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Table I. S~ff at T= 0 and xo ——0 for various values of
U. The critical potential, below which moment forma-
tion does not occur, is ~w/A .

parquet-diagram approach, and with H. Suhl on
the general problem of local moment formation.
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8 =
2 expected for the singly occupied localized

s state treated in this model. In addition, the
density of states, while closer to that expected
for U» ~ than the density of states of the non-
parquet equations, still has much too strong a
background in the region between the two peaks.
Hence the parquet-diagram technique of taking
into account the influence of paramagnon ex-
change on local moment formation, while improv-
ing some of the features of the original model,
is not completely satisfactory quantitatively.
However, we have not taken into consideration
the G terms of Eq. (4) nor the effects of a finite
frequency width for the paramagnons. These
problems are presently under study.
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We use the imaginary frequencies of finite-tempera-
ture many-body theory, icuv = 2vmi/P for bosons,
(2v+1)ni/P for fermions, P=1/kT, so that a Kronecker
delta represents an infinitely narrow mode. This
approximation is clearly best at high temperatures
where the frequencies are widely spaced.
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From an essentially model-independent analysis of the ratio of cross sections for the
reactions Li(p, no) Be&, , Li(p, nq) Be(0.43 MeV), and Li(p, no) Beg, , it is concluded
that V~/V~ = 0.66+ 0.08 and is independent of bombarding energy from 10-20 MeV.

Recently, there have been several attempts to
obtain quantitative estimates of the effective
two-body force required by a microscopic de-
scription of nuclear reactions. " In particular,
the charge-exchange part of this effective force
has received a great deal of attention. ' ' Un-
fortunately all attempts to obtain quantitative

extimates of the spin and charge-exchange force
(V„) are for light nuclei (& g 27) where neither
the nuclear structure information nor optical
parameters are particularly well known. How-
ever, from a, comparison of the 'Li(P, no)'Be&,
and 'Li(P, n,)'Be(0.43 MeV) cross sections one
can obtain the ratio of the charge and spin-ex-
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change to the charge-exchange part of the effec-
tive two-body force. In this case the data can be
analyzed using a microscopic description of the
reaction where, to first order (monopole approxi-
mation), the nuclear structure information is ex-
perimentally determined from beta decay. Since
the final states have the same isospin and are
sufficiently close in energy (0.43 MeV), there is
almost no uncertainty introduced into the theor et-
ical analysis of the ratio of cross sections due to
optical parameter uncertainties. Hence, the de-
duced results are essentially model independent.

The 'Li(P, n, )'Beg, , 'Li(P, n,)'Be(0.43 MeV),
and Li(P, n, ) Be&, cross sections were mea-
sured for bombarding energies between 9.8 and
13.9 MeV using standard time-of-flight tech-
niques. ' At proton energies above 14 MeV, the
ground-state and first-excited-state neutrons
from 'I i could not be resolved; therefore the
sum of these cross sections along with the
Li(P, no)'Be&, cross sections were measured

up to 19.6 MeV bombarding energy. In Fig. 1
angular distribution data for the lowest (9.8 MeV)
and highest bombarding energy (19.6 MeV) are
shown. One notes that the difference in angular
distributions in Fig. 1(a) is characteristic of the
large difference in momentum transfer for this
low bombarding energy. There is some indica-
tion of a small broad resonance in the n, cross
section around 9 MeV based on lower energy
measurements" and hence the 9.8-MeV data
probably contain a substantial contribution (-25 /p)

from compound-nucleus decay. The ratio of the
'Li(P, n,)'Be(0.43 MeV) cross section to the
'Li(P, no)'Be g, cross section is shown in Fig.
2(a). The ratio of the 'Li(P, n,)7Be(0.43) cross
section to the 'Li(P, n,)'Beg, cross section,
corrected for the difference in phase space, is
shown in Fig. 2(b). The ratio of the 'Li(p, n)

cross sections (ground state plus first-excited
state) to the 'Li(p, n, )'Be &, cross section is
shown in Fig. 2(c) where a phase-space correc-
tion has been applied due to the difference in Q
values.

Several microscopic treatments of direct in-
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FEG. 1. Angular distributions for the Li(p, n) reac-
tions. {a) The solid circles are for the reaction Li(p,
no)'Be&, , the crosses for the reaction 'Li(p, n&) Be
(0.43 MeV), and the triangles for the reaction Li(p,
no)'Be&, . (b) The 'Li(p, no+n, )'Be (g.s.+0.43 MeV)
cross sections are shown as solid circles while the
Li(p, no) Be&, cross sections (multiplied by 10) are

shown as triangles.

elastic scattering are available" "and here we
only present a summary of the main results ap-
plied to the (p, n) reaction. In L Scoupling the-
differential cross section is given by the expres-
sion

where
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FIG. 2. The ratios of Li(p, n) cross sections are
shown as a function of bombarding energy. Ratios in-
volving Li cross sections have been corrected for the
differences in phase space. The deduced ratio of force
constants is shown on the right-hand scale. (a) The
ratio of the L-;. (P, no) Beg, to Li(P, nq) Be (0.43 MeV)
cross sections. (b) The ratio of the 'Li(p, nq)'Be (0.43
MeV) to Li(p, np) Beg, cross sections. The dashed
line at 0.'7 indicates the expected ratio. (c) The ratio
of Li(p, np+n~) Be (g.s. +0.43 MeV) to Li(p, np) Beg
cross sections. The solid line indicates the average
value.

The spectroscopic information is contained in ~,
and we have assumed that the two-body cha, rge-e,
exchange force can be written as

V;, = (&; &~)[Vr +(o; o, ) V.~]f(~;,). (3)
In the monopole approximation (L = 0) the (p, n)
cross section can be further simplified to the
form

= [(N Z) V '5, ( )'V— 5,,] (()), (4)

where the nuclear structure information is con-
tained in (o)' and the overlap of wave functions
(radial integrals) and distorted-wave effects are
lumped into oo(()). The form of Eq. (4) is more
general than implied by our derivation. The der-
ivation does assume a central effective two-nu-
cleon interaction. Tensor charge- exchange forc-
es are almost certainly present. '" " However,
they have been shown" not to be important for
the (P, n) reaction in light nuclei at low energies
unless the central transition is abnormally small,
such as in the reaction ' C(P, n, )' Ng, . The
presence of different ranges for our forces in
Eq. (3) would imply a normalization of V, with
respect to ~, proportional to the cube of the
appropriate range and produces a slight deteri-
oration of the equivalence of the angular distri-
butions implied by Eq. (4). The inclusion of
space exchange-" also does not affect the form of
Eq. (4) and implies a, renormalization of the rel-
ative force constants only if the ranges are dif-
ferent.

To analyze our data we require nuclear struc-
ture information. From the measured ff values
from beta decay we can obtain the relevant nu-
clear structure information (o)' as follows"":

6120
DF 61'o+ 1 4(o)2DGz'5g'i

~here D~=DGz =1 in our case and the 1.4 repre-
sents the square of the ratio of coupling con-
stants. The ft values from the literature, " the
deduced (o)', and the implied (o)' for the (p, n)
reaction are listed in Table I. One could have
calculated (&)' directly from the wave functions.
Using the coefficients of fractional parentage in
I--~ coupling" we have calculated the appropriate
(o)' which are also listed for comparison in
Table I.

From Table I and Eq. (4) we obtain the ratio of
the 'Li(P, n,)'Be&, cross section to the 'Li(P,
n,)'Be(0.43 MeV) cross section, A('n, /n, ), as

V, + 1.47V„
1.27 V

Table I. Nuclear structure information.

Beta decay
Observed transition ft

(p, n) reaction
Observed reaction &o&

'
&o)z, s'

7 7Beg, Lig
Beg, Li (0.48)

'Beg, -'Lig,

2000
3450

802

1.47
1.27
5.45

'Li(P, np) 'Beg,go

Li(p, np) Beg,

1.47
1.27
1.82

1.67
1.33
2.00
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In Fig. 2(a) the values of the ratio &„/V, are
shown in the right-hand scale corresponding to
the cross-section ratios indicated on the left-
hand scale. With the exception of the point at
9.8 MeV (which is suspect due to the possibility
of compound nucleus contributions) the ratio of
V „/V, lies between 0.58 and 0.75.

One also has a very simple prediction for the
ratio of cross sections for the first excited state
of 'Be as compared with the ground state of 'Be
as

The expectation that this ratio should be inde-
pendent of bombarding energy is well borne out

by experiment for energies greater than 10 MeV
[see Fig. 2(b)J. The cross-hatched area repre-
sents an estimate of the ratio at 20 MeV obtained

by extrapolating the 'n, cross sections measured
at higher energies (23 ~&& - 53 MeV) by Locard
et a,l.' The & is required because our neglect of
optical parameters is no longer justified in this
case since in addition to the large difference in

Q value we have different isospins in the initial
and final states and hence quite possibly different
optical parameters. There is another difficulty
in that (o)' was obtained from the 'He-'Li beta
decay, but 'Be is unstable against particle emis-
sion and hence the overlap of the wave functions
will not be as large as estimated from beta de-
cay. Our observed value of & =2.6 is almost a
factor of 2 larger than one might have estimated
on the basis of optical parameters alone but is
indeed energy independent.

We can now obta. in the ratio of the 'Li(P, n)'Be
(g.s. +0.43 MeV) cross section to the first-excit-
ed-state cross section through the use of Eq. (7):

so + pl j @ plo + pzg 1

V, '+ 2.74V.,'
1.27 t/'„'

In Fig. 2(c) the ratio ('n, +'n, )/n, is plotted (left-
hand scale) versus bombarding energy from 10 to
20 MeV. It is quite clear from these data that
the measured ratio of cross sections is essential-
ly energy independent. To estimate the sensitivi-
ty of the observed ratio of cross sections to the
ratio of the force constants we use the empirical-
ly determined value of & to obtain the right-hand
scale of Fig. 2(c). As an additional check on our
procedure we have plotted the ratio of the zero-
degree cross sections obtained by Clough et al. '
at 30 MeV for the reactions 'Li(p, n,)'Be&, and

'Li(P, n„)'Be(0.43 MeV). This is shown as the
cross-hatched area in Fig. 2(a). Although it is
only a measurement at a single angle, at higher
energies normalizing to the forward maximum
of a (p, n) angular distribution gives the same
answer as normalizing to the integrated cross
section. We can only conclude that this measure-
ment is compatible with our deduced ratio of
force constants.

In order to estimate the magnitude of higher
multipole contributions to the cross sections we
must now rely on our model calculations. Using
L -~ wave functions and calculating only the di-
rect terms implied by Eqs. (1), (2), and (3) we
find the L = 2 contribution to the cross section is
less than 1/0 of the monopole contribution. This,
however, is a lower limit. If one takes into ac-
count the enhancement of the I = 2 multipole due
to space- exchange and tensor- force contributions
we obtain a more realistic estimate of 5 "/p. As-
suming extreme conditions, the ratio of cross
sections would be altered by not more than 9 /g,

which is of the same order as the statistical un-
certainties that we quote for the cross-section
data. Thus, we conclude that our use of the mo-
nopole approximation is justified.

From the analysis of the 'Li(p, n)'Be (g.s.
+0.43 MeV) and 'Li(p, n,)'Beg, cross sections
we have established that the ratio of the spin and
charge-exchange to charge-exchange force con-
stants of the effective two-body force is essen-
tially energy independent for bombarding ener-
gies from 10 to 20 MeV. From a comparison of
the 'Li(p, no)'Be&, and 'Li(p, n, )'Be(0.43 MeV)
cross sections we obtain the value for the ratio
of the force constants V, /V, =0.66+0.08. Both
the energy dependence and the magnitude of the
ratio are in excellent agreement with the values
of the effective interaction"' obtained from the
Kallio-Kolltveit two-body force. It looks hopeful
that the (P, n) reaction, at least in a phenomeno-
logical sense, may now be used as a spectro-
scopic tool for light nuclei for strong transitions.
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The asymmetry A = (do ~ —do ~~)/(do~ +do ~~) of the differential cross section for the re-
action yd ~ pp has been studied with linearly polarized photons of 3.0 GeV at squared
four-momentum-transfers between 0.16 and 2.0 (GeV/c) . The asymmetry was found to
be positive at tvalu-es below 0.3 (GeV/c), dipping to negative values between 0.4 and
0.6 (GeV/c), and then rising again to positive values above 0.7 (GeV/c) .

Experiments on single p' production from nu-
cleons with unpolarized photons' have shown that
over a large range of energy and momentum
transfer the m /z" cross-section ratio R =dv(yn
-w P)/dv(yP- z'n) is apprecia. bly smaller than
one, indicating a strong interference between the
isovector and isoscalar photon amplitudes. In a
t-channel exchange picture, this implies the in-
terference between exchange amplitudes of oppo-
site G parity. The interference can occur only
between exchanges of the same spin and parity,
for instance between exchange amplitudes of p
(0 =+1) and A, (G= —1), which ha.ve natural spin
and parity, P(-1)J=+1, or between B (6=+1) and
w (G = —1), which have unnatural spin and parity,
P(-1)J= -1.

Experiments with linearly polarized photons
can separate the natural from the unnatural spin
and parity exchanges, since at high energy and
small momentum transfers photons that are lin-
early pola, rized perpendicular (parallel) to the
pion production plane contribute only to the nat-
ural (unnatural) spin and parity exchange mode. '
Data from such experiments provide a stringent
test of various theoretical models for the photo-

production of pions. ' Combined p' and g data,
where available, "permit one to determine the
magnitude of the 6=+I interference term sepa-
rately in each of the spin and parity exchange
modes and may aid in the identification of the
contributing amplitudes. " Previous polarized-
beam experiments on 7t production covered
small -t values up to 0.6 (GeV/c)', this experi-
ment extends the range of four-momentum trans-
fers in z production up to -t = 2.0 (GeV/c)'.

We have studied the reaction yd-v PP with
linearly polarized photons of energy 3.0 GeV at
squared four-momentum-transfers, —t, between
0.15 and 2.0 (GeV/c)'. Coincidence yields were
measured between the pion and one of the recoil
protons using photons polarized both perpendicu-
lar (&) and parallel (~~) to the pion production
plane. From these measurements, differential
cross-section ratios (dv, /dv „) .d, „and
asymmetries A = [(dv dv p)/(dv +dvt', , )] ~y —pp,
were determined.

Electrons of 6.0 GeV from the Cambridge Elec-
tron Accelerator (CEA) incident on a suitably
oriented diamond monocrystal produced a brems-
strahlung beam with the characteristic polarized-


