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Differential cross sections and analyzing powers for the 'Li(p, m+) reactions leading to discrete
states of 'B and 'Li, as well as to the continuum, are presented at T~ =280, 354, and 489 MeV.
These results are compared with previously published results at 200 and 250 MeV. At fixed four-
momentum transfers squared in the region 0.6& t&0.4 GeV /c, the energy dependence of the

(p, ~ ) and (p, m ) differential cross sections is quite similar, in sharp contrast to earlier results from
the "C(p,~+—) reactions. The observed variations in the (p, m ) energy dependence are presumed to
reAect differences in the relative importance of resonant and nonresonant amplitudes in the (p, ~ )

reaction mechanism. The analyzing powers of the (p, n. ) and (p, m ) reactions are qualitatively

very similar except for a difference in sign.

I. INTRODUCTION

Over the past few years there has been sustained in-
terest in (p, tr) reactions. A nutnber of reviews' sum-
marize the work in this field up to about the time of the
Indiana Pion Production and Absorption Workshop.
Since then, there have been a number of notable develop-
ments, of which the discovery of the previously un-
suspected selectivity of (p, tr } reactions for the popula-
tion of high-spin two-particle —one-hole (2p-lh) states has
perhaps generated the most interest. The discovery was
part of a larger program of the study of (p, tr ) reactions
at the Indiana University Cyclotron Facility (IUCF)
which demonstrated the two-nucleon nature of the (p, tr )

reaction mechanism. A recent publication by Throwe
et al. summarizes work done on calcium isotopes and
includes references to earlier work.

A recent parallel development has been the systematic
study at TRIUMF of the energy dependence of (p, n ) re-
actions in the region of the 5)232 resonance. ' This
study has shown that (p, tr+ } reactions generally have an
energy dependence similar to that of the pp~dm. + reac-
tion after transformation to the nuclear kinematical
frame. This has been interpreted as strong evidence of a
significant role of NN~NA~NNm+ processes in the
(p, sr+ ) reaction mechanism.

Little is known about the energy dependence of the
(p, m ) reaction in the b, /f32 region. A preliminary inves-
tigation at TRIUMF' showed that the ' O(p, n )' Ne4 6
reaction had an energy dependence similar to that of the
' C(p, sr+)' C9 5 reaction, and this was interpreted to in-

dicate that the inhuence of the h, 232 resonance was seen
in both reactions, although perhaps more weakly in the
(p, m ) reaction than in the (p, m+) reaction. In a more
recent study, "a striking difference was observed between
the energy dependences of the (p, m+) and (p, tr ) reac-
tions on ' C leading to mirror final states, suggesting that
the role of the b, ,232 is distinctly different in these two re-
actions. By comparing transitions to mirror final states,
effects due to differences in nuclear structure are mini-
mized, so that the differences in the energy behavior of
the (p, tr+) and (p, tr ) differential cross sections at the
same four momentum transfer squared should reQect pri-
marily differences in reaction mechanism rather than nu-
clear structure. The (p, tr+) reactions exhibited the very
familiar strong enhancement of the differential cross sec-
tion near the b, /232 invariant mass, whereas the (p, m ) re-
actions showed no enhancement of the differential cross
section in the region of the b, &$3$ invariant mass. These
differences were observed for transitions to the ground
states of the mirror nuclei, as well as to mirror excited
states whose nuclear structure is substantially different
from the ground state. Thus there appears to be a sub-
stantial difference in the role of the 6)232 in these particu-
lar (p, a+) and (p, n ) transitions.

Differences between the (p, tr+) and (p, m ) reactions
are not unexpected since the two reactions go through
different spin and isospin channels. In a two-nucleon
mechanism, the dominant amplitude for the elementary
pp~pnn. + process, via an intermediate 5-N system, is
forbidden for the pn ~ppm. process by angular momen-
tum and parity conservation and the Pauli exclusion prin-
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ciple. Other weaker resonant amplitudes may contribute
to the (p, n ) reaction, but can be masked by non-
resonant amplitudes of comparable magnitude.

It is important to have information on the energy
dependence of the (p, m ) reaction for other targets in or-
der to determine whether the apparent suppression of the
6,232 contribution in the ' C(p, n )' 0' reaction is pecu-
liar to the particular transitions studied, or is a general
feature of the (p, n ) reaction. Furthermore, the
' C(p, n +}co—mparisons of Ref. 11 were made at only one
value of the four momentum transfer squared, t =0.50
GeV /c, which is nearly the smallest t value accessed at
180 MeV and nearly the largest value of t accessed at 489
MeV.

The results reported here were obtained in order to
shed light on the role of the b, &232 resonance in the (p, m. + )

and (p, n)rea. ctions. Li was chosen as the target nu-
cleus for these investigations because, as for ' C(p, n. ),
the Li(p, m ) B and Li(p, n. +) Li reactions lead to mir-
ror final states, thus minimizing nuclear structure
differences between the two reactions. In addition, the
low-lying states of B and Li are widely spaced and easi-
ly resolvable with the medium resolution spectrometer
(MRS) spectrometer at TRIUMF. These advantages, to-
gether with the higher yields resulting from thicker tar-
gets, allowed the energy dependence of the (p, n ) reac-
tion to be studied for the first time over a range of t
values. These results can be combined with those ob-
tained at IUCF at 200 MeV (Ref. 14) and at TRIUMF at
250 MeV (Ref. 9) to provide information over a wide en-

ergy range.

II. THE EXPERIMENT

A number of papers ' on (p, m ) experiments per-
formed at TRIUMF have been published recently. For
detailed information on the experimental techniques and
data analysis methods employed in these experiments, the
reader is referred to Ref. 15. A brief description of these
procedures and differences between the present and ear-
lier experiments follows.

This experiment was performed with the MRS at TRI-
UMF. ' This spectrometer, shown in Fig. 1, is a 1.4
GeV/c quadrupole-dipole system that is located on beam
line BL4B in the TRIUMF proton hall. The spectrome-
ter detection system consists of a horizontal drift
chamber located in front of the spectrometer's entrance
quadrupole magnet [the front end chamber (FEC)], and
two vertical drift chambers (VDC) followed by two
planes of plastic scintillators located near the focal plane
of the spectrometer. A twister, consisting of six quadru-
pole magnets, allows, in principle, for the use of a disper-
sion matched beam in order to take advantage of the
good resolution obtainable with the MRS. Perfect
dispersion matching requires the use of a —23 cm/%
beam tune for (p, n) data taking at 354 MeV, and an even
larger beam dispersion at 280 MeV. However, the large
momentum spread of the proton beam, and the limited
beam size that can be reliably handled in the beam line,
allowed a dispersion of only —12 cm/% to be used.
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FIG. 1. The medium resolution spectrometer.

Thus the resolution obtained in this experiment was not
as good as what one is normally able to attain with the
MRS, but was adequate to resolve the final states of in-
terest in Li and B.

The experiment used polarized proton beam intensities
between 2 and 55 nA, with an intensity less than 15 nA
used for most runs except those at extreme back angles.
The maximum beam intensity was chosen to keep the
counting rate on the entire FEC below 1 MHz. Beam po-
larization was typically 68% at 280 MeV, 66% at 354
MeV, and 45% at 489 MeV. The beam was incident on
metallic Li targets of 211+1.5 mg/cm and 450.5+0.6
mg/cm thickness for the (p, n+) and (p, n ) runs, re-
spectively. The thicker target degraded the energy reso-
lution, but was necessary to make the (p, n)measure. -

ments feasible within the allotted beam time.
The spectrometer acceptance was calibrated using the

pp +dn+reac—tion' . at the beginning and at the end of
the experiment at 489 MeV and 8»b ——24.6', and at 354
MeV and 8&,b ——31.7' in the middle of the experiment.
Pions from this reaction at 489 MeV have approximately
the same momentum as pions from the Li(p, n ) reaction
at 354 MeV, and pions from the pp~dn+reaction at.
354 MeV have approximately the same momentum as
pions from the Li(p, m } reaction at 280 Me V. The
effective solid angle of the spectrometer, determined by
this method, was 2.82+0. 1 msr at 489 MeV and 2.62 msr
at 354 MeV. Thus 2.82 msr was used for the spectrome-
ter solid angle for the 354 and 489 MeV Li(p, n) data,
and 2.62 msr was used for the spectrometer solid angle
for the 280 MeV data. The uncertainty in the lower ener-

gy solid angle calibration was taken to be the same as
that in the higher energy calibration.

Finally, all data were corrected for event losses in the
nonbend plane of the spectrometer due to improper set-
ting of the spectrometer quadrupole field, which caused
the image size to be larger than the aperture of the VDC
in the nonbend plane. A sample histogram showing this
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effect is given in Fig. 2. This correction was accom-
plished by assuming that the histogram shown in Fig. 2

should be symmetric about the position of the central
ray. The value of this correction varied from run to run,
but was approximately 37% for the 280 and 354 MeV
runs and 3% for the 489 MeV runs. The accuracy of this
correction was tested by comparing the two sets of
pp~dm. + calibrations at 489 MeV in which this factor
was approximately 28% in the first scan, and approxi-
mately 10% in the second scan. It was found that the
effective solid angles for the two scans were the same to
within 1% after correcting for this loss.

The systematic uncertainty in the cross sections mea-
sured in this experiment is +7% and is dominated by the
uncertainty in the solid angle (+6%). The relative uncer-
tainty is +12% and is dominated by the sensitivity of the
results to the placement of software cuts in the data
analysis (+8%), and by the uncertainty in the nonbend

plane correction factor (+7%). The sensitivity of the re-

sults to errors in the data analysis was estimated by
analyzing some data twice, with different solid angle,
beam spot, and particle trajectory cuts.
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III. RESULTS

Figures 3 and 4 show sample pion spectra taken at pro-
ton bombarding energies of 280, 354, and 489 MeV and
scattering angles corresponding to the same value of the
square of the four momentum transfer (t =0.40 GeV ic )

at each energy. Thus Figs. 3 and 4 depict the rough ener-

gy dependence of the Li(p, n )sB' and 7Li(p, n+)sLi' re-
actions. The most striking difFerence between the two
figures is that the continuum becomes progressively more
dominant in the (p, n. ) spectra relative to the discrete
states as the proton energy increases, whereas the discrete
states dominate the (p, m+) spectra at all energies. A
similar suppression of (p, m. ) transitions to discrete states
was observed in a comparison of the ' C(p, rr*) reac-
tions. '

Differential cross sections and analyzing powers for the

(p, n+) and (p, n ) reactions leading to the three low-
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FIG. 3. Pion spectra of the 'Li(p, m. )'B* reaction. The 280

MeV momentum acceptance of the MRS only allowed data to
be taken up to an excitation energy of approximately 15 MeV;
the drop in cross section above this excitation is instrumental in
nature. At the higher energies, the momentum acceptance of
the MRS allowed data from a much larger range of excitation
energies to be taken.
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FIG. 2. Histogram of the nonbend plane coordinate of the
VDC closest to the focal plane from the first pp~dm+ scan
showing the effect of improper setting of the MRS quadrupole
field. The correction factor for this run was 25%.
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FIG. 4. Pion spectra of the Li(p, m+) Li* reaction. The ex-

perimental resolution for these spectra, approximately 330 keV,
is better than in the spectra of Fig. 3 because a thinner Li tar-

get was used.
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lying states of Li and B are listed in Tables I and II.
The data listed in Table II are the first (p, n ) data taken
in the 5/232 region that spans a range of t values.

IV. ENERGY DEPENDENCE
OF THE DIFFERENTIAL CROSS SECTIONS

Figures 5 —10 show the energy dependence of the
Li(p, m ) B and Li(p, m

+
) Li reactions leading to the

three lowest-lying states of the final nuclei. Figures 5-7
show that, except for the 200 MeV data at small t values,
the Li(p, m. ) B' differential cross sections peak in the
neighborhood of the b, ]232 resonance (T =343 MeV, or
vs —m„=1.232 GeV). At small values of t, the 200
MeV 8232 differential cross sections are larger than
those at higher energies. The differential cross section
enhancement at large angles (small t) is a common feature
of (p, m ) reactions at low energies and appears to be nu-
clear structure related. '

The Li(p, n.+) Li data shown in Figs. 8 —10 exhibit a
similar energy dependence. This type of energy depen-
dence has been previously observed in other (p, m+ ) reac-
tions, except that the decrease in cross section above the
k]332 resonance is less for the Li(p, n + ) Li reaction than

in most other cases. The agreement between the old and
present data sets at 354 MeV near t =0.4 GeV /c is
well within statistic errors for the Li2 255 state, but there
is a 25% discrepancy between the two data sets for the
Li, and Lio 9808 states. The older data were obtained

from the high excitation end of the MRS focal plane in
an ' O(p, ]r+)' 0 experiment using a Li' O'H target.
The present results were obtained with a metallic Li tar-
get and are considered to be more reliable than the older
results. Figures 8-10 include both the new and old data.
The discrepancies are not large enough to affect the main
conclusions drawn from the present work.

Figures 11 and 12 show plots of the energy dependence
of the Li(p, m ) B' and Li(p, n+) Li* reactions at con-
stant t values of 0.525 and 0.425 GeV /c, respectively.
A four momentum transfer squared of 0.525 GeV /c is
nearly the largest t value accessible at 489 MeV, and
0.425 GeV /c is nearly the smallest t value accessible at
200 MeV. Thus these figures represent the largest range
of t values for which a comparison can be made over this
range of energies. Also shown in these figures, by the
solid lines, is the energy dependence of the pp ~de.+ re-
action after transformation to the nuclear frame. The de-
tails of this transformation are discussed in Ref. 12. If

TABLE I. A list of differential cross sections and analyzing powers for the 'Li(p, m+ ) reaction leading to some final states of 'Li
The 250 and 354 MeV data whose c.m. angles are only quoted to two significant figures are from Ref. 9. All other data in these tables
is new data from this work.

0.605
0.556
0.516
0.474

0.552
0.502
0.453
0.402
0.351
0.301
0.251

0.551
0.549
0.514
0.467
0.410
0.396
0.374
0.352
0.283
0.220

0.485
0.451
0.402
0.352
0.302
0.252

22
47
61
74

38.8
54.2
67.1

79.1

90.6
i02.0
113.9

21.3
22
33
44
55
57.4
61
64.7
75.5
84.8

20.7
27.6
35.6
42.3
48.2
53.6

'Li„

T~ =250 MeV
445(23) 0.25(0.05)

186(8) 0.09(0.04)
107(6) —0.52(0.05)

68.9(6.4) —0.64(0.09)
T~ =280 MeV

710(20) 0.40(0.04)
216(7) 0.01(0.05)

64.7(1.8) —0.68(0.04)
50.0(1.6) —0.59(0.05)
29.2(0.9) —0.26(0.05)

21.5(0.7) 0.09(0.05)
8.6(0.4) 0.47(0.06)

T~ =354 MeV
1160(50) 0.23(0.06)
1050(45) 0.29(0.04)
554(23) 0.18(0.03)

196(6) —0.01(0.03)
79.6(5.1)

101(5) 0.17(0.08)
59.4(4.0)
57.4(3.8) 0.25(0.10)
33.7(1.7) 0.24(0.07)
24.6(1.4) 0.64(0.09)

T~ =489 MeV
245(13) 0.03(0.12)

181(9) 0.10(0.11)
60.1(3.4) —0.38(0.10)
31.1(1.7) —0.29(0.11)
25.4(1.2) —0.13(0.10)

13.3(0.8) 0.31(0.12)

8Li0.9808

297(19) 0.24(0.06)
92.6(5.5) 0.35(0.06)
39.6(3.6) 0.16(0.09)
14.3(3.2) 0.14(0.22)

426(16) 0.62(0.04)
94.9(4.6) 0.34(0.06)
17.6(0.9) 0.26(0.08)

9.9(0.7) —0.25(0.11)
10.1{0.5) —0.12(0.08)
6.8(0.4) —0.01(0.09)

4.9(0.3) 0.39(0.08)

611(36) 0.24(0.07)
494(31) 0.32(0.06)
248(12) 0.32(0.04)

98.9(4.4) 0.22(0.04)
37.9(3.6)
29.7(2.8) 0.55(0.15)
40.2(3.4)
20.8(2.2) 0.61(0.15)
7.7(0.8) 0.42(0.15)
9.6(0.9) 0.79(0.13)

115(9) 0.44(0.17)
57.2(5.1) 0.48(0.20)
20.0(1.9) 0.13(0.19)

8.4(0.9) 0.15(0.22)
3.7(0.5) 0.28(0.24)

3.2(0.4) —0.20(0.25)

8
L12

687(29) 0.17(0.04)
3919(11) —0.03(0.03)

199(8) —0.14(0.04)
119(11) —0.40(0.09)

952(23) 0.24(0.03)
327(8) —0.02(0.04)
116(2) —0.06(0.03)

67.4(1.9) —0.07(0.04)
45.6(1.1) 0.04(0.04)
38.1(1.0) 0.29(0.04)
18.9(0.5) 0.45(0.04)

1400(50) 0.20(0.05)
1310(51) 0.33(0.04)
851(23) 0.38(0.06)
315(8) 0.34(0.05)
149(7) 0.38(0.05)
154(6) 0.26(0.06)
107(6) 0.22(0.06)

90.1(4.7) 0.28(0.08)
34.2(1.7) 0.62(0.07)
38.6(1.8) 0.66(0.07)

329(15) 0.07(0.10)
219(10) 0.09(0.10)

103(4) —0.04(0.08)
55.9(2.3) —0.38(0.08)
27.0(1.3) —0.18(0.09)

22.1($.1) 0.04(0.10)
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TABLE II. A list of differential cross sections and analyzing powers for the 'Li(p, ~ ) reaction leading to some final states of 'B*.
A systematic uncertainty of +7%, and a relative point-by-point uncertainty of +12%%uo are quoted for this experiment.

0.554
0.505
0.455
0.404

0.553
0.503
0.454
0.399

0.486
0.453
0.403

38.8
54.2
67.2
79.3

21.3
36.3
47.2
57.4

20.7
27.6
35.6

8
Bg.s.

T~ =280 MeV
9.1(0.8) —0.31(0.13)
9.1(0.5) —0.19(0.10)
6.1(0.3) —0.01(0.08)

4.1(0.3) 0.08(0.09)
T~ =354 MeV

18.2(1.3) —0.56(0.10)
11.1(0.6} —0.24(0.08)
6.6(0.4} —0.33(0.10)
5.1(0.3) —0.29(0.09)

T~ =489 MeV
2.9(0.4) —0.14(0.35)
2.5(0.3) —0.40(0.22)
1.8(0.2) —0.07(0.21)

6.3(0.7) 0.31(0.14)
5.2(0.4) —0.17(0.12)

2.2(0.2) 0.35(0.13)
1.4(0.1) 0.37(0.15)

2Q.Q(1.3) 0.20(0.10)
7.6(0.5) —0.04(0.10)

3.4(0.3) 0.10(0.14)
2.4(0.2) —0.14(0.13)

0.6(0.2) —1.0(0.66)
1.4(0.2) 0.02(0.29)

0.9(0.1) —0.15(0.30)

8
B2.32

7.5(0.7) —0.29(0.14)
5.8(0.4) —0.34(0.12)
3.5(0.3) —0.07(0.11)
2.6(0.2) —0.02(0.11)

33.Q(1.7) —0.54(0.08)
8.3(0.5) —0.52(0.09)
5.1(0.4) —0.63(0.11)
3.4(Q.2) —0.36(0.11)

3.7(0.5) —0.76(0.30)
3.6(0.3) —0.22(0.18)

2.5(0.2) 0.20(0.17)

the (p, m+ ) reaction is dominated by a quasifree
NN ~N5 ~NNm. + process, one would expect the
Li(p, n+) reactions to have an energy dependence simi-

lar to that of the pp ~de.+ reaction.
The (p, m ) data in Fig. 11 exhibit an energy depen-

dence that is very similar to that of the (p, m. +) data. For
all three final states and both reactions, the differential
cross section rises with energy up to the h&232 invariant
mass, and then falls. The fall in differential cross section
above the b, ,232 invariant mass is slight for the (p, rr+ ) re-
actions, but is very pronounced for the (p, tr ) reactions.

The energy dependences shown in Fig. 12 are similar
to those shown in Fig. 11 except, for both (p, n+) and

(p, m ), the solid triangles representing the 200 MeV data

are very high in relation to the other points at this t value
(see also Figs. 5 —10), and the falloff above the b, ,232 mass
is much less pronounced. The sudden drop in differential
cross section at energies above the A, 232 invariant mass in
the (p, tr ) reaction may be a signature of the b, ,232, but
studies of the energy dependence of the elementary
pn~ppm reaction are needed to confirm this. The
double-differential cross section of the pp~pnm+ reac-
tion, in which the h, 232 is known to play a dominant role,
does not drop so sharply with energy because of the con-
tributions of additional partial waves. Thus the observed
energy dependence of the (p, tr ) differential cross section
above the b, ,232 invariant mass may require some other
explanation.

The energy dependence of the Li(p, n. ) B'
differential cross section is shown in Figs. 11 and 12. It is
similar to the energy dependence of the ' C(p, n)X reac-.

'I i(p, vr )'E)

110— 10 =

CI

k
CIk ~gk
~ CI

Q 0.6 0.5 0.4 0.3
t (GeV'/c')

0.2

FIG. 5. Plot of differential cross section vs the square of the
four momentum transfer for the Li(p, ~ ) Bg, reaction. The
plotting symbols indicate the source of data as follows: A, 200
MeV, Ref. 14; ~, 280 MeV, this work; G, 354 MeV, this work;
0, 489 MeV, this work. The error bars reflect statistical uncer-
tainties only.

0.7 0.6 0.5 0.4- 0.3
t (GeV gc )

0.2

FIG. 6. Plot of differential cross section vs the square of the
four momentum transfer for the Li(p, m. )'Bo» reaction. The
plotting symbols indicate the source of data as in Fig. 5.
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'Li(p, 7r )'2*„,„

b

A
AA

A I 0 1

IQ =

Q

A Ag AA gA 0 g
Cl

0.7 0.6 0.5 0.4 0.3
t (GeV /c )

0.2 0.7

L I (p, 7T ) L I

0.6 0.5 0.4
t (GeV /c')

0.3 0.2

FIG. 7. Plot of differential cross section vs the square of the
four momentum transfer for the 'Li(p, m. )'B232 reaction. The
plotting symbols indicate the source of data as in Fig. 5.

FIG. 9. Plot of differential cross section vs the square of the
four momentum transfer for the 'Li(p, m+)'Lio» reaction. The
plotting symbols indicate the source of data as in Fig. 8.

tion to the continuum at t =0.50 GeV /c (Ref. 12) and
to that of the ' O(p, n. )' Ne4 6 reaction at q =608
MeV/c. ' However, the ' C(p, n ) reaction to discrete
states of ' 0 at t =0.50 GeV /c exhibits an entirely
different energy dependence (see Ref. 11).

Figure 13 shows the double-differential cross section of
the Li(p, n )X reaction for a 1 MeV wide bin of the con-
tinuum centered about an equivalent excitation energy of
15 MeV. As can be seen, the Li(p, m )X continuum
double-differential cross section is largest at 354 MeV for
all t values. In the region of t =0.50 GeV /c, the
double-differential cross section falls more rapidly be-
tween 354 and 489 MeV than at smaller t values. Thus

Fig. 13 shows that the energy dependence of the
Li(p, n )X continuum reaction is similar to that of the
Li(p, n ) B' reaction to discrete final states.

A. Discussion

The present results, together with those in Refs. 11 and
12, show that all (p, n+ ) reactions tend to have a "univer-
sal" energy dependence similar to that of the pp~dm. +

reaction (after kinematic transformation), but that the en-

ergy dependence of the (p, n. ) reaction is sensitive to the
nuclear transitions involved.

The (p, m+) reaction in the h&232 region is known to be
dominated by the underlying cr Io two-nucleon process

pp('D2) +AN( S2)—+pn( —S&)+P wave n+, —(1)

'L I (p, 7t') 'L
I

Li(p, 7T+) Li*

3
10

0~ g 0b.

A gA

A~
C1

g
0 g

2
IQ

~ og
A

o
gCl

0

A ~
0

~ ci
0

0.7 0.6 0.5 0.4 0.3
t (GeV2/c )

0.2 10
0.7 0.6 0.5 0.4 0.3

t (GeV /c )
0.2

FIG. S. Plot of differential cross section vs the square of the
four momentum transfer for the 'Li(p, ~+) Li~, reaction. The
plotting symbols indicate the source of data as in Fig. 5 except
6, 250 MeV, Ref. 9; H 354 MeV, Ref. 9.

FIG. 10. Plot of differential cross section vs the square of the
four momentum transfer for the 'Li(p, m+)'Li2 z» reaction. The
plotting symbols indicate the source of data as in Fig. 8.
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where O. ,o refers to the cross section for the case in which
the two initial nucleons are in a T =1 state and the two
final nucleons are in a T =0 state. For m production,
the allowed h, 232 channels in the underlying two-nucleon
process are

1O'

10 =

'Li(p, rr')
I I

8L
g.S.

t=0.425 GeV /c
10

10'=

'Li(p, rr )
I I

8g
9.8.

and

pn( Po)~b, N( P o)~pp('S o)+S—wave m.

10 =

i p

pn('D2)~AN( Sq)~pp( P2)+S—wave rr (3)

involving P waves for either the intermediate bE or final
NN state, as well as other channels involving still higher
partial waves. These o.» resonant amplitudes are much
smaller than the o,o amplitude that dominates the
pp~pnm. + reaction' ' and may be partially masked in
the (p, m ) reaction by nonresonant amplitudes. Conse-
quently, the energy dependence of the (p, rr ) reaction
can be expected to be sensitive to the interference of
several small amplitudes, whose relative importance can
be influenced by nuclear structure.

The similarity between the energy dependences of the
Li(p, m ) and Li(p, n. + ) differential cross sections

shown here contrasts with the dissimilarities observed"

N

C

LI'098
10'='

8
0.78

10'=

b
U

103='

226

10=

10 —'
8'»

2.32

102= 10'=

10 1O'
I I I

'l. 3 1.41.0 1. 1 1.2 1.3 'l. 4 1.0 'l. 1 'l. 2
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I%1 (Geg)

'Li(p, rr')
1O' 10

Li
g.S.

8g
g.S.

t=0.525 GeV /c
'Li(p, rr )

I I I I

FIG. 12. Plot of differential cross section vs the excitation en-

ergy available for one nucleon &s —m7 . at a constant square
Li

of the four momentum transfer of 0.425 GeV /c for both the
'Li(p, m. )'B and Li(p, m+ )'Li reactions. The plotting sym-
bols and the solid curve are as in Fig. 11.

10=

10=

u) 10—'=

~ 102='

~ 1O-'
b

1O'=

0.98

10'=

10 =

10'—'

10 =

10 ='

8
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2.32

for the ' C(p, m ) and ' C(p, m+) reactions and warrants
an explanation. For the ' C(p, n )' 0, transition the
two final protons are constrained by nuclear structure to
be in a relative S state; hence the spin-isospin channel
given by Eq. (3) above is forbidden. Equation (2) is al-
lowed, but the apparent absence of any b, contribution to

10— 10 '=
p

1O'1O'
I I I I I

'I. 0 'I. l 1.2 1.3 1.4 1.0 'l. 'I 1.2 1.3 1.4

V s — ITl (G gQ)

FIG. 11. Plot of differential cross section vs the excitation en-
ergy available for one nucleon &s —m7 . at a constant square

Li

of the four momentum transfer of 0.525 GeV /c for both the
Li(p, m. ) 8* and Li(p, m+ ) Li* reactions. The h&232 invariant

mass occurs at an x axis value of 1.232 GeV. The plotting sym-
bols indicate the source of the data as follows: A, Ref. 14, 200
MeV; El, Ref. 9, 250 MeV;, this work, 280, 354, 489 MeV.
The solid curves are pp ~d sr+ differential cross sections
transformed to the nuclear frame and normalized to the 354
MeV data points.

b

10
0.7

E =15 MeV

0.6 0.5 0.4 0.3
(Gev /c )

0.2

FIG. 13. Plot of the double-differential cross section of a 1

MeV wide portion of the 'Li(p, m. )X continuum taken at an
equivalent excitation energy of 15 MeV. Plotting symbols are as
in Fig. 5.
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FIG. 14. Plot of analyzing power vs the square of the four

momentum transfer for the Li(p, m )'BI, reaction. The plot-
ting symbols indicate the source of data as in Fig. 5. The error
bars reflect statistical uncertainties only.
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FIG. 16. Plot of analyzing power vs the square of the four

momentum transfer for the Li(p, m. )'B2 32 reaction. The plot-
ting symbols indicate the source of data as in Fig. 5. The error
bars reflect statistical uncertainties only.
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FIG. 15. Plot of analyzing power vs the square of the four
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ting symbols indicate the source of data as in Fig. 5. The error
bars reflect statistical uncertainties only.

0.7 0.6 0.5 0.4- 0.3 0.2
t (Gev /c )

FIG. 17. Plot of analyzing power vs the square of the missing
four momentum for a 1 MeV wide slice of the Li(p, ~ )X con-
tinuum. The 200 MeV "C(p, m )X data is from Ref. 25, and
has been used to indicate the approximate energy dependence of
the analyzing power for the (p, m. ) continuum. The 280, 354,
and 489 MeV data is from this work. Plotting symbols indicate
the equivalent excitation energies of the continuum slices as fol-
lows: j 19 MeV; o, 21 MeV; U, 15 MeV; I, 29 MeV; 6, 45
MeV.
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this transition suggests that this amplitude is very small,
and that the ' C(p, 7r )' Os, transition is dominated by
nonresonant processes such as

pn ( D „T= 0)~pp ( 'So ) +P —wave 7r (4)

1.0

'l i(p, vr')'Li

200 MeV

that cannot access an intermediate hX( T = 1,2) state, as
has been suggested by Vigdor et al. ' (see also Ref. 11).
For the ' C(p, 7r )'"06 27 6 59 transition, the final two pro-
tons are not constrained to be in a relative S state by nu-
clear structure, although it has been argued ' that they
may be so constrained by the short-range (high momen-
tum transfer) nature of the interaction. Assuming that
the energy dependence of the Li(p, 7r ) transitions are
due to the inhuence of the A, 232 these arguments could
account for the substantial differences observed between
the energy dependences of the (p, 7r ) reactions on Li
and ' C. Detailed model calculations, and comparisons
with forthcoming pn ~pp m data, are a necessary basis
for an understanding of the dynamics of the (p, 7r ) reac-
tion.

V. ANALYZING POWER SYSTEMATICS

Figures 14—16 show the analyzing powers of the
7Li(p, 7r ) B" reactions. These are the first (p, 7r )

analyzing powers ever measured in this energy region. A
systematic feature of the data is that the analyzing
powers tend to become more negative as the energy in-
creases. The analyzing powers for Li(p, 7r )X to the
continuum also exhibit this same general energy depen-
dence, as shown in Fig. 17.

In contrast, the analyzing powers of the (p, 7r+) reac-
tions shown in Figs. 18—20 become progressively more
positive as the energy increases up to the A, f32 invariant
mass, and then become more negative again at higher en-
ergies. This type of energy dependence has been seen
previously for other (p, 7r+ ) reactions, ' and appears to be
generally consistent with that of the pp~dm+ process,
which is shown by the solid hnes in Fig. 20. This same
energy dependence is exhibited by the Li(p, 7r+)X con-
tinuum reaction, as shown in Fig. 21.

Figures 14—21 show that the energy dependence of the
(p, 7r ) analyzing powers is very similar to that of the
(p, 7r+) analyzing powers, except for a difference in sign.
This is shown more clearly in Fig. 22, which compares
the analyzing powers of the Li(p, 7r ) B252 reaction,
multiplied by —1, with the analyzing powers of the
Li(p, 7r+) Li&26 reaction. Since the two final nuclear
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FIG. 18. Plot of analyzing power vs the square of the four

momentum transfer for the 'Li(p, m. +)'Li~, reaction. The plot-
ting symbols indicate the source of data as in Fig. 5. 55' and 61'
354 MeV results from Ref. 9 have got been included in Figs. 18
and 19 because they disagreed substantially with the results of
this work. These older analyzing powers are not considered as
reliable as the new results because of the difficulty of subtracting
the ' O(p, ~+ )X continuum from underneath a small low statis-
tics peak. The error bars reflect statistical uncertainties only.

00-——
489 MeV

0.7 0.6 0.5 0.4- 0.3 0.2

FIG. 19. Plot of analyzing power vs the square of the four
momentum transfer for the Li(p, ~+ ) Lio 98 reaction. The plot-
ting symbols indicate the source of data as in Fig. 5. The error
bars reflect statistical uncertainties only.
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states are mirrors of each other, the difference in sign of
the (p, n ) and (p, m+ ) analyzing powers must be a signa-
ture of the different scattering amplitudes involved in the
two reactions. Hoistad et a/. have qualitatively ex-
plained the sign difference between the Be(p, m. )' C and
Be(p, m+)' Be analyzing powers at 650 MeV in terms of

the elastic and charge exchange n.N~m. N scattering am-
plitudes. Korkmaz has suggested that the opposite
signs observed for (p, m ) and (p, n+) analyzing powers
may simply reflect the interchange of spin singlet and
spin triplet NN states in the dominant amplitudes of the
free NN~NNn. Processes [(pp)'Dz~(np) S,n+ versus
(pn) D, ~(pp)'Son ].

It is tempting to assume that the analyzing power sys-
tematics observed here are general features of (p, n ) re-
actions, and that something may be learned about the yet
unmeasured pn ~pp~ analyzing powers from these
data. This is suggested by the similarity of the Li(p, n.+ )

analyzing powers to those of the pp ~de+ reaction after
an appropriate kinematic transformation. ' However,
the correlation between A (p, n ) A + 1 and elementary

NN~NNvr analyzing powers may be more complicat-
ed, due to the greater sensitivity of the (p, m. ) reaction to
nuclear structure effects.

UI. SUMMARY AND CONCLUSIONS

Data for the Li(p, n ) B' and Li(p, m+) Li* reac-
tions leading to discrete states and the continuum at

T&
——280, 354, and 489 MeV have been presented and

compared with previously published 200 MeV results.
The pion spectra show that low-lying discrete states are
populated more weakly in relation to the continuum in
the (p, n ) reaction than in the (p, n+) re.action.

The differential cross sections of the (p, m ) reactions
rise from T~ =200 MeV to near the h&232 invariant mass
at T =354 MeV and then fall markedly at T =489
MeV. This is in contrast to the energy dependence of the
(p, n+) differential cross sections, which also rise from
200 to 354 MeV but then either fall slowly, or not at all,
at 489 MeV.

Comparisons with previously published ' C(p, n.+—) data
in this energy range show that the energy dependence of
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FIG. 20. Plot of analyzing power vs the square of the four
momentum transfer for the Li(p, m. + ) Li&» reaction. The plot-
ting symbols indicate the source of data as in Fig. 5. The error
bars reflect statistical uncertainties only. The solid curves are
pp~dm. + analyzing powers after transformation to the nuclear
frame. Although this transformation uses the pp~dm+ data
explicitly, it should yield a valid comparison with the analyzing
power of NN~NN~+ processes in general since the pp~dn. +

and pp ~pn m.+ analyzing powers are very similar (Ref. 26).

489 MeV

0.7 0.6 0.5 0.4 0.3 0.2
t (Gev /c )

FIG. 21. Plot of analyzing power vs the square of the missing
four momentum for the (p, ~+) continuum. The 200 MeV
' C(p, m+)X data is from Ref. 25 to help show the approximate
energy dependence of the (p, ~+) continuum, and the remaining
data points are from this work. The plotting symbols indicate
the equivalent excitation energies as in Fig. 17 except A, 20
MeV; o, 22 MeV. The solid curves are pp~dm+ analyzing
powers after transformation to the nuclear frame. There is no
354 MeV continuum data from Ref. 9 between 0.55~ t &0.45
GeV /c because results from that work were obtained using a
'Li' O'H target, and hence the 'Li(p, m+) continuum could not
be separated from the ' O(p, m+ ) continuum.
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FIG. 22. Comparison of the 'Li(p, n )'BQ 3p and

Li(p, sr+) Li2 26 analyzing powers after multiplying the (p, m )

analyzing powers by —1.

the (p, tr ) reaction is sensitive to the nuclear states in-
volved, whereas the (p, n +

) reactions tend to have a
"universal" energy dependence similar to that of the

pp +d tr+—reaction (after kinematic transformation).
These results support the hypothesis that (p, sr+) reac-
tions are dominated by a single underlying resonant
pp~pnm spin-isospin channel involving an intermedi-
ate S-wave bN state and S-wave final nucleons, whereas
several weak resonant and nonresonant amplitudes con-
tribute to the (p, m ) reaction, depending on the con-
straints imposed by nuclear structure.

The analyzing powers of the (p, m ) and (p, m +) reac-
tions are very similar except that they have opposite
signs.

Thus our understanding of the (p, m ) reaction seems to
have come full circle. Twelve years ago the (p, m. ) reac-
tion was neglected because its featureless angular distri-
butions did not arouse enough interest to merit the
difficulty of measuring the very small (p, m. ) cross sec-
tions. These featureless angular distributions were taken
as evidence of a multistep reaction mechanism. Then,
after the discovery of the (p, rr ) selectivity for stretched
2p-lh final states, it was suggested that the (p, m ) reac-
tion might in fact be easier to understand than the (p, sr+ )

reaction, because the latter involves contributions from
several different one- and two-nucleon processes and a
summation over a variety of orbitals in the initial and
final nuclear states. In contrast, in the (p, m. ) reaction
the one-nucleon mechanism cannot contribute, and only
one underlying two-nucleon process (pn~ppn ) is in-
volved. In some cases the orbitals of the active nucleons
are tightly constrained by nuclear structure. The present
work has shown, however, that the reaction dynamics of
the (p, n ) reaction may indeed be more difficult to un-
derstand than that of the (p, tr+) reaction because of the
interference of several small resonant and nonresonant
amplitudes that do not play a major role in the (p, m. + ) re-
action.

The gross features of the (p, sr ) and (p, m+) reactions
in the h&f32 resonance region have now been mapped out
by experiment. Detailed theoretical calculations, con-
strained by the data, are needed to sort out the dominant
amplitudes in the (p, m. + ) and (p, sr ) reactions.
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