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Proton-y angular-correlation measurements at 19.6 Mev, together with asymmetry
data for excitation of the first 2' state of Fe, yield strong evidence for the full Thomas
form of the spin-dependent collective-coupling potential. In addition, the agreement be-
tween these data and calculations is improved when the spin-dependent deformation P, ~
is twice P&, the deformation parameter for the central potential.

Inelastic scattering of 19.6-MeV protons from
the first excited 2" state of ~Pe has been studied
extensively. Proton-y angular-correlation mea-
surements of both the in-plane' and the z-axis or
spin-flip" types have been reported. Inelastic
asymmetry experiments were performed at
Saclay. '

It has been observed that the asymmetry data
for ~Pe could not be matched by the collective
model in the distorted-wave Born approximation
(DWBA) with P, , = P„whereas good agreement
was found for both 'sFe and s Ni. ~ Sherif and
Blair' have proposed an increase in P, , to im-
prove asymmetry predictions, and recently
Raynal' showed that with P, , equal to 2 or 3
times P„ the ~Fe asymmetry at 16.6 MeV could
be reasonably well matched. On the other hand,
spin-flip data for ~Fe and "Fe are very similar
but cannot be predicted in detail. ' These results
seem contradictory since both asymmetry and
spin flip depend upon the spin-dependent interac-
tions.

In this Letter we point out that the in-plane cor-
relation data, in conjunction with spin-flip mea-
surements, provide a sensitive test. of the form
for the spin-dependent perturbation, or coupling,
potential which causes the transition. These
data also lend substantial support for setting
P, , = 2P, for this coupling potential in the case
of "Fe at 19.6 MeV. We also discuss a physical
interpretation of the scattering process in a
manner which leads to greater insight. Finally,
we mention further experimental studies which
could help resolve unanswered questions.

The coincident quadrupole -radiation intensity
in the plane of a proton reaction due to a 2' -0'
transition has a familiar five-parameter normal-
ized form (see, e.g. , Schmidt et al. ') which is
independent of the reaction mechanism, viz. ,

W(y z, cp~)
= (5/16w)[A+ 8 sins(yz-&, )

+ C sin'2 (y 7
—s,)],

where y& and p~ are the emission and scattering

angles for the y ray and the proton, respectively.
The five experimentally determinable param-
eters, A, 8, C, e„and ~„contain the magni-
tude of the amplitudes and their phases for exci-
tation of the quantum substates which make up
the 2' state. (Explicit formulas are given in
Ref. 7.) For example, a (&&)exp[iP (&&)] is the
amplitude for excitation of the mth substate by
protons whose spin goes from "up" to "down. "
If we choose our quantization axis perpendicular
to the reaction plane, then the Bohr theorem'
assures us that the pair of states m =+1 inter-
fere incoherently with the pair m =+2, and that
the m =+1 states arise only through proton spin
flip. Also, since we could in principle distin-
guish between (&&) and (&&) scattering experimen-
tally, these processes interfere incoherently.

The origins of the parameters 8, C, 6y and

&, are as follows: & arises from spin flip; it
can nevertheless be zero if (say) only the m =+1
state is excited. ~, is related to the phase dif-
ference between m =+1 and -1 states. C and e2
are similar quantities for the m =+2 and -2
states. The m =0 state does not contribute to
the in-plane radiation. The significance of the
parameter A will be discussed below.

We have found experimentally that A is nearly
zero for scattering angles in Fe(p, p'y) in the
forward direction and then exhibits a back-angle
peak, as shown in Fig. 1(a). The spin-flip proba-
bility, S„has a similar back-angle peak [Fig.
1(b)].

The parameter A contains all the amplitudes
except those for the m =0 state. We first ex-
amine the conditions under which it can be zero,
as is approximately the case for forward scatter-
ing: (1) The equalities a„(&&)=a,(&&), a„(&4)
=a 2(&&), a„(&&)=a, (&&), and a„(&4)=a,(&&)

must hold; (2) the difference in phase angles,
P„(4&)—P, (&&), must equal the difference P„(&&)
-P 2(&&), and similarly for the +1 states. The
first condition assures full coherent cancelation
of the plus and minus substates along the radia-
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tion symmetry axes, and the second provides
symmetric incoherent overlap of these two pat-
terns. Note, however, that a„,(&&) may be dif-
ferent from a»0(&&), etc. It is just these differ-
ences which will contribute to asymmetry in

scattering with a polarized beam. Similar con-
tributions can arise from a, ,(&&) and a»(&&).

From the experimental data shown in Figs.
l(a) and 1(b), we conclude that in the forward
direction, where both A and 8, are very small,
the predominant scattering amplitudes are the
ao's and the a, 's. Thus both the equalities ex-
pressed by conditions (1) and (2) hold approxi-
mately. The equalities of condition (2) for the
m =+2 and -2 states are further supported by
the experimental behavior of e, (not illustrated),
which follows closely the adiabatic recoil axis.
In the adiabatic approximation A is zero for @-
particle scattering. ' Since (&0) and (&&) pro-
cesses do not interfere coherently, we may think
of each of these as a-particlelike scatterings.
When condition (2) is met, these two radiation
patterns coincide and make A zero. Hence, the
fact that &, exhibits adiabatic behavior supports
equality of these phase-angle differences. The
inelastic asymmetry in the forward direction,
as shown in Fig. 1(c), arises primarily from a
difference behveen (&&) and (&&) in the m =+2, 0
substates.

In the backward direction both A and S, have
a pronounced peak. It is therefore probable that
the peRk in A Rrises from the spin flip ampli-
tudes, so that either one or both of the equality
conditions (1) and (2) for the m =+1 states does
not. hold. Our data concerning the angle ~, are
rather poor, and it is difficult to argue as we

did Rbove for E2.

%e next compare the experimental results for
the asymmetry S, and A with collective-model
DVifBA calculations performed with the code de-
veloped by Sherif. " The standard optical-model
parameters of Becchetti and Greenlees were
used. "

The various predictions are shown on the fig-
ures, The curves are for different forms and
strengths of the spin-dependent coupling potential
4U, , Two forms for this potential are em-
ployed: Those labeled OR use the unsymmetrized
form of the potential suggested by the Oak Ridge
group, "and the pr edictions labeled FT use the

full Thomas form proposed by Sherif and Blair. '
These two forms are
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In these expressions, f =f(x, a,~, B,~) is the-
Woods-Saxon form factor, where as~ and Rs
are the diffuseness and radius parameters, re-
spectively, of the spin-dependent term of the op-
tical potential; and ~,~(f) is the spin-dependent
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FIG. 1. (a) The parameter A. for the in-plane correla-
tion function; (b) the spin-Qip probability 8& as deter-
mined by z-axis correlation measurements; (c) the
inelastic asymmetry. The curves are drwe for var-
ious DWBA calculations as described in the text.
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deformation and is defined by

where ~IM) and j00) are the initial and final nu-
clear states, respectively, and P,~ is the defor-
mation parameter.

In addition to employing the two forms for 4U,~
we have vaxied its strength by assigning different
values to Pq~. It ls customary to set P~~ P2~ the
deformation parameter for the central potential.
For the curves labeled "No def, " P,~=0; i.e. ,
AU, =0, so there is no spin-dependent coupling
(but spin-dependent forces still act in the elastic
channels). Calculations are also shown for P,~
=P„and P,~=2P, . It is important to note that
the latter does not necessarily imply a gxeater
deformation of the spin-dependent potential; it
is only a convenient means for increasing the
strength of the spin-dependent force fox exciting
the state.

Three clear conclusions can be drawn from a
comparison of the various predictions with the
three sets of experimental data: (1) The full
Thomas fox'm is superior, especially with regard
to the parameter A. (2) P,~=2P, is also superior
and improves the fit to A and to the asymmetry.
(3) The fit to the spin flip is somewhat better
with the FT form and with p,~=2p„as is also
the case for "Ni." Sherif and Blair' proposed
an increase in 4U, ~ as a means of improving
asymmetry pxedictions. As noted above, Raynal
found this to be effective for ~Fe at 18.6 MeV.
He bases his argument upon a microscopic de-
scription in cases where there is an open proton
shell and a closed neutron shell, which is the
case for ~Fe.

A comparison between the various calculations
shows that S, is but little affected by P,~. The
chief contributor to S„which is the sum of spin-
flip processes, thus lies in the distortion of the
elastic waves generated by the central spin-de-
pendent potential. This conclusion seems to hold
for other targets as well. On the othex' hand, if
the amplitudes for (&&) were different from those
for (&&), we would expect to observe a spin-flip
asymmetry in scattering performed with a po-
larized beam. In analogy with inelastic asym-
metries, spin-flip asymmetry shou'Jd be sensi-
tive to P,~. Lowe" has measured spin flip with
a polarized beam for '2C. Experimental difficul-
ties preclude drawing clear conclusions, but
there is some indication of an asymmetry. Mea-
surements of the parameter A with a polarized
beam, though more difficult, would contribute

further insight into the scattering process.
In our discussion of the back-angle peak in A,

we suggested that the contributions to A are pri-
marily due to differences between a„and a „
and/or to phase-angle differences. We have ex-
amined these amplitudes as predicted by the com-
puter calculation, and find that these differences
are primarily due to the m= +l phase differences,

rather than to u„&a,.
The superiori. ty of the full Thomas form of

4U, has been evident in the measurements of
inelastic asymmetries for some time, but the
improvement is most dramatic for bombarding
energies highex than 20 MeV. The pronounced
effect on the paxameter A fox the data at 19.6
MeV constitutes clear evidence of the superiority
of the FT form for lower enex'gies as well. Thus,
the parameter A apparently pins down the fox m
of 4U, , while the asymmetry determines the
magnitude of ~U,~. Since the asymmetries for
"Fe and "Ni are adequately explained by P,
= P„ it would appear that these 2' states do not
require p, & p, .
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Total cross sections for x p —AK have been measured using optical spark chambers
from threshold to 1.1 -9Ge V/ cbeam momentum in 19-MeV/c intervals, but with a 1-MeV/
c resolution in the regions of the AK and ZE thresholds. The behavior near AK threshold
indicates a significant s-wave contribution, but this experiment is unable to resolve any
cusplike behavior in the region of the ZK thresholds. The cross section shows a broad
peak in the vicinity of 1. 50- GeV/ cbeam momentum.

A number of experimental studies have been
made of the momentum dependence of the total
cross section for the reaction v P —AK' in the re-
gion of incident pion momentum extending from
threshold up to and beyond that corresponding to
the thresholds for Z'K' and Z K' production. ' '
These studies have sought to clarify the mecha-
nism for AK production near threshold, to search
for new resonances, and to find evidence for the
predicted cusplike behavior of the total cross
section in the region of the ZK thresholds. A

limitation in previously published studies has
been imposed by the uncertainty in the incident
pion momentum, typically +2%, which places a,

lower limit on the characteristic width of detect-
able structure of -20 MeV/c. In the present ex-
periment, the width of detectable structure in the
momentum dependence of the total cross section
for AK production is reduced to +1 MeV/c by the
use of a spark-chamber spectrometer in the in-
cident pion beam. This apparatus, described
elsewhere, ' permits determination of the momen-
tum of individual incident pions with a relative
precision better than +0.1%, and with an absolute
calibration obtained from kinematic event fitting
near the A'K' and Z'K thresholds.

The pr es ent experim ent employed a s econdary
pion beam of the Lawrence Radiation Laboratory
Bevatron whose central momentum was adjusted
from 0.910 to 1.135 GeV/c with a momentum

spread at any setting of approximately 2 /o. After
passing through the spectrometer, this beam was
focused on a 1-in. -thick liquid-hydrogen target.
An array of spark chambers located upstream

and downstream from the target permitted 90'
stereo photography of the tracks of incident pions
and the charged decay products in addition to
photographs of the spectrometer. The entire
spark-chamber array was triggered by a counter
arrangement similar to that first used by Cronin
and Overseth" which selected those events in
which a pion enters the target, no charged sec-
ondaries emerge from the target, and charged
decay particles are produced further downstream.

During the experiment 6.2 & 10' photographs
were taken. Data taken at the three central mo-
mentum settings of 0.910, 0.926, and 1.040 GeV/
c were subdivided into 1-MeV/c momentum in-
tervals according to the momentum determina-
tion obtained with the spectrometer, whereas the
remaining momentum settings were treated as
single data points. In order to compute cross
sections, beam-momentum profiles were deter-
mined at the 0.910-, 0.926-, and 1.040-GeV/c
settings by also measuring momenta for events
in which the beam particle did not interact in the
hydrogen target, but did interact in the range
chamber. These beam-track events represented
"leakage" thi ough the anticoincidence counter
following the hydrogen target and were uniformly
distributed throughout the same film in which the
AK events were located. This procedure permit-
ted study of the entire region from threshold to
1.135 GeV/c with enhanced precision in momen-
tum near threshold and in the region of the ZK
thr esholds.

All film was scanned twice with overall scan-
ning efficiency of 99% and measured on a preci-
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