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ginal case in which the equality sign holds in Eq. (3.41).

11An explanation of why a less stringent set of necessary
conditions was previously obtained is given in Ref. 3(e),
where the more stringent set is proved.

2The assertion in the treatise by Blatt and Weisskopf
[Ref. 2, p. 150, after Eq. (4.40)] is actually incorrect
on two accounts. The Wigner proof (Ref. 1) does not
consider the most general mixture of exchange forces,
and therefore it does not purport to provide any informa-
tion for that case. Further, the set of conditions given
is not sufficient for saturation.

13Here we use the assumption that the potential func-
tions are finite (nondivergent) at zero separation.

14The discussion given in preceding papers (Ref. 6)
can be extended without change to our case.

I5Even if all the other potentials were characterized by
hard cores, in this case there would be no saturation
(unless all the potentials are everywhere attractive, in

|on

which case of course there is no binding whatsoever).
This conclusion is implied by Theorem 1 of Ref. 3(a) [see
also Ref. 3(e)].

16The possibility of combining the different conditions
follows trivially from their proofs.

17Even if these classes are:-enlarged according to the
prescription mentioned in the last part of the statement
of the Theorem.

18This is. of course by no means a realistic potential.
In this connection, however, the possible usefulness of
testing separate pieces of the nuclear force as regards
their compatibility with saturation should be reemphasized
[see Sec. 1 of this paper, and Refs. 3(c)-3(e)].

13Many potentials belong to this class, for instance the
sum of two Yukawa or of two Gaussian functions (if the
longer-range term is attractive).

20Except for their ordering, which in Eq. (3.42) has
been chosen to correspond to the ‘traditional’’ one (Ref. 2).
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Angular distributions of neutrons elastically scattered from natural carbon have been mea-
sured at 32 neutron energies between 3 and 7 MeV with energy spreads ranging from 37 to
165 keV. The angular distributions of neutrons inelastically scattered from 2C have also
been measured at the nine highest neutron energies. A phase-shift analysis of the elastic
scattering cross sections yields the following spin and parity assignments for the excited
states of 3C (E,,J): 8.3 MeV, £; 8.88 MeV, 17; 9.50 MeV, (&, 2)7; 9.90 MeV, 37; 10.75

MeV, 5 ; 11.00 MeV, ().

Neutron polarizations calculated from the extracted phase shifts

agree fairly well with most of the available polarization measurements. A polarization con-
tour map is given showing that carbon may be useful as a polarization analyzer between 4.5

and 7 MeV.

I. INTRODUCTION

Measurements at many laboratories'~® of the
2C + n total cross section in the energy range from
3.0 to 7.0 MeV reveal resonances at neutron bom-
barding energies of 3.5, 4.23, 4.93, 5.37, 6.29,
and 6.6 MeV. These resonances correspond to ex-
cited states of '3C with excitation energies E, of
8.3, 8.86, 9.50, 9.90, 10.75, and 11.0 MeV, re-
spectively. Differential cross sections for the
elastic scattering of neutrons from '2C have been
measured and analyzed in the energy range from
2.4 to 3.65 MeV by Meier, Scherrer, and Trumpy
(MST)% from 1.5 to 4.1 MeV by Wills et al.”; and
from 3.0 to 4.7 MeV by Lister and Sayres.®

Since the ground-state spin of *C is 0¥, the chan-
nel spin has only the value S=3%, which simplifies
the problem of performing the phase-shift analysis
of differential cross sections. Analyses of these

cross sections by the above three groups®~® show
reasonable agreement with each other in the re-
gions of overlap of bombarding energy and give a
relatively consistent set of phase shifts for the
whole energy range of the measurements. It is
found from these analyses that the very broad lev-
el at E, =8.3 MeV in '3C has a spin and parity of
2*. An assignment of 3~ for the level at 8.9 MeV
is given by Lister and Sayres.? From the total-
cross-section measurements of Fossan et al.,!
spin limitations have been placed on the excited
states between 9- and 11-MeV excitation as fol-
lows: E, =9.50 MeV, J>3; E, =9.90 MeV, J=>3;
E, =10.75 MeV, J=> 7.

Very recently Perey and Kinney® have reported
2C(n, n)**C angular distributions measured at
eight bombarding energies between 4.6 and 7.0
MeV. Angular distributions of *C(n, 7)*C have
also been measured with good energy resolution
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at single bombarding energies in the energy range
E,=4-T7 MeV by Walt and Beyster,'® Hill,'! and
Braley and Cook,? and with poor energy resolu-
tion by Beyster, Walt, and Salmi.'®* There are
also some unpublished measurements at these en-
ergies.! None of these measurements have been
subjected to phase-shift analysis.

In the present work, 32 elastic and 9 inelastic
angular distributions in the energy range from 3.0
to 6.9 MeV have been measured, and a phase-shift
analysis of the elastic data has been carried out.
Complex phase shifts were used above a neutron
bombarding energy of 4.8 MeV, the threshold for
inelastic scattering. Level parameters derived
from the analysis are presented, as well as polar-
izations calculated from the derived phase shifts.
The work reported here confirms earlier results
below 4.5 MeV and gives J" assignments for sev-
eral resonances between 4.5 and 7 MeV.

II. EXPERIMENT

A. Apparatus

Time-of-flight techniques were used to collect
data for the neutron cross sections.'®> Neutrons
with energies between 3.0 and 5.5 MeV were ob-
tained from the T(p, n)°He reaction, and between
5.5 and 7.0 MeV from the D(d, n)*He reaction.

Gas targets were used for both reactions. Target
assemblies for both tritium and deuterium con-
sisted of a tantalum-lined gas cell 3.0 cm long by
0.9 cm in diameter with a thin entrance foil. For
measurements where the resulting neutron energy
spread could be tolerated, the gas cells were op-
erated at 1 atm pressure and the foil was 0.000 76-
cm-thick molybdenum. For cases requiring inci-
dent neutrons with less energy spread, gas pres-
sures down to 0.3 atm and foils as thin as 0.000 13
cm nickel were used. Terminal-pulsed proton and
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FIG. 1. Apparatus used in '2C +7 experiment including
neutron source, scattering sample, detector shielding,
and neutron detector.

deuteron beams were obtained from the University
of Kentucky HVEC model CN Van de Graaff accel-
erator. For most of the data taken at neutron en-
ergies above 5.5 MeV, a post-acceleration Mobley
bunching system was used which gave a pulse dura-
tion of less than 1 nsec.!® The improved signal-to-
background ratio due to the bunching helped to
overcome the increase in background at the higher
neutron energies.

The neutron detector consisted of an organic lig-
uid scintillator 10 cm in diameter by 5 cm thick,
optically connected by a silicon fluid to an Amper-
ex 58 AVP photomultiplier tube. A fast-timing sig-
nal, a linear signal, and a pulse-shape-discrimi-
nation (PSD) signal were taken from the neutron
detector. The PSD circuit was based on the meth-
od of Batchelor.’® Timing was done by a fast-elec-
tronics system made up of standard modules. The
signal from the time-to-amplitude converter was
fed to a multichannel analyzer which recorded the
time spectra. The analyzer was gated by pulses
generated by a coincidence between the linear and
PSD signals of the neutron detector. With this ar-
rangement, the detector had a threshold of 0.5-
MeV neutron energy with a y-ray rejection of bet-
ter than 90%.
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FIG. 2. Time spectrum of 6.29-MeV neutrons scat-
tered from carbon, both before and after subtraction
of the sample-out background. The flight path was 1.7 m
and the time calibration was 0.51 nsec/channel.
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The neutron detector was placed inside a 1.0-m-
diam shield of paraffin, lithium carbonate, and
lead (see Fig. 1) which could be rotated from an
angle of 8, =-100°to 6, =+155°. The distance be-
tween the carbon scatterer and detector was typi-
cally 170 cm. A tungsten wedge near the neutron
source was adjustable to maximize the neutron at-
tenuation between the source and the detector.

A second neutron time-of-flight detector, situat-
ed 1.0 m above the source of neutrons, served to
monitor the neutron flux. It consisted of a Dumont
6467 photomultiplier tube and a Pilot B plastic
scintillator. Fast-timing output signals were fed
into a time-to-amplitude converter whose output
went to a single-channel analyzer. The analyzer
window was set on the neutron peak in the time
spectrum, and a scaler counted the output pulses
of the single-channel analyzer, giving a measure
of the number of neutrons incident on the scatterer.

B. Experimental Procedure

The carbon scatterer used to measure the differ-
ential cross sections was made of reactor-grade
graphite obtained from Oak Ridge National Labora-
tory.!” It was a cylinder 0.892 cm in diameter by
2.57 em long, and had a mass of 2.651 g. A thin
nylon monofilament thread was used to support the
carbon sample 9.0 cm from the center of the gas
target cell.

A typical time spectrum taken at a neutron ener-
gy of 6.29 MeV with a bunched beam is shown in
Fig. 2 before and after background subtraction.
Data for the angular distributions were taken at
10° intervals between 20 and 150°, though in some
cases the measurements extended to 15 and 155°.

The energy calibration of the charged-particle
beam was known to +0.01 MeV. Narrow resonances
in the '2C total cross section at laboratory energies
of 4.933+0.003, 5.369+0.003, 6.293+0.003, and
6.56 MeV have widths I' ,,, of <5.5, 28+3, 574,
and 40+ 4 keV, respectively.® For scattering mea-
surements at energies near these resonances the
mean energy of the incident neutrons was always
accurately determined relative to the resonance
maximum or minimum in the total cross section
curve by first performing a transmission measure-
ment using Union Carbide grade AUC high-purity
graphite. The field of the analyzing magnet was
then increased or decreased a small amount to
reach the scattering energy. It was determined
that hysteresis did not affect the energy calibration
when the magnetic field was reduced by the neces-
sary amounts. Three different transmission sam-
ple sizes were used (4.8, 8.0, and 18 cm long)
which gave approximately 70, 50, and 20% trans-
mission, respectively. Mean incident neutron en-

ergies were determined in this way to 5 keV with
respect to the resonance energies of the total
cross section.

To obtain absolute differential cross sections,
the number of neutrons scattered at 40° by both
carbon and hydrogen were measured and then nor-
malized to the known zn-p cross section.'® For an-
gular distributions taken at all energies except
4,15, 4.25, 4.45, and 4.64 MeV a polyethylene cyl-
inder 0.488 cm in diameter by 2.54 cm high and
weighing 0.4415 g was used as the hydrogen scat-
terer. Approximately 10000 counts were accumu-
lated at each bombarding energy in the group of
neutrons scattered by hydrogen, which was gener-
ally well resolved from the group scattered by car-
bon. For angular distributions at the above four
energies and H,0 scattering sample of approxi-
mately 2 g was used. A thin-walled plastic vial
contained the H,0.

The relative efficiency of the neutron detector
over the energy range of interest was measured 6
times during the course of this experiment, and
checked a number of times. On most occasions
this was done by measuring the angular distribu-
tions at several energies and measuring the 0° ex-
citation functions of the reactions T(p, n)*He and
D(d, n)®He. However, on two occasions the relative
efficiency was determined wholly or in part from a
measurement of the angular distribution of n-p
scattering from polyethylene cylinders of 5 mm
diam or less. The efficiency curves obtained by
the two methods were quite consistent with each
other. A current integrator was used as a monitor
for the efficiency calibration. The errors in the
efficiency -curve data points were calculated to be
4.5% in the energy region between 2 and 5.8 MeV,
and were somewhat larger at lower and higher en-
ergies. The effect of this uncertainty on the mea-
sured cross sections is discussed in Sec. IID.

C. Data Reduction

The elastic differential cross sections were cor-
rected for dead time in the counting electronics,
angular spread, flux attenuation, and multiple scat-
tering. The angular spread was <5% which led to
a correction <1%.

Flux-attenuation corrections were made using
the method of Cranberg and Levin.'® They ranged
between 3 and 8% for the scattering yields from
carbon and were from 3 to 6% for the n-p scatter-
ing normalization points.

The method used for making the multiple-scat-
tering corrections was first developed for neutrons
by Blok and Jonker,?° and has been applied to neu-
tron scattering by Walt and Barschall,?! MST,®
Wills et al.,” and more recently by Reber.?? In the
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TABLE I. Differential cross sections ¢(6) of neutrons elastically scattered from carbon for E,=3.03—4.15 MeV. The
errors are rms absolute errors. The rms relative errors can be determined by unfolding the following systematic er-
rors: E,=3.03-5.15 MeV, Ao =5%; E,=5.324-6.00 MeV, Aosys=6%; E,=6.25-6.94 MeV, Aoy, =7%. The uncertainty
in scattering angle is estimategsto be +0.5°. Both § and o(6) are in the center-of-mass system. All cross sections are
in mb/sr.

E, 3.03 MeV 3.25 MeV 346 MeV 3.67 MeV 3.86 MeV 4.075 MeV 4.15 MeV
AE, 80 keV 80 keV 80 keV 75 keV 75 keV 75 keV 70 keV
0°

16.3 203 =13 350 +22 606 +39 717 +46 526 +34 437 27 386 +25
21.6 209 +13 345 21 543 35 575 +36 502 +32 380 +23 363 +23
27.0 184 12 332 22
324 170 11 308 18 438 27 437 +27 392 +26 284 17 260 =17
43.1 144 +9.3 257 x16 327 x20 319 19 253 +17 185 =+11 192 £13
53.7 113 x7.2 184 11 220 +13 192 12 148 +9.5 108 +6.6 123 +7.6
64.2 95.0+6.1 103 +6.3 110 7.1 102 +6.6 81.2+5.8 70.8+4.3 92.4+6.0
74.5 75.1+4.8 48.7+3.0 42.3+3.7 43.0+3.1 51.5+3.6 57.1+3.5 80.9+5.2
84,7 68.3+4.4 13.1+1.2 8.2+0.8 21.7+£2.5 43.6+3.1 59.4+3.6 85.9+5.6
94.8 70.9+4.5 11.3+1.3 5.2+0.9 32028 54.9+4.0 71.9+4 4 84.3+5.6
104.7 79.6+5.1 51.4+34 45.56+3.3 66.3+4.7 81.8+5.3 90.0+5.5 101 +6.5
114.5 99.2+6.3 104 +6.4 116 +8.2 115 +£17.3 116 +7.2 109 +6.7 104 6.7
124.2 120 7.7 176 11 211 +13 180 =11 163 =+10 142 +8.5 125 +8.0
133.7 139 +9.0 247 15 301 =19 272 17 204 15 176 11 149 9.5
143.1 158 +10 323 +20 394 +24 338 =21 264 +16 217 +13 191 =12
152 4 165 11 369 +22 477 29 427 +28 324 +23 262 +16 236 +15

157.0 163 11 402 24 455 +29 351 +25 275 £17

TABLE II. Differential cross sections ¢(6) of neutrons elastically scattered from carbon for E,=4.25-4.91 MeV. The
errors are rms absolute errors. The rms relative errors can be determined by unfolding the following systematic er-
rors: E,=3.03-5.15 MeV, Aaws =5%; E,=5.324-6.00 MeV, Aaws=6%; E,=6.25-6.94 MeV, Aogys=7%. The uncertainty
in scattering angle is estimated to be +0.5°. Both ¢ and ¢(6) are in the center-of-mass system. All cross sections are
in mb/sr.

E, 4.25 MeV 4.35 MeV 4.45 MeV 4.55 MeV 4.64 MeV 4.73 MeV 4.91 MeV

AE, 70 keV 60 keV 65 keV 65 keV 65 keV 80 keV 37 kev

6°

16.3 490 +35 644 41 535 +32 497 +30 435 =27 339 26 313 20
21.6 475 +34 638 +38 498 +30 474 £29 400 25 329 25 301 +19
27.0 434 31 454 +28 343 22

324 390 +28 479 +29 425 25 336 21 327 £20 275 +19 239 16
37.8 259 x16

43.1 310 +22 358 +22 298 +18 250 <15 218 14 200 =13 163 +9.8
53.7 228 +16 233 15 208 +13 164 +9.9 163 +10 121 +8.0 115 +£7.2
62 .4 176 +13 181 12 148 +8.9 120 +7.8 104 +6.6 93.7+64 81.5+6.0
74.5 140 =10 137 £9.7 125 +7.4 90.4+5.8 84.5+5.3 75.2x5.1 71.8+4.7
84.7 126 +9.0 119 +9.3 106 6.8 96.6+6.3 90.4+5.6 78.7+5.3 73.7+5.1
94.8 111 £7.9 105 x7.5 97.8+6.2 94.9x5.7 97.0+5.9 76.9+4.9 85.0+5.3
104.7 95.7+6.8 81.8+5.9 97.0+5.9 92.5+5.5 90.6+5.5 80.4+4.8 88.6+5.5
114 .5 92.6+6.6 71.8+4.7 84.3+5.2 83.7+5.1 93.4+5.8 74.8+4.6 79.9+5.0
124 .2 75.8+5.4 48.5+3.9 67.7+4.1 69.6+4.3 74.8+4.6 65.3+4.0 66.0+4.5
133.7 69.5+4.9 43.1+3.1 59.4+3.6 65.8+4.2 61.9+4.0 54.6+3.6 56.4+3.6
143.1 91.8+6.5 43.3+3.5 56.5+3.5 55.6+4.0 64.4+5.1 51.6+3.5 51.3+3.3
152 4 128 +9.0 61.9+3.7 62.0+4.9 54.3+4.8 51.7+3.5 56.0+3.6

157.0 56.3+4.9 66.3+5.3
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TABLE III. Differential cross sections ¢(6) of neutrons elastically scattered from carbon for E,=4.933—-5.361 MeV.
The errors are rms absolute errors. The rms relative errors can be determined by unfolding the following systematic
errors: E,=3.03-5.15 MeV, Aosys=5%; E,=5.324—-6.00 MeV, Aosys=6%; E,=6.25—-6.94 MeV, Aosys=7%' The uncertain-
ty in scattering angle is estimated to be +0.5°. Both 6 and ¢(6) are in the center-of-mass system. All cross sections
are in mb/sr.

E, 4.933MeV? 5,05 MeV 5.15 MeV 5.324 MeVP 5.348 MeVP 5,361 MeV?P
AE, 35 keV 70 keV 70 keV 37 keV 37 keV 37 keV
0°

16.3 261 222 282 121 168 +15
21.6 321 223 266 +20 246 +17 170 14 208 +17 351 +31
324 219 19 199 =15 219 215 143 11 179 +15 311 +26
43.1 155 +14 153 10 144 +9.1 103 £7.5 138 +11 216 17
53.7 109 9.7 106 +7.4 101 6.4 81.0+6.0 106 +7.6 153 +11
64.2 87.9+9.1 77.1+5.4 69.914.6 75.8+5.5 90.1+6.7 104 18.1
74.5 73.5+7.9 63.8+4.5 63.324.2 67.1+£5.0 83.5+6.1 86.516.6
84.7 76.7+17.8 70.7+4.5 68.3+4.5 62.214.5 79.7+5.7 78.3+6.0
94.8 88.0+8.7 76.95.5 77.8+4.9 62.9:4.5 75.6+5.4 75.8+5.6
104.7 93.419.7 82.7+4.9 82.0+5.1 57.5+4.1 62.4+4.7 69.415.0
114.5 87.5+9.0 79.6 5.1 76.4+4.9 53.7+4.0 52.5+3.8 63.2+4.6
124.2 80.9+8.6 68.9+4.4 674443 38.7+3.1 38.2+2.6 51.8+3.9
133.7 67.427.3 59.4%4.0 59.2+3.9 31.7+2.8 30424 414134
143.1 59.4 1 6.4 48.7+3.3 49.5:+3.3 28.9+2.6 37.2+2.8 39.213.2
150.8 40.1:3.1
152.4 59.316.3 52.2+3.4 49.3:3.3 52.6+3.7 44.3:3.8
154 .4 51.1+4.7

2 Energy measured relative to an assumed resonance energy of 4.933 MeV with an error of +5 keV.
b Energy measured relative to an assumed resonance energy of 5.369 MeV with an error of +5 keV.

TABLE IV. Differential cross sections o(6) of neutrons elastically scattered from carbon for E,=5.377—6.250 MeV.
The errors are rms absolute errors. The rms relative errors can be determined by unfolding the following systematic
errors: E,=3.03-5.15 MeV, Aoy, =5%; E,=5.324—6.00 MeV, A0y, =6%; E,=6.25-6.94 MeV, Aoy =7%. The uncertain-
ty in scattering angle is estimated to be +0.5°, Both ¢ and o(9) are in the center-of-mass system. All cross sections
are in mb/sr.

E, 5.377 MeV 2 5.47 MeV 5.57 MeV 5.78 MeV 6.00 MeV 6.250 MeV ®

AE, 37 kev 40 keV 165 keV 155 keV 145 keV 60 keV
60
16.3 378 +30
21.6 375 +29 209 +17 272 121 229 121 186 +17 325 +27
324 303 122 190 +14 227 +19 163 +14 157 +13 206 +18
43.1 219 16 119 +9.0 151 +11 117 +£9.2 113 8.4 123 +11
53.1 126 +9.2 73.4+5.3 97.6+7.3 71.7+5.6 62.3+4.5 60.8 + 6.8
64 .2 88.9+6.7 49.8+4.4 57.9+4.7 44.8+3.8 43.6+3.8 24,7+3.3
74.5 60.5+4.6 36.5+2.8 42.91+3.6 31.8+2.8 28.8+2.2 18.0+2.9
84.7 61.9+4.6 47.5+£3.7 50.1+3.6 37.8+3.0 36.1+3.0 40.2+4.8
94.8 70.3+5.0 58.0+4.1 63.4+4.8 52.4+4.0 49.1+34 58.2+6.8
104.7 81.2+5.6 70.5+4.9 774+5.5 60.9+4.2 60.6 +4.3 114 +9.7
114.5 78.8+5.6 77.0+5.3 76.8+5.5 67.0+4.7 66.8+4.6 122 +9.9
124.2 73.6+5.1 66.7+4.9 72.6+5.3 64,2+4.5 61.7+4.3 123 +9.9
133.7 57.9+4.2 52.3+3.7 65.5+4.8 50.3+3.6 53.8+3.7 92.6+8.0
143.1 47.7+3.2 46.1+3.6 49.2+3.7 43.1+3.0 44.4+3.2 53.4+5.8
152 4 39.8+3.1 38.7+3.1 41.5+3.2 37.7+2.7 39.2+2.9 41.7+4.6

2 Energy measured relative to an assumed resonance energy of 5.369 MeV with an error of +5 keV.,
b Energy measured relative to an assumed resonance energy of 6.293 MeV with an error of +5 keV,
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TABLE V. Differential cross sections ¢(6) of neutrons elastically scattered from carbon for E,=6.291-6.94 MeV.
The errors are rms absolute errors. The rms relative errors can be determined by unfolding the following systematic
errors: E,=3.03-5.15 MeV, Aasys=5%; E,=5.324—6.00 MeV, Aoy =6%; E,=6.25—6.94 MeV, Aoy =7%. The uncertain-
ty in scattering angle is estimated to be +0.5°. Both ¢ and o(6) are in the center-of-mass system. All cross sections

are in mb/sr.

E, 6.291 MeV 2 6.333 MeV 2 6.523 MeV 2 6.563 MeV 2 6.606 MeV? 6.94 MeV
AE, 60 keV 60 keV 60 keV 60 keV 60 keV 130 keV
6°
21.6 608 +48 495 +38 250 +20 262 +22 164 +14
324 296 23 308 25 174 +14 180 +15 89 10 90.8+8.7
43.1 95.0+8.0 107 +9.6 92.9x7.8 86.2+9.0 493144 68.1+5.8
53.7 31.9+3.6 33.2+5.5 478+4.6 40.9+4.9 25.5+3.1 44.7+4.0
64.2 43.5+3.9 44.5+4.1 364+4.3 27.3+3.6 20.8+2.3 34.8+2.9
4.5 74.4+6.1 71.9+7.9 30.9+3.3 26.9+3.3 36.7+3.1
84.7 111 +8.7 99.3+7.6 33.3+3.5 32.8+3.8 39.7+3.9 41.2+3.2
M8 145 11 87.6+7.8 38.8+3.8 43.8+4.9 46.3+4.8 49.6+4.1
104.7 163 +13 77.7+6.0 36.7+3.7 34.5+3.8 39.6+3.9 51.56+4.1
114.5 188 +15 67.7+£6.6 30.3+3.0 24.0+2.8 49.7+4.2
124 .2 157 +12 75.2+5.8 24.9+2.9 22.1+2.7 25427 41.1+3.2
133.7 125 +9.6 76.6+7.2 28.0+2.9 21.0+2.6 174+2.0 28.9+2.8
143.1 111 +8.7 84.9+6.7 32.0+3.1 23.0+2.7 204+2.3 23.8+2.0
1524 110 +8.7 95 13 15.8+1.9 19.3+1.8
154.2 40.0+3.6 27.9+3.1

2 Energy measured relative to an assumed resonance energy of 6.293 MeV with an error of +5 keV.

formula used to calculate the fraction of detected
neutrons that have been scattered only once, the
above researchers made the approximation o,(E)
=07(E,), where oy is the total cross section, E, is
the incident energy, and E is the neutron energy
after scattering through an angle 6. In the present
work the actual dependence of the total cross sec-
tion on neutron energy, and hence on scattering
angle, was introduced because of the large varia-
tion with energy in the vicinity of the resonances
studied. Multiple-scattering corrections were gen-
erally less than 5%, the main exceptions being a
few cross sections near 90° at 3.25, 3.46, and
3.67 MeV where the corrections were 20 to 75%.
These cross sections were changing rapidly with
angle and approaching zero near 90°.

The n-p total cross section values used for
cross-section normalization were calculated with
Gammel’s semiempirical formula.® This formula
reproduces precision n-p cross-section measure-
ments in the energy range 0.1 to 20 MeV with an
accuracy of better than 1%.

The differential cross sections for elastic scat-
tering are given in Table I-V and are also shown
in Figs. 3-7, along with the total cross section®
in the corresponding energy region. The absolute
errors (see Sec. IID) are plotted. The angular dis-
tributions for elastic scattering have been fitted by
series of Legendre polynomials:

o(E, 6)=3 B.(E)P(cosb),
T

using a least-squares criterion of goodness of fit.
The expansion coefficients are tabulated in Table
VI. Inelastic differential cross sections for the
reaction ?C(n, n)'?C},, were corrected for dead
time and flux attenuation. The inelastic cross sec-
tions are given in Tables VII and VIII and are
shown in Fig. 8. The solid curves are least-
squares Lengendre-polynomial fits whose polyno-
mial coefficients and uncertainties are listed in
Table IX.

For each angular-distribution measurement the
energy distribution of the neutrons incident upon
the scatterer was calculated in a three-step pro-
cess, taking into account the energy spread due to
straggling in entrance foil and target gas, and the
kinematic spread due to the finite size of the scat-
terer. The procedure is described in detail else-
where.?® The full width at half maximum (FWHM)
of the energy distributions ranged from 35 to 165
keV, and the values are listed in Tables I-V and
VII and VIII.

D. Errors

The following individual errors contributed to
the rms errors in the cross sections. All errors
are given as standard deviations (S.D.):

(1) Neutron monitor counts. S.D. < 1%.

(2) Error in carbon scattering yield including
statistics and uncertainty in background subtrac-
tion. 2% <S.D.<12%.

(3) Error in the angular-distribution shape due to
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the uncertainty in the energy dependence of the de-
tector efficiency. S.D.=2%.

(4) Multiple-scattering correction, S.D.<1%, ex-
cept for a few points near 90° where S.D.<15%
(see Sec. IIC and below).

(5) Error in n-p scattering yield, including sta-
tistics and uncertainty in background subtraction.
S.D.=3.5%.

(6) Error in the normalization of the cross-sec-
tion magnitudes due to the uncertainty in the ener-
gy dependence of the efficiency. S.D.=3 to 6%.

(7) Flux-attenuation correction. 0.4<S.D.<1.1%.
(8) n-p total cross section. S.D.<1%.

The angular-resolution correction and the weights
of the carbon and polyethylene scattering samples
were assumed to be known exactly, since each had
an S.D.<0.2%. Items (1)—(4) in the above list com-
bine to give the relative error in each data point
in a given angular distribution, while items (5)—(8)
determine the probably range of any systematic
error in the absolute magnitude of the cross sec-
tions. All eight error contributions combined give
the absolute rms errors in the cross sections.

For bombarding energies up to and including
4.15 MeV the absolute error (S.D.) in the individual
data points of the elastic cross sections is smaller
than 6.5%, except for data points around 90° for
bombarding energies of 3.25, 3.46, 3.67, and 3.86
MeV where there were large multiple-scattering
corrections and the absolute error ranged up to
17%. From 4.25 to 5.15 MeV, the absolute error
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FIG. 5. Angular distributions of neutrons elastically
scattered from carbon in the region of the 4.95-MeV
resonance. (See caption of Fig. 3 for other information.)
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on most of the data points is still less than 6.5%,
but in many of the angular distributions there are
a few data points with errors ranging from 7 to 9%.
The angular distribution at 4.933 MeV has errors
of about 10% except at forward angles, because of
poor counting statistics. Between 5.32 and 6.00
MeV, the absolute error ranges from 7 to 9%. At
6.25-MeV bombarding energy and above the abso-
lute errors mostly range from 7 to 11%, with an
occasional error as large as 15%. The gradual
change in accuracy is due to decreasing cross
sections and increasing background.

The angle-integrated cross sections (see Fig. 16)
are, on the average, systematically higher than
published total cross sections by amounts increas-
ing from 3 to 7% with increasing energy. The nor-
malizations of the cross sections at 21 of the bom-
barding energies scattered throughout the whole
energy range were checked by remeasurement.
The reproducibility of these checks, as well as
the agreement of the angle-integrated cross sec-
tions with the published total cross sections, in-
dicates that the magnitude of the cross sections
reported here is correct to within + 5% up to 5.2
MeV and +7% at the higher energies. The scat-
tering-angle error is +0.5°,

Items (1)-(3) and (5)-(8) were used to calculate
the S.D.’s of the inelastic cross sections. The un-
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FIG. 6. Angular distributions of neutrons elastically
scattered from carbon in the region of the 5.35-MeV
resonance. (See caption of Fig. 3 for other information.)

certainty in the elastic cross section due to errors
in the detector efficiency curve at energies cor-
responding to inelastically scattered neutrons
ranged from 6 to 11% for the angular distributions
at 6.250, 6.291, 6.330, 6.523, 6.563, and 6.606
MeV, and 20 to 50% at 5.78, 6.00, and 6.94 MeV.
Multiple-scattering and angular-resolution correc-
tions were not attempted, and the corresponding
errors were neglected.

II1. PHASE SHIFTS
A. Analysis
The center-of-mass differential cross section

for the scattering of neutrons from spin-zero nu-
clei can be written as®*

o(6) =R*(| 1|2 +1£:|?), L
where

fc=f)P,(cos9)[(l+1)e"6;(sin6;’+ le'% siny], (2)
1=0

fi =sian)P,’(cosG)(e"‘STsinéf— e*% sing;), (3)
=0
and 6%=6(l,J =1+ 3) is the phase shift of the par-
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FIG. 7. Angular distributions of neutrons elastically
scattered from carbon in the region of the 6.29- and
6.56-MeV resonances. (See caption of Fig. 3 for other
information.)
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tial wave of total angular momentum J=[+3. Oth-
er quantities in Eqs. (2) and (3) are:

P,(cos6) = Legendre polynomial of order I,
P,'(cos6) =dP,(cos6)/d( cosb),
X=h/uwv,

where p is the reduced mass of the system and v
is the relative velocity.

When only the elastic scattering channel is open,
the phase shift can be expressed as the sum of two
real quantities®®

67=057 =¢7+87, 4)

where ¢7 is the contribution from potential scat-
tering [sometimes assumed to be hard-sphere
scattering; i.e., ¢,=-tan™'(F,/G,) where F, and
G, are regular and irregular solutions of the ra-
dial wave equation] and 87 is due to scattering

5

from compound-nucleus resonances. In an energy
region where there is only one resonance of a
given [ and J it is usual to make the single-level
approximation®® for g;:

I‘H =tan"[

ry ]
2Ez-E)|’

(5)

where I'{ is the total resonance width, E, is the
resonance energy, and E is the neutron bombard-
ing energy. The energy dependence of the level
shift and the width were neglected, since all lev-
els to which Eq. (5) was applied were relatively
narrow.
If nonelastic channels are open, the phase shifts
become complex quantities; i.e.,

6y=A7+1dv] .

Approximate expressions for the real part of the

phase shift Aj and the damping parameter AJ=¢

2!

TABLE VI. Legendre-polynomial coefficients from least-squares fits to elastic scattering data in Tables I-V. The
expansion is given by ¢(6) =Z}BLPL (cos@). The BL’s are in mb/sr; energies are in MeV, The uncertainties in the co-
efficients were determined from the relative errors in the cross sections.

E, B, By B, B, B, Bs By B
3,03 114.5:1.2 3.37+2.4 87.3+3.0 14.1+3.5 -8.1+4.3

3.25 1644x1.7 -20.3 4.1  280.1:4.9 -11.2:4.1  —42.7+5.0

3.46  207.6£2.7 43 £6.7  406.7+8.7 27.8+10.6  —6.0+7.4 22.4+7.6

3.67  203.1:x2.4 29.6 £5.7  388.8+7.4 57.6+6.1 41.127.1

386  175.4:2.1 326 +5.0  295.116.6 74.2+5.6 55.5+6.5

4075 147.2:1.4 101 £3.1  206.2:4.0 59.5+3.8 58.7+4 .4

415  148.2:1.7 234 +£3.8  172.2:5.3 40.8+5.3 64.5+6.1

425 169.8:2.5 1497 £5.1  147.4+6.5 36.3+8.0 57.148.2 —26.4:9.2

435 170.3+2.0  229.6 +4.1  1734:5.4  101.9:5.6 68.3+5.2

445 154.9:1.4 1770 +3.0  138.9+3.7 92.6+3.9 53.5:4.0

4,55 136.6+1.4  143.6 2.9  128.3:3.8  102.5:3.9 58.6+3.9

4.64 1268212 1234 2.5  105.2:34 97.5+3.6 46.114.2

473  108.1:1.4 1024 3.1 89.5+4.1 78.7+4.0 39.9+3.9

4.91  103.1:1.1 81.7 +2.3 74.8+2.9 69.9+3.6 40.0+3.7 -14.6:4.1

493 106,724 79.2 +4.4 74.5+6.2 83.5+7.1 41.3:8.1

5.05 94.8:1.3 68.5 +2.8 60.8 +3.6 61.4:4.3 25.5+4.2 —16.1+4.4

5.15 92.9:1.1 68.6 +2.4 62.6+3.1 68.1+3.7 30.1+3.7 —10.3:4.1

5.324  71.3:0.9 48.6 +1.9 34.8+2.7 16.6+3.0 33.4+3.6 —10.0+3.4 13.0:3.9
5.348  86.1:1.3 68.8 +2.9 45.0+3.7 16.3+4 .4 38.6+4.1 —11.1:4.1

5.361 112.7+2.0  127.4 4.9  100.8+6.3 67.5+17.3 37.2+6.2 -9.0+5.7

5.377 109.6+1.4 1150 +3.1  106.4:3.9  100.5:4.6 25.0+4.3 -13.6:4.3

5.47 754+1.0 52.2 +2.5 58.5+3.1 73.3+3.8 17.9+34  -16.1+3.5

5.57 88.7+1.3 73.0 3.1 78.1+4.0 88.7+4.7 177242 —12.1:4.4

5.78 70.3+1.3 52.1 +3.4 62.1+4.3 70.5+5.0 14.2+4.4  -12.924.1

6.00 66.3+1.1 42.8 3.0 55.9+3.8 65.5+4 .4 108+3.8 —13.1:3.7

6.25 93.0+1.7 49.6 +3.5 92.145.6  157.6+5.8 38.2+7.5 -8.946.5 32.5+7.5
629  156.0:1.9 74.2 £54  163.4+6.9  264.6:9.7  208.9+8.1 85.2+9.9 81.6+7.4 15.6+8.5
6.33  116.3:2.1 91.1 6.0  156.6+8.1  154.7+11.3 168.4:10.3  77.7+11.5 14.748.0 —20.1+8.5
6.52 58.3+0.9 64.5 £2.0 83.1+2.6 67.2£3.2 55.9+ 3.1 13.5+3.2

6.56 55.3+1.2 71.6 +2.7 84.6+3.5 79.824.2 65.3+4.1 19.3:4.1

6.61 42.110.9 38.2 £2.0 34.0+2.5 55.0 £2.9 48.3+3.1 14.5+3.7

6.94 48.3+1.0 29.1 +2.6 17.2+3.3 39.33.9 16.7+3.3 —-6.6+3.3
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TABLE VII. Differential cross sections of neutrons inelastically scattered from !’C for E,=5.78-6.333 MeV. The
errors are rms absolute errors. Because of the larger contribution to the errors from the uncertainty in the detector
efficiency, the relative error cannot be separated from the absolute error. The uncertainty in scattering angle is esti-
mated to be +0.5°. Both 9 and ¢(@) are in the center-of-mass system. All cross sections are in mb/sr.

E, 5.78 MeV 6.00 MeV 6.250 MeV 2 6.291 MeV 2 6.333 MeV 2
AE, 155 keV 145 keV 60 keV 60 keV 60 keV

0° a(6) 0° () 0° o(6) 6° a(6) 0° a(9)

24.1 28+ 9 23.7 26+7 234 47.5+6.2 234 41.8+4.9 234 24.3+2.8

35.9 25+8 35.4 32+8 35.0 41.1+6.1 34.9 35.1+4.0 34.9 24.6+4.1

47.6 26+8 46.9 25+6 46 4 37.6+4.8 46 .4 23.5+3.1 46.3 36.1+4.7

59.0 29+9 58.3 24+6 57.7 28.1+3.9 57.6 29.7+£3.0 57.5 27.4+3.9

70.2 2216 69.4 29+8 68.7 224+5.2 68.6 29.3+2.6 68.5 30.8+2.7

81.1 28+9 80.2 22+7 79.5 19.6+3.1 79.3 24.1+2.7 79.2 30.4+4.2

91.6 28+9 90.6 35+11 89.9 16.7+3.7 89.8 19.8+2.1 89.6 25.1+24

101.8 30+14 100.8 33+14 100.1 10.5+4.0 100.0 24.3+3.7 99.8 28.7+4.6

111.6 26+14 110.7 35+14 109.9 14.8+4.2 109.8 23.4+34 109.7 26.7+3.3

121.1 27+14 120.2 42 +18 119.5 20.1+5.3 119.3 25.7+3.7 119.3 33.6+5.7

130.2 43+ 23 129.3 37+18 128.7 23.2+5.5 128.6 28.7+4.2 128.5 31.3+3.9

139.0 26+14 138.2 45422 137.6 154 +6.0 137.6 33.7+5.0 137.6 32.2+5.7

147.6 65+ 36 146.9 42 +22 146 .4 194+4.0 146 4 33.4+4.8 146.3 354+4.8

155.9 59+ 32 155.4 50 +27 155.0 254 +5.5 155.0 37.3+5.0 155.0 41.1+6.6

2 Energy measured relative to an assumed resonance energy of 6.293 MeV with an error of +5 keV.

as given by Duval, Barnard, and Swint®® are

Al = ¢! +%tan"|:

aj sin2g7

1-aj +a{ +a-{cosZB{

], (6)

A =ai[(1 -a] +aj cos2p])? +(aj sin28 )2, (T)

where o} and ¢ represent A] and A{ in an ener-

gy region without resonances, and the quantities

in the square brackets are now the resonant forms
related to the unbound energy levels of the com-
pound nucleus.?” Also,

al=T,/T,

where T, is the width for elastic scattering, and
T’ is the total width of a single level. In the vicin-
ity of a single resonance the energy dependence
of 8{ is still given by Eq. (5). A discussion of the

TABLE VIII. Differential cross sections of neutrons inelastically scattered from !?C for E,=6.523-6.94 MeV. The
errors are rms absolute errors. Because of the larger contribution to the errors from the uncertainty in the detector
efficiency, the relative error cannot be separated from the absolute error. The uncertainty in scattering angle is esti-
mated to be +0.5°. Both # and o() are in the center-of-mass system. All cross sections are in mb/sr.

E, 6.523 MeV 2 6.563 MeV 2 6.606 MeV 2 6.94 MeV
AE, 60 keV 60 keV 60 keV 130 keV
6° a(6) 6° a(6) 6° a(6) 6° a(6)
23.2 32.4+3.6 23.2 45.6+4.3 23.2 2413
34.7 33.0+3.6 34.6 45.7+4 .4 34.6 27+5 34.3 1222
46.1 36.3+4.2 46.0 46.5+4.2 46.0 24+2 45.6 15+2
57.2 27.6+2.8 57.2 38.1+4.1 57.1 20+3 56.6 1212
68.2 28.9+34 68.1 34.0+3.5 68.0 22+3 67.5 12x2
78.9 214+2.5 78.8 32.3+£3.9 8.7 18+4 78.2 7.2x14
89.3 16.9+2.1 89.2 20.8+2.5 89.1 132 88.6 8.1+1.6
99.4 184128 99.4 23.5+3.1 99.3 143 98.7 1513
109.3 21.5+3.2 109.2 24.0 £3.7 109.1 19+4 108.6 11+3
118.9 26.3+3.5 118.8 27.5+4.2 118.2 17+4
128.2 29.6+4 .4 128.1 32.8+4.6 128.0 18+4 127.5 18+4
137.2 30.6+4.1 137.1 37.7+5.3 137.1 25x3 136.6 24+6
146.1 30.8+4.3 146.0 34.1+£5.0 146.0 22+6 145.6 26+ 17
156.6 25.1+3.4 156.3 29.0+4.3 154.7 13+5 154.3 20+5

2 Energy measured relative to an assumed resonance energy of 6.293 MeV with an error of +5 keV.
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shapes of the resonant forms of Eqs. (6) and (7)
is given by Morris, Kerr, and Ophel.?®

The theoretical cross sections o,(6;) calculated
from Eq. (1) were compared with the experimental
cross sections o ,, (6;), and a best fit to each an-
gular distribution was determined by a minimum
¥* given by

= - [oth(ei) = Oexp(6;) ]2 ()
=1 err(6;) ’

where N is the number of data points in the angu-

lar distribution and err(6;) is the S.D. in 0,,,(6,).

A computer program was written to search on
the phase shifts, one at a time in one-degree steps,
in a process of continuous iteration, until no fur-
ther reduction in ¥* resulted. In analyzing the an-
gular distributions below 3.5 MeV, the phase shifts
of Wills et al.” were inserted as starting parame-
ters in the search program. For the analysis of
angular distributions at successively higher en-
ergies, extrapolated phase shifts from preceding
distributions were inserted as starting parame-
ters. In this way the requirements of proper phys-
ical behavior for the phase shifts were maintained.
Partial waves with /=3 were used only above 4.64
MeV, although the error in the A} was determined
at all energies. In the vicinity of the 6.29-MeV
resonance, [=4 partial waves were also included
in the program, but were found to be unnecessary.

For angular distributions measured in the vicini-
ty of one of the narrow resonances at 4.933, 5.369,
6.293, or 6.56 MeV with a neutron energy distri-
bution which was a significant fraction of the width
T of the resonance, it was necessary to average
the variation of the theoretical differential cross
section over the neutron energy distribution in
order to calculate x*. This procedure has been
used by Fowler.?® The neutron energy distribu-
tion (see Sec. IIC) was approximated in this aver-

5
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FIG. 8. Angular distributions of neutrons inelastically
scattered from the 4.43-MeV state of 12C. The error
bars show the absolute rms errors, and the solid lines
are the least-squares fits to the data by series of Le-
gendre polynomials.

aging process to within 10% by a Gaussian which
was truncated to a total width of 2 times the FWHM.
For these same angular distributions, the param-
eters aj, ¢j, aj, and the mean neutron energy E,
were searched on whenever knowledge of them was
thought to be uncertain, The values of @] and ¢;
determined by the search are given in Table X. .
These values of a4 agree well with the values cal-
culated from the integrated cross sections for elas-

TABLE IX. Legendre-polynomial coefficients and angle-integrated cross sections from least-squares fits to inelastic
scattering cross sections given in Tables VII and VIII. The cross sections are expanded in the form ¢(6) =EBLPL (cosé).
The BL’s are in mb/sr; energies are in MeV; o, is in b. The uncertainties in the coefficients are calculated from the
absolute rms errors of the cross sections. The errors on the integrated cross sections include the uncertainty in the
detection efficiency.

E, B, B, B, By B, Ot

5.78 28.7+3.4 -6.146.4 5.6+7.4 0.36+0.14
6.00 32.443.6 -11.7+6.6 8.3+7.2 0.41+0.15
6.250 23.7+1.2 12.542.3 15.6+2.9 0.30£0.07
6.291 28.2:0.9 0.5+1.8 11.7+2.3 0.35+0.05
6.333 29.6+1.0 —4.6+1.9 43125 ~7.3+3.1 0.37+0.05
6.523 25.940.9 2.9:1.6 8.3+£2.0 0.1+2.6 -10.6+3.0 0.330.05
6.563 32.5+1.0 8.8+2.0 11.342.5 -0.2+3.4 -11.3+3.7 0.41+0.05
6.606 18.940.9 3.1:1.6 3.8+2.3 1.8+3.0 -7.8+3.2 0.24+0.05
6.94 13.440.9 ~5.6+1.9 5.2+2.8 -0.4+2.7 -7.6+3.4 0.17£0.04
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TABLE X. Real phase shifts and damping parameters derived from elastic scattering cross sections. The damping
parameters Aj are only tabulated when not equal to 1.000, which is the case for all E, >5.15 MeV. For the four highest
energy resonances, the resonant phase shift and damping parameter were calculated from the quantities ¢'{ , a',’ » Ty Ep,
and E,. Resonant phase shifts are given in degrees as Af +180° (mod 180°). Potential phase shifts are in degrees and
are unmodified.

E, Ag. Af AT A} Ay A} A7 Tub

(MeV) A At AT At Ay Af A3 o’ aj keV) ¥

3.03 1057 445 414 178 +2 306 0+2 0 4.2

3.25 7547 173+5 171+ 6 173+3 506 0+2 0 6.1

3.46 79+6 166+8 17545 213 77+10 042 0 10.5

3.67 8116 16746 17746 170+ 3 1007 0+2 0 5.5

3.86 74 +5 168 +2 174 + 4 17142 114 +4 02 0 2.4

4.075 6949 168 + 2 2+7 17142 1225 0+2 0 2.0

4.15 55+8 169+ 2 17+4 170 +2 11547 042 0 6.5

4.25 549 16942 5644 170 £ 2 1208 02 0 12.0

4,35 666 167+2 11244 1702 130+ 4 0x2 0 4.9

4.45 5148 16742 12214 1722 126+4 042 0 4.8

4.55 508 166 +2 13043 171+2 12927 02 0 7.7

4.64 35110 164 +2 131:3 17242 126+ 7 0+2 0 10.2

4,73 31+10 167+2 136+3 17421 12949 0x2 0 11.9

4,91 28+9 168 +3 14213 1722 12647 1+3 0 4.1

4.9332 4419 77 150+5 172 +£2 137+3 0+3 0+2 -134+5 1.0 5 2.6

4,933P 3918 16443 49 17322 13243 0+3 1+2 —41+5 1.0 5 3.0

5.05 36+10 168 +2 14443 173+ 2 13228 1+3 0x2 6.0

5.15 3218 166+ 2 14313 174 +2 13228 042 0x2 9.5

5.324 ¢ 318 0+6 148 + 4 1752 13423 212 3:3 -12:+5 0.70+0.10 28 7.3
0.93+0.10 0.97+0.06 0.90+0.10 0.93+0.16

5.348 ¢ 4418 12+6 151+4 1732 13743 0+2 312 -12+7 0.70+0.10 28 2.8
0.90+0.07 0.87+0.10 0.93+£0.07

5.361¢ 3610 39+19 131+ 6 1772 13444 02 912 -9:+10 0.70:0.10 28 3.5
0.71+0.16 0.61+0.18 0.81+0.16

5.377¢ 4218 13021 1377 173+2 139+ 4 0£2 6+3 -8+10 0.70+0.10 28 6.1
0.71+0.16 0.61+0.18 1.00+0.07

5.47 308 162+5 143+ 4 17542 135+ 4 2+3 02 6.3
1.00+0.07 1.00+0.06 0.93+0.10 0.93+£0.03 0.87+0.03

5.57 30+10 160 +4 141+4 174+2 131+8 122 042 2.8
0.93+0.13 1.00+0.10 1.00+0.07

5.78 18 £10 16347 151+ 6 1752 1318 212 02 2.3
0.93+0.16 1.00£0.1 1.00+0.07

6.00 20 +10 16247 151+ 6 176+2 1323 212 0+2 4.9
0.97+0.16 1.00+£0.1 0.97+0.16

6.250 d 33+10 15545 150 +8 17346 142+ 6 2716 04 1+5 0.70+0.10 58 10.9
0.76+£0.26 0.93+0.24 0.97+0.15 0.84+0.06 0.93+0.06

6.2914 3718 154 + 4 14147 162+3 138+5 94 1+ 19+5 4+12 0.70+£0.10 58 4.2
1.00+0.06 1.00+0.1 1.00+0.1 0.51+0.20

6.333d 35110 155+ 4 13847 16443 13346 16546 T+4 105 0.70+0.10 58 6.3
1.00£0.06 0.97+0.21 0.97+0.15 0.84:0.06

6.523¢ 3329 16244 142+ 5 17543 14514 1762 175+3 -159+7 0.40+0.10 40 5.4
0.87+0.06 0.76+0.25 1.00+0.1 1.00+0.1

6.563 ¢ 174 £19 165+ 4 152+5 167+3 139+3 1762 0+3 -167+7 0.40£0.10 40 4.8
0.31+0.17 1.00+0.2 1.00:0.1 1.00:0.1

6.606 ¢ 1310 169+4 150+ 5 16942 144 +3 17642 6+3 —158+10 0.40+0.10 40 5.9
0.93+0.06 0.87+0.30 0.97+0.30 0.10+0.2 0.84+0.30 0.90+0.12

6.94 24 +8 168 +4 148+ 6 173+2 140 +4 02 3:5 2.3

0.97+0.20 1.00+0.1 1.00+0.1

2 ER=4.933 MeV; 1 =1, J=#.
b Ep=4.933 MeV; 1 =1, J=4.

dEL=6.293 MeV; [ =3,
¢Ep=5.369 MeV; I =1,

®Ex=6.558 MeV; 1 =0, J=4%.
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tic and inelastic scattering at the energies where
both were measured. This provides an independent
check of the search method of obtaining qj.

The variation of E, was kept within its experi-
mental error of 5 keV with respect to E,. The val-
ues of Ep and I',, which were used for these four
narrow resonances are given in Sec. I B, These
values were not searched on, except for E,=6.56
MeV. All possible combinations of ! and J for res-
onant phase shifts were tried for every resonance,
within the limitations on ! given above. Except for
the angular distributions at 4,933 MeV and near
5.35 MeV, only one combination at each resonance
gave acceptable fits to all angular distributions in
the vicinity of the resonance.

The energy-averaging procedure was used in cal-
culating fits at mean laboratory energies of 4.933,
5.324, 5.348, 5.361, 5.377, 6.250, 6.291, 6.333,
6.523, 6.563, and 6.606 MeV. Resonant phase
shifts and damping parameters for the above ener-
gies were calculated from a’, ¢7, E,, Eg, and T,.

B. Errors in Phase Shifts

S.D.’s in the phase shifts (both real and imagi-
nary parts above the inelastic threshold) and in a;’
were determined by the method of Anderson et al.
except that a more conservative criterion for de-
termining the errors was used here; i.e., phase-
shift changes which caused x?2 to increase to x2+ 2
rather than x2+ 1 were taken as the S.D. in the

180° —

150°-

120°

T ¥ T

90°

60°-

30"/-

pesesSS
o
ds/2 °

'
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[e]
°
T
1

REAL PHASE SHIFTS (DEGREES)

L R SN S IR S IR B
30 35 4.0 45 50 55 6.0 6.5 70
\ E, (MeV)

| | I | 1 |
78 8.2 8.6 9.0 94 9.8 102 106 1.0 14

E, (MeV)

FIG. 9. Phase shifts obtained from least-squares fits
to neutron elastic scattering data in the incident neutron
energy range 3 to 7 MeV. The phase-shift change of 180°
for the 4.93-MeV resonance has been omitted because it
is uncertain whether it should appear in A{ or A and
also because the resonance is so narrow that it does not
affect the results at nearby energies. A, and Aj are
actually plotted as Ay +7m and A; — 7 in order to show all
the phase shifts on the same 180° scale. The lines are
only smooth free-hand curves showing the trends of the
phase shifts. The bottom scale gives the excitation ener-
gies in the compound nucleus 3C.

phase shift. For the nonresonant phase shifts ob-
tained by energy averaging of the calculated cross
sections, the errors were calculated by an ap-
proximation procedure that gave essentially the
same result as the Anderson method, but at a
great saving in computer time. Typical errors

in the phase shifts are plotted in Fig. 9. Errors
in the potential phases were also calculated in the
same manner. For the resonant phase shifts in
the energy-averaged regions, the S.D, of the real
part of the phase shift and the associated damping
parameter were calculated from the S.D.’s of ¢/,
al, and E .

C. Results of Phase-Shift Analysis

Values of the real part of the phase shifts and
damping parameters at 32 energies are given in
Table X. Where damping parameters are not list-
ed the values are 1 because either the inelastic
channel is closed, or within the errors of the ex-
periment the smaller values were not required.
The fits calculated from the phase-shift analysis
are shown as solid lines in Figs. 3-17.

The variation with energy of the real parts of
the phase shifts is shown in Fig, 9. Free-hand
smooth curves have been drawn to indicate, within
the experimental errors, approximately how the
phase shifts change with energy. Phase shifts for
the data at 4.933 MeV were omitted from the fig-
ure because two independent sets, using either a
1 or ™ resonant phase shift, gave satisfactory
fits to the data.

The p,,, phase shift between 3.25 and 4,91 MeV
was fitted with an expression of the form

T

511/2 - ¢11/2 +tan-lm

in order to determine E; and T for the resonance
in this region. A straight-line approximation for
$,'/? was used,

¢,Y2=-K,E +K,.

The parameters K,, K,, I', and E were adjusted
to give an optimum fit to the data by minimizing a
x? function similar to that in Eq. (8). The best val-
ues arrived at for the above parameters are:

Ep=4.26+0.02 MeV,
I'=2004+40 keV,
K,=13°/MeV,
K,=30°,

The best fit to the p,,, phase shift is shown in
Fig. 10.

This is the only resonance for which such a dis-
persion fit was possible. The 3.5-MeV d,/, reso-
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FIG. 10. Least-squares fit of the single-level approx-
imation to the experimental 6,!? phase shift at the 4.26-
MeV resonance, where 6,!2=¢,2+8,1/2. The param-
eters of the resonant phase shift 3,2 and the background
phase shift ¢,!/2 are given in the figure.

nance interferes with the 2.95-MeV d,,, resonance,
for which no data were taken, All the other reso-
nances were measured with a neutron-energy res-
olution that was an appreciable fraction of the res-
onance width, and in the energy-averaging proce-
dure of the phase-shift analysis a priori assump-
tions of a single-level Breit-Wigner shape, and
width and resonant energy from the work of Cier-
jacks ef al.® were made,

The measured angular distribution at 4.933 MeV
was fitted under the assumption that I" ,, =5 keV
and aj=1 for the resonance at 4.933 MeV. Using
the energy-averaging procedure as described above
with a neutron energy distribution of 35-keV width,
all I, J combinations through /=3 were attempted
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i i 1
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FIG. 11. Least-squares fits to the 4.933-MeV angular
distribution. The assumed resonant phase shift labels
each of the curves. A total width of 5 keV and pure elas-
tic scattering were assumed. The fits for a p,,, reso-
nance and for no resonance are shown only where they
differ significantly from the pg,, curve. From the fits,
the resonance is thought to be either py,, or p;,.

for the resonant phase. For each [/, J combination
the nonresonant phase shifts were searched upon
with a restriction that they should not deviate sig-
nificantly beyond their expected S.D.’s from those
values given by the solid lines in Fig, 9 at 4.93
MeV. Figure 11 shows the resulting fits to the
data. Fits assuming a p,/, or no resonance are

TABLE XI. Sets of phase shifts giving best fits to the 4.933-MeV resonance for various assumed resonant phases.
The phase shifts are given in degrees, as A; +180° (mod 180°).

Resonant \ Phase
phase shift s P Psp dsp dsa S AT X
s 128 146 167 131 170 0 0 41
i 39 49 164 132 173 1 0 3.0
b3 44 150 i 137 172 0 0 2.6
d 38 140 168 44 171 0 0 36
dsss 33 138 169 138 82 0 0 66
fsn 35 145 168 136 173 90 0 27
fir 34 140 169 138 173 0 92 120
No resonance 43 142 166 132 172 0 0 6.1
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shown only where they deviate significantly from
the curve for a p,,, resonance. Values of the phase
shifts and x2 are listed in Table XI for each curve.

Almost equally good fits to the four angular dis-
tributions in the neighborhood of the 5.35-MeV res-
onance were obtained by assuming that it was ei-
ther a p,,, or p,,, resonance, with the p,, fits hav-
ing a slightly smaller x2. Because of the spin lim-
itations, J=> %, from the work of Fossan ef al.,' we
assign a spin and parity of 3 to the 9.90-MeV ex-
cited state of !3C. A phase-shift analysis of unpub-
lished '2C(n, n)'*C measurements by Hermsen®!
gives the same assignment. Only the results of
the fit with a p,/, resonance are shown in Fig, 9
and Table X,

For the resonance at 6.56 MeV, the width T, is
40 keV.® Since the neutron energy spreads were
60 keV for the three angular distributions nearest
this resonance, the theoretical cross sections had
to be energy averaged over large fractions of the
phase-shift anomaly. Hence, a large part of the
assumed phase-shift curve entered explicitly into
each attempted fit. Good fits could be obtained for
the s-wave phase-shift curve shown in Fig. 9, but
not for a “normal” s-wave resonant phase shift
which increased through 180° with increasing ener-

BRANDENBERGER, AND WEIL

5

gy, nor for a resonance in any other partial wave.
This unusual behavior for a resonant phase shift
has been observed elsewhere®®:?® and is expected?®
whenever the elastic partial width is less than half
of the total width, i.e., af <3.

Several resonance energies between 6.52 and
6.63 MeV were tried because it was not known how
to accurately assign a resonance energy to the dip
in the total cross section (see Fig. 7). The energy
arrived at, 6,558 MeV, yielded an over-all best
fit to the three angular distributions, while main-
taining reasonable values for the nonresonant
phase shifts. It was thought to be reasonable to
ignore the effect of the state of 11.09-MeV excita-
tion energy (E, =6.65 MeV) on the angular distri-
butions in this region, since its width is 5 keV,3?

In Fig. 9 it can be seen that for resonant ener-
gies above 5 MeV there is some tendency at sev-
eral resonances for the nonresonant phase shifts
to deviate from their off-resonance values. This
phenomenon has also been observed under similar
circumstances in the phase-shift analysis of
160(p, p)'%0 by Salisbury and Richards.?® It can
probably be attributed to one or more of the fol-
lowing causes:

(1) The accuracy of the data decreases with in-

180 P:—O.TIO LI |§P=_|o‘ T T I — T T 1 E;:—g:%%jlao
P=-0.30 l L\P‘ '0'3%\] "_—E’:g. 8 N
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FIG. 12. Contour diagram of the predicted polarization of neutrons elastically scattered from carbon as a function of
scattering angle and incident neutron energy from 3 to 7 MeV. The contours are labeled by the polarization magnitude
and were calculated from phase-shift values read from the smooth lines in Fig. 9. The blank regions near 5.35 and 6.4
MeV are very complicated and are shown on expanded scales in Figs. 13 and 14.
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creasing bombarding energy.

(2) The inelastic channel is treated in an approxi-
mate manner in the analysis.

(3) The influence of possible broad levels at ener-
gies above the region of investigation with the
same J" as the observed resonances was neglected.
(4) The length of time required by the energy aver-
aging of the theory plus the increased number of
parameters prevented refining the fits as much as
at lower energies,

(5) The energy-averaging procedure itself involved
approximations including that for the shape of the
neutron energy distribution.

(6) In the assumptions about the energy dependence
of the resonant phases, the exact resonance ener-
gies are uncertain, especially for the s, ,, reso-
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FIG. 13. Contour diagram of the predicted polariza-
tion of neutrons elastically scattered from carbon as a
function of scattering angle in the region of the 5.35-MeV
resonance.

nance at 6,56 MeV.

In spite of the small anomalies in the nonresonant
phase shifts, the assigned resonant spins and par-
ities are the only ones compatible with the data.

IV. CALCULATED POLARIZATIONS

The polarization of neutrons elastically scat-
tered from spinless nuclei is conveniently ex-
pressed in terms of the scattering amplitudes,
Eqgs. (2) and (3), as*

()= 2ImU(O72(8)])

]f,»(@j + fc(ejl

A computer program calculated constant-polariza-
tion contours, i.e., P(,E)=K where —-1<K<+1,
from phase-shift values read from the smooth
lines in Fig. 9 and smooth lines through the experi-
mental values of the damping parameters. The re-
sults are shown in Figs. 12, 13, and 14. Note that
the calculated polarization is larger than 0.9 over
wide energy regions for fixed angles, which sug-
gests that carbon may be useful as a polarization
analyzer in these regions.

Comparisons of these calculated polarizations
with the measurements of Gorlov, Lebedeva, and
Morozov,% Bucher et al.,’ Kelsey, Kobayashi,
and Mahajan,% Wenzel and Steuer,3® and Miller
and Biggerstaff*® are shown in Fig. 15 as solid
lines. The phase shifts used in calculating the
solid lines were varied within their S.D.’s so as
to minimize the difference between a calculated
polarization and +1. The polarizations given by
the dashed lines were determined in this manner.
These lines delimit the regions within which mea-
sured polarizations would be compatible with the
present results, and also indicate the great sen-
sitivity of the calculated polarization to small
changes in the phase shifts, especially above 6
MeV.

From a coupled-channel calculation, Reynolds
et al.* have obtained polarizations to compare
with the data of Kelsey, Kobayashi, and Mahajan®’
at 4.38 MeV; Gorlov, Lebedeva, and Morozov35;
and Wenzel and Steuer.®® Their calculated polar-
izations differ from the polarizations calculated
from the phase-shift curves in Fig. 9 by less than
0.2 in all three cases, and less than 0.1 for the
4.38-MeV data of Kelsey, Kobayashi, and Maha-
jan.S'l

V. DISCUSSION
A. Comparison with Previous Data

The measured cross sections presented here
can be compared with the results of earlier ex-
periments®~!% at a few common or almost common
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bombarding energies. When compared with the
results of MST® and Wills et al.” at E,=3.03, 3.25,
and 3.67 MeV, there is agreement within the com-
bined experimental errors at most angles. Where
this is not true, differences in the experimental
conditions such as the detector geometry and small
shifts in bombarding energy make the disagreement
plausible.

At 4.1 MeV the present results agree within the
experimental errors with Walt and Beyster!® at
forward angles, and are slightly higher than Wills
et al.” at most angles. The discrepancy with these
earlier experiments is most noticeable in the an-
gular region 90°< 6, <120°, where the present
results are larger than the previous ones. This
angular distribution was measured on four sepa-
rate occasions over a five month period and each
time the same result was obtained at these angles.
The coupled-channels calculation of Reynolds et
al.,*® which was made without knowledge of our
measurements, fits our data better at these an-
gles than it does that of the earlier experiments.
At 5 MeV the angular distribution of Hill!! agrees
well with the present data except for 6>110°
where our results are uniformly 30 mb/sr larger.

Perey and Kinney® have measured angular dis-
tributions at neutron energies of 5.04, 5.56, 6.01,
and 7.03 MeV which can be compared with the
work presented here. The results of the two sets

of measurements are somewhat different at most
energies and angles, but most of the differences
are smaller than the combined experimental er-
rors. Only at 5.56 MeV, where the Perey and
Kinney cross sections are 40% lower than the
present results at 32.4° and are 20% higher near
105° are the differences outside the experimental
errors. Since all the above differences follow no
systematic pattern, it appears that they truly rep-
resent the state-of-the-art accuracy for time-of-
flight measurements.

The largest disagreement between previous ex-
periments and the present data is at 5.6 MeV,
where the cross-section values of Braley and
Cook!? are 30% lower at forward angles and up to
300% larger in the backward direction than our
cross sections at 5.57 MeV. Because of their
400-keV energy spread, there is less justification
for comparing the 7.0-MeV angular distribution
of Beyster, Walt, and Salmi’® with the present re-
sults. In spite of this difference in experimental
conditions, there is agreement within the experi-
mental errors at most angles. No comparison
with other measurements was attempted, since
the neutron energy spread was too large or else
unknown.

In general, it can be said that the angular dis-
tributions reported here are in good qualitative
agreement, i.e., same general shape, with almost
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FIG. 14. Contour diagram of the predicted polarization of neutrons elastically scattered from carbon as a function
of scattering angle in the region of the 6.29-MeV resonances.
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all the previous work in the same energy region.
The quantitative agreement varies but is also, in
general, fairly good, especially when one consid-
ers the cruder apparatus and many approxima-
tions that were used in many of the earlier exper-
iments, which span a period of 15 yr. These
quantitative differences are reflected in some of
the differences in the derived phase shifts, which
are discussed below.

Values of the total cross section can be obtained
by summing the angle-integrated partial cross
sections given in Tables VI and IX. In the region
near the 5.35-MeV resonance where the inelastic
cross section was not measured, the elastic
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cross section was multiplied by I'/T, =1.43, ob-
tained in the phase-shift analysis (see Table X),
to obtain the total cross section. These total-
cross-section values are shown in Fig. 16, to-
gether with the recommended total-cross-section
curve? from Neutron Cross Sections (BNL 325),
and a curve representing the data, except near
the narrow resonances, of Schwartz, Heaton,

and Schrack?*! at the National Bureau of Standards.
The present results agree better with the work of
Schwartz, Heaton, and Schrack®! than with the
BNL 325 curve from 3 to 4.9 MeV, although they
are systematically higher than both curves from
4.35 to 4.64 MeV. The recent work of Stoler

T T T T |'o T T T T 1 T T T T
E, =4.0 MeV 0.8
*GORLOV et al E 0.6
s (1965) _ oa
= X g o0.2
o \\ ‘i /1 [X$}
\ 7 / 0 0.0
\ \“\ [} I/// /] T o2
N\ Oee” S & o4
-1.0 L i ) ) RN 1wl | -0.6
10 08 06 04 02 O -0.2 -04 -06 -08 -1.0 ;
-0.8
cos Bc.m. -1.03'0
12 T T T T T
1of \{ E,=4.38 MeV
lUO T Bl T T T T T T T
0.8+ e KELSEY | .
X | e KELSEY | E
_ (1965) o8 _,,e'o (fffl_
g o6} . ~, oS ¥ T i"
& E o4} .
o 1 ¥ oz} t i
S oo} .
o2} ; \ i T ©
}’ \ -o0.2} |
0.0 ! vi + ! -0.4} i
/ L s
id N \ 4 N -O'SE e T T
[ 30 60 90 120 150 180 6.0 | %5 7.0
E° (MeV)
c.m.SCATTERING ANGLE (DEGREES) n

1.0

LI B

T

T

T

T

T

T

|

T

T

T

o8}
osl
oal
o2}

-o.2}
0.4}
-0.6f
-o.8}
-1.0

P 1352.)

* WENZEL and STEUER (1965)
\\\' MILLER ond BIGGERSTAFF (1968)
N,

3.0

4.0

En’ (MeV)

FIG. 15. A comparison of the presently available !2C +n polarization data to the polarization predicted by the results
of the present experiment (solid line). The data are from the measurements of Gorlov, Lebedeva, and Morozov (Ref.
35), Bucher et al. (Ref. 36), Kelsey, Kobayashi, and Mahajan (Ref. 37), Wenzel and Steuer (Ref. 38), and Miller and
Biggerstaff (Ref. 39). The regions between the dashed lines give the ranges of polarization values that are obtained
when the phase shifts are varied within their standard deviations.
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FIG. 16. A comparison of the angle-integrated cross
sections from the present experiment with the measured
total cross sections given in Refs. 4 and 41. The error
bars represent the absolute rms errors. The four points
on the 5.35-MeV resonance were obtained by multiplying
the angle-integrated elastic cross sections by (a;3%) 1.

et al.** also agrees very well with the National Bu-
reau of Standards curve. From 4.7 to 5.6 MeV
there is very good agreement between the present
work and the BNL 325 curve, except at 5.47 MeV
where no inelastic contribution is included, and
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FIG. 18. A comparison of the polarizations predicted
from the phase shifts of MST (Ref. 6), Wills et al. (Ref.
7), and the present experiment with the data of Wenzel
and Steuer (Ref. 38).

at 4.95 MeV where our energy spread was greater
than the width of the resonance. Above 5.6 MeV,
the present results fluctuate about the BNL 325
recommended curve, but generally differ by less
than 15%. The uncertainty in the magnitude of the
inelastic cross section at 5.78 and 6.00 MeV is
very large because of uncertainty in the neutron
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and is the reason for the large error bars at those
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FIG. 17. A comparison of the sy, py,, and dy,, phase
shifts determined in the present experiment with those
from the work of MST (Ref. 6), Wills et al. (Ref. 7), and
Lister and Sayres (Ref. 8).
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FIG. 19. A comparison of the polarizations predicted
from the phase shifts of MST (Ref. 6), Wills et al. (Ref.
7), and the present experiment with the data of Bucher
et al. (Ref. 36).
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TABLE XII. Level parameters of states in 13C.

Ep? E, (°0)° Ty of

(MeV) (MeV) J" (keV) r,/T (deg)
3.67¢ 8.33 1690 © 1.00 c
4.26 +0.02 8.88 ¥ 200 + 40 1.00 ~252+3
4.933+0.003 ¢ 9.501 &, +5,54 1.00 (—41, -13)
5.369+0.003 ¢ 9.903 ¥ 28+3 9 0.70 +0.10 ~10+3
6.293+0.003 ¢ 10.756 ¥ 57+4 9 0.70+0.10 +5+5
6.558 +0.008 11.001 #) 40£4 ¢ 0.40+0.10 -161%5

2 Eg is the laboratory neutron energy at resonance, i.e., where By =90°.

bE =) ER+4.947 MeV.

¢ Quantities obtained from Ref. 7 as best values available. ¢{ was not determined in this work.

dQuantities obtained from Ref. 5.

two energies. In general, the integrated cross-
section values agree with the previously measured
total cross section to within the errors of the ex-
periments.

B. Phase Shifts and Polarization

For more than 10 years there has been a run-
ning discussion®*™* over the differences in the
phase shifts derived by MST® and by Wills ef al.”
The two sets of phase shifts have been tested by
comparing measured polarizations and differen-
tial cross sections with the same quantities calcu-
lated from the phase shifts. Some measure-
ments?°*7 agree better with the Meier phase
shifts and others?**'%5:4® agree better with those of
Wills. Recently, a third set of phase shifts in the
same energy region has been published by Lister
and Sayres.?

In Fig. 17 is shown a comparison of the s, p,,,,
and d;,, phase shifts derived in this and previous
experiments in the energy region where there is
an overlap. All three phase shifts show signifi-
cant differences from one experiment to another,
with the largest disagreements in the d wave above
4 MeV and in the s wave. The other phase shifts
were found to be small in all four experiments,
and the differences are not significant.

The most sensitive way to test the correctness
of phase shifts derived from angular distributions
is to compare the predicted polarization with the
measured polarization. This comparison is made
in Figs. 18 and 19 between all the presently avail-
able data and the polarizations calculated from the
phase shifts of Wills ef al.,, MST, and the present
experiment.

At 135° the present results fit slightly better
than those of Wills ef al. and much better than
those of MST. Between 4.0 and 4.2 MeV there is
a large disagreement in the three available sets
of data and the predicted polarization lies in be-
tween the extremes of the data. Above 4.3 MeV
the polarization at 135° predicted by the present
phase shifts disagrees badly with the data. It is

peculiar that the measured polarization changes
magnitude so rapidly near 4.6 MeV, since there
is no resonance in this energy region. At 45°

the phase shifts of this experiment fit the polari-
zation measurements of Bucher ef al.3® much bet-
ter than those of either Wills or Meier.

C. Resonance Parameters

The resonance parameters for the C compound
nucleus derived from the data of this experiment
are given in Table XII. The spin and parity of the
broad E, =8.3 MeV level were previously deter-
mined by MST®, Wills et al.,” and by Lister and
Sayres.® An analysis to determine the resonant
energy and width of this level from the present
results has not been carried out, since it requires
data on the low-energy tail of this resonance and
on the narrower resonance at 2.95 MeV which
were not obtained in the present work. The re-
sults of Wills et al.,” which do not include a value
for ¢,%? are given for this level as the best val-
ues presently available.

The 3~ assignment for the 8.9-MeV level was
also made by Lister and Sayres.® They reported
a width I', of 195+ 54 keV and a resonance energy
of 4.25+ 0.02 MeV, both of which agree with the
values in Table XII within the experimental errors.

The (37, 37) assignment of this work to the state
at E,=9.50 MeV agrees with the tentative 3~ as-
signment of Fleming et al.*® from a !*N( p, 3He)**C
experiment, and also with the limitation J >3 of
Fossan ef al.! The 3~ and ~ assignments to the
9.90- and 10.75-MeV excited states are consistent
with the spin limitations for these states of
Fossan ef al.! This is the first time that a defi-
nite J" assignment has been given to either of
these levels. Since the present assignments were
first announced,®® Wittwer, Clerc, and Beer®!
have confirmed the 3~ assignment to the 9.90-
MeV state by electron scattering measurements.
A tentative (}*) assignment was given to the 11.00-
MeV level by James, Jones, and Wilkinson®? in
agreement with the present work.
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Various tests of T invariance involving allowed nuclear 8 decays are discussed. T-violating
correlations are calculated to first order in recoil terms E/M and electromagnetic final-

state scattering corrections are given.

I. INTRODUCTION

Since the discovery of CP violation by Christen-
son, Cronin, Fitch, and Turlay' many experiments
have been done seeking the resultant T violation
predicted by the CPT theorem.? Some of the most
sensitive tests have been provided by searches for
a correlation of the form J-p, X p, in the B decay
of Ne'® by Calaprice et al.® and the measurements,
utilizing the Mdssbauer effect, of the angular cor-
relation of linearly polarized photons with nuclear
orientation (i.e., a correlation of the form
J-e,J -k,J -e, Xk,) by Blume and Kistner* and
by Atac et al.” The former seeks T violation in
the weak interaction, while the latter experiments

are sensitive to electromagnetic T nonconservation.

In both cases the results are thus far negative.®

We consider in this note the possibility of ob-
serving T violation in nuclear § decay. Section II
reviews the suggestion by Kim and Primakoff’ that
experiments on Ne'® alone may not answer the
question as to whether the weak interaction is T
invariant inasmuch as, being an analog decay, it
is not able to reveal the presence of a T-violating
second-class current.® Also, more general 7-
nonconserving correlations in allowed nuclear g
decay are discussed.

In Sec. III the electromagnetic scattering cor-
relations are given, as calculated for specific
transitions by Callan and Treiman,® by Chen,'°
and by Brodine,! and the contribution of the in-
duced tensor is included.

Finally, in Sec. IV we study the feasibility of
seeking T violation in a p-y process, wherein the
need for experimental detection of the small nu-
clear recoil is obviated.”? A general expression
for such correlations and the electromagnetic
scattering corrections are given.

II. 7 VIOLATION IN ALLOWED
NUCLEAR g DECAY

p-decay experiments which might reveal pos-
sible time-reversal violation were suggested by
Jackson, Treiman, and Wyld in 1957.'® They
pointed out that measurement of the correlation
J *PeX Dy
d°r I BXBy, ...
dEdSAS, (1+DJ E.E, ' >’

was sensitive to the relative phase between the
Fermi and Gamow-Teller matrix elements

D=x% 2ImgVMngMéT ( J )1/2 (1)
&' IMelP+g 2 [Mg [P\ g+1 ’

where M (M ;) is the Fermi (Gamow- Teller) ma-
trix element for the transition being studied, J is
the spin of the parent nucleus, and the upper
(lower) sign refers to electron (positron) decay.
Since then experiments measuring D have uti-
lized neutron g decay™ and Ne® ~F®+e* +p,°
but no T violation has been found. Kim and Pri-
makoff pointed out, however, that such experi-
ments are primarily sensitive to the phase differ-
ence between My, M so that when parent and
daughter states are isotopic analogs, as is the case
for the two decays which have been studied, only
first-class currents can contribute and no limits
are placed on second-class T-violating currents.
In order to examine this situation more care-
fully, we shall assume the validity of the usual
current-current weak interaction and of the con-
served-vector-current (CVC) hypothesis.!® Then
the g-decay amplitude is given by (for electron-
decay; modifications appropriate to positron de-



