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The occurrence of Coulomb excitation of nuclear rotational levels in the

U238 nucleus ac-

companying u~-mesic atomic transitions is established by means of the thick nuclear emul-
sion technique. The probability of this process has turned out to be ~ 0.5 in satisfactory
agreement with the theoretically expected value.

S‘LOW 4~ mesons brought to rest in a medium
are captured by atoms forming a bound system
consisting of a u-mesic atom in a highly excited
state. Transition to the 1s ground state takes
place by means of a cascade process. The energy
of the py-mesic atomic transitions is expended in
the emission of Auger electrons and of x rays.

In the case of u-mesis atomic transitions to
the 2p state in mesic atoms with highly deformed
nuclei (155 < A <185 and A > 225) there exists
an additional interaction of the u~ meson with
the quadrupole moment of the nucleus. As a re-
sult of this, in the case of such transitions the
probability for the excitation of low lying nuclear
rotational levels!®?! is high (~0.5). There ex-
ists a low probability (~ 0.05) for the excitation
of rotational levels also in the case of transitions
to the 3d state, but such excitation does not take
place at all in the case of transitions to the 1s
state. (1]

The lifetime of the first excited level of a heavy
nucleus (=107° sec) is considerably shorter than
the lifetime of a u~ meson in its K shell prior to
its capture (~10~" sec). Therefore, the nucleus
has time to make the transition to its ground state
before the u~ meson is captured by the nucleus.

A measurement of the number of corresponding y
quanta and conversion electrons normalized per
4~ -meson capture yields directly the probability
of Coulomb excitation of the nucleus Wy.

The probability W, depends both on the magni-
tude and on the sign of the intrinsic quadrupole
moment of the nucleus Qg Therefore, a measure-
ment of W, enables us, in principle, to determine
one of these two quantities, for example, the sign
of the quadrupole moment Q, if its absolute value
is known. In nuclei for which the first excited state
is not a purely rotational state, W, also depends
on the quadrupole moment of the excited state.

Another possible method of determining all the
characteristics of the quadrupole moment con-
sists of measuring the hyperfine structure of the
2p — 1s v transitions due to the splitting of the
fine structure of the 2p level caused by the inter-
action of the u~ meson with the quadrupole moment
of the nucleus. As a result of the stringent re-
quirements on the degree of accuracy in the meas-
urement of the energy of the y quanta (1%) such
experiments also have not been performed to date.
Both types of experiments are of considerable in-
terest, since no other methods of determining the
sign of Q, are known at the present in the case of
even-even nuclei.

1. EXPERIMENTAL PROCEDURE AND RESULTS

In the present work an experimental attempt is
made for the first time to observe the Coulomb ex-
citation of rotational levels of U?¥® nuclei accom-
panying p~ -mesic atomic transitions. The energy
of the first rotational level (2*) in U%® is 45 kev.
Transitions to the ground state occur entirely by
means of conversion. Conversion is possible only
from L and higher shells. The energy of conver-
sion electrons from the L shell amounted to 25 —
28 kev, and from the M shell amounted to 40 kev.

The effect under investigation was studied by
observing conversion electrons. Photoplates
NIKFI-R of 200 u thickness were used to record
the electrons. To achieve more reliable record-
ing and greater accuracy in the measurement of
the ranges of slow electrons the plates were first
treated with a solution of triethanolamine which
produced a grain density in relativistic electron
tracks up to 50 per 100 u. Then photoplates doped
with uranyl acetate® were irradiated by the beam
of slow u~ mesons produced by the synchrocyclo-
tron of the Joint Institute for Nuclear Research. [¥
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The capture of a u~ meson in uranium was iden-
tified by means of the fission of the uranium nu-
cleus to which it gives rise. Emission of one or
more electrons from the point at which fission
occurred was frequently observed.

The energy of the electrons was determined
from their range. The range-energy curve was
calibrated at one point (~ 30 kev) by means of
conversion electrons accompanying the a decay
of uranium isotopes as observed in the same photo-
plates. The accuracy of energy determination is
15%. The efficiency for recording electrons of the
given energy has turned out to be close to 100%.

We have analyzed 220 cases of fission of ura-
nium nuclei by u~ mesons and we have determined
the energy of all the electrons emitted from the
point at which fission occurs. We have selected
only electrons of energy > 20 kev. This has en-
abled us to exclude the Auger electrons emitted
as a result of filling a vacancy in the L and
higher shells.

Electrons of energy > 20 kev can be produced
in three ways: excitation of rotational levels, mesic
atomic transitions and nuclear fission. The exist-
ing theories of the Auger effect in mesic atoms do
not allow us to calculate exactly the number of
electrons emitted in a mesic atomic transition in
an atom of given Z. Therefore, electrons arising
in u~-mesic atomic transitions in uranium were
eliminated by means of comparison with the num-
ber of electrons per 7~ meson stopped in urani-
um (Nﬁ). Even if 7~ mesons do give rise to ex-
citation of rotational levels in a uranium nucleus
this process cannot be observed since nuclear
capture of a 7~ meson occurs in a time which is
much shorter than the lifetime of the 2* excited
level. But the nature of mesic atomic transitions
does not depend on the nuclear properties of the
mesons and must be the same both for u~ and 7~
mesons.

The number of electrons per m~ meson stopped
in uranium was determined in the same manner as
in the case of yu~ mesons. On plates irradiated by
a beam of slow 7~ mesons we have analyzed 132
cases of fission of a uranium nucleus by 7~ me-
sons, and we have determined the energy of all the
electrons emitted from points at which fission has
occurred.

The fission of uranium nuclei is accompanied
by a rearrangement of the electronic shell struc-
ture and by other processes as a result of which
electrons can be emitted from the point at which
fission occurs. In order to determine the number
of such “‘parasitic’’ electrons control experiments
were carried out involving the fission of U2 nu-

clei by 14-Mev neutrons and of U%3 nuclei by
thermal neutrons.

In the case of neutron-induced fission of ura-
nium nuclei it is impossible to determine the point
at which fission occurs. However, it is known %]
that the ratio of the ranges I; of the light and I,
of the heavy fragments satisfies I /l;, < 2. There-
fore, it was assumed that fission is accompanied
by the emission of an electron if the ratio of the
ranges measured for a point from which the emis-
sion of an electron is observed satisfies the con-
dition Ij /I = 2. It turned out that fission brought
about both by thermal neutrons (600 cases) and
by 14-Mev neutrons (500 cases) is accompanied
in ~ 3% of the cases by the emission of 20 — 50 kev
electrons (50 kev electrons were observed in 1%
of the cases). This is approximately 10 times
less than the number of electrons observed when
the fission of uranium nuclei is induced by u~
and 7~ mesons. This result was used in evalu-
ating the true number of electrons per p~ meson
and per 7~ meson stopped in uranium.

Control experiments were also carried out with
Ag and Br nuclei.

In the slightly deformed Ag and Br nuclei the
value of Qq is approximately 10 times smaller
than in uranium, and this, taken together with a
number of other factors, leads to a low probabil -
ity for Coulomb excitation to accompany u~ -mesic
atomic transitions. It follows from general con-
siderations that in such nuclei the number of ob-
served electrons emitted in mesic atomic transi-
tions increases with increasing meson mass. This
had been previously demonstrated in experiments
involving 7~ and K~ mesons. [f]

Below we exhibit results obtained by us for u~
and 7~ mesons. In the same photoplates in which
we have observed the fission of uranium nuclei by
u~ and 7~ mesons, we have also found and analyzed
1,000 .~ mesons brought to rest and 850 stars with
one or more prongs due to 7~ mesons.

Capture of yu~ mesons by AgBr nuclei was in-
ferred from the absence of the electron arising
from u— e decay as was done, for example, in
Fry’s paper.f™ It turned out that 60% of the me-
sons are captured by AgBr nuclei. According to
the data of Brown and Hughes, [8 569 of the stars
with one or more prongs, induced by 7~ mesons,
come from AgBr nuclei. An analysis of stars ac-
companied by the emission of Auger electrons of
mesic atomic origin has shown that with rare ex-
ceptions they all come from AgBr nuclei. This
last result is in good agreement with the results
of other papers, for example [%,
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ﬁ#/ﬁ,, (for 20—50 kev
Kind of electrons)
Nucl —50 ki > 50 ki
ueieus | meson 20-50 kev 0 kev experimental |calculated
value value
8] [T 0.65%0.08 0.22+0,04 2.3 +£0.7 ~0.8

- 0.28+0.06 0.15+0.04

AgBr w- 0.15%0.02 0.14+0,02 0.58+0.14 ~0.75
i 0.26+0.03 0.19+0.,02

The table shows experimental data on the aver-
age number N of electrons of 20 — 50 kev and
> 50 kev energy evaluated per u~ meson and per
7~ meson stopped by AgBr and by uranium nuclei
(after the background due to the ‘‘parasitic’’ elec-
trons has been subtracted). The table also gives
experimental and theoretical values of ﬁﬂ /N, for
uranium and for AgBr (for 20 — 50 kev electrons).

The calculation of N u/ N, was carried out in
the following manner. The energy levels for u~
and 7" mesons in mesic atoms of Ag, Br, and
uranium, and also the energies of the mesic atomic
transitions were calculated on the assumption that
An = Al = 1, where n and ! are the principal and
the orbital quantum numbers. In evaluating the
internal-conversion coefficients for each transi-
tion theoretical results on mesic atomic transi-
tions were utilized.[1%111

2. DISCUSSION OF RESULTS

From the table it can be seen that for uranium
Ny > Ny, while for AgBr, as should have been ex-
pected, Ny < Np. The values of Ny for uranium
and for AgBr have turned out to be close to each
other, and this is due to the weak dependence of
the Auger effect on Z.

The value of ﬁ“ for uranium for 20 — 50 kev
electrons is approximately four times larger than
for AgBr. This difference can be due to: a) Cou-
lomb excitation of nuclear rotational levels in
uranium, b) excitation of the nucleus as a result
of direct transfer to the nucleus of the energy of
the 2p — 1s mesic atomic transition.

The latter process was discussed in the theo-
retical paper of Zaretskii.['?) Its probability in
U%® was measured in the paper by Balats, Kon-
drat’ev, et al.[3) and has turned out to be equal
to (0.23 + 0.04). In the case of such excitation
the energy transferred to the nucleus is 6.3 Mev
and this can be expended in the emission of a neu-
tron, y rays and conversion electrons. The latter
are, perhaps, responsible for the slight excess in
uranium of the number N, over ITI# for electrons
of energy > 50 kev (in AgBr in the case of elec-
trons of energy > 50 kev the opposite inequality
Ny < N holds).

For the experimentally observed probability of
excitation of rotational levels we obtain the value

(W,) ops= (Na)u — (g—) (Vo= 0.5+£0.1. (1)

= / AgBr
The true value of the probability W, can be ob-
tained from (Wy)obs in the following manner:

(Wo)obs= W, (1 —0.23) +0.23 a, (2)

where « is the probability that the transition from
the excited (6.3 Mev) to the ground level will take
place via the first excited level of the U8 or U2
nucleus. On substituting into (2) the value (Wy)obs
we obtain

W, = 0.65—03a,

and since 0<.¢ < 1, then 0.35< Wy < 0.65. The
spin and parity of the excited (as a result of the

2p — 1s transition) U23® nucleus are given by 1°.
If a neutron is not emitted by the nucleus then
transitions to the ground state (0*) or to the first
excited state (2%) will apparently be equally prob-
able. From this it follows that o = 0.5. However,
if a neutron is emitted then U®7 is formed for
which the value of the spin in the excited state is
unknown.

Apparently, we can assume without gross error
that @ = 0.5 in all cases, so that W, = 0.5 + 0.1.
Thus, it is quite probable that the excitation of the
nucleus as a result of the 2p — 1s transition does
not appreciably alter the value of Wy,.

The theoretical values ™ of Wy for Q¢ > 0 and
Qo < 0 are respectively equal to 0.5 and 0.4. There-
fore, in order to obtain a definitive solution of the
problem of the sign of Q, it is necessary to in-
crease the experimental accuracy of the determi-
nation of W, and to eliminate reliably the influ-
ence of side effects. Moreover, it is desirable to
know more accurately the theoretical value of the
probability of excitation of rotational levels from
the 3d state.

The high value of W, (~0.5) makes experi-
ments of such type for the determination of the
sign of Q, appropriate in the case of even-even
nuclei. These experiments can also be carried
out using pure samples of the elements in a Wilson
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cloud chamber or in a diffusion chamber, utilizing
thin solid or gaseous targets.

The excitation of rotational levels in u~ -mesic
atomic transitions leads to another effect discussed
in the theoretical paper of Zaretskii and Novikov. 4]
This effect consists of the fact that in deformed
even-even nuclei as a result of the excitation of
rotational levels the spin of the excited level turns
out to be different from zero with a probability of
~ 0.5. This results in additional depolarization of
4~ mesons in transitions to the 1s state due to
the hyperfine splitting of the 1s level.

I express my gratitude to I. M. Frank, I. Ya.
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