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K hindrance in primary ¢y decay after thermal and average resonance neutron capture
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The intensities of primary-ray transitions following thermal and average resonance neutron capture have
been found to display a dependence on the final-ag@antum number. The appardfthindrance effect is
significantly stronger in the thermal than in the average resonance case. After thermal neutron capture, the
intensity distributions indicate that theK*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[S0556-28187)04204-0

PACS numbes): 23.20.Lv, 05.45+b, 25.40.Lw, 27.70tq

INTRODUCTION rate is then reduced by a factor of approximatelyd6—")
[10].

The projectionK of the total angular momentum on the  Utilizing data available from the literature, we have stud-
symmetry axis has proved to be an interesting probe for thied the primaryy-ray transitions after thermal and average
degree of chaos in rare earth nuclei. In a series of recertsonancd ARC) neutron capture, leading to the formation
papers, evidence has been presented for an apparest the deformed nucleil®®Er, 74b, 8Hf (even-even
K-hindrance effect in the primary decay of states populated 1664 17§ | 18214 (odd-odd, and 1"Lu (oddZ), all with
through thermal and average resonance neutron capture Koarger= 7/2 except!™b, which hasK = 5/2. Tables of

defqrmed _nucle[l—5]. This result has met considerable op- primary y rays and level schemes are taken from Refs.
position, since th& quantum number is not expected to be [4,11-17.

conserved at so high excitation enerd@y £6—8 MeV), and
alternative explanations have been presehfed).

It was pointed out by von Egidy6] that the initial states
are anisotropic with respect ¥, even in the case of com-
plete configuration mixing. A weak final-stakedependence o . ;
arises naturally out of thé&-dependent density of basis if K< mixing. Final states WithK values Kiager3/2
states. An interesting idea presented by Harjgmvas that = Kr<Kuargett 3/2 can Dbe reached througiK-allowed
the apparenK hindrance may be due to an entrance-exitdiPole transitions, while transitions to states witk;
channel correlation effect, where resonances having largg 9(1/2). ... Kiager 5/2 are forbidden. _ y
components With; =K ,geft 1/2 in their wave function will The intensities of high energy primary dipole transitions
be favored both in the neutron capture and in the subseque[PM the neutron capture states to low-lying final states with
“allowed” dipole y decay. Barretet al. [8] argued that the Known quantum numbets’K have been investigated. Since
results of[1] were incompatible with the statistical model the transition probabilities depend on the final-state spin and
and, in particular, that the excellent agreement betweeR&'ty, transitions to levels within the same spin-parity
Gaussian Orthogonal EnsemHl8OE) predictions and the 9roups only can be compared directly. It is desirable to be
nuclear data ensembl&IDE) for this mass region requires able to compare all transitions on the same scale, regardless
completeK mixing. This argument was found to be incorrect Of €nérgy and multipolarity. Therefore, dimensionless rela-
by Mottelson[9], since the NDE is a puré=K=1/2 en- tive reduced transition probabilitieg into the various final
semble and thus quite different from the resonance ensembfatesj have been extracted by dividing out theenergy
actually studied herésee next section dependence and the dependence on the final-state spin and

The alternative interpretations listed above represent somfgarity [2]. The quantitie; can then be grouped according to
very valuable ideas about the physics underlying the appafinal-stateK value and, eventually, into one "forbidden
ent K-hindrance effect found experimentally, but neverthe-2nd one “allowed” ensemble. A possibl& dependence

less fail to provide a comprehensive and satisfactory explashould then be revealed as different centroids and possibly
nation of all aspects of the phenomenon. different shapes for the distributions obtained for forbidden

and allowed transitions. An empirical “hindrance factor”

has been defined as the raRe= (x)g /{X) 5, where{x)r and

(x) 5 are the mean relative reduced transition probabilities of
From the low energy regime, it is well known thatya the forbidden and allowed transitions, respectively.

transition K;—K; is K forbidden if AK=|K;—K;|>X, The earlier papersl—5] concluded that there are apparent

whereX is the multipolarity of the radiation. The transition K-selection effects in they decay from the neutron reso-

Sinces neutrons dominate completely at the low neutron
energies used here, the capture states will have spin values
Ii = ltarget= 1/2 @nd paritymager. The usual angular momen-
tum coupling rules giveK; =K 1/2 in the absence

EXPERIMENTAL DATA: ANALYSIS AND RESULTS
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TABLE I. Average reduced relative transition probabilitiés)r and (x), for forbidden and allowed
transitions, and effective hindrance fact®®s=(x)r/(x)5. The numbers of transitions in the various en-
sembles are listed in parentheses.

(X)g (X)a RatioR (X)e (X)a Ratio R
Nucleus (therma) (therma) (therma) (2 keV) (2 keV) (2 keV)
168y 0.76 (18 1.08 (48 0.71 0.94(17) 1.02 (30) 0.92
74yp 0.86 (7) 1.12 (8) 0.77 1.01(7) 1.07 (8) 0.94
178 0.84 (15 1.33 (9) 0.63 0.96(14) 1.05 (10) 0.91
1680 0.72 (17 1.23 (21) 0.59 0.97(19 0.99 (26) 0.97
9y 0.71 (17 1.31 (16) 0.55 1.02(17) 0.98 (13 1.04
182rg 0.60 (7) 1.19 (15 0.50 0.82(6) 1.07 (11 0.76
Ty 0.59 (10) 1.31 (13 0.45
All nuclei 0.73 (91 1.19 (130 0.62 0.96(80) 1.02 (99) 0.94

nance region. Results for the individual nuclei are given in The average resulting distribution of reduced relative
Table I. A striking observation is that thé hindrance seems transition probabilitiex is simply a Porter-Thomas distribu-
more profound in thermal neutron capture than in ARCtion (a x? distribution with one degree of freedgnmvhen one
[2-5]. The hindrance factor®, averaged over all nuclei single resonance is populated. Whemrows very large, it
studied, areRpemm=0.62£0.11 andRapc=0.94+0.09. The  approaches a product distributic{_,xy, x andy being
uncertainties given here are calculated as the standard dewiﬂ'dependent Porter-Thomas-distributed variatl&8]. For
tion of R for the ensemble of nuclei. finite n, the distribution displays a shape intermediate be-
tween a product distribution and g distribution with n
MODEL CALCULATIONS AND COMPARISONS degrees of freedom.
WITH DATA Comparison of theoretical and experimentadistribu-
o ) tions after thermal capture reveals an astonishing difference
In order to explore the statistical behavior of allowed andpetweerk -allowed andK -forbidden transitions, as shown in
forbidden transitions at different neutron energies, the ObFigs. 1a) and Xb). The allowed and forbidden distributions
served transition probability distributions were comparednaye poth different centroids and shapes associated with dif-
with theoretical model calculations. The model constructegerent numbers of initial states(degrees of freedomThe
for simulating the neutron capture and subsequeiecay is  forhidden distribution displays both a large probability for
based on the following simple assumptions. _ very weak transitions and a long tail extending towards high
~ The capture statefi} are described as linear combina- y ya1yes, while the allowed distribution is more concentrated
tions of basis configuration§} weighted by Porter-Thomas- 5rqund its centroid. The allowed transitions roughly follow a
distributed squared amplitudes; . The basis configurations  gistribution corresponding ta,~5 initial states, while the
considered show a direct correspondence with the set of fingfisiribution of forbidden transitions is well reproduced as-
states in such a way that every initial configuration can deca¥>umingn,:%2. Then value expected should be about 4 if the
to one distinct final state only, which for simplicity is re- tharmal neutrons hit between two different resonances for
ferred to by the same ind€Xx}. E_ach resonance is populat_ed both available spin valuds= g 1/2, populating narrow
through one entrance cOMponggfiance the squared ampli- niervals of their tail regions. In the immediate vicinity of
tude of which is drawn from the same Porter-Thomas distriye resonance) would be somewhat smaller.
bution. They decay can then occur through any of the basis  The experimental distributions from average resonance
components into the corresponding final state ~ capture are well described assuming the same number of
The probabilityl’; for transition to a given final state  jpjtial states,n,=ng~110, for both forbidden and allowed
from a total numben of populated resonances is given as ayansitiong Figs. 1c) and Xd)]. This is about the number of
sum over the squared amplitudes; of this configuration in  honylated resonances expected from the energy spread of the
the n populated initial states, weighted by the entrance 2_kev neutron beam. It is interesting to note that the ratio
component squared amplitud@s; - of the respective 1, /n_ is about 2 for the thermal data, but close to unity at
states: ARC energies.
The insets in Fig. 1 show the squared deviations between
experimental and theoretical distributions as a function of
(1) n. The experimental uncertainties are taken to be the square
roots of the numbers of transitions in the various histogram
channels. Thg? minima are rather shallow, but timevalues
The reduced relative transition probabilitigs are deter- obtained agree well with qualitative expectations from visual
mined as(X)expd j/(T'). Here(T') is the average of all calcu- inspection. To give an idea of the uncertaintynintheoret-
latedI"; values, andXx)ey: IS the experimental average value ical distributions forn=1 for thermal data aneh=20 for
for the ensemble considered, ensuring that the theoretical attRC data are shown, as well as foy plotted together with
experimental distributions have the same centroid. the data.

Pi "Jentrance

n
=2, pi
i=1
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FIG. 2. Experimentak distributions for allowed and forbidden
transitions after thermal neutron captusmlid histogramg sepa-

transitions, thermal energies, arid) allowed and(d) forbidden rated into different spin groups=1lgit 3/2, for (a) allowed and

transitions, ARC energies. The data are compared with theoreticép) forbidden transit!ons, ant =l argef- 1/2, for © allgwed and .
x distributions for different numbers of resonancegopen histo- (d) forbidden transitions. The data are compared with theoretical

grams. Insets: squared deviatiop? between calculated distribu- X dis_tributions forn resonancegopen histograms Insets: same as
tions and data for various. for Fig. 1.

FIG. 1. Experimental distributionsolid histogramsof relative
reduced transition probabilitiesfor (a) allowed and(b) forbidden

, ) structure, with the same degree of configuration mixing. The

To demonstrate that the observed pattern is unlikely to bgpserved difference between the two neutron energies re-
an acmdt_antal consequence of limited statistics, we _have splhains a mystery so far, but a few simple speculations about
the transitions into four subsets according to their final-statgy,o underlying physics are presented below.
SPiN, | = larget™ 3/2 andl =1 ageit 1/2. The former group  one possible explanation for the difference between
of transitions originates from only one of the two initial spin 54 na could beK mixing for a subset of the neutron reso-
values possiblel{=iget= 1/2), while the latter may start pances. In that case, thek:allowed” final states can be
from both of them. The split-ensemble experimental datayeached through allowed transitions from all populated
compared Wlth theoretical calcngUons, are d|§played in F'gstates, while the K-forbidden” ones are only accessible
2 (see caption for details Best fits to the various suben- oy the K-mixed initial states. A problem with this expla-
semblgs are Obta'fed with the foIIow'mg_numbElrsf €SO~ nation is that a model assuming two classes of resonance
nances: |1=lagett3/2, Na~4, Ne~1; 11=l1aget"1/2, Na  \yave functions with different degrees & mixing is not
~6, ng~3. The allowed-forbidden difference is obvious in .,nsistent with the observation theg~ng for the ARC
all the individual subsets investigated. It is also interesting tqy4i4

note that the distributions associated Witk | i5gee= 1/2 cOr- Alternatively, the extra degrees of freedom might be as-
respond to approximately twice as many initial states as thgqcjated with the decay instead of the population process.
=1 argef™ 3/2 distributions, as expected. This observationthe guestion is then why the additional exit components,
inspires confidence in the statistical quality of the data anq,ycjusive to the allowed decay, vanish in the ARC case. One
the possib_ility_ of _extracting physically relevant information 5pvious difference between the resonances populated at the
from the distribution shapes. two energies is their neutron width. Since neutron emission
mainly occurs through the higk-entrance component with
an s neutron located in continuum, this configuration and
related ones are expected to contribute less toytlecay at

A satisfactory theory has to explain the striking differenceE,,=2 keV. The mathematical consequences of such an
between the probability distributions foK-allowed and entrance-exit correlation, which goes beyond our simple
K-forbidden transitions, both with respect to centroids andnodel of decay through randomly chosen exit components,
shapes, seen in the thermal, but not in the ARC data. The twoeed to be studied in greater detail.
groups of resonance states, separated in energy by only 2 An intriguing question is whether there might be funda-
keV, are expected to be equivalent with respect to quantahental structural differences between the states populated by

DISCUSSION
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thermal and ARC neutrons. The ARC neutrons, which haveerably stronger at thermal energies, where the effective hin-
an energy spread of several hundreds of eV, will populatérance factoR=(x)r/(x) equals 0.620.11, compared to
~ 107 resonance states, and the resultingistributions will  0.94+0.09 in the ARC data. This seems to indicate a smaller
mainly show the properties of the resonances themselves. Alegree ofK mixing among the states populated by thermal
thermal energies, the resonance states display an averageutron capture, which is quite surprising.
width ~1 eV and spacing-10 eV for a given spin value. Simulations of the neutron capture and the subsequent
The thermal neutrons enter the nucleigi~B,,+1/30 eV  decay have been performed in a schematic model with
with a very small energy spread and are most likely to hitPorter-Thomas-distributed basis configurations. The number
between two resonances, populating a narrow interval obf degrees of freedom needed to reproduce the shape of the
their tail regions. The associated transition probability distri-transition probability distributions measured after thermal
butions will reflect the quantal properties of the resonanceaeutron capture is approximately twice as large for
tails and possibly additional background. One may speculatk-allowed as forK-forbidden transitions. This suggests that
whether the thermal cross section includes some kind of northe higher average intensity &f-allowed transitions may be
resonant states with leg&smixing than the resonances domi- due to a higher number of contributions. In the ARC data,
nating the ARC cross section. It is not clear how such statethe same number of degrees of freedom1(l0) describes
should be modeled mathematically. One possible contributhe distribution shapes regardlesskoforbiddenness.
tion to the nonresonant cross section might be potential cap- The physical interpretation of these results is still uncer-
ture, wherey decay takes place directly from the entrancetain. One possibility is that the allowed transitions after ther-
componen{19]. mal capture originate from a higher number of initial states,

The main objective of this paper has been to present thincluding continuum states between the resonances. Alterna-
experimental results and to point at possible interpretationsively, the number of available initial states may be the same
in a qualitative and nonexhaustive way. To advance fronfor all transitions, but the allowed decay may take place
this point, we plan an empirical study of correlations be-through a higher number of exit components. Since the
tween transition probability and final-state microscopicy-decay pattern after thermal neutron capture seems to indi-
structure, for instance, in terms of the similarity to the en-cate lesK mixing than in the ARC case, one may speculate
trance configuration, as initiated by Solovig0]. More so-  whether the thermal neutrons populate states with kss
phisticated simulations, encompassing possible entrance-exiiixing than the ordinary resonance states.
correlation effects and single-particle selection rules, are Further experimental and theoretical studies are necessary
needed. Experimental studies aimed at understanding thie order to shed light on the physical mechanisms respon-
capture, thermalization, and decay processes and the quangihle for the observed effects.
structure of the narrow resonances and the continuum be-
tween them would be of great value.
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