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The role of theA resonance has been discussed for'téC(p, =) !3141Q ; reactions both experimen-
tally and theoretically. Recent calculations suggested resonance effects in the energy dependence of the differ-
ential cross section that seem to contradict existing data. Since the available data points are limited, it is
important to measure the energy dependence of the differential cross sections and the analyzing powers in
order to better understand the still unclear reaction mechanism of the groundpstate (reactions. In the
present paper, angular distributions of the differential cross sections and the analyzing powers were measured
for 21%(p,7™) reactions at incident energies of 250, 300, and 350 MeV. Experimental results for the
lzC(p,qr‘)BOg,S, reaction are compared with full-range distorted-wave Born approximation calculations.
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. INTRODUCTION section for the®*C(p,7~)*0, reaction and predicted a
resonance structure around 300 MeV. The paucity of experi-
Negative pion production in nuclei has been extensivelynental data makes it difficult to clarify the discrepancies

studied over the past two decades. In particular, the role dpetween existing data and theoretical predictions. Complete

the A;,3, resonance has been discussed from both the expe§ets of angular distributions of the differential cross sections

mental and theoretical point of view. Hubet al. [1] com- at”% thgf ar_nalyz(;nggopt_c:)wersh th:t ng b\ieeery |mep§rtar;:j fg; ghoeo

pared the energy dependence of the#~) and (p,=*)  SHdy_Of pion distorions have n n measur

reactions ont3C leading to isobaric analog states’8® and l\gev. Theawork héarﬁm wa; rr|1qt|vated by theoreﬂcall attempts

1C at 250, 354, and 489 MeV. The differential cross section ] to understand the underlying reaction mechanism, espe-

£ th T i h din th . £ th ially the role of theA resonance inf,7 ) reactions. We
of the (p, ). reactions aré enhanced in the region ot N€yqa5red a wide range of angular distributions of the differ-
resonance, similarly to those observed in the elementar

3 . X , ¥ntial cross sections and the analyzing powers for the
pp—d™ reaction. On the other hand, differential cross SeC{p, ") reactions on*>1 leading to oxygen ground states

tions observed in thep(7 ") reactions decrease with in- for hombarding energies of 250, 300, and 350 MeV. We also
creasing energy. Thep(7~) reaction is considered to be a measured these distributions fq,¢r*) reactions to check

two-nucleon processNN—NN= "), which means the inci- the consistencies of the present measurements with existing
dent proton interacts only with one of the neutrons in thedata[1,8,9.

target nucleu$2]. Huberet al. [1] discussed the lack of an
enhancement at the invariant mass of Ags, resonance as [l. EXPERIMENT
compared to what is expected on the basis of a phase shift

analysis of diflferential cross sections gor low-energy ab-  \clear Physic§RCNP), Osaka University. Polarized pro-
sorption by a'S,, T=1 proton pair in"He [3]. These dis-  (5ns from the atomic beam-type polarized ion souité]
crepancies suggest the need for the development of theorgliare accelerated by the AVF and the ring cyclotrons. The
ical models and further experimental work in order to clearpegm intensity was 10—500 nA. The beam polarization was
up questions about the sensitivity of the energy dependencghout 0.7, which was continuously monitored by an in-line
of the (p,7~) reaction to momentum transfer and to nuclearpolarimeter downstream of the ring cyclotron. The proton
structure effects. spin was flipped every second. Natural C and enrichied
From a theoretical point of view, distorted-wave impulse (99%) targets were used. Target thicknesses were measured

approximation(DWBA) calculations within the two-nucleon by weighing and were 87 and 136 mgfmespectively. The
model succeeded in explaining the overall features of theincertainty in target thicknesses estimated taH35% was
angular distributions of the differential cross sections and theletermined by comparing the measured differential cross
analyzing powers for stretched stat@,f ) transitions sections for proton elastic scattering with existing data at 300
[4—6]. Within the same framework, Nose-Togawtal. [7]  MeV [11]. Pions were momentum analyzed by the large ac-
investigated the energy dependence of the differential crosseptance spectrometgir2] (LAS) shown in Fig. 1. The hori-

zontal and vertical acceptance was limited by slitst60

and =60 mrad, respectively. The focal plane counter system

The experiment was performed at the Research Center for

*Electronic address: hatanaka@rcnp.osaka-u.ac.jp consists of two vertical drift chambe(¥'DCs) for ray trac-
"Present address: Department of Physics, Kyushu Universiting and twoAE trigger scintillators. Each VDC consists of
6-10-1 Hakozaki, Higashi-ku, Fukuoka 812-8581, Japan. pairs ofx andu planes. Since the differential cross sections
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TABLE I. Summary of measured differential cross sections of
1215¢(p, 7™) reactions leading to ground states'®f“C. All quan-
tities shown are in the center-of-mass frame; angles are in degrees
anddo/dQ are in nb/sr. The numbers in parentheses reflect statis-
tical uncertainties only.

2C(p, ") BC(p, ")
ec.m. 13Cg.s. ac.m. 14Cg.s.
T,=250 MeV
26.8 632(56) 26.72 247(31)
31° 331(36) 314 127(14)
37.8 27334) 37.3 10513
Contral Focal plane 48.7 140(18) 47.8 37.14.9
Focal plane-.._ x\ray\ \ counters 49.6 96.416) 5 27.63.3
57.3 60.75.5 57.0% 16.92.3
VDCI<-r J l 62 29.14.1)
AE Trigger <— : 63.7 52.83.5)
scintillators 68.9" 27.33.6)
\ " \ T,=350 MeV
o 05m 22 157(14) 3¢ 57.96.4)
27.04 106(15) 32.12 39.69.3
FIG. 1. Experimental setup of the LAS spectrometer and the 32° 106(11) 37 42.35.1)
focal plane counter system. 32.3 100(19) 42. P 14.33.5

. . ®Present work.
of (p, ) reactions are small, a second level trigger from the’Reference{g].

x plane of the first VDC in addition to the first level trigger °Referencd8].
derived from the coincidence of the two scintillators WaSdpeference 1].
employed to improve the signal-to-noise ratio. The resulting
signal_—to-noise ratio was improved_ typically by an order_ pf Il RESULTS AND DISCUSSION
magnitude from 2 to 20. The deadtime of the data acquisition
system was typically 10%, and the data were correspond- Values of the differential cross sections for the, £ ")
ingly corrected in order to obtain the final yields. In the reactions at forward angles are compared with existing data
off-line analysis, the particle identification was performed byin Table |I. They are generally consistent with each other,
the two AE signals and the time of flighfTOF) through the  taking into account the relatively large systematic uncertain-
spectrometer. Electrons and most @f particles were re- ties. The present results add considerably to the published
jected by the TOF gate. Events from these particles weréata set that is quite sparse in places. The analyzing powers
uniformly distributed in the position spectrum at the focal measured in the present work agree quite well with those for
plane and the resulting continuous background could be sulthe *°C(p, ") reaction at 250 Me\{8]. Angular distribu-
tracted from the peaks. Particle trajectories were traced badions of the measured differential cross sections and the ana-
from the focal plane to the entrance slit of LAS using trans-lyzing powers are shown in Fig. 2 for tHéC(p,w‘)l“Og.S.
fer matrices, and a software cut was performed on the scateactions. They are plotted as a function of the relativistically
tering angles in the horizontal plane. In the vertical planejnvariant Mandelstam variable which is defined as the
this procedure was not applied, since the vertical magnificasquare of the four-momentum transfer. The advantage of
tion is large and has insufficient angular resolution. Placetheset plots is that the nuclear structure effects are fixed in
ment of this gate in the horizontal plane reduced the backfirst order, and distributions reflect the reaction mechanism
ground, most of which werg.™ particles from decaying only. In the figure, it can be seen that the overall features for
pions in flight, by about 20%. The combination of TOF andthe (p,# ) reactions do not change in the measured energy
horizontal plane cuts produced typical peak to backgroundegion.
ratios 50 and 25 for thep(#=*) and (p,7 ) reactions, re- In Fig. 3, angular distributions of the differential cross
spectively. The efficiency of each plane of VDCs was esti-sections and the analyzing powers for ﬂ%@(p,w*)lf*ogls_
mated to be better than 90%, and the overall systematic umeactions are compared with the DWBA calculations by
certainties in the normalization were estimated to be lesdlose-Togawa 13]. The measured analyzing powers have
than 5%. positive values at all three energies and are quite different
The energy resolution of thep(r) reactions mainly due from those at 200 MeVY14]. From Figs. 2 and 3, one can see
to the energy spread of the proton beam from the cyclotrothat the analyzing powers are clearly isotope dependent. The
was typically 400 keV full width at half maximum that was struck neutrons are in th®, andp,,, shells for'?C and**C
good enough to separate transitions to the ground state frotargets, respectively. In the calculations, distorted waves for
excited state transitions. incident protons were generated with optical potentials that
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& 100 - . ,,-é_-:‘:a‘#e . w,p(q ) ﬂ',pA:”ZP_qé_i_qZ ( )
c e
s 4 ¥ ® 250MeV Theoretical values overestimate the experimental cross sec-
} 107" 2 gggﬁg k tions at forward angles by about one or two orders of mag-
3 nitude and calculated cross sections are renormalized to the
102 | . . . . 4 data by factors indicated in Fig. 3. The present two-nucleon
1.0 1 +|_ 3 1 model reproduces the experimental flat angular distribution
1 ,",.f_ ‘ﬁ\‘. E of the (p, #™) differential cross section at 250 MeV. Normal-
0.5 +,’ \ ized at forward angles, however, the DWBA results underes-
S o00fk--c-kes ¢ .............. ) e 3 timate the data at backward angles and for higher energies.
< The measured analyzing powers show little energy depen-
—osk *4’ 3 dence. On the other hand, the calculated values become posi-
w++ tive and larger with increasing incident proton energies,
] ] 1 1 - . . . .
-1.0 which is consistent with previous resulfs|.
0.2 0.3 0.4 0.5 0.6 0.7 . . .
" GeV )g Figure 4 shows the energy dependence of the differential
[ ( e /c ] cross section at a constant valuetef0.5(GeV/c)? plotted

FIG. 2. t distributions of the differential cross sections and the VS the center of mass energleé(mlzylsa - Huberet al.[1]

. —_ 1 B
analyzing powers for th&C(p, =)0, 5 reaction at 250, 300, and measured the cross section of tHe(p, 7 ) 409-5- reaction
350 MeV. Curves are to guide the eye. at two angles folT,=250MeV and at only one angle for

354 and 489 MeV. They applied the same relative normal-

describe the elastic scattering. The MSU optical potentialZation in exponential fits to the angular distributions at all
was adopted for pionl5]. For the nuclear wave functions three energies and at=0.5(GeVk)?* obtained cross sec-
for 2C and 120 nuclei, Ip-shell wave functions of Cohen- tions of 1.6, 1.6, and 0.6 nb/sr for incident energies of 250,
Kurath were employed16]. Two-nucleon processes were 354, and 489 MeV, respectively. The difference between the
taken into account as in the previous studies for stretchefresent data and these values stretches the systematic error
state transition$4—6]. The swave rescattering process was Pars to the limit. As can be seen in Fig. 4, the DWBA cal-
neglected and onlp-wave rescattering diagrams withand ~ culation predicts a large enhancement of the cross section
p exchange were included in the calculations, since thé&ear the invariant mass of thi,,3; resonance, which is not
given by[7] 12C and™*C, respectively. Here, we assumed the overall nor-
malization factors are independent of energy. For the positive
pion production procesp+p—p+n+x", the dominant
channel is pp(*D,)—NA(®S,)—NN(3S)) + 7" (p wave),
where theS wave intermediatdNA and the finalNN states
whereD, is the A propagator, and&/,. andV, are given by  are involved. For the negative pion production, the short-
range nature of thep( =) process also favors a relati&
f(9%)f(q?) ! state for the final two protons&,). If we assume the domi-
Vol@)= ——= (0 a)(§-0) nant final pp(*S,) channel and also a pion orbital angular
i momentum of 0 or 1, only thBIA (3P,) intermediate state is

*

f
Mf,—mzm—:(sj-k)(—)aT;a[vw<q>+vp<q>]DA, (1)

X(Ti~TJ-T) ~ 2_1 -, 2 allowed. Thg ph.ase shift analysis of the pﬁp(lso)—>pn
(2m)*(q°—0qg+m3) angular distribution extracted from th#de(7,pn)n data
suggests that the reaction proceedswigpp(1S,)—pn (3S,
and and®D;, T=0) where the intermediatdA state is forbidden
fp(qz)f:(qz) . [17]. Similar results were reported from the partial wave am-
V,(q)= T(UiXQ)(Sj Xq) plitude analysis of the analyzing powers for th@n
P —pp(*Sy) 7w~ reaction[18]. In the present measurements
><(q-i-TJ-T) -1 (3) the energy dependence of the differential cross sections for

(277)3(q2—q§+ mﬁ)' the (p,7") reactions is consistent with previously reported
A resonance effec{d,9]. On the other hand, it is confirmed
Here, the static form is used for theNN vertex and the that nonresonant processes dominate*®éC(p, =) reac-
nucleon recoil terms were neglected. The transition spin antlons leading to their respective ground states. Theoretical
isospin operators are denoted 8®ndT, respectively. Form studies are expected to clarify the role of thevave rescat-

factors are assumed as follows: tering process even at energies well-above the threshold. The
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FIG. 4. The energy dependence of the differential cross sections
at a constant value af=0.5 (GeV/c)? plotted vs the center-of-mass
energies (/s— mlz‘l%). Filled and open circles are results f5C
and 1°C, respectively. The solid curve shows calculations for the
12C(p,7™) reaction that is multiplied by 0.057. The dashed curve
shows calculations for th€C(p, ) reaction that is multiplied by
0.045.

present analyzing power data are useful in ascertaining pion
distortion effects.

IV. SUMMARY

We have measured angular distributions of the differential
cross sections and the analyzing powers ¥tC(p, 7*)
reactions leading to ground states of the residual nuclei at
incident energies of 250, 300, and 350 MeV. This is the first
measurement covering a wide angular range in Ahgs,
resonance region. Experimental results for the
2C(p, )0y, reaction were compared with full-range
DWBA calculations based on the two-nucleon model that
explained the overall features of the angular distributions of
the differential cross sections and the analyzing powers for
stretched state transitions near threshold energies. The
DWBA calculations failed to reproduce the ground state
transitions. The measured energy dependence of the differ-
ential cross sections confirmed that the nonresonant pro-
cesses dominate thé'(p, 7 )30, , transitions at the
A 1,3, resonance region.
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