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A high resolution neutron time-of-flight experiment for neutron energies 20 < E < 240 keV was carried out
on the target nucleus **Ce(0"). The measurement employed a 7.5 nsec beam burst and 250 m flight path. A
multilevel shape analysis of the resonance data was performed. The plot of 3I'°? vs E for the [ =0
J™ = 1/2% levels exhibited a significant change in slope at ~ 160 keV and gives support to the doorway state
picture of compound nucleus formation. The obsérved number of I = 0 levels vs E showed an abrupt
increase at 160 keV, the energy at which S, also changed. Various statistical tests were applied to see if
this was an effect of missing weak levels but a definite conclusion could not be reached. The behavior of the
p wave strength function vs energy was found to be suggestive of doorway state structure. After correcting
for missing levels the ratio of s to p wave level spacings was found to be 3.0; the theoretical prediction of
2.9 (for oo = 4.9) is in good agreement with experiment. The average s, p strength functions and levels
spacings are Sy = 1.1 X 1074, §; = 0.3440.05 X 1074, (D), _ o = 4.9 keV, (D>, _ , = 1.64 keV.

NUCLEAR REACTIONS Neutron total cross section measurement of 4°Ce, 20
<E<240 keV. Determined E, J", T, of resonances. Deduced s and p wave
strength functions and level spacings.

INTRODUCTION

A high resolution neutron total cross section
measurement on the separated isotope “°Ce has
been carried out for incident neutron energies 20
<FE <240 keV. These results are part of an in-
vestigation of the neutron resonance behavior of
a few closed shell nuclei for which current experi-
mental technique can resolve a statistically sig-
nificant number of levels over a several hundred
keV energy region. Fewer degrees of freedom
are excited in closed shell nuclei and consequently
they represent favorable test cases for exhibiting
the effects of isolated doorway states.® The door-
way state signature of interest is an energy
modulation of the s or p wave neutron strength
function which is more rapid than that predicted
by the optical model.> A previously reported re-
sult on %Y (Ref. 3) gave evidence in favor of the
doorway state picture and provided impetus for
the °Ce measurement. Furthermore, as was the
case for ®°Y (see Ref. 3) most s and p levels were
detected and this lends itself to a good test of the
expected ratio of s to p wave level spacings.

140Ce is a 0* closed shell nucleus (N =82) and lies
on the low A side of the split 4S maximum in the
s wave strength function. The behavior of the p
wave strength function in the A =140 region is
unclear because little reliable data exist.

EXPERIMENT

The experiment was carried out with basically
the same set up as described in Ref. 3. The 100

18

MeV electron beam from the Lawrence Liver-
more Laboratory linear accelerator struck a
water cooled neutron producing Ta target which
was viewed by three 1 cm thick, 12.7 cm diam,
SLi glass scintillators located at the end of a
250 m evacuated flight tube. An important dif-
ference between the *°Ce and ®°Y measurement
is that the plastic adapters used to couple the flat
Li glass scintillators to the phototubes were re-
placed by quartz adapters. As described in Ref. 3,
this improved the resolution. The accelerator was
operated at 720 pps with a 7.5 nsec beam width and
an average electron current of 25 pA. The time-
of -flight tehnique was used and below (above) 180
keV 4 nsec (2 nsec) channel widths were employed,
respectively. The effective resolution was satis-
factorily described by a time smearing of 12 nsec
and was found to vary little with neutron energy.
The separated isotope *°Ce was in the chemical
form CeO, and consisted of 99.7% (at.%) *°Ce. The
388 g of °Ce (476 g of Ce0O,) was contained in an
Al cylinder 5.8 cm in diam. resulting in a *°Ce
sample thickness of 1/7=16.1 b/atom. An equi-
valent Al container was in the open beam. Fast
cycling determined the normalization between
open and sample runs and backgrounds at 28 and
80 keV were determined using Fe filters. Further
experimental details are described in Ref. 3.

ANALYSIS

The *°Ce data were analyzed with a multilevel
shape analysis program which was written in the
process of analyzing the ®°Y data of Ref. 3. The
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theoretical cross section, which included the ef-
fects of Doppler broadening, was represented by
an incoherent sum of /=0 and /=1 Breit-Wigner
equations. These equations do not correctly treat
coherent interference between resonances with

the same quantum numbers but this is only impor-
tant if these levels have significant overlap—which
seldom occurs. The exact equations used are

0,=0,+0,, (1a)

0o =4mX* E [£,(T3),/T5]cos 2y,
7

X [d)(BJ ’ XJ) +tan 270)((3;, Xj)]
+47)X% sin?y, , (1b)

o, =41X* Z [g,(TF),;/TF]cos2y, (B, ,X;)

J

+47X3(3 sin?y,) , (1e)
r:=[E/(1 eV)]*2r?, (1d)
ry=[E/(1eV)]*?[y*/(1+y*) Tk, y=kR, (le)
r=r,+r,, ’ (1f)
X,=2(E-E,)/T,, (1g)
B=2A/T, A=(E/10A)Y?, (1h)
Yo=kR’, R'=R(1-R}), (1)
Y1=b.+6,, (13)
¢, =tan"[—j1(y)/m()], (1k)
6,=tan"'[-R7P,/(1 -R7S,)], 1y

Pi=y/(1+y%), S;=9*/(1+y%). (Im)

The definitions of the different parameters and the
form of cross section above result from an R-ma-
trix* derivation of the Breit-Wigner equation. o,
and o, give the s and p wave contribution to the
total cross section. T, ryE,, and g, are the
neutron width, capture width (assumed to be 0.1
eV for all levels), resonance energy, and spin
,factor associated with each level. For the [=1
case a self-interference term similar to the ;=0
term [sin2y,x(B,,X,)] was not included because it
is not important for the neutron energies covered
in this experiment. For '°Ce the nuclear radius
R was taken to be 7.26 fm and gave a best estimate
of R5 =0.3+0.05 (R’=5.1+0.3 fm). The value of
Ry is in good agreement with previous measure-
ments in this mass region.® y(B,X) and y(B, X)
are the Doppler broadening integrals which re-
place 1/(1 +x?) and X/(1 +X?) in the usual Breit-
Wigner equation. The experimentally observed
transmission was calculated by convoluting the
transmission T =exp(-no,) with a resolution func-

tion which was determined by examining narrow
levels. Figure 1 shows the experimental transmis-
sion (data points) vs neutron energy for *°CeO,.
The oxygen total cross section is constant for E
<240 keV and was taken to be 3.76 b.® Thus the
smooth curve through the data includes the trans-
mission of oxygen in addition to the multilevel
cross section of °Ce as described above.

As can be seen from the data of Fig. 1 the (=0
levels are easily identified by their interference
minimum and are 3* resonances. Symmetric
resonances were assumed to be p wave and for
these levels only gI', could be determined. The
good resolution of this experiment enabled the
parity of many weak levels to be determined un-
ambiguously. For example, the resonances at
30.698 and 108.10 keV have small widths but their
s wave character is obvious without any shape
fitting of the data. For the resonance at 205.69
keV where the resolution, though still good, is
poorer the shape analysis clearly gives a superior
fit when =0 is assumed for the resonance.

Tables I and II list the /=0 and /=1 resonance
parameters, respectively. The symbol f next to
the 213.98 keV resonance in Table I signifies a
multiple level, while the * adjacent to the 10 weak
levels in Table II indicates the parity could not be
determined by the shape analysis. These levels
were placed in Table II because a Bayes theory
test” indicates >85% probability of these levels
being p wave (it is reasonable to assume that two
or three of these levels are s wave). The only
other measurement on *°Ce that this author is
aware of is unpublished work performed by the
Columbia group.® Their results covered the en-
ergy range E < 60 keV and the two sets of values of
the 7=0 resonance parameters are in good agree-
ment.

RESULTS

Figure 2 shows the behavior of Y3I'0 vs E for the
1=0 £* levels. The slope of the data yields the s
wave neutron strength function which should be
essentially constant over this energy range if the
optical potential provided a complete description
of the neutron nucleus interaction. As can be seen
the data of Fig. 2 cannot be characterized as having
a constant slope and hence an energy independent
1=0 strength function S,. Beyond the strong 21.57
keV level, which produces an immediate rise in
5 .Ts, So naturally (not forced) follows two dif-
ferent slopes below and above a neutron energy of
160 keV. The straight lines drawn through the
data are meant to emphasize this behavior and are
not fits to the data. Attempts at drawing a straight
line through all the data, i.e., including the 21.57
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FIG. 1. (a), (b) Transmission vs neutron energy of 4°Ce0, (1/ value of ¥ Ce=16.1 b/atom). The smooth curve through
the data results from a multilevel fit as described in the text.
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TABLE I. /=0 resonance parameters of 14°Ce.

E(keV) r, V)
21.570 £ 0.010 550 t 60
24.795 * 0.006 73+ 10
28.190 + 0.008 110 + 15
30.698 + 0.008 1.6+ 25
38.175 +.0.010 75 + 10
41.870  0.010 260 *+ 30
49.390 £ 0.010 65 + 10
55.130 + 0.015 190 + 25
62.810 + 0.020 120 + 15
73.300 + 0.020 95 + 15
78.300 + 0.020 75 + 10
87.950 + 0.030 290 * 35
93.090 * 0.030 270 + 35
95.740 + 0.030 280 + 35
98.400 + 0.020 33 ¢ 5
108.10 * 0.02 28 t 5
117.53 * 0.03 75 % 15
120.89 + 0.03 170 + 20
128.96 + 0.03 265 * 30
136.16 + 0.03 195 * 25
137.46 + 0.03 150 + 25
14377 + 0.04 380 + 35
150.48 * 0.04 220 *+ 30
158.34 + 0.03 40 £ 5
166.96 + 0.04 200 * 30
170.40 + 0.05 800 + 100
17223 + 0.04 25 = 4
17525 + 0.04- 600 * 60
179.92 + 0.06 230 + 40
184.97 + 0.03 120 £ 20
185.84 * 0.03 80 * 15
194.17 + 0.04 485 + 55
197.32 + 0.03 65 + 15
201.63 * 0.03 500 + 70
205.69 + 0.04 2+ 5
20790 + 0.04 42 + 8

t213.98 + 0.09 800 * 200
21549 + 0.04 95 + 15
219.05 * 0.04 400 * 60
224.45 + 0.04 480 + 60
228.55 + 0.05 40 + 8
23549 + 0.05 500 + 70

keV resonance, does not satisfactorily represent
the energy dependence of S,. The data of Fig. 2
gives clear evidence of a change in slope at a
neutron energy of 160 keV and is typical of the
behavior expected (see Ref. 3) if an isolated door -
way state with a spreading width r'~100 kev
modulated the strength of the interaction. A 7»ep-
rvesentative value of the s wave strength function
in this energy range is 1.1x107%,

Figure 3 displays 3, gT% vs energy for p wave
levels of both spins (3~ and 27). The solid and
broken lines through the data represent two pos-
sible interpretations of the energy dependence of
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FIG. 2. Plot of 23 1"?, vs neutron energy for the I=0J
=4" levels. The straight lines through the data were
drawn to emphasize the different slopes above and below
160 keV. A representative value of the s wave strength
function over the 20 to 240 keV region is 1.1 %1074,
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FIG. 3. Plot of Z)g 1",1l vs neutron energy for the p wave
resonances of both spin states, £~ and 3~. The solid
and broken lines drawn through the data are discussed
in the text.
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TABLE II. /=1 resonance parameters of 149Ce. Levels with symbol * are of undetermined parity but a Bayes theory test (see text)

indicates that these are most likely p wave.

E (keV) gr, (eV) E (keV) gr, (V)

* 21.183 £ 0.004 20 £ 0S5 133.32 £ 0.02 21 = 3
29.200 = 0.004 0.8 = 0.2 147.50 + 0.04 5 % 25
34.575 + 0.006 2.7 + 04 * 148.68 * 0.03 13 £ 25
39.145 + 0.007 1.3 = 0.2 152.64 * 0.03 18 = 3
40.108 + 0.007 1.5 = 02 153.12 £ 0.03 14 + 3
40.890 + 0.007 1.5 £+ 0.2 157.35 + 0.03 14 £ 3
41.495 = 0.007 1.7 £+ 03 163.75 * 0.03 . 30 * 4
42.620 + 0.007 20 + 04 166.42 = 0.04 140 % 30
44.620 + 0.008 29 .+ 04 168.76 + 0.04 25 = 7
48.510 * 0.008 1.5 £ 03 171.08 + 0.04 30 = 7
53.050 £ 0.010 3.5 £ 07 17395 £ 0.05 i5 = 4
53.150.+ 0.010 15 + 3 177.10 £ 0.04 30 = 4
53.580 % 0.010 2 2 03 177.65 £ 0.04 35 £ 4
55.615 £ 0.011 30 £ 04 187.94 + 0.04 15 £ 3
60.255 * 0.011 60 * 8 189.49 * 0.04 15 = 3
60.600 £ 0.011 14 * 3 192.03 £ 0.04 50 £ 7
66.210 + 0.015 33 £ 05 193.19 £ 0.04 175+ 25
68.025 * 0.013 54 £ 038 198.74 % 0.04 20 £ 4
69.475 * 0.012 18 £ 3 199.92 % 0.05 18 £ 5
74.560 £ 0.020 6 *t 25 201.04 £ 0.04 55 = 8

* 74725+ 0.020 33 + 1.0 * 203.14 = 0.04 15 £ 5
76.555 £ 0.015 18 + 3 203.78 £ 0.04 40 = 5
82.100 £ 0.020 9.0 = .13 206.57 £ 0.04 110 =15

* 83.795 £ 0.025 6.0 = 1.0 208.78 * 0.04 250 35

* 84.575 + 0.025 6.0 = 1.0 210.16 £ 0.05 22 5

*  86.880 = 0.030 7.0 = 2.0 210.59 * 0.05 38+ 6
89.167 £ 0.030 50 £ 1.0 216.10 * 0.05 20 = 7
90.180 + 0.020 40 £ 5 216.82 * 0.05 35 5
95.230 £ 0.020 18 + 3 218.04 * 0.05 13 = 4
97495 + 0.020 12+ 3 220.10 £ 0.05 35 =5
99.685 + 0.025 9 =+ 15 221.98 £ 0.05 35 +°5
105.44 =+ 0.02 8 + 15 225.13 £ 0.05 17 = 4
106.46 + 0.02 9 + 15 226.11 + 0.05 20 = 5
107.43 + 0.02 30 = 4 227.14 % 0.05 240 30

* 11423 + 6.03 6 * 1.5 * 231.68 + 0.05 15 = 5
117.00 * 0.02 70 = 9 232.15 + 0.05 47 + 10
118.08 * 0.02 50+ 8 232.60 = 0.05 40 + 7
120.52 + 0.03 20 * 4 233.19 + 0.05 30 = 7
i24.79 * 0.02 s + 2 234.86 * 0.05 170+ 25

* 12695 * 0.03 6 * 15 236.97 % 0.05 20 = 4
131.16 * 0.02 22 3 238.65 * 0.05 25 = 4

the p wave strength function S;. The solid line
demonstrates how a straight line can be found
which gives a reasonable fit to the data up to about
220 keV. The p wave data above ~220 keV does
have a steeper slope; however, higher energy data
are required to see if this trend continues. It is
also possible to separate the p wave data into
regions with different slopes below and above 190
keV, which implies an energy dependence of S,.
This is shown by the broken lines through the data
of Fig. 3. It is felt that the evidence for a doorway -
state in the p wave channel is weaker than the s
wave case. A better test of doorway states in the

p wave channel requires identifying the J values of
the resonances in order that the 3~ and $~ channels
be examined separately. The straight line through
the p wave data gives a p wave strength function of
$,=0.34x107%, The statistical uncertainty is esti-
mated to be +0.05.

The cumulative number of s levels vs energy is
plotted in Fig. 4. This plot is rather startling in
that two different level densities are implied be-
low and above 160 keV. They are 5.9 and 4.0 keV,
respectively. It is tempting to claim that the true
s wave level density has changed at the same en-
ergy at which the strength function changed. How-
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FIG. 4. Plot of the cumulative number of s wave levels
vs neutron energy. The straight lines were drawn to
emphasize the different slopes below and above 160 keV.
The expected values of the Dyson-Mehta Aj statistic,
along with the experimental values, are also presented.

ever, as usual, one always has the problem of
estimating how many weak s levels were missed.
Between 20 and 160 keV 24 s levels were observed
while above 160 keV 18 resonances were detected.
If it is assumed [see Fig. 5(b)] that no s levels
were missed above 160 keV it is necessary to in-
clude 11 additional levels between 20 and 160 keV
to bring the different (D) values into agreement.
The histograms of Figs. 5(a) and 5(b) represent
the experimental distribution of =0 reduced neu-
tron widths for the energy region below and above
160 keV. The smooth curve of Fig. 5(b) repre-
sents the Porter-Thomas® (PT) distribution and
represents the expected distribution when the total
number of widths equals 18. The agreement be-
tween the histogram and the PT curve suggests
there are few missing levels. The smooth curves
of Fig. 5(a) were calculated assuming a total of
24 (observed) and 35 (missing 11) levels. Since
the first hisotgram box of Fig. 5(a) shows to few
counts it might seem reasonable to conclude that
many small resonances are being missed below
160 keV. There are, however, two other factors
to consider. Firstly, the experimental resolution
is better at lower energies even if one concludes,
as is implied by a constant (D) and the increased
strength function, that the reduced neutron widths
above 160 keV are larger. Secondly, the Dyson-
Mehta®® A, statistic is expected to have the value

i
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FIG. 5. (a), (b) The histograms represent the experi-
mental distributions of reduced I =0 neutron widths.
The smooth curves represents the Porter-Thomas dis-
tribution for the assumed number of true levels.

08

0.315 +0.11 for a sequence of 24 correlated levels.
The experimental value of A; found for the 24
levels between 20 and 160 keV is 0.30. Since the
value of A, tends to be larger than expected when
levels are missed,! the “good” value of A, found
experimentally suggests only a few levels have
been missed.

In order to be more quantitative two Monte
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Carlo calculations were performed. The first
calculation centers around the PT distribution.
Assuming that the true number of s levels below
160 keV is the 24 observed, the probability of
finding <4 “counts” in the first histogram box
[see Fig. 5(a)] was determined. It was found to
be between 1 and 2%. The second calculation
employed the A, statistic as a test of missing
levels. Here it was assumed that the true number
of levels below 160 keV is 35 and the question is
as follows: What is the probability of missing 11
levels and finding a value of A; <0.30? This was
determined as follows: A sequence of 35 levels
having A,=0.36 (close to the expected value of 0.35)
was selected. Eleven levels were randomly
chosen to be missing and for the remaining 24
levels a value of A; was calculated. This process
was repeated many times and the probability of
having A; <0.30 for the remaining 24 levels was
found to be between 4 and 5%.

As these tests imply opposite conclusions with
about equal weight a definite interpretation of the
change in (D) cannot be made conclusive. On the
other hand, it is interesting to note that a change
in level density, occurring at the same energy
at which the 7=0 strength function exhibited a
change, was reported recently for *®*T1 by Liou
et al.** This favors concluding that a true change
in (D) is being observed in *°Ce. It should be
pointed out that a simultaneous change in S, and
(D) is contrary to the doorway state picture of
the neutron nucleus interaction. A doorway state
is expected to modulate the strength of the reso-
nances but not their average spacing.

With the data collected in this experiment it is
possible to examine the expected ratio of s to p
wave level spacing about which little information
exists. It will be assumed that few /=0 reso-
nances have been missed even though, as discus-
sed above, this may not be true. Since the Bayes
theory test described previously implies that
several weak levels assigned to be /=1 might be
1=0, the total number of s wave levels between 20
and 240 keV was taken to be 45 (3 more than the
observed 42). This gives an average spacing of
(D),-o=4.9 keV.

Before determining the p wave resonance spacing
the number of missing weak levels must be deter-
mined. This was done by looking for satisfactory
agreement between the expected and observed dis-
tribution of widths while varying the true number
of p wave levels. Specifically, the expected dis-
tribution of 3~ and 3~ p wave reduced widths has
the form:

P(X)dX = %NP[PI./Z(X) + 2P3/2(X)] ax, x= (gr:)x/z )
(2a)

DISTRIBUTION OF P WAVE
REDUCED WIDTHS
20 — 240 keV

0.4

0.8 1.2
\/ I-'no (ev)k

FIG. 6. The histogram gives the experimental distri-
bution of reduced 7 =1 neutron widths and the smooth

curve represents the expected distribution as described
in the text.

R=<gr,1|>3/2/<gl";}>l/2 s (2b)
9S,AE° R '
o _ 99
<gr" >3/2‘ Np 2R+1 ° (2¢)

S, is the measured strength function (both spins)
equal to 0.34 for the energy interval AE =220 keV
and R is the ratio of the p,,, to p,, strength func-
tions which an optical model calculation® indicates
is 0.6 in the A =140 region. P,/ and P,,, are the
probability distributions for the J=% and 3 p wave
levels. The only free parameter is N, the true

‘number of p levels. In Fig. 6 the histogram rep-

resents the experimental distribution of reduced
1=1 widths and the smooth curve was calculated
using Eq. (2) with N, =135 (53 more than the 82
observed). The fit to the data is satisfactory and
135 p wave levels implies ( D),.,=1.64 keV. Thus
the “experimental value” of (DY,.,/{D),-,=3.

Thermodynamic level density calculations® pre-
dict a J dependence (for either parity) of the form
(27 +1) exp — / + §)?/20® where o =spin cutoff fac-
tor. For o= the expected ratio of (D),.,/D),-,
is 3 while for ¢ =4.9, which is typical of the A
=140 region, the expected ratio is 2.9. The agree-
ment between theory and experiment is satis-
factory.
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