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Reduced neutron widths in the nuclear data ensemble: Experiment and
theory do not agree

P. E. Koehle?
Physics Division, Oak Ridge National Laboratory,Oak Ridpd 37831

Abstract. | have analyzed reduced neutron widti§)(for the subset of 1245 resonances in the nuclear data
ensemble (NDE) for which they have been reported. Random matrixytiB&T) predicts for the Gaussian
orthogonal ensemble (GOE) that these widths should follgy¢ distribution having one degree of freedom
(v = 1) - the Porter Thomas (PT) distribution. Using the maximum-likelihood (Mchnique, | have determined
that therS values in the NDE are best described byZadistribution havingy = 0.801+ 0.052, which is 3.8
standard deviations smaller than predicted by RMT. | show that this strik#ageement is most likely due to
the inclusion of significanp-wave contamination to the supposedly penwave NDE. Furthermore, when an
energy-dependent threshold is used to remov@wvave contamination, ML analysis yielals= 1.217+ 0.092

for the remaining data, still in poor agreement with the RMT prediction forGR¥E. These results cast very
serious doubt on claims that the NDE represents a striking confirmati@ividt

1 Introduction Table 1. NDE nuclides.
The nuclear data ensemble (NDE) [1,2] is a set of 1407 Nuclide = Nes  Emx (keV) Virin Vpf
resonance energies consisting of 30 sequences in 27 dif- 645, 103 367.55 1 35024 1.54+029
ferent nuclides. The ensemble was assembled to test pre- ez, g5 29763 068023 0.74+8%
dictions of random matrix theory (RMT) [3]. Fluctuation sz, 45 24720 0.78027 0.95+038
properties of resonance energies in the NDE were found to  114cqg 17 3.3336 0.3505% 2.0+13
be in remarkably close agreement with RMT predictions 1525 70 3.665 1.14027 1.55+049
for the Gaussian orthogonal ensemble (GOE). Hence, the 1545m 27 3.0468 0.76338 1.32+08
NDE often is cited as providing striking confirmation of ~ **'Gd 19 0.2692 0.44028 0.49%%
RMT predictions for the GOE. %6Gd 54 1.9908 1.2205¢ 1.44:0%
Reduced neutron widthg'{) have been reported fora ~ '%Gd 47 3.9827 0.75,% 117405
subset of 1245 resonances in the NDE, consisting of 14 '*°Gd 21 3.9316 0.5503% 0.83% 72
to 178 measurements for 24 nuclides, as given in Table 1. **Dy 18 0.4301 0.832; 1.41%%%,
Note that the number of resonances for the Gd isotopes Dy 46 2.9572 1.02y5 0.99%5%3
in Ref. [2] are incorrect, and that one resonance'f3n 11‘2‘;Dy 20 2.9687 0-825% 2-3%2(2319
(at 1920.9 eV) does not have a measured neutron width, _Er 109 4.1693 0.8517 1.85%04
and so there are only 40 instead of 41 resonances for this mEr 48 4.6711 O'SQgigj 1.32%55;
P ; Er 31 4.7151 0.3653% 3.6+18
nuclide included in my analyses. 172y 55 3.9000 07103 0,703
If the GOE correctly describes the data, RMT predicts 174y 19 39877 0.8683‘2‘?‘ 1'29;8%5
these widths should follow g distribution having one de- 176y 23 3'9723 0'0&838 1'05;8;22
gree of freedomy = 1) - the Porter Thomas (PT) distribu- 18 ' et .
2N 40 2.6071 0.76 1.50
tion. In Ref. [2] the maximum-likelihood (ML) technique 184y 30 2 6208 06203 0.99+054
was used to obtain the most likely value ofor a sub- 186 14 11871 193078 1307083
set of the NDE data and it was concluded that there was 2s21, 178 5988 0. 76013 1787088
satisfactory accord between theory and experiment. How- 23, 146  3.0151 079 0.12 107039
ever, there are several problems with the analysis of Ref. wA. 1245 - 0.801+ 0.052 1_217_[8?692

[2], which | will describe below. | find that when the data
are analyzed more carefully, they do not agree with RMT
predictions for the GOE.

For the remained of this paper when referring to the target, and neutron, respectively) in the definition of the

NDE data, | will include the spin statistical factgr = reduced neutron width, replacind) with ¢I"}. Although
2+L__ (whereJ, |, and j are spins of the resonance, all the target nuclides considered have- 0, and hence

) J = 1/2 andg = 1 for swave resonances, | will show
a e-mail:koehlerpe@ornl.gov below that the NDE almost certainly ffers from signifi-
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cantp-wave contamination. There are two resonance spins
possible fop-wave resonances for these nuclidés; 1/2

or 32, and henceg = 1 or 2, which remain undetermined. 10 ‘ :
In these cases, the reported neutron widths are essentially [e T L. °
gly, andgl® = gI'y/ VE, are "dfective” reduced neutron N °.
widths rather that the true reduced neutron widthspfor ‘azlo-z . * Y. o
wave resonances. X * «
£ o [ °
? ®
Q” °
. . o 10° .
2 Importance of threshold in ML analysis
of neutron widths .
To perform a meaningful ML analysis, the data should be *0 0 el 2 20

complete (no missing resonances) and pure (all resonances
have the same parity), or the analysis technique must take
into account the incompleteness of the data, and at leasf9- 1. Minimum reduced neutron widths, normalized to the re-
attempt to assess the purity of the data. Along these lines; spective averages, for each of the nuclides in the NDE, versus
there are at least four important limitations of experinsent Mass number.
from which the NDE data were obtained that must be taken
into account.
First, every experiment has a finite threshold below which

widths are not observed. Therefore, even if a puveave o F - -
sequence of resonances could be obtained from a measure- e ? &%M o 2 "3;«, g;&
ment, it will very likely not be complete. Hence, the ne- - B%x‘%% !;%}g'; ﬂ;’% &:;2 ; |
cessity of using a threshold in the ML analysis to obtain & f”‘i}x»’i%”i‘i"& ﬁii o "fgi"&?g b ;g
from the data was realized from the beginning [4] of such ';.710,1 &;éf Y xéjxié:?}&é i&’&g*‘“%g%g 13 f,g%gi:?‘ ]
analyses. S Fagiig. BIFe %6 Lriels B8 By e P
A second important limitation is that all experiments EI ,X”f;lzw@‘%g‘*%ff?;&%%* §F " %ﬁg’“@ e ]
have a threshold below which they cannot distingugsh oo Fo © o o
from p-wave resonances. Therefore, unless some indepen- 10°H8 NDE ‘
dent means exists for reliably separating resonances of op- ° . © P wave or uncertain parity |
posite parity, a threshold may again be needed to ensure 0.0 0.2 0.4 06 08 10
that the data are all of the same parity [5]. BB ma

A third consideration related to threshold may also be

important when analyzing a set of widths comprised of Fig. 2. All 1245 reduced neutron widths in the NDE (X’s). Data

many subsets from fierent nuclides: Each experiment from for each nuclide have been normalized to their respective average

which the data were obtained may have had féet#nt  reduced neutron widths and maximum energies. Circles depict

threshold. Therefore, if the data are analyzed using a sin-those resonances which have been identified as lpewaye or

gle threshold, it must be at least as high as that for the nu-of uncertain parity.

clide having the highest threshold. In Ref. [2], a subset of

1182 widths from the NDE was analyzed using a common

energy- Independent threshold. In Fig. 1, minimum reduced used, as is the case in all previous ML analyses of which

neutron WldtthiFn min)» NOrmalized to their respective av- | am aware, it must be at least as high as the threshold at

erage reduced neutron widths ¢ >) are shown for the  the maximum energy. However, using such a high thresh-

NDE nuclides. As can be seen, the individual data sets ap-old will exclude much of the data and result in reduced

pear to have widely varying sensitivities. Hence, using a Statistical precision.

common threshold in the ML analysis could lead to a sys-  The dfect of a measurement threshold on a pure set of

tematic error in the returned value @funless a threshold  s-wave resonances, and the systematic error caused by as-

at least as high as the maxmuyﬂo WARS gI'% > was suming all resonances have been observed are illustrated

used. However, using a threshold th|s high on the entirein Fig. 3. Integral plots of? distributions having’ = 0.5,

data set will exclude much of the data from the analysis, 1.0, and 2.0 are shown in the top part of this figure. As

and hence will result in reduced precision. can be seen, the distribution narrowsyamcreases. The
The fourth potential problem is that the experimental middle part of this figure shows-a= 1 distribution be-

thresholds are energy dependent. This fact is evident infore and after a threshold proportional to resonance energy

Fig. 2 in which all 1245 neutron widths in the NDE are (e.g.,/' > aE,, whereais a constant) has been applied, re-

shown as a function of resonance energy. In this figure, it sulting in the loss of some small widths. The bottom part of

can be seen that there are fewer small widths observed ashis figure shows the same incomplete- 1 distribution,

the energy increases. Causes for tifisa are explained in  after it has been renormalized assuming that all widths had

Ref. [6]. Therefore, if an energy-independent threshold is been observed. It is compared to the samel and 2 dis-
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3 An improved ML analysis of the NDE
neutron widths

1.0 [~

\ — v=05 The PT distribution is a special case of the clasg®odis-
\ TTv=lem tributions:
— V. VYir 1 vy
Ply,v.y)dy = ——~(5=)2 exp-=)dy, (1)
2G(3) "2y 2y

where P(y, v,y) is the probability,y the degrees of free-
dom, y the reduced neutron wid#S, 5 the average re-
duced width< g1} >, andG(}) is the gamma function for

3. For the PT distributiony = 1. As was done in Refs.
[2,5], | assumed that reduced neutron widths were dis-
tributed according to Eq. 1 and the maximum-likelihood
technique was used to determine the most likely values of

Fraction Above ( I %/<r %>)Y2

1.0 N o it thresh (renorm) vand< gI' >. However, as discussed above, the method
, —_— y=2 ' ' was improved by allowing the threshold to be energy de-
pendent. Therefore, the probability distribution considie
051 was
_ P(y,v,y)dy
0.0 F(y.yt.v.y)dy = 2

E. 00 —
E12 fyt P(y, v, y)dydE

whereE; andE; are the lower and upper neutron energy
limits of the data used, and the thresholdyadi is defined

by y; = aEP, with a andb being constants. The likelihood
function forn widthsys,....,yn, was constructed

(rn0/<rn0>)1/2

Fig. 3. Top: Threey? distributions withy = 0.5, 1, and 2. Plotted
are the fraction of widths greater than the square root of a given
width versus the square root of the width (normalized to the av-
erage width). Middle: Porter-Thomas (PT) distributions before
(solid curve) and after (dashed curve) application of a threshold
of the formr"® =z aE,, whereais a constant. This threshold causes
small widths to be excluded. Bottom: The solid curve is the same . _ .
PT distribution as in the top two panels. The dashed curve is the@Nd €valuated on a grid efindy, glnd the maximum found.
same dashed curve as in the middle panel, after being renormal- _ Uncertainties inv and < ¢I'; >, due to finite sam-
ized assuming all widths had been observed. The long-dashed?ling errors, typically [5] are determined by assuming that
curve is ay? distribution fory = 2. See text for details. each parameter (for a given value of the other parameter)
is Gaussian distributed about the optimum value; hence, it
follows that the variance inis given byo? = —[6%L/6v?] L.
However, | found that this procedure tended to underes-
timate the uncertainty im, in the direction of increasing
tributions in the top part of the figure. As can be seen, the v, wheny was substantially smaller than one. Therefore, |
renormalized "data” agree much better with the 2 dis- employed an alternative, more conservative method. Curves
tribution, hence illustrating the general result that gsio of L as functions ofy were calculated in both directions
or too low an analysis threshold in an ML analysis of a from the optimum value. For each valuewgk ¢gI'? > was
data set with missing small widths will tend to result in a allowed to vary until the maximunh was found. These
falsely large value of. On the other hand, using too low an curves were found to be very close to Gaussian in shape,
analysis threshold can, in certain circumstances, have theand hence two values of, were calculated from the points
opposite &ect. For example, becaugewave resonances in each direction where the function was’/? of its max-
have, on average, much smaller neutron widths, includingimum. In all cases, the smaller of these two uncertainties
a few p-wave resonances in an otherwise pure and com-was at least as large as that calculated using the standard

n
L(ybv’y) = H F(yi,yt,V,y)
i=1

®3)

pletes-wave set will tend to result in a falsely small value
of v. In addition, for such g@-wave-contaminated set, the
value ofy returned from a ML analysis will tend to sys-
tematically increase as the analysis threshold is raised.

To minimize the #&ects of the above problems | have
done separate ML analyses for each nuclide in the NDE

technique. When calculating the weighted average for the
NDE, | used variances in the direction towands= 1 as
weights.

Thresholds (oryl'%) were of the formy, = aE (i.e.
b = 1) for two reasons. First, this form appeared to repro-
duce the energy dependence of the minimum widths for
most nuclides in the NDE. Second, this form eliminates,

using separate energy-dependent thresholds. A weightedo good approximatiorp-wave contamination equally ef-
average of these results is then compared to theory, as exfectively at all energies. This is because the penetrabil-

plained in the next section.

05001-p.3
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onances above these threshold curves were observed. Be-
cause experiment thresholds might not be precisely sharp,
such an assumption might be expected to resulhalues

X X 114,
2 Xxg 3 < which are systematically a bit large. Hoyveve(, the Weightgd
wi| o0 , average of the results for the 24 nuclides in the NDE is
& v = 0.801+0.052, which is 3.8 standard deviations smaller
1072 ey 1 % ) than the expected result of= 1 for the GOE. Degrees-of-
10° freedom values for each of the NDE nuclides at these mini-
0 mum thresholds are given in column fout,) of Table 1.

10’ SO K o K §3 } According to Ref. [7], transition strength distribution®a
oo X %>><<:x X%Xéx XXX;%;? 8 j[ expected to become gradually widergradually decreas-
'am,l 9 “x%w& &’;1";“; EZ %ﬁ; J[ J[ Jf ing from 1) as the system becomes more regular. Hence,
S x;'x':@xg@ ° h 2 i the resulty = 0.801+ 0.052 could be interpreted as evi-
w07 | - glﬁ% oo dence that the nuclides in the NDE are more regular than

10 b ' 8, Er chaotic. A more likely explanation is that the NDE con-

) tains sizeabl@-wave contamination. In either case, this re-

ol R I sult for v casts serious doubt on claims [1, 2] that the NDE

10° ; @i‘gﬁ &fﬁ‘ﬁ’&xﬁ, , % represents a striking confirmation of RMT predictions for

- XQ‘_‘%_X.&xf%;X%é {(% % % % % the GOE.

102 |4 é?i egx o 1 g

(=] 232Th 232-|—h
w0’ 0 4 Cleansing the NDE of p-waves
0.0 E/OES 1.0 0.0 0.2 T 0.4 0.6

That the NDE is contaminated kywave resonances is
evident in Figs. 2 and 4. In these figures, resonances in the
Fig. 4. Left: normalized reduced neutron widths versus normal- NDE that have_ been 'den,t'f'ed (in Refs. [8] and [9] and, ref-
ized resonance energies f8Cd, 166Er, and232Th resonances ~ e€rences contained therein)msvave or of uncertain parity
in the NDE. X’s depict all resonances in the NDE whereas cir- areé shown as open circles. That many of these resonances
cles show resonances previously identified as bpingve or of are in factp-wave is reinforced by the behaviour of the
uncertain parity. Rightr values from ML analyses versus thresh-  values from the ML analyses as functions of threshold, as
olds used, for the same three nuclides. Error bars correspond tashown in the right side of Fig. 4. In all three cases shown,
one-standard-deviation uncertainties. Dashed vertical lines corre-v steadily increases at the lower thresholds and then grad-
spond to thresholds depicted by dashed curves in the left part ofually stabilizes at higher thresholds. This is just the be-
this figure. See text for details. haviour expected for a population efwave resonances
contaminated by-wave resonances. Similar fractions of
previously identifiedp-wave resonances and trendsyin
(approximately)E®2, respectively. Therefore, because the with threshold are seen for several of the other NDE nu-
data had already been converted to reduced neutron widthsglides. Hence, it is fairly certain that the NDEfEars from

by dividing the widths byE"? (i.e., assuming they were all  significantp-wave contamination.
s wave), any remaining-wave resonances will retain an Removing &ects of thes@-wave resonances from the
underlying energy dependence proportiondktdhe rea-  NDE ML analysis is a simple matter of raising thresh-
son for excluding-wave resonances will become apparent olds until they are above the largest previously-identified
below. p-wave resonance afat v stabilizes as a function of thresh-
Results of the maximum-likelihood analyses for three old. When this is done, the resulting weighted average is
NDE nuclides are shown in Fig. 4. On the left of this fig- still in conflict with the RMT prediction for the GOE, al-
ure, reduced neutron widths (normalized to their respectiv peit in the opposite direction from the result using the low-
average values) are plotted as functions of resonance enest thresholds: = 1.217+ 0.092 (2.4 standard deviations
ergy (normalized to the maximum resonance endfgyx,  larger than PT). Typicalg-wave free” thresholds for three
used in each case). On the right side of this figurglues ~ NDE nuclides are shown as dashed curves in the left-hand
from the maximum-likelihood analysis are plotted versus part of Fig. 4. Degrees-of-freedom values for each of the

the threshold ca&cient Tmax, WhereTmax corresponds to  NDE nuclides at thesep:wave free” thresholds are given
the threshold value @fI}/ < gl > at the maximum en-  in column five ¢pr) of Table 1.

ergy. In other words, thresholds can be expressed as

gId

2 5 Why does the NDE agree so well with
< gl >

spacing statistics?

Z TmaxE/ Emax~ (4)

For the initial analysis, thresholds just below the small-
est observed resonance (in terms of Eq. 4) for each nuclideGiven the above result that reduced neutron widths in the
were used; hence, it was implicitly assumed that all res- NDE do not agree with the GOE width distribution, and

05001-p.4
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the fact that this data set contains many resonances thathat a much more modest detector, when coupled to a high-
have been assigned as being definifelwave using re-  resolution white neutron source, can obtain even better re-
liable techniques (e.g., [10]), it is natural to ask why the sults; determining both resonance spins and parities.eThes
same data agree so well with all the GOE spacing statisticsnew developments hold the promise of solving the peren-
examined in Refs. [1,2]. The answer, | think, has to do with nial problem of separating smail from largep-wave res-
how the NDE data were selected. For example, in Ref. [2] onances.

it is stated that "The criterion for inclusion in the NDE is

that the individual sequences be in general agreement with

the GOE.” 7 Other reported deviations from PT

Data for all but three of the 24 nuclides considered
herein were obtained by the group at Columbia Univer- There have been several other reported deviations of rdeluce
sity. According to their publications (e.g., Ref.[11])eth neutron-width data from the expected PT distribution, \whic
had "...no specific tests farvs p levels, so there may be have for the most part been ignored. Most recently, in Ref.
errors in these assignments.” Therefore, they relied on the [17] it was demonstrated that t#f# distribution fors-wave
oretical guidance, specifically measures derived from theresonances if*’Sm changes from being consistent with
GOE, to perform these separations. For example, for six of PT (v = 0.91+ 0.32) for theE, < 350 eV region, to incon-
the 24 nuclides considered herein, including the two hav- sistent with PT ¥ = 3.19 + 0.83) for the 350< E, < 700
ing the largest number of resonances, separatipafodm eV region.
s-wave resonances was accomplished [12] by first calculat-  Similar deviations from a PT distribution have been
ing the overall number of-wave resonances by assuming reported for?32Th [19-22]. However, as shown in Fig. 5
PT was correct. Then, which small resonances to assign tathe energy dependence is just the opposite: The data dis-
the sswave set was determined by requiring good agree- agree with PT at the lowest energies, but are in agreement
ment with four spacing statistics (WignexS;, Sj.1), 4s, at higher energies. THE?Th NDE data, above a thresh-
and the Dysorfr test) related to the GOE. Furthermore, for old of the form given by Equation 4 with,x = 0.26 (the
several other NDE nuclides, PT again was assumed to besame threshold depicted by the dashed curve in the bot-
correct and used to calculate the total numbes-ofave tom left part of Fig. 4) are shown as solid staircase plots in
resonances. Then, a Bayesian analysis was used to decideoth panels of the figure. The energy ranges for the data in
which of the small resonances to assign todiveave set.  the top and bottom panels of Fig. 5 were restricted to the
Such Bayesian analyses are known to be unreliable. For ex{irst and second 25°*°Th resonances in the NDE, respec-
ample, several neutron resonance&'#n [13] are known tively. The data have been normalized assuming all res-
to be definitelyp wave by their symmetrical shape in trans- onances above threshold have been observed (as implied
mission (total cross section) data, but nevertheless have @y Equation 2) with the normalization calculated using the
Bayesian probability 0$99 % of beings wave. optimumy value from the ML analysis (which correspond
the the long-dashed curves). The short-dashed curves cor-
respond to the best PT distributions according to the ML
analysis. In other words, the PT curves were calculated us-
ing thegl'?/ < g% > value resulting in the largest (see
Equation 3) forv = 1. The PT curves were normalized to
The main problem in obtaining neutron data suitable for the data, once again assuming that all widths above thresh-
stringent tests of RMT is reliably separating snsalfrom old had been observed. The theory curves in both panels
largep-wave resonances. Of the data in the NDE, only for have been adjusted for th&ect of the threshold, in the
6466687 [13-15] has this been done using a method in- same manner as was done for the middle panel of Fig. 3.
dependent of the theory being tested. In these cases, th&Jsing the ML technique described above, | find thatithe
shape of the resonances in the transmission data was use#alue changes from 3.8 1.3 for the lower-energy set of
s‘wave resonances have a characteristic asymmetric shapsesonances to 0.88 0.68 for the higher-energy set, thus
due to interference with the comparatively largevave verifying the claims of Refs. [19-21] that the data are in-
potential scattering. However, this method fails for reso- consistent with PT at the lower energies and the claim of
nances having small neutron widths and, in fact, such res-Ref. [22] that the shape changes back to being consistent
onances may not even be visible in the transmission data. with PT at the higher energies.

A solution to this problem can be found in better neutron-  Finally, in Ref. [23] data for five odd-A nuclide${Sm,
capture measurements. It has been known for many years®Dy, 167Er, 175Lu, and'’’Hf) were found to disagree with
[16] that information contained in thg-ray cascade fol-  PT despite the fact that the statistic indicated that very
lowing neutron capture can be used to determine resonancéew resonances had been missed. In all the above eases
spins and parities. Relatively few such measurements havevas found to be significantly larger than the PT value of
been made however, mainly due to increaséibdilty, and 1.0, just as | have shown it is for the NDE whpwave
unsuitability of the apparatus for obtaining absolute sros contamination is eliminated. As far as | know, no explana-
sections. However, using a new technique, it recently hastion has ever been published for these observations.
been demonstrated [17] that resonance spin measurements Given the new and improved experimental techniques
are relatively easy using ar8aF, detector at a white neu-  of the last few years, it is now possible to obtain data of
tron source. Even more recently [18] it has been shown much better quality than that in the NDE. Hence, in the

6 Hope for better data in the future
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Therefore, | urge experimentalists obtaining new and im-
proved data to use it, when possible, to test theory.
| would like to thank J. Shriner and J. A. Harvey for
fruitful discussions. This work was supported by the U.S.
Department of Energy under Contract No. DE-AC05-000R22725
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0.6 N e Best PT dist. | 1
04f

0.2

Fraction Above (gr %/<gr )

References

1. R. U. Haq, A. Pandey, and O. Bohigas, Phys. Rev. Lett.
48, (1982) 1086.

2. 0. Bohigas, R. U. Haq, and A. PandeyNuclear Data
for Science and Technology, edited by K. H. Bockhfy
(D. Reidel, Dodrecht, 1983), p. 809.

3. H. A. Weidenmuller and G. E. Mitchell, Reviews of
Modern Physics31, (2009) 539.

4. C. E. Porter and R. G. Thomas, Phys. Réd4, (1956)
483.

05001-p.6



