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Abstract

The half Tife of the (vf;/, x 37 x 3'}&? 2=
two-phonon octupole state at 2.572 MeV in éd was
measured as T/, = 0.37(8) ns, which gives a transi-
tion strength of 52(15) W.U. for the 1525 keV E3
transition to the 0.997 MeV (vf;/, x 37)y3/,+ one
phonon excitation. The vi 3/, admixture in the 13/2%
one-phonon state, as well as the dominant whyj/,d3},
component of the 1%6Gd 3- state give rise to large
anharmonicities for the two-phonon excitation. An
estimate of the energy shifts based on empirical
coupling matrix elements gives 2.66 MeV excitation
for the 19/2~ two-phonon state, in good agreement
with the observed energy of that state.

Since many years attempts have been made to
identify two-phonon octupole states in nuclei. Such
excitations could in principle be most clearly ob-
served in Coulomb excitation with heavy ions. But
even in the simple case of 208Pb, which was studied
through Coulomb excitation with 208Pb beam as well as
through other experiments, it was so far not possible
to identify the two-phonon octupole states expected
in the 5.2 MeV region.

In 146Gd the octupole phonon lies 1 MeV Tower
than in 208pb, at 1.6 MeV, and in the neighbouring
147Gd nucleus it occurs as low as 1 MeV. This Tow
excitation, and the detailed knowledge of the 1%7Gd
level structure below 3 MeV, makes this nucleus parti-
cularly favourable for a study of two-phonon octupole
excitations.

Some time ago we have observed!) in 147Gd a
19/2- level at 2.572 MeV which decays through two
stretched E3 transitions to the vf,/, ground state
(Fig. 1). In ref, 1 we have discussed that this level
must have a significant vfy/, x 37 x 37 two-phonon
contribution, but at that time the experimental data
were insufficient to determine the properties of
this state in detail. Since then more quantitative
knowledge emerged on octupole-particle coupling
phenomena in this region2,3) which will also strongly
affect the two-phonon excitations. Furthermore, we
have now measured the strength of the 19/2- -» 13/2%
E3 transition.

A measurement of the 19/27 level half life is
difficult since other high-spin isomers, with Ti/2 =
4 ns and 27 ns, occur closely above in the level
scheme (fig. 1), and since only = 13 % of the yrast
decay proceeds through the 19/2~ state. Moreover, an
84 keV E1 y-ray competes with the 1575 keV E3 deexci-
tation, and therefore the level half life is expected
to be well below 1 ns. For these reasons, various
coincidence measurements involving detection of y-rays
and conversion electrons only gave an upper limit of
< 1 ns for the level half life. A much better popula-
tion yield for the 19/2~ level is achieved in the
(3He,3n) reaction where the direct side feeding to
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the state is quite large and where the higher-lying
isomers are only weakly populated. This makes it
possible to determine the half 1ife in a singles
timing experiment. In a measurement of the time-
delay relative to the beam burst of 1575 K electrons
carried out with a 22 MeV 3He beam from the cyclotron
at Jyvaskyld we obtained the result

Ty, (19/27,2.57 MeV) = 370(80) ps.

The conversion electrons were focussed in a magnetic
lens spectrometer operated in swept-current mode and
energy analyzed in a Si(Li) spectrometer“). This
measurement simultaneously provided several prompt
standards at neighbouring energies which were essential
for evaluation of the final result. (In an independent
measurement at slightly higher bombarding energy the
146Gd 3~ state at 1.58 MeV is also populated, and from
the delay of the 1579 K electrons we obtained T,/,
(37, 1.58 MeV) = 1.06(6) ns in perfect agreement with
the earlier®) result). Taking into account the error
in the 1575 to 84 keV intensity ratio the measured
half live gives

B(E3, 1575 keV) = 52(15) W.U.

This very high transition strength supports the two-
phonon character of the 19/27 level.

The simplest expectation is that the two-phonon
state should occur at twice the energy of the one-
phonon state, and should decay with a rate twice as
large as the one-phonon transition. It is apparent
that the experimental findings deviate from this
simple predictions for both, energy and transition
rate.

Two different phenomena are expected to affect
the energy of the two-phonon state in 1%7Gd. The
first is associated with the coupling of the neutron
f7/5 ~ 113/, excitation to the octupole vibration,
while the second reflects the action of the Pauli
principle between the particle-hole components of the
two phonons.

The 13/2% level at 1.00 MeV has a considerable
admixture of the i,3/, single neutron state due to
the large coupling matrix element

m=<iyz/y] Hcoup1|f7/2 x 373 13/2>.

The situation is basically similar to that observed
in the N=127 nucleus 29°9Pb, where the corresponding
single particle orbits are vgg/, and vj;s/, (fig. 2).
Whereas however in 20%Pb the 1.42 MeV 15/27 state is
of = 70 % single particle character®) with about

30 % admixture of vgg/, x 3=, the situation is
reversed in 1%7Gd, where the octupole Ties lower in
energy than the vi;3/, single particle state.

When the difference & between the single particle
excitation energy e;3/, - €77, and the phonon energy
hws

§ = e13/2 - €7/2- hus
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is comparable to the coupling matrix element m, the
energy E of the Tow-lying mixed state is obtained by
diagonalizing the 2 x 2 Hamiltonian

Eva/s = hug = 5 [/6Z % 4nZ - & |

Similarly, the energy of the lowest 19/2” state is
obtained by diagonalizing the Hamiltonian in the
basis of the two states f;/, x 37 x 37 and 1,3/, x 37

E19/2 = 2hm3 - %’lVﬁz + 8m? - § l
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Fig. 2: Coupling of the valence neutron to the core
octupole in 209Pp and 1%7Gd.

In second order perturbation theory the harmonic
spectrum is preserved,

E13/2 = hw3 - m2/6
E19/2 = 2hw3 - 2m2/6 = 2E13/2.

However, for strong coupling, as in the present
situation, this result is modified. E;q/, is higher
than 2E,3/, by the amount

6E1g/z = V62 + AnZ - Z|/5Z ¥ &n% + 5.

The unperturbed vi;3/, energy in 1*7Gd (and
hence §) is experimentally not well known, but
systematics of the N=83 isotones’) and other indirect
spectroscopic evidence8,?) suggest a = 2,1 MeV f,/,
to i3/, single particle energy separation, which is
indicated in fig. 2. Using thus & = 0.52 MeV, the
observed E;3/, = 1.00 MeV excitation is reproduced
with m = 0.8 MeV. These values give

5E19/2 =+ 0.26 MeV.

The second effect is associated with the microsco-
pic composition of the octupole_phonon. There is
evidence that the proton hll/zdsgz particle hole
component occurs with large probability in the 3~
state. This was in particular seen2?) clearly in the
nhy1/2 x 37 particle-phonon multiplet in 1%7Tb, The
experiment identified the 17/2% and 15/2% members of
this group, which are separated by the large energy
of 772 keV. This can be understood as an effect of
the Pauli principle where the hy;/, proton particle
in the phonon interferes with the h;;/, valence
proton. The associated particle-phonon interaction
matrix element M in the exchange process (fig. 3) is
obtained from the 772 keV 17/2% to 15/2% splitting
to be

M= 1,1 MeV
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taking for the energy denominator A the value

A =e€y1/2 - es5/2 - hwy = 1.5 MeV.
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Fig. 3: Coupling of the hy;/, valence proton of
1%7Tb to the core octupole.

The two-phonon exchange process, which is
analogous to the exchange coupling in fig. 3, is
illustrated in the fourth order diagram of fig. 4.
The large nhll/zdg}z components in the two octupole
phonons interact by exchanging the particle (or the
hole). The interaction vertices in figs. 3 and 4 are
the same, and we can therefore use the empirical
values of M and A which describe the Pauli effect
in the 1*7Tb case to evaluate the energy shift SEf
corresponding to the diagram in fig. 4. The shift
is given by the expression

n
SEr=98% (33523331 x1y

where I is the coupled angular momentum of the two
phonons. For the case I=6 the geometric coefficient
is
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This shift can also be adopted for the 19/2~ state
of 1%7Gd, neglecting the i3/, x 37 content in that
state. This approximation may be of similar quality
as the use of fourth order perturbation theory in
describing the 3= x 37 coupling.

Adding up the two contributions (fig. 5) the
total energy shift SE for the 19/2- state is

SE = 6E19/2 + 6E6 = (0.26 + 0.41) MeV = 0.67 MeV,

which compares well with the experimental shift

SEexp = (E19/2 = F13/2) = (Ey3/0 = By0)

(1575 - 997) keV = 0.58 MeV.

Similar processes as those discussed above
causing the energy shifts will also give rise to a
reduction relative to the harmonic expectation of
the 19/2 to 13/2 E3 strength.

The present data provide the first clear indica-
tion of a two-phonon octupole state. It has been
shown that the large departure from equal energy
spacing corresponding to harmonic vibration can be
quantitatively understood in terms of the micros-

copic composition of the states and can be connected
with other observed features of the octupole vibra-

tions in this region.
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