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Differential cross sections and analyzing powers are presented for the ' O(p, m+) "0 reaction at

Tp =250, 354, and 489 MeV and compared with preliminary 200 MeV data as well as previously
published data taken at other energies above and below the b&232 resonance region. The
differential cross sections for each final state exhibit an energy dependence similar to that of the
pp~dm. + reaction at equivalent center of mass energy and four-momentum transfer, as has been
seen previously for (p,m+) reactions with other target nuclei. The shape of the analyzing power
angular distributions varies with the ' 0 nuclear final state. Some states exhibit broad similari-

ties with that of the pp~dm+ reaction, while others are markedly different.

I. INTRODUCTION

Over approximately the last 15 years, the exclusive
(p, m+) reaction has received sustained experimental and
theoretical scrutiny. ' Much of this interest has been
because the reaction is characterized by a momentum
transfer that is large compared to the nuclear Fermi
momentum. Understanding how the nucleus coherently
absorbs this large momentum transfer is important to
the study of large momentum transfer processes in gen-
eral. However, a key problem complicating the study of
the (p, m+) reaction has been the interplay between reac-
tion mechanism and nuclear structure effects. Any hope
of tapping the wealth of information hidden in the ex-
clusive (p, m) reaction hinges on our ability to unravel
the underlying reaction mechanism from the nuclear
structure effects. Alternately, the large momentum
transfer makes the (p, sr+) reaction a suitable spectro-
scopic tool for the study of previously unidentified high
excitation states. '

Despite evermore sophisticated calculations of nuclear
(p, m. +) reactions, ' agreement between calculation and
experiment is fragmentary. Systematic studies of a large
number of cases will be necessary to gain a full under-
standing of the (p, sr+) reaction mechanism. Recent
measurements of (p, ~+) differential cross-section and
analyzing power distributions for transitions to many
different final states" ' have begun to delineate the sys-
tematics of this reaction. Of particular importance are
studies in the h, 232 resonance region of reactions involv-

ing nuclei whose structure is known with some reliabili-

ty; the ' O(p, sr+)' 0 reaction is such a case. In this en-

ergy region, signatures of the 4&232 resonance, if present,
should be the least ambiguous.

Except for a few older measurements near the thresh-
old region, ' ' and some preliminary data taken at
LAMPF at 800 MeV, ' there has not been an experimen-
tal survey of the ' 0(p,sr+)' 0' reaction across a broad
energy range. This scarcity of data is surprising because
the closed shell nature of the ' 0 nucleus simplifies
theoretical calculations of this reaction. Experimental
data on this target nucleus in the region of the b, &232 in-

variant mass are necessary to confirm recently published
systematics of the (p, m+) reaction using other target nu-
clei of similar mass. In addition, no analyzing power
measurements have ever been made for the (p, m. +) reac-
tion on nuclei with A &2 in this energy region; such
measurements may aid in unravelling nuclear structure
effects from the (p, m+ ) reaction mechanism.

For the above reasons, we have studied the
' 0(p,m+)' 0 reaction using polarized proton beams of
250, 354, and 489 MeV, covering the energy range near
the invariant mass of the hjp32 A simple calculation
shows that the peak of the A, 232 resonance should occur
at T =315 MeV if the beam proton and ' 0 target com-
bine to form a mass 17 nucleus with one nucleon excited
to a mass of 1232 MeV. To aid in understanding the en-

ergy dependent systematics of these reactions, we com-
pare our results to preliminary 200 MeV data from an
experiment recently completed at the Indiana University
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Cyclotron Facility (IUCF), as well as other previously
published data. ' ' In addition, we compare our data
to a recent calculation of the ' O(p, n.+)' Os, reaction
across this energy range by Cooper and Matsuyama.
This is a modern relativistic stripping mechanism calcu-
lation, and our data should aid in the development of
this, as well as other recently developed (p, n.+) mod-

ls 7, 8, 10

II. THE EXPERIMENT

The experiment was performed with the medium reso-
lution spectrometer (MRS) (Ref. 17) at TRIUMF using a
polarized proton beam. The experimental procedure was
essentially the same as that used in a previously pub-
lished ' C(p, m

+
)
' C' experiment performed on the

MRS, ' so only differences in procedure from that previ-
ous work will be explained.

Beam polarization was monitored continuously by an
in-beam polarimeter located upstream of the experimen-
tal target. Beam polarization was typically 73% at 250
MeV, and approximately 60% at 354 and 489 MeV.
Beam intensity was monitored by a secondary emission
monitor (SEM), as well as with the in-beam polarimeter,
both of which had been previously calibrated against a
Faraday cup. The total charge on target readings given
by the in-beam polarimeter were consistently higher
than those given by the SEM by 17+4%. This devia-
tion was consistent with that seen previously by other
experimenters using the MRS, ' and the stability of the
ratio between the two beam normalizations leads one to
believe that it was due to the thin polarimeter target,
which has been known to wrinkle after an extended time
period in the beam. Therefore, the SEM was used for
the total charge on target, and we are confident that the
beam normalization is accurate to within 2%, which is
the accuracy of the SEM versus Faraday cup calibration.

Beam was incident on a Li' O'H target of 100+1
mg/cm thickness. In order to maximize the resolution
of the MRS, the target angle with respect to the beam
was chosen at each spectrometer angle setting so that
the maximum energy loss of the proton beam in the tar-
get would be approximately equal to the maximum ener-

gy loss of the detected pions in the target. Because of
reliability problems associated with the target angle
readout system during the experiment, the uncertainty in
the effective target thickness is estimated to be +14%.
This uncertainty was estimated by making two measure-
ments at the same spectrometer angle and proton energy
in which the target position and spectrometer angle were
moved and then reset to their original positions. Any
difference between the two measurements was attributed
to the error in obtaining the original target position.

The location of events in the pion focal plane due to
the Li(p, m+ ) Li reaction interfered with the most high-

ly excited states in the ' O(p, n.+)' 0* reaction at only
the most forward angles. At these angles, data from a
208+2 mg/cm metallic Li target were collected and
subtracted from the Li' O'H target data. These
Li(p, n. + ) Li data have already been published. '

The spectrometer detection system consisted of a mul-
tiwire drift chamber located in front of the

spectrometer's entrance quadrupole magnet, and two
vertical drift chambers followed by two planes of plastic
scintillators located near the focal plane of the spectrom-
eter. The product of the efficiency of all three chambers
was typically 88%, although at extreme back angles the
product fell as low as 70%. This decrease in efficiency
was shared equally between all three chambers, and was
primarily due to the increased beam current used at
back angles in order to reduce the running time, result-
ing in increased singles rates from background. The ac-
quisition system live time varied between 83 and 98%,
depending on the event rate.

The spectrometer acceptance was calibrated at 489
MeV using the pp~dm+ reaction, whose cross section is
known to a precision of +2%. The proton energy for
this calibration was chosen so that pions from this reac-
tion would have approximately the same momentum as
pions from the ' O(p, n. +)' 0 reaction at 354 MeV. The
effective solid angle of the spectrometer, determined by
this method, was 2.8 msr, which compares with the 3.0
msr geometric solid angle of the MRS spectrometer.
The uncertainty of +6% assigned to this solid angle
determination is based on the accuracy to which the
solid angle could be determined in previous experi-
ments. ' It does not include the 2% uncertainty in the
pp~d~+ cross section itself and it also does not include
the uncertainty in the integrated beam current.

The efficiency of the spectrometer focal plane was
scanned using the pp~dm. + reaction by varying the
spectrometer dipole magnetic field. A Legendre polyno-
mial fit to the results of this scan allowed the efficiency
of each focal plane coordinate to be calculated, and all
net counts observed were corrected for the decrease in
collection efficiency away from the center point. An un-
certainty of 2%, incorporating the accuracy of this
Legendre polynomial fit, has been assigned to this
correction.

Systematic and relative errors for this experiment are
summarized in Table I. The uncertainty quoted for the
pion survival factor was based on the number of events
located on the high momentum side of the ' 0, which
can only be populated by muons via pion decay or pion

Solid angle
Pion survival factor
Uncertainty in pp~dm+ calibration
Target thickness
Total systematic uncertainty

+6%
3%
2%
1%

+7%

Relative uncertainties
Effective target thickness
Maximum sensitivity to errors in the data
Aquisition system live time
Integrated beam current
Wirechamber efficiency
Focal plane relative efficiency
Total relative uncertainty

+14%%uo

analysis 8%
4%
2%
2%
2%

+17%

TABLE I. Sources of error, and their assigned values for
this experiment.

Systematic uncertainties
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multiple scattering. The maximum uncertainty due to
the inconsistent placement of cuts in the off-line, event-
by-event analysis was estimated by analyzing some data
twice, once with normal solid angle, beam spot, and par-
ticle trajectory cuts, and once with these cuts set drasti-
cally different. This test determined the maximum sensi-
tivity of the differential cross sections presented here to
errors in the data analysis.

III. RKSUI.TS

Three off-line, event-by-event analyzed pion spectra
(after solid angle, energy loss, time of flight, target beam
spot, and particle trajectory cuts have been applied) are
shown in Fig. 1. The energy resolutions for these spec-
tra, as shown in Fig. 1, were 200 keV at 250 MeV, 165
keU at 354 MeV, and 225 keU at 489 MeV. The experi-
mental resolution at each beam energy was due primari-
ly to the energy spread of the proton beam as delivered
from the TRIUMF cyclotron. The three spectra shown
in Fig. 1 were taken at a fixed four momentum transfer
of t =0.45 GeV /c . The states of ' 0 which dominate
all three spectra are the ground state —', +, and the 5.218
MeV (—', ), 7.757 MeV —", , 15.78 MeV ( —", ), and 17.1
MeV (—,

'
) excited states. Those spins which are within

parentheses are only tentative assignments. We note
that the strongly populated states have known, or tenta-
tively assigned high spins, as expected from the large
momentum transfer characteristic of this reaction. This
selectivity for the population of high spin states is quali-
tatively similar to that seen for the (p, n ) reaction at
lower energies. '

Because of the small momentum acceptance of the
MRS spectrometer, the 250 MeV spectrum shown in

Fig. 1 is a composite of two separate momentum bites
covering the full range of excitation energies shown.
The broad high excitation peaks in the 354 and 489 MeV
spectra are from the Li(p, m+) Li reaction due to the
LiOH target; the 250 MeV spectrum has had contribu-
tions due to this reaction subtracted from it. These
three spectra look very similar because they were all tak-
en at the same four momentum transfer. The rough en-

ergy dependence of the reaction can be seen directly by
comparing the y-axis scales in Fig. 1.

A peak fitting routine was used to extract differential
cross-section and analyzing power distributions for 23
different final states of the ' 0* nucleus at each of the
three energies. A spectrum showing a typical fit used to
extract data for these 23 different states is shown in Fig.
2. The energy assignments for the stronger states la-
beled in Fig. 2 have an uncertainty of +50 keV, and
have been taken from Ref. 23. Differential cross sections
and analyzing powers for four of the more strongly pop-
ulated states shown in Fig. 2 are 1isted in Table II; tables
of data for all of these states, including the less strongly
populated states, are available from the Physics Auxili-
ary Publication Service (PAPS) of the American Insti-
tute of Physics (AIP).

A. Energy dependence of the differential cross sections

The differential cross sections for the ' O(p, m+)' 0'
reactions exhibit an energy dependence similar to that
seen previously for several other (p,m. +) reactions. ' '

Figures 3—7 show that at small momentum transfers
(t )0.45 GeV lc ) the differential cross section rises
with energy from the pion production threshold up to
the invariant mass of the 6/232 near T =354 MeV, and
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FIG. 1. Pion focal plane spectra after solid angle, energy
loss, time of flight, target beam spot, and particle trajectory
cuts.

FIG. 2. Final result of peak fitting program (Ref. 22), show-
ing all 23 final states of ' 0* for which data have been extract-
ed. The total fit to the spectrum, also shown here, included
smaller peaks for which data have not been extracted. This
spectrum has had background and contributions due to the
continuum ' O(p, m+)X reactions subtracted from it, and was
then smoothed by a cubic spline routine.
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TABLE II. A list of differential cross sections and analyzing powers for the ' 0(p, m. +) reaction leading to four of the more
strongly populated final states of ' 0*. All quantities shown are in the center of mass frame. Angles are in degrees, t is the square
of the four momentum transfer in units of GeV /c, and the do. /dQ are in nb/sr. The numbers in parentheses reflect statistical
uncertainties only.

170 1705.218

T~ =250 MeV

1707.7S7
17015.78

21
45
58
71
85

102

0.60
0.54
0.50
0.45
0.39
0.32

625{30)
218(11)

84.6(5.9)
36.3(2.9)
35.7(2.4)
39.9(2.3)

—0.01(0.05)
—0.78(0.04)

0.30(0.07)
0.66(0.08)

—0.78(0.06)
—0.76(0.05)

416(24)
212(10)
103(7)
46.2(3.4)
46.3(2.9)
18.8(1.6)

0.59{0.06)
0.77(0.05)
0.67(0.05)
0.30(0.08)
0.04(0.07)
0.12(0.09)

1230(43}
501(16)
217(9)
178(7)
99.6(4.4)
50.6(2.8)

0.19(0.04)
0.19(0.03)

—0.43(0.04)
—0.64(0.03)
—0.19{0.05)

0.27(0.05)

1860{83)
712(25)
438(17)
195(7)
122(6)
51.5(2.8)

—0.18(0.04)
—0.10(0.03)
—0.07(0.04)
—0.03(0.03)
—0.04(0.05)

0.32(0.05)

21 0.54
31 0.50
42 0.45
52 0 39
58 0.34
63 0.31
73 023
83 0.15

539(23)
214(11)
112(5)
45.4(3.5)
20.8(2. 1)
12.5(0.9)
7.0(0.8)
5.9(0.6)

0.14(0.04)
0.41(0.05)
0.53(0.04)
0.15(0.07)

—0.52(0.10)
0.80{0.07)
0.34(0.11)
1.00(0.08)

674(26)
453(17)
162(5)
57.1(4.0)
37.0(2.9)
24.2{1.2)

8.2(0.8)
2.3(0.3)

T~ =354 MeV
0.20(0.04)
0.16(0.04)
0.04(0.03)
0.09(0.06)

—0.03(0.08)
0.12(0.05)
0.48(0.10)
0.62(0.15)

1740(42)
967{24)
307(8)
96.9(5.2)
51.1(3.4)
31.0( 1.4}
11.1( 1.0)
4.8(0.5)

0.37(0.02)
0.41(0.03)
0.38(0.02)
0.26(0.05)
0.07(0.07)
0.19(0.05)
0.50(0.08)
0.33(0.11)

1840(45)
1110(27)
476(10)
188(8)
116(6)
61 4(2. 1)
22.4(1.5)

8.6(0.7)

0.12(0.03)
0.09(0.03)
0.15(0.02)
0.19{0.04)
0.27(0.05)
0.49(0.03)
0.30(0.06)
0.66(0.08)

24
42
57

0.45
0.31
0.14

77.4( 5.0)
11.4( 1.2)
4.9(0.7)

0.38(0.06)
—0.72(0.10)

0.88(0.13)

144(7)
17.4( 1.5)
2.5(0.5)

T~ =489 MeV
—0.12(0.05)
—0.50(0.09)
—0.50(0.22)

237(9)
17.7(1.5)
3.1(0.6)

—0.09(0.04)
—0.21(0.09)
—0.17(0.21)

275(10)
34.4(2.2)
3.5(0.6)

—0.10(0.04)
—0.48(0.06)

0.09(0.19)

then falls slowly afterward. This feature is common to
all (p, m+) exclusive reactions studied so far, and has
been attributed to the formation of an intermediate h&232
resonance via a comparison with the pp~d~+ reaction,
which exhibits a similar feature at equivalent kinemati-
cal settings. ' This comparison is valid because studying
the energy dependence of the differential cross section at
a constant four momentum transfer permits, in a first
approximation, the decoupling of the reaction mecha-
nism from nuclear structure effects.

This energy dependence is shown in more detail in
Fig. 8, which shows the energy dependence of the
' O(p, m+)' 077&7 reaction more clearly. The quantity
&s —m ~6, where s is the relativistic Mandelstam vari-

able corresponding to the square of the center of mass
energy, is a measure of the excitation energy available
for one nucleon. The h, 232 invariant mass occurs at an
x-axis value of 1.232 GeV. Also shown in this figure by
the solid lines are the differential cross sections of the
pp~dm+ reaction at equivalent center-of-mass energy
and four momentum transfer transformed to the nuclear
kinematical frame and normalized to the ' O(p,
~+ )' 07 757 result. As can be seen for t ~0.45 GeV /c2,
the pp~d~+ reaction exhibits a pronounced peak at the
bi)232 invariant mass as does the ' O(p, n + )' 07 757 reac-
tion. This can be interpreted as evidence for single nu-
cleon excitation to the 5/232.

At much higher momentum transfers (t & 0.35
GeV /c ), the pp~dm. + reaction does not exhibit this
enhancement, and we also note that at these four
momentum transfers the 250 MeV ' 07 757 data point
(v's —m, 6 =1.17 GeU) has a larger differential cross0

section than either the 354 or 489 MeV ' 07 757 data
points. This energy dependence has been noted previ-
ously at large momentum transfers for other (p, n+) re-.
actions. ' The '

0~578 state shown in Fig. 4, however,
continues to show an enhancement at the h&232 invariant
mass at these high momentum transfers. The '

0087&,
' 0, states shown in Figs. 5 and 6 exhibit pronounced
large angle peaks at low beam energies which make their
energy dependence at large momentum transfers very
diScult to interpret.

Thus, at four momentum transfers t &0.45 GeV /c,
most states exhibit an enhancement at the l,232 invari-
ant mass which is similar to that exhibited by the
pp~dm+ reaction after transformation to the nuclear
kinematical frame. At larger momentum transfers
(t &0.35 GeV /c ), some states still exhibit an enhance-
ment in differential cross section at the b, ,232 invariant
mass, while other states do not show an enhancement,
exhibiting instead a cross section that falls with energy
from 250 to 489 MeV, similar to that shown for the
pp~dm+ reaction in Fig. 8.

B. Spin dependence of the total cross section

It has been noted in Refs. 4 and 12 that the popula-
tion of final states in the (p, m+ ) reaction is roughly pro-
portional to 2J~+, +1. Because of the large momentum
transfer characteristic of (p, m. +) reactions, one would
expect high angular momentum states to be prominent
and saturated to their full 2J~+, +1 statistical weight-
ing. This qualitatively describes the weak presence of
low spin states in (p, vr) reactions. Other high spin states
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which are not strongly populated [e.g., '
Of4 &5( —',

+ )] are

presumably suppressed by some other mechanism, for
example the nuclear structure of that state. Plotted in
Fig. 9 is the reduced total cross section (1/2J„+,+ l)o.
for some of the most strongly populated states of ' O.
Also plotted for comparison, at the bottom of Fig. 9, are
the total cross sections of these states. As Fig. 9 shows,
the reduced total cross sections are indeed more
clustered together than the total cross sections.

We also note that the total cross sections of the
' O(p, n +

)
' 0' reactions shown in Fig. 9 do not peak at

the invariant mass of the 4&232 but rather about 50-100
MeV lower than this, near 225 Me V. This energy
dependence was observed previously in Ref. 13 for the
' C(p,n+)' C' reaction. As stated in this reference, the
maxima of the total cross sections do not occur at the
invariant mass of the h&232 because of an interplay be-
tween a rising cross section, due to the influence of the
Lak ]232 in the reaction mechanism and a falling cross sec-
tion due to the large momentum transfers that the ex-
clusive (p, n+) reaction is restricted to at higher ener-
gies.

C. Analyzing power distribution classifications

Analyzing powers for the states of ' 0' do not have a
common angular distribution, but fall into several broad
categories.

1. Category 1 (pp ~d m+-like )

The most common type of analyzing power distribu-
tion is one having a dip near t =0.4 GeV /c at 250
MeV, a positive and fairly flat distribution at 354 MeV,
and a negative flat analyzing power at 489 MeV. Almost
half of the states studied had analyzing power distribu-
tions with this general pattern, of which the '

07757
state shown in Fig. 3 is an example. Many of the states
which exhibited this pattern are believed to be primarily
of two-particle —one-hole (2p-lh) structure.

The analyzing power of the ' O(p, m+)' 07757 reac-
tion, shown in Fig. 3, shares many similarities with the
analyzing power of the pp~d~+ reaction at equivalent
center-of-mass energy and four momentum transfer. All
other states in this category also had broad similarities
to the analyzing power of the pp~d~+ reaction, but the
similarity was not as striking. As is clearly shown in
Fig. 3, the 200 MeV analyzing power of the
' O(p, n.+)' 07 757 reaction is very similar to that of the
basic pp~dm. + reaction shown by the solid line (after
the suitable kinematic transformation). This similarity
has been noted several times before" ' for other target
nuclei in this energy range.

At 250 MeV, the ' 07 757 state exhibits a much more
negative dip in the analyzing power than the pp~dm+
reaction, and the minimum for the pp~dm+ reaction
occurs at slightly lower t value. At 354 MeV, the
analyzing powers for both reactions turn positive and
have approximately the same magnitude, although the
' O(p, m+)' 07757 reaction displays a dip at t =0.35
GeV /c which is not evident in the pp~dn. + data. At

10 =
200 MeV

0
k

1.0 I

0.0—

200 MeV

CI

250 MeV
~ 010 —'

M
354 MeV

C

y 0.0
0

CL

250 MeV

(~ "D=-489

b
U

102='

800
10'—

MeV

0

MeV

~ 1.0

N

& 0.0
C

&C

1.0
354 MeV

489 MeV

489 MeV, analyzing powers for the '
07757 reaction

once again become negative, while those for the
pp~dm. + reaction remain positive. Clearly, the evi-
dence for an underlying pp~dn+ mechanism in the
'

07757 reaction is stronger at 200 MeV than at the
higher energies, although the two nucleon process quali-
tatively describes the data up to 354 MeV.

2. Category 2 (flat at forward angles)

The next most common type of analyzing power angu-
lar distribution is exemplified by the '

0&5 78 state in Fig.
4 and by the '

0&7 &
state. These analyzing power distri-

butions are flatter at forward angles than any of the oth-
er distributions shown elsewhere in this paper (perhaps
with the exception of the ' O,*z,8 state shown in Fig. 7),
and are similar to the flat analyzing powers reported for
two other high excitation states by Ref. 5. The nuclear
structure configuration of most of the states which ex-
hibit this type of analyzing power pattern is unknown.
Despite the difference between the shape of these distri-
butions, and those in category 1, we once again observe
that the mainly negative analyzing powers at 200 MeV
become positive by 354 MeV and then become negative
again at 489 MeV.

3. Category 3 (oscillating above 250 MeV)

The third type of analyzing power distribution has
large oscillations from 250 to 489 MeV, as shown by the

1D ——
i i

—10

0.7 0.5 0.3 0. 1 0.7 0.5 0.3 Q. l

t (GeV~/ c')
FIG. 3. Differential cross sections and analyzing powers for

the ' O(p, m+)"07 757 reaction. The preliminary 200 MeV data
are from Ref. 6, the 250, 354, and 489 MeV data are from this
work, and the preliminary 800 MeV data are from Ref. 16.
The smooth line is the analyzing power of the pp~dm+ reac-
tion based on the polynomial 6ts of Refs. 20 and 27—30 with
the appropriate kinematical transformation to the nuclear
frame. Differential cross sections are not displayed on a com-
mon scale for sake of clarity.
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1.0 I

200 MeV

4
0.0—

1.0

states not shown in this paper at higher excitation have
less dramatic analyzing power oscillations. Many of the
states which exhibited this type of analyzing power dis-
tribution were primarily of single particle (lp) or three-
particle —two-hole (3p-2h) structure. Once again we see
that the analyzing powers at 354 MeV are generally
more positive than those at 250 and 489 MeV.

0 ~

Q)

y 0.0—
0

CL

0 one a 4. Exceptions
C

102—

10—'

G ~ ~ 1.0
C
N

& 0.0C'

~
— 1.0

250 MeV

~g ~ ~

354 MeV

489 MeV

OQ 87] state in Fig. 5. The 250 MeV analyzing power
distribution shown in this figure has a negative forward
angle dip which is not visible in Fig. 3. Thus, the fre-
quency of the 250 MeV analyzing power oscillation in
Fig. 5 is much larger than the frequency of the 250 MeV
analyzing power oscillation in Fig. 3. Data for other

10 —1.0
I I

0.7 0.5 0.3 0.1 0.7 0.5 0.3 0. 1

(GeV'/c')

FIG. 4. Differential cross sections and analyzing powers for
the ' O(p, m.+)' 0»» reaction. All data shown are from this
work except the preliminary 200 MeV data from Ref. 6.

o 156 MeV

1.0 I

156 MeV

Two states which do not seem to follow any of the
previously described patterns are the ' O~, and ' 05 2&8

states. As shown in Fig. 6, the ' 0 ground state has a
rapidly oscillating analyzing power at all energies from
threshold, at 156 MeV, to well above the b &232 invariant
mass, at 489 MeV. This type of energy dependence was
not displayed by any other state studied in this paper.
Although the analyzing power oscillations exhibited by
this state at 250, 354, and 489 MeV are very similar to
that of the OQ87, state shown in Fig. 5, it should be
noted that at 250 MeV the oscillations of the '

O~, are
about a quarter oscillation out of phase with the oscilla-
tions of the '

OQ 87] state, while the two analyzing power
distributions appear to oscillate with the same frequency.
Nevertheless, the two states have very different low ener-

gy analyzing power distributions.
The other state which does not seem to fall in any of

these analyzing power categories is the ' 05 2,8 state
shown in Fig. 7. The analyzing powers for this state are
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FIG. 5. Differential cross sections and analyzing powers for

the ' O(p, m+)' 00»& reaction. The 156 MeV data are from
Ref. 15, the 185 MeV data are from Ref. 14, the 250, 354, and
489 MeV data are from this work, and the preliminary 800
MeV data are from Ref. 16. Differential cross sections are not
displayed on a common scale for sake of clarity.
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FIG. 6. Differential cross sections and analyzing powers for
the ' O(p, m. +)' O~, reaction. The 156 MeV data are from Ref.
15, the preliminary 200 MeV data are from Ref. 6, the 250,
354, and 489 MeV data are from this work, and the prelimi-
nary 800 MeV data are from Ref. 16. Also shown by the solid
lines is a relativistic stripping model calculation by Cooper and
Matsuyarna at 200, 250, 350, and 450 MeV. Differential cross
sections are not displayed on a common scale for sake of clari-
ty.
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entirely positive at 250 MeV, positive but on average of
smaller magnitude at 354 MeV, and entirely negative at
489 MeV.

In summary, the analyzing power angular distribu-
tions of many 2p-lh states have some resemblance to
those of the pp~dm+ reaction. However, there are also
many states of differing nuclear structure which have en-
tirely different analyzing power distributions. This
variety of analyzing power shapes has been observed pre-
viously in (p, n+) reactions in only a few isolated cases. 5
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FIG. 7. Differential cross sections and analyzing powers for
the ' O(p, ~+)' 05»8 reaction. All data shown are from this
work.
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FIG. 8. Differential cross sections and analyzing powers for
the ' O(p, m+)' 07757 reaction plotted against the center of
mass energy (&s —m 16 ). Plotting symbols indicate the0
source of data as follows: A (Ref. 6) 200 MeV; Cl (this work)
250, 354, and 489 MeV. Plotted differential cross sections were
calculated using Legendre polynomial fits to the data; plotted
analyzing powers were calculated using associated Legendre
polynomial fits to the data. The solid lines are the differential
cross sections and analyzing powers of the pp~dm+ reaction
based on the polynomial fits of Refs. 20 and 27-30 with the ap-
propriate kinematical transformation to the nuclear frame and
referred to the nucleon-nucleus center of mass frame. The
pp~ de+ differential cross sections have been normalized to
the 354 MeV '

07757 data point, except at t =0.6 GeV /c,
which was normalized to the 250 MeV data point.

D. Energy dependence of the analyzing powers

In Fig. 8 the energy dependence of the analyzing
power for the ' O(p, n+)' Oz &57 reaction is shown at
several different four momentum transfers. The energy
dependence of the analyzing powers for this reaction is
better described by the pp~dm+ curves shown by the
solid lines in the same figure than those of the
differential cross sections. We note that in the region
t &0.35 GeV2/c2 both the '60(p, m+)' 0~7&~

.reaction
and the pp~d~+ reaction have an analyzing power en-
ergy dependence in which the analyzing power is most
positive near the h&232 invariant mass. This could be in-
terpreted as another signature that is consistent with the
characteristics of a NN~NNm+ process.

As previously noted in Sec. III C, there is a tendency
for many states to have analyzing powers which are
more positive at 354 MeV than at 250 and 489 MeV
(with the exception of the ' 05 2, s state shown in Fig. 7).
We also note that the forward angle (p, n+) analyzing
power data obtained at even higher energies are ex-
clusively negative. Although this is qualitatively
similar to the behavior shown in Fig. 9 (for bombarding
energies up to 500 MeV), the analyzing power energy
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+
'10 -:
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4

p p
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FIG. 9. Reduced total cross section, as explained in the text,
as well as the total cross section for the ' O(p, m+) reaction
leading to several different states of ' O . Plotting symbols in-
dicate the final state of ' 0* as follows: CI, ' 08, (z+); X,
17 4 1+. 17 4 9 —. 17 4 11 —. 17

0.871 ( 2 )) ~ 5.218 ( 2 )) + ) 7.757 2 ~ & 15.78

( 2 ) 0 017 1 ( 2 ). The spin assignment for the 15.78 MeV
state was taken from Ref. 32.
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dependence of these other states does not resemble the

pp ~de+ reaction so clearly. The striking similarity to
the pp~dm. + reaction in Fig. 8 may be because the
'

07757 state is primarily a stretched 2p-1h state to
which only two nucleon processes can contribute. For
the other states, their nuclear structure could allow
greater contributions from stripping, and other process-
es, masking the contribution of the two nucleon process-
es.

E. Comparison of data with theoretical calculations

Plotted in Fig. 6 are relativistic stripping model calcu-
lations for the ' O(p, m+)' 0, reaction by Cooper and
Matsuyama which are compared with differential
cross-section and analyzing power data from the present
work and Ref. 6. The calculation by Cooper and
Matsuyama is a relativistic stripping model calculation
which uses the Dirac impulse approximation for the in-
coming proton-nucleus interaction, Dirac-Hartree wave
functions for the neutron bound state, and a 6-hole po-
tential for the outgoing pion-nucleus distortions. All pa-
rameters used in this calculation are constrained by pre-
vious experiments, and its normalization is absolute.

Comparing the differential cross-section calculations
with the experimental data, we see that the agreement
between theory and experiment is superior at 354 MeV,
and worse at energies far below the invariant mass of the
kfp32 (200, 250 MeV) ~ This behavior is in contrast to the
earlier relativistic stripping model calculations of Cooper
and Sherif in which agreement between data and calcu-
lation was fairly good for energies below 185 MeV.
Since the only difference between these two models is in
the use of the 5-hole potential, rather than a local
Stricker, McManus, and Carr potential for the outgoing
pion distortions, this must be the cause of the improved
agreement in the h, 232 region. In fact, as shown in Ref.
9, a local potential calculation at 350 MeV overestimates
the 354 MeV experimental data by approximately one
order of magnitude. Thus, the differential cross section
for the local potential calculation rises rapidly with ener-

gy, and only agrees with experimental data at energies
fairly close to pion production threshold. The 5-hole
potential calculation, on the other hand, overestimates
the 200 MeV differential cross section and rises much
more slowly with energy.

Figure 6 also shows that the 6-hole potential calcula-
tion of Ref. 9 qualitatively predicts the oscillations of the
analyzing power data. Here, the agreement between
data and calculation is clearly superior at 200 MeV rath-
er than at the higher energies. In particular, the calcula-
tions at 250 and 350 MeV are out of phase with the
data, and the calculation at 450 MeV completely fails to
reproduce the continued oscillations of the 489 MeV
data. We note that the local potential calculation at 350
Me V greatly underestimates the magnitude of the
analyzing power oscillations, and has the wrong frequen-
cy of oscillation as weil. The authors of this model are
unable, at present, to account for the failure to predict

the oscillations at 489 MeV, or for the error in phase in
the 250 and 350 MeV analyzing power calculations.
Nevertheless, this model has been the most successful to
date in qualitatively describing some experimental data
over a large energy range.

IV. SUMMARY AND CONCLUSIONS

In summary, we have investigated the energy, momen-
tum transfer, and spin dependence of the '

O(p, n.+) re-
action leading to several states of ' 0*. Differential and
total cross sections for many of these states behave in a
manner consistent with previously reported data' ' for
other (p, n+) reactions in this energy range. In particu-
lar, at small momentum transfers (t &0.45 GeV /c )

most states exhibit an enhancement in differential cross
section at the h, 232 invariant mass which is similar to
that exhibited by the pp~dm. + reaction after transfor-
mation to the nuclear kinematical frame. At larger
momentum transfers (t &0.35 GeV /c ), some states
continue to display an enhancement at the A&232 invari-
ant mass, but other states exhibit a different energy
dependence in which the differential cross section falls
with energy from 250 to 489 MeV. This second type of
energy dependence is similar to that displayed by the
pp~dm+ reaction at large momentum transfer. Al-
though this energy dependence could imply the domi-
nance of the b, ,f32 resonance in the (p, m. +) reaction
mechanism, interpretation of this result is complicated
by the differing energy dependences at large momentum
transfer exhibited by various final states.

The analyzing power measurements are the first taken
in this energy range, and also display some similarities to
those of the pp~dm+ reaction after the appropriate
kinematical transformation to the nuclear frame. In par-
ticular, at four momentum transfers of t & 0.35
GeV /c, the energy dependence of the analyzing power
for many final states is broadly similar to that of the
pp~dm. + reaction. This finding could be interpreted as
a signature of the underlying NN~NNm+ reaction
mechanism, but is once again complicated by the
differing energy dependences exhibited by various final
states.

A relativistic stripping model calculation for the
' O(p, m+)' Os, transition by Cooper and Matsuyama
is the first (p, n+) calculatio. n to be applied over such a
broad energy range. It has moderate success in describ-
ing the data.
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