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Discrete values of the parameters (E,, gI',, J7, I',, etc.) of the resonances in the reaction $$Zn + n have been
determined from total cross section measurements from a few keV to 380 keV with a nominal resolution of 0.07
ns/m for the highest energy and from capture cross section measurements up to 130 keV using the pulsed neutron
time-of-flight technique with a neutron burst width of 5 ns. The cross section data were analyzed to determine the
parameters of the resonances using R-matrix multilevel codes. These results have provided values of average
quantities as follows: S, = (2.01%+0.34), §| = (0.56%0.05), S, = (0.2%0.1) in units of 107*, D, = (5.56 +0.43) keV
and D, =(1.63+0.14) keV. From these measurements we have also determined the following average radiation
widths: (I7),_o = (302£60) meV and (I7,),_, = (157 %7) meV. The investigation of the statistical properties of
neutron reduced widths and level spacings showed excellent agreement of the data with the Porter-Thomas
distribution for s- and p-wave neutron widths and with the Dyson-Mehta 4 , statistic and the Wigner distribution
for the s-wave level spacing distribution. In addition, a correlation coefficient of p = 0.50=0.10 between I" and I,
has been observed for s-wave resonances. The value of (o, > at (30 10) keV is 19.2 mb.

NUCLEAR REACTIONS $2Zn@,n), $zn@,y), E=few keV to 380, 130 keV, re-
spectively. Measured total and capture cross sections versus neutron energy,
deduced resonance parameters, E, J, gT,, T,, S,, Si, Sy, Dy, Dy.

I. INTRODUCTION

The investigation of the properties of
parameters of highly complex states in
nuclei has provided interesting information
about the ordering of these 1levels in
agreement with the random matrix model of
Wigner.! Similarly, the distribution of s-
wave neutron reduced widths was found to be
in general agreement with the Porter-Thomas
distribution.? Later theoretical work by
Dyson and Mehta3 predicted a long range
correlation in the eigenvalues of a real
symmetric Hamiltonian, as in a crystalline
structure. These predictions were success-
fully tested in a series of papers reported
by groups at Columbia University from high-
resolution measurements of the neutron
total cross sections of rare-earth nuclei;
in particular, the measurements“ on the
isotope l66Er gave excellent agreement with
the predicted value of the A3 statistic of
Dyson and Mehta.3

We have recently investigated these pro-
perties with high resolution measurements
of the neutron total cross section of ©4Zn
and ®%Zn and pointed out the success of the
Dyson-Mehta model. 3 In particular, we
noted that in view of the sensitivity of
this A3 statistic to the precise locations
of missed or spurious levels, that it was
essential to ascertain the J" assignment of
each resonance to verify the wvalidity of
this statistic. This task was accomplished
with a high degree of confidence in our
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measurements®’® on the basis of the obser-
vation of shapes of resonances, which are
asymmetric for s-wave resonances and essen-
tially symmetric for &>0 resonances. The
assignments for very small resonances were
made from a shape analysis of resonances
using the R-matrix formalism of Wigner and
Eisenbud.’

In this paper, we present results of res-
onance parameters on another even-even
nucleus (%8Zn+n). The previous informa-
tion® on the resonance parameters of this
nucleus 1is very sparse and the present
results fill the gap in the data for this
nuclide.

The measurement of the neutron total
cross section of this nuclide has been sup-
plemented by the measurement of neutron
capture cross sections. In view of the
greater sensitivity of the capture measure-
ments for resonances with very small neu-
tron widths, a large number of very narrow
resonances missed in the transmission data
was observed in the capture data. A com-
bination of these sets of data provides
almost a complete level sequence of p-wave
resonances and a partial sequence of d-wave
resonances. In addition, the capture data
provided information about the total radia-
tion widths of many of the resonances and
gave average capture cross section values
as a function of neutron energy which are
useful quantities for reactor shielding and
for the understanding of stellar nucleosyn-
thesis of the elements.?®
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II. EXPERIMENTAL PROCEDURE

The cross section measurements were per-
formed with the high resolution neutron
time-of-flight facility at the Oak Ridge
National Laboratory whose essential fea-
tures for such measurements have been pre-
viously described.!? For the total cross
section measurements, we used a flight path
of 78.203 m and time windows which varied
in steps of a factor of 2 from a minimum
value of 1 ns for the energy region above
30 keV to 32 ns below 50 eV. The electron
linear accelerator was operated at a power
of 10 kW with a burst width of 5 ns at a
repetition rate of 800 Hz. The capture
cross section measurements were performed
at a flight path of 40 m with similar oper-
ating conditions of the linear accelerator,
but with 1, 2, 4 and 8 ns time windows.
For the transmission measurements, two sam-
ples of ZnO enriched to 99.28% in mass 68
with inverse thicknesses of 1/n = 10.44 and
59.23 b/a for the ©8Zn isotope were used.
The oxide powder sample was pressed inside
a polyethylene tube of 2.54 cm diameter.
Measurements were also made with natural
zinc samples of inverse thicknesses 1l/n =
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FIG. 1.
10 to 200 keV.
R-matrix multilevel analysis.
alignment of the plotting machine.
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TABLE I. Atomic percent abundance of
other zinc isotopes in the sample enriched
in ©8zn,

Mass number 64 66 67 68 70

% abundance 0.26 0.27 0.19 99.28 <0.1

75 and 300 b/a for energies below ~ 1 keV.
For the capture measurements, the sample
was also of 7ZnO of similar enrichment as
given in Table I, but pressed to a thick-
ness of 0.6 cm, in the shape of a disc with
a radius of 1.3 cm. The sample weighed
6.94 g.

The detector wused for the total cross
section measurements for neutron energies
above 30 keV was an NE-110 fast scintil-
lator mounted on a 127 mm diameter RCA 4522
photomultiplier tube. A 6Li glass scintil-
lator 1.3 cm thick was used below 30 keV.
The total duration for these measurements
was about one week of accelerator running
time. The analysis of the data was carried

% “Zn R-Motrix Analysis
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The total cross section data for 687n nucleus in the neutron energy range from
The solid curves are the theoretical cross section values obtained from an
The solid curves are slightly off center due to the mis-



1810 GARG, TIKKU, HARVEY, HALPERIN, AND MACKLIN 25

out over a period of about one year.

For the capture measurements, the sample
was placed between a pair of total energy
y-ray detectors. The neutron beam was nar-
rowly collimated to impinge only on the
capture sample and to avoid hitting the
detectors. The details of the experimental
arrangement have been given in previous
publications.!! These data were taken over
a period of one week.

III. DATA MANIPULATION

The total cross section was determined
from the transmission of the neutron beam
through the sample. Since the measurements
of neutron intensities with and without the
sample in position were made cyclically for
different time intervals, the neutron
counts had to be normalized to the same
neutron monitor counts and had to be cor-
rected for the dead time of the time digi-
tizer. Various backgrounds, which were
functions of the time of flight and the
accelerator operating conditions were care-
fully evaluated in the manner discussed in

8/ R-alrix nalssis

s
25
& %
|
?
T R R
Enerqy (keV)
" GsZn R-Matrix Analysis
3
TV T O I T L
Energy (keV)
FIG. 2.

apply.

an earlier publication.l2 After correcting
for the contribution of the oxygen in the
sample, the total cross section of the ©8zZn
as a function of neutron energy was obtain-
ed. The results are shown in Figs. 1 and 2
in the energy intervals 10 to 200 keV and
200 to 380 keV, respectively, along with
the theoretical fits. The solid curves are
the R-matrix multilevel theoretical fits
for a nuclear radius of 5.6 from the com-
puter code MULTI.!3 The fitting was done
on a UNIVAC 1110 computer at the State Uni-
versity of New York at Albany. The fit to
the experimental data is very good except:
for some isolated intervals, such as be
tween 257 and 263 keV.

A similar manipulation of raw data for
the capture cross section measurements
allowed us to obtain curves of capture

cross section vs energy, which are shown in
Figs. 3 and 4 in the energy intervals 2.5
to 60 keV and 60 to 160 keV neutron energy,
respectively. The solid curves are only
eye guides, not the fits as obtained from
the LSFIT program.!" Values of the param-
eters for s-wave resonances obtained from
these analyses are given in Tables III and
Iv.
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The neutron total cross section data for ©8Zn from 200 to 380 keV energy inter-
val. The solid curves are the theoretical R-matrix fit.

The same comments as in Fig. 1
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TABLE II. Minimum value of gl, (eV) for which a clear asymmetry in the resonance
shape can be observed at a given energy with the present energy resolution and 687n
sample thickness used. Column 4 gives the ratio of corresponding TIf to the average
value, which has been determined from this experiment up to 300 keV. Column 5 gives the
percentage loss of levels according to the Porter-Thomas distribution in each energy
interval due to the sensitivity of measurement. Column 6 gives the number of observed
levels and column 7 gives the estimated number of levels missed in each 100 keV energy
interval.

% Loss
Fn(eV) ° ° of levels No. of Total
Eo g=1 for ° X =0Fn/<Fn> from observed loss of
(keV) s wave r,(ev) (KTp>=1.2 eV) x=0 to x levels levels
0-20 0.3 2 x 10-3 1.7 x 1073 3.2 4
20-40 0.5 2.5 x 10-3 2.1 x 1073 3.5 3 1.0
40-80 2.0 7 x 1073 5.8 x 1073 6.0 7 :
80-100 2.5 8 x 1073 6.6 x 1073 6.3 4
100-170 4.0 1.0 x 10™2 8.3 x 1073 6.9 11 } 1.3
170-200 5.0 1.2 x 1072 1.0 x 1072 7.6 7 :
200-250 8 1.6 x 10~2 1.3 x 1072 8.5 9 1.7
250-300 10 1.8 x 1072 1.5 x 1072 9.2 11 } :
1IV. DISCUSSION OF RESULTS B. Neutron reduced width distribution
for s-wave resonances
A. Uncertainties in resonance parameters
A plot of the square roots of neutron
A discussion of the associated uncertain- reduced widths for all the observed s-wave
ties in the resonance energies and gl, val- resonances up to E, ~ 300 keV is shown in
ues has been given previously® and, hence, Fig. 5. The only criterion for making the
these will not be discussed again here. parity assignment of resonances has been

TABLE III. The parameters of s-wave resonances obtained from the total and capture
cross section measurements. The values for E, and I, were obtained from the R-matrix
analysis of transmission data. The capture area A and its uncertainty are obtained from
LSFIT analysis of capture data. The last two columns give values of Ty and its uncer-
tainty after subtraction of kry.

A =
Eo AE, Ty (Ty+kTp)/T T, AT, k Ty AT,
(eV) (eV) (meV) (eV) (eV) (107 3) (meV) (meV)
516.4 0.2 8.5 0.5
5040 2 75.6 % 2.8 5.5 0.6 0.69 73 3
13373 5 195.1 #* 5.4 28 2.0 0.43 185 6
18828 6 520.1 * 15.9 320 10. 0.37 403 28
20950 6 146.1 * 4.0 3.5 0.5 0.38 152 5
26506 10 242.1 #* 2.1 25 1. 0.55 231 5
34691 10 232.0 * 14.0 52 2. 0.58 203 17
42540 15 219.4 £ 12.2 2. 0.5 0.35 233 13
47998 15 250.8 £ 46.1 97. 3. 0.39 214 50
50544 15 210.6 * 23.4 150. 4. 0.44 145 29
57603 15 210.6 £ 36.0 162. 3. 0.31 161 41
65660 15 1583.3 £ 104.3 1180. 60. 0.25 1290 135
71513 20 358.8 * 36.9 77. 3. 0.24 341 39
75598 20 292.2 * 30.3 165. 7. 0.24 253 33
88489 20 190.3 * 57.0 12. 2. 0.33 189 58
93875 20 348.0 * 127.0 622. 8. 0.40 99 35
96625 20 496.0 * 147.0 780. 20. 0.40 184 80
99450 20 955.0 * 159.0 560. 10. 0.39 737 145
105110 25 413.3 £ 65.1 205. 20. 0.37 338 56
110400 25 1408.0 * 223.0 1775. 25. 0.34 806 175
117500 25 292.2 £ 80.0 4. 2. 0.32 308 85
122570 25 167.7 * 75.4 110. 5. 0.35 129 67
124600 25 740.0 % 265.9 2100. 50. 0.33 44 20
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TABLE IV. The s-wave resonance parameters
'(in eV) obtained from the R-matrix analysis
of total cross section data from 130 keV to
380 keV.

E, AMEg T, AT E AT

o n

133000 25 500 25
139600 25 155 15
142700 30 1350 65
154760 30 260 20
159790 30 10 2
162520 35 295 15
170625 35 11 2
173820 35 63 6
180520 40 200 15
185970 40 30 6
187380 40 45 8
195700 40 1500 75
197200 40 180 10
203100 45 950 50
215060 45 620 6
218190 45 1180 60
220480 45 670 30
226370 50 35 5
230500 50 10 2
232139 50 63 10
241400 50 1650 80
247200 50 1800 100
251300 50 77 10

253210 50 254 12
254960 50 600 50
264520 50 740 50
267865 50 330 25
270000 50 80 10
275500 50 350 25
279960 55 2060 100
283495 55 1225 60
291800 55 80 8
294560 55 217 20
310255 55 760 75
315738 55 453 45
320920 55 736 70
326300 60 1142 100
333830 60 332 30
341500 60 134 15
347900 60 177 20
352800 60 260 25
359550 60 45 10
363630 60 175 20
366490 60 182 20
375245 60 521 50
379000 60 431 50

the shapes of the resonances. S-wave reso-
nances have an asymmetrical shape due to
the coherent interference between the reso-
nance and potential scattering; whereas, no
detectable asymmetry is expected for 2>0
resonances below a few hundred keV. Figs.
1 and 2 clearly show many resonances which
have striking asymmetrical shapes which
were fitted with the R-matrix theory as s-
wave resonances and provide accurate values
of resonance energies and neutron widths.
It is equally obvious that many broad reso-

Z 20
5 .
= Zn+n
= En~ 300keV
& 15 N=56
@
= lof-
o
x
>
=
| : ]
0 0.8 I.6 2.4 3.2
JTE ()2
FIG. 5. Reduced neutron width amplitude

distribution for s-wave resonances of
687n+n observed up to 300 keV neutron
energy. The curve 1is the Porter-Thomas
distribution normalized for 56 observed
resonances.

nances do not show such asymmetrical shapes
and they were fitted very well assuming
them to be p-wave resonances having spins
of 1/2 or 3/2. For the very narrow reso-
nances, there was little difference in the
shape for s- and p-wave resonances and
assignments were difficult. A typical case
is illustrated in Fig. 6.

Examining the expanded oy Vs E,; cross
section curve in Fig. 6, we see clearly
that the resonance at 170.6 keV with Ty,
~ (11 * 2) eV has a very distinct asym-
metric shape which could only be fitted as
s wave; whereas, the two resonances at
about 167.5 and 168.9 keV with gI, ~ 5 eV
could not be successfully fitted as s
waves. The fit for the resonance at 168.0
keV with gT, ~ 2 eV was somewhat ambiguous.
We concluded from our analysis that the
parity of resonances with gI;, > 4 eV at
~ 170 keV could be determined. Similar
analyses over the entire range of 0-300 keV
allowed us to 1identify the 2=0 and 2>0
resonances and provided us the 1limiting
values of gI, where a positive identifica-
tion of &=0 resonances could be made from
these data. These are given in Table II.
Positive 1identifications of %2=0 resonances
were made if their I = I /YE(in eV) were
2 1.0% of the mean value for E, ~ 200 keV,
2 1.5% for 300 keV and <1.0% at energies
below 200 keV as shown in Table II. This
sensitivity depends upon the sample thick-
ness and the statistical accuracy of the
data.

If the distribution of reduced neutron
widths follows a Porter-Thomas distribu-
tion, about 7.6% of the neutron reduced
widths would be <1% of the average reduced
neutron width and about 10.5% would be <2%.
These would correspond to about 4 and 6
widths, respectively, for a total of 56 s-
wave widths observed in the energy interval
up to 300 keV, with values of TIp <0.012 eV
and <0.024 eV, respectively. We observed
experimentally two resonances with Fﬁ

Cross Section (b)

1 1
166 168 170

Energy (keV)
FIG. 6. Expanded op vs E, curves in the

energy interval of 165 to 171 keV.



< 0.012 eV and six resonances with Pﬁ ~
0.024 eV, indicating a deficiency of 2 of
the narrowest 1levels and an excess of 2
widths between 0.012 and 0.024. A compari-
son of the experimental data on (IR)!’/2 up
to E, = 300 keV plotted as a histogram in
intervals of 0.40 eV!’/2?2 shows excellent
agreement with the Porter-Thomas distribu-
tion except perhaps for the deficiency of
one very narrow width in the first inter-
val. An examination of Table II, however,
indicates that we should have missed 4 of
the narrowest resonances up to 300 keV due
to the finite sensitivity of the measure-
ments. This estimation seems to be incon-
sistent with our experimental observation.
Monte Carlo analyses of the experimental
reduced widths for the determination of the
number of degrees of freedom for a chi

squared distribution gave values of
_ +0.25 +0.25
v = 0‘97—0.18 and 1.1_0.27 up to 250 and

300 keV, respectively. Both are in excel-
lent agreement with the Porter-Thomas dis-
tribution which is a chi-squared distribu-
tion with one degree of freedom. A typical
example of this analysis is shown in Fig.
7. The value of v corresponds to the 50%
probability value for the curve and the
uncertainties represent 10% and 90% limits.
In summary, the s-wave neutron reduced
width distribution for the reaction ©8Zn+n
is in agreement with the well established
theoretical distribution of Porter-Thomas 2
within at most 7% of statistical wuncer-
tainty. This uncertainty could be further
reduced by improving the resolution and
statistics or by using a thick metallic
sample in order to be able to observe the
shapes of weak resonances better.

C. Distribution of reduced neutron widths
for p-wave resonances

The investigation of the distribution of
reduced neutron widths for resonances with
2>0 has posed serious experimental problems
in the past and the assignment of parities
of small resonances is often ambiguous.

We have analyzed the 4£>0 observed reso-
nances in the total as well as in the cap-
ture cross section data using the MULTI!3
and LSFIT!* programs. The results of these
analyses are given in Tables V and VI. The
capture data were analyzed up to only 130
keV neutron energy since there was exces-
sive overlapping of resonances at higher
energies. The distribution compared to a
Porter-Thomas distribution is shown in Fig.

8. The resonances constitute a mixed
series of two level spins J™ = 1/27 and
3/27, since few spin assignments can be

obtained from these measurements. About
100 £>0 resonances were observed up to
E, ~ 130 keV.

It is obvious from Fig. 8 that there is
an _excess of small widths [(gTp!)1/? < 0.2
evVl/2] compared to a Porter-Thomas distri-
bution. Hence, we calculated from the
expression given in an earlier publica-
tion® the d-wave probabilities for all >0
neutron widths for assumed values of S; =
0.56 x 10™%, S, = 0.2 x 10~%, D; = 1.63 keV

25 NEUTRON RESONANCE PARAMETERS OF 3JZn+n AND... 1815
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FIG. 7. Monte Carlo analysis of the
distribution of s-wave neutron widths of

8Zn+n. This gives a value of v =
1.100°2% up to Ep ~ 300 keV. The value

of v is more significant for a comparison
than the visual curve shown in Fig. 5.

and R = 5.6 fm. It is seen from Table V
that up to E, ~ 130 keV, there are about 20
resonances whose gl, were small enough to
have a d-wave probability of 50% or larger.
Assuming that these were d-wave resonances
and normalizing the neutron width distribu-
tion of the 80 remaining resonances, we
obtained much better agreement with the
Porter-Thomas distribution for (gl,!)!/?
< 0.4 evl/2,

Moreover, the Monte Carlo analysis of all
100 resonances observed up to 130 keV gave

+0.19

a value of v = 0.79 After correcting

-0.19°
for these d-wave resonances, we obtained a
value for v = 1.20t8'§g, which is also in

agreement with the expected value of 1.0.

With the resolution and sensitivity of
the present measurements, we obtained a
complete sequence of the s-wave resonances
up to E, ~ 250 KkeV, almost a complete
series of p-wave resonances and a certain
fraction of d-wave resonances up to E,
~ 130 keV.

D. Missing levels estimator

Another estimate for the correct number
of resonances in a given level sequence can
be made by the missing level estimator!®
(M3) which uses properties of the Porter-
Thomas law resulting from partial integra-
tion. The method consists of calculating
the quantity nigl,/(ZVgT,)? starting with
the largest value of gl, in the interval
and adding additional 1levels, one at a
time, going from larger to smaller in the
ordered array of observed values of gTj.
When this quantity equals 1.206, the total
number of levels in the energy interval is
assumed to be n/0.617. This method is
quick and does not require any judgement
except in respect to its sensitivity to the
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TABLE V.
keV from a combination of total and capture cross section measurements.

GARG, TIKKU, HARVEY, HALPERIN, AND MACKLIN

Values of resonance parameters for all 2>0 resonances obtained up to 130
These are

resonance energies Eg,, their uncertainties AEO, the capture area A, with uncertain-

ties, gl,, and the derived T

with their uncertainties.

The last two columns give

the assumed value of g and the calculated probability for a resonance to be d wave

as explained in the text.

g, values.

For some resonances,

FY =

170 meV was assumed to obtain

Al =
grYPn/F S.D. Ty Assumed
Eo(eV) AE,(eV) (meV) (meV) gl (eV) (meV) g P(d)
3801 3 56.0 1.2 0.084 * 0.009 170 1
7481 5 111.3 1.5 0.40 £ 0.04 77 £ 9 2
8240 5 71.0 1.5 0.20 + 0.02 110 * 16 1
8588 5 160.8 2.4 0.30 £ 0.03 173 * 20 2
9608 5 130.8 2.3 0.40 + 0.04 194 + 24 1
12112 5 20.0 1.3 0.023 * 0.002 170 1
12899 5 2.0 0.8 0.002 + 0.001 170 2 86
16015 5 193.6 4.8 1.70 % 0.20 218 * 30 1
16126 5 18.5 1.7 0.021 * 0.002 170 1
18055 6 56.9 3.3 0.086 * 0.009 170 1
18400 6 158.8 4.6 1.30 £ 0.20 180 * 22 1
20230 6 138.2 5.2 0.33 £ 0.04 238 * 30 2
22843 7 81.6 3.1 0.80 * 0.09 91 % 10 1
24741 7 271.9 8.8 1.25 *0.20 173 + 20 2
25907 7 42.4 4.1 0.06 £ 0.01 170 1
26254 7 177.2 7.7 6.75 £ 0.40 178 £ 20 1
27335 7 42.7 4.7 0.06 £ 0.01 170 1
28543 8 200.2 9.2 3.50 + 0.30 209 £ 30 1
31928 8 78 .4 7.4 0.15 £ 0.02 170 1
32763 10 75.9 7.0 0.84 +0.10 82 * 10 1
33507 10 243.7 15.2 3.10 * 0.30 130 * 10 2
34416 10 114.4 9.0 0.35 +0.04 170 + 20 1
36743 12 155.5 11.1 0.31 * 0.03 156 t+ 18 2
36857 12 153.6 10.1 0.57 £ 0.06 210 * 30 1
37007 12 77.5 7.8 0.14 + 0.02 170 1
37886 12 87.9 7.7 0.59 + 0.06 103 * 15 1
39270 12 178.7 11.6 9.50 £ 1.00 178 + 20 1
41792 12 60.4 7.9 0.09 + 0.02 170 1
44563 13 63.3 7.5 0.10 * 0.02 170 1
44815 13 84.1 7.5 0.17 £ 0.02 170 1
45214 14 59.9 5.0 0.09 £ 0.02 170 1
45760 14 103.5 7.4 0.30 £ 0.03 158 * 18 1
47870 14 29.7 12.8 0.04 £ 0.02 170 2 84
48026 14 94.3 21.2 0.21 £ 0.04 170 1
48230 14 43.9 9.4 0.06 £ 0.02 170 2 69
50680 14 52.4 5.6 0.08 +0.01 170 2 59
50933 14 226.1 16.5 0.80 £ 0.10 158 + 18 2
53034 15 458.2 24.2 1.33 * 0.12 350 % 40 2
53893 15 209.3 17.2 7.08 + 0.50 213 * 30 1
55119 15 256.7 17.9 1.60 * 0.20 153 + 18 2
55238 15 44.3 11.7 0.06 + 0.01 170 2 82
55813 15 206.0 18.2 1.00 % 0.10 130 + 17 2
56695 15 279.2 23.1 27.50 £ 1.70 132 £ 17 2
57475 16 60.0 5.0 0.09 + 0.02 170 2 70
59078 16 59.9 5.0 0.09 £ 0.02 170 2 73
61922 16 59.9 5.0 0.09 £ 0.02 170 2 77
62330 17 195.5 22.7 4.00 + 0.45 205 + 30 1
62787 17 299.9 24.0 1.84 * 0.20 179 + 20 2
63720 17 347.8 29.3 2.00 *0.20 211 * 30 2
64668 17 334.0 27.0 5.80 £ 0.50 176 * 20 2
67130 17 134.5 26.1 0.50 £ 0.10 184 + 30 1
68917 18 120.7 10.0 0.50 £ 0.10 159 + 30 1
69267 18 269.4 26.3 6.90 £ 0.80 139 * 20 2
70900 18 252.2 29.8 13.70 % 1.00 126 + 18 2
74612 18 321.5 23.8 1.60 £ 0.20 201 £ 35 2
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TABLE V (continued)
Ay =
glyTy/T S.D. Ty Assumed
Eo(ev) AE,(eV) (meV) (meV) gT, (eV) (meV) g P(d)
75087 18 245.9 21.6 0.58 £ 0.10 213 * 35 2
76380 18 202.1 19.5 2.50 £ 0.25 110 * 18 2
77104 18 419.5 28.5 2.00 £ 0.20 264 * 35 2
77418 18 225.4 22.6 3.20 * 0.35 242 * 35 1
78331 19 87.4 8.0 0.18 £ 0.03 170 2 70
78600 19 59.9 5.0 0.04 £ 0.02 170 2 94
80759 19 297.3 29.1 24.60 * 2.00 148 * 22 2
82300 19 284.3 26.4 2.20 £ 0.25 163 £ 25 2
82784 19 103.2 9.0 0.30 £ 0.03 157 * 25 1
84460 19 48.5 15.2 0.07 £ 0.02 170 2 91
85670 19 171.7 20.3 3.50 £ 0.35 89 £ 20 2
86690 19 93.2 9.0 2.30 * 0.25 96 * 20 1
86960 19 94.7 9.0 5.90 * 0.50 94 * 20 1
87000 19 386.5 79.9 45.00 * 2.50 181 * 40 2
87290 19 94.3 0.8 5.70 * 0.60 94 £ 10 1
90225 20 90.0 36.5 0.19 £ 0.06 170 2 79
91161 20 140.0 19.2 0.24 £ 0.03 170 2 72
93380 20 108.3 33.1 0.35 £ 0.10 157 * 40 2 53
93900 20 87 .4 8.0 0.18 + 0.02 170 2 83
94460 20 87 .4 23.4 0.18 £ 0.03 170 2 83
94700 20 68.7 38.6 6.00 £ 0.60 68 * 35 1
96806 25 156.0 15.8 6.25 £ 0.60 157 + 30 1
97882 25 219.0 55.7 2.80 £ 0.30 237 * 50 1
99370 25 59.9 6.0 0.09 £ 0.01 170 2 920
99730 25 86.7 56.0 0.18 £ 0.10 170 2 85
101750 25 157.9 51.4 0.30 £ 0.10 170 2 72
102650 25 241.4 54.0 17.50 £ 1.50 116 * 35 2
102870 25 278.0 57.5 3.50 * 0.35 150 * 40 2
104600 25 375.7 60.6 3.90 £ 0.35 207 £ 45 2
106170 25 51.7 8.0 4.90 £ 0.45 50 * 13 1
108780% 25 383.6 71.8 1.00 * 0.20 2
109210 25 149.0 15.0 21.00 * 1.50 68 * 11 2
111610 30 153.0 15.0 13.10 £ 1.00 151 + 23 1
112380 30 276.4 60.0 1.80 * 0.20 162 * 45 2
112660 30 267 .4 60.4 1.80 * 0.20 156 * 45 2
113420 30 255.0 64.8 33.40 * 2.00 118 = 30 2
116920 30 98.3 73.6 1.00 £ 0.15 55 * 40 2
118540 30 101.7 73.5 93.40 * 3.00 73 * 50 1
119450 30 138.2 25.0 0.23 % 0.05 170 2 87
123095 30 105.1 51.9 5.00 £ 0.50 105 * 50 1
126670 30 361.0 80.5 4,60 * 0.50 195 * 50 2
127320 30 206.6 60.5 4.60 £ 0.50 215 £ 70 1
128550 30 150.9 66.4 6.30 £ 0.60 153 £ 45 1
129340 30 188.3 70.0 2.20 £ 0.30 205 * 80 1
129750 30 97.6 62.2 3.60 * 0.40 100 = 55 1

2probable doublet.

accuracies in the values of the largest
widths, which can be determined with much
greater accuracy than the smaller widths.

We have applied this analysis to the s-
wave neutron widths up to 250 and 300 keV
energy. We found that according to this
estimate we lacked 1 neutron width up to
250 keV corresponding to about 2% loss of
levels and perhaps a maximum of 3 neutron
widths up to 300 keV. The prediction up to
250 keV was consistent with our investiga-
tion of the neutron width distribution, but
we were unable to find additional s-wave
resonances with significant asymmetrical
shapes. This small discrepancy could be

due to a statistical fluctuation or to the
sensitivity of the measurements and not
necessarily to a deviation from the statis-
tical theory. When we applied this tech-
nique (M3 estimator) to our observed p-wave
level series, we found that 65 levels were
predicted up to 130 keV, which was somewhat
lower than that (80) obtained from the
investigation of the p-wave neutron reduced
width distribution.

E. Radiation widths (l"7)

The
areas

capture cross section data provided
(anPY/P) under the resonances and
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TABLE VI.

The parameters (E,, 0E,, gT,) of %250 resonances obtained from the R-matrix

analysis of the total cross section measurements.

) gl gl gTy gly
Eo(eV) (eV) Eo(eV) (eg) Eo(eV) (eV) Eq(eVv) (eV)
131900 * 30 3.4 188700 * 30 5 254100 £ 50 76 323690 £ 55 70
136070 * 30 3.4 189840 * 30 26 257180 * 50 73 324500 £ 55 45
136325 £ 15 3.8 190220 * 30 9 258122 * 50 40 327250 * 55 45
137640 * 15 3.1 191750 * 30 6 258950 * 50 40 329280 * 50 15
140235 £ 15 13.0 191960 * 30 59 262522 * 50 28 330460 * 50 05
140870 * 15 4.0 200540 * 35 14 262897 * 50 129 332720 * 50 46
141020 t 15 4.0 205240 * 35 24 263580 % 50 34 335090 * 50 39
143340 * 15 8.1 208420 £ 35 39 267280 £ 50 91 340736 * 50 14
146210 * 15 33.0 210040 £ 35 43 270600 * 50 83 342077 £ 50 62
149385 £ 15 6.4 211270 * 35 15 272186 £ 50 64 343350 £ 50 58
150460 £ 20 7.0 213176 £ 35 11 272880 £ 50 62 346730 = 50 12
151700 £ 20 5.5 213560 * 35 142 274300 £ 50 19 347355 £ 50 10
153080 * 20 8.4 213950 * 35 17 275052 * 50 150 350290 * 50 20
154100 *= 20 10.5 219900 £ 35 36 276405 £ 50 125 353205 * 50 54
155300 £ 20 30.0 223446 * 40 23 281622 * 50 113 353900 * 50 83
158795 * 20 10.2 224325 * 40 23 286845 * 50 400 355110 * 50 60
159365 £ 20 60.0 225723 * 40 32 292475 * 50 253 356030 * 50 52
163880 * 20 20.0 227095 £ 40 53 293400 * 50 63 358940 * 50 47
166320 * 25 5.8 227248 * 40 30 296168 * 50 79 364270 % 60 88
167455 £ 25 5.3 229660 * 40 14 298115 * 50 120 367050 * 60 92
168010 £ 25 1.9 230619 * 40 14 299280 * 50 204 367820 * 60 54
168900 * 25 5.3 231248 * 40 12 301930 * 55 38 370350 * 60 24
172200 * 25 7.8 231625 * 40 5 303300 % 55 10 371110 * 60 53
173180 % 25 10 233467 * 40 37 304410 % 55 22 373470 £ 60 55
177050 £ 25 3 234878 * 40 32 306615 * 55 45 375800 * 60 31
177250 * 30 100 235961 * 40 17 308420 * 55 70 376470 * 60 38
178460 * 30 20 239240 £ 40 89 311720 % 55 52 377100 £ 60 10
179332 £ 30 8 240780 * 40 28 316150 £ 55 105 380175 * 60 12
182120 * 30 40 244455 £ 40 48 316870 * 55 53
184060 = 30 6 246050 * 40 102 317230 £ 55 46
186370 £ 30 15 252080 £ 50 37 318245 + 55 28
using values of gl from transmission data,
50— values of for s-wave resonances were
obtained. f%ese values of T, had to be
corrected for the scattered neutron sensi-
tivity factor, k. The values of k for ©8zZn
» 40 “Znon have been determined by using a procedure
E 2>0 Neutron Width Distribution published by Allen et al.}'® These values
= E-~130 keV of k, as well as resonance.captgre area, A,
Z n Iy, and corrected T are given in Table III
o 30 up to E, ~ 125 keV.
> The values of T, for individual resonan-
a ces showed a wide variation, in contrast to
o= data on many heavy nuclei. From these we
& 20 obtained a mean value of (Ty)gg = (302
= t 60) meV where the unce{tainty is obtained
@© R from the relation S/vn, where S is the
§ - PORTER- THOMAS standard deviation of a normal distribution
= and n is the number of widths measured.
| L | F. 1> 0 radiation widths
1
0 04 0.8 1.2 1.6 2.0 We obtained gly for many 2>0 resonances
(gp'ﬂQesz from capture areas and values of gI, from
n the transmission data. If g is also known,
FIG. 8. The histogram plot of the neu- values of I, can be obtained. However, as

tron reduced width amplitude distribution
for 80 p-wave resonances after elimination
of d-wave resonances. The solid curve is
the theoretical Porter-Thomas distribution
for a single sequence.

mentioned earlier a large number of reso-
nances was observed only in the capture
measurements. The gl, values of these
resonances are in general much smaller or
at most comparable to Ty (Table V). In



such cases it was possible, by means of the
LSFIT program, !* to determine gr, values for
an assumed value of FY. If T, >> gl,, the
capture area is almost equal to gT, and is
quite insensitive to the assumed value of
Tye However, if T, is comparable, the gT,
values will depend on the assumed value of
T.. For our analysis of 687n+n data, we
assumed a value of Iy = 170 meV similar to
the case ©5Zn+n.® We have also obtained a
large number of T, values from the capture
data for measured values of gl, and assumed
value of g. From these we obtained the mean
value of the radiation width (T.)gyg = (157
* 7) meV, which is slightly lower than the
assumed value of 170 meV. If the smaller
Ty values had been used, the gI, values
would have been larger. We found that for
36 resonances, where I‘Y = 170 meV was
assumed, the change in glj by using a lower
value of I, of 150 meV varied from 1/2% to
the worst case of 20% with the majority of
the values between 2% and 4%. Hence, the
difference in assumed value of T, would not
significantly alter any of the conclusions
about S;. Twenty of the narrowest widths
have probabilities greater than 50% to be
d wave and the effect of chosen Ty value on
d wave strength functions could be signifi-
cant, as will be discussed in a later sec-
tion.

An examination of Table II indicates
that for s-wave resonances, individual T
values fluctuate widely about the mean
value; whereas, for >0 resonances (Table
V), the individual radiation widths fluc-
tuate less about their mean. These distri-
butions can be represented by a chi-squared
distribution with approximately as many
degrees of freedom (v) as there are primary
transitions. The wusual distribution for
such a sum of transitions can be given as a
chi-squared distribution with v degrees of
freedom and

= 2 2 2
%- [KTyi2> = <Tyy>2]/<T 502,

which represents the fractional mean
squared spread in the Tyi values. From an
analysis of the data using the above ex-
pression, we obtained a value for w20 for
2>0 radiation widths and 2.2 for s wave
resonances. These results indicate that
for s wave resonances, I, is dominated by
only a few transitions to low lying nega-
tive parity states, whereas for p wave
resonances I, is the sum of about twenty
transitions to higher lying positive parity
states. This effect would explain to some
degree the relatively smaller value of
(FY)£>0 compared to <PY>£=O, since the
transitions for p-wave levels should in-
volve low energy transitions and thus lower
strengths. Most probably the major differ-
ence in I, values for s and p wave arises
due to external or direct capture.

G. Level density
The level density!’ based on the Fermi

gas model can be given as a function of J
at a given energy of excitation as
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07(U) = po(U)(2J+1)exp [M]
202

Here o is the cutoff parameter and is re-
lated to the moment of inertia of the
nucleus. For the 98Zn nucleus the capture
of s-wave neutrons gives rise to excited
states of unique J" = 1/2+; whereas, the
capture of p-wave neutrons populates reso-
nances with J"™ = 1/2~ and 3/27.

The values of the average level spacing
Dy-g for s-wave resonances for different
energy intervals are given in Table VII; we
have chosen the value (5.56 * 0.43) keV up
to 250 keV as a final value. Similarly, the
mean spacing for p-wave resonances up to
130 keV has been obtained from 80 resonan-
ces after eliminating the d-wave resonan-
ces. This gave a value for D; = (1.63 £
0.14) keV. Using the above formula and a
value of o2 = 10 from Baba,!® we obtained a
ratio of 1level density pg=1/Pg=0 = 2.69
compared to the experimental value of this

. +0.61
ratio of (3.41_0.51),
of p-wave resonances. A similar calcula-
tion for the ratio of d-wave to s-wave
resonances would give a ratio of pyg=9/pPg=0
= 3.73 giving the value of d-wave mean
spacing of D, = 1.49 keV. Thus, one should
have observed about 87 d-wave resonances ug
to E, ~ 130 keV. Based on Bayes theoren, !
we assigned only 20 resonances up to this
energy, only ~ 23% of the expected number.

indicating an excess

H. Level spacing distribution

The simplest possible case for the inves-
tigation of level energies of complex sta-
tes was discussed by Wigner in terms of an
interaction Hamiltonian consisting of 2x2
matrices belonging to an ensemble of matri-
ces called the Gaussian orthogonal ensemble
or, in short, GOE. Using these arguments,
Wigner! surmised an expression for the
joint probability distribution of nearest
neighbor spacings (S) of levels of the same
J7T as 2

_TX
P(x)dx = (n/2) x e “ , where x = S/D.

This expression, though not mathematically
exact in the limit n »+ », where n is the

TABLE VII. The number of resonances, the
calculated mean level spacing, A3 values
(calculated and theoretical), nearest neigh-
bor spacing correlation for the s-wave reso-
nances observed in various energy intervals.

p(corre-

A3 Aj lation
E, No. of D experi- Theo- coeffi-
(keV) levels (keV) mental retical cient)
0-100 18 5.56*0.68 0.22 0.29 -0.13
0-200 36 5.56%0.48 0.28 0.36 -0.27
0-250 45 5.56%0.43 0.38 0.38 -0.24
0-300 56 5.38%0.37 0.87 0.40 -0.22
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dimensionality of the matrix ensemble, is
indeed close and can not be distinguished
experimentally from the exact result ob-
tained by Mehta and Gaudin.2? Even though
these results are valid for the central
region of the semicircle where the 1level
density is constant, Monte Carlo calcula-
tions have, however, shown that within
statistical sampling errors, the distribu-
tions are independent of the energy range
chosen and coincide with the result of
Mehta and Gaudin.

A plot of the experimental nearest neigh-
bor level spacing distribution for ©8Zn+n
up to E, ~ 250 keV is shown in Fig. 9.
This shows an excellent agreement with the
Wigner distribution over the entire range.
The data, for reasons of statistics, have
been plotted as histograms for intervals of
Ax = 0.4, where x = S/D. For a mean s-wave
level spacing of 5.56 keV observed in these
experiments, this interval is 2.2 keV com-
pared to the energy resolution of about
0.35 keV at the maximum energy of 250 keV.
The Wigner distribution predicts zero prob-
ability for x = 0, i.e., a level repulsion
effect. With our present resolution, it
was possible to resolve levels which were
separated by about 0.2 keV at about 200 keV
and much closer at lower energies. At 200
keV this corresponds to a value of x of
~ 0.04. The probability for this spacing
to occur for a Wigner distribution is 1%,
or at most one level out of a total of 50
spacings; we did not observe any such small
spacings. If the levels were to occur ran-
domly due to random configuration mixing,
one would expect about 4 such small spa-
cings in this inverval from O to 0.04.

In summary, the present data confirms
without doubt the validity of GOE for the
distribution of level energies of given J"
at high excitation energies. This level
repulsion effect also implies that there is
a negative short range correlation between
nearest neighbor spacings. The magnitude
of this correlation has been predicted by
Porter?! to be -0.253 for a large number of
resonances. Our calculation of this quan-
tity up to 250 keV gave a value of -0.24 in
excellent agreement with this prediction.
The experimental value up to 300 keV
decreased slightly to -0.22, which may
likely be due to some impurity in the level
sequence in the 200-300 keV energy inter-
val.

Considerable attention has been given in
the past decade to the presence of a long
range correlation between the level ener-
gies (the A3 statistic) discussed by Dyson
and Mehta.3? This quantity is defined as

A3 = 1/72 (%n n - 0.0687),

with a standard deviation of about 0.11
irrespective of the number of levels in the
series. For an impure sequence of levels,
this statistic was shown to deviate errati-
cally showing no particular trend in view
of the compensating nature of level occur-
rence according to a staircase plot of the
number of levels vs Ej.

Some earlier investigations of this sta-
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= 68Zn+n
= S-Wave level spacing
T = Distr.
w N=45
o
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@ = WIGNER DIST
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X=S/D
FIG. 9. The distribution of the nearest

neighbor spacings of 45 s-wave resonances
observed up to E, ~ 250 keV. The solid
curve is the Wigner distribution.

tistically by Liou et al.,“ the isotopes of
erbium gave surprisingly good agreement
with the theory and have generated interest
to investigate its validity more carefully
using data with less ambiguity. However,
it was obvious from our high-resolution
measurements®’® on the even-even nuclides
64Zn and ©®Zn, that even those data could
not be completely relied on to prove the
validity of the A3 statistic in view of the
great sensitivity of A3 to the precise
location of a single level in a series of
the same JT,

We have observed experimentally that the
strategic location of a single 1level can
sometimes drastically change the value of
Az. This wusually occurs if there is a
large gap between two consecutive level
energies. The calculated values of A3 ob-
tained from these experiments are given in
Table VII. It can be seen that the experi-
mental value of Az of 0.38 for 45 s-wave
resonances up to E, ~ 250 keV is in excel-
lent agreement with the Dyson-Mehta theo-
retical value of 0.38. The results for
smaller energy intervals, though smaller
than the theoretical value, agree within
the expected uncertainty of #0.11. How-
ever, the experimental value of A3 above
3 50 keV increases gradually until it gives
a much larger value of 0.87 up to E, ~ 300
keV, compared to a theoretical value of
0.40. It was, however, possible to obtain
a value in agreement with the theoretical
value, if one or two weak resonances were
eliminated from this s-wave sequence. For
example, if we eliminated the resonances at
~ 185 keV (Tp ~ 30 eV) and 270 keV (T, = 80
eV) in Table IV from the s-wave series, we
obtained a value of 0.48, in good agreement
with the theoretical value. Similarly, if’
the resonance at 251.3 keV was deleted from
the s-wave level sequence, we obtained a
value of 0.56. However, these resonances
are definitely s wave due to their asym-
metric shapes. The addition of weak reso-
nances beyond 250 keV did not produce
agreement with the theory. We conclude
that our data for 45 s-wave resonances up
to 250 keV are in good agreement with the



A3 statistic, but the comparison above this
energy is not meaningful.

1. Strength functions

The giant resonance behavior of neutron
strengths as a function of mass number has
been successfully explained by the optical
model.22 The location and widths of these
resonances for s-, p- and d-wave neutron
scattering depends upon the parameters of
the optical potential. The average
strength function for a given & over the
energy region AE is

2
5, = 28" ,

(2% + 1)AE
where 2 and J refer to the angular momentum
of the neutron and the total spin of the
compound state, respectively.

The cumulative sum of ):I‘?1 for s-wave
resonances as a function of neutron energy
is plotted in Fig. 10. The s-wave strength
function for the entire interval is the
slope of the straight line passing through
the experimental points. However, because
of the random statistical distribution of
widths and effects, such as intermediate
structure, the data points do not lie on
one straight 1line. The three straight
lines in Fig. 10 give different values of
the strength function for different energy
intervals. This variation is suggestive of
possible doorway states.?23

A summary of the strength function values
in increasing intervals of neutron energy
is given in Table VIII. The value for the
entire interval is (2.01 * 0.34) x 10—%,
It is obvious that the uncertainty in the
value decreases as the number of levels
included in the analysis increases. The
method for the determination of this uncer-

tainty has Dbeen discussed by several
authors. 24’25
mT /o
60
87n+n So=(2.75£0.73)X 107
50— Ao
~ 40
3
o .
= ok S4.282172) ~—
20
101 (L19£036)
| | | | ] | ] | |
0 40 80 120 160 200 240 280 320 360
Ep (keV)
FIG. 10. A cumulative plot of the sum

of the s-wave neutron reduced widths as a
function of neutron energy. The solid
curves are drawn through all the points in
a given energy interval. The slopes of
these straight 1lines <can provide the
values of s-wave strength function.

25 NEUTRON RESONANCE PARAMETERS OF 3JZn+n AND... 1821

TABLE VIII. s- and p-wave neutron
strength function values obtained from dif-
ferent energy intervals of neutron energy.
A value of the nuclear radius R = 5.6 fm
was used for the calculation of p-wave
neutron reduced widths.

Sy in units S; in units

Ep(keV) of 10-* of 10™"

0-100 1.70 * 0.56 0.49 £ 0.08
0-130 2.07 * 0.48 0.49 * 0.07
0-200 2.07 * 0.48 0.47 * 0.05
0-300 2.28 * 0.43 0.56 * 0.05
0-380 2.01 £ 0.34 0.60 * 0.05
100-200 2.38 + 0.78 0.42 * 0.06
200-300 2.63 * 0.89 0.75 * 0.10
300-380 1.16 * 0.38 0.84 *0.15

"energy due to resolution effects.

A similar cumulative plot of z:gr‘}l vs Ej
is shown in Fig. 11. Here also we see that
not all the data points pass through a
smooth straight line. The values of S; for
different energy intervals are given in
Table VIII. We chose the final value of
S; = (0.56 * 0.05) x 10~* up to 300 keV,
since we felt less certain of the accurate
determination of p-wave widths above this
We found
S; = (0.49 % 0.07) up to E, ~ 130 keV,
where both transmission and capture data
were included. The sharp increase in S; at
about E, ~ 260 keV in Fig. 11, up to the
maximum energy of E, ~ 380 keV, may also be
due to the presence of a doorway state.

J. d-wave strength function

A value of the d-wave strength function
S, of (0.13 £ 0.03) x 10-% was obtained
from the 20 assigned d-wave resonances.
The uncertainty is purely statistical in
nature. From a comparison of the d-wave
neutron reduced width distribution with the
Porter-Thomas distribution, we obtained a

0
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40—
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FIG. 11. A cumulative plot of the sum
of the p-wave neutron reduced widths as a

function of neutron energy. The solid
curves are drawn through the points.
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correction of about 50% in S, from the
missed weak levels. This gave a corrected
value of S, of (0.20 £ 0.06). However,
because of the uncertainties of the spins
and TI,'s of these d-wave resonances the
uncertainty was increased to * 0.10.

K. Correlation between I‘g and I‘7
for s-wave resonances

As mentioned earlier we have determined
the radiation widths of about 22 s-wave
resonances up to 130 keV from the measure-
ment of the capture areas. A large posi-
tive correlation of 0.5 between T, and FY
(P >99.7%) was found for these 22 resonan-
ces. Similar strong correlations have been
previously observed for other even-even
nuclides such as ©®“Zn+n and ©%Zn+n reac-
tions. 3’6 These observations show that
nonstatistical effects must be present for
these nuclides.

L. Average capture cross section

We have calculated the average capture
cross section in neutron energy intervals
of 5, 10 and 20 keV. These are shown in
Table IX. These cross sections fluctuate
rapidly at lower energies because of the
presence of well resolved resonances; how-
ever, the average cross section varies
smoothly above about 30 keV. These cross
sections have been corrected by the factor
0.95 for an error in the normalization pro-
cedure used during the data processing.?2®
The average value of 19.2 mb was obtained
at E, ~ (30 * 10) keV. This quantity is of
interest for nucleosynthesis of elements in
stars.

M. Thermal energy neutron data

The coherent and bound neutron scattering
cross sections of 68Zn as well as the cap-
ture cross section at thermal neutron
energy have been measured and recommended
values published.® It is interesting to
compute values of these cross sections from
the measured resonance parameters of the

. present experiment. It is found that
almost all the contributions to these cross
sections arise from the s-wave resonance at
516.4 eV and from the value of R = 5.6 fm.
We have fitted the total cross section data
observed in the present measurement from a
few eV to about 20 keV using an R-matrix
code 27 and have computed thermal values of
og = 5.78 b, ogop = 5.89 b, and oy, ~ 1.0
b which are in excellent agreement with the
measured values. Hence, the thermal data
do not warrant the presence of a bound
level near the thermal neutron energy. For
the capture cross section, a value of Ty of
0.167 eV was assumed. This analysis also
provided a value of effective nuclear
radius (R') of 5.85 fm which was obtained
from the expression R' = (1-Aj)R.

TABLE IX. The average capture cross sec-
tion as a function of neutron energy inter-
val. The data have been corrected for the
normalization error (Ref. 26) of 0.95.

Ep (keV) oy y(mb) Ep(keV) oy y(mb)
3-9 117.1 220-240 11.2
9-15 43.3 240-260 11.2

15-20 40.7 260-280 10.8
20-30 20.2 280-300 12.6
30-40 18.3 300-320 9.9
40-50 17.1 320-340 11.0
50-60 21.4 340-360 11.6
60-80 20.2 360-380 11.3
80-100 12.6 380-400 11.9

100-200 13.3 400-420 10.1

120-140 13.9 420-440 11.6

140-160 14.6 440-460 14.8

160-180 12.8 460-480 12.7

180-200 12.1 480-500 13.0

200-220 11.4

V. SUMMARY

The distribution of the statistical prop-
erties, such as reduced neutron widths and
level spacings for s-wave resonances ob-
tained from high-resolution transmission
and capture measurements on ©8Zn, were in
excellent agreement with the Porter-Thomas
and Wigner distributions and with the A3
statistic of Dyson and Mehta. The validity
of this A3 statistic permits one to predict
the mean level spacing more precisely than
would be the case if the levels were ran-
domly distributed or showed no long range
correlations. Average quantities, such as
the mean 1level spacings, radiation widths
and strength functions for both s- and p-
wave neutrons neutrons were obtained. The
variation of the strength functions with
energy 1is suggestive of possible doorway
states.

The significant correlation between neu-
tron and radiation widths is evidence of a
nonstatistical process. The wide spread in
radiation widths obtained for s-wave reso-
nances probably occurs because of a few
strong transitions to low-lying negative
parity states.
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