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The parameters of nuclear energy levels at excitation energy just above neutron binding have been
studied for about 20 heavy nuclides. Total cross sections for neutrons of energy 0 to 700 ev were made
utilizing the Brookhaven fast chopper and the transmissions were analyzed to obtain the resonance parame-
ters. The reduced neutron widths, I'»?, show a wide variation among the resonances in single nuclides relative
to radiation widths, T'y. Within experimental error, the size distribution of the reduced neutron widths is
exponential, the most probable width being zero. The experimental level spacings, D, exhibit discontinuities
at closed shells, an effect that remains after correction of the spacings for differences in excitation energy. The
ratio I'x%/D, of particular significance to the “cloudy crystal ball” nuclear model, has a maximum about
A =160, as expected from theory, but of a much smaller magnitude than the computed peak.

I. INTRODUCTION

HE Brookhaven fast chopper has already been
described as well as its initial use in measurement
of parameters of neutron resonances in the neutron
energy range 2-200 ev.! In these measurements the
total cross section alone, obtained from sample trans-
mission, was treated with no attempt to determine
directly the partial cross sections, usually consisting of
capture and scattering. The concentration on total cross
sections was a result primarily of the nature of the fast
chopper, in particular its small sample size and large
detector area, which makes it particularly suitable for
total cross section measurement by transmission.

Although the limitation to total cross section alone
seems at first sight to neglect important parameters of
levels, such as the partial widths I', and T', it has re-
sulted that most of the level parameters can be obtained
rapidly and with sufficient accuracy for comparison
with theory by total cross section measurements alone.
The analysis of the experimental data that makes
possible the attainment of most of the level parameters
is presented in Sec. II. It is indeed fortunate that so
much information can be obtained from total cross
sections because direct measurements of the partial
cross sections, scattering? and capture,? are extremely
difficult to perform and to interpret.

Because of these advantages, a vigorous program for
measurement of total cross sections has been carried on
for the past year, with the result that some 300 reso-
nances have been studied during this period. The level
parameters obtained represent a great increase in the
available data for comparison with predictions of
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nuclear structure theory* relating to level widths and
spacings. In addition, the measured parameters exhibit
trends that have not been discussed theoretically, for
example the “exponential I',? distribution’ presented in
Sec. IV A; these results constitute the raw material for
further theoretical development. In the present report
the discussion will be devoted primarily to level spacings
D, and neutron widths I',,, because of the relevance to
nuclear models of current interest.®>® During the period
under discussion a large number of radiation widths I',
have also been measured; a summary of the earliest of
these has already been published” and a more complete
description will appear later.8 In addition, a brief report?
has been made on the ratio of neutron widths to level
spacings, of special applicability to the “cloudy crystal
ball” model.’

The information that was available in the past on
level spacing obtained from neutron resonance data was
very fragmentary and uncertain. In the present work it
has been possible to measure enough resonances in a
given energy interval in such a way that essentially all
levels are located. In this way an unambiguous determi-
nation of the average level spacing' for the two possible
spin states that can be formed by slow neutrons is made.
The level spacings thus obtained are valuable for com-
parison with the predictions of various nuclear models
because they are the spacings at neutron binding energy,
hence about 7-Mev excitation, an energy at which the
spacings were not well known previously. At the be-
ginning of this work very little was known and nothing
predicted by theory concerning the variation in neutron
width from level to level, hence it was obviously de-
sirable to measure individual I',)’s for a number of levels.
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Furthermore, the ratio of neutron width to level spacing
was of obvious intérest because predictions for this ratio
did exist for the strongly absorbing or ‘“black’ nucleus
and the partially transparent or “cloudy crystal ball”
nuclear model. It is interesting that for both I', and D
large variations have been found, variations unexpected
from current theory.

II. ANALYSIS OF DATA

The neutron resonance data are recorded in terms of
sample transmission 7', and the purpose of the analysis
is to obtain all possible information about the level
parameters from 7 as a function of neutron time-of-
flight. Even though the transmission is a direct measure
of the total cross section alone, the analysis gives much
additional information concerning the parameters of the
levels that appear as resonances in the total cross
section. The partial cross sections for scattering and
absorption that make up the total cross section (as-
suming no « or proton emission or fission) are given in
terms of the level parameters by the Breit-Wigner
single-level formula:
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In these equations E is the energy of the neutron, 2R,
is the wavelength of a neutron with energy FE,, the
energy at resonance, and I',, I'y, and T are the neutron,
radiation, and total widths of the level. In practice the
effect of levels other than that being analyzed, neg-
lected in these equations, is often important but their
effect can be subtracted by means described by Seidl
et al.,! which will not be repeated here.

If the statistical factor g is known, the total cross
section measurement alone gives the parameters of the
level, I', and T',, (again assuming that other widths are
negligible). This procedure is possible because the width
of the cross section resonance at half-maximum is just T’
and the peak height o of the total cross section is given
by

ao=41r7\02g1‘,,/I’. (4)

For a level at low neutron energy, where the instru-
mental resolution is very good, the procedure is rela-
tively uncomplicated. In this region the measured peak
height of the cross section resonance together with its
width give I'y and T', (if g is known) after calculated
corrections are made for the Doppler broadening of the
level, as described by Seidl ef al.!

If g is not known, as is usually the case, the method
gives gI', rather than I',. Measurement of the partial

cross sections o, or o, which give I',/T or I',/T, can be
used to distinguish the correct choice of the two possible
values of g in this case and thus all the parameters,
including the spin of the compound state, J, are fixed.
Use of the measurement of one of the partial cross
sections (relative to the total) to fix g alone rather than
to determine the other parameters is advisable because
partial cross section measurements are inherently more
complicated and difficult than transmission measure-
ments.

As the partial cross-section measurements have been
made for an exceedingly small number of resonances, the
total cross-section work can be considered in general to
give primarily T' and gI',, in the good resolution region.
The important quantity I', can fortunately also be ob-
tained rather well (from I',=T—T',) because the un-
certainty of g does not produce a large error in I',, as gT',
is usually small compared to T'.

For most of the measured I',’s the experimental error
is larger than the uncertainty arising from the two
possible g values, even when this uncertainty is maxi-
mum, for /=%, in which case g=3% or £. A typical ex-
ample of the =1 case is the 17.6-ev level in thulium,
described in III A, with a T' of 63416 mv (milli-
electron volts) and a I', of 1.5 or 4.5 mv depending on g.
Here the uncertainty in T'y arising from g (4=1.5 mv) is
less than the experimental uncertainty in I' in spite of
the ‘fact that the two possible values of g have the
maximum spread in this case. For other initial target
spins the g uncertainty is less than it is for /=%, and
there is no uncertainty for a zero-spin target nucleus, for
which g=1. In contrast to I'y values, the I',’s resulting
from the measured gI',,’s contain an uncertainty thatisa
maximum of =450 percent for 7/=%. However, the ob-
served great range of measured TI',’s implies that the
uncertainty arising from g is not a serious handicap at
the present stage of neutron spectroscopy.

Thus far we have considered only the case of good
resolution, where results obtained with a single sample,
usually thin, give all the needed information. For
neutron energies somewhat higher than the good resolu-
tion region, however, the true shape of a resonance is
greatly distorted by the resolution function and the
analysis becomes extremely complicated. Nevertheless
it is still possible, by measurement of both thin and
thick samples, to obtain I" and gI',.. The complication of
the analysis is caused principally by the distorting effect
of the Doppler broadening of the resonance and the
change in the observed resonance shape with sample
thickness. For the present work the method of analysis
used in the poor resolution region is the same in principle
as that described by Seidl et al., but contains a few
improvements. These improvements result in a great
saving of time in the complicated analysis, which in-
volves the areas of dips in transmission curves for two
sample thicknesses and the Doppler broadening. This
information is used to obtain oo and I', the principle
being illustrated by Fig. 1, and gI', and T’y are then
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Fi1c. 1. Curves relating the measured area of transmission dips,
A (ev), sample thickness # (atoms/cm?), and Doppler broadening
A (ev) to the resonance parameters I’ and oo (peak height). The
principle of the method of resonance analysis is that values of 4, #,
and A for two sample thicknesses are consistent with only a
particular location on a single curve, and this location determines
T and oo. (See reference 1.) Because the desired parameters appear
combined with the measured quantities, the method involves
successive approximations.

calculated as already described for the good resolution
case.

It is fortunate that the results obtained are still
valuable when, for experimental reasons, two sample
thicknesses cannot be used. In general, at high energy
only a thick sample can be used because a thin sample
would give a transmission too close to unity for accurate
results. However there are cases even at high energy in
which, because of overlapping of resonances, only a thin-
sample result is obtained. If a thin-sample result alone is
available the quantity ool is obtained, which quantity
gives gI', for the resonance directly with no knowledge
of T necessary, as is seen from Eq. (4). For a thick-
sample run alone, on the other hand, one obtains ¢(I'%,
that is, gI',T", and from this combination gI', is obtained
only if 'y is assumed. For cases in which a single
thickness is available in the intermediate thickness
range, a dependence of the resulting gI', on the assumed
I, is present but weaker than for the thick sample.
Because the main objective in the present work is the
measurement of neutron widths, the dependence of gI',
on the assumed I', was studied for each level in order to
estimate the error of the final neutron widths.

The general procedure followed in determining gI',
was to measure both it and I' when two sample thick-
nesses could be used to give a reasonably accurate value
of the latter. For resonances for which T' could be
measured only with large error or where just one sample
thickness could be used, I', was taken to be the average
of the measured values for other resonances in the same
nuclide. The use of this “assumed” T', in getting T' and
hence gT',, is fortunately not a source of great error be-
cause of the fact that the radiation widths are relatively
constant compared to the extremely wide range that
was found in this work for the I',’s. In addition, for
many samples of intermediate thickness the error re-
sulting from the I'y “assumed” is much less than the
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experimental error because of the weak dependence of
gl'» on I'y, as will be exemplified in the next section.

For most of the elements investigated, a sufficiently
large number of resonances was found so that some
statistical information was obtained on the distribution
of level parameters among the levels of single nuclides.
It was possible to investigate the distribution of level
spacings in a given nuclide as a function of neutron
energy and to use this observed distribution to deter-
mine at which energy a significant fraction of the levels
was missed. The number of levels for some of the
elements was sufficiently large so that the distribution
law of the neutron widths, which would range over a
factor as large as 100 for a given isotope, could be
determined. Some general conclusions about this sta-
tistical information will be given in Sec. IV after the
measurements of individual elements are described in
Sec. ITI. In connection with the description of measure-
ments, the manner in which average neutron widths,
spacings, and width-to-spacing ratios are determined
will be discussed.

III. MEASUREMENTS

The fast chopper, neutron detectors, and timing
equipment have already been described in reference 1
and were used in essentially the same form during the
past year with the exception of a few improvements.
The chopper is a rapidly rotating shutter that produces
neutrons in bursts of about 1-usec duration, from which
individual neutron velocities are selected electronically
by the flight time to detectors 20 meters distant. The
rotor is now being used regularly at a speed of 10 000
rpm compared to the 6000 rpm described in reference 1.

Previously the principal contribution to timing un-
certainty was the time involved in pulse collection in the
2-in. diameter BF; neutron counters. A faster neutron
counter has now been developed! and is in routine use.
It consists of 128 counters, £ in. in diameter, in a com-
mon BF; atmosphere and operating at the same high
voltage. The spread in pulse collection time for this
multiple BF; counter is about 0.5 usec (full width at
half-maximum), and this time does not constitute a
serious contribution to the final resolution function. As
the neutron flight path in the multiple BF; counter is
3% in., the corresponding flight time becomes serious for
neutrons below 20 ev for at this energy the flight time in
the counter is 1.4 usec. The flight time in the counter is
much smaller in a scintillation-type detector that has
been under development in the past year, but this
detector is not in routine use as yet.

At high energies, where the flight time in the counter
is negligible, the resolution function (with the multiple
BF; counter) has a full width at half-maximum of
1.4 psec, giving a resolution of 0.07 usec/m at 20 meters.
This resolution represents an energy spread of 2.0 ev at
100 ev and 22 ev at 500 ev. Under these conditions, the

1 H. Palevsky (to be published).
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TasLE I Levels in thulium (,Tm!®) with resonance energies (Eo) less than 160 ev. The neutron widths (') are obtained from the
measured areas of transmission dips for sample thicknesses 7 (atoms/cm?) ; 7 is the ratio of the error in T, arising from the uncertainty
in T'y (taken as 7020 mv for each resonance) to that arising from the area measurement. The statistical weight factor, g, is assumed

to be £; A is the Doppler broadening of the level.

Reduced

Eo A (1/m) X102 Area (% error) T'n (% error) Weighted T'a width I'a®
(ev) (ev) (cm?/atom) (ev) (mv) r mv) (mv)
3.924-0.03 0.047 1390 0.84 (9) 12 (30) 1.3 1244 62
14.44-0.1 0.095 1390 0.33 (7) 5.7 (16) 0.7 5.7+0.8 1.540.2
) 1.17 (6) 57 (29) 2.0
17.6+0.2 0.10 1390 0.21 (10) 34 (15 0.3 3.2+0.4 0.76£0.10
90 0.81 (5) 3.0 (25 2.1
29.14+0.3 0.14 90 0.22 (27) 0.37 (36) <0.1 0.37£0.13 0.0740.02
35.24+04 0.15 1390 0.33 (12) 11.6 (20) 0.2 132 22404
90 1.39 (1) 16 (28) 1.3
38.14+0.5 0.16 90 0.27 (16) 0.61 (20) 0.15 0.6140.12 0.102:0.02
45.60.6 0.17 1390 0.19 (22) 6.8 (27) <0.1 6.4+1.3 0.940.2
90 0.84 (9) 59 (29) 0.7
51.6+0.7 0.18 1390 0.19 (25) 7.8 (30) <0.1 7.7+£1.6 1.140.2
90 0.90 (9) 7.6 (29) 0.7
59.84+0.8 0.20 1390 0.38 (19) 22 (27 0.11 2445 3.1+0.6
690 0.71 (12) 30 (25) 0.3
) 1.11 (15) 14 (42 0.4
66.84+1.1 0.20 1390 0.85 (13) 80 (22) 0.25 10015 1242
690 1.36 (9) 105 (17) 0.3
90 39 (10) 119 (18) 0.6
844415 0.23 690 0.36 (29) 14 (38) <0.1 1143 1.24-04
: 90 0.87 (16) 9 (42) 0.2
962 0.24 690 1.04 (14) 79 (26) 0.25 74411 7.6+1.1
90 23 (9) 71 (19) 0.7
10442 0.25 90 0.43 (40) 2.7 (54) <0.1 2.7+14 0.26+0.14
11842 0.27 690 0.69 (22) 46 (33) <0.1 41412 3.8+1.1
90 1.38 (20) 32 (50) 0.2
12843 0.28 90 0.84 (25) 10 (48) 0.12 105 0.94+04
13943 0.29 90 1.6 (23) 45 (60) 0.2 45430 442
15844 0.31 690 1.43 (15) 180 (35) 0.12 16040 1343
90 29 (16) 130 (30) 0.2

upper energy limit at which resonances can be resolved
depends greatly on the element under study, for the
level spacing differs greatly from element to element as
we shall see in the next section.

In describing the results of the measurements, we
shall first consider thulium because the procedure applied
to all the elements is here well illustrated without the
complication of separated isotopes. Tin will be described
next because the additional analysis necessary for sepa-
rated isotopes can be made clear. The results of the
remaining elements and isotopes can then be described
briefly because of the similarity of the methods involved.

A. Thulium

Two grams of thulium oxide of 99.9 percent purity'?
were available for the transmission measurements.
These measurements were made from 3 to 200 ev with
the old bank of BF; counters and hence with a resolution
poorer than now available. Three sample thicknesses
were used, 1 in., 3% in., and 5% in., the thickest sample

12 Obtained from Dr. F. H. Spedding, Ames Laboratory, Iowa,
who also supplied the Tb, Ho, and Lu samples.

requiring only 0.75 g of sample in each of the two
sample-holders because of the small cross-sectional area
of the two neutron beams. The number of atoms/cm?
for each of the samples is given in Table I. The error in
the thickness of the thickest sample was about 4 percent
and in the others about 6 percent. Runs were made
sufficiently long to obtain about 2 percent statistical
accuracy per point, one-usec timing channels being used
above 20 ev, two-usec channels from 20-10 ev, and four-
usec channels below 10 ev. It was not necessary to make
long runs for the open beam because its shape was well
known from earlier runs. The procedure for determining
the background was discussed in reference 1.
Transmission curves for thick and thin samples from
30-80 ev are shown in Fig. 2 on a time-of-flight scale.
The resolution inferred from the observed widths at
half-maximum of the small transmission dips was 3.4
usec or 0.17 usec/m. Between resonances the transmis-
sion of the thick sample is 0.864-0.02, which value gives
8+2 b for the potential scattering after correcting for
the oxygen contribution. The areas of the transmission
dips were measured with a planimeter on the curve of
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F16. 2. The transmission as a function of time of flight at 20 m
for thin (1/2=1390 cm?/atom, upper curve) and thick (1/2=90
cm?/atom, lower curve) samples of Tm:0;. The dotted straight line
is the base line from which the areas of the resonances are meas-
ured. The analysis of these data by the method sketched in Fig. 1
is given in Table I.

Fig. 2, then normalized to unit transmission (i.e., di-
vided by 0.86 for the resonances in the thick sample)
and converted to ev. In the normalization, small cor-
rections were made in the case of the 38.1- and 59.8-ev
resonances because of the distorting effect of nearby
large resonances. For each resonance, the area was
measured over a limited energy interval, such that the
wing correction (an area of noo['?/AE, where AE is the
energy interval) varied between 2 percent and 10 per-
cent. The statistical errors quoted in Table I for the
areas were calculated from the statistical accuracy of
the points and the error in obtaining the “base line”
used for normalization. The time-of-flight scale was
accurate to 4=1 usec.

For resonances where accurate data are available for
both thick and thin samples, both I' and ¢ can be ob-
tained since the thick and thin samples give approxi-
mately ool'? and ool'. In this case I', can be obtained
even though the value of g (% or £ for thulium) is not
known, as discussed in Sec. II. For an intermediate
sample, the power of I obtained is between 1 and 2. For
example, the 35.2-ev resonance gave oo['1%¥=594-10 for
the thick sample, and ooI"**=310+50 for the thin
sample, by the technique illustrated in Fig. 1. From
these numbers, T is obtained directly as 1202440 mv and
hence T, is 110440 mv, with negligible error arising
from the assumption that g=%. For the 14.4- and 17.6-
ev resonances the I'’s were calculated to be 75422 mv
and 63416 mv, respectively, giving I',’s of 69422 mv
and 60416 mv, respectively. These three resonances
thus give an average I'y of 70212 mv for thulium.
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Although thick and thin samples were measured for
most of the other resonances in thulium the accuracy
was not sufficient to give values of T, better than about
50 percent. Since radiation widths are known to be
almost constant from resonance to resonance in a par-
ticular nuclide,” a radiation width of 70420 mv was
used for all the thulium resonances to calculate 2T,
instead of I',’s measured for particular resonances.
Table I summarizes the results for thulium up to 160 ev,
giving the pertinent experimental data used to obtain
the neutron widths. The Doppler width A is calculated
from the formula A=2(;kTEyn/M)* with m/M the
neutron-nucleus mass ratio, and k7T expressed in ev. The
error in 2¢I', is a result of the error in T',, taken as
70220 mv, and the error in 4; the ratio of these
contributions is given as 7. For thin samples it can be
seen that the error in 2¢T", arising from the uncertainty
inI'y is unimportant. For example, for an » even as large
as 0.3, the I'y uncertainty increases the error in 2T,
above that resulting from the area error by only 5 per-
cent. The reduced neutron width 2¢T",0 (reduced to 1 ev
by division of 2¢T', by E¢¥) has the same error as the
neutron width, since the energy of the resonance is
measured quite accurately. The value of oo for the
3.92-ev resonance measured by Sailor et al.'* together
with a T'y of 7020 mv give 1424 mv for 2¢T",,, which -
agrees with the present measurement.

In the energy range from 3-75 ev, 10 resonances were
found compared to 6 in the range 75-150 ev. There are
no resonances below 3 ev.* Above 75 ev it is quite
apparent from the transmission curve that small levels
may have been missed or that the transmission dips at
the higher energies may not be single resonances. Below
75 ev any resonance larger than % of the smallest ob-
served would be sufficiently large for observation.
Figure 3 illustrates the method of obtaining the level
spacing D from the observed location of resonances in
energy. The dropping away of the observed number of

T T T

169
6aTm

D=I5ev

1 1 i
50 100 150
E INev

F16. 3. The number of levels observed in thulium as a function of
neutron energy. The slope of the straight line gives an observed
spacing of 7.5 ev. On the assumption that the level spacing is the
same for both spin states, D equals 15 ev for each spin state. It is
apparent from the dropping away of the number of levels from the
straight line that levels have been missed above 75 ev.

18 Written thus because 2¢ is unity on the assumption that g=1.
14 Sailor, Landon, and Foote, Phys. Rev. 96, 1014. (1954).
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levels below the straight line indicates that some levels
are missed above 75 ev. The slope of the straight line
corresponds to a level spacing of 7.5 ev for resonances of
the two possible spin states, J=I4%. Assuming that
there are the same number of levels of spin 0 and 1 (7 for
Tm is %) a value for D of 15 ev for each spin state is
obtained.

The reduced neutron widths of the resonances vary
over a wide range (greater than a factor of 100). The
average value of 2¢T',0 for the first 10 resonances (up to
75 ev) is 2.840.6 mv. In order to investigate the
distribution of these ten reduced widths, the integral of
the number of levels versus width is plotted in Fig. 4. It
is seen that the integral distribution can be fitted by an
exponential, implying that the differential distribution
itself is exponential within experimental error. A com-
plication in determining the distribution law arises be-
cause of the two possible values of g. For example, if the
level spacings of the two spin states in thulium are the
same, then (Sec. IV C) it is expected that the average
reduced neutron widths, T',%, of the two kinds of levels
would be the same. The distribution of 2gT",.? would then
actually contain two groups, of equal numbers of
resonances and equal T',0 but differing by a factor of
three in 2gT,0 (g=% or £). The observed composite
distribution would then depart from an exponential
behavior simply because of lack of knowledge of g.

Although the level spacing and the distribution law of
the reduced neutron widths are obtained from the first
10 resonances, 15 resonances can be used to obtain the
I',9/D ratio, whose significance is discussed in Sec. IV C.
The greater usable energy rangefor ',/ D results from the
fact that this ratio (averaged over the two spin states)
is simply the sum of gI',’ for all the resonances in a
certain energy range divided by the range. Thus if small
resonances are missed above 75 ev they have a very
small effect on the sum, hence on T',%/D. Also, for thin
samples, if a transmission dip is really a combination of

T T T T T T

° —
< 2gT°=2.8mv
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2 4 6 8 10 12
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Fi16. 4. The distribution of reduced neutron widths of the first 10
levels in thulium. The number of resonances with widths exceeding
a particular value is plotted against this value. The straight line
represents an exponential distribution with an average 2¢T';° of
2.8 mv, which is the arithmetic average of the 10 widths. The slight
curvature may be caused by the 2 spin states as discussed in the
text.
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F1c. 5. The sum of the reduced neutron widths in thulium vs
energy. A value of 1.6X 107 for the I',9/D ratio is obtained from
the straight line.

two unresolved resonances, the value of gI',’ computed in
the analysis is just the sum of the two individual gI',%’s.
Figure 5 is a plot of the sum of reduced neutron widths
vs energy. The slope of the straight line gives directly the
ratio T',%/D. In the energy range up to 75 ev the stepped
curve deviates from the straight line more than it does
in the D plot of Fig. 3 since the I',%s show large fluctua-
tions. On the other hand, the data in Fig. 5 above 75 ev
do not drop away from the straight line as much as the
D plot for the reasons just given. The slope of the line in
Fig. 5 corresponds to a value for T',%/D of (1.64-0.3)
X10

B. Tin

The total cross section of tin was first measured from
10-500 ev, using a thick sample (25.3 g/cm?) of metallic
tin of 99.97 percent purity. The results showed many
resonances above 35 ev. In order to identify the isotopes
responsible for these resonances, samples (oxides) en-
riched in the isotopes!s 112, 115, 116, 117, 118, 119, 120,
and 122 were run from 35-500 ev, with no measurement
being made on samples enriched in 114 and 124. These
results will be discussed in three energy regions, below
92, 92-210, and above 210 ev.

Figure 6 shows the transmission of samples of normal
tin and the enriched isotopes 117, 112, 116, and 119 in
the energy range 92-210 ev. The normal and enriched
117 sample runs were made with the new BF; detector
and %-usec timing channels, hence with a resolution of
0.07 usec/m, and the enriched 112, 116, and 119 samples
with the old BF; counters with 1- and 2-usec channels.
Seven resonances were found in normal tin at 96.5, 112,
122, 125, 141, 149, and 197 ev. From the enriched
isotope runs, the 122, 125, and 197-ev resonances were
assigned to 117, the 96.5-ev resonance to 112, the 112
and 149-ev resonances to 116, and the 149-ev resonance
to 119.

‘Thick samples of 118, 120, and 122 (~3 g/cm?)
showed no resonances in the energy region of Fig. 6.

16 Enriched isotopes were obtained on loan from the Isotope

Research and Production Division of the Oak Ridge National
Laboratory, Oak Ridge, Tennessee.
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F1G. 6. The transmission as a function of neutron time of flight
in the energy region 90 to 210 ev for samples of normal tin and
enriched isotopes, illustrating the isotopic identification of reso-
nances. The normal tin and 117 runs were made with a resolution
of 0.07 usec/m and the 112, 116, and 119 runs with a resolution of
0.2 psec/m. The 112-ev resonance, actually in the 116 isotope,
appears in the curve for the 117 sample because it contains
appreciable 116. The fact that the base line is sloping in the 117
run is instrumental and does not introduce any error in the
analysis of the resonances. The agreement between the parameters
obtained from the normal run and the enriched isotope runs is
obvious in Table II, where the experimental data and analysis are
presented.

Although an enriched 124 sample was not run, the thick
normal sample contained 1.58 g/cm? of 124 and any
resonance in 124 would have been found. No 115
resonances were found in the 115 sample in the same
energy range but this sample was enriched only to 14.0
percent in 115 (59.3 percent in 116) and only 0.5 g was
available. It is possible that small resonances in 115 may
have been missed, particularly near the large resonance
in 116 at 112 ev. As the thick normal tin run contained
0.158 g/cm? of 114 and the 115 sample contained only
0.04 g/cm? of 114, it is possible that a small resonance
may have been missed in 114. Thick- and thin-sample
runs on the 112-ev resonance in 116 resulted in a T', of
110440 mv.

There are three resonances in normal tin below 92 ev.
No curve is shown for these resonances, which are at
394, 46.3, and 62.5 ev. From enriched isotope runs the
39.4-ev resonance is in 117 and the 46.3-ev resonance is
in 118. The 62.5-ev resonance appeared in the 122
isotope run only, but the transmission dip was much too

small to be assigned to 122. The 122 sample contained
3.07 percent 124, or 0.127 g/cm? of 124, and the ob-
served dip for this sample thickness of 124 agrees with
that calculated from the normal tin run on the assump-
tion that the resonance is in 124. Thick and thin
samples on the 39.4-ev resonance in 117 resulted in a I,
of 106-£25 mv. Any resonance larger than 1/100 of the
observed resonances in the energy range below 92 ev
would have been found.

In the energy range above 210 ev several of the ob-
served transmission dips in the normal tin sample had
contributions from more than one isotope. The trans-
mission dip at 470 ev has contributions from 117 and
119, the dip at 425 ev has contributions from 117 and
120 and the 280-ev dip has contributions from 114 and
112. The fact that these dips have contributions from
two isotopes is obvious from the enriched isotope runs.
A large resonance in 118 at 268 ev also showed up in the
enriched 117 sample, which contained 14.38 percent 118.
The resonance at 222 ev was assigned to 119. Two small
resonances at 260 and 340 ev which are barely seen in
the normal tin run are reasonable resonances in the
enriched 117 run. A resonance at 290 ev was found in the
enriched 115 run but was too small to be seen in the
normal tin run.

The pertinent data and the results of the analysis of
the resonances are given in Table IT in which a T, of
110430 was used for each resonance. In addition to the
columns explained for Table I, a column to indicate the
sample (enriched isotope or normal) run is included. The
agreement of the reduced neutron widths resulting from
normal and enriched isotope runs is proof that the
resonances have been correctly assigned to the various
isotopes.

The level spacing and the I'.%/D ratio for the Sn'?
isotope was obtained by the same procedure described
for thulium. There are five resonances below 300 ev in
Sn'7_ which give a D of 120430 ev for each spin state, a
2gT.,0 of 1.24£0.4 mv, and a value of (0.104-0.04) X 10—*
for the T',%/D ratio. The results for the three higher
resonances are not sufficiently accurate to include in the
analysis. From the two resonances in 119 below 300 ev, a
D of 300140 ev is obtained. Since small resonances in
115 may have been missed, no value for D can be given
for this isotope. For the even-even isotopes, only ap-
proximate values for D can be obtained because of the
small number of levels found. Thus for the isotopes 112,
114, 116, 118, 120, 122, and 124, the spacings are
150480, ~300, 1504=70, 200100, ~500, > 500, ~200
ev, respectively. The observed spacing is the spacing for
a single spin state as only the spin § is possible for the
compound nucleus. The T',%/D ratio averaged over all
the even-even isotopes up to 300 ev can be obtained only
with poor accuracy, giving (0.202£0.08) X104

C. Other Elements

Molybdenum (12Mo).—A thick sample (7.35 g/cm?) of
metallic molybdenum of 99.9 percent purity was run
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TaBLE II. Levels in tin isotopes (Eo<500 ev) based on measurements with normal tin and samples enriched in the various isotopes.
The g factor is assumed to be } for the odd, and unity for the even isotopes; I'y is taken as 110230 mv; # refers to the particular isotope;
other symbols have the same significance as in Table I.

Iso- Eo (1/m) X10%  Area (% error) T'a (% error) Weighted I'n vl}i?&lﬁcf‘fo
tope (ev) (ev) Sample (cm2/atom) (ev) (mv) r (mv) (mv)
Snl2 96.53:2.0 0.29 112 880 1.53 (8) 95 (17) 0.5 85410 8.7+1.0
Normal 800 1.37 (10) 71 (19) 0.4
28019 0.51 112 880 0.5 (40) 36 (48) <0.1 3617 2.2+10
Sni# 280-+9 0.50 Normal 1200 24 (20) 420 (23) <0.1 45090 2745
115 4600 1.3 (30) 540 (34) <0.1
Sn!1é 11242 0.32 116 79 3.3 (1) 62 (25) 0.5 5846 5.5+0.6
Normal 55.2 36 (8) 55 (19) 0.9
Normal 1250 0.90 (10) 54 (16) 0.2
117 1990 0.75 (12) 62 (17) 0.2
1494-4 0.36 116 79 1.2 (30) 8 (70) <0.1 4.5+14 0.374+0.11
Normal 55.2 0.96 (20) 3.5 (34) <0.1
Snli8 46.340.6 0.20 118 449 0.71 (15) 0.7 (30) 0.3 0.740.2 0.1140.03
Normal 29.8 091 (18) 0.8 (50) 0.3
36814 0.57 118 40.7 10.7 (6) 410 (7) 0.4 4204-30 220413
Normal 33.2 11.5 (9) 390 (11) 0.3
117 382 48 (12) 560 (17) 0.2
Sni20 425+18 0.61 120 71 39 (25 44 (40) 0.3 44418 2.1+0.8
Sni22 No resonances
Sni2¢ 62.5+0.9 0.23 Normal 130 1.35 (20) 11 (49) 0.4 1242 1.5+0.3
122 1620 0.22 (20) 12 (23) <0.1
Snts 290410 0.50 115 670 1.6 (30) 260 (50) <0.1 2604130 3.0£1.5
Snit? 39.440.5 0.19 117 71 1.07 (6) 5.3 (24) 1.3 5.440.5 0.864-0.09
117 1550 0.164 (10) 5.6 (11) <0.1
Normal 94 0.87 (12) 4.3 (34) 0.4
12243 0.33 117 91 1.09 (12) 13 (23) 0.3 1543 1.4+0.3
Normal 104 v1 43 (20) 27 (52) 0.2
12543 0.33 117 91 0.37 (30) 2.5 (36) <0.1 2.8+0.8 0.2540.08
Normal 104 0.47 (50) 3.9 (65) <0.1
1976 0.42 117 91 148 (15) 30 (29) 0.2 35+9 2.540.6
Normal 104 1.7 (25) 52 (61) 0.15
25948 0.48 117 71 0.87 (25) 12 (36) <0.1 1244 0.8+0.3
34313 0.55 117 71 2.2 (30) 80 (80) <0.1 8060 443
425418 0.61 117 71 3.3 (22) 190 (40) 0.15 190480 944
46020 0.64 117 71 24 (25 120 (60) 0.1 12070 614
Spl? 14143 0.35 119 138 1.6 (20) 52 (57) 0.2 3012 2.5+1.0
Normal 92 1.2 (20) 17 (48) 0.15
22247 0.44 119 138 0.98 (22) 24 (33) 0.15 2446 1.6+0.4
Normal 92 1.25 (18) 24 (33) 0.1
460320 0.63 119 138 26 (25 200 (37) 0.1 200470 9+3

from 10 to 750 ev with a resolution of 0.07 usec/m.
Twelve resonances were found and at the higher energies
smaller resonances may have been missed. Samples of
MoOj; enriched in 95, 96, and 97 obtained from Oak
Ridge were run over the same range. The other isotopes
were not available in sufficient quantity to make suitable
identification of resonances at the higher energies. The
procedure for identifying the resonances is similar to
that used for tin.

The data are summarized in Table III, based on a
radiation width of 260480 mv. For the 45-ev and 71.5-
ev resonances, measurements for various sample thick-
nesses gave values for I',. The measurements on the
45-ev resonance give I'=392+50 mv, 2gI',= 186420

mv, and hence I',,=206+60 mv. The 71.5-ev resonance
has I'=344-£80 mv, 2¢gI',=16%2 mv, and TI',=330
+80 mv. Concerning isotopic assignments, the 45, 71.5,
133, 367, and 478-ev resonances are in the isotopes 95,
97, 96, 100, and 98, respectively.!® Two apparently single
resonances in the normal sample have contributions
from more than one isotope. The 570-ev resonance has
contributions from Mo*® and Mo% and the 406-ev
resonance has contributions from Mo and another
isotope. The three resonances at 406, 440, and 510 ev
could not be assigned to a definite isotope. The calcula-

16 The three lowest-energy resonances have been identified
previously by S. P. Harris, Argonne National Laboratory Progress
Report ANL-5031, February, 1953 (unpublished).
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Tasie III. Neutron widths of resonances in the isotopes of molybdenum (:;sMo) based on a 'y of 260480 mv.

Eo (1/n) X102  Area (%, error) T'n (% error) Weighted T'n \}vzifi%gcle;fﬂ
Isotope (ev) (ev) Sample (cm?/atom) (ev) (mv) I3 (mv) (mv)
Mo®® 45.040.6 0.22 Normal 18 490 0.39 (6) 177 (8) 0.4 174410 26.0%1.6
Normal 7830 0.83 (12) 184 (15) 0.3
Normal 1890 1.82 (5) 163 (14) 1.7
Normal 409 3.96 (4) 161 (11) 2.0
Normal 137 7.2 (10) 177 (17) 1.0
162+4 0.42 95 83 1.14 (10) 11.6 (19) 0.6 13.6+£1.9 1.1+£0.2
Normal 137 1.00 (12) 15.6 (20) 0.5
570430 0.79 95 83 2.6 (30) 120 (50) 0.1 12060 543
70040 0.87 95 83 7.5 (20) 740 (18) 0.2 7404130 285
Mo 13342 0.38 96 1890 1.90 (6) 215 (13) 0.8 20015 17.3+1.3
96 62.7 8.1 (8) 160 (22) 1.1
Normal 17 600 0.38 (20) 240 (21) <0.1
Normal 295 407 (7) 170 (21) 12
Normal 131 6.7 (6) 200 (21) 1.2
95 1340 2.02 (12) 180 (23) 0.6
Mo 71.5+£1.2 0.28 97 122 1.67 (5) 17.8 (27) 22 16.6+1.8 2.040.2
Normal 1010 042 (15) 17.2 (19) 0.2
Normal 690 0.57 (16) 17.6 (21) 0.2
Normal 520 0.60 (15) 14.2 (21) 0.3
Normal 232 1.19 (22) 17.3 (43) 0.4
292410 0.56 97 122 24 (15) 94 (32) 04 75415 44409
Normal 232 1.33 (15) 63 (24) 0.3
40617 0.66 97 122 19 (35) 80 (55) 0.1 80440 442
580430 0.79 97 122 6.3 (25) 670 (20) 0.2 670130 286
Mo®% 48020 0.71 Normal 93 10.5 (12) 640 (21) 0.3 740110 3445
95 2060 3.0 (25) 1000 (36) <0.1
96 1640 3.0 (25) 860 (36) <0.1
97 815 3.3 (25) 570 (39) <0.1
Mo'® 36715 0.62 Normal 238 10.5 (10) 960 (18) 0.4 10004120 5246
95 1130 5.1 (12) 1050 (19) 0.2
96 5380 1.6 (30) 900 (35) <0.1
97 8360 1.3 (40) 1100 (46)  <0.1
M 92 94 95,100 40617 0.66 Normal 1482 1.4 (40) 30 (60) 0.1 3018 1.5+0.9
440420 0.69 Normal 1482 29 (20 110 (40) 0.3 11040 542
510420 0.74 Normal 1482 2.7 (30) 110 (56) 0.2 110460 543

a Average for the isotopes 92, 94, 98 and 100 as explained in text.

tions for these three resonances in Table ITI were based
on an isotopic abundance of 14.6 percent (the average of
the isotopes 92, 94, 98, and 100). The transmission be-
tween resonances gives a value of 5.424:-0.3 b for the
potential scattering cross section of molybdenum.

In the entire energy range investigated, four reso-
nances were found in Mo% and the same number in
Mo*". The level spacing D thus equals 3704120 ev for
each isotope. The T,/ D ratios for Mo* and Mo, based
on these four resonances, are (0.404-0.14)X10™* and
(0.26-0.09)X 10~4 respectively. There are six resonances
up to 600 ev assigned to the five even isotopes, which re-
sults in an average level spacing for the five isotopes of
500==150 ev. The average I'./ D for these five isotopes is
(0.384-0.11) X 10~

Indium (49In).—The transmissions of three samples
of indium metal of thicknesses 9.14, 1.10, and 0.87 g/cm?
were measured from 3 to 150 ev, and a 0.102 g/cm?
sample from 3 to 10 ev, with a resolution of 0.17 usec/m.
A sample of In,O; enriched to 60 percent In'® was run
from 3 to 150 ev and one enriched to 99.94 percent In!*?

(2.32 g/cm?) from 43 to 150 ev, with a resolution of 0.07
wsec/m. The resonances and their assignments up to
40 ev agree with previous work with the Brookhaven
crystal spectrometer!” and the Oak Ridge fast chopper.1

Thick- and thin-sample runs on the 9.1-, 12.1-, and
40-ev resonances in In' result in T',’s of 80440,
14060, and 14050 mv, respectively. Recent work
with the Brookhaven crystal spectrometer' gives values
of T, of 814=4 mv for the 3.86-ev resonance and 722
mv for the 1.46-ev resonance (both in In'%), In com-
puting the neutron widths for In! in Table IV, an
average value of 77415 mv was used. Thick- and thin-
sample runs on the 14.7- and 25.2-ev resonances in In'?
result in T',’s of 604-20 and 1104-40 mv, respectively.
For all resonances in In'® in Table IV, an average I'y of
80420 mv was used.

17V, L. Sailor and L. B. Borst, Phys. Rev. 87, 161 (1952).

18 G. S. Pawlicki and E. C. Smith, Oak Ridge National Labora-
tory Quarterly Progress Report ORNL-1289, March 1952
(unpublished).

¥ H. H. Landon and V. L. Sailor (private communication).
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TasLE IV. Neutron widths of resonances in the isotopes of indium (ssIn) based on a I'y of 804220 mv for In'® and 7715 mv for In's,

Iso- Eo A (1/n) X102t Area (% error) 'n (% error) Weighted I'n vl\}iil(gﬁclgg
tope (ev (ev) Sample (cm2/atom) (ev) (mv) 7 (mv) (mv)
Inis 4.714+0.04 0.065 113 196 0.173 (11) 0.104 (15) 0.4 0.1043-0.016 0.048-0.007
14.74+0.1 0.12 113 196 0.93 (6) 6.1 (27) 1.5 7.7+£1.0 2.0+0.3
Normal 498 0.72 (8) 8.1 (25) 1.1
Normal 5250 020 (15) 82 (19) 0.2
21.7+0.2 0.14 113 196 0.71 (11) 4.2 (30) 0.8 44409 0.95+0.20
Normal 498 042 (20) 3.8  (36) 0.3
Normal 5250 0.081 (27) 5.0 (30) <0.1
25.2+0.2 0.15 113 196 0.99 (10) 10.2 (30) 0.8 9.7+1.6 1.94:0.3
Normal 498 0.67 (10) 10.0 (25) 0.7
Normal 5250 0.123 (22) 9.1 (23) <0.1
32.54+0.4 0.17 113 196 0.80 (6) 7.3 (23) 1.1 8.5+1.0 1.49-+40.18
Normal 498 0.55 (12) 8.0 (24) 0.4
Normal 5250 0.13 (25) 12.5 (28) <0.
45.6+0.6 0.20 113 196 0.59 (12) 4.7 (26) 0.4 4.74+1.2 0.69+0.18
63.6+1.0 0.24 113 196 0.15 (40) 1.0 ) <0.1 1.04:0.4 0.134:0.06
70.6+£1.2 0.25 113 196 0.48 (9) 4.7 (15) 0.3 4.7+0.7 0.56+0.08
82.5+1.5 0.27 113 196 0.30 (30) 29  (36) <0.1 29410 0.3240.11
93.2+1.8 0.29 113 196 1.34 (9) 40  (20) 0.5 40--8 4.1+0.8
10542 0.31 113 196 115 (14 29  (30) 0.3 29+9 2.8+0.9
Intts 3.860.04 0.059 Normal 1950 0.075 (10) 0.31 (11) 0.2 0.344:0.03 0.17340.014
Normal 230 0.408 (5) 043 (17) 14
113 294 0.316 (7) 033 (17) 0.9
9.104:0.09 0.090 Normal 1950 0.163 (10) 1.78 (12) 0.3 1.73+0.17 0.574:0.06
Normal 230 0.55 (7) 1.6 (20) 1.0
113 294 0.51 (10) 1.7 (25) 0.7
12.14+0.1 0.10 Normal 21.8 0.46 (8) 0.131 (20) 0.9 0.1064-0.013 0.03140.004
Normal 230 0.076 (20) 0.115 (23) <0.1
113 294 0.047 (17) 0.088 (16) <0.1
23.01:0.2 0.14 Normal 21.8 0.71 (10) 0.5 (30) 0.6 1.0=0.2 0.2140.04
Normal 230 0.34 (15) 1.3 (21) 0.2
39.9+0.5 0.19 Normal 21.8 147 (12) 4.6 (31) 0.8 3.54+0.4 0.5540.06
Normal 182 0.48 (15) 2.8  (26) 0.2
113 294 041 (8) 3.5 (12) 0.3
46.31+0.6 0.20 115 82.4 0.20 (17) 0.43 (21) <0.1 0.4340.09 0.063+0.013
48.6+0.7 0.21 Normal 21.8 0.60 (12) 0.59 (23) 0.3 0.6540.08 0.093+0.012
115 82.4 0.28 (13) 0.69 (17) <0.1
63.24+1.0 0.24 115 82.4 0.34 (21) 1.1 (28) <0.1 1.140.3 0.144:-0.04
83.3+1.5 0.27 Normal 21.8 1.98 (10) 15 (30) 0.5 1142 1.2+£0.2
Normal 182 0.60 (25) 7 (41) <0.1
115 82.4 1.07 (12) 11 (32) 0.3
95-42 0.29 115 82.4 0.51 (14) 28 (1) <01 2.8:£0.6 0.29-£0.06

In In'® there are seven resonances (including the
1.80-ev resonance measured by Sailor and Borst)!? up to
an energy of 49 ev, resulting in a D of 144-2 ev. Above
this energy small resonances may have been missed or
the ones given in Table IV may not be single resonances.
The T,%/D ratio for In', obtained from a plot like
Fig. 5 for Tm, is (0.60=£0.11)X 10~ In In'® there are
eight resonances (including the 1.46-ev resonance)'’ up
to 56 ev resulting in a D of 1442 ev. The T',9/D ratio
for In"'® (including a value of 2.78 mv for the I',? of the
1.46-ev resonance)® is (0.3120.06) X 10~* The reduced
neutron width of the 1.46-ev resonance is unusually
great, being about six times the average reduced
neutron width.

Cesium (55Cs'%%).—The transmission of a thick sample

of CsNOj (99.9 percent purity) was measured from 10
to 600 ev with a resolution of 0.07 usec/m. A thin
sample was run only below 60 ev. Thick- and thin-
sample measurements on the 22.6- and 47.8-ev reso-
nances gave I',’s of 1204-40 and 1404-60 mv. The 5.9-ev
resonance has been reported to have a I'y of 1154-20 mv
and a 2¢T",, of 5.240.4 mv.?% An average I'y of 110430
mv was used for all resonances in the computations of
Table V. There are 12 resonances up to 250 ev resulting
ina D of 42-£5 ev. The I',%/ D-ratio (including a value of
2.1 mv for the ', of the 5.9-ev resonance)® is (1.040.2)
X10~*. The large resonance at 240 ev has a reduced
neutron width about seven times the average reduced

2 H. H. Landon and V. L. Sailor, Phys. Rev. 93, 1030 (1954).
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TasLE V. Neutron widths of resonances in cesium (5Cs'%%) based on a I'y of 110430 mv.

Eo A (1/n) )(I'O24 Area (% error) Tn (% error) Weighted I'n &?ﬂ%ﬁcﬁf"

(ev) (ev) (cm2/atom) (ev) (mv) 7 (mv) (mv)
22.6+0.3 0.13 910 0.42 (12) 6.5 (21) 0.6 6.6=1.1 1.4+40.2

752 144 (7) 6.7 (27 1.8
47.840.6 0.19 910 0.55 (12) 19 (19) 0.5 19+3 2.8+0.4
75.2 1.88 (10) 20 (28) 14

83.1+1.5 0.26 72.6 1.12 (13) 9 (33) 0.6 943 1.0+0.3
94.84-1.8 0.27 73.7 1.45 (10) 19 (29) 0.7 1946 2.0£0.6
12842 0.32 73.7 3.40 (7) 112 (17) 0.8 112419 9.9-+1.7
143:£3 0.33 73.7 0.92 (25) 9 (45) 0.2 914 0.8+0.4
149+-4 0.34 73.7 1.9 (20) 45  (43) 0.3 45420 3.7+1.6
18245 0.38 73.7 0.42 (25) 3.4 (30) <0.1 34+1.1 0.254-0.08
20446 0.40 73.7 2.0 (15) 57 (38) 0.4 57422 4.0=1.5
22446 0.42 73.7 1.8 (20) 49 (46) 0.2 49-4-22 3.3+1.5
24047 0.44 73.7 8.1 (8) 480 (18) 0.3 480490 3146
301410 0.49 73.7 3.5 (10) 190 (24) 0.4 1904-40 1142
37014 0.54 73.7 3.0 (15 160 (34) 0.2 160460 8+3
40716 0.56 73.7 7.3 (20) 570 (38) 0.1 5704200 28411
4434-19 0.59 73.7 4.2 (25) 290 (49) 0.1 2904140 144-6
530425 0.64 73.7 9.0 (20) 800 (38) <0.1 8004300 35413

neutron width. The size distribution of the reduced
neutron widths is shown in Fig. 7, in comparison with
distributions for several other nuclides.

Europium (ssEu).—Four thicknesses of europium
oxide from 0.066 to 1.57 g/cm? of europium were run
from 4 to 50 ev with a resolution 0.17 usec/m. The
europium oxide (reported to be 99.8 percent purity) was
obtained from the Fordomes Trading Company. No
analyses were made on the transmission of the thick
samples at the higher energies since the resonances were
not well resolved. Since Eu'® and Eu'® are nearly
equally abundant, an average abundance of 50 percent
was used to calculate the isotopic sample thickness. An
average I', of 904-20 mv was used for all resonances in
Table VI, this value being obtained from the average T,
for the first three resonances.? Several of the small
resonances listed in Table VI had not been observed in
earlier work,” whereas the reported resonances at 6.3
and 7.4 ev have each been resolved into two resonances.
A resonance was observed at 8.1 ev and is believed to be
due to a Sm impurity since no resonance was found at
this energy by Sailor, et al.”* The area of the transmission
dip corresponds to 1.7 percent Sm impurity. Although
this is more than the reported purity of the sample
would allow, we have omitted this resonance from
Table VI. The other Sm resonances are not large enough
to be observed in the Eu sample. It is possible that the
5.47-ev resonance is caused by a Dy impurity, for there
is a strong Dy resonance at this energy.

If we include the eight resonances below 4 ev meas-
ured with the Brookhaven crystal spectrometer,? there

21 Sailor, Foote, and Landon, Phys. Rev. 93, 1292 (1954) and
private communication from H. H. Landon.

are 14 resonances below 7.7 ev. Assuming the level
spacing of each isotope and each spin state is the same,
we obtain an average D of 2.2 ev for each spin state.
Even though all resonances were not found above 8 ev,
the ratio I',%/D obtained, as in Fig. 5 for Tm, utilizes all
the data up to 30 ev since the samples were sufficiently
thin. The ratio I',%/D thus obtained is (2.3+0.3) X 10~%,
The I',? distribution is given in Fig. 7.

Terbium (55Tb'®).—Two hundred milligrams of Th,0
of ~99 percent purity were obtained from Dr. F. H.
Spedding. Three sample thicknesses (1.05, 0.53, and
0.205 g/cm?) were run from 3 to 200 ev with a resolution
of 0.17 usec/m. The data and the results are summarized
in Table VII based on a I, of 90430 mv. The
Brookhaven crystal spectrometer group have recently
studied the first three levels.* However, they also re-
ported a resonance at 10.64-0.3 ev which we do not
observe even though the thick sample run was suffi-
ciently thick to see a good sized transmission dip if the
resonance were as large as reported. There are 16
resonances up to 80 ev, whose size distribution is given
in Fig. 7. The D is 10.04=1.0 ev, and the ratio I',%/D is
(1.540.2) X 10

Holmium (Ho'%%).—Thick and thin samples of hol-
mium oxide (99.9 percent purity) were run from 3 to 200
ev with a resolution 0.17 usec/m. In the thick sample
run a small resonance was observed at 8.1 ev and is
believed to be due to a Sm impurity. The data and the
results are given in Table VIII based on a I', of 90420
mv. This T', was obtained from the average value of the
T, measured for six resonances. The measured values of
T, for the 18.2, 35.9, 40.3, 48.5, 73.1, and 87.2-ev
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resonances were 180490, 60420, 60430, 60430,
140470, and 2604130 mv.

In previous work on holmium,* the first four levels
were measured. From the reported ool of 774101 for
the 3.9-ev resonance and a T', of 904-20, a value for
2gT', of 2.54-0.7 can be obtained, which agrees with the
value of 2.54-0.5 in Table VIII. The size distribution of
the neutron widths of the 15 resonances up to 90 ev are
given in Fig. 7. These levels give a D of 12.04+£1.3 ev.
The ratio of T',/D is (2.540.4) X 10,

Lutetium (;7Lu).—The transmissions of thick and
thin samples of LuyO; (99.9 percent purity) were
measured from 4 to 150 ev. Thick and thin runs on the
11.3, 20.7, 23.7, 37, and 42-ev resonances gave I',’s of
4020, 160450, 7020, 9030, and 80430 mv. The
data and results are summarized in Table IX, based on a
T, of 7020 mv. Since the sample thickness (%) is given
for the element, the neutron widths listed are less than
the true values. Thus the neutron width listed in
Table IX for a particular resonance would be increased
by a factor of (1/0.976) if the resonance were assigned
to Lu'” and by a factor of (1/0.024) if assigned to Lu!®,

In addition to the 5 resonances previously reported™
from 4 to 21 ev, five additional resonances were ob-
served. The thick and thin measurements on the 57-ev
resonance indicate that it is not a single resonance. If we
assume that resonances with 1',°<0.1 mv are in Lu'%,
there are 13 resonances below 45 ev in Lu'”® and D
equals 722 ev for Lu'”s. The ratio T',%/D for Lu!"™
equals (1.740.2) X 10~ Since many resonances in Lu!"
must have been masked by Lu'’® resonances, no level
spacing for Lu'"8 is given.

Hafnium (;5Hf).—Four thick samples of HfO, (~1
g/cm?) enriched to 61.0 percent Hf'"7, 80.9 percent Hf'78,
46.6 percent Hf'”® and 93.96 percent Hf'®® were run from
4 to 150 ev with a resolution of 0.07 usec/m. A thick
sample (~4 g/cm?) of normal hafnium metal was also
run in the same energy range. The two low-energy
resonances in Hf'”7 at 1.08 and 2.38 ev were not meas-
ured. Since only 14 mg of 7.85 percent Hf'” and only
58 mg of 48.46 percent Hf'® were available, only thin
samples of these isotopes could be measured. In order to
get thin runs on the 7.8-ev resonance, samples of Zr
containing 2 percent Hf were used as well as thin
samples enriched in other isotopes. The data and results
are summarized in Table X based on a I',, of 56415 mv
for Hf'"” and 60420 mv for the other isotopes. The
resonances and their assignments are in agreement with
Argonne work,? in which resonances up to 13 ev were
measured. In this work a I'y of 434-10 mv and a 2gT",, of
1.840.5 mv were found for the 1.08-ev resonance. Re-
cent work by Levin® gives a I'y of 6348 mv and a 2gT",,
of 6.84-0.6 mv for the 2.38-ev resonance, and a I', of
44420 mv and a 2gT', of 1142 mv for the 6.5-ev
resonance.

22 Bollinger, Harris, Hibdon, and Muehlhause, Phys. Rev. 92,
1527 (1953).
2 J. S. Levin (to be published).
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Fic. 7. The distribution in size of the reduced neutron widths
for various nuclides, plotted in the same manner as Fig. 4. The
slopes of the straight lines are computed from the arithmetic
averages of the neutron widths.

The 12 resonances in Hf'”” found below 34 ev give a D
of 5.6=0.6 ev. Their size distribution is given in Fig. 7.
The ratio T,9/D for Hf' is (3.04=0.4) X 10~ In Hf'®
the wide spacing of the first few levels and the large
number of small levels from 50-65 ev (see Fig. 7)
complicates the determination of D, with a resulting
value of 842 ev, somewhat less accurate than expected
from the number of levels found. The ratio T',%/D is
(1.340.3) X104 There is only one resonance in Hf!?8
and one in Hf'®" up to 100 ev. One resonance was found
in Hf'" but since only a thin sample was available
small resonances may have been missed. No resonances
were found in Hf'$, but again since only a thin sample
of enriched Hf'’¢ was available small resonances would
not have been detected.
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TasLE VI. Neutron widths of resonances of the isotopes of europium (gsEu) based on a I'y of 9020 mv. The two isotopes are assumed
to be equally abundant in computing 1/2.

Reduced
Eo A (1/m) X102 Area (% error) T'» (% error) Weighted T's width I'z0
(ev) (ev) (cm2/atom) (ev] (mv) 7 (mv) (mv)
4.834+0.04 0.057 1420 0.015 (30) 0.051 (30) <0.1 0.0484-0.008 0.02240.004
322 0.056 (20) 0.047 (21) <0.1
5.47+0.05 0.061 1420 0.036 (20) 0.142 (20) <0.1 0.1334-0.018 0.05740.008

322 0.121 (15) 0.126 (18) 0.2

6.034:0.08 0.064 7700 0.015 (25) 0.35 (25) <0.1 0.354:0.05 0.144-0.02
5000 0.030 (40) 0.46 (42) <0.1
1420 0.080 (30) 0.37 (33) 0.1
322 0.17 (30) 0.20 (37) 0.1

6.2540.08 0.065 7700 0.017 (25) 043 (23) <0.1 0.41+0.07 0.164-0.03
5000 0.030 (40) 0.47 (40) <0.1
1420 0.080 (30) 0.39 (33) <0.1
322 024 (30) 035 (44) 0.2

7.2440.10 0.070 7700 '0.065 (30) 2.0 (33) <0.1 2.44+0.5 0.89+0.18
5000 0.13 (25) 2.7 (30) 0.1
1420 0.30 (20) 24 (33) 0.3

7.47+0.10 0.071 7700 0.065 (30) 2.0 (33) <0.1 2.44+0.5 0.8840.18
5000 0.13 (25) 2.7 (30) 0.1
1420 0.30 (20) 25 (34) 0.3

8.90+0.09 0.078 7700 0.090 (12) 34 (14) 0.1 4.2404 1.414+0.14
5000 0.19 (15) 54 (19) 0.1
1420 038 (7) 43 (18) 1.0

10.5+0.1 0.085 7700 0.025 (30) 1.0 (32) <0.1 1.9040.13 0.5940.04
5000 0.075 (10) 2.14 (10) <0.1
1420 0.192 (7) 1.81 (9) 0.3

11.14-0.2 0.087 . 1420 0.060 (40) 0.5 (43) <0.1 0.54:0.2 0.1540.06

11.74-0.1 0.089 7700 0.061 (20) 3.0 (22) <0.1 3.7+£0.3 1.08+0.08
5000 0.121 (10) 40 (11 0.3
1420 030 (10) 37 (18) 0.5

12.340.2 0.091 7700 0.018 (50) 0.9 (51) <0.1 1.2+£0.2 0.344-0.07
5000 0.045 (30) 14 (30) <0.1
1420 0.106 (25) L1 (29 <0.1

12.740.1 0.093 7700 0.020 (50) 1.0 (49) <0.1 22404 0.6240.12
5000 0.082 (20) 29 (20) <0.1
1420 0.169 (15) 19 (17 0.2

13.6+0.2 0.096 1420 0.04 (50) 04 (53) <0.1 0.4+0.2 0.114-0.06

14.8+0.2 0.10 7700 0.020 (50) 1.1 (581) <0.1 1.940.3 0.49-£0.07
5000 0.056 (20) 22 (21 <0.1
1420 0.150 (15) 1.8 (19) 0.2

15.2+0.2 0.10 7700 0.039 (50) 23 (53) <0.1 2.240.3 0.5740.08
5000 0.057 (20) 23  (20) <0.1
1420 0.157 (15) 20 (18) 0.2

Tantalum (:3Ta'®).—Two thick samples (7.80 and
- 0.89 g/cm?) of tantalum metal were measured from 7 to
150 ev with a resolution of 0.07 wsec/m. Two thin
samples (0.0496 and 0.296 g/cm?) were run from 7 to 45
ev only. The 4.3-ev resonance was not measured since
this resonance has been studied recently by the BNL
crystal spectrometer group,? giving I'y=49-+46 mv and
2¢T,=4.3+£0.7 mv. The data are summarized in
Table XI based on a I'y of 50410 mv. Thick and thin
runs on the 10.4, 13.95, and 20.5-ev resonances give
T,’s of 49411, 55413, and 49415 mv. Several reso-
nances of Table XTI below 40 ev had not been found in
earlier work?:26 in this energy range. For example, the

2% R, E. Wood (private communication).
( 25 N§elkonian, Havens, and Rainwater, Phys. Rev. 92, 702
1953).

26 R, L. Christensen, Phys. Rev. 92, 1509 (1953).

previously reported resonances at 24 and 35 ev have
each been resolved into two resonances, as was already
shown in unpublished work by the MTR fast-chopper
group at Arco, Idaho. A small resonance reported®” at
about 11ev was not found in our work. The 10 resonances
below 45 ev give a D of 9.04-1.0 ev. The T',%/D ratio is
(1.8-£0.3) X 104,

Uranium (32U%8).—The transmissions of eight differ-
ent thicknesses (from 0.0266 to 36.0 g/cm?) of normal
uranium were measured in various energy regions from
5 to 750 ev with a resolution of 0.07 usec/m. Above
200 ev, however, only a single sample thickness of 18.0
g/cm? was used. A 12.0-g/cm? sample was run from § to
200 ev, as well as various thin samples. For example, in

27 Gaerttner, Yeater, and Albert, Knolls Atomic Power Labora-
tory Report KAPL-1084, March, 1954 (unpublished).
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TaBLE VI.—Continued.
Reduced
Eo A (1/m) X102 Area (% error) I'n (% error) Weighted I's width I'»®
(ev) (ev) (cm2/atom) (ev) (mv) I3 (mv) (mv)
16.8+0.2 0.11 7700 0.028 (50) 1.8 (51) <0.1 1.5+0.2 0.37+0.05
5000 0.045 (15) 19 @17 <0.1
1420 0.093 (10) 12 (10) <0.1
18.0+0.2 0.11 7700 0.058 (25) 4.1 (25) <0.1 5.0+£0.5 1.18+0.13
5000 0.106 (15) 52 (17) <0.1
1420 0.287 (10) 52  (15) 0.4
18.8+0.2 0.11 7700 0.030 (50) 2.2 (50) <0.1 3.9+0.8 0.90+0.18
5000 0.069 (30) 34 (31) <0.1
1420 0.25 (20) 45 (25 0.2
19.3+£0.2 0.11 7700 0.060 (30) 4.6 (32) <0.1 4.3+0.8 0.98+4-0.19
5000 0.069 (30) 3.5 (33 <0.1
1420 0.25 (20) 4.6 (26) 0.2
20.140.2 0.11 7700 0.110 (20) 9.3  (23) <0.1 11.5+1.2 2.6+0.3
5000 0.212 (7) 12.8 (10) 0.3
1420 042 (10) 10.0 (21) 0.6
22.0+0.3 0.12 7700 0.037 (35) 32 (3% <0.1 2.940.7 0.6240.15
1420 0.15 (30) 2.7 (34) <0.1
22.540.3 0.12 7700 0.060 (30) 53 (32 <0.1 6.74+1.3 1.44-0.3
5000 0.12 (25) 7.3 (30) <0.1
1420 0.32 (20) 7.2 (28 0.2
24.14+0.3 0.13 7700 0.034 (40) 3.2 (42) <0.1 3.0+0.8 0.61£0.15
3460 0.068 (30) 29 (31 <0.1
25.030.3 0.13 7700 0.061 30) 59 (31 <0.1 5.84+1.2 1.240.3
3460 0.12 (25) 57 (29) <0.1
27.0+0.4 0.14 3460 0.14 (25) 7.1 (28) <0.1 6.7+£1.4 1.3+£0.3
7700 0.061 (30) 6.5 (31) <0.1
29.54+0.4 0.14 3460 0.057 (50) 29 (52) <0.1 29+1.5 0.5+0.3
30.8+0.4 0.14 3460 0.064 (50) 3.5 (52) <0.1 3.54+1.8 0.6+0.3
31.8+0.4 0.15 3460 0.059 (50) 3.3 (52) <0.1 3.3+1.7 0.6+0.3
35.1+£0.5 0.16 3460 0.11 (30) 6 33) <0.1 642 1.0+£0.3
36.9+0.5 0.16 3460 0.17 (30) 12 (33) <0.1 12+4 2.0+0.7
38.3+0.6 0.16 3460 0.17 (30) 13 (34 <0.1 13+4 2.140.7
42.240.7 0.17 3460 0.25 (25) 22 (32) <0.1 2247 34+1.1
47.4+0.8 0.18 3460 0.38 (20) 41 (30) 0.1 41412 62

addition to the 12.0-g/cm? run, measurements were
made on the 66.5-ev resonance with three other samples,
of thicknesses 4.66, 0.925, and 0.123 g/cm?. Two 36.0-
g/cm? samples were run in the region of 90 ev to obtain
data on the extremely weak resonance at 90 ev. A minor
correction to the transmission was made for the U5
content when necessary.

The results are summarized in Table XII. The data
on the 6.70-ev resonance were obtained from Levin® and
are included for completeness. The measurements on the
first four resonances are sufficiently accurate to give
good results for I' and hence I',. The I's obtained are
25.54-2.0, 3345, 6147, and 444-10 mv for the 6.7, 21,
37, and 66.5-ev resonances, respectively, hence the I',’s
are 2442, 2545, 2949, and 17410 mv. These values
are all consistent with a single ', of 25 mv. Table XII
summarizes the data based on a T’y of 2545 mv for all
resonances, except the 6.7-ev resonance for which a T',
of 24+2 mv was used. ’

There are eleven resonances up to 200 ev giving a D of
1842 ev. The size distribution of their neutron widths

is shown in Fig. 7. It is interesting that the ratio of the
largest to the smallest reduced neutron width is about
10%. Any resonance up to 100 ev with a I',? of 1/500 of
the average T',? would have been found, as well as any
resonance 1/100 of the average I', in the 100-200-ev
range. Above 200 ev it is apparent that small resonances
may have been missed or that some resonances listed
may be two resonances. The ratio I'.%/D up to 400 ev is
(1.240.2) X 10~ The ‘“‘resonance absorption integral,”
S0 dE/E, where o, is the absorption cross section, is
given by } wol'y/2E, over the resonances. The value
calculated from the resonances up to 420 ev is 26512 b.
As the additional contribution for the resonances above
420 ev (calculated from the average resonance parame-
ters) amounts to 1143 b, the resonance absorption
integral is 27612 b.

IV. DISCUSSION OF RESULTS

We have seen in the preceding section that the experi-
mental total crosssections give the level spacings directly
by a simple counting of levels, with an accuracy limited
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TasLE VII. Neutron widths of resonances in terbium (gsTb'®) based on a I'y of 90430 mv.

Reduced
Eo A (1/n) X102 Area (% error) T'n (% error) Weighted I'n width I'n?
(ev) (ev) (cm2/atom) (ev) (mv) 7 (mv) (mv)
3.35+0.03 0.046 1290 0.158 (7) 0.43 (14) 0.7 0.434-0.05 0.2440.03
499 0.30 (6) 0.43 (23) 1.7
4.99-4-0.05 0.057 1290 0.022 (23) 0.072 (25) <0.1 0.0554-0.008 0.025-+0.004
499 0.036 (14) 0.045 (16) <0.1
11.1440.10 0.085 1290 0.512 (5) 74 (25) 19 9.2+1.8 2.840.6
499 093 (5) 114 (30) 2.1
14402 0.096 499 0.131 (16) 0.54 (20) 0.2 0.54-£0.11 0.14:£0.03
21.440.2 0.12 1290 0.151 (12) 24 (15) 0.1 2.140.2 0.4640.05
499 0.240 (12) 17 (17 0.2
24.7+0.3 0.13 1290 0.272 (8) 5.7 (14) 0.3 5.8+0.7 1.1740.14
499 0.50 (10) 6.0 (24) 0.7
27.8+0.3 0.13 499 0.108 (13) 082 (15) <0.1 0.904-0.12 0.17-£0.02
252 024 (18) 1.08 (24) 0.2
34.14-0.4 0.15 1290 0.160 (17) 40 (21) <0.1 3.3+0.7 0.57+0.11
499 0.244 (9) 26 (13) 0.2
252 0.52 (14) 42 (27) 04
44.240.6 0.17 1290 0.16 (23) 53 (27 <0.1 5.6+0.8 0.844-0.13
499 0.34 (12) 51 (18) 0.2
252 0.63 (15) 73 (35) 0.3
46.63-0.6 0.17 1290 045 (12) 21 (20) 0.3 1543 22404
499 0.51 (9) 9.7 (17) 0.5
252 0.88 (11) 16 (32) 0.7 .
51.1+0.7 0.18 499 0.21 (19) 3.1 (24) <0.1 3.7£0.7 0.524:0.10
252 047 (20 47 (33) 0.2
54.940.7 0.19 252 0.19 (30) 1.6 (36) <0.1 1.6+0.6 0.214-0.08
58.74+0.8 0.20 499 0.26 (30) 4.5 @37 <0.1 4.6+1.1 0.60+0.14
252 043 (25) 46 (37 0.1
66.14-1.1 0.21 499 045 (15) 11 (22) 0.2 1544 1.94+0.5
252 1.04 (13) 31 (33) 0.6
74.6+1.3 0.22 499 0.60 (17) 18 (28) 0.2 2045 2.3+0.6
252 1.04 (25) 30 (60) 0.2
78.2+£1.4 0.23 499 047 (18) 13 (26) 0.1 15+4 1.740.4
252 092 (30) 23 (74) 0.2
919418 0.24 499 0.60 (20) 22 31 0.2 244-6 2.5+0.7
252 1.00 (18) 29  (40) 0.3
97.941.9 0.25 499 0.76 (18) 34 (30) 0.2 45411 4.5+1.1
252 148 (15) 65 (33) 0.5
112.54-2.0 0.27 499 0.94 (30) 53 (583) 0.1 65425 6.042.5
252 1.6 (25) 80 (56) 0.2
11542 0.27 499 0.95 (30) 55  (53) 0.1 70430 7+3
252 1.7 (25) 90 (55) 0.2
12243 0.28 252 1.2 (30) 50 (70) 0.1 50430 4+3
13143 0.29 252 0.65 (35) 16  (50) <0.1 168 1.440.7
14443 0.30 499 1.08 (22) 80 (36) 0.2 120430 1043
252 25  (20) 180 (35) 0.5
15644 0.32 499 1.03 (26) 80 (44) 0.2 160440 1343
252 28 (15) 230 (30) 0.7

primarily by the small number of levels observed, but
affected also by the possibility of loss of levels by poor
resolution. The reduced neutron widths (rather 2gT,?)
that are obtained are subject not only to experimental
error but to uncertainty arising from lack of knowledge
of I'y for the individual levels. Although the lack of
knowledge of I', at first sight seems serious, the final
uncertainty is usually the experimental error itself,
because of the weak dependence of 2g¢I',° on TI', for

average sample thicknesses. For comparison with theory,
the reduced neutron width I',° rather than 2gT",° is
needed, and hence there is additional uncertainty for all
but zero-spin target nuclei because 2g is not unity, in the
worst case (spin-3 target nuclei) the two possible values
being 3 and 3.

In spite of the limitation arising from the g value,
several interesting features are clearly revealed by a
survey of the measured neutron widths. The values that
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TaBLE VIII. Neutron width of resonances in holmium (¢Ho'%) based on a I'y of 90420 mv.

Reduced
Eo A (1/m) X102 Area (%, error) T'» (% error) Weighted T width I'n0
(ev) (ev) (cm?/atom) (ev) (mv) v mv) (mv)
3.924-0.03 0.050 1470 0.406 (4) 2.5 (18) 1.8 2.54+0.5 1.340.2
12.8+0.1 0.089 1470 0.561 (3.3) 13.1 (16) 1.7 13.1+1.8 34405
18.24-0.2 0.11 1470 0.050 (25) 0.69 (28) <0.1 0.924:0.17 0.224:0.04
72 0.61 (7) 1.11 (22) 1.1
21.3+0.2 0.12 72 048 (7) 0.73 (16) 0.7 0.7340.12 0.160.03
35.94+0.4 0.15 1470 0.25 (15) 84 (19) 0.1 7.5+1.1 1.204-0.18
72 1.07 (6) 64 (22) 13
37.940.5 0.15 72 022 (16) 0.36 (20) <0.1 0.36-:0.07 0.059-+:0.012
40.3+0.5 0.16 1470 048 (12) 23 (19 0.3 2143 3.3+0.5
72 1.75 (1) 19 (22) 11
48.5+0.6 0.17 1470 047 (11) 26 (18) 0.2 2544 3.6+0.5
72 1.77 (8) 22 (2%) 0.9
52.24-0.7 0.18 1470 0.73 (6) 55 (13) 0.6 51+6 7.040.8
72 226 (11) 34 (26) 0.7
55.3+0.8 0.19 72 0.96 (17) 6.6 (46) 0.3 7+3 0.9+0.4
66.3+1.1 0.20 1470 0.51 (12) 38 (19) 0.2 38+6 4.60.7
72 174 (11 38 (26) 0.6
70.0+=1.2 0.210 72 0.34 (30) 1.1 (38) <0.1 1.140.4 0.13+:0.04
73.1+13 0.21 1470 042 (17) 30 (25) <0.1 3546 4.140.7
72 2.03 (9 38 (22) 0.7
83.441.5 0.23 72 0.32 (35 1.2 (46) <0.1 1.24+0.6 0.13+0.06
87.2+1.6 0.23 1470 0.73 (13) 79 (18) 0.2 96410 10.3+1.1
72 3.72 (8) 108 (13) 0.6
96+2 0.24 1470 0.99 (11) 133 (18) 0.2 125415 12.74£1.5
72 39 ) 119 (14) 0.6
1042 0.26 1470 0.52 (20) 54 (27) <0.1 65413 64413
72 27 (13) 75 (24) 0.4
12343 0.28 72 1.66 (18) 34 (45) 0.3 3416 3.1+1.5
1303 0.29 1470 0.79 (24) 110 (32) <0.1 16025 1442
72 4.7 (10) 180 (15) 0.4

have been obtained in the present study reveal that I' .0
varies over an extremely large range, a fact that lessens
greatly the disadvantage of the g uncertainty simply
because the values range over a much greater spread
than results from the two possible g values. Of the many
possible aspects of the statistics of level parameters that
could be studied, only a few prominent characteristics
will be discussed at present, omitting possible trends
that cannot be delineated clearly at the present time
because of insufficient data. The neutron widths will be
considered first, then the level spacings, and finally the
ratio T',%/D which has an important bearing on current
nuclear models.

A. Neutron Widths

The neutron width of a level is related to the mean
lifetime 7, of the state relative to disintegration by
emission of a neutron by the relationship,

Pn= h’/Tn- (5)

The width can be considered crudely as being deter-
mined by the time required for concentration of the

excitation energy on a particular neutron and by the

probability that this neutron will penetrate the nuclear
potential barrier. Thus the width T', and the reduced
width T',.° are given by

Pn:hﬁ/to,
Pn0=h1)0/,50’

where f, is the lifetime spent by the nucleus in the
particular excitation state before the energy is concen-
trated on a single neutron, p is the actual barrier
penetrability, and #° is the value for a 1-ev neutron.
As the barrier penetrability p° is expected to be
practically the same from one level to another in a
particular nucleus, the wide range in neutron widths
observed must indicate a corresponding wide range of
lifetimes for the individual nuclear states. As we shall
see later, the barrier penetration (given by 27T,%/D) is
of the order of 1073 for the elements considered ; hence
the intrinsic nuclear lifetime, ¢, varies from about 10~
to 10716 sec for the observed range in I'.? of 0.01 mv to
10 mv. In spite of this wide range, the values of #, are
always much greater than the time required for a nu-
cleon to cross the nucleus, which is about 10~% second.
The wide range in ¢, observed reflects the differences

(6)
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TaBre IX. Neutron widths of resonances in lutetium (;1Lu) based on a I'y of 70420 mv.
The sample thickness (1/#) is the atomic value (see text).

Reduced
Eo A (1/n) X102 Area (%, error) T'n (% error) Weighted T'n width I's0
(ev) (ev) (cm?/atom) (ev) (mv) 7 (mv) (mv)
4.3940.03 0.051 171 0.032 (35) 0.012 (47) <0.1 0.0124-0.006 0.006-0.003
4.7840.03 0.053 980 0.10 (8) 0.28 (11) 0.4 0.28+-0.03 0.1284-0.014
171 0.36 (15) 0.33 (33) 0.7
5.224-0.04 0.056 980 0.285 (7) 1.3 (22) 1.4 1.240.2 0.52-40.09
171 0.56 (15) 0.9 (36) 0.9
6.1740.05 0.060 980 0.022 (30) 0.081 (33) <0.1 0.06240.012 0.025+0.005
171 0.080 (23) 0.047 (27) 0.1
9.8-+0.1 0.076 72.5 0.11 (22) 0.044 (26) 0.2 0.0444-0.012 0.0144-0.004
11.34:0.1 0.082 980 0.34 (7) 34 (18) 1.2 3.2+0.5 0.95+0.15
72.5 104 (8) 28  (30) 1.8
14.1+0.1 0.091 980 0.82 (5) 22 (19) 1.7 18+3 4.8+0.7
72.5 2.00 (12) 12 (28) 1.0
15.54+0.2 0.095 980 0.157 (8) 146 (11) 0.3 1.404-0.15 0.354-0.04
72.5 0.54 (20) 09 (44) 0.5
20.0+0.2 0.11 72.5 0.095 (20) 0.08 (25) <0.1 0.08+4-0.02 0.0184-0.005
20.74+0.2 0.11 980 0.161 (10) 20 (13) <0.1 2.3+0.3 0.51£0.07
72.5 092 (7) 3.6 (30) 1.5
22.0+0.2 0.12 72.5 0.082 (24) 0.07 (29) <0.1 0.074-0.02 0.01540.004
23.7+0.2 0.12 980 0.29 (8) 50 (14) 0.6 4.940.7 1.0140.14
72.5 1.00 (7) 4.6 (29) 1.7
24.840.3 0.12 72.5 0.15 (28) 0.17 (34) <0.1 0.1740.06 0.034+0.012
27.340.3 0.13 72.5 0.22 (22) 0.27 (30) <0.1 0.27+0.08 0.0524-0.016
28.240.3 0.13 980 0.090 (21) 1.4 (26) <0.1 14403 0.26+0.05
72.5 0.56 (14) 1.4 (40) 0.6
30.44-0.3 0.13 980 0.39 (11) 9.7  (20) 04 9.241.7 1.740.3
72.5 1.11 (16) 74 (40) 0.7
31.240.3 0.14 980 0.122 (22) 2.1 (30) <0.1 2.34+0.6 0.41£0.10
72.5 0.75 (20) 30 (50 0.5
37.1+£04 0.15 980 0.26 (12) 6.2 (16) 0.2 6.4+0.9 1.0540.14
72.5 1.02 (9) 7.0 (30) 1.2
41.54+0.5 0.16 980 0.59 (7) 22 (15) 1.0 2443 3.7+04
72.5 1.96 (7) 27 (18) 1.3
46.2+0.6 0.17 72.5 0.20 (32) 0.39 (39) <0.1 0.3940.15 0.06+0.02
50.7+£0.7 0.17 980 0.68 (6) 37 (14) 0.7 38+4 5.34+0.6
72.5 2.25 (6) 39 (16) 1.1
54.3£0.7 0.18 72.5 0.32 (28) 0.8 (39) 0.1 0.8+0.3 0.11£0.04
57.5+1.0 0.18 980 0.10 (20) 3.1 (23) <0.1 {3.7j:0.7 0.49-+0.09
(2 equal 72.5 0.77 (10) 4.6 (26) 0.4 3.7+0.7 0.4940.09
resonances)
63.0+1.0 0.19 72.5 039 (31) 1.3 (45 <0.1 1.340.6 0.164:0.08
71.0£1.2 0.21 72.5 1.03 (10) 10 (30) 0.9 1043 1.24+04
86.0+£1.5 0.23 72.5 0.67 (25) 4 (50) 0.2 442 0.4+0.2
89.441.6 0.23 72.5 0.69 (25) 4 (50) 0.2 4+2 0.440.2
98.941.8 0.25 980 0.87 (17) 80  (30) 0.2 . 93411 9.3+1.1
72.5 31 (10) 97 (13) 05
10442 0.25 980 0.50 (30) 37 (45 <0.1 36411 3.5+1.1
72.5 1.6 (18) 35 (32) 0.4
1102 0.26 980 0.53 (25) 41 (@37 <0.1 39410 3.7+0.9
72.5 1.70 (17) 38 (30) 0.5
11943 0.27 980 0.57 (25) 52 (38) <0.1 83411 7.6%1.0
72.5 2.8 (11) 89 (13) 0.5
13243 0.28 980 117 (14) 148  (20) 0.2 150+15 13.141.3
72.5 39 (10) 150 (11 0.5
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TasLE X. Neutron widths of resonances in the isotopes of hafnium (7.Hf) based on a
T'y of 5615 mv for Hf'"” and 602420 for the other isotopes.

Iso- Eo A (1/m) X102 Area (% error) T (% error) Weighted T'n \ﬁﬁeﬁ‘:ﬁfn
tope (ev) (ev) Sample (cm?/atom) (ev) (mv) I3 (mv) (mv)
Hf'™ 30.540.4 0.135 174 41 000 0.135 (20) 490 (24) <0.1 496 8.94:1.2
Normal 57 000 0.101 (15) 49 (16) <0.1
Hf77 5.940.1 0.057 177 1080 0.48 (10) 5.1 (29 1.2 5.1+1.5 2.1+0.6
6.6+0.1 0.061 177 1080 0.66 (10) 11 (29) 0.9 1143 4.3+1.3
8.84+0.1 0.070 177 1080 049 (20) 7.5 (41) 0.6 83 2.7+1.1
13.7+£0.2 0.090 177 543 0.139 (11) 0.70 (13) 0.2 0.67-+0.08 0.184:0.02
Normal 537 0.128 (13) 0.62 (17) 0.2
14.134-0.2 0.090 177 543 0.30 (10) 22 (18) 0.4 2.2+03 0.59+0.08
Normal 537 0.31 (10) 2.2 (18) 0.4
22.2+0.2 0.12 177 543 0.29 (11) 2.6 (19) 0.4 2.7+03 0.5740.06
Normal 537 0.295 (6) 2.7 (13) 0.6
23.5+0.2 0.12 177 543 0.20 (16) 1.6 (22) 0.1 1.640.4 0.33£0.07
25.9+0.3 0.12 177 543 0.056 (17) 0.41 (19) <0.1 0.4140.08 0.084-0.02
27.2:£0.3 0.13 177 543 0.193 (8) 1.80 (10) 04 1.80-0.18 0.35-:0.04
33.2::0.4 0.14 177 543 0.121 (17) 12 (0) <01 1.24:0.2 0.21:£0.04
37.240.5 0.15 177 543 0.75 (11) 23 (21) 0.6 2345 3.840.8
43.6+0.6 0.16 177 543 0.271 (8) 43 (12) 03 4.34-0.5 0.65+0.08
45.7+0.6 0.16 177 543 0.28 (9) 46 (14) 0.2 4.63-0.6 0.68+0.10
46.8+0.6 0.16 177 543 0.29 (10) 49 17 0.2 4.940.8 0.7240.12
49.4+0.7 0.17 177 543 1.10 (4) 55 (8 1.0 55+5 7.8+0.6
55.640.7 0.18 177 543 0.58 (9) 18 (21) 0.4 1844 2.440.5
57.24+0.8 0.18 177 543 0.50 (10) 13 (20) 0.4 1343 1.7£0.3
60.31.0 0.19 177 543 0.15 (25) 28 (30) <0.1 2.840.8 0.36::0.11
64.44+1.0 0.19 177 543 112 (5) 66 (11) 0.7 6648 8.240.9
67.7+1.1 0.20 177 543 0.79 (5) 36 (11) 0.7 3644 4.4-+0.5
72.3+1.2 0.21 177 543 046 (15) 14 (26) 0.1 1444 1.6+0.4
772413 0.21 177 543 048 (9) 16 17) 0.2 163 1.8+03
84.3+1.5 0.22 T 543 0.14 (25) » 34 (28) <0.1 3.44+0.9 0.37£0.10
86.2+1.6 0.22 177 543 0.57 (9) 22 (18) 0.3 2244 2.4+0.5
93.641.8 0.23 177 543 022 (17) 6.4 (20) <0.1 6.4+1.3 0.6640.13
98.5+1.9 0.24 177 543 0.37 (13) 13 (19) <0.1 13+3 1.34+0.3
10342 0.25 177 543 0.47 (20) 20 (33) <0.1 207 2.0+0.7
105+2 0.25 177 543 0.65 (18) 32 (31) 0.1 32+10 3.1+1.0

in intrinsic properties of individual nuclear levels; hence
some information can be obtained from the data on the
nature of the distribution of the nuclear lifetimes, or
more simply, as they are expressed by the reduced
neutron widths. As already mentioned in connection
with the discussion of thulium, the observed reduced
neutron widths follow an exponential distribution as a
function of size. Distributions similar to that shown in
Sec. III for thulium have been found for other nuclides
as well. In order to compare the distributions observed
for various nuclides, the actual results for all cases in
which at least 11 levels were observed are exhibited
together in Fig. 7. While it is certainly true that the
exponential distribution is a good approximation for the
observations, it is not definitely established that this law
is followed exactly.

The effect of lack of knowledge of g on the I',? distri-

bution was discussed in Sec. IIT A for the case of
thulium where it was shown that equal spacings for the
two spin states would give a curve concave upward
when plotted as in Fig. 7, even if the exponential is
strictly true for the levels of each spin state. If, on the
other hand, the levels with higher g (thus higher com-
pound nuclear spin J) should have a smaller level
spacing, the g effect might cancel (it would exactly if the
level spacing contains a 2J41 factor, see Sec. IV B).
Some of the distribution curves are slightly concave
upward and this behavior might be related to the g
effect. However, in the light of the present limited
amount of data, the exponential distribution holds sur-
prisingly well, and seems firmly enough established to
justify theoretical calculations. The distribution law of
neutron widths has not been treated extensively in any
published theory of nuclear level structure as yet.
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Iso- Eo A (1/m) X102 Area (% error)  TI'n (% error) Weighted I'n vivli?i‘zl‘i‘c;i’
tope (ev) (ev) Sample (cm2?/atom) (ev) (mv) r (mv) (mv)
Hfl7s 7.80+0.10 0.070 Zr 165 000 0.151 (7) 57 (9) 0.4 49+3 17.54+1.0
Zr 190 000 0.117 (10) 49 (12) 0.2
179 8000 0.82 (5) 46 (13) 1.6
180 9300 0.71 (5) 41 (14) 2.0
Normal 2710 - 145 (5) 50 (13) 1.8
Hf' 5.69+-0.05 0.056 179 1150 0.437 (5) 42 (32) 2.5 42413 1.8+0.6 -
17.8+0.2 0.10 179 324 0.307 (6) 1.5 (16) 1.1 2.04-0.2 0.47-£0.05
Normal 736 0.257 (8) 2.5 (15) 0.7
24.0+0.2 0.12 179 324 0.535 (5) 5.3 (25) 1.7 5.3+14 1.140.3
27.040.3 0.12 179 324 0.216 (10) 1.25 (15) 0.3 1254019  0.240.04
31.5+0.4 0.13 179 324 0.51 (6) 6.0 (21) 1.3 6.0+1.2 1.140.2
36.840.5 0.15 179 324 0.80 (10) 17 (29) 0.9 1745 2.840.8
40.6+0.5 0.15 179 324 0.86 (5) 20 (20) 1.8 204 3.1+0.6
42.8+0.6 0.16 179 324 0.68 (7) 13.1 (21) 1.0 11.941.7 1.840.2
179 324 063 4) 10.8 (18) LS
44.740.6 0.16 179 324 0.055 (25) 041 (27) <0.1 0.4140.12 0.06+0.02
48.14+0.7 0.17 179 324 0.093 (25) 0.8 (30) <0.1 0.8+0.2 0.124-0.03
51.1+0.7 0.17 179 324 0.103 (20) 0.9 (22) <0.1 0.9-0.2 0.13+0.03
51.740.7 0.17 179 324 0.059 (20) 0.51 (20) <0.1 0.51+0.10 0.074-0.02
52.440.7 0.17 179 324 0.060 (20) 0.53 (20) <0.1 0.53+0.10 0.0740.02
53.5+£0.7 0.18 179 324 0.062 (20) 0.56 (21) <0.1 0.56-0.12 0.08+0.02
55.4+0.8 0.18 179 324 0.31 (10) 37 (14) 0.2 3.7+0.5 0.50+0.07
61.2+1.0 0.19 179 324 0.062 (25) 0.63 (26) <0.1 0.63+0.16 0.08+0.02
63.041.0 0.19 179 324 0.069 (20) 0.73 (21) <0.1 0.7340.15 0.09-+0.02
70.1+£1.2 0.20 179 324 0.45 (10) 8.1 (18) 0.3 8.1+1.5 1.040.2
782413 0.21 179 324 0.21 (15) 3.1 (16) <0.1 3.1+0.5 0.3540.06
80.7+1.4 0.22 179 324 0.12 (20) 1.7 (22) <0.1 1.74+0.4 0.19+4-0.04
84.3+1.5 0.22 179 C34 032 (15 5.7 (21) <0.1 S5.7+1.2 0.62:+0.13
86.71.6 0.22 179 324 0.23 (15) 39 (19) <0.1 3.940.7 0.424-0.08
93.6+1.8 0.23 179 324 0.85 (10) 32 (26) 0.3 3248 3.3+0.8
1032 0.24 179 324 1.58 (10) 9 (15) 0.4 99+15 9.8+1.4
10642 0.25 179 324 0.20 (25) 3.8 (30) <0.1 3.8+1.1 0.3740.11
1102 0.25 179 324 047 (15) 12 (24) 0.2 1243 1.140.3
Hf% 73.94+1.2 0.20 180 204 1.72 (10) 4 (19) 0.7 5046 5.84:0.7
Normal 298 1.50 (15) 46  (23) 0.9
179 590 1.29 (10) 58 (18) 0.7

A casual inspection of the relationship of the neutron
width to the spacing to the neighboring levels reveals no
obvious correlation in the sense that strong levels
correspond to large spacing of neighboring levels. The
failure of this effect to appear implies that the simple
derivation of the proportionality of I', to D usually
given® is not to be taken too literally, for it would lead
one to expect a tendency for the size of I', to be as-
sociated with the D in the immediate vicinity.

B. Level Spacing

For the neutron energies used in the present work the
neutron resonances observed in a particular nuclide are
limited to the two possible J values, 7/==%, that can be
excited by /=0 neutrons. In some ways unfortunate,
this limitation nevertheless aids in interpretation of the

data because the spins of the levels excited, which would
be difficult to measure, are known approximately.

The level spacing observed for a given isotope is de-
termined by the spacing for the two sets of levels, with
the contribution of each set somewhat uncertain because
of lack of knowledge of their relative frequency. The
general procedure in the present work has been to
assume that J=7I+% and J=I—}% levels are equally
probable and to determine the spacing for levels of a
single J from the data simply by counting the levels in a
given energy interval and multiplying by two. The
symbol D without a subscript refers to this spacing for a
single spin state. Although in principle D can easily be
determined by counting the levels in a given energy
interval, it is extremely important to determine if levels
are being missed because of experimental conditions.
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TasBLE XI. Neutron widths of resonances of tantalum (;sTa!®!) based on a I'y of 50=£10 mv.

Eo A (1/m) X102 Area (% error) Tn (% error) Weighted T'n v}/{ig?ﬁcf‘g
(ev) (ev) (cm?/atom) (ev) (mv) r (mv) (mv)
10.38+:0.10 0.077 6050 0.118 (8) 4.6 (13) 0.2 4.5+0.5 1.404+0.17
338 0.58 (7) 4.3 (24) 1.1
13.95+0.12 0.090 1017 0.113 (10) "0.96 (9) <0.1 1.04+0.08 0.28+0.02
338 0.285 (8) 1.35 (16) 0.3
38.5 0.69 (10) 1.01 (28) 0.8
20.540.2 0.11 1017 0.088 (12) 1.03 (13) <0.1 1.1240.10 0.25+0.02
338 0.255 (10) 1.33 (16) 0.3
38.5 0.61 (6) 0.96 (22) 1.1
385 0.62 (10) 1.02 (28) 0.7
22.84+0.3 0.12 338 0.107 (25) 0.48 (33) <0.1 0.25:£0.04 0.052-£0.008
38.5 0.29 (11) 0.20 (18) 0.3
38.5 0.30 (20) 0.22 (33) 0.2
24.0+0.3 0.12 6050 0.092 (25) 7.5 (28) <0.1 6.1+0.7 1.254+0.15
1017 0.32 (10) 6.4 (18) 0.3
338 048 (12) 5.0 (27) 0.3
38.5 1.19 (10) 5.8 (25) 0.7
38.5 1.14 (15) 53 (31) 0.6
30.140.3 0.13 38.5 0.27 (12) 0.23 (21) 0.1 0.234+0.05 0.0424-0.009
354404 0.14 6050 0.126 (15) 15 (22) <0.1 1742 29404
6050 0.156 (20) 20 (27) <0.1
1017 049 (15) 18  (25) 0.2
338 0.76 (15) 17 (33) 0.3
36.14+0.4 0.14 6050 0.135 (15) 17 (18) 0.1 1842 3.0+:0.4
6050 0.156 (20) 21 (23) 0.1
1017 049 (15) 18 (28) 0.3
338 076 (15) 17 (32) 0.3
39.3+0.5 0.15 6050 0.33 (15) 55 (19) 0.1 S51+35 8.140.8
6050 0.37 (20) 65 (21) 0.1
1017 0.82 (10) 48 (17) 0.3
338 1.25 (10) 43 (18) 0.3
49.44-0.6 0.17 338 0.117 (20) 1.08 (27) <0.1 1.1+0.3 0.1640.04
57.5+0.7 0.18 38.5 0.52 (25) 0.5 (48) 0.3 0.540.2 0.07+0.03
62.9+40.8 0.19 338 0.39 (15) 8.6 (27) 0.1 1042 1.2540.25
38.5 1.14 (15) 12 - (34) 0.5
77.24+1.3 0.21 338 0.77 (15) 27 (28) 0.2 407 4.6+0.8
38.5 2.63 (10) 47 (19) 0.2
83.4+14 0.22 338 0.69 (15) 21 (29) 0.2 2146 2.3+0.7
91.3+1.8 0.23 338 0.33 (25) 7 (36) <0.1 T£2 0.7£0.2
99.84+1.9 0.24 338 1.79 (10) 125 (21) 0.1 125425 12.542.5
1062 0.25 338 0.56 (20) 16 (38) <0.1 166 1.6:0.6
11642 0.26 338 1.14 (15) 64 (25) 0.2 6416 6.0+£1.5
12743 0.27 338 0.70 (20) 28 (36) <0.1 28+10 2.54+0.9

The analysis of Tm in Sec. IIT illustrates the method
used to establish that all levels in a particular region
have been found. In that case, for instance, investigation

> shows that a level with a T',? only 1 of the smallest T',?
actually obtained could have been identified if present.
The absence of levels of this magnitude indicates that
levels are not being missed simply because of their small
size.

Levels will also be missed, of course, if they merge and
are misinterpreted as single levels; this possibility was
checked in the case of Tm by observing the rate of
appearance of levels with neutron energy. This behavior,
Fig. 3, indicates that levels are not missed in Tm until
an energy of about 75 ev is reached. Still another way of
considering the possibility of missed levels is by means

of the size distribution of I",%, for one can extrapolate the
distribution of Fig. 4 back to zero width to obtain the
total number of levels in a given energy range, hence the
spacing. As this extrapolation covers such a small range
in neutron width, it cannot change the total number of
levels greatly.

The level spacings thus obtained refer to an excitation
energy just above the neutron binding energy, which
energy is in the range 5 to 8 Mev for the nuclides con-
sidered. Because of the rapid change of D with excitation
energy, it is useful to convert the observed spacings to a
specific value of the excitation energy for comparison
purposes. If very accurate spacings could be obtained
for many isotopes by the present method, it might be
possible, by comparing spacings for different isotopes, to
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TaBLE XII. Neutron widths of resonances of uranium (,2U?8) based on a Ty of 2545 mv for all resonances
but the 6.7-ev resonance for which I'y=24+42 mv.

Reduced
Ey A (1/n) X1024 Area (% error) T'a (% error) Weighted T'a width T's0
(ev) (ev) (cm2/atom) (ev) mv) 7 (mv) (mv)
6.7040.06 0.054 22 500 0.039 (7) 1.59 (11) <0.1 1.5240.07 0.594-0.03
7460 0.093 (5) 1.51 (8) 0.1
284 044 (2) 1.47 (9) 2.0
141 0.61 (2) 1.53 (9) 2.0
20.940.2 0.096 7460 0.164 (6) 8.6 (7) 0.1 8.54+0.4 1.864-0.11
7190 0.165 (7) 8.4 (10) 0.2
284 0.710 (3) 8.6 (12) 14
37.0+£0.3 0.13 14 970 0.193 (7) 33.7 (9) 0.1 32.5+19 5.3+0.3
7190 0.32 (9) 32.5 (16) <0.1
3230 046 (5) 31.0 (13) 0.4
284 130 (3) 327 (12) 1.1
66.540.7 0.17 3230 0.34 (8) 26 (12) 0.2 2542 3.1+£03
428 0.76 (12) 21 (31) 0.2
85.1 141 (7 23 (20) 0.5
33.3 22 (15 25 (33) 0.3
81.6+0.9 0.19 428 0.18 (32) 1.8 (44) <0.1 2.140.7 0.234-0.08
33.3 0.77 (18) 24 (48) <0.1
902 0.20 111 0.25 (30) 0.08 (40) <0.1 0.0940.03 0.0094-0.003
111 0.31 (30) 0.11 (45) <0.1
10442 0.21 3230 0.59 (15) 81 (27) <0.1 6549 6.4+0.9
428 1.20 (5) 62 (17) 0.2
33.3 34 (18) 56 (33) 0.2
11842 0.23 428 0.54 (9) 12 (18) <0.1 1542 1.440.2
33.3 1.84 (16) 26 (32) 0.3
146+3 0.27 33.3 0.58 (35) 09 (43) 0.1 0.940.4 0.07+0.03
166+3 0.27 33.3 1.0  (30) 24 (46) 0.2 24412 0.194-0.09
19244 0.29 428 1.64 (8) 127 (20) 0.1 130420 9.4+1.7
33.3 57 (20) 150 (36) <0.1
21245 0.30 22.2 3.0 (30) 57 (50) 0.1 60430 4+2
242+6 0.32 22.2 3.0 (295 60 (43) 0.1 60430 442
25846 0.33 22.2 0.72 (40) 1.3 (48) 0.1 1.3£0.6 0.08=40.04
2787 0.35 22.2 23 (30) 40 (53) 0.1 40420 24+13
29748 0.36 22.2 2.2 (30) 40 (58) <0.1 40420 2.3+13
368+9 0.40 22.2 4.5 (25) 130 (42) <0.1 13050 7+3
418+10 0.42 22.2 3.0 (35 80 (60) <0.1 80450 442

get information on the variation of spacing with excita-
tion energy. However, because of the fact that the
results at the present time are limited in number and
statistical accuracy, the most profitable procedure seems
to be to convert the spacings to a single excitation
energy, using the usual empirical formula? for level
density,

w=108/D=aqa exp(br/E¥). @)

Here w is the number of levels per Mev, E* is the excita-
tion energy, and ¢ and b are parameters that vary slowly
with atomic weight. The level spacings obtained from
counting the levels in given energy regions are shown in
Table XIII together with the excitation energies to
which they correspond, the latter being obtained from
neutron binding energies. The spacings converted to 6
Mev by means of Eq. (7) are also given in Table XIII;
in most cases the energy correction is not large relative
to the variation in D observed. It can be seen from the
values of Table XIIT and from Fig. 8, where the

adjusted D’s are given, that the level spacings at a given
excitation energy are not a smooth function of atomic
weight as would be expected?® from the statistical model
of the nucleus. Instead, a discontinuity of the order of
100 occurs at the 82 neutron shell. Recent unpublished
results obtained with the Van de Graaff at Duke Uni-
versity and with fast choppers at Brookhaven and
Argonne give a more pronounced discontinuity at 82
neutrons as well as one of about 10? at 126 neutrons.
Discontinuities in level spacing near ground at magic
numbers is well known and the present results show
definitely that the shell structure exerts a large effect on
level spacings at 6-Mev excitation as well. The shell
effect at high excitation had already been observed in
the work of Hughes, Garth, and Levin® at excitation
energy 1 Mev higher. In their work the level spacings
were obtained from the absorption cross section in the
28 J. M. B. Lang and K. J. Le Couter, Proc. Phys. Soc. (London)

A67, 586 (1954).
2 Hughes, Garth, and Levin, Phys. Rev. 91, 1423 (1953).
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. Fic. 8. The level spacings, D, adjusted to 6 Mev, as a function of neutron number in the compound nucleus. Each target nucleus is
indicated and its spin is given in parentheses. The symbols O, e, and A refer to odd Z-even N, even Z-odd N, and even Z-even N
target nuclei, respectively. Points labeled with several isotopic numbers are averages for the isotopes.

Mev region but required knowledge of I', in the calcula-
tion. The recent measured I',’s show that the assumed
values of I', used by Hughes, Garth, and Levin were
approximately correct; however, there is still some
uncertainty in their D’s because of the unknown con-
tribution of higher /’s in their measurements.

It would be very interesting to establish other level-
density variations but unfortunately sufficiently many
nuclei have not been investigated to establish definite
trends. Although some even-odd effects seem to be
present in Fig. 8, the data are not extensive enough to
establish them definitely. However, one effect that seems
definite is the higher D for even-Z nuclei. It would be of
great interest to investigate the dependence of D on
level spin J; the present data, while not extensive, do
not seem to show an effect as large as the 1/(2J+1)
factor expected theoretically.?®

C. .9/ D Ratio

In addition to the intrinsic interest of I',? and D
individually, their ratio has an important bearing at
present on nuclear models. The significance of the

TI',%/D ratio follows directly from the discussion already
given in IV A concerning the composition of neutron
widths in terms of the intrinsic lifetime of a nuclear
state and the penetrability of the nuclear surface. As the
intrinsic lifetime of a state, ¢y, is approximately given by
h/D, it follows that division of the neutron width by D
removes the specific nuclear part, leaving only the
penetrability of the nuclear surface,

T'./D=p/2x.

The relationship #=/4/D follows directly® if the levels
are considered to have equal spacing and it can be taken
to hold approximately for actual level spacings as well,
with D the average spacing.

For a strongly absorbing or “black” nucleus, the
penetrability of the sharp potential discontinuity that
represents the nuclear surface is simply the ratio of the
neutron wave vector outside (k) to that inside (K) the
nucleus,

p=4k/K=4(E/V)},

0V, F. Weisskopf, Helv. Phys. Acta 23, 187 (1950).
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TasLE XIII. Observed level spacings in ev, corresponding to an
excitation energy equal to the neutron binding energy, and the
spacings adjusted to 6 Mev as explained in the text.

Excitation D (adjusted

Target D energy to 6 Mev)

isotope Spin, 1 (ev) (Mev) (ev)
1:Mo% 5/2 3704120 9.15 1700
12Mo" 5/2 370120 8.29 1200
42Mof 46,8100 0 5004150 6.9 800
19In113 9/2 1442 7.2 35
4oIni1e 9/2 1442 6.6 23
50Sn12 0 15080 8.0 500
s0Sn'1é 0 15070 7.3 350
s0Sn1t? 1/2 120430 9.3 700
s0Sn!s 0 200100 6.6 300
s0Sn!1? 1/2 3004140 8.6 1200
50Sn120:2,4 0 500200 6.1 500
55Cs'% 7/2 4245 6.73 80
ssEulst s 5/2 2.24+0.3 5.7 1.6
65 L b1% 3/2 10.0+=1.0 5.8 8
67H0168 7/2 12.0£1.3 5.7 9
so Tm!®® 1/2 1542 5.9 14
nLu!’® 7/2 7+2 6.0 7
72H'7? <3/2 5.6+0.6 7.6 21
7oH {17 <3/2 842 7.4 26
72178180 0 10050 6.1 100
73Talél 7/2 9.0+£1.0 6.03 9
92U238 0 1842 4.87 5

where E is the neutron energy and V' the well depth.
Thus the ratio of the average reduced neutron width to
the spacing D turns out to be a function of the well

depth alone,
[0 (TW/EYy 4 (1 )%
p D um\v/)’

a ratio that is 1.0X10~* for a 42-Mev well depth, for
example.

For a partially transparent nucleus, represented by a
potential with a small complex component, the T',9/D
ratio is not constant with atomic weight but exhibits
optical interference maxima. The cloudy crystal ball
model gives a ratio with peaks at 4 =257 and 156, these
positions being determined by the nuclear radius, R,
possessing a simple relationship to the neutron wave
number inside the nucleus (K),

KR=nnr+1m,

with =2 and 3 for the peaks quoted. The heights of the
peaks in the T',%/D ratio are fixed by the complex
component of the potential; hence it is desirable to
check the magnitude and location of the peaks in an
investigation of the validity of the model.

Results on the T',/D ratio, based mainly on Brook-

CARTER, AND PILCHER

haven fast-chopper work, have been published recently.?
The present data are given in Fig. 9, which is essentially
the same as the published results,® with a few additional
points as well as minor changes in the older results. The
curve for a potential well V'=42(1+140.03) Mev, corre-
sponding to the model of Feshbach, Porter, and
Weisskopf, is shown for comparison. The experimental
results show a peak near the expected atomic weight but
of much smaller magnitude and greater width than
computed for this particular model. It should be re-
membered that the parameters of the potential were
adjusted to fit the neutron cross sections in the Mev
region and not adjusted to fit the T',%/D ratio.

The disagreement of the present experimental results
with the theoretical curve is probably related to the fact
that the Mev cross sections, used to obtain the parame-
ters, are a measure of the potential scattering alone
(gross elastic scattering in the terminology of Feshbach
et al.). The T'.°/D ratio on the other hand is related to
the cross section for formation of the compound nucleus

T i T

Vo=42 Mev
R=145 x 103aY3¢cm
{-003

Ta
Dn x10*

BLACK
j NUCLEUS

1 A

|
200
ATOMIC WEIGHT OF TARGET NUCLEUS

Fi16. 9. Comparison of experimental values of I',°/D with theo-
retical predictions of the “black” and the “cloudy crystal ball”
models of the nucleus. The symbols O, e, and A refer to odd
Z-even N, even Z-odd N, and even Z-even N target nuclei,
respectively.

and in the present work is completely separated from
the potential scattering. In the resonance energy region
it is of course possible to obtain separately the cross
section for compound nucleus formation, as is done
here, and to get the potential scattering as well. The
latter can be accomplished by means of a study of the
cross section between resonances although very little has
been done on this problem.

On the theoretical side there are several possibilities
for modifications of the model that will reduce the com-
pound nucleus formation cross section, and hence lower
the T',.%/D ratio, without changing the potential scat-
tering, which already agrees with the Mev results.
These possibilities include changing the sharp nuclear
boundary to a diffuse boundary3' coupling of the
incoming neutron to the low-lying rotational levels,®

3t C. E. Porter and V. F. Weisskopf (private communication).
32 A. Bohr and B. R. Mottleson (private communication).
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and concentrating the cloudiness of the crystal at the
nuclear surface.® Some of these theoretical possibilities
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Photoprotons from Oxygent
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The cross section and angular distribution of the O%(y,p)N!5 reaction have been obtained for photon
energies between 13.5 and 18.7 Mev, i.e., below the expected position of the giant resonance. The angular
distribution indicated that the reaction proceeded predominantly through electric quadrupole or magnetic
dipole absorption of photons, even though electric dipole transitions are allowed by isotopic spin selection
rules. Suggestions are made regarding this forbiddenness of electric dipole absorption.

INTRODUCTION

TUDIES of photon absorption in oxygen have almost
always used the (y,a),! (v,4a),? or (y,n)* reactions.
The only exception is the work of Wiffler and Younis,!
who also obtained the (y,p) cross section at 17.6 Mev,
using ¥ rays from the Li’(p,y)Be® reaction.

It has been shown that if the assumption of the charge
independence of nuclear forces is made, then it is ex-
pected that the (y,a) reaction is forbidden to proceed via
electric dipole absorption for energies below about 25
Mev.5 This appears to be substantiated by experiment.
The work of Penfold and the author? on the fine struc-
ture in the (y,n) activation curve suggests that the
(y,n) reaction below 19 Mev proceeds by electric
quadrupole and magnetic dipole absorption of photons.
However, this suggestion was made on the basis of
comparison of radiative widths to relatively inaccurate
theoretical estimates. Therefore, it was deemed worth-
while to seek further information on the mechanism of
photon absorption in oxygen below 20 Mev.

The experiment reported here was performed to ob-
tain the cross-section and angular distribution for the
O6(y,p)N reaction between 13.5 and 18.7 Mev.
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* Fulbright Fellow, on leave from the Physics Department,
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EXPERIMENTAL ARRANGEMENT

The photon source used in this experiment was a
bremsstrahlung spectrum of maximum energy 18.7 Mev.
The x-ray beam was collimated with lead to a pencil of
angular diameter 0.012 radian, or a diameter of 1 cm at
the center of the gas target, 90 cm from the source of
x-rays. The scattering chamber used was similar to the
one described by Fuller.® The line-up of the x-ray beam
with respect to the scattering chamber was checked
before each run by means of pictures of the beam taken
on dental x-ray film. These films were positioned accu-
rately with respect to the scattering chamber.

The scattering chamber contained oxygen gas at a
pressure of one atmosphere. The gas acted as the target
for the x-rays. Protons were detected in a pair of 1X3-
inch 100-micron Ilford G-Special emulsions, which were
placed parallel to, and to one side of, the x-ray beam.
The emulsions were 0.87 cm apart, and their near edge
was 2.40 cm from the center of the x-ray beam. Two sets
of exposures were made, and in each case the dose at the
scattering chamber was 5300 roentgens, as indicated by
a Victoreen thimble at the center of an 8-cm,cube of
Lucite. :

The emulsions were processed according to the dry
development technique described by Beiser.” Observa-
tions on the tracks were made with two Leitz-Wetzlar
binocular microscopes, using X353 objective and X8
ocular. This combination gave a field of view that was
approximately 200 microns in diameter. Plates were
searched by taking six-centimeter swaths along their
long dimension.

Measurements made on the proton tracks were the

§ E. G. Fuller, Phys. Rev. 79, 303 (1950).
7 A. Beiser, Revs. Modern Phys. 24, 273 (1952).



