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Neutron time-of-flight spectroscopy measurements were made for a range of sample thick-
nesses of Th and U using the Nevis synchrocyclotron. These included transmission mea-
surements using 200- and 40-m paths, self-indication measurements at 40 m, and Moxon-Rae
capture measurements at 33 m. Resonance energies and I'„values were obtained for n =302
levels in 3 Th to 4.0 keV and 269 levels in U to 4.6 keV, with essentially no missed s lev-
els and inclusion of a significant number of p levels. I' values were obtained for 84 levels
in t3tTh and 71 in 2MU to 2400 eV, with &1' & =[21.2+0.3 (stat. ) +0.9 (syst. )] meV (ttTh) and
[22.9 +0.5(stat. ) +0.9(syst. )] meV psU). In both cases a &p analysis gives -100 degrees of free-
dom including the effects of measurement errors. The values for the resonance energies were
obtained from the data before the analysis was completed for I'„and I'& values. The division
of the levels into s and p populations, described in detail elsewhere, was made to achieve a
"best" fit to many statistical tests relating to the orthogonal-ensemble theory for single level
populations, with a resulting good fit to numerous tests. For the chosen s level population,
10 So ——(0.84+0.08) for 2Th and (1.08+0.10) for 238U. The s population &D& =16.7 eV ( Th)
and 20.8 eV ( 3 U). The fits to the Porter-Thomas theory for I'„distributions were generally
good for the full 3-keV regions, with a small anomaly for the behavior of Th to 500 eV
which has been reported by others. The remaining p levels have l„values which are consis-
tent with P strength function 10 S& - 0.9 for Th to 400 eV and 10 S& -1.4 for U to 1200 eV.
Larger S& values by other groups are due to their inclusion as stronger p levels, ones which
we call s levels. Effective potential scattering radii were found to be (9.1+0.3) fm for Th
and (9.6+ 0.3) fm for

I. INTRODUCTION

This is the tenth of a series' of papers reporting
on our high-resolution neutron spectroscopy re-
sults using Columbia University's synchrocyclo-
tron. The results presented in this paper were
obtained during a 1970 series of measurements.
Preliminary results appear in Ref. 2 for "'Th and
Ref. 3 for "'U. The initial analysis required care-
ful evaluation of the systematics of the results in-
volving all the data. Our present "'Th and "'U
data are of a far superior quality to our previous
data (III} for these important elements. The iso-
topes Th and U occupy a unique place in the
field of neutron cross sections and technology as
potential fuel materials for use in breeder power
reactors via the production of "'U and "'Pu. The
potential useful fission energy from these materi-
als is over two orders of magnitude greater than

from the use of "'U alone or from fossil fuels. '
An accurate knowledge of the neutron resonance

parameters for "'Th and "'U is important to the
fast breeder program. For this application, the
energy range of interest runs to several hundred
keV, with special emphasis on the s- and P-wave
strength functions, level spacings, and radiation
widths, for use in calculations of the cross sec-
tions in the unresolved energy regions. The breed-
ing ratios for fast breeder reactors are greatly
dependent on the average value of the total y width
(I'„) and the distribution of the individual I
around the mean. Moreover the economics of nu-
clear power production is related to the breeding
ratio which is connected to the values of the reso-
nance parameters.

In view of their importance, the resonance pa-
rameters of ' Th and "'U have been measured and
remeasured frequently at various laboratories as
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experimental systems are improved. At the pres-
ent time there are still unsatisfactorily large dis-
crepancies between various sets of measurements.
For "'U, these over-all uncertainties in the design
of a liquid-metal fast nuclear reactor' correspond
to about 3% in the evaluation of the effective multi-
plication factor k, 0, 10 in the value of the breed-
ing ratio, and 20% in the "'U Doppler effect,
which is important for safety and control consid-
erations. Recent experimental confirmation of
the applicability of the statistical orthogonal en-
semble (O.E.) for the level-spacing systematics
as put forth by Dyson, ' and Dyson and Mehta, ' is
of interest and has implications about the fluctua-
tions of the level spacings about their mean values,
which should lead to an improved understanding of
the Doppler coefficient in the unresolved energy
region. A study of the statistical aspects of dis-
tributions of parameters associated with neutron
resonances in nuclei in the mass region A, & 220
is also of interest in nuclear physics. The results
on the s- and P-wave strength function give fur-
ther information useful in optical-model calcula-
tions, such as possible inclusion of spin-orbit cou-
pling terms and the diffuseness of the optical po-
tential at the nuclear surface. '

The values for the Th and U energy-level
positions, with a qualitative level-strength deter-
mination was utilized before final 1 „and 1 „pa-
rameters were obtained. A very extensive discus-
sion of methods for separation of such populations
into s and P levels and how it was applied to "'Th
and "'U is given by Liou, Camarda, and Rahn. '

The selection of which weak levels should be treat-
ed as P levels was made on the basis of many sta-
tistical tests where an attempt was made to select
a total number of weak levels as s levels consis-
tent with the Porter-Thomas theory for the l'„dis-
tributions. We also try to have the resulting s
population energy sets agree with the many statis-
tical tests of the statistical O.E. theory for single-
population level ordering. The tests include the
Wigner nearest-neighbor distribution, the corre-
lation coefficient for adjacent levels, the Dyson-
Mehta 5 test for long- and short-range order in
the spacing distributions, the Dyson F test, and
the Bohigas and Flores IT(k) test for the standard
deviation of the spacings for levels which have k

levels between them. Since a brief description of
these tests is nearly impossible to make, we re-
fer the reader to our papers for a detailed de-
scription of the theories and how our s and P se-
lections for '"Th and "'U were made. The result-
ing s-level choices gave good agreement with all
of the O.E. tests for the level-spacing distribu-
tions. The comparison of our new I'„distributions
with the Porter-Thomas theory gives generally
good agreement for the energy regions to 3 keV,
except for an anomaly in "'Th to 500 eV. A de-
tailed discussion of these and other results is giv-
en in Sec. IV. This includes the strength functions,
$0 and $„ the optical-model scattering radius, R ',
and the results of various statistical tests not pre-
viously reported for the new sets of parameters.

Our new results for Th and 238U are in much
better agreement with the recent studies at Sac-
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lay, "Harwell, ""Geel, ""and Los Alamos Sci-
entific Laboratory (LASL) atomic bomb experi-
ments"" than our earlier measurements. The
experimental measurements of this paper repre-
sent the joint effort of all the authors. The reso-
nance-parameter evaluations were mainly due to
F. Rahn.

II. EXPERIMENTAL DETAILS

The use of the Nevis synchrocyclotron for these
neutron resonance studies is essentially the same
as was described in our paper VIII for the Er iso-
topes (1968 measurements}. The 19'l0 measure-
ments involved a number of system improvements.
The EMR type-6050 on-line computer system used
in 1968 was replaced by a type-6130 computer,
and a new, more elaborate clock-interface sys-
tem was used. The changes were from 8000 tim-
ing channels to 16000 channels, from a 25- to a
20-nsec clock, and the use of a larger capacity
and faster buffer storage to minimize count pile-
up problems. More than 100 counts per burst
were processed for "thin sample" or "open" count
operation.

The collimated beam paths through the main cy-
clotron shield were rebuilt in a manner permitting
several simultaneous measurements along other
beam paths. In particular, a station at 33 m along
an independent flight path was used for capture-
cross-section studies using a Moxon-Rae (M-R)
type detector. The data used for evaluating the
resonance parameters were from 200- and 40-m
"flat-detector" transmission m easur em ents, 40-m

self-indication measurements, and the 33-m
capture y-ray detector measurements. The 200-
and 40-m measurements alternately used the same
flight path.

Figure 1 shows the M-R detector. It consists of
an upper and lower bank of detectors, surrounded

by epoxy-bonded lithium orthosilicate (Li~Si04) to
minimize background (n, y} capture T. he first
stage of the detector, a (y, e) converter, is also
(Li4Si04) which helps to shield against scattered
neutrons. Calibration of the y-ray detection ef-
ficiency per MeV of incident energy was carried
out using radioisotope and capture y sources at
the Brookhaven National Laboratory High Flux
Beam Reactor. The results of the calibration
showed that the detection efficiency, including
geometric factors, was -1.5%/MeV. The M-R de-
tector utilized a separate time-of-flight analyzer
and a PDP-8 computer which was also used for
various other fission time-of-flight experiments.
In spite of the relatively low efficiency of the M-R
detector, the counting rate was limited by the PDP-
8 computer system. Our self-indication detector
at 40 m had a much higher efficiency due to its use
of thicker (-;-in. ) scintillator material, and we
were able to collect data at an extremely high
count rate with our new higher capacity EMR-6130
computer and interface system. There was good
agreement between the M-R and self-indication
results. Calibrations made for the M-R detector
demonstrated an accurate proportionality of the
detector efficiency to y-ray energy above 0.5 MeV
with a rapid falloff in efficiency for low y-ray en-
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FIG. 2. Examples of the 200-m transmission and 40-m self-indication data for 3 Th in the energy region 500 to 700 eV.
The lower part of this figure is for two of our thicker transmission samples. The thickest sample, 1/n =10.7 b/atom,
most accurately determines the cross section between levels (nor& -1), and tends to be black at resonance. The histo-
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NEUTRON RESONANCE SPECTROSCOPY. X. ' Th AND ' 'U

('ln) = 885 b/atom

CA I

~ i'

'==%A'/ 485'Ckmkw&446&'~ & f'a1% ~Y&}&"iy~~ 4"v" i4~ml '-.~}~.& ' "~,

0 ('ln) = 478 b/atom
I f y

skadN~ Ae~- W ~M~- ~w~ QVM&~~W ~m~ ~ & ~P" ww'

400 700 1000
ENERGY {eV)

FIG. 3. Examples of the 33-m M-R data, counts versus energy from 500 to 700 eV for +Th and

Background has been subtracted in these plots.

ergy. This is different from that of the 40-m de-
tector where the efficiency was nearly linear with

y energy above 1 MeV, but with a greater than

proportional efficiency for the energy region from
1 to 0.4 MeV, below which there was rapidly de-
creasing efficiency. The agreement of the results
for the two detectors from level to level suggests
that the capture detection efficiency of each was
essentially independent of the neutron resonance.
The complex decay schemes involved in "'Th and

U help in this regard.

III. DATA ANALYSIS

Natural thorium (Z =90}consists only of the iso-
tope A = 232, which has spin parity 0' and a half-
life 1.4x10'o yr. Natural uranium (Z=92} is com-
prised mainly of two isotopes: A=235, 0.71@ abun-
dant, with spin parity &, half-life of 'l. l x 10' yr;
and A=238, 99.3% abundant, with spin parity 0',
half-life 4.5 x10' yr. All our uranium samples
were depleted in "'U. All the U and Th isotopes
are fissionable by neutrons, but "'Th and "U re-

t
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FIG. 4. Examples of the area analysis for the resonance parameters. For each level there are several curves, giv-
ing the relationship between l„and I'& from the transmission, self-indication, and M-R data analysis. The intersec-
tion of the curves implies the values of both I'„and I'& in favorable cases. (a) 2@Th: curves 1-4 are for 200-m trans-
mission data with 1/n =10.7, 31.9, 191, and 885 b/atom, respectively; curves 5-7, for 40-m self-indication data with
1/n =32, 191, and 885 b/atom; and curves 8-9, for 33-m M-R data with 1/n =191 and 885 b/atom. (b) U: curves 1-4
are for 200-m transmission data with 1/n =478, 119, 28.8, and 11.9 b/atom; curves 5-7, for 40-m transmission data
with 1/n =119, 27.1, and 8.5 b/atom; curves 8-9, for 33-m M-R data with 1/n =119 and 478 b/atom; curves 10—11, for
D-only data with 1/n =119 and 478 b/atom; curves 12-13, for D+T data with R =119/478 and R =28/119, respectively,
where R is the ratio of the T sample thickness to the D-only sample thickness.
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quire an incident neutron energy of greater than
1 MeV for the fission process to occur in a signif-
icant amount.

Our samples were fabricated plates -8 x 20 cm'
in dimension, and we made measurements using
inverse sample thicknesses (I/n) =10.7, 31.9, 36.2,
191, and 885 b/atom for "'Th and (I/n) =8.5, 11.9,
27.1, 28.8, 36.0, 119, and 478 b/atom for "'U.
The thicker samples of "'U, with (I/n) values less
than 36, had 0.22% "U content. Even the strong-
est "'U levels are not detected in these samples.
Our thinnest samples of Th and "'U were ob-
tained from the Oak Ridge National Laboratory
isotopes division, and had less than 1 part in 6000
(isotopic) impurities. A thin Al coating was elec-
trochemically deposited on these samples to pre-
vent oxidation and corrosion. The natural radio-
activity of our Th and U samples is not a factor
in our transmission measurements. In our self-
indication and capture measurements the net ef-
fect was small and could be treated as an addition-
al contribution to natural background, even for"Th, which tends to be a rather potent source of
y rays (unless a very recent chemical purification
has been made to remove daughter activities).

The first step in the data processing involves
determining the sample and energy-dependent

238U

IO.

background rates as described in our erbium pa-
per (VIII). The information is then put in a format
of measured T and g versus energy for each sam-
ple thickness. The measured 0 values at reso-
nance are distorted by resolution and sample-thick-
ness-dependent effects. The subsequent analysis
uses area and shape fit methods to find I'„and F
values most consistent with the data for each of
the many sample thicknesses used. A sample of
the T versus E values for two "Th sample thick-
nesses for 500 & E & 700 eV is given in the lower
part of Fig. 2. The upper part of Fig. 2 shows an
example of the self-indication data. The top histo-
gram is the background-subtracted experimental
count information for a "D-only" sample in the
beam. The "D+ T" histogram, which results from
adding a thin transmission sample in the beam, is
also shown. The addition of the T sample gives
additional information in the low-energy region
concerning the resonance parameters.

Examples of our background-subtracted M-R
capture data for "'Th and "'U are shown in Fig.
3. This figure is for our thinnest samples in the
region 400 to 1000 eV. To analyze the capture and
"D-only" data, we determine the product of the ab-
solute detector efficiency and the number of neu-
trons in the beam as a function of energy. The
technique involved determining "absolute satura-
tion" counting rates versus E for each sample as
described in our previous papers. ' This enables
us to relate the experimentally observed total num-
ber of counts in a resonance, corrected for multi-
ple interaction effects, to the resonance parame-
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FIG. 5. Example of a plot of I'„versus R' for the 347-
eV level in U. This technique is also used in the reso-
nance-parameter analysis in favorable cases. R' is a
local potential scattering radius, which includes contri-
butions from other nearby resonances. The curves la-
beled R+ is derived fromthe symmetric part of e~, using
the Breit-Wigner single-level formulism. The curve la-
beled R comes from the antisymmetric part of cr, , at
points equidistant from the resonance energy Ep, 'Values
of 0, are chosen where the cross section is not rapidly
varying, such that resolution effects are relatively unim-
portant. The two R+ curves are for different EE from
exact resonance.
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FIG. 6. Result of a shape analysis for the 347-eV level
in U. The curve fits the data for the thick transmis-
sion sample with 1/n =11.9 b/atom. The analysis set I

y
equal to (I'&) for 3 U and a best fit was obtained by vary-
ing the parameters 1„and R'. For this level, contribu-
tions toR' from other levels are relatively small. Note
that the parameters obtained are slightly different from
those in Fig. 5, and that a still different "final choice"
appears in Table III.
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TABLE I. Neutron resonance parameters for assigned l =0 levels in 232Th.

(eV)
Eo r„'

(meV)
r& zr

(meV)
Eo
(eV)

rn0

(meV)
r& nr&
(mev)

21.78
23.43
59.48
69.17

112.93

120.78
129.10
154.24
170.34
192.57

196.13
199.30
221. 16
251.48
262. 96

285 ' 74
305.43
328.92
341.83
365. 11

369.43
391.53
400. 86
411.62
420. 92

454. 1
462. 3
476. 3
488 ' 6
510.31

528. 46
540. 09
569.87
573.46
578. 00

598.16
617.84
656.41
665. 15
675. 22

687. 3
?00.9
712.8
740. 9
764. 7

778. 5
804. 1
820.9
836.6
842. 2

850. 5
866. 2

889.91
905.97
926.47

943.22
962.55
982.65
990.46

1010.39

O. O2

O. O2
0.08
0.10
Q. ll
0.11
Q. 13
0.16
0.19
0.23

0 ~ 24
0.24
0.29
0.18
0.19

0.21
0.24
0. 26
0.28
0.31

0.31
0.34
0.36
0.36
0.38

Q, 4
0.4
Q

Q. 4
Q. zs

0.26
O. Z8
0. 3O
0.30
0.3P

0.32
Q. 33
0.36
0.38
Q. 39

Q. 4
0.4
p 4
Q. 4
0.4

p. 4
Q. 5
0.5
0.5
0.5

0.5
0.5
0.29
0.30
0 ~ 31

0.31
0.33
0.33
0 ' 34
0.35

0.41
0.67
Q. sl
5.29
1.27

2. 18
0.30
0.01
4.98
1.33

0.005
0.89
2.08
2.02
1.48

1.77
1.49
4 ' 19
1.95
1.47

1.30
0.006
0.52
p. 007
p. 02

p, 05
3.02
p. pl
2.71
p. 17

p. 52
os O4

1.21
p. 03
0.08

0.39
0.18
1.99
p. 97
7.89

1.72
p. 64
0.82
6.98
p. 03

p. 39
6.35
0.03
o.o4
0.96

0.03
0 ~ 44
1.27
0.05
0.007

1.47
0.17
1.02
2. 22
3.55

p. 02
0.05
Q. 03
0.24
0.09

Q. 14
0.02
0 ~ 002
0.38
0.07

0.001
0.07
0.13
0.13
0.09

0.10
0.11
0.33
O. ll
0.08

0.08
0.002
0 F 05
0.002
Q. oos

O. pl
0.23
Q. oos
0. 18
O. o4

0 p4
o.oo4
0.08
0.01
os oz

o. o4
0.02
0.16
0.06
0.58

0. 15
0.08
p. 11
0.55
0.01

Q. 03
Q. 46
Q. ol
0.01
0. 10

0.01
0.07
0. 10
0.Ol
0.003

0. 16
0.02
0.10
P. 16
0.47

20.
25.
25.
25.
20.
22.
18.

26.
17.

18.
22.
24.
19.
20.
20.
26.
19.
21.
22.

18.

22.

18.

20.

19.

19.

20.
18.
19.
23 ~

17.
19.
23.

26,
20.

19.

23.
21.

23.

21 '

25.
20.

2.
2.
2.
2.
2.
2.
2.

2.
2.

2.
2.
2.
2.
2.
2.
2.
2.
2.
2.

2.

2.

2.

3.

2.

2.

2.
2.
2.
2.

3.
2.

3.
2 ~

2 ~

3.
2.

2.

2.
4.
3.

1039.13
1064.54
1077.20
1093.26
1109.6
1114.9
1120.2
1138.7
1150.2
1194.4
1204. 1
1227. 8
1243 ' 1
1248.6
1269.4

1291.90
1301.61
1335.71
1354.89
1359.82

1372.54
1377.85
1387.70
1397.95
1426.43

1433.84
1461.28
1478.15
1508.60
1518.60

1524.45
1555.56
1581.41
1589.53
1602.63

1630.94
1640.35
1661.48
1677.73
1696.90

1704.97
1719.72
1740.2
1746.5
1762.6
1785.4
1803.3
1811.9
1824.0
1848.6

1854.4
1861.9
1899.9
1928.3
1931.1
1950.3
1971.2
1987.8
2004. 9
2051.7

0.37
0.38
0.39
0.39
0.4

0.4
0.4
0.4
Q. 4
0.4

Q 4
p. 4
0 ~ 4
Q. 4
Q. s

0 ~ zs
0.26
o. 10
o. 27
O. Z8

0.28
0.28
O. Z9
O. Z9
o. 3O

0.3O

o. 32
0.33

0.33
0.34
0.35
0.35
0.35

0 ~ 36
0.37
0.37
0.38
0.38

0.38
0.39
0.4
Q. 4
Q, 4

0.4
0.4
0, 4
0.4
0, 4

0.4
0.4
0.4
0.4
0.4

0.4
0.4
0.4
0.4
0.5

0.45
0.13
0.37
0.05
0.69

0.05
0.08
0.46
0.S9
0.24

Q. oz
0.84
o.54
3.31
Q. ss

2. 89
1.44
O. OZ

2. 58
O. Z8

0.02
1.43
0.05
3.61
2. 70

0.92
0.03
0.05
0.02
4.62

4.99
0.17
0.53
7.27
1.22

12.63
1.09
2.80
0.61
0.04

0.06
0.82
0.14
0.72
2.43

0.05
2.00
1.06
1.94
0.13

1.04
0.95
2.87
p. ls
0.22

2.88
5.52
0.96
p. sl
p. 42

0.05
P. 02
P. 06
0.01
0.05

Q. Ol
P. 03
0.03
0.05
0.03

0.01
0.05
0.o6
0.4S
0.04

0. 39
0. 14
0.01
o. 30
o. Oz

p. 01
p. 19
0.01
0.29
0.24

0.11
0.01
0.01
0.01
0.64

0.51
0.02
0 ~ 04
1.00
0.15

1.24
0.12
0.29
0.07
0.Ol

O. Ol
O. O7
Q. oz
O. O7
0.4o

o.oz
o. 16
0.14
0.16
O. OZ

0. 14
o. 32
Q. oz
O. O3

P. 38
o.Sz
0.11
O. O7
o. O7

17. 3.

19. 3.
22. 2.

23. 3.
20. 3.
15. 3.
20 ' 3.
25. 2 ~

21. 2.

26. 2.

24. 2.

19. 2.
21. 3.
18. 3.

24. 3.
20. 3.

20. 4.
24. 2.
24. 2.
19. 5.
25. 2.
25. 4.

17. 3.

23. 4.
27. 4.

21. 3.
20. 3.
18. 3.

25. 3.
22. 3.
29. 5.

30. 4.
25. 4,
18. 3.
22.
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TABLE I (Continued)

E
(eV)

E,o r„'
(meV)

r, sr,
(meV) (eV)

r„
(meV)

r, sr„
(meV)

2061.9
2073. 8
2079.0
2097. 3
2116.9
2147.6
2162 ' 9
2177.9
2196.9
2216. 2

2222. 0
2233. 5
2270. 9
2276. 3
2286. 4

2320.9
2336.0
2344. 4
2352. 5
2353.7

0.5
0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5
0.5

0.5
Q. 5
0.5
0.6
0.6

0.6
0.6
0.6
0.6
0.6

1.43
p. ls
p. 20
0.02
1.63

1.92
1.87
1.59
1.00
p. 49

1.80
0.03
0.59
0.96
5.44

0.09
2.28
0.09
0.31
0.29

0.18
O. O4
O. O4
0.01

0.15
0. 1S

o. O4

0.19
0.01
0.08
0. 10
0.63

O. 03
0.37
0.04
0 ~ 06
0.06

17. 3.

20. 3.
14. 4.
26. 4.
17. 3.
17. 3.

27. S.

24. 3.
19. S.

20 ' 4.

3027. 3
3039.7
3050. 2
3061 ' 4
3082. 8

3103.6
3109.2
3120.7
3148.5
3153.4
3163.0
3188.6
3194.5
3207.4
3229.4

3242. 5
3252. 7
3270.0
3295.7
3307.2

0.9
O. g
O. g
O. g
O. g

O. g
O. g
O. g
O. g
O. g

O. g
0 g
0 g
O. g

1.0
1.0
1.0
1.0
1.0
1.0

4. 18
1.07
p. 09
0 ~ 52
p. 99

Q. 03
0.39
0.13
3.30
3.47

0.37
1.33
0.07
1,59
0.30

0.25
1.46
0.45
7.11
0.07

0.4S
O. O9
O. os
O. OS

0.01
O. os
O. O4

O. O7

O. os
0.18
o.Os

o.os
0.14
0.07
0.78
0.07

2375. 2
2382. 8
2391.1
2418.5
2439. 8

2455. 8
2474. 9
2491.8
2509.3
2527. 3

2557 ' 1
2563. 1
2569.6
2612.5
2624. 3

2635.0
2655. 5
2663.4
2677.0
2688. 4

2713.0
2722. 7
2733.2
2748. 1
2773.6

2792.9
2815.6
2832. 9
2838. 7
2852. 0

2883.9
2895.9
2915.6
2948. 6
2956. 5

2966. 2
2980. 0
2988. 0
3006.5
3017.3

0.6
0.6
0.6
0.6
0 ~ 6

0.6
0.6
0.6
0.6
0.6

0. 7
0.7
0.7
0. 7
0. 7

0. 7
0. 7
0, 7
0, 7
0.7

Q. 7

p. 7
Q. 7
0.7
0.8

0.8
0.8
0.8
0.8
0.8

0.8
0.8
O. S
O. S
0.8

0.8
O. S
0.9
0.9
0.9

2.42
0.04
0.07
1.75
0.21

3.53
0.04
0.13
6.29
0.93

0.07
6.12
1.18
1.70
0.14

3.12
0.09
3.88
0.23
3.80

1.84
p. 22
6.89
0.29
1.52

3.12
0.55
0.70
0 ~ 03
3.93

0.08
0.O4
O. O6
1.77
0.81

0.26
0.16
0.68
0.03
p. 51

0.37
0.02
0.02
0.18
0.03

Q, 44
0.02
0.03
0.70
0. 12

0.02
0.59
0.2O

0. 2O

0.O4

0.3S
O. O4

0.39
0.O4
0.39

0.23
p .04
Q .57
0 .06
0.25

0 .36
0 .08
0.09
0.03
0.56

0.03
0.01
P. O2
0.18
0.11

O. O6
0 .04
0.11
0.Ol
O. OS

18. 3. 3317.6
3331.8
3342.9
3351.4
3383.5
3409. 5
3442. 9
3471.9
3510.0
3521.8
3544. 2
3574.4
3594.4
3611.6
3623.5

3636.7
3651.7
3674. 2
3692. 7
3707.6

3716.0
3722. 9
3732.8
3745. 2
3759.2

3786.4
3799.4
3820. 5
3827.0
3848.5

3868.8
3883.4
3906.0
3923.4
3931.5
3951.1
3961.4
3970.3
3976.5
3994.4

1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1

1.2
1.2
1.2
1.2
1.2

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.3
1.3
1.3
1.3
1 ~ 3
1.3
1.3
1 ~ 3
1.3
1.3
1.3
1.3

0.09
0.71
2.94
0.31
1.20

0.08
0.34
0.31
0.08
1.79

0.12
p. 28
p. 35
2.00
p. 20

0.13
1.11
p. 20
0.10
0.08

0.43
1.61
0.79
0.08
p. l3
0.47
0.08
0.65
1.76
Q. 19

1.05
0. 18
3.52
0.14
0.59

0.16
O. 65
1.14
1.90
o.S7

0.05
0.10
0.31
0.07
0.15

0.03
0.05
0 F 05
Q. OS
0.30

0.05
O. OS
O. O7

0. 25
O. os

O. OS

0. 13
O. os
O. O7
O. os

Q. 07
Q. 33
p. ll
0.05
0.05

0.08
0.05
p. 10
p. 27
0.06

0.13
0.05
0.48
0.05
0.10

0.06
O. 10
0.14
0.27
0.09
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ters. The ratios of the "D+T" to the "D-only"
data gives other relationships. Thus, for each
resonance, each independent analysis yields a dif-
ferent implied relationship between 1 „and I'„as
shown jn Fig. 4 for one level each jn. Th and U.
Multiple-scattering corrections for both the M-R
and the self-indication data have been included in
these curves. The common intersection of the
curves gives the resonance parameters (F„,Fz)
and an indication of the uncertainty in these param-
eters. In addition to the area analysis, we use a
partial shape analysis of the thickest sample (1/n
= 11.9) transmission data in determining the reso-
nance parameters. Figure 5 is an example of this
analysis for the 347-eV level in "U. %e have
plotted F„versus R' in this figure, where R' is a
(local} potential scattering radius, which includes
effects of other nearby resonances, may be slight-
ly energy-dependent within a resonance, and varies
from resonance to resonance. The curve which is
relatively independent of l"„is from the wings
where mainly potential scattering applies. The R'
and R are derived from the symmetric and anti-
symmetric parts of p, at distances on either side
of exact resonance corresponding to the interfer-
ence minima on the low-energy side of resonance.
The common intersection of curves determines
R' and F„ if F„»F .

In places where contributions from nearby reso-
nances are negligible, R' derived from this analy-
sis is the effective potential scattering radius de-
rived from the optical model. Interference con-
tributions from more than one resonance are sig-
nificant except in the vicinity of a few single iso-
lated resonances, notably 221 eV in "'Th and 347
eV in "'U. At these energy regions one can ex-

amine the behavior of the cross section, particu-
larly at the interference minimum and in the wings
where 0 is sensitive to R', and resolution effects
are relatively unimportant. Figure 6 shows a fit
of 0 versus E in the vicinity of the 347-eV level in
'"U. From these figures we arrive at R' = 9.6+ 0.3
fm for U. The uncertainty is due to a systemat-
ic uncertainty in the transmission estimated at +3%,
which corresponds to +0.3 fm in R'. Our value
compares with a value of R' = 9.11 fm obtained by
Divadeenam. For Th we find that R'=9.1+0.3
fm from a similar analysis. This compares with
Ribon's'0 value of R' = (9.65+ 0.10) fm and R' =9.04
fm reported by Divadeenam. " Additional details
on the analysis can be found in our previous papers.

IV. RESULTS

The results of our data analysis for the reso-
nance parameters for "Th are given in Tables I
and II, where Table I is for levels considered to
be s wave, and Table II is for levels considered
to be P wave. The similar s- and P-level results
for "'U are given in Tables III and IV. The basis
for the selection of the s population is given in
Ref. 9, along with the actual selections, although
the final I „and F values had not been established
at that time. The calculation of the P reduced neu-
tron width, gF'„=gF„(E,/E) (l eV/E)"', depends
on the choice of an effective nuclear radius R. E,
is the "ba,rrier energy" where 4 of the neutron
equals R. We use R = 1.41A'" fm (8.6'f fm for "'Th
and 8.V4 fm for "U}, giving E,= 2'l6 keV and 270
keV for "'Th and "'U, respectively. The statisti-
cal spin factor g is included, and is unity except
for P, /, levels where it is equal to 2. Table V sum-
marizes our average values for the s-level

TABLE II. Neutron resonance parameters for l =1 levels in Th. g=1 and 2 for p&/2 and p3/2 respectively.

&p

(eV)
ZEp gr'„Sgr

(meV) (eV)
~sp gr„' Sgr„'

(meV)
Ep
(eV)

asap gr' agr
(meV) (eV)

QEp gI'„EgI'„
(meV)

58. 84
90.08

128 ' 21
145.72
178.62

0.07
0.08
0.12
0.15
0.21

3, 6
3.2

8.5
14.1
6.9

1.8
1.6
2.0
3.0
2. 2

380.40 0.33
402. 62 0.36
533.55 0.27
535.45 0.27
660.66 0.37

4.0 1.3
3.0 1.5
4.9 1.7
7.1 2.0
3 ' 2 1.3

1217.3
1223.8
1233.3
1260.8
1261.7

0.4
Q. 4
0.4
0.5
0.5

3.9
2.6
4.8
3.7
5.6

1.4
1.2
1.7
1.3
1.8

1897.1
2015.4
2055. 5
2158.5
2170.1

0.4
0 ' 4
0.5
0.5
0.5

6.5 2.6
2.4 1.3
1.5 0.8
5.5 2.3
7.9 2.9

202. 41
210.87
219.30
242. 23
290. 12

302. 30
309.20
321.47
338.26
361.47

0.25
0.26
0.28
0.16
0.21

0.23
0.24
0.25
0.26
0.31

2.8
1.8
1.7
2.1
2. 2

5. 2
3.0
1.9
2.6
3.2

1.4
0.9
0.9
1.1
1.1
2. 2
1.4
1 ~ 0
1.3
1.6

771.7
846. 7
869.3
919.26
934.24

1021.38
1043.74
1073.73
1115.9
1132.7

0.4
0.5
0.5
0.30
Q. 31

0.35
0.37
0.39
0.4
0.4

1.9 1.0
1.6 0.8
7.7 2.8
2.9 1.4
1.9 0.9

2.9 1.3
5.3 2. 0
1.6 0.8
8.0 2.4
2. 2 1.1

1287.84
1345.65
1349.44
1384.59
1441.30

1469.27
1509.56
1610.47
1689.65
1767.1

0.25
0.27
0.27
0.29
0.30

0.31
0.32
0.36
0.38
0.4

3.0
5.3
4.4
1.6
6. 1

1.4
16.6
3.5
5.9
5.5

1.3
2.0
1.6
0 ' 9
2.5

0.8
3.4
1.5
2. 1
2. 2

2206. 8
2307. 2
2329. 5
2427. 4
2434. 6

2462. 5
2604. 0
2803.4
2843. 2
2861.2

0.5
0.5
0.6
0.6
0.6

0.6
0.7
0.8
0.8
0.8

5.6 2.4
7.6 2.9
4.9 2. 1
5.5 2. 4
6.8 3.0
8.0 3.2
3.3 1.7
8.5 3.5
2.7 1.4

14.5 5.0
28704 08 27 15
2932 0 0 8 2 7 1 5
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TABLE 1Q. Neutron resonance parameters for assigned l =0 levels in U.

(eV)
r

(meV)
r, sr,

(meV) (eV)
AEp r„

(meV)
Ery

(meV)

6.65
20.90
36.80
66. 10
80. 70

102.47
116.82
145.57
165.21
189 ' 80

208. 49
237. 20
263.91
273. 56
291.01

311.13
347. 74
377.03
397.39
410.18

433. 7
454. 1
462. 8
477. 0
518.27

535. 21
555.90
579.87
594.84
619.75

628. 29
660.9
692.9
707.9
720. 9

?32.5
764. 8
7?8.8
790.4
820.9

850.6
856. 1
866.0
904. 5
924. 5

936.6
958.0
991.4

1010.5
1022.9

1028.6
1054.0
1098.1
1108.9
1131.1
1139.9
1166.9
1176.6
1194.5
1210.5

0.10
0.10
O. O?
0.15
Q. O?

Q. O9

Q. ll
0. 15
0. 19
0.23

0.25
0.16
0. 19
0.20
0.21

0.25
0.28
0.32
0.3S

0.4
0.4
0.4
0.4
0.25

O. 25
Q. 30
0.30
O. 31
O. 3S

0.35
p. 4
p. 4
p. 4
g. 4

0.4
O. S
0. 5
0.5
0.5

0.5
O. S
0. 5
0. 3
0.3

0. 3
0.4
0.4
0.4
0.4

0. 5
0.5
0.5
0.5
0. 5

0. 5
0.5
0. 5
0.5
0 ~ 5

0.59
1.86
6.26
3.20
0. i9
6.92
3.24
0.07
0.24

12.99

4.09
2. 27
0.01
1.75
1.00

O. 06
4. 30
O. OS

0.30
0.94

0.4Z
O. oz
0.21
0. 14
2. 15

1.95
O. O3
1.70
3.49
1.12

0.21
5.37
1.60
0.79
0.05

0.04
0.29
0.06
0.21
2. 27

1.89
2. 77
0.17
1.63
0.32

4. 71
6 ~ 56

12.39
0.OS

0.26

0.08
2. 74
0.Sl
0.81
0.05

6.52
2.49
1.75
2.58
0.20

0.02
O. i?
0.33
0.25
0.02

0.40
0.28
0.004
0 .03
1 .09

0 .42
0.26
0 .002
0 . 18
0 . iZ

o .01
O. 35
0 .Ql
o .O3
0 .10

0 .05
0.005
0.02
0.02
0.22

0, 22
0.01
o ~ 17
0 uzi

O. oz
0.58
0.19
G. O8
0.01

0.01
0 .04
0.01
0 . 01
0.17

0 . 17
0 .24
0 .02
0 . 10
0 . O3

0.39
0 .6s
0 .?9
0 .02
0 .os

0 .O3
0 . zs
o .O9

o .oz

0.59
0 ~ 15
0. 15
0.14
0.02

22.
23.
21.

28.
20.

18.
27.
22.
24.

23.
22.

26.

22.
18.
20.

24.

23 ~

21.
20.
19.

29.
22.
21.

1 7 ~

20.
23.
23.

22.
25.
25.
21.
30.

27.
22.
24.

23.
23.
22.
19.

3.
2.
2.

3.
2.

s.
3.
4 ~

3 ~

3.
3.

6.
2.
2.

2.
2.

2.
2 ~

2.

3.
2.
2.

2.

2.
2.
2.

2.
4.
2.
2.
5.

2.
3.
2.

2,
2.
2.
2.

1244.9
1266.8
1272. 7
1298.1
1316.5
1332.7
1363.4
1393.2
1405.2
1419.2
1427.4
1443.5
1473.4
1522.3
1532.3
1545.8
1565.1
159?.5
1622.3
1637.4
1662.0
1688.3
1709.0
1722.2

1755.2

1782.1
1795.5
1807.9
1845.5
1868.0
1870.0
1902.4
1916.5
1953.4
1968.6
1974.3
2022. 8
2029. 8
2070. 9
2088. 1

2095.9
2123.8
2144. 6
2152. 2
2186.0
2200. 6
2229. 3
2235. 1
2258. 8
2265. 9

2281. 7
2314.5
2336.9
2352. 8
2355. 3

2391.4
2410.8
2425. 7
2445. 5
2454 ' 8

0. 5
0.6
0.6
0. 3
0.3

0.6
0.6
0.3
0. 3
0. 3

0.4
0.4
p. 4
0.4
0.4

0.4
0.4
0.5
0.5
0.5

0.5
0.5
0.5
0.5
0.5

O. s
0.5
0.5
0.5
0.5

0.5
0.5
0. 5
0.5
0.5

0.5
0.6
0.6
0.6
0.6

0.6
0.6
0.6
0.6
0.6

0.6
0.6
0 ~ 6
0.6
p. 7

0. 7
0. 7
0. 7
0. 7
0 ~ 7

0. 7
0. 7
0. 7
0. 7
0. 7

7.94
0.62
0.76
0. 12
0. 11

0.04
0.03
4. 88
1.87
0.24

0.77
0.47
3.26
6.15
0.01

0.06
0.11
8.88
1.74
1.24

4. 17
2. 24
2. 03
0.36
2. 51

15.87
0.07
0.34
0.30
0.09

0.07
0.78
0.57
0.07

14.99

11.59
4. 67
1.35
O. OO?
Q. so

0.28
0.07
1.34
5 ~ 17

13.26

2. 45
Q. G8
0.10
1.81
4.41

2. 83
Q ~ 44
Q. 17
Q. 97
1.26

0.53
0.08
2. 84
3.94
0.38

0.99
0 .08
0 .O8
o .O3
Q. oz

0.02
0 .oi
o .s4
0 .21
O. O3

0.08
0.08
p. 26
p. 38
0 ~ 01

0.03
0.04
0.63
0 ~ 35
Q. 20

0.49
p. 24
0.19
Q. os
0.24

1.90
O. 02
0.08
Q. 12
0.05

0.04
0.09
0.07
0.02
2 ~ 70

1.80
0.67
0.40
0.004
Q. 11

O. O?
O. O3
0.17
0.75
l. 71

0.36
0.02
0.02
0.32
0.63

0.42
0.08
0.08
0.21
O. Z1

0.08
O. O4
o. 37
O. Si
O. o6

24. 2.
21. 2.
24. 2.

28. 3.
25. 2.

26. 3.
22. 3.
28. 3.
30. 7.

20. 4.
19. 3.
19 '

24. 4.
19. 3.
28. 5.

27. 4.

17. 5.
15. 5.

19. 4.
19. 5.

30. 10.

20. 4.
18. S.

22. 4.

15. 5.
32. 8.
29. 7.
26. 5 ~

20. 5.
18. 5.

28. 5.
24. 5,
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TABLE IG (Continued)

(eV)
AEp rp

(meV)
ar„p r, ar,

(meV)
Ep
(eV)

r'„
(meV)

r, ar,
(meV)

2488 ' 4
2520. 7
2547. 2

2558. 5
2579.9

2596. 5
2619 ~ 1
2631.7
2671.3
2695. 6

2716.5
2728. 4
2749. 7
2761.6
2786. 0

2805. 4
2828. 4
2864. 1
2881.8
2896. 3

2933.9
2955. 7
2965. 8
2986. 3
3002.4

3015.1
3027. 8
3042 as
3058. 1
3108.8
3132.6
3148.1
3168.5
3177.8
3188.1

3204. 9
3217.0
3224. 9
3248. 1
3272. 0

3278. 2
3295.2
3310 ' 3
3320.2
3332.9

0. 7
0.8
0 ' 8
0.8
o. 8

0.8
p. 8
0.8
0.9
OS 9

0.9
p. 9
p. 9
p. 9
p. 9

O. g
O. g
O. g
O. g
O. g

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.1
1.1
1.1

1.1
1.1
1.1
1.1
1.1

1.1
1.1
1.1
1.2
1.2

1.66
0.16

10.90
4. 55
6.69

14.52
0.88
O. p4
5.22
0.37

2. 78
0 ~ p4
0.86
0.44
0.23

0.08
0.33
3.27

10.25
0.22

O. S7
0 .39
O. O6
0.10
2. 14

0.03
2.27
O. o4
O. S8
3.59

0.11
1.51
p. 14
1.31
1.42

1.29
o. 14
0.58
0.49
Q. O7

4. 19
0.08
2. 14
1.79
1.21

0.18
0.06
0.99
0.59
0.59

0.88
0.16
0.02
0.39
0.08

0.38
0.04
0. 15
0.10
O. 06

0.04
0.07
0.56
0. 75
0. 11

p. 07
0 .09
0.03
O ~ 04
0 .27

0.02
0.36
0.02
Q. 14
0.54

p .05
0 .25
0.05
Q ~ 23
0.25

0 ~ 23
0 .07
0.14
p. 11
0.03

O. S2
Q. 03
0.35
0.35
0.17

3355. 1
3388.3
3407.9
3417.7
3435. 3

3456. 3
3484. 3
3493.3
3526 ' 4
3560.5

3572. 7
3593.3
3621.8
3628 ' 3
3671.8
3692.0
3715.5
3733.0
3763.6
3780.8

3830.3
3856.4
3872. 1
3901.3
3913.4
3939.0
3953.9
4040. 4
4063.0
4089 ' 4

4124.0
4167.8
4178.2

4209. 4
4257. 7

4299. 0
4306. 0
4323. 9
4333.2
4396.4

4435. 0
4487. 2
4510.3
4542. 0
4567. 2

4592. 7

1.2
1.2

1.2

1 ~ 2
1.2

1.3
1.3
1.3
1 ~ 3
1.3
1.3
1.3
1.3
1.4
1.4
1.4
1.4
1.4
1.5
1 ~ 5

1.5
1.5
1.5
1.5
1.5
1 ~ 5
1.5
1.5
1.5
1.6
1.6
1.6
1.7
1.7
1.7
1.7
1 ~ 7
1.7
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.9

1.86
0.25
3.25
0.07
5.97

9.53
1.78
0.16
0.07
3.69

5.52
0.83
0.15
6.97
0.13

5.27
l. 23
3.19
1.17
5.77

0.11
7.97
2. 73
4. 32
1.44

2.07
1.72
1.02
0.47
1.13

o. so
2.48
0.59
0.62
0.26

2. 01
1.75
0 ~ 94
0.05
2 ' 12

1.58
0.04
7.52
1.11
0.50

0.27

0.26
0.07
0.51
0.05
0.68

0.85
0.42
0.07
0.05
0.50

0.50
0.10
0.07
0.66
0.08

0.66
0.41
0.65
0.20
p. 98

p ~ 06
p. 81
0.80
0 ~ 96
0 ' 24

0.32
0.24
0.16
0.13
0.23

0.12
0 ~ 54
0.14
0.14
0.11

0.27
0.26
0.15
0.03
Q. 23

0.38
0.03
1.19
0.18
0.12

0.09

strength function, So, (1'0), and the average cap-
ture width, (1'z), for the levels for which Z' is
determined.

Figure 7 shows the cumulative number of levels
N versus E, and the plots for only s levels versus
E as obtained in Ref. 9. For s levels only, (D)
=(16.7+0.2) eV for "'Th and (20.8+0.2) eV for
"'U, where a fractional uncertainty 2/n is given
in each case (n =number of levels).

The plots of QI'0 versus E for '2Th and 38U are
shown in Fig. 8. The slopes of these plots are in-

sensitive to inclusion of weak p levels and give
the s strength function. Most emphasis is given
to the regions below about 3.5 keV in Th and
4.0 keV in '"U. Our level analysis was actually
made to higher energies than shown in the tables
and figures, with a considerably smaller slope
for gl"„above these energies. Since the analysis
above these energies was less reliable, and per-
haps misleading, we omit the higher energy val-
ues. In this connection, it now seems that similar
analysis difficulties occurred in our earlier "'Th
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TABLE IV. Neutron resonance parameters for l =1 levels in U. g=1 and 2 for P|/2 and p3/2 respectively.

Eo AEp g I'„' Agl
(eV) (meV)

GEO g 1 „AgI'„
(eV) (meV)

Eo &Eo g I'n &gI n Eo
{eV) (meV) (eV)

GEO gI'„Ag I „
(meV)

10.22
19.50
45. 19
63.54
83.57

89.19
121.61
124.30
152 ' 42
158.89

173.11
202. 30
214.97
242. 60
253. 88

255. 37
257. 10
275. 76
282. 29
294.96

0.01
0.02
0.07
0.08
0.08

0.08
0.11
0.12
0. 16
0.17

0.19
0.25
0.27
0.16
0 ' 18

0.19
0.19
0.20
0.21
0.22

14.6 3.0
4. 3 1.8
1.8 0.9
3.2 1.4
1.4 0.7

28. 8 3.5
1.2 0.7
2.3 1.2
5.7 2. 2

0 ' 9 0.7

3 ' 0 1.3
3 ' 7 1.5
3.4 1.4

10.6 2.4
6.6 2.0

4.0 1.7
1.3 0.8
4. 7 2. 1
3.5 1.5
1.6 0.9

337.19
351 ' 75
354.66
407.64
439.71

488. 20
498.93
523.21
542. 34
606. 12

624 F 80
668.40
677.50
712.49
729 ' 4

743. 2
756.0
808. 2
815.3
832.4

0.27
0.30
0.31
0.36
0.39

0.40
0.25
0.26
0.28
0.33

0.34
0.37
0.39
0.40
0.4

0.4
0.4
0.4
0.4
0 ' 4

2. 2
3 ~ 3
1.2
2. 7
4. 7

11.2
2 ' 0
4.5
1.1
4.5

17.3
3.9

10.6
3.6
9.4
3.9
5.7
4. 7
2. 3
2.9

1.1
1.5
0 ' 8
1.4
2. 1

3.4
1.1
2.0
0.8
2. 2

3.8
1.8
3.1
1.5
2.9

1.6
2.6
2.3
1.2
1.5

846. 9
890.6
909.5
932.3
940. 1

964.9
976.8
985.6

1014.4
1031.1
1062.3
1067.6
1071.0
1081.0
1094.4
1102.7
1147.0
1154.8
1217.9
1237.9

0.4
0.3
0.3
0.3
0.3

0.3
0.3
0.3
0.3
0 ' 3

0.3
0.3
0.3
0.3
0.4

0.4
0.4
0.4
0.4
0.4

11.0 3.3
8.0 2. 7

12.7 3.5
2.9 1.6
2.9 1.5

1.8 1.1
5.3 1.9
2. 6 1.4

13.2 3.0
8. 1 2. 7

5.4 2.5
7. 7 2. 1
2. 4 1.3
5.3 2. 5
9.6 2.9

14.6 3.5
2. 1 1.1
2.8 1.4
2. 5 1.4
2. 5 1.3

1256.5
1371.6
1381.6
1410.5
1416.3
1549.8
1646.1
1744.9
1912.6
2175.2

2288. 9
2798. 1
2907. 1
2922. 1

0.4
0.3
0.3
0.3
0.3

0.3
0.3
0 ' 4
0.4
0.5

0.6
0.8
0.8
0.8

1.2 0.9
3.2 1.7
3.1 1.6
2.0 1.2
8.9 2. 7

5.3 2.3
3.9 2. 1
7.3 2.6
1.6 1.0
3.9 2.0

2. 2 1.2
3.7 1 ~ 9
2.6 1.5
6.8 2. 7

and "'U studies with increasing tendency to under-
estimate I'„values for E &1 keV, with resulting
too small values for $,. Our best judgement
choices for the s strength function, with fraction-
al uncertainties of +I 4/Wn, ar.e:

10'S, = (0.84q 0.08) for '"Th to 3.5 keV;

104So =(1.08+0.10) for ~SU to 4.0 keV.

The best previous work on the neutron widths
and strength function of "'Th was done at Saclay
and Harwell. Ribon" at Saclay obtained parame-
ters up to 3 keV using a 103 m flight path and sam-
ples cooled to 77'K. He was able to detect con-
siderably more of the weaker p levels than we ob-
served. For the s strength function, Ribon ob-
tained 104S0 =(0.87+0.10). Asghar et al."at Har-
well published their "'Th results in 1966 for data
obtained from 15 eV to 1 keV, using the 120- and

192-m flight path of their electron linac. They ob-
tained 104SD =(0.80+ 0.17) which is the same as
our result for this interval. Both these values are
consistent with our value for the range 0 to 4 keV
of (0.84+ 0.08). The Harwell group of Asghar,
Chaffey, and Moxon" also reported a value of
(0.70+00"',,) for the s strength function in "'U (8- to
833-eV region). This is lower than our present
choice for S, in the full energy interval to 4.6 keV,
hut Fig. 8(b) shows that QI'„ to 840 eV is very non-
linear and has lower average slope than for the in-
terval to 4.6 keV. Carraro and Kolar" at the Geel
Linac found 104S0 = (1.13+ 0.13) for essentially the
same energy interval which we emphasize. They
tend to obtain I'„values systematically higher than
our values. They also give values for (D) and
(I'„) for "s levels only" but their criterion for s
versus P behavior is rather arbitrary and quite
different from ours.

TABLE V. Average parameters for our selected s-wave levels.

Energy
interval

(ke V)

232Th
(I 0)(meV) S x10 4 (I'„)(meV) (I „)(meV)

238U

S0x 10 ( I'&) (meV)

0-1
1-2
2-3
3-4
4-4.6

1.35+ 0.24
1.49+ 0.26
1.36+0.24
0.90+ 0.16

0.80+ 0.14
0.88 + 0.16
0.82 + 0.15
0.56 + 0.12

21.05
21.88
20.08

129
82
58

2.15+0.43
2.36 + 0,46
2.36+ 0.46
2.13+0.42

1.03 + 0.20
1.13+ 0.22
1.13+ 0.22
1.02 + 0.21
0.41+ 0.12

22.59
23.00
22.90

105
70
43

Best
choice
value

1.40+ 0.15 0.84 + 0.08 21.2 + 0.3 2.24 + 0.23 1.08 + 0.10 22.9+0.5
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FIG. 7. (a), (b) Plots of N versus E for the resonances observed in Th and ~ U. Good fits to a straight line are
obtained for the s population up to 3 keV, and the agreement of our A~» and the theoretical b,DM are shown.

The comparison of our new distributions of y
= (I'„)'~ for the s-level populations of "Th and
"'U with theory are shown in Fig. 9. It is seen
that the fits to the Porter-Thomas (P.T.) single-
channel curves are reasonably close. The extra
weak p levels all have gI'„values that would place
them in the lowest histogram box if treated as s
levels. In Ref. 9, before final F'„values were ob-
tained for this data, but using the results for the
positions and relative strengths of the levels to

supplement our older results for the main s popu-
lation of stronger levels, we applied various tests
tp "select" the Th and 238U s population tp 3 keV.
One important factor of those choices was to keep,
as s levels, numbers of weak levels in reasonable
agreement with the P.T. single-channel-theory
prediction. The selected s populations were then
found to give good agreement with the tests for the
statistical O.E. theory for the level-spacing sys-
tematics. The details are given in Ref. 9. The

300
500

250 400

200

E
150

IOO

o 300
E

200

50 I 00

(a)

ENERGY (keV)

2 3
ENERGY (keV)

FIG. 8. (a), (h) Plots of gf'0 versus E for t3tTh and ttsU. The slopes of the curves determine the
s-wave strength functions.
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distributions of Fig. 9 use the s population choices
of Ref. 9. Maximum likelihood analyses for the
178 s levels of "Th below 8 keV give v =(1.11
+ 0.11) degrees of freedom, while similar analyses
for the 146 s levels of '"U give v =(1.04+ 0.11).
Both values are quite consistent with v=1.

Since there has been some discussion in the lit-
erature" as to whether or not "'Th satisfies the
P.T. single-channel theory for the I'„values, par-
ticularly below 500 eV, we show plots for "'Th
and "'U of the cumulative value of v versus E in
Fig. 10. It is seen that v has a peak of about 2.V

near 400 eV for "Th which is the effect discussed.
We have no satisfactory explanation for this effect.
The value of v for "'U remains closer to unity
over the full region, but has a smaller rise above
unity below 500 eV to which we attach no special
significance.

It seems difficult to deny that the neutron chan-
nel at low energy is in fact a "single channel. "
The logical question is whether or not the true in-
trinsic So fluctuates over the region (intermediate
structure effects), or whether or not the observed
deficiency of weak s levels in this interval repre-
sents a breakdown in the P.T. theory for what is
clearly a single-channel process. Ribon presents
a diagram of "observed gI'„" for all observed lev-
els in '"Th versus energy, with a logarithmic

scale of gl o (the analysis is made as if all lev-
els had 1 = 0). He chose a higher band of gf'0 lev-
els as s levels and a lower band of gI'„' as p lev-
els or uncertain. He picked an upper limit for the
gI'„value of p levels for which there is 10 prob-
ability of obtaining a value below that limit. Below
500 eV there was a region below gI'„' =0.3 meV,
but above the p-wave upper-limit curve there were
no observed levels, where -6 levels would have
been expected on average. He concludes that the
probability for this situation is -10 . A similar
div'ision method was used by Forman et al."to
separate the s and p populations. In both cases,
the separation of p levels from the stronger s lev-
els should be good, but the peaking of the P.T. dis-
tribution near zero prevents them from correctly
separating weak s levels from p levels.

An excess of weak levels was observed both for
"'Th and "U over the number of levels expected
for the s population alone. These are considered
to be p levels, with a possible inclusion of a few
spurious "noise" fluctuations as levels. The in-
formation from the gI'„values for these levels
permits us to make a rough estimate of the p
strength function S„ for the two isotopes. In mak-
ing such estimates it must be noted that: (a) Most
of the P levels are too weak for us to observe;

62 p levels

80- I

I

60-

232Th

PORTER —T HOIVIAS

D I STR I BU T I ON

0-3 keV

n = l78

58 p
levels

60-

li .te g

I

I

I

238U

PORTER —THOMAS

D I STR I BUT ION

0-3 keV

n = l44

40— 40-

20— 20-

(mev' )

(b)
I I

2

r„(mev )

, I

4

FIG. g. (a), (b) The histograms for Th and U of the observed distributions of (I'„)» for levels which we selected
as s wave in the energy region 0-3 keV. The curves have been normalized to the s-wave strength functions. There is
excellent agreement between the theoretical P.T. curves (~ =1) and the experimental data.
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(b) the fractional uncertainties in these gi'„values
are relatively large; and (c) these weak levels are
mainly seen using the thickest samples, where a
significant fraction of the energy range is not sat-
isfactory for observing weak p levels due to the
effects of the strong s levels; and (d) an inspec-
tion of the N versus E plots for all levels, Fig. 7,
shows that there is a greatly reduced detection ef-
ficiency for P levels above -400 eV for "'Th, and
-1200 eV for '"U. One method used is to assume
that the true p-level density is three times that of
s levels (due to statistical factors) and that (gI'„')
is the same for p„, and p3/2 levels, so the true
gI"„distribution is given by the P.T. theory. Vari-
ous boundary (gi'„)„values are chosen such that
most P levels, which are not too close to strong s
levels, will be detected if (gi'„)» ( gi'„)„. An esti-
mate is then made of the effective energy interval,
AE„available away from the strong s levels in
the full region 4E. One can then determine the
true (gI"'„) which would give, on average, the ob-
served number of levels ~(gi'„')„ in n.Z, . Such an
analysis gives 10~S, -0.9 for the 12 p levels in
"'Th to 402.6 eV having gI'„'& 2.5 meV, using AEy
-0.8hZ. For 10 S, =0.6 and 1.4, we would have
expected to have, on average, 7.2 or 18.4 levels
with gl „'~ 2.5 meV, respectively. These are the
rough limits on our estimate of S, for "'Th. There
are 10 levels in '"U to 1200 eV having gI „' ~ 10
meV. For an effective ~E,—0.8~E in this inter-
val, and an expected 148 P levels per keV, a value
of (gl'„) = 2.95 meV is required, with 104S, = 1.43.
Values of 104S~ =1.73 and 1.16 would yield 14 and
6 mean numbers of p levels having gI'„' & 10 meV
in this interval. These values are the approximate
upper and lower bounds for our evaluation. These

20—

232Th

&I && = 21.2 meV

v =87
n =84

IO—

(a)
IO l5

I
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I'& (meV)

I
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238U

&1&& = 22.9meY

v =70
n =7I

results clearly depend on the choice to which lev-
els are s and which are t&. Our own selection logic
is discussed in Ref. 9.

The above evaluation of S, may be compared
with experiments in other laboratories. Ribon
(Saclay)" observed many more weak levels in
"'Th than we find. He obtains 10~$, =1.55 for E
up to 500 eV, and gives a "best choice" of 10~S, =

2.0

l.0-
O
CI
4J
IJJ
fL

S +g a 238U
5I,% zg a+~ Iy~ HQ~Az ~ h~I+Ie I

0 & Oqg aSP&S ayE ~ Sl+& ~ '+eal 8 lg

v = l.04+ O. ll

CL

03 IO—

0
(n 20
W
IJJ
K

l.0-
o

I I Il
g

Q y Th~la go~ ~«~ ~a ~@I'M ~

ga~yyg ltd+ %I~~pg yea 1 AoIAss ~ 4gOI a g

1000 2000 3000 (b)

ENERGY (eV)

FIG. 10. Results of )(2 analysis to determine the "effec-
tive number of degrees of freedom, " v, for our observed
distributions of I „values for Th and 3 U for our selec-
ted s level populations. The large fluctuation in v for
@Th below 500 eV has been emphasized in the literature

and remains unexplained, since it has a very low proba-
bility of occurrence according to the P.T. theory, in the
absence of fluctuations in the intrinsic So. The experi-
mental values for the full energy interval are consistent
with the single-channel value v =1.

IO I5 20 25 30 35

1& (meV)

FIG. 11. (a), (b) Distribution of the total radiation
widths, 1'„, obtained from the analysis of 2 Th and
238U. Thedata have been fitt& with X2 curves of 87 and 70
degrees of freedom, respectively. These v values should
be considered to be the lower limit on the true number
of degrees of freedom. The divergence of the individual
1'& values from the mean is thought to be due mainly to
experimental uncertainties.
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= (1.4+ 0.5). However, since he distinguished s
and P levels by means of bands of gI'„values, and
the P.T. distribution mixes weak s and strong
P levels, we have reexamined his analysis, delet-
ing from his P-level population those levels which
we consider to be s levels. This removes three
of the stronger levels from his p population in the
0-500-eV region. A similar analysis as above
gives 14 observed P levels having gI'„~ 2.5 meV
to 400 eV, where we have 12 levels. His revised
$y is then a little bigger than our s, but well within
our quoted limits. The other main evaluation of
p levels is due to Forman et aI." (LASL) from an
experiment using a nuclear explosion. They tend
to have larger gI'„ than ours for weak levels that
we also observe. Some levels that we see, they
were unable to observe due to strong nearby reso-
nances. They quote a value of (gi"„)= 3.9 meV.
For their (D) = 7.5 eV for p levels, which is high-
er than our value of 5.6 eV, they get 10~$, =1.7.
A reexamination of their gF„' values for levels
which we do not call s levels gives 10 levels to
402 eV having gF'„~ 2.5 meV versus our 12 levels.
This would give a value of $, consistent with, but
slightly lower, than ours for that region. Other
evaluations of S, for "'Th using (o, ) versus E in
the higher energy region of unresolved resonances
give 10 S~ =1.64+ 0.24 (Harwell") and 2.1 (Duke~~)

For '"U the comparisons of 10 $, from other
laboratories are as follows. Bollinger and Thom-
as" obtain (2.14", ,') for p levels below about 170
eV. The atomic bomb results of Glass et al."give
(1.8 + 0.3) to 800 eV. Correcting for contributions
from levels which we treat as s levels reduces
this to 1.6. Divadeenam~v (Duke) obtained 1.9 from
(o, ) versus F. behavior, and Uttley, Newstead,
and Diment~' (Harwell) obtained (2.44~0 2", ) from a
similar technique. We are not prepared to com-
ment on the over-all uncertainties of experimental
strength function determinasions using average
total cross sections.

The average capture width (I'„) in "'Th for the
84 levels to 2.4 keV from Table I was [21.2
+ 0.3(stat. )+ 0.9(syst. )] meV. We have estimated
a systematic uncertainty of 0.9 meV due to the de-
termination of the "saturated open" of the neutron
beam in the self-indication results. This value
compares with (I' ) = (20.5+ 3) meV obtained by
Forman et al. ,"and 20.9 and 21.6 meV obtained
by Asghar et al."and Ribon, "respectively. As
expected all of our individual I'& values lie close
to the mean of 21.2 meV, with few values more
than 20% away from the average. This is con-
sistent with a large number of possible y-ray
transitions between initial and final states from
the —,

"capture state. The usual P.T. g' analy-
sis gives:

which is the fractional mean squared spread in the
values. This gives v = 87 for "'Th. The distribu-
tion of I'„, values is shown in Fig. 11(a). Most of
the above spread in the I, values probably comes
from experimental errors in the measured values,
so that the true v is probably very much larger.
Another feature of the algebraic P.T. analysis is
the implicit assumption that the various (I,. ) are
the same for different j. This is certainly incor-
rect because of spectroscopic factors and transi-
tion energy dependencies. When (I',. ) values have
a large variation for different j, the stronger tran-
sitions dominate in determining the spread in the
true F,. values, which is then for a much smaller
effective number of degrees of freedom than the
true number of capture channels. For these ex-
perimental and theoretical reasons our value of v

is a lower limit and the true value of v is probab-
ly very much larger.

For "'U, our average capture width for the 71
levels in Table III up to 2.4 keV is (I" ) = [22.9
+0.5(stat. ) +0.9(syst. )] meV. This compares with
values of (I' ) reported by Rosen (I) (24.6+ 0.8),
Asghar, Chaffey, and Moxon" (23.74+ 1.09), Rohr,
Weigmann, and Winter" (24.64+ 0.85), and Glass
et al." (20.6+ 1.7). Figure 11(b) shows our experi-
mental distribution of I' values, which are best
fitted by a x' distribution of 70 degrees of freedom.
We did not observe what we mould consider to be
significant periodic or quasiperiodic fluctuation of
the F values versus energy in 3'U, as reported
by Glass et al., whose values were more widely
distributed about their (F„). This conclusion is in
agreement with the recent work of Malecki et al."
(Dubna) who likewise do not find a divergence of
the separate radiation widths from the average ex-
ceeding the measurement error, and who obtain
(I'„)- 24 meV. Their 31 values of F„ for individual
levels are all between 22 and 27 meV.

V. SUMMARY AND CONCLUSIONS

The high-resolution measurements obtained dur-
ing our 1970 experimental series allowed us for
the first time to obtain results for the essentially
complete s-level population in the energy region
0 to 3 keV for the important reactor materials

Th and U. The chosen value of $0 for these
isotopes was based on data to 4 keV. Our present
values of $, are higher than our previous 1964 re-
sults which seem, in retrospect, to systematical-
ly underestimate the 1'„values for levels above 1
keV. Our new results are in agreement with other
recent measurements. We found the P.T. distri-
bution for the reduced widths in ' Th to be consis-
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tent with our data for the energy range to 3 keV,
although some anomalies remain for E & 500 eV as
mentioned by Ribon and by Forman et al. Further-
more, for "'U, we were not able to reproduce the
low value of ( F ) = 19 meV and the quasiperiodic

y
fluctuations in the individual 7 values reported
by Glass et al. Our estimate of the p-wave
strength functions are lower than those of most
other authors using methods based on individual
resonance parameters and (o, ) versus E behavior.
This is largely due to our selection procedure
for the s population.
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