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Alaga et al. ' have used the collective mod-
el of Bohr and Mottelsona (BM) to predict the
ratio of reduced transition probabilities from
a member of an excited vibrational band to
two different members of the ground-state band
in deformed nuclei. This value is simply the
ratio of the squares of the appropriate Clebsch-
Gordan coefficients. However, it is known
that these simple intensity predictions based
on an adiabatic approximation break down.
This results from the fact that the wave func-
tions of the two bands become mixed and cause
significant corrections to the matrix elements
describing the transitions. The best-studied
cases demonstrating this behavior involve the
E2 transitions between the members of P- and

y-vibrational bands and the ground-state band
in even-even deformed nuclei. Here the de-
viations between the experimental branching
ratios and the simple predictions have been
analyzed in terms of a band-mixing parame-
ter Z~, which is a measure of the rotation-
vibration interaction. The subscript K refers
to the K quantum number of the vibrational
band considered. For these transitions from
the P- and y-vibrational bands, Bohr and Mot-
telson' have included the effects of band mix-
ing to define the reduced E2 transition prob-
ability, B(E2). This expression involves the
unmixed transition probability, the mixing
parameter, and spin-dependent terms.

We have experimentally determined the ra-
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tios of reduced E2 transition probabilities from
members of the P- and y-vibrational bands
in '"Sm and" Gd from the corresponding ra-
tios of gamma-ray intensities. The mixing
parameters needed to bring these experimen-
tal ratios into agreement with the predicted
ratios of Alaga et al. ' have then been calcu-
lated and compared with some microscopic-
model predictions. ' '

A 6-cm' Ge(Li) detector, with resolution
of 3.1-keV full width at half-maximum for
661.6 keV, was used to measure the gamma-
ray intensities in the decay of '"Eu (12.4 y)
and '"Eu (16 y). Extensive Nal-Ge(Li) and
NaI-NaI coincidence measurements have also
been performed on these nuclei. In" Sm, the
coincidence data have been used to assign the
intensity of the 2+ -4 transition (note that
the prime refers to a member of the p band)
since another gamma ray of this same energy
exists elsewhere in the decay scheme. All
other gamma-ray intensities are results of
the Ge(Li) singles experiments and are in good
agreement with the coincidence data.

First, we will summarize the results for
the y band. In each of the nuclei '"Sm and "'Gd,
we see the seven expected E2 transitions be-
tween the 2+, 3+, and 4+ st.ates of the y band
and the 0+, 2+, and 4 members of the ground-
state rotational band. Values of the band-mix-
ing parameter, Z3, calculated from the vari-
ous B(E2) ratios are internally consistent and
lead to weighted averages of —(7.7 + 0.9)x 10
for '"Sm and —(6.6+ 0.7) x10 ' for '"Gd. When
corrected by these Z, parameters, the BM-
predicted B(E2) ratios are in excellent agree-
ment with experiment. There is equally good
agreement between the experimental B(E2) ra-
tios and the ratios predicted by Davidson, ' who
uses an asymmetric rotor model with deforma-
tion vibrations but no asymmetry vibrations.

For the P band, the situation seems to be
more complex, however. The 0+, 2+, and 4+
members of the P bands in the nuclei under
consideration lie at fairly low energies (respec-
tively, 685, 811, and 1023 keV for ' Sm and
682, 815, and 1048 keV for ' Gd). Ratios of
reduced &2 transition probabilities from the
2+ and 4+ members of the 8 bands are calcu-
lated from experiment and given in column 3
of Table I. We have determined the mixing
parameter Z, for each ratio and these values
are listed in column 4. For each nucleus, there
is a wide variation in the individual Zo values

calculated, contrary to what was found for the
y bands. Only by reducing the E2 intensity
of the 2+ -2+ transition to one-half the observed
photon value is internal consistency in these
Zo values obtained for both Sm and Gd.
Since we had performed exhaustive Ge(Li)-
NaI coincidence measurements to verify the
intensities assigned to the 2+ -2+ transitions,
we were inclined to attribute the variations
in Z, to possible M1 radiation in these transi-
tions. Very recently, Liu et al. ' reached a
similar conclusion in their work on these same
nuclei. However, Hamilton et al. have per-
formed measurements of the angular correla-
tion for the 2+ -2+-0+ cascade in '~ Gd and
their results indicate that the 2+ -2+ transi-
tion is essentially pure E2. Also, McGowan,
Sayer, and Stelson" have performed angular-
correlation measurements on '"Sm during the
Coulomb excitation of the 2+ level. Their pre-

+1liminary results indicate that the 2+ -2+ tran-
sition in this nucleus is either about 80/& 11f1
or pure E2. Since the "Sm a,nd ' Gd nuclei
are so similar (both have 90 neutrons, which
is just at the onset of the region of deformation),
one is inclined to assume that the 2+ - 2+ tran-
sition in '"Sm is also probably pure E2.

The results of these coincidence and angu-
lar correlation experiments present us with
a very mysterious situation. In both '"Sm and
'"Gd, there appears to be no way to bring in-
to agreement the three mixing parameters cal-
culated from the branchings of the 2+ level.

For the 4+ level of "'Gd we are able to get
but a single value of Z, since only the weak+' + +/4+ -2+ and 4+ -4+ transitions were observed.
The mixing parameter calculated from the in-
tensities of these transitions is -(4.9+ 1.1)
X10 . This Zo va, lue agrees with tha, t caleula, ted
from the (2+' -4+)/(2+'-0+) ratio and there-
fore suggests that the mixing parameters from
the 4+ level may be internally consistent.
However, Meyer" has measured the "Gd

+1gamma-ray intensity of the very weak 4+ -6+
transition, which was not observed in our work.
Using this intensity along with our intensities
for the other two transitions from the 4+ lev-
el, we obtain Zo values which are internally
consistent only when the E2 intensity of the
4+ - 4+ transition is about 600k of the total
gamma-ray intensity. Even then, the average
value is considerably smaller than the aver-
age obtained when only the decays of the 2+
level are considered. Since our coincidence
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Table I. Experimental and theoretical ratios of reduced E2 transition probabilities
from members of the P bands in i52Sm and i5 Gd.

Nucleus

If ~ I1
I' ~I

2

B(E2; I' ~I )

B(E2; I' ~ I2)
Experiment

2-Z x 100
b

David. son

B(E2; I' ~ II)
B(E2. I I )

(»«»)
2

B-M with
Mixinga

Hm

154

2+' ~ 4+
2+' ~ 2+

2+' ~ 0+
2+f ~ 2+

2+' ~ 4+
2+' ~ 0+

2+' + 4+
2+' ~ 2+

+r ~ p+
2+ 2+

2+' ~ 4+
2+f ~ 0+

4+' ~ 2+
4+f ~ 4+

2.47 + 0.88

0.19 + 0.05

13.0 + 5.2

2 97 + o 75

0.12 + 0.03

25.4 + 8.0

0.11 + 0.11

1.2 + 1.5

8.0 + 1.1

4.5 + 1.2

2.0 + 1.2

9.8 + 0.8

6.5 + 0.9

4.9 + 1.1

5.36 + 0.61

0.33 + 0.04

16.2 + 3.8

6.75 + 0.49

0.25 + 0.03

27.0 + 4.7

0.004+ 0.01

4.28

0.38

11.3

4.34

0.37

11.7

0.24

aThe predictions of the Bohr-Mottelson model are corrected for band mixing through
the use of weighted averages of the Zo values in column 4. For 5 Sm this average is
-(5.2 y0.7) &&l.0 2. for 154Gd, -(6.7 y0.5) &(10

bPredictions result from asymmetric rotor model with @=10.73', p =0.40 for ~52Sm

and y=11.62', p =0.40 for ~54Gd.

results for this very weak 4+ -4+ transition
are inconclusive and since no angular-corre-
lation measurements have been performed
on it, it is not possible to know if this appar-
ent discrepancy is real.

A possible explanation for the existence of
M1 radiation in the 2+ -2+ and 4+ - 4+ tran-
sitions is the presence of an admixed K=1+
state in the P and ground bands. In a consid-
eration of such admixtures, Mikhailov~ has
derived an expression for the spin-dependent
amplitude of the admixed K state and has found

that the 3f1 component in the 4+ -4+ transi-
+I

tion should be greater than that in the 2+ -2+
transition by a factor 3.3. Since the 2+ -2+
transition of "~Qd has been found by Hamilton
et al. to be essentially pure E2 (the experimen-
tal errors allow for only a small M1 contribu-
tion), any possible Ml component in the 4+
-4+ transition, arising from a K= 1+ admix-
ture, would be expected to be too small to ex-
plain the variation in Zp values from the 4+

level. It therefore seems that whatever is per-
turbing the branching ratios from the 2+ lev-
el in "Gd is having a similar effect on the

+1branching ratios from its 4+ level. In '23m,

we observe only a single transition from the
4+ level (4+ - 4+). Consequently, no Z, val-
ue from this level is obtained.

Although the implications of these varying
Zp values are not understood, we take an av-
erage of each set of values in Table I, in or-
der to carry out additional calculations and
make comparisons with the model predictions.
For '"Sm, the weighted average is -(5.2+0.7)
x 10; for ~'~Gd, —(6.7 + 0.5) x 10 2. In each
case, all three of the Z, values obtained from
the branching ratios of the 2+ level have been
included in the average. This is improper,
since only two unique branching ratios can be
obtained from three intensities. However, the
variations in the three Z, values make it im-
possible to choose any two values as charac-
teristic of the level. The resulting Z-correct-
ed B(E2) ratios are shown in column 5 of Ta-
ble I. Note that agreement between these val-
ues and the original ratios in column 3 can
be achieved only if the E2 intensity of the 2+
- 2+ transition in both '~Sm and "~Gd is as-
sumed to be one-half of the total gamma-ray
intensity. In column 6, the corresponding asym-
metric rotor predictions of Davidson' show
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a similar degree of variance with experiment.
There have been several theoretical predic-

tions of band-mixing parameters. These
along with our experimental weighted-average
values of Z, and Z, are shown in Table II. The
predicted values of Z, and Za result from mi-
croscopic models of particles interacting through
the quadrupole and pairing forces. Both Mar-
shalek and Bes et al.' take into account mix-
ing of the bands by including a Coriolis inter-
action. Marshalek' assumes an adiabatic nu-

cleus and a small-amplitude perturbation with
three different considerations: Case 1 is a
phenomenological treatment where the moment
of inertia is assumed to be proportional to the
square of the deformation. Case 2 is a pure
microscopic treatment where the pairing gap
parameters are found empirically from other
pairing energies. Case 3 is also a microscop-
ic treatment where the pairing gap parameters
are those which reproduce the experimental
moments of inertia using the cranking model.
Bes et al. ' perform calculations in the nonadia-
batic limit of the random-phase approximation.
Pavlichenkov' uses a microscopic model in-
cluding a rotation-vibration interaction. These
model predictions are compared with weight-
ed averages of the Z, and Z, values in each
nucleus. The agreement between experiment
and theory is poor in the case of '"Sm but con-
siderably better for "Gd. In the latter case,
~, from experiment lies closer to the micro-
scopic-model predictions than to the value pre-
dicted by the phenomenological approach.

To this point, we have assumed that the low-

lying 0+ state and its rotational sequence in
each nucleus result from symmetric vibrations

in the quadrupole field of the nucleus. Howev-
er, the unexplained behavior of the branching
ratios from these levels raises serious ques-
tions about the nature of the 0+ states in "~Sm
and "Gd. Very recently Mikoshiba, Sheline,
Udagawa, and Yoshida" calculated some of
the properties of the ten lowest excited 0+ states
in several deformed nuclei through the use of
a microscopic treatment which includes the
effects of both pairing and quadrupole fields
along with their possible couplings. Their re-
sults indicate that only near the beginning and
end of the rare-earth deformed region is the
P-vibrational character concentrated into the
lowest excited 0+ state and that even here there
is a strong admixture of pairing vibrational
character in these states. One might specu-
late that admixtures of pairing vibrational states
into these "P-vibrational" levels may affect
the ~2 branchings and thus may explain the
inconsistency in the mixing parameters for
the P bands in '"Sm and "'Gd. However, Uda-
gawa' has pointed out that the predictions of
branching ratios from their treatment are es-
sentially the same as those of Bohr and Mot-
telson. It seems that a new treatment of these
vibrations in transitional deformed nuclei is
needed.

The authors are indebted to Dr. F. K. McGow-
an for his helpful discussions on this subject.
We would also like to thank Dr. J. P. Davidson
for sending us predictions from the asymmet-
ric rotor model for the two nuclei under con-
sideration, and Dr. R. A. Meyer and Dr. F.
K. McGowan for making data available to us
prior to publication. One of us (L.L.R.) wish-
es to express his appreciation to the U. S. Atom-

Table Q. Experimental values and model predictions of band-mixing parameters.

-(Sp or Z, ) x10'
Theory

Nucleus

-gp x10
a

Exptl

-S2 x10

Exptl Case 1

Marshalek
b

Case 2 Case 3

Bes

et al.c Pavlichenkov

i52S

454Gd

5.2 +0.7

6.7+0.5
7.7 + 0.9

6.6 +0.7

6.2
8.9
6.3
9.9

6.7
4.7
6.3
5.6

7.0
4 4
6.3
5.3

3.5

6.0

Weighted averages of the various Zp and Z2 values
are used here.

bReference 4.

cReference 5.
Reference 6.
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We have bombarded separated Sn and Te isotopes with Ar projectiles in order to
study the ( Ar, zz) reactions and evaluate them as a means to produce excited nuclei
for spectroscopic studies. This proves to be an excellent method for populating ground-
band collective levels, and such levels have been identified in the 88-, 90-, and 92-neu-
tron Er and Yb isotopes.

Vfhen medium and heavy nuclei are bombard-
ed with heavy ions of moderate energy, the
dominant reaction has been found to be com-
plete fusion followed by the evaporation of neu-
trons, (HI, xn), and a correct choice of bom-
barding energy can often lead to an almost unique
product. A number of studies' 4 have recent-
ly been made of the y-ray cascade which oc-
curs as the last step in the de-excitation of
a (HI, xn)-reaction product, and this technique
promises to become an important one in nucle-
ar spectroscopy. Thus far the "heavy ion" used
in these studies has ranged from protons to
~ F. The purpose of this Letter is to report
our results using "Ar as the projectile in such
studies.

The interest in heavier ions for these studies
lies in (a) the considerably greater linear and
angular momentum given to t."~e compound sys-
tem; (b) the accessibil"y to regions of the pe-
riodic table that eannoi .asily be reached with
lighter ions; and (c) the production of very neu-

tron-deficient compound systems with lower
excitation energy. The minimum excitation
energy of a compound system increases with
projectile mass up to around 20 and then de-
creases slowly because the larger negative
Q value for the reaction with heavier projec-
tiles more than offsets the increased bombard-
ing energy necessary to exceed the Coulomb
barrier. This is of considerable importance
for spectroscopic studies because a lower ex-
citation energy, in general, permits the (HI,
xn) product to be made more specifically, re-
sulting in cleaner spectra.

We have studied y-ray spectra from 4 Ar
reactions using a lithium-drifted germanium
counter that measured 6 cm2 by 0.8 cm deep
and operated at 2.0-keg resolution for y rays
around 600 keV. In all cases this counter mas
at 90' to the beam direction and about 2 em
from the target. The targets generally used
mere prepared by evaporating about 700 p. g
cm ' of separated isotope onto a 0.003-cm thick


