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The neutron total cross sections of carbon, calcium, and lead have been determined in the energy region
200-960 kev using a time-of-flight technique. The observed cross section for carbon has been analyzed in
terms of the effective-range theory as well as the bound-level contribution, with results which agree very
well with those obtained by the (d,p) stripping experiments. Also it is concluded that the upper limit for the
total width of the “proposed” resonance in C®? at 610 kev is 100 ev. For calcium and lead the data are analyzed
for resonance parameters. It is found that the s-wave strength function for Ca® increases rapidly with in-
creasing energy. It is concluded also that the course of the Pb cross sections can be explained only by the
presence of a broad s-wave resonance in Pb®8, at E,=>5152:15 kev with a neutron width I',=100==15 kev.

INTRODUCTION

HE total cross sections of carbon, calcium, and
lead are of special importance. All these nuclei
are even-even and calcium and lead are doubly magic.
Further, the extensive use of these elements in shielding
and in other aspects of nuclear technology makes a
careful investigation important. Previous measure-
ments' have been made with an average resolution of
about 10-30 kev in the energy region 200 kev to 1 Mev.
The present experiments were performed with an aver-
age resolution of ~5 kev in order to study more of the
details of the resonance structure in C, Ca, natural
Pb, and radio-lead, and a more detailed analysis of the
data has been made.

Cranberg, Beauchamp, and Levin? have discussed
the advantages of using an organic scintillator and a
time-of-flight system in the measurement of neutron
total cross sections. The neutrons in the forward direc-
tion from the Li’(p,n)Be’ reaction cease to be mono-
energetic when the main group reaches an energy of
~650 kev. The time-of-flight system discriminates
against both the unwanted group and the background
and provides a higher counting rate than a ‘“long
counter” placed far from the target. A time resolution
of 10 musec and a flight path two feet long enable one
to resolve the two neutron groups up to an energy of
1.0 Mev for the main group.

The experiments reported here were done using the
Duke University time-of-flight apparatus. We present
a brief description of the apparatus and the results of
the analysis of the data obtained.

APPARATUS

Protons from the Duke 4-Mev Van de Graaff ac-
celerator passed through an electrostatic analyzer?

*This work was supported by the U. S. AtomicEnergy
Commission.
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I1D. J. Hughes, B. A. Magurno, and M. K. Brussel, Neutron
Cross Sections, Brookhaven National Laboratory Report, BNL-
325 (Superintendent of Documents, U. S. Government Printing
Office, Washington, D. C., 1960), 2nd ed., Suppl. No. 1.

2L. Cranberg, R. K. Beauchamp, and J. S. Levin, Rev. Sci.
Instr. 28, 89 (1957).

3 A.L.Toller, Ph.D. thesis, Duke University, 1954 (unpublished).

whose slits were adjusted for a proton beam resolution
of 1 part in 1500. The beam was then swept across a
slit in front of the Li target by applying a 4-Mc voltage .
between two parallel plates located near the exit slits
of the electrostatic analyzer. The burst width so ob-
tained was about 5 musec.

The Li target was evaporated on a nickel end cap
soldered to a stainless steel Faraday cup, and attached
to the beam tube by means of a glass pipe. The effec-
tive resolution was determined by the setting of the
electrostatic analyzer and the Li target thickness. It
was varied for different elements to provide the re-
quired resolution.

In order to maximize the beam emerging from the
exit slits of the electrostatic analyzer, the ‘“homogen-
izer,”* which reduces time-dependent components of
the energy spread, was employed. The average beam
at the target was about 0.2 pa.

The detector arrangement was very similar to that
used by Cranberg ef al.? The 2-in.X2-in. “Sintilon”
plastic scintillator (manufactured by National Radiac
Corporation, Newark, New Jersey) was located 24 in.
from the target and was viewed by two RCA-6342
photomultipliers in coincidence. It was surrounded by
a 1%-in. lead shield. The neutron collimator was com-
posed of a mixture of Li,CO; and paraffin.

The samples, in the form of disks 1 to 2 inches
diameter, were mounted on a sample changer and
placed midway between the target and the detector.
Usually two different sample thicknesses were used.

The time-to-pulse-height convertor was essentially
the same as that developed by Weber, Johnstone, and
Cranberg.5 A ten-channel pulse-height analyzer of the
Los Alamos design was used. The over-all resolution of
the time-of-flight neutron peak, as displayed in the
10-channel analyzer, was ~10 musec. The neutron
beam was monitored by a BF; “long counter” placed
at 60° at a distance of 2 ft from the target.

4P, B. Parks, H. W. Newson, and R. M. Williamson, Rev. Sci.
Instr. 29, 834 (1958).

5W. Weber, C. W. Johnstone, and L. Cranberg, Rev. Sci.
Instr. 27, 166 (1956).
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Fi1c. 1. o for carbon (natural). The dashed line is the best fit assuming o is solely due to shape-elastic scattering, R’ =pod}, po=2.67
fermis. The solid line is the best fit assuming an s-wave bound level at Eo= —1.86 Mev, and with 1,2=1.75 Mev and R’=23.3 fermis or
po=1.45 fermis. The fit due to the effective-range analysis discussed in the text corresponds to v2=1.72 Mev and is indistinguishable
from the solid line shown. Note the absence of resonance structure in the neighborhood of E, =600 kev.

The absolute energy of the proton beam was de-
termined by the setting of the electrostatic analyzer,
which was calibrated by determining the forward
threshold for neutron production. The neutron energy
spread .varied from 3 kev at 200 kev to 7 kev at 900
kev. At a given proton energy, the neutron peak was
centered in the ten-channel analyzer with and without
the sample intercepting the neutron beam. The ratio
of the areas under these peaks gave the transmission.
The smooth background due to gamma rays and stray
neutrons was not included in these areas.

RESULTS
Carbon

Figure 1 shows the observed cross section of carbon
in the neutron energy range 180 kev to 700 kev. A
sample of thickness #=0.253 atom/barn was used in
the region 180 kev to 590 kev and another of %#=0.339
atom/barn in the region 595-700 kev. No indication
of the shallow dip indicated by the data of Bretscher
et al.® in the energy region 200 kev to 400 kev was
found; neither was any resonance structure revealed
in the neighborhood of 610 kev corresponding to the
position of a level in C® found in the study of
BU(He?,p)C® reaction by Moak et al.” The maximum

6 E. Bretscher and E. B. Martin, Helv. Phys. Acta 23, 15 (1950).

7C. D. Moak, A. Galonsky, R. L. Traughber, and C. M
Jones, Phys. Rev. 110, 1369 (1958).

deviation of our measured cross section is 0.2 barn,
which yields an upper limit I',»< 100 ev for the width
of the resonance in question. The standard deviation
of our data is ~0.1 barn, consistent with the counting
statistics, and in itself would mask levels with T', <70
ev. We therefore conclude that I',<100 ev for the
suspected fs level in the neighborhood of 600 kev.

The absolute values of our cross sections are in ex-
cellent agreement with those reported by Huddleston,
Lane, Lee, and Mooring.® It is of interest to attempt an
interpretation of this structureless cross section in
terms of our knowledge of the compound nucleus C.
The first such attempt was made by Thomas® who had
available relatively inaccurate cross sections. The fact
that the neutron energy region 0-1 Mev is far removed
from both bound and virtual levels makes it particularly
suitable for an effective-range type analysis. An alter-
native approach is to try to subtract the contribution
of all the known bound and virtual levels and attempt
to fit the remaining cross section in terms of the hard-
sphere scattering of the form 4#A? sin?(R’/X).

At this stage let us review the information about the
levels in the compound nucleus C*. Figure 2, which is

8 C. M. Huddleston, R. O. Lane, L. L. Lee, Jr.,, and F. P.
Mooring, Argonne National Laboratory Report ANT.- 6111, Feb-
ruary, 1960 gunpubhshed

R. G. Thomas, Phys. Rev. 88, 1109 (1952).
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based on Ajzenberg-Selove and Lauritsen,® shows the
level structure of C*%. The bound p- and d-wave levels
can hardly affect the course of neutron cross sections
of C*2. As a matter of fact if we assume the widths as
determined by (d,p) experiments,!® the total contribu-
tion due to bound levels at —4.95 (g.s.), —1.27 and
—1.10 Mev is £0.1 barn. Similarly the contribution of
all known virtual levels is found to be <0.1 barn and
is of opposite sign. Thus the level which could possibly
be held responsible for the course of the total cross
sections of C2 must be the one at —1.86 Mev. From
(d,p) experiments it is known that its angular mo-
mentum /=0, and an estimate of its width is also
available.!! We shall, however, not assume this infor-
mation and show that the same results are obtained
from our analysis of the C!2 neutron total cross sections.

An effective-range analysis of our cross section was
made. We know that

k cotdo= —-[(47r/0't)—k2]%
= —a+%k21’0—]3k41’03+ Ty, (1)

where 1/a is the scattering length, v is the effective range
and P is the shape factor for the nuclear potential. A
least-squares fit of (% cotdy) to the above polynomial
resulted into two different fits which must be con-
sidered equally good since their rms errors differ by an
amount much less than the error in our measured cross
sections. The parameters for both these fits are listed
in Table I. It is difficult to decide in favor of either of
these fits simply by “‘goodness of fit”’ criterion. Accurate
determination of cross sections at lower energy would

.
747 153 L84 L < | 295
| 686 52+ sscsszzzl | 2,076
| 6Q o __] /
2 VS —— - o.610
______ L__ 4946
C'%n
f:2 —385 822 —-1.096
f=1 |—3.68 /2 - -1.266
f:0 309 ygs -85
. .
21 J=i72- 4946
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I16. 2. Level structure for the compound nucleus C'3,
(IlﬂsF). Ajzenberg-Selove and T. Lauritsen, Nuclear Phys. 11, 1
959).
% M. T. McEllistrem, Phys. Rev. 111, 596 (1958).
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TasLE I. Results of effective range analysis of o; for
C2 in the energy range 180 kev to 700 kev.

1/a o Zero-energy
Scattering Effective P a; as pre-
Rms length range Shape dicted by the
Fit error® (fermis)  (fermis) factor fit (barns)
(a) 0.051 6.203 3.638 +0.297 4.836
®) 0.055 6.360 2.620 0 5.082

a Rms error for a polynomial fit is defined as {[Z(ya—u:)2]/ Zya2}?,
where ya is the given value of ¥ in the data and y. is the value calculated
from the polynomial.

perhaps lead to the choice between the two. The zero-
energy cross section reported in the literature!? is
4.740.2 barns, which would decide in favor of the fit
(a). However, Walton et al.’® have recently reported
measurements which indicate ¢;(£=0)=5.24-0.2. Seth
et al.* also find that ¢,=5.14-0.2 at E,=5 kev. Both
these experiments would tend to favor fit (b). The
value 0.297 for the shape factor in fit (a) is too large
and corresponds to an extremely long-tailed exponen-
tial-like potential which is very unlikely, while fit ()
corresponds to a potential shape very close to a square
well. Fit (b) also agrees with the following simple rule
which is strictly true only for a square well potential
of depth V¥, and radius R: For usual values of Vpe®
(~50 Mev fermi?),
%RS?’ 0<R

As shown later in this section, we find that R~R'=3.3
fermis so that 2.2<7¢< 3.3 fermis. On the basis of this
rule, fit (b) is preferred since 7o=2.62 fermis for fit
(b) while it is equal to 3.64 fermis for fit (a). The
predicted cross section curve for this fit is not shown
in Fig. 1 because it is indistinguishable from the solid
curve, which is based on independent considerations
described below. The fit to the experimental data is
gratifying.

From the above effective-range analysis it is possible
to derive an estimate of y2/FE\ of the bound level'
which is primarily responsible for the observed cross
section. According to Lane and Thomas,'® the ® func-
tion at “zero” energy is

REE=0)=RO=1—[1/(@R)]. )

If now the contribution to the ® function is primarily
due to one level, then

® (E= 0) = Z)\ (")’)?/E)‘)g ('Y)\Z/E)\)single level- (3)

( 12 V‘; W. Havens, Jr., and L. J. Rainwater, Phys. Rev. 75, 1296
1949).

13 R. B. Walton, N. F. Wikner, J. L. Wood, and J. R. Beyster,
Bull. Am. Phys. Soc. 4, 288 (1960).

4 K. K. Seth, E. G. Bilpuch, and H. W. Newson (unpublished).

15 We shall be using v2, T'»®, and T' interchangeably in this
paper. It is worthwhile to define their relationship here:

I, O =T {1(ev)/E(ev)}}
=0.439472RX 1073,
(T ), . 27X 10Y/R,
where R is in fermis, and I', ), 4%, and T, are in ev.

16 A) M. Lane and R. G. Thomas, Revs. Modern Phys. 30, 257
(1958).
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T'1G. 3. g for calcium (natural). The solid line shows the best fit obtained by a Bethe-type multilevel formula with parameters as
listed in Table II. R'=4.0 fermis was assumed. The dashed line is the difference o;(obs)—a;(calculated) and indicates unresolved
levels, perhaps due to higher angular momenta and/or minor isotopes.

Equating (2) and (3), we get

n=E[1-(1/aR)]
=—0.89F, for fit (a)
=—0.93F, for fit (5). 4

If the level at 3.09 Mev (Ey=—1.86 Mev) is the level
in question, this leads to

1?=1.66 Mev for fit (a),
=1.72 Mev for fit (b). (5)

As mentioned earlier, an alternative method of analy-
sis is to fit the observed ;=0 pot+0res. Figure 1 shows
such attempts. The dashed line is the best fit if it is
assumed that the observed cross section is wholly due
to potential scattering. The fit is poor and gets worse at
higher energy. Further, R'=poA*¥=6.12 fermis is re-
quired, corresponding to po=2.67 fermis, which is too
large. We must therefore consider resonance contribu-
tions due to all levels. As mentioned above, the net
contribution due to levels other than the one at —1.86
Mev is 0.1 barn. An attempt was made therefore to
fit the observed o, with potential scattering cross sec-
tion plus the total cross section due to a level at —1.86
Mev.

ov=47X? sin’a+[ oo/ (1+22) J[cos2a+x sin2a],  (6)

where go=47A%g(I',/T); x=2(Li—E,)/T'; a=potential
phase shift, =R’/X for [=0; g=the statistical weight
factor. All attempts to fit the observed o; assuming that
this level could be 1> 1 were unsuccessful. It was there-

or

IN  KEV

fore assumed that /=0 and fits were attempted treating
R’ and I'=T, as free parameters. The visual best fit
obtained after a number of trials is shown in Fig. 1.
The parameters for this fit are

R'=3.3 fermis, I','=2.54 kev, i.e., »\?=1.75 Mev. (6)

It may be noticed that this result is in excellent agree-
ment with the independent result of the effective-range
analysis [Eq. (5)] and favors fit (b) of Table I.

Calcium

The total cross section of calcium was measured from
200 kev to 1000 kev and is shown in Fig. 3. The entire
energy range was covered with two sample thick-
nesses having #=0.111 and #=0.222 atom/barn. The
two samples yielded almost identical results, with the
thicker sample showing less point scatter in the low
cross-section regions and the thinner sample giving
slightly higher peak cross sections.

Seven prominent resonances were observed in the
energy region 230 to 630 kev. Area analysis' of these
resonances for the two sample thicknesses yielded
widths as shown in Column 2 of Table II. These reso-
nances were all assigned to /=0 neutrons on the basis
of consistency between thin- and thick-sample results
and shape considerations.'” For example, the resonance
at 595 kev has an observed width of about 50 kev.
Area analysis yields I',(I=0, g=1)=70+15 kev,
(=1, g=1)=1744 kev, [',(I=1, g=2)=9+2 kev.

17 Kamal K. Seth, Ann. Phys. 8, 223 (1959).
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TasLE II. Resonance parameters for Ca®.

Eo T,? T, b I‘no ]
(kev) (kev) (kev) (ev)  103Xm¥/ (v9s.p.d
88e 0.148° 0.5 0.099
1320 2.54¢ 7.0 1.289
144 0.190° 0.5 0.094
167° 2.49° 6.1 1.120
2220 5.65° 12.0 2.204
25441 2142 22,742 45.045.0 8.264
29942 332 219405  4.0+1.0 0.900
337.541  15.542 13.654+1.2  23.5+2.0 4316
3602 342 1.540.6  2.54+1.0 0.459
447.54-2 1543 13.38+1.5  20.0+:2.0 3.673
50442 1343 10.65+2.0 15.043.0 2.754
59542 7015  57.86+40 750450 13.774

a The values of I'n listed in this column are those obtained by area
analysis of the resonances.

b The values of I's listed in this column are as obtained for the best
multilevel fit to the data. Note that in all cases these values lie within the
quoted uncertainty of the results of area analysis in the previous column.

;The values of I'x0 correspond to'the best fit values of I'x in the last
column.

d (y2)s.p. denotes single-particle limit or Wigner limit of the reduced
width. The entries therefore correspond to ratio of observed reduced width
to the Wigner limit.

e The parameters for these resonances are from reference 19.

Obviously unless the resolution were of the order of
50 kev, the resonance cannot be ascribed to p-wave
neutrons. Since the known experimental resolution was
about 7 kev at 600 kev, the resonance must be due to
!=0 neutrons. As a further check the parameters so
obtained were fed into a Bethe-type multilevel formula :

0'¢=47I'7\2 I Z [Ares(rn)]'*—ApOt(Rl) 12'

While this formula is known to be relatively inaccurate
at peaks, it was found that it represents a considerable
improvement over the single-level Breit-Wigner formu-
la. The computation was done on an IBM-650 computer
- and parameters were varied while the best fit was ob-
tained. The final values of I',® are listed in Column 4
of Table II. It was also found that the value of R’
required by a single-level-type analysis was not the
same as that which gave the best fit with the multilevel
expression. The best value of R’ was found to be 4.0
fermis.

In Fig. 3 the solid curve is the best multilevel fit to
the data for the parameters given in Column 4 of Table
IT. No attempt was made to analyze levels above
E,=630 kev. It may be noticed that in spite of the
inadequacies of the multilevel formula and the experi-
mental resolution, an excellent fit is obtained for all
the resonances analyzed. In the region between reso-
nances the fit is relatively poor. While this may be due
to the inability of the Bethe-type multilevel expression
to account for level-level interference correctly, it may
be due in part to the presence of narrow resonances
with />0 in these regions. A number of these ‘“reso-
nances,” labeled as ‘residual structure” and drawn by
dashed lines in Fig. 3 are indicated in the recent high
resolution work of Bowman.'® From the present work,

18C. D. Bowman, Ph.D. thesis, Duke University, 1961

(unpublished).
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F1G. 4. ¢, for natural and compensated (for Pb2%) lead. The
calculated fits marked (a) correspond to the assumption that R’
is constant over the energy interval and only p-wave resonances
1, 3, and 4 of Table III exist, with parameters as shown in that
table. Curves (b) correspond to the same resonances as for curves
(a), but with an R’ which decreases rapidly with energy so as to
yield the shape of the observed cross sections in the energy region
380 to 520 kev. Note that fits (a) are poor in the region 380 to
520 kev and fits (b) are poor in the region 560 to 700 kev.

however, the existence of these resonances must be
regarded as tentative, with the possible exception of
those at 440 kev and 485 kev.

Lead

A sample of natural lead (Pb2® 529, Pbh27 219,
Pb2¢ 269%,) with thickness #=0.126 atom/barn, as well
as a sample of radio-lead (Pb28 39, Pb27 997, Ph2s
889,) with thickness #=0.0339 atom/barn, were
studied over the energy range 300 to 740 kev. The
radio-lead sample was too thin to give accurate cross
sections of Pb?¢ by itself, but it served as an accurate
compensator for the Pb*® sample. Thus if Ix, Ig, and
Iy denote the number of counts with the natural lead
sample in, with the radio lead sample in, and with the
open beam, then while T'y=1y/1, gives the transmission
due to natural lead, To=1Ix/Ir gives the transmission
due to compensated lead (effective percentage-Pb®
70%, P27 289, Pb¥¢ 0%, Pb¥ 29,).

These cross sections are shown in Figs. 4 and 5. It is
obvious that besides the three prominent resonances at
E,.=352kev, 526 kev, and 718 kev, there are a number
of other small resonances, e.g., those at 305, 320, 375,
405, 475 kev, etc. From simple peak height considera-
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tions it follows that if we limit ourselves to s-, $-, and
d-wave resonances the three large resonances must be
in Pb8, Also we find that the ratio g= (0'max— O min)e.1./
(0max—0Omin)n.1, Where cl. and n.l. refer to compen-
sated lead and natural lead, respectively, is approxi-
mately 1.3 which is the same as the ratio between the
fractional content of Pb%8 in the compensated lead and
the fractional content of Pb*8 in the natural sample.

Both natural lead and compensated lead samples still
contain Pb¥7(~259). Since low-energy work® on
Pb7 suggests that the level spacing in this isotope? is
rather small (~10 kev), it is not expected that we
would resolve very well the Pb*? resonances in either
sample. It is, however, possible to determine ‘the
average contribution to the total cross section due to
Pb*7 resonances. The contribution due to neutrons of
angular momentum [ is given? approximately by
Go.n.=2rRE (214 1)v,(T, /D) f cos2a;, where f is
the isotopic abundance (~25%) and «; is the potential
phase shift. In the neighborhood of lead the s-wave

14k NATURAL LEAD, n=.I26 atoms/barn
S-WAVE RESONANCE INCLUDED
2k R'=87 FERMIS - CONSTANT

~— MULTILEVEL FIT

+

IN  BARNS

COMPENSATED LEAD, n=093 atoms/barn
S-WAVE RESONANCE INCLUDED
R'-87 FERMIS - CONSTANT
— MULTILEVEL FIT

9
>

/"\s- WAVE CONTRIBUTION

300 400 500 600 700
NEUTRON ENERGY IN KEV

F1G. 5. o, for natural and compensated (for Pb®¢) lead. The
solid line shows in each case the fit obtained by including the
s-wave resonance at 515 kev with the parameters listed in Table
III. The contribution of the three p-wave resonances in this fit
as well as in the fits shown in Fig. 4 was calculated by the use of a
Bethe-type multilevel expression.

¥ E. G. Bilpuch, K. K. Seth, C. D. Bowman, R. H. Tabony,
R. C. Smith, and H. E. Newson, Ann. Phys. (to be published).

2 Jt has become conventional in neutron physics to refer to the
resonances in the cross sections of a target nucleus with atomic
weight 4 as resonances in that nuclide while they actually corre-
spond to excited states in the compound nucleus with atomic
weight (44-1). We will follow this convention in this paper.

2 Kamal K. Seth, Can. J. Phys. 37, 1199 (1959).
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TasLE III. Resonance parameters for Ph8,

FEo Ty T, r,m
(kev) (kev) (kev) (ev) 103X/ (¥)s.p.
352 6.45+1.3 6.96 21.1 6.720
515 oo 100 141 44,90
526 7.1%15 6.15 13.0 4.140
718 5.741.0 4.86 8.0 2.548

strength function is known? to be less than 1.0XX10~4.
Thus éc.n.(Pb*7) <0.08 barn everywhere in this energy
range. Similarly if Pb?*7 has about the same p-wave
strength function as we obtain in this paper for Ph8
(i.e., >~0.5X107%), the p-wave contribution due to reso-
nances in Pb? is <0.07 barn everywhere. Thus the
total resonance contribution due to Pb*7 in either
sample is <0.15 barn. Similarly, in the natural lead
sample the average contribution due to resonances in
Pb¥8 js <0.15 barn. Since the spacings and width in
Pb%6 are expected to be larger, these resonances should
not be averaged out completely and should still be
observable. This is easily seen in Figs. 4 and 5. Since
the error in our absolute cross sections is roughly 4-0.5
barn, it is not worthwhile to try to take account of this
averaged contribution (<0.3 barn for natural lead,
and <0.15 barn for compensated lead). In our analysis
here we shall therefore be interested only in the “ob-
vious” resonances at E,~352, 526, and 718 kev, and,
as we shall see later, in the ‘“hidden’” resonance at
E,=515 kev.

The resonances at 2,=352, 526, and 718 kev all
have omax greater than the theoretical maximum for
statistical weight factor g=1 and therefore cannot be
due to s-wave neutrons. The s-wave assignment is
also ruled out by the fact that s-wave resonances in
this energy region and for this large a potential scat-
tering cross section should have inverted shapes, i.e.,
large dips followed by small peaks. Similarly g=3,
and hence a d-wave nature, is ruled out because the
resonances are wide enough so that with our resolution
of ~2 kev to 4 kev we should see almost the full theo-
retical peak height. We have therefore attempted to
analyze these resonances as /=1 (g=2) resonances.

In Table IIT Column 2 we list the parameters of
these resonances as obtained by area analysis. We now
attempt to fit the observed o by varying the parameters
within the limits assigned by area analysis.

Seth et al.® find R'=9.540.2 fermis at zero energy
which corresponds to o,(I=0)=7.15 barns, at £,=2300
kev. This is much larger than required by our data, for
which we find that R'=8.740.2 fermis gives the best
fit. (This is not too disturbing since the value at zero
energy is likely to be higher if a bound s-wave level
exists close to zero energy.) Further we have assumed

2D. J. Hughes, R. L. Zimmerman, and R. E. Chrien, Phys.
Rev. Letters 1, 1518 (1958).

28 K. K. Seth, D. J. Hughes, R. L. Zimmerman, and R. C.
Garth, Phys. Rev. 110, 692 (1958).
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Fic. 6. Calculated phase shifts
for Pb208,
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that R=8.7 fermis=1.45 4} fermis, ie., R’//R=1.0
and B= (sina;’)/ (sina) =0.4,2* since these values lead
to the best fit shown in Fig. 6, and differ little from the
theoretical result (R’/R=1, 8=0.5 at E,=500 kev)
obtained by a simple square-well optical-model calcu-
lation?® with Vo= —42 Mev, £=0.03, ro=1.45 fermis.
Curves labeled (@) in Fig. 4 show attempts to fit the
data by assuming R'=8.7 fermis (independent of
energy) and only the three p-wave levels with param-
eters as listed in Table III. It is seen that the general
level of the calculated curve is higher than that indi-
cated by the data in the energy region 380 to 520 kev.
It appears that R’ itself is decreasing with energy. An
attempt was therefore made to introduce a variation
of R’ with energy in such a way as to fit the data in this
region. This called for variation of R’ from 8.7 fermis
at 300 kev to 4.7 fermis at 520 kev. This trend of R’
was extrapolated up to 740 kev and the shape elastic
scattering computed. The contribution from the p-wave
levels, as calculated above was then added to it. The
resulting fit is shown in Fig. 4, curves (). Now, while
the region up to 510 kev shows good fit, a large dis-
crepancy appears in the higher energy region. The
curves (a) and (b) considered together suggest that the
s-wave contribution does indeed fall more rapidly than
just shape-elastic scattering would predict in the region
300 kev to 520 kev, but apparently it returns to its
normal shape-elastic scattering plateau again around
700 kev. This is precisely what the presence of an
s-wave resonance in the neighborhood of 520 kev would

*qy’ is the phase shift for p-wave shape elastic or “potential”
scattering as defined by Feshbach et al. [H. Feshbach, C. E.
Porter, and V. F. Weisskopf, Phys. Rev. 96, 448 (1954)7]. It
differs from the pure hard-sphere scattering phase shift a; for
p-wave neutrons in the averaged contribution of “far away” levels.

26 H. Feshbach, C. E. Porter, and V. F. Weisskopf, Phys. Rev.
96, 448 (1954). ,

do. Because of the large potential phase shift corre-
sponding to R’=8.7 fermis, an s-wave resonance in this
region will appear as a dip in the total cross section.
A s-wave level was therefore postulated near 520 kev
and its parameters were varied until a good fit was
obtained to the natural Pb data. These parameters are
listed in Table IIT and the fit is shown in Fig. 5. As a
test of this hypothesis, without varying the parameters
further, the cross sections were computed for compen-
sated lead. The resulting fit is also shown in Fig. 5. It
is found to be quite satisfactory. From the accumulated
evidence we therefore conclude that the broad s-wave
level does indeed exist and has the parameters E
=515+15 kev, I'y>~T'= 10015 kev.

In Fig. 6 we present the phase shifts corresponding to
the fit shown in Fig. 5. Since from total cross-section
data alone it is not possible to determine the absolute
signs of the phase shifts, we have simply shown as a
function of energy the total s-wave phase shift, the
p-wave py phase shift for shape elastic scattering, and
the total ps phase shift.

DISCUSSION OF RESULTS
Carbon

The two independent methods used in the analysis
of the carbon cross sections yield results which are in
almost perfect agreement and hence lend strength to
the validity of each method. The effective-range method
yields a value of v)2/E, without any assumption about
the character of the bound levels—except that only
one level is important. Specifying the energy of this
level immediately gives v,2 but does not give the / value
for this level. The other and more empirical method of
fitting the observed cross section with a Breit-Wigner
formula requires a definite assumption about the ! value
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and therefore lead to its assignment for the bound level.
It is gratifying that the 7)* so obtained agrees well
with that obtained from the effective-range theory. By
specifying that the level responsible is at —1860 kev,
we have obtained, with these two methods, the result
that this level must have =0, and 1)\2=1.75 Mev.
Indeed we know that (d,p) stripping experimentsi:l!
show that the level has /=0. However, we find that the
reduced width of this level, according to McEllistrem’s
analysis of the (d,p) data," is 0.83 Mev. This apparent
discrepancy vanishes as soon as we realize that (d,p) re-
duced widths are very sensitive to the choice of the
radius. McEllistrem uses R=4.7 fermis compared to
our R=3.3 fermis. In terms of the Wigner limit our
result is 0:?=v2/(v2)s.,.=0.307 while the value ob-
tained from the (d,p) experiments is 6,2=0.295.

Calcium

Our results for calcium reveal a rather rapid variation
of (I',%/D) with energy. Figure 7 shows that while the
spacing remains essentially constant over the energy
region 0 to 600, T',° increases rather rapidly so that for
the first five resonances up to 230 kev (I',/D)
= (1.1£0.7) X104, for the 9 resonances up to 400 kev
(T'2/D)=(2.641.3)X 10, and for the 12 resonances
up to 630 kev (I'.%/D)=(3.441.3) X 1074, The increase
of I, with energy is usually indicative of gradually
worsening resolution resulting in a lumping together of
groups of resonances. While this can hardly affect our
conclusion about the variation of (I',%/D) with energy,
it is of importance as far as average spacing is con-
cerned. The rather constant slope of the solid line
histogram in Fig. 7 is usually interpreted as indicating
that the level resolution capability of the instrument
is constant over this energy range. It does not, however,
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F1c. 7. The solid line histogram (scale at the left) corresponds
to the total number of levels in Ca% below a given energy, and the
dashed line histogram (scale at the right) corresponds to ZI',? for

levels below a given energy. The solid and dashed curves are
drawn only to indicate the general trend of the histogram plots.
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F1c. 8. Distribution of level widths in Ca®. The histogram
shows the total number of levels with (I',%/T',%) > abscissa. The
curves pertain to calculated frequency for an exponential dis-
tribution function, exp(—I./T,%) and to the Porter-Thomas
distribution function (2#T,%/T,)~%exp(—T,0/2T,9). The Porter-
Thomas distribution gives the better agreement.

rule out the possibility that a constant fraction of
small levels are missed over the entire range because
of the resolution being equally poor at all energies. A
plot of the distribution of (I',%/T'.9) is, however, capable
of furnishing information about missing levels. Figure
8 shows such a plot. Not only does it show that no
appreciable number of small levels are being missed,
but it indicates also that the resolution is sufficiently
good so that the data differentiate between distribution
functions. The Porter-Thomas distribution?® is pre-
ferred over the exponential. The latest calculation of
Feshbach?” for the strength function at zero energy
with a rounded edge optical potential predicts a value
1.2X107% K¥ as well as Ca are found to have a value
1.1X10~* in the 0-200 kev region. It would be of
interest to determine whether the K* strength function
also shows an increase with energy like Ca%, It is found
that the required energy dependence of the Ca%
strength function can be obtained from a square well
optical model calculation. However, in these calcula-
tions it is found that (I',%/D) increases as R’ decreases.
It does not appear possible to obtain R’ relatively inde-
pendent of energy and I',’/D varying rather rapidly
with energy. It is well known though, that rounding
the potential well does decouple the variations of these
two parameters. Conceivably such calculations might
explain our empirical observation. It has also been
pointed out recently that near magic neutron and pro-
ton numbers the optical well parameters undergo sud-
den changes.?® It would perhaps be worthwhile to seek

26 C, E. Porter and R. G. Thomas, Phys. Rev. 104, 483 (1956).

21 H. Feshbach, in Nuclear Spectroscopy (Academic Press, New
York, 1960), Part B, p. 1058.

28 Atsushi Sugie, Phys. Rev. Letters 4, 286 (1960).
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an answer to our question in the shell model effects on
the optical model parameters.

Lead

It appears that the proposed explanation of the be-
havior of the Pb*® cross sections in the neighborhood
of 515 kev does indeed provide an excellent fit to the
cross sections observed. While it may be debatable
whether two levels of the same spin and parity can
exist within their half-width and still be amenable to
the usual resonance theory, there is no theoretical ob-
jection to the situation we observe in Pb28, The $-
level can certainly exist within the half-width of the
3+ level. It is true that the + level required is unusually
wide compared to the other resonances in Pb?8. How-

MITCHELL,

SETH, AND LEWIS

ever, in terms of the Wigner limit it is only about 5%
of the single-particle width. For a double magic nucleus
with very large spacing this is entirely possible.
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A. W. SunNvar
Brookhaven National Laboratory, U pton, New York

AND

P. AxerL*
Physics Department, University of Illinois, Urbana, Illinois
(Received July 5, 1960)

A revised decay scheme of the 16-minute isomer Ta8” involves three states of Tal®? at excitation energies
of 147 kev, 319 kev, and 503 kev. Transition multipolarities were classified by measuring both gamma-ray
coincidences and internal conversion electrons. The 503-kev isomeric state decays mainly (98%) by a
184-kev E3 transition to the 319-kev state. This 319-kev state decays mainly (949%) to the 147-kev state
by means of a 172-kev transition that is predominantly M'1. The 147-kev transition to the ground state is
also predominantly M1. Two of the three possible crossover transitions were observed; a 356-kev M4
transition originates at the isomeric level and a 319-kev E2 transition connects the second excited state
with the ground state.

The 147-kev and the 319-kev states are probably the first and second excited rotational states of the
ground-state configuration. The relevant rotational parameters are of particular interest because very
little is known about moments of inertia for odd-odd nuclei.

The relative probabilities were determined for pile neutron activation of the 16-minute isomer, Tal®"
and the 112-day ground state, Ta'82, If the ground-state formation cross section is taken as 21 barns, the
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corresponding value for the isomer is only 9 mb.

INTRODUCTION

HE 16-minute Ta'®?” activity was first reported
by Seren, Friedlander, and Turkel,! who meas-
ured the slow-neutron activation cross section as 3447
mb. The first preliminary energy measurement was
made by Hole,? who assigned 18047 kev to the isomeric
transition after studying the conversion electrons in a
magnetic spectrometer. The E3 classification® of the
t Work performed under the auspices of the U. S. Atomic
Energy Commission.
* Summer Visitor at Brookhaven National Laboratory, Upton,
New York, when this work was begun.
L. Seren, H. N. Iriedlander, and S. H. Turkel, Phys. Rev.
72, 888 (1947).

2N. Hole, Ark. Mat. Astron. Fysik 36A, No. 9 (1948).
3 M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951).

isomeric transition was based on the lifetime, the ratio
of internal conversion coefficients,? and the K-shell
conversion coefficient.

We first re-examined the decay of 16-minute Ta!s?=
to search for a direct beta-decay branch to W82 the
daughter of the beta-decaying 112-day ground state,
Ta'®2, (No 16 minute beta branch was ever found. The
experiments would have been quite sensitive to high-
energy beta rays from Ta!®™ to levels near the ground
state of W82, but it is difficult to estimate the sensitivity
to low-energy beta rays.)

During these measurements, our coincidence scintil-
lation studies uncovered two cascade gamma rays with

4+ A. W. Sunyar, Phys. Rev. 83, 864 (1951).



