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Polarization and Differential Cross Section for Neutrons Scattered from Li' and Li7t
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The polarization and differential cross section for neutrons scattered from Li' and Li' have been measured
at several angles for neutron energies from 0.2 to 2.0 MeV. The measurements indicate that for energies from
about 0.5 to 2.0 MeV both Li' and Li' are useful as polarization analyzers. Attempts to explain both the dif-
ferential cross section and polarization results simultaneously, for the n-Li~ scattering in terms of only a few
levels in the compound nucleus Li, are only partially successful. Furthermore, preliminary calculations
based on an optical-model interaction for both the n-Li and n-Li' scatterings do not lead to a completely
successful interpretation of all the results.

INTRODUCTION

' "N the study of the scattering of neutrons from the
~ ~ nuclei Li' and Li, energy levels in the compound
nuclei Li' and Li', respectively, may be observed. The
level structure of the nucleus Li~ in the energy region
above the neutron binding energy shows a state at
7.4/ MeV, while the structure of Li' (also in the energy
region above the neutron binding energy) shows levels

at 2.26 and 3.22 MeV. No other higher energy states
are known in either isotope.

Previous studies' ' of the differential cross section
o. (8) for neutrons elastically scattered from both Li' and
Li' have con6ned themselves mainly to the region of
the 7.47- and 2,26-MeV states, respectively, where res-
onances are observed in the total cross section for both
nuclei at a neutron energy of about 0.25 MeV. The
measurements have been consistent with spin and parity
assignments of J = —,

' and J =3+ for the states in Li7

and Li', respectively, both states being formed by p-
wave neutrons. One series' of measurements of the
differential cross section extended above the resonances
to a neutron energy of 2.2 MeV, where the cross sections
become nearly independent of energy. Measurements4

of y rays from the reaction Li'(e, rs')Lir* to the 0.478-
MeV level in Li~ showed a broad level in Li' at an ex-
citation energy of 3.22 MeV. The spin J= 1 was assigned
to this level, and positive parity was favored. A few
later measurements of the scattering of neutrons from
these nuclei have been performed at energies from 1.5
to 7.5 MeV, and more recently at 14 MeV. These
higher-energy results have been interpreted in terms of
an optical-model interaction between the neutrons and
the nuclei in question.
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Energy Commission.
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%illard et al. ~ and Darden et u/. ' have measured the
polarization J'(8) in the vicinity of the resonances in
these nuclei. More recently, Klwyn and Lane' measured
the polarization for neutrons scattered from Li and Li~
at 45' and 90' from the region of the resonances up to
2.4 MeV, where the values of polarization become nearly
independent of energy. In the work reported here, we
have made a more extensive systematic study of both
the polarization and diGerential cross sections, espe-
cially in the energy range between 0.5 and 2.0 MeV. It
was of interest to observe whether the results could be
understood in terms of the few known energy states in
the compound nuclei Li' and Li and some postulated
broad-scattering states, or if a more consistent explana-
tion was to be found in an optical-model description,
even at energies between 1 and 2 MeV. In connection
with the present measurements, it should be mentioned
that both Li' and Li' may be quite useful as analyzers
in studies of the polarization of neutrons emitted in
nuclear reactions.

EXPERIMENT

In earlier papers, " the apparatus and the analysis
connected with the experimental arrangement have
been discussed extensively. The reaction Lir(P, e)Ber
provided a partially polarized beam of neutrons emitted
at 51' relative to the incident protons. A transverse
magnetic field precessed the spins of the neutrons
through 180'to provide the means of observing the prod-
uct of the polarizations produced by the source and
by the scattering. The partially polarized beam of neu-
trons was incident upon metallic scatterers of Li' (Li
enriched to 96jyo Li') and Lir (natural abundance of
92.6%%u~Li"). The scatterers were slabs encased in steel
cans with walls 0.005 in. thick. The large faces measured
10 in. )&20 iD., and the thicknesses were 8 in. , ~ in. , and
—,
' in. for the Li and ~'~ in. and ~'~ in. for the Li'.

7 H. B. Willard, J. K, Bair, H. O. Cohn, and J. D. Kington,
Bull. Am. Phys. Soc. 1, 54 (1956).
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22, 434 (1961).' A. J. Elwyn and R. O. Lane, Nucl. Phys. 31, 78 (1962).

'0 For a list of earlier papers and a description of the formalism
employed for interpretation in terms of levels, see R. O. Lane,
A. J. Elwyn, and A. Langsdorf, Jr., Phys. Rev. 133, B409 (1964).
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the total inelastic cross section reaches a maximum of
about 12% of the total cross section. If the inelastic
angular distributions are assumed to be isotropic and
the inelastically scattered neutrons are assumed to be
unpolarized, the values of o.(8) and P(8) (corrected to
give the elastic results) are at most 10 to 12% larger
than the results shown here. Since there is very little
information concerning the polarization of inelastically
scattered neutrons, and because we do not feel that the
major conclusions in the present work would be affected
by a correction of this size, no corrections were made
for these effects.

RESULTS
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Figures 1—6 show the experimental angular distribu-
tions of both a(8) and P(8) for Li' and Lir at energies
from 0.2 through 2.0 MeV. The Basel convention for
the sign of P(8) is used throughout. Values of the polari-
zation for the Li'(P, e)Ber reaction taken from Ref. 9
were used to derive the polarization P(8) for scattering
from Li' and Lir from the measured product of P(8)
and the source polarization. Since the polarization for
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FIG. 1.Angular distributions of o (8) and P(B) for Li at incident
energies of 0.20 through 0.45 MeV. The dashed curves are simply
drawn through the points. Statistical errors on o (s) are less than
2%, while the total error is probably less than 5%.0(e) in this and
following graphs is in barns per steradian.
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The differential cross sections were corrected for mul-
tiple scattering by means of a Monte Carlo program. "
The polarization data were corrected approximately,
as described previously. '' At all energies above 0.5
MeV, the transmission of the scattering samples was
greater than 90%, so that the multiple-scattering eGects
were minimized. Corrections for the second group of
neutrons from the source reaction were made on the
assumption that this group is unpolarized. The data
were also corrected for the effects of the minor isotopes
in each sample, as well as for the energy dependence
of the efficiency of each detector. The energy spread of
the beam (produced mainly by the thickness of the Li
target) was restricted to 10 keV on the resonances and
40 keV elsewhere, so that no correction was necessary
for the effects of resolution. Above 0.54 MeV, inelastic
scattering to the erst excited state in Li' begins to take
place. Our detectors do not discriminate against inelas-
tically scattered neutrons; the differential cross sections
presented here are, therefore, total (elastic plus in-
elastic) scattering cross sections. If we subtract the
values of the elastic differential cross sections given by
Satchelor and Towle' for n-Li' scattering at 1.5 MeV
from our measurements at that energy, the resulting
angular distribution is approximately isotropic and
yields a total inelastic cross section amounting to only
10% of the measured total scattering cross sections. In
the energy region in which inelastic scattering can occur,
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Fro. 2. Angular distributions of o (e) and P(8) for Li at incident
energies of 0.5 through 1.2 MeV. The dashed curves are simply
drawn through the points. Statistical errors on a(8) are less than
2%, while the total error is probably less than 5%.
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cross sections of the two nuclides seem to become more
similar. This is especially true for the polarization, which
tends mainly toward an angular dependence of the form
—A sin2tY for both nuclides. Probably the most striking
feature of these polarization results is the strong sim-
ilarity between the data for the two nuclides at en-

ergies above 1 MeV. It is interesting to note that in
measurements of the polarization of 14-MeV protons
scattered from Li' and Li', Rosen and Leland" obtain
results at angles less than 100' which are nearly the same
as those reported here for a neutron energy of about
2 MeV. No polarization data for neutrons have been
reported above 2.4 MeV. Such results are clearly needed
to establish the true trend from low to high energies
and would be a valuable adjunct to the corresponding
proton data at 14 MeV.

Figures 7—10 show the energy variation of the co-
efEcients BL and CL for Li' and Li' when the following
expansions are made:

~(e) = P a,r, (cos()),
L=O
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FzG. 3. Angular distributions of ~(8) and P(8) for Li at incident
energies of 1.3 through 2.0 MeV. The dashed curves are simply
drawn through the points. Statistical errors on 0 (S) are less than
2%, while the total error is probably less than 5%.
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where Pz, (cos8) and Pz'(cos8) are the ordinary and as-
sociated Lengendre polynomials of the 6rst kind, respec-
tively. For both nuclides, only terms through I.= 2 were
necessary in the expansions. Within experimental errors,
the higher terms were zero.

In the vicinity of the resonances near 0.25 MeV, both

these nuclides is large enough to make them useful as
polarization analyzers, numerical values for E(g) are
given in Tables I—IV. Although these quantities usually
were measured at only 6ve angles, in some cases addi-
tional angles were included. The data for o (8) agree well
with our earlier work' at eight angles.

On the resonance near 0.25 MeV, neutrons scattered
by Lir are polarized as much as —60%, while neutrons
scattered by Li' are polarized less than +20%. As the
energy increases, both the polarizations and differential

TAnz, z L Polarization P(8, ) for Li'.
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Fzo. 4. Angular distributions of o (S) and P (S) for Li at incident
energies of 0.26 through 0.36 MeV. The solid curves are the results
of calculation (C) described in Table V. Statistical errors on ~(8)
are less than 2%, while the total error is probably less than 5%.
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TAnr, z II. Polarization P (e, ) for Li'.

~lab
(MeV) 23' 60' 81'

P (e, )
95' 112' 126' i56'

0.5
0.6
0.6
0.7
0.7
0.8
0.8
0.9
0.9
1.0
1.0
1.1
1.1
1.2
1.3
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

0.00+0.03
0.04+0.04—0.03&0.04
0.04+0.04—0.07&0.04—0.11+0.04—0.05&0.05—0.13&0.05
0.04+0.05—0.13&0.05—0.14+0.06—0.07&0.05—0.20+0.07—0.06&0.05—0.10+0.05—0.10&0.07—0.25+0.06—0.22~0.07—0.31+0.06—0.27&0.07—0.40+0.11

—0.27+0.07—0.32&0.07

—0.00+0.04

—0.05m 0.04
—0.09&0.04—0.05&0.04

—0.03&0.05

—0.11&0.05

—0.07+0.05

—0.11+0.05

—0.03+0.05

—0.14+0.06

—0.22+0.05—0.16~0.04

—0.33+0.07—0.31&0.06—0.29&0.06—0.35~0.06—0.35&0.06—0.40+0.08—0.46+0.07—0.40&0.06

—0.17+0.06

—0.26+0.06

—0.13+0.05 —0.07+0.05

0.01+0.05
0.01m 0.05

—0.06+0.05

—0.05+0.05

—0.04+0.05

—0.02~0.05

—0.09&0.05

—0.07+0.04—0.16+0.05

—0.17+0.05—0.19&0.05—0.11+0.04—0.24&0.05
0.02+0,07—0.09+0.05—0.26+0.06

—0.01+0.06

—0.05+0.07

—0.03+0.07

—0.09m 0.07

—0.07+0.07

—0.02+0.07

0.07+0.07

0.01+0.06—0.06+0.06

0.10+0.07

0.05+0.07

0.12+0.07

0.01&0.07

0.05&0.06

—0.00&0.06
0.05&0.06

0.10~0.06
0.21+0.07
0.05+0.05
0.19+0.06
0.45+0.11
0.19+0.05
0.19+0.06

0.09&0.07
0.08+0.08
0.05&0.09
0.09+0.08
0.10a0.10
0.21+0.11
0.03+0.12
0.05%0.09—0.01~0.11
0.02+0.10
0.10aO.14
0.01&0.10
0.15+0.13
0.14+0.11
0.25&0.11
0.30&0.16
0.13~0.11
0.21~0.13
0.15+0.09
0.04+0.10
0.57a0.17
0.14+0.07
0.14~0.11

Tmx, z III. Polarization P (8, ) for Li'.

~lab
(MeV)

0.26
0.26
0.29
0.317
0.317
0.36
0.50
0.60
0.60
0.70
0.70
0.80
0.80
0.90
1.00
1.00
1.10
1.10
1.20
1.30

23

—0.11+0.02—0.13+0.02—0.22+0.03—0.35+0.04—0.24~0.04—0.34+0.06—0.28+0.11—0.10~0.08—0.16+0.09—0,20+0.07—0.27+0.08—0.14+0.04—0.22&0.07—0.25&0.06—0.21'0.05—0.13+0.05—0.16&0.04—0.22+0.05—0.20&0.04—0.14+0.03

—0.32&0.03—0.33&0.02—0.55w0.04—0.66+0.05—0.58&0.05—0.50&0.04—0.50&0.09

—0.39+0.09—0.28~0.07—0.28+0.07—0.24~0.05—0.34&0.07—0.37&0.07—0.30&0.05—0.26+0.05

—0.23+0.05—0.24+0.04—0.29&0.05

80'

—0.22+0.06

—0.21+0.06

—0.22+0.06

—0.20+0.04

—0.15+0.04

P (a.-.)
930

—0.47+0.04—0.44~0.04—0.52~0.04—0.39+0.03—0.37&0.03—0.33+0.03—0.31+0.06—0.30+0.07

—0.23&0.06

—0.22+0.05

—0.16&0.04—0.08+0.03

—0.07+0.03

—0.01&0.02
0.02&0.02

—0.14~0.05

—0.07+0.04

—0.02+0.04

—0.04&0.03

0.15+0.04
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—0.29+0.03—0.29&0.03—0.23+0.02—0.18+0.02—0,18&0.03—0.15&0.02—0.17~0.04—0.15+0.05

—0.06+0.04

—0.07+0.06

0.05&0.03
0.13+0.04

0.15+0.04

0.20+0.04
0.24&0.04

155'

—0.13+0.02—0.10&0.02—0.08&0.02—0.04+0.02—0.10+0.02—0.08+0.02—0.07&0.04—0.02+0.06—0.00+0.08—0.03&0.04—0.03+0.03
0.03&0.04
0.03+0.05
0.01&0.04
0.08~0.04
0.12+0.05
0.16+0.04
0.11+0.05
0.21~0.04
0.24&0.05

TAar.E IV. Polarization P (8, ) for Lir.

~lab
(MeV)

1.40
1.50
1.60
1.70
1.80
1.90
2.00

23'

—0.21+0.04—0.21&0.04—0.18+0.04—0.15+0.03—0.23&0.05—0.22%0.04—0.22~0.04

58'

—0.27&0.04—0.29&0.05—0.29+0.05—0.25+0.04—0.32+0.05—0.34&0.05—0.31&0.05

80'
&(. )

93'

0.03+0.03
0.02&0.03
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0.00&0.03—0.08&0.04—0.01&0.03—0.03&0.03
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0.32&0.05
0.30m 0.05
0.34a0.06
0.34~0.05
0.35&0.07
0.47+0.07
0.38+0.06
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0.22&0.05
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at energies less than 0.5 MeV is determined largely by
the resonance at E„=0.25 MeV. As mentioned above,
this corresponds to a state having J =—.„' in Li' at
7.47 MeV excitation energy formed by p-wave neutrons.
The polarization on this resonance is very much less
than that for the similar case of Lir+N. Since the spin
of the 7.47-MeV state is 2, it can be formed only in the
orientation with channel spin S=-'„where channel spin
S=I+i, I being the spin of the Li' ground state and
i=-', being the neutron spin. Therefore the degree of
polarization produced by the interference between the
p-wave neutrons forming this state and the s-wave
background neutrons would be a measure of the ratio
of the s-wave background scattering in the S= ~3 channel
to that in the channel with S= ~~. As Darden et al. 8 have
shown, and as these results also show, the smaH values
of the polarization on the resonance indicates that most
of the background s-wave scattering is in the channel
with S=—,', i.e., the target and neutron have antiparallel
spins. As a matter of fact, results obtained by Marshak"
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Fro. 5. Angular distributions of o (8) and P (8) for Li at incident
energies of 0.5 through 1.2 MeV. The solid curves are the results
of calculation (C) described in Table V. Statistical errors on 0 (8)
are less than 2%, while the total error is probably less than 5%.
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nuclides display pronounced peaks in the B~ coefficients,
while Li~ shows a strong peak. in the coefficient CI which
is some 3.5 times that for Li (note the break in scale
for Cr at the Lir resonance in Fig. 10) and opposite in
sign. Above 0.5 MeV, the coefficients BI, and C~ for
both Li' and Li are slowly varying, and both nuclides
exhibit strong negative Cs terms. (This behavior reflects
the dominance of the polarization shape —A sin2f). )
The fact that C2 clearly dominates over C~ in the case
of Li~ suggests that relatively simple coupling of angu-
lar-momentum quantum numbers might be adequate to
explain the results. Li', on the other hand, shows a CI
term comparable to that of C2. At the higher energies,
the coeKcients 8~ and 82 for both Li' and Li are much
less tham. 80. This implies that the contribution from
partial waves with /&0 is relatively small.

DISCUSSION AND INTERPRETATION

1. Li'+n: Qualitative Considerations

The behavior of the measured differential cross sec-
tions and polarizations for neutrons scattered from Li'
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Fro. 6. Angular distributions of o (8) and P(8) for Li at incident
energies of 1.3 through 2.0 MeV. The solid curves are the results
of calculation (C) described in Table V. Statistical errors on 0 (8)
are less than 2%, while the total error is probably less than 5%.
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smoothly varying functions of energy, as mentioned
earlier. The yield of the Li'(e,o.)Hs reaction is large at
these energies also. In the present report, we make no
further interpretation of these results, at least not in
terms of possible broad levels in the compound nucleus.

2. Li'+n: Assumed Levels in Li'

The resonance observed at E„=0.25 MeV in the
total cross section for neutrons on Lir corresponds (as
has been mentioned above) to a state in Li at an exci-
tation energy of 2.26 MeV. Several groups of investi-
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Fn. 7. Variation of Bl, for Li with incident neutron energy.
The dashed curve is drawn through the points. The Bi for L&~3
are small and were neglected. Where no error bars are shown, the
errors are less than the size of the points.
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FIG. 8. Variation of Cz, for Li with incident neutron energy.
The dashed curve is drawn through the points. The values of
Ci for L & 3 are small and were neglected. Where no error bars are
shown, the errors are less than the size of the points.

for the transmission of polarized neutrons through po-
larized Li' samples indicate that most of the cross sec-
tion at 0.146 eV is in 5=—,. However, from 6tting di8er-
ential-scattering data on the resonance, Willard et al.'
conclude that the s-wave background scattering there
arises from a statistical mixture of channel spins.

At neutron energies above 0.5 MeV, both the po-
larization and the differential cross section become
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FIG. 9. Variation of BL, forQ, i with incident neutron energy.
The dotted, dashed, and solid curves are for calculations (A),
(B), and (C) (Table V), respectively. The values of Br, for 1.& 3
are small and were neglected. Where no error bars are shown, the
errors are less than the size of the points.

gators have pointed out that the polarizations and dif-
ferential cross sections measured near this resonance are
consistent with an assignment of J =3+ for the total
angular momentum and parity of this state, the state
being excited by p-wave neutrons and the nonresonant
background scattering being due to s-wave neutrons.
Furthermore, the s-wave phase shifts were required to
have a sign opposite to that produced by hard-sphere
potential scattering. Since the resonance has an assign-
ment of 3+, it can only be formed by neutrons in the
S=2 channel. Previous work has furthermore indi-
cated' ~ that best agreement was obtained with all the
s-wave background scattering also con6ned to the S=2
channels. These requirements imply that a broad state
having J =2 (formed by s-wave neutrons) may be
located in Li' at an energy somewhat higher than the
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square root (F,F, )'" Lin Eq. (5)j is used. All of the
calculations were programmed in 70RTRAN language and
performed on the CDC-3600."

The best-6t parameters for the 3+ state at 2.26 MeV
and a 2 state (which were retained in all fitting at-
tempts) are shown in Table V as the first two lines for
each of the three sets of calculations listed. In Table
V, 'Yg)J is the partial reduced width and Eq is the
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TABLE V. Values of level parameters assumed for calculations

for Li7+e. With the exception of the 3+ state, these values should
be regarded only as attempts to fit the data and not as assignments.
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FIG. 10. Variation of Cl, for Li with incident neutron energy.
The dotted, dashed, and solid curves are for calculations (A),
(8), and (C) (Table V), respectively. The values of Cz, for 1.&~3

are small and were neglected. Where no error bars are shown, the
errors are less than the size of the points. Note break in scale for
the resonance in the C1 term.
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resonance at 2.26 MeV. Therefore, in all of the calcula-
tions described below, we have included the level at
2.26 MeV with J =3+ and a state having J =2 at a
somewhat higher energy. In the energy region near the
resonance, we have found that only these two levels
were necessary to fit the measured o (8) and P(8).

In the energy region above E„=0.5 MeV, where no
sharp resonance dominates the interaction, the treat-
ment of the problem in terms of levels becomes much
less useful. However, it is often possible to obtain at
least a qualitative description of the interaction by con-
sidering the addition of one or two postulated levels.
This procedure was adopted for exploratory purposes,
since little is known of the level structure of Li' in this
region. These postulated states are assumed to be broad
and to contribute the slowly varying phase shifts that
are needed to bring about the best agreement with the
measured differential cross section and polarization,
both of which become almost constant above 1 MeV.

The differential cross sections and polarizations were
calculated by use of the formalism of Blatt and Bieden-
harn" and Simon and Welton. "A general description
of the procedure is presented in Ref. 10. For the present
work (as in Ref. 10), a single-level expression for the
scattering-matrix elements was considered adequate.
However, the possibility of channel-spin Qip in the exit
channel was retained by using scattering-matrix ele-
ments for an arbitrary number of channels. The form
of the matrix elements is given by Kq. (5) in Ref. 10.
In all of the present work the positive sign for the

"J.M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 24, 258
(1952).

"A. Simon and Y. A. Welton, Phys. Rev. 90, 1036 (1953).

0.25
34

3+
2
3

2 0 0.307 —0.043
2 0 2.28 3.0
1, 2 Empirical set of phase shifts'

a See I ig. 12.

"As a check on the computer code, the differential cross
sections and polarizations for neutrons scattered from a zero-spin
nucleus were calculated and compared with similar calculations
performed with typo diferent codes. One was the ABAcUs-2 code
and the other a program described earlier by the authors LR. O.
Lane, A. J. Elwyn, and A. Langsdorf, Jr., Phys. Rev. 126, 1105
(1962)g. All the results agreed with each other.

characteristic energy. The determination of level para-
meters for such a 2 state is not completely definite. Our
choice in the calculations was determined by the con-
ditions that the phase shift produced by the state
should (i) give the proper nonresonant background be-
low E„=0.5 MeV, (ii) produce (with the aid of the 3+
state) the observed energy dependence of o (8) and P(8)
near the resonance, and (iii) give slowly varying values
of o(8), P(8), and total cross section above the reso-
nance. A radius of 4.0 F was used in all calculations of
the penetration and shift factors (see Ref. 10). It is

clear that reasonably good agreement with the measured
cross sections and polarizations is obtained in the vi-
cinity of the 0.25-MeV resonance (Figs. 4, 9, and 10).
This was true for all three combinations of broad states
and phase shifts introduced to 6t the higher-energy
data. The interference between the 3+ and 2 states and
the other levels introduced was always taken into
account.

As mentioned previously, in the neutron energy re-
gion above 0.5 MeV the polarization is dominated by
an angular dependence of the form —A sin20. This leads
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to a dominant coefficient C2 in the expansion of the
diiYerential polarization o„(8). Such an even-L term
arises from the interference of neutron partial waves of
the same parity. Thus, one might expect such a term
to arise at these energies because of interference either
between states formed by p-wave neutrons or between
states formed by s- and d-wave neutrons.

On the basis of shell-model considerations, the pres-
ence of normal-parity (positive) states of character 0+,
1+, 2+, and 3+ would be most likely predicted. Such
states would be formed by p-wave neutrons. Thus, in
the first calculations, we tried pairs of broad states
with the spins and parities listed above.

Tables V(A) and (8) list the spins, parities, and para-
meters of two combinations of positive-parity states (as
well as the properties of the 3+ and 2 levels discussed
above). The results of calculations based on these values
are shown as the dotted and dashed curves in Figs. 9
and 10. These represent the best fits obtained but do
not give good fits to both coefficients BI, and Cl, simul-
taneously. Other pairs of positive-parity states such as
1+ and 3+, and 2+ and 3+, as well as the addition of a
1+ state at E„=1.35 MeV as described by Freeman et
al. , disagreed much more with the data than those
shown.

In Fig. 11 we have plotted both the differential
cross section and polarization as a function of angle at
E = 1.7 MeV and compared the measurements with the
calculations given in Tables V(A) and (3).The curves
at this energy are fairly typical of the general trend at
energies above 1 MeV. For neither case do both the
calculated E(8) and o (8) agree well with the data.

Negative-parity states in Li' would most probably
be formed at these neutron energies by partial waves
l=0 and 2. We have therefore considered combinations
of states leading to d-s interference in the neutron par-
tial waves.
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To keep the number of states involved to a minimum,
the 2 level (formed by s-wave neutrons) necessary to
fit the data in the vicinity of the resonance was retained
as one member of the pair, while the d-wave contribu-
tion was taken to arise from a state having spins and
parities of either 0, 1,3, or 4 . Only for the case of
a state with J =3 did interference with the 2 level

give reasonable agreement with the measurements. "
However, such a level had to be so broad that the con-
cept of a state seemed to have little meaning in the
usual sense. The J =3 contribution was therefore re-
placed by a set of slowly varying phase shifts; and the
scattering matrix elements fEq. (5) of Ref. 10j were
replaced by a two-channel scattering matrix, defined as

U, ,= exp/i(n;, +iP...)j,

FIG. 11. Compari-
son of experimental
(r(e) and P(e) with
those of calculations
(A), (3), and (C)
(Table V).
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where channels c' and c refer to the two channel spins
S= 1 and 2. The phase shifts rr...and P...that gave the
best fit to the measurements are shown in Fig. 12.

Table V(C) gives the spins and parities of the set of
levels for the case of negative-parity states. The results
of the calculations utilizing the properties of the 3+ and
2 states and the phase shifts of Fig. 12 are shown as
the solid curves in Figs. 4-6 and 9—11.These results are
in fair agreement with the data except for two system-
atic differences. At the higher energies, the calculated
polarization lies systematically below the data. Further-
more, from 0.8 to 1.3 MeV, the calculated and experi-
mental curves of differential cross sections have oppo-
site curvature. The inclusion of a state having J =1+
or 1 as described by Freeman et al. did not improve
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' lt should be mentioned that only the process of channel-spin
flip from S=2 to S=1 in the J =3 state leads to polarization.
The process for no spin-Qip leads to zero polarization because the
X coeKcient Lsee Eq. (4) of Ref. 10$ accidentally vanishes for the
quantum numbers involved in this process.
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FIG. 13. The measured differential cross sections and polariza-
tions for neutrons scattered from Li' at 1.7 MeV compared with an
optical-model calculation. The dashed curve is the calculation for
shape elastic scattering only; the solid curve includes compound
elastic scattering as calculated by the theory of Hauser and
Feshbach. The optical model employed is a local model equivalent
to the nonlocal potential of Ref. 17 plus an added spin-orbit
potential. In the notation of Ref. 18, the parameters in the present
case are V1,=47.54MeV, WL, =9.72 MeV, us=0.68 F, uD=0.47 F,
rp=1.34 F, Us=10 MeV, and lVs=O.

the fits to the data in this energy region. Another proc-
ess considered with the negative-parity states in Table
V(C) was the one in which a state with J = 1 or 2

might contribute by the two-channel process of forma-
tion and decay with a net change hi=2 in the orbital
angular momentum (for example, formation of the state
by l=0 neutrons and decay by l=2 neutrons). How-
ever, all of the several combinations of parameters tried.
produced results which were in poorer agreement with
the data than the calculations discussed above.

In summary, for n+Li~, the data near 0.25 MeV can
be fitted rather well for the assignment J"=3+ with the
resonance formed by p-wave neutrons in the channel
S=2 together with an s-wave background in channel
S=2 only, and produced by a 2 state at higher energy.
For energies of 0.5—2.0 MeV, the best fit to the data
was obtained with the addition of phase shifts of the
character J =3 (1=2), S= 1, 2 where channel-spin flip
is allowed. The assumptions tried here represent only
a few of the simpler and more obvious ones. For a nu-
cleus such as Li' with spin I=-,', the permutation of
possible quantum numbers and choices of certain phase
factors together with possible variations of level widths,
positions, channel-spin mixtures, radius of interaction,
etc. , reaches a very large number. One of the most dif-
ficult problems at the higher energies is the fact that
0.(8) and P(8) vary so slowly with energy that there is
no clear indication that any one state or partial wave
dominates the situation as it does on the resonance at
0.25 MeV. Such a slow variation may indeed be a super-
position of the effects of several distant states. If such
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is the case, the problem of searching for combinations
to 6t the data is a large undertaking. Such an approach
would probably be meaningful only if detailed nuclear
model calculations were carried out to predict the
character of highly excited nuclear states.

3. Lis+n and Li'+n: Optical-Model
Considerations

Batchelor and Towle' have suggested that the dif-
ferential cross sections in the scattering of neutrons from
both Li' and Li~ at energies from 1.5 to 7.5 MeV can
be understood reasonably well on the basis of an optical-
model interaction. The model that they employed was
the nonlocal optical potential of Percy and Buck'~; the
calculations were performed by use of an equivalent
local potential which had been obtained from Eq. (35)
of Ref. 17. No spin-orbit potential was included.

In the present work, we have calculated the polariza-
tion and diGerential cross sections at energies from 0.5
to 2.2 MeV by use of the potential of Percy and Buck.
As in the report of Batchelor and Towle, the work was
done with an equivalent potential, the parameters being
obtained by use of Eq. (35) of Ref. 17, as described in
more detail be Elwyn et al. '8 The calculations were per-
formed by use of the ABAcUs-2 computer program" and
the IBM-"/04 computer. In the present calculations we
employed a real spin-orbit potential of the Thomas

' F. Percy and S. Suck, Nucl. Phys. 32, 353 (1962).' A. J.Elwyn, R. 0.Lane, A. Langsdorf, Jr., and J.E.Monahan,
Phys. Rev. 133, B80 (1964)."E. H. Auerbach, Brookhaven National Laboratory Report
BNL-6562 (unpublished).
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Fzo. 14. The measured diGerential cross sections and polariza-
tions for neutrons scattered from Liv at 1.7 MeV compared with
an optical-model calculation. The dashed curve is the calculation
for shape-elastic scattering only; the solid curve includes com-
pound elastic scattering as calculated by the theory of Hauser and
Feshbach. The optical potential employed is a local potential
equivalent to the nonlocal potential of Ref. 17, plus an added spin-
orbit potential. In the notation of Ref. 18, the parameters in the
present case are U1„=47.42 MeV, 9 1,=9.78 MeV, as=0 68 F&
cD=0.47 F rp=1.34 F Us=10 MeV and IVs=0.
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form. Compound elastic scattering was accounted for
by use of the theory of Hauser and Feshbach. "

The results of the calculations show fair agreement
with the measured total and diGerential cross sections,
especially for the case of Li'. The 6ts to the polariza-
tion measurements, on the other hand, were somewhat
worse. Typical examples of the kind of agreement that
was obtained are shown in Figs. 13 and 14. The solid
curves on these figures show the calculations including
compound elastic scattering. The dashed curves show
only the shape-elastic predictions.

We have made preliminary attempts to improve the
6ts by studying the effect of varying some of the optical-
model parameters. A variation of the parameters of the
spin-orbit potential did not lead to improved agreement
with the data when the values of the other parameters
were kept 6xed at those strengths predicted by the non-
local model. Further variation of parameters from those
predicted by the nonlocal model have led so far to only
qualitative conclusions. For example, it appears that
better agreement with the data might be obtained with
somewhat smaller values for the strength of the imag-

ro W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).

inary central potential. Recently, Percy and Saxon"
have pointed out that a "better" local approximation
to the nonlocal potential dejIined in Ref. 17 can be ob-
tained. Percy" has pointed out that one of the results
coming from their study is that the values of the diffuse-
ness of the real well differ from those values predicted
by Eq. (35) in Ref. 17. Accordingly, we studied the
eBect of varying this parameter over a wide range. No
substantial improvement in the agreement with the
data was found. We hope to continue further work
toward obtaining a more realistic optical potential for
these nuclei in the energy range below 2 MeV.
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Thresholds for (p, n) Reactions on 26 Intermediate-Weight Nuclei*
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Protons with energies below 5 MeV, produced by either a 3-MV or a 5.5-MV Van de Graaff accelerator,
were used to find (p,n) thresholds and threshold limits for 26 nuclei with 37 &A & 112.Data are presented
from several independent measurements which were made over a period of about 6ve years; the present
values supersede those presented in earlier abstracts by Trail and Johnson and by Johnson and Galonsky.
Energy calibrations are based on one or more of the following absolute standards: ILi (p,m), 1880 7+0.4 keV;
uB(p,e) 3016.4+1.5; ISF(p,tI), 4234.4+1.0 keV; and IQF(p,ny), 872.5+0.4, 934.1&0.9, 1346.6+1.1, and
1373.5~0.6 keV. Neutrons were detected in each experiment by several BF& counters in 47'- geometry. The
yields near threshold have been interpreted in terms of the Hauser-Feshbach statistical theory of the com-
pound nucleus, and in most cases there is good agreement with the predictions for the ground-state tran-
sitions. The targets and the corresponding negative Q values in keV for these ground-state transitions are as
follows: "Cl, 1596.9+2.5 4'K 1209.7+1.5; 49Ti, 1383.6~1.0; "V, 1533.7+1.8; »Cr, 1380.4+1.6»Mn,
1014.4~0.8) "Fe) 1619~2) "Co, 1855.3+1.6 "Ni) 3024+4. "Cu) 2135.8~1.7 "Zn, 1783.3~1.4 7n,
3707+5 'Ga, 3006+4; Zn, 1439+3' 'Ga, 1018+2; 7 Ge, 3348+5; 'As, 1647.3+1.1; OSe, 2653+3;
~«Pd, 3754~13; 'OSPd, 2670+100; and '"Cd, 3400~20. In addition, three thresholds were observed for
which the comparison of the observed yields with the predictions indicates that the reactions proceed to the
excited states in the residual nuclei. The three targets and the corresponding negative Q values in keV are as
follows: 'Ge, 1189+15;"Y, 4207+6; +Nb, 2720+100. The fact that the wNb(P, N)"Mo threshold to the
1.48-MeV state was observed indicates that lower states in "Mo have J~& 2. For three other targets the yield
curves showed some indication of a threshoM; however, comparisons with the theory in these cases indicate
that only the following upper limits can be set to —Q in keV: "Ca(p,a)"Sc, &640; 'Se(p, e)@Br, &920;
»Nb(p, e)93MO, &1290. A comparison with the theory indicates that the observed yield above 650 keV for

Ca must be due to a transition to an excited state rather than the ground state of ' Sc.

I. INTRODUCTION

'HK mass difference between two isobars can often
be found with ease and precision by observing

the (P,I) reaction threshold for a ground-state tran-
*Research sponsored by the U. S. Atomic Energy Commission

under contract with Union Carbide Corporation.

sition. If the residual nucleus is unstable against posi-
tron emission, the negative of the Q value must be
greater than 1804 keV; in this case the threshold energy

t Present address: Brooklyn College, Brooklyn, New York.
f Present address: Michigan State University, East Lansing,

Michigan.


