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Abstract 

An £-, a; 1 MeV 7-ray peak, representing the probability for 7-dccay via 
vibrational and low-lying two-quasiparticle bands, has been studied as a function 
of excitation energy after the (3He,ozn) reaction on the well-deformed target nuclei 
iri,i72,i73Yb and i62,i63rjy With increasing temperature, a gradual intensity drop 
is observed for this decay path. For Ez > 20 MeV, the fraction of all cascades 
contributing to the 1 MeV peak falls to a constant level of approximately 30 - 35%, 
probably indicating that A' hindrance effects no longer have any major influence 
upon the decay. 



The nuclear structure is expected to become increasingly chaotic with rising tem
perature, leading to the ultimate disappearance of quantum numbers associated with the 
mean-field description [1]. One of these is the K quantum number, defined for axially 
deformed nuclei as the projection of the total spin on the symmetry axis. 

At which excitation energy and how abruptly the K quantum number vanishes, is 
still an open question. Branching ratios found in (7,7') reactions show that /* = 1 + -
states in even deformed rare-earth nuclei essentially have pure K values (K = 0 , 1) at 
least up to Ex = 3 - 3.5 MeV [2]. The decay pattern observed after thermal neutron 
capture indicates that K significantly influences the gamma-decay at excitation energies 
up to the neutron separation energy, about 8 MeV [3]. 

Previous works [4, 5] offer indications that the K quantum number may play a role 
up to excitation energies of at least 4 0 - 5 0 MeV: The fraction of the total population 
decaying through low-lying high-A' isomeric levels in Hf and Os isotopes after (c,jn) 
reactions, has for fixed average spin been shown to decrease significantly with the mass 
of the charged projectile c. For complete configuration mixing in the highly excited 
state, ~n ensemble of decaying nuclei with a given spin distribution should end up with 
the same K distribution, proportional to the level density as a function of A', and the 
same isomer feeding ratio, regardless of the nature of the projectile. The authors (4) 
interpret the decay patterns by assuming that the alignment of the spin vector along the 
rotational axis increases with the mass of the projectile, implying a decrease in (A). 

In this letter, the significance of the A' quantum number is studied as a function 
of excitation energy from 0 to 40 MeV by means of the branching ratio between 7-
decay directly to the ground band (A' = 0) and via the vibrational and low-lying two-
quasiparticle states (A' > 0). 

A broad, prominent peak centered at K, s= 1 MeV has earlier been discovered 
in the 7-spectra recorded after the (3He,a) reaction on odd deformed rare earth nuclei 
[6]. This letter reports on a quantitative study of the peak intensity, performed for 
the ( 3He,a) reaction on the targets 1 6 2 Dy, 1 6 3 Dy, , 7 1 Yb, 1 7 2 Yb and 1 7 3 Yb. All the 
experiments were carried out at the Cyclotron Laboratory at the University of Oslo, 
using a 45 MeV 3He beam. The targets were self-supporting, isotopically enriched 
metal foils with thicknesses ranging from 7 ;'• to 3.5 mg/cm2. Charged ejectiles and 
7-rays were recorded in coincidence by means of 4 - 8 Si particle telescopes, placed at 
forward angles of 40° - 50° with respect to the beam direction, together with arrays of 
2 - 2 8 Nal(Tl) and 1 - 2 Ge 7-detectors. Further details about the experimental set-up 
and signal processing are given in ref. [7]. 

With sufficiently high energy resolution, the 1 MeV peak is seen to consist of a 
collection of intense lines with £., a; 0.7 - 1.5 MeV, essentially of dipole nature |6). 
The majority of these have been found to originate from the decay into the ground band 
of vibrational and two-quasiparticle bands in the excitation interval E r i l , t a l , = 1 -
1.5 MeV, the so-called vibrational region. 

In fig. 1, the individual 7-lines of which the 1 MeV peak is composed, are displayed 
for the reaction l 7 3 Yb( 3 He,a) 1 7 2 Yb. The decay mainly proceeds through the three lowest 
excited bands in , 7 2 Yb, located at approximately the same excitation energy: the 3- and 
octupole vibrational bands with A'" = 0 + and 1", respectively, and the A'" = '! + 

band. The data reveals an enhanced population of the A' = 3 band and a deficiency 
for the two low-A' bands compared to statistical estimates. The relative experimental 
strengths passing through the three bands are plotted in the insert of fig. 1 together with 
the corresponding statistically predicted quantities. The latter are calculated ignoring 
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the A' quantum number and assuming a common feeding region a; 2 MeV above the 
three bands, a spin distribution equal to the experimental one and a decay probability 
proportional to the factor E*. A similar correlation between the feeding into the various 
excited bands and their A' values has also been found in the other nuclei investigated. 

The observed population pattern is accounted for by K selection rules: In a nuclear 
ensemble with a well-defined A' distribution, only the low-A" excited levels (A' = 0, 1) 
are allowed to feed the ground band directly through dipole transitions. Initial states with 
A' > 2 will choose decay paths involving two or more steps. The energy dependence 
of the 7-emission probability will favour the lowest available states with appropriate A' 
values, mainly located in the lower part of the vibrational region. The major fraction of 
the strength passing through this excitation interval goes via bands with A' > 2, while 
low-A' bands compete directly with the ground band and are on an average considerably 
more sparsely populated. 

Figure 2 displays Nal 7-projections in coincidence with a-particles, unfolded with 
the detector response function, for the reaction channels (3He,o) and ( 3He,a2n). The 1 
MeV peak strength is substantially reduced with rising excitation energy. In 7-spectra 
from the On channel it is a very pronounced structure, but shrinks dramatically with 
increasing number of emitted neutrons. This property was first seen in the ('He,«) 
reaction on l l i 2 . | l l : l Dy targets [7|. 

Assuming that the A' selection rules are mainly responsible for the observed chan 
neling of strength through the vibrational region, as argued above, the intensity of the 
1 MeV structure provides a direct measure for the A' hindrance effects. 

We let /', M e V be the number of transitions in the 1 MeV peak divided by the total 
number of ^-cascades. This ratio, representing the absolute probability for decay via 
one of the low-lying excited bands, has been plotted in fig. 3 as a function of excitation 
energv. The I\ M,V values have been estimated as described below: 

The net area of the 1 MeV peak has been evaluated by fitting quadratic backgrounds 
to the On channel 7-spectra and linear ones to the higher-n spectra, shown as dashed 
lines in figure 2. Three relative normalization procedures have been applied, dividing 
the peak area with (i) the (3He,0!) cross section within the excitation region of interest 
(filled circles), 0 0 the strength of the individual j-n channels estimated by means of the 
ground band transition intensities (open circles) and {Hi) the total area of the Nal 7-
spectrum above 600 keV (filled triangles). The overall normalization has been obtained 
by comparing the relative quantities found as described above, with the corresponding 
ratios for a selected excitation window (A'T = 4 - 8 MeV). In the absence of neutron 
decay, the total number of 7-cascades, equal to the number of detected 7-rays divided 
by the average 7-multiplicity, is readily determined, giving an absolute reference value. 

The excitation intervals Er = 1 - 4 MeV, 4 - 8 MeV (On), 8 - 1 5 MeV (In) and 
20 - 25 MeV (2n) have been chosen sufficiently narrow to avoid significant contributions 
from neighbouring m channels. For checking purposes, both the normalization methods 
(0 and (11) have been used for the On and 2n channels of the odd-target reactions. The 
uppermost excitation gates (AV s= 25 - 40 MeV) contain 7-ray data from the reaction 
channels 2 - 4n. Assuming that only the even isotopes contribute to the 1 MeV structure, 
the peak area has been normalized according to (//), with respect to the summed intensity 
of the ground band lines of the 2n and 4n channels. For the In channel in the reactions 
on even targets, the selected exutation windows correspond to an entry region Er =s 1 -
8 MeV in the final product nucleus. Noting that the general -.-decay pattern is very 
simitar for the On and In channel, alternative (Hi) is applied. 



The most spectacular feature of the function Pt Mev{Ex) is a smooth but pronounced 
decline of the 1 MeV peak intensity with increasing excitation energy. At the lowest 
interval (Ex = 1 - 4 MeV) the probability for choosing a decay path including a 1 MeV 
transition is about 90 ± 10% after ( 3He,a) reactions on the target nuclei I 6 3 Dy and l 7 3 Yb, 
both having K" = 5/2". This extremely high value is partly due to cascades depopulating 
high-A' two-quasiparticle levels at Ex » 2.5 MeV, involving one additional 1 MeV 
transition. In comparison, the corresponding number for the reaction 1 7 1Yb( 3He,a), the 
target having K" = 1/2", is about 65 ± 10%, illustrating the importance of K hindrance 
factors at low excitation energy. For Ex = 4 - 8 MeV, P\ MCV lies within the range 
55 - 65%, and the target dependence is clearly reduced. At Ex ~ 8 - 15 MeV, the 
number of 1 MeV transitions per cascade has fallen to R; 45 - 50%. After emission of 
two neutrons, the initial excitation energy being 20 MeV or higher, the quantity Pt M < !v 
stabilizes at about 30 - 35% and is apparently independent of the target K value. 

Straightforward spin and level density considerations cannot explain the reduction in 
the 1 MeV peak strength. On the contrary, they predict the opposite effect on the decay 
pattern: In the 1 7 lYb( 3He,Qxn) reaction, the average spin for the side-feeding into the 
ground band has been estimated to 4.2 h for die On and 5.5 k for the low-excitation part of 
the 2n channel (Ex x 1 7 - 2 4 MeV) [8]. For a small increase in average spin, e.g. from 
/i to l2, the H<>nj::y of vibrational states seen by the decaying nucleus will actually rise, 
receiving an additional contribution from bands built on bandheads with I\ < A' < / 2 . 
Since the corresponding effective density of ground band states is constant as a function 
of spin, a rise in angular momentum should lead ro enhanced decay via the vibrational 
region. Assuming a distribution of K values given by p(K) oc e-K,/2Ki for A' < / [9| 
and disregarding A' mixing, the fraction of the total population subject to A' hindrance 
(A' > 2) increases with /. Choosing A'0 = 4, in accordance with ref. [4], and a 
compound-like spin distribution, this fraction increases with w 1 0 - 15% when (/) goes 
from 4.2 to 5.5 h. Experimentally, /', M c V is approximately halved for the same spin 
change. 

When the A' hindrance effects vanish, the 1 MeV peak area is expected to reach 
some non-zero lower limit: A statistical decay mechanism will always channel a certain 
fraction of the population through the vibrational region, due to the discontinuous step 
in the level density function at £ , l l n i r l l , , i C ~ A. 

The intensity of the semi-discrete 1 MeV structure has been estimated theoretically 
utilizing the simple decay probability expression P(E'I, E!

r, I,, / /) = £ 3 / ( £•>)/>( E!

r, lj), 
where // takes the values /,, /, ± 1, /(£"-,) is the Lorentzian strength function imposed 
by the giant dipole resonance and /?(£/• ' /)• the Fermi gas level density at final Ex 

and /. The model does not include the A' quantum number, but A' selection effects 
have been roughly simulated by multiplying the ground band level density with the 
inverse global A' hindrance factor desired. The 1 MeV peak area is taken to be the 
number of -/-transitions with E-, = 0.7 - 1.5 MeV originating from the lower part of 
the vibrational region. Identifying the stabilization of l\ M«-V with the saturation effect 
expected at the onset of tot,-.' A' mixing, the width of the feeding window is adjusted 
to give /', M r V as 30 - 35% with a hindrance factor 1. Using the low-energy level 
structure of ' "Yb, a Gauss-shaped spin distribution centered at (/) = 4 and initial 
excitation energies ranging from 4 to 8 MeV, the 1 MeV peak strength is given in table 
1 as a function of the hindrance factor. The quantity l\ \\r\- turns out to be weakly 
dependent upon the detailed band structure of the vibrational region, the spin distribution 
and the excitation gate. 
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The model is too primitive to provide a proper quantitative description of the decay 
pattern and to extract a global K hindrance factor as a function of the excitation energy, 
but may serve as basis for some qualitative speculations. According to the numerical 
relationship found, such an effective hindrance factor, inversely proportional to the 
modified level density of the ground band, decreases with more than two orders of 
magnitude over a 10 - 15 MeV wide excitation interval. The correspondence between 
the ground band level density reduction factor and the true K hindrance per degree 
of forbiddenness is complex. It should be noted that the K > 2 part of the initial 
population is subject to multiple K forbiddenness concerning direct decay to the ground 
band. At low excitation energy, a large part of the (3He,o) cross section results from 
pick-up of neutrons from the upper An/ 2 orbitals, producing high-A- states for which 
the probability for decay into the ground band essentially equals zero, consistent with 
the large P, M „ v values found in this region. 

In summary, with ascending excitation energy after the (3He,o) reaction, we observe 
a diminishing preference for decay via the vibrational region, implying a relaxation of 
the A' selection rules. A clear excess of 1 MeV 7-radiation, which may suggest partial 
A' conservation, seems to exist at least up to Ex ~ 10 - 15 MeV. For Ex > 20 MeV, 
the fraction of all cascades choosing this type of decay path stabilizes at a lower limit of 
approximately 30 - 35%, indicating that significant global A' hindrance effects no longer 
are present. The observed functional dependence P\ M« v (£*) may not be solely due to 
temperature-related structural features, like thermal configuration mixing or deformation 
softness, but may also be affected by more reaction-specific parameters, for ir( stance the 
amount of collective rotation introduced. 

Granted that the intensity of the decay branch through the vibrational region is 
quantitatively connected to the A' hindrance factor, the technique illustrated in this 
work for the ( 3He,a) reaction provides a general method for investigating the mean K 
effects on the decay pattern as a function of excitation energy in even-even deformed 
nuclei at low to moderate spin. The indications of the spin projection A' surviving up to 
Ex ~ 10 - 15 MeV are surprising. However, this result further confirms our conclusion 
from a previous letter [3] about this quantum number being more resistant to mixing 
than expected. 

The authors are grateful to Professor R. Tangen for the making of excellent targets 
and to Mr. E. A. Olsen for his efforts with the accelerator. Financial support from 
"Norges allmennvitenskapelige forskningsrSd (NAVF)" is acknowledged. 
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Table 1: Theoretical 1 MeV peak intensity as a function of the ground band level density 
reduction factor simulating a global K hindrance factor. 

Reduction factor P\ MeV 
1 0.35 
5 0.48 
10 0.52 
50 0.56 
CO 1.00 

6 



Figure captions 

Fig. 1) Ge 7-spectrum showing the individual components of the 1 MeV peak, mea
sured after the 1 7 3 Yb( 3 He,o) I 7 2 Yb reaction. The most intense 7-lines depopulating 
the three lowest excited bands in 1 7 2 Yb are labelled. Insert: The experimental 
(filled circles) and theoretical (open circles) fractions of the total population de
caying via the three bands of interest. 

Fig. 2) Unfolded Nal 7-projections from the ( 3He,axn) reaction on the targets 1 6 2 Dy 
and ' 7 1 , 7 3 Y b . Two different excitation gates, ET = 1 - 8 MeV and Ex = 20 -
25 MeV, are shown for each target nucleus. 

Fig. 3) Average number Pt M e V of 1 MeV peak transitions per 7-cascade as a function 
of excitation energy. The filled circles, open circles and filled triangles represent 
various normalization methods (see text). 
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