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fecent measurements of the 33U neutron capture cross section show large fluctuations

in the unresolved resonance reaion. To test whether or not the observed long-range fluc-
. tuation of the neutrun capture represent departures from the compound nuclear model, the
Wald-Wolfowitz runs and correlation tests were applied to the - ‘U neutron capture data

abtained at ORELA, The Wald-Wolfawitz runs test deals with the statistic, R, which is the
numher of unbroken sequences of data points above or below a ?iven reference line. This

statistic is to be compared with the expected value of runs E

R) = o(R} arising from ran-

domly distributed data. [n the correlation test we have computed the first serial corre-
lation coefficient of the data as well as its expected value and variance for a set of
random data. In both tests one cumputes the probability, P, for the given statistical
entjty to depart from its expected value by more than e standard deviations. Both tests
confirm the presence of intermediate structure between 5 and 100 keV. The range of the
structure far exceeds the width of the experimental resolution and level widths.

{238y capture cross section; intermediate structure; doorway states)

Intraduction

There is considerable experimental evidence of
large fluctuations of the <*3(n,y) cross section in
the unresolved resonance region.:’ Similar structure
was first reported by Kopsh, Cierjacks, and Kirouac?
in the total <33y neutron cross section between .5 and
4,35 MeV. These observed fluctuations are wider than
the sharp resonances associated with the compound
nucleus levels and narrower than the broad structure
due %o the energy dependence of the penetration coeffi-
cients. They represent departures from the statistical
nuclear model in localized energy regions, hence
forming an intermediate structure, rather unexpected
in the framework of the compound nucleus model.

Intermediate structure in the fission cross sec-_
tion of various fissile nuclei is by now well known,*”7
as well as its interpratation3’? in terms of
Strutinsky's double humped barrier.id

Although subthreshotid fissian yjelds have been
found in the case of the 23%U nucleus,!* The fact that
both the capture and total <Z3U cross sections exhibit
intermediate structure leads gne to hypothesize that
the obses¢ved structure is indeed due to nuciear dynam-
ics phenomena in the entrance (neutron) channmels, such
as "doorway" states.

The aroblem of extracting the intermediate struc-
ture from the observed cross section has been given
considerable attention in the past.i> James-- and
Mcore!3 were the first_to introduca the use of nor-
parametric statistics!® for the detection of interme-
diate structure in the fissile nuclei. Extensive
studies in this field have been also performed by
Baudinet-Robinet and Mahaux.!” We present here the
results of some statistical tests performed on the
238Y(n,y) cross section in which the Wald-Wolfowitz!®
nonparametric statistics were utilized.

Statistical Treatmen*. of the 3%l L.pture Cross Section

The Waid-Wolfowitz'® runs and correlation tests
were appliied to the 43¢} neutron capture data obtained
at ORELA.- The Wald-Woifowitz runs test deals with the
statistic, R, which is the number of unbroken sequences
of data points above or below 2 given reference line.
This test evaluates the expected number of runs E(R}
from random)y distributed data, as well as the corre-
sponding variance c-(R). It is then shown that the
ratio

eq = LR - E(R)] - 1/2)/0(R)
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fc_mows a noymal probability distribution. The avalua-
tion of the test proceeds by computing the probapility,
P(cR), that a ratio equal or targer than £g couid

arise from the sampling of random data.

The Waid-Wolfowitz correlation test is based on
the computation of the usual autocorrelation furction
of the data with some modification, so that “"enc
offects” are mitigated. Wald and Wolfowitz alse give
the distribution of the correlation function for wan-
dom data. The end result of this test is the rztio
€c» between the particular serial correlation cosffi-

cient obtained from the actual data and its value for
a set of random data, as well as tha probability P(ac).

The 238(n,y) cross section obtained at ORELA
(40 m flight station) was averaged over energy inter-
vals varying from 600 eV up to 3 keV in the region be-
tween 5 and 100 key. The lower value of 600 ev is
about six times the total experimental and Dopaler
resolution of the measurement at 100 keV. These data
were then fitted to an average cross sectign {with
s-wave a_nd p-wave contributions) according to tte
expression
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Table 1. Input Huclear Parameters for the Average The results of thc statistical tests are given in

Cross Section Calculation and the Resulting s-wave Table 2. Both tests show that there is a probability
and p-wave Strength Functions. of less than 107° for the average ratio )= 5.1 and
{(2) (a) (a) Strength less than 107* for the average ratio (cp) = 4.1 to
d g re ro re Function .
on n on (x1074) occur from the §ump11ng of ran@om data. Essentially,
(ev) (ev) (eV) the Wald-Wolfowitz nonparametric statistics test
whether or not a given sample exhibits longer correla-
172 0 1 0021 - - 1.31 tions than the expected from a set of random data.
. When applied to the mock-up cross section and averaged
2 1 1 - .00298 - 1.72 over energy intervals larger than the level widths,
the results of Table 2 merely indicate that the com-
y2 v 2 - - .00164 1.72 pound nuclear model bzhaves from the viewpoint of
2 correlatian length similarly to a set of random data.
ENDF/B-IV values (ref 19) with (I' ) = Hence, the present results are to be interpreted as
.0235 eV. Y showing the presence of long-range correlations which

represent departures from the compound nucleus model.

The average radiation width, (I‘T), and the neutron
widths for the s-wave and p-wave components, (rcn)'

(f,,). and (T, ), are given in Table 1. The statisti- 160 /T T
n Y Y Y FLUCTUAT NEC MERGITUR

cal fluctuation factors R, R ., and R (ref 18) were 190 |- === 23845y} MEASURED (barns xev”2) ~
corputed at each neutron energ_y The values obtained ——— 28y(ny) MOCK-UP(barnsx eV 2} (S-WAVE ONLY)
for the S and §, strength functions are aiso given in 120 -
Table 1. These values are higher than the ENDF/B-VIS % AVERAGING INTERVAL, 41200 eV
valugs of S, = 1.05 = Wand S, = 1.57 « 10" re- -2‘00
flecting the higher values for the 238U capture cross g
sectini obtained at QRELA and the assumed (T )=.0235 eV. =~ 80

The fit obtained from Eq. (2) is shown in Fig. 1 =
{with same statistical error flags at selected points). § 0
Also shown in the figure is the mock-up 238U(n,vy) crass [
section computed by Monte-Carlo techniques on the basis > 40
of the ENDF/B-IV!? average resonance parameters and s-
wave strength function. The mock-up cross section data 20
wera also fitted by Eq. (2) with only the s-wave con-
tributimn. Inspection of Fig. 1 already reveals quite 0 L TR S 1 . ! L
a deal of structure of the crass section about its 0 10 =2 30 40 SO 60 70 8O0 90 10C
average value for the experimental data, as compared NEUTRON ENERGY (keV)
with the “good" fi* in the case of the capture cross
section corputed on the basis of the statistical Fig. 1. Fit of the 228(n,y) Cross Section Meas-
nucleus model. ured and Mocked-up to the strength functions.

The average cross section fit was utilized as the
reference line for the Wald-Wolfgwitz runs test. For
the correlation test the data were divided through by
the averaje fit to remove the correlation bias intro-
diced B the energy dependence of the s-wave and p-wave
penetration factors.

Table 2. Results of the Wald-Wolfowitz Coirelation
and Runs Tests for the Measured and Mockup
238 Capture Cross Section

Capture (Measured) _{capture (Mockup)

i(':(‘e‘i)h € P(Ec) R P(ER) e P(Ec) R P(ER)
.5 5.9 <10"° 4,5 «I0°° .52 .60 .03 .98
.9 6.1 <10~° 3.9 27«07 .20 .60 .36 .34
1.0 5.8 <10°° 4.6 <10°° 37 . .68 .50
1.2 6.2 <107° 5.6 " .65 .52 .34 .73
1.5 5.3 <107® 4.8 " .31 .76 ,002 .99
1.8 2.2 270070 3.6 <2.7x107° .97 .33 1.1 .27
2.0 4,9 <«0°¢ 3.8 o 22 .82 1.2 .23
3.0 3.9 2707 1.8 7.2x107% 1.1 .27 .006 .99




Theoretical Interpretation

The fact that intermediate structure has been ob-
served in hoth the 380 capture and tntal cross sece
tions strongly favors the “door-way" states hypothesis.
These short-lived states at the entrance channel inter-
act via a residual interaction with the compound
nucleus states. [t can be shown<? that the (n,y) T-
matrix component is given by

g\n (3)
DTy - ﬁlg.) ’

with the complex neutron width given by

T =11
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= - i
={g -B)+}T, (6)
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D,=(E, -E)+zr, (7)
HAu = residual interaction (ev) , (8)
and the other symbols have the usual meaning. The sub-

index, x, goes over the compound nucleus states, and
the subindex. u, classifies the “doorway" states.

n the basis of the previous results {vaiid only
for IN /D | << ’1) the average cross section is again

given by r.q (2) in which the s-wave and p-wave
strength functicns are multipiiad by the energy-
dependent “modulation” factors M (E) and #, (E), respec-
tively, where

My (E) = (1 *1 lo1™" Aﬁ)/ (1 *1 o1 aﬁ) (@)
14y,
= 15 [(z)]z m 12

(ev+)
compound nucleus

(10)
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Fig. 2. Fit of the 238y(n, y) Cross Section Meas-

ured to the Modulated Strength Function.
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and the bracksis indicate an average over the compound
nucleus states. The neutron widths I‘c(,i")‘ and l']m
are reduced neutron widths and the total Tevel widths

I‘y') and I‘fjl) are computed at the level energies.

These modulation factors arise from the fact that the
interaction between the compound nucleus states and the
doorway states "modulates" both the neutron widths and
the average level spacing.

A cavalier attempt has been made to extract the
main features of the intermediate structure by fitting
the average cross section of Eq. (2) with "modulated"
strength functions. Although one expects both the s~
wave and p-wave strength functions to be modulated, we
arbitrarily changed only the s-wave co~tribution. The
results of this procedure are shown in Fig. 2 together
with the “smooth™ strength function fit, The goodness
of fit, expressed in terms of the chi-square test,
improved by a factor close to 100 between the “smooth"
and "modulated" fits. The modulated fit was then used
as the reference 1ine for the Wald-Wolfowitz runs test.
For the correlation test, the data were divided by the
modulated fit. The results of both statistical tests
are given in Table 3 and indicate that the intermediate

Table 3. The Wald-Wolfowitz Runs and Correlation Tests for the
238Y({n,y) Cross Section After Removal of the Iniermediate Structure.

Hidth R e
(kev) Mack-up Exp. {a) Reduced(b) Mock-up ExL(a) Reduced(b)

.6 .03 4.5 .40 .52 5.9 .64

.9 .96 3.9 .60 .20 6.1 .15
1.0 .68 4.6 .03 .37 5.9 .44
1.2 .34 5.6 .01 .65 6.2 1.22
1.9 .002 4.8 72 3 5.3 .15
1.8 .1 3.6 1.64 .97 2.2 .08
2.0 1.2 3.8 .003 .22 4.9 .64
3.0 .006 1.8 .006 1.1 3.9 1.1

%easured 238U(n y) cross section.

blhasured 238y(n,y) cross section after removal of the intermediate structure.




structure had been adequately described. The assign-
ment of the doorway levels to the s-wave strenqth
function only prevents one from giving too much cred-
jbility to the level parameters obtained for the
intermediate structure. The present results tend,
however, to indicate an average ievel spacing of
around 9 keV and reduced neutron widths averaging

40 eV,

Conclusions

The twp statistical tests applied to the measured
2384{n,v) cross sections give, with a high significance
level, strong support to the presence of intermediate
structure in the neutron capture of the - U nucleus.
Although we cannot exclude the possibility for at least
a fraction of this structure originating from sub-
threskald fission phenomena, the presence of large
local fluctuations in the ~°‘U total cross section ?
gives support to the presence of doorway states in the
reaction entrance channel.

From the theoretical results referred to here,
ona concludes that the intermediate structure [see Eo.
{9)] is due not only to local enhancements of the =:ac-
tion widths, but also to rapi¢ fluctuations of Lue
average level spacing,

The Wald-Wolfowitz correlation and runs tests are
also valuable in connection with the fitting of the
intermediate structure as they can be used as an
“added” goodness of fit test.

As we have discussed earlier, not too much physi-
cal sfignificance can pe attached to the level locations
and widths of the detected doorway levels. However,
fits, like the anes described here, do afford a method
of representing the average behavior of the 235y cap-
ture cross section in the unresalved region. This may
prove valuable for rezactor calculations *!

Studies similar to this should be applied to high
resolution measurements of capture cross section in
ather elements such as thorium, gadolinium, and other
nonfissile uranium isotopes, in order to ascertain
whether there is a syst=matics that can be deduced
regarding intermediate structure phenomena. In this
regard one should mention the work of MacklinZZ who
also shawed the presence of intermediate structure in
the gold capture cross section.
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