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We discuss the ¥ spectrum of a nucleus in a diatomic molecule, due to change in the electronic-vibrational-
rotational state of the molecule on emission or absorption of a v ray by a nucleus of the molecule. It is
shown that the components of the <y spectrum due to change in the vibrational-rotational state of the
molecule are the most intense. The emission and absorption spectrum of the nucleus '*’I bound in the
molecule H'?'I is calculated, and the possibility of observing it is analyzed.
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1. INTRODUCTION. FORMULATION OF THE
PROBLEM

It is well known that on emission or absorption of y
rays by the nuclei of atoms or molecules, the recoil by
‘the nucleus leads to a change in the internal state of the
atom or molecule. For example, on emission of y rays
with high energy the recoil can produce dissociation of
the molecule (the Szilard-Chalmers effect!!!), On emis-
sion or absorption of a y ray by a nucleus in a mole-
cule, a change in the vibrational state occurs,[?! and in
the case of a nucleus in an atom—a change in the elec-
tronic state of the atom occurs.[®*] As a result of such
vibrational-nuclear or electronic-nuclear y transitions
of the nucleus in a molecule or atom, the emission or
absorption y line acquires a complex structure. Near
the y lines of the free nucleus there arise satellites
separated from the main line by a distance correspond-
ing to the change in internal energy of the molecule or
atom, The intensity of these satellites is determined by
the probabilities of the corresponding vibrational-
nuclear(® or electronic-nuclear!®*! transitions.

A fundamentally important possibility is that of
changing the structure of the vibrational-nuclear or
electronic-nuclear transitions as the result of excita-

tion of levels of the molecule or atom by laser radiation.

In this way it is possible to change the absorption or
emission spectrum of the y satellites due to quantum
transitions with participation of the excited levels of
the molecule or atom. In the case of gases at low pres-
sure with a nonuniformly broadened absorption line in

. an electronic or vibrational transition, laser radiation
can even change the shape of the Doppler-broadened
emission or absorption y lines.[®*! This opens up the
basic possibility of y spectroscopy of nuclei in a gase-
ous medium without Doppler broadening. Therefore the
study of the emission or absorption spectra of y rays
of nuclei bound in atoms or molecules presents consid-
erable interest.

The probability of changing the internal state of an
atom in a sudden action on the nucleus was apparently
calculated for the first time by Migdal'®! in connection
with the problem of collision of hydrogen atoms with
neutrons. The change of the rotational state of a dia-
tomic molecule as the result of the recoil effect has
been considered by Podgoretskii and Roizen.["] The
spectrum of vibrational nuclear y transitions of a
nucleus in a polyatomic molecule with the nucleus at
the center of symmetry has been studied by Letokhov,[?]
and the spectrum of electronic-nuclear y transitions in
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an atom—by Letokhov and Ivanov.[**] The purpose of
the present work is to consider the general case of
change of the electronic-vibrational-rotational state of
a diatomic molecule on emission or absorption of a v
ray and to calculate the structure of the spectrum of

y transitions. The solution of this problem cannot be
obtained from previously solved problems?*%7] and
requires individual discussion.

2. GENERAL RELATIONS

We shall assume for definiteness that the y ray in-
teracts with nucleus 1 of a diatomic molecule consisting
of nuclei 1 and 2, and we shall designate by rp the co-
ordinates of the nucleons of nucleus 1 in the center-of-
mass system of the molecule, by ry the coordinates of
the nucleons in the center-of-mass system of nucleus 1,
by re the coordinates of the electrons in the center-of-
mass system of the molecule, and by R, and R. the
coordinates of the center of mass of nuclei 1 and 2 with
respect to the center of mass of the molecule. Let
¥(rp) be the wave function of the system of nucleons of
nucleus 1; the wave function of the molecule, using the
adiabatic approximation, we shall write in the form
¥(re)¥(Ry, Rz), where ¥(rg)is the wave function of
the electrons and ¥(Ri, R2) is the wave function of the
nuclei. The Hamiltonian of the interaction of y radia-
tion with the system of nucleons of nucleus 1 we shall
express in a form convenient for further calculations:
in terms of the coordinates of the nucleons rp in the
center of mass system of nucleus 1:[%+%

H(r,)=H(r)) exp (—ikR,), (1)
where Kk, is the wave vector of the y ray.

In first-order perturbation theory the matrix element
of the transition from the initial state a to the final
state b, as a consequence of separation of the coordi-
nates of the nucleons and nuclei in accordance with Eq.
(1), can be written in the form of the product of two
matrix elements, one of which corresponds to change of
the internal state of the nucleus, and the other to change
of the internal state of the molecule:

W5 (1) [ (1) | Wa () @)
xX<(W,* (l‘e) ‘I-’,,‘(R,, Rz) Ie_ikvn‘| qfa(l'g) ¥.(Ry, Ro.

Here the first factor is determined by the y transition
of the nucleus and to a good approximation does not de-
pend on the internal state of the molecule. The second
factor is the matrix element of the transition of the
molecule from the initial state a to the final state b:
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M=, (r.) | ¥a(r.)>
T (Ry, Ra) |- | Wo(Ryy Re)). @)

It is evident that the retention in the matrix element of
the separation into electronic and nuclear motions is a
consequence of neglecting the nonadiabatic terms.

The expression presented (3) solves in general form
the problem of the probabilities of change of the internal
. state of the molecule on emission or absorption of a y
ray by a nucleus of the molecule and determines the
amplitudes of the respective y satellites. In regard to
their location, i.e., the energies E, of the emitted or
absorbed y ray, they are completely determined by
conservation of energy and momentum, which in the
nonrelativistic approximation have the form

+EAE A Myt =£E." +E,+'/,Mv*, (4)
Mv bk, =Mv, (5)

where M is the mass of the molecule, vo and v are
the velocity of the molecule before and after interaction
of the nucleus with the y ray, k, is the wave vector of
the y ray, E3 and Ep are the internal energy of the
molecule before and after the interaction, and E‘;’) is
the energy of the nuclear transition; the upper and
lower signs here and subsequently refer respectively to
absorption and emission of y rays. From Eqgs. (4) and
(5) the energy of the y satellite corresponding to the
transition a — b is

E,=E "+ fk£R £ (Es—E.), (6)

where Rpe = (E‘“’ )?/2Mc? is the recoil energy of the
molecule.

3. ELECTRONIC-NUCLEAR TRANSITIONS

As a result of the separation in the adiabatic approx-
imation of transitions associated with change of the
electronic and nuclear motions, it is possible to calcu-
late individually the value of the matrix element on an
electronic-nuclear transition

M =W, (1) | W o (r) ™

here the prime on the coordinate of the electrons in
state b explicitly denotes the difference in the elec-
tronic coordinates before and after interaction of the
nucleus with the y ray, resulting from the change in
location of the center of mass of the molecule. If the
change in velocity of the center of mass of the molecule
is Av, then the coordinate of the i-th electron in the
center-of-mass system of the molecule after the inter-
action rgj can be expressed in terms of the coordinate
rej in the center-of-mass system of the molecule be-
fore the interaction:

r./ =rat+R(t), (8)

where R(t) = Av(t - to). Going over to the system of
reference associated with the molecule before the in-
teraction and taking into account Eq. (8), we express the
wave function of the electrons ¥p(rej) in terms of the
coordinates rej.[’] We have

Wy (') =Ws (r.i) exp [%Z masv (. +21—R(t) |
or, using Eq. (5), we obtain

‘lfb(r,")=\l’b(r..»)exp( + i%k,Z r,t)exp (:I:LZ—k R(t))
i

oM (10)

where Z is the number of electrons in the molecule.

801 Sov. Phys.-JETP, Vol. 42, No. 5

' Since in the matrix element (7) integration is carried

out over the electronic coordinates and in the last
analysis we are interested only in the square of the
modulus of the matrix element, the last factor in Eq.
(10) can be discarded. Having expressed the summation
occurring in the argument of Eq. (10) in terms of the
electronic dipole moment of the molecule

D.=e Zl‘m

we finally obtain

(11)

M= j‘i’»‘(r.«)exi)( i k; ) W, (re) d'ras.
The only interesting y rays are actually those with
energy E© ~ 10 keV—10 MeV, ascociated with nuclear
transitions either from isomeric states or from states
excited as the result of nuclear reactions.!’®! For these
energies and for typical values of M ~ 100 amu and
D¢ ~ 1 D the argument of the exponennal is
(me/M)(k De/e) ~ 6x 107°—6 x 107° « 1. Expanding
the exponentlal in series and retaining only the first two
terms, we obtain from Eq. (11)

m.k {Dedsa
M e
where (De )pg is the matrix element of the electronic
dipole moment of the molecule. The probability of
electronic-nuclear transitions in the first nonzero ap-

proximation is
me\* ( ke{Dedpa |
=) (= *b
(,,_\(M) ( e ) for a

e 1 for a=b

M52 =60 F , (12)

3)

The expression obtained (13) permits the following
conclusions to be drawn. In the first place, it is evident
that this equation must agree with the corresponding
expression in the case of atoms(®**] and must be valid
for polyatomic molecules, since no specific assumptions
about a diatomic molecule were made in its derivation.
In the second place, the presence in the probability of
electronic-nuclear transitions of the factor (me/M)?
permits the statement that taking into account nonadia-
batic terms (terms of the expansion in (me/M)¥*) can-
not significantly change the values of P!’ calculated
with neglect of the nonadiabatic terms. Finally, the low
probability of electronic-nuclear transitions associated
with change of the electronic state of the molecule per-
mits the statement that dissociation of a molecule on
emission or absorption of a y ray by a nucleus of the
molecule (the Szilard-Chalmers effect) occurs with
overwhelming probability not as the result of excitation
of electronic states of the molecule, but as the result
of direct breaking of a bond of the molecule in the
electronic ground state.

We note that in the case of a diatomic molecule with
identical nuclei, reabsorption of the y ray is possi-
ble.!*'] The corresponding probability is W ~ ¢.,,/47R?
~ 107*—10"%, where 0., is the cross section for y ab-
sorption and R is the distance between nuclei.

It is clear that real interest is presented only by
transitions between vibrational-rotational levels of the
electronic ground state, including transitions to the
continuum, accompanied by dissociation of the molecule.
For such transitions the matrix element according to
Eq. (3) is

Mo—=CW," (R, Ry) e~ | W, (R, Ry)). (14)
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We shall discuss systematically the matrix elements
and probabilities of vibrational-nuclear and rotational-
nuclear transitions in the harmonic-oscillator and
rigid-rotator approximations, respectively.

4. VIBRATIONAL-NUCLEAR TRANSITIONS

In the harmonic-oscillator approximation for a dia-
tomic molecule the wave function of the nuclei depends
only on the change of the internuclear distance R — R,,

¥ (Ry, R)=(20!Vn/a) " exp(-aQ*/2) H.(VaQ),  (15)

where a = w/f, Q = (R - Ro)vm, m = mymz/M is.the
reduced mass of the molecule, m, and m; are the
masses of nuclei 1 and 2, and the coordinate of the
center of mass of nucleus 1 relative to the center of
mass of the molecule is determined by the expression

R.=—%R=—%(ﬁn+&)=—ﬂm—( ";l

Vm M m,

) o. (t6)

_Substituting (15) and (16) into (14) and using the inte-
grals from Ref. 12, we obtain

Ya 2 _—
. o = OXP (i%kTRn ) ( - ) exp ( _ico_s—ﬁ-) 28T Gostera B

vp! 2
for v,=v.+2m amn
—i(—1) %2 for p=vit2m+1, m=0,1,2,...

v, —4q) (vo=va)/:
XL.': “ (20 cos* §) {( 1) fmeat®

Here zo = (Rpe/fiw)(mz/m,), and ¢ is the angle be-
tween k) and R. Accordingly the probability of a
transition from vibrational state vy to vibrational
state vp is

P.,b,v"=%:exp(—zo cos®®) (z, cos’f))""""[L::_v'(zo cos'®)]%. (18)
“*'As a consequence of the distinguishing of the direction
...of i(h_‘graxis of the molecule in the approximation con-

"'sidered, the probability of a vibrational-nuclear transi-
tion Py v, depends on the angle of emission s of the
y ray relative to the axis of the molecule. Averaging
over the directions of emission of the y rays, we

" . finally obtain for the probabilities averaged over angle

the following expression:

1
p.b . = V_.! (zo) vp—10g J‘ exp (_znyz) yzu._u‘,) [L:b-m
a vb! a

0

(zy) I*dy. (19)

For the y-ray energy region of interest to us and
for the energies of vibrational quanta Aw ~ 10°—10°
cm™ characteristic of diatomic molecules, the parame-
ter z, which determines the probability of vibrational
nuclear transitions varies over a wide range: z,
~ (4 x 10°—4 x 10*) mz/m,. The results of numerical
calculations with Eq. (19) for va = 0.1 can be found in
Ref. 2. '

The energy of the y satellite accompanying transi-
tion of the molecule from vibrational state vy to state
vp according to Eq. (6) in the harmonic-oscillator ap-
proximation is

Ey=E" +hk;vot Roxt e (0,—Va) . (20)

5. ROTATIONAL-NUCLEAR TRANSITIONS

It is already evident from classical considerations
that the change in the rotational state of a molecule on
emission or absorption of a y ray by a nucleus in the
molecule is completely determined by the angular mo-
mentum transferred to the molecule

fiag=hk,R = (E” /c) (my/ M) R".
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For the EY indicated above and with the equilibrium
internuclear distance R°~ 2 A typical of diatomic
molecules, the angular momentum transferred to the
molecule (in units of fi) is ao~ (10—10%)mz/M, and
thus for not too small mz/M the change in the rotational
state of the molecule can be significant.

In the rigid-rotator approximation the wave functions
describing the motion of the nuclei of a molecule in a
state with definite J and K are eigenfunctions of the
angular momentum: )

@1

the angles s and ¢ define in a spherical coordinate sys-
tem the vector of relative location of the nuclei R® = R}
- R}, Let ¢ and 7 be the spherical coordinates of the
wave vector of the y ray k; then, taking into account’
that R} = —(m,/M)R’, we write the matrix element (14)
in the form

¥ (R, R:)=Y,x (8, 9);

(22)

where y is the angle between the vectors R°(s, ¢) and

k.',(g, n). For integration of Eq. (22) we expand the ex-
ponential in Bessel functions of half-integral order and
use the superposition theorem for spherical harmonics:

M, x5, ,xa=<Y;,, x, (8,9)lexp(igscos ) 1Y, x_ (8,9),

—_— "

exp (ia, cos Y) =4mn Vzlaog 714 (o) Z Yim(,9) Yim (& m). (23)
Substitution of (23) into (22) permits integration to be
carried out 4 and ¢ and an expression to be obtained
for the matrix element in terms of 3j symbols:

M, x, ., x,=Van[ (2041) 21+1) 1% (—1) %
Jat+Jb

X (n/2a,)™

fe Iy l) (24)

i (2041) ", (a0) ( o 00

lm=|Jy=Jal

RS A A
XZ_Q Vo' ) (i g, m)-
As a result of the fact that in the approximation con-
sidered each level of the molecule is (2J + 1)-fold de-
generate, interest is presented only by the probability
of transition from state Ja to state Jp

4+ +Ja

Plb.la= Z E (ZJG+1)_’|MJb,Kb;Jn,Kﬂ z

Ky=—Jp Kg=—Jg

(25)

- Jat+dp s Ja Jb l 2
=(sz+1)(2—an) ¥ (2z+1)11+.h(a.,)(0 | o) .

I=|Jp=Jql

From the properties of the 3j symbols it is evident that
the probabilities of the direct and inverse transitions
are related by the expression

Py, 5=[(27,+1)/(21,+1) ]P,,. s (26)
Averaging over the y-ray emission angles ¢ and 7 in
this case, as a consequence of the spherical symmetry,
does not lead to new results, PJb,Ja = PJb:Ja'

Expressions (25) and (26) solve the problem of the
probabilities of rotational-nuclear transitions for a
diatomic molecule in the rigid-rotator approximation.
In the special case Jg =0, Jp, =J we have

Pro= 5@+ ] (e0), 27)
and in the case Jg =J, Jp = 0 we have
V. S. Letokhov and V. G. Minogin 802



P, = (28)

n
2 J:+'h (a.)r
Qo

which is identical to the results of Ref. 7. In Fig. 1 we
have given the probabilities of rotational-nuclear transi-
tions from the state J5 = 0 to the state Jp = J for a,
=1and ao =10,

The energy of the y satellite corresponding to transi-
tion of the molecule from rotational state Jy to state
Jp in the rigid-rotator approximation according to Eq.
(6) is

E=E{" +hkvet R £B[1, (I 1) —To(JaH1) ], (29)

where B =1%/2m(R°)? is the rotational constant of the
molecule.

6. VIBRATIONAL-ROTATIONAL-NUCLEAR
TRANSITIONS

It is well known that the translational degrees of
freedom of a molecule on emission or absorption of a
vy ray by a nucleus in the molecule take on an energy
equal to the recoil energy Rre. Let us determine the
amount of energy required by the vibrational and rota-
tional degrees of freedom of the molecule. Neglecting
rotation, for vy =0, $ = 0 we obtain from Eq. (18)
(setting vp = v)

Py (30)

v!

Pu.n=

For zo » 1 only v~ zo is important in the distribution
(30), and since zo = (Rpe/hiw)(mz/m;), the energy
which goes into excitation of vibrations is eyjp ~ vhw
~ zohw = Rpe(mz/m;). If we neglect vibrations, then
for J, = 0, Jp = J, we obtain the distribution (27), in
which for a, > 1 only J ~ a, is important, since a3

= (Rye/B)(mz/m,), and then an energy epot ¥ BJ*

] Ba?, = Rremz/ m, goes into excitation of rotations.
Thus, generally speaking, the vibrational and rotational
degrees of freedom of a diatomic molecule take on
identical energies, which can be either greater than
(for mz/m, > 1) or less than (for mz/m,; < 1) the re-
coil energy.

The energy discussion which we have carried out
clearly indicates the need of simultaneously taking into
account excitation of vibrations and rotations of a mole-
cule in emission or absorption of a y ray by a nucleus
in the molecule.

The formulas obtained above permit determination
of the probability of vibrational-rotational-nuclear
transitions of diatomic molecules for not too high vibra-
tional levels, where the harmonic-oscillator approxima-
tion is valid. Taking as wave functions ¥(R., R;) the

i %
Aro a 0.3 b
0.8}
s 02k
a4 H
o1t
0zt
| S J!:.!!. L,
a1 2 3 0 2 4 6 &8 1012

FIG. 1. Probabilities of rotational-nuclear transitions J=0->Jp=J
in the rigid-rotator model: a) for a;= 1, b) for ao = 10.

803 Sov. Phys.-JETP, Vol. 42, No. 5

product of the wave functions (15) and (21) and taking
into account expression (16), we obtain from Eq. (14)
for the matrix element of a vibrational-rotational-
nuclear transition a relation similar to Eq. (24):
M%, . x, =Vanl (DH1) (2H) *(—1) =
Jat+Tp
" . n\'h
x .,Zl, : [20H1CE, | (30) Tun(@ 122>
wax *’Y e ("
(0 0 O)Z_; " (80 (K,, —K, m)’

=

(1)

where a =a,(1 + ¢) = (E®/fic) (mz/M)R%(1 + Q/VmR?),
¥y(Q) is the wave function (15). Using the same pro-
cedure as in calculation of the probabilities of rota-
tional-nuclear transitions, we obtain for the probability
of a vibrational-rotational-nuclear transition from
state vy, Ja to the state vy, Jp the following expres-
sion:
. Jat+Ip n s
Pt =i+ Y @i, (Z) Jion(@) I‘l'v,)I’(

lma|Ty=Tgl

Loy 1y?
00 o)'
(32)

The probab'ilities of the direct and inverse transitions
in this case are related by expressions which follow
directly from Eq. (32):

B =P,

(33)

0}, %a

P = (21 +1)/ (2+1)) P},

We note that if vibrations of the molecule are neglected,
i.e., if we set a = a,, then Eq. (25) follows from Eq. (32).
In regard to Eq. (19), it cannot be obtained from Eq.
(32), as a consequence of the different assumptions re-
garding symmetry made in derivation of (19) and (32).

In the important case of small oscillations the calcu-
lations can be carried through to the end. The condition
of smallness of the oscillations is obviously the condi-
tion

Q%) /ym Re<A, (34)

or, since for a vibrational level v we have Q%1
= (1 + 2v)/2a, this condition can be represented in the
form

(1420) e, 1,  go=(A/2mam (R%)?*)". (35)

For diatomic molecules for typical parameter values
m~(10+10°) amu, ho~10>+10° cm™, R°~2 A

we have the value € ~ 10"°~107*, Therefore for not too
large v the condition (35) is satisfied. We expand the
function a™ le +1 /Z(a), using condition (35), in series
in the parameter ¢ = Q/VmR® and take into account the
recurrence relation relating the Bessel function and its
derivatives. As a result we obtain

a™"Jy .y (a) =ac_% Jiu (an)+[lanh‘h]:+'h (@) —ay"J 1 44,(a0) J& (36)
+/,[1 (l‘—i)ao—‘h-’l-pl. (@) — (21+1)a,"J 1, (a0) +an'h Jipsn(ao) Je*+ ...

Using the integrals from Ref. (12), we shall discuss
systematically the various approximations.

In the zero approximation only transitions without
change of the vibrational quantum number v turn out to
be possible and the corresponding probabilities

Ja47b

Y, @nILae) (

0 1=|Tp—Jql

1

87

o Lod 1y
P, =(20H1) ")

0 00
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in accordance with the remark made above are identical
with PJb Ja-

Inclusion of the term in Eq. (36) in ¢ does not
change P Jbv Jp but in this case transitions with change
by unity of the vibrational quantum number also become
possible, i.e., transitions for which w, ~ v =x1; their
probability is

Ja+Ip

e ‘V_“ (21+1)

=1Jy—Jgl

=%,%

P’b J '—(2]b+1)80

(38)
Jo 1y l)

X U an) —audin@)* (70 o

where py, =va +1if vp = v = +1 and p,“,a=va if vy
—Va=—1.

On inclusion of the term in Eq. (36) quadratic in ¢,
; v,V .
the expression for P Jl’), J, changes:
Jatdp

P, = (2h+1)% Z (214+1) (g (@0) +/2 (1+20) €0 [1 (1—1) J1y4 (a0)

lam|Tp—Jgl (39)

—Q2UH+1) a1 (a0) Faott iy, (a0) 1} ( Te I ) ’

000
and expression (38) remains in force. In addition,
transitions with change of the vibrational quantum num-
ber by two become possible: v — va = £2; their prob-
ability is
Ja+JTp
BT = @ckedgp, Y @) 0-1]1(a)

I=|Jp—Jgql

— (@H1) a0 (a0) Fai s (aov(

Ja T l)" (40)

0 00

where u.f,a = (Va +2)(vq + 1) for transitions with vy
- Va =+2 and Ilv = Va(va = 1) for transitions with
Vp - va=-2,

Obviously, systematic inclusion of each succeeding
term of the expansion (36) will lead both to improvement

of the previously calculated 'P}b":]a, and also to appear-

ance of new transitions whose probability will fall off in
accordance with the condition (1 +2v)¥2eq << 1.

From Eq. (36) and also from (37)—(40) it can be
understood that for diatomic molecules the probability
of a vibrational transition is proportional to

0™V ;o is determined by the ratio of the amplitude
of oscillations to the equilibrium internuclear distance
and depends weakly on the y-ray energy (through its
dependence on a,). A similar result can be proved also
for polyatomic molecules with a y-active nucleus out-
side the center of symmetry of the molecule, and this
differs sharply from the case of symmetric polyatomic
molecules with a y-active nucleus at the center of sym-
metry, for which the probability of change of the vibra-
tional state is determined by the ratio of the amplitude
of vibrations to the y-ray wavelength.[?]

In contrast to vibrational-nuclear transitions, where
the parameter z, determining the transition probability
varies over a wide range, for the case of vibrational-
rotational-nuclear transitions (and also rotational-
nuclear transitions) a certain simplification can be
achieved in the formulas by replacement of the Bessel
functions by their asymptotic expressions, since the
quantity a, is usually significantly greater than unity.
For a, » 1, ao> Jy +Jp we shall make in Eq. (32) the
substitution
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(%)%J,H,(a)%%sin(a—«—l;—), (41)

and since a = a¢(1 + €), we then have

1 In 1 In 1 In
—sm(a——) ~ —sm(a.-——) COS a8 +—cos(ao——)smaoe.,
a 2 a, 2 2

(42)

here in the denominator we set a = a, and, in accord-
ance with Eq. (35), neglect small changes in 1/a in com-
parison with significant changes in cosa,e and sinag.
Expression (42) is easily integrated and we finally ob-
tain

JatJp

e ol L () 1 AN A AN
P = @) w T e L (5] )2 l(zl+1>(0 o o)
) (43)

» i{sin’(ao—ln/z)}
a,’ Lcos?(a,—In/2)
where the sine and cosine refer respectively to the
transitions vy - va-Zn and vp = vg=2n+1,n=0,1,
2,...; 2o = (€020)® is the same quantity as in Eq. (17)

The energies of the y satellites corresponding to
transitions of a diatomic molecule from a state vy, Ja
to a state vp, Jp in accordance with condition (6) are
equal to

E=E{"+hkyv£R ptho (0,—va) B[, (1, +1) —J.(J+1) 1. (44)

7. POSSIBLE EXPERIMENTS

Change of the internal state of a molecule on emis-
sion of a y ray by a nucleus in the molecule can be ex-
perimentally observed by means of the fluorescence of
molecules excited by the recoil. This experimental pos-
sibility was pointed out previously in the case of a
monatomic gas in Refs. 3 and 4. It must be noted that
the use of molecules can present greater interest, since
in this case it is possible to observe fluorescence not
only from excited electronic states, but also from vibra-
tional-rotational levels of the electronic ground state.
This experimental arrangement naturally suggests use
of a molecular gas with nuclei in isomeric states.

The structure of the y spectrum of a nucleus in a
molecule, due to change in the internal state of the
molecule, can be observed by means of the change in
resonance absorption of y rays by the molecular gas on
change of the distribution of molecules in electronic-
vibrational-rotational levels. Detection of the change of
the cross section for resonance absorption can be ac-
complished both by counting the number of resonance-
scattered y rays and by the change in the current of
internal conversion electrons.[!®] In the case where
isomeric states of nuclei are utilized, the inverse ex-
perimental arrangement is possible, in which the state
of the molecular gas radiator changes but one detects
a change in the resonance absorption of y rays by a
target containing the same nucleus as the source. In
any case the most appropriate method of changing the
state of the molecules in the gas is the action on the
gas of molecules by coherent laser radiation,?] which
selectively changes the populations of the individual
electronic-vibrational-rotational levels of the molecule.
It is particularly attractive to use in such experiments
diatomic molecules, in which the simple structure of
the y spectra permits us to count on comparing experi-
ment with theory.

As an example of the use of the formulas obtained
above, we have shown in Fig. 2 the spectra of emission
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FIG. 2. Spectrum of emission
__ (solid curve) and absorption of
"% the nucleus '27] (E{) = 203 keV)
bound in the molecule H'?"1.
The initial state of the molecule
is as follows: above, v3 =0,
Ja=0;below,va=1,J3=0.

and absorption of y rays of the *'I nucleus with energy
EQ =230 keV(* bound in the molecule H'¥"I which is
in'its electronic ground state X'= (molecular parame-
ters R°=1.614, ve = 2309 cm™, Be = 6.55 cm™), for
vibrational-rotational transitions from the state vy = 0,
Jgq =0 and from the state vg =1, J3 = 0. For this
molecule the recoil energy is Rre = 0.172 eV and the
parameters which determine the excitation of rotations
and vibrations of the molecule as the result of recoil
are respectively a, = 1.30 and €, = 5.29 X 10°%, The
widths of the y lines correspond to a temperature

T =300 K.

On action of laser radiation on a molecular gas ab-
sorber (or radiator) of y rays, the variation in the
cross section for resonance absorption of y rays by
nuclei of molecules of the gas (or correspondingly by
nuclei of the target) amounts to the following valuel**!:

AUI (2) =%,% ( O6Eya )’]
—— 0, P y -

(45)
0 = Y,% OE a z -t
PIER SR IE ) |
D
where g“,‘;" Ja g‘&;, Jg 2Te the relative populations of

the vibrational-rotational levels (va, J5) without laser
radiation and in the presence of laser radiation; §5Ep

= 2Rye + fiw(vp — va) + B[Jp(Jp + 1) = J(Ja + 1)] is fhe
distance between the absorption and emission lines cor-
responding to transition of the molecule from the state
va, Ja to the state vp, Jp; AED = [(AEDe)? + (AEDa)?¥?,
where AEpe and AEpy are the Doppler widths of the
emission and absorption lines. For the molecule H'*'I
considered by us for T = 300 K we have AEpD ~ 0.19 eV
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and, for example, for saturation of one vibrational-
rotational line R(0) of the band 1—0 by radiation of a
parametric generator, a change in the relative level
populations

(87 ~3.13-1072, &) =0)1

(0=, 15610, & =8 ~1.56-10-%)

corresponds’to a change in the resonance absorption
cross section Ac,/0, ~ 1%.

However, if we achieve saturation of all vibrational-
rotational lines of the transition (va = 0— vp = 1), i.e.,
if we excite the vibrational level v = 1 under conditions
of rotational relaxation, then it is easy to obtain a vari-
ation in the resonance absorption cross section AO’Y/ oy

~20%. -
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