equation |GF - AE|
=0 of the molecule are known.'”? In discussing specific
molecular types below, we shall determine the b, only
for those vibrations that are the only ones of their
symmetry type. Expressions for the remaining b, in
terms of the constants of the secular equation of the
molecule—in particular, in terms of the Coriolis ¢
constants—can be derived from the elements of the
matrix [ that effects the inverse transformation from
the matrix ¢ to the matrix @, and by now such expres-
sions have been tabulated for all molecular types of
practical interest. Because the transformation effected
by the matrix [ is orthogonal, the components b7 , bJ,,
and b%, of by, are elements of the transposed matrix I*.

Finally, the energy of the absorbed or emmited ¥
quantum is given in the present approximation by Eq.
(2) with
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E—E,— Z‘flm(v,”—u,“), (12)

where the v are the vibrational quantum numbers of
only those normal vibrations that contribute to the dis-
placement of the y-active nucleus.

‘3. TRIATOMIC MOLECULE OF TYPE XY,

The linear symmetric triatomic molecule of type XY,
belonging to the point group D.,, is the only triatomic
molecule that satisfies condition (5) and is the only one
of the symmetric polyatomic molecules considered
here for which all the parameters z, can be evaluated
from the molecular symmetry alone. We choose a co-
ordinate system with the z axis coinciding with the C,
axis of the molecule and the origin at the equilibrium
position of nucleus X. Then the displacement of the
central nucleus along the z axis will be due to the anti-
symmetric vibration v; of symmetry type £, and the
displacement in the xy plane, to the twofold degenerate
bending vibration of symmetry type IT,; as was noted
above, the fully symmetric vibration v; of symmetry
type Z; does not contribute to the displacement of nu-
cleus X. Thus, the displacements along the coordinate
axes are

o=my" b Qm,  y=mx "bu'Qu, z=mx bsQs, (13)
where, in accordance with the symmetry of the mole-
cule and the normalization condition,

Dos*=baY=b;"=b=(2ms/M) *. (14)

In these formulas my and my are the masses of nuclei X
and Y. According to (14), the vibrational-nuclear tran-
sition probabilities will depend only on the two param-
eters
2.=(R/hw.) (2my/mx), z:=(R/hws) (2my/mx). (15)

As an example, let us calculate the transition prob-
ability from the state v3=0, v} =0 to the state v3=1,
v% = 0, According to Eqs. (8) and (9), the wave func-
tions for these states have the form

[0.>=04(Q:a) Do (Q),
|1:>=%[Q(O:g)tDu(Qn)HD»(OZa)@.(Qm)], (16)
0> =1,(Qs).
According to (11), matrix element (7) is given by
M (10,00) = <1,] exp {—ik:bQuami "}

xexp {—iknbQums " }10,)<0slexp {—ikybQsmz" 30>
=—i(2,/2)" (cos a. + cos a,) exp{—!/2 (22 cos® ot t2, cos® o, +25 cos® ;) }.
1)
Using the identity cos?a, +cos? a, + cos® a,=1, we write
the square of the modulus of the matrix element in the
form

| M (10,00) |*="/22:(cos a+cos a,) e~ exp {(2:—2s) cos*a.}.  (18)
It is convenient to do the angular average in spherical
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TABLE 1. Vibrational-nuclear transition proba- °
bilities for molecules of type XYy(Dap) .

Vibrational transition
58, 08 b P Tl % % expze

0,0—0,0
0,0—1,0 — z3) z2/3
0,0—-0,1 — 23) 23/3
0,0—-2,0 33) 222/9
0,0—0,2 . 22— 13)z3% /10
1,0—1,0 1P (20, 00 2P (10,00) 4 */5 P (20,00)] ¢**
1,0—0,1 1F1(3/2, 72, 22— 23) 2223/15
0,1—0,1 [17(00,00) - 2P (02,00) -~ 2P (01,00)] ¢*

coordinates, writing

cos a.=sin ¥ cos @, cos a,=sin ¥ sin @, cos a,=cos T.

After integrating we obtain the following result:

1
B(10,00) = EJ | M (10,00) |* sin & d6 dp = %’ e Fy (oo 2e—22)

(19)
where ,Fy(a, b, ¢) is the confluent hypergeometric func-
tion,

Table 1gives the calculated vibrational-nuclear tran-
sition probabilities for molecules of type XY,(D..,) be-
tween states in which not more than one vibrational
quantum is excited. Transition probabilities of this
type that are not listed in the table can be obtained from
the relations between the probabilities for direct and
inverse transitions:

P(v.tv.t

v =P (v, vl 00 =P (v'vyn ") =P (urs valesd).

- (20)

4, TETRATOMIC MOLECULES OF TYPE XY,

The normal vibrations of a symmetric tetratomic
molecule of type XY, (point group D,,) are distributed in
symmetry types as follows:

A/+A,"+2E. (21)

We choose a coordinate system with the origin at the
equilibrium position of nucleus X, the z axis along the
C, axis of the molecule, and the x axis passing through
the equilibrium position of one of the nuclei Y. In ac-
cordance with (21), . only the bending vibration v, of
symmetry type A}’ contributes to the displacement of
nucleus X along the z axis, while the two twofold de-
generate vibrations v; and v, of symmetry type E’ de-
termine the displacement in the xy plane, The com-
ponents of the displacement u of nucleus X from its
equilibrium position are

$=m;v’ (bsu“Qaq'i‘bmen), y=m§"’ (b3b"03b+bibvokb)y z=m;'hb2’Qz_ (22)

Here only one element can be determined from the sym-
metry of the molecule and the normalizing condition:

b= (3my/M) ", (23)

The vibrational-nuclear transition probabilities between
states v3, v3, v and ¢, v?, v} will depend on the
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five parameters
=(R/Na.) (3my/ms), Zsey Zyn Zia Zun (24)

The calculated vibrational-nuclear transition prob-
abilities between states in which not more than one
vibrational quantum is excited are listed in Table 2,
The calculation procedure is similar to that outlined in
Egs. (17)-(20). Transition probabilities that can be
obtained from the listed ones by obvious permutation

of the vibrational quantum numbers referring to a single
normal vibration or, in accordance with the equivalence
of the vibrations v; and v,, by exchanging indices relat-
ing to these two vibrations, are not included in the
table. It is obvious, for example, that

B(001,001) =5 (010,040) (v3= 1~ 1,=0,0, =0 0,= 1 24— Zya,Zes> 241
=B (000,000)—25 (001.000)
2 ¢ . "
+———e-~j1F,(3,a/2, u) (z cos gphzes sing)'dg.  (25)
155 J

5. PENTATOMIC MOLECULES OF TYPE XY, AND
HEPTATOMIC MOLECULES OF TYPE XY,

Molecules of types XY, (point group 7,) and XY,
(point group O,) belong to groups of the cubic system
and can be treated together. For molecules of both
types, only the threefold degenerate normal vibrations
v; and y, contribute to the displacement of nucleus X;
these vibrations are of symmetry type F, for the XY,
molecules and of symmetry type Fy, for the XY, mole-
cules, We choose a coordinate system with its axes
coinciding with the three rotation-reflection axes S;
for the XY, molecules these are the S, axes of a tetra-
hedron, and for the XY; molecules, those of a cube.
Then the displacement of nucleus X can be written in
the form

TABLE 2. Vibrational-nuclear transition probabilities for
molecules of type XY3(Ds).

Vibrational transition
2% %ol —1‘}’, mb. v.b v (mb“b“b‘ el exnz,
1e
0,0,0—-0,0,0 TS\]l(l, 39, u)dg
) 0
0,0,0—1,0,0 e S"’ d, 52, uw)dg
0
¥
0,0.0-0.1.0 I S 1F1 (2, %, “)(‘3"305“? -+ zab'sm @) de
0
0,0,0—2.0,0 e Sm 1. 72 wdg
0
1,0,0—1,0,0 [ 7 (000,000) — 27 (100,000) -+ 2P (200,000)] &%
1,0.0—0,1,0 1;1 SJ‘: (2, Ti2, u) (532 cos @ - 232 sin @) d¢
0
2 ,
0,1,0—0,1,0 [P (000,000) —~2P (010 000)]8’2+m811’1 3. 72, w) (242 cos g
[d
-+ 23 2sin ®)de
5 F
0,1,0—0,0,1 TS;F; 3, /2, u) (z cosq:-)—zabsmqn)2 (24"; cos @
0
+ 2 sin ¢)de
Note: Here 1 = (22 — 3¢ — Z4g) €Ot & -+ (2 — Zgp — 74p) siniz 2.
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TABLE 3. Vibrational-nuclear transi-
tion probabilities for molecules of
types XY, (T;) and XY, (Op).

Vibrational transition

L a
e =10, vy

F‘—(mbu‘b- r,uv‘a)
Xexp (z3+2z,)

1

1iazg

> D

1iszs — 27303 -1

152354

Ll
oo

2=m3" (b5 QuatbiaQua),
y=mi" (0:22Qu+ba"Qu), (26)
2=m3 " (b2 Qaetbi?0.).

for the molecules of both types, where, in accordance
with the symmetry of the molecules, we have

bat=by=by =bs, bu'=b."=b. =b. (27)
Thus, for the molecules under consideration the vibra-
tional-nuclear transition probabilities from the state
13, v§ to the state v}, o} will depend only on the two
parameters z; and z,.

As an example, let us consider the calculation of
P (10,00), i.e. the transition probability from the state
v3=0, v, =0 to the state v3=1, v,=0. According to (10)
the wave functions have the form

105 =D, (Qs.) D, Q) D4 (Qa).
[10=3"[0,(Q1) ®u(Q:) 1.(Q:0)
F 00 (030) @1 (@) B (Qu) + 00 (Qu) (@) @4 (Q3) ], (28)
100 =0,(0.) 0.(Q:) 0. (Qu):

and according to (11), matrix element (7) is given by
M(10.00) =1, | exp{—ilybyQumy "}
X(-xp{-iA},,l);Q;;,nz_\T"’} exp {—iky.b;Q5.m5 "} 10,5€0, | exp {7ik,xb40“m;‘/‘ }

Xexp{—iky.b.Qumy Yexp{—ik0,Q.m5 10,
=(2,/3) " (cos ax + cos a, + cos a.) exp[— (z,72.)/2]. (29)

Averaging over the angles is a trivial task because of
the spherical symmetry, and we finally obtain

P(10.00) = | FTTT0.00) [*="/az1 exp{— (z+2.)}
(cos a,Fcos @, Feos a.)*="/32, exp{—(z,+2.)}. (30)

Table 3 gives the vibrational-nuclear transition prob-
abilities between states in which not more than one
vibrational quantum is excited. For brevity we have
omitted transition probabilities P (3, 3, 15v%) that
can be obtained from others by substituting z, for z,.
For example, by the substitution z; -z, we obtain
P(01,00)=(1/3)z,. We have also omitted transition
probabilities that can be obtained from the relations
between the probabilities for direct and inverse tran-
sitions.

6. HEXATOMIC MOLECULES OF TYPE XY;Z,

The normal vibrations of a molecule of type XY,Z,
(point group D,,) are distributed in symmetry types
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as follows

24,+24." +3E'+E" . (31)

The vibrations v; and v, of symmetry type A;’ and the
vibrations v;, vg, and v, of symmetry type E’ contribute
to the displacement of nucleus X. ) If we choose the
coordinate system the same as we did for tetratomic
molecules of type XY, we find that the vibrations v; and
v, contribute to the displacement of X on the z axis (the
corresponding normalized displacements being 53 and
b%) and the vibrations v, v, v, contribute to the dis-
placement of X in the xy plane (normalized displace-
ments, b3, b%,, b, bY,, b7, and by,). The vibra-
tional-nuclear transition probabilities will depend on
eight parameters z,, none of which can be determined
unless the constants of the secular equation of the mole-
cule are known. We shall not tabulate the vibrational-
nuclear transition probabilities for this molecule be-
cause of the large amount of space that would be re-
quired. In fact, only three of the vibrational quantum
numbers remain unchanged and the transition probabili-
ties depend on the remaining five: v;, v,, vs, vg, and
vq. Of course the calculation of the transition prob-
abilities is similar to the corresponding calculation for
XY,; molecules and, for example, the transition prob-
ability P (00000, 00000) can be obtained from the

P (000, 000) of Table 2 by simply substituting 23 +24 for
2oy Zs5q+Zgg +27q fOT 23, +24,, and zg, +2¢, +27, fOT 25, +24;.

We note that the tables represent three possible types
of y-ray spectra for nuclei at the centers of mass of
symmetric polyatomic molecules that can arise in the
vibrational-nuclear transition approximation on aver-
aging over the molecular orientation. For spherical
top molecules the averaged transition probabilities are
given by polynomials in the z; for linear molecules, by
confluent hypergeometric functions; and for symmetric
top molecules, by definite integrals of confluent hyper-
geometric functions.

7. VIBRATIONAL TRANSITION PROBABILITIES
FOR 0s0O,4

As an example of the use of the formulas obtained
above, let us consider the probabilities for vibrational
transitions of the !*®0s!®0, molecule (point group T,)
incident to the emission or absorption of an E9=155
keV photon by the ®0s nucleus. Preliminary esti-
mates'®’ indicate that this molecule may prove to be of
great interest for the experimental observation of
vibrational-nuclear y spectra, and in particular, for
observation of the modulation of the Os y radiation in-
cident to the excitation of OsO, vibrations by the radia-
tion from a continuous CO, laser. no

The matrix [ for an XY, molecule belonging to the
point group T, can be taken, for example, from. !
Then from the expressions for z; and z, in terms of the
elements of the transposed matrix I' =b, we obtain

, B my

23=4c* — s
3 Mx

st B - (32)
in which ¢ and s are functions of the molecular force
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constants that are determined inf!!), Since we need
only the absolute values of ¢ and s to evaluate z; and
z4, we can use the following expressions for these func-
tions in terms of the Coriolis constants ¢; and ¢&,:
*=*/3(28:+L4), *=2/3(Ls+2T4). (33)
Noting that we have R =0.051 eV for the recoil energy
and assuming the parameter values w; =960 cm™, w,
=329 cm™, £;=0.068, and ¢, =0.432 in accordance
with™1 we find z; =0.054 and z,=0.260. Then using
Table 3 we obtain the following values for the first few
transition probabilities:

P (00,00)=0.731, P(10,00)=0.013, P (01,00)=0.063,

P(10,10)=0.704. P(01,01)=0.614. (34)

8. CONCLUSION. INTENSITIES IN THE v SPECTRUM

The vibrational-nuclear transition probabilities dis-
cussed above directly determine the intensities of the
components of the y spectrum of a nucleus in a mole-
cule. In the case of a single emission line centered at

0—3—2 ho.A.

(A,=v}-1% is the change in the vibrational quantum
number of the s-th normal vibration), the line shape,
i.e. the number of photons of energy E, emitted per
unit time in the energy interval dE,, will be given by the
obvious formula

(35)

E,—Ey
AE,

w(E)= V_I‘I exp{ (

nAED

)}V‘m (vo+A,v0),  (36)

in which T, is the half-width of the nuclear transition,
AE,=E,(2kT/Mc?)'/? is the Doppler half-width of the
nuclear transition, and n,, is the number of molecules
that contain y-active nuclei and are in the vibrational
state specified by the quantum numbers v§, For ab-
sorption specfra, the y-ray absorption cross section
per molecule (per y-active nucleus) is of interest. The
formula for it is a generalization of the well-known
formula for the y-ray absorption cross section of a
free nucleus:
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G(Fr)_ (37)

% AE, 25”“21’ L""")e‘p{ ( o ) }

where oy is the nuclear-transition cross section at max-
imum, &v; is the fraction of the molecules on the vibra-
tional level v§, and E} is the center of the absorption

line corresponding to the transition of the molecule from
state % to state v):

Ep=ES+R+ E ho.(v—0.7). (38)

Equations (36) and (37) together with the transition
probabilities P(v}, v?) derivedinthis paper are sufficient
for calculating y-ray emissionand absorption spectra of
nuclei at the centers of mass of polyatomic molecules.

The authorsthank M. R. Alievfor valuable discussions.

DHere and below we shall for brevity refer to the nucleus that
absorbs or emits y radiation as the y-active nucleus.
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