
SOVIET PHYSICS JETP VOLUME 19, NUMBER 1 JULY, 1964 

DISSOCIATION OF DIATOMIC MOLECULES DURING BETA DECAY 

Yu. D. OKSYUK and V. I. GERASIMENKO 

Physico-technical Institute, Academy of Sciences, Ukrainian S.S.R. 

Submitted to JETP editor May 31, 1963 

J. Exptl. Theoret. Phys. (U.S.S.R.) 46, 254-261 (January, 1964) 

A calculation is made of the probability for dissociation of a diatomic molecule during f3 
decay of one of its nuclei. It is shown that the results can be used to determine the inter
action constants for the coupling of the electron -neutrino field to nucleons. 

1. During the {3 decay of nuclei there is a change 
in the nuclear charge; in addition the decaying nu
cleus receives a recoil momentum. Since the nu
cleus is surrounded by an electron cloud, the f3 
decay may be accompanied by excitation or ioni
zation of the electron shells. The theory of this 
phenomenon was first developed by Migdal. [i] 

If atoms containing radioactive nuclei are com
bined into molecules, then in addition to excitation 
or ionization of the electron shells there is also 
excitation of vibrational or rotational states of the 
molecule, or dissociation. It has been shown in 
many papers [2- 4] that the main cause of excitation 
of molecular vibrations (or dissociation) during {3 

decay is the recoil momentum of the nucleus. These 
same papers calculate the probability for excitation 
of vibrational and rotational states of the molecule 
on the assumption that the molecular vibrations 
are harmonic. In the paper of Fintak and Wolnie
wicz [S] the probability for the process is calcu
lated assuming that the atomic interaction is de
scribed by the Morse potential. 

The present paper calculates the probability for 
dissociation of a diatomic molecule during f3 decay 
of one of its nuclei. It is assumed that the basic 
mechanism of the dissociation is the excitation of 
high vibrational and rotational levels because of 
the recoil momentum (while the electronic state 
of the molecule is unchanged ) . 

2. The probability for a transition between two 
states of the molecule, averaged over the {3 par
ticle distribution, is given by the expression: [4 :1 

(1) 

where P( Ee, .J) is the distribution of {3 particles 
over the energy Ee and the angle .J between the 
directions of the electron and neutrino; 

is the probability for transition between the initial 
and final states of the molecule for a given recoil 
momentum lik. 

The further calculations will be made in the co
ordinate system fixed to the center of mass of the 
molecule. It is assumed that before the f3 decay 
the molecule was in its ground vibrational and ro
tational states. Its wave function was then 

(3) 

Since the final state of the molecule consists of 
two free atoms, the wave function of the molecule 
after the f3 decay can be taken to be the quasi
classical wave function 

( 2!1 )'/, 1 
'IJlt (r) = nli r y p (r) 

r 

x . [!I ( ) d + ~] sin [(l + 112) e + n/4] (4) 
sm 1i .) p r r 4 Y sin e ' 

r, 

where 

For r < r 1 the wave function of the system is 
given by the exponentially damped part of expres
sion (4), but with a different normalization factor. 
It is obvious that this part of the wave function can 
be neglected in calculating the dissociation proba
bility. 

In expressions (2) -(4) the quantity fJ- = M1M2 I 
( M1 + M2 ) is the reduced mass of the two nuclei 
in the molecule; M1 is the mass of the radioactive 
nucleus; r is the separation of the nuclei; r 0 is 
the equilibrium separation; U ( r ) is the energy of 
interaction of the atoms in the molecule, and re-
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mains unchanged during the process of {3 decay; 
E is the internal energy of the final state of the 
molecule; {3 = J..!Wr5 I 2n » 1; w is the frequency 
of vibration of the nuclei; k = ke + kv, like and 
likv are the momenta of the {3 particle and the 
neutrino in the system moving with the radioactive 
nucleus. 

Substituting (3) and (4) in (2), after the substi
tution r = r 0x we get the following expression for 
the matrix element of the transition: 

00 X 

X sin [ ( l + + )e + -'1-J ~ sin[~ p (x) dx + -:f] 
x1 X1 

. d6dx x exp [- ~ (x- 1)2 + !'YX cose 1 ~r-. 
r p (x) 

Here 

( ) _ [ E- U (x) _ (I+ lf2)2 ]'/, 
px- eo x• ' 

Erec = n2k2 /2M 1 is the recoil energy of the free 
nucleus, and k = Ike + kv I· 

(5) 

The main contribution to the integral over x in 
(5) comes from the neighborhood of the point x = 1 
(1-{3-1/2 ~ x ~ 1+{3-112 ). As we shall see later, 
the integral is significantly different from zero 
only when y cos e ""'± p( 1 ), where p( 1) is the 
radial momentum at the point x = 1. In the inter
val I x - 1 I ~ f3 -t/2, the function U ( x) can be ex
panded in powers of x - 1, keeping only the first 
term in the expansion, since U' ( 1) = 0, while the 
quadratic term is easily seen to be negligible. 
Then v (l + lf2)2 p (x) = E - --x2- , 8 = E- u (1) 

Bo ' 

) liffi U(1 = -D - 2 , 

where D is the dissociation energy of the mole
cule. The quantity nw/2 can be neglected com
pared to D, since nw « D. 

The turning point is given by x 1 = ( l + Y2 )/IE. 
If x1 < 1 - f3 -112, the lower limit of the x integra
tion can be extended to - oo. The values of l cor
responding to this case are given by the inequality 
l < Z2 = IE ( 1 - f3 -112 ) • Since the integrand in (5) 
is essentially different from zero only when I x -11 
~ {3-1/ 2 we need not consider cases where the turn
ing point x1 > 1 + f3 - 112 . To these values of x 1 there 
correspond l > IE ( 1 + f3 -112 ), i.e., the upper limit 
of the l values is given by Zmax = IE ( 1 + {3-1/ 2 ). 

The range of values of l from Z2 to Zmax is of 
order ..fE773. This quantity is much smaller than 
the whole range of values of l. Since the transition 
probability is a slowly varying function of l, it fol
lows that in the summation we can neglect the con
tribution from values of l close to the upper end of 
the interval. Thus it is not necessary to know the 
precise upper limit for Z. In addition since the 
main contribution to the probability comes from 
l » 1, we can replace l + 1/ 2 by l throughout. 

Near x = 1, the argument 

X 

sin[~ p (x) dx + ~ J 
x, 

can be expanded in powers of x - 1: 

X 1· 

~ p (x) dx = ~ p (x) dx + Ye - l2 (x - 1) 
Xt x1 

z• (x- 1)2 214 - 312e (x -1)" 
+ -y e- 12 2 + (e- 12)a;, --6- · 

(6) 

In this expression the quadratic and later terms 
can be dropped if the condition ! 2/2{3~ « 1 
is satisfied. The maximum value of l given by 
this condition is of order IE ( 1 - E/ 8{32 ) • The in
terval of values of l from this value to Zmax is 
of order E312 /8{3 2• In practice, the relation E312 /8{3 2 

~ -../ E /{3 is satisfied for all molecules. But as we 
showed earlier, we can neglect the contribution of 
l values which are separated from the upper limit 
Zmax by an amount ~ -../ E/{3 . Thus we keep in (6) 

only the first two terms, and set the upper limit of 
the summation over l equal to Z2 =IE ( 1 - {3-112 ). 

After integrating over x the expression (5) be
comes 

i (8n3e2[3) -•;, f ( n ) 
V;1 = - 0 ,1 ~ d9 Y sin 9 sin l9 + T exp ( iy cos 8) 

(e-12)' o 

X {exp [- 7,~ (r cos 9 + Ve- l2)2 + ip1 + i ~ J 

- exp[- 4~ <rcose- Ve. t2) 2 - ip1 - i :]r· (7l 

1 

where p 1 = J p(x)dx. The integral (7) can be cal-

culated by t~1e saddle point method. The points of 
stationary phase 80 and 1r- e0 are given by sin 80 

= ± Z/y. In the integration over e we neglect all 
those terms in (7) for which the saddle point does 
not fall in the interval ( 0, 1r); in addition we neg
lect terms containing rapidly oscillating factors 
of the form cos (p1 + -../ y2 -Z2 -Ze 0 + 1rl). Substi
tuting the expression for Vif in (2) and summing 
over l from 0 to Z2, we find for the probability of 
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transition of the molecule to states with energies 
lying in the interval E to E +dE, 

'V l exp [- CYI"- 12 - V e -1")2/213] do. (8) du'(k) = .L.i ~ 
1 2y V 2ni3 (e -I")•;, (I"- zz)'l• 

Strictly speaking, the lower limit for the summa
tion over l is not zero, since the expression is 
valid only when the condition for quasiclassical 
behavior of the wave function is satisfied: ze » 1. 
But near the points of stationary phase, e0 and 
rr - e0, this condition is satisfied for sufficiently 
small Z. Actually it follows from the equation 
sin e0 = Z/y that for sufficiently small Z, e0 ""' Z/y. 
From the condition Ze » 1, we get Zmin ~ y112 

~ E:l/4 (since (8) is different from zero only for y2 

~ E: ) • Since the range of values of l from the ex
act lower limit l = 0 to Zmin is much smaller than 
the whole range of l values, and since furthermore 
the transition probability is a slowly varying func
tion of l, we can take l = 0 for the lower limit. 

Let us compare this result with the result from 
classical mechanics: the total probability for dis
sociation is w = 0 for ~-tErec /M1 < D, and w = 1 
for ~-tErec /M1 > D. Let us integrate (8) over E: 

and replace the summation over l by an integra
tion. Noting that the main contribution to the in
tegral comes from E: ~ y2 (since y I 8{3 = ( ~-tl 2M1 ) 

Erec/nw ~ D/nw » 1 ), we expand the exponential 
function in powers of E: - y 2. Then the total proba
bility for dissociation is 

00 y 

w = de --exp - ~;-;;--'--'-;;c;-1 \ ~ dl" [ (e- 12)2 J 
~V~ • ~-P ~~-~ 

D;e, o 

or' after the substitutions E: - i = z and ( y2 - Z2 ) -l 

= t, 

00 co 

w = ; I dz I ~ exp {- z82~} • (9) 
4r 2ni3 .\ ,\ t "'. 

D/Z0-Y1 l/Y1 

Then (to exponential accuracy ) 

{0, 12 <Dieo- 4 V~Dieo 
w = (10) 

1, 12 >Die0 + 4 V~Dieo . 

After substitution of the values of Eo and {3, the 
last inequalities take the form 

J.tEreclilfl"§D (1 + 2 V1iw/D). 

In the intermediate range of values of Erec• the 
integral (9) can easily be computed numerically. 
As we see from (10), the limiting transition n- 0 
gives the formulas of classical mechanics. 

3. Now we average expression (8) over the dis
tribution of {3 particles. We shall consider only 
allowed {3 transitions. For such transitions the 
distribution of the {3 particles over energy and 

over the angle between the directions of the elec
tron (positron) and neutrino are given by the fol
lowing expression: [SJ 

P (e., 'fr) = canst· F (ee) (E 0 - Be)2e.ke ( 1 + a vee cos 'fr ) . 

(11) 

Here Ee = cvn2k~ + m2c2, m and ve are the en
ergy, mass and velocity of the {3 particle; E0 is 
the {3 decay energy; a is a dimensionless con
stant which is characteristic of the particular nu
cleus; 

is the function which takes ac·count of the effect of 
the Coulomb field on the emerging {3 particle; o 
= v1- (Ze2/nc)2; TJ = ±Ze2/nve (the signs± re
fer to positron and electron); Z is the charge of 
the radioactive nucleus after the decay; R is the 
nuclear radius. 

We replace Ee and J. by new integration vari
ables s and y: 

Eo s --
0- mc2 ' 

Substituting (8) and (11) in (1) and replacing the 
sum over l by an integral, we find for the proba
bility per unit energy range (averaged over the 
{3 particle distribution) 

+ a [~:~ - (s0 - s)2 - s2 + 1 ]} 

exp [- (V y2 -I"- V e-/2)2/213] . X ~~~~~~~-,,_~~ 
(e _zz)'h (i2 _ /2)•;, ' 

N = 16x2 ~ F(s) V s2 - 1 (s0 - s)2 sds, 

2 - ~-tm2c2 
X---

2DMi' 

1 

_ ftromc I y~-2--1 ___ < ·) I 
11.2- lYhn s - +- so- s . (12) 

The integration over y is easily done by expand
ing the exponential function near its maximum y 

= ...fE and removing the value of the slowly varying 
function at that point from under the integral sign. 
After integrating (12) over y and introducing new 
variables a= ( E + D )/D = u 0 /D and y = 12 IE 
= Z2E: 0 /aD, we get 

dw 1 ~· ·( {• [ cr --,;:; = L.N ~ ds F s) 2s (s0 - s) + a x" - (s0 - s)2 
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X 

2 ~ <D (x) = --= e-t• dt, 
Y n. 

0 

( 2D)'/, v- -
U1,2= nw [xi S2 -1=F(s0 -s)I-Val. 

This expression can be transformed to a single in
tegral. We finally have 

d 1 ~0 { d: = -N~ J ds F (s) 2s (s0 - s) 
1 

+ a [ :. - (s0 - s)2 - s2 + 1 ]} 

00 -t 
Ei (- x) ~..,- \ ~dt. 

'' L 
X 

The remaining integration in (13) can be done 
numerically. 

4. Obviously not every molecule containing a 

(13) 

{3 -active nucleus can dissociate during {3 decay. 
Dissociation is possible only when the energy of 
the {3 decay exceeds some definite value. From 
(12) we see that the probability of dissociation for 
a given recoil momentum ilk is substantially dif
ferent from zero only when y f:::! E. Setting E 
= Emin = D/E0 in this equation, we find the mini
mum recoil energy of the f)-active nucleus (mass 
M1) for which dissociation becomes energetically 
possible: Erec?: D(M1 + M2 )/M2• 

Expressing Erec in terms of the energy E0 
liberated in the {3 decay (Eo = Ef3 + mc 2 ; Ef3 is 
the maximum kinetic energy of the {3 particle ) , 
we get the required relation: 

E 0 > [ 2 ~i (M1 + M 2) c2D + m2c4 r. (14) 

When the reverse inequality is satisfied, there 
is only excitation of vibrational and rotational lev
els in the region of the discrete spectrum ( E < 0). 
In this connection we note that formula (13) for the 
probability density of the transition to the state 
with energy E = D (a - 1 ) can be used for other 
purposes than calculating the dissociation proba
bility (a > 1 ) . It is obvious that it is also appli
cable for finding the probability of excitation of 
high vibrational and rotational levels ( u < 1 ) , so 
long as the quasiclassical approximation for the 
wave function is still valid. 

As we see, formula (13) can be written in the 
form dw/da = A(a) + aB(u). The quantity a de
pends on the constants in the interaction of the 
electron-neutrino field with the nucleons:C6J 

ct= 
C~ 1 S 112- 1/a c~ 1.\a 12. 
ct. I S t 12 + c~ I Sa lz , 

This quantity can be found experimentally from 
measurements of the electron-neutrino angular 
correlation. In those rare cases where a is 
known, dw/da is easily calculated if we know the 
molecular parameters D and w. In general one 
can calculate only the quantities A ( u) and B (a) 
and give limits on dw/da corresponding to the 
values a = ± 1. As an example we calculated the 
quantities A (a) and B (a) for three molecules: 
r127r130*, ca40r133*, and sn120o19* (the asterisk 

denotes the radioactive nucleus ) . 
Figure 1 shows the variation of A(u) and B(a) 

for the dissociation of the 12 molecule ( E 
= D( a -1) is the relative energy of the two atoms 
of the molecule). The actual values of dw/da 

FIG. 1 

should be contained between the dashed curves I 
and II. In this and the following two figures, the 
curves I and II correspond to a = ± 1. 

Figures 2 and 3 give similar graphs for Cal 
and SnO. For the case of Cal we also calculated 
the probability of transition of the molecule to 
highly excited states (a < 1 ) . In view of the large 
decay energy of 0 19 ( E0 = 5 MeV), there is prac
tically no excitation of vibrations of the SnO mole
cule with E < 0. The total probability for all proc
esses (mainly dissociation) is 

du:>j:tG 
1.5 

-as 
FIG. 2 

dw/di1 

0.020 

0.015 

FIG. 3 
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(X) 

W = \' dw de;= 1 .l de:; ' 
6 

as we see from Fig. 3. Here 

(X) 

~A (a) de;= 1, 
0 

which means that the normalization condition is 
satisfied for any value of a. 

We note that these results can be used for find
ing the value of a. In fact, by measuring the total 
dissociation probability w exp• from the relation 

(X) (X) 

Wexp = ~A(a)dcr+a ~B(a)dc;, 
1 

one can determine a. In cases like that shown in 
Fig. 3, one should measure the dissociation proba
bility either for a given E or over some range of 
values of E, since the total probability for disso
ciation is here practically equal to unity. In this 
case the distribution of the dissociated atoms over 
mass M1 and energy E1 in the lab system and the 
distribution of these same atoms with energy E in 
the system of the center of mass of the molecule 
practically coincide, since M1 « M2 and the energy 

of the motion of the center of the molecule is small 
compared to E1 = EM1/t.t ~E. 

One might expect that the proposed method for 
determining a is simpler than the usual method, 
which requires the measurement of the angle of 
emergence of the radioactive nucleus and the (3 

particle. In various cases similar to those given 
in Figs. 1 and 2, where the recoil energy is not 
very large, there is no need to find the energy dis
tribution of the atoms from the dissociated mole
cules. To determine a one need only measure the 
total probability for dissociation of the molecule 
during the (3 decay of one of its nuclei. 
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