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K hindrance in primary g decay after thermal and average resonance neutron capture
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~Received 11 December 1996!

The intensities of primaryg-ray transitions following thermal and average resonance neutron capture have
been found to display a dependence on the final-stateK quantum number. The apparentK-hindrance effect is
significantly stronger in the thermal than in the average resonance case. After thermal neutron capture, the
intensity distributions indicate that the ‘‘K-allowed’’ transitions are associated with a higher number of degrees
of freedom than the ‘‘K-forbidden’’ transitions. Possible explanations for the observed phenomena are dis-
cussed.@S0556-2813~97!04204-0#

PACS number~s!: 23.20.Lv, 05.45.1b, 25.40.Lw, 27.70.1q
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INTRODUCTION

The projectionK of the total angular momentum on th
symmetry axis has proved to be an interesting probe for
degree of chaos in rare earth nuclei. In a series of rec
papers, evidence has been presented for an app
K-hindrance effect in the primaryg decay of states populate
through thermal and average resonance neutron captu
deformed nuclei@1–5#. This result has met considerable o
position, since theK quantum number is not expected to
conserved at so high excitation energy (Ex'6–8 MeV), and
alternative explanations have been presented@6–8#.

It was pointed out by von Egidy@6# that the initial states
are anisotropic with respect toK, even in the case of com
plete configuration mixing. A weak final-stateK dependence
arises naturally out of theK-dependent density of bas
states. An interesting idea presented by Hansen@7# was that
the apparentK hindrance may be due to an entrance-e
channel correlation effect, where resonances having la
components withKi5K target61/2 in their wave function will
be favored both in the neutron capture and in the subseq
‘‘allowed’’ dipole g decay. Barrettet al. @8# argued that the
results of @1# were incompatible with the statistical mod
and, in particular, that the excellent agreement betw
Gaussian Orthogonal Ensemble~GOE! predictions and the
nuclear data ensemble~NDE! for this mass region require
completeK mixing. This argument was found to be incorre
by Mottelson @9#, since the NDE is a pureI5K51/2 en-
semble and thus quite different from the resonance ensem
actually studied here~see next section!.

The alternative interpretations listed above represent s
very valuable ideas about the physics underlying the ap
ent K-hindrance effect found experimentally, but neverth
less fail to provide a comprehensive and satisfactory ex
nation of all aspects of the phenomenon.

EXPERIMENTAL DATA: ANALYSIS AND RESULTS

From the low energy regime, it is well known that ag
transition Ki→Kf is K forbidden if DK5uKi2Kf u.l,
wherel is the multipolarity of the radiation. The transitio
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rate is then reduced by a factor of approximately 102(DK2l)

@10#.
Utilizing data available from the literature, we have stu

ied the primaryg-ray transitions after thermal and avera
resonance~ARC! neutron capture, leading to the formatio
of the deformed nuclei168Er, 174Yb, 178Hf ~even-even!,
166Ho, 176Lu, 182Ta ~odd-odd!, and 177Lu ~odd-Z!, all with
K target57/2 except174Yb, which hasK target55/2. Tables of
primary g rays and level schemes are taken from Re
@4,11–17#.

Sinces neutrons dominate completely at the low neutr
energies used here, the capture states will have spin va
I i5I target61/2 and parityp target. The usual angular momen
tum coupling rules giveKi5K target61/2 in the absence
of K mixing. Final states withK values K target23/2
<Kf<K target13/2 can be reached throughK-allowed
dipole transitions, while transitions to states withKf
50(1/2),...,K target25/2 are forbidden.

The intensities of high energy primary dipole transitio
from the neutron capture states to low-lying final states w
known quantum numbersIpK have been investigated. Sinc
the transition probabilities depend on the final-state spin
parity, transitions to levels within the same spin-par
groups only can be compared directly. It is desirable to
able to compare all transitions on the same scale, regard
of energy and multipolarity. Therefore, dimensionless re
tive reduced transition probabilitiesxj into the various final
statesj have been extracted by dividing out theg-energy
dependence and the dependence on the final-state spin
parity @2#. The quantitiesxj can then be grouped according
final-stateK value and, eventually, into one ‘‘forbidden’
and one ‘‘allowed’’ ensemble. A possibleK dependence
should then be revealed as different centroids and poss
different shapes for thex distributions obtained for forbidden
and allowed transitions. An empirical ‘‘hindrance factor
has been defined as the ratioR5^x&F /^x&A , where^x&F and
^x&A are the mean relative reduced transition probabilities
the forbidden and allowed transitions, respectively.

The earlier papers@1–5# concluded that there are appare
K-selection effects in theg decay from the neutron reso
1805 © 1997 The American Physical Society
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TABLE I. Average reduced relative transition probabilities^x&F and ^x&A for forbidden and allowed
transitions, and effective hindrance factorsR5^x&F /^x&A . The numbers of transitions in the various e
sembles are listed in parentheses.

Nucleus
^x&F

~thermal!
^x&A

~thermal!
RatioR
~thermal!

^x&F
~2 keV!

^x&A
~2 keV!

RatioR
~2 keV!

168Er 0.76 ~18! 1.08 ~48! 0.71 0.94 ~17! 1.02 ~30! 0.92
174Yb 0.86 ~7! 1.12 ~8! 0.77 1.01 ~7! 1.07 ~8! 0.94
178Hf 0.84 ~15! 1.33 ~9! 0.63 0.96 ~14! 1.05 ~10! 0.91
166Ho 0.72 ~17! 1.23 ~21! 0.59 0.97 ~19! 0.99 ~26! 0.97
176Lu 0.71 ~17! 1.31 ~16! 0.55 1.02 ~17! 0.98 ~13! 1.04
182Ta 0.60 ~7! 1.19 ~15! 0.50 0.82 ~6! 1.07 ~11! 0.76
177Lu 0.59 ~10! 1.31 ~13! 0.45
All nuclei 0.73 ~91! 1.19 ~130! 0.62 0.96 ~80! 1.02 ~98! 0.94
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nance region. Results for the individual nuclei are given
Table I. A striking observation is that theK hindrance seems
more profound in thermal neutron capture than in AR
@2–5#. The hindrance factorsR, averaged over all nucle
studied, areRtherm50.6260.11 andRARC50.9460.09. The
uncertainties given here are calculated as the standard d
tion of R for the ensemble of nuclei.

MODEL CALCULATIONS AND COMPARISONS
WITH DATA

In order to explore the statistical behavior of allowed a
forbidden transitions at different neutron energies, the
served transition probability distributions were compar
with theoretical model calculations. The model construc
for simulating the neutron capture and subsequentg decay is
based on the following simple assumptions.

The capture states$ i % are described as linear combin
tions of basis configurations$ j % weighted by Porter-Thomas
distributed squared amplitudespi , j . The basis configuration
considered show a direct correspondence with the set of
states in such a way that every initial configuration can de
to one distinct final state only, which for simplicity is re
ferred to by the same index$ j %. Each resonance is populate
through one entrance componentj entrance, the squared ampli-
tude of which is drawn from the same Porter-Thomas dis
bution. Theg decay can then occur through any of the ba
components into the corresponding final statej .

The probabilityG j for transition to a given final statej
from a total numbern of populated resonances is given as
sum over the squared amplitudespi , j of this configuration in
the n populated initial statesi , weighted by the entranc
component squared amplitudespi , j entrance of the respective
states:

G j5(
i51

n

pi , j•pi , j entrance. ~1!

The reduced relative transition probabilitiesxj are deter-
mined aŝ x&exptGj /^G&. Here^G& is the average of all calcu
latedG j values, and̂x&expt is the experimental average valu
for the ensemble considered, ensuring that the theoretica
experimental distributions have the same centroid.
n

ia-

-
d
d
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y

i-
s

nd

The average resulting distribution of reduced relat
transition probabilitiesx is simply a Porter-Thomas distribu
tion ~ax2 distribution with one degree of freedom! when one
single resonance is populated. Whenn grows very large, it
approaches a product distributionS i51

n xy, x and y being
independent Porter-Thomas-distributed variables@18#. For
finite n, the distribution displays a shape intermediate b
tween a product distribution and ax2 distribution with n
degrees of freedom.

Comparison of theoretical and experimentalx distribu-
tions after thermal capture reveals an astonishing differe
betweenK-allowed andK-forbidden transitions, as shown i
Figs. 1~a! and 1~b!. The allowed and forbidden distribution
have both different centroids and shapes associated with
ferent numbersn of initial states~degrees of freedom!. The
forbidden distribution displays both a large probability f
very weak transitions and a long tail extending towards h
x values, while the allowed distribution is more concentra
around its centroid. The allowed transitions roughly follow
distribution corresponding tonA'5 initial states, while the
distribution of forbidden transitions is well reproduced a
sumingnF'2. Then value expected should be about 4 if th
thermal neutrons hit between two different resonances
both available spin valuesI i5I target61/2, populating narrow
intervals of their tail regions. In the immediate vicinity o
one resonance,n would be somewhat smaller.

The experimental distributions from average resona
capture are well described assuming the same numbe
initial states,nA5nF'110, for both forbidden and allowed
transitions@Figs. 1~c! and 1~d!#. This is about the number o
populated resonances expected from the energy spread o
2-keV neutron beam. It is interesting to note that the ra
nA /nF is about 2 for the thermal data, but close to unity
ARC energies.

The insets in Fig. 1 show the squared deviations betw
experimental and theoretical distributions as a function
n. The experimental uncertainties are taken to be the sq
roots of the numbers of transitions in the various histogr
channels. Thex2 minima are rather shallow, but then values
obtained agree well with qualitative expectations from vis
inspection. To give an idea of the uncertainty inn, theoret-
ical distributions forn61 for thermal data andn620 for
ARC data are shown, as well as forn, plotted together with
the data.



b
sp
ta

in
t
ta
ig
-

in
t

th
ion
n
n

ce

n
tw
ly
nt

he
re-
out

-

ed
e
-
nce

as-
ss.
ts,
ne
t the
ion

nd

an
ple
nts,

a-
d by

tic

-

ical

55 1807K HINDRANCE IN PRIMARY g DECAY AFTER . . .
To demonstrate that the observed pattern is unlikely to
an accidental consequence of limited statistics, we have
the transitions into four subsets according to their final-s
spin, I f5I target63/2 and I f5I target61/2. The former group
of transitions originates from only one of the two initial sp
values possible (I i5I target61/2), while the latter may star
from both of them. The split-ensemble experimental da
compared with theoretical calculations, are displayed in F
2 ~see caption for details!. Best fits to the various suben
sembles are obtained with the following numbersn of reso-
nances: I f5I target63/2, nA'4, nF'1; I f5I target61/2, nA
'6, nF'3. The allowed-forbidden difference is obvious
all the individual subsets investigated. It is also interesting
note that the distributions associated withI f5I target61/2 cor-
respond to approximately twice as many initial states as
I f5I target63/2 distributions, as expected. This observat
inspires confidence in the statistical quality of the data a
the possibility of extracting physically relevant informatio
from the distribution shapes.

DISCUSSION

A satisfactory theory has to explain the striking differen
between the probability distributions forK-allowed and
K-forbidden transitions, both with respect to centroids a
shapes, seen in the thermal, but not in the ARC data. The
groups of resonance states, separated in energy by on
keV, are expected to be equivalent with respect to qua

FIG. 1. Experimental distributions~solid histograms! of relative
reduced transition probabilitiesx for ~a! allowed and~b! forbidden
transitions, thermal energies, and~c! allowed and~d! forbidden
transitions, ARC energies. The data are compared with theore
x distributions for different numbersn of resonances~open histo-
grams!. Insets: squared deviationx2 between calculated distribu
tions and data for variousn.
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structure, with the same degree of configuration mixing. T
observed difference between the two neutron energies
mains a mystery so far, but a few simple speculations ab
the underlying physics are presented below.

One possible explanation for the difference betweennF
andnA could beK mixing for a subset of the neutron reso
nances. In that case, the ‘‘K-allowed’’ final states can be
reached through allowed transitions from all populat
states, while the ‘‘K-forbidden’’ ones are only accessibl
from theK-mixed initial states. A problem with this expla
nation is that a model assuming two classes of resona
wave functions with different degrees ofK mixing is not
consistent with the observation thatnA'nF for the ARC
data.

Alternatively, the extra degrees of freedom might be
sociated with the decay instead of the population proce
The question is then why the additional exit componen
exclusive to the allowed decay, vanish in the ARC case. O
obvious difference between the resonances populated a
two energies is their neutron width. Since neutron emiss
mainly occurs through the high-K entrance component with
an s neutron located in continuum, this configuration a
related ones are expected to contribute less to theg decay at
En52 keV. The mathematical consequences of such
entrance-exit correlation, which goes beyond our sim
model of decay through randomly chosen exit compone
need to be studied in greater detail.

An intriguing question is whether there might be fund
mental structural differences between the states populate

al

FIG. 2. Experimentalx distributions for allowed and forbidden
transitions after thermal neutron capture~solid histograms!, sepa-
rated into different spin groups,I f5I target63/2, for ~a! allowed and
~b! forbidden transitions, andI f5I target61/2, for ~c! allowed and
~d! forbidden transitions. The data are compared with theoret
x distributions forn resonances~open histograms!. Insets: same as
for Fig. 1.
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1808 55I. HUSEBY et al.
thermal and ARC neutrons. The ARC neutrons, which h
an energy spread of several hundreds of eV, will popu
;102 resonance states, and the resultingx distributions will
mainly show the properties of the resonances themselves
thermal energies, the resonance states display an ave
width ;1 eV and spacing;10 eV for a given spin value
The thermal neutrons enter the nuclei atEn'Bn11/30 eV
with a very small energy spread and are most likely to
between two resonances, populating a narrow interva
their tail regions. The associated transition probability dis
butions will reflect the quantal properties of the resona
tails and possibly additional background. One may specu
whether the thermal cross section includes some kind of n
resonant states with lessK mixing than the resonances dom
nating the ARC cross section. It is not clear how such sta
should be modeled mathematically. One possible contr
tion to the nonresonant cross section might be potential c
ture, whereg decay takes place directly from the entran
component@19#.

The main objective of this paper has been to present
experimental results and to point at possible interpretati
in a qualitative and nonexhaustive way. To advance fr
this point, we plan an empirical study of correlations b
tween transition probability and final-state microscop
structure, for instance, in terms of the similarity to the e
trance configuration, as initiated by Soloviev@20#. More so-
phisticated simulations, encompassing possible entrance
correlation effects and single-particle selection rules,
needed. Experimental studies aimed at understanding
capture, thermalization, and decay processes and the qu
structure of the narrow resonances and the continuum
tween them would be of great value.

SUMMARY AND CONCLUSIONS

The primaryg decay of an ensemble of well-deforme
nuclei after thermal and 2-keV neutron capture reveals a
nificant difference in the average transition probabilities
K-allowed andK-forbidden transitions. The effect is consid
e
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erably stronger at thermal energies, where the effective
drance factorR5^x&F /^x&A equals 0.6260.11, compared to
0.9460.09 in the ARC data. This seems to indicate a sma
degree ofK mixing among the states populated by therm
neutron capture, which is quite surprising.

Simulations of the neutron capture and the subsequeg
decay have been performed in a schematic model w
Porter-Thomas-distributed basis configurations. The num
of degrees of freedom needed to reproduce the shape o
transition probability distributions measured after therm
neutron capture is approximately twice as large
K-allowed as forK-forbidden transitions. This suggests th
the higher average intensity ofK-allowed transitions may be
due to a higher number of contributions. In the ARC da
the same number of degrees of freedom (;110) describes
the distribution shapes regardless ofK forbiddenness.

The physical interpretation of these results is still unc
tain. One possibility is that the allowed transitions after th
mal capture originate from a higher number of initial stat
including continuum states between the resonances. Alte
tively, the number of available initial states may be the sa
for all transitions, but the allowed decay may take pla
through a higher number of exit components. Since
g-decay pattern after thermal neutron capture seems to i
cate lessK mixing than in the ARC case, one may specula
whether the thermal neutrons populate states with lesK
mixing than the ordinary resonance states.

Further experimental and theoretical studies are neces
in order to shed light on the physical mechanisms resp
sible for the observed effects.
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y

.

H. Börner, F. Hoyler, S. J. Robinson, K. Schreckenbach,
Krusche, U. Mayerhofer, G. Hlawatsch, H. Lindner, T. vo
Egidy, W. Andrejtscheff, and P. Petkov, Phys. Rev. C44, 2801
~1991!.

@16# R. G. Helmer, R. C. Greenwood, and C. W. Reich, Nucl. Ph
A168, 449 ~1971!; R. B. Firestone, Nucl. Data Sheets54, 307
~1988!.

@17# B. Michaud, J. Kern, L. Ribordy, and L. A. Schaller, Helv
Phys. Acta45, 93 ~1972!.

@18# P. G. Hansen, B. Jonson, and A. Richter, Nucl. Phys.A518, 13
~1990!.

@19# A. M. Lane and J. E. Lynn, Nucl. Phys.17, 563 ~1960!; 17,
586 ~1960!.

@20# V. G. Soloviev, Phys. Lett. B317, 501 ~1993!.


