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ABSTRACT
The neutron capture cross section of 135Ba has been measured with high
resolution at the Oak Ridge Linear Accelerator in the energy range 3 to 100
kev. From over ninety observed resonances in the 3 to & keV energy range,
the average resonance parameters obtained were: (TY) = 150 = 20 meV; (D)=
39.3 £ 4 eV and lO"S1 = 0.8 * 0.2. The quoted radiation width and p-wave
+

strength function also have a normalisation erroxr of * 20 per cent. The

method of separation of s- and p-wave populations by statistical methods is

described.
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1. INTRODUCT LON

The neutron capture cross sections of separated isotopes of barium (134
135, 136, 137, 138p,.) yere measured at the Oak Ridge Electron Linear
Accelerator (ORELR) facility; +the data obtained are being analysed in detail
at Lucas Heights to vield information on the s- and p-wave neutron resonance
parameters and on the neutron capture cross sections in the region 3 to 100
kev. Preliminary results of this analysis were reported recently at the
Soviet National Conference on Neutron Physics (Allen et al. 1973a), and the
earlier results are now superseded. The present report gives details of the

analysis of the 135

Ba capture data with the techniques used to discriminate
between s- and p-wave levels. The resulting s-wave levels have average level
spacing in excellent agreement with that found at low energy by other
experimenters. The most probable p-wave neutron strength function is deduced
from the neutron widths extracted from the assumed .p~-wave levels.

2. EXPERIMENTAL DETAILS

The details of the experimental arrangement and equipment have already
been extensively documented (Macklin 1971, Macklin & Allen 1971, Allen et al.
1973b). 1In brief, this measurement was performed at the 40 m station of
ORELA. The capture Y-rays were collected by a total energy detector with
efficiency independent of the nature of the y-ray spectrum. A calculated
pulse height weighting scheme ensures that, on average, the detector response
is proporticnal to the total energy of the event (ie. the binding energy plus
the centre of mass neutron bombarding energy).

For each event detected, a weight (GWT) - actually an enexrgy weight -
is obtained from the calculated table and is then added into the appropriate
time channel file along with its variance. Finally, the number of capture

events at energy E is obtained from:

N (B) = GWT (E) ,
C

Ep 4+ BB/ (a+1)

where E is the neutron kinetic energy and GWT (E) is the cumulated product
of weight and total energy at the time channel corresponding to E. The
denominator is the total energy of the capture events in this channel.

The experiment described here was performed earlier than the lead runs
already published (Allen et al. 1973b). In that paper, a description of the
thin (0.5 mm)} °Li glass neutron flux monitor is given. The glass is inserted
in the neutron beam at 39 m and provides, via the ori {n,a) cross section

(Uttley et al. 1971), a direct contemporary measure of the incident neutron



" flux. For early measurements such as the one here described, a time-gated
communal fission detector measures the time integrated neutron yield at the
source (assumed to be proportional to the integrated flux at 40 m),

After installation of the °Li glass, the bLi (n,o) yield was measured
{along with the number of fission counts), and the barium results can be
normalised to the °Li (n,a) cross section by using the ratio of the two
fission counts. It is believed that the normalisation, relying on the
fission monitor alone, is no more than 30 per cent accurate 6ver long time

periods. Fortunately for the !3°

Ba run, a secondary standard is available.
Two runs on gold were performed directly after the barium-135 run and, when
these runs are normalised to the °Li yield via the fission counter, the

cross section in the keV region can be compared with previous measurements.

For the gold runs we obtain at 30 keV:

Run 1 Au o(exp) /o (standard) 1.04 £ 30 per cent
Run 2 Au ¢g{exp)/o(standard) = 0.96 * 30 per cent
wherethe 30 per cent error is the expected long time-~scale normalisation error.
From these gold results and also from the lead results (Allen et al.
1973b) it is claimed that, for short time periods, the normalisation achiewved
with the fission monitor is reproducible to within about 10 per cent.
Summarising the above argument then, the normalisation to the much later
®Li (n,0) yield is expected to be accurate to about 30 per cent. However,
the results could have been normalised to the subsequent gold runs with an
error of about 10 per cent. Taking a pessimistic view, a 20 per cent error is
assumed in the normalisation to the °Li (n,a) cross section, which is believed
to be known to better than 2 per cent below 100 keV.
The target consisted of an enriched (93.6 per cent) sample of !3*°Ba Co,

f 13%ga, The target thickness was 0.0061 atoms/barn with

containing 14.27 g o
linear dimensions 2.61 x 2.61 x 0.84 cm.

The accelerator operated with a pulse width of 5 ns giving 26.8 x 10°
bursts during the run, while 1.06 x 10° fissions were counted on the fission
monitor.

3. DATA REDUCTION

At the completion of the capture measurement ({(about one day's running
time} the data are dumped on tape for further analysis. Routine dead time
and time independent background corrections are made and the GWT data,
originally in time channels, are transformed to an energy scale. The data
are then converted to a capture yield (in mb) via the fission counter and

later °Li monitor yields as previously described. The data still contain a



time dependent background and have not been corrected for self shielding and
multiple scattering. The '*°Ba capture yield data at this stage are displayed
in Figure 1 for the energy region 3 to 90 keV. Also indicated is the back-
ground (assumed linear in each region) along with its assumed error.
4, ANALYSIS

4.1 Area Analysis Using Monte Carlo Method

A medified version of the RPI Monte Carlo code (Sullivan et al. 1969,
plus later errata} is used extensively in the analysis of capture experiments.
The code uses initial guesses for the resonance neutron and radiative widths
for up to ten resonances at a time, and calculates the multiple scattering
component of the capture yield. This component is subtracted from the
experimental yield and the code then performs an iterative area fit to each

resonance which is assumed to sit on a linear background. For '3%°

Ba between
3 to 6 keV we examined 100 channel segments (100 eV) of the data in turn
which contain, on average, about three resonances to be fitted. The calculated
primary capture yield at each resonance is convoluted with the resolution
function, and the shape fit to the data is examined visually {(at the end of
the iteration, the capture areas should be equal). It is claimed that the
FWHM df the resolution function is known very accurately as a function of
energy by Gaussian width fitting of many large unresolved (i.e. with I' <
resolution width) resonances in this nucleus. The Doppler broadening width
is, of course, added in quadrature to the resolution width.

Experience with other isotopes has shown that resonances with widths
down to about 0.5 resclution widths can be resolved. That is, as well as an
area fit, a shape fit to the resonance can also be performed to extract Pn.
For resonances with widths smaller than this limit, no detectable Breit-
Wigner tail can be discerned, nor the consequent reduction in resonance peak
height. _

For 135Ba, most resonances fall into the latter category and only one
resonance can be regolved out of the 90 observed.

The quantity obtained from the area fit is the idealised thin sample
capture area:

A = 2n%%? g rnrY/r .
and it is assumed that the reader is familiar with the conventional meanings
of these terms. The amount of self shielding occurring due to finite thick-
ness of the target is calculated in the programme and, for the largest

135

resonances in Ba, this effect reduces the capture yield by a factor of



about 0.7 to 0.8 of the thin target yield. This self shielding effect
rredominates over the {negligible) multiple scattering correction for this
nucleus at the energies considered here. For the smaller resonances the self
shielding correction rarely exceeds 5 per cent.

4.2 The Resonance Parameter Kernel

The resonance parameter kernel of AY is also of interest. This guantity

is denoted by:
K = anPY/P (ev) .

When the programme is iterating to determine Ay, it alters either Pn or I ,
whichever is the smaller. Therefore, for small resonances where Pn <€ FY a
value for FY is put into the programme which will not be altered by the
fitting procedure. For very small resonances, K = an and this is the output
quantity.

For the larger resonances having Fn > TY,a nice separation of k into
two groups corresponding to the two g values for s-neutrons is expected. For
135Ba, which has target spin of 3/2+, the g values are sufficiently different
(0.625 and 0,373) to make J assignments with some confidence. Of course, it
must be assumed that PY is independent of J in order to do this.

-More qualitatively, from the previously published low energy information
on this nucleus (Van der Vyver & Pattenden 1971, Alves et al. 1968) may be
taken estimates of_the average resonance parameters as follows: So ~ 1.0 x
10°*, {D) = 40 eV and (FY > = 100 meV. A rough estimate of the average
s-wave neutron width at 3 keV based on these parameters is 0.4 eV, or about
4 times the radiation width. From Porter-Thomas statistics, some 60 per cent
of the s-wave levels will have neutron widths larger than their radiative
widths. On the other hand, the resclution FWHM at 3 keV is 5 eV increasing
to 10 eV at 6 keV. Thus, it is extremely unlikely that any resonances will
be resolved. In fact, the 4,629 eV resonance is just resolved with Pn = 6,0
eV, but for no other large s-wave level can a reasonable estimate of Pn be

made.

4.3 Example of Analysis on the 3,199 eV Resonance

In Figure 2 is given a typical example of a detailed Monte Carlc area
analysis performed on the 3,199 eV resonance. The resonance Pn has been
varied from 0.2 eV to 2.0 eV. At Pn = 2.0 eV, the Breit-Wigner tail of the
resonance and the compensating drop in the peak‘height makes the visually

inspected shape fit to the resonance discernibly worse than with Fn = 1.0 ev,
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For all Fn values < 1.0 eV, the resonance shape is fitted very well. From
Figure 2(a} it can be seen that fY remains close to 150 wmeV for I}lvalues in the

range 0.8 to 0.4 eV before beginning to increase sharply as Fn approaches Fy'

The behaviour of the self shielding factor as a function of Pn' shown
in Figure 2(b), is typical of the large s-wave levels and the effect which
this produces on the true resonance capture area is displayed in Figure 2(c).
To obtain the resonance parameters for Table 1, a number of different
approaches are possible, . For example, the expectation value of the unknown
capture area is presumably an average over the Porter-Thomas Fn distribution.
To perform such an average, a value for (Fn } would be required, but also,
while such an approach may be sound mathematically, it is readily seen in
Figure 2({(a) that the average would actually weight highly a region (with Pn
close to 0.2) which may be judged to be physically unlikely. That is, for this
region the radiation widths are much larger than the mean radiation width
obtained for this nucleus. In the event, the radiaﬁive width for this
resonance is estimated to be PY 2 150 meV and a somewhat arbitrary value has
heen taken for Pn of 0.4 eV to obtain the capture area indicated in Figure
2(c) with the error associated with this estimate. It is felt that this
procedure can at least be more readily corrected if further measurements are
made on this nucleus.

For the analysis of the 3,199 eV resonance, it was assumed J = 2 and
hence g = 0,625. Had J ? 1 been assumed for this resconance, the curve in
Figure 2{a) would be shifted considerably to the right (i.e. to much higher
PY values). The lower value was judged to be more likely and this level was
assigned to the J = 2 sequence on that basis.

4.4 BSeparation of g Values

In the course of the present analysis, the higher g value has been
assumed whenever K 2 0.055 eV and the appropriate J value has been given in
Table 1. In the range 3 to 5 keV, 15 levels have been assigned as J = 2
and 8 as J = 1 in satisfactory agreement with a 2J+1 level density law. Of
course, as shown in Figure 2(&), the resonance area and hence K varies with Pn.
Borderline cases therefore reguire a physical assessment of which J value seems
more likely, and to this extent, may be regarded as uncertain. To further
amplify this problem, reference is made to the group of levels near 5.1 kevV.
These six large resonances look identical in the capture cross section and would,
on the basis of their apparent k values, be all assigned to the J = 1 sequence.
Clearly this is not a physically possible interpretation, bearing in mind the

Wigner distribution's injunction against small spacings of levels of the same
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spin sequence. The first level of this group was analysed as J = 1 and the
remainder have been analysed assuming g = 0.5 and are not assigned to either
sequence.

4.5 Average Parameters

Although each particular reszonance AY suffers from the uncertainty in

Pﬁr the average cross sections as finally presented in Figure 9 contain
contributions from a number of large s-wave levels (indicated by * in Table

1) and the authors are confident that the error on the final average cross
section, due to the lack of knowledge of any particular resonance Fn' is small
compared with the overall normalisation error. A zimilar observation applies
to the final best estimate for the average radiative width for this nucleus.
From the eight large resonances, between 3 and 4 keV (FY } can be estimated

to be 150 meV with an estimated error of + 20 meV. The resolved resonance

at 4,629 eV has FY = 135 £ 15 meV which agrees with this value within the
Eerrors.,

Clearly, the resonance parameters presented in Table 1 are not the
result of a 'once through' analysis. Above has been indicated the sort of
analysis required to obtain an estimate for (PY > for this nucleus from those
resonances having the largest capture areas {and presumably Fn > FY)' In
this energy region, and with a believable value for the p-wave neutron
strength function, it can be calculated that these are (almost) certainly
s-wave levels. From the earlier rough calculation, about 60 per cent of the
s-wave levels are expected to be found at this stage, however all indications
show that many p-wave levels have also been detected amongst the remaining
small levels. For example, far too many small values of an are obtained
than would be expected from Porter-Thomas statistics. Also, an examination
of the distribution of level spacings compared with the expected Wigner
distribution (for two s-wave level sequences) shows too many small spacings.
The detectability limit in the energy range covered increases approximately
as E°, which means that for the small p-wave levels (with capture areaJIan),
the best chance of observing them is at low energy (i.e. near 3 kev). Also,
at low energy it is more easy from a calculation of the relative procbabilities
to decide if a level is more likely to be s-wave or p-wave.

4.6 Bayes' Theorem Analysis

In this section the workings of such a calculation, usually termed a
'Bayes' theorem analysis', are examined.
A resonance occurs at energy E with capture kernel anFY/P in the range

K * Ak. Assuming the level to have been formed by either s- or p-wave inter-



action gives 6 possible (£,J) segquences (mutually exclusive) to which the
level can belong. Estimates are required of S0 and Sl' the s- and p-wave
neutron strength functions, {D?, the s-wave level spacing and, I , the
average radiation width. The average reduced neutron widths can be calculated

for each of the 6 (£,J) sequences:

2)=S(D)E£

(r —
nJ £ g IJ

where eiJ is the number of channel spin contributions {(either 1 or 2). HNow

for each sequence the quantity k * Ak is transformed to a corresponding rnJ *
AFn, and this is further reduced to the reduced neutron width FiJi Afﬁ by

L 4

17 1, the neutron
widths come from a Porter-Thomas distribution, while when S%J = 2, which

dividing by the R-wave penetration factor and YE. 1If ¢

occurs for two of the p-wave sequences, the neutrxon widths come from the

X; oxr negative exponential distribution. ‘The probability of finding PiJ

in the specified error range is now readily calculated and the result of this
is further multiplied by the a priori density factor Py = 2J+1. The
probabilities so calculated are finally normalised such that the sum is

unity and the probability that the level in question is either s-wave or
p-wave is found. 1In Figure 3 this calculation is illustrated with the final
best estimate parameters for E = 3 keV and E = 6 keV. For each value of K are
shown the calculated probabilities for a level to belong to each of the

six (£,J) sequences. The s/p wave boundary is shown as a heavy line. Utili-
sing these figures, it is seen that the group of four levels designated p-
wave near 3.1 keV have k < 0,007 which, by reference to Figure 3, gives < 15
per cent probability that these are s-wave. This is about the level at which
the 'clear cut' decision to call these p-wave resonances operates. Others
who use a similar technique to separate small p-wave levels (e.g. Bollinger

& Thomas 1968, Thomas et al. 1972, lLiou et al. 1972a) are able to achieve much
greater confidence levels for their separations since they operate at lower
energies.

4.7 Statistical Tests

In addition to separating a p-wave component in the manner described
above, further checks have been made which can be applied to the remnant s-
wave population. Statistical tests which can be applied to a single sequence
(i.e. one &,J value) have been reported by Liou et al. {(1972b) and are used

135Ba there are two

extensively by the Columbia group in their analyses. 1In
s—-wave sequences,and there is the further problem caused by missing levels

from the main sequence. In the circumstances, the s-wave level spacing data
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are tested against the expected 2J+1 weighted Wigner distribution for two
sequences and, since many of the neutron widths for these levels are unknown,
tests can only be made to ensure that the number of small s-wave levels is

approximately correct, assuming the wvalue SO = 1.0 x 107" recommended by
Van der Vyver & Pattenden (1971).

5. RESULTS

Finally, the staircase plot of s-wave levels is obtained (Figure 4).

An average spacing of 41 eV is indicated from a straight line fit to the
lower portion of this staircase,and the distribution of spacings about this
average is given in Figure 5 compared with the expected distribution. This
plot shows that 4 to 5 small spacings are missing and a similar number appear
to be missing from the staircase plot between about 4 and 6 keV. It would be
a mistake to assume that these missing levels are simply misassigned p-wave
levels, although some misassignments have undoubtedly occurred in this analysis.
Overlapping of s-wave levels can occur, although the only likely candidate
seems to be the level at 5,978 eV which has a very large value of k. The
most probable reason for missing s-wave levels is simply that the detecta-
bility limit increases faster than the resonance area for the smallest s-wave
levels and, therefore, at 6 keV some s-wave levels are below the limit of
detectability.

Using the low energy levels found by Van der Vyver & Pattenden (1971)
the level spacing has also been evaluated for this nucleus. Their speculative
26.0 ev resonance_was omitted from this evaluation shown in Figure 6, and the
best estimate for the level spacing in 13°Ba was found to be 39.3 £ 3.0 ev.

In Figure 7, the quantity x is plotted for all resonances observed versus
neutron energy. The transverse line marks the boundary, calculated by the
Bayes' theorem analysis, at which a level has equal a priori probability of
being s-wave or p-wave. This boundary has been calculated with the final
best set of average parameters. The position of this boundary is quite a
sensitive function of the parameters, in particular, the p-wave strength
function and the average radiation width.

Figure 8 gives the cumulative sum of g F; versus neutron energy for this
nucleus. A straight line fit to the slope here has produced a strength
function estimate of ~ 0.6 x 107 %; however, taking into account the large
number of p-wave levels missed (only 25 versus 68 s-wave levels are seen) ,

a value S, = 0.8 + 0.2 x 10"" is estimated for this nucleus.
Finally, the capture cross section in the energy range 3 to 90 keV has

been obtained. From 3 to & keV the crosg section is almost entirely subscribed



by the observed resonances, but above 6 keV the cross section has been
obtained by integrating the capture yield in each region, subtracting a
linear background (shown in Figure 1) and then making an average self shield-

ing and multiple scattering correction using the approximation of Macklin
{1964) . 1In this process, the background subtraction is the major source of

error as shown in Figure 9. The normalisation error has not been included.
Also shown in Figure 9 is the calculated statistical model cross section using
the best set of average resonance parameters. The fit is good and tends to
lend some support to the p-wave strength function, which was derived as
described from resolved resonances near 3 keV yet still fits the cross section
in regions where the p-wave contribution exceeds the s-wave contribution.
6. CONCLUSION

The measured radiative width is larger than that found by early workers
at low energy {(Van der Vyver & Pattenden 1971, Alves et al. 1968). They
report values around 100 meV and this may point to a normalisation error in
the present results. On the other hand, the weighted contribution of the
13554 capture cross section to the measured natural element cross section at
an energy of 61 £ 5 mb (Macklin et al. 1963) is 20 £ 7 mkb. This is by far

the major contribution to the natural element cross section and can scarcely

be reduced. The preliminary results for the other isotopes to date give a

calculated elemental cross section of only 38 & 10 mb.
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TABLE 1

FINAL RESONANCE PARAMETERS FOR !3°Ra

Regsonance |Energy anfy/F - Area [Statistical L an I‘Y ng gP;
: Error
in Area
kev ev BeV % ev nmeV ev ev

1 3.059 0.072 97.6 22 10 (0;3) = 187

2 3.098 0.005 6.1 30 1 0.005 (150) 0.012
3 3.108 | 0.005 6.3 30 1 0.005 (150) 0.012
4 3.120 0.007 8.9 30 1 0.007 }  (150) 0.019
5 3.147 0.004 5.4 30 1 0.004 (150) 0.010
6 3.199 0.068 88.7 22 * 10 {0.4) Z 150

7 3,231 0.013 16.9 19 0 0.016 (150) | 0.000

8 3.277 0,028 35.7 3 0 0.045 (150) [ 0.001

9 3.288 0.010 12.8 30 1 , 0.011 (150) 0.026
10 3.305 0.006 7.9 25 1 '0.007 (150) 0.015
11 3,321 0.003 3.5 30 1 0.003 (150) 0.006
12 3.340 0.009 11.5 20 1 .0.0ll (150) 0.024
13 3.358 0.019 23.9 16 0 0.026 (150) | 0.000

14 3.402 0.024 29.8 10 ¢] 0.036 (150) | 0.001
15 3.419 0.064 77.6 25 * 10 (0.5} 2 120

16 3.432 0.015 17.6 16 d j0.018 (150) | 0.000

17 3f464 0.014 16.5 15 O 0.016 (150} | 0.000

18 3.481 | 0.058 | 69,7 26 * 6 fO.S) 2 116 | 0.000

19 3,507 0.024 28.7 9 0 0.036 (150) [ 0.001

20 3.588 0.030 34.3 13 0 0.049 (150} | 0.001

21 3.605 0.052 60.2 17 * 1O (0.8) =2 170

22 3.626 | 0.010 | 12.0 25 1 0.012 (150} 0.024
23 3.639 0.017 19.6 15 0 0.022 (150} | 0.000

24 3.649 0.027 30.9 15 0 0.042 (150) | 0.001

25 3.675 | 0.036 { 40.9 6 0 0.067 (150) | 0.001

26 3.710 | 0.030 | 33.4 0 0.049 | (150) | 0.001

27 3.754 | 0.046 | 50.6 16 * 10 {0.8) > 145

28 3.785 0.008 9.3 50 i 0.009 (150) 0.017
29 3.818 0.019 20.1 20 0 0.024 {150) | 0.000

30 3.826 0.024 25.9 20 0 0.035 {150) 1 0.001

31 3.837 | 0.010 | 10.5 50 1 0.011 {150} 0.020
32 3.9592 | 0.049 | 51.7 16 *10 (0.8} |= 157

33 3.987 0.072 75.2 20 * 10 (0.6} Z 143

34 4.022 0.013 13.2 19 1 0,015 (150} 0.025
35 4.038 | 0.021 | 21.2 19 0 0.026 (150) | 0.000

36 4.075 0.098 99.6 19 * 10 (0.6) 2 210

37 4.100 0.044 44.8 15 * 10 (0.6) 2 146

38 4.174 0.034 33.5 16 * |0 {0.6) 2 106

(continued)




TABLE 1 (continued)

Resonance |Inergy anPY/P Area |Statistical 213 |ar, PY ng gPé
Error
in Area
kev eV BeV % eV meV ev eV

39 4,221 0.064 62.4 20 012 [{0,6) =122

40 4,245 0.080 78.2 19 012 [{0.6) =16l

41 4,269 0.010 9.4 40 1 0.011 (150) 0.017
42 4.329 0,084 80.9 18 012 [(1.%) > 148

43 4,337 0.027 25.8 19 0 0.043 (150) 10.001

44 4,361 0.010 2.6 19 1 0.011 (150) 0.017
45 4.411 0.055 51.5 159 0 1(2)[(0.3) > 124

46 4,443 0.112 [105.0 17 o2 ((2.0) > 198

47 4.464 0.0092 8.1 19 1 0.009 (150) 0.014
48 4,523 0.014 13.0 19 1 0.017 {150) 0.024
49 4.568 0.036 32.8 12 0 0.066 (150) 10,001

50 4,629 0.083 74.1 10 012 RfG.Oil 135

51 4.677 0.022 19.9 10 0 0.031 (150} [0.000

52 4,689 0.045% 39.8 14 011 {(0.4) = 170

53 4,699 0.038 33.4 14 011 (0. = 120

54 4.723 0.024 20.8 13 0 0.033 {150) [0.000

55 4.803 0.075 65.0 18 02 ({(0.7} = 147

56 4.829 0.006 5.1 19 1 0.006 (150) 0.008
57 4,850 0.010 8.5 19 1 0.011 (150) 0.015
58 4.865 0.063 54.1 19 012 |{0.7} =120

59 4,908 0.030 25.1 16 0 0,047 (150) }0.001

60 4,930 0.017 14.6 19 1 0.020 (150) 0.026
6l 4,943 0.041 34.3 17 01 ({(0.3) =172

62 4,965 0,068 57.2 19 02 [(0.4) =2 166

63 5.024 0.050 431 .3 19 0 (0.3) = 139

64 5.064 0.026 21.3 15 0 ¢.038 (150} | 0.001

65 5.076 0.046 36.3 183 o1 [(0.7) 2 150

66 5.100 0.043 35.0 18 0 (0.7 = 93

67 5.113 0.042 34.2 18 0 {0.7) = 90

68 5.150 0.050 40.1 21 0 (0.7 2 110

69 5.163 0.047 38.0 25 o (0.7) = 104

70 5.172 0.048 38.2 25 0 (0.7 = 104

71 5.275 0.033 26.3 13 o 0.057 {150} | 0.001

72 5.342 0.021 16.2 15 0 0.028 {150} ] 0.000

73 5.357 0.065 50.3 17 otz |(0.7) =122

74 5.414 0.053 40.4 14 o1 [(0.7) = 175

75 5.448 0.067 51.0 19 o2 1(0.7) = 128

76 5.500 0.061 45.8 1% 012 |(0.7) = 114

77 5.525 0.025 19.1 20 1 0.033 (150} 0.036
78 5.552 0.039 29.3 15 0 0.077 (150) | 0.001L

(continued)




TARLE 1 (continued)

Resonance |Energy grnry/r Area |Statistical 2|a [T, PY ng gF;
Error
in Area
keV ev BeV % ' ev meV ev ev
79 5.570 0,022 16.4 19 1 0.029 (150) 0.030
80 5.593 | 0.069 | 50.9 19 *[ol2 [(0.7) (=130
81 5.620 | 0.046 | 35,2 18 *10 (|1 [{t0.7) [= 150
82 5.659 0.020 14.9 20 1 0.025 (150) 0.026
83 5.686 0.024 7.7 20 o 0.035 (150) |0.000
84 5.718 0.015 10.9 20 1 0.018 {150) 0.018
85 . 5.756 0.034 24.4 13 0] 0.058 {150} ;{0.001
86 5.781 0.026 18.8 13 0 0.039 {150) |0.001
87 5.809 0.023 16.5 15 0 0.033 (150) |[0.C00
88 5.842 0.014 10.2 20 1 0.017 (150} 0.028
89 5.871 0.029 20.4 20 0 1 0.047 (150} |0.001
20 5.888 0.100 70.4 19 *10}[2 |(0.75) 200
21 5.905 0.070 49.1 23 *|oj2 [{0.7) 140
92 5.941 { 0.045 | 31.5 14 «lol1 0.7 150
93 5.978 0.172 |119.4 14 * 10 complex peak

* Large s-wave levels analysed as for 3,199 eV resonance (Figure 2).

( } Indicates assumed value.






1.6x10"

ENERGY (keV)

FIGURE 1(a)'3% Ba CAPTURE YIELD DATA 3-5 keV

T — T | U E— T " T T

1.4 -
g 1. -
g 3
] 1.0 i
I |
3]
g 0.8 1
[~
a

0.6
5 _
| 2]
o 0.4
g .
B
B
g 0.2 +

0.0

3.0 .0
l.oxlol} 3 1 I T ! ! 4 i 1 L] v 1
3 0.8 4 0_
2 3
2 : :
g 0.6 £ 3
g E
8 | 3
o : f
2 0.4 E
3 3
12 : :
H : K
e - 3
g 0.2 h f . k
- l'f : 1: YOI Jlll.u l ol T 1im LI, w“'] l 1 u L‘H
0.0 b0 1 .y, Ly L
4.0 4.2 4.4 4.6 4.8 5.0



4
1.0x10 ; T T T T 1 T T T T 1 T T T T T T T T T

CAPTURE YIELD AND BACKGROUND (mb)

6.0x103 C T T . T T T T T T | T T | I ! 1
3 5.0 2 .
o ; é
: c :
8 4.0 . ]
[T} : :
& : ]
o - .
8 3.0 b w | K
a : :
[} o

3 :

H o 2.0 H

‘.

jm]

&

£y

8

0.0

ENERGY (keV)

FIGURE 1(b)13SBa CAPTURE YIELD DATA 5-8 keV



TTYTTTTTT

(R BRI LEUE LI BLEE L AL L

5.0x103 [

(cquy aNNOYDNOVE ANV JTIIX TANLIYO

8.

RNV SN N TN EN RN

5,0x103 r

4

3
2.
1.0

(qu) gGNAOUOHYOYE aNY TISIX TEALJIYD

12

11.

11

10

10

10

ENERGY (keV)

Ba CAPTURE YIELD DATA 8-12 keV

135

FIGURE I(c)



3-0x103 LML A A (R N B B Bt e r,l‘llll‘lvlll|1lr'rllll 111111 LNLILA LB e rrrp T rrreTTT

2.5

2
2
2 2.0 } ]
(U]
e
(]
pr
m
% 1.5 | ]
3 ]
m -
o 1.0 ]
& ]
D ]
E -
g 0.5 N
I
0.0 O | !L‘ 2.4 k11 1 4 3
12.0 18.0 19.0
3.0x103 [ T T 11 I TrFETr T rrrrr I T LI L D i R I I T I T [ r_l IIIIIIII l Trorrrrit rr I T T T

CAPTURE YIELD AND BACKGROUND (mb)

18.0 19.0 20,0 21.0 22.0
ENERGY (keV)

FIGURE l(d)l35Ba CAPTURE YIELD DATA 12-25 keV



2.0x103

CAPTURE YIELD AND BACKGROUND (mb)

AL B 20 o [T T T T Y (LA AR AL B LA LS LA AL R BN B NI AL AN [Ty
= -1

0.0 ‘IIllLllLlleﬂJJlLllLilllllll‘illl'lI]l]illll.illllii"il.'! iilLlleIilll lllllli-illleI llllllll
25.0 27.0 29.0 31.0 33.0
2‘0x103 1 ‘ T I— ¥ I T ' I T l T ‘ T I T I T T T 'I T l T I L) , T
2 1.6 | i
o F i
g . -
2 ! d
& 1.2
- Tl
% ]
% L
i
S 0.8 - 19 ;
& 1 ‘
H I i fili L
- L iy 1 \;‘!“
ﬁ | !‘ ' H'!i
B o.a |7 |l
3 1t -
. i
0.0 bt Lo L | | SRS (SR TR RSN RTINS RN N B | T N
34.0 37.0 40.0 43.0 46.0 49,0

ENERGY (keV)

135
FIGURE !l{(e) Ba CAPTURE YIELD DATA 25-50 keV



2.0x103 T T T | T T T 1 v T T I f T T
E 1.6 — n
2
o] = ._
]
3 1.2
s ]
fae]
% - .
9 o.8 -
=
H
>
E 5 b | 1 |
g C.4 iy 1
N L il ' v R
0‘0 2 ’ 1 ] 1 i 1 | 1 J i J 1 L L | 1 ]
50.0 54.0 58.0 62.0 66.0 70.0
103
2.0x10 B T T 7 T
- o
E I
-~ 1.6 - -
2
o B -
M L
2
Q 1.2 - -
a
m 3
o - i
2
8 o0.8 | N
=
H N =
>
: [
=)
g 0.4 ‘{ \ I
- ‘ Ir' [ U
0.0 1 . 1 3 I | i \ i : 1 L | | L
70.0 74.0 78.0 82.0 86.0 90.0

ENERGY (keV)

135
FIGURE 1(1) Ba CAPTURE YIELD DATA 50-90 keV



‘ed N1 FONVNOSIY A® 661€ 4O SISATYNY T 3d4NHI1

¢l
[0}-48 021 001 og P 670 8°0 L0 30 A 002 08T 09T o%T
T 1 I T v T T T T r T T T

Z = p poumssy

AP $°S = UIPTM UOTINTOSTY
- —
- (2) (@ (e) .
i (A9€) VIV TINIAYD HONYNOSTH A0IOVA NOILDTIYOD ONIQIAIHS JIIS (aom) *g ”_
i | 1 I ] P | ] ! 1 4 ] ! | ]

(4 L4

10

(A

0z

) Y



B ey NI SIDONINOIS 1°73191SS0¢ 9 FHL 40 HOVI OL SONO139
»=JA1YI% HLIM FINVNOSTY LVHL ALITI9VE0dd IHL ¥04d SISATYNY WI¥OIHL .SIAVE V '€ YN DI
NMOHS Hd¥ NOILVINDIVD HHI NI ISl SYdILIWTIYd

FHL “"NMOHS S¥ Z0 ONV 10 = ['Y HIIM ST3ATT
IAVM-S O0 SUIJHy ANIT AAVAH JHI MOTEd VIV ZHL

A
(ao) 1/%1%16 = » (o) 1/40%16 = »
0%
z-07 £-01 1-01 =01 n
LI T 1 ] T T —-..- F 0 L) L) [ T O T T T 1 T T ] TV 7 1 T T T T T O
oy 20 = 0’y
e, oot - 1 o
z0-399'7 = Yy £0-3sv°6 = Y, .
oy z0-3LL°T = NI, g0-30g*9 = YI,, £
20-490°T = %1, -] 0% - go-asL-g = YI,, 1 %
€0-36L°€ = “d¢q £0-35€°T = %I,
. _ u
10-391°8 = nhﬂe - og - To-FLL'S = Y1, - o¢
TO~-306°F = Izo T0-39%°¢ = Ui,,
g
Spy <4 ov ~ Ylpay 4 ov
hd =T -
0 M = " = 0°T = oS 0% 1 %
A2 € mm w an - £76E u_,an
TO-20S°T = < k> | g L. 10-306°T = <"I> -1 09
2T = 'y
d o i 4 o
-+ og - 1 98
- 06 - 1 °¢
L . 00T NP — 001

ASY 0°9 = XDMENT ®H, ., ASY Q'€ = XOWANZ ®g. .,

ALITISVEOEd LNIED Wid



1.0x10%

NUMBER OF LEVELS

0.7

0.6

0.5

G.4

LI I N D A R ] rrrrirrrt I rrrrrrrri ] Tr7TTr1Irrrt ] TEFTTTTI1T l rrrriTTTT i T T rrrrerT]]
— 3
o <D> = 41. eV ]
. ]
— E
g 3
- -
: ]
- 3
u .
- 3
- =
T4 ) b1 ]go g I I I I ! FI I I I Y | 4 [ I | ' b I I I O O I T I I S O O O | l I Y T W I I

0.

0

FIGURE 4.

2.0 4.0 6.0
ENERGY ({(keV)

il

S-WAVE LEVELS ONLY WITH <D> = 41 eV
ALL LEVELS DETECTED

STAIRCASE PLOT OF NUMBER OF LEVELS
UP TO ENERGY E



NUMBER

12.

10.

s-WAVE LEVELS ONLY

llll'llllllllllll|ll|lllll!llrtl—llllllfllll[lllr]I

—

<p> = 41,0 eV

/' 68 LEVELS

[ \ ' )

—
lllllllllllllll]lllll[!llIIIlt llIlIlI\IlLl

0.0 1.0 2.0 3.0 4.0 5.

S/<8>

FIGURE 5.1%° Ba s-WAVE LEVELS COMPARED WITH A 2J+1
WEIGHTED WIGNER DISTRIBUTION



NUMBER OF LEVELS

1-4X102 LIS B e B

1.2

1.0

0.8

0.6

0.4

0.2

0.0

lII!llLLlllltlIlI::Iiii:i:ililllillLLi_'-Il::'.:III:

lIrll!l!‘lllrlll!lrllli'l‘l'_lllllllllllll’ll’lll

<D> = 3.93E+01 eV

0.0

1.0 2.0 3.0 4.0 5.0x10°

ENERGY (eV)

AN EVALUATED <D> OF 39.3 eV IS OBTAINED FROM
A STRAIGHT LINE FIT TO BOTH SECTIONS OF THE
DATA

FIGURE 6. AAEC LEVEL DATA COMPARED WITH LOW ENERGY DATA



anI'Y/I' (eV)

10_1 L] T T T I | ) T 1 I—_f T T T I T 1 1 i Iﬂ'——[ T Txl T T 1 T I I T T l T T f);‘
I xX X |
X
i X X X -
| X X x x}( x)(xx
-2
10 o) o o foYo) o) -
L O O .
- O -
- O -
- O O -
» 0 .
¥ s=-WAVE
- O T
O p-WAVE
. o R
..1.0.--3 [l | 1 i I i i 1 ] I L i 1 1 | 1 (] 1 | ’ 1 L 1 1 I | 1 1 1 I L 1 L J_J E | | _—
2.0 3.0 4.0 5.0 6.0

ENERGY (keV)

AAEC 2-WAVE ASSIGNMENTS ARE SHOWN WITH THE BOUNDARY
CALCULATED FRCOM BAYES' THEOREM AT WHICH A LEVEL HAS
EQUAL PROBABILITY FOR BEING s-WAVE OR p-WAVE

FIGURE 7. VALUES OF gl"nl‘?/l‘ FOR ALL LEVELS DETECTED
VERSUS E



(eV)

1
Zan

.]llllTlllllllllll:‘i

ll—llllllllller:l

‘..‘l[lllllllll

T 1.1

lllIlIllllllllllllllillllllll

I]tllrllllll‘IlIIITIIII'Irlll'-l'_'!]l]—riIIIIIIIII[II‘II

SF1 = 6.11E-05

IIIIIIJllIIlII]]I]IiIIIIIIII

-4

FI S |

lllllllllllllllllllIIIIIIIIIIIIE

IllIlJlII]II!tIILI

0.0

FIGURE 8. CUMULATIVE SUM OF eI’ VERSUS E. THE SLOPE

2.0 4.0
ENERGY (keV)

|

OF THE STRAIGHT LINE GIVES A p-WAVE
STRENGTH FUNCTION OF 0.6 x 104

6.0



CROSS SECTION (mb)

10

EXPERIMENTAL AVERAGE CROSS BECTION OBTAINED BY
{ ! BACKGROUND SUBTRACTION AND CORRECTED FOR MULTIPLE
SCATTERING AND SELF SHIELDING

- CROSS SECTION OBTAIMED FROM SUMMING CAPTURE
“~- AREA OF THE DETECTED RESONANCES ONLY

CALCULATED STATISTICAL MODEL CROSS SECTION
USING THE AARC BEST SET OF AVERAGE PARAMETERS

THE CROSS SECTION ERROR IS DUE TO BI\CKGROUNI? SUBTRACTION
ONLY, NO NORMALISATION ERRORS ARE PRESENTED,

B 7
-
- \\\\\ ]
] - I 1 1 1 1 1 1 | 1 1 y 1 1
0 10! 102
10

ENERGY (keV)

FIGURE 9. EXPERIMENTAL AND CALCULATED CROSS
SECTIONS FOR 3% g,



