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Investigation of the °C(p,d=*)B reaction in the quasifree region
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12¢c(p,d7*)'B has been investigated in the quasifree region at energies of 370 and 500 MeV. For each
energy, measurements were made at the four angle combinatioflg @f,@. ighy €qual to(15°, 309, (15°,
55°9), (25°, 309, and(25°, 559. In addition to strong excitation of the g.s. 3/3tate, the 2.12 MeV 1/2and
5.02 MeV 3/2 states are also excited with appreciable strength. Furthermore, a broad continuum at an
excitation energy of about 20 MeV, corresponding to thg,lhole state is prominently seen. The pion
differential cross section distributions exhibit maxima when the recoil nucleus momenta are at a minimum.
Analyzing powers were obtained over the range of pion energies investigated. Several measurements for the
2H(ﬁ,dw*)n reaction are also reported. The results are compared with plane-wave impulse approximation and
distorted-wave impulse approximation calculatigr0556-28138)04808-0

PACS numbep): 25.40.Qa, 21.45:v, 24.70+s

I INTRODUCTION (p,7*) reaction on?H, 3He, “He, and*2C provides much

()7 additional weight to this interpretation. Nevertheless, there
Our present knowledge of the exclusivé\(p,")(A remain many unanswered problems A(p, 7 )%(A+1)

+1) pion prod_uctlon reaction provides compelling eV'dE‘Tmereactions as to the interplay between the underlying reaction
of the dominant role played by the underlying

. ; : . mechanism, complicated nuclear structure effects, the role of
pp—d ™ reaction. The experimental evidence comes from

. . A - 6distortions, and other medium effects.

number of different |r_1vest|gat|0n§ and coerrlersthe be- A number of these problems can be investigated by a

havnt)_r Offotrhg'sir;gl)ézgil r;?;\;ggs éﬁ‘ ;Z%A_(np;[ge zzo(rft\':l)m kinematically =~ complete ~ measurement  of  the

reaction i i -3, [ inuu > 7o . N

[4] at excitation energies of about 20 Me\ii) the energy ZA(E’dZT )i Zl(A_l) reactllon. In thepp.—>d'7r model of

dependence of thep(w*) differential cross section at fixed € “A(P,7)7(A+1) reaction fhe latter is pictured as pro-

momentum transfer on a range of nudje], and(iii) in the ~ ceding via the primarypp—dm mechanlsm:lfollowed by

behavior of the differential cross section and analyzing powihe capture of the deuteron in the nuclefis’(A—-1) to

ers of the'C(p, =) X reaction[7] in the quasifree region. form the final nucleus’(A+1). Two momentum quantities

Furthermore, the success of a phenomenologica®r® important in this picture, namely the momentum of the

pp—dm*model [8] applied in a detailed study of the struck proton in the target and the momentum of the deu-
teron in the final nucleus. The values of these structure-
dependent quantities can, to some degree, be selected by the

*Present address: 304-5166 Halifax Street, Burnaby, B.c.Kinematical variables chosen for the experiment, as shown in

Canada V5B 2N6. Fig. 4 of Ref.[8]. For the 2A(p,d7 )% %(A—1) reaction
TPresent address: Physics Department, University of the Westeithe same struck-nucleon momentum is important. In the limit
Cape, Priv. Bag X17, Bellville 7535, South Africa. of no distortions the struck-nucleon momentum and the re-

*Present address: RADEX, 3 Preston Ct., Bedford, MA 01730. coil nucleus momentum have the same magnitudes. Thus the
Spresent address: Department of Physics, University of Kelaniyarecoil nucleus momentum serves as an important kinematical
Kelaniya, Sri Lanka. variable. The range of kinematical variables readily acces-
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TABLE I. Angle pairs (84,6,) for the (p,dw") measurements.

Angle Combination

(15°,30°) (15°,55°)
500 MeV (15.5°,30.4°)
370 MeV (15.5°,30.3°)

(15.6°,55.0°)
(15.6°,55.1°)

(25°,30°)
(24.9°,30.0°)
(25.0°,30.2°)

(25°,55°)
(25.0°,55.0°)
(25.0°,55.1°)

sible to experiment in théA(p,dm*)?"1(A—1) reaction

upon distortions to bring about the required momentum shar-

makes it possible to probe much of the dynamics of interesind, and thus approximates the quasifree condition. By the

in the ZA(p,#")%(A+1) reaction. Pion absorption varies
dramatically over this range, corresponding to mean fre
paths in nuclear matter from less than 1 fm to more than 5
fm. Interpretation of these results requires model calcula:
tions, which can be made via the distorted-wave impulsé’

approximation(DWIA), for example.

The present study reports on measurements of the diffe
the

ential cross sections and analyzing powers for

12C(p,d7*) B reaction carried out at proton energies of

same token, selecting a recoil nucleus momentum~¥
eV/c will result in a very small cross section. Such a
hoice necessarily emphasizes distortion effects. The kine-
matics selected in the present study do not place the reaction
ery far off shell. Indeed, relative to those conditions under
which the {,2p) reaction and similar reactions have been
studied, off-shell effects should not be very large.

The laboratory pion angle effectively selects the center of
mass(c.m,) angle at which the underlyingp—d«* process

: ZA(R A tYZ- (A — ; i
370 and 500 MeV at the TRIUMF laboratory. No previous 2¢¢urs in the “A(p,d=")*"*(A—1) reaction. In the ap
measurements of this reaction have been reported in the li2roximate c.m. frame of the incident and struck proton the

erature in this energy range; a single-angle measurement Bt°

233 MeV has been reportd@]. In order to achieve the en-

n is produced at c.m. angles of 48°, 82°, 42°, and 74°, at
the four angle combinations given above, respectively. These

ergy resolution necessary for resolving final nuclear states dfM- @ngles depend on the selected kinematics and are speci-

interest the dual arm spectrometer syst@ASS) was used,
comprising the medium resolution spectromgtdRS) and
the second arm spectromet&ASP. For each energy mea-
surements were made at the fdmomina) angle combina-
tions of (64,6,) equal to(15°, 309, (15°, 559, (25°, 309,
and(25°, 559. These angles are on tleft,right) side of the

fied for 500 MeV at the minimum value of the recoil nucleus
momentum(where the cross section is a maximurBince
the pp—d *reaction exhibits a strong angular dependence
of the differential cross section and the analyzing power
these two pion angles of 30° and 55° select two quite differ-
ent regimes for this reaction. A limited number of measure-

beam direction, respectively. Angle values pertaining to thénents were also made for tiiéd(p,d=*)n reaction.

actual measurements are given in Table I. The angles

=15° and 4=25° correspond, roughly, to recoil nucleus

momenta in the rangex{100 MeVk) and (=200 MeVk),
respectively. This situation applies if, in a plotpf vs p,,,

IIl. EXPERIMENT

A. Polarized proton beam

the “upper” kinematic locus is selected, as was the case in Thg experiment was performed in the proton hall of the
the present experiment. The “lower” locus corresponds toTR|UME laboratory by using two magnetic spectrometers,

much higher recoil-nucleus momentéypically =300

as noted above. Polarized proton beams from the optically

MeV/c, and correspondingly much lower probabilities for hymped ion source were extracted from the TRIUMF cyclo-

observing these momentdor '%C the 1p-shell momentum
distribution has a broad peak in the neighborhood~d00
MeV/c. A momentum of 200 Me\W is in the tail of this
distribution but is still quite probable in thé’C nucleus.

tron at energies of 500 MeWvith —6 cm/% dispersionand

370 MeV (achromati¢. Beam intensities ranged from 5 to 30
nA, depending on spectrometer angles, and the beam polar-
ization was typically 65%. A natural carbon target and & CD

These are roughly the two regimes investigated in this exiarget of areal densities 50.2 mgfrand 200 mg/crh re-

periment.
The smallest deuteron angle &f=15° is, of course,
larger than the maximum angle in the

spectively, were used.
The number of beam protort$, was measured by using

free an in-beam polarimetaiBP) [10] and a secondary emission

pp—dmreaction. This limitation was imposed by the monitor (SEM) [10,11], positioned upstream and down-
physical constraints of the spectrometers. However, becausgeam of the target, respectively. These two instruments

the binding energy of the-shell proton in“C the freepp

were calibrated in previous experiments by using a Faraday

—dm™ reaction kinematics can not be obtained in any casegup and provided independent measurements of the beam

Indeed, for all the angle pairs under study the recoil nucleugtensity which agreed to within 5%. Beam polarizatiBn
carries off only a few MeV of energy at most; hence the sumyas measured by using the IBP.

of the pion and deuteron energies is approximately constant

at 345 MeV (for 500 MeV bombarding energysome 16
MeV lower than in the fregp p—d " reaction. Furthermore,
since thep-shell momentum wave function itfC is a maxi-

B. Spectrometers

Deuterons from théA(p,d« )% (A~ 1)reaction were

mum at~100 MeVk, kinematics that select approximately detected in the MRS spectrometé?]. The MRS is a verti-
100 MeVc for the recoil nucleus momentum will result in a cal bend quadrupole-dipoléQD) 1.6 GeVt spectrometer
large cross section. This choice minimizes the dependencgith a momentum acceptandep/p of £6%. It is instru-
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FIG. 1. Schematic of the spectrometers SABR) and MRS(right). The front end chamber is located just outside the scattering chamber
for each spectrometer. The focal plane vertical drift chambers are designated VDC1 and VDC2.

mented with a front end multiwire drift chamb@EC) at the A consequence of the large acceptance of SASP is that
entrance to the quadrupole, and two vertical drift chamberparticles detected in the focal plane have traversed distances
(VDC) and a scintillator hodoscope at the exit of the dipole.from the target which vary substantially. In order to make
Good track reconstruction is provided by the chamber inforappropriate corrections for the decay of pions a comprehen-
mation, and particle identification from particle time of flight sjve Monte Carlo study was undertaken. Particle rays from a
and energy loss in the scintillator hodoscope. An absolutgniform distribution over the angular acceptance of the spec-
momentum calibration of the MRS was performed by usingrometer and with a momentum distributiarp/p from —15

1 1 H
data from the**C(p,p’)*”C reaction to the g.s., 4.44 MeV, {0 +20% at the target were traced through the system. The
and 9.64 MeV states, at 280 MeV proton bombarding ens

X ) subsequent history of each event, for which the position,
ergy. These data were also used N mapping th_e acceptangﬁgle& and path length were known at the focal plane, was
of the spectrometer. The above calibration required an ind

Sollowed through the VDC'’s and the scintillator hodoscope.

pendent measurement of the absolqte cyclotron ENeT9¥nuons from pions which decay inside the dipole, and before
which was determined from a comparison of detected par-

ticle momenta of protons from pp scattering and pions fromreaChIng the VDC's, are presumed lost to the detector sys-

the pp—d* reaction. A schematic of the MRS spectrom- tem; those from pions decaying after the second VDC are

eter, as well as the SASP spectrometer discussed below, (i)%en detected in the hodoscope and appear as valid events.
shown in Fig. 1. The laboratory distribution of the muon events about the
Pions were detected in the SASP spectromigtal. This ?nitial piqn direction was trgated in detail in calculating the
spectrometer is a quadrupole-quadrupole-digQi®D) mag-  Intersection of such events in the detectors of the hodoscope.
netic system and has a solid angle of about 12 msr and The resulting effective length of the spectrometer for pions
momentum acceptancap/p extending beyond-10 and depends on the central momentum setting and the location of
+15 %. Because of the shorter flight path of 7 m it is morethe event on the focal plane. A convenient way of expressing
suited for pion detection than the MRS. The resolution at théhe latter is via the percentage momentum deviation from the
design central momentum of 660 MeMé 0.02%Ap/p. A central momentund= (p— po) X 100/p,, wherep is the mo-
more detailed account of the design and operating parammentum of the particle anpl, is the central momentum. The
eters of the spectrometer will be presenfid]. As with the  central momentun(in units of MeVk) is related to the mag-
MRS, it is instrumented with a front end multiwire drift netic field setting by the equatigny=50.311X B5, whereBg
chamber at the entrance to the first quadrupole, and two veis the SASP dipole field in kG at thex=15 in.” reference
tical drift chambers and a scintillator hodoscope at the exit opoint. These Monte Carlo results were parametrized to pro-
the dipole. In the present experiment it was found that a vergluce an effective length.z=f(8,po), from which the pion
cleand — 7 coincidence signal could be obtained without thesurvival probabilityn, was calculated by using the expres-
use of the SASP FEC. By removing this FEC from the evension 7,=ex{(—139.5% L¢)/(7cXp)]. Here 7c=780.45
trigger considerably higher beam currents could be tolerated:m, is the pion decay length, is the effective length in
Particle identification of the pions was obtained from particlecm, andp is the pion momentum in Me\¢/
time of flight (with respect to the cyclotron rfand energy The solid angle of SASP gt= p, was calibrated by using
loss in the scintillator. the known cross sectidi 5,16 for thepp—d« " reaction at
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W 12 T TABLE Il. Angular acceptance at spectrometer entrance.
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E 10 £ . 3 Nonbend plane Bend plane

§ 0.9 _ _ half angle(mr) half angle(mr)
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£07E E SASP(r) 345 86.6
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§ 0.4 S sons with one-, two-, and all-plane efficiencies showed that

Z 03 F 3 the former provided a good estimate of the chamber efficien-

% 0 B T T T DU T cies. Apparently, even when a wire chamber plane does not

v -% -12 -8 -4 0 4 8 12 1B 20 24 decode as a good event, it generally produces a signal suffi-
6 (%) cient to satisfy all the timing requirements. Typicalyrs

as found to be between 50 and 55 % apglspabout 80%.

The lower value fornpyrs Was due primarily to the high
singles rate in the FEC, which resulted in undecodable mul-
500 MeV. This, together with the pion decay correctiontiple tracks.
yielded a central solid angle of 12 msr. Likewise, this reac- By using the information from the wire chamber coordi-
tion and the pion decay correction were used to map theates the deuteron and pion trajectories were reconstructed.
SASP solid angle acceptance as a functiod.ofhe relative  Tracks which did not reconstruct as originating from the tar-
solid angle acceptanag,sp normalized to unity at the cen- get were rejected.
tral momentum, is shown in Fig. 2, where the points are the The solid angle of the MRS spectrometer was determined
experimental measurements and the solid line is the fittebly software cuts applied to the FEC. A series of such cuts
curve. This acceptance remains at significant values beyonaere applied, defining solid angles from much less to greater
the nominal design limits of-10 and+15%. Typically, four  than the known acceptance. The resulting yields of deuteron
or five pairs of momentum settings of the two spectrometergvents extrapolated linearly to a solid angle of 2.5 msr. Re-
were required at each angle pair in order to map out theonstructed angles at the target for pion events in the SASP
particle momentum distributions over the desired range fospectrometer were not known with sufficient accuracy to use
the ZA(p,d=")% 1(A—1) reaction. these for defining the solid angle. However, again with a
series of different angle cuts, it was ascertained that the angle
cuts actually employed in the cross section calculations en-
compassed a full acceptance of the spectrometer of 12 msr,

A master trigger was generated from coincidence eventss previously discussed. The angular acceptances at the en-
loosely defined as a deuteron in the MRS in coincidence withrances to the spectrometers are given in Table II.
a pion in SASP. In the separate spectrometer arms a deuteron The offline analysis of the data revealed that there were
event required a signal in one of the planes of the MRS FEQormalization problems with the first measurements taken
(timing signa) and a signal in the first plane of VDC1, to- during the course of the experiment. The affected data were
gether with appropriate energy loss in the scintillator hodothose measurements taken at 500 MeV for both4Heand
scope. In addition, a signal in a scintillat§8d positioned '°C targets at the angle combinations (15°,30°) and
beyond the hodoscope. was also required. The pion evelil5°,55°). After careful reexamination of all the scaler data
required a signal in the first plane of the SASP VDC1, andand the software analysis it seemed most unlikely that these
appropriate energy loss in the scintillator hodoscope. Th@roblems were related to beam normalization, chamber effi-
trigger was subsequently inhibited while all the electronicsciency problems, etc., all of which exhibited normal patterns.
were read out and recorded by the computer. Computer sy$dore likely, the problem was of an electronic nature involv-
tem livetime 7¢,mp Was obtained from the ratio of the num- ing coincidence inefficiency between the two spectrometers.
ber of recorded events to the number of master triggersThere was no suggestion in any of the results that there was
Typically, this livetime was well above 90%, occasionally a spin dependence associated with this normalization prob-
dropping to 80% for some of the higher rate settings. Onlindem. Consequently, the analyzing power results for these
and offline analysis of the data was carried out by using theangle pairs are believed not to be compromised.
data analysis programova [17].

Composite wire chamber efficiencies were defined for the IV. RESULTS
chambers in each of the MRS and SASP as followgis ) ]
=Neec voer voc Naeuterons— 7sase= Nvoca vocz/Npions: A typlcalﬁplot of deuteron momentum vs pion momentum
whereNgec vber voczis the number of events where each of for the ?C(p,d ") !B reaction is shown in Fig. 3. The most
the chambers has one, and only one, properly decoded tragirominent band corresponds to tH&B g.s., and the two
and NyeueronsiS the total number of deuteron events. Forother discernable bands to the 2.12 MeV14hd 5.02 MeV
pions the quantitiedlypcy vpcz @aNdNpigns, are similarly de-  3/2” excited states. Events below the bands arise from exci-
fined. At first sight these definitions would appear to result intation of the broad §;,, hole state, centered at about 20 MeV
incorrectly high values for the efficiencies, since the veryexcitation. A measure of the random coincidence rate is
definitions 0fNgeyerons@NdNpions, require signals in selected given by the density of events in the region above the bands.
chambers, as described. However, extensive intercompari- From the measured momenta and the reconstructed trajec-

FIG. 2. SASP spectrometer relative solid angle acceptance as
function of 6.

Ill. ANALYSIS
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FIG. 3. Pion-deuteron coincidence events from the
2C(p,d7*)''B reaction at 500 MeV forf;=15.5° and 6,
=30.4°. The deuteron momentum increases to the left and the pior

momentum increases in the upwards direction. The g.s. locus span 0

a deuteron momentum interval of 80 MeV/c at a central momentum 20

of 653 MeVk; the corresponding pion momentum interval is 27 EXCITATION ENERGY (MeV)

MeV/c at a central momentum of 337 Me¥/The focal plane po-

sitions are in arbitrary units. FIG. 5. Excitation energy plot of Fig. 4 extended to 60 MeV.

The low excitation region has been supressed by a factor of 10. The

tories the missing mass for each event was calculated. FiguPéoad distribution arises from theshole state.

4 shows a typical result of such a missing mass plot, where

the 1B g.s. rest mass has been subtracted to yield the exci- ) ) o .
tation energy. The panels show the total spin-up and spin! proton pickup reactiongl8]. The missing mass resolution

down events; a nonzero analyzing power is clearly indicated” this figure is about 750 keV, most of which arises from the
Random coincidence events have been subtracted from the€B€rgY loss spread of the deuterons in the target.

plots. Although some contribution from other states close to OPtical aberration corrections in the SASP spectrometer
the 2.12 and 5.02 MeV states cannot be ruled out, it is ex@'® large, particularly those involving thecoordinate, the

pected that this will be small, judging from the observations?€nd-plane scattering anglas defined inrRANSPORT[19]).
These aberrations were corrected in software replay of the

data. At the time of this analysis a complete set of these

100 T 800 e aberration corrections had not been compiled and empirical
C ] corrections involving this coordinate were applied. As well,
woo £ & 800 1 the momentum calibration for SASP, carried out for 660
- " . ] MeV/c protons, was found to be inappropriate for the much
C 3 o J4oof SPIN P lower momentum pions. Empirical corrections to the mo-
1000 8 _' mentum calibration were deduced from an initial analysis
C ° 71200 pass through the data.
g C ] Figure 5 shows the missing mass plot of Fig. 4 extended
Z 800 41 °% to 60 MeV excitation energy if’B. Although the spectrom-
3 - . eter acceptances record only some unknown fraction of the
§ C ] latter events, strong excitation of the broagl,1 hole state is
w 900 [ N - 800 T T indicated. The absolute cross section for this state is very
% r f N ] difficult to determine. Not only does it depend on the convo-
8 100 L 2 } 4600 ¢ SPIN DOWN | lution of the spectrometer acceptances near the edges of one
- S 3 - . or both of the spectrometers, it also depends on model pre-
B o & 1400 dictions of the strength distribution of this state as a function
200 K o g of excitation energy. For this reason we choose to speak only
C 200 of a measured lower limit for the cross section for this state.
r Analyzed events were stored in a two-dimensiozd))
0 0 array of 5 (the SASP percentage momentum deviaties

-8 -4 0 4 8 12 missing mass for subsequent calculations of the differential
cross sections and analyzing powers. In order to adequately
account for the large variations iayrs, €sasp, and 7.

FIG. 4. Excitation energy plot for thé’C(p,d=*)!'B at 500  associated  with  different events, the quantity
MeV for 4= 15.5° andd,=30.4°. 1/(emrs €sasp?-)» Was stored for each event in a 2D array of

EXCITATION ENERGY (MeV)
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the same dimensions as above. This latter array thus containals, A 5, depending on the number of events available.
the yield information normalized for the relative spectrom-These latter intervals are thus intervalspip.

eter acceptances and the pion survival fraction. For each state The cross section for a given interval was calculated ac-
of interest the range af; was further binned into 2-5 inter- cording to the expression

d%0/dQ4dQ,dp, =[N 4/ (eurs-€sasp- 7:) 1/[NoN Deompvrs 7sasrd QaA QA p.,)].

HereN,4 is the number of events;,. the average pion sur- Plots referred to above. The peak in the cross section distri-

vival fraction and:MRs and:SAspthe average relative focal bution occurs at ‘a pion momentum which corresponds

plane acceptances of the MRS and SASP, respectively, acﬁlogely tohthe mmm;u;n in the value @(R'h Vzi
within the given interval. These quantities were all obtained ver the range of the measurements the analyzing powers

from the two 2D arrays as explainetl, and N, are the exhibit a fairly gentle variation with pion momentum, with
P t

number of incident protons and the number of target nucle)galues predo(rjnlna}ntly in tge p_osm\l(@._O tﬁ 0.4 range for
per cnf, respectively, andycompis the data acquisition com- 00 MeV, and values predominant y In t+elr;egatq059 to
puter livetime. Spectrometer solid angles are givenlfy, ~ —0-3 range for 370 MeV, for thé’C(p,d=")"'B g.s. reac-
(MRS) and AQ .. (SASP. The pion momentum interval is ton.
Ap,.. This expression applies to the total, spin up or spin
down cross section, depending on the selected input quanti- V. THEORY
ties.

Denoting the differential cross section of the above ex-
pression simply byr, for brevity, the spin averaged differ- The experimental results are interpreted in terms of a fac-

A. DWIA and PWIA calculations

ential cross section is given by torized amplitude distorted-wave impulse approximation
(DWIA) theory[20,21]. The calculations were carried out by
o=[P(D)a(T)+P(1)a()J/[P(T)+P()]. using the coderHREEDEE [22], an earlier version of which

. ) L was applied to this same reaction at 223 Mg). The
Here and| refer to the spin up and spin down direction of | hqeriying physics assumption in these calculations is

the incident beam polarization, respectively. The analyzingn4:  “the pion production in the three-body
power is given by the expression ZpA(p,d7 )% L(A—1) reaction is mediated by the two-body
Ano=[o(1)—a(DUP(Da(T)+P(T)a(1)]. ppgdw+ process. Thus we assume that the incoming pro-
ton interacts with a bound proton in the nucleus leading to a

Experimental results of the differential cross sections andinal state deuteron and pion, and leaving the residual
analyzing powers as a function of the pion momentum areucleus in a single hole state. We briefly outline the DWIA

shown in Fig. 6 for the?H(p,d=*)n reaction. Measure- formulation in the following. _ _

ments were made at two angle pairs for each of the two Although THREEDEE can treat nuclei of arbitrary angular

energies. These measurements were possible over a limit&gomentum, for clarity in the expressions presented here, we

kinematic range only, by using a GDtarget, because of consider the case of a spin zero target. Therefore in our

interference from the12C(5 d=*)!B reaction. Figures 7 DWIA model the reaction proceeds with the removal of a
’ - 11 _ nucleon of unique orbital and total angular momentum lead-

and 9 show the results for thEC(p,d= ") '8 g.s. reaction ing to a hole state in residual nucleBswith the angular

at 500 and 370 MeV, respectively. All quantities shown inmomentum of the struck particle. We write the cross section
Figures 6—14 are evaluated in the laboratory frame. The er-

. > + — . .
rors shown represent the statistical uncertainties; the overafcl?r this ZA(p’d.Tr ) 1(.A_.1) reaction induced by a polar-
normalization uncertainty in the cross sectionsi$5%, ex- |z_ed proton with polarizatiorp, Tudent on the nucleu.A
cept for those cases noted at the end of the previous secti(Wl'th total angular momenturﬂA—Q and leading to a final
where normalization problems were experienced. TheoreticzﬂuClear state of angular momentyras
curves shown in the above figures will be discussed in the

; : — 2 ,
next section. Results for the excited states are shown in Figsiga(p,) = ﬁ—CwB\/KZ > Iag(nlsjt)

11-14. Mpg }\0'0';

The cross section distributions as a function of pion mo- )
mentum shown in the above figures are roughly Gaussian in ><(I)\5(r|jm)T'x, (pa KiKL|t| s ol Ko (1)
shape and have typical widths of 100 MeVfor the Tapatt @AM A ’

12c(p,dw*)1B reaction and about 50 MeW/for the

2H(ﬁ,d7r+)n reaction. Peak cross sections for the formerwherewg is the energy density of final states. For the struck
reaction are in the range of 2+6b/(s” MeV/c) at 500 MeV  nucleon the quantum numbgfprojectionm), represents the
and 1-3ub/(sP MeV/c) at 370 MeV. The recoil nucleus total angular momentum which is composed of angular mo-
momentumpg is also indicated in each of the cross sectionmentuml (projection\) and spins=73 (projectiono). The
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FIG. 6. Analyzing powers and differential cross sections for %hlfeﬁ,dn-*)n reaction at 370 and 500 MeV. The curves are PWIA
calculations RH(solid line), and RH2(long dashes as described in Table IV. The dotted curve represents the recoil momentum in units
of MeV/c. All quantities are expressed in the laboratory frame. The cross section curves have been normalized to the data as shown.

quantity in brackets is the vector coupling coefficient. Thepion and deuteron ang(™) represents the incoming proton
spectroscopic amplitud&,g is related to the conventional which can flip its spin due to the spin-orbit force in the

single nucleon spectroscopic factor thrOL@F’S=A><I,2_\B,

the production of a pion by a protaispin projectiono,,)
incident on a target protofspin projectiono) leading to a

the work of Ref.[16].

The effects of distortion are contained in

IN — ’
Ty, = j xa " (kg)x
ala

(=)*

ks

(k) dix'r) (kdr,

!
TaPa

)

optical potential. Note that in this formulation we have ig-
whereA is the number of target nucleons. The matrix ele-nored the spin of the deuteron in the deuteron distorted wave,
ment(pq,kg ;K. |t|o; o} K,) is the two-body amplitude for since THREEDEE does not incorporate a spin-orbit potential
for spin one particles. Although analyzing powers are large
in elastic deuteron scattering, we do not expect the neglect of
deuteron(spin projectionpy) and aw*. These amplitudes the spin-orbit potential for the final state deuteron to have a

are assumed to be the on-shell amplitudes and are taken fro@rge effect on an initial state spin observable such as the
beam analyzing powers measured in the current experiment.

Calculations of the spin transfer to the deuteron would of
course be expected to show significant effects due to the
deuteron spin-orbit potential, but these were not measured.
The spatial part of the struck nucleon wave function is rep-
resented by, .
where they(™)'s represent distorted waves for the emitted The unpolarized cross sections and analyzing powers are
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FIG. 7. Analyzing powers and differential cross sections for'i@{p,d=*)!B reaction at 500 MeV for the four angle pairs. The curves
are DWIA calculations RC1solid line), RC2 (long dashes RC3 (dash-dot curvg and RC4(short dashes as described in Table V. The
dotted curve represents the recoil momentum in units of MeXll quantities are expressed in the laboratory frame. The cross section
curves have been normalized to the data as shown.

formed from the usual average and difference of the calcu- The cases opg, and py, removal are somewhat more
lated cross sections fqr,= + 3, respectively. As has been complicated, since in these cases distortions introduce an ef-
pointed out for other three-body reactiotesg.,A(y,mN)B  fective polarization of the bound nucleon. This has been
[23] or A(7r,wN)B [24]), the analyzing powers calculated in noted for other reactions and is often referred to as the
the DWIA for the three-body reactions are closely related toNewns effec{25] or Maris effect[26]. Given the fact that
the two-body spin observables, particularly the analyzinghoth the incoming and outgoing particles are strongly inter-
power fors,, nucleon removal. For the present case, if oneacting and attenuated, we might expect the effective polar-
ignores the effects of the spin-orbit potential on the incidentzation in the present reaction to be rather large. Again in the
proton (0;=pa), we see from Eg. (1) that the pwia, ignoring the effect of the spin-orbit potential on the
ZA(p,d7*)? " 1(A—1) three-body analyzing power far;, incident proton and assuming a coplanar geometry for the

removal is identical to the two-bodgp—d=* analyzing three-body ZA(p,d7 )2 Y(A—1) reaction, a relatively
power and unaffected by distortion effects. As we shall segimple expression can be derived relating the three-body
in the next SeCtiOﬂ, even with the addition of the inCidentbeam ana]yzing powers fq]_she” nucleon removal to the
proton spin-orbit potential, théA(p,dWﬂf*l(A—l) beam  two-body pp—d=* analyzing powerssee, for example,
analyzing power is very similar to that gip—dz ™. Ref.[24]). To do so we introduce the effective polarization
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FIG. 8. The same as Fig. 7, with PWIA calculations RG8lid line), RC6 (long dashes FC1(short dashes, analyzing powers, ons
described in Table V.

in orbital angular momentum induced by the distortion ef-—d=* reaction, respectively. The quantity relates the or-

fects as bital polarization to a spin polarization and has the value of
—1 for py, and +3 for pg,. Clearly the three-body beam

L e L analyzing power will directly depend on the two-body ana-

- T2 4 |T2-12° &) lyzing power, but in addition the two-body spin correlations

will play a significant role.
It is then possible to write a simplified expression for the As with all DWIA calculations various choices of phe-
cross section of an incoming proton with spin projectign  nomenological input are required. In our calculations single
=+3 on a spin zero target as particle bound-state wave functions for the struck proton in
12C were generated with the Woods-Saxon potential param-
0( pa= tl _ eters of Elton and Swift27]. For 2H, the wave function was
a 2 obtained from the Paris potential, and included bbth0
andL =2 components. The incoming proton distorted waves
Wherea is the unpolarlzed cross section. The quantitiesyere generated by using a Schimger equivalent reduction
Adto. Adbm. andAlS,, are the beam analyzing power, the of the global Dirac-equation based optical model analysis of
target analyzing powefequal to the beam analyzing power Cooperet al. [28]. For the emitted deuteron two different
and the spin correlation parameter for the two-bcﬁuy optical model potentials were employed. The first was ob-

oP(1+ A% +aPAD +aPAZR ), (4)
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FIG. 9. Analyzing powers and differential cross sections forlﬂﬁ(ﬁ,dn-*)llB reaction at 370 MeV for the four angle pairs. The curves
are DWIA calculations RC1solid line), and RC2(long dashes as described in Table VI. The dotted curve represents the recoil momentum
in units of MeVk. All quantities are expressed in the laboratory frame. The cross section curves have been normalized to the data as shown.

tained by simply doubling the Nadasen-Schwa8l] pro-  potentials as well, both of the Kisslinger type. The work of
ton potential at half the deuteron energy, i.e., at the sam€ottingame and HoltkamfB81] was used for the first. These
kinetic energy per nucleon. The second was obtained fronpotentials use the Kisslinger form with potential strendifs
an extrapolation of the parameters &bt *°C scattering from andb; obtained from the pion-nucleanmatrix, but shifted
Bojowald et al. [30]. Although these potentials are energy in energy by about 28 MeV. The density was taken to have a
dependent, DWIA calculations revealed that the differencesnodified harmonic oscillator form, with parametees
between the results assuming an energy-dependent and aril.60 anda=1.01. This potential is thus energy dependent.
energy-independent potential were quite small. Indeed, they¥he other potential was obtained from a fitae- 1°0 elastic
were no greater than the differences between the results fecattering at 163 MeV. The density, taken to have a Fermi
the two different potentials described above. Hence, becauderm, used paramete®@=2.20 fm anda=0.43 fm, and
of the greater convenience, energy-independent forms of theas fitted. This potential is fixed in strength, with the fitted
potentials were used. These potentials, both of a Woodgparameters Rg=0.25 fn?, Imby=—0.35 fn?, Reb,
Saxon form, will be referred to ag,; andV,, respectively. =6.86 fn?, and Inb;=6.16 fn?. These potentials will be
Details of the parameters for these potentials are given imeferred to a3/, andV ,, respectively.
Table IIl. As stated above the spin-dependent two-badygatrix
Pion distorted waves were generated from two differenamplitudes were assumed to be the on-shell
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FIG. 10. The same as Fig. 9, with PWIA calculations RE8lid ling), RC4 (long dashes FC1 (short dashes, analyzing powers, only
as described in Table VI.

pp—daamplitudes and were obtained from the phenom-of plausible off-shell effects that might be expected. For the
enological parametrization of Bugg, Hasan, and Shiyii. conditions of this experiment the calculated two-body c.m.
These amplitudes reproduce rather well the observed analyangle changes slowly across the energy sharing distribution,
ing powers for th@p—da* reaction, as well as the analyz- varying at most by 10° for any of the four angle paifsote

ing powers for the invers@H(«",pp) reaction, particularly that the angle is the same for both on-shell prescriptidds.

at energies near thA resonance. Even with this on-shell the other hand the calculated two-body energy shows a sig-
assumption there are ambiguities in the choice of on-sheffificant variation of almost 30% across the energy sharing
points to use in the calculations. Various prescriptions havélistributions. Thus much of the variation in the DWIA ana-
been used, and in this work we have chosen the two modyzing power arises from the energy dependence ofpthe
common, the initial energy prescriptidhEP) and the final —d# " reaction. Using the above input parameters, DWIA
energy prescriptiolFEP). These correspond, respectively, to as well as PWIA calculations were performed with the code
using the relative energy of the incidept-p system, or THREEDEE[22] for both prescriptions.

using the finald+ 7 system, to evaluate the center-of-mass PWIA calculations, quite independent of the ones dis-
energies and angles for the two-bodp—d#"system and cussed above, were also made that used the parametrization
thus the amplitudes. These prescriptions represent two rathef the pp— d= “reaction amplitudes employed by Fdi].
extreme assumptions and, as such, they encompass the rartdgre the'?C single particle states were very simply approxi-
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FIG. 11. Differential cross sections fdfC(p,d=*)''B at 500 FIG. 12. Differential cross sections fdfC(p,d=*)''B at 370

MeV for the excited states 2.12 MeV 1/Zleft column, 5.02 MeV MeV for the excited states 2.12 MeV 1/Zleft column), 5.02 MeV

3/2~ (center colump and ~20 MeV excitation 1/2 (right col- 3/2~ (center columjpy and ~20 MeV excitation 1/2 (right col-

umn). The curves are DWIA calculations RC7, RC9, and RC11 forumn). The curves are DWIA calculations RC5, RC7, and RC9 for
the three states, respectivéolid line); RC8, RC10, and RC12 for the three states, respectivébolid ling); RC6, RC8, and RC10 for

the three states, respectivelpng dashes and PWIA calculations  the three states, respectivélpng dashels and PWIA calculations

FC2, FC3, and FC4 for the three states, respectiigiprt dashes FC2, FC3 and FC4 for the three states, respecti(giprt dashes

as described in Table V. All quantities are expressed in the laboraas described in Table VI. All quantities are expressed in the labo-
tory frame. The cross section curves have been normalized to thetory frame. The cross section curves have been normalized to the
data as shown. For the 20 MeV state the cross sections representslaa as shown. For the 20 MeV state the cross sections represents a
lower limit only. lower limit only.

mated as harmonic oscillat¢HO) functions using the HO  malization uncertainty was considerably greater than the
parameterv=0.311 fn1 2. Interestingly, the g.s. cross sec- above differences, all subsequent calculations and compari-
tion distributions for such a simplé’C wave function dif- sons were made by using point solid angles, only.
fered very little from those of the more detailed model. Re-
sults from these latter calculations will be shown for the 1. The 2H(p,da*)n reaction
analyzing powers and for the PWIA cross section distribu- _ ol 4 4 )
tions to excited states. These calculations thus provide an PWIA calculations for the“H(p,d=")n reaction are
additional point of comparison of the parametrization of theShown in Fig. 6; they have been normalized to the data as
pp— dm*reaction amplitudes; they will be designated with Shown. These calculated cross section distributions all tend
the prefixF; those of the earlier discussion, by the pre®x 0 have rather narrow widths of approximately 50 MeV/
(FWHM). These widths are determined primarily by the
slope of the momentum wave function in the region of 100
MeV/c. For the angle combination (15°,30°) at 500 MeV,
The angular acceptances of the spectrometers are quitee only case for which a fairly complete distribution was
large, as indicated by the information in Table Il. Conse-obtained, the experimental and calculated widths are in rea-
guently, initial calculations were made to investigate the efsonable agreement, although there is a slight shift in momen-
fects of the finite solid angles on the shapes and magnitudeéam of the centroids of the distributions. The differences be-
of the differential cross sections. These investigations retween the FEP and IEP calculations labeled RH1 and RH2,
vealed that, for bottfH and *°C targets, the finite solid angle respectively, are not large, as expected, since the binding
cross section predictions were smaller by 1 to 4 %, than thenergy and the recoil energy carried off by the neutron are
point solid angle predictions. Differences in shape weréboth small. However, they do lead to slight differences in the
barely distinguishable on the graphs. Given the simplicity ofpredictions for the analyzing powers, which describe reason-
the latter calculations, and also the fact that the overall norably well the experimental results.

B. Comparison with experiment
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FIG. 13. Analyzing powers for th&C(p,d=)'B at 500 MeV FIG. 14. Analyzing powers for th&C(p,d=")*'B at 370 MeV
for the excited states 2.12 MeV T/Zleft column), 5.02 Mev 3/2  for the excited states 2.12 MeV 1/Zleft column, 5.02 MeV 3/2
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The curves are DWIA calculations RC7, RC9, and RC11 for theThe curves are DWIA calculations RCS, RC7, and RC9 for the
three states, respectiveflgolid line); PWIA calculations FC2, FC3, three states, respectivefyolid line); PWIA calculations FC2, FC3,
and FC4 for the three states, respectivédjort dashes as de- and FC4 for the three states, respectividport dashes as de-
scribed in Table V. All quantities are expressed in the IaboratornyCribed in Table VI. All quantities are expressed in the laboratory
frame. rame.

The extracted normalization factofspectroscopic fac- tivity of the predictions to various ir)put a'lssu.mptiqns. A sum-
tors C2S= Texp/ Tiheory @€ Shown in Table IV for the 370 mary of these and other calculations is given in Table V.
MeV data; they have values of the order of unity. For reason§Urves RC1 and RC2 compare calculations using the ap-
that remain unexplained, as indicated in Sec. lll, instrumenProximations FEP and IEP, respectively. The former invari-
tal difficulties rendered the 500 MeV cross section normal-2Ply results in a cross section distribution that is shifted to a

izations uncertain during the early part of the experiment. Slightly higher pion momentum. Curves RC2 and RC3 com-
pare calculations for the different deuteron potentials, de-

scribed in Table Il1l. All other parameters were kept the same.
Finally, curves RC2 and RC4 compare calculations for dif-

Results for a number of calculations for the g.s.ferent pion potentials, with all other parameters held con-
12c(p,d«*) 1B reaction at 500 MeV are shown in Fig. 7. stant. Figure 7 reveals that these substantial variations in the
These DWIA calculations were intended to check the sensi-

2. The ?’C(p,d=*)™B g.s. reaction

TABLE IV. Spectroscopic factors C?S for the

TABLE lll. Deuteron optical potentials. 2H(5,d77+)n reaction.
Nadasen adiabatic ~ Bojowald Angle combination
Vg1 Vo Calc. DWIA PWIA IEP FEP (15°,30°) (15°,55°)

Real potential Vy (MeV) 62.8 36.5 500 MeV RH1 ® ®

ro (fm) 1.21 1.18 RH2 [ )

a (fm) 0.77 0.714 FH1 [ ) [ )
Imag potential W, (MeV) 14.8 20.46

ro (fm) 1.688 1.27 370 MeV RH1 [ ) [ ) 1.47 0.94

a’ (fm) 0.44 0.815 RH2 [ ° 1.07 0.70

Coulomb radius re (fm) 1.25 1.30 FH1 (] ®
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TABLE V. Spectroscopic factor€2S for the 12C(p,d=*)!B reaction at 500 MeV.

Angle combination

State Calc? DWIA PWIA IEP FEP (25°,30°) (25°,55°)

0.00 MeV, 3/2 RC1 ° ° 55 4.3
RC2 ° ° 8.1 6.1
RC3P ° ° 9.9 7.9
RC4¢ ° ° 7.3 5.9
RC5 ° ° 0.62 0.71
RC6 ° ° 0.84 1.00
FC1 ° °

2.12 MeV, 1/2 RC7 ° ° 2.00 2.40
RC8 ° ° 3.00 3.30
FC2 ° °

5.02 MeV, 3/2 RC9 ° ° 0.94 1.02
RC10 ° ° 1.46 1.46
FC3 ° °

~ 20 MeV, 1/2 RC11 ° ° 11.0 13.0
RC12 ° ° 15.6 22.6
FC4 ° °

aStandard potentials, includingy,; andV.,, were used for all calculations as described in the text, except
where noted.

®Deuteron potential/s.

‘Pion potentialV .

potential parameters, or changes in the assumptieB® or An examination of the spectroscopic fact@sS as given
IEP) made, result in comparatively small changes in the prein Table V for these calculations, shows some surprises. For
dicted cross section distributions. Indeed, these variations arfe angle combinations withy=25°, S~7. From other ex-
considerably smaller than the differences between the da'@eriments, to be discussed laf@B], one expects a value of
and the predictions. The lack of sensitivity to the potentialahout 3. For reasons mentioned earlier in connection with the
parameters, especially the pion potential, is quite surprisinng(F;’dw+)n reaction, reliable spectroscopic factors were

Ata pion momentum of 260 Me¥/the pion mean free path not obtained for the first two angle combinations wiih

in nuclear matter is at a minimum and changes rapidly as the 15°
pion momentum is either increased or decreased from this —> - . - - .
The analyzing power predictions shown in Fig. 7 display

value. :
Particularly striking is the discrepancy between thethe general trend of the data at low recoil nucleus momentum

DWIA calculations and the data for the angle combination(fa=15°), but do not agree quantitatively. At high recoil
(15°,55°). Only at this angle combination does the crosducleus momentuméy=25°) all the calculations disagree
section data show a much broader distribution, quite unlikévith the data.

the typically Gaussian distributions at the other angles. This A series of PWIA calculations were also made for the 500
same feature is repeated again in the 370 MeV ¢&#ta Fig. MeV %C(p,d=*)B reaction. These are shown in Fig. 8.
9). Thep-shell momentum wave function dfC has a broad For the cross sections, other than the expected large change
maximum at a momentum of120 MeVk. Since=~120 in magnitude, the most notable difference from the DWIA
MeV/c is also the region of recoil nucleus momentum results is the substantial shift to higher pion momentum of
sampled by these measurementségt15°, this peculiar the peak of the distributions for the low recoil momentum
result atd,=55°, may arise from some complicated inter- angles, a shift that produces better agreement with the data.
play of structure and medium effects. At the other extremeQ©n the other hand, the PWIA predictions at the high recoil
for the angle combination (25°,55°), cross section data andhomentum angles differ little from the DWIA predictions.
DWIA calculations tend to agree best, revealing a symmetritiowever, the most surprising result is the observation that
and narrow peak. Afly=25°, the sampled recoil momentum the analyzing powers are better described by the PWIA re-
is in the neighborhood of 200 MeVk; here the single par- sults; indeed, for low recoil momentum they represent a
ticle momentum wave function is well into the asymptotic good fit to the data. This is most unexpected since we ex-
region, with a well defined slope. This slope appears to b@ected the effective polarization to be large and thus antici-
the defining characteristic reflected in the cross section digsated that the spin-correlation paramegg,, would have a
tribution. major effect on the beam analyzing powers. Comparisons of
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TABLE VI. Spectroscopic factor€2S for the 12C(p,d=*)!B reaction at 370 MeV.

Angle Combination

State Calc® DWIA PWIA IEP FEP (15°,30°) (15°,55°) (25°,30°) (25°55°)

0.00MeV,3/2 RC1L ® ] 4.60 4.43 3.34 4.36
RC2 @ ° 3.07 3.02 2.44 3.11
RC3 ] ° 0.41 0.45 0.51 1.00
RC4 ° ° 0.30 0.33 0.36 0.73
FC1 ° °

212 MeV,1/2 RC5 @ ] 1.27 221 0.88 1.17
RC6 @ ° 0.77 1.23 0.57 0.83
FC2 [ °

5.02MeV,32 RC7 @ ° 1.13 1.20 0.82 1.10
RC8 @ ° 0.68 0.75 0.58 0.75
FC3 ° °

~ 20 MeV, 1/ RC9 @ [ 5.0 4.0 3.0 5.2
RC10 @ ° 2.9 2.3 2.0 4.2
FC4 o L

8Standard potentials, includindy; andV ,,, were used for all calculations as described in the text.

the DWIA and PWIA results clearly show that this is borne as before, the PWIA calculations, especially calculations
out by the calculations. However, the data do not reflect thisRC3 and FC1, fit the low recoil momentum cases very well.
agreeing better with the PWIA calculations.

The absolute spectroscopic factors extracted from PWIA 3. The 12C(p,d=*)'B reaction to excited states
calculations are not expected to be meaningful for the

1 - +3 11 : H
“C(p,d7")"'B reaction. Nevertheless, the relative spectro-, e "spown in Figs. 11 and 12, respectively. In these figures

scopic factors may provide helpful insights; they tend to beo ¢or angle pairs for each of the states 2.12 MeV 1/2
fairly consistently smaller by about a factor of 8 than the5 02 MeV 3/2 , and~20 MeV 1/2" are arranged in vertical
gnes obtained from the DWIA calculations. These are ShOWIEolumns. The continuum, resulting from the interaction of

in Table V, as well. . . : ;
' ) . the incoming proton with & shell proton, has a broad dis-

Calcula‘upns intermediate between the DWIA and PWIAtribution, as discussed in connection with Fig. 5. This distri-
ones described above, _Where, in turn, plane waves for th ution had a peak at 20 MeV excitation, although, it must
proton, deu_te_ron and pion, were used, were also_explore e stressed, only part of this continuum was measured in this
Th?‘se predictions fell smooth_ly between_t_h(_)_se previously de'xperiment. Acceptance of the spectrometers was such that
tsr?:%?gtggd dflf(é?lc?r? ;rop[i):r:tlvt\:lgl\z/aéssensmvmes to any one gl asurements at additional spectrometer settings would have

) ’ ' . been required to map out this continuum completely. Hence,

Flgur_es 9 and 10 lpres? nt ?VZIIA and PWIA_CaICUIa“onS’the cross sections represented in these plots~f20 MeV
respectively, for the'C(p,dm")"'B g.s. reaction at 370 excitation are a lower limit only, and furthermore, a variable
MeV. Many of the qualtitative features of these predictionsfraction of this cross section. While as much as 80% of the
are similar to those for 500 MeV. The shift in the peak of thecross section may have been measured near the peak of the
cross section distributions to higher momentum for thecross section distribution, considerably less than this was
PWIA results, relative to the DWIA results, is again ob- measured in the tails of the distribution. Nevertheless, these
served forfy=15°. The DWIA calculations reproduce the cross sections are at least 50% as large as those for the g.s.
shapes of the cross section data rather well, except at thes expected fop-shell removal, the shapes of the cross sec-
angle combination (15°,55°). The PWIA results also de+ion distributions for the 2.12 and 5.02 MeV states are very
scribe the shapes of the cross section data well at the high€imilar to those for the g.s., with comparable widths and
recoil momentum ¢4=25°). Spectroscopic factors for the peak locations defined by the minimum in the recoil momen-
370 MeV results are shown in Table VI. These numbers areum. Their Strengths are Considerab|y smaller than

relatively constant as a function of angle and, for the DWIAfor the g.s., in keeping with the results observed in the

case, have values of about 4 and 3 for the FEP and IEP2c(d 3He)!'B reaction[18].

calculations, respectively. i Results for DWIA and PWIA calculations for the excited
The analyzing powers for the g.8°C(p,d=*)'!B reac- states are also shown in Figs. 11 and 12. No detailed struc-

tion at 370 MeV are also shown in Figs. 9 and 10. Again, agure was assumed for these states; they were simply repre-

at 500 MeV, the DWIA calculations do not fit the data; also,sented by single-particle wave functions calculated in a

Cross section data for excited states at 500 and 370 MeV
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Woods-Saxon potential. The DWIA predictions for the FEPscopic factor for thes,;, shell, which is about twice as large
and |IEP calculations are very similar at low recoil momen-as for the g.s.; one expects a value about 2/3 as large. Since
tum for each of the 2.12 and 5.02 MeV states. At the highethe s,,, shell wave function is more strongly concentrated in
recoil momenta, and for increasing excitation, the locationshe nuclear interior, this overattenuation would lead to un-
of the peaks are separated by increasing amounts. The e¥erprediction of the cross section. At 370 MeV e spec-
perimental cross section distributions tend to be broader atoscopic factor is comparable to that for the g.s. Here the
the angle pair (15°,55°) than the DWIA predictions. On theyg|ative strengths of the spectroscopic factors, as well as their
other hand, the PWIA predictions reproduce the observationgpcoiute values are in much better agreement, suggesting that

quite .well.. Speciroscopic factors ext_racted_from the$e Plotghe attenuation problem is less severe at this energy. Never-
are given in Tables V and VI; they will be discussed in Sec.yqjess the variations observed, which are a function of re-

Vl'E il i . h vz q oil momentum and bombarding energy, indicate that the
| slp)epla yf Interesting are the analyzing power ﬁta an@ynamics of the reaction are not adequately described within
calculations for excited states at 500 and 370 MeV shown ifne hresent model. On the other hand, the considerable level

Figs. 13 and 14, respectively. Here only the FEP DWIA ¢ 4cement attained does suggest that the assumption that

results are shown; the IEP DWIA predictions are rather simi—th ?ZC 5 drt)lB o 99 diated by th pb d

lar. In the DWIA calculations presented in the figures, one™ ¢ (E’ . ). reaction Is mediated by the two-body
p—d#" reaction is qualitatively correct.

clearly observes the contributions of the effective nucleorf > .
The most surprising result from the comparison of the

olarization. This is especially clear from a comparison of : . .
Fhepl/g (2.12 MeV) and t?lepg,;(/S 02 Me\) states fo?which DWIA calculations with the data is the fact that the analyz-
the contribution of the effective polarization is of opposite:n? powe_rshaltzrg generahlly pc;}or%de;cr&bed..ghehPWIA Ical_cu-
sign. This contribution clearly indicates that the DWIA cal- SOI\/C\)/gfs(V:;ther v?él??oi tie(z)tlo(\e/\: re(:r:lcnoil, m%snign?u%ecgggsyz'lrnhge
culated effective polarization is large, and it leads to consid . S X :
P 9 effective nucleon polarization predicted by the DWIA calcu-

erable structure and/or large variations in the analyzing pow:

ers as a function of pion momentum. As for the ground statel,at'Ons for the g.s(calculated assuming the spin-orbit poten-

the DWIA calculations are in poor agreement with the data.tIal of the incident proton could be ignoreé very large,

The FEP PWIA predictions, on the other hand, represent théea}ching values approaching u.n.ity. Furthermlo.re, itis char.ac—
data rather well, in most cases. Although the statistics aréenzed by a rather sharp transition from positive to negative

relatively poor, the analyzing power data for all three state?OIali'Z;t'on tas tthte pt'ﬁn ][nomentl:m IS |_n(f{rease;j.tr;l'hllsj\llslx1
(the p states with an effective polarization contribution and marked contrast 1o the freée nucieon picture or the

the s state with nongare quite similar. This suggests that the calcula}tions(no effective polarization which reprodu_ce the
DWIA grossly overpredicts the effective polarization, aanalyzmg powers reasonably well, as noted. Experimentally,

rather surprising outcome for the strongly absorbed particleghere_3 IS _Ilttle distinction in the shapes of the_ analyzmg power
distributions among the different states, including the

hole state. At the higher recoil momenta there is some sug-
V1. DISCUSSION AND CONCLUSIONS gestion that the analyzing powers for the 2.12 MeV 1/2
state are more positive than for the 3/3tates. However,

The initial surprise at the insensitivity of the DWIA cal- b fthe | atistical it is difficult to d
culations to the input optical potentials prompted further in- ecause ot the large statistical errors, 1L 1S dilicult to draw
firm conclusions. The effective nucleon polarizationpip,

vestigations by using an inner radial cutoff. For an inner i . . .
and ps, states from distortion effects is clearly seen in

radial cutoff of 2.5 fm(just inside the nuclear surface of . . . .
~2.8 fm) the DWIA cross sections were reduced 520 (p,2p) reactions, leading to analyzing powers of opposite

and ~30 %, respectively, fordy=15° and 6,=25°. The sign[32] as, for exaIane, int%0. The present DWIA calcu-
Fourier transform of g-shell Woods-Saxon wave function lations for the *’C(p,d=*)''B reaction do, indeed, show
is reduced in amplitude to 81 and 52 % at momenta of 10¢uch effective polarization, as can be seen by comparing the
and 200 MeV&, respectively, for the above cutoff, relative to Predictions for the analyzing powers for the 2.12 and 5.02
the case with no cutoff. Allowing for the role of some dis- states at the same angles in Fig. 13. The experimental obser-
tortions, the observed reductions in the cross sections are ng@tions are not in accord with these predictions, once again
unreasonable. Hence, th@, (") reaction at these rela- suggesting that there are difficulties associated with the treat-
tively modest recoil momenta is strongly surface localized. ment of the distortions. Thus the problems related to both the
Spectroscopic factors for proton pickup frolC have  Spectroscopic factors and the analyzing powers may be at-
previously been investigated with tHéC(d,3He) B reac- tributable to a deficiency in the optical model treatment of
tion [18]. For the states of interest in the present experimenthis aspect of the reaction mechanism. To further investigate
the g.s. 3/2, the 2.12 MeV 1/2, and 5.02 MeV 3/2 states, this effect high statistics measurements on the
the extracted values @2S are 2.98, 0.69, and 0.31, respec- °0(p,d=*)**N reaction would be most helpful, where the
tively, from proton pickup. As noted in the earlier discus- %0 target has nominally fillegh,,, and p, shells.
sion, and presented in Tables V and VI, the valueé® In the present study we have shown that many features of

extracted from the present?C(p,d=*)!B reaction and the *?C(p,d=")'B reaction can be understood, assuming
DWIA calculations are not constant, but vary by factors ofthat the pion production mechanism is mediated by filpe

2-3 from the above values. The absolute value€® at —d=" process. The shapes of the cross section distribu-
500 MeV are significantly too large, possibly suggesting artions, with few exceptions, are reproduced by the DWIA and
overattenuation due to the distorting potentials. This interPWIA calculations, although the extracted spectroscopic fac-
pretation is supported by the value of the extracted spectrdors are not constant. Where the DWIA and PWIA predic-
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tions differ markedly is for the analyzing powers; here also When these issues are better understood fruitful exten-
further studies are required to explore this behavior. Becaussions of the experimental investigations to higher recoil mo-
of the general level of success of the model, we have tendegienta should be undertaken. Results from such investiga-
to attribute many of the difficulties to inadequate opticaltions would have important implications for understanding

model potentials for the various distorted waves. There ispyclear pion production in two-bod§A(p, = +)Z(A+1) re-

however, another aspect which potentially could be a sourcgctions [8]. Also important to this understanding is the

of difficulty. In particular, at the present energies the forma-present observation of the large strength to she state in
tion of a A dominates the two-body process. It is possiblethe 2c(p,dm*)HB reaction. Many final states in the
that the propagation of th& in the medium causes the re- ;= - ~1') . ' . .
action to be much less localized, whereas the DWIA assumesA(p’W, ) (A.+ 1) reaction can be reached via Interactions
a localized interaction. In that case perhaps the effective pon the incoming proton with protons from _a_II the’f various
larization which is associated with this localization is not aShe"S' Such contributions can interfere, giving rise to the

good concept. In addition there may be strong SIOin_complex structure that is observed in the angular distribu-

dependent effects in thA-nucleus interaction which can tions of the differerential cross sections and the analyzing
modify the spin observables. Such an effect has been Su@_owers.
gested in studies ofLi( 7", 7" p)®He on a polarized target

[33]. To sort out the various possibilities additional data are
needed, particularly data for spin-orbit partners, and also at This work was supported in part by the Natural Sciences
several energies, so that the role of themight be better and Engineering Research Council of Canada. Useful discus-
understood. sions with N.S. Chant are gratefully acknowledged.
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