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The energy-corrected intensities of the primary + transitions in ®¢Ho following thermal and
average resonance neutron capture are calculated from data available in the literature. The v decay
of this odd-odd nucleus shows the same K dependence as earlier seen in the even-even nuclei *®*Er

and 7%Hf.

PACS number(s): 23.20.Lv, 05.45.+b, 25.40.Lw, 27.70.4+q

In a recent study [1] of !*®Er and '7®Hf the intensi-
ties of primary -ray transitions from neutron resonance
states to low-lying states with known K quantum num-
bers were analyzed. The conclusion was that the capture
states had to be assigned K quantum numbers in order
to explain the observed <-ray intensity distribution. If
one assumes that the capture states have good K val-
ues, it was found that the average transition rates to
states which are forbidden according to normal K se-
lection rules were significantly lower than for K-allowed
transitions. This was interpreted as a possible K hin-
drance, which implies that the K quantum number still
has some meaning in the resonance region. The result is
in conflict with the common opinion that states in this
energy region have a completely chaotic quantal struc-
ture [2].

When this possible K hindrance was first published
[3] it met significant opposition. Barrett et al. [4] argued
that the results were in conflict with the statistical model,
and after reexamining the tabulated data, they claimed
that our results were not in agreement with these data.
As a consequence of this criticism, we went through a
new detailed analysis which still maintained a significant
K dependence in the « decay [1].

In this work the reported decay properties of %6Ho
after both thermal and average resonance neutron cap-
ture [5-9] have been investigated. The fact that %¢Ho
is an odd-odd nucleus introduces new aspects compared
to the even-even '%8Er and 7®Hf nuclei. Because of the
strong pairing effect, most of the states in the low-energy
region of the even-even system are vibrational states or
two-quasiparticle states with significant correlations. In
the odd-odd system the lowest regime is characterized by
two-quasiparticle states which produce blocking of both
the neutron and the proton orbitals. This results in a sig-
nificant reduction of the pair correlations for both par-

ticle types. In addition, the capture states in odd-odd-

systems lie about 1.5 MeV lower than in even-even sys-
tems. Hence, it is interesting to see whether there are any
differences between odd-odd and even-even nuclei with
regard to K dependence in the v decay.

Below, a short review of the method of analysis is
given. A more detailed description is given in Ref. [1].
The ground state of the target nucleus ®*Ho has K™

equal to %-. The spin of the capture states are therefore
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restricted to 3 and 4 due to the dominance of s-wave cap-
ture. According to usual spin selection rules, all states
with spin J = 2 — 5 are then, in principle, accessible
through direct dipole transitions.

If K is still a good quantum number in the resonance
region, the capture states will have a K value equal to 3
or 4, and transitions to states with K = 0,1 should be
hindered. In the following, transitions to states with K =
0,1 are called forbidden, and those to states with K = 2—
5 are called allowed, in accordance with the procedure
described in Ref. [1].

In order to compare the transition rates, it is necessary
to correct for the y-energy dependence. This is done by
dividing the intensity of each transition by E5. There
might be some dispute about the exponent of 5, but the
results are not very dependent on the exact value of this
parameter [3].

The transition probability also depends on the spin
and parity of the final state. Without detailed knowl-
edge about the structure of both states involved in the
transition, this spin dependence is difficult to predict. We
therefore determined the average energy-corrected inten-
sity, (I(J, m)), for each group of final states with the same
spin and parity. Finally, the energy-corrected intensity
of each individual transition is represented by the ratio

z; = Li(J,7)/(I(J, 7)) . (1)

A possible K dependence should now be revealed in the
distribution of = values obtained for the forbidden and
allowed transitions, respectively. One may introduce an
empirical “hindrance factor” as the ratio (z)p/(z)a of
the centroids of the two distributions.

According to the literature, there is some dispute
about the assignments of some of the levels in '%¢Ho.
Therefore the analysis has been done first by using the
assignments reported in Ref. [7] with the addition of the
new bands assigned in Ref. [8], see Table I. It is then
redone using the assignments of Ref. [9], see Table II
Level schemes including all J = 2-5 levels with known
K values are shown in Figs. 1 and 2 for the two sets of
assignments, respectively.

When using the assignments of Ref. [9], there are only
forbidden transitions to 3~ and 5 states, and conse-
quently there are no allowed transitions with which to
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compare the intensities. These transitions are therefore
excluded. For the same reason transitions to 37, 4, and
5~ states are excluded when the assignments of Refs.
[7,8] were used. Transitions to levels with no reported
intensities are also excluded.

In order to decide whether a transition is forbidden or
allowed, the K quantum number of the final state must
be well established. The 3% level at 593 keV, the 41 level
at 672 keV, and the 57 level at 770 keV have uncertain K
values and are therefore excluded before the = values are
calculated. They are, however, used when the average
intensities (I(J, 7)) of transitions to the respective spin
and parity groups are calculated.

It is also necessary to exclude transitions due to Cori-
olis coupling. Even a small admixture of K > 2 com-

TABLE 1. Energy-corrected intensities and z values of
transitions to levels with known K values. The assignments
are taken from Refs. [7,8].

Final state Thermal n capture ARC
E.(keV) I'K I,/E} T L,/E} z

54 270 1.00 0.18 1.00 0.88
171 370 11.55 1.84
180 470 2.59 2.38
191 3*3 69.70 2.05 10.85 1.18
261 4*3 27.84 0.88 11.15 1.17
264 55 no 3.76 0.64
330 570 1.26 0.97
348 573 1.70 0.11 6.20 1.06
372 44 80.70 2.54 12.58 1.32
390 271 no no
416 271 5.63 1.00 0.92 0.80
430 2%2 213.37 2.89 7.44 1.39
465 21 6.81 0.09 3.66 0.68
469 371 no no
471 574 34.00 2.20 6.85 1.17
476 371 29.40 1.82
482 3t2 53.16 1.57 7.66 0.83
522 3*t1 9.38 0.28 9.27 1.01
543 471

8.30 0.96
544 471
548 4*2 10.86 0.34 8.11 0.85
559 414 48.69 1.53 9.35 0.98
563 272 10.24 1.82 1.50 1.32
593 3%(3) 26.53 10.12
595 270 no no
598 4t 19.27 0.61 10.32 1.09
605 21 1.33 0.01 4.98 0.93
628 571 1.36 0.60
634 572 2.18 0.14 7.26 1.24
662 3*t1 10.90 0.32 8.21 0.89
672 47%(3) no 6.89
682 571 no no
693 51 18.68 1.23 6.05 1.04
724 370 1.18 0.52
736 4t1 3.28 0.10 8.15 0.86
758 470 no no
770 5%(3) 19.10 4.87
832 5+1 18.27 1.11 5.87 1.01
926 570 1.07 2.22

ponents in the final states with K equal to 0 or 1 may
influence the transition probabilities to these states. On
the other hand, admixtures of low K values in the states
with K > 2 reduce the transition probability by only a
small factor. Transitions to obviously perturbed states
with K = 0,1 have therefore been excluded.

In order to decide which levels to exclude, the exper-
imental Routhians [10] versus rotational frequency have
been investigated. The Routhians depend on the align-
ment of the spin along the rotational axis. Usually the
Coriolis coupling to other bands is different for the two
signatures of the band, giving rise to so-called signature
splitting. The Routhian with the highest average K value
is less favored in energy. According to this analysis, the
37 and 57 members of 3 bands have admixtures of higher
K values. However, these states have already been re-
moved in our analysis because there are no allowed tran-
sitions to 37 and 5~ states. No levels are therefore ex-
cluded due to Coriolis coupling.

The energy-corrected intensities and the z values of
the transitions to the various levels are shown in Tables I
and II for the two sets of assignments, respectively. The

TABLE II. Energy-corrected intensities and z values of
transitions to levels with known K values. The assigments
are taken from Ref. [9].

Final state Thermal n capture ARC
E.(keV) I"K L,/E} z L,/E} z

54 270 1.00 0.20 1.00 1.04
171 370 11.55 1.84
180 470 2.59 0.30 2.37 1.30
191 3t3 69.70 2.05 10.85 1.17
261 4*3 27.84 0.91 11.14 1.18
264 5%5 no 3.75 0.64
330 570 1.26 0.97
348 5%3 1.70 0.11 6.19 1.06
372 474 80.70 2.63 12.57 1.34
416 271 5.63 1.13 0.91 0.95
430 2%2 213.37 2.89 7.44 1.38
465 2*1 6.81 0.09 3.65 0.68
471 574 34.00 2.56 6.85 1.18
476 371 29.40 1.82
482 3t2 53.16 1.57 7.66 0.83
522 3t1 9.38 0.28 9.27 1.00
544 272 8.30 1.67 0.95 0.99
548 412 10.86 0.35 8.10 0.86
563 471 10.24 1.19 1.50 0.82
593 3%(3) 26.53 10.11
597 372

19.27 10.32
598 41
605 2t1 1.33 0.02 4.97 0.92
634 572 2.18 0.14 7.25 1.25
658 571 9.75 1.04
662 3+t1 10.90 0.32 8.21 0.89
668 472 12.92 1.51 1.60 0.87
672 4%(3) no 6.89
736 41 3.29 0.11 8.14 0.86
758 572 no no
770 5%(3) 19.10 4.87
832 5t1 18.27 1.21 5.87 1.01
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transitions that are excluded for some of the reasons dis-
cussed above are tabulated without z value. The inten-
sity distributions of the forbidden and allowed transitions
are shown in Fig. 3. In Table III the average energy-
corrected intensities for forbidden (z)r and allowed (z) 4
transitions and the ratio (z)r/(z) 4 are listed.

For the thermal neutron data, the ratio of forbidden-
to-allowed transition intensities is 0.33, regardless of
whether the assignments of Refs. [7,8] or Ref. [9] are used.
In '%8Er and 7®Hf this ratio is 0.54 [1], thus the K de-
pendence is even more pronounced in %6Ho.

The ARC data are not very sensitive to which set of
assignments are used either. The ratio of forbidden-to-
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allowed transition intensities is 0.84 and 0.89 for the as-
signments of Refs. [7,8] and Ref. [9], respectively. The
result obtained for the ARC data in ®8Er and 7%Hf is
0.84; see Ref. [1].

It is essential to investigate the stability of the 66Hf
results with respect to possible variations in the level
scheme. Hence we have analyzed the consequences of
including doublets and tentative level assignments. A
prescription for analyzing doublets was developed in Ref.
[1]. When the doublet consists of two states with opposite
parity, the mean energy-corrected intensity of the M1
transitions to states of the spin of interest is subtracted
from the total intensity of the doublet. The difference in
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FIG. 3. The number of transitions as a function of the rel-
ative energy-corrected intensity z. The assignments of [7,8]
and [9] are used in the upper and lower part of the figure,
respectively.

intensity is assigned to the E1 transition. This method is
justified by the fact that the E1 intensity is on the average
five times larger than the M1 intensity. It is considered
to be particularly reliable when applied to the ARC data.

The only doublet in the present data set is the 5645
keV peak, which according to the assignments of Ref.
[9] consists of transitions to both the J*K = 372 and
4711 states. This transition has been excluded so far,
but the effect of including it has been tested in order to
check the sensitivity of the data. Using the prescription
of Ref. [1], the ratio of forbidden-to-allowed transitions
is reduced from 0.33 to 0.30 in the thermal neutron case,
while there is no effect in the ARC case.

Recently, Balodis [11] presented 17 new assignments
of relevance for the present analysis, in addition to those
given by Ref. [9]. Although these assignments must at
present be considered to be tentative, we have investi-
gated the effect on the ratio between forbidden and al-
lowed transitions. One particular assignment requires
specific comment. Balodis [11] suggests a new J"K =
575 level at 431 keV, which together with the JK = 272
at 430 keV forms a doublet. According to our method of
analyzing doublets described above, the average intensity
of the 5~ -states is subtracted from the total intensity, and
the difference in intensity is assigned to the J*K = 272

TABLE III. The number of forbidden Ng and allowed
N4 transitions, the average energy-corrected intensities for
forbidden (z)r and allowed (z)4 transitions, and the ratio
(z)F/(z)a for the thermal neutron and the ARC data and for
the two different sets of assignments.

Nr  Na  (2)F (z)a  (x)r/(2)a
Thermal [7,8] 10 11 0.49 1.46 0.33
ARC [7,8] 10 12 0.92 1.10 0.84
Thermal [9] 10 11 0.49 1.46 0.33
ARC [9] 10 12 0.95 1.07 0.89

state. According to the analysis described above, the 3~
and 5~ members of the ground band should be excluded
due to Coriolis coupling. However, these exclusions do
not change the ratio of forbidden-to-allowed transition
rates.

For the thermal neutron data, the averaged energy-
corrected intensities of the forbidden and allowed transi-
tions now become (z)r = 0.68 and (x) 4 = 1.27, respec-
tively. This gives a ratio of (z)r/(z)4 = 0.54.

Applied to the ARC data, these new assignments give
averaged energy-corrected intensities of (z)r = 0.97 and
(z) 4 = 1.00 for the forbidden and allowed transitions, re-
spectively. This gives a ratio of (z)r/(z) 4 = 0.97. Hence
the effect seems to vanish in the ARC data combined with
the level scheme of Ref. [11].

In conclusion, the gamma decay of %6Ho after ther-
mal neutron capture shows a significant suppression of
so-called K-forbidden primary transitions. These new
findings are consistent with the %8Er and 7®Hf data,
and demonstrate that the apparent K-hindrance effect is
present in odd-odd as well as even-even nuclei.

The difference between the results for thermal and
ARC neutron energies remains unexplained so far. This
discrepancy gives rise to some uncertainty with respect to
a direct causal connection between the observed correla-
tion and a conserved K quantum number for the capture
state. In order to illuminate the structural or dynam-
ical mechanisms responsible for the phenomenon, it is
important to understand why the effect is attenuated in
the ARC data.
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FIG. 3. The number of transitions as a function of the rel-
ative energy-corrected intensity z. The assignments of [7,8]
and [9] are used in the upper and lower part of the figure,
respectively.



