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FIG. 2. Integral energy spectrum of nuclear-active particles 
in the energy region 2 to 50 Bev. The x axis represents the en­
ergy of nuclear-active particles in ev, and the y axis the ab­
solute flux density of nuclear-active particles. 

tances 0 to 9 m from the shower axis were con­
structed from 52 nuclear interaction events. Since 
the spectra obtained in the two variants of the ex­
periments were identical, we averaged the results 
of both series of measurements. 

The observed integral energy spectrum of nu­
clear-active particles in the 10 to 50 Bev energy 
region can be approximated by a power law E -k, 
where k = 0.95 ± 0.25 (cf. Fig. 2). This result is 
not surprising, since a spectrum of this shape can 
be expected from the integral energy spectrum of 
p, mesons in EAS, measured at the same altitude. 5 

Furthermore, the same value of the spectrum ex­
ponent has been obtained for 1011 to 1012 ev nuclear­
active particles .1 

We estimated the fraction of nuclear-active par­
ticles of > 2 Bev, at a distance of 0 to 9 m from 
the axis, by comparing the observed number of 
nuclear-active particles with the electron flux den­
sity in showers detected by our array. We have 
obtained a value ( 1.3 ± 0.3)% which, within the 
limits of experimental error, is in a good agree­
ment with the value ( 1 ± 0.1)% obtained earlier6 

by means of a hodoscope. It should be noted that 
the fraction of nuclear-active particles measured 
in the present experiment may be underestimated, 
in view of the difficulties in identifying nuclear­
active particles when the number of electrons in 
the shower produced in the chamber is large. 

*For details of the cloud chamber, cf. reference 2. 
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THE nuclides Hf178 and Hf180 have excited states 
from which transitions occur to a level of the rota­
tional band with total angular momentum I= 8, 
with emission of E1 radiation. The y -ray ener­
gies are 88.8 and 56.6 kev, respectively. The life­
times of these long-lived states are 3 seconds and 
5.5 hours. 1•2 The standard theoretical estimates 
of the lifetimes of these excited states according 
to the independent particle model ( examples of 
which can be found in reference 3) give values 
approximately 1016 times smaller. However, in 
highly deformed nuclei ( such as Hf178 and Hf180 ) 

a new quantum number K appears- the magni­
tude of the projection of the total angular momen­
tum on the symmetry axis of the nucleus. For y 
transitions in such nuclei there is therefore a new 
selection rule on K: AK ~ L, where L is the 
angular momentum of the emitted radiation. The 
selection rule on K is not strict, since the rota­
tional motion of the nucleus somewhat perturbs 
the nucleon configuration and distorts its shape. 
Transitions with AK > L are said to be K -for­
bidden, and their degree of forbiddenness is char­
acterized by the number v = AK- L. The occur­
rence of K -forbiddenness can explain the long 
lifetimes of the Hf nuclides. 

The possibility of K -forbiddenness has been 
treated by A. Bohr in the uniform nuclear model 
which he proposed.4 For a numerical estimate of 
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the transition probability when K -forbiddenness 
occurs, we still have to make assumptions about 
the nature of the interaction of the nucleons in the 
nucleus. We shall use Nilsson's scheme, 5 which 
gives the correct order of levels for an unpaired 
nucleon. However, the nuclides Hf178 and Hf180 

are even-even. We must therefore, in treating the 
nucleon, also take into account its interaction with 
its paired partner. We shall assume that the pair­
ing energy is zero when the nucleons are in differ­
ent single particle levels as given by the Nilsson 
scheme, while the pairing energy of nucleons which 
are in the same single particle level ( so that they 
have equal and opposite projections of their total 
angular momenta on the symmetry axis ) is equal 
to the difference between the excitation energy as 
calculated from the uniform model and the experi­
mental value. The pairing energies for Hf178 and 
Hf180 are then 1100 and 1300 kev, respectively. 
According to the Nilsson scheme, in the ground 
state of the nucleus the nucleons successively fill 
all the single particle levels, and there can be no 
more than two nucleons in each of the levels. The 
long-lived states are the first excited states which 
involve a change in the nucleon configuration, since 
rotational excitations are associated with slow ro­
tation of the nucleus, which does not affect its in­
ternal structure. It is therefore natural to assume 
that these long-lived states are formed as a result 
of the shift of a nucleon which is in the last filled 
level to the next higher level. According to the 
collective model, the lowest excitations with change 
of internal structure will be those in which I = K = 
l:fli, where Qi is the projection of the total angu­
lar momentum of the i-th nucleon on the axis of 
symmetry. From the fact that an E1 transition 
was observed to a rotational level with I= 8, it 
follows that the total angular momentum I of the 
long-lived excited states is 7, 8, or 9. From the 
positions of the single particle levels in the Nilsson 
scheme, we see that, for the Hf178 and Hf180 nu­
clei, the only one of these three values which is 
possible is l:Qi = 8 (when a neutron is excited). 
However, there are experimental data which ap­
parently favor K = 9 for the case of Hf180 • 2 This 
may occur, for example, as a result of a poor es­
timate of the pairing energy. If it happens that the 
difference between the pairing energies when the 
nucleons are in levels 49 and 40* (so that the pro­
jections of their angular momenta on the symmetry 
axis are % and % ) and when they are in levels 
49 and 48 (with projections of their total angular 
momenta on the symmetry axis equal to % and 
Y'2 ) is less than or approximately equal to 200 kev, 
then the energy of the state with K = 9 will be 

lower than that of the state with K = 8. In this 
case it is difficult to say anything definite about 
the lifetimes of the excited states. However, if 
the pairing energy of nucleons which are in dif­
ferent levels is small, the lifetime of the excited 
state will be approximately one order of magnitude 
greater than that calculated here (because the de­
gree of K -forbiddenness is increased by unity). 
The E1 transition to the rotational level with 
K = 0 is possible because K is not a strict 
quantum number. 

We have treated the perturbations 

u1 =- (n2 I J1) I1h- (h2 I J2) I2j2, 

u2 =-~sin yMw~r2 (Y22 (&, rp) + Y2-2 (&, rp)) I V2, 
u3 = (h 2 I 4Jl- t.2 I 4J2) Ui -!~). 

where IK, jK are the projections on the K axis 
of the total angular momentum of the nucleus and 
the total angular momentum of the particular nu­
cleon; r, J., cp are the coordinates of the nucleon, 
and M its mass. w0 is determined by the number 
of nucleons in the nucleus, and IK = 4B.B2 sin2 ( y -
21TK/3). 

The matrix elements of u2 and u3 are differ­
ent from zero only between states with different 
values of the quantum number ny which charac­
terizes the nuclear surface oscillations. In the 
calculations we included corrections only from in­
termediate states with ny = 1, since the contribu­
tion from intermediate states with ny > 1 will be 
much smaller. The corrections from u2 and u3 

are smaller, but are still significant in the cases 
we are considering, since they affect the order of 
magnitude of the lifetime. 

It was assumed that the long-lived state of 
Hf180 results from the ground state through the 
shift of a neutron from level 49 ( Q = - % ) to 
level 48 (having Q =%), so that I= K = l:Qi = 8. 
The single particle energies and nucleon wave func­
tions were taken for f3 = 0.2. The lifetime of the 
long-lived excited state was found to be T = 175 
hours (while the experimental value is r = 5.5 
hours). 

For Hf178 it was assumed that the long-lived 
~tate is formed by the transition of a neutron from 
level 41, with Q = - %. to level 49, with Q = -· %. 
so that I= K = l:fli = 8, and that .B = 0.25. The 
calculated lifetime was T = 130 sec (while the ex­
perimental value is T = 3 sec). 

The values of the deformation parameter .B 
were chosen to be close to the experimental values 
(as determined from the nuclear quadrupole mo­
ment), and to give the smallest possible values of 
the lifetimes. We should remark that the result 
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changes very slightly for small changes in the size 
of {J. 

The cases we are considering are of interest 
because the magnitudes of the lifetimes are deter­
mined by corrections in the 7-th order of perturba­
tion theory, since the degree of K -forbiddenness 
is 7. Therefore any deficiencies of the scheme 
will strongly affect the result. The calculated val­
ues were found to be 30 to 40 times those observed 
in experiment. It should be remarked that, in ad­
dition to the perturbations considered -here, there 
may also be perturbations due to the presence of 
the paired nucleon. Even though we cannot, be­
cause of possible deficiencies of the scheme, defi­
nitely assert that these perturbations give a con­
tribution amounting to approximately 1/ 4 of the 
contribution of the perturbations considered here 
(as would follow from our result), it is clear that 
these perturbations will be small. The main con­
tribution will come from the perturbations which 
we have considered. 

I am deeply grateful to L. A. Sliv for his inter­
est in this work, and also to K. A. Aristova for 
carrying out the numerical computations. 
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THE interaction energy of two electrons in polar 
crystals can be split into parts. The first part is 
the direct Coulomb interaction of the electrons, 
including the polarization of the electron shells of 
the atoms. This polarization is evaluated by intro­
ducing the dielectric constant E 00 = n2, where n 
is the index of refraction of light. The second part 
is the interaction through the phonon field. An 
evaluation of the phonon interaction is also impor­
tant for a system consisting of an electron and a 
hole, for instance, an exciton. This problem was 
considered by a number of authors: in the strong 
coupling approximation by Dykman and Pekar, 1 

and in the intermediate-coupling approximation by 
Meyer, 2 Haken, 3 and others. The authors of the 
cited papers used different variational principles 
to find the energy spectrum of the exciton. 

*The levels are designated according to reference 5. 
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In the present communication the phonon inter­
action potential of the electrons is derived in the 
intermediate-coupling approximation, with allow­
ance for their relative momentum. 

The operator of the interaction energy of an 
electron with the phonon field can be written in 
the form4•5 (we put henceforth n = 1 ): 

~ = ::.._(2m)' 'I• (__i_ _ __!__) 
2 ro n2 e • 

(1) 

(2) 

The quantity a plays the role of the coupling 
constant, m is the effective mass of the electron, 
w the limiting frequency of the longitudinal optical 
vibrations, and the ak are the second-quantization 
operators. In the center-of-mass system, the en­
ergy operator of the two-electron system under 
consideration is of the form 

"' 1 2 12 e• ""+ H = --- \la- -- \lr + - 2- + .4JCilakak 2M 2[1. n r k 

'\:l kr V ikR ) + LJ 2 cos 2 ( aake + c. c. , (3) 
k 




