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The cascade p-ray decay of states at 19.9 and 20.4 MeV in 6Q has been observed using
the reaction N(p, @2') O. These states appear to have the properties expected of giant
dipole states based on the J =3 state at 6.18 MeV. Together with earlier work, the re-
sult implies that giant dipole states based on the J = 0 state at 6.05 MeV are displaced
significantly from the energies expected from a simple weak-coupling model.

In a recently published paper' Barnett and Tan-
ner reported on the (unresolved) y, +y, decay
from states in the giant resonance region of "0
reached by proton capture on "N. They found
that there were very strong resonances present
in the y, +y, yield and that these did not br anch
to the gxound state. The strongest transition,
from the resonance at 20.4 MeV, and that from
the 19.9-MeV resonance are of special interest
as they have the properties expected' of known'
giant-resonance states built by simple p-h (par-
ticle-hole) excitations out of either the deformed
0, state at 6.05 MeV or the more nearly spheri-
cal (but strongly collective) 3, state at 6;13
MeV. The experiment of Ref. 1 measured the
direct cascade y Iay and could not distinguish be-
tween these possibilities; in the present study
we undertook to determine whether the basis
state was the 3, alternative by a direct y, -y co-
incidence study. Since the 0,+ state decays en-
tirely by pair emission it will not influence the
p-p yield.

The colncldence p Iays were Qbser'ved frox11 a
gas target containing 97% "I,at a pressure of
3000 mm Hg and enclosed by a 1-p.m nickel foil.
The approximate target thickness was 1.7 mg/
cm' (about 65 keV at E~ =8.8 MeV). The proton
beam (&0.3 nA) of the University of Minnesota's
MP tandem was focused on the target and was
stopped on gold. Two NaI crystals, 7.6 cm diam
x7.6 cm and 10 cm diamx13 cm, were placed

cm on opposite sides of the target and mere
well shielded by lead from nontarget background.

A single-channel gating window was set around
the 6.13-MeV region of the spectrum from the
10-cm-diam X13-cm crystal (see insert of Fig.
1), and both singles and coincidence spectra from
the other crystal were recorded. Crossover
tlmlng dlscrlmlnators gave a colncldence I'esolv-
ing time of 2& = 50 nsec and simultaneous accumu-
lation of the random spectrum showed that the
real-to-random ratio was better than 10:1 (with
singles deadtimes of up to 5%).

Figure 1 shows the spectra for the decay of the
20.4-MeV state (E~ = 8.83 MeV at the target cen-
ter), accumulated for s, total charge of 11.2 pC.
A direct comparison of the 14.3-MeV peak in
both spectra (as indicated) leads to the required
y, /(y, +y,) branching ratio independently of the
efficiency of the 7.6-cm-diam X7.6-cm crystal,
the gas-target thickness, and the accuracy of the
beam- current integration. A coincidence back-
ground spectrum, measured above the resonance
atE~ =9.2 MeV, is shown in Fig. 1. There is no
indication of a 14.3-MeV y ray in this spectrum.
The decay of the 19.9-MeV resonance (F~ = 8.30
MeV) is shown in Fig. 2. Corrections to the co-
incidence peak counts for background mere es-
timated to be (25+ 10) /o for the 14.3-MeV y ray
and (25+ 25) /o for the 13.8-MeV y ray.

The fraction of the 6.13-MeV spectrum appear-
ing at the single-channel analyzer window (insert
of Fig. 1) was measured to be 0.43+ 0.02 by using
the reaction "0(p,p,),») "0 at F~ = 6.9 MeV with

02 gas in the target. A pure spectrum of 6.13-
MeV y rays above 4 MeV was obtained. The ef-
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FIG. 1. Singles and coincidence spectra in the 7.6-
cm-diam x 7.6-cm NaI crystal. The smooth lines are
the measured off-resonance background in the coinci-
dence spectrum, and the assumed pile-up background
under the 14.3-MeV peak in the singles spectrum. The
total counts in the 14.3-MeV peak are 160+13 and 3025
+ 50, respectively, after a 11.2-pC beam. The insert
shows the pure 6.13-MeV y ray in the 10-cm-diam x 13-
cm crystal obtained from the reaction ~60(p,p2y6 ~3) 0,
and the single-channel analyzer window used to gate the
singles spectrum. Other prominent y rays arise from
the reactions N{p,p'y) 5N and N(p, ~y) ~ C.

ficiency of the 10-cm-diam X13-cm crystal for
these y rays in our geometry was computed to be
0.046+ 0.002; absorption of the y rays in the gas-
cell walls, etc. , was negligible. The product of
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the efficiency, the fraction of 6.13 y rays detect-
ed, and the relative y, /(y, +y,) branching ratio
then equals the ratio of the coincidence to the
singles yields. Table I gives the comparison for
the 19.9- and 20.4-MeV states and it is clear
that in both cases a y, branch of 100% is indicat-
ed by the data. The dominant error for each
case comes from the uncertainty of the back-
ground corrections. Nevertheless the results
show that both states decay significantly through
the 3, state, and we note that this fact alone es-

FIG. 2. Spectra obtained at the 19.9-MeV resonance.
The 13.8-MeV coincidence yield is 97+10 counts and
the singles yield is 2663 +400 counts (total charge 9.2
p, C) .

Table I. Comparison of expected and observed coincidence counting rates.
Column 3 gives the coincidence rate which would be expected if the 20.4- and
19.9-MeV states decay entirely through the y-emitting 6.13-MeV state.

State
(MeV)

Singles y-ray
count/p C

(Singles count/pC)
x (10-cm-diam x13-cm

crystal efficiency)
Observed coincidence

count/p, C

20.4
19.9

570+70
300 +40

11.3 + 1,4
5.9 + 0.8

10.7 +1.3
7.5 +2.5
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tablishes that the y, branch is essentially 100%
(unless the 19.9- and 20.4-MeV states are multi-
plets). The singles and coincidence rates were
also calculated in absolute terms using the data
of Ref. 1 (the geometry, the efficiencies, and the
accumulated charge); the results were smaller
by less than a factor of 2 (assuming a 100/o Z,
branch) which is quite satisfactory agreement.

Our results thus confirm the suggestion' that
the 19.9- and 20.4-MeV states are closely con-
nected in structure with the 3, state and not the
0, state, consequently supporting the weak-cou-
pling model proposed by Barnett and Tanner. In
this picture the two states arise from the cou-
pling of the 12.44-MeV, T=O and 13.09-MeV, T
= I dipole states to the collective 3, core and so
their wave functions are mainly (3 0 &&I 0) and
(3 0&&1 1). The spin values of the states could
be J'= 2+, 3', 4+ (although the experimentally ob-
served decays are also consistent with MI radia-
tion' so the possibilities 4"= 2, 3, 4 cannot be
eliminated).

The second aspect of the results of Ref. I,
which has perhaps considerable relevance for the
problem of the structure of the 0, state, is the
observation that the branching ratios (y, +y,)/y,
of known giant dipole states are very small, in
fact below the detection limit of a few percent.
It then follows that y, /y, is also below this limit
over the whole range, E„=16-24 MeV, a result
which seems to imply that the mixing of the ideal
deformed 0, ' state and the ideal spherical Oy

ground state is rather small. This conclusion,
which is contrary to a number of theoretical pre-
dictions, is also suggested by the EI decays of
the 7.12-MeV, I, T=O state."While for any
individual inhibited transition arguments ean al-
ways be made' for the destructive interference of
higher configuration admixtures, the y, /y, result
extends over 8 MeV and appears to be more gen-
eral.

A particularly interesting feature is that, since
the present result establishes the decay through
the 3," state of the 19.9- and 20.4-MeV levels,
then the first J"= I members of the deformed
giant resonance (based on the 0, + 6.05-MeV state)
do not occur at the energies expected from weak
coupling of (12.44+ 6.05) MeV and (13.09+ 6.05)
MeV, respectively. In the spectrum of "N(P,
v, +y,)"0 (Fig. 2 of Ref. 1), the only remaining
candidate for this component of the deformed
giant resonance is at 22.7 MeV. However, this
has only about 2 of the expected strength, and

whether its decay is y, or y, is unknown. If this

is not a deformed giant resonance, then the latter
is displaced upwards from its expected position
by at least 5 MeV (to 24 MeV or higher). Such a
displacement in energy was predicted by Kluge
and Manakos' by considering the breaking of the
orbital symmetry of the 0, + state. It can also be
understood on the model of Brown and Green'
for the 0,+ state, since in their model the unusu-
ally low energy of the 4p-4h excitation arises
from the depression of the K = (2) Nilsson orbit
based on the Id'», state at high prolate deforma-
tions. However, the formation of a deformed
giant dipole by the promotion of further p-h pairs
necessarily involves the much higher K = (~z)

+ or
K = (~) orbits based on the Id», and 2&», states,
respectively. Thus the mechanism which pro-
vides a dramatic reduction in energy below 4S&
for the 4p-4h state is not present for a 5p-5h
state. The present result therefore lends some
support to Brown and Green's model. The ab-
sence of the deformed dipole states correspond-
ing to the 12.44- and 13.09-MeV spherical dipole
states is also suggested by the wave functions of
Zuker, Buck, and McGrory, ' since the spherical
dipole states both belong to the configuration

p», '2&»„while the 6.05-MeV state is mainly

P», . Thus no excitations are possible involving
the removal of 1p», nucleons from the 6.05-MeV
state. However, it is not clear to what extent
this prediction is affected by the truncated basis
of the wave functions. ' In fact, the energy of the
lowest I, T = I, 5p-5h state can be estimated
using the French scheme' which suggests an
excitation of 22 to 26 Me V rather than 19 Me V.

Apart from its significance for the structure of
the 6.05-MeV state, the present result is also
relevant to the dipole decays of the 9.59-MeV,
I, T=0 state. The latter is believed to be
strongly deformed, and would be expected to de-
riv'e its dipole width from admixtures of deformed
1, T = 1 states. (For example, the predominant-
ly spherical I, T=O state at 7.12 MeV obtains
much of its EI width' from the spherical I, T
= 1 state at 13.09 MeV. ) However, if such states
are displaced upwards, the 9.59-MeV state may
have only spherical T = I impurities. This would
provide a simple explanation of its weak ground-
state decay and of its even weaker decay to the
deformed 6.05-MeV, 0, ' state.
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The pairing-plus-quadrupole model is improved and extended to I= 6 states. This mi-
croscopic theory gives the parameters of the first-order band-mixing theory of Bohr
and Mottelson, as well as most of the higher order corrections revealed by the recent
measurements of E2 matrix elements. The increase in the intra-ground-band transi-
tions as well as the depression of the ground-band levels compared with their rotational-
model values are reproduced.

Recent investigations' ' of band-mixing anoma-
lies in '"Sm indicate that (i) although the first-
order perturbation theory' is satisfactory for
transitions from the y-vibrational band to the
ground-state (g) rotational band, it is unsatis-
factory for transitions involving the P-vibration-
al band de-excitation, and (ii) the cross y-P band
transitions, forbidden in the model' of rotational
states built on harmonic vibrations in P and y,
are large, ' i.e., the corresponding matrix ele-
ments are comparable with the allowed y-g band
transitions.

We report here the results of the anharmonic,
dynamic theory based on the microscopic, pair-
ing-plus-quadrupole (PPQ) model. ' " Although
the anomalously low" value of the 2& -4 transi-
tion-matrix element is not reproduced, the pres-
ent calculation for '"Sm reproduces (i) the cor-
rect trends in the deviations from the first-order
band-mixing theory, (ii) the large y-P band mix-
ing, (iii) the increase in the intra-g-band transi-
tion matrix elements as well as the depression
of the g-band levels compared with their rotation-
al-model values, and (iv) the absolute values of
the low-order matrix elements for P-g and y-g
band transitions, which determine the parame-
ters of the phenomenological theory of Bohr and
Mottelson. '

The method of calculation is essentially the
same as that employed previously' for the transi-
tional region of W, Os, and Pt nuclei, except for
the following two modifications:

(i) An improved method of including the core
contribution to the mass parameters has been
employed. Recall that the generalized Bohr Ham-
iltonian for collective quadrupole motion is writ-
en ass

3
H ou = v( p y) + a Q s~(p, y)w„+ 28ss(p, y)p

+&s, (P, r)PPr + s&&, (P, r)P'r',

where P, y define the shape of the nuclear quadru-
pole in the intrinsic system, ~„are its rotation-
al frequencies, V is the potential energy of de-
formation, g~ are the moments of inertia, and

Be,» Be,&, and 8&& are the inertial functions for
P, y coupled vibrations.

In a practical, microscopic calculation of the
inertial functions, only a few shells near the
Fermi surface (FS) are employed. The contribu-
tion due to the remaining shells below and above
the FS is called a "core contribution. " In the
method' based on the unified model, "the core
is represented by a harmonic oscillator which is
coupled to the external nucleons by a quadrupole
force. This model leads to the rule that the core
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