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Emission and absorption of y radiation by nuclei in molecules interacting with a light f'eld
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In the present work, probabilities of emission (absorption) of nuclear y radiation in mole-
cules are calculated. In this process, molecular vibrations are excited and deexcited because
of recoil of the nucleus. For vibrationally excited molecules, the existence of vibrational
satellite shift is opposite in sign, and it allows compensation for the misalignment of the ab-
sorption and emission lines. The parameters (width, intensity, sign) of narrow frequency-
tuned resonances of y radiation with the molecules excited by laser emission in a low-pres-
sure gas are calculated. The contributions of vibrational anharmonicity and rotation-vibra-
tion interaction are discussed.

I. INTRODUCTION

Recently'~ the author has discussed the ap-
pearance of narrow y-ray resonances for nuclei
in molecules under the action of a coherent light
wave. The principle of the effect is as follows:
The coherent light wave excites a normal molecu-
lar vibration with the frequency +0. If the gas
pressure is low, then the rotational-vibrational
molecular absorption line is broadened primarily
by the Doppler effect rather than by collisions. In
this case the light wave with its wave vector K
=n&u/c excites molecules with a specific component
of the velocity in the propagation direction:

K ~ v„=~ —&0= 0.
From the classical point of view, nuclei in vibra-
tionally excited molecules vibrate with the fre-
quency m0, which may be regarded as the average
frequency of molecular transitions from one turn-
ing point of the molecular potential curve to the
other. The amplitude of atomic vibrations depends
on the force constants and the vibrational mode of
the molecule, as well as on its orientation about
the light-wave polarization vector. Its value lies
in the range from 0.1 to 10 ' A.3 It is significant
that the average value of this displacement is of
the same order of magnitude or larger than the
wavelength A& for nuclear y transitions whose en-
ergy ranges from 10 keV to 1 MeV. Vibrations of
a nuclear radiator (absorber) with such an ampli-
tude might set up a considerable frequency modu-
lation of y radiation. In this case the modulation
will extend only to the nuclei in excited molecules
which have velocity satisfying condition (1.1). The
frequency of nuclear transitions in molecules satis-
fying the condition for resonance with light wave is
given by

(0)(d res
= (dy + Ay + Ky v„q

where v is the frequency of the nuclear transition
XO

without recoil; SA& is the recoil energy; the plus
and minus signs correspond to absorption and
emission of y quanta; K& is the wave vector of the

y quantum; and v, is the velocity of a resonantly
excited molecule, determined from condition (1.1).
When observing the emission (absorption} line of
y radiation collinearly with the light wave we have

~ (d& CO

K ~ v =K-v ——'=Q~.
(d 400 0

If the position of a nucleus is modulated at fre-
quency +0, and with amplitude a~ L, the nuclear
line ~,'„splits into a set of spectral components
at frequencies &u+~ =~eI +me, (m =0, 1,2, . . . ).
If the nuclear radiation is observed in a direction
collinear with the propagation direction of the
light wave, only a narrow portion of the Doppler
width at frequency &,„with ha, lf-width

I'„„„=I'(1+G)'~'&u &/ufo (1.4}

will be modulated by the light wave. Here, F is
the homogeneous half-width of the vibrational tran-
sition, w'hieh depends on molecular collisions,
and 2F «4~» A~D is the Doppler width of the op-
tical line, and G is the saturation parameter of a
vibrational transition determined by the light wave
intensity. As a result, the Doppler profile of the
nuclear resonance is considerably distorted (Fig.
1). At frequency ~ei, a dip of half-width I'„„„is
formed and a,t frequencies ~,„,. = ~~, +mo0 peaks of
the same width appear, the sum of their ampli-
tudes being equalto the depth of the dip.

In Refs. 1 and 2 the intensities of the spectral
components at ~„, were estimated using a, simple
classical model of frequency modulation. It is natu-
ral that any complete theory should be quantum me-
chanical. The aim df this paper is to present the
quantum theory of emission and absorption of nu-
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be qualitatively different in this case.'
The laws of conservation of momentum and en-

ergy for the system "nucleus in molecule plus y
quantum" have the folloming form in the nonrela-
tivistic approximation:

Mvo+ AX& =Mv,
(2.2)

I I

cd„+a~
~H)

res res

FIG. 1. Narrow resonances induced by an optical field
in the absorption line of a y transition in a nucleus lo-
cated in a molecule, according to the classical model of
Refs. 1 and 2.

+ Sx&+ 8, + ~vo= h~yEO+ ~Mv',

where v, and v are the initial and final translation-
al velocities of the molecule, E, is the energy of
the excited level in the nuclear transition under
study, 8, and S~ are the initial and final internal
energies of the molecule, and the plus and minus
signs correspond to absorption and emission of y
quanta. It follows from Eq. (2.2) that the energy of
a y quantum which resonates with the nucleus in
a molecule is given by

h(u~ =E, + 8K' v, ~ Sx
~ ~ (8, —8,) . (2.3)

clear y radiation in excited and unexcited mole-
cules. The theory predicts a so-called "vibra-
tional shift" of nuclear lines which increa. ses the
noncoincidence between the lines of nuclear ab-
sorption and emission due to the recoil effect. Ex-
citation of molecular vibrations reverses the sign
of the vibrational shift, and thereby makes it pos-
sible to compensate for the noncoincidence between
the absorption and emission lines. Finally, the
results of the calculations make possible the eval-
uation of the parameters of narrow y resonances
for molecules excited by laser radiation in a low-
pressure gas.

II. GENERAL RELATIONS

For a free nucleus the emission and absorption
lines are shifted from each other by the recoil en-
ergy value A:

8 = Ab, z= (hvz/2Mc')K&uz, (2 I)

where M is the nuclear mass, assuming that A&

«Mc'. Each line is broadened owing to the Doppler
effect. If the nucleus is inside an atom the appear-
ance of the spectrum is unchanged: The electron
cloud does not affect the nucleus, and vice versa,
so the electron motion is practically unaffected by
changes in nuclear state. However, if the nucleus
is located in a molecule then momentum and angu-
lar momentum conservation require a change of
vibrational and rotational states in addition to the
change in the translational motion. Changes in the
internal state of the molecule must be taken into
account from the very beginning, since recoil al-
ters both the translation of the molecule and its
internal state, the relative amounts depending upon
the location of the nucleus inside the molecule.
Therefore, the nuclear transition spectrum must

The first term corresponds to the unshifted fre-
quency of transition, the second one gives the fre-
quency shift due to the Doppler effect (it is the
same for both absorption and emission lines), the
third term gives the line shifts caused by the re-
coil effect, and the last one represents those due
to changes of molecular internal state.

If a molecule is initially unexcited then additional
spectral components will arise at the Flue edge of
an absorption line and the red edge of an emission
line. Their locations can be predicted from the
energy-level diagram of the "nucleus-plus-mole-
cule" system [Fig. 2(a)]. Thus an excitation of
the molecular energy levels increases the detuning
of the emission and absorption lines of the y radia-
tion. If the molecule is initially excited then tran-
sitions in which the molecular internal energy is
transferred to the nucleus or the y quantum also
occur. In this case the additional emission and ab-
sorption lines are brought closer together LFig.
2(b)]. The latter effect is of particular interest
for compensating for the detuning caused by re-
coil. For that purpose it suffices to excite vibra-
tional levels of the molecule with 8, =8 by laser
radiation. However, this method is only practical
if the intensity of the additional components is
rather high. The probability for a nuclear y tran-
sition in molecules in which vibrational state
changes is calculated below.

III. QUANTUM FORMULATION OF THE PROBLEM

A quantum formulation of the problem of emission
of nuclear y radiation from a nucleus in a, molecule
accompanied by a change in the molecular internal
sta. te is related to the problem of y radiation from
nuclei in a crystal. This problem arises in the
theory of the Mossbauer effect. '' The internal
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FIG. 2. Nuclear-vibra-
tional transitions of a nu-
cleus in (a) unexcited and
(b) excited molecular sys-
tems. The patterns of ab-
sorption (downward lines)
and emission (upward lines)
spectra are shown on the
left. Energy-level diagrams
showing quantum transitions
are on the right.

motion of the nucleons in a nucleus and the motion
of the nuclear center of mass may be considered
to be independent. The state of a nucleus in a
molecule can be expressed as a product of the nu-
clear wave function g(r„'), depending only on the in-
ternal nuclear --.oordinates of the nucleons r„', and
the wave function P(R), which depends on the co-
ordinates of the nuclear center of mass R:

g(r„) = q(r„')y(R), (3.I)

where r„=r„'+R is the coordinate of the nth nucle-
on. The interaction Hamiltonian for a system of
nucleons and y radiation, H(r„) is related to the in-
teraction Hamiltonian H(r„'), which consists only of
internal nuclear coordinates of the nucleons, r„',
by the relation'

H(r„) = e "9"a(r„') . (3.2)

Separation of the internal motion in the nucleus
makes it possible to express the matrix element
for the transition from initial state a to final state
b as a product of the two matrix elements:

(g,*(r.)l&(r.)l (.(r.)&

= Q~(r.')I&(r.')14.(r.')&Q~(R) I
e "~' 'I t.(R)&.

(3.3)

The initial and final states of a nucleus in a mole-
cule are given by sets of quantum numbers
(a, v', J'f and ILb, v", J'), where the letters a and b

describe the quantum states of the free nucleus;
v' and v' are the vibrational quantum numbers of
the molecule; and J' and J' are the rotational
quantum numbers. The first factor depends only
on the nuclear structure, and its value is constant
for a particular y transition. The second factor
takes into account the change in the position of the

nuclear center of mass as the molecular state
changes. The relative probability P„of a molecu-
lar transition from

I a) to (bl is determined by the
expression

I'~, =
I O' F(R) le ' ~ ly (R))l (3.4)

with the total transition probability to all possible
final states equal to 1.

The position of the nuclear center of mass R in
a molecule can be written conveniently as

(3.5)R = Ro+ r+u,
where R, is the position of the molecular center
of mass, r is the vector connecting the molecular
center of mass with the nuclear equilibrium posi-
tion, and u is the vibrational shift of the nuclear
center of mass about the equilibrium position. In
such a coordinate system the matrix element Eq.
(3.4) will have the form

8;(R) le *'& 'I P.(R))

= (T, I
e '"

&
' "'

I T,)(g*,(r, u) I
e ' r ' '+ "'

I g, (r, u)),

r=0, (3.7)

(3 6)

where T, and Tb are functions describing the initial
and final molecular translational states, and the
function P(r, u) describes the molecular vibrational
and rotational states. The change in molecular
translation is determined by the momentum and en-
ergy conservation laws (Sec. II). The problem re-
duces to calculating the rotational-vibrational ma-
trix element in Eq. (3.6).

In the general ca.se the molecular rotational and
vibrational states change simultaneously because of
recoil. However, for
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un = lPln y (3.9)

where Q, is the lth normal molecular coordinate
and p,„ is the displacement of the nth nucleus due
to the lth normal vibration. For simplicity in no-
tation, the index l numbers here all nondegenerate

which corresponds to the case mhen the nucleus
is in equilibrium at the molecular center of mass,
conservation of angular momentum forbids any
change in the molecular rotational state (j'=J = J).
It is assumed here that the angular momentum of
the y quantum does not cause a change in the mo-
lecular rotational state. This is true provided that
the angular momentum of molecular rotation and
that of nuclear internal motion are independent
and, therefore, that the angular momentum of a
y quantum can only cause a change in the nuclear
angular momentum. As a matter of fact, even if
R=u, when J'=j the probabilities for the change
of the molecular vibrational state during absorp-
tion or emission of a y quantum depend on the mo-
lecular rotational state J. The proper expression
with regard to J mill be given below, in Sec. VII.
For now we neglect this rather weak dependence
on J in order not to complicate the expression.
In this case under condition (3.7) the matrix ele-
ment (3.6} reduces to

&Pf(R) I
e "i' 'I 4.(R)&= &(o*(u) I

e "&' "I 0.(u)&,

(3.8)

where the wave function g(u} gives the vibrational
shift of the nucleus in question.

It should be noted that the rotations can be elimi-
nated only in polyatomic molecules with symmetry,
e.g. , in linear molecules of the form XY„ in pla-
nar triangular molecules of the form XY„and in

tetrahedral molecules of the form XY4, where X
is the nucleus in question. For diatomic molecules
it is impossible to eliminate rotations given an ar-
bitrary orientation of the molecular axis about

K» since recoil changes vibrational and rotation
simultaneously. Condition (3.7} limits the class of
molecules under study and the possible locations
of the nucleus in them, but still includes molecules
of great practical interest (OsO„WF„etc.}. It
is important to note that condition (3.7} provides
additional spectral components with the simplest
structure, enabling one to obtain narrow frequency-
tuned y resonances. Therefore, the present paper
will limit itself to molecules and nuclear positions
satisfying condition (3.7}.

In the general case the vibrational displacement
of the nth nucleus can be expressed as a super-
position of displacements caused by various normal
molecular vibrations:

and degenerate normal vibrations. In other words,
the number l takes on all values from I to Q, d, I in
succession, where d, is the degeneracy of an lth
normal vibration, rather than from 1 to l. It is
natural that when using the deduced expressions
for the normal vibration l with the degeneracy ratio
d„ it is necessary to consider all d, at once. In
Sec. IV this is demonstrated by the doubly degen-
erate vibration v, of the XY, molecule. For ex-
ample, the triply degenerate vibration v, of the
XY4 molecule is treated in perfect analogy to this
(see the notes in the conclusion, Sec. VIII). If
we adopt the usual quantum-mechanical designa-
tion for Q„ then p, „has dimension M '~'. In the
following, nuclear index n is omitted to simplify
the notation. In the harmonic approximation using
normal coordinates, the wave function iti(u) is a
product of harmonic-oscillator wave functions'.

i!i, =N„,e ii~'H„(~a, Q, ), (3.10)

&0~(u) I
e "i""14.(u)&

l

(3.11)
Thus the problem- reduces to calculating matrix

elements of the type

~„i„a=&(P(Q,)~ e ' ) 'i i~ i!i~('Q, )&, (3.12)
l l l

with the harmonic-oscillator wave functions
Eq. (3.10).

IV. PROBABILITIES OF y TRANSITIONS IN AN

UNEXCITED MOLECULE

I et us first consider nuclear y transitions in
molecules in the ground vibrational state: v', =0
for all values of l. For simplicity we introduce
the following notation: v; = v„v', =v, . In this case
the matrix element (3.12) reduces to the integral

xe 'Ki i'ioidQ-, . (4.1)

Equation (4.1) may be evaluated using the inte-
grals given in Ref. 8. One, then, obtains

(2vtv i) e t f i(-I)~i
vl, o (4.2)

for even v„and the same expression with the ad-
ditional factor (-l)~"i '~~'(-i) for odd v„where f,
is given by

fi =Kg 'Pi/~&i . (4.3)

where N„= t2"'v, !(ii/o. ,)' '] ' ' is the normalization
constant and n, =~,/8, where id, is the characteris-
tic frequency of the lth vibration. Then the ma-
trix element assumes the form:
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The probability of a y transition accompanied by
the vibrational transition 0- v, is given by

(a) (b)

z
l

with the parameter Z, given by

(4.4)

(4.5)

Yii

Thus, the probability of transition accompanied
by excitation of the vibrational level v, is given
by a Poisson distribution. It is evident that a
group of levels centered near Z, is always ex-
cited. Vfhen Z, »1 the peak of the distribution
occurs at v, =Z„and the average value of v, is
close to the peak, i.e. ,

FIG. 3. Excitation of normal modes in the linear sym-
metric molecule XY2 due to the recoil of the nucleus X:
(a) excitation of the antisymmetric vibrational mode; (b)
excitation of the bending mode.

vm» = v, =Z, with Z, »1. (4.6)

In order to gain some physical feeling for the
parameter Z„ let us consider the simple case of
a linear symmetric molecule XY, in more detail.
The nucleus X participates in two of the three
normal molecular vibrations, namely, the doubly
degenerate bending mode v, (nucleus X moves in a
plane perpendicular to the molecular axis) and in
the nondegenerate antisymmetric vibration v, (nu-
cleus X moves along the molecular axis). For
simplicity, consider two selected molecular orien-
tations (Fig. 3) in which only one normal vibration
is excited. If the molecular axis coincides with
the propagation direction of the y quantum [Fig.
3(a)] then the recoil of nucleus X may excite only
the v, vibration. The displacement of nucleus X
along the molecular axis is related to the ampli-
tude of normal vibration by'

u, =p,Q, , p, =[2mr/mxM)]'~', (4.7)

where M= m~+ 2m Y is the molecular mass. So, the
parameter Z,' can be written as

Z- h
S~y MP R 2mY (4.8)

where R is the recoil energy and k&, is the energy
spacing of the v, vibration. With Z,'»1, so that a
well-defined peak occurs in the P„,distribution,

l
an average energy of

E„„=v,Ice, -R && 2m„/m„ (4.9)

is required to excite vibrations during emission or
absorption of a y quantum. If the y radiation in-
teracts with the lighter nucleus (mx«mz. ), then
vibrational exitation requires an energy much lar-
ger than the recoil energy R. Thus, the vibration-
al degrees of freedom may consume a larger en-
ergy than the translational degrees of freedom.
The opposite occurs when the y quantum interacts
with the heavier nucleus (mx»m„).

If the molecule is oriented in a plane perpendi-

cular to the propagation direction of the y quan-
tum then the recoil of nucleus X excites only nor-
mal vibration v, . In this case the relation between
the displacement along the OZ axis [Fig. 3(b)] and
the amplitude of the normal mode is given by the
coefficient p, =p, . Hence, the parameter Z," is
given by

Z,' = (R/h(u, )2mr/m», (4.10)

(4.11)

E„;b = v2 5(d2 + v~8(d~ =Rx 2mr/mx ~ (4.12)

Thus the total vibrational energy transferred to
a molecule is independent of molecular orienta-
tion, although the distribution between the two
modes does vary with molecular orientation. The
total vibrational energy transferred to the mole-
cule depends on the ratio of the mass of the nu-
cleus of interest to the total molecular mass. An
analogous assertion can be proved for the more
general case of a polyatomic molecule with the
nucleus located at the center of mass.

To calculate the intensities of the vibrational
satellites of the y transition for a given normal
vibration, one must average the function P„,(Z, )

l
over all possible molecular orientations. Let K

i.e., the average energy required to excite the v,
normal mode is the same as in Eq. (4.9).

It should be noted that rotation-vibration inter-
action removes the degeneracy of the vibration v,
(f doublet), and we may study, in principle, the
excitation of each level of the l doublet, say, for
v, =1. The corresponding estimates of this effect
are given below, in Sec. VII.

If the linear symmetric molecule XY, is oriented
in an arbitrary direction about K then

Z, =Z,'cos'Q and Z, =Z,'sin'P,

where Q is the angle between K and the molecu-
y.

lar axis. The total energy required to excite both
normal vibrations is then equal to
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be oriented along the OZ axis and define 0 as the
angle between the displacement vector p, and OZ

and p as the azimuthal angle in the XI' plane. In
this case the value of P„o averaged over molecu-
lar orientations is given by

(Zol l & o2
l I ~2vl ~Zip

Q, p
l o

(4.15)

Figure 4 gives values of the averaged probability
distribution P, , calculated for v, = 0, 1, . .. , 8 in
the interval 0~ Z', &5. For comparison, the dashed
line in Fig. 4 plots the unaveraged probability Ppp.
The averaging process increases the intensity of
the lowest vibrational satellites and decreases that
of the higher satellites. This effect is due to con-
tributions from molecules whose vectors p, are
nearly perpendicular to K . For such molecules
the parameter Z, =Z', cos'0«Z'„and the maximum
of the P„, , distribution is shifted towards vl =o.

Finally, let us compare the quantum-mechanical
expression obtained here for the intensity of vibra-
tional satellites of the y lines with that derived in
Refs. 1 and 2. For example, the classical and
quantum-mechanical relative intensities of the first
satellite are given by

where Q„ is the classical amplitude of vibration.

P„,(Z', ) = — dQ sin8P„, (Z', cos'8) d8,
7T ~ Q

(4.13)

where Z', is the maximum value of Z, for molecules
with 9=0:

Z', = (p, K )'/2o, (4.14)

The integration occurring in Eq. (4.13) cannot be
performed analytically, but it can be reduced to a
form convenient for numerical evaluation:

Since 8.~ =p/Vn, then for Z«1 (or K& ~ 8«1) these
expressions agree. However, the discrepancy be-
comes noticeable for Zkl„as well as for subse-
quent vibrational satellites.

V. PROBABILITIES OF 7 TRANSITIONS IN AN

EXCITED MOLECULE

Let us consider a molecule which is initially in
the first vibrational level of the Lth normal vibra-
tion: v', =1; v', =0, and I,'t /. The matrix element
for a molecular transition to another level of the
1th vibration can be reduced to the form

oo

&„, , = (2 2z"&v, t) ' ' e "H,(x)H„(x) e' &"dx

(5.1)

A calculation using the integrals given in Ref. 8 re-
sults in the following expression" for the probabil-
ity of transition P„yl, 1

(5.2)

where I '"' is the generalized Laguerre polynomial.
In the present case L,'"'(Z) =n+1 —Z," and expres-
sion (5.2) has a simple form:

(5.3)

The most essential is the y transition in which
the vibrational state changes from v, =1 to v, =0.
Here, the vibrational energy of the molecule is
transferred to the nucleus or the the y quantum.
This process gives rise to spectral components
at E, + (R —h~), thus bringing absorption and emis-
sion lines closer together. When 8 =5~, the vi-
brational satellite lines of absorption and emission
overlap. As can be seen from Eq. (4.4), the transi-
tion probability P, , is the same as that of the
reverse process Py p The maximum intensity of
the vibrational satellites at Z, a (R —K~), which
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FlG. 4. Molecular orien-
tation-averaged probabili-
ties of nuclear-vibrational
transitions giving the inten-
sity distribution of vibra-
tional satellites of nuclear
y transitions in unexcited
molecules in a gas.
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occurs when Z, = 1, is found to be 37%%uo. In this
case the intensity of the primary lines at @p+R
is equal to 0. For larger values of Z the maximum
intensity occurs for satellites with v =Z. Just as
in the case of unexcited molecules it is necessary
here to average over molecular orientations.
Averaged probability values can be obtained from
the following expression:

]. "' o aP (Zo)v(-1
J

y2(v(-1)e- z(y (Zoy2 v )2 dy
l'

Figure 5 shows the results of numerical calcula-
tions for P„,(Z', ). Averaging over orientations

vg ~ 1,

eliminates the sharp minima and increases the in-
tensity of lower-order satellites.

In an analogous manner we are able to deduce
expressions for probabilities of y transitions in a
molecule which is initially in a higher vibrational
level. In this case vibrational satellites arise at
frequencies (d„a [4,+ (v, —v', )(d, ], where v', is the

p
initial vibrational state of the molecule. The ex-
pressions for the relative intensities are cumber-
some, however.

The large relative intensities of the vibrational
satellites indicates that vibrational excitation of
molecules may become a new method of compen-
sating for the recoil-induced shift of emission and
absorption lines of y radiation. This method
should be more efficient than the existing methods
of atomic heating" and rapid relative motion of
source and target. ' In practice, molecular vibra-
tional levels can be excited easily using infrared
laser radiation. If the molecules are excited in a
gas at pressures above a few Torr, where the col-
lisional broadening of molecular vibrational- rota-
tional transitions is comparable to or greater than
Doppler broadening, then the rnolecules become
excited regardless of their velocity. In this case
the broadening of vibrational satellites of y transi-

tions will be determined by the Doppler effect.
However, at low pressures the widths of the vibra-
tional satellites of the y transitions may be con-
siderably narrower than the Doppler widths.

VI. STRUCTURE OF NARROW 'y RESONANCES INDUCED

BY A LIGHT WAVE

In a low-pressure gas the coherent ligh wave ex-
cites molecules of velocity v satisfying condition
(1.1). As a result, the molecular velocity distri-
butions of both levels of the vibrational-rotational
transition under consideration can depart signifi-
cantly from equilibrium. The initial velocity dis-
tribution of the lower level of the transition is
given by

n, (v) = qNoW(v}, (6.1)

nv=nv

where p(v), the line-shape factor of a moving mole-
cule, is a function of the detuning of its transition
frequency &p from the field frequency and the
saturation parameter G:

Gl'
((d (do —R' V) + I (6.3)

Note that at exact resonance [Eq. (1.1)]p(v) = G.
The width of the resonance is determined by Eq.

where Np is the total number of particles in the
ground vibrational state in the absence of the field,
W(v) is the Maxwell velocity distribution, and q is
the fraction of molecules in the vibrational level.
Under the action of a resonant field the velocity
distributions of the lower (1) and upper (2) levels
of the transition become

2+p(v)
n~(v) = no(v) 2[1 ~)],

(6.2)

Ve, f
$0

08.

0.6.

OPS'

0.04'

FIG. 5. Molecular orien-
tation-averaged probabili-
ties of nuclear-vibrational
transitions giving the inten-
sity distribution of vibra-
tional satellites of nuclear
y transitions in vibration-
ally excited molecules in a
gas.

4
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(1.4). The population fraction q of the level of in-
terest depends on the degeneracy of the level and
on the rotational partition function S„t:

q gg-1e-hE( J)/&T
rot (6.4)

where E(J') is the energy of the rotational level.
The absorption line shape of one vibrational sat-

ellite of the y transition at frequency ~„'"g', caused
by nuclei in molecules in the ith level (i = 1,2), is
given by

e (tv ) fv(t=v —v'"i' —K;v)v, (v) d(» v, ) (8 5)

Here n„ is a unit vector in the propagation direc-
tion of the y quantum, the velocity distributions
n&(v) are given by Eqs. (6.2), and o'(x) is the cross
section for resonant absorption of a y quantum:

I2
(r(x) = o, (6.6)

~« —(1 y G)'~'I r
cgy GD

(6.7)

then the width 2I'„„ofthe resulting narrow y reso-
nance is governed by a molecular "channel" and
determined by Eq. (1.4). In this ease the convolu-
tion integral Eq. (6.5) can be reduced in the usual
manner to the simple form

@&((d„)= &~)(h), (6.8)

where for each molecular energy level i, n, (()
=n, (v,) [Eq. (6.2)] is the distribution of velocity
components along the light-wave direction.

Let us first consider nuclei in excited molecules
which have vibrational satellites at frequencies

with 0', the peak value of the absorption cross sec-
tion and I'„ the natural linewidth of the nuclear y
transition.

If the direction of observation of y radiation co-
incides with that of the light wave (il„=n), then a
narrow structure arises in the spectrum @((~„)
caused by a hole in the velocity distribution of the
lower level, n, (v,), or by a peak in the velocity dis-
tribution of the upper level, n, (v,). Here v, = v n
is the projection of the molecular velocity onto the
light-wave direction (n and n„are directed along
the OZ axis). When the relative natural width of
the y transition, I'&/&u&, is much smaller than the.
relative homogeneous width of the vibrational
transition, that is, when

(d&
(d,'Q "=ar„+ [&„+(&] —I)(og]+ '((d —(o,)

(d&
~(V, -1)+

4gp
(6.11)

Their half-width I',„„isdetermined by Eq. (1.4)
and by the relative amplitude given by Eq. (5.4).
The typical form of the spectrum O, ((d„) is illus-
trated in Fig. 6(b), where the distribution of mo-
lecular velocities n~(v, ) in excited levels is also
shown.

Nuclei in unexcited molecules have vibrational
satellites at frequencies

( 1+v]~]) (6.12)

and their total y radiation line. shape has the form

)» „(tv tv, + (4 +vivr))
Vga 0 1

K„

(6.13)

In this case narrow dips occur at the resonance
frequencies

(Vg) (Vg)) . +p gres
4)p

(6.14)

with half-width I',„„and relative amplitudes given

by Eq. (4.15). The typical form of the spectrum

C, (~„) is shown in Fig. 6(a), together with the dis-
tribution of molecular velocities n, (v,) in the
ground vibrational state.

Experimentally, one observes-the total spectrum

@((o„)= c',(~,) + c'2((d, ) (6.15)

which is due to nuclei in both unexcited and excited
molecules. The frequencies of all holes and peaks
in the spectra C,(~„) and C, ((d„) coincide, with the
exception of the peak in C,(~„) at frequency ~„( "
=(d„+ (6„—~,). Because of this the relative ampli-
tude of the vibrational satellite at frequency ~„' "
is determined by the probability I'p, . The ampli-
tudes of the remaining resonances depend on the
relative amplitudes oi the peaks and holes at co-
inciding frequencies. The hole depth in n, (v, ) is
exactly equal to the peak height in n, (v, ) since, ac-
cording to Eq. (6.2),

@( )
. », ~ (v„—vt, v[4, »(v, —1)tv,

])2 Y P~ Vg~l 2

g K„

(6.10)

It follows from Eqs. (6.10) and (6.3) that narrow
peaks occur at resonant frequencies

(d„("] "=(d„a [&„+(e, —1)~,] .
p

(6.9) n, (v,) =n, (v, ) -n, (v,) . (6.16)

The total line shape of the y radiation from these
nuclei has the form

Using this relation one can reduce the expression
for the total spectrum O(~„) to the form
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FIG. 6. Spectrum of nuclear y transitions in (a) vibrationally unexcited and (b) excited molecules. The distribution of
y, the component of 7Qolecular velocity in the propagation direction of the light wave (which coincides with the direction

of y radiation observation), is shown at the left.

C(~„)=o, Q [P„.~,(~„'"r')

+(P„„,—P„,)n, ( ~'„"i')]. (6.17)

The first term in square brackets represents the
Doppler-broadened vibrational satellites of the y
transition, independent of the optical field. The
second term gives the contribution due to the op-
tical field. Against the background of the Doppler-
broadened lines narrow peaks and dips arise, their
amplitudes and signs determined by the difference
in probabilities

The tuning range at the y transition is larger than
that at the optical "channel" by a factor z„/&o, .

0

VII. EFFECT OF VIBRATIONAL ANHARMONICITY AND

OF VIBRATION-ROTATION INTERACTION

The structure of the vibrational satellites of
nuclear y transitions in molecules was considered
above in the harmonic approximation, also neglec-
ting rotational motion. The effect of molecular ro-
tations on the frequencies of the vibrational satel-
lites was excluded by condition (3.7). This con-

Figure 7 illustrates the dependence of AP„on g',
for small values of e, .

The spectrum of nuclear y transitions in mole-
cules, calculated quantum mechanically, differs
significantly from the results of the classical
model. ' ' In the classical model a dip always oc-
curs at frequency ~„"'=z„a4„, whereas peaks oc-
cur at the remaining frequencies ~'"&'. In the
quantum model, however, a peak occurs at fre-
quency (d„' ", a dip occurs at ~„' ', and at the re-
maining frequencies peaks or dips occur, depend-
in on the value of the parameter Z, . In addition,
in the quantum model the spectrum of narrow
resonances is asymmetric about frequency „"',
as expected.

The frequency of narrow resonances ~'"i', de-
res

termined by the general relations (6.11) and (6.14),
may be tuned through the Doppler profile of each
vibrational satellite by tuning the field frequency
~ through the Doppler profile of the corresponding
rotational-vibrational transition centered at ~,.

- 0.2

- 0.$

~o 4
e

FIG. 7. The factor AP„, which determines the ampli-
tude of the y resonance of the v&th vibrational satellite.
Positive values of 4P correspond to narrow peaks, nega-
tive values to dips. 4P g =Pp~.
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kT
'hB (7.5)

This broadening is considerably smaller than the
Doppler width of the y line and therefore may be
neglected.

Let us next consider the low-pressure limit,
where the y resonances are narrow, Suppose the
light wave interacts with the vibrational-rotational
transition (O,J,)- (1,J'). In this case the rotational

siderably simplifies the structure of narrow y
resonances by eliminating transitions which change
rotational state. However, one must take into ac-
count the dependence of rotational energy on vibra-
tional state. In addition, it is necessary to con-
sider the role of vibrational anharmonicity. This
may be done with the help of the scheme considered
above. Let us restrict ourselves here to some re-
marks on changes in the spectrum caused by vi-
brational anharmonicity and rotation-vibration in-
teractions, without giving detailed calculations.

In the general case the center frequency of the
vibrational satellite resulting from the transition
(v'„J)- (v„J) is given by the expression

~„(v„J')= ~„ t (1/K)[Kg+ 8 (e„J}—8 (v'„J)],
(7.1)

where J is the rotational quantum number, v, is
the initial vibrational state of a molecule (e0, =0 for
unexcited molecules, and v', = 1 for molecules ex-
cited to the first vibrational level), and 8(v„J) is
the energy of the vibrational-rotational molecular
state. In the simplest case 8 is given by

8 (v„J)= h[G„+E„(J)], (7.2)

G„,=a)g(~, +2) —co,X, (~, +k) + ", (7.3)

E„(J)=B„J(J+1)', B„=Bg—(y, (v, + ~), (7.4)

where hG„ is the vibrational energy and hF„(J) is
Og

the rotational energy.
Let us consider changes in the y-ray spectrum

due to anharmonicity and rotmtions in two limiting
cases, depending on the pressure of the molecular
gas. Consider first the high-pressure case,
where narrow resonances do not occur. The only
effect of anharmonicity is to cause small changes
in the positions of the Doppler-broadened vibra-
tional satellites. Furthermore, because of rota-
tions, unexcited and excited molecules are dis-
tributed over many rotational states. A superpo-
sition of the frequencies co„(v„J)of various J' val-
ues causes a vibrational satellite to be broadened
by an amount

(7.6)

(d~. ~ =&dy k[4y +(d( —2&d( g) —Q( Jo(JO+ 1)]+ ~ Q .
0

The difference between these frequencies is

(7.7)

J0+1+.(d~ = 2(d ) X) + 2(X )
-J0

(7 6)

where the upper term in brackets refers to the
case of an A-branch infrared transition and the
lower one to a P-branch transition. Figure 8
shows the "fine" structure of y resonances caused
by anharmonicity (v, x, »ng, ). This splitting is
observable only if 2F«d & 6(d&.

Anharmonicity and changes in rotation do not
affect the structure of the resonance of the funda-
mental line produced by the 0- 0 and 1-1 vibra-
tional transitions, nor do they affect the resonant
peak associated with the 1 0 transition.

The vibrational satellite intensities are also
practically unchanged by anharmonicity and ro-
tational-state changes, at least those due to tran-
sitions to vibrational states far from the molecular
dissociation limit. Weak vibrational satellites also
arise at frequencies associated with molecular
transitions between the vibrational states of various
normal modes.

During excitation and deexcitation of degenerate
molecular vibrations a fine structure of y reso-
nances may appear owing to the degeneracy re-
moval caused by rotation-vibration interaction.
By way of illustration, the case of an XY2 molecule
in Sec. IV shows that the vibrational level v, =1 is
split by the value

quantum number of excited molecules, J, is fixed
by the rotational-vibrational transition selected by
the light wave and differs from J0 by unity. For
8-branch transitions J=J0+1; for P-branch transi-
tions J=J,—1. The infrared transition J=J0
(Q branch} is forbidden in the case of molecules
with center-of-inversion symmetry. '4 Both anhar-
monicity and change in rotational states of mole-
cules interacting with the light wave lead to nonco-
incidence of resonant dips and peaks, since the
frequencies of the transitions (O, J',)- (e„JO) for
unexcited molecules differ somewhat from those
of (1,J) (v, +1,J) for excited molecules. For ex-
ample, from Egs. (6.19) and (V.l) expressions for
the peak and dip frequencies of the first vibration-
al satellite can be obtained:

+[a +(u, —4(u, y, -a, J(J+I)]+~A
peak ~ 0 (d 0
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FIG. 8. Splitting of narrow p resonances caused by
vibrational anharmonicity and vibration-rotation inter-
action.

hv, , =qg(7+1), (7.9)

where q, is the constant of the l doublet. Such a
splitting may show up only in high-resolution ex-
periments with low-pressure gases when 2I'„,~

Vspl ~

Centrosymmetrical molecules with the simplest
structure of y resonances are considered in this
paper. For other molecules, say, for diatomic
ones, one should take into account from the very
beginning the change in the molecular rotational
state during emission and absorption of y quanta.
For diatomic molecules such calculations have
been done in Ref. 15.

VIII. CONCLUSIONS

This work presents the theory of emission and
absorption of nuclear y radiation in molecules.
The principal conclusions are as follows:

(i) The emission and absorption lines of nuclear
y transitions in molecules have vibrational satel-
lites arising from y transitions accompanied by
excitation of molecular vibrations by recoil. A
sizable fraction of the y transitions may be chan-
neled into these vibrational satellites.

(ii) The spectrum of nuclear y transitions in a vi-
brationally excited molecule contains a vibrational
satellite resulting from a nuclear y transition with
the vibrational. energy transmitted to the nucleus
or to the y quantum. In this satellite, which has
an intensity of up to 37% of that of the y line of the
free nucleus, the absorption and emission lines
are brought closer together.

(iii) As first discussed in Refs. 1 and 2, the
spectrum of nuclear y transitions in a low-pres-
sure molecular gas subjected to an intense co-
herent field contains narrow y resonances, the
frequencies of which can be easily tuned over their
Doppler prof iles.

(iv) If the nucleus is located at the center of
mass of a centrosymmetric molecule, then the
narrow y resonances are simple in structure.
The structure remains rather simple even when
the effects of vibrational anharmonicity and vi-
brational-rotational interactions are included.

Effect (i) considerably decreases the overlap
of the Doppler profiles of the emission and ab-
sorption lines of nuclear y radiation in molecules.
It is essential to allow for the vibrational struc-
ture of y transitions for a nucleus located in a
molecule. Even to a first approximation this ef-
fect cannot be neglected.

Effect (ii) should be rather easy to observe in
experiments in which molecular vibrations are
excited by infrared laser radiation. For example,
one can use y transitions of the nuclei "'Os (I&uz
= 137 keV) or '"Os (h&o& =155 keV) in the OsO~
molecule, which can be excited by CO, -laser ra-
diation.

Effect (iii) is observable when a molecular gas
of a very low pressure is subjected to infrared
laser radiation. The classical estimates of Refs.
1 and 2 agree in order of magnitude with the quan-
tum-mechanical formulas obtained here [Eg. (6.17)].

In much the same way one can show that excita-
tion and deexcitation of electronic states of a mole-
cule give rise to electronic-vibrational satellites
of a y transition. This increases the tuning region
of y resonances for a nucleus in a molecule with

properly excited electronic states. Unlike the
case of excitation and deexcitation of electrons
in an atom, the strong electronic-vibrational
coupling in molecules gives rise to electronic-
vibrational satellites of large amplitude.

In this paper no consideration has been given to
questions of experimental detection and applica-
tion of the above mentioned effects. Some dis-
cussions are given in Refs. 1, 2, and 16. The
possibility for detection of the modulation of y
radiation of Os nuclei, as the vibration v3 of the
OsO~ molecule is excited in the CO, -laser field,
is considered in detail in Ref. 17. The proba-
bilities for a vibrational-nuclear y transition of
an Os nucleus in an Os04 molecule are estimated
here with allowance made for threefold degeneracy
of the vibration v,. On the basis of these esti-
mates a conclusion has been drawn on the possi-
bility of experimental observation of y-radiation
modulation both by detecting scattered y quanta
and by measuring the internal-conversion electron
current. Here we wish only to point out that the
proposed method of obtaining narrow frequency-
tunable absorption and emission y resonances
opens the way for nuclear spectroscopy in a range
of nuclear transitions that has not been investi-
gated so far, namely, in the vicinity of nuclear
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resonances:

(8.1)

for example, by the techniques described in the
present paper, it will be possible to interact with
nuclear transitions of very low energies by optical
laser radiation, with all ensuing effects.

The Mossbauer effect" is the most efficient meth-
od of studying the structure of resonances very
close to a y transition. For far-removed regions
the universal techniques of y spectroscopy" are
used. Between these boundaries, in the energy
range from 10 3 to 10 eV, lies a region of great
interest. If it ever becomes possible to detect
the fine structure of nuclear levels in this region,
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