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Neutron transmission and self-indication measurements have been made for two of the sep-
arated isotopes of Sm g =152 and 154) and the separated isotopes of Eu (A =151 and 153) at
the Nevis synchrocyclotron. The measurements used a 200-m path for transmission mea-
surements and a 40-m path for self-indication measurements, covering an energy range from
approximately 1 eV to greater than 5 keV. Since these isotopes are at a region of a peak in
the l =0 strength function, mainly s resonances are involved. The results for the even-even
Sm isotopes show that essentially complete s populations were obtained for the first 70 levels
in Sm~ and 27 levels in Sm~~ . Values of I'„(or gI'„ for Eu) were obtained for the observed
resonances. Values of I'y, obtained for 9, 3, 45, and 46 levels of Sm, Sm ~, Eu 5, and
Eu~5, respectively, give (Iy) values of 65, 79, 90.0, and 94.8 meV, respectively, with most
of the individual values within 20% of (I'y). The s strength function is 10 SO=2.2+0.4, 1.8+0.5,
3.2+0.5, and 2.3+0.4 for 8m~52(n =90), Sm (n =33), Eu~ (n =63), and Eu 5 (n =68), where
n is the number of levels in the sample. Somewhat smaller So values result for the Sm iso-
topes if a larger energy interval is used. Values of the mean s level spacing for these iso-
topes of 51.8+1.5, 115+8, -0.7, and 1.1 eV, respectively, were found. Good fits are ob-
tained with the Porter- Thomas theory for the reduced-neutron-width distributions and the
Wigner formula for the nearest-neighbor level separation. Other statistical tests applied to
Sm' and Sm 5, respectively, are: (a) the Dyson-Mehta 4 statistic, which is particularly
sensitive to long-range order in the level spacings, 6=0.40 and 0.38 versus ADM ——0.42+0.11
and 0.32 +0.11; (b) correlation coefficients of adjacent nearest-neighbor spacings are —0.26
+0.10 and -0.32+0.18 versus -0.27 predicted for an orthogonal ensemble.

I. INTRODUCTION

This is the ninth in a series of papers present-
ing the results of high-intensity and high-resolu-
tion neutron-spectroscopy measurements using the
neutron velocity spectrometer at the Columbia Uni-
versity synchrocyclotron. Preliminary results
for Sm and Eu were given in the thesis of Rahn. '
The thesis results have been carefully reviewed
and the analysis has been expanded. The details
of the experimental system and data-analysis pro-
cedures have been published in the preceding Pa-
per VIII of this series, and therefore will only be
reviewed briefly. The reader is directed to our
earlier papers for more specific information.

The Sm and Eu results presented here are of
particular interest in that they help to complete
our knowledge of the systematics of neutron reso-
nance reactions in the rare-earth region of the
Periodic Table, and provide good tests for vari-
ous statistical theories of the nucleus. The mass
numbers 151 &A. & 154 occur close to a relative
maximum of the s strength function S, and a rela-
tive minimum of the P strength function S,. They
therefore represent good experimental situations
where few if any p resonances are observed, and

are suitable for testing the various statistical pre-
dictions concerning fluctuations of the reduced
neutron widths and adjacent level spacings. For
the even Sm isotopes I is zero and therefore the
observed resonances form a single population all
having the same Z, A, J', and parity. The single
population set of resonances provides a particular-
ly good test for the Dyson-Mehta b, statistic, which

is sensitive to both long- and short-range order
of the level spacing distribution. Our recent re-
sults (Paper VIII), particularly for Er"', gave the
first, and so far the best confirmation of the Dy-
son-Mehta theory for a statistical "orthogonal en-
semble. " The Sm'" and Sm'" results give addi-
tional confirmation. The failure to fit the 6-sta-
tistic test before our 1968 experimental results
had been obtained was mainly due to a lack of suit-
ably "clean" data covering a large enough com-
plete s-level population near a peak of So. Qur re-
cent measurements of separated rare-earth iso-
topes came at a time when substantial improve-
ments in our spectroscopy system were such as
to assure high quality of the resulting data. The
nature of these theories and the comparisons for
the erbium isotopes was discussed in previous pa-
pers. '
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Samarium, Z = 62, has seven stable isotopes,
with A = 152 and 154 contributing 26.45 and 22.33
at.% each to the natural abundance, and both hav-
ing target spin-parity O'. Europium, Z =63, has
only the two naturally occurring isotopes A. = 151
and 153 in nearly equal abundance. Both Eu"' and
Eu"' have spin-parity values of —,'. By using sep-
arated-isotope samples of relatively high purity,
we obtain isotope identification and I"„resonance
parameters for 90 levels in Sm'" to 5 keV (vs on-
ly one level at 8 eV for which I"„has been previ-
ously reported), 33 levels in Sm"4 to 5 keV (vs
no previously reported Sm'" levels for which 1 „
values were reported), 105 levels in Eu"' to 100
eV (vs 27 levels to 27 eV previously reported),
and 77 levels in Eu'" to 100 eV (vs 19 levels to 24
eV previously reported). Values of I'z were also
obtained for many levels, giving relatively good
evaluations of the (I'&) for these isotopes. Previ-
ous results by a number of investigators have been
compiled in the 2nd supplement to Report No. BNL-
325.' Recently, Karzhavina, Fong, and Popov4 at
Dubna published the resonance energies E, for lev-
els up to 2 keV for Sm"' and Sm", but without

giving the other level parameters.
The mass numbers 151 ( A ~ 154 are close to a

peak of the heavy-mass fragments in the fission-
product curve. Isotopes with these masses are in-
troduced into nuclear reactors by means of the fis-
sion process and subsequent decay chains. More-
over, these isotopes can be used in nuclear reac-
tors to maximize fuel utilization by smoothing neu-
tron-flux profiles and eliminating power peaking.
A knowledge of the capture cross section and
strength functions of these isotopes is necessary
for the design of the next generation of reactors.
In addition, experimental values of the s strength
function for isotopes in the rare-earth region are
useful in the development of the optical model of
the nucleus. ' The quadrupole distortion of these
isotopes lead to the splitting of the so-called 4s
giant resonance, where S, has a pronounced depen-
dence on the atomic weight for A= 150.

II. EXPERIMENTAL DETAILS

The Columbia University Nevis synchrocyclo-
tron accelerated 70 bunches/sec of protons to
-350 MeV, with a -1.5-ILL, A time average proton

current, during the 1968 operation. When each
proton bunch reached -68-in. orbit radius, it was
deflected to give -1-A proton bursts into a Pb tar-
get of -20-nsec duration. This gave )10"evapora-
tion neutrons/sec during the burst. A water mod-
erator, directly below the Pb target was the effec-
tive pulsed-neutron source for a collimated flight
path leading to a "flat detector" at 200 m (for
transmission measurements), or to a 40-m de-
tector which could be used either for transmission
measurements, or for self-indication measure-
ments. A type 6050 ASI (EMR) on-line computer
system, having a 16 384-word memory was used
in conjunction with an elaborate interface system
which provided "clock" and "fast buffering" fea-
tures. The system permitted simultaneous use of
8192 histogram time-of-flight locations, with vari-
able channel widths in blocks of 512 channels and
variable delay. A more complete account of the
system and data analysis procedures can be found
in Paper VIII of this series.

The measurements described in this paper used
separated-isotope samples of Sm'", Sm"4, Eu"',
and Eu"' in 1~ ~2—,'-in. and 22 &2—,'-in. slab formats.
These particular sizes were a compromise intend-
ed to be used also for muonic x-ray studies by a
different group. The samples obtained from Oak
Ridge National Laboratory were of the chemical
form Sm, O, or Eu, O, powder, bonded using a tiny
amount of diluted polystyrene ("Q-dope" ) binder,
and packaged in thin Al foil for protection. No nat-
ural samples were used. The separated-isotope
samples were )95% enriched in the main isotope
of the sample. Each isotope sample, as obtained,
was made into several smaller samples, so a
range of effective sample thicknesses could be
used to help in the level parameter analysis. Ta-
bles I and II list the various final sample "thick-
nesses" and composition as used in the transmis-
sion position, or in the 40-m "detector sample
position. " The I/n values in b/atom are the in-
verse of the isotope thicknesses. For the Sm sam-
ples, the levels due to other than the A. = 152 or 154
Sm isotopes gave contributions of near background
size for a few of the stronger levels. The weak
A = 152 levels in the A. = 154 sample, and vice ver-
sa, were evident and provided additional "very
thin" sample information in the resonance-param-

TABLE I. Composition of the separated samarium isotopes (values are for each sample of Sm203).

Main
isotope

Number of
sample s

g of
Sm Sm'4'

1/n values of the isotopes (b/atom):
Sm'" Sm'" Sm'" Sm'" Sm'" Sm"4

Sm'"
Sm'"
Sm'"

19.8
18.6
10.0

880 000 165 000 189000 104 000 99 600 579 7680
676 000 774 000 454 000 541 000 546 120 000
241 000 314000 241 000 431 000 49 500 1072
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FIG. 1. (a) Examples of the 40-m D-only data, counts versus energy, in the energy region 300 to 1300 eV for Sm
and Sm~54. First-order background has been subtracted in these plots. (b) Examples of the 40-m self-indication data,
counts versus energy, for Eu~ and Eu in the energy region 40 to 60 eV. The histograms denoted D only are the re-
sult of a sample placed in the detector position, and the D + T histogram shows the effect of an additional T sample in
the beam, which causes dips to appear at the peaks of the D-only sample. The scales are slightly offset for clarity.
The ratio of the D-only thickness to T thickness is denoted by R in the figure. (c) Examples of the 40-m transmission
data for Eu ~ and Eu~ 3 in the energy region 40 to 60 eV. The samples were "thin" (no «1) between resonances, but
tended to be thick at resonance. Offset scales were used for the various sample thicknesses.
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TABLE II. Composition of the separated europium
isotopes (values are for each sample of Eup03).

Main
isotope

Number of
samples

g of
Eu

1/n values
of the isotopes

(b/atom):
Eui 51 Eui 53

Eu'"
Eu"'
Eu'"
Eu153

Eu153

34.4
7.8

19.7
19.8
10.5

153 4680
598 183 000

21 950 276
22 030 277

163 000 2048

eter analysis of the data. The Eu samples were
so pure that even relatively strong levels in the
less abundant isotope of a sample did not "show
through" their resonance contribution. The Sm
and Eu measurements used only one timing condi-
tion for the 200-m detector, covering the energy
interval from 5158 to 30 eV. Flat detector mea-
surements at 39.57 m covered the energy interval
from 55.6 keV to 0.98 eV, but only the region be-
low -100 eV was used to extend the lower end of
the energy interval from that of the 200-m detec-
tor. The 40-m self-indication measurements ex-
tended down to 3.05 eV for Sm and 0.81 eV for Eu.

III. EXAMPLES OF THE DATA ANALYSIS

Figure 1 shows examples of our experimental
data. Part (a) of this figure shows the ba.ckground
subtracted "D -only" data for Sm" and Sm" from
300 to 1300 eV, while part (b) gives similar plots
for the Eu isotopes showing both "D-only" and
"D+T" information. The upper and lower halves
of these plots show the experimental counts per
channel obtained for the different isotopes, and
illustrate the method of assigning a resonance to
its proper isotope. The Sm data showed very weak
levels which were identified as due to other Sm
isotopes, or impurities, and are not treated in
this paper. The assignment for the Eu isotopes is
thought to be relatively certain since both stable
isotopes were measured. Figure 1(b) shows the
counts from thick "D-only" samples at the detec-
tor, and the "D+T"histogram displays the results
of adding a T sample, which causes dips to occur
at the peaks of the "D-only" sample. These plots
clearly show, for instance, that the peak near 47
eV in Eu"' is a doublet, with resonances at Ep
= 46.41 and 47.24 eV.

In Eu, the resonances are sufficiently closely
spaced so that there is considerable capture oc-
curring between resonance levels. This is ob-
served in our "D+T" measurements in which the
counting rate at exact resonance for strong levels,
where nearly all the neutrons are removed from
the beam by the T sample, is lower than the min-

imum counting rate in the wings of the resonance.
There was some concern as to whether this differ-
ence was able to be explained in terms of contri-
butions from resonance wings. To test for self-
consistency, the expected o versus E was calculat-
ed using the level parameters which we had ob-
tained from the analysis. These calculated results
were in good agreement with the observed "D-only"
and "D+T" background-subtracted data. No extra
"nonresonance" capture terms were needed to ex-
plain the observed data. This also showed that the
background subtraction were performed correctly.

Examples of our transmission data are shown
in Fig. 1(c). The samples were "thin" (no«1) be-
tween resonances but very thick (no'& 1) at reso-
nances, so no attempt was made to generate "true"
0 versus E curves through the resonances. In-
stead, we assume that the Breit-Wigner theory ap-
plies and determine the level parameters which
are most consistent with the observed effects in
the data at resonance.

The strength function, So, for these samples is
(I'„)/(D) ~ 4 x 10 '. For the Eu isotopes (D) =—1 eV
and I'„« I"

z below 100 eV. We find (I'z) -=100 meV,
which is comparable to the Doppler width 6 at
about 25 eV. Aside from small measurement un-
certainties in the individual F&, the true I'& in-
volve a many-channel phenomenon of the various
possible first-step y-cascade transitions, so the
individual I'& should not have large statistical
fluctuations about the (I'&) of the population. The
Doppler width 4 increases as E'" and is of the
order of 200 meV at Ep

= 100 eV for our samples.
It poses no special problems for the Sm isotopes
studied. For Eu, I'+4 is about 300 meV at 100
eV. This value is comparable to the mean ob-
served spacing between levels, so that it is diffi-
cult to resolve all levels, particularly above 100
eV. The Wigner level-. repulsion effect operates
for the levels of the even-even Sm isotopes, but
not for the spacing between levels of different spin
J for the Eu isotopes.

The analysis requires a choice for the potential
scattering length R', which is related to the poten-
tial scattering cross section. We used the value
R'=8.0 fm obtained from optical-model calcula-
tions for the deformed Sm and Eu isotopes. This
single value was used for all cases, since the
range of A. values is quite small. The. Sm reso-
nance analysis is only weakly affected, while the
Eu level analysis is insensitive to our choice of
R'. The value of R' used is in agreement with re-
cent experimental results of Pineo' at Duke Uni-
versity.

The transmission and self-indication values ob-
tained for a series of sample thicknesses usually
determine a unique set of resonance parameters
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FIG. 2. {a)—{d) Examples of the level-parameter analysis for levels in Sm 5, Sm 5, Eu 5~, and Eu 5, respectively.
For each level there are several carves, showing the implied relationship between gF„and F derived from the trans-
mission and self-indication data. Curves frora the transmission data are labeled T, followed by the inverse thickness
{1/n) value of the sample; curves from the D-only data are labeled D, followed by the (1jn) value of the sample; and
curves derived from the self-indicator data are labeled {D+T), followed by the thickness ratio, R, of the D sample to
the T sample. The intersection of the curves implies the values of both 7 and gI'„ in favorable cases.
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consistent with the experimental information. In
favorable cases, both the capture width I'& and
the product gI'„are determined. For Sm'" and
Sm"4, I=0, J = (2)', and g= I for all levels. For
levels where I"

&
could not be determined, a value

of gl'„ is obtained by setting I'z= (I"~) for the iso-
tope, using the fact that capture is a many-chan-
nel process, so that individual I

&
values have rel-

atively small fractional fluctuations about (I'z),
while I'„can fluctuate by large fractional amounts
about (I'„). The resonances of Eu"' and Eu'" iso-
topes have two possible spin assignments, J= 2

or 3. However, the high target spin along with the
relatively weak I'„ implied by the close level spac-
ings make spin assignments highly uncertain, and
it is satisfactory to use the mean, (g) =-,', for all
levels.

Recent capture-y studies on a range of nuclei
have suggested that the compound-nucleus spin
state can be determined with high reliability from
a study of the ratios of the strengths of selected
transitions in the y-cascade process. Such stud-
ies for the Eu isotopes would be helpful if the y-
transition pattern is suitable.

For each resonance a plot was made of each of
the gF„vs I' curves implied by the analysis for
each sample thickness in transmission and self-
indication. The intersection region defined the
best choice (gl'„, I') value. The methods of the
analysis are given elsewhere. ' An example of the
analysis for one level of each isotope is given in
Figs. 2(a) -2(d). The resulting level parameters,
given in Tables III to VI constitute the body of ex-
perimental results of this paper.

The capture width I'& has been determined for a
majority of the levels in the Eu isotopes and for
some of the levels in the Sm isotopes. An inspec-
tion of Figs. 2(c) and 2(d) for the Eu"' and Eu'"
analysis shows that the "D-only" and "flat detec-
tor" transmission analyses give nearly the same
slopes on a gI"„vs I plot. The curves from the
"D+T" analysis are nearly orthogonal to the oth-
ers. This was essential to establish a unique com-
mon crossing point in (gl'„, I ) space.

given in Fig. 3. For a complete single s level pop-
ulation, the cumulative number of levels should al-
low a very good fit by a single straight line. The
upper energies where such fits are good are at
3665 eV for Smis2 and 3046 eV for Smis4 above
which we probably begin to miss a significant num-
ber of weak s levels.

Dyson and Mehta' introduced a 6, statistic, which
we denote simply as ~, which is the mean squared
deviation of N(E) from a best-fit straight line. For
a statistical "orthogonal ensemble" (Q.E.), they
predict that (6) should increase only as 1n(n), with
a standard deviation of +0.11. In addition, the Q.E.
theory yields an average correlation coefficient
of adjacent nearest-neighbor level spacings of
p(S„S,+,)= -0.27. In our previous paper, ' we
showed that a comparison of the experimental val-
ues of [A+p(S„S„,)J=-[h+p] with that expected

IOO

80

60

IZ
ILI
Q3

~ ~

20

IV. DISCUSSION OF RESULTS

Probably very few if any P levels are contained
in Tables III to VI. The fluctuations of the gF„and
I'z values, along with the level spacings about
their mean values are compared with statistical
theories which have been discussed in our previ-
ous papers. '

A. Samarium

The plots of the cumulative number of observed
levels vs energy (N vs E) for Sm'" and Sm "4 are

O. II

0
0

ENERGY (keV)

FIG. 3. The cumulative number of observed levels
versus E in the Sm isotopes. Good fits to a straight
line are obtained up to 3665 eV for Sm ~ and 3046 eV
for Sm, and the agreement between our A~ and the
theoretical b.DM in these energy intervals is shown.
Values of (D) are obtained from the straight lines.
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TABLE III. Resonance parameters for the levels in Sm . All levels are thought to be l =0, with few, if any levels
missed below 3700 eV. Asterisk indicates value used in the analysis taken from Ref. 3.

&0
(eV)

r„' zr„'
(meV)

r& zr&
(meV) (eV)

r„' ar„'
(meV) (eV)

DEO ro ~ro
(meV)

8.06 0.01
62.2 0.1
87.7 0.1

154.1 0.2
185.2 0.2

46. * 2.
0.5 0.3

22. 2.
11.4 1.5
1.4 0.1

65
93
51

25
23
10

60 11 1600.6 0.9
1691.8 0.5
1730.0 0.6
1750.3 0.6
1806.9 0.6

8.0 1.2
27. 2.
3.4 1.2
0.2 0.2
2.4 0.9

3288.2 1.3
3315.5 1.4
3433.5 1.4
3464.0 1.4
3512.0 1.5

19.0 2.1
2.1 0.5

19.5 2.0
7.6 1.2

11.5 1.5
237.0
314.7
327.2
385.1
415.8

482.9
505.9
587.1
641.9
768.7

775.4
792.5
852.9
928.7
952.3

0.2
0.3
0.3
0.4
0.4

0.5
0.5
0.5
0.5
0.6
0.6
0.6
0.4
0.4
0.4

27.
7.6

11.3
2.0
2.8

0.4
8.7
6.6

15.0
17.7
83.
4.1

13.5
0.2

13.3

2.
1.1
1.1
0.3
0.2

0.2
0.7
0.7
0.8
0.9
5.
0.3
1.0
0.1
1.0

9
10

81 24

60 14

1875.6 0.6
1954.8 0.7
1987.0 1.0
2046.6 p, 7
2121.5 0.7

2196.7 0.8
2237.1 0.8
2310.5 0.9
2367.8 0.9
2392.5 0.9
2456.3 1.0
2490.0 1.0
2522.0 1.0
2582.6 1.0
2648.5 1.1

0.2 0.1
8.8 1.1
0.3 0.2
0.6 0.2

18.5 2.0

0.2 0.1
5.9 0.8
5.6 0.8
4.1 0.6
3.7 0.6
8.1 0.8
0.2 0.1
0.9 0.4
3.0 0.6

3537.8 1.5
3609.4 1.6
3665.0 1.6
3826.6 1.6
3925.7 1.7
4028.4 1.7
4075.5 1.8
4101.5 1.8
4172.6 1.9
4215.3 1.9
4320.3 1.9
4405.0 2.0
4523.0 2.0
4557.0 2.0
4590.0 2.0

41.
2.2 0.7

38.
4.8 0.6

11.0 1.4
6.0 0.8
3.4 0.8

11.9 1.6
63. 6.
8.8 1.2

15.4 2.0
0.9 0.4
6.1 0.9
5.6 0.9
4.1 0.7

986.4
1047.6
1081.8
1113.2
1228.1

1239.5
1314.4
1402.4
1427.2
1501.9
1541.3

0.5
0.6
0.7
0.8
0.6

0.6
0.6
0.7
0.7
0.8
0.8

6.5
6.8
1.0
1.1

11.8
14.5
6.8

30.
33.
2.5
9.9

0.7
0.8
0.2
0.1
0.8

0.9
0.6
2.
3.
0.3
2.0

2656.9 1.1
2695.8 1.1
2854.0 2.0
2912.1 1.1
2925.0 1.2
2966.6 1.2
2985.5 1.2
3030.7 1.2
3104.0 2.0
3157.9 1.3
3258.7 1.3

23» 3 ~

7.9 1.2
0.6 0.2

25. 3.
1.1 0.4

8.4 1.3
22. 3.
11.1 1.5
3.2 0.7
8.7 1.1
9.6 1.2

4651.0
4668.0
4725.0
4777.0
4923.0

4946.0
4985.0
5073.0
5100.0

2.0
2.0
2.0
2.0
2.0

3.0
3.0
3.0
3.0

8.2 0.9
23. 2.
1.0 0.4
7.4 1.0

10.8 1.6
5.5 0.9

23. 3.
30. 4.
3.8 1.0

TABLE IV. Resonance parameters for the levels in Sm . All levels are thought to be E =0, with few, if any, levels
missed below 3000 eV.

(ev)
r„' ar„'

(IneV)
r~ sr~

(meV) (eV)
r„' ar„'

(meV)
&0

(eV)
Eo r„Dr~0

(meV)

93.0
261.1
341.5
457.3
617.8
704.7
828.7

1075.5
1181.5
1187.7
1282.9
1472.1

0.1
0.2
0.3
0.4
0.5
0.5
0.4
0.5
0.6
0.7
0.7
0.8

14.4 2.0
9.7
0.8 0.2
7.5 0.9
7.0 0.7

29. 2.
108. 7.

0.4 O.l
2.1 0»1
0.3 0.2

14.2 1.0
18.5 1.0

65
90

15
25

83 23

1556.0
1647.0
1734.0
1768.8
1847.8
2056.5
2106.9
2243.0
2452.2
2492.0
2529.5
2834.1

1.0
1.0
0.5
0.6
0.6
0.7
0.7
1.5
0.8
0.9
1.0
1.0

50. 3.
74. 2.
1.9 0.3

13.6 0.6
37. 2.
3.3 0.7

53. 3.
1.5 0.8

27. 3.
1.1 P.2

51. 15.
3.6 0.6

2862.7 1.1
2987.8 1.2
3046.8 1.2
3540.7 1.4
4060.5 1.7
4213.0 1.8
4415.0 2.0
4550.0 2.0
4757.0 2.0
4920.0 2.0
5075.0 3.0

1.3 0.2
26. 3.
26. 3.
3.0 1.3
9.3 1.3

52. 8.
57. 8.
6.2 1.0

33. 4.
26. 3.
17.3 2.4
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for the Q.E. theory and with that expected from a
set of "uncorrelated Wigner" spacings (U.W.) pro-
vides a cleaner test of the theory than a compari-
son with 6 or p alone.

For the 70 levels of Sm'" to 3665 eV, we ob-
tain ~~&—- 0.40 vs b.nM=0. 42+0.11and p(S„S„,)
= -0.26+0.10. The experimental value of ['+p] is
consistent with the O.E. theory but the probability
is only 0.004 for less than or equal this experimen-
tal value for a U.W. set of spacings. For the 27
levels of Sm"' to 3046 eV we obtain p(S„S„,)
= -0.34+ 0.18 and 4,„„=0.38 compared with 4DM
=0.32+ 0.11. The observed [b, +p] is again consis-
tent with O.E. theory but the probability is 0.10
for less than or equal this value for a U.W. set of
spacings.

While the agreement of these experimental re-
sults with the O.E. theory is excellent, the dis-
crimination against such alternatives as the U.W.
set is less impressive than for Er"', mainly be-
cause of the smaller sample sizes. Nevertheless,
these results provide valuable supporting evidence
in establishing the experimental validity of the
O.E. theory for "single level populations" in nu-
clear spectroscopy at high excitation energy above
the low-lying nuclear states.

Since the Sm"' and Sm'" levels in the indicated
energy regions satisfy the above tests, they are
probably relatively complete uncontaminated s
populations and should also satisfy the Wigner for-

mula for the nearest-neighbor level-spacing dis-
tribution and the Porter-Thomas (PT) single-chan-
nel theory for the I"„'distributions. Figures 4(a)
and 4(b) show the integrals of the observed nearest-
neighbor spacing distribution with the integral of
the Wigner formula for comparison. According to
Monahan and Rosenzweig' the mean square devia-
tion of the theoretical and experimental curves
should be less than that for an equal population
sample size of adjacent U.W. spacings.

Figure 4(c) shows the values of cr(k) versus k for
the Sm isotopes. The statistic v(k) is the standard
deviation about (k+ 1)(D) of the values for the en-
ergy spacing of the levels separated by k other lev-
els. The values for the O.E. and the U.W. cases
are shown, as are the 10 and 90% O.E. confidence
limits for the number of levels involved in the Sm
isotopes. Also shown are the two-body-random-
ensemble (TBRE) calculations of Bohigas and
Flores. " The agreement with the O.E. case is ex-
cellent and quite different from the mean values
shown for the U.W. or TBRE cases.

The observed distributions for the (I'„)"'values
are given in Figs. 5(a) and 5(b). The results are
in reasonable agreement with the (PT) single-chan-
nel theory.

The average level spacing is expected to have a
fractional statistical uncertainty = 1/n for an O.E.
To include possible single-population-sample im-
perfections of our level sets, we give 2/n fraction-
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FIG. 4. (a), (b) Cumulative histogram of the observed nearest-neighbor spacing distribution in the energy intervals
over which few, if any, levels have been missed for Sm and Sm ~, respectively, with the integral of the Wigner dis-
tribution shown as a comparison. (c) 0(k) versus k for the Sm isotopes. The theoretical curves are for the two-body
random ensemble (TBRE), the uncorrelated Wigner (U.W.), and the orthogonal ensemble (O.E.) . Our experimental data
are consistent with the O.E., shown with 10-90% confidence limits, and quite different from the TBRE and U.W. curves.
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theoretical Porter-Thomas curve for the reduced neu-
tron widths.
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FIG. 6. (a), (b) Plots of ZI'0 versus E for the Sm iso-
topes. The slope of the curves give the E =0 strength
function. Each figure shows two curves which are ex-
treme choices for 8 0. Out best choice lies between
these curves and is indicated on the figure.

FIG. 7. I'a), (b) Cumulative number of observed levels
in the Eu isotopes. The decreasing density of observed
levels as the energy increases is on account of levels
missed because of the small mean spacing between lev-
els and the absence of the Wigner repulsion effect for
the two spin populations in each isotope. The straight
line indicated on these figures are our estimate of (D),
the mean level spacing.
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al uncertainties so (D) = 51.8+ 1.5 eV for Sm'" and
115+ 8 eV for Sm'

The s-level strength functions, S„are obtained
from the slopes of the plots of QI'o vs E shown in
Figs. 6(a) and 6(b) for Sm'" to 5.1 keV (90 levels)
and Sm"4 to 5.1 keV (33 levels). The figures each
show two straight lines which nearly represent ex-
tremes as to how one might fit the slope, noting
that the I"'„evaluations are expected to be some-
what more reliable at the lower-energy regions.
In Sm'", the region between 3 and 4 keV contains
only levels with small l '„, so that the 4- to 5-keV
region lies below the trend of the 0- to 3-keV re-
gion. The strong contribution from the 8.06-eV
level in Sm'" leads to a best-fit straight line with
a positive intercept at E =0 with a good fit over
the region using a value of 10 So=2.04. Our best
choices for the s-wave strength function are:

Sm'" 104So = 2.2+ 0.4, n = 70 levels;

Sm'": 10'S,= 1.8 + 0.5, n = 27 levels.

The fractional uncertainties are approximately
(2/n)'" due to statistical considerations alone.

For some favorable cases, we were able to ob-
tain I'z. We found (I'z) to be 65 meV for 9 levels
in Sm'" and 79 meV for 3 levels in Sm" . These
values of (I &) for the Sm isotopes are somewhat
lower than those that we obtain for Eu, but our
evaluated capture -resonance integrals using (I'z)
for levels where F& was not obtained are in agree-
ment with experimentally determined values. "

B. Europium

Figures 7(a} and 7(b} show the cumulative num-
ber of observed levels versus energy for the Eu
isotopes. Because of the small P-wave strength
function for A =150, the slope of the curves in Fig.
7 should be due only to s levels. The decreasing
slope as the energy increases is due to our miss-
ing an increasing fraction of the levels at higher
energy because of the small mean spacing and the
absence of the Wigner repulsion effect for levels
of different J. The decreasing slope of N(E) for
Eu"' below the value of (D) =0.70 eV which fits
for the first 15 eV would be greater if less-certain
levels were included. The true (D) is probably
about 0.7 eV, but may be as low as 0.6 eV or a
little smaller. The slope for Eu"' is (D) = 1.1 to
20 eV with a subsequent decrease which, however,
is not monotonic above 20 eV. The higher initial
slope to 5 eV, followed by a reduced density of ob-
served levels between 5 and 11 eV is puzzling but
is indicated by the data. A true value of (D) of 1.0
to 1.1 eV seems most probable.

Figure 8 shows the histograms of the nearest-
neighbor distribution for the Eu isotopes for the

energy intervals 0-55 eV for Eu"' and 0 —100 eV
for Eu"' over which relatively complete level pop-
ulations exist. Also shown on this figure is the
theoretical Wigner distribution for two spin popu-
lations. For the Wigner distribution we have as-
sumed that the level densities of the two spin pop-
ulations are approximately equal from the ratio of
the statistical spin factors g, -= g =——,'. The Wigner
two-population curves are completely determined
by the energy-interval size and assumed (D). If
the observed histogram was to be corrected to
take into account missed spacings, the qualitative
effect would be to divide, usually asymmetrically
each erroneous single spacing into two smaller
spacings. This would tend to increase the relative
number of small spacings. Wigner curves are giv-
en for (D) =0.6 and 0.7 eV for Eu"' and 1.1 eV for
Eu"'. These values are reasonable, considering
the effects of missing levels, and a value of (D)
=0.7 eV is slightly favored for Eu"'.

For an odd-A nucleus, where the J value of each
individual level is not established (the Eu case),
we obtain a weighted average contribution from the
two spin states to the strength function. If sub-
scripts 1 and 2 denote the different J cases, the S,
value for the separate J states would be (I'„),/(D),
and (I'„),/(D), . The level densities for the two
spin states tend to be in proportion to the (2j+ 1)
values of the g~ values of the two spins, where

g,(D),—= g, (D), =—(D). For the analysis we used the
weighted average of (gl'„), and (gl'„), by using

Qgl o/AE, where bE is the energy interval con-
sidered. If S„—=S» ——S„ then (gi'„),=—(gl'„),
= (gi'„) and the gl o values have a common PT dis-
tribution. Recent data from Saclay" indicate that
the s strength function is spin-dependent for cer-
tain of the rare-earth isotopes. However, the
Saclay data on the Gd"' and Gd'" isotopes (both
with spin I = —,) did not exhibit any strong spin de-
pendence of S,. One would expect, therefore, at
most a small spin dependence for the Eu isotopes,
with a much greater effect possibly in the mass
region of the Nd isotopes, A= 144. From the
slopes of Qgi'„' in Figs. 9(a) and 9(b), S, is
(3.2+0.5)x10 ' for Eu"' (from 0 to 55 eV) and
(2.3+ 0.4) x10 ~ for Eu'" (from 0 to 100 eV). For
Eu"', S, taken over the interval 0-100 eV is 3.25
0&10 4 which is quite close to the value for the in-
terval 0-55 eV where our data are least influ-
enced by experimental resolution. Our values of
gl"„ in Table V for Eu"' above 55 eV are consid-
ered to be somewhat less reliable in that some of
the resonances that we have listed may be actual-
ly two or more unresolved levels, and there ap-
pears to be a substantial number of missing levels
in this energy region according to Fig. 7(a). Seth"
has recommended the values 10'S,=2.4+ 0.7 for
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FIG. 8. (a), (b) Histograms of the observed nearest
level spacings, S, for the Eu isotopes. The curves are
the theoretical Wigner distributions for two randomly
positioned populations with equal level densities. Two
possible choices of g)) are shown for Eu~~~.

FIG. 9. (a), (b) Plots of Zgl „ for the Eu isotopes. We
determine the l =0 strength function from the slope of
the curves, and have assumed that the strength functions
for the different spin states (J=2 and 3) are essentially
equal.
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Eu"' and 2.2+ 0.7 for Eu'". The agreement is
close for Eu"' but poorer for Eu"'. This is due
to his use of average cross-section measurements
combined with individual resonance results for a
smaller level sample. Note that Fig. 9(a) would

give about 2.4 for the interval below 40 eV for
Eu

Figure 10 shows the distribution of the observed
reduced neutron widths for the Eu isotopes. The
histograms are plotted as the number of observed
levels versus v'gT'„ for all levels below 55 eV for
Eu"' and 100 eV for Eu"' with a histogram inter-
val of 0.2 meV"'. Also shown is the theoretically
favored PT distribution, normalized in each case
to our observed value of the strength function. We
have drawn two curves for each of our PT distri-
butions, one curve for the number of levels, n,
actually observed in the indicated interval; the
other curve for the'maximum number of levels,
n*= bE/(D), that we would expect from our lowest
possible value of (D). In the usual situation where
(D)» I eV, the missing of s levels tends to be
based on their being too weak. For (D) & I eV, as
for Eu, "missing levels" are more apt to be an ef-
fect of treating two overlapping levels, usually of
different J, as one level with approximately the
sum of the strengths. The correction for this ex-
perimental deficiency would involve breaking some
of the gI'„values into two smaller values. With
this effect considered, the observed differences
between the histograms and the PT curves are
plausible.
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FIG. 10. (a), (b) The distribution of the observed re-
duced neutron widths for the Eu isotopes, plotted as a
function of v'gI'g in 0.2-meV~ intervals. Also shown
is the Porter-Thomas distribution for two different
possible level densities: n, the observed number of lev-
els; and n*, the assumed number of levels in the given
energy interval.

FIG. 11. (a), (b) The distribution of our I'& values for
the Eu isotopes. The X distribution of v degrees of
freedom is also plotted where ~ is determined from the
analysis, which indicates that a large number of chan-
nels are involved in each case.
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The total radiation width I'&, for a heavy nucleus
is made up of the sum of all of the partial transi-
tion widths from the initial state i to all lower
states j, I'z, =+I'z„. Each of the separate I'z„
is expected to have a PT single-channel distribu-
tion about its average, for fixed j, but varying i.
When considering the distribution for I"

&, about
(I"z), the usual analysis neglects the variation
(over i) of the (I'z;) to particular final states j.
A X' fit to the measured I'&, distribution is made,

2/~ =((I',') —(r,)')/(r, )',
where the measured averages are used and v is
the effective number of degrees of freedom. Note
that v is inversely proportional to the square of
the fractional spread. Part of the observed spread
comes from measurement uncertainties which tend
to reduce v below that which would result if there
were no measurement errors. Another reduction
in v comes from the fact that transitions to final
states having larger than average (I'z&) outweigh
those of weaker (I'z,. ), so the v obtained from the

analysis tends to be less than the actual number
of channels j present even if there were no mea-
surement errors. The measured values of v are
thus a lower limit to the number of capture chan-
nels, which may be 1 or 2 orders of magnitude
larger than our measured values.

We were able to determine I'& for 45 levels in
Eu"' to 55 eV (70 levels to 100 eV, although some
of the levels between 55 and 100 eV may be dou-
blets, yielding less reliable I'z values), and for
46 levels in Eu"'. Figure 11 shows the distribu-
tions of the I'z values for the Eu isotopes along
with "best fit" X' curves. As expected, the analy-
sis indicates that large effective numbers of chan-
nels are involved in each case: v = 123 for Eu"'

to 55 eV (v = 120 for all levels to 100 eV), and
v=123 for Eu"'. We obtain (I'z) =90.0 meV for
Eu"' to 55 eV, n =45 (90.4 meV to 100 eV, n= 70)
and 94.8 meV for Eu"', n=46. The fact that two

levels are sometimes counted as one probably has
no serious effect on our I"

&
determinations for the

following reasons: (1) The missing levels most
likely occur where a weak level of one spin state
overlaps a stronger one of different J; (2) the anal-
ysis curves indicate that gl „ is well established
for each level, which is linear in the level strength,
so the gI'„ for two levels treated as one would be
essentially the sum of the two values; (3) an area
rather than a shape analysis tends to emphasize
the stronger contributor and gives an essentially
correct value for its I'&. The high effective v val-
ue obtained support this conclusion, since wider
observed distributions would have been obtained
if considerably different I

&
were obtained for un-

resolved level cases.
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Low-energy y rays of the reaction Th(n, p) 33Th have been measured with the Riso bent-
crystal spectrometer and with a Ge(Li) spectrometer at Munich. High-energy neutron-cap-
ture y rays from four low-energy neutron resonances have been investigated at the fast-
chopper facility at Brookhaven. Data on the reaction 2 Th(d, p) 3 Th were taken with an Enge
split-pole magnetic spectrograph at the tandem Van de Graaff accelerator at Argonne. The
combination of these data resulted in a level scheme of ~ Th. Seven Nilsson configurations
have been assigned to rotational bands, two of them tentatively. Spectroscopic factors have
been calculated with e4 deformation and Coriolis mixing, and compared with the experiment.
The neutron binding energy in ~~Th has been determined to be 4786.5+ 2.0 keV.

1. INTRODUCTION

The deformed nucleus '"Th is supposed to have
a structure similar to its isotone "U. The best
ways of investigating '"Th are by means of the
(d, p) and (n, y) reactions. Because of the rather
small neutron capture cross section of '"Th
(V.4 1), previous (n, y) experiments' ' did not re-
sult in a level scheme of "'Th. The (d, P) reaction
has recently been measured at Riso. '

To obtain more information on '"Th, experi-
ments have been carried out at Riso, Denmark,
through the study of low-energy neutron-capture
y rays with a crystal spectrometer, at Munich
with a Ge(Li) spectrometer for low-energy cap-

ture y rays, at Brookhaven National Laboratory
(BNL), where high-energy y rays from resonant
neutron capture have been investigated, and at
Argonne with the (d, P) reaction. Preliminary re-
sults have been reported already. "

An attempt was made to measure conversion
electrons following neutron capture with the P
spectrometer at the Munich FRM reactor' and
with the superconducting P spectrometer SULEIKA
at the Munich FRM reactor. " Because of the low
capture cross section, only conversion-electron
lines with an intensity of more than about 5 per
100 captures should have been observed. No
'"Th lines were found in the conversion-electron
spectra.


